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I 

Abstract 

Electrolyte stability and surface reactivity of cathode active materials strongly affect the aging and thus 

the lifetime of Li-ion battery cells. Both topics are addressed by this thesis. The oxidative and the 

reductive stability of the electrolyte components vinylene carbonate (VC), ethylene carbonate (EC), and 

LiPF6 were investigated by combining infrared spectroscopy with electrochemical potential scans. On 

that account, an operando method involving diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) method has been developed. By using this method, the formation of gaseous POF3, PF5, and 

CO2 from the oxidative decomposition of LiPF6 in VC could be observed. The stability of electrolyte 

formulations is a crucial factor to enable the application of cathode materials such as Ni-rich lithium 

nickel cobalt manganese oxide (NCM) or lithium- and manganese-rich NCM (LMR-NCM). Upon 

exposure to ambient air, both layered oxides tend to form reactive surface species that accelerate 

parasitic side reactions with the electrolyte. As a major part of this thesis, quantity and nature of surface 

contaminants on Ni-rich NCM and LMR-NCM have been studied before and after exposure to moisture 

and CO2. This was achieved by a detailed analysis involving DRIFTS, thermogravimetric analysis 

coupled with mass spectrometry (TGA-MS), on-line mass spectrometry (OMS), and full-cell cycling. It 

could be demonstrated that thermal treatment with the reactive gas SO3 makes LMR-NCM more robust 

towards CO2 and moisture. During this treatment surface sulfates were formed, as shown by X-ray 

photoelectron spectroscopy (XPS). In addition, the modification of LMR-NCM via gaseous SO2 and Ni-

rich NCM with pure F2 were studied to enhance the electrochemical performance of these cathode active 

materials (CAMs).  



 
II 

Kurzfassung 

Elektrolytstabilität und Oberflächenreaktionen von Kathodenaktivmaterialien haben einen starken 

Einfluss auf die Alterung und damit auf die Lebensdauer von Lithium-Ionen-Batterien. Beide Themen 

werden in dieser Arbeit behandelt. Die oxidative und reduktive Stabilität der Elektrolytkomponenten 

Vinylencarbonat (VC), Ethylencarbonat (EC) und LiPF6 wurden durch eine Kombination von 

Infrarotspektroskopie mit elektrochemischen Potentialscans untersucht. Dafür wurde eine operando 

Methode entwickelt, die diffusive Reflexions-Fouriertransformations-Infrarotspektroskopie (DRIFTS) 

verwendet. Durch den Einsatz dieser Methode konnte die Bildung von POF3, PF5 und CO2 durch die 

oxidative Zersetzung von LiPF6 in VC beobachtet werden. Die Stabilität von Elektrolytformulierungen 

ist ein entscheidender Faktor, um die Anwendung von Kathodenaktivmaterialien wie Ni-reiches 

Lithium-Nickelkobaltmanganoxid (NCM) oder Lithium- und Manganreiches NCM (LMR-NCM) zu 

ermöglichen. Im Kontakt mit Luft neigen beide Schichtoxide zur Bildung reaktiver Spezies auf der 

Oberfläche, welche parasitäre Nebenreaktionen mit dem Elektrolyten beschleunigen. Ein großer Teil 

dieser Arbeit beschreibt die Untersuchung von Umfang und Art der Oberflächenverunreinigungen auf 

Ni-reichem NCM und LMR-NCM vor und nach der Exposition gegenüber Feuchtigkeit und CO2. Dieses 

wurde durch eine ausführliche Analyse erreicht, die DRIFTS, thermogravimetrische Analyse gekoppelt 

mit Massenspektrometrie (TGA-MS), on-line Massenspektrometrie (OMS) und Vollzellzyklisierung 

beinhaltet. Es konnte gezeigt werden, dass thermische Behandlung mit dem Reaktivgas SO3 das LMR-

NCM robuster gegen CO2 und Feuchte macht. Während der Behandlung kommt es zur Bildung von 

Sulfaten auf der Oberfläche der CAM-Partikel, die durch Röntgenphotoelektronenspektroskopie (XPS) 

nachgewiesen wurden. Zusätzlich wurde die Modifikation von LMR-NCM mittels gasförmigem SO2 

und die von Ni-reichem NCM mit reinem F2 untersucht, um die elektrochemische Leistungsfähigkeit 

dieser Kathodenaktivmateralien zu steigern.
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1. Introduction 

Nowadays, at the beginning of the 21st century, lithium-ion batteries (LIBs) have become 

indispensable in the field of consumer electronics such as smartphones and laptops.1,2 This technological 

advancement clearly has transformed our daily communication and our working lives. Furthermore, 

lithium-ion batteries serve as energy storage devices for power tools such as cordless screwdrivers and 

an increasing number of machine tools from power saws to small excavators.3,4 More and more of those 

machines are being equipped with an electric power train instead of an internal combustion engine.4 

For an increasing number of people, the comfort of their own personal mobility has been lifted 

by the market introduction of battery driven “e-bikes”, “e-scooters”, and similar vehicles. In 2019, 

almost every 3rd bike sold in Germany was an e-bike,5 e.g., enabling employees to ride to their office 

without sweating or making it possible for pensioners to go on mountain bike tours. In the larger German 

cities, several thousands of e-scooters have been cruising on sidewalks and streets since their legalization 

in 2019.6 This new field of micromobility has become an increasingly important supplement to public 

transport.7 But also conventional means of transport such as cars or even buses currently are at the start 

of a transformation themselves.8 The development of large battery packs makes the replacement of 

combustion engines by electrical drive trains more and more attractive. Every big car manufacturer 

either has battery electric vehicles (BEVs) or hybrid electric vehicles (HEVs) in their portfolio or is 

currently developing such models.1 While in case of BEVs the car is exclusively driven by the electricity 

stored in the battery pack, HEVs use the combined power of electric motors and an internal combustion 

engine. The battery pack of hybrid cars can be partially re-charged during slowdown of the car by 

converting kinetic to electrical energy. This recuperation process allows to save a significant amount of 

fuel. Plug-in hybrid electric vehicles (PHEVs) are primarily powered by the battery pack and have an 

internal combustion engine only serving as a range extender.9 

While in 2008 less than half a million all-electric cars were sold world-wide, the number has 

risen to almost 1.5 million in 2018. In the same year, more than six hundred thousand HEVs were sold. 

The number of EV sales per year has been continuously rising and is expected to keep rising in the 

upcoming years.10 The development of electric cars was largely inspired by the release of the Toyota 

Prius Hybrid in 1997 and the all-electric Tesla Roadster in 2008.11,12 Tesla and most of the other car 

manufacturers soon decided for the Li-Ion-Battery technology,1 Toyota held on quite long to the nickel 

metal hydride (NiMH) technology for HEVs.13 

Tesla has become famous for his Model S with an all-electric range of up to 632 km for the 

long-range version of the current generation (released in 2017).14 Inspired by this initially small Silicon-

Valley startup and by advancements in battery technology, government bonuses and more and more 

strict regulations for reducing exhaust fumes from ICE cars, traditional car companies started to offer 
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HEVs and BEVs within their product portfolio.15 However, the driving ranges of competing BEV 

models are typically lower compared to the Tesla Model S. For instance, the premium versions of Tesla’s 

model 3 and Volkswagen’s new ID.3 have driving ranges above 500 km,16,17 while the latest version of 

the VW e-up (2019) and the BMW i3 (2018) only have a practical driving range of up to 260 km 

according to the manufacturers.18,19 However, for the next decade an increase of energy density of the 

battery pack as well as more economic prices are forecast. Taking into account government bonuses, 

already today the total cost of ownership of BEVs can be competitive to conventional gasoline cars 

depending on the choice of car and the usage profile.20 Besides, the emergence of electric cars surely 

helps to reduce local emissions in big cities, thus reducing air pollution and raising the quality of life for 

a large number of people.21 

However, it must be mentioned that the electrification of cars is just a small piece in the big 

context of energy transformation, the aim of which is to minimize CO2 emission, fossil fuel 

consumption, and nuclear energy use. Not surprisingly, this transformation comes with a number of 

challenges, such as the increase of energy production from renewable sources such as wind and solar as 

well as the extension of the energy transport infrastructure – from long-range power transmission lines 

to a much wider spreading of charging stations for electric cars. To refurbish the power grid, new 

stationary storage facilities must be installed. While hydropower is the classic grid storage technology, 

stationary batteries offer a new option to decentralize energy storage and thus stabilize the grid in times 

of more fluctuating consumption due to, e.g., the charging of electric cars and in times of unsteady 

supply of energy from renewables such as wind and solar power. An impressive example is the Li-ion 

battery power station in Hornsdale, Australia, built by Tesla with an electric storage capacity of 

129 MWh1,22 

It is crucial to notice that battery storage is not the only new emerging technology in the field of 

energy storage but that innovations in the field of fuel cells, hydrogen storage and water electrolysis 

offer new tools in power-to-gas conversion and are subject to increasing research and development 

activities at present.23 While conversion efficiency and hydrogen cost as well as the high prices for fuel 

cells currently make them lag behind especially in the competition of fuel cell vs. battery cars, on the 

larger scale they most probably will become increasingly important in the future.1,24 Examples in which 

fuel cells can be more advantageous than batteries are the sector of heavy-duty transport or large-scale 

stationary storage.25,26 However, even if every car were a fuel cell car, this would still cause a huge 

demand for efficient battery packs, as every fuel cell car needs a buffer battery to provide peak power 

to the drive train while the fuel cell itself can operate within quite a steady intermediate output power 

range.27 
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For all of the above-mentioned battery applications, the Li-ion technology is and probably will 

remain the dominant type of cell chemistry. Other secondary battery technologies such as the traditional 

lead-acid battery, nickel-metal hydride (NiMH) or nickel-cadmium cells are outperformed in terms of 

cost, volumetric and gravimetric energy density as well as longevity by Li-ion cells.1,2 This fact makes 

it worth to have a closer look inside such Li-ion cells. Before doing so, it is now time to get back to the 

three scientists whose quotes were given at the very beginning of this introductory chapter: Akira 

Yoshino, M. Stanley Whittingham and John B. Goodenough were awarded the Nobel prize in chemistry 

in 2019 for their groundbreaking discoveries leading to the development of today’s Li-Ion batteries.28 

Back in the 1970s, Whittingham found the intercalation compound lithium titanate TiS2 to be promising 

as a cathode active material for batteries, with a potential of 2.5 V versus lithium.29 By pairing this 

cathode with a lithium-aluminium alloy as anode, Wittingham and his group at the Exxon Research 

Laboratory developed a new 2 V battery system.30 Not much later, with Goodenough’s discovery of 

lithium cobalt oxide LiCoO2 (LCO) as a cathode active material, the voltage versus lithium could be 

almost doubled.31 An additional breakthrough was achieved by the third Nobel laureate Akiro Yoshino, 

who created the first prototype of lithium-ion battery with a carbonaceous anode in 1985.32,33 Six years 

later, Sony started to sell the first commercial lithium ion battery (LIB) with LCO as cathode, graphite 

as anode, and LiPF6 in an aprotic solvent mixture as electrolyte.2,34 Some of the present-day LIBs still 

use LCO as cathode material, e.g., LIBs for portable electronics applications. In the field of electric 

mobility, lithium nickel cobalt manganese oxide (NCM), i.e., LiNixCoyMn1-x-yO2 and lithium nickel 

cobalt aluminium oxide (NCA), i.e., LiNi0.8Co0.15Al0.05O2 (NCA) are the preferred choice of cathode 

materials.2,35  

With the increasing spread of lithium-ion batteries in mobile and stationary storage applications, 

new questions and problems arise. The state-of-the-art lithium-ion battery requires a large amount of 

costly and critical resources such as cobalt or lithium.36,37 In addition, the energy required to prepare 

electrode materials for lithium-ion cells is immense. This is a strong driving force to minimize the use 

of the most critical raw materials such as cobalt,37 and to increase the energy density of electrode 

materials while making battery life longer.1,2 In 2019, Jessie E. Harlow et al. from Jeff Dahn’s group 

presented a benchmark study on the “million-mile battery” in the Journal of the Electrochemical Society, 

setting new standards for improved cell performance and lifetime in the battery research community.38 

In order to better understand how this was achieved, why batteries age and which material combination 

seems most promising in the future, the following chapters will give more insights and a broader 

overview over the cell chemistries and material choices for present and future LIBs. 
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1.1. Lithium-Ion Battery Cell Chemistry 

Typical examples of cell components and materials have already been mentioned in the previous 

section: lithium cobalt oxide (LCO) as cathode active material, graphite as anode material, and LiPF6 as 

a conductive salt in an electrolyte based on aprotic solvents.1,2 Before laying out the varieties of electrode 

materials and electrolyte components applied in state-of-the-art battery manufacturing, we shall first 

have a closer look at the working principle of a lithium-ion battery cell:  

 

Figure 1: Scheme of the discharge process for a lithium-ion battery containing a carbonaceous anode material such as graphite 

and a layered oxide (LiMO2) cathode such as NCM (nickel-cobalt-manganese oxide). The electrolyte consists of aprotic 

solvents such as the cyclic ethylene carbonate (EC) or the linear dimethyl carbonate (DMC), diethylcarbonate (DEC) and ethyl 

methyl carbonate (EMC). LiPF6 serves as conductive salt and the Li+ ion loses its solvation shell when intercalating into the 

cathode. While Li+ ions are conducted internally in the battery, electrons are travelling on the external electric circuit providing 

power to the consumer load. Reprinted with permission from Kang Xu, Chemical Reviews, 104, 4303–4418 (2004). Copyright 

(2004) American Chemical Society.39 

The scheme in Figure 1 depicts the “rocking-chair” model as the operational principle of 

lithium-ion batteries.39,40 The name “rocking-chair” derives from the fact that the lithium-ions go back 

and forth between the intercalation cathode and the intercalation anode during charge and discharge. 

During charge, the lithium ions in the initially fully lithiated cathode active material travel to the anode 

(equations 1 and 2): 39,40 

 Cathode: LiCoO2  Li1-xCoO2 + x Li+ + x e- (equation 1) 

 Anode: 6 C + x Li+ + x e-  LixC6 (equation 2) 

The reverse reactions take place during discharge.39,40 In case of Li1-xCoO2 (equation 1), the charge must 

be limited to ca. 0.5 Li in order to ensure stable cycling. This limits the practical LCO capacity to roughly 

140 mAh/g.41 While the lithium ions travel internally inside the battery cell between cathode and anode, 

the electrons are conducted externally via an electric circuit supplying the consuming device with 
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electric current and power. It should be noted that there is a discrepancy between the thermodynamic 

terms for anode and cathode and the conventional designations39 of “anode” and “cathode” for the two 

electrodes of a lithium-ion battery. From a thermodynamic point of view, the anode is defined as the 

electrode where the oxidation half-reaction of the redox-reaction in an electrochemical cell takes place.42 

In case of the discharge of a lithium-ion battery cell, LixC6 is oxidized by the ongoing delithiation, i.e., 

the term “anode” holds true thermodynamically. In case of charge, the graphite electrode is 

thermodynamically speaking a cathode, but is still referred to as “anode” in the lithium-ion battery 

convention.  

For both charge and discharge, the cell voltage during operation is determined by the 

thermodynamic voltage VOC, usually referred to as open circuit voltage (OCV) of the battery cell, and 

by the overpotential η (equations 3 and 4). The OCV results from the difference of anode and cathode 

potential and is influenced by the lithiation degree and structural changes of the active materials during 

lithiation and delithiation. The overpotential η depends on the state of charge q and the current I.43 

 𝑉dis = 𝑉oc − 𝜂(𝑞, 𝐼dis) (equation 3) 

 𝑉ch = 𝑉oc + 𝜂(𝑞, 𝐼ch) (equation 4) 

The energy Edis that a cell can provide to the consuming device during discharge is determined 

by the discharge voltage and the capacity Qdis of the cell, as specified by equation 5: 

 𝐸dis = ∫ 𝑉dis(𝑞)𝑑𝑞
𝑄dis

0
 (equation 5) 

The mean discharge potential 𝑉dis
̅̅ ̅̅̅ can deliver useful insights, e.g., into thermodynamic and 

kinetic properties of anode and cathode. From cycling data it can be determined as follows (equation 6): 

 𝑉dis
̅̅ ̅̅̅ =

∫ 𝑉dis(𝑞)𝑑𝑞
𝑄dis

0

Δ𝑄
 (equation 6) 

The specific discharge energy of a battery cell is an important figure of merit for practical 

application. However, in the Li-ion battery research community, publications usually focus on the 

discharge capacity, which relates to the number of Coulombs exchanged during discharge (equation 7). 

The specific discharge capacity qdis, which, e.g., normalizes the capacity by the active material mass m, 

is usually displayed in units of mAh/g (equation 8).  

 𝑄dis = ∫ 𝐼(𝑡)𝑑𝑡
Δ𝑡

0
 (equation 7) 
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 𝑞dis =
dis (equation 8) 

The charge capacity is determined analogously. In terms of reversibility of a charge and discharge cycle, 

the coulombic efficiency (CE, equation 9) comes into play. The CE is a vital factor determining the 

longevity of Li-ion cells.  

 𝐶𝐸 = ⋅ 100% (equation 9) 

For prolonged cycling, a CE value close to 100% is essential. For 1,000 cycles, a CE of at least 99.98% 

would be needed or 99.998% for 10,000 cycles. Several thousand cycles are required in case of the 

previously mentioned “million mile battery” as shown by Jeff Dahn’s group.38 

Having discussed the operational principle of Li-ion cells, the most frequently used materials 

will be introduced. There is a large variety of such materials and material combinations applied in the 

manufacturing of state-of-the-art lithium-ion battery cells. Graphite has already been introduced as 

classical anode material. It should be noted that Sony used petroleum coke in their first commercial cell 

in 1991, but this was soon replaced by graphite due to its higher capacity.39,44 

An intercalation material alternative to graphite is lithium titanate Li4Ti5O12 (LTO),45 which has 

a much lower theoretical capacity than graphite (175 vs. 372 mAh/g). However, LTO is a so-called 

“zero-strain” material and thus does not show any volume expansion or contraction during cycling in 

contrast to graphite.45,46 In addition, the operating potential of LTO (1.55 V vs. Li/Li+) is much higher 

than that of graphite, which operates close to the lithium potential. LTO with its TiIV/TiIII redox couple 

can reversibly accommodate three Li+ ions per formula unit. During lithiation, the following reaction 

(equation 10) takes place:46 

 Li4Ti5O12 + 3 Li+ + 3 e-  Li7Ti5O12 (equation 10) 

Despite its low specific energy density, LTO is the material of choice in certain cases, especially for 

high-power applications such as buffer battery packs for fuel-cell electric buses.8 

With respect to cathode active materials, LCO has already been mentioned as the first cathode 

active material applied in commercial lithium-ion cells. Later, mixed layered oxide components such as 

LiNi1/3Co1/3Mn1/3O2 (NCM111) have been developed. This substitution of cobalt by nickel and 

manganese allows the extraction of much more Li+ as compared to LCO.41 More details about the NCM 

chemistry and strategies to increase the energy density will be discussed in the next chapter. NCM47 is 

often referred to as NMC48 in the literature; both abbreviations refer to the same material. 
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While NCM and LCO belong to the class of layered oxides, LiFePO4 (LFP) is an olivine. The 

first study on LFP has been reported by Goodenough and his coworkers in 1997.49 During lithiation or 

delithiation, Fe switches between an oxidation state of +III/+II, exemplarily depicted for the charge 

reaction (equation 11): 50 

 LiFeIIIPO4  FeIIPO4 + Li+ + e- (equation 11) 

The advantage of LFP compared to LCO or NCM is its flat voltage profile at 3.4 V vs. Li/Li+, low cost 

raw materials and eco friendliness. In addition, LFP is beneficial in terms of thermal stability and power 

capability. The drawbacks are a high processing cost due to the required carbon coating as well as a 

lower capacity and energy density. All this makes LFP a less ideal candidate for EV energy storage 

solutions, but an attractive cathode material for power tools and stationary energy storage systems.2,50  

Typical Li-ion battery electrolytes are composed of a 1 M solution of LiPF6 in organic solvents, 

usually a mixture of cyclic carbonates such as ethylene carbonate (EC) and linear carbonates such as 

dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) or diethyl carbonate (DEC) as depicted in 

Figure 2. The reduction of electrolyte components at the graphite anode leads to the formation of a solid-

electrolyte interphase (SEI). Typically, the organic carbonates are reduced at ≈ 0.8 V vs. Li/Li+ leading 

to the formation of inorganic compounds such as LiF and Li2CO3 as well as organic species such as 

lithium ethylene dicarbonate (LEDC).51–54 The SEI is a Li+ conducting but electronically insulating film 

on the electrode/electrolyte interface of the graphite anode.51,52 This passivating film is crucial to enable 

long-term cycling of lithium-ion batteries with graphite as anode by preventing ongoing electrolyte 

reduction.52 Additives, i.e., small quantities of solvents such as vinylene carbonate (VC) can be 

beneficial for the formation of the SEI on graphite.55–57  
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Figure 2: The typical lithium-ion battery solvent molecules ethylene carbonate (EC), dimethyl carbonate (DMC), ethyl methyl 

carbonate (EMC), and diethyl carbonate (DEC) as well as the SEI-forming additive vinylene carbonate (VC) and the co-solvent 

fluoro-ethylene carbonate (FEC) as well as the conductive salt LiPF6. 

In case of commercial cell chemistries such as NCM111//graphite, which typically operate at 

full-cell potentials up to 4.2 V, examples of characteristic electrolyte formulations are LP30 

(1.0 M LiPF6 in EC/DMC = 50/50 (v/v)), LP57 (1.0 M LiPF6 in EC/EMC = 30/70 (v/v)), and LP572 

(LP57 with 2 vol.-% VC).58–60 The well-established electrolyte additive VC and the co-solvent fluoro-

ethylene carbonate (FEC), which is beneficial for silicon-containing anodes, are known to form CO2 

during reduction.61–63 The CO2 itself is converted to Li2CO3, lithium formate (Li(HCOO)), and lithium 

oxalate (Li2(COO)2) and thereby positively impacts SEI formation.57,64 In case of novel high-voltage 

CAMs, which will be discussed in the next chapter, fluorinated molecules such as FEC were found to 

positively impact the cycle-life of CAMs that tend to release oxygen upon delithiation, such as lithium- 

and manganese-rich NCM (LMR-NCM). 65–67 In contrast, classical electrolyte components such as EC 

and VC were found to hamper cell performance and cycle-life of such cathode materials.68–70 VC is 

oxidatively unstable above ≈ 4.5 V vs. Li/Li+, EC is decomposed by singlet oxygen released from 

layered oxides at high degrees of delithiation (> 80%), e.g., in case of Ni-rich NCMs and LMR-

NCM.66,67,71–73 However, FEC was not found to positively impact the cycle-life of high-voltage CAMs 

that do not release oxygen such as the “high-voltage spinel” LiNi0.5Mn1.5O4 (LNMO).74,75 In contrast, 

side reaction of FEC with LiPF6 can lead to thermal instabilities of the electrolyte.74,76 Taken together, 

the electrolyte formulation must be well adjusted to the specific choices made for anode and cathode 

active materials as well as the resulting operating potential of the battery cell. Within this thesis, an 

operando infrared spectroscopic method was developed to investigate the oxidative and reductive 
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stability of model electrolytes consisting of LiPF6 in VC and LiPF6 in EC, as will be discussed in 

chapters 2.1 and 3.1. 

1.2. Strategies to Increase the Energy Density 

In the following, approaches to further increase the energy density on the active material level 

will be discussed. With respect to the anode, lithium metal and silicon offer improvements to the 

conventional cell chemistry in terms of specific energy density, however they suffer from severe 

degradation phenomena due to the lack of a stable interphase with the electrolyte.77–81 Even before 

graphite was used, lithium metal had been investigated as anode material.39,77 However, instead of 

forming a stable SEI as is the case for graphite, lithium metal tends to form dendrites and “mossy 

lithium” during charge at the lithium side.78 This continuous surface area increase leads to a continuous 

electrolyte consumption, which negatively affects the coulombic efficiency.77 As a result, a rather thick 

SEI is formed, leading to drastic impedance build-up that is particularly detrimental at high rates.79 In 

addition, the dendrites can, in the worst case, grow through the electrolyte and penetrate the separator 

between anode and cathode, thus leading to electric shortcuts. This is a detrimental failure mechanism 

for Li-ion half-cells, leading to very limited cycle-life and in the worst case even to fire or explosion of 

battery cells.77 Solid electrolytes such as, e.g., the garnet ceramic Li7La3Zr2O12 (LLZO)82 or the 

thiophosphate Li10GeP2S12 (LGPS)83 and many other Li-ion conductive solids were suggested to enable 

the use of lithium metal anodes in the future.84 Yet under some conditions, dendrite formation was 

reported to occur in all-solid state batteries (ASSB) with lithium metal anodes as well.84 A rather 

different field of application of lithium metal anodes are Li-O2 batteries. This type of battery typically 

consists of said lithium metal anode, a non-aqueous electrolyte, and a positive electrode out of porous 

carbon to allow the formation of solid Li2O2 from gaseous O2.85–87 This topic has been intensely 

investigated in the early 2010s, however it became more and more clear that this approach has many 

drawbacks on a system level, including the high-risk of incorporating a metal anode.88 

In the field of conventional LIBs with liquid electrolyte, silicon-based anodes offer a true 

alternative to lithium metal electrodes.35,80,89 In contrast to graphite or LTO, no intercalation takes place 

when silicon is lithiated but an alloy is formed instead. On the one hand, silicon offers a much lower 

average voltage (ca. 0.4 V vs. Li/Li+) as compared to LTO (1.55 V vs. Li/Li+) and a much higher 

theoretical capacity than graphite (3580 mAh/g for the Li15Si4 phase vs. 372 mAh/g for graphite).59,89 

However, silicon-based anodes suffer from mechanical stress due to the large volume-expansion of 

silicon upon lithiation.81,90 This causes a severe mechanical instability which can lead to a disintegration 

of the electrode. Silicon nanoparticles had been studied as an alternative to micron-sized particles in 

order to solve the volume-expansion problem, however their large surface area leads to enhanced side 

reactions with the electrolyte90,91 These side reactions are concomitant to active lithium loss and a low 
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coulombic efficiency.90,92 In addition, the practical application of pure silicon anodes is complicated by 

a large voltage hysteresis of up to 0.35 V after the first cycle.93,94 Silicon-graphite (SiG) composite might 

alleviate some of these problems. By optimizing its morphology and the silicon:graphite ratio, one can 

profit from a capacity increase by using silicon while enhancing stability and lifetime via the graphite 

component.59,89 Especially when combining SiG composite electrodes with novel cathode active 

materials such as LMR-NCM, the energy density of battery systems could be raised compared to the 

state-of-the-art LIB chemistry.35,89,95,96 The scheme in Figure 3 illustrates this opportunity based on a 

spreadsheet calculation by R. Schmuch et al.96 by comparing volumetric and gravimetric energy 

densities for various cell chemistries on the level of an electrode stack for automotive batteries. 

 

Figure 3: Scheme by R. Schmuch et al.96 to compare various Li-ion full-cell chemistries with regards to energy content by 

volume and by weight at electrode stack level (taking into account anode, cathode, separator and electrolyte). The scheme was 

reprinted by permission from Springer Nature (R. Schmuch, R. Wagner, G. Hörpel, T. Placke and M. Winter: Performance and 

cost of materials for lithium-based rechargeable automotive batteries, Nature Energy, Copyright 2018). According to the 

authors of this study, the values are based on the calculation of the energy content of a cell stack by varying positive electrode 

thicknesses between 50 and 150 μm and using physical and electrochemical material properties as input parameters for a 

spreadsheet calculation. “TSE” refers to a thiophosphate solid electrolyte such as Li7P3S11, either with 20 or 300% Li excess 

of the lithium metal anode, all other anode/cathode combinations refer to state-of-the art liquid electrolytes. “C” refers to 

graphite anodes, “Si-C” to a silicon-carbon composite anode with 20% Si. “LMR-NCM”, “NCA” and “NCM622” refer to the 

same cathode materials as described in this thesis: Li-and Mn-rich nickel cobalt manganese oxides (LMR-NCM, 

x Li2MnO3 ∙ (1-x) Li[NixCoyMn1-x-y]O2), nickel cobalt aluminum oxide (NCA, LiNi0.8Co0.15Al0.05O2) and lithium nickel cobalt 

manganese oxide (NCM622, LiNi0.6Co0.2Mn0.2O2 and NCM811, LiNi0.8Co0.1Mn0.1O2). 

In general, cathode active materials can be optimized by either raising the operating potential of 

the cathode active material or by increasing its capacity. Both pathways will lead to an enhanced energy 

density of the battery cell.43 For example, the spinel LiNi0.5Mn1.5O4 (LNMO) and the olivine LiCoPO4 

(LCP) offer a comparatively high operating potential.97–100 Alternatively, LMR-NCM as well as 

stoichiometric Ni-rich NCM, NCA, and doped LNO offer higher capacities than the conventional 

NCM111 discussed in chapter 1.1.101,102 

To start with the more detailed discussion of novel CAMs, the olivine LCP offers a theoretical 

capacity of 167 mAh/g and a rather high mean potential of 4.8 V vs. Li/Li+, much higher than LFP with 
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3.4 V vs. Li/Li+ or NCM111 with 3.8 V vs. Li/Li+.2,97,98 However, similar to LFP, LCP requires a carbon 

coating to enable cycling. In case of LCP, the thermal stability of such a carbon coating is not ensured, 

especially at high states of charge.97 In addition, the carbon coating is prone to anodic oxidation at the 

high operating potential of LCP, which is a clear drawback regarding the cycle-life.58 On the other hand, 

Fe substitution and various doping and coating strategies were demonstrated to optimize the practical 

capacity as well as the cycling stability of LCP and these approaches might open at least some 

perspective towards practical application in the future.98 Not only olivines such as LCP, but also spinels 

such as LiNi0.5Mn1.5O4 (LNMO) have been investigated as active materials for high-voltage cathodes. 

LNMO operates at 4.7 V vs. Li/Li+ and offers a theoretical capacity of 146 mAh/g.35,99,100 In contrast to 

NCM-based layered oxide materials, the spinel LNMO does not release oxygen at high states of 

charge.72 However, the practical cycling performance of LNMO still has to be optimized by adjusting 

electrolyte formulations as well as the surface chemistry of LNMO. For instance, parasitic side reactions 

such as manganese dissolution must be mitigated in order to ensure a sufficiently long cycle-life of 

LNMO-containing full-cells.100,103  

Similar to LNMO, LMR-NCM is a Mn-rich material, which makes it economically attractive.96 

In the literature, LMR-NCM is considered a promising candidate for reducing the Ni- and the Co-content 

compared to stoichiometric NCM.104 Even Co-free versions of LMR-NCM are being discussed.105 The 

use of Mn-rich CAMs such as LNMO or LMR-NCM could help to reduce the cost of CAMs drastically 

and would alleviate socio-economic problems associated to Co mining.106 However, the structural 

properties are quite different, with LNMO being a spinel and LMR-NCM being a layered oxide.97,100 

The stoichiometric formula of LMR-NCM is x Li2MnO3 ∙ (1-x) Li[NixCoyMn1-x-y]O2, with the Li2MnO3 

part representing the additional Li- and Mn-content compared to stoichiometric NCM materials with the 

formula Li[NixCoyMn1-x-y]O2.95 Due to its high practical capacity of ca. 250 mAh/g, LMR-NCM is seen 

as a promising candidate for future Li-ion technology.95 However, on an electrode stack level, LMR-

NCM does not raise the volumetric and gravimetric energy density drastically, unless matched with 

innovative anode chemistries such as silicon-carbon composite electrodes according to R. Schmuch et 

al. (compare Figure 3).96 A recent study by Schreiner et al. report a ca. 5 – 10% higher energy density 

for LMR-NCM//graphite cells compared to NCA//graphite cells in a comparative evaluation in 

multilayer pouch cells, despite a 30% higher CAM-specific capacity of LMR-NCM.107 In order to access 

reversible capacities as high as 250 mAh/g, LMR-NCM must undergo an electrochemical “activation” 

plateau at ≈ 4.5  V vs. Li/Li+ during the first delithiation, i.e. charge half-cycle.108–110 During the 

activation, oxygen gas is released, which was initially ascribed to structural changes in the bulk, but 

later found to be part of a structural rearrangement of the active material surface.111–115 While the origin 

of the extra-capacity of LMR-NCM compared to stoichiometric NCMs has been the object of vivid 

discussions within the scientific literature, there is increasing evidence that anionic oxygen redox within 

the bulk of LMR-NCM gives rise to high reversible capacities without any oxygen loss from the bulk 
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itself.111,116–121 However, regarding the practical application of LMR-NCM, several obstacles still have 

to be overcome. First, LMR-NCM comes along with a large coulombic inefficiency in the activation 

cycle, and second, the impedance build-up is more severe compared to stoichiometric NCM.122,123 In 

addition, LMR-NCM suffers from a large hysteresis between charge and discharge voltage as well as a 

constant decrease of the mean discharge voltage over cycling, the so-called “voltage fade”.102,104 In the 

literature, transition metal dissolution from the particle surface is reported to be problematic for both 

stoichiometric as well as overlithiated NCM. The dissolved transition metal ions are re-deposited on the 

graphite anode of a full-cell, which triggers gassing and causes resistance build-up.124–127 Strategies to 

tackle these problems involve an optimization of the Li2MnO3 content,128 bulk doping,129–131 reactive gas 

and/or thermal treatment,132–136 surface coating137–139 as well as creating core-shell particles.140,141 

Examples for surface treatments of active materials will be presented in greater detail in the results 

section of this thesis (chapter 3.3). 

Having discussed various research approaches for cathode active materials above, we shall now 

consider the already mentioned class of Ni-rich layered oxides. Some of these materials, e.g., NCM622 

(LiNi0.6Co0.2Mn0.2O2) or NCA (e.g., LiNi0.8Co0.15Al0.05O2) can be already found in present-day 

commercial batteries, while some others such as doped LiNiO2 (LNO) are still in the development 

phase.2,142,143 Figure 3 illustrates that the higher Ni-content of NCM811 allows for a higher energy 

density than NCM622 on an electrode stack level. On a material level, within the group of NCM-based 

materials, increasing the Ni content typically means increasing the capacity.144 The Ni-rich NCM 

chemistry is already being used in commercial cells for high-energy applications such as electric 

cars.2,35,89 The same holds true for NCA materials, being among else Tesla’s choice of cathode material 

for EV battery packs.2,35  

Regarding the NCM electrochemistry, for all LiNixCoyMnzO2 stoichiometries with x + y + z =1, 

the theoretical capacity defined by the Li+ content per formula unit is rather similar, i.e., ca. 

275 mAh/g.71,145,146 However, an increased nickel content lowers the potential profile in such way that 

higher states of charge are accessible within the stability window of typical LIB electrolytes. For 

instance, NCM111 and NCM622 would have to be charged to 4.7 V vs. Li/Li+ to extract ca. 80 – 90% 

of the Li+ contained in the LiMO2 stoichiometry, which clearly exceeds the oxidative stability limit of 

electrolyte components such as VC. In contrast, NCM811 reaches the same SOC already at 4.3 V vs. 

Li/Li+ as demonstrated by Jung et al.147 It should be noted that none of the mentioned NCMs can be 

charged much beyond 80% SOC, since then O2 is evolved from the layered oxide itself, leading to rapid 

aging of the cathode active material and in addition to further side reactions with the electrolyte.147 

Depending on material quality, potential cut-off, C-rate, and electrolyte choice, the class of NCM 

materials moves towards a practical specific capacity slightly above 200 mAh/g, clearly exceeding the 

practical NCM111 capacity of ca. 150 – 160 mAh/g 38,41,144,147 Both, Ni-rich NCM such as NCM811 and 
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NCA can be seen as derivatives of LNO.142,148 The drawback of Ni-rich layered oxides is the lower 

thermal stability compared to, e.g., NCM111.144,149 In the future, surface-stabilized LiNiO2 doped with 

a small percentage of Al, Co, Mn, or Mg might be an option for future high-energy CAMs, provided 

that the structural stability and the cycling performance of such high-Ni materials can be optimized.37 

To achieve such a goal, structural instabilities of Ni-rich layered oxides during electrochemical cycling 

have to be tackled. For instance, nickel is prone to disorder within the layered oxide structure, which 

makes the structures of bulk and surface less stable.37,127 The high crystallographic volume change 

during lithiation/delithiation of Ni-rich layered oxides is challenging in terms of structural integrity 

during extended cycling and gives rise to particle cracking.150–152 However, the destabilizing effect also 

appears to be connected to the higher Li+ utilization of Ni-rich NCMs or NCA compared to, e.g., 

NCM111 as pointed out in Jeff Dahn’s group by the work of Li et al.148 As mentioned above, a very 

high degree of delithiation can destabilize the structure of Ni-rich layered oxides. Typically, at SOCs 

above 80% or at high temperature, O2 is released from the surface, thereby transforming the shell of the 

active material particles to a NiO rocksalt layer.144,153–155 While uncontrolled gassing in general can lead 

to cell bulging, O2 is particularly dangerous because it vividly reacts with the organic electrolyte solvents 

at elevated temperature. In the worst case, this can lead to a thermal runaway leading to fire or explosion 

of the whole cell.156,157 Putting aside safety questions, the SOC-dependent oxygen loss accelerates the 

aging of battery cells.68,147,155 It should be noted that highly reactive singlet oxygen is set free during 

such degradation reactions as experimentally proven by Freiberg et al.158 The singlet oxygen 

decomposes electrolyte components such as EC, while the linear carbonate DMC was found to be 

stable.159 This is consistent with the finding that EC-free electrolytes containing FEC and EMC enable 

a more stable cycling of Ni-rich layered oxides.68,160 Various strategies have been reported to optimize 

the stability of Ni-rich NCMs, such as thermal treatment,47,161 reactive gas treatment,162,163 surface-

coating138,164 as well as the development of core-shell particles.165,166 Doping, e.g., with Mg, Ti, or Zr 

cations, has been reported to optimize bulk as well as surface properties of Ni-rich layered oxides during 

electrochemical cycling.149,167,168 In the end, by finding the best strategies to stabilize Ni-rich layered 

oxide, electrochemical performance and lifetime characteristics of these CAMs are likely to be increased 

and foster their application in commercial batteries, e.g., for electric vehicles. 

Regarding surface properties, the chemical reactivity of Ni-rich oxides is a major challenge not 

only regarding the lifetime of full-cells, but also in the context of electrode manufacturing. Due to its 

high basicity, the active material surface is prone to react with CO2 and moisture, e.g. from ambient air, 

which leads to the formation of surface hydrates, hydroxides, carbonates, and mixtures thereof (Figure 

4).47,48,161,169 These surface contaminants can be formed during CAM handling and electrode 

manufacturing if the surrounding atmosphere is not sufficiently dry, which will be discussed in greater 

detail in chapter 3.2.2. Not only Ni-rich NCM, but also LMR-NCM suffers from similar degradation 

phenomena when exposed to moisture and CO2 due to its typically high specific surface area compared 
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to stoichiometric NCMs, as will be pointed out in chapter 3.2.1. Two major problems caused by the 

surface contaminants are, first, the gelation of NMP(N-methyl-2-pyrrolidone)-based slurries prepared 

for electrode manufacturing and, second, side reactions with the electrolyte leading to accelerated aging 

and severe gassing inside the cell.48,161,170 Within this thesis, the surface reactivity of Ni-rich NCM and 

LMR-NCM exposed to atmospheric CO2 and moisture has been investigated qualitatively and 

quantitatively (cf. chapter 3.2). In case of LMR-NCM, a thermal treatment with SO3 was developed in 

order to make the material more robust versus humid ambient air (cf. chapter 3.3.1 and Figure 4). Besides, 

thermal treatments of LMR-NCM with SO2
135 and Ni-rich NCM with F2

163 were found to positively 

impact the electrochemical performance of the respective CAM (cf. chapters 3.3.2 and 3.3.4, 

respectively). 

 

Figure 4: Scheme of two central topics within this thesis: (i) the formation of surface contaminants on CAMs after exposure 

to CO2 and moisture from ambient air (top part) and (ii) surface sulfation by SO3 treatment (bottom part). Hydroxides within 

the surface contaminants and lithium residues from CAM manufacturing decompose EC and lead to severe CO2 gassing (top 

part). In contrast, after SO3 treatment (bottom part), metal sulfates can still bind water in the form of hydrates, however they 

do not form carbonates when exposed to CO2. Most importantly the formation of basic surface species is mitigated, thus EC is 

not hydrolysed and CO2 gassing is prevented.  
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2. Materials and Methods 

2.1. Operando Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

There exist multiple tools to assess surface properties of electrode materials as well as electrolyte 

decomposition reactions, ex situ as well as in situ/operando. E.g., gassing analysis via on-line or 

differential electrochemical mass spectrometry (OEMS/DEMS) of battery cells is a powerful tool to get 

insights into parasitic reaction mechanisms. In case of graphite, CO2, CO, and ethylene evolution were 

found to occur concomitant to SEI formation when using EC based electrolytes.64,171–173 Ex situ surface 

analysis via X-ray photoelectron spectroscopy (XPS) or Fourier transform infrared spectroscopy (FTIR) 

allows to characterize electrolyte decomposition products on the surface of active material particles. 

While inorganic materials such as Li2O or LiF are well accessible by XPS analysis,61 FTIR helps to 

identify organic species such as lithium ethylene dicarbonate (LEDC)174 as well as inorganic SEI 

decomposition compounds such as lithium carbonate (Li2CO3).57,124 One can choose between various 

sampling techniques for infrared spectroscopy such as attenuated total reflection (ATR),174,175 

transmission FTIR176 or diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS).177–179 

The advantage of DRIFTS is its high surface sensitivity for rough substrates180 such as typical LIB 

electrodes. A special technique developed for operando studies on lithium-ion battery electrolytes is 

substractively normalized interfacial FTIR spectroscopy (SNIFTIRS). In SNIFTIRS, the spectral 

intensity is calculated according to equation 12, with Rn being the reflectance of the nth spectrum in a 

consecutive measurement of spectra:181,182 

 Δ𝑅 =
𝑅𝑛+1 − 𝑅𝑛

𝑅𝑛
 (equation 12) 

This technique has been used, for example, to study (i) the oxidation of carbonate based electrolyte 

formulations via external reflection FTIR spectroscopy on a polished nickel metal electrode181 or (ii) 

signal changes ascribed to SEI formation on graphite from an EC-based electrolyte using an operando 

cell designed for ATR-FTIR spectroscopy.182 These literature studies on SNIFTIRS reveal on the one 

hand a certain sensitivity towards spectral changes during operando studies, however at the same time 

the discussed spectra appear to have only poor signal-to-noise-ratios, and random fluctuations from 

electrolyte signals are also possible.  

A different technique was introduced by Yohannes et al.177 from the group of Shawn D. Lin in 

Taiwan, who recently published a study of the SEI formed on mesoporous carbon microbeads (MCMB) 

by LiPF6 based electrolytes containing ethylene carbonate (EC), vinylene carbonate (VC), and 

fluoroethylene carbonate (FEC) via an in situ DRIFTS method which was developed in the same 

group.183 
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Within this thesis, the operando DRIFT spectra were evaluated in reflectance units using a gold 

background without subtracting or normalizing the spectra of a measurement sequence from each other 

(equation 13) in order to avoid the above mentioned artefacts from the literature studies: 

 % 𝑅 =
𝑅sample

𝑅reference
⋅ 100% (equation 13) 

The DRIFT spectra in chapter 3.1 are displayed in reflectance unit according to equation 13. 

2.1.1. IR Spectrometer 

Infrared spectra were recorded with a Cary 670 FTIR spectrometer (Agilent Technologies, USA) 

equipped with a liquid nitrogen cooled MCT (mercury cadmium telluride) detector with high sensitivity 

in the mid-IR region from 6000 to 450 cm-1. The spectrometer was constantly purged with dried 

compressed air using an adsorption dryer (FST GmbH, Germany). 

2.1.2. Electrode Preparation 

Lithium iron phosphate (LFP, LiFePO4) electrodes were prepared by mixing 93 wt.-% LFP 

(LFP-400, BASF, BET surface area: 23 m²/g) with 4 wt.-% PVDF (Kynar® HSV 900, Arkema, France), 

and 3 wt.-% conductive carbon (C-NERGY Super C65 Carbon Black Additive, TIMCAL, Switzerland). 

The solids were mixed at 2000 rpm for 1 min in a planetary orbital mixer (Thinky, Japan). After addition 

of NMP (N-methyl-2-pyrrolidone, Aldrich, USA, anhydrous, 99.5% purity) resulting in a solid content 

of 60%, the obtained slurry was mixed at 2000 rpm for 2 min. The next NMP addition step resulted in 

55% solid content, the slurry was mixed for 2 min at 2000 rpm, yielding a highly viscous ink. Coatings 

were made on a woven steel wire mesh with 26 µm aperture and 25 µm wire diameter (from stainless 

steel 316, Mesh500, TheMeshCompany, United Kingdom). The use of a mesh as electrode substrate 

instead of an aluminum foil was necessary to allow the penetration of the electrolyte through the current 

collector, which is illustrated by the scheme of the cell setup in Figure 5. A doctor blade driven by an 

automatic coating machine (RK print, Germany, speed mode 1, i.e., 25 mm/s) served to prepare coatings 

with 100 µm wet film thickness. After drying at 50 °C, electrodes were punched and further dried under 

vacuum overnight in a glass oven at 120 °C. The resulting loading was ≈20 mgLFP/cm². 

LTO electrodes (SAFT, USA, BET surface area 5.5 m²/g) were prepared in the same way as the 

LFP electrodes (NMP-based slurry with LTO/PVDF/C65 in a 93:4:3 ratio), resulting in loadings around 

7 mgLTO/cm². 
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NMP-based Graphite slurries were mixed using graphite (TIMREX SLP30 Primary Synthetic 

Potato® Shape, TIMCAL, Switzerland, BET surface area: 7.5 m²/g) and PVDF (Kynar® HSV 900, 

Arkema, France) as binder material (wt.%-ratio: 90:10, solid content 30 wt.%). The slurries were mixed 

for 5 min at 2000 rpm under partial vacuum (5 kPa total pressure) in the planetary orbital mixer. Blade-

coating was carried out with wet film thickness of 250 µm with the automatic coater at a speed of 25 

mm/s (RK print, Germany). 

2.1.3. Cell Assembly and Mounting in the Spectrometer 

The cell illustrated in Figure 5 was tailor-made for the operando DRIFTS study. The first 

version of the operando DRIFTS cell is described in Uta Schwenke’s PhD thesis.179 It has been designed 

for Li-O2 research. The modified version of the cell described in the following offers more space for a 

slightly bigger lithium counter electrode and additional space for thicker separators – glass fiber instead 

of polyolefin. The compressibility of the glass fiber separators served to improve the mechanical contact 

between separator and working electrode compared to the previously used179 polyolefin separators. This 

effect was enhanced by coating the working electrode on a steel mesh and not on polyolefin separators 

as had been done for the Li-O2 studies.179 In addition, the aluminum wire connecting the working 

electrode to the potentiostat has been replaced by copper in the thesis at hand, since aluminum is less 

stable at negative potentials.184,185 Figure 6 explains the cell assembly, as well as the mounting inside 

the DRIFTS chamber. It should be noted that in Figure 6 the insertion of a gold background with a rough 

surface (gold sputtered silica paper) is depicted instead of the cell stack described in the following.  

For the cell stack (Figure 5), we used an electrically insulating polyether ether ketone (PEEK) 

body (part C in Figures 5 and 6) with a steel plate at the bottom as current collector (D) equipped with 

a thread to be tightly fixed with a screw-nut at the bottom (E). The DRIFTS cell was assembled inside 

an Ar-filled glovebox (< 0.1 ppm O2 and H2O). On top of the steel plate (D), a lithium electrode was 

placed (Rockwood lithium, USA, > 99.9% pure, 0.45 mm thick, punched to 7 mm diameter and 

compressed manually with a plastic stamp to extend to 8 mm on the steel plate), followed by 9 mm 

separators (VWR glass fiber filter, grade 691, dried under vacuum prior to cell assembly at 120 °C) and 

an 8 mm working electrode (coated on a woven wire mesh, details see above). In between, 20 µL 

electrolyte was added in two steps (see Figure 5 for details). The electrolyte consisted of 1.5 M LiPF6 in 

pure vinylene carbonate (VC) or 1.5 M LiPF6 in pure ethylene carbonate (EC). EC, VC, and LiPF6 were 

provided by BASF. The specified purities (w/w) were 99.9 – 99.99% in case of VC, 99 – 100% for EC, 

and 100% for LiPF6. These “EC-only” and “VC-only” electrolytes were used to avoid volatile 

components such as EMC, which is contained in commercial electrolyte formulations such as LP57. In 

pre-tests it was found that volatile solvents evaporate quickly from the working electrode, which has a 

large uncovered surface in order to allow the access of the IR beam to the electrode (cf. Figure 5). For 
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electrical contacting of the working electrode, a steel ring and M1 screws were used (A and B in 

Figures 5 and 6), going to threads inside the PEEK body (C). PEEK was chosen as a material because 

it is chemically stable and mechanically strong enough for mounting these tiny screws. These PEEK 

threads typically were worn out after twenty times of cell assembly and disassembly. The last screw was 

used to connect a copper wire (panel 3.3 in Figure 6) after placing the cell inside the stainless steel 

chamber. The copper wire is surrounded by an electrically insulating heat-shrink sleeve (HST28T, 

Adtech Polymer Engineering Ltd., United Kingdom). For improving the electrical contact between the 

nut (E) at the bottom of the lithium electrode with the housing, a copper foil was used (panel 3.2 in 

Figure 6). After mounting the cell inside the chamber, it was capped with a dome (panel 4 in Figure 6) 

with two IR-transparent windows (KBr, Korth Kristalle GmbH, Germany) and one silica viewing glass 

(the lower one in panel 4.2). Chamber and dome were adapted and modified after purchase from Harrick 

Scientific Products Inc., USA. For the sealing of the dome, a Viton® O-Ring is used, while the KBr 

windows and the viewing glass are equipped with FEP-O-Seal® O-rings (Angst+Pfister, Switzerland).  

For comparison, a Swagelok® T-cell was assembled with a Li counter electrode of 10 mm 

diameter, one 11 mm glass fiber separator, 50 µL EC with 1.5 M LiPF6 (“EC-only”) electrolyte added 

in one step, and a 10 mm working electrode (LFP on woven wire mesh, electrode preparation see chapter 

2.1.2). 

 

Figure 5: Sketch of the operando DRIFTS cell (adapted and modified from Uta Schwenke’s thesis179) with LFP coated on 

woven wire mesh as working electrode (WE), 20 µL of 1.5 M LiPF6 in EC as electrolyte, and Li as counter electrode. Three 

screws (A) are used to mount the stainless steel ring which serves as current collector for the WE (B) on the PEEK body (C). 

The Li counter electrode (CE) is placed on top of the current collector, i.e., a steel plate (D) fixed with a screw nut (E). 

After DRIFTS cell assembly in the glovebox (< 0.1 ppm O2 and H2O), it was flushed with 

10% CO2 in Ar for 90 s at 15 Nl/h, if experiments were carried out in presence of CO2. Otherwise, the 
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cell was flushed with pure Ar for 90 s at 15 Nl/h in order to remove trace amounts of CO2 and N2 

contained in the glovebox atmosphere. 

The Harricks chamber with the cell inside is then mounted in the DRIFTS mirror optics 

(Figure 6, Praying MantisTM by Harricks Scientific Products Inc., USA). After mounting the chamber 

and adjusting the height (see next chapter 2.1.4), the spectrometer (panel 6.3) was closed and a rest of 

15 min was allowed to flush out ambient air from the sampling compartment and letting it be replaced 

by dried and CO2-free compressed air provided by the air dryer (6.2). The potentiostat (6.1) is connected 

via (i) the chamber steel housing in case of the lithium counter electrode (blue cable in panel 5.2) and 

(ii) the copper wire welded to a pin, which is connected to the red cable in panel 5.2. 

 

Figure 6: Operando DRIFTS cell parts and assembly (1, 2). Parts A-E are specified in Figure 5. Instead of the cell stack (CE, 

separator, WE), the insertion of the coarse gold background (F) is demonstrated here. Panel (3) illustrates the cell mounting 

inside the Harricks chamber and the gas-tight sealing with a dome (4) comprising two IR-transparent KBr windows and one 

viewing glass window. The DRIFTS chamber is mounted inside the Harricks Praying MantisTM mirror optics (5). Panel (6) 

depicts the complete operando DRIFTS measurement setup with a Bio-Logic SP-200 potentiostat (6.1) connected to the cell 

inside the Agilent Cary 670 IR spectrometer (6.3), which is constantly purged with dried compressed air (6.2). 
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Figure 7 illustrates how the IR beam passes the DRIFTS mirror optics (Praying MantisTM, 

panel (a)) and how the operando DRIFTS cell is placed inside the modified high temperature reaction 

chamber (panel(b)). 

 

Figure 7: The Praying MantisTM accessory designed for DRIFTS by Harrick Scientific Products, Inc. (modified scheme from 

the user manual, reprinted from Uta Schwenke’s thesis179, with permission from Harrick Scientific Products, Inc.). (a) Sketch 

of the infrared beam path. (b) High temperature reaction chamber by Harricks modified for placing the electrochemical cell 

(Figure 5) inside.  

2.1.4. DRIFTS Measurement and Evaluation 

After mounting the chamber in the DRIFTS accessory (Figures 6 and 7), the height of the cell 

was adjusted to maximize the intensity of a live-monitored interferogram (detector signal intensity as a 

function of the optical path difference generated between two mirrors in the interferometer). As 

mentioned above, the cell was allowed to rest 15 min after closing the spectrometer housing to remove 

CO2 and moisture from the measurement compartment. 

First, instead of the cell stack, a gold background, i.e., a gold sputtered abrasive paper with 

granulation 400 was mounted in the cell to obtain a background spectrum (360 scans, 1 cm-1 resolution, 

recording time of 2 min per spectrum). This was then used as reference to convert the intensity of each 

sample spectrum into reflectance units % 𝑅 =
𝑅sample

𝑅reference
⋅ 100 %  (cf. equation 13 in % 𝑅 =

𝑅sample

𝑅reference
⋅

100 %). A sample in this case refers to an operando cell with the working electrode being measured. 

The rationale behind choosing this specific type of gold background was (i) to maximize diffuse 

reflectance by using a rough surface and (ii) having a fully reflective surface, i.e., gold. Thus, the sample 

intensity (e.g., graphite electrode coating) will always have a lower intensity than the gold background, 

resulting in reflectance values smaller than 100%. 
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2.1.5. Electrochemical Cell Cycling Procedure for operando DRIFTS Cells 

In case of graphite/EC + 1.5 M LiPF6/Li, negative potential scans were performed with a rate of 

0.5 mV/s from OCV to 0 V vs. lithium and positive scans to 1.5 V, using an SP-200 potentiostat (Bio-

Logic, France). Galvanostatic cycling of graphite was carried out at a rate of C/10 (37.2 mA/ggraphite) 

with 0 V vs. lithium as lower and 1.5 V as the upper cutoff.  

One LFP/EC + 1.5 M LiPF6/Li cell was cycled at C/2 (85 mA/gLFP) with 4 V as upper and 1.5 V 

as lower cut-off. Subsequently a potential scan was performed with 0.5 mV/s from OCV to 0 V vs. 

lithium. An LTO/ VC + 1.5 M LiPF6/Li cell was swept from OCV to 5 V vs. lithium with 0.5 mV/s. 

2.2. Formation of Surface Contaminants on Cathode Active Materials 

When NCM811 is exposed to moisture and CO2, hydroxides, carbonates, and hydrates are 

formed on the surface, often referred to as surface contaminants, as mentioned at the end of the 

introduction (chapter 1.2) and discussed in more detail in the publication47 in chapter 3.2.2. Some of 

these species have IR active vibrations such as the carbonate band186–188 at 1470 cm-1 and can be 

characterized by DRIFTS. A new setup was developed to monitor the formation of surface contaminants 

on NCM811 powder while it is exposed to a CO2 and moisture containing gas mixture (Figure 8). The 

characterization of surface contaminants was complemented by TGA-MS and NCM811//graphite full-

cell cycle-life tests. The results of the in situ DRIFTS study on surface contaminants are described in 

section 3.2.3 of this thesis. 

The in situ DRIFTS setup (Figure 8) consisted of a gas cylinder with 1000 ppm CO2 in Ar 

(99.9% CO2 in 99.999% Ar, Westfalen, Germany), a flowmeter with the gas flow set to 10 ml/min, and 

a self-made humidifier system consisting of a modified and tightly sealed glass vial (DURAN®, Schott, 

Germany). The humidifier temperature was kept at 0°C in order to avoid moisture saturation of the 

carrier gas. The humidified carrier gas feeds the DRIFTS sample chamber inside the spectrometer, which 

operates at room temperature. All gas linings were connected with stainless steel tubes, valves, and 

fittings from Swagelok (USA). The humidifier was connected to a bypass tube via two valves in order 

to allow flushing of dry gas without moisture input. A gas-tight chamber (high-temperature reaction 

Chamber (HVC), Harrick Scientific Products Inc., USA, same as described in chapter 2.1.3) with IR-

transparent windows was connected to the gas line. Between the gas line and the chamber, an outlet 

valve was mounted to allow flushing of the whole line before connecting the chamber to the gas feed. 

The gas-tight sample chamber was the same as used for the operando DRIFTS study described in chapter 

2.1.3. However, instead of an electrochemical cell, a small steel pot was placed and filled with the 
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powder sample in an Ar-filled glovebox (< 0.1 ppm O2 and H2O). The sealed chamber was mounted in 

the Praying MantisTM accessory, as described in chapter 2.1.3.  

 

Figure 8: Setup for in situ DRIFTS measurements exposing CAM powders to various gas mixtures containing Ar as carrier 

gas and CO2, H2O vapor, or both as reactants. The humidifier was immersed in a water/ice bath to be kept at a temperature of 

0°C in order to control the water vapor content of the humidified Ar. The DRIFTS chamber where the sample is placed operates 

at room temperature. The sketch was adapted from Christian Sedlmeier’s Master’s thesis.189 

Typically, one would prepare a small fraction of sample, e.g., 1% in a dilution medium such as 

KBr in order to achieve a good signal quality and high sensitivity for surface species.180 Consequently, 

KBr dilutions were used for the ex situ DRIFTS measurements of CAM samples presented in the 

articles47,134 in chapters 3.2.2 and 3.3.1, respectively. However, it was found that the dilution media such 

as KBr react with moisture. Thus, for the in situ DRIFTS study, pure NCM811 powder was characterized 

without any dilution medium in order to avoid artefacts from reactions between moisture and the dilution 

medium. Even less hygroscopic dilution media than KBr, such as AgBr, SiC, CaF2, or Al2O3 were found 

to react with moisture (data not shown). 

For undiluted samples, DRIFT spectra are displayed in reflectance units RCAM, which are defined 

by the ratio of sample intensity (ICAM) versus the intensity of gold sputtered sand paper (Igold) as 

background (equation 14). Spectra were recorded with a resolution of 1 cm-1. Further details on the IR 

spectrometer are given in chapter 2.1.1. The gold background is explained in chapter 2.1.4. 

 𝑅CAM =
𝐼CAM

𝐼gold
 (equation 14) 

Kubelka-Munk units (equation 15) were used as recommended by textbook literature180 for 

CAM samples measured in KBr dilutions (1 wt% CAM in KBr), i.e., for the ex situ DRIFT spectra 
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discussed in the papers47,134 in chapters 3.2.2 and 3.3.1. Since the KM normalization can lead to baseline 

fluctuations,190 it was not used for the undiluted samples for the in situ experiment. Instead, reflectance 

units were used as explained above (equation 14) in order to avoid artefacts from normalization. 

 KM =
(1 – 𝑅

CAM
)2

2𝑅
CAM

 (equation 15) 

For the in situ DRIFTS measurements, NCM811 powder (BASF, Germany) was exposed to 

several gas atmospheres containing moisture, CO2, or a combination of both, using the setup depicted 

in Figure 8. Before this, NCM811 was calcined at 525°C for 1 h under Ar flow (1 l/min; 99.999% purity, 

Westfalen, Germany) in a tube furnace (Carbolite, Germany) in order to remove a major fraction of the 

typically present surface contaminants. This calcined NCM811 was deliberately exposed to CO2 and 

moisture for several days in order to maximize the signal intensities of potentially formed surface 

contaminants (compare Table 5). The detailed experimental procedure was: First, the CAM powder was 

placed in the Harricks chamber and mounted inside the Praying MantisTM. The spectrometer was then 

closed with a custom-made housing and continuously fed with dry air as described in chapter 2.1.1. The 

settings for data collection were 360 scans per spectrum, 1 cm-1 resolution, i.e., a recording time of 2 min 

per spectrum, in other words the same as explained for the operando DRIFTS study described in chapter 

2.1.4. The gas tubes of the in situ DRIFTS setup passed through the housing to connect the Harricks 

chamber to the gas line depicted in Figure 8. Several gas mixes containing moisture, CO2, or a 

combination of both with a total gas flow 10 ml/min were tested in sequence, as will be explained in 

more detail in the results part in chapter 3.2.3.  

Along with the NCM811 powder, electrodes were exposed under the same conditions inside the 

HVC chamber to enable accompanying electrochemical tests. The electrodes were placed in such a way 

that they did not interfere with the incoming and outgoing IR beam.  

NCM811 electrodes were prepared in an Ar-filled glovebox under the same conditions as 

described in the article47 in chapter 3.2.2 (experimental part, electrode preparation and cycling). The 

manufacturing of graphite anodes is described therein as well. Swagelok T-cells were tested at 25°C 

with 80 µL LP572 electrolyte (1 M LiPF6 in EC:EMC 3:7 (w:w) plus 2 vol% VC, BASF, Germany). 

Anode and cathode were separated by two glass fiber separators (glass microfiber filter #691, VWR, 

Germany) with 11 mm diameter. Lithium metal foil (Rockwood Lithium, USA) was used as reference 

electrode in a 3-electrode T-cell setup. Cycling was carried out as follows: The cells were charged to 

4.2 V vs. graphite in constant current mode followed by a constant voltage hold (CCCV) until the current 

would drop below C/20 or for a maximum time of 1 h; they were discharged to 3.0 V vs. graphite in 

constant current (CC) mode. The cycling was started with two C/10 cycles, followed by 48 1C cycles 
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(same rates for charge and discharge). This 50 cycle-segment (three C/10 rate checks followed by 

extended 1C cycling) was repeated 4 times, summing up to 200 cycles in total. 

The findings from the in situ DRIFTS measurements and the electrochemical cycling were 

supported by a TGA measurement of the NMC811 powder before starting the in situ DRIFTS 

measurement, i.e., taking NMC811 directly after calcination at 525°C as well as after completing the in 

situ DRIFTS experiment, which will be described later in the results part (cf. chapter 3.2.3). 

Experimental details for TGA-MS measurements are consistent with the procedure described in the 

article47 in chapter 3.2.2. As discussed therein in more detail, TGA allows to characterize the amount of 

surface contaminants via the TGA weight loss. The coupling to mass spectrometry was not available 

when the TGA experiments for the in situ DRIFTS study were carried out. 

2.3. Thermal Treatment of Cathode Active Materials with SO2 and SO3 

2.3.1. Furnace Setup 

As will be discussed in chapter 3.3.1, a tube furnace setup was applied to treat CAM powder 

samples with the reactive gas SO3. The specifications of the components, gases and gas mixtures used 

in the setup are mentioned in detail in the experimental part of the journal article134 presented in chapter 

3.3.1, together with a functional scheme of the setup (Figure 3 therein). This furnace setup also allowed 

the use of SO2 in Ar instead of SO3 in Ar and O2 as a reactive gas. The results of thermal treatment of 

LMR-NCM with SO2 have been published, too, and are presented in chapter 3.3.2.135 Therein, the SO2 

treatment method developed within this thesis at the Technical University of Munich (TUM) is 

compared against a different set of experiments performed at Bar-Ilan University (BIU).  

Figure 9 further illustrates how the same tube furnace setup can be either used for SO3 or SO2 

treatment of CAM samples by controlling the activity of a V2O5 catalyst inside a separate ceramic tube 

(reactor) connected to the tube furnace. A photograph of this tube furnace setup is shown in Figure 10. 

The catalyst activity is controlled via temperature and by choosing between the presence and absence 

of oxygen in the gas mixture. In both cases, all surface contaminants, i.e., hydroxides, carbonates and 

hydrates are removed by a calcination step under 30% O2 in Ar at 625°C (total gas flow 1 l/min, compare 

step I in Figure 9a and b) before the reactive gas treatment (step II(a) in Figure 9a and b) with the 

exception of lithium carbonate, which has a higher temperature stability as discussed in the publication47 

in chapter 3.2.2. The “cleaned” oxide surface is exposed to SO3 or SO2. In case of SO3 treatment (Figure 

9a and c), the industrially well-established contact process was applied to convert small concentrations 

of SO2 (0.5%) in Ar as carrier gas into SO3 in the presence of an oxygen excess. The final concentrations 
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of SO2, Ar and O2 were adjusted by regulating the gas flow of the reactor feed gases SO2 (in Ar), pure 

Ar and pure O2 feed gases to reach final concentrations of 0.5% SO3 and 30% O2 in Ar to react with the 

sample. The conversion of SO2 to SO3 in the presence of the obvious oxygen excess was catalyzed by 

crushed V2O5 pellets inside a ceramic tube preheated to 430°C (see Figure 9c). As explained in the above 

mentioned publication,134 the conversion efficiency from SO2 to SO3 is > 97% according to the catalyst 

manufacturer under the applied conditions with a space velocity of 11/h and a total flow rate of 1 l/min 

inside the ceramic tube. 

For the SO2 treatment of CAM samples within the same setup (compare Figure 9b and d), 0.5% 

SO2 in Ar as carrier gas (without oxygen) was supplied to the tube furnace, as described in the 

experimental part of the publication in chapter 3.3.2.135 In this case, the conversion of SO2 to SO3 can 

be excluded for two reasons: first, the catalyst temperature was not heated to its activation temperature 

and second, no oxygen was present in the feed gas to the catalyst. The ceramic tube containing the 

crushed V2O5 catalyst pellets was kept at 100°C as a precautionary step in order to exclude any 

adsorption of SO2 on the V2O5 surface. 

 

Figure 9: Experimental parameters for the thermal treatment of CAM powder with SO2 (a, c) or SO3 (b, d). Temperature profile 

and protocol for (a) SO3 and (b) SO2 treatment. Scheme of the tube furnace setup for (c) SO3 and (d) SO2 treatment. The total 

gas flow in the ceramic tube containing the V2O5 catalyst as well as in the tube furnace containing the CAM samples was 

adjusted to 1 l/min. The washing bottles at the tube furnace exhaust (depicted in panels b and d) served to quench leftover SO2 

or SO3 to ensure safe operation of the furnace setup. Scheme (c) was adapted from Figure 3 in the article134 by J. Sicklinger, 

H. Beyer, L. Hartmann, F. Riewald, C. Sedlmeier, and H. A. Gasteiger, J. Electrochem. Soc., 167, 130507 (2020), published 

September 18, 2020, © The Electrochemical Society. Reproduced by permission of IOP Publishing. All rights reserved. In this 

publication some more details such as the manufacturer’s data can be found (compare chapter 3.3.1).  

In addition, the SO2 and SO3 treatment procedures were adapted to the Ni-rich NCM851005 

(results are presented in chapter 3.3.3). In a first set of experiments, almost the same treatment conditions 

as described above for LMR-NCM were applied. The only difference was a lower calcination 

temperature of 525°C instead of 625°C in the calcination step before the SO3 or SO2 treatment (referring 

to step I in Figure 9a and b). This lower temperature was chosen due to the lower temperature stability 
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of Ni-rich NCM as compared to LMR-NCM, thus being consistent with the experimental study on 

surface contaminants presented in chapter 3.2.2.47 In a second set of experiments with NCM851005, the 

samples were heated to either 300 °C or 400 °C at a rate of 10 K min-1 and kept at this temperature for 

1 h. Then the gas feed was changed to 0.5% SO2 in Ar or 0.5% SO3 and 30% O2 in Ar for SO2 and SO3 

treatment, respectively, thereby using the same gas mixtures as described above for LMR-NCM. A 

baseline experiment was performed containing the annealing step for 2 h under Ar at 400 °C.  

 

 

Figure 10: Photograph of the tube furnace setup for the SO2 and SO3 treatment of LMR-NCM samples. A detailed description 

and scheme can be found in Figure 3 in the experimental part of the publication134 presented in chapter 3.3.1. A mixture of 1% 

SO2 in Ar was provided by a 10 L gas cylinder (1). Ar, O2, and SO2 in Ar were mixed via flowmeters (2) to reach a resulting 

flow of 1.0 l/min in the ceramic tube filled with the V2O5 catalyst (3). The resulting SO3-containg gas mix then entered the 

glass tube (4) of the split tube furnace (5). The exhaust gases were then quenched by water in a washing bottle (6). 

In all cases, after cool down to room temperature under Ar (1 l/min, compare step II(b) in Figure 

9a and b), the samples were transferred to the glovebox under inert conditions to avoid any air exposure 

of the LMR-NCM or Ni-rich NCM samples after thermal and reactive gas treatment. 

2.3.2. Electrochemical Characterization 

The assembly of full-cells with LMR-NCM versus graphite is described in the experimental 

section (Table I) of the study134 presented in chapter 3.3.1. In case of NCM851005, half-cells versus 

lithium were assembled. In addition, the cycling protocol was modified with regards to cut-off voltage 
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and formation procedure. In both cases, stainless-steel CR2032 type coin cells were used (Hohsen Corp., 

Japan). 

NCM851005 cathodes were manufactured in inert conditions by coating an NMP-based slurry 

on aluminum foil, similar to the study on surface contaminants47 and the study on LMR-NCM.134 96% 

of the CAM were first mixed with 2% carbon black (Super C65, Timcal, Switzerland) and 2% 

polyvinylidene difluoride binder (PVDF, Kynar® HSV, France) in dry state at 1000 rpm for 2 min with 

a planetary orbital mixer (ARC-310, Thinky, USA). N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%, 

Sigma-Aldrich) was then added in two steps to reach a final solid content of 61%. The slurry was mixed 

for 5 min at 2000 rpm after each NMP addition step. The NMP amount had been adjusted to achieve a 

viscous, lump-free slurry. Weighing and mixing were carried out in a mixing vessel inside an Ar-filled 

glovebox (O2, H2O > 0.1 ppm, MBraun, Germany), which was sealed and transferred out of the glovebox 

for every mixing step inside the planetary orbital mixer. Carbon black and PVdF had been vacuum dried 

at 120 °C for three days before transfer into the glovebox. After the final mixing step, the slurry was 

manually coated on the aluminum (18 µm, MTI corporation, USA) foil using the 100 µm side of a four-

edge-blade inside the glovebox and then dried there overnight. Disc-shaped electrodes with 14 mm in 

diameter were punched out of the foil and compressed at 1 t for 20 s outside the glovebox. The 

compression tool was wrapped with plastic bags before transfer out of the glovebox in order to minimize 

the exposure to moisture and CO2 from ambient air. The compressed electrodes where weighed inside 

the glovebox and finally dried at 120 °C under vacuum overnight. The electrode loading was 

8.0 ±0.5 mgNCM851005/cm-2, corresponding to an areal capacity of 1.6±0.1 mAh/cm² when referring to a 

reversible capacity of 200 mAh/g NCM851005.  

Table 1: Cycling protocol for NCM851005/LP572/Li coin cells at 25 °C with 80 μl of electrolyte and two glass fiber separators 

(VWR glass fiber filter, grade 691). All segments are repeated 4 times to reach 200 cycles in total for the lifetime test and C-

rates are referenced to 200 mAh/gNCM851005. CC refers to constant-current and CCCV to constant-current constant-voltage with 

C/10 lower current limit. The DCIR test is carried out in segment 2: direct current internal resistance measurement at 40% 

state-of-charge (SOC), with 100% SOC referring to the last discharge capacity of segment 1. The partial charge and discharge 

cycle directly before/after the DCIR pulse was carried out at C/10. Before the pulse, the cell was allowed to rest for 1 h in OCV 

mode. The 10 s DCIR discharge pulse corresponded to a current to C/5. 

 Segment 
Potential range  

[V vs. Li/Li+] 

Charge  

rate 

Discharge  

rate 
Cycles Repeats 

1 Slow cycling 4.3 – 3.0 C/10 (CC) C/10 (CC) 3 4 (start of loop) 

2 DCIR 
After C/10 charge to 40% SOC  

and 1 h OCV 
C/5 C/5 pulse (10 s) 1 4 

3 Fast cycling 4.3 – 3.0 C/2 (CCCV) 3 C (CC) 3 4 

4 Standard cycling 4.3 – 3.0 C/2 (CCCV) 1 C (CC) 33 4 (end of loop) 

 

CR 2032 type coin cells were assembled inside the glovebox. The cell contained a disc shaped 

lithium metal anode with 15 mm diameter that was punched inside the glovebox from a lithium foil 
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(Rockwood lithium, USA, > 99.9% pure, 0.45 mm thick), two glass fiber separators with 16 mm 

diameter (VWR glass fiber filter, grade 691, dried under vacuum prior to cell assembly at 120 °C), and 

80 µL LP572 electrolyte (1 M LiPF6 in EC:EMC 3:7 (w:w) plus 2 vol% VC, BASF, Germany). 

Electrochemical cycling was carried out at 25 °C with a battery cycler. The cycling protocol is 

summarized in Table 1 and contains the following sequence, similar to the study on LMR-NCM (chapter 

3.3.1):134 i) three cycles at C/10, ii) a direct current internal resistance (DCIR) pulse test (10 s discharge 

at C/5) at 40% SOC, iii) three cycles at 3 C, and iv) 33 standard cycles with C/2 CCCV charging and 

1 C CC discharging. All segments are repeated until the end of the lifetime test.  
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3. Results and Discussion 

3.1. Development of an Operando DRIFTS Cell 

The formation of a stable solid-electrolyte interphase from electrolyte reduction products, e.g., 

on graphite electrodes, is one of the key phenomena occurring in state-of the art lithium-ion batteries 

and it is one of the prerequisites for a long cycle-life of commercial full-cells.174,178,191 At the same time, 

especially in the context of novel high-voltage materials such as the Li- and Mn-rich NCM (LMR-NCM, 

x Li2MnO3 ∙ (1-x) Li[NixCoyMn1-x-y]O2) or the “high-voltage spinel” LNMO (LiNi0.5Mn1.5O4), oxidative 

stability of LIB electrolytes and chemical stability of cathode active materials against electrolyte 

oxidation products such as protons becomes crucial. Protons lead to HF formation and thereby leach out 

transition metals from the cathode material, which is detrimental for the cycle-life of LIBs, especially 

when the dissolved transition metal ions are deposited on the anode.124,192–194 In general, reactions at the 

electrode-electrolyte interface are crucial for the lifetime and performance of a battery cell.195 

In the thesis at hand, an operando DRIFTS cell is described that serves to monitor infrared (IR) 

active gases as well as the active material particle surface with the surrounding electrolyte layer. The 

two central aims were (i) to assess the surface sensitivity of the method with regards to SEI formation 

on graphite from EC-based electrolytes and (ii) decomposition mechanisms of the anode SEI forming 

additive VC on the cathode side at oxidative potentials. For this purpose, an operando DRIFTS cell was 

designed, enabling the electrochemical cycling of a custom-made cell inside a gas-tight Ar-filled 

chamber with IR-transparent windows. The major fraction of the working electrode surface was 

accessible to the IR beam as well as the head space above the working electrode, which allows to collect 

the gases evolved during electrochemical measurements. For typical composite LIB electrodes such as 

graphite anodes or LFP cathodes that have rough surfaces, infrared spectroscopy in diffuse reflectance 

mode (DRIFTS) is very well-suited.180 Within this thesis, graphite, LFP, and LTO were taken as working 

electrodes and LiPF6 in VC or EC as electrolyte to carry out oxidative and reductive potential scans or 

to perform a galvanostatic charge and discharge experiments.  

3.1.1. Electrochemical Performance of the Operando DRIFTS cell 

To validate the electrochemical performance of the developed cell setup (cf. chapter 2.1.3, 

Figure 5), an LFP electrode (coated on woven wire mesh) was charged and discharged at C/2 in a 

LFP//lithium operando DRIFTS cell and compared to a Swagelok® T-cell (Figure 11). After one 

galvanostatic cycle, a potential scan was performed (cf. chapter 3.1.3, Figure 16). With regards to the 

galvanostatic experiment, the C/2 charge delivered 97.1% of the theoretical capacity (170 mAh/g), a 

coulombic efficiency of 94.4%, and 97 mV polarization between charge and discharge at Qtheo = 50% 

SOC. Accordingly, the cell setup allows to perform operando DRIFTS studies when avoiding too high 
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C-rates or in potential scan mode at moderate scan rates. For comparison, a T-cell test was made with a 

10 mm LFP electrode that was punched out from the same coating as the LFP electrode in the DRIFTS 

cell. The T-cell tests delivered only 89.8% of the theoretical LFP capacity (Figure 11), which is even 

less than the 97.1% achieved with the operando DRIFTS cell. This 7.3% discrepancy in capacity might 

be caused by an inaccuracy during electrode punching, since both electrodes were obtained from two 

different punching tools (8 mm diameter for the T-cell vs. 10 mm for the operando DRIFTS cell). A 

deviation of 3.7 % from the target diameter of only one of the electrodes (e.g., a 0.37 mm too small 

diameter for the T cell) would lead to a 7.3 % deviation in the geometric electrode area and thus in a 

7.3% deviation of the obtained capacity. Such a deviation would not be acceptable for standard cell tests 

with cathodes coated on aluminium foil. However, cutting the electrodes was challenging, since the 

punching tool had to cut through electrodes coated on an a rather hard substrate, i.e., woven steel wire 

mesh with a wire diameter of 25 µm. The same punching tools are normally used for electrodes coated 

on aluminium foil, which is much thinner (typically 10-15 µm) and softer than the woven steel wire 

mesh. The punching was done manually with a hollow punch and a hammer, which is not as precise as 

special tools such as handheld or machine-driven punches would be. For future studies with electrodes 

coated on steel mesh it might certainly help to optimize the punching procedure and to double-check the 

obtained electrode diameter, to be aware of geometrical deviations.  

 

Figure 11: Operando DRIFTS cell with LFP/EC+1.5 M LiPF6/Li. One glass fiber separator was put in the DRIFTS cell, two 

in the Swagelok® T-cell. In case of the DRIFTS cell, 20 µL electrolyte were used and 60 µL for the T-cell. In both cases, 

galvanostatic charge and discharge were performed with a rate of C/2. The lower cut-off is 2 V for the T-cell and 1.5 V for the 

DRIFTS cell. 

3.1.2. Operando DRIFT Spectra of Graphite Lithiation 

With the intention to study SEI formation, a graphite working electrode was monitored during 

a reductive scan from OCV to 0 V vs. lithium. In more detail, the scan was carried out at 0.5 mV/s in a 

graphite/EC+1.5 M LiPF6/Li operando DRIFTS cell (Figure 12a). The current-voltage profile reveals 
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the onset of graphite lithiation below 1.6 V, with the reduction current continuously increasing toward 

0 V. In additon, a shoulder at 0.8 V is observed, which can be clearly assigned to EC reduction.60,196 
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Figure 12: Reductive scan of graphite/1.5 M LiPF6 in EC/Li obtained in the operando DRIFTS cell from OCV to 0 V, 

displaying (a) the geometric current density in mA/cm2 and (b) the corresponding DRIFT spectra. The DRIFT spectra in panel 

(b) are assigned to the potential curves in panel (a) by dot markers that have the same color as the corresponding lines in panel 

(b). Analogously, panels (c) and (d) show the current density and the DRIFTS spectra during a subsequent oxidative scan to 

from 0 V back to 1.5 V. To clearly demonstrate the impact of baseline distortion of the DRIFT spectra during the potential 

scans, the spectra are all referenced to the same gold background and plotted in reflectance units without any offset. 
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The DRIFT spectra recorded during the reductive scan are depicted in Figure 12b. First, multiple 

downward pointing bands can be observed in all the spectra. These bands are created by infrared 

absorption bands from the electrolyte, which is explained in more detail by the band assignments in 

Table 2. 

 

Table 2: Comparison of electrolyte signals (1.5 M LiPF6 in EC) from the spectra in Figure 12 (left column) to the 

corresponding experimental frequencies of EC as well as the vibration modes reported in the literature (middle and right 

column).197 The wavenumbers (unit: cm-1) for the C=O stretching are strongly affected by Li+ solvation. According to a 

computational study by Masia et al. based on ab ignition calculations of isolated EC molecules and [Li(EC)n]+ complexes,197 

the C=O stretching of solvated EC, i.e., [Li(EC)n]+ (n = 1 - 4) is shifted by -88 cm-1 when compared to EC. This 

computational result is reflected by the strong absorption bands at 1793/1756 cm-1 for 1.5 M LiPF6 in EC that might both 

correspond to the signal of 1868 cm-1 for pure EC, corresponding to a redshift of -75/-112 cm-1 due to Li+ solvation.  

1.5 M LiPF6 in EC Pure EC Assignment 

2998 3004 CH2 stretching 

2925 2925 CH2 stretching 

1793 1868 (C=O stretching) 

1756 1868 (C=O stretching) 

1481 1483 CH2 scissoring 

1393 1386 CH2 wagging 

1204 1218 CH2 twisting 

1155 1157 CH2 twisting 

1065 1087 ring stretching 

974 960 ring stretching 

902 881 ring breathing 

771 768 CH2 rocking 

715 715 ring bending 

556 527 C=O bending 

 

During the reductive scan (cf. Figure 12b), all DRIFT spectra from OCV (3 V) to 0.8 V are 

almost identical. However, at 0.6 V the first small changes can be observed, i.e. a slightly higher 

intensity around 700 cm-1. At 0.4 V and 0.2 V, the intensity above 1500 cm-1 increases while the one 

below 2000 cm-1 gets smaller. At the end of the scan (0 V), the intensity has increased over the entire 

wavenumber range. The maximum intensity of the whole spectrum increases from R = 50% at OCV to 

R = 70% at 0 V, accompanied by a stretch of the electrolyte bands. At the same time, no additional bands 
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emerge and no bands disappear during the scan. While all the electrolyte bands grow in intensity, the 

band positions remain unchanged. There are no additional bands emerging during the scan.  

Within a typical SEI on graphite anodes, lithium ethylene dicarbonate (LEDC) and lithium 

carbonate (Li2CO3) are the most prominent IR active species discussed in the literature.51–54 Even if these 

species had been formed during the operando DRIFTS experiment, the Li2CO3 main band188,198 around 

1470 cm-1 as well as the LEDC main bands53 at 1663/1652 cm-1 and 1318/1302 cm-1 would be 

overshadowed by intense electrolyte signals. Especially the C=O stretch of ethylene carbonate doublet 

at 1793/1756 cm-1 (cf. Table 2) causes a very strong and rather broad signal, with a tail even below 

1700 cm-1. This demonstrates how challenging it can be to detect SEI species buried underneath the 

highly absorbing electrolyte layer. 

During the oxidative scan (Figure 12c and d), the spectra at 0 V and 0.2 V differ only slightly 

in the high wavenumber region above 2500 cm-1 and the ones at 0.2 V and 0.4 V are nearly identical. 

The spectra recorded at 0.4 V, 0.6 V and 0.8 V show baseline distortions similar to the reductive scan. 

The spectrum at 0.8 V it is rather similar to the initial one recorded at OCV before the first reductive 

scan. In the further course of the oxidative scan, i.e. from 0.8 V and 1.5 V, no significant changes can 

be observed. 

Taken together, the baseline distortion and the overall signal intensity are a function of the 

graphite lithiation degree and they change reversibly during the oxidative and the reductive scan. The 

baseline distortion of the DRIFT spectra can be rationalized by the increasingly metallic properties of 

graphite during the lithiation process. In general, metals have stronger infrared reflective properties than 

non-metals.199 Besides, graphite is known to change its optical colour during lithiation, from black 

(unlithiated graphite) to blue (LiC18), red (LiC12) and golden (LiC6)200. However, the lithiation degree 

was only 16% at the end of the reductive potential scan. Apparently this is sufficient for strong baseline 

distortions. A follow-up experiment was designed to investigate a graphite working electrode during a 

full galvanostatic lithiation and delithiation cycle (cf. Figure 13). 
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Figure 13: (a) Potential curves of a galvanostatic charge at C/10 with a graphite/1.5 M LiPF6 in EC/Li operando DRIFTS cell; 

(b) corresponding DRIFT spectra. (c, d) Subsequent discharge at C/10. The DRIFT spectra in panels (b) and (d) are assigned 

to the corresponding lithiation states by dot markers in panels (a) and (c) that have the same color as the lines in panels (b) and 

(d). To clearly demonstrate the impact of baseline distortion of the DRIFT spectra during the potential scans, the spectra are all 

referenced to the same gold background and plotted in reflectance units without any offset. 
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The galvanostatic lithiation and delithiation of graphite was performed at C/10 with a 

graphite/1.5 M LiPF6 in EC/Li operando DRIFTS cell (Figure 13). At the end of the lithiation scan (0 V 

vs. Li/Li+, Figure 13a), 104% of the theoretical capacity are reached. This indicates that a significant 

fraction of the current applied went into electrolyte decomposition, i.e., SEI formation and possibly 

further reductive side reactions. Due to these irreversible reactions, the delithiation capacity (Figure 13b) 

is much smaller (85% of the theoretical capacity) than the lithiation capacity, leading to a coulombic 

efficiency of only 82%.  

In case of the lithiation half cycle (Figure 13a and b), a drastic baseline distortion is observed 

for the infrared spectra. In more detail, the overall infrared signal intensity at a lithiation degree of 10% 

(grey line) is roughly 1.5 times higher than the one at the initial state (0% lithiation). The further IR 

signal intensity increase up to 25% lithiation is less pronounced, at 50% and 60% lithiation the change 

becomes smaller and smaller, and between 60 and 100% the spectra remain unchanged. Accordingly, 

the initial changes when starting the lithiation of graphite have a bigger impact on the baseline distortion 

of the DRIFT spectra compared to the changes at the end of charge. 

All these effects are reversible, as demonstrated by the subsequent delithiation half cycle (Figure 

13c and d). While the spectra for 100%, 40% and even 25% lithiation are rather comparable, a drastic 

signal intensity decrease and baseline change is observed between 25%, 20%, and 15%.  

While the SOC range of CV and galvanostatic cycle are drastically different, one observation is 

similar: the spectral intensity and the baseline change reversibly with lithiation and delithiation. 

Analogous to the potential scans (Figure 12), only a stretching of the electrolyte band intensity was 

observed in the galvanostatic cycle (Figure 13), but no additional signals which would be expected due 

to SEI formation. This, unfortunately, confirms the hypothesis that the coverage of graphite by 

electrolyte leads to a too low sensitivity for detecting SEI species by operando DRIFTS. 

As a next step, alternatives to graphite as working electrode were tested. The aim was to avoid 

lithiation or delithiation during the potential scans, since in case of graphite this was shown to lead to a 

baseline distortion. Within the following operando DRIFTS experiments, LFP and LTO were used as 

working electrodes. 

3.1.3. EC reduction on an LFP Working Electrode 

To avoid any change of the lithiation degree of the working electrode, a completely lithiated 

LFP electrode was examined for use as a working electrode for reductive scans. Before discussing the 

operando DRIFTS data measured with a LFP working electrode, it is worth considering the infrared 

spectrum of the LFP itself. In contrast to graphite, the LFP (LiFePO4) bulk exhibits characteristic IR 

active vibrations, i.e., the ones of the phosphate (PO4
3-) anion. In case of a dry LFP electrode (cf. Figure 
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14a), the phosphate bands can be clearly identified below 1140 cm-1. However, if the solid composite 

electrode is wetted by the “EC only” electrolyte solution, the LFP signals become very weak (cf. Figure 

14b). The strong LFP bands at 1139 and 1096 cm-1 are distorted due to the overlap with electrolyte bands 

and the weaker LFP bands below 650 cm-1 have almost disappeard. PVdF features would be expected 

around ≈840, ≈900, ≈1200, and ≈1400 cm−1, with precise wavenumbers depending on the crystallinity 

of the polymer.179,201,202 From the spectrum of the dry LFP electrode with 4 wt% PVdF (cf. Figure 14a) 

it gets clear that these features cannot be distinguished within the depicted spectrum, since the PVdF 

bands are missing even though there are no strong LFP bands in the same region. Apparently, the thin 

binder layer around the active material particles is not detected in the DRIFTS measurement at hand. 

 

Figure 14: DRIFT spectra of the “EC-only” electrolyte (1.5 M LiPF6 in EC) on an electrolyte wetted LFP electrode (a) 

compared to a dry LFP electrode (b). Black dashed lines mark LFP bands with the wavenumbers according to the literature,203–

205 specified on top. Green dashed lines indicate the position of the electrolyte bands, that have been listed in detail before (cf. 

Table 2). 

The scheme in Figure 15 illustrates three different possibilities, how the incident IR beam in the 

operando DRIFTS cell interacts with the LFP working electrode: (i) the surface of the electrolyte layer 

reflects the IR beam; (ii) it penetrates the electrolyte and is then reflected at the LFP particle surface, 

and/or (iii) the IR beam interacts with the LFP bulk after crossing the electrolyte layer. The final spectra 

are most probably the sum of all three processes. Accordingly, it can be assumed that the formation of 

interphases between active material and electrolyte can only be observed if the formed layer is thick 

enough and contains a high amount of IR active species. This might be very challenging, since even the 

PVdF layer around the LFP active material has not been detected in the present example. Assuming a 

density of 1.78 g/cm³ (according to the technical datasheet for Kynar® HSV 900 by ARKEMA, France) 

and an electrode loading of 20 mgLFP/cm², a BET surface area of 23 m²/gLFP as well as the electrode 

composition of 93 % LFP and 4 % PVDF, it can be estimated that a hypothetical conformal PVDF layer 
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surrounding the LFP particles would only be 1 nm thick. This rough calculation neglects the interaction 

with the conductive carbon in the electrode and it neglects the fact that PVDF is typically present as 

fibers rather than covering the cathode active material particles homogeneously. However, it still allows 

to demonstrate that surface layers with a thickness in the nanometer range cannot be resolved by the 

operando DRIFTS technique developed within this thesis. This makes it very unlikely to resolve the 

SEI formation on graphite, confirming the findings from the previous chapter. 

 

 

 

Figure 15: Scheme of potential diffuse reflection processes for IR radiation inside the operando DRIFTS cell with an LFP 

working electrode: (i) reflection by the electrolyte layer at its surface, (ii) complete penetration of the electrolyte layer and 

reflection at the LFP/electrolyte interface, and/or (iii) complete penetration of the electrolyte layer and interaction with the LFP 

bulk.  

In summary, as already indicated by the results from operando DRIFTS with graphite as a 

working electrode, IR active species within thin interphases such as the SEI on graphite are not 

necessarily detected (cf. chapter 3.1.2). This might become plausible when assuming that the electrolyte 

layer covers several µm around the active material particles, while the SEI is only a few nm thick.  

In order to monitor the electrolyte reduction without interference from the observed baseline 

distortion, the next experiment was carried out on LFP as working electrode (Figure 16). For this 

purpose, an LFP/EC + 1.5 M LiPF6/Li operando DRIFTS cell (Figure 16a) was assembled to do a 

potential scan from OCV to 0 V vs. lithium. Two separate experiments were performed: the first one 

with Ar atmosphere inside the DRIFTS cell (“EC reduction” experiment, Figure 16c) and the second 

one with a mixture of 10 vol.-% CO2 in Ar (“EC + CO2 red.” experiment, Figure 16d). Considering 

recent studies, Li2CO3 is the main SEI compound formed from CO2 reduction.57,64 This would be 

potentially helpful for benchmarking an operando DRIFTS method, since Li2CO3 has a strong signal at 

1470 cm-1.186 It should be noted that the cell without CO2 had been used for a galvanostatic cycle before 

the reductive potential scan was performed. Figure 16c depicts the OCV spectrum (2.98 V vs. Li/Li+), 

which had been recorded before the galvanostatic charge/discharge was started(cf. Figure 11). Since the 

1 23

electrolyte

carbon

LixFePO4 binder



3. Results and Discussion 

 

 

39 

DRIFTS spectra did not change significantly during this one galvanostatic cycle, they were omitted from 

the graph in Figure 16c. During the discharge half cycle, the LFP working electrode was 

galvanostatically lithiated until a potential of 1.5 V vs. Li/Li+ had been reached. A linear sweep from 

1.5 V to 0 V was directly attached without allowing the cell to relax to an OCV potential. Figure 16c 

contains the DRIFT spectra recorded during the potential scan from 1.5 V to 0 V vs. Li/Li+. In contrast, 

the cell with CO2 had not been cycled prior to the potential scan and the reductive potential scan covers 

the whole range from 3.2 V (OCV) vs. Li/Li+ to 0 V vs. Li/Li+. (cf. Figure 16a). 

To facilitate the interpretation of the operando DRIFT spectra, we first consider the IR signals 

of the “EC-only” (1.5 M LiPF6 in EC) electrolyte (cf. ATR-FTIR spectrum in Figure 16b). The most 

prominent band are typical carbonate signals, e.g., the very strong C=O stretching vibration below 

1800 cm-1. A detailed assignment of the bands can be found in Table 2. In Figure 16c, the DRIFT spectra 

of the “EC reduction” recorded during the reductive scan are compared to the initial (OCV) spectrum 

(2.98 V). Again, the spectra are dominated by strong electrolyte signals, which do not change during 

electrochemical cycling. For both the ATR-FTIR spectrum in transmission units (panel b) and the 

DRIFTS in reflectance units (panel c), the absorptive electrolyte bands lead to downward pointing 

signals. In case of DRIFTS, especially the strong bands such as the C=O stretching doublet at 1793/1756 

cm-1 have a derivative shape, which typically occurs when the surface concentration of IR active species 

is high,180 which is clearly the case for the electrolyte layer on top of the active material in our working 

electrode setup.  

By zooming in the region 1750 to 1250 cm-1 (Figure 16e-f), it is possible to have a closer look 

at potential EC reduction products such as LEDC or Li2CO3. The LEDC main bands that have been 

reported in the literature174 would be expected at 1663/52 and 1318/1302 cm-1 and are marked as green 

dashed lines. However, these LEDC signals do not emerge during the reductive scan. The formation of 

Li2CO3 would give rise to a strong doublet186 at ≈1470 cm-1, but no such signals can be observed (Figure 

16f). Taken together, there are no clearly distinguishable changes in the spectra during the reductive 

scan. Similar observations have been made for an analogous experiment in a LFP/VC + 1.5 M LiPF6/Li 

operando DRIFTS cell (data not shown).  

Figure 16g depicts the enlarged spectra for the cell with “EC-only” electrolyte in the presence 

of CO2. During the reductive scan, extremely weak positive signals emerge at 1346 and 1296 cm-1 at a 

potential of 1.8 V vs. Li/Li+. These bands might be assigned to the LEDC doublet above 1300 cm-1, 

however, the other LEDC signal above 1650 cm-1 are simply missing. If LEDC were formed, all of the 

main bands would have to be present. Since this is not the case, the presence of LEDC cannot be proven. 

Similarly, there is no indication for a significant change around ≈1470 cm-1 that would be expected when 

Li2CO3 is formed, e.g., from CO2 reduction. 
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In all cases so far, EC reduction products that must have been formed during the reductive scans 

as indicated by the i/V curves, are masked by strongly absorbing electrolyte bands. Thus, the operando 

DRIFTS cells neither with graphite nor with LFP as working electrode served to detect electrolyte 

reduction products. As a final test run for the operando DRIFTS method, an oxidative scan was 

performed using an LTO electrode and a “VC only” electrolyte, i.e. VC + 1.5 M LiPF6. The following 

section will demonstrate how the formation of IR active gases can be detected via operando DRIFTS. 
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Figure 16: Operando DRIFTS cells with LFP/1.5 M LiPF6 in EC/Li filled with Ar (labelled “EC reduction”) as well as 10% 

CO2 in Ar (labelled “EC + CO2 red.”) with (a) the corresponding current-voltage profiles. The reductive scan with 0.5 mV/s 

from OCV to 0 V vs. Li/Li+ has been performed on a LFP/C working electrode (93% LFP/C, 4% carbon, 3% binder). (b) ATR-

FTIR reference spectrum of the EC + 1.5 M LiPF6 electrolyte displayed in transmittance units. (c) Operando DRIFT spectra 

of the “EC reduction” cell as well as (d) the “EC + CO2 red.” cell. CO2 signals are marked with asterisks. All DRIFT spectra 

are displayed in reflectance units without any offset in order to clearly see even small signal changes within the spectra. The 

spectra are color coded and can be assigned to specific potentials via the legend on the right. Panels (e) – (g) are enlarged views 

of (b) – (d). Green dashed lines: LEDC main bands according to the literature.206 
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3.1.4. Oxidation of LiPF6 in Vinylene Carbonate Electrolyte on LTO Working Electrode 

The VC/LiPF6 oxidation experiment was performed in an LTO/1.5 M LiPF6 in VC/Li operando 

DRIFTS cell. Again, the experiment was performed in such way that the lithiation degree of the working 

electrode remained unchanged. Figure 17a depicts the current-voltage curve of the oxidative scan with 

LTO. The onset of electrolyte oxidation is detected above 4.4 V by the onset of a positive current. Figure 

17b correlates the ATR spectrum of the “VC-only” electrolyte solution (1.5 M LiPF6 in VC) to DRIFT 

spectra recorded during the LSV scan (Figure 17c). Similar to the “EC-only” case (see section 3.1.3), 

strong bands in the “VC-only” electrolyte give rise to intense derivative shaped bands in the DRIFT 

spectra. Table 3 lists all the wavenumber positions of the “vibration bands and compares them to 

literature data for pure VC. Similar to the “EC-only” electrolyte discussed in chapters 3.1.2 and 3.1.3, 

also the “VC-only” electrolyte exhibits a multitude of strong absorption bands.  

Changes in DRIFT spectra are only observed at potentials above 4.6 V, thus the spectra between 

OCV and 4.6 V are omitted in Figure 17c. All of the emerging signals are downward pointing, i.e., are 

absorptive bands (given that reflectance units are used). By referring to the literature,205 these bands can 

be assigned to IR active gases, i.e., CO2 (2360/30 cm-1), POF3 (1416 and 989 cm-1) and PF5 (1022, 944, 

574 and 532 cm-1). The gas evolution will be discussed in more detail with the help of an enlarged view 

of the lower wavenumber region (Figure 18). While almost all of all the evolving signals can be clearly 

assigned to the formation of either CO2, POF3, and PF5, the feature at 830 cm-1 is a bit ambiguous. It 

might be associated to a weak PF5 band at 848 cm-1 according to the literature207 Alternatively, it might 

be created by a weak POF3 signal at 830 cm-1 that was reported Gutowsky et al.208 Very close to this, a 

strong POF3 signal should have been obtained with a maximum at 871 cm-1 (P-F stretching) according 

to a study by Yang et al.205 Taken together, the overlap of several expected signals impedes a clear 

assignment of the signal observed at 830 cm-1 within the spectra depicted in Figure 17. 
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Table 3: Comparison of electrolyte signals to VC vibrations according to the literature209 

1.5 M LiPF6 in VC Pure VC Vibration mode 

3168 3170 Symmetrical C-H stretch 

1829 1831 C=O stretch 

1348 1347 C-H in-plane bend 

1160 1160 C-H in-plane bend 

1078 1081 Skeletal stretch 

748 740 Skeletal bend 

704 711 C-H out-of-plane 

556 564 C=O in-plane bend 
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Figure 17: Oxidation of 1.5 M LiPF6 in VC studied by operando DRIFTS. (a) Current-voltage profile of the oxidative scan 

from OCV to 5 V vs. Li/Li+. (b) ATR FTIR spectrum of the electrolyte solution of 1.5 M LiPF6 in VC shown in transmittance 

units (ATR corrected). (c) Operando DRIFT spectra of the oxidative scan. Vertical dashed lines correlate the electrolyte bands 

in the DRIFT spectra to the ATR reference spectrum. Bands formed during oxidation are labelled with the respective 

wavenumber. Spectra between OCV and below 4.63 V are omitted since they are identical to each other and the one at 4.63 V. 

All DRIFT spectra are plotted in reflectance units, without any offset (i.e., partially covering each other) to clearly demonstrate 

that additional signals were emerging during the oxidative scan while there was no baseline distortion in the spectra. Wave 

numbers of emerging signals during the oxidative scan are shown in red and are assigned in Table 4. 

The experimental and literature values for the infrared absorption bands of POF3, PF5 and CO2 

are assigned to vibrational modes of the gas molecules in Table 4. The same signals can be seen in 

Figures 18 and 20. These gas signals grow with increasing potential indicating continuous gas evolution 

during electrolyte oxidation above 4.6 V. The normalized values of the integrated absorption bands are 

correlated to the working electrode potential, at which the corresponding spectra were measured (Figure 

18a-d). From this, gas evolution onsets have been determined being 4.6 V for CO2, 4.7 V for POF3 and 

4.8 V in case of PF5.  
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Table 4: POF3, PF5, and CO2 experimental frequencies (wavenumbers in cm-1)  

Oxidation of LiPF6 in VC Literature values205,210 Vibration mode 

(a) Bands assigned to POF3 

1416 1416 P=O stretching 

989 989 P-F asymetric stretching 

(b) Bands assigned to PF5 

1022 1018 P-F stretching 

944 945 P-F stretching 

574 574 P-F bending 

532 534 P-F bending 

(c) Bands assigned to CO2 

2360/2330 2349 O=C=O asymmetrical stretch 

670 667 Bending 
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Figure 18: Gas formation during oxidation of 1.5 M LiPF6 in VC studied by operando DRIFTS. (a) Current-voltage profile 

(same data as in Figure 17a) with colored dots marking the potentials were DRIFT spectra (line colors of the spectra match the 

dot colors of the potential curves) have been recorded. (b) – (d) Normalized band intensities vs. potential vs. Li/Li+ for (b) CO2, 

(c) POF3 and (d) PF5. (e) – (h) Absorption bands (same data as in Figure 17c) of CO2, POF3 and PF5, assigned according to 

literature.206,211 

The evolution of CO2, POF3, and PF5 at high potentials from the decomposition of a VC/LiPF6 

electrolyte is consistent with on-line electrochemical mass (OEMS) spectroscopy data from our group.212 

The major advantage of DRIFTS, however, is the possibility to differentiate between PF5 and POF3. In 

case of OEMS this is complicated by the hydrolysis of PF5 taking place on the way to the detector 

through the capillary either due to reaction with water traces in the tubing system of the OEMS or with 

native oxide on the surface of steel components. For conventional OEMS measurements, these reactions 

lead to a quantitative conversion of PF5 to POF3.212 In contrast, the gas spectra in Figure 18 clearly 

demonstrate that PF5 and POF3 can be detected simultaneously via operando IR measurements. 

Having demonstrated that PF5, POF3, and CO2 can be detected via DRIFTS measurements, the 

amount of gaseous oxidation products formed at the end of the VC oxidation experiment shall be roughly 

estimated. To do this for CO2, the signal with maximum intensity (compare Figure 18e) is compared to 

a calibration gas measurement. Before doing so, it will be briefly discussed how infrared absorption by 

gas molecules in the head space of the DRIFTS dome can be used to determine the gas concentration 

via Lambert-Beer’s law. Figure 19 schematically depicts the various stages at which the intensity of the 

incoming infrared radiation is decreased step by step. The incoming signal from the infrared source I0 is 

slightly decreased when passing the first KBr window yielding the intensity value I1. On the way from 
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the KBr window to the working electrode surface, absorption by gas molecules further decreases the 

intensity to I2. After complex trans-flection processes at the working electrode surface, the intensity is 

represented by I3 and then again, absorption by gas molecules takes places leading to I4. After passing 

the second KBr window, the final intensity I5 is obtained. The attenuation is described by an absorptive 

process for every of these steps: 

 𝐴1 = − lg (
𝐼1

𝐼0
) → 𝐼1 = 𝐼0 ⋅ 𝑒−𝐴1 (equation 16) 

 𝐼2 = 𝐼1 ⋅ 𝑒−𝐴2;  𝐼3 = 𝐼2 ⋅ 𝑒−𝐴3;  𝐼4 = 𝐼3 ⋅ 𝑒−𝐴4;  𝐼5 = 𝐼4 ⋅ 𝑒−𝐴5 (equation 17) 

Thus the final intensity I5 is: 

 𝐼5 = 𝐼0 ⋅ 𝑒−(𝐴1+𝐴2+𝐴3+𝐴4+𝐴5) (equation 18) 

In case there is no infrared absorptive gas in the head space of the cell, A2 = 0 and A4 = 0 leading to the 

simplified equation: 

 𝐼′5 = 𝐼0 ⋅ 𝑒−(𝐴1+𝐴3+𝐴5) (equation 19) 

Comparing the intensity before (I’5) and after gas evolution (I5), Agas can be calculated as the sum of A2 

and A4: 

 
𝐼5

𝐼′5
=

𝐼after gas evolution

𝐼before gas evolution
= 𝑒−(𝐴2+𝐴4) = 𝑒−𝐴gas  (equation 20) 

 

Figure 19: Scheme of gas absorption inside the DRIFTS dome. Simplifications have been made and only the cell components 

are depicted which contribute to the infrared signal at the detector, i.e., KBr windows, the working electrode, and the head 

space of the cell inside the gas-tight dome of the HarricksTM chamber. 

Of course, equation 20 is only correct when changes in the working electrode are negligible in 

terms of IR reflectivity. This seems to be the case for the VC/LiPF6 oxidation experiment, since the 

overall intensity and baseline of all the DRIFT spectra remain constant during the whole scan (cf. Figure 

17c). Accordingly, Lambert-Beer’s law can be applied to quantify the gas amount. Lambert-Beer’s law 
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describes the connection between the absorbance Agas to the absorptivity 𝜀gas, the gas concentration cgas, 

and the pathlength l of the IR beam: 

 𝐴gas = − lg (
𝐼

𝐼0) = 𝜀gas ⋅ 𝑐gas ⋅ 𝑙 (equation 21) 

First, a calibration factor kgas = εgas ∙ l can serve to simplify equation 21. To avoid confusion between 

mol/l and ppm as concentration units, 𝑘𝑔𝑎𝑠 is used when referring to 𝑐𝑔𝑎𝑠 in units of mol/l and 𝑘𝑔𝑎𝑠
ppm

 is 

used as a calibration factor for the gas concentration 𝑐𝑔𝑎𝑠
ppm

 in units of ppm: 

 𝐴gas = 𝜀gas ⋅ 𝑐gas ⋅ 𝑙 = 𝑘𝑔𝑎𝑠 ⋅ 𝑐𝑔𝑎𝑠 = 𝑘𝑔𝑎𝑠
ppm

⋅ 𝑐𝑔𝑎𝑠
ppm

 (equation 22) 

Equation 23 demonstrates how the calibration factor 𝑘gas
ppm

 for concentration units in ppm can be 

calculated from the DRIFT spectra displayed in reflectance units: 

 𝐴gas = − lg (
𝐼gas

𝐼gas
0 ) = − lg (

𝐼gas

𝐼gold bkg.

𝐼gas
0

𝐼gold bkg.

) = − lg (
𝑅𝑔𝑎𝑠

𝑅𝑔𝑎𝑠
0 ) = 𝑘gas

ppm
⋅ 𝑐gas

ppm
 (equation 23) 

The calibration gas contained 2000 ppm CO2 in Ar and was used to fill a DRIFTS cell with gold 

background (cf. Figure 20a). The calibration factor kCO2 for the CO2 concentration c(CO2) is determined 

from the absorbance of the calibration gas Acal at 2360 cm-1, i.e., from the signal intensity after gas filling 

Rcal (2360 cm-1) and the baseline value (cf. Figure 20a) R0
cal (2360 cm-1) as follows: 

 𝐴CO2
(2360 cm−1) = − lg (

𝑅cal(2360cm−1)

𝑅cal
0 (2360cm−1)

) = 𝑘CO2

ppm
⋅ 2000 ppm (equation 24) 

With Rcal (2360 cm-1) = 107.4% and R0
cal (2360 cm-1) = 125.1% (see Figure 20), the calibration factor 

for the CO2 concentration inside the operando DRIFTS cell is obtained: 

 𝑘CO2

ppm
= −

lg(
𝑅cal(2360cm−1)

𝑅cal
0 (2360cm−1)

)

2000 ppm
= −

lg(
107.4%

125.1%
)

2000 ppm
= 3.31 ⋅ 10−5 ppm−1 (equation 25) 

With the help of 𝑘CO2

ppm
, one can now calculate the CO2 concentration inside the operando 

DRIFTS cell after the VC oxidation. To do so, the signal intensity at 2360 cm-1 of the spectrum at 4.97 

V (final spectrum recorded during the VC/LiPF6 oxidation experiment) is inserted in equation 23: 

 𝑐ppm(CO2) = −
lg(

𝐼4.97 v(2360cm−1)

𝐼4.97 V
0 (2360cm−1)

)

𝑘CO2

ppm = −
lg(

8.86%

9.31%
)

3.31⋅10−5 ppm−1 = 650 ppm (equation 26) 

In order to calculate the moles of CO2, one needs the total volume of the operando DRIFT cell. In a 

pressure transducer experiments analogous to a previous study from our group,213 it was found to be 37 

ml. In addition, the molar volume at 25°C and 1,013 bar ambient pressure is needed for the calculation: 

 𝑝𝑉 = 𝑛𝑅𝑇 →
𝑉

𝑛
= 𝑉𝑚𝑜𝑙𝑎𝑟 =

𝑅𝑇

𝑝
=

8.314 
J

K⋅mol
 ⋅ 298.15 K

1,013⋅105 Pa
= 22.5

l

mol
  (equation 27) 
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The moles of CO2 can then be calculated as follows: 

 𝑛(CO2) =
𝑐ppm(CO2) ⋅ 𝑉CO2

𝑉molar
=

650 ppm⋅37 ml

22.5 
l

mol

 = 1.07 µmol (equation 28) 

With an LTO amount of 2.3 mg (93% of the total electrode coating weight of 2.5 mg) and a carbon black 

amount of 0.075 g (3% of the coating weight), a combined electrode surface area of 1.74 ∙ 10-2 m2 is 

obtained from the BET surface areas of LTO (5.5 m²/g) and the carbon black Super C65 (62 m²/g). The 

moles of CO2 can be referenced to this combined surface area of the electrode yielding a value of 

61 µmol/m²BET. This indicates that a really large fraction of the VC contained in the cell must have been 

oxidized. The electrolyte volume of 20 µl contains ≈300 µmol VC (estimated from a molar mass of 

86 g/mol and a density of 1.35 g/cm³ for pure VC).214 

It must be mentioned, however, that such a one-point calibration only serves to roughly estimate 

the evolved gas amount, not for precisely quantifying it. In case of CO2, there might be a small CO2 

signal (with an intensity that is typically much smaller than 10 % of the CO2 depicted signals) caused 

by fluctuations in the dry air feed to the spectrometer. Since these fluctuations are random, they cannot 

be corrected for. However, they do not explain why an unexpected high CO2 amount of 61 µmol/m²BET 

was obtained in the operando DRIFTS experiment. In an OEMS study by Pritzl et al.66, 1 M LiPF6 in 

VC was oxidized on a 13C carbon electrode; at 5 V, ≈0.6 µmol/m²BET CO2 had been formed. There are 

several major differences between the OEMS and the operando DRIFTS study, which might create this 

discrepancy. It is obvious that two different cell setups and two different types of working electrode 

were used. For the OEMS study, a sealed two-compartment cell was utilized, which prevents cross-talk 

between the working electrode and the lithium counter electrode.215 Another influencing factor might 

be the over-estimation of the BET surface area of the working electrodes, especially in case of the 13C 

carbon electrode. PVdF is likely to cover the carbon in the electrode and thus reduce the surface area 

accessible to the electrolyte. In addition, the salt concentration in the OEMS study was lower (1 M LiPF6) 

compared to the operando DRIFTS experiment (1.5 M LiPF6). Furthermore, the scan speeds were 

different, with 0.1 mV/s for the OEMS experiment and 0.5 mV/s in the operando DRIFTS study. The 

most decisive factors, however, are most likely the use of a 2-compartment cell and a carbon black 

electrode for the OEMS study.  
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Figure 20: Comparison of the CO2 signal intensities of (a) calibration gas containing 2000 ppm CO2 in the DRIFTS cell with 

a rough gold substrate and (b) maximum CO2 signal after VC oxidation (oxidative scan to 5 V) in the operando DRIFTS cell 

(cf. Figure 18e). In panel (a), the reflectance exceeds 100% because the height of the cell within the Praying Mantis was 

readjusted after gas filling, leading to a slightly different vertical position of the cell. The mounting of the cell inside the 

spectrometer is described in detail in the experimental part (chapter 2.1.3). The linear interpolation of the R0 values was 

preferred to reading the R0 value for CO2, e.g., from the spectrum at 4.63 V, since the reflectance typically fluctuates about 

0.1 % during extended measurement periods, which would lead to a significant error when determining the band intensity. 

Having demonstrated how the CO2 concentration can be estimated from the final spectrum of 

the VC/LiPF6 oxidation experiment, POF3 shall be quantified in the same way. In contrast to CO2, no 

POF3 calibration gas was available at the time the experiments were performed. Thus the calibration 

factor for POF3 is determined with the help of a literature value for the absorptivity of POF3, which was 

reported to be 𝜀POF3

ppm
 (1416 cm-1) = 0.0014 ppm-1 m-1 in a study by Andersson et al.211 Given that the 

total optical path length of the IR radiation is 1.4 cm in the head space of the operando DRIFTS cell, 

the literature value of ≈ 0.0014 ppm-1 m-1 can be converted to a calibration factor for the POF3 

concentration in the operando DRIFTS cell: 

𝑘POF3

ppm
= 𝜀POF3

ppm
⋅ 𝑙DRIFTS cell = 0.0014 ppm−1 m−1 ⋅ 1.4 ⋅ 10−2 m = 1.96 ⋅ 10−5 ppm−1 (equation 29) 

Analogous to CO2, the POF3 concentration can be calculated from the intensity at 1416 cm-1 (cf. Figure 

18f) of the spectrum at 4.97 V, which yields the final POF3 concentration after the oxidative scan: 

𝑐ppm(POF3) = −
lg(

𝐼4.97 v(1416 cm−1)

𝐼4.63 V
0 (1416 cm−1)

)

𝑘POF3

ppm = −
lg(

6.54%

7.76%
)

1.96⋅10−5 ppm−1 = 3790 𝑝𝑝𝑚 ≈ 4000 ppm (equation 30) 

The moles of POF3 can be calculated as follows: 
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 𝑛(POF3) =
𝑐ppm(POF3) ⋅ 𝑉POF3

𝑉molar
=

3790 ppm⋅37 ml

22.5 
l

mol

 = 6.23 µmol ≈ 6 µmol (equation 31) 

With the electrode surface area of 1.74 ∙ 10-2 m2, the specific gas generation is ≈ 360 µmolPOF3/ m2
BET. 

In case of PF5, Andersson et al. reported challenges when trying to calibrate their gas 

transmission FTIR spectrometer for quantitative measurements. PF5 has an extremely high reactivity 

with moisture. Even when minimizing trace water inside the equipment as much as possible, the authors 

did not succeed to avoid partial decomposition of PF5 to POF3 and HF as well as unknown 

decomposition products. For this reason, the absorptivity of PF5 cannot be calculated reliably from the 

literature data.211,216 

Similarly, in the present study on the oxidation of VC and LiPF6, the highly reactive PF5 might 

be partially detected as POF3 due to reactions with steel components inside the operando DRIFTS cell. 

A similar effect was reported for OEMS experiments as discussed above.212 

3.1.5. Conclusion 

Using our operando DRIFTS setup, we studied the reductive and oxidative stability of 

electrolyte solvents such as EC and VC and the commonly used electrolyte salt LiPF6. Interestingly, the 

overall signal intensity was found to be drastically impacted by the lithiation degree of graphite, thus 

LFP was used for a second set of experiments to avoid baseline distortions of the IR spectra. Regarding 

reductive stability, we could not detect any infrared signals belonging to surface species such as LEDC 

that typically are formed during the reduction of EC-based electrolytes.206 Due to the dominant 

electrolyte signals, the sensitivity of the method appears to be too low to differentiate between 

fluctuations of electrolyte signals and the formation of electrolyte reduction products.  

However, one can study the evolution of infrared active gases such as POF3, CO2, and PF5 from 

the oxidative decomposition of a VC/LiPF6 electrolyte. In case of POF3 and PF5, the gas quantities can 

be estimated by absorption coefficients from the literature and in case of CO2 additionally via a 

calibration gas measurement. The VC oxidation experiments are consistent with literature reports on the 

instability of VC at high potentials66 and the formation of gaseous oxidation products.217 Classic 

electrolyte additives such as VC can potentially be problematic for high-voltage cathode active materials 

such as LMR-NCM or LNMO. For this reason, VC-free electrolytes are commonly used for high-voltage 

cathode active materials, taking into account that VC is not stable at potentials above 4.3 V.66,74 
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3.2. Surface Stability of Layered Oxide Cathode Active Materials 

Both, CAMs with high specific surface area such as LMR-NCM and CAMs with high nickel 

content such as NCM811 suffer from high reactivity towards CO2 and H2O when they are exposed to 

ambient air. As a result, hydrates, hydroxides, carbonates, and mixtures of those are formed on the 

surface.48,136,161 Surface contaminants on LMR-NCM are discussed in chapter 3.2.1 by comparing two 

materials with different lithium content on the basis of full-cell cycling data and TGA-MS analysis. 

Surface contaminants on NCM811 are discussed in chapter 3.2.2, presenting an article from 

2019 on ambient storage-derived surface contamination of NCM811 and NCM111.47 In order to induce 

surface contaminants, CAMs were deliberately exposed to atmospheric atmosphere at high humidity. 

Calcination at 525°C was demonstrated to remove most of the formed contaminants and was thus 

suggested as a mitigation strategy. In a combined analysis approach, first the nature and quantity of 

surface contaminants is assessed for the different pre-treatments via surface spectroscopy (DRIFTS, 

XPS) and thermal characterization (TGA-MS). Side reactions with the electrolyte and the impact on 

gassing is investigated by storing CAMs with electrolyte at 60°C and recording the gassing via on-line 

mass spectrometry (O-MS). The impact of “wet” storage and calcination on the electrochemical 

performance is monitored by full-cell cycling experiments.  

Having discussed the formation of surface contaminants on NCM811 in chapter 3.2.2, the same 

material will finally be used to evaluate the applicability of in situ DRIFTS as a potential method for 

monitoring the reaction between NCM811 and CO2, H2O, or a combination of both (cf. chapter 3.2.3).  
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3.2.1. Impact of the Li Content on the Surface Reactivity of LMR-NCM 

As explained above, LMR-NCM potentially forms a significant amount of surface contaminants 

due to its comparatively large BET surface area. To investigate the reactivity of LMR-NCM towards 

CO2 and H2O, it was exposed to ambient air with high moisture content (≈85% relative humidity at 

25°C) and atmospheric CO2 concentration for one week. This “wet storage” experiment has been 

described in more detail in the study on the surface contamination of NCM111 and NCM811 (chapter 

3.2.2)47 as well as in the study of LMR-NCM modified by SO3 treatment (chapter 3.3.1).134 In the 

following, the “wet storage” experiment will be used to discuss the different impact of CO2 and H2O on 

two different LMR-NCM stoichiometries with the general formula x Li2MnO3 · (1 – x) LiNixCoyMnzO2. 

In one case, x = 1.33 for the composition 0.33 Li2MnO3 · 0.66 LiNi0.4Co0.2Mn0.4O2, referred to as Li1.33-

LMR-NCM. In a second case, x = 1.42 for the composition 0.42 Li2MnO3 · 0.58 LiNi0.4Co0.2Mn0.4O2, 

referred to as Li1.42-LMR-NCM. 

The full-cell cycling data of both CAMs are compared in Figure 21 for the same pre-treatments 

that are described in the article134 on Li1.42-LMR-NCM presented in chapter 3.3.1: (i) the CAM powders 

were processed as received (“dry”), (ii) after a one week long storage at ambient air with ≈85% humidity 

(“wet”), and (iii) after calcination for 1 h in an atmosphere containing 30% O2 in Ar (“calcined”). In 

case of Li1.33-LMR-NCM, the cycle-life is similar for all three pre-treatments (cf. Figure 21a-d): the 

deviation in capacity is within the error bars for all tested discharge rates (1C, C/10, and 3C, panels a-

c) as well as in case of the DCIR pulse test (panel d). In case of Li1.42-LMR-NCM, a completely different 

picture is obtained (panel e-h). While the “dry” and “calcined” sample do not significantly differ in rate 

performance, cycle-life, and DCIR resistance, the one week long “wet” storage drastically deteriorates 

the 1C cycling performance (panel e) and leads to a worse 3C rate capability (panel g). This is consistent 

with an accelerated full-cell resistance growth (panel h) of “wet” Li1.42-LMR-NCM compared to “dry” 

and “calcined” Li1.42-LMR-NCM, as already described in the above mentioned article134 (compare 

chapter 3.3.1). In contrast, the C/10 capacity is only slightly affected by the “wet” storage, indicating 

that the strongest impact of the degradation of Li1.42-LMR-NCM during “wet” storage is an increased 

resistance along with reduced rate performance.  
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Figure 21: Full-cell cycle-life data of LMR-NCM//graphite coin cells at 45°C (average of two cells each, with error bars 

representing maximum and minimum values) with different pre-treatments of two different LMR-NCM 

(x Li2MnO3 · (1 – x) LiNixCoyMnzO2) compositions: (a) – (d) x = 1.33 (“Li1.33-LMR-NCM”, i.e., 0.33 Li2MnO3 · 

0.66 LiNi0.4Co0.2Mn0.4O2); (e) – (h) x = 1.42 (“Li1.42-LMR-NCM”, i.e., 0.42 Li2MnO3 · 0.58 LiNi0.4Co0.2Mn0.4O2). The detailed 

cell setup and cycling protocol can be found in the Experimental section of the article134 presented in chapter 3.3.1. The 

following pre-treatments were tested: (i) as received (“dry”), (ii) effect of one week storing at ambient air with high humidity 

(“wet”), and (iii) heating at 625°C under Ar for 1 h (“calcined”). The “dry” and “wet” data in panels (e) - (h) are identical to 

Figure 10 in the mentioned publication.134 In more detail, the cycling data depicted here comprise (a, e) the discharge capacity 

(Qdis) at 1C (only every third cycle is displayed for the sake of better visibility); (b, f) the discharge capacity at intermittent 

cycles at C/10 (the last one of the three cycles for every rate is displayed); (c, g) at 3C (again, the last one of the three cycles 

for every rate is displayed); (d, h) DCIR pulse resistance (R) after charge to 40% SOC. 

Apart from the different sensitivity to CO2 and H2O, it is apparent that the Li1.33-LMR-NCM 

(Figure 21a) has a significantly better 1C cycle-life performance than Li1.42-LMR-NCM (Figure 21e). 

When comparing the “dry” samples, for instance, the Li1.33-LMR-NCM starts with a discharge capacity 

of 228 mAh/g (cycle 9) and fades down to 146 mAh/g after 200 cycles. The “dry” Li1.42-LMR-NCM has 

a significantly lower initial 1C discharge capacity of 215 mAh/g in cycle 9 and a more pronounced 

capacity fading (only 118 mAh/g after 200 cycles). It should be noted that both materials have roughly 

the same BET surface area of ≈6.5 m²/g,128,134 consequently the different lithium content of Li1.33-LMR-

NCM and Li1.42-NCM seems to be the most important factor to explain the different reactivity with CO2 

and moisture. Apparently, the higher overlithiation degree is challenging in terms of electrochemical 

aging properties and chemical robustness of the Li1.42-LMR-NCM towards CO2 and H2O. In this context, 

Teufl et al.128 demonstrated that Li1.42-LMR-NCM releases much more oxygen in the first activation 

charge as compared to Li1.33-LMR-NCM, namely ≈180 μmoloxygen/gCAM for Li1.42-LMR-NCM as 

opposed to ≈6 μmoloxygen/gCAM for Li1.33-LMR-NCM. It was confirmed that after oxygen release, the 

resulting oxygen-deficient surface layers are converted to resistive spinel layers.71,111,128 Since Li1.42-
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LMR-NCM clearly releases more oxygen, a faster resistance build-up accompanied by faster aging is 

well expected, as observed from the cycle-life data in Figure 21. To further elucidate the different 

reactivity of Li1.33- and Li1.42-LMR-NCM with CO2 and moisture, TGA-MS analysis was performed to 

reveal the impact of “wet” storage on the amount of surface contaminants (Figure 22). 

As demonstrated in the article47 on surface contaminants (cf. chapter 3.2.2), the amount of 

surface carbonates, hydroxides and hydrates can be well characterized by the weight-loss between 125 

and 525°C. In the present study (Figure 22), a slightly different range was chosen (120 – 450°C) in order 

to achieve better comparability with the Li1.33-LMR-NCM data (panels a, b) that were collected with an 

optimized TGA-MS procedure with a temperature ramp including plateaus at 120 and 450°C. In this 

way, all the relevant surface contaminants such as NiCO3 · 2Ni(OH)2 · x H2O, LiOH, NiOOH, etc. can 

be assessed,47,218 with the exception of Li2CO2 that decomposes only above 700°C.47 The comparison 

between “calcined” and “wet” Li1.33-LMR-NCM (Figure 22 a, b) reveals only a small difference of 

0.06% weight loss for the “calcined” material and 0.16% for the “wet” stored powder. In contrast, “dry” 

Li1.42-LMR-NCM loses 0.32% in weight in the same temperature range and “wet” Li1.42-LMR-NCM as 

much as 0.75% (Figure 22 c, d). This clearly proves that the worse cycling performance of “wet” Li1.42-

LMR-NCM was in fact caused by a higher amount of surface contaminants.  

While the TGA data allow the quantitative discussion of surface contaminants, the MS traces 

give a hint on the nature of those. While an enhancement of H2O (m/z = 18) indicates the desorption of 

water (up to 120°C) as well as the decomposition of hydrates and hydroxides (above 120°C), the CO2 

trace (m/z = 44) goes typically along with the decomposition of carbonates. In contrast to the 

quantitative information obtained from the TGA weight loss, the accompanying MS measurement gives 

qualitative information only, as explained in the study47 on surface contaminants (cf. chapter 3.2.2). 

From Figure 22 it gets clear that all samples exhibit the characteristic CO2 signal between 120°C and 

450°C, indicating the decomposition of carbonate-based surface impurities. In the same temperature 

region, the H2O signal rises as well in case of Li1.42-LMR-NCM, being consistent with the presence of 

larger fractions of hydroxides and hydrates. In contrast, for Li1.33-LMR-NCM, the H2O signals are much 

weaker and unfortunately overshadowed by the kinks in the MS signals induced by switching between 

a temperature ramp and the temperature holds at 120°C and 450°C. Still, the small increase of the H2O 

signal between 120°C and 450°C would be consistent with a tiny amount of hydroxides and hydrates, 

which is consistent with the comparatively small weight losses for Li1.33-LMR-NCM even after “wet” 

storage. In summary, it becomes once more clear how robust Li1.33-LMR-NCM is towards CO2 and 

moisture, in great contrast to Li1.42-LMR-NCM. This was clearly reflected by the above discussed 

cycling data. 
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Figure 22: TGA-MS analysis of LMR-NCM with the composition x Li2MnO3 · (1 – x) LiNixCoyMnzO2: (a, b) x = 1.33 (Li1.33-

LMR-NCM, i.e., 0.33 Li2MnO3 · 0.66 LiNi0.4Co0.2Mn0.4O2); (c, d) x = 1.42 (Li1.42-LMR-NCM, i.e. 0.42 Li2MnO3 · 0.58 

LiNi0.4Co0.2Mn0.4O2). (a, c) “Calcined” Li1.33-LMR-NCM and “dry” Li1.42-LMR-NCM, both with limited amount of surface 

contaminants (“dry” Li1.33-LMR-NCM data were not recorded so that the “calcined” sample is depicted instead). (b, d) Impact 

of “wet” storage, i.e., a one week long storage at ambient air with high humidity. The TGA-MS analysis was carried out under 

Ar with a 10 K/min temperature ramp from 25 to 1125°C. The yellow area marks the temperature range from 125 to 450°C, 

where a mass loss due to the thermal decomposition of surface contaminants accompanied by CO2 and H2O signals in the MS 

is observed (similar analysis as that shown in Figure 3 of the study47 on surface contaminants (cf. chapter 3.2.2)). In panels (a) 

and (b), a slighlty different procedure is used with intermittent plateaus at 120°C and 450°C (30 min each). The sample weights 

m [%] are normalized to the value at 120°C. The MS signals are depicted without any baseline manipulation, only with a simple 

offset correction (the last value at 25°C is set to Iz = 0). 

In the publication134 in chapter 3.3.1, Li1.42-LMR-NCM is used to showcase the positive impact 

of SO3 treatment on this CAM, making it much more robust to CO2 and moisture. In the following 

section, NCM111 and NCM811 will be discussed in the context of ambient storage derived surface 

contaminants. 
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3.2.2. Ambient Storage Derived Surface Contamination of NCM811 and NCM111: Performance 

Implications and Mitigation Strategies 

The manuscript entitled “Ambient Storage Derived Surface Contamination of NCM811 and 

NCM111: Performance Implications and Mitigation Strategies” was first submitted to the peer-reviewed 

Journal of the Electrochemical Society on April 3, 2019. A revised version was submitted on May, 28, 

2019 and published online on July, 2, 2019. The article is published “open access” under the terms of 

the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), 

which permits unrestricted reuse of the work in any medium, provided the original work is properly 

cited. A permanent link to this article can be found under https://doi.org/10.1149/2.0011912jes. 

The formation of surface contaminants due to improper storage and handling of CAMs were 

first discussed in the patent literature,219–224 before the scientific community became more and more 

interested in investigating the nature of the surface contaminants and the mechanisms of their 

formation.47,48,161,225 The chemical reactivity of Ni-rich oxides with moisture and CO2 from ambient air 

can cause serious problems during electrode manufacturing. Surface contaminants such as hydrates, 

hydroxides, carbonates, and mixtures of those can be formed during material handling and electrode 

manufacturing, which creates a challenge for designing industrial electrode manufacturing 

processes.47,48,161 Surface contaminants can cause the gelation of NMP-based slurries. In addition, the 

basic surface species trigger side reactions with the electrolyte and potentially harmful gassing inside 

the cell.48,161,170  

Within the article presented in this chapter, the surface reactivity of the Ni-rich NCM811 is 

compared to NCM111 after exposure to atmospheric CO2 and moisture. Quantity and nature of the 

surface contaminants are revealed by a combinatory analysis using TGA-MS, DRIFTS, on-line mass 

spectrometry (OMS), and NCM811//graphite full-cell cycling experiments. Thereby it was 

demonstrated that NCM811 is much more prone to surface contaminants than NCM111. The TGA-MS 

analysis of NCM811 compared to reference samples allowed to identify basic nickel carbonate hydrate 

NiCO3 · 2Ni(OH)2· x H2O (NCBH) as the major surface contaminant, consistent with a pronounced 

carbonate (CO3
2-) signal accompanied by OH-/H2O vibrations in the infrared spectra. DRIFTS turned 

out to be much more sensitive towards surface species on NCM powders than ATR-FTIR and 

transmission FTIR. The reactions of electrolyte with surface contaminants was investigated by storing 

CAM powder wetted by electrolyte at 60°C. The formed CO2 was quantified via mass spectrometry 

(OMS). It was found that a high amount of surface contaminants leads to increased CO2 gassing, faster 

resistance growth, and shorter full-cell cycle-life. Finally, it was demonstrated that a thermal treatment 

under Ar serves to remove most of the surface contaminants formed after exposure to CO2 and moisture, 

which mitigates gassing problems and enables improved full-cell cycle-life. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/2.0011912jes
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State-of-the-art cathode active materials (CAMs) for lithium-ion
batteries range from the classic LiCoO2 (LCO) and LiMn2O4 (LMO),
which are still at the heart of nearly all portable electronic devices,
to mixed metal oxides, such as LiNiaMnbCocO2 (a+b+c = 1) with
various compositions, where the most widespread representative is
LiNi1/3Mn1/3Co1/3O2 (NCM111).1 For NCM111, the general under-
standing is that Ni provides high capacity but poor thermal stability,
that Mn maintains good cycle life and safety, and that Co offers struc-
tural stability and high electronic conductivity resulting in a better
rate capability.2,3 To boost the energy density and minimize the de-
pendence on Co, current development focuses on Ni-rich composi-
tions, e.g., NCM523, which is already a commercial commodity and
expected to be replaced by NCM622 soon. Nowadays, considerable
research effort is devoted to the Li- and Mn-rich version of NCM,
viz., (1-x) Li2MnO3·xLi[NiaMnbCoc]O2 (HE-NCM), and the Ni-rich
material NCM811, which are being envisaged as potential CAMs for
high-energy battery packs in the next generation of electric cars,4,5 and
which are considered to be competitive alternatives to Ni-rich NCA
(LiNi0.80Co0.15Al0.05O2).1,5

In the synthesis of these materials (see Figure 1 for a simple
scheme), transition metal precursors are obtained from precipitation of
aqueous transition metal sulfate or nitrate solutions by increasing the
pH.6,7 The obtained transition metal hydroxides are then mixed with
the lithium precursor, viz., Li2CO3 or a technical grade LiOH·H2O
containing typically 1 wt% of Li2CO3.7,8 The mixture is subsequently
calcined under O2-rich atmosphere, e.g., in a pusher kiln (step 1 in
Figure 1) to form the desired layered transition metal oxide cathode
active material. In the case of Ni-rich materials ((e.g., NCM811), the
calcination step can only be done at rather moderate temperatures
(<700°C), since the thermal stability of the product is inversely pro-
portional to the Ni content;3 in this case, LiOH·H2O is preferred due
to its lower decomposition temperature,9 but the Li2CO3 impurities
remain in the resulting CAM powder, especially on its surface.6,7 Ad-
ditionally, any residual LiOH after calcination can react with CO2 in
air to form Li2CO3. This could already happen during the cooldown
(step 2 in Figure 1), if CO2 and H2O released from the precursors dur-
ing calcination are not entirely removed. Both, LiOH and Li2CO3 were
reported to trigger electrolyte decomposition and thus deteriorate the
cell cycling performance.10–13
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zE-mail: hans.beyer@tum.de

In addition to these known Li2CO3 and LiOH residues, metal oxide-
based cathode materials are highly prone to contamination from im-
proper storage and handling (step 3 in Figure 1), a fact that was so far
mainly discussed in the patent literature.6–8,14–16 As of yet, the mech-
anism of these weathering phenomena and the nature of the resulting
surface contaminants have not been clearly resolved. Ni-rich materials
are particularly sensitive to moisture exposure.17–19 Long air exposure
of the CAM powder typically results in a high content of soluble base,7

which makes it difficult to fabricate good electrodes due to gelation
of the cathode slurry caused by the increased pH.3 Further, a deteri-
oration of cycling performance is observed for batteries made from
surface contaminated cathode active materials.17,20,21

Out of the few scientific publications that deal with the storage of
cathode active materials, the article by Shkrob et al.22 presents evi-
dence for a bulk H+/Li+ exchange during long-term exposure (several
months) of NCM materials to humid air. While these bulk changes
are not the focus of our current study, also Liu et al. have reported
Li+ cations and oxygen atoms migrating toward the surface of lay-
ered oxide particles and recombining with water and CO2 to yield
LiOH, LiHCO3, and Li2CO3.19,23 Recently, Faenza et al.24 conducted
a study on NCA proposing to remove those contaminants via thermal
treatment. However, similar to Liu et al.,19,23 they interpreted surface
species that could be removed between 150 and 350°C as LiHCO3.
Although thermodynamic data on LiHCO3 is scarce, there is some
consensus that it can be formed by the reaction of CO2 with aqueous
Li2CO3 and is only stable in solution.25 More specifically, CO2 capture
by aqueous Li2CO3 has been predicted by DFT to take place at T ≤
300K, pH2O = 1 bar and pCO2 ≥ 0.1 bar, but no experimental evidence
was provided.26 To the best of our knowledge, solid LiHCO3 has not
been observed at ambient conditions and there is no known or ex-
perimentally determined crystal structure. In short, its existence as
a solid contaminant on metal oxide surfaces at temperatures up to
150°C appears unlikely. The formation of lithium carbonate impuri-
ties from synthesis or improper storage can, in principle, be mitigated
by washing the affected oxide in water18 or alcohol.27 To our knowl-
edge, only two articles reported surface contaminants other than the
above-mentioned lithium compounds: The first is a paper by Moshtev
et al.,28 suggesting a reaction of overlithiated LiNiO2 with water to
nickel (+III) oxide hydroxide (NiOOH) and surface LiOH due to
Li+ de-intercalation. The second is a study on the ambient storage
NCM811 based electrodes which was conducted within our group
in parallel to the present work.29 Therein, the appearance of a volt-
age spike in the first charge of electrodes stored over extended times
in ambient air as well as a significant performance loss in full-cell
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Figure 1. Scheme of the synthesis process to obtain a metal oxide-based cathode active material (CAM), exemplarily shown for a pusher kiln setup where a
saggar moves through various furnace compartments (upper panel) at different temperatures, and showing also the approximate variation in the surrounding gas
environment (lower panel). Transition metal precursors and lithium precursor are mixed and heated to 600–900°C during calcination in O2 enriched air (step 1).
During the subsequent cooldown (step 2), fresh air is supplied to remove H2O and CO2 released from the precursors, which would otherwise lead to the formation
of surface hydroxides and carbonates. During improper storage and handling (step 3), the metal oxide surface is prone to contamination in moisture and CO2
containing atmosphere.

cycling is described. Both effects increase with the time of expo-
sure to ambient air (3 and 12 months). Raman spectroscopy demon-
strated that hydrated nickel carbonate-hydroxides (referred to as
(NiCO3)2·(Ni(OH)2)3·4 H2O in that work) are crucial surface con-
taminants produced upon ambient air storage, rather than only the
commonly reported Li2CO3 and LiOH surface contaminants.

In a recent study,30 we added discrete amounts of H2O or TBAOH
x 30 H2O as hydroxide ion (OH−) sources in order to study the hydrol-
ysis of electrolytes based on ethylene carbonate (EC). At high temper-
ature (≥ 60°C), both the H2O- and the OH−-induced EC hydrolysis
generated large amounts of CO2. The decisive finding, however, was
that the OH−-induced reaction has a lower activation energy and is
thus already relevant at typical battery operating conditions (≤ 40°C).
These results have important implications for cell manufacturing and
cathode active materials synthesis. On the one hand, trace amounts of
water and OH− could easily be introduced into lithium-ion cells by
improper drying of cell components, as pointed out in previous stud-
ies with regard to gas evolution at the cathode31,32 and the anode.33,34

On the other hand, alkaline surface contaminants originating from the
synthesis and/or the storage of transition metal oxide based CAMs
in moisture and CO2 containing atmosphere (i.e., ambient air) would
likely attack carbonate-based electrolytes in a similar manner as de-
scribed above. In the literature, spinel coating has been demonstrated
to overcome chemical instability of layered oxides.35 In principle, bulk
doping might increase or decrease the reactivity of layered oxides with
CO2 and H2O by altering the basicity of the oxide surface. The NCM
samples described in the article at hand were neither modified by sur-
face coating nor by bulk doping.

In this study, two different metal oxide-based cathode active ma-
terials are investigated in terms of their susceptibility to surface
contamination: the widely used LiNi1/3Mn1/3Co1/3O2 (NCM111) and
the Ni-rich LiNi0.8Mn0.1Co0.1O2 (NCM811). The samples are pre-
conditioned under carefully controlled conditions (see Experimental
Section for details), leading to “wet” (after extended exposure to wet
air), “dry” (standard drying of as-received CAMs), and “calcined”
samples (heat-treatment of CAMs). These are subjected to detailed
TGA-MS and DRIFTS (diffuse reflectance infrared Fourier transform
spectroscopy) analyses, and their reactivity with EC-based electrolyte
is tested by on-line mass spectrometry (OMS) of heated mixtures of
EC and differently conditioned CAMs. In this work, we also explore a

strategy to reverse surface contamination from improper storage con-
ditions. Finally, we demonstrate that the condition of the CAM surface
strongly affects the cycling stability of NCM811//graphite full-cells.

Experimental

Treatment of cathode active materials.—To investigate the for-
mation and the effect of surface impurities, the two CAM samples,
NCM111 and NCM811 (all BASF, Germany) are treated in three dis-
tinct ways as graphically summarized in Figure 2.

The “wet” samples are obtained by storing the CAM powder for
one week in ambient air over an open water bath held at 25°C, thus
exposing them to moisture (relative humidity of 85 ± 5%) and the
typical concentration of ∼400 ppm CO2 in air (step 1a in Figure 2).
The vessel contining the water bath was covered with a lid which
contained a small hole to allow CO2 diffusion from the ambient into
the vessel, so that CO2 could be supplied continuously. The samples
are then dried in a glass oven (Büchi, Switzerland) for 6 h at 70°C under
dynamic vacuum to remove physisorbed H2O (step 1b in Figure 2),
and subsequently stored in an Ar-filled glove box (<0.1 ppm O2 and
H2O, MBraun, Germany) without exposure to ambient air after drying.
We strive to demonstrate the effect of surface contaminants on cell
cycling behavior and thus wanted to ensure not to decompose any
surface contaminants. For this reason, we chose the unusually low
drying temperature of 70°C for the “wet” samples.

The simultaneous presence of CO2 and H2O during “wet” storage
facilitates the formation of carbonates, hydroxides, and their hydrates.
Without moisture, no hydroxides or hydrates can be formed, which
also might impede the formation of carbonates (this was demonstrated
by DRIFTS measurements for materials stored for several days in pure
but dry CO2; data not shown). The higher the moisture content, the
faster the formation of contaminants and the higher the amount of
contaminants being formed.

The “dry” samples are taken from the as-received CAM powders
that were shipped under inert gas packaging and stored in an Ar-
filled glove box (step 2a in Figure 2). These samples are dried at the
standard conditions for electrodes in our lab, viz., 12 h at 120°C under
dynamic vacuum in a glass oven (step 2b in Figure 2), before returning
them into the glove box without exposure to ambient air. Note that
these samples were not necessarily handled under inert atmosphere
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Figure 2. Storage conditions for the two CAM samples, NCM111 (standard
material) and NCM811 (Ni-rich material). The “wet” condition is obtained by
storing the CAMs under high relative humidity (RH) for one week, followed
by mild drying under dynamic vacuum (6 h at 70°C) to remove physisorbed
water (upper panel); the “dry” condition refers to the as-received CAMs stored
in an Ar-filled glove box and dried under standard electrode fabrication condi-
tions (12 h at 120°C under dynamic vacuum) prior to use (middle panel); the
“calcined” condition refers to “wet” storage, followed by a high temperature
treatment (6 h at >500°C in a pure argon flow) to remove surface contaminants
(lower panel).

before shipping, such that a surface contamination prior to handling
in our labs cannot be excluded. Finally, the “calcined” samples are
preconditioned in the same way as the “wet” samples. After one-week
of exposure to moisture and CO2, the samples are heat treated in a
tube furnace (Carbolite, Germany) under argon flow (1 l/min; 99.999%
purity, Westfalen, Germany) for 6 h at 625°C in case of NCM111 and
at 525°C in case of NCM811 due to its lower thermal stability (step 3b
in Figure 2). Afterwards, the “calcined” samples are transferred into
the glove box without exposure to ambient conditions.

Surface area measurements.—The surface area of the “dry” and
“calcined” CAMs is determined by Brunauer–Emmett–Teller (BET)
N2 adsorption in the relative pressure range of 0.05 ≤ (p/p0) ≤ 0.30,
using an Autosorb-iQ instrument (Quantachrome, Germany). Prior to
the measurement, all samples are degassed under dynamic vacuum at
200°C for 12 h. This relatively low degassing temperature is chosen
to stay well below the calcination temperature, since the purpose of
the BET measurements is to see if any sintering of the particles occurs
during calcination. Table I shows the calcination temperature for the
different CAMs and the BET surface area before and after calcination,
as well as the absolute (in m2/g) and the relative change upon calci-
nation (in %). For both, the NCM111 and the NCM811 sample, the
surface area decreases somewhat upon calcination, i.e., by 23% in the
case of NCM111 and by 17% in the case of NCM811. Note that no
harm is done to the crystal structure of the materials, as was confirmed
by XRD (data not shown).

Thermogravimetric analysis coupled with mass spectrometry
(TGA-MS).—To investigate changes of the CAM surface induced
by the above described storage conditions, the samples are ana-
lyzed by TGA-MS using a Mettler Toledo TGA/DSC 1 (Mettler
Toledo, Switzerland) coupled to a Thermostar MS (Pfeiffer Vacuum,
Germany). All samples are held at 25°C for 10 min and then heated
from 25 to 1125°C at a rate of 10 K/min under Ar at a flow rate
of 60 ml/min, and the associated weight loss together with the cor-
responding mass signals of evolved gases are recorded. It should
be noted that the first ten minutes of the mass traces were used to
fit a baseline. In addition to the CAM samples, also lithium ref-
erence compounds (Li2O, LiOH, and Li2CO3; purity >97% for all
compounds, Sigma-Aldrich, Germany) and transition metal carbon-
ate hydrate reference compounds (MnCO3·xH2O, CoCO3·xH2O, and
NiCO3·2Ni(OH)2·xH2O; purity >99.9% for all compounds, Sigma-
Aldrich, Germany) are investigated using the same protocol. The
NCM811 sample is subjected to a second testing protocol, which com-
prises four steps: First the CAM in “dry” condition is heated from 25 to
525°C at 10 K/min under Ar at a flow rate of 60 ml/min (step 1). After
cooling down to 25°C under Ar, the same procedure is repeated with-
out interim removal of the sample from the instrument, i.e., without
air exposure, thus mimicking the analysis of a “calcined” sample (step
2). Subsequently, the sample is removed from the instrument, stored
for one week at ambient air conditions and then re-measured (step 3).
This resembles the analysis of a “wet” sample. Finally, the sample is
exposed for only 20 min to ambient air conditions and measured again
to evaluate the changes induced by the estimated minimum exposure
time during material processing for electrode fabrication outside of a
glove box, viz., on the order of 20 min (step 4).

Diffuse reflectance infrared fourier transform spectroscopy
(DRIFTS).—Infrared spectroscopy in diffusive reflectance mode
(DRIFTS) is sensitive to infrared active species at the surface of
particulate materials. DRIFTS spectra are recorded by an IR spec-
trometer (Cary 670, Agilent, USA) with mirror optics mounted in
a Praying Mantis configuration (Harricks, USA) that allows to col-
lect diffuse IR radiation scattered from the particle surface. Mixtures
of NCM811 powder in conditions “wet”, “dry”, and “calcined” (see
Figure 2) were prepared at 1 wt% of sample in finely ground KBr
(FTIR-grade, Sigma-Aldrich, Germany, dried at 120°C under vacuum
overnight prior to use) to characterize carbonate and hydroxide groups
on the particle surface. The sample/KBr mixture was prepared in an
Ar-filled glove box and the mixture was put in an air-tight chamber

Table I. BET surface area of CAMs in the as-received condition (“dry”) and after calcination in a tube furnace under Ar flow at 625°C for NCM111
or 525°C for NCM811, aimed toward removing surface contaminants (“calcined”). Measurements were conducted with 10 g of CAM.

Active material ABET “dry” [m2/g] Heat treatment ABET “calcined” [m2/g] �ABET [m2/g] �ABET [%]

NCM111 0.31 625°C 0.24 −0.06 −23
NCM811 0.30 525°C 0.25 −0.05 −17
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with IR-transparent windows (HT reaction chamber, Harricks, UK).
The intensity of DRIFTS spectra (sample in KBr) is calculated versus
a reference (KBr only) and given in Kubelka-Munk units: Intensity
[KM] = (1 − R∞)2/(2 R∞) with R∞ = Isample/Ireference. The DRIFTS
spectra are compared with spectra obtained by regular Fourier trans-
form infrared (FTIR) spectroscopy in transmission mode. For the lat-
ter, pellets are prepared in an Ar-filled glove box at the same KBr
to sample weight ratio using a manual KBr pellet press (Pike Tech-
nologies, USA). In addition, DRIFTS and transmission spectra are
compared to FTIR spectra in attenuated total reflection mode (ATR).
The ATR-FTIR spectra are obtained using a diamond ATR crystal and
an IR spectrometer (Spectrum Two, Perkin Elmer, USA) inside the
glove box (<0.1 ppm H2O and CO2).

On-line mass spectrometry (OMS).—To test the reactivity of the
CAM samples exposed to the different treatment conditions with ethy-
lene carbonate (EC) containing electrolyte, 1.03 g of CAM are mixed
with 240 μl of 1.5 M LiClO4 EC electrolyte (≡ 0.36 g) in our previ-
ously developed OEMS (on-line electrochemical mass spectrometry)
cell hardware,31 mimicking a realistic electrolyte to CAM mass ratio of
0.35:1 in commercial battery cells.36 We use the EC-only electrolyte as
a probe for the amount and reactivity of surface contaminants present
on the particle surface and thus selected an electrolyte salt that does
not react with hydroxide, carbonate, or hydrate surface groups. E.g.,
it has been shown by Ellis et al. that surface carbonates react with
LiPF6 to form CO2 (equation 9 in Ref. 37). While not a commercially
relevant salt, LiClO4 is useful as a substitute for LiPF6 to enable such
diagnostic tests without competing reactions of the salt. This was also
shown in a previous study of our group, investigating the hydrolysis
and associated gas generation of ethylene carbonate.

Before cell assembly, all cell hardware is dried for at least
12 h at 70°C in a vacuum oven (Thermo Scientific, USA). The
sealed cell containing the CAM/electrolyte mixture is placed into
a programmable temperature-controlled chamber (KB 23, Binder,
Germany), and connected to the mass spectrometer via a crimped
capillary leak (∼1 μl/min gas flow rate into the mass spectrometer).38

First the cell is held at 10°C for 5 h to record a stable baseline for
all ion current signals (m/z = 1 to 128). After that, the temperature
is raised to 60°C and the corresponding gas evolution is recorded for
12 h (mimicking storage of a lithium-ion cell at elevated temperature).
The cell temperature is recorded with a thermocouple positioned in a
1 cm deep hole drilled into the stainless steel cell body. For translation
of the OMS ion current signals Iz into units of [ppm], the tempera-
ture is set back to 25°C and the cell is purged with a calibration gas
containing H2, CO, O2, and CO2 (the respective concentration of the
gases is 2000 ppm in Ar, Westfalen, Germany). With the calibration
gas we can quantify the concentrations of H2 (m/z = 2), CO (m/z =
28), O2 (m/z = 32), and CO2 (m/z = 44) in the cell head space (for
details on the calibration, see reference 31).

Electrode preparation and cycling.—NCM811 electrodes were
prepared by mixing 96 wt% of the cathode active material (HED
NCM811, BASF, Germany) with 2 wt% conductive carbon (Super
C65, Timcal, Switzerland) and 2 wt% polyvinylidene fluoride binder
(PVDF, Kynar HSV 900, Arkema, France) using N-methylpyrrolidone
(NMP) as dispersant. The powders were weighed in the glove box
(O2 and H2O < 0.1 ppm, Glovebox Systemtechnik, Germany). Sub-
sequently, 0.67 g of N-methylpyrrolidone (NMP, Sigma-Aldrich,
Germany) per gram of solid (60 wt% solid content) are added in several
steps and the mixture is stirred with a planetary orbital mixer (Thinky,
Japan) until a highly viscous, lump-free paste is obtained. The above
paste is applied on an 18 μm thick aluminum foil (MTI, USA) with
a 100 μm four-edge-blade (Erichsen, Germany). The coated foil is
dried overnight in a convection oven at 50°C. Disc-shaped cathodes
with a diameter of 11 mm are punched out of the foil and compressed
at 1 t for 20 s.

The cathodes are then weighed, dried overnight in a vacuum oven
at 120°C, and introduced into an Ar glove box without exposure
to the ambient. For the “calcined” CAM powder, the entire pro-

cess of slurry preparation, coating, drying, punching, and compress-
ing is carried out under inert conditions in an Ar-filled glove box,
with conductive carbon and PVdF pre-dried at 120°C overnight in
a vacuum oven. The areal loading of the NCM811 cathodes after
drying is 7.5 mgNCM811/cm2, corresponding to an areal capacity of
1.5 mAh/cm2 when using a specific capacity of 200 mAh/gNCM811.

The graphite anodes are prepared with a composition of 95 wt%
T311 (SGL Carbon, Germany) and 5 wt% PVdF (Kynar HSV900,
Arkema, France) under addition of 0.69 g of NMP per gram of solids
(59 wt% solid content) in the same sequential mixing process as for
the cathodes. The resultant ink is applied onto a 12 μm thick copper
foil (MTI, USA) with a 100 μm four-edge-blade (Erichsen, Germany).
The coated foil is dried overnight in a convection oven at 50°C. Disc-
shaped electrodes with a diameter of 11 mm are punched out of the
foil and compressed at 0.5 t for 20 s. The anodes are then weighed,
dried overnight in a vacuum oven at 120°C, and introduced into an
Ar glove box without exposure to the ambient. The areal loading of
the graphite anodes after drying is 5.3 mgT311/cm2, corresponding to
an areal capacity of 1.8 mAh/cm2 when using a specific capacity of
340 mAh/gT311. Consequently, the balancing of the NCM811:graphite
full-cells is 1:1.2 in units of mAh/cm2, if referenced to the 1st charge
capacity of the cells.

Electrochemical testing is conducted in Swagelok T-cells at 45°C
with 60 μl of LP572 electrolyte (1 M LiPF6 in EC:EMC 3:7 (w:w) plus
2 vol% VC, BASF, Germany). Anode (counter electrode) and cathode
(working electrode) are separated by two glass fiber separators (glass
microfiber filter #691, VWR, Germany) with 11 mm diameter. Lithium
metal (Rockwood lithium, USA) was taken as reference electrode by
utilizing a 3-electrode setup in the T-cell. The cycling protocol was
as follows: the cells were cycled between cell voltages of 3.0–4.2 V,
starting with two formation cycles at C/10, and followed by 300 cy-
cles at 1 C. Every charge (1C) was performed in constant current –
constant voltage (CC-CV) mode with a C/10 current cutoff at 4.2 V.
All discharge cycles were carried out in constant current (CC) mode
only. The cells were cycled at 45°C (including the formation cycles)
with a battery cycler (Series 4000, Maccor, USA).

Results

Quantification of surface contaminants.—Thermogravimetric
analysis with coupled mass spectrometry (TGA-MS) is used to quan-
tify the amount of surface species on the two different cathode active
materials used in this study as a function of the storage conditions.
Figure 3 shows the TGA-MS analyses for “dry” and “wet” samples
of NCM111 (Figures 3a and 3b and NCM811 (Figures 3c and 3d
with their weight loss upon heating to 1125°C (upper panels) and the
corresponding mass traces of evolved gases (lower panels).

For all samples, three distinct regions can be identified upon heat-
ing: (i) In the temperature range from 25 to 125°C (region I), an in-
crease of the H2O baseline MS signal is observed for all samples. This
can be explained by a continuous desorption of minor H2O traces
from cold spots of the MS capillary coupled to the TGA. In addi-
tion, the desorption of physisorbed H2O from the samples has to be
considered, however, this effect seems to be small since no measur-
able weight loss is observed in that temperature range for any of the
samples. Physisorbed H2O may stem from the unavoidable short term
exposure of the samples to ambient air during transfer from the glove
box to the TGA (<2 min exposure time). (ii) In the temperature range
from 125 to 625°C for NCM111 and to 525°C for NCM811 (region II,
marked by the yellow area in Figure 3), a mass loss concomitant with
a characteristic H2O and CO2 fingerprint is observed for all samples.
Since the thermal decomposition of NCMs at such low temperatures
can be excluded,3 we associate this weight loss with the thermal de-
composition of surface contaminants. In contrast to oven Karl-Fischer
titration, which is described in the literature39 to assess the amount
of physisorbed water on cathode active materials, thermogravimet-
ric analysis serves to assess the amount of physisorbed water (below
125°C, i.e., segment (i)) and of chemisorbed water (above 125°C, i.e.,
segment (ii)) like tightly bound hydrates which co-crystallize with
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Figure 3. TGA-MS analysis under Ar of NCM111 (a and b) and NCM811 (c and d) stored under “dry” and “wet” conditions. For each sample the characteristic
weight loss (upper panel) and the corresponding mass signals (lower panel) are shown for a 10 K/min temperature ramp from 25 to 1125°C. The yellow area marks
the temperature range from 125 to 625°C for NCM111 and to 525°C for NCM811, where a mass loss from the thermal decomposition of the surface contaminants
with its characteristic H2O and CO2 fingerprint is observed.

species such as LiOH·H2O. This is an important fact, since the ph-
ysisorbed water will be removed by standard electrode manufacturing
processes, which typically include drying at 125°C, whereas drying at
these temperatures would not remove chemically bound water which
we analyze in the study at hand. (iii) At temperatures above 625°C,
the thermal decomposition of residual Li2CO3 (0.1 wt% for NCM111
according to the supplier) leads to the release of CO2 (compare also
Figure 4c) and the thermal decomposition of the NCMs under Ar flow
leads to the release of O2. As both processes overlap, a quantification
of Li2CO3 via TGA-MS is not possible for these materials. As a side
note it shall be mentioned that the thermal decomposition of NCM
under Ar flow and the concomitant O2 release is detected already at
675°C for NCM811 (compared to 825°C for NCM111), consistent
with the expected lower thermal stability of Ni-rich layered oxides,
clearly shown for partially delithiated NCMs.3,40

For NCM111 (Figures 3a and 3b), a weight loss of ∼0.2% between
125 and 625°C is found for both “dry” and “wet” samples. The cor-
responding H2O and CO2 traces are more pronounced for the “wet”
sample. Given the small BET surface area of ∼0.3 m2/g available for
the formation of surface contaminants, the rather small weight loss is
not surprising. It has to be noted that subtle differences in mass loss
between the “dry” and the “wet” sample (<0.05%) may be masked by
slightly varying baseline shifts of the microbalance.

A much stronger impact of the storage conditions on the amount of
surface contaminants is seen for NCM811 (Figures 3c and 3d), where
the weight loss of ∼0.1% between 125 and 525°C for the “dry” sample
is increased to ∼0.7% through “wet” storage. Regarding the MS sig-
nals, this increase is mainly reflected by a higher CO2 trace, whereas
the H2O signal remains mostly unaffected. Considering the essentially
identical BET surface areas of NCM811 and NCM111 (see Table I),
it is perhaps not surprising that the extent of surface contamination of
the “dry” CAMs is comparable. However, NCM811 is clearly much
more sensitive to “wet” storage, suggesting that the high Ni content of
NCM811 seems to favor the formation of supposedly carbonate con-
taminants under moisture and CO2 containing atmosphere. The ex-
act amounts of surface contaminants can only be calculated from the
measured weight losses if the chemical composition of contaminants
is known. Therefore, the nature of contaminants is further investigated

in the next section by comparing the above observed decomposition
temperatures and evolved gases with those of reference compounds.

Comparison of surface contaminants to lithium salt
references.—According to the CO2 and H2O fingerprint found
for the NCM surface contaminants, we suggest that they consist of
hydroxides, carbonates, bicarbonate species, and/or their hydrates.
These species could be bound either to lithium, or to at least one of
the transition metals (Ni, Mn, and/or Co).) Residual lithium from
the cathode material synthesis is generally believed to be present in
the form of Li2O on the CAM particle surface after calcination,17

since this is the thermodynamically stable high-temperature phase
even under argon.9 Several research groups reported on the reaction
of Li2O with moisture and CO2 to yield LiOH and Li2CO3 on the
particle surface:17–19,23

Li2O + H2O → 2LiOH [1]

2LiOH + CO2 → Li2CO3 + H2O [2]

Both reactions are equilibria, which are clearly driven to the right side
as can be estimated from thermodynamic calculations. By using the
standard free energy of formation values from the CRC handbook,41

one obtains �f G	 ∼ −84,7 kJ/mol for the LiOH formation according
to Equation 1 and �f G	 ∼ −91,8 kJ/mol for the Li2CO3 formation
according to Equation 2.

In order to reveal whether the observed surface contamination can
be assigned soley to lithium compounds, the TGA-MS analyses of
Li2O, LiOH, Li2CO3 as well as of Li2O stored under “wet” conditions
are shown in Figure 4.

As originally demonstrated in our previous work,9 Figure 4a con-
firms that Li2O does not thermally decompose in the examined tem-
perature range of 25–1125°C, except for a minor release of H2O at
∼400°C. This coincides with onset of H2O release upon the thermal
decomposition of LiOH above ∼400°C (see Figure 4b), suggesting the
presence of LiOH impurities in the Li2O reference sample. Figure 4c
shows that Li2CO3 decomposes at temperatures higher than 725°C
under the release of CO2. Thus, Li2O, LiOH, nor Li2CO3 can account
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Figure 4. TGA-MS analysis of various lithium containing reference com-
pounds: (a) Li2O, (b) LiOH, (c) Li2CO3, and, (d) Li2O stored for 1 week
under “wet” conditions. For each compound the characteristic mass loss (upper
panel) and corresponding mass signals (lower panel) are shown for a 10 K/min
temperature ramp from 25 to 1125°C under Ar flow. Regions I, II (marked by
the yellow area), and III correspond to those shown in Figure 3.

for the mass signal patterns observed between 125 and 625°C for the
“dry” and “wet” CAM samples, particularly not for the observed CO2

evolution (compare Figure 3). However, Figure 4c does confirm that
the CO2 release above 625°C that is seen for all NCM samples can
indeed be assigned to Li2CO3 residues. Unfortunately, this process
cannot be quantified from the related mass loss, as it overlaps with the
mass loss due to oxygen release from the NCMs (the MS signals from
the TGA-MS are only semi-quantitative). It is interesting to note that
for NCM811, the Li2CO3-related CO2 release concomitant with the
O2 release at high temperature is substantially increased after “wet”
storage, which is not observed for NCM111. This indicates that either
more residual Li2O from the synthesis process is present on NCM811
than on NCM111, and/or that intercalated Li in the near-surface re-
gion of NCM811 is more prone to deintercalation and reaction with
H2O and CO2. The possibility of Li2CO3 formation from residual
Li2O on the surface is further strengthened by a reference TGA-MS
measurement with Li2O that was stored for one week under “wet”
conditions (Figure 4d): During storage, physisorbed H2O (evidenced
by H2O evolution below 125°C) partly reacts with Li2O to form LiOH
(identified by the H2O trace between 500 and 650°C) via Reaction 1.
In addition, atmospheric CO2 can react with Li2O and/or previously

formed LiOH (Reaction 2) to yield Li2CO3, the presence of which is
evidenced by the CO2 signal between 650 and 1100°C. It is important
to note, however, that there is no reaction of Li2O in ambient air that
leads to compounds which exhibit a mass loss and MS signal pat-
terns which match those observed during the thermal decomposition
of NCM surface contaminants in the temperature range of 125–625°C
(see Figure 3).

Therefore, it has to be concluded that lithium salts like LiOH or
Li2CO3 cannot be the only surface contaminants on NCMs exposed
to the ambient. It is important to point out that we do not negate the
presence of LiOH and Li2CO3 on the surface of these NCM samples,
and as a matter of fact Li2CO3 impurities are clearly detected in the
TGA-MS measurements, as discussed above. However, there must be
an additional type of surface contaminants originating from storage
under H2O and CO2 containing atmosphere (e.g., ambient air) that
gives rise to surface species that decompose under release of H2O and
CO2 at temperatures as low as 125–625°C.

Comparison of surface contaminants to transition metal
references.—Since Li salts cannot be the origin of surface contam-
inants that yield the observed CO2 mass signals at 125–625°C, we
will now consider other surface contaminants which might form upon
the reaction of CO2 and H2O with NCM surfaces. In principle, dan-
gling oxygen bonds at the Ni, Mn, and Co oxide surface could react
to hydroxides and carbonates upon exposure of NCM with H2O and
CO2:

MO + H2O → M(OH)2 [3]

MO + CO2 → MCO3 [4]

To evaluate this hypothesis, we investigate the TGA-MS signatures of
the stable hydrates of the carbonates of Mn, Co, and the stable hydrate
of the mixed carbonate hydroxide of Ni. The results are shown in
Figure 5.

Figure 5a shows the thermal decomposition of the first reference
compound MnCO3·xH2O, yielding H2O and CO2 once the tempera-
ture is increased to beyond ∼320°C. While the simultaneous release
of H2O and CO2 is also found as the characteristic fingerprint of the
NCM surface contaminants (compare Figure 3), the decomposition
onset temperature and the onset for CO2 evolution (∼320°C) of the
MnCO3·xH2O is significantly higher than that between ∼125–200°C
observed for the surface contaminants of the NCM materials, particu-
larly of the “wet” stored materials. Consequently, hydrated manganese
carbonates could be part of the contaminants, but not their only or prin-
cipal component. The TGA-MS signature of the CoCO3·xH2O refer-
ence compound (see Figure 5b) is similar to that of MnCO3·xH2O, but
has a lower onset temperature (∼220°C) for its decomposition and for
CO2 evolution. While the Co compound could also be part of the NCM
surface contaminants, its decomposition onset temperature is still too
high to explain the onset of the weight loss and CO2 evolution for the
“dry” and particularly the “wet” NCM materials at ∼125–200°C. Fi-
nally, the thermal decomposition of NiCO3·2Ni(OH)2·xH2O reference
compound is depicted in Figure 5c. It features a weight loss onset at
∼120°C, accompanied by the release of H2O with two distinct peaks
around ∼125 and ∼300°C as well as the onset of CO2 evolution at
∼250°C. This very much resembles the fingerprint observed for the
“dry” and particularly the “wet” NCMs in Figure 3, which suggests
that the nickel reference compound (or related nickel compounds, e.g.,
(NiCO3)2·(Ni(OH)2)3·4 H2O)12 is likely to represent a principal com-
ponent of the NCM surface contaminants. This conclusion was also
reached in a Raman spectroscopy study of surface contaminants on
NCM811 stored for extended time at ambient air, which showed that
simple transition metal carbonates and hydroxides were not part of
the formed surface contaminants.12 It should be noted that nickel car-
bonate naturally occurs in its hydrated form42 or as a hydroxide,43

with the exception of Gaspéite,44 a very rare nickel carbonate min-
eral. The here examined nickel compound, referred to as basic nickel
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Figure 5. TGA-MS analysis of several transition metal based ref-
erence compounds: (a) MnCO3·xH2O; (b) CoCO3·xH2O; and, (c)
NiCO3·2Ni(OH)2·xH2O (c). For each compound the characteristic mass loss
(upper panel) and corresponding mass signals (lower panel) are shown for a
10 K/min temperature ramp from 25 to 1125°C under Ar flow. Regions I, II
(marked by the yellow area), and III correspond to those shown in Figure 3.

carbonate, was the only commercially available form of nickel car-
bonate we could find.

All in all, the thermal analysis of the transition metal carbonate
(-hydroxide) hydrates suggests that the basic nickel carbonate
NiCO3·2Ni(OH)2·xH2O is the major surface contaminant of NCMs
stored under moisture and CO2 containing atmosphere. The reader
should note that based on our TGA-MS analysis we cannot exclude
the presence of other transition metal carbonates like MnCO3, CoCO3,
and their hydrates, since the temperature ranges of thermal decompo-
sition of these compounds overlap. However, the fact that the major
weight loss already starts at ∼125°C together with the observation that
Ni-rich NCMs are more prone to surface contamination (see Figure 3),
clearly points in the direction of NiCO3·2Ni(OH)2·xH2O or related
compounds. It should further be noted that on average Ni is in the oxi-
dation state +II in pristine NCM111 and NCM811, while Co and Mn
are on average in oxidation states of +III and +IV, respectively. Since
the formation of transition metal carbonates and hydroxides requires
the respective transition metal to be present in the oxidation state +II, it
is likely that basic nickel carbonate NiCO3·2Ni(OH)2·xH2O is indeed
formed preferentially.

It shall be mentioned that Ni-rich materials are known to be very
basic, leading to a high pH of electrode slurries (pH > 11),17 lead-
ing to difficulties for electrode fabrication due to the gelation of the
polyvinylidene fluoride (PVdF) binder in coating slurries.3,17 In light
of the above findings, these issues can be linked to the high sensi-
tivity of Ni-rich materials toward improper storage conditions. On a
final note, the TGA-MS results suggest that a thermal treatment of
surface contaminated NCM under inert gas conditions at 625°C (for
NCM111) or 525°C (for NCM811) should allow for the removal of all

transition metal based surface contaminants as well as of LiOH con-
taminants (contrary to Li2CO3 and Li2O surface impurities, which will
remain intact at these temperatures) without degrading the NCM bulk
structure or morphology (see BET results). Thus, the above-mentioned
difficulties for electrode fabrication could be circumvented even for
improperly stored Ni-rich NCMs by performing a heat-treatment un-
der inert gas atmosphere prior to ink fabrication.

DRIFTS analysis of surface contaminants.—Figure 6 shows a
comparison of infrared spectra of “dry” (blue line), “wet” (green line),
and “calcined” (navy line) NCM811 powder taken by ATR-FTIR (a),
by transmission FTIR (b), and by DRIFTS (c). This analysis was ex-
emplarily performed for NCM811, since it is most prone to surface
contamination and therefore offers the highest intensity for IR active
surface species. While ATR-FTIR and transmission FTIR spectra (see
Figures 6a and 6b) show a very poor sensitivity for the detection of
the definitely present Li2CO3 with the characteristic CO3

2− asymmet-
ric stretching vibrations centered around 1470 cm−1 (marked by the
accordingly labeled vertical dashed line in Figure 6) and out-of-plane
vibrations at 850 cm−1,45–47 the DRIFTS signals (see Figures 6c and
6d) which are more intense for powder samples show clearly resolved
carbonate bands at 1470 cm−1 and a broad shoulder corresponding to
hydroxide or hydrate species (OH−/H2O) around 3450 cm−146 (see
Figure 6c). In addition, residual sulfate traces from CAM manufac-
turing give rise to SO4

2− stretching vibrations at 1130 cm−1.48 The
peaks at 2900 cm−1 are artefacts from the sample preparation using
polyethylene49 weighing boats. A comparison of the DRIFTS data
for the differently treated NCM811 samples (see Figures 6c and 6d),
namely of the upward pointing CO3

2− bands at 1470 cm−1 and the
OH−/H2O bands at 3450 cm−1, much more clearly reveals the impact
of moisture and CO2 on the formation of surface contaminants (note
that it is currently unclear why the OH−/H2O band points downward
rather than upward). Both, the hydroxide/hydrate and especially the
carbonate content increase upon “wet” storage (green line) and de-
crease again by the subsequent calcination of the “wet” material at
525°C (navy line). Note that it is not surprising that the “calcined”
NCM811 sample still shows a carbonate band, because in contrast to
transition metal carbonates, Li2CO3 cannot be removed by the 525°C
heat-treatment (see TGA analysis in Figures 3 and 4). While DRIFTS
does not allow us to discriminate between different metal centers of the
surface hydroxides and carbonates, the CO3

2− and OH−/H2O vibra-
tions are in agreement with the main contaminant revealed by TGA-
MS, viz., basic nickel carbonate NiCO3·2Ni(OH)2·xH2O.

Effect of surface contaminants on electrolyte stability.—Having
identified the nature and the amount of surface contaminants on NCM
materials, we now want to investigate their impact on the stability of
an ethylene carbonate (EC) based electrolyte at elevated temperature.
The following experiment is based on our previous study,30 where we
demonstrated that catalytically active hydroxide ions (OH−) in the
presence of trace amounts of H2O can lead to a rapid decomposition
of ethylene carbonate (EC) at temperatures relevant for lithium-ion
battery operation. The decomposition of EC is induced by a nucle-
ophilic attack of OH− and a subsequent ring opening reaction of
EC under abstraction of CO2. Concluding this past study, we had
already speculated that a similar reaction can be triggered by basic
surface contaminants (even though we had not yet had evidence for
NiCO3·2Ni(OH)2·xH2O surface species). This reaction would not only
lead to the decomposition of EC-based electrolyte and accumulation
of CO2 gas in the battery cell, but likely also to a deterioration of bat-
tery performance from further reactions of the decomposition products
(see Discussion Section for a detailed explanation of the electrolyte
breakdown).

In order to test this hypothesis, 1.03 g of “wet”, “dry”, and
“calcined” NCM811 are mixed with 240 μl of 1.5 M LiClO4 in EC,
resulting in a realistic electrolyte to CAM ratio of 0.35:1,36 and the
gas evolution from this mix is recorded by on-line mass spectrometry
(OMS) during a 12 h dwell at a constant temperature of 60°C. The
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Figure 6. Infrared spectroscopic analyses of “dry” (blue lines), “wet” (green
lines), and “calcined” (at 525°C under Argon, navy line) NCM811 by: (a)
ATR-FTIR (undiluted NCM811) – arbitrary offset; (b) transmission FTIR
(1 wt% NCM811 in KBr powder) – arbitrary offset; and, (c) DRIFTS (1 wt%
NCM811 in KBr powder) – these spectra which are displayed in Kubelka-Munk
units have been normalized to range between 0 and 1. The bands marked at
1130 cm−1 correspond to SO4

2−, those at 850 and 1470 cm−1 correspond to
CO3

2−, and those at 3450 cm−1 correspond to OH−/H2O. (d) Enlarged view
of the data in panel (c) without any arbitrary offset.

upper panel of Figure 7 depicts the temperature set point (black
line) and the cell temperature (red line) vs. time for these OMS
measurements.

The middle panel of Figure 7 shows the CO2 evolution for the ap-
plied temperature profile for NCM111 mixed with the EC-containing
electrolyte, given in surface area normalized units of [ppm/m2] (left y-
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Figure 7. On-line mass spectroscopic analysis of the gas formation vs. time
upon 60°C heating of mixtures of 1.5 M LiClO4 in EC (240 μl, <20 ppm
H2O) with differently treated NCMs (1.03 g): “wet” (green line), “dry” (blue
line) and “calcined” (navy line); background signals for pure electrolyte (dark
gray) and “dry” CAM (light gray) are given for reference. The upper panel
shows the temperature set point (black line) and the measured cell temperature
(red line). The middle and lower panel show the corresponding evolution of
the CO2 for NCM111 and NCM811, respectively, given either in terms of the
CO2 concentration in the cell head space normalized to the BET surface area
(see Table I) in [ppm/m2] (left y-axis) or in terms of total evolved amount in
[μmol/m2] (right y-axis).

axis) and [μmol/m2] (right y-axis, see Table I for BET surface areas).
As in our previous study,30 CO2 is the only gas detected by OEMS,
suggesting that indeed the hydrolysis of EC is the origin of the gassing.
More electrophilic additives such as FEC or VC would probably react
much faster with the nucleophilic OH groups on the CAM surface
and thus decompose at much faster rate. The strongest CO2 evolu-
tion is detected for the “wet” NCM111 sample (green line), yielding
∼4 μmol/m2 at the end of the experiment. About half of this amount
of CO2 (∼2 μmol/m2) is detected for the “dry” NCM111 sample (blue
line). Interestingly, the “calcined” material (navy line) shows almost
no gas evolution at all, apart from an initial increase to ∼0.3 μmol/m2

after which no further CO2 evolution is observed. This comparison in-
dicates a clear correlation between the extent of surface contamination
and the extent of gassing caused by chemical electrolyte decomposi-
tion at elevated temperature.

For the Ni-rich NCM811, the gassing for the material in “wet” and
“dry” condition (green and blue line in the middle panel of Figure 7)
is twice as high as for NCM111 even in “wet” condition. The reason
for the rather similar CO2 evolution from “dry” and “wet” NCM811
is unclear at this point, but given the difference in CO2 formation
rate (slope of the green and blue line in lower panel of Figure 7),
the 15 h measurement time was just not sufficient to reflect to high
sensitivity of NCM811 to ambient air exposure during material pack-
aging/handling (see Discussion Section for a quantitative assessment
of this fact). Again, upon heat-treatment, surface contaminants are
removed and the reactivity with the EC-based electrolyte is reduced
by an order of magnitude (navy line). The substantial increase in the
extent of CO2 evolution with the Ni content of the NCM is a further
strong indication that basic nickel carbonate NiCO3·2Ni(OH)2·xH2O
is the critical surface contaminant on NCMs, as suggested by the
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Figure 8. Four step TGA-MS measurement of one NCM811 sample showing the characteristic mass losses (upper panel) and corresponding mass signals (lower
panel) during four consecutive temperature ramps from 25 to 525°C at a heating rate of 10 K/min in Ar flow. From left to right panel: (i) The sample in “dry”
condition is heated to 525°C, followed by cooling to 25°C under Ar inside the closed instrument. (ii) It is then immediately heated again without interim air
exposure, thus mimicking a “calcined” sample. (iii) After cooldown, the sample is removed from the instrument and stored for one week at ambient air and then
heated again, thus representing a rough analogue to a sample in “wet” condition. (iv) After cooldown to 25°C, the sample is stored for only 20 min at ambient air
and heated again, representing a CAM exposed to ambient air for the duration typical for battery material processing in most laboratories; a 5-fold magnification
of the CO2 signal (pink dotted line) shows CO2 evolution between 200–300°C, contrary to the sample without air exposure in panel (ii).

TGA-MS patterns (compare Figure 3d and Figure 5c). Consequently,
due care has to be taken for the storage and handling of Ni-rich cath-
ode materials, e.g., Ni-rich NCMs and NCAs, which are considered
to be among the most promising candidates for future battery electric
vehicle applications.1,4,5

In summary, the findings in Figure 7 prove that a heat-treatment
of NCMs exposed to atmospheric moisture and CO2 can effectively
remove the transition metal based surface contaminants and thereby
prevent their strong effect on the decomposition of EC-based elec-
trolyte. This finding is in excellent agreement with the TGA-MS anal-
ysis presented above, which already suggested that a heat-treatment
at 625°C for NCM111 and at 525°C for NCM811 should be suffi-
cient to remove all surface contaminants except for Li2CO3 and Li2O
(see Figure 4). Note that the first CO2 release for the NCM samples
in Figure 3 ceases at 625°C, indicating that all transition metal refer-
ence compounds are transformed into their stable oxide phases at that
temperature (see Figure 5). Interestingly, the OMS data for NCM111
(middle panel in Figure 7) and even more though for NCM811 (lower
panel in Figure 7) suggest that the “dry” NCMs already contain sig-
nificant amounts of surface contaminants that can lead to considerable
CO2 evolution by EC decomposition. Again, this is in agreement with
our TGA-MS analysis, since the “dry” NCMs already show noticeable
weight losses (see Figures 3a and 3c) and the applied drying step at
120°C is clearly not sufficient to remove these surface contaminants.
The latter is especially significant with regard to the fabrication of
electrodes, which can usually not be dried at temperatures higher than
120°C due to the limited thermal stability of the PVdF binder. In con-
sequence, nominally “dry” NCMs still contain surface contaminants
that might lead to EC decomposition, CO2 gassing, and inferior cell
performance at elevated temperature.

Lastly, we would like to point out that residual Li2O and Li2CO3

can definitely be excluded as the type of surface contaminants that
lead to CO2 evolution by a reaction with EC-containing electrolyte,
since neither Li2O nor Li2CO3 are removed by a heat-treatment at
625°C (compare Figures 4a and 4c),9 and yet the heat treated samples
show only a minimal CO2 evolution (see Figure 7). As a matter of fact,
the reactivity of Li2CO3 contaminants on the cathode and its implica-
tions for cell performance are currently being debated controversely
in the literature: while Renfrew et al.11 suggest that Li2CO3 will be
electrooxidized in the first cycles, Jung et al.12 suggest that the de-
composition of Li2CO3 is soley due to its reaction with protic species
(Li2CO3 + 2 H+ → 2 Li+ + H2O + CO2) which are produced upon
electrolyte oxidation at high potentials50 and/or by side reactions re-

lated to the oxygen release from NCMs at high SOC.51 If the latter
hypothesis were true, Li2CO3 impurities alone should only contribute
to CO2 gassing, which would have a minor effect on battery cycle
life if the Li2CO3 levels are sufficiently low (particularly in Swagelok
T-cell or coin cell tests, where gassing induced cell bulging is less
problematic). For completeness, it shall not be omitted that the base
electrolyte alone (1.5 M LiClO4 in EC, <20 ppm H2O) shows a neg-
ligible amount of CO2 evolution (dark gray line) coming from the
thermal decomposition of EC at 60°C.30

Contaminant removal and critical exposure time.—A final TGA-
MS experiment shall elucidate how different exposure times to am-
bient air influence the formation of surface contaminants on NCMs.
Figure 8 shows a four-step TGA-MS measurement in which a single
sample is subjected to four consecutive temperature ramps from 25 to
525°C. A NCM811 sample is chosen for this procedure because of its
relatively high weight loss in the temperature range associated with
surface contaminants compared to NCM111, which allows the more
precise signal quantification.

Starting with “dry” NCM811 (panel (i) of Figure 7), the CO2 and
H2O mass traces in the temperature window from 25 to 525°C shown
Figure 3c are reproduced, however with a concomitant weight loss of
0.23% instead of 0.09%, which can be rationalized by different transfer
times of the TGA sample on air. It has to be noted that according to
our foregoing analysis of samples calcined at 525°C, the structural
integrity of NCM811 is fully preserved during this procedure. During
the subsequent cooldown to room temperature, the sample is kept
within the closed TGA-MS instrument and not exposed to ambient air.
It is then directly heated again to 525°C, mimicking a material that has
been calcined and stored under Ar. As seen in panel (ii) of Figure 7, a
negligible weight increase of 0.01% (red arrow) is monitored during
cooldown between the two experiments, and this amount is lost again
during the 2nd ramp at temperatures below 125°C under release of H2O.
In addition, in the corresponding mass spectrum there is virtually zero
CO2 desorption detected (dotted line in panel (ii) displays m/z = 4
4 multiplied by five). This is attributed to marginal air leakage into the
closed TGA-MS, leading to the physisorption of minor amounts of
H2O on the NCM811 surface during cooldown. This again confirms
that all surface contaminants are successfully removed during a heat-
treatment in Ar at 525°C, which was conducted in the first step.

After the cooldown following this second temperature ramp, the
sample is stored for one week at ambient air (relative humidity 35
± 5%), which results in a weight gain of 0.41% (red arrow between
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panels (ii) and (iii)) due to the renewed buildup of surface contami-
nation on the NCM811 particles. In the subsequent third temperature
ramp (panel (iii)), about the same amount is removed again, and the
CO2 and H2O mass signal fingerprints resemble those of the “wet”
NCM811 (see Figure 3d). This indicates that one week of open stor-
age under ambient air conditions is as detrimental to the NCM811 ma-
terial as our “wet” storage conditions (see Figure 2), which we had
chosen deliberately to mimick extended air exposure. However, even
after such a prolonged storage at ambient air, the complete removal of
surface contaminants by heating up to 525°C under inert gas is feasi-
ble. In the final experiment, the “calcined” NCM811 sample obtained
after the experiment shown in panel (iii) is exposed to ambient air for
20 min, which is sufficient to cause a weight-gain of 0.09% (red arrow
between panels (iii) and (iv)). A subsequent fourth temperature ramp to
525°C shows a corresponding mass loss and also a weak CO2 desorp-
tion signal (dotted red line in panel (iv)) which indicates the presence
of transition metal based surface contaminants. This demonstrates that
a time period that can be regarded as the minimum exposure of a CAM
during electrode fabrication in most laboratories is already sufficient
to build up noticeable amounts of surface contaminants on the pristine
(i.e., “calcined”) CAM surface. In that case, the contamination level
is roughly comparable to that of the as-received (“dry”) material.

Cycle life of NCM811//Graphite cells with differently condi-
tioned NCM811.—After identifying and quantifying the surface con-
taminants on differently conditioned NCMs, and after demonstrat-
ing that a heat-treatment under inert gas can remove transition metal
based surface contaminants, we now want to examine the impact of
these contaminants on battery cell performance. For that purpose,
NCM811//graphite Swagelok T-cells with 60 μl of electrolyte (LP572,
BASF) are cycled with 1C between 3.0-4.2 V at an elevated temper-
ature of 45°C, where degradation phenomena are typically more pro-
nounced due to faster kinetics of the parasitic reactions. Figure 9a
shows that the capacity retention over 250 cycles at 1C is very poor
for cells with “wet” NCM811 (55%; green symbols), far inferior to
those with “dry” NCM811 (85%; blue symbols). Cells with “calcined”
NCM811 (navy symbols) always show the highest capacity and have
the best capacity retention (92%), indicating that (i) transition metal
based surface contaminants do have a detrimental effect on capacity
retention, and (ii) that this effect increases with the amount of sur-
face contaminants. After 250 cycles, there is a difference in specific
discharge capacity of 16 mAh/gNCM811 between cells with “calcined”
(176 mAh/gNCM811) and “dry” NCM811 (160 mAh/gNCM811), and an-
other 66 mAh/gNCM811 between cells with “dry” and “wet” NCM811
(94 mAh/gNCM811).

In order to gain a better understanding of the capacity fading in cells
with “wet” NCM811, it is instructive to analyze the charge-averaged
mean discharge voltage (see Figure 9b), a measure for the impedance
buildup in lithium-ion cells. It can be obtained for every cycle by
integrating the cell voltage over the discharge capacity and dividing
the integral by the total discharge capacity (V̄discharge = ∫ Vdischarge ·
dqdischarge/qdischarge).52 A low mean discharge cell voltage, especially at
high rates, is indicative of a high impedance for Li+-ion extraction
from the anode material and/or Li+-ion insertion into the cathode ma-
terial. Figure 9b clearly shows that the mean discharge cell voltage
after 250 cycles of cells with “wet” NCM811 is ∼190 mV lower than
that of cells with “dry” NCM811, which in turn is ∼70 mV lower than
that for cells with “calcined” NCM811 (i.e., with “wet” NCM811 after
heat-treatment under inert gas at 525°C). This demonstrates that the
cell impedance growth gets much more pronounced with increasing
amounts of cathode surface contaminants. Thus, it can be summarized
that the deliberate contamination of NCMs by “wet” storage causes a
large impedance growth over cycling that leads to higher capacity fad-
ing, but that this effect can be mitigated by a subsequent heat-treatment
under inert gas at 525°C. A similar effect of heat-treatment was ob-
served for cells with NCA (LiNi0.8Co0.15Al0.05O2) stored at ambient
air, showing that those cells have a large capacity fading which can be
substantially reduced when annealing the ambient air exposed NCA
under air at 500°C.24
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Figure 9. Charge/discharge cycling of NCM811//graphite Swagelok T-cells
prepared with “dry” (blue), “wet” (green), and “calcined” (navy) NCM811,
conducted between 3.0–4.2 V with 60 μl LP572 electrolyte at 45°C: (a) specific
discharge capacity (left y-axis, solid spheres); (b) mean discharge cell voltage
in each cycle (defined as V̄discharge = ∫ Vdischarge · dqdischarge / qdischarge); and,
(c) the cathode voltage profiles vs. the lithium reference electrode for the first
cycle at C/10 and the 3rd as well as the 150th cycle at 1C. The first two cycles
were conducted at C/10, followed by cycling at 1C (CC-CV charge and CC
discharge); error bars represent standard deviation of two cells.

The high overpotentials associated with an increase of internal re-
sistance over cycling can cause the cells to reach their voltage cutoff
while a considerable fraction of the cyclable lithium is still contained in
the anode or cathode material. In order to elucidate whether the charge
or the discharge process is more affected by increased impedance of the
differently pre-trated CAMs rather than by a loss of cyclable lithium,
Figure 9c displays the cathode voltage profiles versus the lithium ref-
erence for cycle #1 at C/10, for cycle #33 (1C), and for cycle #150
(1C). Figure 9c suggests that the storage condition has no influence
on the cell polarization during the initial charge and discharge cy-
cles of the different NCM811 samples, as the voltage profiles of the
cells containing “wet” (green), “dry” (blue), and “calcined” material
(navy) show only subtle differences for cycle #1 at 0.1C and only
small differences for cycle #3 at 1C. In cycle #1, polarization of the
“wet” cells is evident from the slightly increased polarization around
3.6 V. The “wet” storage, i.e., exposure to water vapor, might lead to
the formation of a resistive surface layer similar as in case of wash-
ing with water,53,54 which would lead to a reduced Li+ conductivity
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of the surface-near regions in the oxide particle. The slow C-rate,
however, masks most of the polarization effects due to surface con-
taminants. Over prolonged cycling, the charge and discharge voltage
profiles gradually drift apart, as can be seen exemplarily in Figure 9c
for cycle #150, indicating increased overpotentials, as expected from
the above analysis of the mean discharge cell voltage (compare Fig-
ure 9b). This is consistent with the fact that the overpotentials are much
more pronounced for the cells containing “wet” NCM811 (see green
lines in Figure 9c vs. blue and navy lines). Interestingly, the increased
cell polarization is drastically limiting the capacity especially during
charge, as the cell voltage is pushed toward the upper cutoff voltage.
This polarization induced failure of the cells is different from failure
mechanisms that are accompanied by low coulombic efficiency, e.g.,
the loss of cyclable lithium.55,56 A mechanistic explanation for the
large polarization of cells containing “wet” NCM811 is attempted at
the end of the Discussion Section.

Discussion

In the study at hand, we have combined a variety of characterization
techniques such as TGA-MS, OMS, DRIFTS, and electrochemical cy-
cling to understand the nature and the origin of surface contaminants
on NCM811 compared to NCM111. To further connect the findings
from the individual techniques as well as to underline the relevance of
surface contamination in industrial cell manufacturing, the following
section presents (i) an estimation of the amount of surface contami-
nants based on the TGA-MS analysis, (ii) kinetic considerations re-
garding electrolyte breakdown by EC hydrolysis based on the gassing
detected by OMS, (iii) a projection of the findings of TGA-MS and
OMS on commercial battery cells, and (iv) concluding remarks of the
impact of storage conditions on the cycling behavior of full cells.

Estimation of the amount of surface contaminants.—We have
shown that Ni-rich materials are especially susceptible to surface con-
tamination due to storage and handling in ambient air and that ba-
sic nickel carbonate NiCO3·2Ni(OH)2·xH2O (or varying compositions
thereof)30 rather than LiOH or Li2CO3 accounts for the high reactivity
of contaminated samples with an EC-based electrolyte demonstrated
by the OMS data in Figure 7. In the following, we want to estimate
the amount of surface contaminants for “wet” NCM811 based on the
8.2 μmol/m2 of evolved CO2 (see lower panel of Figure 7), equating
to a total amount of ∼2.5 μmol of CO2 based on the NCM811 BET
area and the amount of NCM in the cell (i.e., from 8.2 μmol/m2 ×
0.30 m2/gNCM × 1.03 gNCM) or to ∼2.4 μmol/gNCM. Comparing this
to the total moles of EC in the electrolyte of 3680 μmol obtained
from the electrolyte’s density, the used volume, the EC mass fraction
and its molecular weight (i.e., from 1.5 g/cm3 × 240 μl × 0.9 ×
(88 g/mol)−1),) one can conclude that only ∼0.07% of the EC that is
present in the OMS cell is converted to CO2 during the entire OMS
experiment. Consequently, the reaction is not limited by the amount
of EC available for reaction with the CAM surface.

Next we will examine whether the amount of the proposed crit-
ical surface contaminant on “wet” NCM811, viz., the basic nickel
carbonate NiCO3·2Ni(OH)2·xH2O which decomposes between 120–
525°C (see Figure 5c) would be sufficient to produce the observed
amount of CO2 in the OMS experiment (lower panel of Figure 7).
However, to do so one first needs to determine the decomposition re-
action and the water content (x) of NiCO3·2Ni(OH)2·xH2O. Based on
the TGA-MS analysis, NiCO3·2Ni(OH)2·xH2Odecomposes between
120–525°C with a weight loss of 34%, accompanied by the release
of H2O and CO2, and without further changes up to 1125°C (see Fig-
ure 5c). As the thermodynamically stable high-temperature decompo-
sition products should be NiO, CO2, and H2O, the following decom-
position reaction is expected:

NiCO3 · 2Ni(OH)2 · xH2O → 3NiO + CO2 ↑ + (2 + x) H2O ↑ [5]

For this reaction, the relative weight loss �m upon decomposition can
be determined from the molecular weight of NiCO3·2Ni(OH)2·xH2O
(Mbasic-Ni = (304 + x × 18) g/mol) and that of the only remaining solid

compound NiO (MNiO = 74.7 g/mol):

�m = (Mbasic-Ni − 3 × MNiO))/Mbasic-Ni

= (80 + x × 18)/(304 + x × 18) [6]

While the water content of the basic nickel carbonate was not specified,
the plausible value of two H2O molecules per formula unit (i.e., x =
2) results in a value of �m of 34.1%, which is in perfect agreement
with the TGA-MS data in Figure 5c. Thus, our basic nickel carbonate
model reference compound is NiCO3·2Ni(OH)2·2H2O with Mbasic-Ni

= 340 g/mol.
Assuming that the mass loss of “wet” NCM811 of 0.74% between

120–525°C (see Figure 3d) would be entirely due to the thermal
decomposition of NiCO3·2Ni(OH)2·2H2O, its amount on the “wet”
NCM811 would equate to ∼2.2 wt% (from 0.74% divided by the mass
loss �m upon the thermal decomposition of NiCO3·2Ni(OH)2·2H2O;
see Figure 5c). Although we are aware that it is a crude simplifi-
cation to neglect potential contributions of Mn- and Co-based sur-
face contaminants which also decompose below 525°C, their sim-
ilar mass losses (39% and 32%, see Figure 5) would not signifi-
cantly change the calculated surface contaminant weight fraction;
furthermore, based on the above analysis, the fraction of Mn- and
Co-based surface contaminants is expected to be minor compared
to that of basic nickel carbonate. Considering that the thermal de-
composition of EC even at 60°C is most strongly promoted by OH−

compared to H2O31 we now determine the molar amount of OH− con-
tained in the proposed NiCO3·2Ni(OH)2·2H2O surface contaminant
on “wet” NCM811: based on the above estimates of its mass fraction
(∼2.2 wt%), its molecular weight (Mbasic-Ni = 340 g/mol), and the fact
that it contains 4 moles of OH− per formula unit, this equates to ∼260
μmolOH-/gNCM. Consequently, the amount of CO2 evolved over 8 hours
at 60°C (∼2.4 μmol/gNCM, see above) corresponds to only ∼1% of the
EC that could potentially be decomposed to ethylene glycolate when
using up all of the bound OH− ions (from the previously reported reac-
tion EC + OH- → EG− + CO2).30 This analysis suggests that neither
the amount of EC nor the amount the NiCO3·2Ni(OH)2·2H2O surface
contaminant are limiting the overall CO2 evolution in the OMS experi-
ment with “wet” NCM811 (lower panel of Figure 7). This is consistent
with the observation that the CO2 evolution rate (i.e., the slope of CO2

concentration vs. time) with “wet” NCM811 stabilizes at a constant
value for a given sample after several hours at 60°C, indicating that
the kinetics of the reaction is controlling the CO2 evolution rate.

Kinetic analysis of EC decomposition.—Next we want to analyze
the kinetics of the EC decomposition and discuss the implications for
swelling of pouch cells. Figure 10 summarizes the CO2 evolution rates
from the reaction of the NCM samples with the EC-based electrolyte
obtained from linear regression of the CO2 evolution curves in Fig-
ure 6 during the last 3 h of the experiment (note that the rate of CO2

evolution rates do not change much anymore at this point of the exper-
iment). The CO2 evolution rates are given in [molCO2 /(s·gEC)], which
are normalized units with respect to the amount of EC in the cell for
better comparability to gassing in other battery cells. It should be noted
that these data are not normalized to the rather similar BET surface
areas of NCM811 and NCM111 (roughly 0.3 m2/g for the pristine
materials, see Table I), as was done in Figure 7.

For both NCM111 and NCM811 samples, a clear trend in CO2

evolution rate is visible: (i) the “wet” samples with the highest amount
of surface contamination (see Figures 3b and 3d) show the highest CO2

evolution rates; (ii) the “dry” samples which are not free of surface
contaminants (see Figures 3a and 3c) show considerable CO2 evolution
rates as well and, (iii) the “calcined” samples show a quasi-zero CO2

evolution rate, indicating that the complete removal of reactive surface
species effectively prevents the decomposition of EC. The background
measurements with only 240 μl of 1.5 M LiClO4 in EC in the cell or
with only CAM powders also show a quasi-zero CO2 evolution rate
of <5·10−12 molCO2 /(s·gEC) when compared to the rates for “wet”
and “dry” samples. which are one to almost two orders of magnitude
higher.
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Figure 10. CO2 evolution rates at 60°C (normalized to the mass of EC) as a
measure for the EC decomposition rate, determined from a mixture of elec-
trolyte (240 μl of 1.5 M LiClO4 in EC) and “wet” (green), “dry” (blue), and
“calcined” (navy) NCMs (1.03 g).) The data was extracted from the CO2 evolu-
tion curves in Figure 7 by linear regression during the last 3 h of the 60°C tem-
perature hold; the here used electrolyte/CAM mass ratio of 0.35/1 reflects that
in commercial battery cells. The blue area represents the range of EC decom-
position rates that were determined in our previous work,30 where we directly
added H2O and OH− to the same EC-based electrolyte, at H2O and OH− con-
centrations between ∼11–280 μmol/gelectrolyte with ∼0.4–10 μmol/gelectrolyte,
respectively.

The rate of gas generation from reactions with surface groups on
the cathode materials would likely follow a rate equation like r ∝
mEC·ANCM, where mEC is the total mass of EC in the cell and ANCM

is the total surface area of NCM cathode active material in the cell.
The amount of EC would be rate limiting, since we chose an elec-
trolyte/CAM mass ratio of 0.35/1, which reflects the ratio used in
commercial battery cells. Similarly, the amount of surface groups,
which clearly scales with the available surface area, is also a limiting
factor.

An interesting observation is that the EC decomposition rates for
“wet” and “dry” samples are remarkably close to the rates obtained
for the addition of H2O and OH− to the same EC-based electrolyte
from our previous work:30 at 60°C, different concentrations of H2O
and OH− ranging from 200–5000 ppm H2O with 7–167 ppm OH−

(introduced as TBAOH·30H2O) led to CO2 evolution rates between
∼1-−10 molCO2 /(s·gEC) (see blue marked area in Figure 10). As our
previous study OH− was shown to most strongly promote EC decom-
position, it is interesting to compare the OH- concentrations achieved
by the addition of TBAOH·30H2O (a strong base, homogeneously
distributed in the electrolyte) with the estimated amount of OH− in-
troduced by the NCM surface contaminants. The above given H2O
and OH− concentrations in our previous study equate to ∼11–280
μmolH2O/gelectrolyte with ∼0.4–10 μmolOH-/gelectrolyte, respectively. This
may be compared to the H2O and OH− concentrations introduced
by the hypothesized NiCO3·2Ni(OH)2·2H2O surface contaminant on
“wet” NCM811, which we had estimated above (∼130 μmolH2O/gNCM

and ∼260 μmolOH-/gNCM), which based on the electrolyte/NCM
mass ratio of 0.35/1 equates to substantially larger concentrations of
∼370 μmolH2O/gelectrolyte and ∼740 μmolOH-/gelectrolyte (here we have
neglected the possible additional presence of LiOH on the NCM sur-
face). Thus, while we believe that the OH− catalyzed EC hydrolysis
reaction proceeds by the same reaction mechanism (viz., a nucleophilic
attack of EC by OH− with subsequent ring opening and CO2),30 in-
dependent of whether H2O/OH− or basic nickel carbonate surface
contaminants are in contact with the electrolyte, the effectiveness of
homogenously dispersed H2O/OH− to promote the EC decomposition
is obviously higher than that of surface bound H2O/OH−, as illustrated

here by the similar decomposition EC decomposition rate with “wet”
NCM811 despite the a much higher nominal H2O and OH− concen-
tration. Nevertheless, the following estimates will demonstrate that
the surface contamination triggered EC decomposition rates are quite
significant for commercial-size battery cells.

Implications for the storage of battery cells at elevated
temperature.—The reactivity of NCM surface contaminants with
alkyl carbonate electrolyte (demonstrated in Figures 7, 9, and 10)
can have a pivotal influence on the storage life of lithium-ion batter-
ies at elevated temperature. To illustrate the extent of CO2 gassing
that is to be expected during storage at 60°C, one may calculate the
amount of CO2 which would be produced over 100 h (a typical time
for storage experiments) in a 3 Ah battery using the reaction rates
given in Figure 10. Note that this estimate would apply for a bat-
tery in its discharged state, for which gassing and the associated cell
bulging is typically lower than in the charged state. Figure 11 gives
an overview of the model calculations, which are described in more
detail in the following. A 3 Ah battery would contain ∼20 g cath-
ode active material (based on an NCM capacity of ∼150 mAh/g) and
∼7 g of electrolyte (based on ∼0.35 gelectrolyte/gCAM),37 which for a
typical electrolyte formulation (e.g., the here used LP572 electrolyte
with ∼13 wt% LiPF6, ∼25 wt% EC, ∼60 wt% EMC and ∼2 wt%
VC) would correspond to ∼1.75 g EC in the cell. For this cell config-
uration, the CO2 evolution rate of 5.9·10−11 molCO2 /(s·gEC) for “wet”
NCM111 shown in Figure 10 would translate into a consumption of
∼0.2% of the EC accompanied by the formation of ∼0.9 cm3 CO2 (ref-
erenced to standard conditions of 25°C and 1 bar) over 100 h storage
at 60°C. For the gas evolution rate of “wet” NCM811, that number
would be ∼2.4 cm3 CO2 (note that for this, only ∼2% of the OH−

groups stored in the NiCO3·2Ni(OH)2·2H2O surface contaminant on
the “wet” NCM811 would be required). Since compared to our OMS
experiment, the EC content of the commercial LP572 electrolyte is
three times smaller, the CAM:EC ratio is three times higher which
most probably leads to an even higher CO2 evolution. As any gas
formation above 1–5 cm3 would likely be considered significant for
a 3 Ah pouch bag cell,57 a detrimental effect on cell-life would be
expected.58

Implications for cycling at elevated temperature.—The reduced
capacity retention for T-cells with cathodes made from “wet” NCM811
powder was demonstrated in Figure 9. The capacity fading goes along
with a decreasing mean discharge voltage and an increasing overall in-
ternal cell resistance that is much more pronounced for cells with con-
taminated NCM811 than for cells with “dry” or “calcined” NCM811.
On a mechanistic level, this can be rationalized by an accumulation of
unwanted reaction products in cells containing “wet” NCM811 that
cause a larger impedance buildup on the anode and/or the cathode. In
Figure 7 it was shown that surface contaminants lead to considerable
gassing due to the decomposition of EC-based electrolytes at elevated
temperature. By comparison with our previous work, we provided
evidence that the EC decomposition rates triggered by surface con-
taminants are comparable to the OH−-driven hydrolysis of EC-based
electrolyte (see Figure 10).30 It is thus likely that during cell cycling
at 45°C (see Figure 9) such hydrolysis reactions induced by basic
surface groups on the contaminated NCM811 material lead to the ac-
cumulation of electrolyte decomposition products on the electrodes.
Such unwanted material imposes a kinetic hindrance for Li+-ion in-
sertion/extraction and hence compromises efficient charge/discharge
cycling.59

Conclusions

In this work, we attempted an in-depth analysis of the chemical
composition and the quantity of surface contaminants on two different
metal oxide-based cathode active materials (CAMs), the widely used
LiNi1/3Mn1/3Co1/3O2 (NCM111) and the Ni-rich LiNi0.8Mn0.1Co0.1O2

(NCM811). To demonstrate the sensitivity of these materials to storage
and handling in ambient air, we preconditioned the samples in three
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Figure 11. Overview of the model calculations of CO2 generation due to the reactions of surface contaminants with the electrolyte component EC for a 3 Ah
battery cell containing “wet” NCM811 as cathode active material.

different ways: (i) the “wet” condition is obtained by storing the CAMs
under high relative humidity; (ii) the “dry” condition refers to the as-
received materials dried at standard electrode fabrication temperature;
and, (iii) the “calcined” condition refers to the “wet” samples subjected
to a heat-treatment under inert gas at 625°C for NCM111 and at 525°C
for NCM811, with the intention of removing all surface contaminants.

By TGA-MS it was shown that already the “dry” samples exhibit
a significant weight loss in the temperature range from 125–625°C,
accompanied by a characteristic H2O and CO2 evolution associated
with the presence of transition metal hydroxides and carbonates on
the surface. Infrared spectroscopic analysis further substantiated the
presence of carbonate and hydroxide/hydrate surface species; from an
experimental point of view, it was also demonstrated that the sensi-
tivity of FTIR measurements in diffuse reflectance mode (DRIFTS)
is superior compared to ATR- and transmission FTIR. The amount
of the surface contaminants is increased by “wet” storage to ac-
count for a weight loss on the order of ∼1 wt% in the case of “wet”
NCM811 upon heating to 525°C. Comparing the TGA-MS patterns
to those of several reference samples, it was found that basic nickel
carbonate NiCO3·2Ni(OH)2·2H2O is likely to be the major and the
most critical surface contaminant formed upon ambient air exposure
of NCMs (particularly of Ni-rich NCMs).

On-line mass spectrometry (OMS) measurements show that “wet”
and “dry” NCMs exhibit a high reactivity with ethylene carbonate
(EC) based electrolyte, yielding substantial amounts of CO2 by the
hydrolysis of EC with the hydroxyl groups and/or hydrates on the
NCM surface. This reactivity is quasi-zero for the “calcined” samples
where most basic surface contaminants are removed. Battery cells
built with such “calcined”, contaminant-free cathode material outper-
form cells with “wet” or even “dry” cathode material in extended
charge/discharge cycling at 45°C due to much lower cell polarization.
Against the common understanding, we show that residual Li2CO3

from the synthesis is not a detrimental surface contaminant, since it is
still present on our “calcined” samples.

In short, our main findings are 1 that NCM811 is much more prone
to surface contamination from ambient CO2 and moisture compared
to NCM111, 2 that basic nickel carbonate was identified as the major
and most important surface contaminant, and 3 that the latter clearly
has detrimental effects on the gassing behavior and on the cycling of
full cells. We are currently investigating ways to inertize metal oxide-
based cathode materials, such that storage under moisture and CO2

containing atmosphere does not lead to surface contamination.
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3.2.3. In situ DRIFTS During CO2 and H2O Exposure 

While the previous chapter presented ex situ DRIFTS data as part of a combined study47 on 

ambient storage-derived surface contaminants on NCM811 and NCM111, the present chapter contains 

the results from an in situ DRIFTS study on the reaction of NCM811 with CO2 and humidity (for 

experimental details cf. chapter 2.2). TGA-MS and NCM811//graphite full-cell cycle-life tests were 

carried out in a similar way as in said study on surface contaminants and will be critically compared to 

the in situ DRIFTS data in the following. 

During the in situ DRIFTS measurements, pure NCM811 active material powder and NCM811 

electrodes were exposed to various gas mixtures containing either CO2 in Ar, humidified Ar, or both, as 

explained in the experimental part (cf. chapter 2.2). As depicted in Table 5, the samples were first 

exposed to dry CO2 (1000 ppm CO2 in Ar, “segment 1” in Table 5) and then to moisture (humidified 

Ar, “segment 3”), before they were again exposed to dry CO2 (“segment 5”) and finally to a combination 

of CO2 and moisture (“segment 6”). Extended Ar flushing was applied to remove CO2 or residual 

humidity before switching between the various gas mixtures. The Ar flushing parts “segments 4” and 

“7” were extended to last 1 d and 2 d, respectively, in order to remove at least some of the adsorbed 

water from the sample surface before the final spectra were recorded. 

Table 5: Experimental protocol for exposing NCM811 to moisture, CO2, or a combination of both, with a total gas flow of 

1 l/min. 

Segment Short description Duration Gas mixture 

1 CO2 5 d 1000 ppm CO2 in Ar 

2 Ar 3 h Ar 

3 H2O 5 d humidified Ar 

4 Ar 1 d Ar 

5 CO2 5 d 1000 ppm CO2 in Ar 

6 CO2 + H2O 5 d 1000 ppm CO2 in humidified Ar 

7 Ar 2 d Ar 
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Figure 23: Selected spectra of the in situ DRIFTS measurement (reflectance units; arbitrary offset for better visibility) with 

NCM811 (pure CAM powder without any dilution medium). (a) NCM811 after calcination at 525°C in the initial state before 

moisture or CO2 exposure, referred to as “start” spectrum, (b) after 5 h exposure to 1000 ppm CO2 in Ar (10 min after the begin 

of segment 2, see Table 5), (c) after 5 h exposure to humidified Ar (10 min after the begin of segment 4), (d) after 1 d drying 

under Ar flow at room temperature (end of segment 4), (e) after 5 h exposure to 1000 ppm CO2 in Ar (end of segment 5), after 

5 h combined exposure to CO2 and moisture (i.e., humidified Ar with 1000 ppm CO2; 10 min after the begin of segment 7), 

and (g) after 2 d drying under Ar (end of segment 7), referred to as “end” spectrum. 

Figure 23 is a collocation of various DRIFT spectra from the in situ experiment and should serve 

to discuss the impact of CO2 and H2O in the gas phase on NCM811 powder with regards to the formation 

of IR active surface species. In the “start” spectrum of NCM811 (panel a), typical carbonate features 

(sharp band above 850 cm-1 and doublet around 1470 cm-1) as well as a sulfate band (doublet around 

1130 cm-1) can be observed. These carbonate and sulfate features are discussed in more detail in the 

study on surface contaminants of NCM811 (chapter 3.2.2).47 Segments 1 and 3 (compare Table 5) should 

serve to monitor the individual effects of CO2 or moisture on NCM811, while segment 6 comprises the 

simultaneous exposure to CO2 and moisture. Comparing spectra (a) and (b) in Figure 23, no changes 

can be observed due to the presence of dry CO2. Line (b) was recorded after 5 h with CO2 in the gas mix 

followed by 10 min Ar flow to eliminate gas phase CO2 signals. Similarly, line (c) was recorded after 

5 h moisture exposure followed by 10 min Ar flow to minimize water vapor bands that appear between 

1300 and 1800 cm-1 as well as between 3600 and 3900 cm-1 in spectrum (c) and are typical of water in 

the gas phase.226 Additional features centered at ≈3450 and ≈1650 cm-1 are visible, both being very 

broad, revealing water adsorbed on oxide surfaces.227 These signals as well as the water vapor bands 

have disappeared after 1 d Ar flushing as seen from line (d) in Figure 23, indicating that the dry Ar has 

removed most of the adsorbed water. A small feature at 1600 cm-1 has remained, which might be belong 

to a more strongly bound hydrate (H-O-H bending vibration).228,229 Surprisingly, no hydroxide signal 

(e.g., from LiOH) is found. LiOH would give rise to a sharp band at ≈3700 cm-1 (O-H stretching 

vibration).188  

As a next step in the experiment, CO2 was flown once more through the sample chamber 

(segment 5) in order to investigate whether it would react with a hydrated or hydroxylated NCM811 

surface to form carbonates. In the corresponding spectrum (e), the CO2 doublet around ≈2350 cm-1 
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appears due to the fact that there was no Ar flushing period before recording the spectrum (since there 

was a direct switch from dry CO2 to humidified CO2 as explained in Table 5), in contrast to lines (b) and 

(c). Apart from that, spectra (d) and (e) in Figure 24 appear to be identical and do not give any hint to 

additional carbonate formation. Therefore, one might hypothesize that the combined presence of CO2 

and moisture in the gas phase is a prerequisite to form carbonates on NCM811. Thus, in the following 

segment 6, the gas mix with 1000 ppm in CO2 was humidified before flowing through the sample 

chamber. Again, the corresponding data, i.e., spectrum (f), was recorded after 10 min Ar flushing to 

minimize water bands. However, when comparing lines (e) and (f), the only significant changes in the 

spectrum are connected to water adsorption signals around 3450 and 1650 cm-1 as well as water vapor 

bands in the sample chamber. After 2 days of dry Ar flow, the water adsorption bands have disappeared 

again in spectrum (f). Spectra (e) and (f) are almost identical, i.e., do not reveal drastic changes of the 

NCM811 powder after the simultaneous exposure to CO2 and H2O. The carbonate signal at ≈850 cm-1 

might have slightly increased, however the main band at ≈1470 cm-1 does not seem to have significantly 

grown in intensity.  

In order to have a closer look at the carbonate band, Figure 24a compares the “start” spectrum 

(line (a) from Figure 23) with the final “end” spectrum after long-term exposure to CO2 and H2O (line 

(f) from Figure 23) in the lower wavenumber region (750 – 1750 cm-1). In fact, the carbonate out-of-

plane vibration at ≈850 cm-1 (CO3 oop) has grown in intensity, however the carbonate stretching 

vibration at ≈1470 cm-1 has not increased as much, but slightly changed its shape. Taken together, this 

could be interpreted as a rather small increase of carbonate-based surface impurities on the NCM811, 

while a strong increase would have been expected after the prolonged exposure to CO2 and H2O. This 

might be a first hint that the DRIFTS sampling with undiluted CAM powder might not be sensitive 

enough to monitor the growth of surface species in situ. To test this assumption, the “end” sample was 

collected after the in situ experiment and then diluted with KBr at a CAM/KBr mass ratio of 1% (Figure 

24b). Similarly, a KBr dilution of NCM811 directly after calcination at 525°C was prepared, identical 

to the “start” sample of the in situ experiment. This direct comparison finally reveals a drastic growth 

of both carbonate bands when comparing “start” and “end” sample in Figure 24b. Consequently, the 

carbonate content must have largely increased due to exposure to CO2 and H2O in the in situ DRIFTS 

setup. Unfortunately, only the ex situ DRIFTS measurement with KBr dilution seems to be sufficiently 

sensitive to monitor these drastic changes.  

For comparison, Figure 24c displays data from the manuscript47 (cf. chapter 3.2.2) on surface 

contaminants for “dry”, “calcined”, and “wet” NCM811. The spectra in panel (c) have been re-plotted 

in reflectance units instead of using a KM normalization so that it can be compared to the in situ 

measurements in panel (a) and the ex situ measurements of the in situ samples in panel (b). The 

comparison between (c) and (b) clearly demonstrates that the carbonate content has risen much more 
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strongly for the in situ samples (“start” and “end” in panel (b)) as compared to the ambient storage at 

high humidity for 1 week (“dry” and “wet” in panel (c)). One reason for this might be the higher CO2 

concentration in the in situ experiment (1000 ppm for 5 days) compared to the ambient storage 

experiment (400 ppm for 7 days). In addition, even when leaving aside the separate exposure to CO2 or 

moisture in segments 1, 3, and 5 (Table 5), the simultaneous presence of moisture and CO2 in segment 

5 might have a stronger effect under gas flow conditions (10 ml/min for 5 days) in contrast to natural 

diffusion (for 7 days) in the ambient storage experiment. 

 

Figure 24: (a) in situ DRIFT spectra of NCM811 (calcined at 525°C) with “start” referring to NCM811 under Ar right before 

starting segment 1 (compare Table 5) and “end” referring to the last spectrum within segment 7, i.e., the final state of NCM811 

after long-term exposure to CO2 and humidity. (b) ex situ DRIFTS spectra of the “start” and the “end” sample (1% NCM811 

powder diluted in KBr and referenced to pure KBr as background). (c) Re-plotted data from the manuscript47 (cf. chapter 3.2.2) 

on surface contaminants on “dry” and “wet” NCM811 (reflectance units instead of KM normalization). The “calc.” sample in 

panel (c) was obtained from calcining “wet” NCM811, as described in the manuscript. In contrast, the “start” samples in panel 

(a) and (b) were prepared by calcining “dry”, i.e., pristine NCM811 (as received from the manufacturer). 

From the study47 on surface contaminants (cf. chapter 3.2.2) it is known that the cycle-life of 

NCM811//graphite full-cells is deteriorated after ambient storage of NCM811 at high humidity. In 

addition, the surface contaminants can be monitored by TGA-MS, especially the weight loss up to 525°C. 

The ex situ DRIFTS spectra of the in situ samples in Figure 24b revealed the formation of a carbonate 

amount even larger than in case of the “wet” sample from the manuscript on ambient storage (Figure 

24c). Consequently, both TGA-MS data and full-cell cycle-life would have to be drastically changed 

under the conditions used for the in situ DRIFTS experiment. To check this hypothesis, two TGA-MS 

measurements were performed, one with the “start” sample, i.e., NCM811 calcined at 525°C and another 

one with the “end” sample collected after finishing the in situ DRIFTS experiment (Figure 25a). While 

the weight loss (125 – 525°C) of the “start” sample is only 0.1%, it is as high as 2.4% for the “end” 

sample. The almost negligible weight loss for calcined NCM811 (“start” sample) is plausible, since 

calcination at 525°C removes all surface contaminants apart from Li2CO3 (as discussed in the 

manuscript47). A drastic increase of the weight loss after prolonged exposure to CO2 and H2O is of course 

expected as well. For comparison, the “wet” sample from the ambient storage experiment described in 

the manuscript47 had a weight loss of 0.74 % between 125 and 525°C. This demonstrates once more that 
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the increase of surface contaminants during the in situ DRIFTS experiment must be extremely high, 

considering the 2.4 % weight loss in the TGA, even though this was not reflected by the in situ DRIFT 

spectra.  

Considering the findings from the manuscript on ambient storage, the even higher amount of 

surface contaminants formed during the in situ DRIFTS experiment must be detrimental for the 

electrochemical performance of NCM811. As described in the experimental part (cf. chapter 2.2), 

NCM811 electrodes were placed inside the in situ DRIFTS setup to be exposed to the same amounts of 

CO2 and H2O as the NCM811 powder observed by DRIFTS. Afterwards, these electrodes underwent 

the typical drying conditions for electrodes (120°C in vacuum for 16 h), before they were built into full-

cells (“end” sample). Full-cells with NCM811 calcined at 525°C (“start” sample) were assembled for 

comparison. The corresponding cycling data are depicted in Figure 25b, revealing a dramatic difference 

between the 1C cycle-life of both samples. While the “start” sample has an initial C/10 discharge 

capacity of 184 mAh/g (cycle 1) and 1C discharge capacity of 172 mAh/g (cycle 3), the “end” sample 

starts with a value as low as 132 mAh/g at C/10 (in cycle 1) and 87 mAh/g at 1C (cycle 3). The “start” 

sample exhibits a moderate fade to 163 mAh/g (at 1C) after 200 cycles, while the “end” sample has 

almost zero capacity after only 20 cycles (4 mAh/g at 1C). Even at C/10, only 51 mAh/g discharge 

capacity are regained (cycle 51) in case of the “end” sample, which is only a fraction of the capacity of 

176 mAh/g for the “start” sample at the same cycle. This is yet another proof that the amount of surface 

contaminants formed during the in situ DRIFTS experiment is extremely high, clearly exceeding the 

one after ambient storage for one week (cf. manuscript47). 
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Figure 25: (a) TGA measurement (temperature ramp of 10 K/min) of NCM811 powder directly after calcination at 525°C, i.e., 

without any exposure (“start”) and after the in situ DRIFTS measurement, i.e., after long-term exposure to CO2 and humidity 

(“end”). (b) Corresponding Swagelok T-cell data: NCM811 electrodes were exposed under identical conditions as the NCM811 

powder. NCM811/LP57-2/T311 graphite full-cells were assembled with two glass fiber separators (VWR 691), 80 µl 

electrolyte and 10 mm electrodes with a balancing factor of 1.1 (referenced to 200 mAh/gNCM811 and 340 mAh/ggraphite). Cycle 

life tests were performed at 25°C, alternating between two C/10 cycles and 48 1C cycles, with a CCCV charge to 4.2 V vs. 

graphite (C/20 or 1 h cut-off) and a CC discharge to 3.0 V vs. graphite (details in chapter 2.2). Each value represents the average 

of two cells each, with error bars representing maximum and minimum values. 

Summarizing the above analysis, one can conclude that the DRIFTS setup used here indeed did 

allow for a well-defined exposure of CAM powders to controlled concentrations of CO2 and H2O. This 

was clearly proven by ex situ DRIFT spectra, TGA data, and NCM811//graphite full-cell cycling. 

However, in situ DRIFTS of undiluted powder samples was found to be not sensitive enough to detect 

the increase of surface contaminants such as carbonates, which are clearly formed on the surface of 

NCM811. In contrast, the ex situ DRIFTS data of the NCM811 samples before and after the in situ 

experiment confirmed the satisfactory sensitivity of ex situ DRIFT spectra of CAM samples that are 

diluted in KBr. Future experiments should focus on such ex situ DRIFTS measurements to further 

elucidate the reactions of NCM811 exposed to CO2, moisture or a combination of both. 
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3.3. Surface Modification of Layered Oxide Cathode Active Materials 

In the previous chapter it has been clearly demonstrated how sensitive Ni-rich NCM and LMR-

NCM can be towards CO2 and moisture. In the following, various surface modifications will be 

presented that were developed in order to optimize the stability of Ni-rich NCM and LMR-NCM not 

only towards CO2 and moisture, but also in terms of electrochemical aging during full-cell cycling. In 

case of LMR-NCM, a thermal treatment with SO3 was developed in order to make the material more 

robust versus humid ambient air (chapter 3.3.1). For this purpose, a tube furnace setup was developed 

including a reactor with the catalyst V2O5 that generates SO3 from SO2 and O2. The SO3 is directly fed 

into the furnace tube in order to let it react with the CAM sample placed inside. In addition, SO3-treated 

material was found to have less side reactions with the electrolyte, as well as a better full-cell cycle-life, 

a slower resistance build-up, and a higher rate capability as compared to pristine LMR-NCM. The 

experimental details of the furnace setup for SO3 treatment are described in the manuscript (chapter 

3.3.1) as well as in the experimental section of this thesis (cf. chapter 2.3.1). As explained therein, the 

same setup could be applied to treat CAMs with SO2 as well.  

In a collaboration with the Bar-Ilan University in Israel (BIU), the thermal treatments of LMR-

NCM with SO2 was investigated for different SO2 concentrations and temperatures. At BIU, an 

independent setup for the SO2 treatment of CAMs had been developed, which is described in the 

experimental section of the manuscript in chapter 3.3.2. LMR-NCM was modified by SO2 by using both 

setups (at TUM and BIU) and comparing the results. Even though the experimental conditions were 

different, in both cases the SO2 treatment was found to have similar effect on the electrochemical 

performance of LMR-NCM, i.e., significantly raising its discharge capacity. These cycling results as 

well as an in-depth characterization of the SO2-treated samples including surface spectroscopy (DRIFTS, 

XPS) and bulk  analysis (X-ray and electron diffraction) will be discussed in the manuscript in chapter 

3.3.2.  

The SO2 and SO3 treatments that were originally designed for LMR-NCM were also tested for 

the surface modification of Ni-rich NCM (cf. chapter 3.3.3). Carbonate species could be reduced 

according to DRIFTS analysis, however only at a very high treatment temperature of 400°C. In contrast 

to LMR-NCM, the electrochemical performance could not be improved in case of Ni-rich NCM, neither 

in case of SO2 nor in case of SO3. On the one hand, lower treatment temperatures have not been tested 

yet and might be the next step to do in future experiments. On the other hand, the fact that the “pristine” 

sample already contains a significant amount of sulfate, the creation of additional surface sulfates or 

sulfites upon SO2 or SO3 treatment might even be not as relevant as in case of LMR-NCM which 

contains only trace amounts of sulfate amount before SO2 or SO3 treatment (chapter 3.3.1).134  
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As mentioned in a joint patent application by TUM, BIU, and the BASF (cf. chapter 3.3.1),136 

not only SO2 and SO3, but also other gases such as BF3 are promising candidates for the modification of 

CAMs. F2 is a further example, as demonstrated by the manuscript in chapter 3.3.4. In contrast to the 

SO2 and SO3 treatments, the F2 treatment was carried out in a closed batch reactor at room temperature 

and not in a furnace tube with continuous gas flow at elevated temperature. The fluorination reaction 

was carried out by the University of Freiburg in a specially designed lab that allowed to work with 

elementary F2. Since H2O was formed inside the fluorination reactor, the CAM samples had to be 

calcined afterwards to remove the surface contaminants resulting from the reaction between Ni-rich 

NCM and H2O. The TGA-MS and DRIFTS methods developed at TUM allowed the evaluation of 

surface contaminants before and after fluorination and calcination. It was further demonstrated that the 

fluorination of NCM811 can improve the capacity retention of NCM811//graphite full-cells. Elementary 

analysis of the anode after extended cycling allows the conclusion that the transition metal dissolution 

from the cathode can be reduced by the reaction of NCM811 with F2. The fluorination of Ni-rich NCM 

samples was investigated in a collaboration within the BASF battery research network, involving the 

University of Freiburg, TUM, BIU, and the BASF. The detailed results of this study can be found in 

chapter 3.3.4. 
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3.3.1. SO3 Treatment of Lithium- and Manganese-Rich NCMs for Li-Ion Batteries: Enhanced 

Robustness towards Humid Ambient Air and Improved Full-Cell Performance 

The manuscript entitled “SO3 Treatment of Lithium- and Manganese-Rich NCMs for Li-Ion 

Batteries: Enhanced Robustness towards Humid Ambient Air and Improved Full-Cell Performance” 

was first submitted to the peer-reviewed Journal of the Electrochemical Society on June 26, 2020. A 

revised version was submitted on September 1, 2020 and published online on September 18, 2020. The 

main findings of this paper were presented by Johannes Sicklinger at the Americas International Meeting 

on Electrochemistry and Solid State Science (AiMES) 2018, on October 3, 2018 in Cancún, Mexico 

(abstract number 235). The article is published “open access” under the terms of the Creative Commons 

Attribution Non-Commercial No Derivatives 4.0 License (CC BY-NC-ND, 

http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial reuse, distribution, 

and reproduction in any medium, provided the original work is not changed in any way and is properly 

cited. A permanent link to this article can be found under https://doi.org/10.1149/1945-7111/abb6cb. 

LMR-NCM, sometimes referred to as overlithiated NCM, can be represented with the formula 

x Li2MnO3 · (1 – x) LiNixCoyMnzO2 and has a significantly higher capacity than stoichiometric NCMs 

(LiNixCoyMnzO2).2,35,88,89 However, due to its high specific surface area, LMR-NCM is prone to react 

with CO2 and moisture from ambient air, forming surface contaminants.47,134 In chapter 3.2.1, it has been 

demonstrated that the Li content can be a decisive factor and that surface contaminants are mainly 

formed if the overlithiation degree is very high. This clearly is the case for Li1.42-LMR-NCM with the 

composition 0.42 Li2MnO3 · 0.58 LiNi0.4Co0.2Mn0.4O2, and in fact it was found to strongly react with 

CO2 and moisture after storage at high humidity for one week (cf. chapter 3.2.1). In the article presented 

in the following, Li1.42-LMR-NCM was used to develop a surface modification method that makes the 

material more robust towards CO2 and moisture, thus avoiding surface contaminant formation upon 

exposure to ambient air. A special tube furnace setup was developed to generate SO3 by SO2 oxidation 

and subsequent usage of the SO3 for thermal treatments of CAMs. The experimental details of this setup 

are described in the manuscript as well as in the experimental section of this thesis (cf. chapter 2.3.1). 

The effect of SO3 treatment on LMR-NCM is described in the following, while the impact of SO2 

treatment will be discussed in chapter 3.3.2.  

The thermal treatment with a reactive gas enables well-defined conditions to modify the surface 

composition of layered oxides. The amount of soluble bases on the particle surface is reduced and 

sulfates are formed. In contrast to typical wet chemical approaches described in the literature,230–232 the 

thermal treatment with SO3 gas might offer a better scalability to be implemented in industrial CAM 

manufacturing processes. For this reason, treatments with SO3, SO2, and further reactive gases have 

been suggested in a patent application by M. Metzger, H. Beyer, J. Sicklinger et al. in a collaboration 

between Technical University of Munich, Bar-Ilan University in Israel, and the BASF SE in 

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1149/1945-7111/abb6cb
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Ludwigshafen.136 Within the manuscript on SO3 treatment on LMR-NCM, the impact of this chemical 

surface modification is investigated by surface spectroscopy (DRIFTS and XPS), mass spectrometry to 

monitor CO2 gassing from the reaction between electrolyte and CAM powder (OMS) as well as by 

electrochemical cycle-life tests in LMR-NCM//graphite coin cells. The robustness vs. CO2 and moisture 

is tested by a storage experiment at ambient air with high humidity. A similar combined analysis 

approach has been introduced in the study on ambient storage derived surface contamination of 

NCM811 and NCM111 (chapter 3.2.2).47 In the following it will be demonstrated that different to 

untreated Li1.42-LMR-NCM, the SO3-treated material is very robust towards CO2 and moisture and thus 

has superior properties with regards to side reactions with the electrolyte, full-cell cycle-life, resistance 

build-up, and rate capability. 

Author contributions 

H. B. and J. S. developed the tube furnace setup to treat CAMs with SO2 and SO3. J. S. and L. 

H. performed the DRIFTS measurements; J. S. evaluated the DRIFTS data. J. S., L. H., C. S., and F. R. 

carried out the OMS experiments, J. S. calculated the CO2 evolution rates. H. B. and L. H. carried out 

XPS measurements and XPS data analysis. J. S., L. H., C. S. and F. R. prepared electrodes and assembled 

full-cells to perform electrochemical cycling tests. J. S. evaluated and interpreted the cycling test results. 

J. S., H. B., and H. A. G wrote the manuscript. All authors discussed the data and commented on the 

manuscript. 
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Li-ion battery cathode active materials (CAMs) currently con-
sidered for battery electric vehicle applications include NCA (e.g.,
LiNi0.80Co0.15Al0.05O2) and NCMs (Li(NixCoyMnz)O2, with
x+ y+ z= 1). 1 Two of the main strategies to further increase
their specific energy density are increasing the nickel as well as the
development of lithium- and manganese-rich NCMs (LMR-NCMs)
with the composition xLi2MnO3 · (1−x)LiNixCoyMnzO2, whereby
the advantage of the latter would not only be its lower cost (due to a
low nickel content) but also its significantly higher capacity.1–4 One
drawback of higher nickel contents is the increased reactivity with
moisture and CO2 from ambient air, as described in several studies
in the literature.5–9 In case of LMR-NCMs, their typically ≈10-fold
higher specific surface area compared to NCMs10 gives rise to a
large number of reactive surface sites forming surface contaminants
when exposed to ambient air. Recently, there has been a number of
studies on the surface contamination of NCM cathode
materials.9,11–13 The reactivity of layered transition metal oxides
such as LiNiO2 and LiNi0.5Co0.5O2 with moisture and CO2 has
already been discussed in earlier studies8,14 as well as in the patent
literature.15–20 When Ni-rich or LMR-NCM are exposed to ambient
atmosphere, CO2 and H2O readily react with the particle surface
forming carbonates, hydroxides and hydrates.7,8,13,21,22 These sur-
face species lead to electrolyte decomposition, gassing, impedance
buildup, and ultimately deteriorated cycle-life.1,5,7,8,11–13,21–25 In
addition, these basic species can trigger gelation26 of NMP-based
slurries, which complicates the electrode coating process. The most
straightforward strategy to prevent such adverse effects is to avoid
any exposure to moisture and CO2 after material synthesis, which,
however, is challenging in a large-scale industrial process. Thus it
would be highly advantageous to add a step to the CAM manu-
facturing process which makes them robust against exposure to
ambient atmosphere in order to facilitate storage, large-scale ink

processing, and electrode manufacturing. For this, the reactive sites
on the surface of nickel-rich NCMs or on LMR-NCMs with very
high specific surface areas which react with CO2 and/or H2O must be
removed prior to any potential exposure of the materials to ambient
atmosphere.

Several approaches to stabilize the surface of layered transition
metal oxides have been explored in the literature. These are, for
example, wet chemical processes to produce spinel surface coatings
on LMR-NCM27 as well as on NCM28 or surface modifications of
LMR-NCMs by TiO2, Al2O3, or AlF3 coatings.29,30 None of these
studies, however discuss the impact of these modifications on the
chemical stability of the modified CAMs towards CO2 and moisture.
In our here presented study, we aim to convert the reactive surface
groups of LMR-NMC into less reactive sulfate species in order to
induce chemical stability of the CAM particles towards ambient air.
The generation of a Na2SO4 surface layer has been reported using
sodium dodecyl sulfate as a precursor, however without investi-
gating the ambient storage stability.31 In the patent literature, the
addition of sodium thiosulfate and sodium dodecyl sulfate to an
aqueous washing solution in order to reduce gas generation in pouch
cells was reported for NCA.32 An alternative route to surface
sulfation is mixing the cathode active material with Na2S2O8

powder, either in the dry state or by spray coating, as described in
the patent literature.19 Yet another approach found in the literature is
covering the surface of NCM811 particles with sulfated zirconia,
which is demonstrated to have a positive impact on cycling, again
without investigating the stability of the material upon exposure to
ambient air.33 In addition, Chae and Yim34 reported the generation
of an SOx-immobilized surface layer on Ni-rich NCM particles via a
wet-chemical approach based on a sulfate surfactant. The improved
cycling performance of the coated particles was explained by the
mitigation of side reactions with the electrolyte. The drawback of all
these surface coating approaches is that they are batch treatments
with limited scalability, while for industrial CAM manufacturing a
continuous process would be advantageous. In the study at hand we
present a novel approach for surface sulfation of layered transition
metal oxides, i.e., a thermal treatment with SO3 gas. Recently, wezE-mail: hans.beyer@tum.de
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have also studied surface passivation with SO2 gas
35 in collaboration

with the Aurbach group at Bar-Ilan University in Israel. Treatments
of cathode active materials with various reactive gases including
SO2 and SO3 are also described in our recent patent application36 in
collaboration with Bar-Ilan University and BASF. Therein, SO2 was
shown to enhance full-cell cycling performance of LMR-NCM as
well as reduce CO2 gassing by forming sulfur species on the CAM
particle surface.36 A prior patent application by Watanabe and
Deguchi describes the reactive gas treatment of calendared NCM-
based cathode sheets and claims that Li2SO4 formed due to the SO2

treatment can lower the CO2 gas generation from the decomposition
reactions of the electrolyte solution.37

Here, we explore a chemical surface modification by an SO3 gas
treatment that would be well-suited for implementation in an
industrial manufacturing process for layered transition metal oxide
based CAMs, as schematically shown in Fig. 1. The synthesis of
NCM or LMR-NCM was discussed in greater detail in our recent
study on surface contaminants.13 In brief, transition metal precur-
sors, mixed transition metal sulfates or nitrates,16,17 are mixed with a
lithium precursor (Li2CO3 or a LiOH·H2O).

15,16 The mixture is
subsequently calcined under O2-containing atmosphere, e.g., in a
pusher kiln (step 1 in Fig. 1) to form the desired layered transition
metal oxide CAM. During hydroxide or carbonate decomposition,
H2O and CO2 are formed; during the subsequent cool-down (step 2),
dry atmosphere is supplied to remove this H2O and CO2, which
would otherwise lead to the formation of surface hydroxides and
carbonates. Our proposed surface passivation procedure could easily
be added to this established process as step 3: after cool-down to the
desired treatment temperature of 160 °C or 200 °C, 0.5% SO3 is
added to a dry carrier-gas stream to react with the layered oxide
particle surface, converting reactive species such as residual lithium
(LiOH, LiOH ∙ H2O, Li2CO3) or nickel carbonate-hydroxides (such
as (NiCO3)2 • (Ni(OH)2)3 • 4 H2O)

13 on the surface of the LMR-
NCM or its oxide surface groups into passivating sulfate species.
The goal of this surface modification approach is to enable the
subsequent exposure of LMR-NCM to CO2 and H2O (step 4)
without forming surface contaminants.

To mimic the proposed surface modification approach on the lab
scale, we re-calcine the as-received LMR-NCM at 625 °C in O2/Ar
atmosphere inside a tube furnace with controlled gas flow to remove

any contaminants that may have formed unintentionally during
shipping and storage. After cool-down to 160 °C or 200 °C, we
add 0.5% SO3 to the gas stream. The reactive SO3 gas is
continuously generated by the so-called contact process, viz., by
SO2 oxidation at elevated temperature in a fixed-bed tube reactor
filled with a V2O5 catalyst (see experimental section for details). We
use Diffusive Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) and X-ray Photoelectron Spectroscopy (XPS) to demon-
strate that this treatment leads to the formation of surface sulfates.
Furthermore, we study the chemical reactivity of LMR-NCM at 60 °
C with ethylene carbonate (EC) based electrolyte by On-line Mass
Spectrometry (OMS), comparing SO3-treated and untreated LMR-
NCM. To assess the practical implications of our surface modifica-
tion approach on full-cell cycling, we test LMR-NCM//graphite coin
cells at an elevated temperature of 45 °C. In our previous work,13 we
already demonstrated that the combined DRIFTS, XPS, OMS and
electrochemical analysis represents a powerful toolbox to assess
surface contamination of layered transition metal oxides. In this
work, we extend the use of this toolbox to characterize SO3-treated
LMR-NCM surfaces and their behavior during ambient storage at
high-humidity.

Experimental

Processing of cathode active materials.—LMR-NCM was
provided by BASF, shipped under inert packaging, and stored in
an Ar-filled glovebox (O2, H2O < 0.1 ppm, MBraun, Germany). As
in previous studies from our group,10,38

Li1.17[Ni0.22Co0.12Mn0.66]0.83O2, which can also be written as 0.42
li2MnO3 ∙ 0.58 li[Ni0.38Co0.21Mn0.41]O2 was used for all experiments
in this study (with a BET area of ≈6.5 m2 g−1). To establish a well-
defined initial state of the LMR-NCM material, the as-received
material was dried using the same conditions as for electrodes, i.e.,
12 h at 120 °C under dynamic vacuum in a glass oven (Büchi,
Switzerland). This sample is referred to as “dry” (see Fig. 2, gray
box). The “calcined” sample (black box) was obtained by heat
treatment of the “dry” material in a tube furnace (Carbolite,
Germany) for 1 h at 625 °C (ramp: 10 K min−1) in a mixture of 30%
O2 and 70% Ar (99.999% purity, Westfalen, Germany) with a
controlled gas flow of 1 l min−1. This calcination method was also
included as a first step in our surface modification procedure (orange

Figure 1. Process scheme for industrial manufacturing of LMR-NCMs. The precursor mix consists of LiOH or Li2CO3 salt mixed with transition metal
carbonates (similar scheme can be found in our recent article on NCM811 and NCM111).13 The here proposed surface passivation step (step 3) is highlighted in
yellow, while the subsequent exposure test to ambient air at high relative humidity is sketched in step 4.
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box): first, the sample was calcined in 30% O2/Ar at 625 °C as for
the “calcined” sample; then, after cool-down to the desired SO3

treatment temperature, the sample was treated for 1 h at either 160 °
C or 200 °C by adding 0.5% SO3 to the 30% O2/Ar gas mixture.
These SO3-treated (referred to as “SO3 dry”) as well as the
“calcined” samples were transferred to the glovebox under inert
conditions after cool down in 30% O2/Ar (1 l min−1).

SO3 was produced by oxidation of SO2 via the industrially
established contact process39,40 conducted in a vertically aligned
tube reactor made in-house. As mentioned in the introduction, SO2

had been investigated in a previous study,35 while the paper at hand
discusses the impact of SO3 treatment on LMR-NCM. The reactor
consists of a ceramic tube (l = 1100 mm, ∅i = 12 mm, ∅o = 16 mm,
made of Degussit AL23, Friatec, Germany), jacketed by a wound
electric heating wire (l = 3,0 m, P = 350 W, Horst, Germany) that
results in a heated tube length of 50 cm, a temperature sensor (Horst,
Germany), and several layers of insulating ceramic fiber mats
(Carbolite, Germany). The heated section of the reactor was filled
with a V2O5 catalyst (Katalysator O4-111, BASF, Germany, original
star-shaped pellets that were crushed to fit into the reactor tube) and
preheated to 430 °C in an Ar (99.999%, Westfalen, Germany) flow.
At 430 °C, a gas mixture of 0.5% SO2 (99.98% purity, with <10
ppmv H2SO4 and <50 ppmv H2O, Air Liquide, Germany) 30% O2

(99.999%, Westfalen, Germany), and 69.5% Ar was fed to the
reactor from the bottom end at a space velocity of 11/h corre-
sponding to a total flow rate of 1 l min−1 when assuming a space
filling of 50% by the catalyst. These conditions are recommended by
the catalyst manufacturer to achieve a maximum conversion of SO2

to SO3. According to the directions for use provided by the catalyst
manufacturer, the conversion from SO2 to SO3 is >97% at the given
conditions. From the top end of the reactor, the product gas mixture
(consisting of SO3, O2, Ar, and residual traces of SO2) was fed to the
above-described tube furnace containing the sample via a stainless
steel gas line (Swagelok, USA). The overall setup to conduct the
here described SO3 treatment procedure is illustrated in Fig. 3.

The LMR-NCM samples referred to as “wet” and “SO3 wet” in
Fig. 2 (right-hand-side) were obtained by storing the “dry” and the
“SO3 dry” LMR-NCM samples, respectively, for one week in
ambient air that was humidified over a water bath at 25 °C, thus
exposing them to moisture (relative humidity of 85 ± 5%, as
determined by a relative humidity sensor) and the typical concentra-
tion of ≈400 ppm CO2 in air (analogous to our previous study on the
formation of surface contaminants13). In more detail, the water bath
was covered with a lid with a small hole to ensure moisture

saturation on the one hand and to allow for the diffusion of CO2

from the ambient air into the vessel. After “wet” storage, the samples
were dried in a glass oven (Büchi, Switzerland) for 12 h at 120 °C
under dynamic vacuum in order to remove physisorbed H2O;
subsequently, they were stored in an Ar-filled glovebox (<0.1 ppm
O2 and H2O, MBraun, Germany) without exposure to ambient air
after drying.

We have refrained from conducting wet storage experiments with
the as-received LMR-NCM (referred to as “dry”) after a subsequent
calcination (marked as “calcined” in the black box of Fig. 2), as we
believe that the effect of wet storage is essentially identical for the
as-received “dry” LMR-NCM as it would be for the “calcined”
LMR-NCM, since the as-received material has already undergone
calcination at ⩾800°C during manufacturing, which still does not
prevent it from rapidly accumulating surface contaminants (as will
be shown below).

Diffuse reflectance infrared fourier transform spectroscopy
(DRIFTS).—Infrared spectroscopy in diffusive reflectance mode
(DRIFTS) is sensitive to infrared active species at the surface of
particulate materials. DRIFTS spectra were recorded by an IR
spectrometer (Cary 670, Agilent, USA) using the Praying Mantis
(Harricks, USA) mirror optics that collects diffusively scattered IR
radiation from the sample. Mixtures of treated and untreated LMR-
NCM were prepared with 1 wt% of sample dispersed in finely
ground KBr (FTIR-grade, Sigma-Aldrich, Germany, dried at 120 °C
under vacuum prior to use) to characterize surface species. The
sample/KBr mixture was prepared in an Ar-filled glovebox and the
mixture was put in an air-tight chamber (HT reaction chamber,
Harricks, UK) with IR-transparent windows (KBr single crystals,
Korth Kristalle GmbH, Germany). The spectra evaluation is
described in more detail in the supporting information (Fig. S1
available online at stacks.iop.org/JES/167/130507/mmedia).

X-ray photoelectron spectroscopy (XPS).—The powders were
pressed to pellets (∅ = 3 mm) inside an argon-filled glovebox using
a hand press with a 3 mm die set (PIKE Technologies, USA) and
mounted on an electrically insulated sample holder, which can be
transferred from the glovebox into the XPS system without any air
exposure using a Kratos sample transfer chamber. Samples were
kept in the XPS antechamber until a pressure of ≈10−8 Torr was
reached and were then transferred to the sample analysis chamber
where the pressure was always kept below ≈10−9 Torr during the
whole measurement period. Spectra were acquired using

Figure 2. Depiction of the various treatments applied to the LMR-NCM material and labeling scheme of the differently treated samples that is used throughout
this manuscript: i) “dry” refers to the as-received LMR-NCM material after 12 h drying under dynamic vacuum at 120 °C; ii) “calcined” refers to this material
after calcination in 30% O2/Ar at 625 °C for 1 h; iii) “SO3 dry” refers to LMR-NCM after calcination and subsequent treatment with 0.5% SO3 at 160 °C or 200 °
C; iv) “wet” and “SO3 wet” refers to the “dry” and “SO3 dry” LMR-NCM materials, respectively, after they had been stored at high-humidity ambient air.
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monochromated Al Kα radiation (1486.6 eV) with an emission
current of 15 mA. Survey spectra were recorded for all samples with
a step size of 0.5 eV and at a pass energy of 160 eV. Detail spectra of
were recorded with a step size of 0.1 eV, a pass energy of 20 eV and
an emission current of 20 mA. For all measurements, a charge
neutralizer was used, and the spectra were energy-calibrated to the
adventitious carbon peak with a binding energy (BE) of 284.8 eV. In
addition to the LMR-NCM, also the reference samples LiSO4,
NiSO4, NiSO4 ∙ 6 H2O, LiOH, and Li2CO3 (purity > 98% for all
compounds, Sigma-Aldrich, Germany) were measured. A Shirley
background was subtracted from all spectra. A detailed overview
over the applied fitting parameters and reference spectra can be
found in the supporting information.

On-line mass spectrometry (OMS).—To test the reactivity of the
cathode active material with the electrolyte,41 515 mg of cathode
active material (dried at 120 °C in vacuum overnight) were mixed
with 120 μl of a model electrolyte consisting of ethylene carbonate
(EC) and 1.5 M LiClO4 in our OMS cell hardware,42 resulting in an
industrially relevant electrolyte to CAM mass ratio of 0.35:1.43 For
the untreated “dry” and “calcined” samples, the amounts of electro-
lyte and CAM were doubled. As discussed in our previous work,13

we use the thermal decomposition of EC as a probe for the amount
and the reactivity of surface contaminants present on the CAM
particles, and thus selected LiClO4 as an electrolyte salt that does not
react with hydroxide, carbonate, or hydrate surface groups. In
contrast to that, LiPF6 was suggested to react with carbonates
forming CO2.

44 We are aware that our “EC-only” electrolyte is quite
different to commercial electrolytes, however we have demonstrated
that it is well suited model electrolyte to probe the amount of surface
contaminants on NCM-based cathode active materials.13

Before cell assembly, all cell hardware was dried for at least 12 h
at 70 °C in a vacuum oven (Thermo Scientific, USA). The sealed cell
containing the CAM/electrolyte mixture was placed into a program-
mable controlled-temperature chamber (KB 23, Binder, Germany),
and then connected to the OMS system via a crimped capillary leak
(≈1 μl min−1 gas flux into the mass spectrometer).45 First the cell
was held at 10 °C for 5 h to record a stable baseline for all ion
current signals (m/z = 1 to 128). After that, the temperature was
raised to 60 °C and the corresponding gas evolution was recorded for
12 h (similar to storing a lithium-ion cell at elevated temperature).
The cell temperature was recorded with a thermocouple positioned
in a 1 cm deep channel drilled into the stainless steel cell body. For
translation of the OMS ion current signals Iz into units of [ppm], the
temperature was set back to 25 °C and the cell was purged with a
calibration gas containing H2, CO, O2, and CO2(each at a concen-
tration of 2000 ppm in Ar, Westfalen, Germany), by these means,
one can quantify the concentrations of H2 (m/z = 2), CO (m/z = 28),
O2 (m/z = 32), and CO2 (m/z = 44) in the cell head space.46

Electrode preparation and cycling.—The cathode coating slurry
was produced under inert conditions analogous to our previous study

on surface contaminants,13 i.e., mixing of the solid constituents,
NMP addition, and slurry preparation were carried out in an Ar-filled
glovebox inside a mixing vessel which was sealed to be air-tight
before transfer out of the glovebox. To produce LMR-NCM
cathodes for cycling, the following ingredients were blended
together: 92.5 wt% of CAM, 4 wt% carbon black (Super C65,
Timcal, Switzerland), and 3.5 wt% polyvinylidene difluoride
(PVdF, Solef 5130, Solvay, Belgium). Carbon black and PVdF
had been vacuum dried at 120 °C for 3 days before transfer to the
glovebox. After powder mixing, 0.84 g of N-methylpyrrolidone
(NMP, Sigma-Aldrich, Germany) per gram of solid (54 wt% solid
content) were added in several steps, in between of which the slurry
was mixed with a planetary orbital mixer (Thinky, Japan) in a sealed
mixing vessel until a highly viscous, lump-free coating slurry was
obtained (note that the NMP addition steps were conducted in the
glovebox). The final slurry was applied onto an 18 μm thick
aluminum foil (MTI, USA) with a 100 μm four-edge-blade
(Erichsen, Germany) inside the glovebox and then dried overnight.
Disk-shaped cathodes with a diameter of 14 mm were punched out
of the foil inside the glovebox and compressed at 2.5 t for 20 s
outside the glovebox. Assembly and disassembly of the compression
tool were carried out inside the glovebox to keep the total time of
slight air exposure below one minute. In addition, the compression
tool was wrapped twice with plastic bags before transferring out of
the glovebox to minimize the eventual air contact of the electrodes.
After compression, the cathodes were then weighed inside the
glovebox, dried overnight in a vacuum oven at 120 °C, and
introduced into an Ar glovebox without exposure to ambient air.
The areal loading of the LMR-NCM cathodes after drying was 5.0 ±
1.0 mgLMR-NCM/cm

2, corresponding to an areal capacity of 1.6 ± 0.3
mAh cm−2 when referenced to the specific charge capacity of 320
mAh/gLMR-NCM for the activation in the 1st cycle. Note that the
reversible capacity after activation is around 250 mAh/gLMR-NCM.

The graphite anodes were prepared with a composition of 95 wt%
T311 (SGL Carbon, Germany) and 5 wt% PVdF (Kynar HSV900,
Arkema, France) under addition of 0.69 g of NMP per gram of solids
(59 wt% solid content) in the same sequential mixing process as for
the cathodes. The resultant coating slurry was applied onto a 12 μm
thick copper foil (MTI, USA) with a 100 μm four-edge-blade
(Erichsen, Germany) and then dried overnight in a convection
oven at 50 °C. Disk-shaped electrodes with a diameter of 16 mm
were punched out of the foil and compressed at 0.5 t for 20 s. The
anodes were then weighed, dried overnight in a vacuum oven at 120
°C, and introduced into an Ar glovebox without exposure to ambient
air. The areal loading of the graphite anodes after drying was 6 ± 1
mggraphite cm

−2, corresponding to an areal capacity of 1.9 ± 0.3 mAh
cm−2 based on a specific capacity of 340 mAh/ggraphite (corre-
sponding to 1.5 ± 0.25 mAh cm−2 when referenced to the reversible
LMR-NCM capacity after activation of 250 mAh/gLMR-NCM). The
thereby achieved balancing of the LMR-NCM//graphite full-cells
ranges from 1:1.2 to 1:1.3 in units of [mAh cm−2] referenced to the
1st charge capacity of the cells.

Figure 3. Detailed scheme of the tube furnace setup for the SO3 treatment of LMR-NCM samples. On the left hand side, the contact process, i.e., the oxidation
of SO2 with O2 over a V2O5 as catalyst is depicted, using a feed gas composition of 0.5% SO2, 30% O2, and 69.5% Ar (the latter serves as carrier gas) at a space
velocity of 11/h. The gas mixture exiting the reactor and containing the highly reactive gas SO3 then flows through the heated tube furnace, where the LMR-
NCM sample is placed and where the desired reaction between SO3 and the LMR-NCM surface takes place. The exhaust gases are quenched by a water washing
bottle (on the right hand side) to avoid the emission of hazardous and corrosive SO3.
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Electrochemical testing was conducted in CR2032 type coin cells
at 45 °C with 30 μl of an electrolyte containing fluoroethylene
carbonate (FEC) which already had been applied in a previous study
from BASF and our group,47 viz., FEC:DEC (12:64 v:v) with 1 M
LiPF6 and 24 vol% of an additional fluorinated co-solvent to
improve full-cell cycling stability (BASF, Germany). Anode and
cathode are separated by one polyolefin separator (Celgard H2013,
USA) with 17 mm diameter. The cycling protocol is summarized in
Table I and consists of the following sequence: i) a constant-current
(CC) activation cycle at C/15 (segment 1), which is required to
obtain the full capacity of the LMR-NCM cathode48; ii) three cycles
at slow rate of C/10 (CC) (segment 2); iii) a DCIR (direct current
internal resistance) pulse, which is a 10 s discharge pulse (C/5) at
40% SOC (state-of-charge) with simultaneous recording of the cell
voltage to calculate the internal resistance (sum of all resistance
contributions) using Ohm’s law (segment 3); iv) three cycles at fast
rate of 3 C with CCCV charging (CC charge followed by a constant-
voltage hold until the current drops below C/10) and CC discharging
(segment 4); and, v) 33 standard cycles with C/2 (CC) charging and
1 C (CCCV) discharging (segment 5). Segments 2–5 are repeated
several times. Note that C-rates are referenced the reversible
capacity of LMR-NCM after activation of 250 mAh g−1.

Results

Identification of surface species on pristine and SO3-treated
LMR-NCM.—Infrared spectroscopy provides qualitative under-
standing of how the SO3 treatment impacts the LMR-NCM particle
surface. While Fourier Transform infrared spectroscopy (FTIR) in
transmission mode is not very sensitive to surface groups on the
oxide particles, Diffusive Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) is very sensitive even to low amounts of IR-
active species on the particle surface, as demonstrated in our recent
study on surface contaminants.13 As described in the supporting
information, all spectra are normalized to the oxide band at
570 cm−1. Figure 4 contains spectra of the as-received and dried
(“dry”) and the SO3-treated (“SO3 dry”) LMR-NCM. For the
detailed band assignment, see Table II.

The “dry” reference sample (black line; lower-most line in Fig. 4)
contains a significant amount of carbonate impurities, as indicated
by the band around 1470 cm−1. This asymmetrical CO3 stretching is
split into two bands due two lower symmetry of the carbonate anion
at the surface compared to carbonate anions in the bulk of pure
Li2CO3.

50 Even in case of the LMR-NCM samples that were not
treated with SO3 gas (“dry,” “wet” and “calcined”; left panel), a
trace amount of sulfate is detected (SO4 stretch around 1130 cm−1),
which accounts for trace impurities of transition metal sulfates
typically used as dissolved salts in the precipitation process to
prepare the precursor in the LMR-NCM manufacturing process.
Since there are no characteristic features of the sulfite ion detected,
i.e., no strong band at ca. 1000 or 950 cm−1(see Table II), this
DRIFTS analysis gives a first hint that in contrast to sulfates, no
sulfites have been formed. This is supported by the XPS analysis that

will be discussed later, where we will find that SO3 treatment
exclusively leads to sulfate formation.

Since the first step of our thermal gas treatment procedure is the
calcination at 625 °C, the calcined sample represents the best
reference for a comparison with the SO3-treated LMR-NCM.
Indeed, after calcination (black line), the carbonate band has nearly
vanished due to thermal decomposition of all surface impurities
except Li2CO3, which in its bulk form decomposes above ≈700
°C.65 This is of course in great contrast to “wet” LMR-NCM
(turquoise line in Fig. 4), where a negative band is observed for the
hydrate/hydroxide region between 2500 and 3600 cm−1 (minimum
at 3450 cm−1), which seems counterintuitive, since one would
expect an upward pointing feature for infrared absorbing species.
A very high concentration of surface contaminants would explain the
negative shaped hydrate/hydroxide region in case of “wet”
LMR-NCM.13 In case of the carbonate band around 1470 cm−1,
an also frequently observed phenomenon is observed, namely a
derivative shape of the DRIFTS signal, which is known to occur for
highly concentrated species in DRIFTS spectroscopy.66 “Derivative
shape” means that the peak does not exclusively point in one
direction, but that it is distorted in such way that it contains upward
as well as downward pointing parts (best illustrated by the feature of
the turquoise line near 1470 cm−1 in the left panel of Fig. 4), which
clearly is the case for the carbonate signal of “wet” LMR-NCM.
Consequently, it is safe to say that the “wet” LMR-NCM sample
must have a much higher carbonate content than the “dry” and the
“calcined” samples. The latter one does only have an extremely
weak carbonate band and no hydroxide/hydrate signal at all.

In case of the SO3 gas treated LMR-NCM materials, namely the
“SO3 160 °C dry” and the “SO3 200 °C dry” samples, the intense
sulfate signals at 1130 cm−1 including the shoulder/side band at
1160 cm−1 clearly prove the formation of surface sulfates over the
course of the SO3 treatment (Table II). The sulfate band intensity for
the “SO3 200 °C dry” sample is even higher compared to the “SO3

160 °C dry” sample, indicating a higher amount of sulfate at higher
SO3 gas treatment temperature. This is consistent with XPS data, as
will be discussed in the following section. The side bands at
1300 cm−1 and 820 cm−1 are likely due to either pyrosulfate
groups51–53,55–60or to vibrational features caused by the interaction
of neighboring sulfate groups on the oxide surface.

After storage of the LMR-NCM samples at ambient air with high
relative humidity, both of the SO3-treated samples (“SO3 160 °C
wet” and “SO3 200 °C wet”) exclusively exhibit upward pointing,
i.e., purely absorptive bands in both the carbonate and the hydrate/
hydroxide region (right panels in Fig. 4). While a derivative shape of
the carbonate band around 1470 cm−1 was observed for the “wet”
sample that was not treated with SO3 (turquoise line in the left panel
of Fig. 4), no such behavior is observed for the SO3-treated samples
after exposure to humid air (“SO3 160 °C wet” and “SO3 200 °C
wet”), which clearly indicates that these samples contain much less
hydrate and hydroxide species compared to untreated “wet” LMR-
NCM, demonstrating their superior robustness against exposure to
moisture. Interestingly, the sulfate stretching vibrations at

Table I. Cycling protocol for LMR-NCM//graphite coin cells at 45 °C with 30 μl of electrolyte (FEC:DEC (12:64 v:v) with 1 M LiPF6 and 24 vol%
of an additional fluorinated co-solvent), and one polyolefin separator (Celgard H2013, USA). Segments 2–5 are repeated 4 times and C-rates are
referenced to 250 mAh/gLMR-NCM; CC (constant-current), CCCV (constant-current constant-voltage with C/10 lower current limit), DCIR (direct
current internal resistance) measurement at 40% SOC (state-of-charge), with “SOC” referring to the last discharge capacity of segment 2. The
partial charge and discharge cycle directly before/after the DCIR pulse was carried out at C/10. Before the DCIR pulse (at a current corresponding
to C/5) was applied, the cell was allowed to rest for 1 h in OCV mode.

Segment Potential range [V vs Li/Li+] Charge rate Discharge rate Cycles Repeats

1 Activation 4.8−2.0 C/15 (CC) C/15 (CC) 1 0
2 Slow cycling 4.7−2.0 C/10 (CC) C/10 (CC) 3 4 (start of loop)
3 DCIR After C/10 charge to 40% SOC and 1 h OCV — C/5 pulse 1 4
4 Fast cycling 4.7−2.0 C/2 (CCCV) 3 C (CC) 3 4
5 Standard cycling 4.7−2.0 C/2 (CCCV) 1 C (CC) 33 4 (end of loop)
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1130 cm−1 are significantly enhanced when comparing “wet” stored
SO3-treated samples to “dry” SO3-treated samples. This could either
point to an increased absorption coefficient of hydrated or protonated
sulfate anions versus “free” sulfate anions or to surface rearrange-
ments. In other words, this might indicate that SO3 treated LMR-
NCM with sulfate surface groups can still get hydrated when
exposed to humidity.

The impact of SO3 gas treatment on the surface modification of
LMR-NCM and on the vulnerability of the material to “wet” storage
will be discussed further in the upcoming XPS section.

In Fig. 5, S 2p spectra of pristine and SO3-treated LMR-NCM
samples can be seen. The main figure displays the data for the “200 °
C SO3” sample. According to the literature67,68 and our reference
measurements of sulfates in the supporting information (see Fig. S2),
the S 2p3/2 signal of sulfates (labelled as “M-SO4”) is found at 168.7
± 0.2 eV and is clearly detected at that position for the “200 °C SO3”

sample, while no sulfite (labelled at “M-SO3,” with S 2p3/2 at 166.8
± 0.2 eV) or sulfide (labelled as “M-S,” with S 2p3/2 at 163.0 ±
1.0 eV) can be found.67,68 Thus it is clear that SO3 treatment
exclusively leads to the formation of sulfate groups, as was already
indicated by the above DRIFTS analysis. The impact of SO3

treatment temperature is demonstrated by the comparison of three
LMR-NCM samples in the inset of Fig. 5. In case of the as-received
and dried LMR-NCM (“dry”), no significant peak is visible in the S
2p spectrum, i.e., the sulfate impurities in pristine LMR-NCM,
which were discussed above on the basis of the DRIFTS data, must
be a rather minor amount. The LMR-NCM treated in SO3 at 160 °C
(“SO3 160 °C dry”) already exhibits a clearly marked “M-SO4”

signal, with a high peak of high intensity, which is doubled for the
“SO3 200 °C dry” sample. This clearly indicates that an increase in
SO3 treatment temperature leads to a higher amount of sulfate
formed on the LMR-NCM surface. Note that we had also explored
the treatment of LMR-NCM with SO3 at a lower temperature of 120
°C, but that the M-SO4 XPS signals in this case were so low that we
decided to not examine it any further.

In the following, we will continue to discuss the surface
composition of the untreated and SO3-treated LMR-NCM samples
on the basis of the XPS O 1 s data (Fig. 6).

Peak fitting of the O 1s region was performed based on literature
data,69–72 as well as reference data, i.e., O 1s spectra of Li2SO4,
NiSO4 and NiSO4 ∙ 6 H2O (see Fig. S2). For “dry” LMR-NCM, two
distinct features can be seen, the lattice oxygen (529.2 ± 0.2 eV)
labelled as ‘Lattice O2−

‘ as well as hydroxide/carbonate impurities
(531.3 ± 0.2 eV) labelled as “M-OH/CO3”; details on these binding
energy assignments are given in the “XPS reference data” section of
the supporting information.

For the “SO3 160 °C dry” sample, a sulfate O 1s peak labelled as
“M-SO4” appears in addition to the hydroxide/carbonate/hydroxide
impurity peak, which is in line with the S 2p data. It has to be noted
that the apparent increase of the “M-OH/CO3” component in the
XPS fit of the “SO3 160 °C dry” compared to the “dry” LMR-NCM
is likely due to some uncertainty in the quantitative differentiation
between the hydroxide/carbonate impurities (531.3 ± 0.2 eV) and
sulfate (532.0 ± 0.2 eV) signals rather than to an increase of surface
impurities after the SO3 treatment; a more quantitative analysis is
unfortunately impossible, since the peak maxima are only 0.3–-
0.8 eV apart from each other. This leaves two options to explain the
“M-OH/CO3” component in case of “SO3 160 °C dry”: (i) OH/CO3

is increased compared to untreated “dry” LMR-NCM, but we cannot
use the data as a proof of an increase, since the uncertainty is too big;
(ii) the amount of OH/CO3 is not increased and the signal change
only reveals the uncertainty of the method. While we cannot exclude
a tiny contamination with ambient air, we did not deliberately
expose “SO3 160 °C dry” LMR-NCM to ambient air or moisture, so
we believe that option (ii) is more likely.

In case of the “SO3 200 °C dry” sample, the “M-SO4” fraction is
drastically increased, which is again in line with the S 2p data shown
in Fig. 5. The hydroxide/carbonate impurity peak appears to have
vanished, which should again not be interpreted in a quantitative
manner due to the above-mentioned uncertainty of the fit, but as a
trend it is consistent with the decrease of the carbonate and
hydroxide bands after SO3 treatment observed by DRIFTS (Fig. 4).

Figure 4. DRIFT spectra of the differently treated LMR-NCM samples, with the Kubelka-Munk intensity normalized to the oxide band at 570 cm−1 (see
supporting information); the spectra are offset arbitrarily along the y-axis for better visibility. Left panel: as-received and dried LMR-NCM (“dry”) as well as
after calcination of the “dry” sample (“calcined”) or after its wet storage (“wet”). Upper right panel: LMR-NCM treated with SO3 at 160 °C (“SO3 160 °C dry”)
and after its wet storage (“SO3 160 °C wet”). Bottom right panel: LMR-NCM treated with SO3 at 200 °C (“SO3 200 °C dry”) and after its wet storage (“SO3 200
°C wet”).
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Table II. Assignment of vibrational frequencies of the relevant species with strong (s), medium (m), weak (w) intensity or shoulder (sh).

Frequency Assignment Comments/literature references

Region around 3450 cm−1 (2500 to
3600 cm−1)

OH−/H2O OH− stretching vibration49 at 3575 cm−1 Stretching vibration of the hydrate H2O molecule49 at
2965 cm−1

1470 cm−1 (s) CO3
2−, HCO3

− CO3 asymmetric stretch50–54

1300 cm−1 (s) S2O7
2− 52, 53, 55, 56

1130 cm−1(s) SO4
2− SO4 stretch

51–53,57–60

1060 cm−1 (sh) SO4
2−, S2O7

2− 51–53, 55–60
1002 (m) SO3

2− 51, 52, 61
954 (s) SO3

2− 51, 52, 61
860 cm−1 CO3

2− CO3 bending out of plane vibrations50–53

820 cm−1 (w-m) S2O7
2− 52, 53, 55, 56

632 (w) SO3
2− 51, 52, 61

570 cm−1 (s) Li1+xM1−xO2 MO6 stretch
62–64
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Impact of wet storage on the surface composition.—We now
want to elucidate the effects of LMR-NCM material storage at high
relative humidity ambient air (“wet” storage) by additional XPS
data. Figure 7 thus depicts O 1s spectra of as-received “calcined”
and “wet” LMR-NCM samples in comparison to LMR-NCM treated
with SO3 at 160 °C in “dry” state (same data as mid panel in Fig. 6)
as well as after “wet” storage.

When comparing as-received “calcined” and “wet” LMR-NCM
(Fig. 7, left panel), the peak representing hydroxide/carbonate
impurities is more pronounced after storage of the material at high
relative humidity ambient air, which is in line with DRIFTS data
(Fig. 4). Comparing the SO3-treated samples in “dry” and “wet”
condition (Fig. 7, right panel), changes in hydroxide/carbonate and
sulfate content are within the uncertainty of the fit, so that it is not
possible to determine whether the amount of hydroxide/carbonate
species has increased upon wet storage. The only significant
difference between the two spectra is the appearance of an additional
peak at ≈533 eV appearing after “wet” storage (labelled as “misc.”),
which either points to the formation of a hydrated sulfate or to
sodium contamination, as detailed in the supporting information: A
comparison of anhydrous nickel sulfate with its hydrate NiSO4 ∙ 6
H2O reveals a signal at ≈533.5 eV for the hydrate (Fig. S2 and Table
SI). On the other hand, the XPS survey scan of the “SO3 160 °C dry”
sample clearly shows evidence for the presence of sodium (Fig. S3),
presumably from the synthesis process, so that the peak at ≈533 eV
could also correspond to the NaKLL Auger line at 533 eV.73 It is
unclear, if both effects play a role or if only one of them causes the
additional peak at ≈533 eV for “wet” stored SO3-treated LMR-
NCM.

Effect of surface contaminants on electrolyte stability.—Having
discussed the surface composition of SO3-treated LMR-NCM via
DRIFTS and XPS analysis, we now want to investigate the impact of
the different LMR-NCM surfaces on the stability of an ethylene
carbonate (EC) based electrolyte in contact with the cathode active
material at elevated temperature. The following experiment is based
on our previous study,41 where we demonstrated that catalytically
active hydroxide ions (OH−) in the presence of trace amounts of

Figure 5. Analysis of the S 2p XPS data of the LMR-NCM material treated
in SO3 gas at 200 °C (“SO3 200 °C dry”; main figure), with the y-axis given
in counts per second (cps). Inset: Comparative signal intensities of the dried
as-received LMR-NCM (“dry”) and of the samples treated with SO3 gas at
different temperatures (“SO3 160° dry” and “SO3 200 °C dry”) normalized to
the intensity at 1200 eV. Background subtraction (data in the inset) was done
after normalization.

Figure 6. XPS O 1s region for the LMR-NCM samples “dry,” “SO3 160 °C
dry” and “SO3 200 °C dry” (same samples for which the S 2p data are shown
in Fig. 5).

Journal of The Electrochemical Society, 2020 167 130507



H2O can lead to a rapid decomposition of EC at the approximately
upper temperature limit for lithium-ion battery operation. The
decomposition of EC is induced by a nucleophilic attack of OH−,
and a subsequent ring opening reaction of EC under abstraction of
CO2. In a more recent study,13 we demonstrated that a similar
reaction can be triggered by basic surface contaminants like NiCO3 ∙
2 Ni(OH)2 ∙ x H2O. We also showed that this reaction not only leads
to the decomposition of EC-based electrolyte and accumulation of
CO2 gas in the battery cell, but also to a deterioration of battery
performance.

For this purpose we conducted an on-line mass spectrometry
(OMS) test analogous to our previous work,13,41 exposing a mixture
of cathode active material to EC-only electrolyte (EC + 1.5 M
LiClO4) at a realistic mass ratio24 of 0.35:1 at an elevated
temperature of 60 °C and following the evolution of CO2 over
time. This EC decomposition experiment only accounts for hydro-
xide based impurities,13,41 but not for carbonates such as Li2CO3,
which does not react with the organic carbonate solvent itself.74 We
mixed 515 mg LMR-NCM with 120 μl EC-only electrolyte; in case
of the untreated "calcined" and "dry" samples, 1.03 g cathode active
material and 240 μl electrolyte were used to enhance the sensitivity
for the expected much smaller amounts of evolved CO2. The impact
of wet storage on gassing was investigated for untreated as well as
SO3-treated LMR-NCM (Fig. 8).

Figure 8a illustrates the cell temperature set points (black line)
and the cell temperature profile (red line) in the OMS experiment.
First, the CO2 baseline signal is recorded at 10 °C for 3 h and
subsequently a step to 60 °C is applied to trigger the EC decom-
position reaction. After 12 h at 60 °C, the total amount of CO2 has

reached ≈56 μmol/gEC for the untreated LMR-NCM after a 1 week
storage at high relative humidity air (“wet,” see Fig. 8b) compared to
≈27 μmol/gEC for as-received and dried LMR-NCM (“dry”), which
corresponds to an increase by a factor of two. However, with the as-
received and calcined LMR-NCM (“calcined”), the CO2 evolution is
drastically reduced, leading to the formation of only ≈9 μmol/gEC
after 12 h at 60 °C, which is ≈3-fold less than observed for the “dry”
sample. It should be noted that for the “dry” sample a different
temperature chamber was used which needed slightly more time to
reach the 60 °C setpoint temperature (data not shown), so that the
initial CO2 increase is a bit more delayed compared to the other
samples. When determining the CO2 evolution rates from the CO2

concentration increase over the last hour of the experiment (Fig. 8d),
the differences become even more drastic, with an essentially
negligible CO2 evolution rate of ≈6.6·10−13 molCO2/(s·gEC) for the
“calcined” LMR-NCN sample compared to ≈1.7·10−10 and
≈3.7·10−10 molCO2/(s·gEC) for the “dry” and the “wet” samples.
The impact of wet storage of cathode active materials on the EC
decomposition at elevated temperatures as well as the much reduced
degradation after a complete removal of surface contaminants by
are-calcination of cathode active materials in combination with a
strict avoidance of air exposure has already been described in our
previous study with NCM811.13

Figure 8c shows the same CO2 gassing analysis for the LMR-
NCM material treated with SO3 at 160 °C before and after wet
storage (“SO3 160 °C dry” and “SO3 160 °C wet,” respectively). For
both cases, the total amount of evolved CO2 over 12 h at 60 °C is
identical (≈7 μmol/gEC) and also quite similar to the “calcined”
sample that was not treated with SO3 (≈9 μmol/gEC). Furthermore,

Figure 7. Effect of LMR-NCM material storage at high relative humidity ambient air (“wet” storage, see Fig. 2). O 1 s XPS of as-received “calcined” and “wet”
LMR-NCM (left panel) compared to the sample treated with SO3 at 160 °C without and after exposure to high humidity ambient air (“SO3 160 °C dry” and “SO3

160 °C wet,” respectively; right panel).
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the CO2 evolution rate (Fig. 8d) of the “wet” SO3-treated sample,
appears to be slightly lower than the one of “dry” SO3-treated
material (≈0.26·10−10 compared to ≈0.78·10−10 molCO2/(s·gEC)),
which might be a deviation within the error margin of the method. In
summary, the EC hydrolysis experiments demonstrate that the SO3

treatment leads to a preservation of the low level of hydroxide-based
surface contaminants achieved by the prior calcination, even if
exposed to excessive moisture.

Cycling of LMR-NCM//graphite cells.—LMR-NCM//graphite
coin cells with 30 μl of electrolyte (BASF) using differently pre-
treated LMR-NCM samples were subjected to extensive cycling at
an elevated temperature of 45 °C. The voltage profiles of the first
activation cycle at C/15 are displayed in Fig. 9. The characteristic
features, namely the sloping plateau between 3 and 4.4 V as well as
the activation plateau at 4.5 V are similar for SO3-treated as well as
untreated LMR-NCM samples, while the first cycle charge and
discharge capacities vary. First, the calcination of the as-received
LMR-NCM (“calcined”) positively impacts the activation charge
capacity, resulting in an increased capacity of 365 mAh g−1

compared to 340 mAh g−1 for as-received and dried LMR-NCM
(“dry”). This might be explained by a re-intercalation of lithium
from surface impurities into the layered oxide lattice during
calcination under oxygen, as reported previously for NCM622.22

In contrast, the SO3-treated samples exhibit a lower capacity of
319 mAh g−1 during the first charge. The same holds true for the
first discharge, with 252–254 mAh g−1 for the SO3-treated samples
compared to 271 mAh g−1 for the untreated material and 274 mAh
g−1 for the calcined one. However, this difference in initial
discharge capacity may not be relevant for the practical performance
of a battery cell with regards to cycle-life and rate capability, which
will be discussed in the following.

From Fig. 10a it can be seen that the 1 C cycling capacity
retention is rather similar for the “dry,” “calcined,” and the 160 °C

Figure 8. (a) Temperature set point and cell temperature vs time during (b) OMS measurements with mixtures of 120 μl of EC-only electrolyte (1.5 M LiClO4 in
EC) with 515 mg of untreated cathode active material in the conditions “wet” (blue line), “dry” (black line) and “calcined” (grey line). The total CO2 amount is
normalized to the mass of electrolyte [μmolCO2/gEC] (y-axis). (c) The green lines show the CO2 evolution of LMR-NCM treated with SO3 at 160 °C before and
after wet storage (“SO3 160 °C dry” and “SO3 160 °C wet,” respectively). (d) The CO2 evolution rate is determined from the slope (linear fit) of the CO2 signal in
the last hour of the measurement.

Figure 9. Voltage profiles of LMR-NCM//graphite coin cells for the first
activation cycle at 45 °C (4.8 V–2.0 V at C/15). Comparison of SO3-treated
and untreated LMR-NCM. Cell setup and cycling protocol are described in
Table I.
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SO3-treated LMR-NCM materials, while the capacity retention and
the cell-to-cell deviation is slightly worse for the “SO3 200 °C dry”
sample, which suggests that the SO3 treatment at 200 °C is perhaps
too harsh. Overall, the discharge capacity at C/10 (Fig. 10b, open
circles) is slightly higher for untreated LMR-NCM (“dry” and
“calcined”) compared to the SO3-treated samples, which is consis-
tent with a minor loss of active lithium due to sulfation as evidenced
by the first-cycle discharge capacity (see Fig. 9). However, while the
3 C rate performance (b, solid circles) of “dry” and “calcined” LMR-
NCM is comparable, it is drastically improved by the SO3 treatment,
particularly for the LMR-NCM material treated in SO3 at 160 °C
(“SO3 160 °C dry”), again indicating that the higher SO3 treatment
temperature and the thus higher extent of M-SO4 surface groups (see
Fig. 5) is disadvantageous. For this reason, the LMR-NCM material
treated in SO3 at 160 °C was chosen for the above OMS experiments
to investigate the impact of wet storage on the decomposition rate of
EC at 60 °C.

The mean discharge voltage of the LMR-NCM//graphite cells is
similar for all LMR-NCM samples (Fig. 10c), which means that the
SO3 treatment did not significantly influence the electrochemical
bulk properties and bulk charge/discharge characteristics of the
LMR-NCM samples. In contrast, the internal resistance build-up

during cycling (measured from 10 s DCIR pulses at 40% SOC) is
drastically reduced by the SO3 treatment (Fig. 10d). In fact, the trend
of the thus obtained resistance values is consistent with that observed
for the 3 C rate performance (Fig. 10b, solid circles): The “SO3 160 °
C dry” sample has the lowest resistance build-up and consequently
the best rate capability.

The key question to be answered in this work is, whether the
sulfated LMR-NCM material is more robust against wet storage
conditions, as was indicated by the above DRIFTS, XPS, and OMS
analysis, and whether this indeed would be reflected in a superior
cycling performance after wet storage. The comparison of the
extended charge/discharge performance of LMR-NCM//graphite
cells with the untreated “dry” and “wet” LMR-NCM samples in
Fig. 10 clearly illustrates the adverse effect of wet storage conditions
on untreated LMR-NCM in terms of cycle-life (Fig. 10e), rate
performance (Fig. 10f), and resistance build-up (Fig. 10h). Only the
mean discharge voltage (Fig. 10g) is unaffected by wet storage
conditions, which means that surface contaminants do not signifi-
cantly influence the electrochemical bulk charge/discharge charac-
teristics of the LMR-NCM material. This observation is supported
by the electrochemical charge/discharge profiles of the first C/15
cycle shown in Fig. S4 in the supporting information. These voltage

Figure 10. (a)–(d) Impact of SO3 treatment on full-cell performance of LMR-NCM//graphite coin cells with differently pre-treated LMR-NCMs at 45 °C
(average of two cells each, with error bars representing maximum and minimum values). (e)–(f) Effect of a one week long storage at high relative humidity air on
SO3-treated and untreated LMR-NCM materials (“dry” data are the same as in panels (a)–(d)). The various panels show: (a), (e) Discharge capacity (Qdis) at 1 C
(only every fifth cycle is displayed for the sake of better visibility); (b), (f) discharge capacity at intermittent cycles at C/10 and 3 C (the last one of the three
cycles for every rate is displayed); (c), (g) mean discharge cell voltage (MDV) at C/10; and, (d), (h) DCIR pulse resistance (R) after charge to 40% SOC. The
detailed cell setup and cycling protocol are given in the Experimental section and in Table I.
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profiles are rather similar for “dry” and “wet” LMR-NCM, inde-
pendent of whether they have been SO3 treated or not prior to
exposure to ambient air at high relative humidity.

In contrast to untreated LMR-NCM, the cycling performance of
the SO3-treated sample is not significantly affected by the wet
storage. The capacity retention of the “SO3 160 °C wet” sample
(Fig. 10e, green symbols) is similar to untreated “dry” LMR-NCM
(black symbols), which means it is also similar to the “SO3 160 °C
dry” material (compare Fig. 10e). Moreover, the rate capability of
the “SO3 160 °C wet” material is even better than the one of
untreated LMR-NCM in dry condition (Fig. 10f), and again similar
to the “SO3 160 °C dry” material (compare Fig. 10f). Finally, the
“160 °C SO3 wet” material has a similar resistance build-up as the
“dry” LMR-NCM (Fig. 10h), which is only slightly higher than for
the “SO3 160 °C dry” material (compare Fig. 10d). This dramatic
improvement of the storage stability due to SO3 treatment becomes
even more apparent when comparing the resistance build-up of
untreated vs 160 °C SO3-treated LMR-NCM, both in “wet”
condition (Fig. 10h).

In summary, the SO3 treatment at 160 °C renders the LMR-NCM
material robust against extended storage at high relative humidity in
terms of cycling performance and gassing. It therefore is a powerful
protection method for cathode active material particles to allow their
storage and handling in ambient atmosphere.

Conclusions

In this study we present a novel, continuous, and scalable
procedure for the surface sulfation of LMR-NCM cathode active
materials, which can be integrated into the industrial manufacturing
process of LMR-NCM and other cathode active materials. It
combines SO3 formation by the established contact process with
the subsequent SO3 treatment of LMR-NCM in a tube furnace
directly after the removal of surface contaminants by calcination, or
alternatively directly integrated into the cool-down step in the
production of LMR-NCM.

We show that this surface treatment leads to the formation of
surface sulfate groups. We further demonstrate the positive impact
of this surface sulfation on the electrochemical performance of
LMR-NCM in full-cells as well as on its robustness towards ambient
storage and handling.

In the SO3 treatment at 160 °C or 200 °C, sulfates are formed on
the surface of LMR-NCM, as shown by the surface sensitive
spectroscopic analysis techniques DRIFTS and XPS. This sulfate
formation is accompanied by a minor loss of active lithium that is
evident from the first-cycle charge capacity, which is however over-
compensated by positive effects such as increased rate capability,
reduced resistance build-up, less gassing, and enhanced storage
stability.

We showcase the superior robustness of SO3-treated LMR-NCM
to ambient storage and handling by storing it for one week at high
relative humidity ambient air. Finally, measurements with LMR-
NCM//graphite full-cells demonstrate that there is no performance
loss after wet storage of SO3-treated LMR-NCM, in contrast to
untreated LMR-NCM, which suffers from significant capacity fading
if subjected to the same wet storage conditions. Another important
aspect is the drastically reduced internal resistance build-up for
SO3-treated LMR-NCM material. In summary, our surface modifi-
cation approach demonstrated for LMR-NCM is a powerful tool not
only to induce robustness against atmospheric moisture and CO2, but
also to enhance the rate capability and thus the power density of
layered oxides.
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DRIFT Spectra Normalization.— The data treatment of FTIR spectra is exemplarily 

demonstrated for “dry” as well as SO3 treated LMR-NCM (“SO3 160°C dry”) (Figure S1). 

 

Figure S1: DRIFT spectra of SO3 treated LMR-NCM (“SO3 160°C dry”) compared to as-received and dried 
LMR-NCM (“dry”). The spectra can be displayed in (a) Reflectance or (b) Kubelka-Munk (KM) units. (c) In the 
study at hand, the KM spectra were normalized to the oxide band at 570 cm-1. Note that the spectra are offset 
arbitrarily along the y-axis for better visibility. 

The intensity of DRIFTS spectra of 1 % active material diluted in KBR is first calculated versus 

KBr as reference in reflectance units according to R = Isample/Ireference (Figure S1a) and then 
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converted to Kubelka-Munk units KM = (1 – R)²/(2R) (Figure S1b). The sample preparation is 

described in more detail in the experimental part of the main manuscript. In Reflectance units, 

surface species give rise to downward pointing signals due to absorption of IR radiation. After 

conversion to Kubelka-Munk units, absorption bands are represented by upward pointing 

features. The KM band intensity is roughly proportional to the concentration of IR-active 

species, as described by Kubelka-Munk theory. To compare the relative amounts of surface 

species, the spectra were normalized to the oxide band at 570 cm-1, which corresponds to the 

maximum KM intensity for all spectra (Figure S1c). The band assignment is discussed in 

greater detail in the Results section of the main manuscript (Table 2).1–3 

 

XPS Reference Data.—Li2SO4, NiSO4, and NiSO4 ∙ 6 H2O (Figure S2) were used as model 

compounds for sulfate to determine the fitting parameters for the S 2p spectra relating to the 

“M-SO4” component of SO3 gas treated LMR-NCM (left panel). With a binding energy value 

of 168.7 (±0.2) eV for the S 2p3/2 signal and a separation of 1.0 – 1.3 eV between the p3/2 and 

p1/2 features (intensity ratio of 2:1), they are in agreement with the literature values of sulfate 

S 2p spectra as already mentioned in the main manuscript.4,5 The deviation of the peak maxima 

positions (e.g. ±0.2 eV for the S 2p3/2 signal) of these metal sulfate reference samples was used 

as the constrained deviation for the measurement of the LMR-NCM samples.  

In the O 1s of the sulfate salts, the “M-SO4” signal is found at 532.0 (±0.2) eV for Li2SO4, 

NiSO4, and NiSO4 ∙ 6 H2O. In addition, a hydrate signal is obtained at 533.5(±0.2) eV for 

NiSO4 ∙ 6 H2O (Figure S2), which gives a hint for the possible formation of hydrate upon “wet” 

storage of the SO3 gas treated LMR-NCM sample, i.e., the shoulder above 533 eV (see “SO3 

160°C wet” in the right bottom panel of Figure 7). An alternative explanation for this additional 

feature might be Na signals, as will be explained below.  
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Figure S2: S 2p (left panels) and O 1s XPS (right panels) of metal sulfate reference samples Li2SO4 (upper panels), 
anhydrous NiSO4 (middle panels), and NiSO4 ∙ 6 H2O (lower panels) including the fitted species for surface 
sulfates (“M-SO4”), i.e., oxygen and sulfur in the sulfate anion (SO42-) as well as “hydrate”, i.e. the oxygen in the 
water molecule of metal sulfate hydrates (MxSO4 ∙ y H2O). 

In addition, reference values for the O 1s features of the lattice oxygen in layered transition 

metal oxides observed for NCM811 samples were taken from a recently conducted XPS study 

by our group.6 There, the O 1s peak position of the lattice oxygen in layered NCM811 and in a 
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MnO2 reference sample was observed at 529.2 eV;6 oxygen-depleted oxide species such as in 

spinel and rock salt structures were assigned to 529.6 eV (for an Mn3O4 reference) and 529.7 eV 

(for an MnO reference), respectively.6  

Based on these considerations, the O 1s spectra of treated and untreated LMR-NCM samples 

were fitted considering values of 532.0 (±0.2) eV and of 529.2 (±0.2) eV for the O 1s signals 

of the “M-SO4” component and of the layered oxide component, respectively. The value of 

531.8 eV obtained from the “SO3 200°C dry” sample (Figure 6, lower panel) lies within the BE 

range of 532.0 (±0.2) eV found from the reference samples in Figure S2. The rationale behind 

determining the sulfate BE value from the LMR-NCM sample “SO3 200°C dry” is that all 

carbonate and hydroxide surface species (referred to as “M-OH/CO3”) were removed by the 

SO3 gas treatment at 200°C. While it cannot be excluded that minor amounts of oxygen-

depleted surface species (spinel and rock salt at 529.6 eV and 529.7 eV, respectively) are 

present in the near-surface region of the LMR-NCM sample, they were not considered in the 

fitting procedure since the fit quality could not be improved by including these oxygen species 

in addition to the layered oxide peak at 529.2 eV. 

The O 1s peak positions of the hydroxide/carbonate surface species (“M-OH/CO3”) were 

determined from untreated “wet” LMR-NCM, since it contains a negligible amount of sulfate 

and has the highest contaminant peak of all of the studied HE-NCM samples (Figure 7, lower 

left panel). The obtained value of 531.3 eV was taken as reference for the “M-OH/CO3” peak 

in all of the discussed LMR-NCM O 1s spectra (Figures 6 and 7). While this BE value is slightly 

lower than the 531.9 eV found by Friedrich et al. in 2019 for NCM811,6 it is quite likely that 

these species on the nickel-rich surface are somewhat different on the manganese-rich surface 

of the LMR-NCM and that the ratio of M-OH to M-CO3 is different for the two different 

materials. The here used fitting parameters for the binding energy and the full-width at half-

maximum (FWHM) ranges are listed below in Table S1. 
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Table S1: XPS peak fitting parameters used for identification and quantification of the surface species of the 
various untreated and SO3 gas treated LMR-NCM samples. Binding energy and FWHM fitting parameters for the 
S 2p and O 1s signals of metal sulfate surface species (“M-SO4”) including the O 1s signal for hydrated 
NiSO4 ∙ 6 H2O (“Hydrate”) were determined from the measurements displayed in Figure S2. All other parameters 
for O 1s fitting, i.e., for the layered oxide peak (“Lattice O2-”), and the metal hydroxide and metal carbonate peak 
(“M-OH/CO3”) were taken from the other study in our group.6 

Element/region Assigned Species Binding energy [eV]  
(constrained deviation) 

FWHM [eV]  
constrained range 

Sulfur S 2p “M-SO4” 
A: 168.7 (±0.2) (p3/2) A: 1.0-1.3 

B: A+1.2 eV (p1/2) B: 1 ∙ FWHM(A) 

Oxygen O 1s 

“Lattice O2-” (green) 529.2 (±0.2) 1.0-1.15 

“M-OH/CO3” (blue) 531.3 (±0.2) 1.5- 2.25 

“M-SO4” (orange) 532.0 (±0.2) 1.5-2.0 

Hydrate/misc. 533.5(±0.2) 0.8-1.2 

 

To more easily understand the growth of sulfur-containing species after SO3-treatment, the data 

in the inset of Figure 5 in the main manuscript were normalized to the absolute intensity values 

of their respective survey-spectra at 1200 eV. After normalization, the Shirley background was 

subtracted from the spectra in the inset in Figure 5. 
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It cannot be excluded that Na signals as seen from the survey scan of the LMR-NCM sample 

“SO3 160°C wet” in Figure S3 might possibly interfere with the O 1s signals of the LMR-NCM 

samples. The NaKLL Auger line which was reported in the literature to be approximately at 

533 eV7 could in principle overlay with the above mentioned hydrate signal above 533 eV. It 

is crucial to notice that the NaKLL Auger line at 533 eV cannot be deconvoluted from the O 1s 

signal at 529 eV in the survey scan, but Na 1s and Na 2s prove the presence of Na impurities 

on the LMR-NCM surface. In sum, it is currently unclear whether the additional shoulder for 

SO3 gas treated LMR-NCM after wet storage (“SO3 160°C wet”) is mainly caused by the 

formation of a sulfate hydrate species or by the redistribution of Na+ trace impurities in 

LMR-NCM upon “wet” storage.  

 
Figure S3: XPS survey scan of the LMR-NCM sample “SO3 200°C dry” recorded with a step size of 0.5 eV and 
at a pass energy of 160 eV. The Na 1s and Na 2s binding energies as well as the NaKLL Auger lines are marked.  
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Impact of “Wet” Storage on the First Cycle of LMR-NCM//Graphite Cells.— As mentioned 

in the main paper, LMR-NCM//graphite coin cells were cycled at 45°C. The voltage profiles of 

the first activation cycle at C/15 of several samples are displayed in Figure 9 in the main paper. 

As discussed there, the characteristic curves are similar for SO3-treated as well as untreated 

LMR-NCM samples, while the first cycle charge and discharge capacities vary. The same holds 

true for the comparison of “wet” stored and “dry” samples (Figure S4). For untreated “wet” 

LMR-NCM, the charge capacity is slightly bigger than the one of “dry” LMR-NCM (352 vs. 

340 mAh/g, Figure S4a). Similarly, “SO3 160°C wet” has a bigger charge capacity than “SO3 

160°C dry” (329 vs. 319 mAh/g, Figure S4b), while “SO3 160°C wet” has a slightly smaller 

charge capacity than “SO3 200°C dry” (309 vs. 319 mAh/g, Figure S4c). However, the 

discharge capacities do not differ as much for the “wet” stored versus “dry” samples for both, 

SO3 treated and untreated LMR-NCM (max. 6 mAh/g difference, Figure S4a-c). All in all, the 

long-term cycle life (Figure 10e-h in the main paper) really reveals the impact of “wet” storage 

on full-cell performance, while the side reactions caused by surface contaminants do not 

drastically impact the first cycle performed at the rather slow rate of C/15. This is consistent 

with the fact that rate capability and resistance build-up were really affected by surface 

contaminants, e.g., in case of “wet” vs. “dry” LMR-NCM, while the C/10 cycling capacity did 

not deteriorate as much upon “wet” storage. 
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Figure S4: Voltage profiles of LMR-NCM//graphite coin cells for the first activation cycle at 45°C (4.8 V – 2.0 V 
at C/15). Comparison of SO3-treated and untreated LMR-NCM. The experimental details are described in the main 
paper (experimental section). 
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3.3.2. Enhancement of Electrochemical Performance of Lithium and Manganese-Rich Cathode 

Materials via Thermal Treatment with SO2 

The manuscript entitled “Enhancement of Electrochemical Performance of Lithium and 

Manganese-Rich Cathode Materials via Thermal Treatment with SO2” was first submitted to the peer-

reviewed Journal of the Electrochemical Society on May 17, 2020. A revised version was submitted on 

July 15, 2020 and published online July 31, 2020. This paper is republished with permission of IOP 

Publishing Ltd, from “Enhancement of Electrochemical Performance of Lithium and Manganese-Rich 

Cathode Materials via Thermal Treatment with SO2”, H. Sclar, J. Sicklinger, E. M. Erickson, S. Maiti, 

J. Grinblat, M. Talianker, F. Amalraj Susai, L. Burstein, H. Beyer, L. Hartmann, G. Avruschenko, H. A. 

Gasteiger, B. Markovsky, and D. Aurbach, Journal of the Electrochemical Society, 167 (2020); 

permission conveyed through Copyright Clearance Center, Inc. under a non-exclusive and non-

transferable license (ID 1140838-1, August 16, 2021. A permanent link to this article can be found under 

https://doi.org/10.1149/1945-7111/aba6cb. 

While the SO3 treatment described in the previous chapter exclusively lead to the formation of 

metal sulfates, the SO2 treatment described in the following can create a mixture of metal sulfates and 

sulfites depending on the specific treatment conditions, as found from XPS analysis. In the study on SO2 

gas treatment, LMR-NCM with the composition 0.35 Li2MnO3 · 0.65 LiNi0.35Mn0.45Co0.20O2 was 

investigated. Half-cell tests at 25°C and 30°C showed an initial increase of the discharge capacity by at 

least 20 mAh/g for SO2 treated samples without altering the first activation charge capacity. The 

enhanced discharge capacity was preserved after 100 cycles. While surface sensitive spectroscopy (XPS 

and DRIFTS) studies clearly proved the formation of sulfates and sulfites, high resolution transmission 

electron microscopy (HR-TEM), electron diffraction, and X-ray diffraction (XRD) analyses gave no 

hint of any significant change in the LMR-NCM bulk structure after SO2 treatment.  

As indicated above, for one of the treatment conditions (0.5% SO2 in Ar for 1 h at 200°C), a 

mixture of sulfites and sulfate were formed according to high-resolution XPS S 2p spectra. In SO2, sulfur 

has the oxidation state +IV. The formation of sulfites (+IVSO3
2-) thus would be possible without any redox 

activity of SO2 on the surface LMR-NCM. However, in order to form sulfates, (+VISO4
2-), SO2 would 

have to release 2 e-, provoking a reduction of at least one of the species on the LMR-NCM surface. 

While the precise reaction mechanism cannot be completely proven by the tools used in the study, still 

several possible reaction pathways are suggested in the section “Possible mechanism of SO2 gas 

treatment of HE-NCM materials“. 

Regardless of the question which model describes the reaction between SO2 and LMR-NCM 

best, the study could clearly highlight the benefits of the performed novel treatments on the 

https://doi.org/10.1149/1945-7111/aba6cb
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electrochemical performance of the tested LMR-NCM. Similar to the SO3 treatment described in the 

previous chapter, the thermal treatment with SO2 might be of high practical relevance for industrial 

CAM manufacturing and thus is part of the previously mentioned patent application (cf. chapter 3.3.1), 

too.136 
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In this study, we present a novel surface modification approach via SO2 gas treatment at 200 °C–400 °C to enhance the
electrochemical performance of Li and Mn-rich cathode materials 0.35Li2MnO3·0.65LiNi0.35Mn0.45Co0.20O2 (HE-NCM) for
advanced lithium-ion batteries. It was established by X-ray photoelectron spectroscopy that the SO2 treatment leads to the
formation of surface sulfates and sulfites on the material, while the bulk remains unaffected, as confirmed by X-ray and electron
diffraction studies. Based on the results obtained, we proposed possible mechanisms of the SO2 thermal treatment that include
partial reduction of manganese (however, we could not find any substantial evidence for it in the XPS data) and oxidation of sulfur.
The electrochemical performance was evaluated by testing the materials as cathodes in coin-type half-cells with metallic lithium
anodes at 25 °C and 30 °C. The main findings are as follows: the SO2-treated materials demonstrate ∼10% higher capacity at all
C-rates and lower the voltage hysteresis during prolonged cycling compared to the untreated samples. The proposed approach to
modify the surface of HE-NCM materials by SO2 treatment is demonstrated to be a promising method to enhance the
electrochemical performance of these cathodes.
© 2020 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
aba6cb]
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With the evolvement of the energy demands in the modern world,
there is a growing need for novel advanced high-power and high-
energy lithium-ion batteries (LIBs) to facilitate future technologies
for energy storage, especially for electric mobility. Promising
candidates as cathodes for next-generation of Li-ion batteries are
Li and Mn-rich high-energy materials (abbreviated in this paper as
HE-NCM), with the formula of xLi2MnO3·(1−x)LiMO2 (M = Mn,
Ni, Co) due to their high practical capacity of >250 mAh g−1.1

However, problems such as voltage fade, large voltage hysteresis,
and capacity fade during cycling must be solved to make HE-NCM
applicable for practical batteries.2–5 Along with structural transfor-
mations in bulk during extended cycling,6 rearrangements in the
surface-near region concomitant with O2 release in the first cycles
seem to be responsible for the performance loss of HE-NCM
electrodes.2,7,8 Many studies have been conducted to solve these
problems and to stabilize the above-mentioned performance losses
of these cathode materials. There are several approaches considered
in the literature for their bulk and/or surface stabilization:

Coating the materials with a protective layer using Atomic Layer
Deposition (ALD) of metal oxides9–13 and chemical coatings.14–18 It
should be noted that surface coatings can reduce the oxygen release
and mitigate the voltage fade of the above cathode materials.18

Cationic or anionic doping or partial substitution of transition
metals (TMs) in HE-NCM materials during synthesis, for instance,
with foreign cations19–23 cation/anion co-doping. For instance, both
sodium and fluorine doping into Li and Mn-rich materials enhances
the stability by suppressing the phase transformation from layered
to spinel structure and increases the rate performance through

decreasing resistance of Li diffusion and the electrons migration.24

Integration of the surface coating and anionic doping of HE-NCM
materials, for instance by fluorine-doped Li2SnO3 layer was also
proposed.25

Modification of electrolyte solutions with additives, for instance,
lithium-bis-oxalato borate LiBoB26 and trimethyl phosphite12 that
can react with the electrode surface during cycling and form a
stabilized solid electrolyte interphase (SEI) on the cathode.

Surface gas treatments using reactive gases like F2,
27–29

NH3,
30,31 or CO2.

32 Our recent research on NH3 gas treatment of
HE-NCM materials at 400 °C demonstrated an enhanced electrode
capacity and limited average voltage fade during prolonged
cycling.33 There are only a few reports in the literature,34–36

discussing SO2 adsorption on cathode active material surfaces,
whereby SO2 is used as a probe molecule for surface adsorption
sites. For instance, Andreu et al. have shown that upon the treatment,
SO2 can be adsorbed on LiCoO2 or mixed transition metal oxides
LiNixMnxCo1−2xO2 (0.33 ⩽ x ⩽ 0.5) at 353 K. The authors suggest
that SO2 acts as a donor or acceptor but that it can also be oxidized
or reduced with electron transfer. Sulfur can also interact with
surface oxygen, forming sulfite species SO3

2− without changing the
oxygen oxidation state. Sulfates can be formed if sulfur reacts with
two surface oxygen ions, while its reaction with a metal from the
surface (by dissociative mechanism) may result in the formation of a
sulfide species (S2−).34 These works, as well as our study on the NH3

gas treatment of HE-NCM materials, inspired us to investigate the
impact of gaseous SO2 on composite cathode materials enriched
with Li and Mn and on those Li[NixCoyMnz]O2 (x + y + z = 1)
materials enriched with nickel (Ni > 80 at.%). Both these two
families of materials are considered highly promising as cathodes in
lithium-ion batteries for electric vehicle applications.37–39 To the
best of our knowledge, the questions on the SO2 thermal treatment of
the above-lithiated transition metal oxides have not been studied yet.
Therefore, in our recent work,40 we have demonstrated that the SO2

treatment of high-nickel content LiNi0.85Co0.10Mn0.05O2 material
(NCM85) resulted in a remarkably stable cycling performance ofzE-mail: hans.beyer@tum.de; aurbach@mail.biu.ac.il
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cathodes and lesser voltage hysteresis upon cycling compared to
untreated NCM85 cathodes. Besides, the SO2-treated NCM85
material exhibited significant thermal stability, demonstrating lower
(by ∼12%−20%) heat evolution upon reactions with battery
solutions compared to the untreated material.

The present investigation is dedicated to the surface modification
via SO2 gas thermal treatment of HE-NCM cathode materials, viz.,
0.35Li2MnO3·0.65LiNi0.35Mn0.45Co0.20O2, demonstrating its posi-
tive effect on electrochemical cycling behavior in Li/HE-NCM half-
cells. The electrochemical performance was evaluated by testing
HE-NCM cathodes in coin-type cells with lithium anodes in EC-
EMC/1 M LiPF6 electrolyte as well as in an EC-free, FEC/DEC-
based electrolyte with a highly fluorinated ether as co-solvent
(BASF, Germany) with 1 M LiPF6. It was established that SO2

treatment results in the formation of surface sulfates and sulfites
(detected by XPS), while the bulk of the material remains un-
affected. The discharge capacity was shown to be ∼10% higher over
prolonged cycling at various rates (for instance, C/3, 1 C), and the
average voltage hysteresis was shown to decrease from ∼1.3 mV per
cycle for the untreated HE-NCM materials to ∼0.9 mV per cycle for
the SO2 treated ones. Importantly to note is that experiments on SO2

treatments of the 0.35Li2MnO3·0.65LiNi0.35Mn0.45Co0.20O2 material
and the related surface and bulk analytical studies were performed
independently in two labs working in close cooperation: in the
Electrochemistry Group at Bar-Ilan University (BIU) and in the
Technical Electrochemistry Group at the Technical University of
Munich (TUM). We demonstrate in this paper that the beneficial
effect of the SO2 treatment on the cycling behavior observed by our
groups was quite similar, even though the SO2 treatment temperature
and duration, the cycling protocol, and the used electrolytes for
electrochemical testing were different. Our studies provide strong
evidence that SO2 gas treatment of Li and Mn-rich HE-NCM and Ni-
rich NCM materials40 is an effective method for improving the long-
term cycling, lowering the voltage hysteresis and impedance built-up
during cycling, as well as for increased thermal stability with
solution species of these promising cathodes for advanced Li-ion
batteries.

Experimental

Thermal SO2 gas treatment of HE-NCM.—Li and Mn-rich
cathode active material with the composition 0.35Li2MnO3·0.65
LiNi0.35Mn0.45Co0.20O2 (designated as High-Energy Nickel-Cobalt-
Manganese—HE-NCM) was obtained from BASF and treated as
follows by the two groups. At Bar-Ilan University (BIU), the
material was treated with a gas mixture of 2% SO2 and 98% of
pure nitrogen at 400 °C for 1, 2, or 4 h in a modified “Rotovap” oven
(Fig. S1 is available online at stacks.iop.org/JES/167/110563/
mmedia) provided by BASF, Germany. The gas flow was adjusted
to be ∼0.015 l h−1 measured by flow-meter from Alical Scientific.
We used 2 glass flasks of ∼80 and ∼250 cm3 for the SO2 treatment
of 15 and 50 g of HE-NCM material, respectively. Note that before
and after the exposure to SO2, the HE-NCM material was left for
0.5 h under pure N2 at 400 °C before cooling, so that the cathode
material could continue reacting with the SO2 that remained in the
reactor. At the Technical University of Munich (TUM), SO2-treated
material was prepared by applying a mixture of 0.5% SO2 in argon
(5.0) in a tube furnace at 200 °C for 1 h with a gas flow rate of ∼1 l
min−1. Before this SO2 treatment (considered as “mild” due to the
lower SO2 concentration and treatment temperature compared to
those applied in BIU), HE-NCM samples had been calcined at
625 °C for 1 h under a gas mixture containing 30% O2 and 70%
argon (gas flow 1 l min−1) to remove surface contaminants from
HE-NCM materials.41

Characterization of the materials.—Chemical analysis of the
materials was performed by the Inductively Coupled Plasma
technique (SPECTRO ARCOS ICP-OES Multi-view FHX22), and
the results are presented in Table SI. Morphological characteristics

were analyzed by Scanning Electron Microscopy (SEM) using
Ouanta FEG 250, FEI. For structural characterization, we used X-
ray diffraction (Bruker D8 Advanced X-ray diffractometer, CuKα
radiation) and the intensities were recorded from powder samples in
the range of 2θ = 10°–80°, with steps of ∼0.0194 deg min−1. The
unit cell parameters were obtained from the data by a standard least
square refinement procedure implemented in the program
PowderCell (v.2.4)42. The quality of refinement was evaluated
following the R-values of fitting the experimental and calculated
profile plots.

High-Resolution Transmission Electron Microscopy (HR-TEM)
studies were carried out with a LaB6-200 kV Jeol-2100 instrument
operated at 200 kV. These studies were performed in TEM mode
using conventional selected area diffraction (SAED) and Convergent
Beam Electron Diffraction (CBED) technique. The local structure of
the nano-particles was probed using a convergent beam of electrons
from an area of ∼7 nm (CBED technique). Samples for the TEM
studies were prepared by dispersing and sonicating the powdered
HE-NCM in ethanol and adding a few drops of the resulting
suspension to a TEM copper grid.

Raman spectra were measured from powders using a 50×
objective lens to focus the incident beam and an 1800 lines mm-
grating. The Raman spectrometer from Renishaw in Via (UK) was
equipped with a 514 nm laser, a CCD camera, and an optical Leica
microscope. Results from Raman spectroscopy studies are presented
in Fig. S2.

At BIU, surface studies were performed by X-ray Photoelectron
Spectroscopy (XPS) in UHV (2.5 × 10−10 Torr base pressure) using
5600 Multi-Technique System (PHI, USA). The samples were
irradiated with an Al Kα monochromated source (1486.6 eV), and
the outcoming electrons were analyzed by a Spherical Capacitor
Analyzer using the slit aperture of 0.8 mm, with a pass energy of
11.750 eV. C 1s peak at 285 eV was used as the energy reference.
These measurements were performed on the SO2-treated materials
by transferring them to the instrument under the argon atmosphere in
a special vessel without exposure to the ambient atmosphere.

At TUM, powder samples for XPS measurements were pressed
into pellets (∅ = 3 mm) inside an argon-filled glovebox using a hand
press with a 3 mm die set (PIKE Technologies, USA). Pellets were
mounted floating onto a stainless steel stub (∅ = 15 mm), which was
then transferred from the glovebox into the load-lock of the XPS
system without air exposure, using a transfer vessel (Kratos, UK).
High-resolution XPS spectra were recorded with an Axis Supra
system (Kratos, UK) using monochromatic Al Kα radiation
(1486.6 eV) at a base pressure of <3·10−8 torr, a pass energy of
20 eV, a step size of 0.1 eV, and a dwell time of 200 ms; spectra
were averaged from 8 scans. The measured spot size was 800 ×
300 μm, in hybrid lens mode with the instrument’s charge
neutralizer turned on. The obtained spectra were fitted using the
Kratos ESCApe software (version 1.1). Binding energies (BE) were
corrected based on the C–C/C–H peak of adventitious carbon at
284.8 eV in the C 1s spectrum. A mixture of 30% Laurentzian and
70% Gaussian functions was used for the least-squares curves fitting
procedure, utilizing a Shirley background subtraction. O 1s and S 2p
spectra were fitted according to Table SIII.

Results and Discussion

Structural and morphological characterization.—Figure 1 com-
pares XRD patterns of Li and Mn-rich materials before and after SO2

thermal treatment with 2% SO2 at 400 °C over 2 h, showing clear
reflections of the monoclinic (space group C2/m) and rhombohedral
(space group R-3 m) phases. As it follows from these results and the
calculated lattice parameters of untreated and SO2-treated samples
(Table I), there were no significant changes in cell parameters,
implying thus the integrity of the bulk structure. An additional phase
of lithium sulfate was formed as detected by XRD and XPS studies
of the SO2-treated materials. The XRD patterns of these materials
typically contain a weak peak at 2θ = ∼23° (marked with an arrow
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and shown in the Insert to Fig. 1) assigned to the strongest reflection
of the Li2SO4 monoclinic phase, space group P21/c [14].43

We have established that even for the more extreme treatment
conditions used in BIU, scanning electron microscopy measurements

conducted at BIU on the BIU material revealed no morphological
changes after the SO2 thermal gas treatment of the HE-NCM
material comparing to the untreated one (Fig. 2). From studies of
the specific surface area (S, m2 g−1) of the above samples

Figure 1. XRD patterns of untreated HE-NCM and the material treated with 2% SO2 gas at 400 °C for 2 h (black and red profiles, respectively). The insert
shows an enlarged peak at 2θ = ∼23° assigned to the Li2SO4 monoclinic phase (space group P21/c).

Table I. Lattice parameters calculated from XRD patterns of the monoclinic (C2/m) and rhombohedral (R-3m) phases of HE-NCM untreated and
SO2-treated materials.

Material Monoclinic phase Li2MnO3

Rhombohedral phase Li(Mn–Ni-Co) O2

(in terms of the hexagonal cell) Rp

HE-NCM untreated a = 4.929(4) Å a = 2.857(3) Å 2.79%
b = 8.522(9) Å c = 14.259(6) Å
c = 5.029(0) Å
β = 109.189°

HE-NCM, 2% SO2 treatment at 400 °C, 2 h a = 4.935(6) Å a = 2.854(2) Å 2.42%
b = 8.570(5) Å c = 14.258(7) Å
c = 5.006(2) Å
β = 109.46°

Figure 2. Typical SEM images of (a) untreated HE-NCM, and (b) 2% SO2 treated material (400 °C, 2 h).
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measured by the BET method, we obtained the following values:
S = 6.1 m2 g−1 and S = 5.6 m2 g−1 for HE-NCM untreated
material and the 2% SO2-treated one (2 h at 400 °C), respectively.
HE-NCM materials from BASF are ball-shaped secondary ag-
glomerates of micron size comprising submicron primary parti-
cles. Thus, these materials can be considered as non-porous; some

nano-sized pores can be possibly detected in secondary particles;
however, SO2 treatment will not significantly influence the
increasing number and size. Additionally, one may suggest that
Li2SO4 formed upon the SO2 treatment can partially block the
pores. However, the effects are tiny, and they were beyond our
studies.

Figure 3. Nano-beam electron diffraction (NBED) patterns recorded with the probe size of ∼7 nm and indexed in terms of monoclinic (m) and rhombohedral
(R) phases. (a), (b) taken from particles of untreated HE-NCM, (c), (d) taken from 2% SO2 treated material (400 °C, 2 h), and containing two reflection zones:
one is associated with the monoclinic phase, and another is ascribed to the rhombohedral component. (e) CBED pattern shows the presence of Li2SO4 monoclinic
phase (space group P21/c).
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Analysis of TEM results.—Nano-beam electron diffraction (ED)
patterns were recorded from randomly distributed 10–15 particles of
Li-rich untreated and 2% SO2-treated (400 °C, 2 h) materials. All the
patterns were indexed based on either monoclinic or rhombohedral
components. Among the analyzed particles, no additional phases that
could have formed in untreated or SO2-processed materials were
observed. The examples of indexed micro-beam electron diffraction
patterns are shown in Fig. 3. Figures 3a, 3b demonstrates patterns
indexed in terms of monoclinic (m) phase and rhombohedral phase
(R), respectively, of the untreated material. Figures 3c and 3d
illustrate diffraction patterns obtained from the 2% SO2-treated
material (400 °C, 2 h). These patterns show two superimposed
reflection zones: one is associated with the monoclinic phase, and
another is ascribed to the rhombohedral component. The CBED
pattern in Fig. 3e demonstrates the presence of the Li2SO4 phase
(monoclinic, P21/c) on HE-NCM particle.

Surface studies by XPS.—Figure 4a shows S 2s and S 2p XPS
spectra of untreated HE-NCM and 2% SO2-treated samples (400 °C,
2 h), red and blue curves, respectively. It is important to emphasize
that the spectrum of the untreated sample does not exhibit sulfur on
the surface. Figure 4b shows Mn 3s spectra of untreated and 2%
SO2-treated (2 h, 400 °C) HE-NCM materials. The Mn 3s peak is split
due to a coupling with the 3d valence band.44–46 One may speculate
that the spectrum of Mn 3s demonstrates a small increase of 0.25 eV
in its energy splitting (from 4.35 to 4.60 eV) for the SO2 processed

sample. Although the obtained splitting is still lower than that
characteristic of trivalent manganese Mn (ca. 5.5 eV), the increase
of the splitting after the SO2 treatment could point to the appearance
of some reduced manganese species with valence state less than 4+ in
addition to Mn4+ in HE-NCM.33,47 A shoulder at ∼90 eV (Fig. 4b)
related to the SO2-treated material indicates an even higher value of
splitting compared to the untreated material revealing thus that
partially Mn remains in the trivalent state as shown in the inserted
table in Fig. 4. Note that in this table, the numbers without brackets
were taken from Ref. 44 while those in brackets from Ref. 45.
While the absolute values of the observed peak splitting do not
provide unambiguous evidence for partial Mn4+ reduction, one should
note that the latter would be expected upon the formation of surface
sulfates from the SO2 gas. The partial reduction of Mn was also
shown in our previous research on ammonia thermal gas treatment of
HE-NCM cathode materials.33 In Fig. 4c, we present the O 1s spectra
of untreated HE-NCM and SO2-treated materials. The results clearly
show that the peak at ∼529.6 eV related to the lattice oxygen of the
HE-NCM material is higher in the untreated material, while the peak
at 532–531 eV is higher after the SO2 treatment. This observation can
point to the SO2 reaction with the lattice oxygen resulting in the
formation of M-SOx species.

We have found from the XPS studies of the 0.5% SO2-treated
sample at 200 °C for 1 h (Fig. 5) that mostly sulfate was formed and
that only a small fraction of sulfite was present after this mild SO2

treatment. The doublet in Fig. 5a is a characteristic feature of the S 2p

Figure 4. (a) XPS spectra of untreated HE-NCM material (red curve) and the 2% SO2-treated one (400 °C, 1 h) (blue curve), (b). Typical XPS spectrum of Mn
3s measured from the SO2-treated material (400 °C, 1 h), and (c) XPS spectra of O 1s measured from untreated and SO2-treated HE-NCM materials. The inserted
table shows the relation between Mn 3s splitting value (in eV) and the oxidation state of Mn.
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peak with the theoretically predicted peak area ratio between the S 2p3/2
and the S 2p1/2 peaks equal to 2:1.48 It is important to notice that the
binding energies related to sulfur in sulfate (SO4

2−) are roughly 2 eV
higher than in sulfite (SO3

2−),34 which in turn are roughly 4 eV higher
than in sulfides (S2−), as is shown in Table SIII. The XPS spectra in
Fig. 5a unambiguously prove that sulfides were formed during SO2

treatment. Further insight into the structural implications of SO2

treatment on the oxide surface is provided by O 1s spectra, as shown in
Figs. 5b and 5c. The possible mechanisms of sulfate and sulfite
formation will be considered further in more detail in this section.

Peak fitting of the O 1s region was performed based on
literature data44,49–51 for appropriate reference compounds such as
oxides, hydroxides, carbonates, and sulfates of Li, Ni, Co, and Mn
(Table SIII). Peaks associated with lattice oxygen can be split into
contributions from the original layered oxide lattice of HE-NCM and
a spinel-type lattice that is formed in the near-surface region of
specific samples by oxygen release from the near-surface region.8

Peaks associated with hydroxide and carbonate surface groups can
be distinguished from sulfate and sulfite surface groups, although the
similarity of the chemical shifts and the relatively high FWHM
values of 1.6–1.8 eV (Table SIII) due to the presence of more than
one single chemical species contributing to the spectrum may cause
some uncertainty in the fit. This is illustrated by the fact that pristine
untreated HE-NCM, which contains only minimal traces of residual
sulfur from the synthesis, does show a small contribution of M-SOx

species when the fitting parameters are applied (see orange lines in
Fig. 5b). While metal sulfates M-SO4 can be differentiated from
metal sulfites M-SO3 in the S 2p spectra, the O 1s signal for both
species is identical.34 This can be rationalized by taking into account
the oxidation state of oxygen in sulfites and sulfates being the same
(−II), while the valence state of sulfur differs, being +IV in sulfites
and +VI in sulfates.52

Studies of the electrochemical behavior of untreated and
SO2-treated HE-NCM.—In this section, we discuss the impact of
SO2 treatment of the HE-NCM material on the electrochemical

performance of electrodes, considering the formation of sulfate and
sulfite surface species.

From the voltage profiles (Fig. 6), we conclude that both
untreated and SO2-treated materials show the typical features of
HE-NCM electrodes upon charging, i.e., the sloping part in the range
from 3.7 to 4 V and the high-voltage plateau at 4.5 V, as well as the
slope upon discharge from 4.6 to 3 V. Many works of literature,
reports state that the reaction upon charging to 4.4 V in the 1st cycle
is associated predominantly with the lithium extraction from the
Li(TM)O2 rhombohedral R-3m component and the nickel oxidation
to tetravalent state (Ni2+ → Ni4+). The Li2MnO3 component is
electrochemically inactive up to 4.4 V, while in the reaction between
4.4 V and 4.7 V, lithium is extracted, and the oxygen ions are
oxidized. At this stage, some authors suggest that an irreversible
removal of oxygen from the near-surface of the HE-NCM material
would occur,6–8 while others suggest the partially reversible removal
of oxygen from the bulk of the structure.51 The role of the oxygen
ions in the electrochemical processes during the initial and subse-
quent redox reactions of HE-NCM electrodes is complicated.
Muhammad et al. suggest that upon charging to higher potentials
oxygen can be oxidized to per-oxo species (O2− ↔ O2

2−) and then
released as oxygen gas (O2), a process which is stated to be reflected
by the sharp anodic peaks at 4.5–4.6 V in the differential capacity
plots in Figs. 6a, 6d. Moreover, these authors suggest that the per-
oxo species and/or O2 can undergo interfacial reactions with the EC
and EMC solvents of the battery solutions or with neighboring TM
ions.53 Meanwhile, however, it is perhaps the more accepted view
that the release of oxygen gas is limited to the near-surface region of
the HE-NCM particles.6–8

It is evident from the results shown in Fig. 6 that the SO2

treatment does not impact the characteristic features of the first
charge significantly, while the first discharge is extended for both,
the “400 °C, 2 h SO2” and the “200 °C, 1 h SO2” materials compared
to the untreated HE-NCM. In more detail, the “400 °C, 2 h SO2”

treatment leads to a slightly increased discharge capacity of the first
cycle at a C/15 rate, from 281 to 295 mAh g−1, although charge

Figure 5. (a) XPS spectra of S 2p recorded after 0.5% SO2 thermal treatment of HE-NCM material (200 °C, 1 h). (b) O 1s spectra measured from untreated and
SO2-treated HE-NCM samples, as indicated.
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capacities are rather similar (Fig. 6a and Table SIV). In this test, the
Coulombic efficiency increases from 84.5% to 87.7%. Note that
these values are averaged from three cells. Similar behavior is
obtained for the “200 °C, 1 h SO2” sample. In this case, the first
cycle charge capacity of 321 mAh g−1 was not altered at all by the
treatment (Fig. 6b and Table SIV), while the discharge capacity
was increased slightly. The results obtained demonstrate lower

irreversible capacity loss in the 1st cycle of SO2-treated HE-
NCMs both for “400 °C, 2 h SO2” and the “200 °C, 1 h SO2”

samples compared to the untreated one. This may indicate lesser side
reactions of the SO2-treated electrode materials with contaminants of
EC-EMC/LiPF6 solutions (HF, PF5, H2O, etc.). This is supposedly
due to the presence of the surface species, like Li-sulfites and TM-
sulfites, which can react with traces of HF and PF5 (strong Lewis

Figure 6. Voltage profiles of the first activation cycle at C/15 of Li/HE-NCM half-cells (coin cells) with untreated and SO2-treated HE NCM. (a) Measurements
at BIU with electrodes containing either the untreated or the 2% SO2-treated (400 °C, 2 h) HE NCM, conducted in LP57 electrolyte at 30 °C (first-charge cut-off
at 4.7 V, followed by a CV step). (b) Measurements at TUM with electrodes containing either the untreated or the 0.5% SO2-treated (200 °C, 1 h) HE-NCM,
conducted at 25 °C in FEC/DEC-based electrolyte with a highly fluorinated ether as co-solvent and with 1 M LiPF6 (first-cycle cut-off at 4.8 V, no CV step). In
both cases, the discharge cut-off was 2.0 V. (c) Differential capacity vs V plots for the data in panel (a). (d) Differential capacity vs V plot for the data in panel
(b). (e)–(f) The second cycle voltage profile and differential capacity vs V plots of untreated and SO2-treated (400 °C, 2 h) cathodes. Note that capacity values are
averaged from two (measured at TUM) and three (measured at BIU) electrochemical cells studied in parallel.
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acid) in solutions, thus reducing direct interactions with lithiated
oxides at the interface, for instance: Li2SO3 (s) + 2HF (sol) → 2LiF
(s) + H2O + ↑SO2 (g) and Li2SO3 (s) + PF5 (sol) → 2LiF (s) +
↑POF3 (gas) + ↑SO2 (gas). It should be noted that these two
hypothetical reaction equations are based on chemical intuition,
without yet any experimental proof. Similar reactions at the surface
of HE-NCMs were detected with lithium carbonate impurity, which
in LiPF6-containing solutions demonstrates the exothermal processes
at ∼60 °C–80 °C according to our previous DSC measurements.54

It should be noted that the initial portions of the first-cycle
discharge curves (from the upper cut-off potential to ∼3.5 V) are
congruent for treated and untreated materials, however, towards
the end of discharge (above approximately 150 mAh g−1), the
discharge voltage of the SO2-treated materials slightly increases
compared to the untreated ones (highlighted by yellow in Fig. 6).
This is an important indication for the lower over-potentials,
specifically at low SOC, i.e., close to the end of lithiation. The
second cycle voltage profiles and differential capacity vs V plots of
untreated and SO2-treated (400 °C, 2 h) cathodes also confirm the
reversibility (Figs. 6e–6f). The SO2-treated cathodes showed
Coulombic efficiency (CE) around 97% in the 2nd cycle.

Now we discuss the impact of SO2 treatment on the rate
performance and cycle life of HE-NCM electrodes. Figures 7 and
S3 present the discharge capacity as a function of cycle number and
selective voltage profiles measured at cycles 25, 50, and 75. We
conclude from these results that both types of SO2 treatment, viz.,
“400 °C, 2 h SO2” at BIU (Fig. 7a) and “200 °C, 1 h SO2” at TUM
(Fig. 7b), substantially increase the discharge capacity of HE-NCM
electrodes by ∼20–25 mAh g−1 during the cycle life test at all of the
C-rates examined and demonstrated in Fig. 7. It was established,
however, that the capacity retention is not affected by the SO2

treatment, as is quite apparent by comparing Figs. 7a and 7b, and as
is shown more quantitatively in Table SVI. Figures 7 & 8 and Table
SV also contain the results of the rate capability measurements of
untreated and both SO2-treated samples. Interestingly, the capacity
at any given rate is increased by the same ∼20–25 mAh g−1, so that
one can conclude that the rate-capability of the SO2-treated materials
is only affected indirectly, namely simply by the fact that its
capacity, at any rate, is higher by the same value than that of the
untreated HE-NCM.

One of the disadvantages of HE-NCM electrodes is a significant
difference ΔV between the mean voltage in charge, and the mean

Figure 7. Discharge capacity vs cycle number of Li/HE-NCM half-cells with pristine untreated HE-NCM and with SO2-treated HE-NCM, using the same cells
for which the first-cycle activation is shown in Fig. 6. (a) Measurements conducted at BIU show the discharge capacity and the corresponding Coulombic
efficiency (CE) at 30 °C during activation of electrode, rate capability studies and cycling at a C/3 rate (constant current - constant voltage mode CCCV in charge
to 4.6 V and discharge to 2.0 V) for untreated HE-NCM (black) and the 2% SO2-treated (400 °C, 2 h) HE-NCM (red) samples. (b) Measurements conducted
at TUM showing the discharge capacity vs cycle number and the corresponding Coulombic efficiency (CE) at 25 °C between 4.7 and 2.0 V at C/10 rate (with a
C/10 charge) and 3 C and 1 C (with a C/2 charge) for the untreated (black) and the 0.5% SO2-treated (200 °C, 1 h) HE-NCM (red) materials.
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voltage in discharge ΔV = Vch-Vdisch upon cycling, the so-called
voltage hysteresis. This parameter should be stabilized to improve
the performance of Li and Mn-rich high energy cathodes in Li-ion
batteries.55,56 We have established that average charge voltage and

voltage hysteresis, both are significantly lower for the SO2-treated
materials compared to untreated ones, as it is shown in Figs. 9a–9b.
The evolution of the voltage hysteresis with cycling is also lower for
the treated sample (0.9 mV per cycle) compared to that of the
untreated one (1.3 mV per cycle). Similar results were obtained for
the half-cells tested at 25 °C. For the comparison of the voltage
hysteresis, the slow rate of C/3 of the two datasets has been chosen.
Thus, the depicted voltage hysteresis is caused not only by cell
polarization but also by the lithium (de-)insertion kinetics during
cycling. Along with the lower the voltage hysteresis of the treated
samples, we have also established lower total cell impedance
(Rcell = Rcathode + Ranode) registered as Nyquist plots from Li-cells
with cathodes comprising SO2-treated HE-NCM materials. Typical
results are shown in Fig. S4 and Table SVII (fitted data), which
indicate, for instance, that the resistance of the electrode surface
layer (Rsl) is much lower for the latter cells measured after 100
cycles at a C/3 rate. Assuming that Rsl relates mainly to the cathode
side, we suggest the lithium depletion from the surface layer as well
as the redox processes during the SO2 treatment might lead to a
subtle restructuring of the near-surface layers and the formation of a
few nanometer-thick layers (Fig. S6) comprising Li-sulfate, Li-
sulfite, and TM-sulfates as established by XPS studies. We suggest
that nano-sized Li2SO4 surface species may act as Li-ion conductive
domains57,58 enhancing thus the lithium-ion transport through the
near-surface region into the bulk of the oxide. We propose that the
higher discharge capacity of SO2-treated HE-NCM during the first
activation cycle, as well as its enhanced capacity during cycling,
might be explained by the “non-electrochemical” activation of the
Li2MnO3 domains (as discussed below) and by the enhanced the
lithium-ion transport through the near-surface region into the oxide
bulk.

In Fig. 10, we present differential capacity dQ/dV vs V plots and
voltage profiles for untreated and SO2-treated (“400 °C, 2 h SO2”)
HE-NCM cathode materials registered from cycles 25, 50, 75,
and 100. They demonstrate typical results related to the extraction
of Li+ from the Li+ layer that is usually accompanied with
oxidation processes, like Mn3+/4+ (∼3 V), Ni2+/4+ and Co3+/4+

(∼3.8 V–4.1 V) of the NCM component.51,53

From the dQ/dV curves of untreated and SO2-treated HE-NCM
materials shown in Fig. 10, we observe a shifting of the main
oxidation peak from 3.84 V to 3.97 V of the untreated material. The
peaks become broader as the cycling continues, indicating sluggish
electrochemical kinetics. However, in the SO2-treated material, the
peak position remains unaffected (∼3.83 V), and this peak’s width
doesn’t change upon cycling in contrast to the untreated material. A
peak below 3.0 V (marked with the black arrow in Fig. 10a) may
indicate the formation of spinel or spinel-like phase.56

Interactions of HE-NCM materials with battery solutions
studied by DSC.—The DSC profiles for the untreated and treated
materials are presented in Fig. S5. The 1st minor peak at ∼80 °C for
both materials corresponds to the reactions between the electrolyte
and surface Li2CO3 species.54 The onset temperature for untreated
and treated materials was found to be 183 °C and 217 °C,
respectively. The DSC profile for the untreated material with the
LP57 solution shows four major exothermic peaks, positioned
around 202, 229, 251, and 272 °C. The exothermic heat release
for the temperature zones (I) and (II) is typically related to the
reaction between the released oxygen from the HE-NCM lattice and
EC and EMC solvents, while the heat release for the temperature
zone (III) and (IV) corresponds to the combustion reaction of these
solvents with the HE-NCM material.59–61 The specific total heat
released was determined to be Qt = 287 ± 5 and Qt = 258 ± 3 J g−1

for the untreated and SO2-treated materials, respectively. The lower
Qt value measured for the treated HE-NCM can be attributed
partially to lesser surface reactions of this material with solution
species by interactions of the lithium sulfate or lithium sulfite
formed, for example, with HF, as shown above. Surprisingly, the

Figure 8. Discharge capacity measured during rate capability tests of
SO2-treated and untreated HE-NCM materials, in Li/HE-NCM half-cells
(coin-type configuration) conducted at BIU and TUM. (a) Measurements
conducted at BIU with untreated and 2% SO2 (400 °C, 2 h)-treated HE-NCM
at 30 °C after the first-cycle activation (Fig. 6a) and before the cycle-life test
(Fig. 7a). (b) Measurements conducted at TUM with untreated and 0.5% SO2

(200 °C, 1 h)-treated HE-NCM at 25 °C materials after the first-cycle
activation (Fig. 6b). Cycling behavior at C/10, 1 C, and 3 C rates is shown in
Fig. 7b.
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temperature zone (I) is not visible, and the other temperature zones
are shifted to higher temperatures for the treated material, as follows
from Fig. S5. The heat evolution due to the reaction between the HE-
NCM material and EC and EMC species was also found to be
lessened after SO2 treatment. This may be due to the presence of
Li2SO4 nano-sized layer, which was formed on the material (Fig. S6)
during thermal SO2 treatment.

Structural analysis of cycled HE-NCM electrodes.—Post
mortem analysis of the cycled SO2-treated HE-NCM electrode
(“400 °C, 2 h”) was performed after the 100 cycles. Transmission
Electron Microscopy (TEM) studies provided detailed structural
information. As expected, we observed the presence of the layered
rhombohedral phase of the LiNiO2 type (R-3m) and the monoclinic
phase Li2MnO3 described by space group C2/m (see electron
diffraction patterns in Figs. 11a–11b). As demonstrated in
Fig. 11c, the Li2SO4 phase, which was detected in the uncycled
SO2-treated samples by XRD (Fig. 1), retains its stability and still
exists on the cycled electrodes (after 100 cycles). Besides, the cubic
spinel (Fd-3m), was also detected in the cycled samples (see
Fig. 11d). It was formed by a layered-to-spinel transformation
mechanism in the course of prolonged cycling. This observation

correlates well with the electrochemical data, which also indicated
the formation of a spinel phase (Fig. 10).

Possible mechanism of SO2 gas treatment of HE-NCM mate-
rials.—Based on the results obtained, we suggest that mechanism of
the surface thermal treatment of 0.35Li2MnO3·0.65LiNi0.35Mn0.45
Co0.20O2 with SO2 at 200 °C–400 °C may include first the chemisorp-
tion of SO2 on the active sites of the lithiated oxide, followed by
chemical interactions, for instance with the Li2MnO3 component
(nano-domains) as shown in scheme (1):

b a b a
+  +

+ < =

a
b

+
-2 Li MnO SO Li SO 2LiMn O

O 1, 2 1
2 3 2 2 4

3
2

2 [ ]

( )
( )

In this solid-gas reaction between Li2MnO3 domains and SO2 at
high enough temperature, the sulfur is observed to get oxidized from
S4+ (in SO2) to S6+ (in the surface sulfate species detected by XPS),
accompanied with a partial reduction of manganese from Mn4+ to a
valence state lower than 4+, Mn(3+α), as suggested by the scheme
(1). While minor changes occur in the manganese XPS spectra upon
SO2 treatment, they, unfortunately, do not provide unambiguous
confirmation of scheme (1). Additionally, the lattice oxygen can be

Figure 9. (a) Average voltage and (b) Voltage hysteresis calculated as the difference between mean charge and discharge voltages for untreated HE-NCM
electrode compared to the electrode comprising the material treated with 2% SO2 (400 °C, 2 h). The green arrows in (a) indicate that the mean voltage in charge
is ∼42–46 mV lower for the SO2 treated sample. These data are extracted from Fig. 7a.
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involved in this reaction on the surface, forming manganese oxide,
lithium oxide Li2O, as follows:

b+ + -  +
+ 

a
b

+
-Li Mn O SO 1 O Li O Mn O

SO
2

2
IV

3 2 lattice 2
3

2

3

( )

[ ]

( )
( )

Our XPS results demonstrate the decrease in oxygen with SO2

treatment from 50.3% to 36.2% (O 1s spectra in Fig. 5b). This can be
an indication of lattice oxygen participation in the above reaction,
although the formation of the screening sulfate layer on the surface
cannot be ruled out as well.

Lithium peroxide was not detected in our XPS measurements (its
band signal typically appears at ∼531 eV in the Oxygen spectra)
likely due to its transformation to Li2O2−δ or lithia and oxygen at
temperatures of 280 °C and higher,62 or due to a negligible amount
of Li2O2 remained and masked by sulfate, sulfite and carbonate
species. One more reaction can be considered of LiMn(3+α)O(2−β)

decomposition to spinel LiMn2O4 (cubic) and Li2MnO3 at tempera-
tures T > 350 °C.63 Spinel (tetragonal) and lithium peroxide can also
be formed via the following reaction:

+ +  + + 2Li MnO SO 2O Li Mn O Li O SO
2a

2 3 2 lattice 2 2 4 2 3

[ ]

It should be noted that the processes described above represent
feasible reactions, which however we could not prove unambigu-
ously by XPS analysis. Note also that possible formation of some
surface species due to the SO2-treatment and their detection by XPS
should be considered as relevant only to some degree in the context
of “integrated” 0.35Li2MnO3·0.65LiNi0.35Mn0.45Co0.20O2 material.
We suggest that the spectroscopic results measured from this
SO2-treated material should be taken with great caution since they

reflect interactions of SO2 with nano-sized domains of monoclinic
Li2MnO3 and rhombohedral Li(TM)O2 structures, respectively
interconnected at the atomic level53,64,65 and not with “single”
Li2MnO3 and LiNi0.35Mn0.45Co0.20O2 materials. An important
assumption can be deduced from the discussion of possible interac-
tions of HE-NCM material with SO2: since manganese is reduced to
Mn(3+α) valence state (α < 1) and Li+ is extracted in the form of
sulfate and oxides according to reactions 1, 2, and 2a, we consider
that Li2MnO3 domains on the surface of the HE-NCM undergo
“chemical” or “non-electrochemical” activation. These processes
resemble the Li2MnO3 electrochemical activation upon the initial
charge of HE-NCM electrodes up to 4.7–4.8 V in lithium cells with
the Li+ extraction, formation of MnO2 and oxygen removal from the
bulk, which had been proposed in the past66:

 + + + + -Li MnO 2Li 2e MnO 1 2O 2b2 3 2 2 [ ]

In regard of the O2 removal during the 1st charge, it was revealed,
however in a very recent study by Strehle et al.8 that the overall
amount of released oxygen from HE-NCM electrodes (evolved toward
the end of the activation plateau at ∼4.5 V) only corresponds to
roughly 10% of what be required for a bulk conversion according to
reaction 2b. This provided strong evidence that oxygen is only released
from a several nm thick near-surface layer, which was confirmed later
on by high-resolution transmission electron microscopy.67 These
authors suggest that structural rearrangement, such as the formation
of a spinel-like “near-surface region,” occurs on the surface of the HE-
NCM material. We propose that in the case of the SO2-treated
0.35Li2MnO3·0.65LiNi0.35Mn0.45
Co0.20O2 material, reactions 1, 2 and 2a reflect possible surface
structural rearrangements considered as “chemical” activation.
Therefore, after being treated with SO2, HE-NCM materials comprise
the Li2MnO3 domains already activated at the surface, while the bulk
of the material remains unchanged. This is confirmed by analytical

Figure 10. Differential capacity dQ/dV vs V plots (a), (c) and voltage profiles (b), (d) recorded from cycles 25, 50, 75, and 100 of HE-NCM untreated material
(a), (b) and HE-NCM treated with 2% SO2 during 2 h at 400 °C (c), (d). Coin-type cells with Li anodes cycled in LP57 electrolyte solution at 30 °C (same cells as
in Figs. 6 and 7). Numbers in dQ/dV plots show the potentials of the red-ox peaks.
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structural data, revealing no changes in the unit cell parameters values
of untreated and SO2-treated samples measured by XRD (Fig. 1 and
Table I). We also conclude from the results of the electrochemical
studies that voltage profiles measured in the 1st charging of untreated
0.35Li2MnO3·0.65LiNi0.35Mn0.45Co0.20O2 and SO2-treated materials
exhibit the same activation potential of ∼4.5 V, the same extent of the
voltage plateau corresponding to a capacity of ∼130 mAh g−1 (Fig. 6),
thus implying similarity in their bulk activation processes. However,
the slightly increased discharge capacities in the 1st cycle and ∼20–
25 mAh g−1 higher specific capacities of the SO2-treated HE-NCM
over extended cycling and at all C-rates may be due to the contribution
from the above hypothesized Mn(3+α)/Mn4+ red-ox and lithiated
LiMn(3+α)O(2−β) species formed due to the non-electrochemical
activation of Li2MnO3.

Further, the mechanism of the SO2 treatment includes interac-
tions of LiMnO2 (or more accurately LiMn(3+α)O(2−β)) formed in
the reaction 1 with SO2 via schemes (3) and (4), resulting in the
formation of both Li-sulfite and Li-sulfate and transition metal
sulfites and sulfates:

+  + +2LiMnO 3SO Li SO MnSO MnSO 32 2 2 3 3 4 [ ]

+  +2LiMnO 3SO Li SO 2MnSO 42 2 2 4 3 [ ]

Li2SO4 and Li2SO3 remain stable on the surface since the
temperatures of their decomposition are higher than 400 °C (melting

point is 860 °C).68 The presence of the crystalline lithium sulfate
was unequivocally detected in this study by XRD measurements
(Fig. 1) and after prolonged cycling by TEM (Fig. 11c).

The reaction of the Li(TM)O2 component of HE-NCM layered
oxide with SO2 may result in the formation of Li2SO4 and transition
metal sulfites associated with partial reduction of the valence state of
transition metals (mainly Mn and Co) in agreement with the paper
by Andreu et al.34 showing that these TMs can be reduced during
SO2 adsorption process:

+  +2Li TM O 3SO Li SO 2 TM SO 52 2 2 4 3( ) ( ) [ ]

One would also expect a chemical reaction between lithiated
transition metal oxide and SO2 to form Li2SO3 and sulfites of
transition metals, as follows:

+  +2Li TM O 4SO Li SO TM SO 62 2 2 3 2 3 3( ) ( ) ( ) [ ]

It can be supposed that the species like Li2SO4, Li2SO3 and
(TM)2(SO3)3 formed on the surface (Figs. 1 and 11) protect partly
the cathodes comprising SO2-treated 0.35Li2MnO3·0.65LiNi0.35
Mn0.45Co0.20O2 materials from interactions with solution species,
decreasing thus the irreversible capacity loss compared to electrodes
comprising untreated materials (Fig. 6 and Table SIV). Moreover,
Li2SO4 formed due to the SO2 treatment can lower the CO2 gas
generation from the decomposition reactions of the electrolyte
solution.69

Figure 11. (a) and (b) Convergent Beam Electron Diffraction (CBED) patterns taken from the 2% SO2-treated HE-NCM (400 °C, 2 h) after 100 cycles in coin-
type Li-cells showing the presence of rhombohedral (r) and monoclinic (m) phases, respectively and (c), (d) the presence of Li2SO4 and cubic spinel phases,
respectively.
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Conclusions

We proposed in this work a surface modification approach to
enhance the electrochemical performance of HE-NCM cathode
materials 0.35Li2MnO3·0.65LiNi0.35Mn0.45Co0.20O2 via their
treatment with SO2 gas at 200 °C–400 °C. First, we concluded
that the SO2 treatment resulted in the oxidation of sulfur to S6+

valence state, partial reduction of manganese, and the formation
of sulfates and sulfites on the surface. An important conclusion
is that the bulk of the material remained unchanged, as confirmed
by X-ray and electron diffraction studies. The main findings of
this research can be formulated as follows: the discharge capacity of
the SO2-treated samples increases by ∼20–25 mAh g−1 even over
extended cycling and at all examined C-rates, and the evolution of the
voltage hysteresis is lower compared to the untreated ones.

It is suggested that the enhancement of the electrochemical
performance of the electrodes comprising SO2-treated materials may
be ascribed to the contribution from the hypothesized Mn(3+α)/Mn4+

red-ox and lithiated LiMn(3+α)O(2−β) species formed due to the
“non-electrochemical activation” of the Li2MnO3 component. We
thus propose that 0.35Li2MnO3·0.65LiNi0.35Mn0.45Co0.20O2 elec-
trodes in Li-cells comprise this component (nano-domains) as
already surface-activated due to the SO2-treatment. The positive
effect of the increased specific capacities can be attributed partially
to the modified interface comprising Li-ions conductive nano-sized
phase Li2SO4 formed upon SO2 interactions with the cathode
material. We speculate that the lower heat evolved upon chemical
reactions of the SO2-treated HE-NCM material with EC-EMC/LiPF6
solution species may also relate to the presence of Li2SO4 (and other
sulfates) on the surface. It can be concluded from the post-cycling
structural analysis by TEM that the Li2SO4 phase retains its stability
and still exists on the cycled electrodes. Thus, we conclude that the
formation of this stable surface phase is an important result of the
SO2 treatment that affects the electrochemical and thermal behavior
of HE-NCM electrodes.

The proposed methodology to modify the surface of Li and Mn-
rich materials by SO2 treatment and to enhance thus their electro-
chemical performance can also be used for other cathodes, for
instance, comprising high-capacity Ni-rich layered-type materials
considered as the most promising in LIBs for electro-mobility
applications.
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Electrode preparation, cell assembly, and cell testing at BIU 

Electrodes for electrochemical studies were prepared using 80 wt. % HE-NCM active material, 

5 wt. % Super P carbon black, 5 wt. % KS6 graphite and 10 wt. % PVDF (Solef 5130) dispersed 

in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich). Electrode loading was ~1.6-2.4 mgHE-

NCM/cm2. We used EC-EMC (3:7) /1M LiPF6 electrolyte solution LP-57 from BASF and 

Celgard 2500 polypropylene separator in electrochemical cells. 

The composition of HE-NCM material was determined at BASF by ICP analysis and the 

calculated ratios of TMs to Li are presented in Table S1. The ratios of TM/Li calculated for 

untreated and SO2-treated samples are close to those of the pristine (as-received) material. 

Table S1: Formula of the as-received HE-NCM material (BASF) calculated based on ICP analysis and 

calculated ratios TM/Li for untreated and “SO2 2h 400 C̊” treated HE-NCM materials 

Materials Co/Li Ni/Li Mn/Li 

Calculated formula Li1.35[Mn0.6425Ni0.2275Co0.13]O2+ 0.096 0.168 0.470 

Untreated HE-NCM 0.093 0.165 0.449 

HE-NCM treated SO2 (2 h 400 °C) 0.096 0.171 0.457 

 

Electrochemical testing of untreated HE-NCM and the “400 °C 2 h SO2” treated material was 

carried out by galvanostatic cycling in half-cells of coin-type 2325 (Li metal foil as a counter 

electrode). All cells were subjected to cycling at 30°C, as follows: the first cycle was performed 

from OCV to 4.7 V in charging and to 2.0 V in discharging, at a C/15 rate, C defined as 

250 mAh g−1 (corresponding to 0.40 – 0.50 mAh/cm2). including CC-CV (constant current-

constant voltage) protocol. All subsequent cycles were performed from 2.0 to 4.6 V. For the 

first cycle, a constant voltage step of 3 h was applied at the anodic limit; all subsequent constant 

voltage steps were for 30 min. After the initial C/15 formation cycle, two cycles at C/10 were 

performed, followed by three cycles at C/3, 0.8C, 1C, 2C, 4C, and 0.1C rates, after which 80 

cycles were performed at C/3 and then the cycling was terminated. 

Electrode preparation, cell assembly, and cell testing at TUM 

The cathode slurry for the “200°C 1 h SO2” and the untreated reference sample was produced 

under inert conditions, i.e., powder mixing and NMP addition was carried out under argon. To 

produce HE-NMC cathodes, the following ingredients were blended: 92.5 wt. % of HE-NCM 
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active material, 4 wt. % carbon black (Super C65, Timcal, Switzerland), and 3.5 wt. % 

polyvinylidene difluoride (PVdF, Solef 5130, Solvay, Belgium). Carbon black and PVDF had 

been vacuum dried at 120°C for 3 days before transfer to the glovebox, where the powders 

were mixed. After powder mixing, 0.84 g of N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, 

Germany) per gram of solid (54 wt. % solid content) was added step-wise and the mixture 

was stirred with a planetary orbital mixer (Thinky, Japan) until a highly viscous, lump-free 

paste is obtained. It was then applied onto an 18 μm thick aluminum foil (MTI, USA) with a 

100 µm four-edge-blade (Erichsen, Germany) and subsequently dried overnight inside the 

glovebox. Disc-shaped cathodes with a diameter of 14 mm were punched out of the coated foil 

and compressed at 2.5 t for 20 s. The cathodes were then weighed, dried overnight in a vacuum 

oven at 120°C, and introduced into an Ar glovebox without exposure to ambient air. The areal 

loading of the HE-NMC cathodes after drying was 6.0 ± 1.0 mgHE-NCM/cm2, corresponding to 

an areal capacity of 1.50 ± 0.25 mAh/cm2 when using a reversible specific capacity of 

250 mAh/gHE-NCM (the latter is also used for the definition of the C-rate). Coin cells were 

assembled with a metallic lithium counter electrode, with two glass fiber separators (VWR 

691) with 16 mm diameter, and with 80 µL of electrolyte. The latter was an EC-free, FEC/DEC-

based electrolyte with a highly fluorinated ether as co-solvent (BASF, Germany) and with 1 M 

LiPF6.  

For the 200°C, 1 h SO2-treated sample, a different cycling procedure at a constant temperature 

of 25C was used. The first charging at C/15 was carried out to 4.8 V and up to 4.7 V in the 

subsequent cycles. Furthermore, instead of the extended rate capability test at the beginning, 

we examined the rate capability at discharge rates of 0.1C and 3C, which were carried out after 

every forty cycles. The lifetime test was performed with 1C discharge rates instead of C/3. All 

the details of the cycling procedure are specified in Table S2.  
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Table S2: Cycling protocol for coin-type half-cells comprising HE-NCM cathodes and metallic lithium 

anodes. Segments 2 - 5 were repeated 4 times. The C-rate is referenced to 250 mAh/gHE-NCM; CC 

(constant current), CC-CV (constant current-constant voltage) mode with C/10 lower current limit, 

DCIR (direct current internal resistance) measurement at 40% SOC (state-of-charge). 

Segment 
Potential range  

[V vs. Li/Li+] 

Charge  

rate 

Discharge  

rate 
Cycles Repeats 

1 Activation 4.8 - 2.0 C/15 (CC) C/15 (CC) 1 0 

2 Slow cycling 4.7 - 2.0 C/10 (CC) C/10 (CC) 3 

4 

3 DCIR at 40% SOC - - 1 

4 Fast cycling 4.7 - 2.0 C/2 (CCCV) 3C (CC) 3 

5 Standard cycling 4.7 - 2.0 C/2 (CCCV) 1C (CC) 33 

Impedance measurements 

The electrochemical impedance measurements of the HE-NCM/Li cells were performed using 

a frequency response analyzer FRA (model 1255 from Solartron) coupled with a battery test 

unit model 1470, Inc. (driven by Corrware and ZPlot software from Scribner Associates, Inc.). 

The alternating voltage amplitude in impedance measurements was 3 mV and the frequency 

ranged from 100 kHz to 5 mHz. All the potentials in this paper are given vs. Li+/Li. 

Differential scanning calorimetry measurements 

The DSC analyses were carried out in the range between room temperature and 350 °C (DSC 

3+ STARe System, METTLER TOLEDO) using closed reusable high pressure gold-plated 

stainless steel crucibles (30 μl in volume). The weight ratio between the electrode material and 

the electrolyte solution for the experiment was kept at 1:1. For individual DSC test, ~3 mg each 

of the cathode material and electrolyte solution was used. The initial and final weights of the 

loaded crucibles were measured using a microbalance (Mettler Toledo AB135-S/FACT). All 

the weighing measurements were performed inside an argon-filled glove-box.  

Surface area measurements 

Specific surface area measurements of HE-NCM materials were carried out by the 

Brunauer−Emmett−Teller (BET) method at 77.3 K using a Nova 3200e (Quantachrome, USA) 

surface area analyzer.  
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Experimental setup for SO2 treatment at BIU 

 

 

Figure S1: Modified roto-evaporator provided by BASF 

 

Analysis of XPS data  

For the peak deconvolution shown in Figure 5, the following peak assignments, binding energy 

and FWHM ranges, and peak area ratios were used. 

Table S3: Data fitting for XPS spectra of untreated and SO2 treated (200°C, 1 h) HE-NCM materials, 

used in the analysis of the data shown in Figure 5. 

O 1s region 

assigned structure 
layered 

oxide lattice 

spinel oxide 

lattice 

M-OH  

3CO-M&  
xSO-M misc.  

BE [eV] 529.2 ± 0.2 530.0 ± 0.2 531.1 ± 0.1 532.0 ± 0.2 533.2 ± 0.2  

FWHM [eV] 1.0 – 1.2 1.0 – 1.2 1.6 – 1.8 1.4 – 1.5 1.6 – 1.8  

S 2p region 

assigned structure 3/22p 4SO-M 1/22p 4SO-M 3/22p 3SO-M 1/22p 3SO-M 3/2S 2p-M 1/2S 2p-M 

BE [eV] 168.7 ± 0.2 168.7 + 1.2 166.8 ± 0.2 166.8 + 1.2 163.0 ± 1.0 163 + 1.2 

FWHM [eV] 1.0 – 1.3 1.0 – 1.3 1.0 – 1.3 1.0 – 1.3 1.0 – 1.3 1.0 – 1.3 

integrated peak area  A×0.5  C×0.5  E×0.5 
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Capacities obtained during activation and cycling in Li/HE-NCM half-cells 

The capacities extracted from the first-cycle activation (Figure 6), the extended cycling test 

(Figure 7), and the rate capability test (Figure 7 and 8) are given in Tables S4-6. 

Table S4: Specific charge and discharge capacities measured in the first (activation) cycle at a C/15 

rate in Li/HE-NCM half-cells with untreated and SO2 treated HE-NCM for experiments conducted at 

BIU or TUM (see Figure 5). BIU: Electrodes containing either the untreated or the “400°C, 2 h SO2” 

treated HE-NCM, conducted in LP57 electrolyte at 30C (first-charge cut-off at 4.7 V, followed by a 

CV step; average and a maximum deviation of three cells per sample). TUM: Electrodes containing 

either the untreated or the “200°C, 1 h SO2” treated HE-NCM, conducted at 25C in FEC/DEC-based 

electrolyte with a highly fluorinated ether as co-solvent and with 1 M LiPF6 (first-cycle cut-off at 4.8 V, 

no CV step; average and a maximum deviation of two cells per sample). In both cases, the discharge 

cut-off was 2.0 V. Note approximately 5 % higher Coulombic efficiency measured from untreated HE-

NCM electrodes in FEC/DEC/1.0 M LiPF6 electrolyte with a highly fluorinated ether as co-solvent. 

This may relate, to some extent, to less side reactions of electrodes with this solution species, as well 

as due to the higher stability of FEC upon anodic polarization comparing to that of EC. 

 Sample 

1st Charging 1st Discharging 
Coulombic 

Efficiency 

mAh/g mAh/g % 

Untreated HE-NCM (BASF) 332.5 ± 1 281.2 ± 3 84.5 

400°C, 2 h SO2 treated sample (BIU) 336.1 ± 2 294.8 ± 3 87.7 

Untreated HE-NCM (BASF) 320.6 ± 0.8 289.0 ± 1 90.1 

200°C, 1 h SO2 treated sample (TUM) 321.2 ± 0.1 295.9 ± 0.1 92.1 

 

Table S5: Specific discharge capacities (mAh/g) obtained during cycling at various C-rates. These tests 

were carried out after the 1st cycle (activation) shown in Figure 6 and are extracted from Figure 7 and 8 

for the measurements conducted at BIU (black text) and TUM (blue text). The numbers in brackets 

indicate the increase in capacity (%) of the SO2-treated samples. Average and standard deviation is 

based on three cells per sample for BIU and two cells for TUM.  

 

Sample  0.1C 0.33C 0.8C 1C 2C 3C 
1C/0.1C 

(%) 

Untreated  

HE-NCM 

(BASF)  

249 ± 2 236 ± 3 221 ± 3 214.7 ± 3 190 ± 5 

- 

86.0 

400°C, 2 h SO2  

treated sample 

263 ± 3 (5.6 

%) 

257 ± 2 

(8.9 %) 

241 ± 5 

(9.0 %) 

238 ± 2 

(10.7 %) 

220 ± 2 

(15.6 %) 

- 
90.5 

Untreated  

HE-NCM 

(BASF) 

266.5 ± 0.3 

(cycle 4) 
- - 

233.3 ± 0.5 

(cycle 11) 
- 

195.0 ± 2 

(cycle 8) 87.5 

200°C, 1 h SO2  

treated sample 

281.2 ± 0.1 

(5.6 %) 

(cycle 4) 

- - 

256.7 ± 0.1 

(10.3 %) 

(cycle 11) 

- 

227.0 ± 1 

(16.4 %) 

(cycle 8) 

91.3 
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Table S6: Specific discharge capacities obtained over extended cycling extracted from the data shown 

in Figure 7, namely at C/3 and 30 °C at BIU (black text, see Figure 7a) and at 1C and 25 °C at TUM 

(blue text, see Figure 7b). The average and maximum deviation are based on three cells per sample. At 

BIU and on two cells per sample at TUM. 

Sample 
1st 10th 25th 50th 80th 100th Q100/Q25 

mAh/g mAh/g mAh/g mAh/g mAh/g mAh/g % 

Untreated  

HE-NCM 

(BASF) 

226.0 ± 3 221.0 ± 3 220 ± 5 207.0 ± 4 188.0 ± 6 200 ± 8 90.9 

400°C, 2 h SO2  

treated sample 
253.0 ± 1.6 249.0 ± 1.4 243 ± 2 236.0 ± 3 220.0 ± 7 220 ± 5 90.5 

Untreated  

HE-NCM 

(BASF) 

- 234.2 ± 0.4 226 ± 0.5 217.6 ± 0.9 214.0 ± 1 212 ± 2 93.8 

200°C, 1 h SO2  

treated sample 
- 257.1 ± 0.2 252 ± 0.1 238.0 ± 5 240.0 ± 1 236 ± 0 93.7 

 

Raman spectroscopy studies  

From the results of Raman spectroscopy studies shown in Figure S2, we suggest that SO2 

treatment has no substantial effect on the vibrational modes of the Li-rich material. Mainly, all 

the Raman active modes of the pristine sample (peak locations, the appearance of an additional 

feature at 620 cm-1) remain unchanged upon this treatment.  

 

Figure S2: Raman spectra were taken from several locations of a) untreated HE-NCM material and b) 

HE-NCM material treated with SO2 during 2 hours at 400 °C 
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Figure S3: Voltage profiles recorded for electrodes containing untreated (pristine) and SO2-treated HE-

NCM materials (as indicated) during cycles 25, 50, and 75 in coin-type cells with Li-anodes, at 25 °C 

(a) and 30 °C (b).   
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Electrochemical Impedance Spectroscopy (EIS) studies 

In Figure S4, we demonstrate typical impedance spectra (Nyquist plots) measured from Li-

cells with cathodes comprising untreated and SO2-treated HE-NCM materials, respectively, 

and LP57 solution. Lower contact resistance and surface-film resistance values were measured 

both at the beginning of their cycle life (15 cycles) and after prolonged cycling (100 times at 

C/3 rate) for the cells comprising SO2-treated cathode and this observation may be related to 

some extent to the restructuring of the material’s surface by SO2-treatment. This suggestion is 

also supported by DSC thermal studies of untreated and SO2-treated HE-NCM samples in 

reactions with EC-EMC/LiPF6 1M solutions (LP57). As the EIS measurements were conducted 

in half coin-type cells (vs. Li/Li+) configuration, contributions from both HE-NCM cathodes 

and Li-anodes are associated with the electrical circuit parameters. Thus we define the cell 

impedance as follows: Rcell = Rcathode + Ranode. 

Electrical equivalent circuit models were adopted to fit the experimental Nyquist plots (Figure 

S4) and the assignment of the circuit parameters1 was addressed according to their values in 

Table S7.  

 

Figure S4: Impedance spectra (Nyquist plots) measured during the charge at 4.0 V after 15th and 100th 

charge/discharge cycles from Li/HE-NCM half-cells with cathodes comprising HE-NCM untreated 

(black curve) and SO2 treated material (400 ˚C 2 h, red curve). Coin-type cells vs. Li anodes, EC-EMC 

(3:7 v/v)/LiPF6 1M solutions, at 30 ˚C. The equivalent circuit models are presented as insets in each 

plot.  
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Table S7: Fitted data for impedance spectra measured during the charging process (Li-ions extraction) 

at 4.0 V, after 15th and 100th cycles in half-cells comprising Li-anodes and HE-NCM untreated and SO2-

treated cathode materials. The corresponding impedance spectra of these cells are presented in Figure 

S4. In this Table, Rhf, Rcon, Rsl, and Rct relate respectively, to the solution resistance measured at high-

frequencies, contact resistance of the cathode, the resistance of the Li+ migration through the surface 

layer formed on the cathode, and interfacial charge-transfer resistance representing a contribution from 

both the electrodes (cathode and anode) in Li-cells. 

 

Cycle 

Number 

Electrochemical cell configuration 

Untreated HE-NCM vs. Li/Li+ SO2 treated (at 400 °C, 2 h) HE-NCM vs. 

Li/Li+  

Rhf 

(Ω.cm2) 

Rcon. 

(Ω.cm2) 

Rsl 

(Ω.cm2) 

Rct
 

(Ω.cm2) 

Rhf 

(Ω.cm2) 

Rcon. 

(Ω.cm2) 

Rsl 

(Ω.cm2) 

Rct
 
(Ω.cm2) 

15th Cycle 1.6 13.7 - 18.5 1.9 8.5 - 19.7 

100th Cycle 2.1 29.6 42.9 103.1 2.4 14.2 19.2 97 

 

 

 

Results of DSC studies and TEM images of the SO2 treated HE-NCM material 

 

Figure S5: Results of the DSC measurements of untreated (black) and SO2 treated HE-NCM (red) 

powders in EC-EMC (3:7 v/v)/LiPF6 1.0 M solution (LP57). 
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Figure S6: (a, b) TEM bright-field images of the SO2 treated HE-NCM material demonstrating the 

coating of a few nanometers thick over the primary particles. According to the XPS analysis, the surface 

coating comprises Li2SO4 and TM-sulfates, as discussed in the main text.  

 

Reference: 

1. T. Teufl, D. Pritzl, S. Solchenbach, H. A. Gasteiger, M. A. Mendez, J. Electrochem. 

Soc., 166, A1275 (2019). 
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3.3.3. Thermal Treatment of Ni-rich NCM with the Reactive Gases SO2 and SO3 

Having learned about the positive impact that SO2 and SO3 treatment can have on LMR-NCM 

from the previous two chapters (3.3.1 and 3.3.2), in the following it will be discussed how the SO2 and 

SO3 can be adapted to Ni-rich NCM. As described in the experimental part (chapter 2.3.1), NCM851005 

was treated with SO2 at 200°C and with SO3 at 160°C after a calcination step at 525 °C in both cases 

(cf. left panel of Figure 26). In a second set of experiments (cf. right panel of Figure 26), this pre-

calcination step was omitted and NCM851005 powder was directly heated to a 300 °C temperature 

plateau in the first case and to a 400 °C plateau in an additional experiment, both for a duration of 1 h 

under Ar flow. While keeping the temperature constant, the gas feed was then changed to 0.5% SO2 in 

Ar for a 1 h SO2 treatment while holding the temperature at 300°C or at 400°C, respectively. 

Furthermore, an SO3 treatment was performed with 0.5% SO3 and 30% O2 in Ar for 1 h at 300°C (after 

a 1 h temperature hold at 300°C under Ar flow). To assess the reactivity of Ni-rich NCM with SO2 and 

SO3, the CAM powders were characterized by DRIFTS of 1% CAM samples in KBr, analogous to the 

study on LMR-NCM samples presented in the publication134 in chapter 3.3.1. All the spectra for the two 

sets of experiments as well as the corresponding experimental protocols for SO2 and SO3 treatment are 

depicted in Figure 26. 
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Figure 26: DRIFTS spectra of the NCM851005 samples for two sets of experiments that are schematically explained for the 

SO2 treatment as an example. The Kubelka-Munk intensity has been normalized to the oxide band at 560 cm-1 and the spectra 

have been offset arbitrarily on the y-axis for better visibility. Left panel: as-received NCM851005 (“pristine”), after calcination 

at 525°C under 30% O2 in Ar (“calcined”), after treatment with 0.5% SO3 and 30% O2 in Ar for 1 h at 160°C (“SO3 160 °C) as 

well as after treatment with 0.5% SO2 in Ar for 1 h at 200 °C (“SO2 200°C”). Right panel: Second set of experiments with 

NCM851005 samples heated for 2 h at 400°C under Ar (“Ar 400°C”), heated at 300°C for 2 h, first under Ar for 1 h and then 

under 0.5% SO3 and 30% O2 in Ar for 1 h (“SO3 300°C”), heated at 300°C for 2 h, first under Ar for 1 h and then under 0.5% 

SO2 in Ar for 1 h (“SO2 300°C”) as well as heated at 400°C for 2 h, first under Ar for 1 h and then under 0.5% SO2 in Ar for 1 

h (“SO2 400°C”). 

All DRIFTS spectra in Figure 26 reveal the characteristic surface groups of NCM851005 

particles. Similar to the LMR-NCM samples discussed in Figure 4 of the publication134 presented in 

chapter 3.3.1, the downward pointing signal at the region around 3430 cm-1 indicates surface hydrates 

and hydroxide ions (H2O/OH-), the doublet around 1470 cm-1 and the sharp band at 860 cm-1 are typical 

features of the carbonate anion (CO3
2-). Taken together, e.g., the “pristine” NCM851005 sample must 

contain a significant fraction of the typical surface contaminants47,48,161 such as LiOH, Li2CO3 and the 

basic nickel carbonate hydrate NiCO3 · 2Ni(OH)2· x H2O (NCBH). The same holds true for most of the 

other samples such as the “calcined 525 °C”, the “SO3 160 °C” and “SO2 200°C” sample as well as in 

case of “Ar 400 °C”, “SO3 300 °C”, and “SO2 300 °C”. Only the harshest condition, i.e., SO2 treatment 

at 400 °C appears to have reduced the carbonate fraction in the sample as revealed by clearly decreased 

carbonate bands at 1470 and 860 cm-1 in case of “SO2 400 °C” (brown line in the right panel of Figure 

26). However, also in this case the hydroxide/hydrate region around 3430 cm-1 is not much reduced in 
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intensity as compared to all the other samples. Interestingly, none of the samples in Figure 26 shows 

any change of the sulfate band (SO4
2-) at 1130 cm-1 as compared to the pristine sample, which itself 

exhibits a rather intense sulfate signal. This indicates a significant sulfate content already in the “pristine” 

sample and the SO2 or SO3 treatment possibly do not further increase the total sulfate content (sum of 

bulk and surface sulfates) significantly. Sulfites (SO3
2-) would give rise to bands at 1002 and 954 cm-1 

(Table II within the publication134 in chapter 3.3.1) which however cannot be seen in any of the spectra 

in Figure 26. In short, the only significant change observed after SO2 treatment of NCM851005 at 

400 °C according to the interpretation of the DRIFT spectra seems to be the reduction of the amount of 

carbonates such as Li2CO3 or basic nickel carbonate hydrate. This would be an advantage in case of 

Li2CO3 which be removed by calcination step at 525°C, for instance, as discussed in the paper on surface 

contamination of NCM811 (chapter 3.2.2).47  

To reveal whether this reduction of the amount of carbonates affects electrochemical cycling, 

coin cells with NCM851005 versus lithium have been tested for “pristine” NCM851005, for “SO2 

400 °C”, and for “Ar 400 °C” as baseline for the SO2 treatment of NCM851005 at 400 °C (compare 

Figure 27). The half-cell tests were performed at 25 °C. Similar to the LMR-NCM study134 described in 

chapter 3.3.1, the cycling protocol consisted of longer 1 C segments (33 cycles) and shorter C/10 and 3 

C segments (3 cycles each); further details can be found in the experimental section of this thesis (chapter 

2.3.2). The cycling results for NCM851005 can be seen from Figure 27. The initial 1 C capacities (panel 

a) are 187 mAh/g for the “pristine” sample, 178 mAh/g for the “Ar 400°C” baseline, and 161 mAh/g for 

“SO2 400 °C”. The aging behavior, i.e., the capacity decrease over 200 cycles of all three samples is 

rather similar. It is clearly visible from Figure 27a that the SO2 treatment at 400°C has led to reduced 

capacity during 1 C cycling. This capacity loss can also be observed at C/10 (panel b) and 3 C (panel c) 

when comparing “SO2 400 °C” to the other two samples. The initial pulse resistance of “SO2 400 °C” 

(panel c) is not drastically increased as compared to “pristine” NCM851005, however during cycle-life 

the resistance growth is much bigger for “SO2 400 °C” versus “pristine” NCM851005. The observations 

for the baseline sample “Ar 400 °C” are different to both of the other samples: While the C/10 capacity 

of “Ar 400 °C” (panel b) is even slightly bigger than the one of “pristine” NCM851005, the 3 C capacity 

(panel c) is clearly decreased, similar to “SO2 400 °C”. In addition, the resistance growth is more 

pronounced for “Ar 400 °C” versus “pristine” NCM851005, even exceeding the one of “SO2 400 °C” 

(panel d). Especially in case of the SO2 treatment at 400°C, but also in case of the Ar baseline experiment 

at 400°C, a resistive surface layer seems to have formed. 
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Figure 27: Impact of SO2 and SO3 treatment on the performance of half-cells, i.e., NCM851005/LP572/lithium coin cells at 

25°C. Each value represents the average of two cells each, with error bars representing maximum and minimum values. 

Untreated “pristine” NCM851005 is compared to SO2 treated NCM851005 (“SO2 400 °C), with “Ar 400°C” as baseline for 

the impact of the temperature (400°C) itself. In case of “Ar 400°C”, only 160 cycles have been recorded. (a) Discharge capacity 

(Qdis) at 1 C (only every third cycle is displayed for the sake of better visibility). (b) Discharge capacity of the same cells at 

intermittent cycles at C/10. (c) Discharge capacity of the same cells at intermittent cycles at 3C. In panels (b) and (d) the last 

one of the three cycles for the corresponding rate is displayed. (d) DCIR pulse resistance (Rpulse) after charge to 40% SOC. (e) 

Voltage profiles of the first formation cycle at 25°C (3.0 – 4.3 V at C/10, one cell per sample). The detailed cell setup and 

cycling protocol are given in the experimental section (chapter 2.3.2). 

As discussed above in the context of the DRIFT spectra (Figure 26), the “pristine” NCM851005 

most probably contains a significant fraction of surface contaminants in the form of hydroxides or 

hydrates. This is consistent with TGA data (not shown), according to which “pristine” NCM851005 

loses 0.08 wt% between 120 and 450°C (same TGA measurement protocol as for Li1.33-LMR-NCM 

depicted in Figure 22), while the “Ar 400°C” sample has a negligible mass loss of only 0.01 wt%. The 

type of hydroxide or hydrate cannot be assessed from the DRIFTS data, i.e., LiOH cannot be 

differentiated from Ni-based hydroxides, for example. As it is known from a study on washing of 

NCM851005, MOOH-like structures caused by exposure to water are converted to rocksalt-like 

structures above ≈250 °C, which might explain the high resistance of the “Ar 400 °C” sample.233 This 

would be consistent with the observation from the voltage profiles of the first (formation) cycle at C/10, 

which are displayed in Figure 27e. In case of “pristine” NCM851005, the voltage curve reflects the 

sloping plateau typical of layered oxides. The charge contains an initial voltage spike above 3.6 V, which 

could be explained by the presence of surface contaminants47,48. This finding would be in accordance 
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with the above discussed interpretation of the DRIFT spectra in Figure 26. Apart from the initial charge 

polarization at 3.6 V, only a slight hysteresis between the charge and the discharge curve can be observed 

for “pristine” NCM851005. In contrast, the “Ar 400 °C” sample and the “SO2 400 °C” samples both 

reveal a clearly visible hysteresis between charge and discharge. In case of “SO2 400 °C”, this hysteresis 

probably covers the spike from the initial charge polarization. The “SO2 400 °C” sample shows the 

highest polarization and the lowest amount of active lithium, which is assessed via the initial charge 

capacity (217 mAh/g), while in case of “Ar 400 °C” the initial charge capacities (241 mAh/g) are 

slightly higher than the one of the pristine sample (231 mAh/g). This is consistent with a capacity 

increase for the “Ar 400 °C” sample during cycling at C/10 (Figure 27b). As discussed above, a highly 

resistive surface layer might be the explanation for the increased polarization after heating under Ar at 

400 °C and the even more pronounced polarization after SO2 treatment at 400 °C. 

Taken together, the SO2 treatment at 400 °C on the one hand led to removal of surface 

carbonates according to DRIFTS, on the other hand the poor electrochemical performance impedes the 

practical application of such a treatment method. Future experiments should focus on lower treatment 

temperatures such as the SO2 treatment at 200 °C or the SO3 treatment at 160 °C, although eventual 

surface changes could not be proven by DRIFTS. Possibly, the fact that the “pristine” sample already 

contains a significant amount of sulfate, the creation of surface sulfates or sulfites upon SO2 or SO3 is 

not as relevant as in case of LMR-NCM, where the formation of sulfate and sulfite groups on the particle 

surface was clearly demonstrated to have a positive effect on the surface stability as well as on 

electrochemical cycling (chapter 3.3.1).134  
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3.3.4. Fluorination of Ni-Rich Lithium-Ion Battery Cathode Materials by Fluorine Gas: 

Chemistry, Characterization, and Electrochemical Performance in Full-cells 

The manuscript entitled “Fluorination of Ni-Rich Lithium-Ion Battery Cathode Materials by 

Fluorine Gas: Chemistry, Characterization, and Electrochemical Performance in Full-cells” was first 

submitted to the peer-reviewed journal Batteries & Supercaps (by Wiley-VCH GmbH) on August 28, 

2020. A revised version was submitted on November 23, 2020 and published online on December 4, 

2020. This is an open access article under the terms of the Creative Commons Attribution-Non 

Commercial 4.0 International (CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/), which 

permits use, distribution and reproduction in any medium, provided the original work is properly cited 

and is not used for commercial purposes. A permanent link to this article can be found under 

https://doi.org/10.1002/batt.202000202 

In chapters 3.3.1-3.3.3, so far the impact of SO2 and SO3 thermal treatments of LMR-NCM and 

Ni-rich NCM have been discussed. As already mentioned in the patent application (cf. chapter 3.3.1),136 

there are further gases that are known to be highly reactive and thus are potential candidates to modify 

layered oxide CAMs. BF3 is such an example and is mentioned in the patent application, NH3 was used 

in a study by Erickson et al.,133 F2 is a further example and will be discussed in detail in the manuscript 

on the fluorination of Ni-rich NCM, which is presented within this chapter. In contrast to the SO2 and 

SO3 treatments, the F2 treatment was carried out in a closed batch reactor at room temperature and not 

in a furnace tube with continuous gas flow at elevated temperature. The experimental details of the 

fluorination setup are described in more detail at the beginning of the Supporting Information (Figure 

S1). The reaction between the layered oxide samples and F2 most likely leads to the formation of H2O 

inside the reactor vessel, which was chemically bound to the CAM surface, thus increasing the amount 

of surface contaminants. Luckily, a calcination at 450°C for several hours allowed to remove these 

additional surface hydrates and hydroxides, similar to the calcination procedure that has already 

demonstrated in the study on surface contaminants (chapter 3.2.2).47 Also in case of the F2 study, TGA-

MS and DRIFTS allowed the quantitative and qualitative assessment of surface contamination on 

NCM851005 before and after fluorination and calcination.  

One key question discussed within this manuscript is whether F2 treatment of Ni-rich NCM 

(NCM811 and NCM811005) would preferably lead to surface fluorination or to bulk anion doping. 

While powder XRD gave no indication of bulk anion doping, 7Li an 19F Magic Angle Spinning Nuclear 

magnetic resonance (MAS-NMR) revealed the formation of LiF on the surface of the CAM particles. 

Despite a reduced electrical conductivity as compared to pristine material, fluorinated NCM811 had a 

slightly improved capacity retention after 500 cycles during electrochemical cycling tests in full-cells 

vs. graphite at 30°C and at 45°C. With the help of inductively coupled plasma mass spectrometry (ICP-

MS) of the anode after 500 cycles, it was demonstrated that transition metal dissolution from the cathode 

https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1002/batt.202000202
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during cycling was clearly reduced for fluorinated NCM811, with the strongest impact on Mn and Co 

cross-talk. Apparently, the LiF film on the CAM has protective properties that not only stabilize the 

material, but also positively influence the cycle-life of NCM811. 
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Very Important Paper

Fluorination of Ni-Rich Lithium-Ion Battery Cathode
Materials by Fluorine Gas: Chemistry, Characterization, and
Electrochemical Performance in Full-cells
Ulf Breddemann+,[a] Johannes Sicklinger+,[b] Florian Schipper+,[c] Victoria Davis,[a]

Anna Fischer,[a] Korbinian Huber,[b] Evan M. Erickson,[c] Michael Daub,[a] Anke Hoffmann,[a]

Christoph Erk,[d] Boris Markovsky,[c] Doron Aurbach,*[c] Hubert A. Gasteiger,*[b] and
Ingo Krossing*[a]

The mild fluorination of Ni-rich NCM CAMs (NCM=nickel-
cobalt-manganese oxide; CAM=cathode active material) with a
few hundred mbar of elementary fluorine gas (F2) at room
temperature was systematically studied. The resulting fluori-
nated CAMs were fully analyzed and compared to the pristine
ones. Fluorination at room temperature converts part of the
soluble basic species on the CAM-surface into a protecting thin
and amorphous LiF film. No formation of a metal fluoride other
than LiF was detected. SEM images revealed a smoothened
CAM surface upon fluorination, possibly due to the LiF film
formation. Apparently due to this protecting, but insulating LiF-
film, the fluorinated material has a reduced electrical conductiv-
ity in comparison to the pristine material. Yet, all fluorinated Ni-

rich NCM CAMs showed a considerably higher press density
than the pristine material, which in addition increased with
higher fluoride concentrations. In addition, fluorination of the
Ni-rich CAMs led to the chemically induced formation of small
amounts of water, which according to TGA-MS-measurements
can be removed by heating the material to 450 °C for a few
hours. Overall, the tested fluorinated NCM 811 samples showed
improved electrochemical performance over the pristine sam-
ples in full-cells with graphite anodes at 30 °C and 45 °C after
500 cycles. Moreover, the fluorination apparently reduces Mn
and Co cross talk from the CAM to the anode active material
(AAM) through the electrolyte during charge/discharge.

1. Introduction

The most traditional cathode active material (CAM) for lithium
ion batteries (LIBs) is LiCoO2 (LCO) with a reversible capacity of
�140 mAhg� 1 and good cycling stability.[1] Yet, cobalt is a
critical raw material due to its toxicity and rising cost. Thus, its
replacement is one of the driving forces to develop other CAMs
for LIBs.[2] LCO has a layered oxide structure in which Co can be
substituted with Ni and Mn giving lithium nickel cobalt
manganese oxide (NCM) materials with the general composi-
tion Li1+w(NixCoyMnz)1-wO2 (x+y+z=1). Examples include NCM
111 or NCM 523; the three numbers x,y,z present the
stoichiometric ratio of Ni :Co:Mn.[3,4,5] To increase the energy
density, Li- and Mn-rich NCM materials, often referred to as
“overlithiated” NCM or “high-energy NCM (HE-NCM)” were
developed.[6] Alternatively, the nickel content may be increased
and Ni-rich CAMs such as NCM 622 or NCM 811 are more and
more being commercialized due to their higher energy density,
lower cobalt concentration, and reduced cost when compared
to lithium cobalt oxide (LCO) or NCM 111.[7] NCM 811 and
beyond (NCM 851005 or 900505) offer practical capacities up to
�200 mAhg� 1[8–10] in a layered α-NaFeO2 structure (space group
R�3m).[4,8–12] However, the materials have poorer thermal stability
and performance at higher temperatures,[7,13] including faster
capacity fading and shorter lifetime in comparison to NCM
111.[9,12,14] The high Ni content is challenging:[15] Upon cycling,
reactive Ni3+ and Ni4+ ions form from trace HF (= >moisture
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or electrolyte oxidation) on the Ni-rich material surface,
degrading battery performance.[16,17] CAMs suffer from in-
creased mechanical strain due to an extended unit cell volume
change upon Ni2+/Li+ cation mixing and structural degradation
during cycling including particle cracking.[11,18] Ni-rich NCMs
have a more reactive surface compared to e.g. NCM 111,[19] due
to an increased basicity leading to a comparatively high
(surface) soluble base content (SBC).[20] Thus, the amount of
basic Li residuals, including LiOH ·H2O from synthesis and its
calcination product Li2O, on the surface of Ni-rich materials
increase with the Ni content.[19] As a consequence, storage of
any Ni-rich NCM CAM at higher humidity and/or elevated
temperatures modifies the SBC surface layer by H2O and CO2

uptake to give LiOH and Li2CO3.
[21–24] Storing the material at

ambient conditions or higher humidity and/or elevated temper-
atures, leads to the additional development of basic nickel
carbonate NiCO3 · 2 Ni(OH)2 · 4 H2O (NCBH) as surface
impurity.[19,25] By contrast, NCM 111 is not sensitive to SBC
surface layer modification even upon storage at 30 °C and 80%
relative humidity for one month or longer.[19,24] Thus, on the
surface of the NCM 811 CAM, a comparably high tendency to
form these basic surface species in the mixed SBC/NCBH layer
during storage is present.[19,21,23–25]

1.1. Surface Modification vs. Bulk Doping[7]

One possibility to stabilize Ni-rich NCM CAMs is surface
modification with organic or inorganic surface coatings, e.g.,
polysiloxane,[26] Li3PO4,

[27] Al2O3,
[28] Co3O4,

[29] TiO2,
[30] ZrO2,

[31]

AlF3,
[32,33] polypyrrole,[34] sodium dodecyl sulfate,[35] or carbon.[36]

An alternative strategy is cation doping with Mo,[37] Al,[32,38,39]

Sn,[39,40] Fe,[39,41] and Zr[42] or even co-doping with several
cations.[43] Also fluoride-modification (Review: Ref. [44]) was
disclosed in the literature to improve the cycling stability of Ni-
rich NCM, e.g., as F� anion doping from F-sources like [NH4]F,
i. e. fluoride[13,45,46] and poly-tetrafluoro-ethylene (PTFE).[7] In
addition, treatments e.g. with LiF,[47,48] NiF2,

[48] and NH4F ·HF
[15]

may induce LiF formation on the CAM-surface, but are
discussed as coating rather than bulk anion substitution. In any
event, this LiF surface modification probably changes the local
composition of the electrode-electrolyte interface/-phase and
can be beneficial to obtain a better cycling stability, for
instance, through a minimization of the electrolyte degradation
at its surface.[48] Also, the change of the particle size and the
surface of the CAMs when adding LiF to the lithiation step of
CAM precursors allows the electrolyte solution to circulate into
the microsphere, providing a good contact between the
electrode material and the electrolyte.[49] For NH4F ·HF,

[14] as an
example, this was explained by a synergistic stabilizing effect of
surface fluorides and formation of rock-salt type NiO in the
surface-near region of the oxide particles. In addition, SBC Li-
residues, especially Li2CO3, were removed during fluoride
modification as demonstrated by diffuse-reflectance infrared
Fourier transform spectroscopy (DRIFTS) and X-ray photo-
electron spectroscopy (XPS). Most likely this was induced

through the acidic intermediate HF produced from heating
NH4F ·HF.

[14]

We have recently reported on a complementary approach
to the above-described acid-base or metal-fluoride impregna-
tion methods: oxidative fluorination of CAMs at room temper-
ature with low pressures of pure F2 gas in a PFA vessel (PFA=

perfluoroalkoxy-polymer). Extending from our account on the
positive effects upon treating Li- and Mn- rich HE-NCM material
with low amounts of F2 gas,

[50] here we oxidatively fluorinated
NCM 811 or 851005 CAMs and fully characterized them
including full-cell electrochemical cycling experiments of (fluo-
rinated) NCM 811 CAM. To the best of our knowledge, reports
using elementary fluorine gas to modify Ni-rich NCM CAMs are
hitherto unknown.

Experimental Section
Full experimental details on methods, materials, procedures and
measurements are deposited in the Supporting Information (SI).
We concentrate here on sections relevant to the discussion and
refer the reader to the SI for the rest.

Fluorination of Ni-rich CAMs with F2 Gas

Ni-rich NCM 811 and NCM 851005 CAMs were obtained from BASF
and samples were mildly fluorinated with F2 gas. Therefore, a
Monel Schlenk line of volume 66 mL (SI, Figure S1) was filled with
F2 gas at pressures between 32 to 2200 mbar (or 0.1 to 5.5 mmol).
This F2 volume was expanded into an evacuated transparent
120 mL batch PFA-reactor (SI, Figure S1) containing the CAMs at
room temperature (7 g�0.04 g; see SI, Figure S2). This process
reduces the total pressure in the system to 10 to 800 mbar.
Immediately after exposure of the solid CAMs to the fluorine gas,
the pressure began to drop, but stabilized within a few minutes,
depending on the F2 amount added. This indicates that the
majority of the reaction is over and about 7–8 to 500 mbar
pressure is left in the system. To allow for completion of the
reaction, the vessel was backfilled with dry nitrogen gas to a total
pressure of 1100 mbar. After a total reaction time of 1 hour, the
remaining possibly reactive gas was pumped out of the reactor
vessel and neutralized in a soda lime tower. The closed setup was
transferred into a solvent free dry box, opened, and the fluorinated
material was transferred into a storage container until further use.

Li and F Content of the Fluorinated Ni-Rich NCM Materials

To measure the water-soluble lithium (Li) and fluoride (F)
concentration of the samples, ion chromatography (IC) studies
were carried out for the (non-)fluorinated Ni-rich NCM CAMs. Note
that LiF has a low, but reasonable solubility of 1.3 gL� 1 in water.
Thus, 0.2 to 1.0 g fractions of the fluorinated CAMs were eluted
with 250 mL ultrapure water, filtered and the fluoride and lithium
contents in the filtrate were investigated. As a control, the bulk
fluoride concentration of several samples was also verified by
analysis after thermal CAM digestion with a fluoride selective
electrode (FSE) (Figure 1, SI: Tables S1 and S2 and Figures S3 and
S4).
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Full-Cell Battery Measurements

Electrodes were fabricated as described elsewhere.[51] Briefly, 80%
(fluorinated) NCM 811 CAM (pristine batch from BASF SE, Germany)
was mixed with 5% Super C65 conductive carbon (Imerys, MTI
corp. USA), 5% TIMREX KS-6 graphite (Imerys, France) and 10%
Solef 5130 polyvinylidenedifluoride (PVDF) binder (Solev5130 from
Solvay) in N-methylpyrrolidone (NMP), and cast onto an Al foil
(Strem Chemicals Inc., USA) current collector at a loading of
~4.3 mgcm� 2. Single layer pouch full-cells were fabricated with
graphite anodes at a loading of ~2.8 mgcm� 2 with 20% excess
capacity (negative to positive electrodes areal capacity ratio of N/
P=1.2), using Celgard PP 2500 separators and 350 μL of BASF LP57
electrolyte (1 M LiPF6 ethylene carbonate: ethyl methyl carbonate,
3 :7). Areal capacity of the full-cell: ~0.7 mAhcm� 2, active electrode
area: ~11.5 cm2, absolute pouch cell capacity: ~8 mAh. The 1 C
rate for NCM 811 was set to correspond to 180 mAhg� 1. All cells
were prepared in triplicate and the results were averaged.
Formation procedure for cells: 1 cycle at C/15 followed by 4 cycles
at C/10 at 30 °C. For the continuous cycling between 2.0 and 4.2 V,
the cells were measured at 30 and 45 °C with a 0.5 C charge and
1 C discharge current and a 30 minutes CV-step at 4.2 V. Every 50
cycles, one cycle was measured during charge and discharge at
0.1 C. Electrochemical impedance spectra were measured using a
Solartron battery test unit model 1470 coupled with the frequency
response analyzer FRA-1250 from Solartron in the frequency range
from 5 mHz to 0.1 MHz with 10 points per decade. Impedance
spectra were collected during charge at 4.0 V after formation, 250
and 500 cycles of the continuous cycling test.

ICP-MS Measurements of the Transition metals on the AAM

The graphite electrode from graphite/NCM 811 full-cells was
separated from the separator as well as the cathode and freed
from electrolyte by washing with DMC. This cleaned graphite
electrode was dissolved in hydrochloric acid and filtered. With
inductively coupled plasma mass spectrometry (ICP-MS) measure-
ments of the filtrate, the Ni, Co and Mn concentration localized/
deposited on the AAM was measured after 500 cycles at 30 °C and
45 °C (Table 2).

2. Results

Full-cell cycling and impedance measurements of the fluori-
nated vs. the pristine NCM 811 CAMs revealed considerably
improved performance shown below (Figures 9 and 10). To
understand this effect, the fluoride-uptake to CAMs, its
consequences for structure, properties and morphology are
described first, before turning to full-cell cycling and impe-
dance measurements including post mortem analyses and
continuing to the discussion section for a comprehensive
analysis.

2.1. Li and F Content

To investigate if oxidative fluorination with F2 gas led to
fluoride uptake, a series of fluorinated NCM 811 CAMs with
theoretically expected F content up to 1 wt.-% were examined
in addition to a pristine control sample. The fluoride content of
these samples was independently measured by IC as well as
FSE and is shown in Figure 1. Note that IC only used aqueous
extracts for fluoride determination, while in the FSE approach,
the fluoride containing CAMs were thermally digested at
1100 °C in a combustion unit. The resulting hydrogen fluoride
was absorbed in a total ionic strength adjustment buffer as
absorption solution and determined by means of a fluoride
selective electrode. Thus, this method evaluates the total
fluoride concentration taken up by the CAM. Since both
methods agree reasonably, we suggest that through the
aqueous extraction procedure, the full fluoride content of the
CAMs is accessible by IC. Turning to the ratio of F added as F2
in comparison to the measured F content: Especially the lower
applied F2 amounts up to roughly 0.1 wt.-%F, are taken up by
the CAMs more efficiently. From this applied F2 amount on, the
system integrates further fluoride at a slower rate. Thus, the
reactions targeting at 1 wt-% F only led to an uptake of about
0.1 to 0.15 wt-% F (Figure 1). The observed lithium concen-
tration measured by IC as a function of the applied gaseous F2
amount runs rather parallel to, but lower than the F-
concentrations and also increases with increasing applied F2-
amount. IC and FSE measurements behave similar for the (non-
)fluorinated NCM 851005 material (SI, Table S2 and Figure S3 &
S4).

2.2. Thermodynamics of F2 Gas Reactions with CAM
Components

Possibly, several reactions of F2 with the CAM can take place at
the same time: the surface SBC layer with compounds such as
Li2O, LiOH and Li2CO3 is likely to react with F2, but also the
NCBH layer or the layered oxide itself. Based on the thermody-
namic data from Ref. [52], we have worked out the possibly
underlying standard reaction enthalpies ΔrH° in Schemes 1 and
2. Overall, water (adsorbed to the surface of the material) may
react with F2 gas to HF and O2 [Eq. (1)]. In addition, the
reactions Eqs. (2)–(4) of the SBC constituent’s Li2CO3, LiOH and

Figure 1. Plots of the fluoride and Li content of the treated NCM 811 CAMs
in wt-% as a function of the applied amount of fluorine in wt-%. IC stands
for ion chromatography only examining the water-soluble fraction and EA
for fluoride selective electrode (FSE) determination investigating the bulk
CAMs. The control pristine NCM 811 sample did not contain fluoride.
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Li2O with F2 gas to give LiF, CO2, O2 and HF are exothermic
(Scheme 1). Scheme 1 also suggests the possible interplay of
several follow up reactions, e.g. the intermediately in Eqs. (1)
and (3) formed HF could react with the SBC as in Eqs. (5), (6),
and (7). Overall, virtually all SBC constituting materials may be
transformed on thermodynamic grounds in the exothermic
reactions Eqs. (2)–(7) into LiF. It should be noted that also the
layered oxide itself or the hydroxide and carbonate ions in
NiCO3 · 2 Ni(OH)2 · 4 H2O (NCBH)[19,25] could likely react with F2.
However, no complete thermodynamic reference data was
found for all thinkable compounds of this material class; the
most complete data set is available for the element Co and
thus relevant reactions of a representative set of Co-com-
pounds, possibly present within the CAM or its surface, with F2
and with intermediately formed HF are included in Scheme 2.
Where available, the data for the respective reaction with Ni-
and Mn-compounds are included in parentheses (ΔfH° values in
SI).

The reactions included with Scheme 1 and 2 are in agree-
ment with the IC- and FSE-measurements and the above noted
pressure drop. The latter agrees with the oxidation of oxide
ions being the main reaction as in F2+O2� !2 F� + 1=2 O2.
Apparently intermediately formed HF will react further. In
addition, carbonates [cf. Eqs. (2), (5), (11) and (14)] cannot be
the main partner, as else, pressure would have remained the
same or even increased as a consequence of reaction
stoichiometry. Yet, it is impossible to assign a preferential
oxidation site only based on the thermodynamics. Thus, further
analytics was performed.

2.3. Powder X-Ray Diffraction (pXRD)

To elucidate if crystalline metal fluorides were formed, pXRD
measurements were carried out for the pristine and the two
fluorinated NCM 811 CAMs (Figure 2 and Table 1). pXRD data of
both fluorinated samples (Fm: 0.108 wt-% and Fx: 0.126 wt-%)

Scheme 1. Thermodynamic data to establish the enthalpies of reaction of elementary F2 gas with H2O, Li2CO3, LiOH, and Li2O to give LiF, HF, O2, and CO2. In
addition, reactions of secondarily formed HF [Eqs. (1), (3)] with Li2CO3, LiOH and Li2O to give LiF, H2O, LiOH, and CO2 were investigated. Below a substance its
enthalpy of formation ΔfH° is given in kJmol� 1 and at the end, below the equation label, the overall resulting reaction enthalpy ΔrH° is given in bold green if
exothermic in kJmol� 1.

Scheme 2. Exemplarily collected thermodynamic data for the reaction of F2 or intermediately formed HF gas with CoO, Co3O4, Co(OH)2, and CoCO3 to give
CoF2/3 and other plausible products. Below a substance its enthalpy of formation ΔfH° is given in kJmol� 1 and at the end, below the equation label, the overall
resulting reaction enthalpy ΔrH° is given in bold green if exothermic and in bold red, if endothermic [in kJmol� 1]. Where available, the data for the respective
reaction with Ni-and Mn-compounds are included in parentheses (Ni: XXX; Mn: XXX).
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showed almost identical powder diffractograms and the lattice
parameters are within three times the standard deviation
identical to that of the rhombohedral cell (space group R�3m) of
pristine NCM 811 material (see SI, Figure S5 and Table S3).
pXRD measurements of the (non-)fluorinated NCM 851005
showed similar results (see SI, Figure S5 and Table S3).
Apparently, all the formed metal fluorides are amorphous. We
note that there is no obvious change of the ratios of the
relevant peak intensities of the hkl-reflections with the indices
003/104 and [(012)+ (006)]/101 for pristine and fluorinated
samples and thus no evidence for anion doping (cf. SI,
Figures S6 and S7).

2.4. Infrared Spectroscopy (IR)

Classical ATR-IR-spectroscopy of the pristine and fluorinated Ni-
rich CAMs showed no changes after exposure to F2 gas –
regardless of the applied fluorine concentration. Since LiF is
invisible by IR, no direct indication for the formation of any
other (bulk) metal fluoride compounds MF2 or MF3 with
expected M� F (M=Ni, Co, Mn) stretches around 600�100 cm� 1

is evident.[53] All obtained IR spectra appeared to be identical,
showing the typical characteristic bands for Ni-rich NCM
materials SI, Table S4 & S5 and Figure S8 & S9) and were,
therefore, omitted in the main text. However, this might be due

to the low concentration of fluoride containing IR active
compounds. Therefore, we switched to surface sensitive DRIFT
spectroscopy.

2.5. Diffuse Reflectance Infrared Fourier Transform (DRIFT)
Spectroscopy

DRIFT spectroscopy is very sensitive to surface groups on oxide
particles and even detects the IR-active species such as CO3

2�

and SO4
2� at very low concentrations.[25] To investigate, if IR

active M� F bonds are present at the surface, DRIFT analyses
were carried out for the uncycled NCM 851005 material.1

However, no terminal M� F stretches were evident from the
spectra shown in Figure 3. Only the expected and known
signatures of surface CO3

2� and SO4
2� are visible.[25]

Only for the highest applied F2 pressure of 2200 mbar
(labelled F2 max mbar), the intensity of the carbonate bands is
slightly reduced compared to pristine NCM 851005 material.
This suggests that Eq. (2), the reaction of F2 with Li2CO3, is of
lower importance for the surface chemistry. In addition, the
reactions of a transition metal oxide/hydroxide or carbonate
collected in Scheme 2 appear not to be prevailing either.

Figure 2. pXRD data of (non-)fluorinated NCM 811 CAM, measured with α
Mo� Kα1 radiation. Miller indices [HKL] assigned to reflexes up to 30° 2θ (Fm:
0.108 wt-% and Fx: 0.126 wt-%) are indicated.

Table 1. pXRD data analysis (Mo� Kα1 radiation) and STOE fitting of the
(non-)fluorinated Ni-rich NCM 811 CAM.

Cell parameters pristine 0.105 [wt-%]
label: Fm

0.126 [wt-%]
label: Fx

a [Å] 2.8716(3) 2.87124(23) 2.8719(3)
c [Å] 14.2076(13) 14.2007(11) 14.2035(12)
c/a 4.9476 4.9458 4.9457
V [Å3] 101.458(13) 101.387(11) 101.454(12)

1Since we ran out of the pristine NCM 811 material, DRIFT spectroscopy
measurements were carried out with the closely related (non-)fluorinated
NCM 851005 CAM.

Figure 3. DRIFT spectra of Li2CO3 (reference material), pristine, and two
fluorinated NCM 851005 CAMs (F2 10 mbar=0.011 wt-% F and F2 max
mbar=2200 mbar or 0.24 wt-% F). The bands marked at 1130/1180 cm� 1

correspond to SO4
2� (from the co-precipitation process of precursor

preparation), those at 865 and 1430/1490 cm� 1 correspond to CO3
2� .[25] At

the bottom a batch of Li2CO3 is shown as reference. The signals at 670 cm� 1

marked with an asterisk represent artefacts due to fluctuating amounts of
atmospheric CO2 in the spectrometer.
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2.6. 7Li and 19F MAS-NMR Studies

Magic angle spinning nuclear magnetic resonance (MAS-NMR)
of (non-)fluorinated NCM 811 CAMs were carried out to obtain
direct proof for the presence of the in Eqs. (2)–(7) proposed LiF
as the most likely metal fluoride in pristine, middle (0.108 wt-%
F), and higher (0.126 wt-% F) fluorinated NCM CAMs (Figure 4).
The 19F rotor-synchronized Hahn-Echo MAS NMR spectra of all
fluorinated NCM samples show a signal at an isotropic shift of
� 204.0 ppm that fits very well to the signal of neat solid LiF at
� 204.5 ppm (SI, Figure S12). There is a second very small signal
at � 123 ppm originating from traces of PTFE in the samples
(probably from the stir bar).

The distortion of the spectra around � 100 to � 200 ppm
results from incomplete subtraction of the background signal
originating from the PTFE parts of the MAS probe (SI, Fig-
ure S14). In the rotor synchronized solid-echo 7Li spectra
recorded at 30 kHz MAS, a sharp signal with well resolved
spinning sidebands was observed for all samples, fluorinated or
not. Its isotropic shift is identical to that of neat LiF at
� 0.3 ppm, yet it also would match the position[54] in neat Li2O,
Li2CO3 or LiOH and thus is rather insensitive to the nature of
the counterion (Figure 4; SI, Figure S15 and S16). Additionally,
in all the 7Li spectra, a very broad signal that does not split into
spinning sidebands with a width of about � 500 to +1000 ppm
is present. It was assigned to the lithium atoms in the bulk of

the Ni-rich material with the highest spatial proximity to the
unpaired electrons. Furthermore, it is shifted by more than
+300 ppm, if compared to neat LiF, due to the unpaired
electron spin density transferred from the neighbored layered
Ni-rich NCM oxide to the nucleus (Fermi contact shift). Its
linewidth originates from nucleus-electron dipolar interactions
as well as a distribution of Fermi contact shifts.[50] The observed
chemical shifts in both the 19F and 7Li spectra perfectly match
the ones observed for neat LiF and thus were assigned to arise
from LiF. However, the spinning sidebands envelope of both,
the 7Li and 19F signal, is strikingly broadened in comparison to
that of neat LiF (about 150 kHz for 7Li and 200 kHz for 19F, cf.
Figures S15 and S16). As the dipole-dipole coupling of 7Li and
19F should be comparable to that in neat LiF and should in
general not exceed 100 kHz, the line broadening can only be
explained by dipole-dipole interaction of the observed nuclei
with the electron spin of the Ni-rich NCM oxide materials. This
interaction requests a close spatial proximity. However, since
the lines have isotropic shifts identical to neat solid LiF (i. e. no
Fermi contact shift is observed), the LiF causing this line is not
present within the bulk, but rather coating the Ni-rich NCM
material.[50] In addition, 7Li and 19F MAS NMR studies were
carried out for the (non-)fluorinated NCM 851005 CAMs and
they behave similarly (SI, Figures S15 and S16).

2.7. Scanning Electron Microscopy Measurements

The (non-)fluorinated NCM 851005 CAMs were characterized by
scanning electron microscopy (SEM) to study the impact of
fluorination on their morphology. The CAMs consist of regular
spheroidal particles with a Gaussian distribution of the particle
size of around 5–15 μm (Figure 5a, d and g). Pristine material
showed an inhomogeneous surface (Figure 5b and c) in
comparison to the smoother, more homogenous fluorinated
samples (Figure 5e, f, h and i). Yet, overall there is little
morphology change upon oxidative fluorination.

2.8. Thermal Stability of Ni-rich NCM CAMs after Fluorination

Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) measurements were carried out at temperatures
up to 650 °C by heating with 10 °C min� 1 under a flow of
nitrogen gas. For the (non-)fluorinated NCM 811 and 851005
CAMs a mass loss between 0.16 to 0.81% (811) or 0.1 to 1.0%
(851005) was observed by TGA. In addition, DTA measurements
revealed no change in thermal stability (SI, Figure S10,
Table S11).

2.9. TGA Coupled with Mass Spectrometric Analysis (TGA-MS)

Published TGA-MS measurements of the fluoride containing
LiVPO4F0.45O0.55 CAM material[55] showed the release of small
amounts of hydrogen fluoride during heating (HF= >m/z=

20). Thus, we investigated this possibility by TGA-MS analysis of

Figure 4. 19F and 7Li MAS NMR studies of pristine, low (0.108 wt-% F) and
high (0.126 wt-% F) fluorinated NCM 811 CAMs (lower panel: 7Li MAS NMR:
30 kHz spinning; upper panel: 19F MAS NMR: 30 kHz spinning and 19F
background subtracted for NCM). Spinning sidebands are marked by ‘*’.
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the pristine and two fluorinated NCM 851005 CAMs (0.007 wt-
% F and 0.240 wt-% F) to detect any amount of HF, H2O, O2 and
CO2 formed during heating the material. TGA-MS measure-
ments in argon were carried out up to 1125 °C for the as
received as well as for materials, heated prior in argon to 400
or 450 °C (Figure 6). Due to the loss of absorbed water (m/z=

18), the as received material had a mass loss of 0.08% in the
temperature range between 120 and 450 °C (Figure 6A). In
agreement with the expectation, the material heated prior to
400 °C had a mass loss of only 0.01% between 120 and 450 °C
(Figure 6D). A significant further mass loss occurs when heating
to 1125 °C (adding up to a total mass loss of 7.19% and 7.30%
for as received and heated material). This is assigned to the
bulk decomposition of the material, clearly indicated by the
release of O2 (m/z=32, Figure 6AD). These measurements
confirmed the presence of small amounts of water on the
surface of the pristine NCM 851005. The fluorinated samples
measured without further treatment showed a higher mass loss
(0.26% (0.007 wt-% F)/0.21% (0.240 wt-% F; Figure 6BE) in comparison to
the pristine material (0.08%; Figure 6A) in the temperature
range between 120 and 450 °C. The mass spectra indicate that
this increased mass loss is accompanied by the release of little
CO2 (m/z=44) and more H2O (m/z=18). The total mass loss of
these fluorinated samples after heating to 1125 °C is slightly
higher compared to the pristine materials (7.48% (0.007 wt-% F) and
7.42% (0.240 wt-% F)), due to slightly higher water content (Fig-
ure 6BE). Therefore, TGA-MS data confirmed the thermodynam-

ic proposition in Schemes 1 and 2 that the reaction of F2 gas
with Ni-rich NCM finally leads to the formation of water
(Figure 6BE). However, TGA-MS gives absolutely no indication
for the release of HF (m/z=20). In addition, TGA-MS measure-
ments were taken on the 0.054 wt-% F fluorinated NCM 851005
CAM, untreated or heated to 450 °C after fluorination and prior
to TGA-MS analysis (Figure 6CF). The mass loss between 120
and 450 °C was lowered from 0.23% (Figure 7C, no preheating)
to 0.05% (Figure 7F, preheating the fluorinated sample to
450 °C). Thus, fluorinated Ni-rich NCM CAMs should be heated
to 450 °C for 5 h prior to use in battery cells, to minimize the
amount of water introduced to the system during oxidative
fluorination.

2.10. Conductivity Measurements of the Ni-rich CAMs

Conductivity measurements were carried out for the pristine
and two fluorinated NCM 811 CAMs. All investigated CAMs
show a linear increase of the conductivity in the range of the
pressure applied from 2 MPa to 20 MPa (Figure 7). However, in
contrast to the samples cited in Refs. [56] and [57–59], the
pristine NCM811 material always showed highest conductivities
(for the individual values: SI, Table S6 and Figure S17).
Furthermore, conductivity measurements were also carried out
for the (non-)fluorinated NCM 851005 CAMs and the materials
behave similarly (SI, Table S6 and Figure S17).

Figure 5. SEM images of pristine NCM 851005 CAM material (a, b, c); CAM with 0.162 wt.-% F (d, e, f); and CAM with 0.240 wt.-% F (g, h, i).
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2.11. Press Density Measurements of the Ni-rich NCM CAMs

Measurements were carried out for the pristine and two
fluorinated NCM 811 (Figure 8) and 851005 CAMs. All samples
show a linear increase of the density with increasing pressure.
Both fluorinated NCM 811 CAMs showed similar press densities
that are up to 5% higher than that of the pristine material (for
the individual values: SI, Table S7 and Figure S18 for NCM
851005).

2.12. Cycling Behavior of Pristine and Fluorinated Ni-rich
NCM 811 CAMs in Full-Cells

The electrochemical performance of the (non-)fluorinated Ni-
rich NCM 811 was studied in graphite/NCM 811 pouch full-cells
of 8 mAh capacity with LP57 electrolyte. Two different fluoride
concentrations, a middle (0.108 wt.-% F) and a higher concen-
tration (0.126 wt-% F) were investigated together with the
pristine material. Figure 9 shows the cycling data and the
corresponding average charge and discharge voltages meas-
ured at 30 °C (left) and 45 °C (right). The middle fluorinated
NCM 811 CAMs (0.108 wt-% F, labelled NCM811 Fm in Figure 9)
showed for both temperatures the best battery performance
after 500 cycles and a clear improvement over the pristine
CAM. Still, even the higher fluorinated material (labelled
NCM811 Fx) showed for both temperatures an improved stable
cycling performance in comparison to the pristine material
(Figure 9). At both temperatures, the average charge and
discharge voltages calculated from the constant current cycling
showed superior results for the middle-fluorinated material
NCM811 Fm in comparison to the higher fluorinated NCM811
Fx and the pristine NCM811 materials. The higher fluorinated
and pristine materials have rather similar average charge and
discharge voltages at 30 °C. However, at 45 °C they differ visibly
during discharge and even the higher fluorinated material
showed a slower decrease of the average discharge voltage
and a lower voltage hysteresis upon cycling compared to the
pristine material (Figure 9). Yet, best performance was achieved
for the middle-fluorinated material containing 0.108 wt-% F.

Figure 6. TGA-MS measurements of several NCM 851005 CAMs. A) pristine material measured directly. B) Material exposed to 1400 mbar F2 pressure, labelled
“F2 max mbar” (=0.24 wt-% F). C) Material exposed to 110 mbar F2 pressure, labelled “F2 110 mbar (dry)” (=0.054 wt-% F). D) pristine material heated to 400 °C
in Argon prior to measurement; labelled “Ar 400 °C”. E) Material exposed to 10 mbar F2 pressure, labelled “F2 10 mbar” (=0.011 wt-% F) and F) Material
exposed to 110 mbar F2 pressure and heated to 450 °C in Argon prior to measurement, labelled “F2 110 mbar, 450 °C Ar)” (=0.054 wt-% F). For each sample,
the characteristic weight loss (upper half of each panel) and the corresponding mass spectrometric signals (lower half of each panel) are shown for a
10 Kmin� 1 temperature ramp from 25 to 1125 °C with isothermal segments at 25, 120, 450 and 1125 °C. The yellow area points out the decomposition
temperature of the surface contaminant species LiOH and NCBH.[25] Their decomposition is accompanied by characteristic CO2 and H2O fingerprints.

Figure 7. Conductivity measurements of (non-)fluorinated NCM 811 materi-
als.
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2.13. Impedance Measurements

Figure 10 shows Nyquist plots of electrodes including (non-)
fluorinated NCM 811 CAMs after 250 cycles (closed symbols)
and after 500 cycles (open symbols) at 30 °C (Figure 10a) and
45 °C (Figure 10b), measured during charge at 4.0 V from 5 mHz
to 0.1 MHz. In agreement with the improved cycling behavior,
the middle-fluorinated material NCM 811 Fm showed for both

temperatures the lowest surface film resistance throughout
cycling. The higher fluorinated NCM 811 Fx and pristine NCM
811 CAMs had similar, but considerably higher values for both
temperatures. In Fig 10c, the resistances calculated from the
middle-to-low frequency semicircles are plotted against the
number of cycles; they were fitted with Z-view. Again, the
middle-fluorinated material NCM 811 Fm showed for both
temperatures the best values and the higher fluorinated NCM
811 Fx as well as the pristine NCM 811 CAMs showed similar,
but inferior values for both temperatures, with slightly lower
resistance for the higher fluorinated CAM.

2.14. Transition Metal Leaching from the CAM and Migration
to the Anode Active Material (AAM)

The dissolution of transition metals from the CAM into the
electrolyte solution upon prolonged cycling with possible
deposition on the AAM is detrimental to battery
performance.[5,60] To investigate the effect of oxidative fluorina-
tion on the metal leaching, cells with pristine and fluorinated
(0.108 wt-% F and 0.126 wt-% F) NCM 811 were disassembled
after 500 cycles and the nickel, cobalt, and manganese
concentration localized/deposited on the AAM after 500 cycles
at 30 °C and 45 °C was determined by ICP-MS (Table 2).

Apparently, the Ni leaching is little affected by the
fluorination. However, the ICP-MS measurements showed the

Figure 8. Press density measurements of (non-)fluorinated NCM 811.

Figure 9. Full-cell cycling data (triplicate measurements including the standard deviation as error bars) of the (non-)fluorinated NCM 811 CAMs measured in
full-cells at 30 °C (a, left) and 45 °C (b, right) with LP57 electrolyte. Fm stands for 0.108 wt-% F and Fx for 0.126 wt-% F. For the continuous cycling between 2.0
and 4.2 V and after the five formation cycles (omitted), the cells were measured with a 0.5 C charge and 1 C discharge current and a 30 minutes CV-step at
4.2 V. Every 50 cycles, one cycle was measured at 0.1 C for charge and discharge. c, d) Average charge and discharge voltages upon cycling, omitting the first
five formation cycles, as shown in (a, b). Fm stands for 0.108 wt-% F and Fx for 0.126 wt-% F.
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highest concentrations of Co and Mn in AAMs dissolved from
the pristine material. The cells with the middle and higher

fluorinated CAMs, showed a large reduction of the leaching to
about one-half of the pristine (for Co), or even to one-third of
the pristine materials (Mn at 45 °C). Thus, the fluorination
apparently reduces transition metal cross talk for Co and Mn
from the CAM to the AAM through the electrolyte solution.

3. Discussion

Earlier work showed that exposure of CAMs to higher F2
pressures at elevated temperatures only diminished[50] subse-
quent discharge capacities in battery cycling.[61] This capacity
reduction is in agreement with an oxidation of the transition
metal octahedral network, delithiation, and formation of larger
amounts of amorphous LiF according to Eq. (15).

Li½MO2� þ xð1=2 F2Þ ! Li1-x½MO2� þ x LiF

ðM¼Co, Ni, MnÞ
(15)

Therefore, we concentrated here on the effect of mild room
temperature (surface) fluorination of Ni-rich NCM material. Our
main idea was to convert the SBC, i. e. Li2O, LiOH, Li2CO3 and
eventually the NCBH surface phase[18–23] into harmless phases
for the electrochemical performance in full-cells.

3.1. Effects of Fluorine Gas Treatments on the
Electrochemical Performance of Ni-rich NCM 811

Both fluorinated samples showed enhanced electrochemical
performance after 500 cycles at 30 °C and 45 °C, and a clear
improvement over the pristine CAM (Figure 9). At both temper-
atures, the middle-fluorinated sample (0.108 wt.-% F) showed
superior battery performance, more stable average charge/
discharge voltages, and the lowest surface film resistance
throughout cycling (at 250 and 500 cycles). In the following, we
attempt to rationalize these observations.

3.2. Reduction of the SBC Content by Fluorination

Apparently, the room temperature reaction with low F2
pressures produces a thin LiF layer on the CAM. This agrees
with the thermodynamics of the reactions shown in Scheme 1,
Eqs. (2)–(7) as well as the direct observation of LiF in the MAS-
NMR. Yet, the DRIFT spectra showed that the Li2CO3 surface
content is only slightly diminished. Support comes from
thermodynamics: the reaction of Li2CO3 with F2 [Eq. (2)] is by
176 kJmol� 1 less favored in ΔrH° than Eq. (4), the reaction of F2
with Li2O. Therefore, Eq. (4) could be the major oxidative
fluorination path. In addition, this fits with the observed
pressure drop after fluorination: in Eq. (4), one equivalent F2 gas
only releases half an equivalent O2 gas. Since the fluorine
molecule F2 is gaseous and very small, this gas molecule can in
principle reach every pore of a solid structure. Advantageously,
it was expanded within seconds to the evacuated reactor vessel
with the porous CAM. Thus, despite its high reactivity, we

Figure 10. Nyquist plots of cells comprising (non-)fluorinated NCM 811
CAMs after 250 cycles (closed symbol) and 500 cycles (open symbol) at 30 °C
(a) and 45 °C (b). Fm stands for 0.108 wt-% F and Fx for 0.126 wt-% F. For
each of the plots, the impedance at 500 cycles was offset in the imaginary
impedance by � 5 ohms at 30 °C, and � 25 ohms at 45 °C. The results have
not been normalized by multiplying the geometric area of the electrode or
the loading. Yet, the comparison is valid, since the electrode loading, as well
as their geometric and electrochemical surface area were the same between
each of the 6 cells. Impedance measured at 10, 1, 0.1 and 0.01 Hz is indicated
by stars. The resistance measured from the middle-to-low frequency semi-
circles are plotted against cycles, fitted with Z-view (c).
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expect that it did immerse into every pore of the material.
Already earlier work[50,62] showed that thin LiF surface films on
CAMs have positive effects on the performance of the battery.
The transformation of parts of the surface accessible basic
compounds into chemically neutral and in the electrolyte
solution insoluble LiF presumably reduced the SBC and thereby
led to less degradation of the electrolyte during cycling
resulting in reduced impedance built-up.

3.3. Limited Fluoride Uptake

For the screening fluorination reactions performed, the fluoride
content of the nickel-rich NCM CAMs after room temperature
oxidative fluorination was always lower than 0.25 wt-% F,
although gas pressures targeting up to an ideal fluoride uptake
of up to 1.0 wt.-% (NCM 811) and for NCM 851005 even up to
3.0 wt.-% were applied (Figure 1; Figure S3, Table S1). Thus, a
certain amount of self-levelling of the fluoride uptake by
oxidative fluorination appears to occur. This may be induced by
the action of the protecting LiF layer, which is inert towards
further oxidation with F2.

3.4. How Does Fluorination Reduce Co and Mn Leaching from
the CAM?

The transition metal dissolution from closely related pristine
NCM 622 and their migration to the graphite anode was earlier
investigated: at high potentials Ni, Mn, and Co dissolved in the
electrolyte and deposited nearly stoichiometrically on the
AAM.[17] Our ICP-MS measurements of the Ni, Co and Mn
concentration on the graphite AAM after 500 cycles at 30 °C
and 45 °C (Table 2) indicate that Ni leaching is slightly reduced
by fluorination. By contrast, a large leaching-reduction to about
one-half of the pristine (for Co), or even to one-third of the
pristine materials (Mn at 45 °C) was observed. We discuss some
background first before turning to this observation.

3.5. On the Oxidation State of TMs in NCM CAMs

Recent analyses showed that in pristine discharged NCM CAMs
the Ni ions are present in three different oxidation states,
mainly 2+ , but also 3+ , and 4+ . Co ions adopt the 3+

oxidation state and Mn ions exist as 4+ .[63] The amount of Ni3+

ions increases with increasing Ni content in NCMs, while that of
Ni2+ ion decreases. Ni4+ is only found in Ni-rich NCM CAMs
such as NCM 811.[63] The valence state of the redox ions

present[25,64] depends on the charge state/composition and
follows for Li1-xNi1/3Co1/3Mn1/3O2 the amount of x present: Ni2+/
Ni3+ for 0� × �1/3, Ni3+/Ni4+ for 1/3� × �2/3, and Co3+/Co4+

for 2/3� ×1.[65]

3.6. Structural Instability Induced by the Jahn-Teller Effect

Both LCO and NCM CAMs have a layered structure, in which
the metal atoms are octahedrally coordinated by oxygen atoms
and the lithium ions are localized in-between the MO6 layer
(M=Ni, Co, and Mn).[66] In such an environment, the d-orbitals of
the transition metals are split into an eg set (dx2–y2; dz2) and a t2g
set (dxy; dxz; dyz). The Jahn-Teller-(JT-)effect describes a further
splitting of the d-orbitals with a d4–9 configuration to remove
degeneracies. This leads either to compressed or elongated
structures (both with local D4h symmetry). Hence, the JT-effect
can produce structural instabilities in the CAM during charge
and discharge, which may lead to the preferential dissolution
of the lattice metal JT-ion into the electrolyte, facilitated by
traces of HF in the electrolyte.[67] Ions with strong JT-effect are
those, in which the degenerate eg set is unevenly distributed,
i. e. d4 high spin (Mn3+) and d7 low spin (Co2+; Ni3+). Thus, it is
expected that ions in these configurations will, due to the
structural JT-instability, more easily leach into the electrolyte
and finally deposit on the AAM.

Yet, the presence of accessible, presumably surface bound
Co2+ as well as Mn3+ is against the conventional wisdom (see
above). However, support for this hypothesis comes from the
investigation[68] of the related Na2/3Co2/3Mn1/3O2 prepared by a
coprecipitation method. The sodium intercalation in P2� Na2/3
Co2/3Mn1/3O2 was investigated by X-ray absorption spectroscopy
(XAS). The oxidation states in pristine Na2/3Co2/3Mn1/3O2 were
assigned as Co3+ and Mn4+. Important features of Co2+ and
Mn3+, for example, energy shifts and bond distances, were
observed using XAS and indicate that both redox couples Co3+

/Co2+ and Mn4+/Mn3+ are to some extent simultaneously
present in the discharged state.[68] Therefore, we suggest that
also in the Ni-rich Li1+w(NixCoyMnz)1-wO2 phases some of the
cobalt could exist in the divalent state together with reduced
Mn3+.

3.7. Effect of Oxidative Fluorination on Co and Mn Leaching

In the pristine NCM 811 CAM used in this study, the leaching of
all three metals, potentially as the JT-ions Mn3+, Co2+ and Ni3+

with structural instability, is similar. Upon fluorination, the Ni
leaching is only slightly diminished. The reason could be that

Table 2. Results of ICP-MS measurements of the hydrochloric acid extracts to determine the nickel, cobalt, and manganese concentration in wt-% localized
on the AAM after 500 cycles at 30 °C or 45 °C and dissolution of metals in hydrochloric acid.

NCM 811 CAM Ni [%] at 30 °C Co [%] at 30 °C Mn [%] at 30 °C Ni [%] at 45 °C Co [%] at 45 °C Mn [% at 45 °C

pristine 0.067 0.052 0.259 0.076 0.062 0.617
0.108 wt-% F 0.073 0.029 0.152 0.065 0.032 0.178
0.126 wt-% F 0.058 0.025 0.144 0.065 0.031 0.209
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Ni3+ is the “natural” oxidation state of Ni in the discharged
NCM CAM and more difficult to oxidize than the JT-ions with
lower oxidation state (Co2+) or the easier to oxidize Mn3+. Thus,
low oxidation state surface Co2+ and Mn3+ ions present in the
pristine material could, in addition to SBC, be preferentially
oxidized by the gaseous reagent F2 to the non-leachable Co3+/
Mn4+ ions that are immediately covered by a concomitantly
formed LiF surface film insoluble in the electrolyte. Apparently,
this does not lead to Co� F or Mn� F bond formation (cf.
DRIFTS), but rather would include for example the exothermic
oxidation of surface CoII(OH)2 to CoIIIO(OH) as in Eq. (16),

delivering HF, which immediately reacts further with other
basic surface sites according to Schemes 1 and 2. Eq. (16) is
exothermic by � 191.7 kJmol� 1 (bold green; ΔfH° of all
components[52,69] is given below the substances). CoIIIO(OH)
formation is already induced by oxygen in alkaline solution,[70]

and thus appears sensible to work with F2 as oxidant. Mn3+

would similarly be converted according to Eq. (15) with M=Mn
to MnO2. Thus, the amount of redox accessible low oxidation
state surface Co2+ and Mn3+ ions susceptible to leaching could
be lowered by the oxidative gas phase fluorination. Conse-
quently, Co and Mn leaching would be strongly diminished,
but Ni leaching is little changed. However, all ions are slightly
protected from leaching by formation of an amorphous and
protecting LiF surface film. This would also account for the
slight reduction of Ni leaching observed in 3 out of 4 cases for
the fluorinated NCM 811 CAMs (Table 2).

3.8. Secondary Effects of Fluorination

3.8.1. Formation of Trace Water

TGA-MS analysis showed for the fluorinated samples slightly
higher mass loss in comparison to the pristine material in the
temperature range between 120 °C and 450 °C. This agrees with
the chemical formation of water as a consequence of the
fluorination as given in Eq. 5 and 6 in Scheme 1. pXRD data
showed a tiny influence of the fluorination on the unit cell
parameters, in which the pristine material had the smallest unit
cell (Figure S7, Table S3). This might be consistent with the
incorporation of H2O in the material during the reaction of
fluorine gas with the Ni-rich NCM CAMs. However, heating for a
few hours at 450 °C did remove these small water amounts
effectively according to the TGA-MS analysis. In agreement, the
material, heated to 450 °C for 5 h had the smallest unit cell of
all samples. Thus, for an improved battery performance, an
intermediate drying step at 450 °C is recommended, if CAMs
exposed to oxidative fluorination are to be used in LIBs.

3.8.2. Reduced Conductivity, but Increased Press Density

Electronic conductivities of CAMs measured with a four-point
conductivity test method may increase upon fluoride uptake,
i. e. the conductivity of vanadium phosphates improved from
Li3V2(PO4)3 (3.7×10� 7 Scm� 1) over fluorinated Li3V2(PO4)2.95F0.05
(1.2×10� 6 Scm� 1) to Li3V2(PO4)2.90F010 (7.2×10� 6 Scm� 1), but
again decreased for highest F-content in Li3V2(PO4)2.85F0.15 (9.2×
10� 7 Scm� 1).[56] Similarly, fluorinated lithium iron fluorophos-
phates have a higher conductivity (LiFePO4F: �1×10

� 7 Scm� 1

at 300 K) than non-fluorinated LiFePO4 (�1×10� 9 Scm� 1 at
300 K).[57–59] However, in our case the conductivities decreased,
but instead the press densities increased. To account for this
observation, one should note that typically inorganic fluorides
such as LiF do act as fluxing reagents. Thus, LiF is most widely
used as a flux in the production of ceramics, such as enamels,
glasses and glazes. The pXRD analyses of our fluorinated Ni-rich
CAMs showed that the LiF formed is probably amorphous. In
addition, SEM-images showed for the non-treated material a
rougher surface in comparison to both fluorinated samples
with smoothened surfaces. Apparently, this – possibly through
the amorphous character improved – fluxing property of the
homogeneous LiF-surface may facilitate sintering and increases
densities of the fluorinated CAM powders upon pressurization.
The rough trend is that higher fluoride concentrations led to
higher press densities. This might be related to the reduction of
the SBC layer by fluorination to give LiF. However, LiF is an
electrical insulator and therefore fluorinated NCM 811 (and also
NCM 851005) has a reduced conductivity in comparison to the
pristine material.

4. Conclusions

The treatment of Ni-rich NCM CAM with low pressures (a few
hundred mbar) of fluorine gas at room temperature lowers the
SBC concentration on the surface of the material, producing a
thin LiF film. DRIFT spectra suggest that the main reaction
partner within the SBC is Li2O and the less favored reaction of
F2 with Li2CO3 only occurs to a small degree. In addition, no
formation of metal fluorides other than LiF was detected. SEM
images revealed a smooth coating of the fluorinated CAM
particles, possibly due to a LiF film. This X-ray amorphous LiF
film may have a fluxing property and, favorably, all fluorinated
Ni-rich NCM CAMs showed a considerably higher press density
than the pristine material. However, apparently due to this
insulating LiF-film, the fluorinated material has a reduced
conductivity in comparison to the pristine one. As a co-product,
fluorination of the Ni-rich CAM leads to the chemical formation
of small amounts of water, which according to TG-MS-measure-
ments can be removed by heating the material to 450 °C for a
few hours. Overall, the tested fluorinated NCM 811 samples
showed enhanced electrochemical performance in full-cells at
30 °C as well as 45 °C after 500 cycles and a clear improvement
over the pristine NCM 811 CAM. At both temperatures, the
middle-fluorinated sample (0.108 wt-% F) showed the superior
battery performance, much more stable average charge and
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discharge voltages and the lowest built-up of surface film
resistance after 250 and 500 cycles. These improvements may
result from diminished electrolyte decomposition during
cycling leading to reduced impedance built-up. Possibly, this
reduction is induced by reduction of the SBC content and
formation of the protecting thin amorphous surface LiF-film.
Further improving the electrochemical performance, Mn and
Co leaching from the CAM and their subsequent deposition on
the AAM is reduced after 500 cycles at 30 °C and 45 °C. While
the Ni dissolution is almost unaffected, the cells with the
fluorinated CAMs showed a large leaching-reduction to about
one-half of the pristine (Co), or even to one-third of the pristine
materials (Mn at 45 °C). Thus, the fluorination apparently
reduces Co and Mn cross talk from the CAM to the AAM
through the electrolyte solution during charge/discharge. This
may tentatively be assigned to the oxidative fluorination, which
suppresses the preferential leaching of the surface bound
strong Jahn-Teller ions Co2+ (d7) and Mn3+ (d4) in the pristine
material by oxidizing them to non-leachable Co3+ (e.g., as CoO
(OH)) and Mn4+ (e.g., as MnO2) imbedded into the protecting
and insoluble surface LiF film on the CAM.
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Experimental Section 

Chemicals 

99.98 % fluorine gas was donated by Solvay Fluor GmbH, Germany, and the Ni-NCM (NCM 811 and 

NCM 851005) CAMs were contributed by BASF SE, Germany. Attention! Safety glasses, lab coat, and 

protective gloves must be worn at all times. Caution! Fluorine gas is an extremely hazardous material 

and should only be handled by trained personnel. All reactions should be carried out in a well-

ventilated fume hood.  

Materials and Equipment  

The fluorine fume hood 

The fluorine fume hood is a modified standard fume hood with its own discharge shaft and with an 

exhaust flow rate of 1200 m3/h. All of the walls in the fume hood as well as the full ventilation system 

are made of V4 A stainless steel. Fluorine gas is used from a 5 L fluorine gas bottle and stored inside 

the fume hood. For safety purposes, it is positioned in an additional V4 A stainless steel box coupled 

with a pressure regulator valve (Matheson Valves & Fittings Ltd.). One end of the pressure regulator 

valve is attached to the fluorine bottle using special O- Rings. The other end travels to the back of the 

fume hood and is connected to a Monel vacuum line, which can handle fluorine gas. All valves within 

the additional V4 A stainless steel box are equipped with length extended levers for easy access from 

outside of the box. There are three valves: the main bottle valve, the pressure-regulating valve, and a 

needle valve. (Figure S1). 

 

Figure S1: Left) Fluorine fume hood with the Monel vacuum line. Right) Inside of the fluorine bottle box.  
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Ion Chromatography (IC) 

IC measurements were carried out by 822 Compact IC plus from Metrohm unit with a Metrosep A 

Supp 5 – 250/4.0 high-performance separation anion column from Metrohm with a 1 mmol L–1 

NaHCO3 and 3 mmol NaCO3 in 10/90 % acetone/ultrapure water solution used as eluent. A Metrosep 

C 4 - 100/4.0 high separation efficiency universal standard cation column from Metrohm were used 

with an eluent of 0.7 mmol 2,6-pyridinedicarboxylic acid and a 1.7 mmol nitric acid. 

Ultrapure water 

Ultrapure water was product by PURELAB flex from the company Veolia Water Solutions & 

Technologies. 

Fluoride selective electrode (FSE) 

The fluoride containing CAMs were thermally digested in an oxygen-steam stream at 1100 °C using a 

combustion unit (AQF-2100H, a1 envirotech). The resulting hydrogen fluoride was absorbed in an 

absorption solution (total ionic strength adjustment buffer, TISAB) and detected by means of a 

fluoride selective electrode (ISE 6.0502.150, Metrohm). 

FT-IR spectroscopy (IR) 

IR measurements were measured on a Bruker alpha Fourier transform IR spectrometer arranged in 

an argon-filled glove box using a diamond ATR unit. The spectra were recorded in the range of 375 –

 4000 cm–1 and analyzed with the OPUS software package. 

Powder X-Ray Diffraction (pXRD) 

pXRD data were collected with a Stoe Stadi P Powder diffractometer equipped with Mo-Kα1 radiation, 

a Ge(111) monochromator, and a silicon microstrip detector (Mythen 1k). The WinXPow package 

(STOE) was used for analysis and unit cell refinement. LeBail refinements were carried out with the 

program GSAS.[1],[2]  

Magic Angle Spinning – Nuclear Magnetic Resonance Spectroscopy (MAS-NMR) 

7Li and 19F magic angle spinning nuclear magnetic resonance experiments were performed on a 

Bruker DSX 500 solid-state NMR spectrometer running at a Larmor frequency of 194.40 MHz and 

470.65 MHz for 7Li and 19F, respectively. The rotor synchronized Hahn Echo and rotor synchronized 

solid state Echo experiments were performed under magic angle spinning rates of 20 kHz to 30 kHz 

using a 2.5 mm MAS probe with an ω1 /2π frequency of 125 kHz (i.e. a 90° pulse duration of 2 µs). 

and relaxation delays of 5 s (7Li) and 30 s (19F). All spectra were measured at room temperature, 

leading to sample temperatures of 300 K to 325 K, due to frictional heating of the magic angle 

spinning. 
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Scanning electron microscopy (SEM) 

SEM was performed on a Field Emission Gun-High Resolution Scattering Electron Microscope (FEG-

HRSEM) SU8220 (Hitachi) with a Transmission Electrons (TE), Back Scattering Electrons (BSE), 

Secondary Electrons (SE), and and 2 EDX detectors (Bruker). 

Conductivity and Press Density measurements 

Conductivity and Press Density measurements were carried out on a “Loresta resistivity 

measurement unit” from Mitsubishi Chemical Analytech. 

Thermo-gravimetric analyses (TGA) and Differential Thermal Analysis (DTA) 

TGA and DTA was performed under nitrogen atmosphere on a STA 409 from the company Netzsch. 

Electrochemical testing (Copy from Main Text, to have all data in one file) 

Full-Cell (triplicate) Measurements: Electrodes were fabricated as described elsewhere.* Briefly, 

80 % active cathode active material (pristine batch obtained from BASF SE, Germany) was mixed with 

5 % Super C65 conductive carbon (Imerys, MTI corp. USA), 5 % TIMREX KS-6 graphite (Imerys, France) 

and 10 % Solef 5130 polyvinylidenedifluoride (PVDF) binder (Solev5130 from Solvay) in N-

methylpyrrolidone (NMP), and cast onto an Al foil (Strem Chemicals Inc., USA) current collector at a 

loading of ~4.3 mg cm–2. Single layer pouch full-cells were fabricated with graphite anodes at a 

loading of ~2.8 mg cm–2 with 20% excess capacity (negative to positive electrodes areal capacity ratio 

of N/P = 1.2), using Celgard PP 2500 separators and 350 µL of BASF LP57 electrolyte (1 M LiPF6 

ethylene carbonate: ethyl methyl carbonate, 3:7). Areal capacity of the full-cell: ~0.7 mAh cm–2, 

active electrode area: ~11.5 cm2, absolute pouch cell capacity: ~8 mAh. The 1C rate for NCM 811 was 

set to correspond to 180 mAh g–1. All cells were prepared in triplicate and the results were averaged. 

Formation procedure for cells: 1 cycle at C/15 followed by 4 cycles at C/10 at 30 °C. For the 

continuous cycling between 2.0 and 4.2 V, the cells were measured at 30 and 45 °C with a 0.5 C 

charge and 1 C discharge current and a 30 minutes CV-step at 4.2 V. Every 50 cycles, one cycle was 

measured during charge and discharge at 0.1 C. Electrochemical impedance spectra were measured 

using a Solartron battery test unit model 1470 coupled with the frequency response analyzer FRA-

1250 from Solartron in the frequency range from 5 mHz to 0.1 MHz. Impedance spectra were 

collected during charge at 4.0 V after formation, 250 and 500 cycles of the continuous cycling test. 

  
                                                           
* i.e., a) E. M. Erickson, H. Sclar, F. Schipper, J. Liu, R. Tian, C. Ghanty, L. Burstein, N. Leifer, J. Grinblat, M. 
Talianker et al., Adv. Energy. Mater. 2017, 26, 1700708; b) E. M. Erickson, F. Schipper, R. Tian, J.-Y. Shin, C. Erk, 
F. F. Chesneau, J. K. Lampert, B. Markovsky, D. Aurbach, RSC Adv 2017, 7, 7116; c) F. Amalraj, M. Talianker, B. 
Markovsky, L. Burlaka, N. Leifer, G. Goobes, E. M. Erickson, O. Haik, J. Grinblat, E. Zinigrad et al., J. Electrochem. 
Soc. 2013, 160, A2220-A2233. 
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Experimental Procedure of Ni-NCM Fluorination 

Direct Fluorination Setup for Ni-NCM materials 

The setup consists of a 120 mL low pressure PFA (perfluoropolyether) batch reactor vessel equipped 

with a ¼‘‘end cup fitting, a Stainless Steel Swagelok Tee-Type with a 0.5 µm particle filter (connect to 

the end cup), and a Kel-F valve[3] (connected to the filter). These parts were assembled and 

connected to a Monel vacuum line of volume 66 mL (Figure S1) and checked for leaks (Figure S2). The 

reactor was evacuated and then filled with elemental fluorine gas at a total pressure of 1.1 bar for 

one hour to achieve equipment passivation. Once passivation was completed, the reactor was 

evacuated and the remaining reactive gases were neutralized over a soda lime tower. The setup was 

transferred into a solvent free dry box. In the dry box, the reactor vessel was opened and 7 g 

(±0.04 g) of Ni-NCM material (along with a Teflon-coated stir bar) was transferred into the batch 

reactor. The setup was removed from the dry box, connected to the Monel vacuum line to ensure 

the absence of any leaks and the inert gas in the PFA reactor vessel was pumped out. Next, the 

Monel Schlenk line was filled with F2 gas at pressures between 32 to 2200 mbar (or 0.1 to 5.5 mmol 

F2; cf. Table S1 and Table S2 for the pressure) and afterwards the valve to the evacuated PFA reactor 

vessel was opened and the gas expanded to a total pressure of 10 to 800 mbar. Immediately after 

exposure of the CAMs to the fluorine gas, the pressure began to drop, and stabilized within a few 

minutes indicating that the reaction was over. When the pressure stabilized (depending on the F2 

amount added: at about 7-8 to 500 mbar), the vessel was backfilled with dry nitrogen gas until a total 

pressure of 1100 mbar was observed. After a reaction time of 1 hour, the remaining reactive gas was 

pumped out of the reactor vessel and neutralized in a soda lime tower. The closed setup was 

transferred into a solvent free dry box, opened, and the fluorinated material was transferred into a 

storage container until further use.  

 

Figure S2: Left: The setup consists of a magnetic stirrer (a), a 120 mL low pressure PFA (perfluoroether) batch reactor vessel 
equipped with a ¼‘‘end cup fitting (b), a Stainless Steel Swagelok Tee-Type with a 0.5 µm particle filter (c), and a Kel-F valve 
(c). The vessel is connected to the Monel vacuum line (e). The top right inset picture shows the stir bar inside the vessel. 
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Right: Schematic drawing of the setup. The pre-passivated vacuum line has a volume of 66 mL and was filled with 32 to 
2200 mbar F2-pressure.  

 

Analytics of the prepared fluorinated Ni-NCM CAM 

Ion Chromatography (IC) 

IC measurements were carried out to determine the lithium and fluorine concentrations of the 

pristine and fluorinated Ni-NCM samples. A high purity multi-element ion chromatography cation 

and anion standard solution was used (Sigma-Aldrich) to assign the measured element and its 

concentration with precision. It is believed that after fluorination a LiF film forms at the surface of 

the cathode material as well as a possible formation of a metal fluorides such as NiF2, CoF2, and 

MnF2. The LiF film and the metal fluorides are soluble (in small amount) in 

water.[4],[5],[6],[7],[8],[9],[10],[11],[12],[13] The pristine and fluorinated samples were stored in a solvent free, 

argon filled dry box. In this dry box, an amount between 200 and 1000 mg fraction of the fluorinated 

samples was transferred into a PFA (perfluoroether) volumetric flask and transferred out of the box. 

The material was eluted with 250 mL ultrapure water, filtered (hydrophobic PTFE, 0.45 µm) before 

measurement. 

 

Li and F content of the Fluorinated Ni-NCM materials 

To measure the water-soluble lithium (Li) and fluoride (F) concentration of the samples, ion 

chromatography (IC) studies were carried out for the (non-)fluorinated Ni-rich NCM CAMs. The 

presumably mainly formed LiF (v.i.) has a low, but reasonable solubility of 1.3 g L–1 water. Thus, 0.2 to 

1.0 g fractions of the fluorinated CAMs were eluted with 250 mL ultrapure water, filtered and the 

fluoride and lithium contents in the filtrate were investigated. The fluoride concentration of several 

samples was also verified by fluoride selective electrode (EA or FSE) analysis (labelled ‘EA’,  

Figure S3, Figure S4, Table S1, and Table S2). 
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Figure S3: Plots of the water-soluble fluoride content of the treated CAMs in wt-% as a function of the applied amount of 
fluoride in wt-%. IC stands for ion chromatography and EA for a FSE determination. 

 

First, one needs to note that the independent fluoride determinations by IC as well as FSE agree 

reasonably, so that we may suggest that through the aqueous extraction procedure, the full fluoride 

content is accessible. In general, one may state that especially lower fluorine amounts up to roughly 

0.25 wt-% applied F are taken up by the CAMs more efficiently. Interestingly, the fluoride contents of 

NCM 811 and NCM 851005 develop differently as a function of the added F2 amount at F-contents 

larger than about 0.25 wt-% (theoretical uptake). On the NCM 811 CAM, from this applied F2 amount 

on, the system takes up further fluoride at a much slower rate. By contrast, the NCM 851005 system 

exhibits an almost asymptotic behavior approaching an apparently limiting fluoride content of about 

0.24 wt-% (exp. fluoride content). This limiting F-content of the CAM is lower for NCM 811 by about 

0.15 wt-%. Thus, apparently NCM 851005 contains a larger amount of the soluble base content (Li2O, 

LiOH, LiOH·H2O, Li2CO3) that we expect to react preferentially with the F2 gas giving LiF as the main 

and relevant product. 
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Figure S4: Plots of the water-soluble lithium content of the treated CAMs in wt-% as a function of the applied amount of 
fluoride in wt-%. IC stands for ion chromatography.  

 

Lithium concentrations measured by IC showed comparable results. A strong increase of the 

observed lithium concentration as a function of the applied gaseous fluorine amount (theoretical F 

conc. in wt-%) was observed, until a limiting uptake of about 0.06 wt-% lithium was reached (exp. Li 

content). 
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Table S1: Ion chromatography (IC)a) and fluoride selective electrode (FSE)b) measurements for the (non-)fluorinated NCM 811 materials. 

Numeration 
of samples 

p(F2) 
[mbar] 

n F2 
[mmol] 

Theoretical F 
concentration 

[wt-%] 

ICa) 
Amount of F 

[wt-%] 

FSEb) 
Amount of F 

[wt-%] 

ICa) 
Amount of Li 

[wt-%] 

1 0 0.0 0 0 0 0.005 

2 32 0.1 0.046 0.070 0.030 0.08 

3 53 0.1 0.076 0.086 0.040 0.01 

4 80 0.2 0.115 0.095 0.060 0.018 

5 170 0.5 0.245 0.096 0.070 0.02 

6 326 0.9 0.469 0.124 0.080 0.03 

7 492 1.3 0.708 0.125 0.080 0.04 

8 505 1.4 0.727 0.135 0.080 0.05 

9 707 1.9 1.02 0.151 0.100 0.06 

a) Since LiF has a solubility of 1.3 g L–1 water, a between 200 and 1000 mg fraction of the fluorinated samples were eluted with 250 mL ultrapure water and the fluoride and lithium contents in the 

water were investigated by IC. b) As control experiments, selected fluorinated Ni-NCM 811 materials were tested for the fluoride content by fluoride selective electrode (FSE) after a complete 

work up for the analysis (here labelled FSE).  
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Table S2: Ion chromatograph (IC)a) and fluoride selective electrode (FSE)b) measurements for the (non-)fluorinated NCM 851005 materials. 

Numeration 
of samples 

p(F2) 
[mbar] 

n F2 
[mmol] 

Theoretical F 
concentration 

[wt-%] 

ICa) 
Amount of F 

[wt-%] 

FSEb) 
Amount of F 

[wt-%] 

ICa) 
Amount of Li 

[wt-%] 

1 0 0.0 0 0 0 0.05 

2 10 0.0 0.014 0.007 0.06 0.01 

3 36 0.1 0.052 0.011 0.07 0.015 

4 56 0.2 0.081 0.013 0.07 0.02 

5 76 0.2 0.109 0.013 0.09 0.02 

6 110 0.3 0.158 0.017 0.09 0.025 

7 220 0.6 0.317 0.088 0.12 0.03 

8 270 0.7 0.389 0.162 0.13 0.03 

9 300 0.8 0.432 0.162 0.14 0.03 

10 400 1.1 0.576 0.172 0.15 0.04 

11 600 1.6 0.864 0.193 0.17 0.05 

12 810 2.2 1.166 0.205 0.18 0.06 

13 1000 2.7 1.440 0.212 0.19 0.06 

14 2200 5.9 3.168 0.240 0.23 0.06 

a) Since LiF has a solubility of 1.3 g L–1 water, a between 200 and 1000 mg fraction of the fluorinated samples were eluted with 250 mL ultrapure water and the fluoride and lithium contents in the 

water were investigated by IC. b) As control experiments, selected fluorinated Ni-NCM 851005 materials were tested for the fluoride content by fluoride selective electrode (FSE) after a complete 

work up for the analysis (here labelled FSE).  
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Powder X-Ray Diffraction (pXRD) 

pXRD data of (non-)Fluorinated NMC 811 and 851005 CAM 

In a dry box, the material was transferred into a capillary (length: 80 mm, outside-diameter: 0.3 mm, 

and a wall thickness: 0.01 mm), then air-tight sealed and transferred out of the dry box for further 

sealing (with a lighter) of the capillary until an average length of 2 cm.  

pXRD measurements were carried out for the pristine and the few fluorinated NCM 811 and 851005 

samples (Figure S5 and Table S3). pXRD data for the low and high fluorinated NCM 811 and 851005 

materials showed almost identical powder diffractograms and LeBail fittings (only 851005 CAMs) 

suggested lattice parameters very close to that of the rhombohedral cell (space group R3̅m) of 

pristine NCM 811 and 851005 material (see below).  

 

Figure S5: pXRD data of (non-)fluorinated Ni-NCM CAM, measured with  Mo-K radiation with full powder traces with 

Miller indices [HKL] assigned to reflexes up to 30° 2. Left) NCM 811 CAM and right) NCM 851005 CAM. 

 

Table S3: pXRD data analysis (Mo-Kα1 radiation) and LeBail fitting of the (non-)fluorinated Ni-rich CAMs.  

  NCM 811 NCM 851005 
Method Cell 

parameters 
pristine 0.105 wt-% 

label: Fm 
0.126 wt-% 

label: Fx 
pristine 0.06 wt-% 

label: Fm 
0.23 wt-% 
label: Fx 

0.23 wt-% 
heated to 450 °C 
label: F (450 °C) 

STOE a [Å] 2.8716(3) 2.87124(23) 2.8719(3) 2.8715(3) 2.8707(4) 2.8710(3) 2.87181(24) 
STOE c [Å] 14.2076(13) 14.2007(11) 14.2035(12) 14.1911(14) 14.2258(18) 14.2318(15) 14.1832(10) 
STOE c/a 4.9476 4.9458 4.9457 4.9421 4.9556 4.9571 4.9388 
STOE V [Å3] 101.458(13) 101.387(11) 101.454(12) 101.335(12) 101.527(17) 101.594(15) 101.301(11) 

LeBail a [Å] no Data 2.87186(3) 2.87177(3) 2.87180(4) 2.871728(17) 
LeBail c [Å] no Data 14.1959(2) 14.2296(3) 14.2331(3) 14.18333(14) 
LeBail c/a no Data 4.9431 4.9550 4.9562 4.9390 
LeBail V [Å3] no Data 101.396(2) 101.626(2) 101.657(3) 101.297(1) 
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pXRD was carried out for the pristine and few selected fluorinated Ni-NCM materials. pXRD data for 

the low and high fluorinated NCM 811 materials showed almost identical powder diffractograms and 

LeBail fitting suggested lattice parameters very close to that of the rhombohedral cell (space group 

𝑅3̅𝑚) of pristine NCM 851005 material (Figure S6 and Figure S7). 

 

Figure S6: pXRD traces of (non-)fluorinated NCM 811 CAM, measured with Mo-K radiation. A) Full powder traces with 

Miller indices [hkl] assigned to reflexes up to 30° 2; B) detail between 8.2 to 8.8, 16.0 to 17.6, 19.7 to 22.2, and 25.8 to 

26.3° 2. 

 

pXRD data of (non-)fluorinated NCM 851005 CAM showed for all materials the same a-axis value. The  

c-axis showed for the fluorinated samples the same value, where the value of the pristine and high 

fluorinated and over calcination material showed almost identical lattice parameters (Figure S7). 

 

Figure S7: pXRD traces of (non-)fluorinated NCM 851005 CAM, measured with Mo-K radiation. A) Full powder traces with 

Miller indices [HKL] assigned to reflexes up to 30° 2; B) detail between 8.2 to 8.8, 16.0 to 17.6, 19.7 to 22.2, and 25.8 to 

26.3° 2.  



 

14 

Infrared spectroscopy (IR) of (non-)NCM 811 and (non-)NCM 851005  

ATR-IR spectra of the bulk (non-)fluorinated NCM 811 and (non-)NMC 851005 CAMs indicated no 

formation of metal fluorine compounds.[14] All obtained IR spectra appeared to be identical showing 

the typical characteristic bands for NCM 811 and NCM 851005 CAMs. 

 

Table S4: Experimental IR frequencies (range 350 cm–1 to 4000 cm–1) of (non-)fluorinated NCM 811 materials. The samples 
are ordered by increasing theoretical F-content. The samples 270 mbar and 400 mbar were not measured. 

Pristine 
0.05 wt-% F 

(lable: 23-32) 
0.06  wt-% F 
(lable: 38-53) 

0.07 wt-% F 
(lable: 505) 

0.11 wt-% F 
(lable: 57) 

0.11 wt-% F 
(lable: 122) 

0.11 wt-% F 
(lable: 363) 

      961 (13)       

    938 (17)     

  903 (10)   903 (22)   901 (12)   

860 (21) 863 (28) 868 (28) 865 (35) 861 (18) 868 (26)   

  856 (28) 860 (28) 854 (37)  859 (26) 859 (16) 

       848 (18) 

  836 (32) 839 (32) 837 (37) 839 (18)    

828 (27)    828 (20) 825 (34) 823 (21) 

  817 (36)  810 (41) 816 (24) 809 (38)   

      800 (41)     802 (26) 

  798 (40) 796 (38)     792 (40) 792 (26) 

  782 (42) 787 (38) 782 (41)   784 (29) 

774 (42)  778 (40)   775 (42)   

  773 (42) 772 (40)  771 (33)    

763 (40)  761 (40)  763 (33) 762 (40) 762 (29) 

    755 (40)         

569 (100) 571 (100) 569 (100) 572 (100) 569 (100) 569 (100) 570 (100) 

541 (90) 544 (84) 545 (87) 540 (89) 543 (82) 543 (86) 544 (87) 

534 (89)  535 (87)  537 (82) 536 (88)   

    528 (83) 529 (84)    

    501 (64)   510 (76)     

        497 (64)     

     487 (60)  482 (47) 

476 (44) 477 (46) 471 (43) 476 (48)  473 (48)   

  466 (42)  462 (43) 465 (47)    

    457 (32)   456 (40)   457 (32) 

444 (29) 449 (30) 443 (28)   448 (40)   441 (24) 

434 (25) 438 (28) 436 (26)  437 (38) 435 (34) 430 (24) 

424 (19) 424 (24)  427 (28) 430 (33) 425 (26)  419 (16) 

  414 (18) 409 (19) 410 (22) 411 (22)  410 (18) 

            404 (16) 
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Figure S8: ATR-IR Spectra of the pristine and fluorinated NCM 811 materials (with a baseline correction), where 32-32 
(0.05 wt-%), 38-53 (0.06  wt-% F), 505 (0.07 wt-% F), 57 (0.11 wt-% F), 122 (0.11 wt-% F), and 363 (0.11 wt-% F). 
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Table S5: Experimental IR frequencies (range 350 cm–1 to 4000 cm–1) of (non-)fluorinated NCM 851005 materials. The samples are ordered by increasing theoretical F-content. The sample 270 
mbar and 400 mbar were not measured. 

pristine 0.06 wt-% F 0.11 wt-% F 0.013 wt-% F 0.013 wt-% F 0.017 wt-% F 0.088  wt-% F 300  wt-% F 0.162  wt-% F 0.205  wt-% F 0.212  wt-% F 0.240  wt-% F 

3705 (23) 3705 (23) 3704 (23) 3706 (23) 3706 (23) 3705 (23) 3705 (23) 3706 (23) 3705 (23) 3705 (23) 3705 (22) 3705 (23) 

3677 (16) 3677 (17) 3676 (15) 3676 (16) 3676 (16) 3676 (16) 3677 (16) 3674 (15) 3676 (16) 3677 (16) 3676 (16) 3677 (17) 

/// 3664 (10) 3666 (8) /// /// /// /// /// /// /// /// /// 

/// 1614 (10) 1620 (8) /// /// /// /// /// /// /// /// /// 

1368 (22) 1368 (23) 1368 (22) 1368 (22) 1368 (22) 1367 (22) 1368 (22) 1367 (22) 1368 (21) 1368 (22) 1368 (22) 1367 (23) 

1286 (28) 1282 (30) 1286 (28) 1287 (28) 1285 (28) 1285 (28) 1286 (29) 1286 (29) 1387 (22) 1285 (28) 1285 (28) 1285 (29) 

/// /// /// /// /// /// /// /// 1286 (28) /// /// /// 

1175 (41) /// /// /// /// /// /// /// /// /// /// /// 

1158 (43) /// /// /// /// /// /// /// /// /// /// /// 

1124 (24) 1227 (25) 1227 (24) 1227 (24) 1226 (24) 1226 (24) 1226 (24) 1226 (24) 1226 (24) 1226 (24) 1225 (24) 1227 (24) 

/// 1173 (42) 1175 (42) 1174 (42) 1174 (42) 1173 (41) 1174 (42) 1175 (42) 1173 (42) 1174 (42) 1173 (42) 1175 (42) 

/// 1159 (44) 1158 (43) 1158 (43) 1160 (43) 1158 (43) 1157 (43) 1156 (43) 1158 (42) 1158 (43) 1158 (43) 1159 (43) 

1086 (46) 1086 (47) 1086 (46) 1088 (46) 1087 (46) 1086 (46) 1085 (46) 1085 (46) 1087 (46) 1086 (46) 1086 (46) 1086 (46) 

/// 1075 (sh) 1074 (sh) 1074 (sh) 1075 (sh) 1074 (sh) /// 1075 (sh) /// 1076 (sh) 1076 (sh) 1076 (sh) 

1064 (sh) 1062 (sh) 1062 (sh) 1060 (sh) 1066 (sh) /// 1065 (sh) /// /// /// /// /// 

/// /// /// /// 1055 (sh) 1055 (sh) /// /// 1053 (sh) /// /// /// 

/// /// 1030 (sh) /// /// /// /// 1038 (sh) /// /// 1041 (sh) 1047 (sh) 

918 (8) 920 (9) 918 (8) 920 (8) 921 (8) 919 (8) 920 (8) 918 (8) 919 (8) 919 (8) 917 (8) 920 (8) 

883 (27) 883 (28) 884 (27) 884 (27) 884 (27) 885 (27) 884 (27) 882 (27) 883 (27) 884 (27) 884 (27) 883 (27) 

858 (sh) 861 (sh) 859 (sh) 859 (sh) 859 (sh) 858 (sh) 859 (48) 860 (48) 857 (sh) 858 (sh) 860 (sh) 858 (sh) 

847 (60) 846 (60) 846 (60) 849 (59) 847 (59) 846 (60) 847 (60) 848 (60) 858 (59) 846 (59) 846 (60) 848 (60) 

816 (35) 817 (37) 817 (35) 815 (35) 818 (36) 817 (35) 818 (36) 819 (36) 816 (35) 816 (35) 818 (35) 816 (36) 

803 (34) 808 (35) 808 (34) 807 (33) 807 (33) 807 (34) 806 (34) 807 (34) 808 (34) 807 (34) 807 (36) 807 (34) 

/// /// /// /// /// /// 799 (29) /// /// /// /// /// 

759 (60) 760 (61) 759 (59) 759 (59) 759 (60) 760 (60) 759 (60) 759 (60) 759 (60) 759 (60) 759 (60) 758 (60) 

742 (48) 742 (49) 742 (47) 741 (47) 741 (47) 742 (47) 742 (48) 740 (47) 740 (48) 741 (48) 741 (48) 742 (48) 
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719 (38) 720 (40) 720 (38) 719 (40) 720 (38) 718 (39) 719 (39) 718 (38) 719 (38) 721 (38) 719 (38) 718 (39) 

/// /// 705 (sh) 706 (sh) 708 (sh) 711 (sh) 708 (33) 709 (sh) 707 (32) 708 (33) 707 (sh) 708 (sh) 

680 (20) 680 (21) 680 (20) 680 (20) 680 (20) 681 (20) 681 (20) /// 680 (20) 679 (20) 680 (20) 680 (20) 

/// /// /// /// /// /// /// 669 (17) /// /// /// /// 

568 (100) 567 (100) 569 (100) 569 (100) 568 (100) 568 (100) 568 (100) 567 (100) 567 (100) 567 (100) 566 (100) 567 (100) 

/// /// /// /// /// /// /// 557 (sh) /// 558 (sh) /// 552 (90) 

532 (83) 532 (83) 532 (83) 531 (83) 531 (83) 531 (83) 531 (83) 531 (83) 533 (83) 532 (83) 531 (84) 531 (83) 

522 (75) 519 (76) 519 (75) 517 (75) 517 (75) 518 (75) 517 (75) 517 (75) 520 (76) 518 (75) 518 (75) 517 (75) 

/// /// /// ///   499 (sh) 508 (sh)  503 (sh) 509 (70) 509 (sh) 

487 (57) 487 (58) 486 (57) 486 (56) 485 (57) 485 (57) 486 (6) 487 (57) 485 (57) 486 (57) 485 (57) 485 (57) 

461 (42) 464 (43) 464 (41) 463 (42) 464 (41) 463 (41) 462 (41) 462 (41) 463 (41) 465 (42) 463 (42) 463 (42) 

/// /// /// 461 (sh) /// /// /// /// /// /// /// /// 

/// 454 (sh) /// /// /// 452 (sh) 453 (sh) 451 (sh) /// 450 (sh) 453 (sh) 451 (sh) 

/// 444 (sh) 439 (sh) 438 (sh) 439 (sh) 439 (sh) 439 (sh) 439 (sh) 439 (sh) 438 (sh) 437 (sh) 437 (sh) 

426 (26) 425 (28) 424 (27) 426 (26) 426 (26) 424 (27) 424 (26) 426 (26) 425 (26) 424 (26) 425 (26) 425 (27) 

411 (15) 415 (22) 415 (21) 415 (21) 414 (22) 414 (21) 413 (21) 414 (21) 413 (21) 416 (21) 414 (21) 414 (21) 

/// 398 (10) 399 (9) /// 399 (9) /// /// /// /// /// /// /// 

  



 

18 

 

Figure S9: ATR-IR Spectra of the pristine and fluorinated NCM 851005 materials (with a baseline correction), where 10 mbar 
(0.06 wt-% F), 36 mbar (0.11 wt-% F), 56 mbar (0.013 wt-% F), 76 mbar (0.013 wt-% F), 110 mbar (0.017 wt-% F), 220 mbar 
(0.088  wt-% F), 300 mbar (300  wt-% F), 600 mbar (0.162  wt-% F), 810 mbar (0.205  wt-% F), 1000 mbar (0.212  wt-% F), 
and max mbar (0.240  wt-% F).  



 

19 

Thermogravimetric analyses (TGA) and Differential Thermal Analysis (DTA) 

Does Fluorination alter the Thermal stability of Ni-rich NCM CAMs…? The thermal stability of the 

(non- ) fluorinated Ni-rich NCM CAMs is crucial for a long battery lifetime. To study the thermal 

stability, thermogravimetric analysis (TGA) and differential thermal analysis (DTA) measurements 

were carried out. The materials were placed in a thermogravimetric analyser and heated to 650 °C at 

10 °C/min under nitrogen gas. The pristine material was also characterized under the same 

conditions. TGA measurements showed for the (non-)fluorinated NCM 811 CAM a mass loss between 

0.16 to 0.81 % (Figure S10), where the DTA measurements shown no change in thermal stability 

(Figure S10). TGA measurements showed for the (non-)fluorinated NCM 851005 CAM a mass loss 

between 0.1 to 1.0 % (Figure S11), where the DTA measurements shown no change in thermal 

stability (Figure S11).  

 

Figure S10: TGA and DTA results of (non-) fluorinated Ni-rich NCM 811 CAMs. 

 

 

Figure S11: TGA and DTA results of (non-) fluorinated NCM 851005 CAMs, , where 10 mbar (0.06 wt-% F), 36 mbar (0.11 wt-
% F), 56 mbar (0.013 wt-% F), 76 mbar (0.013 wt-% F), 110 mbar (0.017 wt-% F), 220 mbar (0.088  wt-% F), 300 mbar 
(300  wt-% F), 600 mbar (0.162  wt-% F), 810 mbar (0.205  wt-% F), 1000 mbar (0.212  wt-% F), and max mbar (0.240  wt-
% F).  
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Thermogravimetric Analysis coupled with Mass Spectrometry (TGA-MS) 

To analyze thermally labile surface species on the materials, the samples were analyzed by TGA-MS 

using a Mettler Toledo TGA/DSC 1 (Mettler Toledo, Switzerland) coupled to a Thermostar MS (Pfeiffer 

Vacuum, Germany). Inside the glovebox, 30 mg to 35 mg of the sample were filled into a 150 μl 

aluminum oxide crucible and transported to the device inside an airtight glass bottle. The sample was 

at pace inserted into the device (exposure time to ambient air less than 1 min) and heated stepwise 

at a rate of 10 K min−1 to 1125 °C under argon. This temperature was retained for another 30 min. At 

120 °C and 450 °C the temperature was hold constant for 30 min to ensure a clear separation of the 

desorbing phases. The temperature profile, which contains further isothermal steps at 25 and 

1125°C, is illustrated in the TGA-MS results. A constant Ar flow of 60 ml min−1 forces the desorption 

products to the MS. The weight loss and the associated mass signals are recorded. 

Subsequent calcination/heat treatment 

The effect of a calcination under Ar at 400 °C and 450 °C was investigated. These conditions are from 

now on referred to as “Ar 400 °C” and “Ar 450 °C”. The total gas flow was 1 L min–1. In each case, the 

target temperature was held for 1 h.  
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Magic Angle Spinning – Nuclear Magnetic Resonance Spectroscopy (MAS-NMR) 

7Li and 19F MAS NMR Studies of (non-)Fluorinated NMC 811 and 851005 CAMs 

7Li and 19F MAS NMR Studies were carried out for (non-)fluorinated NMC 811 and 851005 CAMs for 

the pristine, low (average F-concentration: 0.108 wt-%(NCM811)/0.0335 wt-%(NCM 851005)), and high 

(average F-concentration: 0.126 wt-%(NCM 811)/0.24 wt-%(NCM 851005)) fluorinated NCM CAMs (Figure 

S12).  

 
Figure S12: 19F and 7Li MAS NMR (30 kHz spinning, 19F background subtracted); left) (non-)fluorinated NCM 811 and right) 
(non-)fluorinated NCM 851005 of pristine, low and high fluorinated NCM CAMs. Spinning sidebands are marked by*.  

 

The 19F rotor-synchronized Hahn-Echo MAS NMR spectra of all fluorinated NCM samples show a 

signal at an isotropic shift of –204.0 ppm that fits very well to the signal of neat solid LiF at –

204.5 ppm (Figure S15). There is a second very small signal at –123 ppm originating from traces of 

PTFE (–123 ppm) in the samples (probably from the stir bar). The distortion of the spectra around  

–100 to –200 ppm results from incomplete subtraction of the background signal originating from the 

PTFE parts of the MAS probe (Figure S14).  

In the rotor synchronized solid-echo 7Li spectra recorded at 30 KHz MAS a sharp signal with well 

resolved spinning sidebands is observed for all fluorinated samples. Its isotropic shift is identical to 

that of neat LiF at –0.3 ppm (Figure S12 and Figure S16). Additionally, in all the 7Li spectra a very 

broad signal that does not split into spinning sidebands with a width of about –500 to +1000 ppm 



 

22 

could be found. It was assigned to the lithium atoms in the bulk material of the Ni-rich material with 

the highest spatial proximity to the unpaired electrons.  

Furthermore, it is shifted by more than 300 ppm as compared to neat LiF due to the unpaired 

electron spin density transferred from the neigh bored layered Ni-rich NCM oxide to the nucleus 

(Fermi contact shift). Its linewidth originates from nucleus-electron dipolar interactions as well as a 

distribution of Fermi contact shifts.[15] 

The observed chemical shifts in both the 19F and 7Li spectra perfectly match the ones observed for 

neat LiF and thus were assigned to arise from LiF.  

However, the spinning sidebands envelope of both, the 7Li and 19F signal, is strikingly broadened in 

comparison to that of neat LiF (about 150 kHz for 7Li and 200 kHz for 19F). As the dipole-dipole 

coupling of 7Li and 19F should be comparable to that in neat LiF and should in general not exceed 100 

kHz, the line broadening can only be explained by dipole-dipole interaction of the observed nuclei 

with the electron spin of the Ni-rich NCM oxide materials. This interaction requests a close spatial 

proximity. However, since the lines have isotropic shifts identical to neat solid LiF (i. e. no Fermi 

contact shift is observed) the LiF causing this line is not present within the bulk but rather coating the 

Ni-rich NCM material.[32] 

 

Further Information on the 7Li and 19F MAS NMR Studies 

Identification of LiF by MAS-NMR Spectroscopy: The 19F Hahn-Echo MAS-NMR spectra (Figure S13) 

of low and high fluorinated CAMs were measured at a spinning frequency of 30 kHz. There is a large 

background signal originating from the PTFE, which is far outside the NMR coil and hence 

experiences smaller pulse angles than the sample. It is thus not well refocused by the Echo 

experiment- However, its signal is not entirely suppressed and its phasing is not compatible with that 

of the sample. Thus, the background signal was recorded separately and subtracted (as shown for 

high fluorinated NCM 811 in Figure S14). Unfortunately, the actual shape slightly changes as the 

sample is removed, leading to a visible distortion of the spectra around –100 ppm to –200 ppm 

(Figure S13). The spectra of all samples show a signal with an isotropic shift of –204.0 ppm, which 

very well fits to the signal of neat LiF at –204 ppm that was recorded for comparison. The FWHM (full 

width at half maximum) of the spinning sidebands envelope is about 200 kHz, when measured at 

470.65 MHz. This is a significantly increased value when compared to the spinning sidebands 

envelope of neat LiF, as easily is seen in the comparison of both spectra in Figure S15. The origin of 

this increased width will be discussed jointly with the lithium spectra. The spectra also show traces of 

PTFE (–123 ppm) contained in the sample (likely from the stir bar used), which could be identified by 

its chemical shift and its very sharp signal.  
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The 7Li solid-state Echo MAS-NMR spectra of the high fluorinated samples are shown in Figure S16 

and compared to a spectrum of neat LiF, showing an isotropic shift of –1.4 ppm. Both samples exhibit 

a sharp signal at an identical isotropic shift. The spinning sidebands envelope of this signal was also 

strikingly broadened in comparison to neat LiF to about 150 kHz.  

A pristine sample of the Ni-rich NCM CAM (Figure S12) also showed a similar sharp signal in the same 

region that could be assigned to Li2CO3. The existence of a Li2CO3 layer is commonly known for NCM 

cathode materials.[16] Already by qualitative comparison of the intensities, the amount of the coating 

lithium species was easily found to be significantly increased in all measured fluoridated samples. As 

the observed chemical shifts in both the 19F and 7Li spectra perfectly match the ones observed for 

neat LiF and both lines exhibit the same broadening of the sideband pattern they were assigned to 

arise from LiF.  

Additionally, a very broad signal that does not split into spinning sidebands with a width of about 

200 kHz to 300 kHz could be found in every 7Li MAS NMR spectrum. Due to the broadness, the lack of 

splitting into spinning sidebands and its huge integral value, it was assigned to the lithium atoms in 

the bulk material of the Ni-rich NCM CAMs with the highest spatial proximity to the unpaired 

electron spins. Furthermore, it is shifted by more than 300 ppm as compared to neat LiF due to the 

unpaired electron spin density transferred from the neighboured layered Ni-rich NCM oxide to the 

nucleus (Fermi contact shift). Its linewidth originates from nucleus-electron dipolar interactions as 

well as a distribution of Fermi contact shifts.[17]  

The huge increase in the width of the spinning sideband patterns observed in 7Li and 19F spectra of all 

samples cannot be explained by dipole-dipole coupling of 7Li and 19F, as this should be comparable to 

the one in neat LiF and should in general not exceed 100 kHz. It can only be explained by interaction 

of the observed nuclei with the electron spin of the layered Ni-rich NCM oxide. This interaction 

requests a close spatial proximity. However, the lines have isotropic shifts identical to neat solid LiF, 

i.e. no Fermi contact shift is observed as would be expected for material within the bulk. Hence, the 

LiF causing this line is not present within the bulk but rather coating the Ni-rich NCM material as 

likewise reported by Ménétrier et. al. and Murakami et. al.[17],[18] 



 

24 

 

Figure S13: 19F MAS NMR; left) (non-)fluorinated NCM 811 and right) (non-)fluorinated NCM 851005 of pristine, low and 
high fluorinated NCM CAMs. Spinning sidebands are marked by *. 

 

Figure S14: 19F Hahn Echo MAS-NMR spectrum of high fluorinated NCM 811 (30 kHz spinning, r.t., 2.5 mm rotor, 
470.65 MHz). The top spectrum shows the signal as recorded, the middle spectrum the background signal arising from PTFE 
parts of the probe and the bottom spectrum is the difference of the two. 
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Figure S15: 19F Hahn Echo MAS-NMR spectra of LiF (20 kHz spinning) and high fluorinated Ni-rich NCM materials (30 kHz 
spinning, background subtracted). Spinning sidebands are marked by *. 

 

Figure S16: 7Li solid-echo MAS NMR spectra of LiF (20 kHz spinning) and high fluorinated Ni-rich NCM Material (30 kHz 
spinning). Spinning sidebands are marked by *. 

 

Conductivity measurements of the Ni-rich materials 

These measurements were carried out for the pristine and the little fluorinated NCM 811 and NCM 

851005 CAMs (Figure S17 and Table S6). For the NCM 811 material: all three samples (pristine, 

0.11 wt-% F, and 0.13 wt-% F) show a linear increasing of the conductivity from 2 MPa to 20 MPa. 

Both fluorinated samples show almost identical results (conductivity vs. pressure), yet the pristine 

material showed the highest overall conductivities result. The (non-)fluorinated NCM 851005 CAMs 
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shown almost the same conductivity at 2 MPa with a linear increase of the conductivity vs. pressure 

until at 20 MPa for all samples. The pristine material showed the best result, followed by the 1.17 wt-

% fluorinated material. The results of the four fluorinated samples (0.05 wt-%, 0.58 wt-%, 0.86 wt-%, 

and 1.44 wt-%) are almost identical.  

 

 

Figure S17: Conductivity measurements of (non-)fluorinated Ni-rich materials, left) NCM 811 and right) NCM 851005. 

 

Table S6: Conductivity measurements of (non-)fluorinated Ni-rich materials. 

 (non-)fluorinated NCM 811 (non-)fluorinated NCM 851005 

Pressure 
[MPa] 

Pristine 
[S/cm] 

 

0.11 
wt-% F 
[S/cm] 

0.13 
wt-% F 
[S/cm] 

Pristine 
[S/cm] 

0.05 
wt-% F 
[S/cm] 

0.58 
wt-% F 
[S/cm] 

0.86 
wt-% F 
[S/cm] 

1.17 
wt-% F 
[S/cm] 

1.44 
wt-% F 
[S/cm] 

2 0.00663 0.00285 0.00278 0.00595 0.00483 0.00495 0.00469 0.00565 0.005 
4 0.01079 0.00529 0.00531 0.01008 0.00779 0.00789 0.00755 0.00911 0.00825 
6 0.01409 0.00723 0.00736 0.01323 0.01052 0.01043 0.01005 0.01219 0.01089 
8 0.01681 0.00885 0.00911 0.0159 0.01268 0.01241 0.01213 0.01462 0.01306 

10 0.01927 0.01056 0.01095 0.01829 0.01475 0.01436 0.01407 0.01692 0.01499 
12 0.02168 0.01201 0.01259 0.0206 0.01674 0.0162 0.01597 0.01905 0.01692 
14 0.02388 0.01334 0.01416 0.02271 0.0187 0.01812 0.01786 0.02133 0.01882 
16 0.02614 0.01469 0.01575 0.02491 0.02076 0.01996 0.0198 0.02356 0.02062 
18 0.02822 0.01603 0.01733 0.02706 0.02279 0.02179 0.02184 0.02581 0.02245 
20 0.03021 0.01736 0.01877 0.02924 0.02472 0.02365 no data 0.028 0.02417 

 

 

Press density measurements of the Ni-rich NCM CAMs 

These measurements were carried out for several (non-)fluorinated NCM 811 and NCM 851005 

samples (Figure S18 and Table S7). All samples show a linear increase of the density with increasing 

pressure. Yet, all fluorinated samples show consistently higher Press densities at all pressures than 

the pristine material. The fluorinated NCM 851005 sample with the fluorine concentration of 

1.17 wt-% showed the highest Press density values, followed by the 1.44 wt-% fluorinated sample. 

The best Press densities are by up to 34 % higher than those of the pristine material (Table S7). The 
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lower fluorinated samples (0.05…0.86 %) showed considerably lower, but still better densities than 

the pristine material. 

 

Figure S18: Press density measurements of (non-)fluorinated NCM 811 (left) and NCM 851005 (right). 

 

Table S7: Press density measurements of (non-)fluorinated NCM 811 and NCM 851005. 

 (non-)fluorinated NCM 811 (non-)fluorinated NCM 851005 

Pressure 
[MPa] 

Pristine 
[g/cm3] 

 

0.11 
wt-% F 
[g/cm3] 

0.13 
wt-% F 
[g/cm3] 

Pristine 
[g/cm3] 

0.05 
wt-% F 
[g/cm3] 

0.58 
wt-% F 
[g/cm3] 

0.86 
wt-% F 
[g/cm3] 

1.17 
wt-% F 
[g/cm3] 

1.44 
wt-% F 
[g/cm3] 

6.3662 2.72983 2.9625 2.921 2.63959 2.79973 2.82809 2.74817 3.41841 3.25374 
12.7324 2.82668 3.03304 2.98957 2.7361 2.90177 2.92538 2.85268 3.55209 3.37425 

19.09859 2.89734 3.08445 3.03952 2.79623 2.97635 2.99406 2.92465 3.64369 3.45655 
25.46479 2.951 3.12225 3.08368 2.84627 3.04028 3.04408 2.9863 3.71827 3.53315 
31.83099 2.9996 3.16098 3.12147 2.89156 3.09946 3.10333 3.04332 3.79596 3.60302 
38.19719 3.04984 3.20069 3.16805 2.9383 3.16098 3.16493 3.10255 3.86519 3.68632 
44.56338 3.09425 3.23319 3.21606 2.97959 3.225 3.22903 3.16414 3.94922 3.77357 
50.92958 3.14773 3.27475 3.28237 3.02925 3.29167 3.28729 3.22007 4.0242 3.85338 
57.29578 3.19507 3.31739 3.33392 3.06575 3.35231 3.35649 3.29496 4.10209 3.93663 
63.66198 3.24385 3.36115 3.39615 3.11072 3.40609 3.41948 3.35566 4.18305 4.0109 

 

 

Thermodynamics of Fluoride Uptake 

Reaction equations 1 to 16 in the main text showed the evaluated thermodynamic data for the 

analysis of the enthalpies of reaction of elementary fluorine gas with the NCBH and SBC layer as well 

as their side reactions. Below we include the enthalpies of formation ΔfH0 are given in kJ mol–1. This 

data shows that fluorine gas can react thermodynamically with the NCBH and SBC layer, which both 

are localized on the surface of the material.   
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Enthalpies of Formation ΔfH0  and ΔfS0 from Ref. [8] or the National Institute of Standards and 

Technology Website at https://webbook.nist.gov/chemistry/name-ser/  

Compound ΔfH0 [kJ/mol] ΔfS0 [J/K mol] Compound ΔfH0 [kJ/mol] ΔfS0 [J/K mol] 

NiO(s) –240.0 43.7 LiOH(s) –441.5   

CoO(s) –237.9 53.0 Li2O(s) –561.2   

MnO(s) –385.2 59.7 Li2CO3(s) –1132.  

Mn2O3(s) –959.0 110.5 LiF(s) –587.7   

MnO2(s) –520.0 53.1 F2(g) 0.0 202.8 

Ni2O3(s) –489.5  O2(g) 0.0 205.2 

Ni(OH)2(s) –538.0 79.0 HF(g) –275.4 173.8 

Co(OH)2(s) –539.7 79.0 H2O(l) –285.8 70.0 

Co3O4(s) –891.0 102.5 H2O(g) –241.8 188.8 

CoCO3(s) –713.0 91.7 CO2(g) –394.4 213.8 

MnCO3(s) –894.1 85.8 MnF2(s) –855.0a)  

NiF2(s) –651.4 73.6    

CoF2(s) –671.5 82.0    

CoF3(s) –790.4 94.5    
a) From Jacob, K. T.; Hajra, J. P. (1987): Measurement of Gibbs energies of formation of CoF2 and 
MnF2 using a new composite dispersed solid electrolyte. In: Bull. Mater. Sci. 9 (1), S. 37–46. DOI: 
10.1007/BF02744391. 
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4. Conclusion and Outlook 

Electrolyte stability and surface reactivity of cathode materials are decisive factors for the cycle-

life of Li-ion battery cells. First, the oxidative and the reductive stability of the electrolyte components 

VC, EC, and LiPF6 were investigated by a newly developed method, i.e., operando DRIFTS. Second, 

quantity and nature of surface contaminants on Ni-rich NCM and LMR-NCM have been studied before 

and after exposure to moisture and CO2. Third, reactive gas treatments with SO2, SO3, and F2 were 

developed to make the CAM surfaces more stable and thus improve their electrochemical cycling 

performance.  

To investigate the stability of electrolyte components, an operando DRIFTS cell was developed 

in order to monitor the working electrode during electrochemical cycling as well as the formation of IR 

active gases. Using reductive and oxidative scans, electrolyte solvents such as EC and VC and the 

commonly used electrolyte salt LiPF6 were investigated. In a first set of experiments, the baseline of 

DRIFT spectra was found to change simultaneous to the lithiation of graphite. In a second set of 

experiments, LFP was used for reductive scans in order to avoid such baseline effects. However, there 

were no infrared signals observed that would belong to typical SEI species such as LEDC, indicating an 

insufficient surface sensitivity of the developed operando DRIFTS method. In a third set of experiments, 

the evolution of infrared active gases such as POF3, CO2, and PF5 could be observed during the oxidation 

of a VC/LiPF6 electrolyte on an LTO working electrode. The oxidative decomposition of electrolyte 

species is a relevant side reaction when using CAMs such as LNMO or LMR-NCM that need cut-off 

potentials as high as 4.4 V vs. graphite. 

In case of LMR-NCM, the electrolyte is not only decomposed by oxidation, but also by a 

chemical reaction with basic surface species. Ni-rich NCMs suffer from the same problem, i.e., hydrates, 

hydroxides, carbonates, and mixtures of those48,136,161 are formed when these CAMs are exposed to CO2 

and H2O, e.g., from ambient air exposure. Within this thesis, a storage experiment was developed that 

exposed CAMs deliberately to atmospheric atmosphere at high humidity. The formed surface 

contaminants were then analyzed via DRIFTS, thermogravimetric analysis coupled with mass 

spectrometry (TGA-MS), on-line mass spectrometry (OMS), and full-cell cycling. TGA-MS 

experiments with NCM811 and reference salts revealed that basic nickel carbonate hydrate 

NiCO3 · 2Ni(OH)2· x H2O (NCBH) is the major surface contaminant. The presence of carbonate was 

confirmed by ex situ DRIFTS measurements of CAM powder diluted with KBr. This ex situ DRIFTS 

characterization was found to be very sensitive to surface species on CAM powders (such as CO3
2-, OH-

/H2O), in great contrast to the above mentioned operando DRIFTS method (trying to observe electrolyte 

reduction products). Calcination at elevated temperature was demonstrated to remove most of the 

formed contaminants and is thus suggested as a mitigation strategy for both Ni-rich NCM and LMR-

NCM. OMS and coin cell tests demonstrated how such a calcination helps to avoid gassing problems 
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and to improve the full-cell cycle-life. In addition to the mentioned ex situ DRIFTS measurements, an 

in situ method was developed to monitor the chemical reaction between NCM811 and CO2, H2O, or a 

combination of both. However, similar to operando DRIFTS of electrolyte reduction, in situ DRIFTS 

of NCM811 reacting with CO2 and H2O failed to detect the reaction products, i.e., surface contaminants 

formed on the surface of NCM811. In great contrast, ex situ DRIFTS data of the same samples clearly 

proved the presence of carbonates and hydroxides/hydrates after the exposure of NCM811 to CO2 and 

moisture. TGA-MS and full-cell cycling with a graphite anode clearly proved the formation of a large 

amount of surface contaminants. For this reason, it is suggested that future experiments should focus on 

ex situ DRIFTS characterization of NCM811 in order to further elucidate the reaction mechanisms of 

the CAM surface with CO2 and H2O that generate surface contaminants. 

Not only calcination, but also reactive gases modifying the CAM surface can help to avoid 

problems derived from surface contaminants. In a study with LMR-NCM, a thermal treatment with SO3 

was demonstrated as a method to make the material more robust versus humid ambient air. The reaction 

of SO3 with LMR-NCM was carried out in a specially developed tube furnace. The setup included a 

reactor with the catalyst V2O5, generating SO3 from SO2 oxidation. After the SO3 treatment, sulfate 

formation was found from XPS and DRIFTS analysis. SO3-treated LMR-NCM exhibited reduced CO2 

gassing when stored with electrolyte at 60°C, as well as an improved full-cell cycle-life, lower pulse 

resistance, and an enhanced rate capability as compared to pristine LMR-NCM. In another study, LMR-

NCM was modified by SO2, which lead to an increased discharge capacity. DRIFTS and XPS proved 

the formation of sulfites and sulfates on the LMR-NCM surface. The higher robustness and superior 

cycling performance of LMR-NCM after SO2 and SO3 treatment makes these reactive gases promising 

candidates for optimizing CAMs on an industrial scale.136 In case of NCM851005, the cycling 

performance could not be improved after SO2 or SO3 treatment. Possibly this could be achieved by 

further optimization of the experimental parameters for the thermal treatment. However, the sulfate 

content of pristine NCM851005 was found to be much higher compared to LMR-NCM, thus an 

additional surface sulfation via SO2 or SO3 treatment might not be very effective to optimize its surface 

properties. F2 is a further reactive gas that was used to modify NCM811 and NCM851005. The treatment 

was carried out at room temperature with elementary F2 in a closed reactor vessel. During fluorination, 

H2O was formed from the reaction with the NCM. Therefore, the fluorinated CAM samples were 

calcined in order to remove the surface contaminants formed during the reaction. The fluorination of 

NCM811 improved the capacity retention of full-cells, most probably due the formation of a protective 

LiF layer that reduces transition metal leaching from the cathode during cycling. 

Taking into account the current trends in the industry to increase the specific energy density of 

battery cells by using NCA, NCM811, or CAMs with even higher Ni content, the detailed knowledge 

about the formation of surface contaminants during material handling and electrode manufacturing is 
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becoming increasingly important. The thesis at hand clearly demonstrated that the exposure of CAMs 

to CO2 and H2O must be avoided as much as possible. While the current work focused on showcasing 

the difference between extreme cases, i.e., storing CAMs in moisture saturated ambient air (“wet” 

storage) vs. handling CAMs under inert conditions (“dry” and “calcined” samples), for future work it 

might be of interest to reveal the impact of practically relevant humidity values of conditioned lab 

atmospheres or controlled environments typical of a cell manufacturing factory. At the same time, the 

tuning of CAM surfaces will play an important role to make Ni-rich NCM or LMR-NCM less sensitive 

to ambient air and moisture. The thesis at hand focused on reactive gas treatments that promise to be 

well scalable for industrial CAM manufacturing. Further methods such as ALD coatings can be expected 

to be optimized for larger scales as well.164 Independent of the choice of method, for present and future 

cathode chemistries it is vital to ensure a robust surface chemistry in order to meet the cycle-life targets 

for practical applications. 
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Figure 1: Scheme of the discharge process for a lithium-ion battery containing a carbonaceous anode 

material such as graphite and a layered oxide (LiMO2) cathode such as NCM (nickel-cobalt-

manganese oxide). The electrolyte consists of aprotic solvents such as the cyclic ethylene 

carbonate (EC) or the linear dimethyl carbonate (DMC), diethylcarbonate (DEC) and ethyl 

methyl carbonate (EMC). LiPF6 serves as conductive salt and the Li+ ion loses its solvation shell 

when intercalating into the cathode. While Li+ ions are conducted internally in the battery, 

electrons are travelling on the external electric circuit providing power to the consumer load. 

Reprinted with permission from Kang Xu, Chemical Reviews, 104, 4303–4418 (2004). 

Copyright (2004) American Chemical Society.39 ....................................................................... 4 

Figure 2: The typical lithium-ion battery solvent molecules ethylene carbonate (EC), dimethyl 

carbonate (DMC), ethyl methyl carbonate (EMC), and diethyl carbonate (DEC) as well as the 

SEI-forming additive vinylene carbonate (VC) and the co-solvent fluoro-ethylene carbonate 

(FEC) as well as the conductive salt LiPF6. ............................................................................... 8 

Figure 3: Scheme by R. Schmuch et al.96 to compare various Li-ion full-cell chemistries with regards 

to energy content by volume and by weight at electrode stack level (taking into account anode, 

cathode, separator and electrolyte). The scheme was reprinted by permission from Springer 

Nature (R. Schmuch, R. Wagner, G. Hörpel, T. Placke and M. Winter: Performance and cost of 

materials for lithium-based rechargeable automotive batteries, Nature Energy, Copyright 2018). 

According to the authors of this study, the values are based on the calculation of the energy 

content of a cell stack by varying positive electrode thicknesses between 50 and 150 μm and 

using physical and electrochemical material properties as input parameters for a spreadsheet 

calculation. “TSE” refers to a thiophosphate solid electrolyte such as Li7P3S11, either with 20 or 

300% Li excess of the lithium metal anode, all other anode/cathode combinations refer to state-

of-the art liquid electrolytes. “C” refers to graphite anodes, “Si-C” to a silicon-carbon composite 

anode with 20% Si. “LMR-NCM”, “NCA” and “NCM622” refer to the same cathode materials 

as described in this thesis: Li-and Mn-rich nickel cobalt manganese oxides (LMR-NCM, 

x Li2MnO3 ∙ (1-x) Li[NixCoyMn1-x-y]O2), nickel cobalt aluminum oxide (NCA, 

LiNi0.8Co0.15Al0.05O2) and lithium nickel cobalt manganese oxide (NCM622, LiNi0.6Co0.2Mn0.2O2 

and NCM811, LiNi0.8Co0.1Mn0.1O2). ......................................................................................... 10 

Figure 4: Scheme of two central topics within this thesis: (i) the formation of surface contaminants on 

CAMs after exposure to CO2 and moisture from ambient air (top part) and (ii) surface sulfation 

by SO3 treatment (bottom part). Hydroxides within the surface contaminants and lithium 

residues from CAM manufacturing decompose EC and lead to severe CO2 gassing (top part). In 

contrast, after SO3 treatment (bottom part), metal sulfates can still bind water in the form of 
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hydrates, however they do not form carbonates when exposed to CO2. Most importantly the 

formation of basic surface species is mitigated, thus EC is not hydrolysed and CO2 gassing is 

prevented. ................................................................................................................................. 14 

Figure 5: Sketch of the operando DRIFTS cell (adapted and modified from Uta Schwenke’s thesis179) 

with LFP coated on woven wire mesh as working electrode (WE), 20 µL of 1.5 M LiPF6 in EC 

as electrolyte, and Li as counter electrode. Three screws (A) are used to mount the stainless steel 

ring which serves as current collector for the WE (B) on the PEEK body (C). The Li counter 

electrode (CE) is placed on top of the current collector, i.e., a steel plate (D) fixed with a screw 

nut (E). ...................................................................................................................................... 18 

Figure 6: Operando DRIFTS cell parts and assembly (1, 2). Parts A-E are specified in Figure 5. Instead 

of the cell stack (CE, separator, WE), the insertion of the coarse gold background (F) is 

demonstrated here. Panel (3) illustrates the cell mounting inside the Harricks chamber and the 

gas-tight sealing with a dome (4) comprising two IR-transparent KBr windows and one viewing 

glass window. The DRIFTS chamber is mounted inside the Harricks Praying MantisTM mirror 

optics (5). Panel (6) depicts the complete operando DRIFTS measurement setup with a Bio-

Logic SP-200 potentiostat (6.1) connected to the cell inside the Agilent Cary 670 IR 

spectrometer (6.3), which is constantly purged with dried compressed air (6.2). .................... 19 

Figure 7: The Praying MantisTM accessory designed for DRIFTS by Harrick Scientific Products, Inc. 

(modified scheme from the user manual, reprinted from Uta Schwenke’s thesis179, with 

permission from Harrick Scientific Products, Inc.). (a) Sketch of the infrared beam path. (b) 

High temperature reaction chamber by Harricks modified for placing the electrochemical cell 

(Figure 5) inside. ...................................................................................................................... 20 

Figure 8: Setup for in situ DRIFTS measurements exposing CAM powders to various gas mixtures 

containing Ar as carrier gas and CO2, H2O vapor, or both as reactants. The humidifier was 

immersed in a water/ice bath to be kept at a temperature of 0°C in order to control the water 

vapor content of the humidified Ar. The DRIFTS chamber where the sample is placed operates 

at room temperature. The sketch was adapted from Christian Sedlmeier’s Master’s thesis.189 22 

Figure 9: Experimental parameters for the thermal treatment of CAM powder with SO2 (a, c) or SO3 (b, 

d). Temperature profile and protocol for (a) SO3 and (b) SO2 treatment. Scheme of the tube 

furnace setup for (c) SO3 and (d) SO2 treatment. The total gas flow in the ceramic tube containing 

the V2O5 catalyst as well as in the tube furnace containing the CAM samples was adjusted to 1 

l/min. The washing bottles at the tube furnace exhaust (depicted in panels b and d) served to 

quench leftover SO2 or SO3 to ensure safe operation of the furnace setup. Scheme (c) was 

adapted from Figure 3 in the article134 by J. Sicklinger, H. Beyer, L. Hartmann, F. Riewald, C. 

Sedlmeier, and H. A. Gasteiger, J. Electrochem. Soc., 167, 130507 (2020), published September 

18, 2020, © The Electrochemical Society. Reproduced by permission of IOP Publishing. All 
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rights reserved. In this publication some more details such as the manufacturer’s data can be 

found (compare chapter 3.3.1). ................................................................................................. 25 

Figure 10: Photograph of the tube furnace setup for the SO2 and SO3 treatment of LMR-NCM samples. 

A detailed description and scheme can be found in Figure 3 in the experimental part of the 

publication134 presented in chapter 3.3.1. A mixture of 1% SO2 in Ar was provided by a 10 L 

gas cylinder (1). Ar, O2, and SO2 in Ar were mixed via flowmeters (2) to reach a resulting flow 

of 1.0 l/min in the ceramic tube filled with the V2O5 catalyst (3). The resulting SO3-containg gas 

mix then entered the glass tube (4) of the split tube furnace (5). The exhaust gases were then 

quenched by water in a washing bottle (6). .............................................................................. 26 

Figure 11: Operando DRIFTS cell with LFP/EC+1.5 M LiPF6/Li. One glass fiber separator was put in 

the DRIFTS cell, two in the Swagelok® T-cell. In case of the DRIFTS cell, 20 µL electrolyte 

were used and 60 µL for the T-cell. In both cases, galvanostatic charge and discharge were 

performed with a rate of C/2. The lower cut-off is 2 V for the T-cell and 1.5 V for the DRIFTS 
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Figure 12: Reductive scan of graphite/1.5 M LiPF6 in EC/Li obtained in the operando DRIFTS cell 

from OCV to 0 V, displaying (a) the geometric current density in mA/cm2 and (b) the 

corresponding DRIFT spectra. The DRIFT spectra in panel (b) are assigned to the potential 

curves in panel (a) by dot markers that have the same color as the corresponding lines in panel 

(b). Analogously, panels (c) and (d) show the current density and the DRIFTS spectra during a 

subsequent oxidative scan to from 0 V back to 1.5 V. To clearly demonstrate the impact of 

baseline distortion of the DRIFT spectra during the potential scans, the spectra are all referenced 

to the same gold background and plotted in reflectance units without any offset. ................... 32 

Figure 13: (a) Potential curves of a galvanostatic charge at C/10 with a graphite/1.5 M LiPF6 in EC/Li 

operando DRIFTS cell; (b) corresponding DRIFT spectra. (c, d) Subsequent discharge at C/10. 

The DRIFT spectra in panels (b) and (d) are assigned to the corresponding lithiation states by 

dot markers in panels (a) and (c) that have the same color as the lines in panels (b) and (d). To 

clearly demonstrate the impact of baseline distortion of the DRIFT spectra during the potential 

scans, the spectra are all referenced to the same gold background and plotted in reflectance units 

without any offset. .................................................................................................................... 35 

Figure 14: DRIFT spectra of the “EC-only” electrolyte (1.5 M LiPF6 in EC) on an electrolyte wetted 

LFP electrode (a) compared to a dry LFP electrode (b). Black dashed lines mark LFP bands with 

the wavenumbers according to the literature,203–205 specified on top. Green dashed lines indicate 

the position of the electrolyte bands, that have been listed in detail before (cf. Table 2). ....... 37 

Figure 15: Scheme of potential diffuse reflection processes for IR radiation inside the operando 

DRIFTS cell with an LFP working electrode: (i) reflection by the electrolyte layer at its surface, 

(ii) complete penetration of the electrolyte layer and reflection at the LFP/electrolyte interface, 

and/or (iii) complete penetration of the electrolyte layer and interaction with the LFP bulk. .. 38 
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Figure 16: Operando DRIFTS cells with LFP/1.5 M LiPF6 in EC/Li filled with Ar (labelled “EC 

reduction”) as well as 10% CO2 in Ar (labelled “EC + CO2 red.”) with (a) the corresponding 

current-voltage profiles. The reductive scan with 0.5 mV/s from OCV to 0 V vs. Li/Li+ has been 

performed on a LFP/C working electrode (93% LFP/C, 4% carbon, 3% binder). (b) ATR-FTIR 

reference spectrum of the EC + 1.5 M LiPF6 electrolyte displayed in transmittance units. (c) 

Operando DRIFT spectra of the “EC reduction” cell as well as (d) the “EC + CO2 red.” cell. 

CO2 signals are marked with asterisks. All DRIFT spectra are displayed in reflectance units 

without any offset in order to clearly see even small signal changes within the spectra. The 

spectra are color coded and can be assigned to specific potentials via the legend on the right. 

Panels (e) – (g) are enlarged views of (b) – (d). Green dashed lines: LEDC main bands according 

to the literature.206 ..................................................................................................................... 41 

Figure 17: Oxidation of 1.5 M LiPF6 in VC studied by operando DRIFTS. (a) Current-voltage profile 

of the oxidative scan from OCV to 5 V vs. Li/Li+. (b) ATR FTIR spectrum of the electrolyte 

solution of 1.5 M LiPF6 in VC shown in transmittance units (ATR corrected). (c) Operando 

DRIFT spectra of the oxidative scan. Vertical dashed lines correlate the electrolyte bands in the 

DRIFT spectra to the ATR reference spectrum. Bands formed during oxidation are labelled with 

the respective wavenumber. Spectra between OCV and below 4.63 V are omitted since they are 

identical to each other and the one at 4.63 V. All DRIFT spectra are plotted in reflectance units, 

without any offset (i.e., partially covering each other) to clearly demonstrate that additional 

signals were emerging during the oxidative scan while there was no baseline distortion in the 

spectra. Wave numbers of emerging signals during the oxidative scan are shown in red and are 

assigned in Table 4. .................................................................................................................. 44 

Figure 18: Gas formation during oxidation of 1.5 M LiPF6 in VC studied by operando DRIFTS. (a) 

Current-voltage profile (same data as in Figure 17a) with colored dots marking the potentials 

were DRIFT spectra (line colors of the spectra match the dot colors of the potential curves) have 

been recorded. (b) – (d) Normalized band intensities vs. potential vs. Li/Li+ for (b) CO2, (c) 

POF3 and (d) PF5. (e) – (h) Absorption bands (same data as in Figure 17c) of CO2, POF3 and 

PF5, assigned according to literature.206,211 ............................................................................... 46 

Figure 19: Scheme of gas absorption inside the DRIFTS dome. Simplifications have been made and 

only the cell components are depicted which contribute to the infrared signal at the detector, i.e., 

KBr windows, the working electrode, and the head space of the cell inside the gas-tight dome 

of the HarricksTM chamber. ....................................................................................................... 47 

Figure 20: Comparison of the CO2 signal intensities of (a) calibration gas containing 2000 ppm CO2 in 

the DRIFTS cell with a rough gold substrate and (b) maximum CO2 signal after VC oxidation 

(oxidative scan to 5 V) in the operando DRIFTS cell (cf. Figure 18e). In panel (a), the 

reflectance exceeds 100% because the height of the cell within the Praying Mantis was 

readjusted after gas filling, leading to a slightly different vertical position of the cell. The 
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mounting of the cell inside the spectrometer is described in detail in the experimental part 

(chapter 2.1.3). The linear interpolation of the R0 values was preferred to reading the R0 value 

for CO2, e.g., from the spectrum at 4.63 V, since the reflectance typically fluctuates about 0.1 % 

during extended measurement periods, which would lead to a significant error when determining 

the band intensity. ..................................................................................................................... 50 

Figure 21: Full-cell cycle-life data of LMR-NCM//graphite coin cells at 45°C (average of two cells 

each, with error bars representing maximum and minimum values) with different pre-treatments 

of two different LMR-NCM (x Li2MnO3 · (1 – x) LiNixCoyMnzO2) compositions: (a) – (d) 

x = 1.33 (“Li1.33-LMR-NCM”, i.e., 0.33 Li2MnO3 · 0.66 LiNi0.4Co0.2Mn0.4O2); (e) – (h) x 

= 1.42 (“Li1.42-LMR-NCM”, i.e., 0.42 Li2MnO3 · 0.58 LiNi0.4Co0.2Mn0.4O2). The detailed cell 

setup and cycling protocol can be found in the Experimental section of the article134 presented 

in chapter 3.3.1. The following pre-treatments were tested: (i) as received (“dry”), (ii) effect of 

one week storing at ambient air with high humidity (“wet”), and (iii) heating at 625°C under Ar 

for 1 h (“calcined”). The “dry” and “wet” data in panels (e) - (h) are identical to Figure 10 in the 

mentioned publication.134 In more detail, the cycling data depicted here comprise (a, e) the 

discharge capacity (Qdis) at 1C (only every third cycle is displayed for the sake of better 

visibility); (b, f) the discharge capacity at intermittent cycles at C/10 (the last one of the three 

cycles for every rate is displayed); (c, g) at 3C (again, the last one of the three cycles for every 

rate is displayed); (d, h) DCIR pulse resistance (R) after charge to 40% SOC. ....................... 54 

Figure 22: TGA-MS analysis of LMR-NCM with the composition x Li2MnO3 · (1 – x) LiNixCoyMnzO2: 

(a, b) x = 1.33 (Li1.33-LMR-NCM, i.e., 0.33 Li2MnO3 · 0.66 LiNi0.4Co0.2Mn0.4O2); (c, d) x = 1.42 

(Li1.42-LMR-NCM, i.e. 0.42 Li2MnO3 · 0.58 LiNi0.4Co0.2Mn0.4O2). (a, c) “Calcined” Li1.33-LMR-

NCM and “dry” Li1.42-LMR-NCM, both with limited amount of surface contaminants (“dry” 

Li1.33-LMR-NCM data were not recorded so that the “calcined” sample is depicted instead). (b, 

d) Impact of “wet” storage, i.e., a one week long storage at ambient air with high humidity. The 

TGA-MS analysis was carried out under Ar with a 10 K/min temperature ramp from 25 to 

1125°C. The yellow area marks the temperature range from 125 to 450°C, where a mass loss 

due to the thermal decomposition of surface contaminants accompanied by CO2 and H2O signals 

in the MS is observed (similar analysis as that shown in Figure 3 of the study47 on surface 

contaminants (cf. chapter 3.2.2)). In panels (a) and (b), a slighlty different procedure is used 

with intermittent plateaus at 120°C and 450°C (30 min each). The sample weights m [%] are 

normalized to the value at 120°C. The MS signals are depicted without any baseline 

manipulation, only with a simple offset correction (the last value at 25°C is set to Iz = 0). ..... 56 

Figure 23: Selected spectra of the in situ DRIFTS measurement (reflectance units; arbitrary offset for 

better visibility) with NCM811 (pure CAM powder without any dilution medium). (a) NCM811 

after calcination at 525°C in the initial state before moisture or CO2 exposure, referred to as 

“start” spectrum, (b) after 5 h exposure to 1000 ppm CO2 in Ar (10 min after the begin of 
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Figure 27: Impact of SO2 and SO3 treatment on the performance of half-cells, i.e., 

NCM851005/LP572/lithium coin cells at 25°C. Each value represents the average of two cells 

each, with error bars representing maximum and minimum values. Untreated “pristine” 

NCM851005 is compared to SO2 treated NCM851005 (“SO2 400 °C), with “Ar 400°C” as 

baseline for the impact of the temperature (400°C) itself. In case of “Ar 400°C”, only 160 cycles 

have been recorded. (a) Discharge capacity (Qdis) at 1 C (only every third cycle is displayed for 

the sake of better visibility). (b) Discharge capacity of the same cells at intermittent cycles at 

C/10. (c) Discharge capacity of the same cells at intermittent cycles at 3C. In panels (b) and (d) 

the last one of the three cycles for the corresponding rate is displayed. (d) DCIR pulse resistance 

(Rpulse) after charge to 40% SOC. (e) Voltage profiles of the first formation cycle at 25°C (3.0 – 

4.3 V at C/10, one cell per sample). The detailed cell setup and cycling protocol are given in the 

experimental section (chapter 2.3.2). ...................................................................................... 138 
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