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Abstract

Abstract

The elucidation of (electro)chemical processes in rechargeable batteries is a
fundamental prerequisite for the development of new active materials with
increased energy density and for prolonging the cycle life of battery cells. In many
cases, the diagnostics of these processes is only possible in the environment of an
assembled or even cycling cell, i.e., in situ or operando, to assure that the system
under investigation is representative of an operating battery and is not changing
over time or by external influences. In the context of this thesis, two new analytical
methods are presented which can be used to investigate active materials in

lithium-ion batteries (LIBs) and sodium-ion batteries (SIBs).

The development of a novel micro-reference electrode (u-RE) based on a
sodiated tin wire allows the simultaneous measurement of the electrode
impedances of cathode and anode in a SIB during cycling without the need for cell
disassembly (in situ) and subsequent recombination of identical electrodes in the
form of so called symmetrical cells. Electrochemical Impedance Spectroscopy (EIS)
was used to monitor the change in electrode impedance of a hard carbon anode in
a sodium-ion cell during cycling and as a function of state-of-charge (SOC). In a
follow-up study, the obtained data were compared to the electrode resistances in
case of the (de)lithiation of the same active material, and consequences for the
fast-charging properties of hard carbon-based sodium- and lithium-ion cells were

deduced.

In a second part of this thesis, a novel cell design for an operando measurement
of the lithium concentration profile in a battery electrode using Neutron Depth
Profiling (NDP) was developed. Hereby, the lithium transport during
(de)intercalation of lithium in a graphite electrode could be visualized with high
spatial resolution (x0.5-3 um), and it was possible to separate the lithium
contributions of lithium-containing electrolyte, reversibly intercalated lithium, and
lithium irreversibly bound in the solid electrolyte interphase (SEI). Furthermore,

the respective lithium contributions could be quantified, which allowed for
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determining the absolute lithium content in the SEI. Interestingly, it was found that
only =61 % of the expected lithium amount from the irreversible capacity, assuming
one lithium per electron of charge, can be detected in the SEI. A possible explanation
for this is that a significant proportion of the lithium-containing compounds in the
SEI dissolves in the electrolyte during formation. In a second study, the novel
operando NDP cell design was employed to investigate lithium plating during
fast-charging of a graphite electrode with high time and spatial resolution. While
low charging rates resulted in approximately homogeneous lithium concentration
profiles, a steep lithium concentration gradient across the depth of the graphite
electrode was detected when lithium intercalation exceeded a threshold rate. The
observed high lithium concentration towards the separator/electrode and the low
concentration at the electrode/current collector interface, respectively, indicates a
gradient in the lithiation degree of the graphite particles as a function of depth
within the electrode. After fast-charging the graphite electrode, the lithium
concentration equilibrates during potential relaxation within 20 min, resulting in
an approximately homogeneous lithium distribution across the electrode, which
underlines the importance of studying lithium plating on graphite using operando

techniques.

Both of the novel analytical methods presented here offer great potential for
usage as analytical tools to examine various electrochemical processes in

lithium- and sodium-ion batteries in future studies.
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Kurzfassung

Kurzfassung

Das Verstdndnis (elektro)chemischer Prozesse in wiederaufladbaren Batterien
ist eine Grundvoraussetzung fiir die Entwicklung neuer Aktivmaterialien mit
erh6hter Energiedichte und fiir die Verlangerung der Lebensdauer von
Batteriezellen. In vielen Fillen ist die Diagnostik dieser Prozesse nur in der
Umgebung einer assemblierten oder gar in Betrieb befindlichen Zelle méglich, d.h.
in situ oder operando, da nur so sichergestellt werden kann, dass das zu
untersuchende System reprasentativ fiir eine operierende Zelle ist und sich nicht
zeitlich bzw. durch aufere Einfliisse verandert. Im Rahmen dieser Arbeit werden
zwei neue analytische Methoden vorgestellt, mit denen Aktivmaterialien in
Lithium-Ionen-Batterien (LIBs) und Natrium-lonen-Batterien (SIBs) untersucht

werden konnen.

Die Entwicklung einer neuartigen Mikroreferenzelektrode (u-RE) auf der Basis
eines sodiierten Zinndrahtes erlaubt die gleichzeitige Messung der individuellen
Elektrodenimpedanzen von Kathode und Anode in einer Natriumionenbatterie
wahrend des Zyklisierens ohne die Notwendigkeit einer Zellé6ffnung (in situ) und
anschlieffender Rekombination identischer Elektroden in Form sogenannter
symmetrischer Zellen. Die Elektrochemische Impedanzspektroskopie (EIS) wurde
verwendet, um die Anderung der Elektrodenimpedanz einer Hard Carbon Anode in
einer Natriumionenzelle wahrend des Zyklisierens und als Funktion des
Ladezustands (SOC) zu bestimmen. In einer Folgestudie wurden die erhaltenen
Daten mit den Elektrodenimpedanzen im Falle der (De)-Lithiierung des gleichen
Aktivmaterials verglichen und Konsequenzen fiir die Schnellladung von Natrium-

und Lithium-Ionen-Zellen auf Basis von Hard Carbon Anoden abgeleitet.

Der zweite Teil dieser Arbeit beschaftigt sich mit der Entwicklung eines
neuartigen Zelldesigns zur Messung des Lithiumkonzentrationsprofils in einer
Batterieelektrode mittels operando Neutronentiefenprofilierung (NDP). Hierdurch
konnte der Lithiumtransport wahrend der (De)-Interkalation von Lithium in einer

Graphitelektrode ortsaufgeldst tiber die Dicke der Elektrode quantifiziert werden

il
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und es war moglich, die Lithiumbeitrage des Elektrolyten, des reversibel
interkalierten Lithiums und des irreversibel im Solid-Electrolyte-Interphase (SEI)
gebundenen Lithiums zu unterscheiden. Dariiber hinaus konnten die jeweiligen
Lithiummengen quantifiziert werden, was die Bestimmung des absoluten
Lithiumgehalts in der SEI ermdglichte. Interessanterweise wurde festgestellt, dass
nur *61 % der aufgrund der irreversiblen Kapazitit erwarteten Lithiummenge
(unter der Annahme, dass ein Lithium/Elektron-Verhaltnis von 1/1 vorliegt) in der
SEI nachgewiesen werden kann. Eine mogliche Erklarung hierfiir ist, dass sich ein
signifikanter Anteil der lithiumhaltigen Verbindungen in der SEI wahrend der
Formierung im Elektrolyten auflost. In einer zweiten Studie wurde das neuartige
operando NDP-Zelldesign eingesetzt, um Lithium Plating wahrend der
Schnellladung einer Graphitelektrode zeit- und ortsaufgelést zu untersuchen.
Wahrend niedrige Laderaten zu anndhernd homogenen Lithiumkonzentrations-
profilen fiihrten, wurde ein steiler Lithiumkonzentrationsgradient entlang der
Tiefe der Graphitelektrode festgestellt, wenn die Ladegeschwindigkeit einen
Schwellenwert uberschreitet. Die hohe Lithiumkonzentration in der Ndhe der
Grenzflache zwischen Separator und Elektrode und die niedrige Konzentration an
der Grenzflaiche zwischen Elektrode und Stromabnehmer weist auf einen
Gradienten im Lithiierungsgrad der Graphitpartikel als Funktion der Tiefe
innerhalb der Elektrode hin. Dariiber hinaus tlibersteigt die Lithiumkonzentration
in der Nahe der Separator/Elektroden-Grenzflache deutlich den fiir vollstandig
interkaliertes Graphit erwarteten Wert, was beweist, dass lokal Lithium Plating
stattgefunden haben muss. Nach dem Schnellladen der Graphitelektrode gleicht
sich der Lithiumkonzentrationsgradient wahrend der Potentialrelaxation
innerhalb von 220 min aus, was zu einer anndhernd homogenen Lithiumverteilung
entlang der Elektrodendicke fiihrt.

Die beiden hier vorgestellten neuartigen Analysemethoden bieten grofdes
Potential fiir den Einsatz als Untersuchungswerkzeuge zur Aufklarung
verschiedener elektrochemischer Prozesse in Lithium- und Natriumionenbatterien

in zukiinftigen Studien.
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Introduction

1 Introduction

1.1 28 Years After Its Commercialization —
The Nobel Prize for Lithium-lon Batteries 2019

In October 2019, the Nobel Prize in Chemistry was awarded to John B. Goodenough,
M. Stanley Whittingham, and Akira Yoshino “for the development of lithium-ion

batteries”.! In their reasoning, the Royal Swedish Academy of Sciences stated:

“[...] This lightweight, rechargeable and powerful battery is now used in
everything from mobile phones to laptops and electric vehicles. It can also store
significant amounts of energy from solar and wind power, making possible a
fossil fuel-free society. [...]”

Since the commercialization of the first lithium-ion battery (LIB) by Sony in
1991,2 this battery type has indeed had, and still has, a significant impact on our
modern society, with many people carrying two or more devices powered by LIBs
constantly with them, be it in form of a smart phone, a smart watch, wireless
earbuds or a laptop. As a consequence, the inventors of the LIB had been ranked
among the favorites for the Nobel Prize for years. What might have additionally
tipped the scales in favor of the committee’s decision in 2019 is the growing debate
about climate change and global warming, bringing masses of people on the street
demonstrating to demand climate action with the goal of radically reducing
greenhouse gas (GHG) emissions in order to restrain the global temperature
increase to no more than 2 °C above pre-industrial level, as ratified within the Paris
Climate Agreement in 2015.3 To reach this goal, a massive reduction in annual
emissions of carbon dioxide equivalents (COzeq) is necessary, according to the UN
Environment Programme Emissions Gap Report,# as illustrated in Figure 1. In order
to even have a chance to accomplish the 2 °C goal until 2030, today’s carbon

emissions must be reduced by at least 27 % or even x50 % for the 1.5 °C goal.
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However, projections show that by only implementing the commitments from the
Paris Climate Agreement, it is at best possible to keep the emissions of 55 Gt COzeq

in 2018 only roughly constant with the ~53 Gt CO2eq projected for 2030.

Gt of CO, equivalents
(annual emissions)
A

Solid lines = median value

80 -1 Shaded areas = range of possible pathways Current policy
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Figure 1. Global green house gas emissions under different scenarios and emissions gap by 2030 to
keep the global temperature increase below 2 and 1.5 °C, respectively, redrawn according to [4].

Thus, the UN Environment Programme Emissions Gap Report stresses that
actions to allow for the necessary transitions of the global energy sector have to be
initiated by expanding renewable energy for electrification, phasing out coal for a
rapid decarbonization of the energy system, and decarbonizing transport with a
focus on electric mobility.# Further expanding the share of renewable energy
sources requires the possibility of efficient energy storage to balance supply and
demand of fluctuating energy sources, such as wind energy and photovoltaics. In
2018, the transportation sector was responsible for 24 % of direct CO2 emissions
from fuel combustion, of which =75 % were emitted by road vehicles.5
Electrification of the transport sector, in order to switch from fossil fuel-based cars
to electric vehicles (EVs), demands safe and long-lasting batteries with a sufficiently
high energy density, which today can only be offered by lithium-ion-based systems.
In recent years, virtually all major car manufacturers worldwide have committed to
developing and releasing electrified vehicles (EVs). As an example, the Volkswagen
Group (VW) has announced to invest 60 billion euros in electric mobility until 2024,
and to launch approximately 75 new EV models and sell 28 million cars within the
next 10 years.® In the European Union, the transition from internal combustion

engines (ICE) to electric motor driven cars has been substantially accelerated by

2
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the ratification of CO2 emission regulations, which limit the average fleet emissions
to 95 g CO2/km by 2021, corresponding to 3.6 L of diesel or 4.1 L of gasoline per
100 km, and as decided in November 2018, emissions must be further decreased by
15 % (=81 g CO2/km) until 2025 and 37.5 % (=59 g CO2/km) by 2030.7 With this
legislation, the European CO: goals are the most rigorous in the world, eg.,
compared to CO2 targets of the United States (121 g CO2/km from 2020), China
(117 g CO2/km from 2020) or Japan (105 g CO2/km from 2020). However, China
introduced EV quotas for every car manufacturer starting in 2019 with 10 % and

increasing each year by 2 %, i.e., reaching 18 % in 2023.8

1.2 A Brief History of the Development of Active
Materials for Lithium-lon Batteries

In the mid-20t century, lithium came into focus of researches, having the lowest
molecular mass of all metals (7 g/mol) and possessing a very low standard
reduction potential (-3.05 vs. SHE), with the goal to increase the limited energy
density of established battery types. Due to the low standard reduction potential,
water could not be used as electrolyte and aprotic solvents, such as organic
carbonates (e.g., propylene carbonate), were identified as suitable solvents for
electrolytes in combination with elemental lithium.? Further research efforts
quickly resulted in the commercialization of lithium primary batteries, i.e., non-
rechargeable batteries, in the 1960s and 1970s.10 Extensive investigations
regarding rechargeable lithium-based electrochemical cells started in the early
1970s at Exxon and the Bell Laboratories in the US. Back then, the common opinion
was that, just as in primary lithium batteries, elemental lithium should serve as
anode material, and efforts were pursued to find a cathode material that could

reversibly store lithium-ions at a sufficiently high potential.11

The fundamental working principle of LIBs is the shuttling of lithium-ions back
and forth between two electrodes with different electrochemical potentials, which
is why it is also referred to as “rocking chair battery”, a term coined by Armand in
the 1970s.12 Figure 2 shows a schematic setup of a typical LIB. Both the high
potential electrode (cathode) and the low potential electrode (anode) active

materials are typically coated on metal foil current collectors (typically aluminum
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for the cathode and copper for the anode), forming porous electrodes which are
separated by an electrically insulating porous material in order to avoid short-
circuiting (referred to as separator).!3 Transfer of lithium-ions between the
electrodes is assured by an ion-conducting aprotic electrolyte (most commonly
~1 M LiPFe conductive salt dissolved in a mixture of organic carbonates, such as
ethylene carbonate and ethyl methyl carbonatel4) that is filling the pores of the
separator and the porous electrodes. During discharging the cell, lithium-ions are
extracted from the anode, transported through the electrolyte, and intercalated into
the cathode material. In order to balance the separated charges, electrons are
transferred through the external circuit and can be used to power an electrical

device.

Al
> < > < > < > >
=10 um =50-100 um =10 um =40-80 pm =15 pm

Figure 2. Schematic setup of a lithium-ion battery (LIB) cell with an NMC622 cathode (spherical
particles, 10 um) coated on an aluminum current collector, a graphite anode (flake-like particles,
~20 pm) coated on a copper current collector, and a polyolefin-based porous separator.

Metal chalcogenides of the type MX2 came into focus that had been shown to be
able to host lithium-ions,!> leading to the development of a TiSz/Li cell by
Whittingham and co-workers.1617 This cell still possessed a relatively low voltage
of 2.5V, but it was found that lithium could be reversibly (de)intercalated over the
whole LixTiS2 stoichiometry (0<x<1) within van der Waals slabs in the layered
structure, offering a theoretical capacity of 239 mAh/gris2. In 1977, Exxon then even
demonstrated a 45 Wh cell prototype using lithium tetramethyl borate in dioxolane
as electrolyte, allowing for more than 100 complete charge/discharge cycles.11
Even though the use of elemental lithium as anode material brings advantages in
terms of energy density, the lithium plating and stripping process was soon realized
to be accompanied by the continuous chemical reaction of freshly formed lithium
surfaces with electrolyte, and - more problematic - the inhomogeneous plating of

lithium forms dendritic structures that may even grow through the separator and
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lead to cell short-circuiting, posing severe safety issues. These safety problems
proved impossible to be solved and finally stopped the commercialization efforts at
Exxon.18 The probably most prominent example of the early failure of the lithium
metal electrode chemistry were explosion and fire accidents with MoSz/Li
cylindrical cells commercialized and sold in the million by Moli Energy in the 1980s,
which led to a withdrawal of their cell from the market in 1989.1810 Since the
working potential of the LixTiS2 was relatively low, along with the development of
the above mentioned commercial cells, efforts were taken to find other cathode
materials with a higher mean discharge potential. A seminal discovery was
achieved by Goodenough and co-workers in 1979/80 at Oxford University where
they found that by substituting sulfur in the MX2 chalcogenides structure with
oxygen, a material class could be obtained offering a cathode potential beyond
4V vs. Li*/Li.19.20 The first compound of this class was LiCoO2 (LCO), which should
later on also serve as cathode material in the first commercial LIBs. The group of
layered oxide cathode materials is to date the most widely used type of cathodes in

commercial LIBs.

Due to the above described safety issues with metallic lithium electrodes, anode
intercalation electrode concepts were investigated in parallel as a safer
alternative.?1 Carbons were well known to intercalate lithium chemically?22 23 with
a maximum stoichiometry of LiCe in graphite, corresponding to a theoretical
capacity of 372 mAh/ggraphite. However, at the beginning, the use of graphite as an
intercalation material in an electrochemical cell was unsuccessful due to the lack of
suitable electrolyte solvents. Besenhard and Eichinger?4 interpreted the observed
exfoliation of graphite particles when using the commonly applied organic solvent
propylene carbonate as solvent co-intercalation, with the accompanied graphite
exfoliation resulting in the observed poor cycling performance.2526 Reversible
cycling could only be achieved using a solid polymer electrolyte at elevated
temperatures.?’ In general, carbon materials can be classified into graphitizable or
soft carbons?8 and into non-graphitizable or hard carbons (HCs). Soft carbons are
turbostratic, i.e., with random translations and rotations between adjacent layers,
but already possess a certain degree of structural ordering of the crystallites, and
therefore, can be transferred into the highly ordered graphitic state by a high-

temperature treatment. Hard carbons that typically have a lower density, smaller
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crystallites, and random orientation cannot be graphitized even at very high
temperatures. The disordering of soft carbons compared to graphite reduces their
specific capacity; however, it makes them compatible with a wide range of
electrolytes, including propylene carbonate, since, in contrast to graphite, particle
exfoliation does not occur.2’ The combination of Goodenough’s LiCoO2 cathode
concept together with a soft carbon anode (petroleum coke) resulted in the first LIB
purely based on intercalation electrodes, which was patented in 1985 by Yoshino
and co-workers at Asahi Kasei in Japan.3? Due to this patent filing, Akira Yoshino is
considered the inventor of the LIB concept as we know it today.31 Compared to a
metallic lithium anode, the soft carbon anode possessed on average a 500 mV more
positive potential, lowering the energy density of the cell. However, at the same
time, issues such as dendrite growth and continuous electrolyte decomposition
observed for metallic lithium anodes did not occur. A similarly designed battery
based on LiCoO:2 and soft carbon (220 mAh/gsc) was finally commercialized by
Sony in 1991.31 This first generation LIB by Sony had an energy density of
~80 Wh/kg, which was considerably more than the back then widespread NiCd
cells,?32 and about as much as the NiMH battery by Ovonic Battery Company that

had been at just about the same time commercialized.33

In a strive to increase the battery’s energy density, the soft carbon anode was
replaced by a hard carbon electrode (320 mAh/gunc) already one year later,
offering 120 Wh/kg.2 32 At the same time, Dahn and co-workers at Moli Energy
showed that adding ethylene carbonate as a co-solvent to a propylene
carbonate-based electrolyte prevented graphite exfoliation and continuous
electrolyte decomposition, enabling reversible lithium (de)intercalation with
excellent reversibility by protecting the graphite surface with a lithium-ion
conducting but electronically insulating layer.3* This concept of passivating a so-
called solid electrolyte interphase (SEI) was first proposed by Peled in 1979 to be
present on the surface of alkali and alkaline earth metals in non-aqueous battery
electrolytes, suggesting that it is formed by a chemical reduction of the electrolyte
on the metal;3%36.37 it was further developed by Aurbach and others.38.39 The
typical thickness of the SEI is in the order of nanometers.40 41 In 1991, Dahn, who
had left Moli Energy one year earlier for Simon Fraser University (Canada), was the

first to determine a phase diagram describing the electrochemical lithiation of
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graphite, making use of in situ X-ray diffraction.*2 The formation of a stable SEI on
graphite electrodes by ethylene carbonate was a breakthrough, since graphite
exhibits a lower mean discharge potential and a capacity comparable to the HCs
used before, resulting in an energy density of x155 Wh/kg in Sony’s 31 generation
LIB.#3 Thus, artificial and natural graphites** became the almost exclusively used

anodes in commercial LIBs.4>

Even though the anode chemistry has barely changed over the past two decades,
much progress was made in the development of new cathode active materials
(CAMs). As a result, the specific cathode capacity of the first LIBs (LiCoOz,
~140 mAh/gLco) could be increased by 40 % to around 200 mAh/gactive material for
Ni-rich layered oxide materials commercialized today. Soon after the discovery of
LiCoO2, still at Oxford University, Thackeray, Goodenough, and co-workers
developed LiMn204 (LMO), a spinel-type material with three-dimensional channels
available for lithium transport, as a new class of cathode materials.4¢ Compared to
LCO, the material is significantly cheaper due to the substitution of the relatively
expensive metal cobalt (30 €/kgco) by manganese (=2 €/kgmn).#” While LMO
operates at a slightly higher potential than LCO, it has the drawback that its
theoretical specific capacity is only 148 mAh/gLmo, which results in a usable
reversible capacity of merely 130 mAh/givo due to lithium inventory losses
during SEI formation in a full-cell against graphite. Moreover, it suffers from
pronounced transition metal dissolution, especially at elevated temperatures.8
Manganese dissolution and deposition on the graphite anode is known to cause
accelerated lithium inventory loss, and is therefore detrimental for capacity
retention.*? 50 Nevertheless, mainly due to its low price, LMO was used in the Tesla
Roadster from 2009, and in form of a blend with other CAMs (NMC111 and NCA) in
the first BMW i3 vehicle from 2013 (60 Ah).51 By means of substituting parts of the
Mn in LMO by Ni, forming LiNiosMn1.504 (LNMO), the (de)intercalation potential of
the resulting material can be increased from 4.0 to %4.7-4.75 V vs. Li*/Li,>2 which
significantly increases the specific energy. This so-called high voltage spinel (HVS)
class of materials was discovered and first reported by Amine et al. in 1996.53 In
contrast to LMO, where the Mn oxidation state changes from an average +3.5 to +4
during delithiation, Mn remains at a valency of +4 in LNMO, which additionally

lowers the tendency for Mn dissolution.>* However, the very high mean cathode
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potential leads to electrolyte oxidation, producing protic species which can in turn
enhance transition metal dissolution by leaching metal ions from the cathode active
material. An effective electrolyte or electrolyte additive suppressing oxidative

decomposition at such high potentials has not yet been reported.

In the same year, Padhi and Goodenough discovered LiFePO4 (LFP), crystallizing
in an olivine structure with one-dimensional channels for lithium-ion transport,
representing a third class of intercalation cathode materials.>> LFP possesses a
relatively high theoretical capacity of 170 mAh/gLrp, but suffers from a very low
electronic conductivity. Researchers around Michel Armand at Hydro Quebec>® in
Canada developed a carbon coating to increase the electronic conductivity which,
together with the use of nanoparticle sized LFP, allows to cycle the material close
to its theoretical capacity at room temperature and at high rate.5” The material
exhibits a relatively low (de)intercalation potential of 3.4 V vs. Li*/Li. However, it
is relatively cheap, environmentally benign, and shows good rate capability, which
is why it is especially employed in applications such as grid storage or hybrid
electric vehicles (HEVs), where energy density is not as crucial. Furthermore, it is

used in electric buses and trucks, especially by the Chinese car manufacturer BYD.58

Layered oxide materials with the general composition LiMOz, where M is one
single or a mixture of multiple transition metals (M =Ni, Co, Mn), exhibit a
theoretical capacity of 274 mAh/gcam. All types of stoichiometries have in common
that only a limited amount of lithium can be extracted without causing irreversible
changes to the crystal structure (03 - P2 > 01 phase transformations,>% 60
according to the lattice nomenclature by Delmas et al.1), going along with capacity
fading during cycling. After Goodenough’s discovery of the LiCoO2 cathode active
material, where 251 % of the lithium inventory are accessible,1? efforts were made
to find other layered oxide materials allowing for higher specific capacities. The first
works date back to the early 1990s, when Dahn et al.62 63 and others®4 investigated
LiNiO2 (LNO) and found that lithium can be extracted at lower potentials compared
to LiCoOz and LiMn204, thereby offering significantly higher capacities and at the
same time avoiding electrolyte oxidation at high potentials. However, LNO suffered
from many drawbacks, such as irreversible phase transitions occurring during
cycling,®* a low thermal stability in the discharged state,®> and a high surface

reactivity towards ambient air,%% 67 and thus has not been commercialized until
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today. Gradually, it was found that substituting a fraction of the Ni in LNO by Co
(Delmas et al.%8) or Co and Mn (Liu et al.,*° Lu et al.,’° and Ohzuku et al.?*) increased
on the one hand the capacity compared to LCO by suppressing the 03 - 01 phase
transformation at high SOCs, and on the other hand improved the cycling stability
compared to LNO. This led to the development of the well known compound
LiNi1/3sMn1/3C01/302 (NMC111) independently by Dahn7® and co-workers, and
Makimura’! and co-workers in 2001, which has become one of the most used CAMs
today (e.g., employed in the BMW i3 EV from 2016).72 Since then, interestingly, the
trend has been going in the opposite direction, increasing the Ni content in the
layered oxide CAMs, forming the class of Ni-rich NMCs. The idea here is to further
increase the achievable capacity for the same cutoff potential by substituting Mn
and Co by Ni, thereby reducing electrochemical electrolyte oxidation at high anodic

potentials.

These material optimizations have yielded NMC523, NMC622, and NMC811,
which by now all exhibit sufficient cycling stability for current or near-future
applications in EV battery cells. A recent study by Harlow et al.’3 demonstrates that
an advanced single crystal NMC523/graphite cell with an optimized electrolyte
chemistry could achieve an EV driving range of > 1.6 million km. Using single
crystalline (ca. 2-3 um particles) instead of polycrystalline CAMs, where ca. 10-
15 pm diameter secondary particles consist of ca. *200-500 nm primary particles,”*
has opened a new path to substantially enhance cycle life, as it largely eliminates
the cracking of polycrystalline particles upon delithiation due to the anisotropic
volume change of different primary particles. Upon particle cracking, the CAM
surface area increases, which leads to more parasitic reactions between CAM and
electrolyte.’76.77 As announced in January 2020, BMW has just extended its
battery warranty from 8 years or 100,000 km to 160,000 km;’8 however, still far

away from the projected range in the study from Harlow et al.

Apart from the NMC family, the currently most important CAM for EVs is NCA
(e.g., LiNiosCoo0.15Al0.0502)7° due to its high capacity (200 mAh/gcam) and good
cycling stability,80 which is used in Tesla’s Models S, X, and 3. NCA had been
developed by substituting Ni in LiNiO2 by Co and Al which resulted in a CAM with
improved thermal stability and safety.81.82 The partial substitution is thought to
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reduce Ni/Li cation mixing and to suppress phase transitions during cycling.83 As
recently published, Tesla sold *367,000 EVs of these models in 2019. According to
a German engineering service company’s report (PolarixPartner)84 that dissected
and analyzed a 75 kWh Tesla Model 3, the battery consists of 4416 cylindrical cells
in the format 21700 (i.e.,, 21 mm in diameter and 70 mm in length; the Model S and
X used #8100 cells of the 18650 format; for a detailed comparison between the two
cell formats s. Quinn et al.85) arranged in 100 battery modules which are connected
in series and parallel to yield a power of 191 kW. Interestingly, the Co content in the
NCA cathode chemistry was decreased to 2.8 %, and the battery material costs of
the whole car were calculated to be 18,000 $. Adding estimated ~10,000 $ of
manufacturing costs, the analysis concludes that with an announced pricing of
35,000 $ (basic version), it is indeed possible to generate profit with this car, which

many experts had doubted beforehand.

For the improvement of layered oxide CAMs, the development of ceramic
coatings on the active particle surface, such as Al203, TiO2 or Zr02,8687 and the
introduction of gradient materials with varying Ni-content along the particle radius,
was crucial.888% Until today, the mechanistic understanding of the structural
changes occurring upon high degree of delithiation has much improved. In 2017,
Jung et al.?% could for the first time conclusively demonstrate that the main reason
for capacity fading when cycling different NMC/graphite cells (NMC = NMC111,
NMC622, NMC811) to >=80 % SOC is a polarization on the cathode caused by
oxygen release from the CAM surface lattice (detected by On-line Electrochemical
Mass Spectrometry (OEMS)), leading to the formation of a thin oxygen-deficient
resistive surface film on the particle surface (15 nm). The accompanied evolution
of CO2 and CO was explained by a chemical reaction of the released oxygen with
electrolyte rather than by an electrochemical oxidation of electrolyte at these high
potentials, as was often hypothesized in the literature.?% 91.92-These findings were
supported by Wandt et al., 23 who could show that the evolved oxygen is at least in
part highly reactive singlet oxygen. In this context, Pritzl et al. could very recently
show that washing layered oxide CAMs with water, a standard procedure during
production of e.g., NCA, not only removes surface contaminants (Li2CO3 and LiOH),

but also modifies the near-surface bulk structure by an H*/Li*-ion exchange which
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upon a subsequent heat-treatment leads to an oxygen-depleted surface layer, and

therefore reduces oxygen release during cycling.?*

Due to its high price and problematic mining conditions,®> current trends are
going into the direction of further decreasing the Co share in CAMs. A recent
publication from the Dahn group concludes that a complete substitution of Co in Ni-
rich cathodes by other metal ions, such as Al, Mn, or Mg, is feasible.?3 Another
approach to increase the capacity of CAMs is the development of so called “over-
lithiated” or Li- and Mn-rich NCMs (LMR-NCMs, x Li2MnOs e 1-x LiMO2,
M = Nij, Co, Mn), first reported in 2001 by Lu et al.7° and Thackeray et al.?¢ This
materials class features an extraordinarily high reversible capacity of
~250 mAh/gcam and low material costs due to the high Mn and low Co content, but
suffers from voltage fading, a large voltage hysteresis combined with a lower mean
discharge potential compared to regular NMCs (x3.4 Vcen and %3.8 Vel in a full-cell
vs. graphite), and structural instability during cycling, which is why it has not been

commercialized so far.97. 98,99, 100

Summing up some of the above discussed milestones in LIB development,
Figure 3 shows a selection of the perhaps most relevant discoveries regarding LIB

cathode materials research, which is not intended to be exhaustive.
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Figure 3. Important discoveries in the development of LIB cathode materials and understanding of
fundamental electrochemical processes involved.

Since Sony’s commercialization of the first graphite-based cell at the beginning
of the 1990s, the anode chemistry has barely changed in commercial cells, and
natural and synthetic graphites are almost exclusively used as AAMs. Natural
graphites can be mined, whereas synthetic graphites are made from coke

precursors by graphitizing them at temperatures up to 3000 °C which is why
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natural graphite (=8 €/kg) is considerably cheaper than synthetic graphite
(213 €/kg).101 Natural graphites have a higher degree of crystallinity and larger
crystal sizes with a more ordered orientation, resulting in a slightly higher
reversible capacity and lower irreversible capacity, but also in lower rate capability
due to the smaller amount of edge sites that are needed for intercalation. Synthetic
graphites have more edge sites due to the smaller, more randomly oriented
crystallites, reducing the charge transfer resistance, but also presenting more
reactive surface to the electrolyte, which slightly reduces first cycle reversibility.102
However, the long-term cycling performance of synthetic graphites is typically
better, which is believed to be related to its very high purity, lower thermal
expansion, and higher thermal stability obtained through the graphitization
process.103 Introduction of additives, like vinylene carbonatel% and others,105 have
increased the cycling stability of graphite anodes, but fundamentally new types of

chemistries, such as alloy materials, could not yet prevail.

Silicon had already been considered as the future of anode materials, owing to
its high theoretical capacity of 3579 mAh/gsi (Li15Sis);10¢ however, massive
volume changes of =300 % during lithium (de)intercalation are leading to
electrochemical milling (particle cracking), particle disintegration, continuous
lithium inventory losses, and electrolyte consumption, all of which result in poor
capacity retention.1%7 In order to minimize structural degradation of particles and
the electrode itself, an early approach was to employ nanometer-sized108 109,110 or
nano-structured!!? silicon, to protect the particles by shells112113 or to embed
silicon in a carbon matrix,114 115 which in turn again significantly decreases the
energy density of the electrode. Even though these measures and the use of
additives like fluoroethylene carbonate (FEC)116.117 improved the cycling stability,
cycling in laboratory cells is often conducted vs. a lithium counter electrode (CE)
and most of the time with excess electrolyte.l1® However, the transfer to
commercial cell setups with both limited lithium inventory and limited electrolyte
volume still remains challenging.107 A different approach to avoid the high surface
area of silicon nanoparticles and at the same time to minimize the particle volume
expansion is partial utilization of micrometer-sized silicon particles, which can be
produced very cost-effectively. Even though using only a limited fraction of the

active material reduces the specific capacity, the achievable capacity is still higher
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compared to graphite.11 A recent publication by Jantke et al.120 shows that with this
method 250 cycles until 80 % of the initial capacity can be obtained in
NMC622 /silicon cells with a silicon usage of 30 %, allowing for an increase in anode
volumetric capacity of *40 % (without calendering) compared to a state-of-the-art
graphite electrode. Another advantage of silicon versus graphite could lie in better
fast-charging capabilities, since the silicon lithiation potential is significantly more

positive compared to graphite.

Since the recall of Moli Energy’s metallic lithium-based cells, despite excessive
research efforts,121, 122,123 no satisfactory solutions have yet been found to improve
safety and longevity of lithium anodes to large-scale market readiness. Using a
lithium anode would allow to increase the cell’'s energy density by 40-50 %
compared to graphite.l24125 However, recent successes were reported using a
slightly different approach, a so called “anode-free” LIB,126.127,128 where the metallic
lithium anode is formed in situ by plating lithium from the CAM on the anode copper
current collector. Weber et al. demonstrated a dual-salt-based (LiDFOB/LiBF4)
liquid electrolyte exhibiting 80 % capacity retention after 90 charge-discharge

cycles.129

Figure 4 summarizes some essential findings or conceptual discoveries with

respect to LIB anodes, again, without the intention to be exhaustive.
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Figure 4. Important discoveries in the development of LIB anode materials and understanding of
fundamental electrochemical processes involved.
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In a nutshell, from the analysis above it can be concluded that the LIB cell
specific capacity gains are gradually leveling off but that further gains are still
possible in the future. Promising studies of long-lasting Ni-rich CAMs, potentially
with Co contents close to zero, that could possibly be combined with silicon-based
anodes or in situ plated metallic lithium anodes will very likely further increase cell
capacity, and thus energy density to beyond 300 Wh/kg on a cell level. Economics
of scale and further improvements regarding cell energy density and CAMs based
on cheaper metal compositions will further reduce battery prices for EV packs. The
price history of LIB cells between 2014 and 2019, and the expected prices in the
years 2020 and 2022 are displayed in Figure 5,130 showing that cell prices have
already been reduced by =70 % between 2014 and 2019. The drop below
100 $/kWh, which is widely accepted as the tipping point where EVs have reached
price parity with ICEs,13! is expected to be reached in 2020. According to recent
press information, VW has already managed to decrease its procurement prices for
battery cells used in its first mass market EV, the model ID.3 (market launch mid

2020), to below 100 $/kWh.132
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Figure 5. Globally averaged price history of LIBs on a cell level between 2014 and 2019 and
expected prices for the years 2020 and 2022 in €/kWh (left y-axis) and $/kWh (right y-axis),
produced from data from 130,

1.3 Active Materials for Sodium-lon Batteries

To date, only very few smaller companies offer commercial SIBs (e.g., Faradion,
UK133 or HiNa Battery Technology, Chinal3#4) mainly advertised for the use in
stationary applications or small electric vehicles (bicycles, small cars). Compared to

LIBs, SIBs are still at an early stage of development since active materials combining
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decent energy density with sufficient cycling stability are limited. Nevertheless,
SIBs could indeed have advantages over LIBs. The fact that sodium does not form
alloys with aluminum at typical anode potentials enables the substitution of Cu
current collectors by Al with significant cost (xfactor of 3.4) and weight (*factor of
3.3) saving potentials.135 The standard reduction potential of Na*/Na is only
=330 mV higher than Li*/Li; therefore, allowing for similarly high cell potentials.
Sodium is not only by a factor of x1000 more abundant in the earth’s crust than
lithium,136 but also far more evenly distributed; thus, reducing the current
dependency on relatively few countries, e.g., in South America, where lithium
mining has also shown to come along with severe environmental and social issues.
The molar mass of sodium (27 g/mol) is by a factor of %4 higher than lithium
(7 g/mol), but compared on the practically relevant basis of the cathode active
material itself, such as LiCoO2z (98 g/mol, 274 mAh/gcam) and NaCoO2 (114 g/mol,
235 mAh/gcam), the mass difference based on the cathode active material is only
=14 %.

On the anode side, from the early beginnings in the late 1980s until today, the
state-of-the-art materials are still hard carbons (HCs, *300 mAh/gaam); owing to the
fact that sodium cannot be reversibly intercalated in graphite. This material class
will be addressed in more detail in sections 3.1.1 and 3.1.2 of this PhD thesis.137.138
Since the first comprehensive investigation of HCs as anodes for SIBs by Dahn and
co-workers in the early 2000s,137.139 hard carbons remain the most promising
anode active material (AAM) today and probably also for the near future.140 Other
AAMs with reasonable specific capacities, such as Ti-based intercalation materials
(e.g., Naz2Tiz07, 200 mAh/gaam)#1 or alloying materials, such as the “p-block”

elements (e.g., Sn, Ge, P, and Sb)140 suffer from very low cycling stabilities.

The classification of sodium-ion CAMs varies in the literature.142 143,144,145 The
probably most prominent and most studied materials classes are oxides, especially
the layered oxide family, polyanionic compounds, particularly the phosphate
derivatives, and Prussian Blue analogue (PBA) materials.146 After the discovery of
the fast Na*-conducting ceramic ”-alumina by Kummer and Weber in 1967, the
high-temperature (=300 °C) liquid sodium based Na/S battery was already
commercialized in the 1970s,147 followed in the 1980s by the Na/NiCl2 (ZEBRA)
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battery.148 149 With promising discoveries in the field of layered oxide LIB materials,
as summarized in detail in the previous chapter, similar NaMO2-type cathodes came
also into focus for SIB CAMs and were developed in
tandem.17, 150,151,152, 153,154, 155,156 According to the notation of Delmas et al.,®! these
compounds are termed On (n =1, 2, 3) for sodium octahedrally coordinated by
oxygen atoms (n denotes the repeat unit of the transition metal stacking) or Pn for
a trigonal prismatic coordination. Similar to the lithium analogues, sodium metal
oxides exist in a variety of polytypes, the most important being 03 (ABCABC), P2
(ABBA), and P3 (ABBCCA). In contrast to the lithium-based compounds, where
lithium usually does not occupy prismatic sites due to its smaller ionic radius
(0.76 A vs. 1.02 A), phase transitions between octahedrally and prismatically
coordinated structures can occur during (de)intercalation via gliding of MO:2
sheets,157.142 which typically has negative effects on cycling stability and rate
capability. However, advantageous could be that sodium-based layered oxides do
not undergo irreversible spinel transformations upon high desodiation degrees (a
capacity and cycle life limiting issue in lithium-based systems), which could enable
stability over a larger range of sodium mole fraction.14> In the 1970s and early
1980s, Delmas and co-workers performed pioneering work on the reversible
(de)intercalation of sodium in NaxCo02,151 NaxCr0z2,158 NaxMn0z2,15% and NaxFe02.160
Main drawbacks of sodium-based layered oxides are the often occurring structural
(multi)phase transitions (e.g., P2 2 02 and P3 - 03) during cycling which results
in poor cycle lifel¢l and characteristic stepwise voltage profiles.162 Many reports
showed that substituting parts of the transition metals by others forming binary,
ternary, or quaternary compounds can improve the properties of the single-metal
materials.140 Examples for this approach are 03-Na[FeosCo005]021¢3 and
03-Na[Nio.33Feo.33C00.33] 02164 which, in contrast to the stepwise potential profile of
NaCo02162 and the low capacity of NaFe0Q2,16> exhibit a smooth potential curve,
improved cyclability and comparatively high capacities of 160 mAh/gcam. Another
interesting material is P2-Nao.s[Nio.2sFeo0.13Mno.63]021¢ which has a very high
capacity of 200 mAh/gcam, shows a good capacity retention, and an excellent rate
capability. The high capacity, however, can only be obtained when cycling vs. a

sodium CE, since sodium vacancies are filled during the first sodiation of the
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material, which is of course only practically usable when employing sodium metal

or sodium-containing anodes.

Polyanionic CAMs for SIBs stand out due to their high structural stability and
tunable potential which can be adjusted by the inductive effect of anions in the
lattice (e.g., F-).167.168 I[mportant material classes are phosphates, pyrophosphates,
fluorophosphates, and sulfates. The most studied structures include olivine,
maricite, and NASICON compounds.1%® The sodium-analogue (*154 mAh/gcam
theoretical capacity) of the well known olivine-type LiFePOs4 (2170 mAh/gcam
theoretical capacity) exists in three polymorph structures, i.e., olivine, maricite, and
amorphous NaFePOs. Above 450 °C, the open structured olivine-type NaFePOas
transforms into the electrochemically poorly active maricite-type, where PO43-
tetrahedra isolate sodium-ions and block their diffusion paths,179.171 which makes
synthesis of the pure olivine phase challenging. Another approach used by Oh et al.
is to completely electrochemically delithiate LiFePO4 and subsequently sodiate the
FePO4 in a half-cell vs. Na, yielding a reversible capacity of 125 mAh/gcam. Even
though carbon-coated olivine NaFePOs4 can reach 100 cycles with a capacity
retention of 90 %,172 they are still very far from the excellent cycling stability of
LiFePOs4. The most promising electrochemistry was reported using amorphous
NaFePOs4+ (a-NaFePO4). Li et all7’3 showed that a-NaFePOs can reach
~152 mAh/gcam, almost the theoretical capacity, and a capacity retention of x90 %
over 300 cycles. The average potential of 2.4 V vs. Na*/Na is, however, too low for a
commercial application. The NASICON-type NasV2(PO4)3 (NVP) exhibits an
attractively flat potential profile at x3.4 Vvs. Na*/Na, but an only moderate
theoretical capacity of 118 mAh/gcam (owing to 2 moles of cyclable sodium per
formula unit); however, it demonstrates very good cycling stability of several
1000’s of cycles (cycled vs. sodium metal) using carbon-coated NVP nanoparticles,
obtained by rather complex synthesis routes.174#175> Another compound with very
high cycling stability is the V-based ortho-disphosphate Na7V4(P207)4P04 (VODP)
with a flat potential plateau at 3.88 V vs. Na*/Na and 78 % capacity retention after
1000 cycles without the requirement of a carbon-coating.l’¢ Also here, the
drawback is the relatively low capacity of only *x91 mAh/gcam. The average cathode
potential can be increased by introducing F--moieties in the crystal structure.l’”” An

example for a compound offering a comparatively high energy density is
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Na3zV2(PO4)2F3 with two voltage plateaus at 3.7 and 4.2 Vvs. Na*/Na, a decent
capacity of x120 mAh/gcam, and a good capacity retention.1’8 However, the energy
density of =507 Wh/kgcam is still relatively low, even lower than the
=560 Wh/kgcam for LiFePOs (assuming 3.5 Vwvs. Li*/Li and 160 mAh/gLrp).140
Nevertheless, carbon-coated nanoparticles of the same material showed a very long
cycle life of 3000 cycles (cycled vs. sodium metal).17°

A third interesting class of materials are Prussian Blue Analogues (PBA), i.e.,
sodium-analogues of the original Prussian blue compound KFe!'Felll(CN)s. Wang et
al. reported on sodium iron hexacyanoferrate Naig2FeFe(CN)e,180 featuring two
voltage plateaus at 3.3 and 3.0 Vvs. Na*/Na, a high capacity of 160 mAh/gcam and
an attractive capacity retention of =80 % after 1000 cycles (cycled vs. sodium
metal). Theses properties, together with the low cost of Fe, make Fe-based PBAs a

very promising type of SIB cathode materials regarding a commercial use.140

In comparison, polyanionic compounds provide the highest potentials
(> 3.75 Vvs. Na*/Na), while most layered-oxides are around =2.5-3 Vvs. Na*/Na
and PBA materials are limited to 3.3 V vs. Na*/Na.140 Even though some of them
show good cyclability (>1000 cycles), polyanionic compounds have low specific
capacities (typically <120 mAh/gcam), whereas layered-oxides can provide higher
capacities (up to 200 mAh/gcam), but are usually limited in cycling stability. In
summary, with its high specific capacity (160 mAh/gcam), good cycling stability
(1000 cycles), and decent potential (=3 Vvs.Na*/Na), the PBA compound
Nai.92FeFe(CN)e provides a good trade-off between the necessary requirements on
the way to a commercially viable CAM for SIBs. The other most promising cathode
material for SIBs is Na3V2(P04)2F3, since it offers a decent capacity (120 mAh/gcam),
a high potential (3.8 Vvs. Na*/Na), and very high cycle life (up to 3000 cycles
cycled vs. sodium metal). In a SIB cell using a hard carbon anode, the combinations
Nai92FeFe(CN)s/HC and NasV2(POa4)2F3/HC can achieve an energy density of
=310 Wh/kg on an active material based level (assuming 300 mAh/guc and
0.3 Vvs. Na*/Na as mean discharge potential for the HC anode4?), which is already
close to the =350 Wh/kg of a LiMn204/graphite cell (assuming 120 mAh/gLmo,
355 mAh/ggraphite, and an average cell potential of 3.9 V79). However, compared to
state-of-the-art material combinations in LIBs, such as NCA/graphite with

=475 Wh/kg (assuming 200 mAh/gnca, 355 mAh/ggraphite, and an average cell
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potential of 3.7 V79), the gap between LIBs and SIBs is still quite large, which
underlines the necessity for SIB materials research and to achieve a better

understanding of ageing mechanisms occurring during cycling.
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2 Experimental Methods

2.1 Electrochemical Impedance Spectroscopy (EIS)

Detailed derivations of equations regarding the fundamental theory of
Electrochemical Impedance Spectroscopy (EIS) can be found in Lazia, 18! Lvovich,182
and Orazem.183 Within this section, an overview on the most important and

practically relevant correlations and equations for LIB analysis shall be given.

EIS is a non-destructive, insitu analytical technique which allows to
simultaneously study electrochemical processes occurring at different time scales
together with their associated resistances. The fundamental principle is to apply a
sinusoidal current (galvanostatic, GEIS) or voltage (potentiostatic, PEIS)
perturbation between the two electrodes under investigation and to measure the
time-dependent voltage and current responses, respectively. Figure 6a exemplarily
shows the schematic working principle of a PEIS measurement on a
graphite/LiFePOs4 (LFP) battery cell where the potential perturbation with an
amplitude of 10 mV is controlled between WE (graphite) and CE (LFP). The
perturbation amplitude must be small, usually *5-20 mV for a PEIS, since for small
excitations electrochemical systems show pseudo-linearity which results in an
output signal with the same frequency as the input signal but that can be shifted in

phase.
Let us assume the application of a small potential excitation signal E(t) of the
form

E(t) = E, sin(wt) (1)

where Ej is the potential excitation amplitude and w is the radial frequency in
rad/s defined as:
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w = 2nf (2)

and f is the perturbation frequency in Hz.

a) E(t)
i(t)
—0

o

{5~ 1omy
t

Porous graphite anode | Separator | PorousLFP anode

Cu Al
WE CE
b)
Z, =
>
Re(Z)

Figure 6. Working principle of an EIS measurement of a battery cell, exemplarily demonstrated for
a graphite/LiFePO4 (LFP) cell: a) a sinusoidal potential perturbation E(t) with an amplitude of
10 mV (E,) is applied between WE and CE; the current response i(t) is shifted in amplitude (iy)and
phase (¢) with respect to the potential perturbation, b) definition of the complex impedance 7 and
its depiction as a vector in a Nyquist representation.

In a linear system, the response will have the form:
i(t) = fpsin(wt — @) (3)

where {; is the resulting current amplitude and ¢ is the resulting phase shift
between the sinusoidal excitation signal and the response of the system. The total

impedance Z,, of the system is then defined as:
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where E(t) and i(t) are the complex voltage and current, respectively, and j is the
imaginary number v—1; Z, represents the amplitude ratio of E, and . Z,, is a
function of frequency and composed of a real and an imaginary part, which can be

illustrated by using Euler’s formula:
e/ = cosg + jsing (5)
This yields:
Z, = Zo(cos@ + jsing) = Re (Z) + j - Im(Z) (6)

where Re (Z) and Im(Z) are the w-dependent real and imaginary parts of the
complex impedance. The complex impedance is typically represented in a Nyquist
plot, where for every measured frequency w the real part Re(Z) is plotted on the
x-axis and the negative imaginary part -Im(Z) is plotted on the y-axis. Z, is
therefore a vector in the x-y-plane with the length being the absolute value of |Z|
and the angle between the x-axis and the vector denoting the phase shift ¢
(s. Fig. 6b).

Table 1. Selection of typical equivalent circuit elements used to model electrochemical systems
along with an expression to calculate their impedance.

Element Impedance
Resistor R _D_

Capacitor L —| |—

JjwC
Constant 1
Phase @ >>
Element Gw)*Q
(CPE)
Warburg g -(1—-)) —\N\—
(finite) Vo

The impedances of the most commonly used equivalent circuit elements are
summarized in Table 1. These are: (i) a resistor, used to model the charge transfer

resistance across an electrode interface (Rcr), a pore resistance (Rpore), an
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electrical contact resistance between two materials (R;ontqct), Or an electrolyte
resistance (Reecerotyte); (i) a capacitor (C) or constant phase element (Q),
representing the double layer capacity of an electrode; and, (iii) a Warburg element
(W), representing the impedance caused by diffusion of ionic species (i.e., solid state
diffusion of Li-ions in active material particles or liquid state diffusion of Li-ions in
the electrolyte).

Figure 7a displays an equivalent circuit that can be used to model a graphite /LFP
full-cell and Figure 7b shows a Nyquist plot representation of a graphite/LFP full-

cell impedance measurement recorded in a Swagelok®-type T-cell.

a) | porous graphite anode | Separator Porous LFP cathode

Cu

b) Full-cell impedance (WE + CE)
8 T T T T T L] T

—— Full Cell

[-2]
T

-Im(Z) / Qcm?
[\*] £

0 2 4 6 8 10 12 14 16
Re(Z) / Qcm?

Figure 7. a) Equivalent circuit that can be used to model a graphite/LFP full-cell using a
transmission line model (TLM) for both the porous graphite and the porous LFP electrode. Due to
the very high electrical conductivity of graphite and copper, the contact resistance R ypsac: iS Only
included in the cathode impedance. The Warburg impedance w included in the TLM reflects the
resistance due to diffusion in the active material particles and the Warburg impedance W indicates
the diffusion resistance due to Li-ion diffusion in the separator phase; b) Nyquist impedance plot
(100 kHz-0.1 Hz) of a graphite/LFP full-cell impedance measurement recorded in a Swagelok®-type
T-cell, representing the sum of the impedances of graphite anode and LFP cathode and the
electrolyte resistance Reecerotyee (= high-frequency resistance, HFR).

Porous electrodes, such as the porous graphite anode or the porous LFP cathode,
can be quite accurately modelled by a transmission line model (TLM), which is

investigated in more detail in section 3.1.1 and 3.1.2 of this PhD thesis. In case of
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the LFP cathode, a contact resistance R_,ptqc: 1S included in the equivalent circuit,
which was neglected in case of the graphite anode due to the very high electrical
conductivity of copper and graphite. Additionally, the equivalent circuit contains a
purely ohmic resistor representing the electrolyte resistance Rejectroiyte and
Warburg diffusion elements. The Warburg impedance w included in the TLM
reflects the resistance due to diffusion of Li-ions in the active material particles and
the Warburg impedance W indicates the diffusion resistance due to Li-ion diffusion
in the separator phase.

Since time constants for various electrochemical processes in LIBs can be
similar, the resulting impedances often overlap making it difficult or even
impossible to deconvolute anode and cathode contributions to the total cell
impedance. A possibility to measure anode and cathode impedance simultaneously
but separately within the same cell without opening the cell is to use a u-reference
electrode (u-RE), which was also extensively used throughout this PhD thesis
(s. section 3.1.1 and 3.1.2).

RE

a) | Porous graphite anode | Separator Porous LFP cathode

u-RE
(lithiated
gold wire)

Cu Al
b) WE Electrode-resolvedimpedance CE
8 T T T T T T T 8 T T T T T T
« ol —— Graphite| | o 6L —— LFP
£ £
Q Q
9 4 g 4
) )
L - Eaf /
N .V AV N Y
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Re(Z) | Qcm? Re(Z) / Qcm?

Figure 8. a) Schematic of an EIS measurement via a y-RE, in this case an in situ lithiated 50 pm thick
gold wire (u-GWRE) placed between two glassfiber separators, which are indicated by the
electrolyte resistance in the porous separators Rejectroyres and incorporated in a customized
Swagelok® T-cell; b) electrode-resolved Nyquist impedance plots (100 kHz-0.1 Hz, measured in a
T-cell) for the graphite WE (blue) and the LFP CE (red) which can be deconvoluted from the full-cell
impedance (s. Fig.7b) using a u-RE. Note that the high-frequency resistance (HFR) only equals the
separator electrolyte resistance (the portion of the separator between p-RE and the electrode) in
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the case of the graphite electrode. In case of the LFP cathode, the HFR is 1 (0cm? higher because the
spectrum is shifted by a contact resistance R yntace, Which is not visible in the frequency range up to
100 kHz;185 ¢) u-RE placed centrally between WE and CE, where the electric field is homogeneous.
The wire diameter must be small compared to the distance between the two electrodes.

In the case of a LIB, a 50 um-thick insulated gold wire can be used as a u-RE
(u-GWRE) which is incorporated centrally between the electrodes within a
Swagelok® T-cell (s. Fig 8a). This technique was first reported by Solchenbach et
al.185 and later used extensively by Pritzl et al. and by Landesfeind et al. as a tool to
study the impedance contributions of the individual electrodes in graphite/LNMO
full-cells, which were then used to deconvolute the different impedance
contributions (e.g., Rcr, Rpores and Reoniqact) Of €ach of the electrodes.184 186 Pritzl] et
al. also investigated the impact of VC additive on the impedance of individual
electrodes,*! and quantified the growing contact resistances of LNMO cathodes
during cycling.18” To obtain a stable reference potential of the u-GWRE, the gold
wire is lithiated in situ using a very small lithiation current from the cathode
(150 nAh, i.e., <<1 %o, and therefore negligible compared to the total capacity of the
cathode) before cycling the cell. The thus lithiated gold wire exhibits a stable
potential (310 mV vs. Li*/Li18) after electrochemically alloying the gold with
lithium, set by the Li*/AuLix-alloy half-cell reaction. In order to be usable as u-RE
for EIS measurements, the RE must furthermore be located in the center between
the two electrodes, where the electric field is homogeneous, and its diameter must
be small with respect to the distance between the electrodes to order to minimize
the potential gradient over the diameter of the wire (s. Fig. 8c). During a PEIS
measurement using a RE, the potential is controlled vs. the u-RE, and current and
potential are measured between WE and CE. That way, the impedance of the WE,
the CE, and the full-cell are recorded simultaneously, and it is possible to
deconvolute the full-cell impedance into the impedance contributions from each
individual electrode (s. Fig. 8b).

In this PhD thesis, a similar approach was used to develop a u-RE for a SIB using
an insulated tin-coated copper wire as RE.188 The development and application of
this u-RE to measure the impedance of a hard carbon (HC) electrode in a

sodium/hard carbon half-cell is given in detail in section 3.1.1.
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2.2 Neutron Depth Profiling (NDP)

2.2.1 NDP Working and Measuring Principle

Neutron Depth Profiling is a non-destructive, near-surface nuclear analysis
method for isotopes which undergo neutron-induced exoergic (energy releasing)
charged particle reactions, producing either an a-particle through a so-called (n, )
reaction or a proton through a so-called (n, p) reaction, and a recoiling nucleus.18°
The method is suitable for certain light elements and based on measuring the
energy loss of charged particles after exiting the specimen. Thus, depending on the
sample matrix, depths up to 50 um190.191,192 with a maximal resolution around
~20 nm193 can be probed. The practically most relevant isotopes accessible via NDP
(discarding radioactive species) are summarized in Table 2, together with their
neutron capture characteristics.1°1 [sotopes with high, medium, and low sensitivity

are highlighted in green, orange, and red, respectively.

Table 2. Non-radioactive isotopes detectable via NDP, energy of the emitted charged particles,
neutron cross sections, and resulting detection limits based on 0.1 cps, 0.013 sr detector solid angle,
and a neutron intensity of 6 x 10° 1/(cm?s) (obtained at the 20 MW NIST reactor, according to
Downing et al.1°1). E.g., the reaction 3He(n,p)3H denotes the neutron capture of a 3He particle forming
a proton (p) and a recoiling 3H nucleus. The energy of the emitted particles given in column 4 refers
to either the a-particle or the proton and the energy shown in column 5 refers to the recoiling
nucleus.

Element Reaction Abundance Energy of emitted Cross Detection limit
(%) particles section (atoms/cmz2)
(keV) (barns)
He 3He(n,p)3H 0.00014 572 191 5333 1.5 x 1012
Li 6Li(n,a)3H 7.4 2055 2727 940 9.0 x 1012
B 10B(n,a)”Li 19.9 1472 840 3837 2.1 x 1012
N 1N (n,p)14C 99.6 584 42 1.83 4.5 x 1015
(0] 17Q(n,a)4C 0.038 1413 404 0.24 3.5 x 1016
S 33S(n,a)30Si 0.75 3081 411 0.19 6.0 x 1016
Cl 35Cl(n,p)3°S 75.8 598 17 0.49 1.7 x 1016
K 40K (n,p)40Ar 0.012 2231 56 4.4 1.9 x 1015

NDP was introduced as a method to detect the profile of boron impurities in
p-type doped silicon wafers at IBM Research in the 1970s by Ziegler et al.,193 taking

advantage of the 19B(n,a)’Li reaction converting 1B isotopes (=20 % natural
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abundance) to monoenergetic a-particles; before that time, the boron content was
probed indirectly via electrical measurements. For the newly developed NDP
analysis, a boron detection limit of 3 ppm and a depth resolution of + 20 nm were
reported. Later, NDP was used by Biersack et al.1%* to study the 3He distribution,
and by Fink et al.195 to determine the 1*N concentrations in various solids after atom
implantation. In order to enable a neutron capture reaction, the neutrons must be
low in energy (<x10 meV,1°1 making use of thermal neutrons, with an energy
distribution around =25 meV, or cold neutrons, whose energy is between
0-25 meV). The capture cross section is inversely proportional to the square root of
the neutron energy, which means that lowering the neutron energy increases the
reaction rate, so that using cold neutrons approximately doubles the reaction
probability per neutron compared to thermal neutrons.18® Besides that, the
signal-to-noise ratio during a fixed measuring time of course also increases with the
incident neutron flux, with higher fluxes enabling measurements on shorter time-
scales. NDP experiments presented in this PhD thesis (s. sections 3.2.1 and 3.2.2),
were therefore conducted at two neutron facilities offering very high neutron fluxes
for NDP. These are the PGAA (Prompt Gamma Activation Analysis) beamline at the
neutron reactor FRM2 (neutron source Heinz Maier-Leibnitz) 196.197.198 jn Garching
(Munich) offering a flux of 1.35 x 10% 1/(cm?2s) and a mean cold neutron beam
energy of 1.8meV (6.7A), and the CNDP (Cold Neutron Depth Profiling)
instrument1°! at the NIST Center for Neutron Research (NCNR) in Gaithersburg
(MD, USA) with a flux of 1.22 x 10° 1/(cm?s) and a mean cold neutron beam energy
of 8 meV (1.5 A).

A schematic of the beamline setup of the N4ADP (Neutron 4-Dimensional Depth
Profiling) instrument at the PGAA beamline of the FRM2 is depicted in Figure 9a.

27



Experimental Methods

a) c)
Measurement chamber Misalignment
(Vacuum or variable He pressure) 1mm

. . 0
Halo collimator ¢4 cell diameter 20 mm - a=3

Additional
collimation

Neutron guide\

d) Detector

Beam stop

<+— Not detectable area

X: 2o Ad =D  tana

éxi“ dy=dy—D-tana

particles

Si surface
barrier detector

b) Totalhole area  Reduced hole area
d} (dy— D -tana )?
1) AU = T w AI = fﬂ;
A=k -4

# (do—Di'tana )zﬂ—k-d—gn
4 T4

dg—D-t 2
- k=w=94.8%
dg

Figure 9. a) Top-view schematic of the N4DP instrument at the PGAA beamline of the FRM2 in
Garching (Munich, Germany), adopted from Werner et al.1*° b) Superpositions of the neutron beam
illuminated sample area (blue) with the 500 um hole grid pattern of an operando NDP coin cell.
1) llluminated area in the center of the pattern, and 2) shifted by 900 um. c) Estimation of the coin
cell tilt angle considering a 1 mm shift of one coin cell edge out of the sample holder plane.
d) Estimation of an upper boundary for the effective hole area reduction assuming a tilt angle of 3°
(D =250 pm, do = 500 pum).
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The neutron beam is roughly circularly collimated by boron-containing shielding
plates to an area of *12.6 mm? (@ 4 mm),197 enters the vacuum chamber (at a
pressure of 10-4-10-5 mbar for ex situ samples or a He atmosphere with adjustable
pressure for operando samples)198 via a 100 pm thick aluminum window and hits
the sample at a 45° angle. Thus, the sample area illuminated by the neutron beam
has the shape of an ellipse (*17.8 mm?2). For lithium concentration calibration, a
reference sample with a well known 1°B concentration (19B atoms/cm?) is used,
which is explained in more detail below. In most cases, the illuminated area is
identical for the reference sample and the specimen, which is why the shape and
the size of the illuminated area do not have to be precisely known, as long as the

sample sizes are larger than the projected beam area.

The latter is not anymore true for NDP experiments with the here newly
developed NDP battery cell, where the charged particles can only reach the detector
through the holes patterned onto the cap of a conventional coin cell. The pattern of

500 um-wide holes and the projection of the neutron beam are shown in Figure 9b
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(s. also section 3.2.1). In this case, the hole area illuminated by the neutron beam
must be determined to allow for a lithium quantification by referencing the flux of
charged particles to that obtained for the lithium standard reference. The total
amount of hole area that is illuminated by the neutron beam and that contributes
to the NDP signal depends on the relative alignment of the neutron beam with the
hole grid pattern, which may vary according to the sketches 1) and 2) shown in
Figure 9b. To determine the maximum and minimum possible active area,
numerous superpositions of the projected elliptic beam area on the coin cell cap
with the hole grid pattern were considered by shifting the beam area in multiple
directions away from the grid pattern center between 0 mm and 1 mm in 100 um
steps, and by rotating the beam area by 0° 22.5°, and 45°. This yields that the
fractional hole area of the illuminated window area is between 20.2 % and 17.8 %.
If the coin cell is not in an ideal plane-parallel alignment with the detector, the
effective hole area might be further reduced, since a small fraction of the charged
particles emanating would then be blocked by the stainless steel casing
(s. Figure 9d). The maximum tilt angle was estimated by assuming that the coin cell
is lifted by 1 mm at one edge (the maximum estimated misalignment), resulting in
an angle of x3° (s. Figure 9c¢). Together with a hole diameter of d =500 um and a
thickness of the coin cell cap of D = 250 pm, this yields an additional area reduction
of 5.2 % (s. Figure 9d). Note, that this approach underestimates the active area,
since the resulting projection has an elliptic shape and is not a circular area, and
therefore, the 5.2 % area reduction is an upper boundary. As a result, the maximum
accessible fraction of the total hole area remains at 20.2 % (perfect angular
alignment) and the minimum would become 16.9 % (3 ° angular displacement).
The obtained range of hole area fractions must be applied as a correction to all of
the NDP signals from the operando coin cell when referenced to a lithium
concentration standard. The average of these min/max values for the active area
fraction is %(18.6 + 1.6) %, resulting in a relative uncertainty due to geometric

considerations of + 9.0 %.

As shown in Figure 9a, the detector is placed normal to the sample surface (a
second detector can be placed normal to the rear surface of the sample; which is

useful if charged particles can exit to both sides of the sample) in order to maximize
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the viewing depth into the sample, since the particle emission is isotropic.1°1 The
sample-detector distance is usually 96 mm, however, needs to be adjusted if
samples with different thicknesses are to be compared. In case the signal rates
increase to beyond 1 kHz, which induces pile-up effects inside the detector, the
neutron beam intensity can be reduced by different attenuators (5.9 %, 16 %, and

47 %).198

2.2.2 NDP Data Processing

NDP can be very favorably used in the field of LIBs since lithium possesses a high
sensitivity, and thus very low detection using NDP (s. Table 2). The underlying

nuclear reaction ¢Li(n,a)3H is explicitly written in equation (7):
®Li + n —» *He(2055 keV) + 3H(2727 keV) (7)

The specific energy of the emitted particles is defined by the Q-value of the nuclear
reaction, i.e., the amount of energy absorbed or released during the reaction, and is
hence characteristic for a given element.1°1 In case of lithium, a double positively
charged #He?* (a-particle) with an energy of 2055 keV and a single positively
charged particle 3H* (triton particle) with an energy of 2727 keV is formed. The
charged particles travel across the sample and lose energy by electrostatic
interactions with the matrix atoms.1?1 Since these interactions are proportional to
the square of the particle charge, a-particles lose their kinetic energy much faster
compared to triton particles, which is why they can only exit from the surface near
region (=10 pm). Figure 10 shows two simulated NDP spectra for 3H* particles
formed in a 10pum thick sample consisting of 1.35x 1021 Lijatoms/cm3
homogeneously distributed in a carbon matrix. The black curve represents the
energy distribution simulated by using the mean residual energy function E(x)
(s. inset) determined by the SRIM stopping range tables for 3H* in carbon, and thus
shows sharp intensity changes. The red curve includes (simulated) statistical
variations in the energies, described by a normalized Gaussian, due to intrinsic
noise of the detector, electronic noise of the signal readout chain, and particle

dependent broadening, such as statistical processes in the detector (charge carrier
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statistics of electron-hole pair production and energy straggling in the dead-layer
of the detector).198
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Figure 10. Two simulated NDP spectra for 3H* from a 10 pm thick sample consisting of 1.35 x 102!
Li atoms/cm?3 homogeneously distributed in a carbon matrix. The black curve represents the energy
distribution simulated by using the mean residual energy function E(x) (s. inset). The mean residual
energy E(x) was determined by the SRIM stopping range tables for 3H* in carbon. The red curve
includes statistical variations in the energies due to intrinsic noise of the detector, electronic noise
of the signal readout chain, and particle dependent broadening, such as statistical processes in the
detector. Reprinted from Materials Characterization, Volume 146, December 2018, Trunk et al,
Pages 127-134, Copyright (2020), with permission from Elsevier.19?

The slope in the simulated NDP spectra originates from the non-linear relation
between energy loss and travelled distance within the sample (s. insetin Figure 10),
since the energy loss is a function of the particle energy. As can be seen from the
simulated spectrum in Figure 10 (red line), the NDP spectrum resolution is higher
at the surface, where the signal broadening is dominated by intrinsic uncertainties
of the detector and the readout chain, and reduced towards lower energies due to

additional statistical scattering processes in the sample material.198

Figure 11 outlines a typical procedure to determine the lithium concentration
profile from an NDP measurement. First, the ADC (analog-to-digital converter)
channels of the detector have to be calibrated for the energies of the charged
particles. Typically, this is achieved using one or two energy standard materials, e.g.,
LiF, LiNbOs3 or B4C films, with a very low thickness to minimize the particle energy
loss within the sample. From the characteristic signals in the NDP spectra of the
references which occur at well defined energies a correlation between ADC channel

and particle energy can be obtained.
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Figure 11. Typical procedure to determine a lithium concentration profile from NDP raw data:
a) energy calibration using an energy standard (e.g., thin layer of LiF);200 b) concentration
calibration by means of a concentration standard (e.g.,1°B doped Si wafer); ¢) conversion into mass
loading using the SRIM software; and d) conversion of mass loading into a depth profile assuming
an average electrode density pelectrode.

As explained above, the reaction ¢Li(n,a)3H yields two signals, one from an alpha

(2055 keV) and one from a triton (2727 keV) particle. The reaction 1°B(n,a)’Li

produces four signals, since 1°B nuclei can decay via two reaction pathways, in each
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case forming ’Li and alpha particles but with varying energies, 94 % 7Li* (849 keV,
where * denotes that the 7Li nucleus is in excited state, which decays afterwards
releasing y-radiation) and alpha (1470 keV) and 6 % 7Li (1010 keV) and alpha
(1770 keV) particles, respectively (s. red and blue spectra in Figure 11a). Thus, we
obtain NDP spectra showing counts per second vs. particle energy.

By means of a concentration standard, the count rate can be transformed into a
“lithium loading per unit area”, i.e., Liatoms/cm? (where the area refers to a
geometrical sample area and not a BET area). Here, usually certified standard
samples are used, such as a silicon crystal with well defined 1°B implantation (e.g.,
SRM2127 with 1.018 + 0.035x 101> 10B atoms/cm?). Provided that the active areas
(= sample area illuminated by the neutron beam) of the reference and the NDP
sample are identical, the sample count rate can be directly converted into a
corresponding 1°B concentration (1B atoms/cm?2), from which a respective
equivalent number of matLi atoms/cm? is accessible via the neutron capture cross
sections of 1°B (3841.79 barn) and °Li (938.47 barn) together with the natural
abundance of °Li (7.4 %) (s. Figure 11b).201 If the active areas are not identical, as
is the case in operando NDP studies with the above described hole grid patterned
coin cell, the ratio between the active areas of sample and reference have to be
determined as precisely as possible. This can be done by estimating the active area
of the sample via geometrical superpositions of the projected incident neutron
beam and the hole grid pattern of the operando NDP cell, as demonstrated in
Figure 9b, which was done in the NDP study conducted at FRM2 in Garching
(s.section 3.2.1). Alternatively, a lithium standard (e.g., LiF-foil) can be mounted
inside the coin cell cap, which is the most accurate approach to determine the active
area, and which was used in the NDP study performed at the NCNR in Gaithersburg
(MD, USA) (s. section 3.2.2).

The energy loss of the charged particles (alpha or triton) moving through a
matrix can be simulated rather precisely. To calculate the depth of formation of a
charged particle from its energy loss requires knowledge of the characteristic
stopping power of the matrix material, which was compiled by Ziegler et al.2%2 and
Janni et al.2%3 in form of tables for a huge number of elements during the early days
of NDP. Nowadays their data are provided by the software tool SRIM (Stopping and

Range of Ions in Matter) that was written by Ziegler et al. in 1985 and that has been
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updated regularly since.2%4 The SRIM program predicts the energy loss of a charged
particle when traveling across a homogeneous material matrix consisting of
different elements with a defined composition. Therefore, the only input parameter
is the elemental material composition and the SRIM program relates a given energy
loss to a certain amount of mass loading (in terms of mgmatix/cm?2) the particle has
traversed, thereby converting the particle energy on the NDP x-axis to a mass
loading of sample and the lithium atom areal loading (Li atoms/cm?2) on the NDP y-
axis to a lithium concentration (Liatoms/gmatrix) (s. Figure 11c). Note, that the
density of the sample material is not required for these transformations. For the
energy loss of the charged particles, it is irrelevant how closely packed the matrix
atoms are, only the total mass of matrix that was passed determines the energy loss,
while the traversed distance does not matter. However, in many cases, it is
favorable to know the spatial lithium distribution, ie., to obtain a lithium
concentration depth profile. In this case, the mass loading can easily be converted
into a depth via dividing the mass loading by an average material density pelectrode
(s. Figure 11d). This of course presupposes that the material matrix can be
approximated by a homogeneous density, as it is the case for an electrolyte-filled

LIB electrode at a certain SOC.

2.2.3 NDP for Lithium-lon Battery Research

The exploitation of NDP as lithium-sensitive analytical technique in the field of
LIBs was first reported in 2003 by Lamaze et al., who employed NDP to determine
the distribution of lithium (via Li(n,a)3H) and nitrogen (via #N(n,p)14C), in the ion
beam deposited solid electrolyte lithium phosphorus oxynitride (LiPON) under
various fabrication conditions.205 Between 2009 and 2014, Whitney et al.206. 207 and
Nagpure et al.208 209,210 pyublished several ex situ studies where they post-mortem
investigated the lithium profiles in the near surface area of electrodes from aged
cells. E.g., Whitney et al.2% studied the graphite SEI growth rate in commercial
LFP/graphite cells after storing the cells for different times at 50 °C. In a second
study,2%7 they benchmarked two different NDP facilities by testing the very same
samples (an aged graphite anode and an aged NMC111 cathode), which showed

high reproducibility, and determined the depth resolution for the triton particles in
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graphite to be 0.44 um. However, neither of the studies commented on the
post-mortem treatment of the cycled electrodes, such as washing to remove
lithium-containing electrolyte salt residuals, which are indistinguishable from
lithium bound in the SEI, since NDP detects lithium independently from its chemical
environment.1°1 Therefore, some type of washing procedure seems indispensable,
even though there remains the risk that parts of the SEI might dissolve in the

washing solvent.

A more quantitative analysis on the amount of lithium-containing electrolyte
decomposition products was reported by Wetjen et al. and by Trunk et al. who
post-mortem investigated the buildup of inactive lithium-containing SEI
decomposition products in cycled silicon-graphite composite electrodes via
NDP.198, 211 Trunk et al.1°8 introduced a mathematical method to separate the signal
contribution from alpha- and triton particles, which overlap in samples with mass
loadings typical for practical LIB electrodes (>~20 um). Thereby, the commonly
used approach to insert thin separation foils (eg., a 7.5pum Kapton® foil)
impermeable for alpha-particles can be avoided, thereby increasing the viewing
depth into the sample. Furthermore, Wetjen et al.21! demonstrated by ex situ NDP
measurements that the accumulation of lithium-containing electrolyte
decomposition products is most pronounced during the first 60 cycles and occurs
uniformly over the thickness of the SiG electrode, underlining that the Si
nanoparticle active material is utilized completely. It was further shown that the
massive expansion of the electrode thickness (=3-fold) over extended cycling,
leading to a =2.5-fold increase in void volume, together with electrolyte
consumption would dry out a commercial cell very quickly, posing severe problems

for a commercial deployment of Si nanoparticles.

The first in situ, or more precisely, operando study was reported by Oudenhoven
et al.in 2011 on a thin film solid-state microbattery.192 However, the application of
operando NDP to conventional LIBs is very challenging since a window is required
to prevent electrolyte evaporation and because the limited escape depth of the
charged particles for a porous electrode is already intrinsically limited to a few tens
of micrometers. This would additionally be strongly diminished by the current

collector (10 pm copper or 15 pm aluminum in commercial cells) and the cell
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casing, which for all types of battery cell hardware would be impermeable even for
triton particles. Therefore, very thin current collectors and cell windows are
required for operando NDP cells. Furthermore, NDP experiments are typically
performed in high vacuum (*10-4 mbar), significantly below the vapor pressure of
an LIB electrolyte, which would lead to a bulging of the window and to an
inhomogeneous compression of the cell stack. Several approaches were performed
in the literature to deal with the limited depth penetration and the electrical
contacting issues with regard to liquid electrolyte-based cells. Wang et al. and Liu
et al. used a tin foil as WE studying the lithium intercalation into tin in a half-cell vs.
lithium, protecting the lithiated tin anode by a thin Kapton® window. Zhang et al.
used a =10 pm thick Al current collector serving at the same time as window in
order to study lithium transport in porous 12 um thick LFP electrodes.212 While
Zhang et al. did not further specify the exact cell setup used in their study, Liu et al.
used a coin cell setup with a circular hole within the cap casing that was sealed by
a Kapton® tape. Even though the diameter of the hole was not specified, one would
expect electrical contacting issues when using a non-rigid window, such as a current
collector metal or metal-coated polymer foil, especially when operating the NDP
sample chamber at pressures below the vapor pressure of the electrolyte. This
would limit such a design, at best, to very slow cycling rates. Whether this is the
case, cannot be ascertained, since none of the published operando NDP studies we
are aware of reports the specific capacity they could achieve, therefore lacking the
proof that the material under study is really subject to conditions that are
comparable to a commercial cell, since otherwise the measured effects may have

little implications for commercial batteries.

2.2.4 A Novel Operando NDP Cell Design

For the above outlined reasons, one goal of this PhD thesis, was to design and
validate an improved operando NDP lithium-ion battery cell setup aiming at: 1) an
electrochemical performance comparable to a standard laboratory cell, ideally also
at high C-rates; 2) maximizing the viewing depth by minimizing thickness and

density of the cell window and current collector; and, 3) allowing operation at
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reduced pressure in the NDP sample chamber, keeping it, however, above the vapor

pressure of the electrolyte to avoid electrolyte gassing.

The focus was to study a graphite electrode since graphite has a much lower
crystallographic density (2.2 g/cm3) compared to cathode active materials, so that
thicker electrodes can be probed, and as graphite is still the most relevant anode
active material in commercial LIB cells. Even for graphite electrodes, however, the
viewing depth is limited to a maximum of %20-30 um. To prepare such thin
electrodes, commercial graphites were unsuitable, as their dso particle diameters
are already 20 pm (s. Figure 12a), which would not allow for the preparation of a
homogeneous 20-30 um thick electrode. Therefore, we employed a sieved artificial
commercial graphite with a narrow particle size distribution around =6 um in
length and =1 um in height of the flake-like particles (s. Figure 12a), such that the
resulting electrode would serve as a more homogeneous model electrode with a
significant amount of particles being stacked on top of each other (s.inset in
Figure 12a). In order to reduce the stopping power of current collector and window
as much as possible, a copper-sputtered (100 nm) Kapton® foil (7.5 pum) was used,
on top of which circular graphite electrodes were doctor-blade coated through a
~80 um thick PTFE-coated fiberglass mask. For detailed information regarding

electrode and cell fabrication s. section 3.1.1.
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Figure 12. a) Particle size distribution for a commercial artificial graphite (blue) and the same
active material obtained after sieving to lower the dso-value to %6 um (red); the inset shows an SEM
cross-section of an uncompressed electrode coated with 6 um particles on a copper current
collector. b) Coin cell cap designs used over the course of the operando NDP cell development: a
6 mm (*28.3 mm?) and a 4 mm (*12.6 mm?) circular hole, 57 x 500 um holes (*11.2 mm?) in a
square arrangement, and 139 x 300 um holes (*9.8 mm?) in a hexagonal arrangement.
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A first attempt was the adoption of the coin cell setup with one hole in the cap
studying the effect of the hole size on the cycling performance. The two single-hole
diameters that were examined are shown in the upper part of Figure 12b. Since the
neutron beam at the PGAA beamline at the MLZ (Garching, Munich) is collimated to
a circular shape with a diameter of *4 mm, a 6 mm wide window would be ideal to
compensate for minor alignment inaccuracies, to maximize signal intensity, and to
minimize background radiation (- and y-radiation) from neutron interaction with
the cell’s stainless steel casing. As it is well known that uneven pressure distribution
and lack of contact pressure on a cell stack can lead to increased local
overpotentials,213 we performed cell tests to benchmark the NDP cell vs. a
conventional coin cell without hole(s) and used compressible glassfiber separators
(six pieces) in order to somewhat improve the pressure distribution in the hole
area. The complete setup of the NDP coin cell is displayed in Figure 13a. First cycling
tests using a 6 mm wide hole yielded significantly less reversible capacity than the
expected 355 mAh/ggraphite (cycled vs. a capacitively oversized LFP electrode),
even at a slow cycling rate of C/15. Thus, we narrowed the hole size to a diameter
of 4 mm hoping that this might provide a finite and more homogeneous contact
pressure. In this case, the cell obtained a reversible capacity of 349 mAh/ggraphite,
which could still be within the weighing error of the electrode. However,
disassembling the cell in fully charged state, ie.,, with the graphite anode being
lithiated, revealed that the center of the hole still showed the black color of
unlithiated graphite, whereas the golden color of LiCs was present everywhere else
on the active material. This can be seen in the left panel of Figure 13b showing a
photograph of the decrimped coin cell opened in the fully charged state. This clearly
illustrates that even an only 4 mm diameter hole is too large to provide a sufficient
compression of the cell stack, resulting in an utterly inhomogeneous extent of the
lithiation reaction over the electrode area. As the area under the 4 mm diameter
hole is only 210 % of the overall area, this effect is not so apparent in the overall
capacity of the cell. However, the Li-NDP signal obtained from the 4 mm diameter
hole region would by no means reflect the lithium concentrations in the majority of
the electrode area, and thus any correlation between the Li-NDP signal and the cell

performance would be utterly flawed.
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Based on the above observations, a new operando cell design approach was
taken, considering two constraints: 1) the need for a sufficiently large hole area in
order to obtain sufficient charged particle counts; 2) the need for very small hole
diameters in order to maintain sufficient local compression on the cell stack. This
was accomplished by replacing the single-hole design by a hole grid pattern based
on either 500 pm or 300 uym diameter holes (s.lower parts of Figure 12b).
Lithiating the graphite electrode using the coin cell cap with the 500 um diameter
hole grid pattern, now resulted in a perfectly homogeneous lithiation across the
entire electrode area (s. right panel in Figure 13b) Obviously, the stiffness of the
7.5 pym Kapton® window is sufficient to provide enough cell stack compression
across the entire hole patterned region to allow for a complete lithiation of the
graphite particles. The cap design was subsequently optimized by using 139 holes
with an even smaller diameter of 300 um to further improve the rate capability of
the operando cell. A high rate capability of the cell design is important when
studying lithium intercalation during fast-charging of graphite electrodes, which is
a topic of great interest among EV manufacturers, since fast recharging (at least
partly) of a car battery could afford smaller battery pack sizes, and therefore holds
significant cost saving potential, without triggering driving range issues.
Fast-charging of graphite electrodes studied by means of operando NDP is
addressed in section 3.2.2 of this PhD thesis.
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Figure 13. a) Cross-sectional schematic of the operando NDP coin cell setup with 300 or 500 um-sized holes,
which was analogously used during cell development with one large circular hole with different diameters
(s. Fig 12b), b) photographs of graphite electrodes from decrimped coin cells opened in their fully charged state
with one 4 mm-wide hole (left) and 500 um holes in the coin cell cap (right). The center of the 4 mm hole is
clearly not completely lithiated to LiCe (missing golden color), whereas the 500 um holes show complete
lithiation.
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Next, we will compare the cycling performance of a conventional T-cell with that
of a coin cell with a cap that is patterned with 300 pm holes, which is depicted in
Figure 14. For this, three formation cycles were conducted at a rate of C/10. The
cells consisted of a graphite WE (*1 mAh/cm?, 1.13 cm? for the NDP, and 0.95 cm?
for the T-cell), a capacitively oversized LFP CE (3.5 mAh/cm?, 0.78 cm? for the
NDP, and 0.95 cm? for the T-cell), six glassfiber separators, and 270 pL. LP57
electrolyte (EC:EMC = 30:70 wt% + 1 M LiPF¢). The voltage profile of the operando
NDP cell follows closely the one obtained from the T-cell and both cells deliver a
reversible capacity of *x360 mAh /ggraphite during the first three formation cycles. The
first cycle coulombic efficiency is *80 %, which is due to the high BET surface area

(=15 m?/g) of the sieved graphite particles.
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Figure 14. Comparison of the cycling performance of the operando NDP coin cell (blue) with 300 pm
holes (cycled at ambient pressure) and a Swagelok® T-cell (red) with an analogous setup, ie.,
graphite WE (=1 mAh/cm?), a capacitively oversized LFP CE (=3.5 mAh/cm?2), six glassfiber
separators, and 270 pL LP57 electrolyte. The only differences are the geometric electrode areas,
which are 1.13 cm? (NDP cell) and 0.95 cm? (T-cell) for the graphite WE, and 0.78 cm? (NDP cell) and
0.95 cm? (T-cell) for the LFP CE, respectively. This comparison proves that the operando NDP and
the T-cell show a comparable performance.

2.2.5 Operando NDP Cell Holder and Cooling Setup

For the cycling of the operando NDP cells during beamtimes, an SP300
potentiostat (Biologic, France) was used. The cables were hooked up using BNC
lead-throughs into the NDP sample chamber. The chamber atmosphere was
exchanged to *400-150 mbar of He by alternatingly evacuating and flushing with
He gas. To position and electrically connect the cells within the chamber, a special
cell holder was designed. The first prototype, an aluminum metal plate (Al is used
to reduce background radiation as much as possible) with four cell mounting spots
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electrically insulated from the rest of the holder (where four cells could be
connected via a metal contact pressing onto the cell casing) is depicted in
Figure 15a. An optimized cell mount using gold pins as connectors, which
eliminates contact resistance issues encountered with the first prototype, is

displayed as a single unit in Figure 15b.

Figure 15. a) First generation NDP cell holder with four mounting slots (1-4, two cells are mounted)
for operando NDP coin cells connected with copper clamps, and, additionally, six slots (5) where
reference samples can be attached. b) Second generation optimized NDP cell holders mounted on
an aluminum stage. This setup additionally allows for cooling via connecting a cooling unit
(displayed in Figure 16). c) Photograph of a single cell mount that can be attached to the NDP holder
from b), which uses gold pins contacting negative and positive poles of the battery.

Each of these individual cell mount units can be prepared inside a glovebox and
afterwards connected to an aluminum plate (s. Fig. 15b), which is then positioned
and fixed inside the NDP chamber. This stage can be remotely moved inside the
chamber, allowing for the individual illumination of each cell with the neutron
beam. Furthermore, the aluminum stage can be coupled with a cooling unit, a
metallic vessel connected to a cooling fluid circulator (Julabo GmbH, Germany),
thus, allowing to cool the NDP cells to =-20 °C. The technical drawings of the cell
holder, aluminum stage, cooling unit, and an evacuation chamber (used to test cell
cycling under reduced pressure in a laboratory environment) can be found in the
Appendix of this thesis. The stage together with four mounted cells and the cooling

vessel are depicted in Figure 16.
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Figure 16. Aluminum stage connected to an aluminum cooling unit through which a cooling fluid
can be circulated in order to operate the NDP cells at a user-defined temperature down to =-20 °C.

The temperature on the aluminum surface next to the mounted cells can be
tracked via four individual thermocouples (not shown). In order to electrically
separate the cells from the aluminum plate and at the same time assure a good heat
transfer to cool the cells, a =500 um-thick plastic pad with high thermal
conductivity (silicon rubber, x5 W/mK) is placed between the stage and the cell
mount. The cooling stage can for example be employed to study lithium plating
during low-temperature operation, which, however, was not anymore in the scope
of this PhD thesis. To perform electrochemical cycling tests in the laboratory prior
to an experiment in a neutron reactor, a polycarbonate cylinder with an O-ring
sealing was designed, which can be connected to a vacuum pump. This offers the
possibility to, a) adjust the pressure to below ambient pressure, and b) purge the
chamber with nitrogen in order to avoid water condensation on the surface of cell

holder and cell at low-temperature operation.
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2.3 Further Experimental Techniques

6Li enrichment of a LIB electrolyte and LiFePO4 cathode

In order to increase the signal-to-noise ratio during NDP measurements, and
thus to largely reduce the acquisition time for one spectrum to 2 min, the natural
abundance of °Li of %7 at% was enriched to %95 at%. This was achieved by using
6Li-enriched LiPFs as conductive salt, which can be purchased at Sigma Aldrich
(95at%). The as-delivered salt was dried in a glass oven (drying oven 585, Biichi,
Switzerland) at 80 °C for 16 h under dynamic vacuum and then tested via 1H, 31P,
and 1°F NMR for impurities. To assure that also impurities that cannot be traced by
NMR but could affect cycling performance, an electrolyte was prepared with ¢LiPFe
(EC:EMC =30:70 wt% + 1 M °©LiPFs), and its quality was verified by performing
long-term cycling tests at 1 C using NMC622 /graphite T-cells and by benchmarking
these data with data from nominally identical cells with a commercial LP57
electrolyte (EC:EMC=30:70wt% +1M conventional 7LiPFs). The cycling

performance is shown in Figure 17.
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Figure 17. Cycling performance of nominally identical NMC622/graphite cells cycled with a
commercial LP57 (red symbols), and a self-mixed EC/EMC electrolyte with 1 M ©¢LiPF¢ (blue
symbols). The obtained specific discharge capacities shown by the solid symbols (left y-axis) and the
coulombic efficiencies by the open symbols (right y-axis). The error bars represent the deviation
from the average of two nominally identical cells.

The capacity fading and the coulombic efficiencies are similar for both the
6LiPFes-containing electrolyte and the commercial LP57, from which we conclude

that the electrolyte does not contain impurities in a significant amount.

During formation a significant amount of primarily 7Li from the commercial LFP

electrode will be mixed with the electrolyte, which requires that also the lithium in
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the LFP cathode active material is enriched to the same level as the lithium in the
electrolyte. Thus, a single-layer pouch cell with a *30 x 30 mm LFP electrode was
assembled vs. a metallic 7Li foil (450 pm, 99.8 %, Rockwood Lithium) using a
glassfiber separator, and 1 mL of LP57 electrolyte (1 M LiPF¢ in EC:EMC = 3:7 by
weight, BASF SE) in a half-cell setup to completely delithiate the cathode (C/10, CC
until 4 Veen and CV until a current cutoff of C/100). The pouch cell setup is in detail
described by Buchberger et al.21% Afterwards, the LFP cathode is harvested, washed
with DMC, and reassembled in a similar pouch cell now using metallic ¢Li foil, which
was rolled from ©6Li chunks (99.8 %, 95 at% enrichment, Sigma Aldrich) after
washing it with dried hexane, a 2500 Celgard® separator, and 100 pL of
6LiPFs-containing electrolyte. The voltage profiles for the delithiation and

relithiation steps are depicted in Figure 18.
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Figure 18. Complete delithiation of an LiFePO4 (LFP) electrode in an LFP/7Li pouch cell (blue), and
subsequent relithiation of the harvested FePO4 (FP) electrode in a second FP/¢Li pouch cell (red)
with the 6LiPFs-containing electrolyte (1 M ¢LiPF¢ in EC:EMC = 3:7 by weight)

X-Ray Photoelectron Spectroscopy (XPS)

The surface-analytical technique X-ray photoelectron spectroscopy (XPS) was
used in order to quantify the lithium diffusion into the copper metal of the anode
current collector in a LIB (section 3.2.1). All experiments were performed using an
Axis Supra spectrometer (Kratos, UK). The sample preparation was carried out in
an argon-filled glovebox (<0.1 ppm 02 and H20, MBraun, Germany), and then the
sample was transferred into the XPS with an air-tight sample loading device from
Kratos. The samples were mounted on a sample holder with an adhesive tape. The
transfer vessel was connected to the flexi-lock of the XPS without any exposure to

air, and the antechamber evacuated to a pressure of x10-8 torr before transferring
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the sample to the sample analysis chamber (SAC), where the pressure was kept
below <3 x 10-8 torr during the measurement. The spectra were acquired with
monochromatic Al-K« radiation (hv = 1487 eV) with an emission current of 15 mA,
a pass energy of 20 eV, a step size of 0.1 eV, a dwell time of 300 ms, and a measured
spot size of 800 x 300 um. The measurement was performed in hybrid lens mode
with turned on charge neutralizer, averaging over 4 scans (Cu 1s, Li 1s, Cu 3p, N 1s).
Data treatment was done using Kratos’ ESCApe software (version 1.1). Binding
energies (BE) were referenced to the adventitious carbon peak at 284.8 eV in the
C 1s spectrum, and fitting done by employing a mixture of 30 % Laurentzian and
70 % Gaussian functions with a Shirley background subtraction. The ratio between
copper and lithium atoms was determined based on the fitted spectra of Li 1s and
Cu 3p. Sputtering the sample surface was performed with an Ar*-ion gun at an
energy of 5 keV. The sputter time was 10 s in the first step and 30 s in all subsequent
cycles (raster size 2 x 1 mm). Conversion of the sputtering time into a depth rate
was done by completely sputtering through a pristine 100 nm thick copper layer on
top of the Kapton® foil, using the N 1s signal from the Kapton® polyimide as

indicator for a total penetration of the copper layer.
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3 Results

The following chapter contains two published studies and two manuscript drafts
of which one was recently submitted to a peer-reviewed journal and is currently
under review. The chapter is topically divided into insitu studies using
Electrochemical Impedance Spectroscopy (EIS) by means of u-REs (section 3.1),
and studies performed by means of operando Neutron Depth Profiling (NDP)
(section 3.2).

In section 3.1.1, a novel u-RE is presented based on an in situ sodiated tin wire
that can be used to deconvolute the contributions of anode and cathode impedances
to the full-cell impedance in a sodium-ion battery (SIB) cell. This method eliminates
the need to build and age multiple identical cells for combining pairs of anodes or
cathodes in so-called symmetrical cells in order to obtain electrode-resolved
impedance data. The approach of inserting a p-RE in a T-cell based battery
hardware was transferred from the well-known gold wire reference electrode
(GWRE), which was also developed at the Chair of Technical Electrochemistry by
Solchenbach et al.,'85 using an in situ lithiated, insulated 50 pm thick gold wire as
RE. In this study, the new micro-tin wire reference electrode (u-TWRE) is first
validated and afterwards used to measure the impedance of a hard carbon (HC)
anode in a Na/HC half-cell. In the second manuscript (section 3.1.2), we employ the
u-TWRE to compare the impedance evolution during (de)sodiation of a HC anode
with the impedances obtained during (de)lithiation of the very same active material

as a function of state-of-charge (SOC) and over extended cycling.

Section 3.2.1 deals with the development of an operando NDP coin cell setup that
can be used to record NDP spectra of battery electrodes during operation, while at
the same time delivering a cell performance comparable to a standard laboratory
cell. Here, the lithium concentration depth profile across a graphite anode is
measured during formation of an LFP/graphite cell. In a second study
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(section 3.2.2), the operando NDP method is used to monitor lithium plating
spatially-resolved across the thickness of a graphite electrode at a high time
resolution (*2 min/spectrum) during fast-charging. Here, we could show that
lithium plating upon fast-charging does not occur homogenously across the
thickness of the graphite electrode, but that it initiates on graphite particles in the
vicinity to the separator. As soon as the charging process is stopped, plated lithium
dissolves and lithium redistributes across the electrode thickness by lithium
diffusion/migration and subsequent intercalation into the graphite particles that
are at a lower SOC, i.e., those located near the electrode/current collector interface.
Unfortunately, the NDP data presented in this study include a low energy peak
which is already visible before starting the operando cycling experiment, strongly
suggesting the presence of metallic or SEl-bound lithium near the
separator/electrode interface. The unexplained lithium enrichment at this interface
must have formed during cell formation or sample transport from Germany to the
US and most likely originates from increased SEI formation on graphite particles
adjacent to the separator. We believe that the origin of this inhomogeneously
formed SEI might be related to impurities in the °LiPFs-based electrolyte, even
though this was not apparent from the validation experiments conducted with the
6LiPFs electrolyte (s. section 2.3). Thus, we intend to reproduce the NDP experiment
using a purified electrolyte which is why the manuscript was not yet submitted to a
peer-reviewed journal. Due to the shutdown of the neutron reactor FRM2 in
Garching from March 2020 and the unavailability of beamtime in the US because of
the corona pandemic, it was unfortunately not yet possible to repeat the experiment
and data shown in the manuscript of section 3.2.2 should be considered

preliminary.
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3.1 Electrochemical Impedance Spectroscopy Using
Micro-Reference Electrodes

3.1.1 Development of a Micro-Reference Electrode for Impedance

Measurements in SIBs

This section presents the article “A Reference Electrode for In Situ Impedance
Measurements in Sodium-Ilon Batteries”.188 The manuscript was submitted to the
peer-reviewed Journal of the Electrochemical Society in September 2019 and was
published in November 2019. The article is published open access and distributed
under the terms of the Creative Commons Attribution 4.0 License. The permanent

web link is: https://iopscience.iop.org/article/10.1149/2.0741915jes/meta. A

summary of the article was presented by Fabian Linsenmann as Paper 146 at the

Dallas, Texas, Meeting of the Electrochemical Society, May 26-May 30, 2019.

In the literature, impedance data of individual electrodes for sodium-ion battery
(SIB) active materials are very rare. Most of the publications simply provide full-cell
impedance data, mostly measured vs. a sodium metal electrode, and often ascribe
changes in full-cell impedance to changes in the impedance of the HC
WE;?215, 216,217,218, 219 thereby, neglecting the impedance change of the sodium metal
CE. Since the magnitude of a sodium metal electrode can be on the order of several
hundreds of {0cm?,220.221 and has been found to change drastically during cycling,222
the assumption that the CE impedance contribution can be neglected is very likely
not valid in most cases. Therefore, the use of reference electrodes for impedance
measurements is indispensable to deconvolute the individual impedance
contributions in half-cells or full-cells, as has also been shown in the case of
LIBs.#41.185,184,186 Moreover, this technique saves tremendous experimental effort
compared to the symmetrical cell approach223.224 and furthermore prevents
possible artifacts that could be introduced by cell disassembly and reassembly of

(aged) electrodes into so-called symmetrical cells.

In this study, we present an easily reproducible technique based on a tinned
copper wire that was insulated manually using polyurethane spray with a total

thickness of =100 pm. A sufficiently stable reference potential allowing for
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high-quality EIS measurements over extended cycling is assured by in situ sodiating
the tip of the tin wire from a sodium source inside the cell, such as a sodium CE or a
sodium-containing cathode. Furthermore, the validity of the obtained EIS spectra is
proven by a comparison with data recorded via a symmetrical cell approach. To
present a first application of the newly developed diagnostic technique, the
impedance of a HC electrode is tracked during cycling in a Na/HC half-cell. It has
been recently shown that artefact-free impedance measurements using
high-impedance p-REs, such as a u-TWRE or pu-GWRE, are not possible if the
impedances of WE and CE differ strongly,?2> as it is the case for a high surface area
HC electrode (with a roughness factor of rf 150 cm2per/cmZge0) compared to a
sodium or lithium metal electrode (rf=1cm?2ger/cm?geo). However, attaching a
free-standing electrode, e.g., a porous carbon paper, on top of the metal electrode
reduces the CE impedance to an extent that electrode-resolved EIS measurements

can be performed without artefacts.

The impedance technique presented in this publication will be a useful tool for
all researchers working on the development of new cathode or anode active
materials for SIBs, enabling them to characterize impedance changes during

long-term cycling in full- or half-cells.
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In this work, we introduce a newly developed micro-reference electrode (p-RE) for sodium-ion batteries (SIBs). This w-RE is based
on a 50 pm-sized tin-coated copper wire, manually insulated using polyurethane (PU) spray, such that only the cross-sectional area
of the wire tip is in contact with the electrolyte. The tin-coating allows for facile in situ electrochemical sodiation, resulting in a
stable potential of the wire that enables in situ Electrochemical Impedance Spectroscopy (EIS). We will show that reliable single-
electrode impedance data from SIB cells can be obtained with this new tin wire p-RE (w-TWRE) concept, validated by comparing
-RE-based single-electrode impedance data with those acquired by a symmetrical cell approach. As hard carbons are currently the
most promising anode material for SIBs, we evaluate the impedance evolution of a hard carbon anode over extended charge/discharge
cycles in a half-cell vs. sodium metal, comparing its impedance measured at the same state-of-charge (SOC) over 50 cycles. Thus,
we demonstrate that EIS using a w-TWRE can be used as a convenient tool to quantify the impedance evolution of SIB anodes and
cathodes.
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The demand for lithium-ion batteries (LIBs) used in portable elec-
tronics and automotive applications has strongly increased within the
last ten years. In 2018, for the first time in history, more than 2 mil-
lion fully electric vehicles (FEVs) were sold worldwide.! As recently
decided by the European Union, the maximum average fleet CO, emis-
sion target of 95 g/km (from 2021) must be even further reduced to
~60 g/km by 2030, which forces original equipment manufacturers
(OEMs) to strongly increase their share of hybrid and fully electric ve-
hicles (EVs). This is one reason why more and more OEMs announce
the release of new electric vehicles with increasing battery pack sizes,
with alone the Volkswagen group stating that they are planning to
sell 22 million EVs by 2030.? Therefore, a rapid acceleration of the
battery demand is to be expected within the next years, which will
likely affect the demand for lithium and its cost. In order to become
independent from lithium, cheaper and more sustainable alternatives
to LIBs are getting into focus. Since sodium is #1000 more abundant
in the earth’s crust and less locally concentrated compared to lithium,’
sodium-ion battery (SIB) research has attracted considerable attention
in recent years.*”’ Particularly, applications such as grid storage where
high volumetric and gravimetric energy density are less critical could
provide an interesting use case for SIBs.®

In order to advance the fundamental materials characterization for
SIBs, it is desirable to adapt the electrochemical and analytical tech-
niques established in the field of LIB research to sodium-based sys-
tems. Electrochemical impedance spectroscopy (EIS) is a fast and
non-invasive technique to provide valuable insights into intercalation
kinetics, interfacial processes, and/or the effect of additives via moni-
toring of the associated resistances, so thatitis used intensively for LIB
studies.” !> However, the measurement of cell impedance data does
not allow for the deconvolution of cathode and anode impedances,
and for in situ impedance analysis of individual electrodes a reference
electrode (RE) is required.®'®'® Without a RE, the only possibility
to independently quantify the anode and/or cathode impedance is the
disassembly of multiple cells and the recombination of identical an-
ode or cathode pairs in symmetrical cells.'>»'°?? In the latter case,
monitoring the evolution of the electrode impedance as a function of
state-of-charge (SOC) and/or over extended cycling requires dis- and
reassembly of numerous cells, so that artefacts due to cell opening and
electrode transfer may be introduced. On the other hand, when using
p-REs, the design and placement of the |.-RE with respect to working

*Electrochemical Society Student Member.
**Electrochemical Society Fellow.
“E-mail: fabian.linsenmann @tum.de

(WE) and counter electrode (CE) in a three-electrode setup is crucial
in order to obtain artefact-free impedance spectra.”'%17?3 The w-RE
has to fulfill the following requirements: a) its potential has to be stable
within the measuring duration of the impedance spectrum (typically
<20 min); b) it has to be located centrally between anode and cathode,
where the electric field is homogeneous; and, c) its cross-sectional
dimensions have to be small compared to the distance between the
electrodes in order to minimize the potential gradient across the di-
ameter of the -RE. In general, it is advantageous to use -REs with
a well-defined reference potential, as simple metal wire pseudo-REs
frequently exhibit too large potential drifts, as was shown by Dollé et
al. for copper and silver wires;>* in some cases, however, the potential
of pseudo-REs is sufficiently stable to enable EIS analysis down to
frequencies of ~0.1 Hz.'*%

For EIS studies in LIBs, Solchenbach et al.’ incorporated a 50 pum
thick insulated gold wire into a standard Swagelok T-cell, whereby
the wire tip that exposes the gold to the electrolyte was located cen-
trally between cathode and anode, separated from each electrode by a
~200 wm thick glass fiber separator. To obtain a stable reference po-
tential, the gold wire tip was electrochemically lithiated in situ from
a lithium source within the cell (a metallic lithium electrode or a con-
ventional LIB cathode), producing an Li-Au alloy with a well-defined
potential of ~0.31 V vs. Li*/Li. As the Au-Na phase diagram shows
several intermetallic phases such as AuNa and AuNas,?® we were hop-
ing that the same gold wire w-RE concept could be utilized for SIB
studies. Unfortunately, tests performed in our group to electrochemi-
cally alloy gold with sodium were unsuccessful, since the intercalation
kinetics of sodium in gold seem to be significantly slower compared
to lithium. However, there are other metals known for facile alloying
with sodium, such as barium, lead, zinc, and tin.?’ Tinned copper wires
are standard materials used for electrical leads and therefore can be
purchased with diameters down to 25 jum. Abraham et al.!® success-
fully used an insulated 25 pm thick tinned copper wire as w-RE for
EIS measurements in a LIB, which was also lithiated in situ to form
an Li,Sn alloy for which one expects to obtain a stable potential.

In the present study, we demonstrate that a commercially available
tinned copper wire can be easily (and even reversibly) sodiated,
ultimately yielding a tin wire w-RE (referred to as w-TWRE) with
a relatively stable reference potential. We will show that reliable
single-electrode impedance data from sodium-ion battery cells can
be obtained with this new -TWRE concept, validated by comparing
pw-TWRE based single-electrode impedance data with those obtained
by the symmetrical cell approach. Due to their low cost and compa-
rably good capacities, hard carbon materials are to date the almost
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ubiquitously used and most promising anodes for SIBs.?*3! Despite
their central importance for SIBs, very few impedance data on
sodiated hard carbon electrodes have been published and, to the best
of our knowledge, there is no publication analyzing the evolution
of the hard carbon impedance over extended cycling that is based
on electrode-resolved EIS analysis, i.e., without being compromised
by the impedance contribution from the counter electrode, such as a
sodium metal electrode. Therefore, we will here track the evolution
of the impedance of a hard carbon electrode in a half-cell setup over
extended cycling by means of an in situ impedance measurement
with a W-TWRE.

Experimental

Electrode and electrolyte preparation.—Hard Carbon electrodes
were composed of hard carbon (Kuranode, BET surface area 5.2 m%/g,
Kuraray, Japan), sodium carboxymethyl cellulose (CMC, Sunrose,
NPI, Japan), and styrene-butadiene rubber (SBR, emulsion in water,
solid content 40 wt%, Zeon, Japan) at a weight ratio of 97:1.5:1.5. Na-
CMC was first mixed with highly pure water (18 MQcm, Merck Mil-
lipore, Germany) using a planetary mixer (Thinky, USA; at 2000 rpm
for 15 min). Hard carbon powder was added in three steps in order to
reach a final solid content of 50 wt% with 2 min mixing in between at
2000 rpm. SBR was added to the slurry and mixed at 500 rpm for 2 min.
The ink was coated onto aluminum foil (MTI, United States) using a
100 pm gap size four-way film applicator (Erichsen, Germany) and
dried at room temperature for 5 h, resulting in an average loading of
34 0.3 mg/cm? (= 0.87 & 0.087 mAh/cm?, based on a specific capac-
ity of 290 mAh/gyc); hard carbon electrodes were then punched out
at a diameter of 11 mm. Together with glass fiber separators (11 mm
diameter, VWR, Germany), the electrodes were dried under dynamic
vacuum at 120°C for 12 h in a glass oven (drying oven 585, Biichi,
Switzerland) and transferred into an argon-filled glove box (MBraun,
Germany) without exposure to air. The as-used uncompressed hard
carbon electrodes had a thickness of 59 + 2 pm (Al current collec-
tor 15 &£ 1 pm) and a porosity of ~60%. Note that the home-made
Swagelok T-cell setup is designed in a way that only a pressure of
~2 bar is exerted on the cell stack by the compression spring. By
compressing a hard carbon electrode using a strain/compression test-
ing machine (Zwick, Germany) with a defined pressure of 2 bar, the
thickness change was found to be +/—1 pm, which is within the error
of the thickness gauge (Mitutoyo, Japan). Sodium disks (11 mm di-
ameter, thickness ~500 pwm) were punched out from sodium foil that
was prepared from sodium ingots (99.95%, Sigma Aldrich) within an
argon-filled glove box (O, and H,O <0.1 ppm). The electrolyte was
prepared by mixing 50 vol% ethylene carbonate (EC, >99%, Sigma
Aldrich) and 50 vol% dimethyl carbonate (BASF SE, Germany) with
1 M NaPF¢ (99.9%, Kishida Chemicals, Japan).

Cell assembly and electrochemical testing.—Swagelok T-cells
were assembled inside an argon-filled glove box with hard carbon
working electrodes (WE) and sodium counter electrodes (CE), 60 wL
electrolyte, two glass fiber separators, and a tinned copper wire (di-
ameter = 50 wm, Eurowire, Great Britain) with a manually applied
insulation as reference electrode (w-TWRE). Unfortunately, as
demonstrated recently by Morasch et al.,*? this cell configuration
would not allow for the acquisition of single-electrode EIS data by
means of a jL-RE, since the resistances of WE and CE have to be within
the same order of magnitude when using a high-impedance j1-RE (i.e.,
a-TWRE or alithiated gold wire u-RE). They showed, however, that
the attachment of a freestanding high-surface area carbon electrode to
a metallic lithium electrode reduces its impedance to the extent that
artefact-free half-cell EIS data can be acquired with a high-impedance
RE.*? Following their recommendation, we sandwiched a high-surface
area carbon fiber paper (H1410 type from Freudenberg (Germany),
cut to 10 mm diameter, with a thickness of 150 um and a BET area
of ~14 m?/g) between the separator and the sodium metal CE (s.
Figure 1a), which effectively reduces the impedance of the latter by
means of chemical interaction of the metallic sodium with the carbon
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Figure 1. a) Electrode stack exemplarily shown for the in situ EIS measure-
ment of an HC electrode in a Swagelok T-cell using a u-TWRE that is located
centrally between two glass fiber separators. A carbon paper freestanding elec-
trode is put on top of the sodium metal disk in order to decrease the resistance
of the sodium CE;*? b) mixed potential of the carbon paper/sodium composite
measured at OCV vs. sodium metal.

matrix, resulting in a mixed potential of the carbon paper/sodium com-
posite anode that is within less than 0.5 mV of that of a pure metallic
sodium electrode after 5 h (s. Figure 1b).

Impedance spectra analysis.—In order to compare the impedance
responses measured via the u.-RE with those collected using a symmet-
rical cell, the spectra were fitted with a MATLAB-based application
(“EIS Breaker” written by J. Landesfeind),'* which applies a finin-
search MATLAB function using a Nelder-Mead simplex algorithm
and modulus weighing. The underlying equivalent circuit is depicted
in Figure Sc and consists of a high-frequency resistance Ryrr and a
mono-rail transmission-line incorporating a pore resistance Ry and
acharge transfer resistance Rer in parallel to a constant phase element
Q, similar to the one used by Landesfeind et al.'* The transmission
line is simplified by neglecting the resistance rail through the active
material due to the high electronic conductivity of the carbon electrode
and is therefore called mono-rail TLM (mTLM).

The tinned copper wire was insulated using polyurethane spray
(Urethan 71, Kontakt Chemie, Germany), resulting in a total thick-
ness of 2100 wm (s. Figure 2). The incorporation of the w-RE in the
Swagelok T-cell was done according to Solchenbach et al.’

Prior to cell cycling, the u-TWRE was electrochemically sodiated
in situ from the sodium CE by applying a charging current of 50 nA
until a potential cutoff of 10 mV vs. Na*/Na is reached, requiring
several tens of hours (see later). At the end of the charging process,
the potential was found to relax to ~110 mV vs. Na*/Na within 5 h
and then remained relatively stable over more than 100 h. The hard
carbon half-cells were cycled galvanostatically at C/10 (referenced
to a hard carbon capacity of 290 mAh/gyc) within a cell potential
range of +1.5 Ve and +10 mV,. For impedance measurements,
the cell was charged at C/10 to 100 mV,; where it was switched to
OCYV for 30 min, followed by potential-controlled EIS (referred to as
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Figure 2. a) SEM image of the tinned copper wire coated with polyurethane
(PU); b) insulation process of the p-RE wire using PU spray; c) schematic
representation of the u-RE consisting of a copper wire core, a Sn layer coating,
and PU insulation, with a total thickness of the insulated u-TWRE of ~100 pwm.

PEIS) at OCV using the i-TWRE and a perturbation amplitude of
20 mV between 100 kHz and 0.1 Hz. For validating EIS measurement
results performed with the w-TWRE, the impedance response of a
freshly assembled cell after ca. 24 h rest at OCV was compared to EIS
measurements using the symmetrical cell approach. All experiments
(cycling and impedance) were performed in temperature-controlled
chambers (Binder, Germany) at 25°C.

Results and Discussion

In situ sodiation of the .-TWRE.—As experimentally shown by
Solchenbach et al., the use of a pseudo-p-RE (in that case a non-
lithiated gold wire w-RE, s. Figure 3b and c in Reference 9) can lead
to artefacts in the impedance spectra in the low-frequency region if
the potential drift is too large relative to the perturbation amplitude.
Thus, while in some instances pseudo-p-RE can be used to produce
high-quality impedance spectra down to even 0.1 Hz,'*?> |1-REs with
an electrochemically well-defined potential are preferable. For this
reason, Solchenbach et al.” had lithiated their gold wire u-RE, and
we will explore the in situ sodiation of the tip of the polyurethane
coated tin-shroud that surrounds the copper wire of the here presented
Ww-RE (s. Figure 2). Figure 3 shows the potential profile during the in
situ galvanostatic sodiation and desodiation of the tin phase of the -
RE (total diameter ~100 pwm, assembled in a Swagelok T-cell) using
sodium metal disks as WE and CE. The (de)-sodiation was performed
with a constant current of 50 nA, with a lower cutoff potential of
10 mV vs. Na™/Na, and an upper cutoff potential of 1.5 V vs. Na*/Na,

1.4
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Figure 3. Potential profile during the reversible in situ (de)-sodiation of the
tip of the Sn coating of the .-TWRE recorded from the sodium metal WE in a
T-cell with two sodium metal electrodes (s. inset scheme). During desodiation,
four potential plateaus can be distinguished, most likely assignable to Na-Sn-
phases with the compositions Na;sSng, NagSng, NaSn and NaSns according
to Ellis et al.3
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Figure 4. Potential profile during the galvanostatic (50 nA) in situ sodiation of
one of the u-TWRE to a cutoff potential of 10 mV vs. a sodium CE (requiring
~35 h), followed by the potential relaxation during the subsequent OCV phase,
shown for three independently assembled Swagelok T-cells. a) Magnification
of the w-TWRE potential during the OCV relaxation phase, demonstrating the
highly reproducible behavior for three different cells; b) potential drift rate (in
mV/min) of these three -TWREs during the first 3 h of the OCV relaxation
phase (i.e., after the end of the sodiation procedure).

requiring roughly 22 h per half-cycle. During sodiation (black line
in Figure 3), four potential plateaus can be discerned, whereby the
last three plateaus are very distinctly visible during the desodiation
half-cycle (red line). Comparing the voltage profile shown in Figure 3
with the combined cycling and X-ray diffraction (XRD) experiments
conducted on sputtered tin film electrodes by Ellis et al.** (with an
areal sodiation capacity of ~1 mAh/cm?), the desodiation plateaus
in Figure 3 can most likely be assigned to four different sodium-tin
phases, namely Na;sSny, NagSnyg, NaSn, and NaSns.

In anext step, the stability of the u.-TWRE after sodiation to a cutoff
potential of 10 mV vs. Na*/Na was evaluated. Figure 4 shows the first
galvanostatic (50 nA) sodiation of a .-TWRE to 10 mV vs. Na*/Na
(requiring ~35 h) and the subsequent relaxation phase over ~100 h
at open circuit voltage (OCV) for three w-TWRE cells. During sodia-
tion, a total charge of ~1.75 wAh is passed from the sodium WE to the
w-TWRE. Assuming a typical capacity for a SIB cathode electrode
of 2 mAh/cm? (corresponding to ~2 mAh for the here used 11 mm
diameter electrodes), the total charge required for the sodiation of the
pw-TWRE would be <0.1% of the cathode capacity and can therefore
be considered negligible. The magnification of the OCV relaxation
phase in inset of Figure 4a clearly shows the highly reproducible po-
tential vs. time profiles for the three -TWREs, all relaxing toward
a stable potential of ~100-110 mV vs. Na™/Na. As we want to use
the sodiated |.-TWRE to obtain electrode-resolved EIS data down to
low frequencies, a sufficiently small p-TWRE potential drift over the
duration of an EIS experiment is required. For a more convenient as-
sessment of the potential drift of the w-TWRE, the inset of Figure 4b
shows the time dependence of its potential (dE, rwrg/dt) over the
course of the OCV relaxation phase: approximately 2.5 h after the
sodiation of the .-TWRE, the potential drift rate decreases to below
~0.1 mV/min, and remains at such low values for another ~100 h
until the end of the experiment (with a total drift of &2 mV over this
period). Considering that the acquisition time for a typical impedance
experiment between 100 kHz and 0.1 Hz is at most 20 min, the maxi-
mum potential drift of the W-TWRE with a drift rate of <0.1 mV/min
is <2 mV. Therefore, for the potential perturbation amplitude of
20 mV used for our PEIS measurements, the total potential drift of the
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Figure 5. a) Comparison of the Nyquist impedance spectra of the pristine HC anode in an HC/Na half-cell with a w-TWRE (purple line/symbols) with that of
the pristine HC anode in a symmetrical HC/HC cell (black line/symbols), whereby the real and imaginary impedance values of the latter were divided by two in
order to represent one single HC electrode. The PEIS data at OCV (taken between 100 kHz and 0.1 Hz with a perturbation amplitude of 20 mV) were recorded
directly after a 24 h wetting period. The symbols represent the measured, and the lines the fitted PEIS data (shown between 30 kHz and &7 Hz); b) magnification
of the high frequency (HFR) region; c) equivalent circuit used to fit the impedance spectra, consisting of a high-frequency resistance (Ryrr) and a transmission
line model with a parallel Rct/Qct element, a negligible electronic resistance rail, and a pore resistance (Rpore) that represents the ionic conduction resistance in
the electrolyte phase within the HC electrode pores (referred to as mTML circuit; s. Experimental section).

w-TWRE is only ~10%, satistying the requirement that the potential
drift of the RE must be small with respect to the perturbation ampli-
tude over the duration of the PEIS experiment. This means that after
an OCV relaxation time of ~2.5 h, reliable PEIS data can be obtained
with our n-TWRE for the above specified experimental conditions.

Validation of the w.-TWRE impedance data.—In order to confirm
the validity of the impedance response measured with the here de-
veloped w-TWRE, the in situ EIS measurements of the HC anode in
an HC/Na half-cell are compared with ex situ data collected using
an HC/HC symmetrical cell. For this purpose, two out of three hard
carbon electrodes from the same coating were used to build a symmet-
rical HC/HC T-cell. The third electrode was incorporated into a T-cell
equipped with a .-TWRE (setup depicted in Figure 1a). For each cell,
EIS data were acquired at OCV after a 24 h wetting phase. The re-
sulting Nyquist plots are displayed in Figures 5a and 5b, reflecting the
so-called blocking conditions (i.e., conditions where the charge trans-
fer resistance (Rcr) depicted in the transmission line model shown in
Figure Sc is very large), as one would expect for pristine HC elec-
trodes far above the potential where a charge transfer reaction can
occur. The black curves show the impedance response of the sym-
metrical HC/HC cell, whereby the real and imaginary values were
divided by 2 in order to represent one of the two nominally identi-
cal hard carbon electrodes. The purple lines show the EIS data of the
HC electrode collected from an HC/Na half-cell equipped with the -
TWRE. While the high-frequency intercepts for the data sets shown
in Figures 5a and 5b is very similar, as one would expect, one needs to
note that differences up to ~1 Qcm? have been observed in repeat ex-
periments with different cells, which originates from slightly different
compressions of the two easily compressible 250 jum thick glass fiber
separators that is due to the slight variations in the compression of the
T-cells, which are equipped with a compression spring.” Furthermore,
the impedance spectrum of the HC/Na half-cell with the w-TWRE
displays a downward pointing bend at frequencies above 230 kHz (s.

Figure 5b), which is a well-known artefact of high impedance REs,
that was also observed before.!*3* Therefore, only impedance values
at frequencies below ~30 kHz should be taken into account when
using the w-TWRE.

The impedance spectra feature a 45°-line at high frequencies, orig-
inating from the ionic conduction resistance in the electrolyte phase
within the porous electrode (R ) that is nicely visible under blocking
conditions; at lower frequencies, this transitions into an almost purely
capacitive behavior (i.e., a nearly vertical line in the Nyquist plot).
As outlined by Landesfeind et al.,'* the impedance responses shown
in Figures 5a and 5b can be fitted with the simple transmission line
model depicted in Figure 5c, consisting of an ionic conduction rail
represented by Ry, of parallel circuit elements of a charge transfer
resistance (Rcr) and a constant phase element (Qcr) that represents
the double-layer capacitance, and of an electronic conduction rail with
a negligible electronic resistance in the case of the highly conductive
hard carbon electrode (referred to here as mTLM circuit). Fitting the
data in Figures 5a and 5b to the circuit in Figure 5c, the obtained Ry
values are 4.1 & 0.3 Qcm? for a single HC electrode in the symmet-
rical HC/HC cell (based on two repeat experiments) and 4.5 + 0.3
Qcm? for the HC electrode in the HC/Na half-cell with the p-TWRE
(based on three repeat experiments). Therefore, within the error of
measurement, the impedance analysis for the HC/HC symmetrical
cells and the HC/Na half-cells with the w-TWRE agrees very well,
and thus validates the accuracy of the p-TWRE approach (similarly
good agreement was observed previously for a lithiated gold wire .-
RE'*). From the pore resistances, the tortuosities of the electrodes
can be calculated:** taking into account an electrolyte conductivity of
8.2 mS/cm (at 25°C), an electrode thickness of ~44 pm, a porosity
of 60%, and an electrode area of 0.95 cm?, this equates to electrode
tortuosities of 4.4 + 0.3 and 4.8 & 0.3 for the HC/HC symmetrical cell
and the HC/Na half-cell measurements, respectively. In comparison,
tortuosities measured for flake-like graphite electrodes using the same
technique were found to be around 5.3
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Hard carbon impedance evolution during cycling.—As already
described above, a major advantage of the in situ impedance measure-
ment method with a u-TWRE for SIBs is the possibility to very easily
monitor the impedance of an individual electrode (in the present case
the HC electrode) during (long-term) cycling of a cell. In the liter-
ature, impedance data on sodiated hard carbon electrodes are quite
rare. If provided, the measured impedances are often not normalized
to the electrode area,”**3% which makes a quantitative comparison
between different studies difficult. More problematic, however, is that
most studies simply monitor the change in cell impedance and ascribe
this to a change in the hard carbon impedance,”¢* i.e., neglect-
ing possible changes in the impedance of the CE, which in most of
these studies was sodium metal. For example, Vili et al.* present
impedance data between 300 kHz and 10 mHz of a glucose-derived
hydrothermal hard carbon in an HC/Na half-cell in EC/DMC + 1 M
NaPFg electrolyte, measured after cycling to different cell potentials
(1.0, 0.6, 0.37, and 0.04 V), analyzing the change in cell impedance,
i.e., the sum of the impedance of the hard carbon WE and of the sodium
CE. Since the surface area of the sodium counter electrode is likely to
change substantially during cycling, especially during the half-cycles
where sodium plating occurs, the impedance of the sodium electrode is
expected to also change over the course of cycling; this is well known
for lithium metal electrodes,*'**> where the impedance change of a
graphite electrode in graphite/Li half-cell impedance measurements
is often mistakenly ascribed to the change in the impedance of the
graphite electrode.*® There is clear evidence in the literature that the
same uncertainties are present in the case of impedance measurements
of cells with a sodium metal electrode, particularly as the charge trans-
fer resistance of a typical sodium metal electrode is rather large (sev-
eral hundreds of Qcm?, with the exact value depending on the sodium
metal roughness***3). Moreover, in a recent study, Dugas et al.** point
out that the SEI formed on a sodium metal electrode is not stable
and that therefore also the impedance of the Na electrode changes
drastically over time, which was measured in an Na/Na symmetrical
cell in EC/DMC + (50v%/50v%) + 1 M NaPFg over 290 h. Here,
the charge transfer resistance roughly doubled from ~2150 Qcm? to
~300 Qcm.? Due to the fact that the impedance of the sodium counter
electrode cannot be deconvoluted from the overall cell impedance, no
precise information on the evolution of the hard carbon impedance
can be gained from the overall impedance of HC/Na half-cells, un-
less the hard carbon impedance would be significantly larger than the
estimated several hundreds of Qcm? expected for the Na electrode.

As already discussed above, one way to eliminate the impedance
contribution from the sodium metal CE would be the use of sym-
metrical cells. Unfortunately, hardly any published study determines
the impedance of the hard carbon electrode with symmetrical cells
or even with a reference electrode. An exception is a study by Ding
etal.,*® who use the symmetrical cell approach in order to deconvolute
the contributions from the sodium metal CE. Here, they investigate
the electrochemical performance of a hard carbon anode for ionic-
liquid based SIBs in a temperature range of 10-90°C using Na/Na
and HC/HC symmetrical cells. As a conclusion, they stress that the
Rer value for the Na electrode is much larger than that for the HC
electrode, which again demonstrates that overall cell impedance data
on SIB half-cells can easily be misinterpreted if the sodium metal
impedance contribution is not taken into account.

To the best of our knowledge, there are no data on the impedance
evolution of a hard carbon anode over extended cycling of an HC/Na
half-cell, neither measured in symmetrical cells nor employing a
W-RE. Figure 6a shows the hard carbon impedance spectra of a hard
carbon electrode cycled vs. sodium metal (as shown in Figure 1a). PEIS
was measured during cycling at a cell potential of 100 mV; during
the sodiation cycle after an OCV relaxation phase of 30 min (measured
at OCV). Depicted are the EIS spectra recorded during cycle 1 (purple
symbols) and cycle 2 (cyan symbols). Both hard carbon impedance
spectra feature a large semi-circle at low frequencies, with an apex
frequency of ~25 Hz, presumably representing the charge transfer re-
sistance of the hard carbon anode, as well as a short 45°-line at high
frequencies, which reflects Rpo.. The impedance spectra were fitted
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Figure 6. a) Nyquist impedance plot of the hard carbon electrode impedance
measured in an HC/Na half-cell using the u-TWRE (for the cell setup s. Fig-
ure la) during cycling at rate of 0.1 C at 25°C for the first cycle (purple
line/symbols) and for the second cycle (cyan line/symbols). For the impedance
measurements, the cell was cycled to a cell potential of 100 mV .y during the
sodiation cycle, then held at OCV for 30 min, after which time a PEIS was ac-
quired at OCV between 100 kHz and 0.1 Hz and with an amplitude of 20 mV.
The impedance data are depicted by symbols and the fit to the equivalent circuit
shown in Figure 5c¢ is given by the lines (for fitting parameter, s. Table I); b)
residuals between the impedance data and the equivalent circuit fit, demon-
strating the good description of the impedance data by the simple equivalent
circuit depicted in Figure 5c.

using the equivalent circuit shown in Figure 5c, whereby the ionic re-
sistance Ry Was fixed to the value of 4.5 Qcm? that was determined
from the fit under blocking conditions (s. discussion of Figure 5);
to obtain a stable fit, the electronic resistance of the electronic rail (s.
Figure 5c) was set to a very small value of 0.001 Qcm?, which es-
sentially means that the resistance of the electronic rail is negligible.
The resulting fit is shown by the solid lines in Figure 6a and the error
between the fit and the data is depicted in Figure 6b, demonstrating
that the simple equivalent circuit shown in Figure 5c with only one
Rcr/Qcr element is sufficient to describe the impedance response of
the HC electrode. The resulting fitting parameters to describe the hard
carbon electrode impedance in the first and second cycle are summa-
rized in Table 1. For the obtained acr values that are reasonably close
to 1, the magnitudes of the constant phase elements (Qct) can be ap-
proximated with a capacitance, which in turn can be normalized by the
actual surface area of the hard carbon electrodes of 2150 cm?yc/cm?
(from A3 mgyc/cm? loading and A5 m?y¢/gyc BET), yielding a sur-
face area normalized capacitance of ~1.7 wF/cm?yc. This is consistent

Table 1. Summary of the fitting parameter and the obtained
parameter values for the hard carbon impedance spectra shown in
Figure 6a, using the equivalent circuit depicted in Figure 5c. Here,
Ryrr is the high frequency resistance, Rcr is the charge transfer
resistance of the hard carbon electrode, Qcr is the constant phase
magnitude, and ocr is the constant phase exponent.

Cycle 1 Cycle 2
parameter value error/% value error/%
Rurr/Qcm? 3.4 22 33 23
Rer/Qem? 47.6 0.3 35.3 0.5
Qcr/mE-s@cr—D/ecm? 0.25 1.9 0.26 2.8
acr / 0.9 0.4 0.9 0.6
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with a typical double-layer capacitance in aprotic electrolytes*’ and
therefore confirms that the semi-circle feature in Figure 6a represents
the charge-transfer resistance of the hard carbon electrode.

The charge transfer resistance Rt of the hard carbon anode in the
first cycle is on the order of 50 Qcm? (s. Table I), i.e., much smaller
than the above estimated charge transfer resistance of a typical sodium
metal electrode. Thus, its value could not be obtained from the overall
HC/Na cell impedance without the use of a reference electrode. The
hard carbon Rer also significantly decreases from cycle 1 to cycle 2.
Other carbon-based intercalation materials, such as graphite, do not
exhibit a decreasing charge transfer resistance in the first two cycles,
but rather show a monotonously increasing anode impedance with
time,”'3 usually explained by SEI growth and a subsequent increase
in SEI resistance. A plausible reason for the decrease in Rer for the
hard carbon anode in an SIB could be that the surface area of the hard
carbon electrode is increasing during the first cycle(s), owing perhaps
to the opening of pores or other as yet unknown phenomena.

Figure 7a shows the voltage profiles for cycle 1, 2, and 52 of a hard
carbon anode cycled at 0.1 C and 25°C vs. sodium metal in an HC/Na
half-cell with a w-TWRE, with the inset depicting the evolution of the
specific desodiation capacity and the coulombic efficiency vs. cycle
number. The hard carbon cell exhibits a high first-cycle coulombic
efficiency of ~92%, which is close to values that have been reported
for this type of HC.** After the second cycle in which a coulombic
efficiency of >99.5% has been reached, the capacity fading of the hard
carbon electrode is minor, retaining a specific reversible capacity of
265 mAh/gyc or ®94% after 52 cycles.

Figure 7b shows Nyquist impedance plots, each measured during
sodiation at a cell potential of 100 mV vs. Na CE and a 30 min re-
laxation phase at OCV during cycle 1, 2, and afterwards during every
10% cycle between 100 kHz and 10 mHz. As already explained for
the impedance spectra of cycle 1 and 2 in detail above, within the first
two cycles, two regions can be distinguished within the impedance
spectra. A large semi-circle at mid and low frequencies, which we
attribute to a charge transfer resistance (Rer, ~48 Qcm? for cycle
1 and ~36 Qcm? for cycle 2), and a short line with a 45°-slope at
high frequencies (visible in a magnification of Figure 6a, not shown)
originating from a pore resistance (Rpor.), which we also identified in
the impedance spectrum of the blocking hard carbon electrode (0%
SOC) in Figure 5. This pore resistance at high frequencies and the
semi-circle at mid frequencies is also visible during all other cycles.
However, roughly starting at cycle 22, a second semi-circle at higher
frequencies compared to the first semi-circle is evolving and growing
in magnitude with increasing cycle number, which is most apparent in
cycle 52. This second semi-circle might be due to the SEI resistance
that is hidden underneath the large semi-circle during the first cycles.
With ongoing cycling, the SEI resistance is likely to increase which
could be the reason that this process becomes more and more visible
as a second semi-circle for higher cycle numbers.

The total magnitude of the hard carbon electrode impedance, which
we define as the difference of the real part of the low frequency resis-
tance at 0.1 Hz (R gr) and the real part of the high frequency resistance
at 30 kHz (Ryrr), is plotted in Figure 7b (s. inset). As already men-
tioned above, Figure 7b shows that the total, real part of the electrode
resistance first decreases during initial cycling (at least in the second
cycle, however, most likely within the first couple of cycles) and af-
terwards slowly increases. Taking into account the processes that we
assigned to the features in the impedance spectra above, we speculate
that the increase in electrode impedance for longer cycling (>cycle
22), is related to aging effects of the electrode, most likely due to a
growth of the SEI. This hypothesis is supported by the fact that the
diameter of the second, larger semi-circle stays roughly constant from
cycle 22 and the increase of the total resistance seems to originate from
the second, smaller semi-circle that we attributed to an SEI resistance.

Conclusions

In this work, we introduce a new method that enables in situ
impedance measurements in sodium-ion battery cells, which al-
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Figure 7. a) Voltage profiles of cycle 1, 2, and 52 for the (de)-sodiation of
a hard carbon anode cycled between 1.5 and 0.01 V. The inset shows the
specific desodiation capacity and the coulombic efficiency vs. cycle number; b)
Nyquist plot of the impedance response of a hard carbon electrode in an HC/Na
half-cell obtained with a sodiated |.-TWRE and measured during the first,
second, and thereafter every 10 sodiation cycle at a potential of 100 mVe
(data for cycle 1 and 2 are the same as in Figure 6). The inset depicts the overall
electrode impedance obtained by subtracting the high-frequency resistance
recorded at 30 kHz (Rypr ) from the low-frequency resistance recorded at 0.1 Hz
(RLER). Conditions: 25°C, EC/DEC (50v%/50v%) + 1 M NaPFg electrolyte,
cycling at a rate of 0.1 C, PEIS with 20 mV amplitude after an OCV phase of
30 min, frequency range 100 kHz-0.1 Hz.

lows for separating single-electrode contributions to the overall cell
impedance. The newly developed technique is based on a -RE con-
sisting of a ~100 pwm thick tinned copper wire with a polyurethane in-
sulation, referred to as tin-wire micro-reference electrode (j.-TWRE)
that can be easily incorporated into a Swagelok type T-cell. By in situ
sodiating the tip of the tinned wire from a sodium source within the
cell, e.g., from a sodium metal counter electrode or a sodium con-
taining cathode active material, it is possible to alloy sodium with
tin, yielding Na-Sn-phases that exhibit a reference electrode potential,
which is stable enough in order to perform high-quality impedance
measurements. The validity of the data obtained from the w-TWRE
was evaluated by comparing them to measurements performed in sym-
metrical cells, which were in very good agreement.

The use of this newly developed |.-RE makes it possible to easily
monitor the impedance evolution of an individual electrode in sodium-
ion battery cells over extended cycling, thereby saving experimen-
tal effort compared to the use of symmetrical cells and eliminating
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possible artefacts introduced by cell assembly and disassembly re-
quired for symmetrical cell measurements. As a first application, we
measured the impedance of a hard carbon anode cycled vs. a sodium
metal counter electrode at a rate of 0.1 C over 50 cycles. Interestingly,
the impedance of the electrode decreases during the first cycles, a phe-
nomenon not known for the intercalation of lithium in graphite, and af-
terwards increases steadily. We assume that the decreasing impedance
might stem from a surface area increase of the active material parti-
cles during SEI formation. The herein presented |L.-TWRE based EIS
method could be used in future studies to characterize novel anode
and cathode materials for sodium-ion batteries over long-term cycling
and to identify cross-talk phenomena between working and counter
electrode.
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Results

3.1.2 Comparing the Lithiation and Sodiation of a Hard Carbon
Anode via Impedance Spectroscopy Using Micro-Reference

Electrodes

In the following section, the manuscript “Comparing the Lithiation and Sodiation
of a Hard Carbon Anode Using In Situ Impedance Spectroscopy” is presented. The
manuscript was submitted to the peer-reviewed Journal of the Electrochemical
Society in November 2020 and was published in January 2021. The article is
published open access and distributed under the terms of the Creative Commons
Attribution 4.0 License. The permanent web link can be found under:

https://iopscience.iop.org/article/10.1149/1945-7111/abd64e. The scope of this

work is a detailed analysis of the electrode impedance of a commercial hard carbon
(HC) during lithiation and sodiation, and a comparison of the impedance change as
a function of state-of-charge (SOC) and during cycling. The article was submitted

recently to a peer-reviewed journal and is currently under review.

Prior to the discovery of SEI-stabilizing additives, such as ethylene carbonate in
the early 1990s,34 amorphous carbons were used as anode active materials in LIBs.
The first generation LIB commercialized by Sony in 1991 employed a soft carbon
(SC) anode which was replaced by a hard carbon (HC) anode one year later.32 Even
though there are reports on very high specific (de)lithiation capacities that can be
obtained for certain HC materials in lithium-ion batteries, this type of material
suffers from drawbacks, such as a lower volumetric energy density compared to
graphite and from the fact that its in principle large specific capacities that exceed
the theoretical capacity of graphite (372 mAh/gaam) are only accessible at anode
potentials very close to 0 Vvs. Li*/Li; rendering them not usable in full-cell
applications due to the hazard of lithium plating.226 This is the reason why HC
anodes were gradually substituted by graphite, which is today the almost
exclusively used anode chemistry. However, concerning SIBs, HCs are still the most

promising anode active material, since sodium does not intercalate into graphite.

Thus, in this study, we provide electrode-resolved EIS data obtained using u-REs,
namely a lithiated y-GWRE in the case of (de)lithiation and a sodiated u-TWRE in

the case of (de)sodiation, measured for varying SOCs and upon extended cycling. By
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Results

fitting the obtained EIS spectra with a simple electrochemical equivalent circuit
model, we can separate and quantify the charge transfer resistance (R.r) and the
pore resistance (Ry,re) of HC electrodes in Na/HC and in Li/HC half-cells. For both,
Rr decreases/increases reversibly with increasing/decreasing SOC, as also is the
case for graphite anodes in LIBs. Interestingly, for (de)sodiation of the hard carbon
electrode, R.-r is *10-fold larger compared to (de)lithiation. The higher electrode
impedance, which is dominated by the charge transfer resistance, results in larger
overpotentials during fast sodiation, i.e,, fast-charging in a respective full-cell, which
was confirmed in HC sodiation and lithiation rate tests, respectively. The reduced
rate capability for HC-based SIBs is an important performance indicator when it

comes to assessing SIBs regarding a commercial use.
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We present in situ electrochemical impedance spectroscopy data measured during (de)sodiation and (de)lithiation of a commercial
hard carbon (HC) anode material. For this purpose, two different systems of micro-reference electrodes (-RE) were used: a gold-
wire reference electrode (u-GWRE) for Li/HC half-cells and a tin-wire reference electrode (p-TWRE) for Na/HC half-cells. We
show that for both (de)sodiation (using EC/DMC + 1 M NaPFgq electrolyte) and (de)lithiation (using EC/EMC + 1 M LiPFg
electrolyte) the impedance spectra are dominated by a charge transfer resistance (Rct) which is reversibly decreasing/increasing
with increasing/decreasing state-of-charge. The contributions to the HC electrode resistance (Rnoqe), i-€., charge transfer (Rer),
pore (Ryore), and separator resistance (Rypr), were obtained by fitting the impedance spectra using a representative equivalent
circuit. We conclude that the Rer associated with sodiation of HC is ~10-fold higher compared to the lithiation of HC at 100%
SOC. Furthermore, we compare the evolution of R,,oq. measured in situ over 52 cycles at the same SOC. We find that the higher
electrode resistances for sodiated HC result in a considerably reduced rate capability for HC sodiation. For a potential future
commercialization of sodium-ion batteries, the fast-charging properties (=HC sodiation) would be a crucial performance indicator.
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Until today, graphite is the almost exclusively used anode active
material (AAM) in commercial lithium-ion batteries (LIBs) owing
to its high capacity (=350-360 mAh/gg.phie) and low average
discharge potential,"* resulting in a relatively high energy density.
In 2016, the market share of anode active materials for commercial
LIBs was 89% graphite (43% artificial and 46% natural graphite),
7% amorphous carbon, 2% lithium titanate (LTO) and 2% silicon
or tin-based materials.® Interestingly, the very first LIB introduced
by Sony in 1991 used an amorphous (disordered) carbon anode,
more precisely a soft carbon (SC) with a specific capacity of
~220 mAh/ggc.*® This cell with an LiCoO, cathode yielded an
energy density of ~80 Wh kg~',* considerably more than the back
then used nickel-cadmium cells (=50 Wh kgfl).6 Two classes of
amorphous carbons are typically distinguished: hard carbons (HC) that
exhibit a high degree of cross-linking between graphitic domains and
therefore cannot be graphitized even at very high temperatures, and
soft carbons with little cross-linking where neighboring graphitic
domains have a tendency to lie in almost parallel pre-orientation, so
that they can be transformed into the graphitic state by pyrolysis at
temperatures between 2000 °C=3000 °C.” The SC anode in Sony’s
first generation LIB was substituted already one year later by a HC
anode with a higher capacity of ~~320 mAh/gyc, resulting in an energy
density of ~120 Whkg™" with a LiCoO, cathode.* While graphite is
known to undergo a volume expansion of ~10% during lithium
intercalation,® with the d-spacing between neighboring graphene
layers increasing from 0.335 to =0.37 nm,” HCs typically show
higher d-spacings already in their delithiated state (>0.38 nm), so that
they, contrary to graphite, do not undergo volume expansion upon
lithiation.*> Nishi et al.** explain the very high full-cell cycling
stability of HC based LIBs by the absence of volume change
upon lithiation/delithiation, which is supposed to decrease lithium
inventory losses induced by cracking of the solid electrolyte
interphase (SEI) caused by volume changes, a well-known aging
mechanism of graphite anodes during long-term cycling, especially at
elevated temperatures.'™'" However, the lower density of HCs™'?
(~1.45-1.55gcm™ vs 2.2 g cm™ for graphite) and their relatively
high first-cycle irreversible capacity losses of ~20%*>'* (vs <10%

*Electrochemical Society Student Member.
**Electrochemical Society Fellow.
“E-mail: fabian.linsenmann @tum.de

for graphite'*'®) significantly reduce the energy density of the cell.

Therefore, the development of new electrolytes based on ethylene
carbonate'® that enabled the application of graphite as anode active
material, gradually led to the replacement of HC anodes by graphite in
LIBs.” Furthermore, the fact that the graphite potential for lithium (de)
intercalation is close to that of metallic lithium (=100 mV vs Lit/Li)
over nearly the entire charge/discharge curve increases the energy
density compared to HCs that typically feature sloping voltage
profiles."”” Consequently, while in 1997 the market shares of HC
and graphite were still 52% and 43%,'® respectively, today artificial
and natural graphites are dominating the anode material market, as
mentioned above.>?

In the literature, it is often argued that some HCs can incorporate
lithium-ions in ratios higher than the well-known LiCgq stoichiometry
found for fully intercalated graphite,’ which should allow for
practical reversible capacities above the theoretical capacity of
graphite of 372 mAh/ggaphice- In fact, high reversible capacities for
lithium insertion into HCs are reported in the literature.>'>'%->
However, since the voltage profiles at higher state-of-charge (SOC)
become very flat for HCs, a considerable fraction of their caPacity is
obtained at potentials significantly below 100 mV vs Li*/Li'*!'? and
can typically only be accessed by constant voltage holds at the end
of the charging phase at very low potentials of ~10 mV vs Li*/Li.
Additionally, the thus obtained high reversible capacities are often
accompanied by high irreversible capacity losses®>’ and a large
voltage hysteresis.'> Novak et al.** therefore point out that even
though some HCs do show reversible capacities above the theore-
tical specific capacity of graphite, the actually usable capacity is
restricted in practical applications. In summary, the main issues
related to a commercial use of HCs are®*: a) the risk of lithium
plating at potentials close to OV vs Li*/Li at the end of charge, if
high lithiation capacities are to be utilized; b) an often observed
coulombic efficiency (CE) decrease when charging to such low
voltages; and c) the flat potential profile that makes it difficult to
properly control the cutoff cell voltage during charging in order to
prevent overcharging.

While graphite is now used almost exclusively in LIBs, it cannot
be used as anode active material in sodium-ion batteries (SIBs), as it
is widely accepted that graphite cannot reversibly intercalate
sodium-ions when using standard organic carbonate-based
electrolytes.>> The reason for this is believed to be the thermo-
dynamic instability of the resulting Na-C-phases.”® On the other
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hand, electrochemical sodium insertion reactions into disordered
carbons have been observed and reported already in the late 1980s,”’
and probably some of the first experiments on rechargeable sodium-
ion cells were published by Doeff et al. in 1993,”® who demonstrated
cycling of a sodium-ion battery consisting of a HC anode (petroleum
coke), a solid polymer electrolyte, and a sodium cobalt bronze
cathode (Nag Co0O,). For the petroleum coke, a maximum stoichio-
metry of NaC;s could be obtained, which would correspond to a
specific capacity of ~149 mAh/gyc.

The storage mechanism of both lithium and sodium in disordered
carbonaceous materials, such as HCs, is still not completely under-
stood and under ongoing discussion in the literature.”® The first
studies where the intercalaction mechanism of lithium and sodium in
HCs was investigated and directly compared were reported by
Stevens and Dahn in 2000 and 2001.'72° These authors conclude
from in situ wide angle and small angle X-ray scattering (WAXS
and SAXS) that the insertion mechanisms for lithium and sodium in
HCs seem to be similar. At higher anode potentials (i.e., at low
SOCs), the insertion between approximately parallel graphene
sheets, described by Liu and Dahn?? as a “house of cards” structure,
was attributed to giving rise to the sloping voltage profile in the low
SOC region. Additionally, during the flat, low-voltage plateau found
at higher SOC, lithium and sodium fill nanopores in an adsorption-
like process occurring at chemical potentials close to that of the
metals themselves. Stevens and Dahn could confirm interlayer
intercalation at low SOCs also by in situ X-ray diffraction (XRD)
measurements of the d-spacing increase during lithium or sodium
insertion.!” These results were confirmed by Komaba et al. through
ex situ XRD and Raman spectroscopy.' Evidence for the pore filling
mechanism in the high SOC region was obtained from small-angle
X-ray spectroscopy (SAXS) data,'’ later on confirmed by Gotoh
et al.*> and Chevallier et al.*® for lithium via "Li solid state NMR
and by Stratford et al.** and Morita et al.* in the case of sodium via
*Na solid state NMR.

In summary, while HC anodes have been replaced by graphite in
commercial LIBs, the HC material family is until today still the most
promising anode material for SIBs. Therefore, in this study, we want
to shed light on the impedance evolution of a commercial HC anode
during (de)sodiation in the very first formation cycle and over
extended cycling, and compare it with the associated impedance
changes in the case of (de)lithiation of the same HC anode material.
To the best of our knowledge, SOC-dependent anode impedance
data of a HC anode have not been reported in the literature in the
case of sodium. As discussed in former studies from our group,**’
electrode-specific impedances, i.e., without superposition of the
counter electrode (CE) impedance, are only accessible by means of
in situ impedance measurements using a micro-reference electrode
(u-RE) or via harvesting electrodes and assembling them into
symmetrical cells.*® In this study, we directly compare the evolution
of the charge transfer resistance Rcr during the first cycle (de)
sodiation and (de)lithiation of the same hard carbon active material.
We show that the in situ obtained impedance spectra collected using
1-REs, namely a micro-tin wire reference electrode (u-TWRE) in
the case of sodium and a micro-gold wire reference electrode
(u-GWRE) in the case of lithium, can be fitted with a simple
electrical equivalent circuit to extract Rcr, the ionic conduction
resistance in the electrolyte phase of the electrode Rore, and the high
frequency resistance Rypg. Furthermore, we evaluate the change in
anode impedance R,;,,q. Over the course of 52 cycles and determine
the rate capability for sodiation and lithiation of the HC anode,
respectively.

Experimental

Electrode and electrolyte preparation.—Hard carbon (HC)
electrodes consisted of hard carbon (Kuranode, BET surface area =
5.2m? g~!, Kuraray, Japan), sodium carboxymethyl cellulose (Na-
CMC, Sunrose, NPI, Japan), and styrene-butadiene rubber (SBR,

emulsion in water, solid content 40 wt%, Zeon, Japan) at a weight
ratio of 97:1.5:1.5. First, Na-CMC was mixed with highly pure water
(18 MQcm, Merck Millipore, Germany) using a planetary mixer
(Thinky, USA) at 2000 rpm for 30 min. HC powder was then added
in three consecutive steps such as to reach a final solid content of
50 wt% with 2 min mixing in between at 2000 rpm. Finally, SBR
was added to the slurry and mixed at 500 rpm for 2 min.

For the electrodes used in Li/HC half-cells, the ink was coated
onto copper foil (10 + 1 pm thickness, MTI, United States) using a
100 pm gap size four-way film applicator (Erichsen, Germany), and
then dried at room temperature for 5 h, resulting in electrodes with
an average loading of 3.0 + 0.3 mgyc/ecm?® (=0.66 + 0.07 mAh cm ™2,
based on a nominal specific capacity of 220 mAh/gyc). Electrodes
were punched out at a diameter of 11 mm and dried under dynamic
vacuum at 120 °C for 12 h in a glass oven (drying oven 585, Biichi,
Switzerland) together with glass fiber separators (diameter =
11 mm, VWR, Germany), and then transferred into an argon-filled
glovebox (MBraun, Germany) without exposure to ambient air. The
thickness of the as-used uncompressed HC electrodes was 59 + 2 ym
and the porosity was ~60%. The electrolyte consisted of 1 M lithium
hexafluorophosphate (LiPFg) in a mixture of ethylene carbonate (EC,
>99%, Sigma Aldrich) and ethyl methyl carbonate (EMC, BASF
SE, Germany) at a weight ratio of 3:7 (LP57, BASF SE, Germany).
Lithium disks (diameter = 11 mm, thickness =450 ym) were
punched from commercial lithium foil (99.9%, Albermarle, USA)
inside an argon-filled glovebox (O, and H,O < 0.1 ppm).

The electrodes used in Na/HC half-cells were obtained using the
same preparation procedure as described above, but casting the HC ink
onto aluminum foil (15 + 1 um thickness, MTI, United States). The
electrode loading was also 3.0 £ 0.3 mgHC/cm2 (=0.84 = 0.08 mAh
cm 2, based on a specific capacity of 280 mAh/ggc). The thickness of
the as-used uncompressed HC coating was 59 + 2 ym and the porosity
was ~60%, i.e., identical with the HC electrodes for the Li/HC half-
cells. The sodium electrolyte was prepared by mixing 50 vol% ethylene
carbonate (EC, >99%, Sigma Aldrich) and 50 vol% dimethyl carbonate
(DMC, BASF SE, Germany) with 1M NaPFs (99.9%, Kishida
Chemicals, Japan). Sodium disks (diameter = 11 mm, thickness
~500 pm) were punched out from a sodium foil that was prepared
from sodium ingots (99.95%, Sigma Aldrich) inside an argon-filled
glovebox (O, and H,O < 0.1 ppm).

A conductivity meter (LF 1100+, SI Analytics, Germany, with a
custom made ground-glass fitting) with a built-in temperature sensor
was used to measure the conductivity of the used electrolytes at 25 °C.

Assembly and cycling of cells for impedance measurements.—
For electrochemical impedance spectroscopy (EIS) measurements,
three-electrode Swagelok® T-cells were assembled inside an argon-
filled glovebox with a hard carbon working electrode (WE), a
lithium or sodium metal counter electrode (CE), and a micro-
reference electrode (u-RE) sandwiched between glass fiber separa-
tors; the specially designed connection for p-REs was described in
detail by Solchenbach et al.*® The cell setup is depicted in Fig. la.
For the Li/HC half-cells, four glass fiber separators and 120 ul
electrolyte were used, whereas two glass fiber separators and 60 ul
electrolyte were used for the Na/HC half-cells; the lithium and
sodium electrolytes were composed as specified above. Note that the
number of separators employed only influences the magnitude of the
high-frequency resistance (Rypr) and does not impact the cell
performance of the cells reported in this study. In the case of Li/
HC half-cells, the u-RE was a Kapton®-coated p-gold-wire refer-
ence electrode (u-GWRE) with an overall diameter of 64 um, as
described earlier.> In the case of Na/HC half-cells, a sodiated tinned
copper wire (diameter = 50 pum, Eurowire Ltd., United Kingdom)
with a polyurethane insulation (resulting in a total diameter of
~100 pm) was used as reference electrode (;-TWRE); preparation
and setup were described in detail by Linsenmann et al.*’ The
1-GWRE cannot be employed in SIB cells because the kinetics for
lithium-gold alloy formation are too sluggish to allow for an in situ
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Figure 1. (a) Electrode stack configuration for the in sifu EIS measurements of a hard carbon (HC) electrode in a Li/HC half-cell with a ui-GWRE (upper sketch)
and in a Na/HC half-cell with a ~-TWRE (lower sketch), assembled in three-electrode Swagelok® T-cells.*® The -RE is located centrally between four or two
glass fiber separators. A porous carbon paper free-standing electrode is attached to the lithium/sodium metal CE in order to decrease the CE impedance, which is
required to obtain artefact-free EIS data. (b) Open circuit voltage (OCV) of the carbon paper + lithium electrode (orange line) or of the carbon paper + sodium
electrode (purple line) vs a metallic lithium or sodium CE, respectively. The cell setup is shown in the insets of Fig. 1b.

lithiation of the high-impedance gold wire (diameter only ~50 pm)
in a LIB cell, which would be necessary to obtain a stable wire
potential allowing for artefact-free EIS measurements.

Unfortunately, recording EIS data with capacitively strongly
imbalanced electrodes (i.e., in this case, a high capacity hard carbon
WE with low impedance and a low capacity lithium or sodium metal
CE with high impedance) leads to artefacts when using a high-
impedance p-RE, as demonstrated recently by Morasch et al.*’
However, attaching a free-standing high-surface area carbon electrode
to a metal electrode reduces its impedance, thereby enabling artefact-
free half-cell EIS data acquisition.’’® Thus, we sandwiched a high-
surface area carbon fiber paper (H1410 type from Freudenberg,
Germany), cut to 10 mm diameter (150 um thickness and BET area
of ~14 m? ¢~ 1), between the separator and the metal CE (s. Fig. 1a),
thereby reducing the impedance of the latter by means of the gradually
occurring chemical lithiation or sodiation of the carbon matrix. In
order to determine the mixed potential of the resulting metal/carbon
paper composite CE, Swagelok® T-cells were assembled with a metal/
carbon paper composite WE, two glass fiber separators, and a metal
CE (s. insets in Fig. 1b). Tracking the open circuit voltage (OCV) of
these cells reveals that the mixed potential of the metal/carbon paper
composite electrode approaches the reversible potential of the pure
metal (within <0.5 mV) after ~25h in the case of lithium and after
~5h in case of sodium (s. Fig. 1b).

Prior to cell cycling, the u-REs were sodiated/lithiated in situ.
This was done by applying a lithiation current of 150 nA for 1** in
the case of Na/HC half-cells, a constant sodiation current of 50 nA
was applied to the /J-TWRE until a potential 10 mV vs the sodium
CE was reached.?” For the SOC-dependent EIS measurements, the
Li/HC and the Na/HC half-cells were cycled galvanostatically. The
C-rate was C/10 (based on a hard carbon capacity of 280 mAh/gyc
for (de)sodiation and of 220 mAh/gyc for (de)lithiation) and cycling
was done within a cell potential range of +1.5 V. and +10 mV ey
using a VMP3 potentiostat (Biologic, France). Prior to the EIS
measurements, the cell was cycled to different cell potentials (750,
400, 200, 100, 50, and 10 mV, during lithiation/sodiation as well as
100, 400, and 1500 mVe during delithiation/desodiation), followed
by a 30min relaxation phase at OCV. Subsequently, potential-
controlled electrochemical impedance spectroscopy (PEIS) was

recorded, controlling the voltage perturbation vs the ;-GWRE or the
u-TWRE. The perturbation amplitude was 20 mV and the frequency
range 30 kHz—0.1 Hz. All experiments were performed in temperature-
controlled chambers (Binder, Germany) at 25 °C.

Assembly and cycling of Li/HC and Na/HC half-cells for rate
testing.—Rate-tests for the HC electrodes (3.0 = 0.3 mgHC/cm2)
were performed in conventional three-electrode Swagelok® T-cells
with a lithium or sodium metal CE and with a lithium or sodium
metal RE, respectively, using four glass fiber separators to avoid cell
short-circuiting by metallic dendrites at high cycling rates, and
120 pul of the respective lithium or sodium electrolyte specified
above. Cell testing was done using a battery cycler (Series 4000,
Maccor, USA). Constant-current lithiation/sodiation rates of 0.1, 0.2,
0.5,1,2,3,4,5, and 10 C were used, with a lower cutoff voltage of
+10mV vs the lithium/sodium RE potential; the constant-current
delithiation/desodiation to an upper cutoff voltage of +1.5 V vs the
lithium/sodium RE potential was conducted at a rate that equaled the
lithiation/sodiation rate for the two lowest rates (0.1 and 0.2 C) and
was then kept constant at 0.2 C for higher lithiation/sodiation rates in
order to assure complete delithiation/desodiation of the electrode
at the end of each cycle. Three cycles were conducted for each
lithiation/sodiation rate, and for the evaluation of the lithiation/
sodiation rate performance of the HC electrodes, the third cycle at
every C-rate was used. Contrary to the above described impedance
experiments, the C-rate is referenced to the same nominal capacity
of 280 mAh/gyc for both the Li/HC and the Na/HC half-cells,
so that a C-rate of 1C corresponds to the same current density
(0.88 mA cm ). This was done to allow for a fair comparison of the
fast-charging capability (lithiation vs sodiation), as this is known to
strongly depend on the geometric current densi?/, as long as the
electrode thickness and porosity are kept constant.*! All experiments
were performed in temperature-controlled chambers (Binder,
Germany) at 25 °C.

Impedance spectra analysis—In order to fit the Nyquist
impedance spectra of the HC electrodes, an equivalent circuit model
was used, which is depicted in Fig. 3c. It consists of a high-
frequency resistance element (Ryrgr) as well as of a mono-rail
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transmission line that includes a pore resistance (Rpore), representing
the ionic conduction resistance of the electrolyte within the pores of
the HC electrodes, and a charge transfer resistance Rcr in parallel to
a constant phase element Qcr, similar to the circuit used by
Landesfeind et al.** The transmission line is simplified by neglecting
the electronic resistance rail through the electrode due to the high
electronic conductivity of the carbon electrode; for this reason,
it will be referred to furtheron as mono-rail transmission line
model (mTLM). Fitting of the impedance spectra was performed
with a MATLAB-based application (“EIS Breaker” written by
J. Landesfeind),** which applies an fminsearch MATLAB function
using a Nelder-Mead simplex algorithm and modulus weighing.

The pore resistance was determined by fitting the impedance
spectrum obtained at the initial OCV prior to the first lithiation/
sodiation of the HC electrodes (i.e., at 0% SOC) in Li/HC and Na/
HC half-cells. At this condition, the charge transfer resistance of the
HC electrode is orders of magnitude larger than Ry, so that the
impedance response closely resembles that obtained under so-called
blocking conditions. Here, only points measured within a frequency
range between ~30kHz and ~25 Hz were taken into account in
order to improve the goodness of the fit. The Ry, value obtained
under these conditions was then fixed during the fitting of Ret, Qcr,
and Rygg for the impedance spectra measured over the course of the
first (de)lithiation/(de)sodiation cycle. For these fits, frequencies
between ~30 kHz and ~1 Hz were considered in order to exclude
Warburg-like impedance responses at low frequencies and artefacts
stemming from the wire-shaped RE geometry at frequencies
>30kHz.** The evolution of the hard carbon electrode impedance
over extended cycling at C/10 was followed in terms of the high-
frequency resistance (Rygpgr) corrected low-frequency resistance
(Rigr), corresponding to the approximate impedance contribution
a hard carbon anode would have in a battery cell (i.e., Rypode =
Rier — Rupr). This was done by subtracting the real part of the
high-frequency resistance (Rygpg) taken at 30 kHz from the low-
frequency resistance (R gr), which was defined as the real part of
the impedance at the impedance minimum in the low-frequency
region of each spectrum, i.e., the transition from the large semi-circle
into the Warburg-like linear impedance increase (s. double arrows in
Figs. 8a and 8b).

Results and Discussion

First-cycle (de)sodiation and (de)lithiation of a hard carbon
electrode.—As already discussed in the literature, the cell impe-
dance of half-cells with a carbon working electrode (WE) and a
lithium or sodium counter electrode (CE) is often used to deduce the
carbon electrode impedance behavior, neglecting the contribution of
the CE,>”** even though the impedance of metal electrodes can be
quite significant and furthermore changes substantially over the
course of cycling.*® Therefore, in order to study the hard carbon
(HC) working electrode impedance in situ during the first formation
cycle, Na/HC half-cells with 1 M NaPFg in EC/DMC (1/1 by
volume) and Li/HC half-cells with 1 M LiPFs in EC/EMC (3/7 by
weight) were built with micro-reference electrodes to deconvolute
the WE and the CE impedance. For the Na/HC half-cells, a tin-wire
(ui-TWRE) was used, while a gold-wire reference electrode
(ui-GWRE) was used for the Li/HC half-cells. A carbon paper was
placed between the lithium or the sodium metal CE and the adjacent
separator in order to reduce the impedance of the CE which was
shown to be necessary to allow for artefact-free impedance
measurements.”’

Figure 2a shows the cell voltage profiles for the first sodiation
and desodiation of a HC electrode in a Na/HC half-cell as a function
of the specific capacity of the HC active material obtained for a
constant-current (de)sodiation rate of 0.1 C (referenced to a nominal
HC (de)sodiation capacity of 280 mAh/gyc) and with a lower cell
cutoff potential of 10 mV,.. The voltage was controlled vs the
metal CE and the cycling of the cell was interrupted at cell voltages
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Figure 2. (a) Cell voltage (E.ej;) of a Na/HC half-cell vs capacity during the
first-cycle (de)sodiation at a rate of 0.1 C in EC/DMC (1/1 by volume) with
1 M NaPFg and with a lower cell voltage cutoff potential of 10 mV . The
experiment is conducted in a Swagelok®-type T-cell equipped with a p-
TWRE that is placed in between two glass fiber separators and a carbon
paper that is placed between the sodium metal CE and the adjacent separator
(see scheme in the inset). At the cell potentials labelled from 1-9 in the
graph, the cycling procedure was stopped and potential-controlled electro-
chemical impedance (PEIS) spectra were acquired after an OCV period of
30 min; the point labeled 0 marks the initial OCV prior to the first sodiation.
(b) Analogous measurements for a Li/HC half-cell with 1 M LiPFg in EC/
EMC (3/7 by weight), using a 4-GWRE placed between two glass fiber
separators (s. inset).

of 750, 400, 200, 100, 50, and 10 mV; during sodiation and at 100,
400, and 1500 mV during desodiation. At each of these voltage
setpoints, the cell was rested for 30 min at OCV, followed by an
in situ potential-controlled electrochemical impedance (PEIS) mea-
surement, whereby the voltage perturbation amplitude was con-
trolled vs the u-TWRE. For the Na/HC half cell (Fig. 2a), the cell
voltage curves during sodiation (blue line/symbols) and during
desodiation (red line/symbols) exhibit a sloping profile that transi-
tions into a nearly flat low-voltage region at cell voltages below
~100 mV and that extends over roughly two thirds of the total (de)



Journal of The Electrochemical Society, 2021 168 010506

sodiation capacity. These types of voltage profiles are commonly
observed for the (de)sodiation of HC electrodes. The first-cycle
coulombic efficiency (CE) for the Na/HC half-cell is ~92%.

The analogous experiment at 0.1 C was conducted for a Li/HC
half-cell equipped with a u-GWRE (Fig. 2b), whereby the C-rate in
the case of lithium is referenced to the nominal HC (de)lithiation
capacity of 220 mAh/gyc. Currently, we do not know the reason
why the (de)sodiation capacities are relatively high compared to the
(de)lithiation capacities. However, since this is a commercial
product (Kuraray, Japan), it might be that the carbon material was
developed with a focus on its application in SIBs.

In contrast to the Na/HC half-cell, the cell voltage curve during
lithiation (blue line/symbols) and delithiation (red line/symbols)
does not show an extended low-voltage plateau, as it was observed
for the Na/HC half-cell between ~100-300 mAh/gyc, and the
sloping voltage region extends almost all the way to the lower cutoff
potential of 10 mV.y;. The reason for this difference is currently not
known and might be a specific property of this type of hard carbon.
The first-cycle lithiation capacity of ~260 mAh/gyc is lower than
that observed for the Na/HC half-cell (=300 mAh/gyc), as is the
first-cycle coulombic efficiency of ~84% (x=92% for the Na/HC
half-cell).

Determining the pore resistance R,,,. of hard carbon electrodes
in Na/HC and Li/HC half-cells.—The ionic resistance in the
electrolyte phase within the pores of the hard carbon electrodes
(Rpore) used in the Na/HC and Li/HC half-cells was determined at
OCYV prior to any sodiation/lithiation of the HC electrodes, i.e., at
the initial 0% SOC condition, corresponding to the points labeled
with 0 in Figs. 2a and 2b. As the charge transfer resistance (Rc) in
this case should be very large, these conditions should closely
approach the so-called blocking conditions, which allow for the most
precise evaluation of Ry from a fit of the hard carbon electrode
impedance data (recorded by PEIS at OCV) to the equivalent circuit
depicted in Fig. 3c, as was demonstrated by Landesfeind et al.*> and
Linsenmann et al.>’ The equivalent circuit consists of a mono-rail
transmission line model (mTLM) composed of an ionic conduction
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Figure 3. (a) Nyquist plot (purple symbols) of the hard carbon electrode impedance in a Na/HC half-cell with a u-TWRE (s. inset of Fig. 2a at 0% SOC prior to
the first sodiation (=point 0 in Fig. 2a); (b) Nyquist plot (orange symbols) of the hard carbon electrode impedance in a Li/HC half-cell with a u-GWRE (s. inset
of Fig. 2b) at 0% SOC prior to the first lithiation (=point 0 in Fig. 2b). The plotted PEIS data (symbols) were acquired at OCV and range from ~30 kHz to
~25 Hz. The fit to the equivalent circuit depicted in panel (c) (dashed lines) was performed in the same frequency range, whereby the residuals of the fit vs
frequency are given in the panels next to the Nyquist plots. (c) The equivalent circuit used for fitting consists of a high-frequency resistance element (Rygr), a
mono-rail transmission line model (mTLM) with R/Q-elements (in parallel) that are composed of a charge transfer resistance (Rct) and a constant phase element

Residuals / %
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rail represented by Ry, of parallel circuit elements of a charge
transfer resistance (Rcr) and a constant phase element (Qcr) that
represents the double-layer capacitance, and of an electronic con-
duction rail with a negligible electronic resistance corresponding to
the highly conductive hard carbon particles. A single resistance
element is added to the electronic rail of the mTLM to represent the
high frequency resistance (Rygpg) that describes the sum of the
external electronic contact resistance of the HC anode electrode and
of the effective ionic resistance in the separator between the u-RE
and the HC electrode.

The measured impedance data of the hard carbon electrode
(symbols) and the corresponding equivalent circuit fit (dashed lines)
for a Na/HC and a Li/HC cell are depicted in Figs. 3a and 3b,
respectively. In order to obtain a stable fit, rather than setting the
electronic resistance of the electronic rail (s. Fig. 3c) to zero, it was
set to a very small value of 0.001 Qcm?, which, as will be shown, is
negligible compared to the measured R,o values. For the hard
carbon electrodes prepared in this study (s. Experimental section),
we obtain a HC electrode pore resistance of 4.8 + 0.5 Qcm? in the
Na/HC half-cells and of 4.6 + 0.6 Qcm? in the Li/HC half-cells (each
based on two repeat experiments, whereby the error was obtained by
including both the error of the cell-to-cell variability and the fitting
error (s. Table I)), which are essentially identical within the error of
measurement (the values obtained for the impedance data fit shown
in Figs. 3a and 3b are given in Table I). As the HC electrodes for all
the cells are nominally identical with regards to thickness and
porosity, equal Ry values of the HC electrode measured in Na/HC
and in Li/HC half-cells would suggest equal conductivities of the
two electrolytes. The latter is indeed the case, with an electrolyte
conductivity of 8.2 mS cm™" for the sodium electrolyte and of 8.3
mS cm™' for the lithium electrolyte at 25 °C. The other fitting
parameters are summarized in Table I for one data set each for both
cell types (that shown in Figs. 3a and 3b), showing that the charge
transfer resistance (Rcr) is indeed orders of magnitude larger than
Rpore, S0 that blocking conditions are closely met; furthermore, the
values of the constant phase element exponents act are still
reasonably close to 1, as is observed for most LIB electrodes.***
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(Qcr), and pore resistance elements (Rpore) that represent the ionic conduction resistance in the electrolyte phase in the pores of the electrode.
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Table 1. Fitting parameters and their obtained values for the hard
carbon impedance spectra at 0% SOC prior to sodiation (from

Fig. 3a) or lithiation (from Fig. 3b), using the equivalent circuit
depicted in Fig. 3c. Here, Rgpr is the high-frequency resistance, Rcr
is the charge transfer resistance of the hard carbon electrode, Qcr is
the constant phase element magnitude, and ot is the constant phase
exponent. The errors (in %) are the fitting errors obtained by the
least-squares minimization fitting method. Note that four glass fiber
separators were used in the case of the Li/HC half-cell, compared to
only two that were used in the Na/HC cell, explaining the nearly
2-fold higher Rypgr value.

Na/HC Half-cell Li/HC Half-cell

Parameter Value Error/% Value Error/%
Rypr/Slcm? 3.5 42 53 9.5
Rpore/S2cm? 45 10 46 13
Rer/kQem? 1.0 24 1.8 13
Qcp/mF-s“cr~Vjem? 0.18 5.2 0.22 2.6
acr! 0.92 1.0 0.92 0.6

The nearly 2-fold higher Rygr value obtained for the Li/HC cell is
due to the fact that four glass fiber separators were used in this case,
compared to only two that were used in the Na/HC cell. Considering
the almost identical conductivities of the sodium and of the lithium
ion electrolyte (s. above), one would expect a close to 2-fold higher
Rygr for the Li/HC compared to the Na/HC half-cells. However,
also earlier studies”’** have shown that the compression of multiple
glass fiber separators can vary significantly from cell to cell due to
minor differences in cell stack compression.

Note that the errors given in Table I represent the fitting error
determined by the MATLAB-based fitting script (using an fmin-
search MATLAB function, applying a Nelder-Mead simplex algo-
rithm and modulus weighing), and therefore represents the error
induced by fitting and not a cell-to-cell variation; both errors are
included in the above given average Rp. values of the HC
electrodes in the Na/HC and the Li/HC half-cells.

SOC-dependent evolution of the hard carbon electrode impe-
dance in Na/HC and HC/Li half-cells.—The Nyquist spectra of the
HC electrode impedances recorded at the OCV points labelled 0-9
(s. Figs. 2a and 2b) are displayed in Figs. 4 and 5. Figure 4 shows the
spectra for sodiation (a) and desodiation (b) recorded for the Na/HC
half-cell, and Fig. 5 for lithiation (a) and delithiation (b) in the Li/HC
half-cell. For both half-cells, the HC electrode impedance decreases
with increasing SOC during the first sodiation/lithiation half-cycle
and then increases again during the subsequent desodiation/delithia-
tion half-cycle. For all the Nyquist plots of the hard carbon
electrodes, three distinct features can be distinguished: i) an x-axis
intercept of the high-frequency part of the spectra, marking the high
frequency resistance (Ryggr); ii) a short ~45°-line at high frequen-
cies that originates from the pore resistance (Rp(,re)42 already
described above (s. Fig. 3); and, iii) a semi-circle at mid and low
frequencies that is caused by the charge transfer process and whose
diameter decreases with decreasing charge transfer resistance. As
already discussed in the context of Table I, the higher Rygg value in
the Li/HC half-cell is due to the fact that four glass fiber separators
were used in Li/HC half-cells compared to only two glass fiber
separators in the Na/HC half-cells.

The data in Figs. 4 and 5 suggest that the HC electrode
impedance decreases continuously with decreasing cell potential,
i.e., with decreasing HC potential or with increasing hard carbon
SOC (a quantitative analysis will be presented in the next section).
Unfortunately, to the best of our knowledge, no data on the
impedance of hard carbon anodes upon (de)sodiation exist in the
literature (there are some full-cell impedance measurements,*® but
these do not allow for a deconvolution of the anode impedance).
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Figure 4. Nyquist plots of the HC impedance in Na/HC half-cells recorded
during the first-cycle (de)sodiation at the OCV points labeled with 0-9 that
are shown in Fig. 2a, using a frequency range between 30 kHz and 0.1 Hz:
(a) sodiation, (b) desodiation. The inset in (b) shows the magnification of the
high-frequency region, depicting the short ~45°-line part of the spectra. The
experiments were conducted at 25 °C with an EC/DEC (1/1 by volume) +
1 M NaPFg electrolyte.

a) 15 T T |/ T T
Ng 10 ‘ / 55 Hz 1
g //
S I e
T sl / e 120Hz O\ i
B I/ - AN
el K \
0 L 1
0 20 25 30
b) 15 T T T T T
100 m
——400 m
/‘ ——15V
YRR f -
[}
3 /
Q //
5k _
—% //270Hz
!y
Py
0 L @;‘ L © L L L
0 5 10 15 20 25 30
Re(Z) / Qcm?

Figure 5. Nyquist plots of the HC impedance in Li/HC half-cells recorded
during the first-cycle (de)lithiation at the OCV points labeled with 0-9 that
are shown in Fig. 2b, using a frequency range between 30 kHz and 0.1 Hz:
(a) lithiation, (b) delithiation. The experiments were conducted at 25 °C with
an EC/EMC (3/7 by mass) + 1 M LiPFg electrolyte.
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Even in the case of carbon based anodes in lithium-ion batteries,
very few studies exist where the impedance of carbon based anodes
is measured in situ as a function of SOC during the first lithiation.
For example, Dollé et al.*’ used an LFP-based RE for in situ
measurements of the impedance of an MCMB-type graphite anode,
reporting that the graphite electrode impedance is increasing with
SOC between 0.55 and 0.02V vs Li*/Li. On the contrary, Song
et al.** show that the impedance of their graphite electrode measured
with a Li p-RE first decreases with increasing SOC, reaching a
minimum at 0.094 V vs Li*/Li, and then increases again. They,
however, employ a mixture of ethylene carbonate (EC) and
~-butyrolactone as electrolyte in contrast to Dollé et al.,*” who use
EC and ethylmethyl carbonate (EMC). To the best of our knowledge,
the only in sifu impedance study of a HC anode as a function of SOC
during the electrode formation vs lithium was published by
Barsoukov et al.*® Here, the authors analyzed impedance spectra
of an MCMB, a graphite, and a hard carbon electrode recorded
during the first lithiation by means of a Li p-RE placed within a
custom-made LIB cell. They find that for both graphite and hard
carbon the electrode impedance first decreases upon lithiation and
then continuously grows with increasing SOC. However, the
reliability of the cell setup is questionable, since the MCMB shows
an irreversible capacity of 47% in the first cycle and only a specific
capacity of 221 mAh g~', whereas coulombic inefficiencies of
<10% and capacities of ~330 mAh g~' *° are generally reported for
MCMB active materials in the literature.”®>! In so far unpublished
EIS experiments on (de)lithiation of artificial graphite electrodes
performed in our group, we also find the trend that the electrode
impedance decreases with increasing SOC during the first cycle
(measured in half-cells using a u-GWRE). In the following section,
we will fit the hard carbon impedance spectra shown in Figs. 4 and 5
to the equivalent circuit model shown in Fig. 3c in order to extract
the charge transfer resistance and to determine its first-cycle
variation with SOC.

Charge transfer resistance (Rcy) of HC electrodes vs SOC in
Na/HC and Li/HC half-cells.—By comparing the Nyquist impe-
dance spectra in Figs. 4 and 5, it becomes clear that the magnitude of
the hard carbon electrode impedance is significantly larger for the
Na/HC compared to the Li/HC half-cell. In order to precisely
evaluate the value of the charge transfer resistance (Rcr) and to
compare the obtained values for (de)sodiation and (de)lithiation, the
impedance spectra in Figs. 4 and 5 were fitted using the equivalent
circuit shown in Fig. 3c. In this case, the pore resistance Rpor. Was
fixed to the value obtained from the spectra in blocking conditions
(for one set of experiments, these are shown in Table I, while their
average values are 4.8 + 0.5 Qcm? and 4.6 + 0.6 Qcm? for the Na/
HC and the Li/HC half—cell). Exemplary fits for the spectra recorded
after the first sodiation/lithiation of a Na/HC and a Li/HC half-cell to
a cell potential of 10 mV are depicted in Fig. 6a (purple symbols
(data) and dashed line (fit)) and 6b (orange symbols (data) and
dashed line (fit)), respectively. Especially in the case of the HC
impedance in the Li/HC half-cell (s. Fig. 3b), it becomes clear that
the true value of Rcr can only be determined by a fit of the
impedance data to a transmission line model since the ~45°-part at
high frequencies, that reflects the contribution from Ry, is partially
overlapping with the semi-circle that originates from the charge
transfer resistance.

The thus determined Rct values of the HC electrode during the
first cycle in both the Na/HC (purple symbols/lines in Fig. 6¢) and
the Li/HC (orange symbols/lines) half-cell rapidly decrease upon the
initial sodiation/lithiation to =100 mAh/gyc, after which they
gradually decrease until the lower cutoff potential of 10 mV, is
reached. During the subsequent desodiation/delithiation, the Rt
values closely follow those during sodiation/lithiation. The absolute
Rt values of the hard carbon electrodes at 100% SOC are ~10-fold
higher for (de)sodiation compared to (de)lithiation. For example, at
100% SOC (i.e., at a cell potential of 10 mV), Rer is 374 +
0.1 Qcm? for the Na/HC half-cell compared to only 3.5 + 0.03 Qcm?

for the Li/HC half-cell. As one would expect, the high-frequency
resistance Rygpg (lower panel of Fig. 7c) remains constant throughout
this cycle. In Table II, the fitting parameters for the fits shown in
Figs. 6a and 6b are tabulated together with the fitting errors.

HC electrode impedance evolution over the course of cycling of
Na/HC and Li/HC half-cells.—Figure 7a shows the specific
desodiation/delithiation capacities and the coulombic efficiencies
of Na/HC (purple symbols) and Li/HC half-cells (orange symbols)
over extended cycling at a rate of 0.1 C between 1.5 and 0.01 V.
The slow cycling rate was chosen due to the additional resistance
added to the electrode stack by the carbon paper free-standing
electrode attached to the metallic CE (s. Fig. la), which was
necessary to allow for in situ EIS measurements with p-REs
(i.e., the u-TWRE and the u-GWRE), as was discussed in the
Experimental section.*® Cycling the cells at higher C-rates would
lead to increased ohmic potential drops that negatively affect the
cycling capacity of the cell and would thus artificially reduce the HC
electrode capacity from its intrinsic value in the absence of this
added resistive element (i.e., the carbon fiber paper) in the cell. For
both the Na/HC and the Li/HC half-cells, the HC electrode shows a
fairly stable cycling behavior over 52 cycles. In case of the Li/HC
half-cells, the formation of an effective SEI seems to be somewhat
slower, since the coulombic efficiency over the first ~4 cycles is
significantly lower that that observed for Na/HC half-cells. For both
cell types, the cycling stability is very similar, with desodiation/
delithiation capacity losses of ~18 mAh/gyc between cycle 1 and
52, corresponding to a relative capacity loss of ~6% for the Na/HC
half-cells and of ~8% for the Li/HC half-cells.

Figures 8a and 8b show the evolution of HC impedance spectra
over extended cycling (cycle 1, 2, 12, and 52), measured in Na/HC
and Li/HC half-cells at OCV after sodiation/lithiation to a cell
voltage of 100 mV .y, followed by a relaxation phase of 30 min (for
the first cycle, this would correspond to point 4 in Figs. 2a and 2b).
In the case of the Li/HC half-cell (Fig. 8b), the shape of the hard
carbon impedance spectra, consisting of a pore resistance Rpyore
indicated by a ~45°-line which transitions into a large semi-circle
originating from a charge transfer resistance Rcr, does not vary over
cycling; however, the diameter of the semi-circle, and therefore the
magnitude of Rt is changing. In contrast, in the case of the Na/HC
half-cell, the large semi-circle starts to split into a smaller one at
higher frequencies and a larger one at lower frequencies after ~30
cycles (shown for cycle 52 in Fig. 8a). Unfortunately, we currently
do not know the origin of this additional impedance feature; as it is
reproducible and evolves only upon extended (de)sodiation, we
believe that it reflects a hitherto unknown ageing mechanism of HC
anodes upon extended sodiation/desodiation cycles. Because of the
appearance of this second semi-circle, the HC spectra in the Na/HC
half-cell cannot be fitted by the equivalent circuit depicted in Fig. 3c,
which is the reason why the evolution of Rt could not be evaluated
over long-term cycling. Instead, we evaluated the approximate
impedance contribution of a HC anode in a battery cell, defined as
Ranode = Ripr — Rygr (5. purple/orange double arrow in Figs. 8a/8b),
whereby Ryggr is approximated by the real part of the impedance at
30 kHz and Ry gR is approximated by the real part of the impedance
at the transition from the large low-frequency semi-circle to the
Warburg-like linear impedance increase. Thereby, the impedance of
the separator (closely corresponding to the impedance at 30 kHz)
and contributions from the Warburg-like impedance response at
rather low frequencies are excluded, so that the remaining impe-
dance should be a reasonable approximation of the impedance
contribution of a hard carbon anode in a battery cell. The thus
determined R,,oqe values of the HC electrode are plotted as a
function of cycle number in Fig. 8c for the Na/HC half-cells
(purple symbols) and the Li/HC half-cells (orange symbols). For
both the Na/HC and the Li/HC half-cells, R,,0qe decreases by ~25%
after the first cycle, which could be explained by an increase of the
specific surface area of the HC active material during the first cycles
via opening of initially inaccessible pores in the material, which in
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Figure 6. Analysis of the hard carbon electrode impedance data for the first-cycle sodiation/lithiation at 0.1 C and 25 °C (the corresponding voltage profiles and
impedance spectra are shown in Fig. 2 as well as in Figs. 4 and 5). The left panels show a fit (dashed lines) of the HC electrode impedance data (symbols)
acquired at 10 mV . after a 30 min OCV phase (= points 6 in Fig. 2), using the equivalent circuit model depicted in Fig. 3c: (a) for the Na/HC half-cell using the
1-TWRE; (b) for the Li/HC half-cell using the ~-GWRE. The thus obtained fitting parameters are given in Table II. (c) Area normalized charge transfer
resistance (Rcr) and high-frequency resistance (Ryrr) vs SOC in the first cycle, determined by fitting the HC impedance spectra recorded for the Na/HC half-cell
(purple symbols/lines; spectra shown in Fig. 4) and for the Li/HC half-cell (orange symbols/lines; spectra shown in Fig. 5) to the equivalent circuit model shown
in Fig. 3c; the R values were set to those determined in blocking conditions (s. Table I). The error bars represent the fitting errors obtained by the least square

fitting method.
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Table II. Fitting parameters and their obtained values for the hard carbon impedance spectra shown in Figs. 6a and 6b, measured after the first
sodiation of Na/HC and the first lithiation of Li/HC half-cells to a cell potential of 10 mV; (= 100% SOC), using the equivalent circuit depicted in
Fig. 3c. Here, Rypr is the high-frequency resistance, Rcr is the charge transfer resistance of the hard carbon electrode, Qcr is the constant phase
magnitude, and acr is the constant phase exponent. R, was fixed to the values obtained in blocking conditions (s. Table I), based on the impedance
spectra shown in Figs. 3a and 3b. The error is based on the fitting errors obtained by the least square fitting method.

HC/Na Half-cell

HC/Li Half-cell

Parameter Value Error/% Value Error/%
Rypore/Qcm’ (from Table T) 45 10 46 13
Ryrr/Qlcm? 3.4 1.0 5.4 0.5
Rer/Qcem? 37.4 0.2 3.5 0.9
Qcr/mF-sCcVjem? 0.25 1.1 0.3 5.5
acr! 0.89 0.2 0.89 1.0

turn would facilitate charge transfer into the active material
particles.>” As was already noted in the discussion of the data in
Fig. 6c, the HC impedance, dominated by a charge transfer
resistance, is significantly higher for the Na/HC compared to the
Li/HC half-cells. Over the course of cycling, the hard carbon anode
impedance values for both cell types gradually increase, and after 52
cycles the hard carbon impedance R,poqe is still ~5-fold higher for
the Na/HC than for the Li/HC half-cells.

Sodiation/lithiation rate capability of HC electrodes in Na/HC
and Li/HC half-cells.—The higher hard carbon charge transfer
resistances in Na/HC vs Li/HC half-cells (s. Figs. 6 and 7) are
expected to result in higher kinetic overpotentials of the hard carbon
electrode in Na/HC half-cells. Since the kinetic overpotential lowers
the hard carbon electrode potential during sodiation (or lithiation),
the hard carbon electrode potential will decrease below OV vs
Nat/Na (or Li*/Li) at lower and lower SOC values, as the C-rate
and thus the current density is increased. Therefore, the sodiation (or
lithiation) capacity at which the hard carbon electrode potential
decreases below 0V vs Na'/Na (or Li*/Li) marks the maximum
accessible capacity that can be reached under constant-current
charging conditions without risking sodium (or lithium) plating,
which is detrimental to cycle-life and safety. The relationship
between the thus defined maximum accessible capacity of a hard
carbon electrode vs C-rate, however, cannot be determined by
simply monitoring the cell voltage, since the overpotentials of a
sodium or lithium metal counter electrode can be very high at high
current densities.>® Therefore, the hard carbon electrode cutoff
potential during the following rate tests in Na/HC and Li/HC half-
cells was controlled to +10 mV vs a metallic sodium or lithium RE,
respectively, rather than vs the cell voltage, analogous to the
procedure described by Landesfeind et al.>* Since kinetic as well
as transport-related overpotentials in general increase with current
density, the C-rates in these experiments were referenced to the same
nominal capacity of 280 mAh/gyc, allowing for a direct comparison
of the rate capability for sodiation and lithiation in Na/HC and Li/
HC half-cells, respectively. In this case, a rate of 1 C corresponds to
a current density of 0.88 mA cm™2. In order to avoid cell short-
circuiting by sodium/lithium dendrites originating from the sodium/
lithium metal counter electrode (exgected to occur for current
densities larger than ~1mA cm 2>% ie., at rates larger than
~1.15C in our case), the distance between WE and CE was
increased to ~800 pm by using four glass fiber separators (compared
to the more commonly employed two glass fiber separators).

Figure 9a shows the C-rate dependence of the accessible specific
capacity for sodiation (purple symbols/line) and lithiation (orange
symbols/lines) of Na/HC and Li/HC half-cells, respectively, using a
lower cutoff potential of +10mV vs Li*/Li and Na*/Na, respec-
tively. For the Na/HC half-cell, the capacity drops rapidly beyond a
rate of 1 C, which can be explained by the high charge transfer
resistance Rer of the HC electrode for sodiation (250 Qem?, s.
Fig. 6¢). For example, at a current density of 1.76 mA cm ™2 (=2 C),

this equates to a kinetic overpotential of ~90 mV. The consequence
of this can be estimated by considering the voltage vs capacity curve
shown in Fig. 2a that was recorded at only 0.1 C corresponding to
only ~0.09 mA cm™>, in which case the overpotentials of both the
Na and the HC electrode can be considered negligible, so that the
cell voltage should be close to the HC electrode potential vs the
Na™/Na reference potential. Shifting this voltage profile negative by
~90 mV, viz., by the projected kinetic overpotential at 2 C, means
that point 4 in Fig. 2a (at =115 mAh/gyc) that marks a cell voltage
of 100 mV (corresponding to also ~100 mV vs Na™/Na) would be
expected to drop to ~10 mV vs Na'/Na, corresponding to the cutoff
potential of our Na/HC half-cell in the rate test shown in Fig. 8a,
where a sodiation capacity of ~150 mAh/gyc was obtained at 2 C.
Considering this rough estimate, this is reasonably close to the
projected ~115 mAh/gyc based on the data at 0.1 C, suggesting that
the high Rcr of the hard carbon electrode in the Na/HC half-cell is
the origin for the rapid drop in capacity between 1 and 2 C. This
suggests that based on kinetic overpotential constraints, the sodiation
rate capability of the here used hard carbon material would be
limited to somewhere between ~1-2 C, even in the absence of mass-
transport limitations (these would become more important for
higher, more application-relevant HC areal capacities, resulting in
thicker electrodes and higher current densities for a given C-rate*').

On the other hand, for the Li/HC half-cell, the lithiation capacity
decreases more gradually and does not show such a rapid capacity
drop, consistent with its ~10-fold lower charge transfer resistance (s.
Fig. 6¢). This becomes more apparent when normalizing the capacity
to the capacity at 0.1 C, as shown in Fig. 9b.

Conclusions

In the present work, we utilized in situ electrochemical impe-
dance spectroscopy (EIS) to investigate the impedance change of a
commercial hard carbon (HC) active material in Na/HC and Li/HC
half-cells. For the Na/HC half-cells, a sodiated tin-wire reference
electrode (u-TWRE) was employed, whereas in the case of the Li/
HC half-cells, a lithiated gold wire reference electrode (u-GWRE)
was used to acquire electrode-resolved impedance data. Both in the
case of Na/HC and Li/HC, we determined the pore resistance (Rporc)
of the anode prior to the first sodiation/lithiation, where so-called
blocking electrode conditions are observed. Subsequently, we
monitored the charge transfer resistance Rcr as a function of the
state-of-charge (SOC) and potential during the first cycle (de)
sodiation and (de)lithiation by fitting the impedance spectra with a
simple equivalent circuit consisting of a mono-rail transmission line
model (mTML) and a high-frequency resistance (Rygr). Rer clearly
dominates the total electrode impedance for both (de)sodiated and
(de)lithiated HC and it reversibly decreases/increases with in-
creasing/decreasing SOC during the first cycle. At the end of the
first sodiation/lithiation half-cycle, i.e., at 100% SOC, Rcr was
found to be a factor of ~10 larger for sodiation compared to
lithiation of the same hard carbon active material. Note that other
types of electrolytes, especially when using additives, might affect
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Figure 8. (a) Nyquist plots of the HC impedance in a Na/HC half-cell
recorded during sodiation (measured at OCV after cycling to a cell voltage of
100 mVp) for cycle 1 (yellow), 2 (green), 12 (blue), and 52 (black) within a
frequency range between 30 kHz and 0.1 Hz, (b) Nyquist plots of the HC
impedance in a Li/HC half-cell using the same cycling and EIS measurement
procedure, (c) hard carbon electrode impedance R4 €volution during
cycling at a rate of 0.1 C between 1.5 and 0.01 V¢ (s. Fig. 7) for sodiation
(purple) and lithiation (orange). Here, we defined the approximate impedance
contribution of a HC anode in a battery cell as R,,0se = Ripr — Rurr
(s. purple/orange double arrows in Figs. 8a/8b), where Ry R is taken as the
real part of the impedance at the impedance minimum in the low-frequency
region, i.e., the transition from the large semi-circle to the Warburg-like
linear impedance increase, and Rypr is taken as the real part of the
impedance value measured at 30 kHz. The error bars represent the deviation
from the average impedance of two nominally identical cells.

the observed electrode resistances. However, the electrolytes used in
this study, i.e., EC/DMC + 1 M NaPFg and EC/EMC + 1 M LiPFg,
were chosen to be very similar in order to assure reasonable
comparability between the Na/HC and Li/HC cells.

Furthermore, we traced the impedance evolution of the HC
electrode (Rynode = Rirr — Rpurr), defined as the difference of a
low-frequency resistance Ry gg (real part of the impedance in the
low-frequency region where the transition from the large semi-circle
into the Warburg-like linear impedance occurs) and a high-frequency
resistance Rypr (real part of the impedance at 30 kHz), over
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Figure 9. (a) Peukert plot for the sodiation (purple) and lithiation (orange)
capacity vs C-rate of hard carbon electrodes in Na/HC and Li/HC half-cells,
whereby the capacity values are determined once the HC electrode potential
reaches 10 mV vs a sodium and a lithium reference electrode, respectively.
The sodiation/lithiation rates were 0.1, 0.2, 0.5, 1, 2, 3, 4, 5 and 10 C for
three cylces each, plotting the capacity for the third cycle. The desodiation/
delithiation rate was fixed to 0.2 C, except for the sodiation/lithiation rate of
0.1 C, where it was fixed to 0.1 C. For both sodiation and lithiation the C-rate
is referenced to 280 mAh/gyc, such that a C-rate of 1 C corresponds to the
same current density for sodiation and lithiation (0.88 mA cm ). (b) Data
from (a) normalized by the specific sodiation/lithiation capacity obtained at
0.1C.

52 cycles via EIS measurements at a constant cell potential of
~100 mV_. For both the Li/HC and the Na/HC half-cells, R,0qde
first decreases after the first cycle and then gradually increases during
long-term cycling (52 cycles) and at this potential (corresponding to
mid-SOC values) is on average a factor of 5 higher for the Na/HC
cells compared to the Li/HC cell.

The larger Ry, Values of the latter are reflected in the lower
rate performance of the HC electrode towards sodiation when
compared to lithiation, which was demonstrated in three-electrode
rate tests. For C-rates of ~2 C and beyond, the specific capacity
obtained for sodiation drops below the capacity accessible for
lithiation of the hard carbon anode, which can be explained by the
higher HC anode resistance. Since currently hard carbons are the
most promising anode material for sodium-ion batteries (SIBs), their
relatively high electrode impedance upon (de)sodiation could be
another challenge for a future commercialization of SIBs apart from
the lower energy density and/or reduced cycling performance with
respect to state-of-the-art lithium-ion batteries.
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Results

3.2 Operando NDP as Analytical Technique for
Lithium-lon Battery Research

3.2.1 ALiquid Electrolyte-Based Lithium-lon Battery Cell Design for
Operando NDP

This section presents the article “A Liquid Electrolyte-Based Lithium-Ion Battery
Cell Design for Operando Neutron Depth Profiling” which was submitted to the
peer-reviewed Journal of the Electrochemical Society in February 2020 and
published in May 2020. The article is published open access and distributed under
the terms of the Creative Commons Attribution 4.0 License. The permanent web

link is available under: https://iopscience.iop.org/article/10.1149/1945-

7111/ab9b20/meta. The article was presented by Fabian Linsenmann as Paper 268

at the Atlanta, Georgia, Meeting of the Electrochemical Society, October 13-October
17, 20109.

In the following study, a novel cell design for operando Neutron Depth Profiling
(NDP) of lithium-ion batteries with liquid electrolyte is presented. NDP is a non-
destructive nuclear analytical technique which is suitable to measure lithium
concentrations as a function of depth. The method takes advantage of the
6Li(n,3H)*He reaction, i.e., the emission of an alpha (*He2*) and a triton particle (3H*)
with very defined energies after neutron capture of a ¢Li nucleus (x7.6 at% of the
natural abundance of lithium). The produced charged particles lose energy on their
way through the sample matrix, and their residual energy can be correlated to
depth and amount of lithium, by which a lithium depth profile of the sample can be

obtained.

The here developed novel cell design uses a thin 7.5 pm thick exit window
(Kapton® foil) for charged particles, the inner surface of which is sputter-coated
with a 100 nm thick copper film that serves as current collector. This allows to
minimize the energy loss through the window and the current collector, thereby
maximizing the viewing depth into the cell. Furthermore, a homogeneous
compression of the window area is assured by utilizing a coin cell containing a
dense pattern of 500 pm diameter holes that were laser-cut into the stainless steel
cell cap of a conventional coin cell. It is shown that the graphite electrode active
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material underneath these holes is completely lithiated during the charging
process, whereas this was not the case for a single 4 mm diameter hole, the latter
represents the operando NDP cell design that had been described in the literature.
Owing to the homogeneous compression, afforded by the pattern of only 500 um
diameter holes, this newly designed operando NDP cell performs similar to a
standard laboratory cell, contrary to what is observed for large single-hole designs.
Therefore, the electrochemical processes probed via NDP with the new cell design
are indeed representative for the entire cell, not only for the processes probed
underneath the window regions, and thus properly represent the cell
electrochemistry. In contrast to ex situ NDP setups, the measurement chamber is
not under high vacuum but filled with He gas at a pressure of 400 mbar to avoid
bulging of the window that would occur if the NDP sample chamber pressure goes

below the vapor pressure of the electrolyte.

As a first application, we recorded NDP data during formation of a graphite
electrode, visualizing the lithium concentration across the electrode with a time
resolution of 1 h. Together with reference measurements of the pristine cell before
starting cell cycling, it was possible to distinguish between lithium in the
electrolyte, reversibly intercalated lithium in graphite, and irreversibly bound
lithium in the solid electrolyte interphase (SEI). A pronounced lithium peak was
detected at the interface of the 100 nm thick copper current collector coated on the
Kapton® window and the graphite electrode, which could be confirmed by means
of X-ray photoelectron spectroscopy (XPS) to be due to the formation of a Cu-Li
alloy during cycling. The amount of alloyed lithium corresponds to only 0.1 % of
the reversibly intercalated lithium, which makes it virtually non-detectable by
electrochemical charge/discharge measurements. Furthermore, it was possible to
quantify the lithium concentrations in the graphite electrode, and thus to determine
the absolute amount of lithium bound in the SEI. The amount of reversibly
intercalated lithium detected by NDP, (3.78 £0.51) x 1021 Li atoms/gelectrode,
matched very well with the amount estimated from the reversible capacity,
(3.86 £ 0.29)x1021 Li atoms/gelectrode. Interestingly, the amount of lithium in the SEI
was found to be significantly smaller than predicted from the irreversible capacity
measured electrochemically, when assuming an electrolyte decomposition

mechanisms with an average ratio of 1 lithium/electron (Li/e’). Here, a ratio of
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(0.61 £ 0.08) Li/e- was measured using NDP. We believe that the most likely reason
for this is that soluble components of the SEI dissolve in the electrolyte during

formation, and are thus not detectable in the operando NDP experiment.

Author contributions

The cell design was developed by F.L.,, M.T., R.G., and H.A.G. All electrochemical
tests, such as NDP cell evaluation and benchmarking were performed by F.L. and
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performed by F.L. Data treatment was done by M.T., F.L., and P.R. The manuscript
was written by F.L., M.T., and H.A.G. All authors discussed the data and commented

on the results.
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A Liquid Electrolyte-Based Lithium-Ion Battery Cell Design for
Operando Neutron Depth Profiling
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In this study, we present a novel cell design for liquid electrolyte-based lithium-ion batteries (LIBs) to detect the lithium
distribution across an electrode by neutron depth profiling (NDP). This newly developed cell design allows to obtain
electrochemical data comparable to a standard laboratory cell making use of 500 pum diameter holes to assure a homogeneous
compression over the entire electrode area. We present operando NDP data recorded during the formation of a porous graphite
electrode where we can both distinguish between irreversibly bound lithium within the solid electrolyte interphase (SEI) and
reversibly intercalated lithium into graphite, and quantify the lithium concentration profile across the electrode. The amount of
lithium reversibly intercalated into the graphite electrode (=~LiCs), based on one lithium per electron of charge (1 Li/e™), was found
to corroborate well with the lithium amount quantified using operando NDP. However, comparing the irreversible capacity with
the amount of lithium detected as SEI within the graphite anode, a significantly smaller Li/e™ ratio was observed. Furthermore, we
confirm that small amounts of lithium alloy into the copper current collector, using NDP and complementary ex situ X-ray
photoelectron spectroscopy (XPS).

© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed 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. [DOI: 10.1149/
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Neutron depth profiling (NDP) is a non-destructive nuclear
analytical technique, which enables the in situ/operando monitoring
of the lithium concentration during charging/discharging of lithium-
ion batteries (LIBs) across the thickness of the electrode with a
(sub-) micrometer spatial resolution. The sample is homogeneously
illuminated using a cold neutron beam, whereby the °Li(n,’H)*He
reaction produces two types of charged species with well-defined
initial energies, namely a ‘He> particle (alpha particle) and a
SH* particle (sriton particle).! When traveling through any sample
material (e.g., through an electrode), the *He®" and *H™ particles
lose part of their energy, and a measurement of their energy
distribution allows to quantify the lithium concentration distribution
as function of depth.” Chemical bonds of the investigated °Li nuclei
with the surrounding material do not alter the reaction cross-section
or the energy of the produced daughter nuclei, which are in the
keV regime. Since NDP is thus not sensitive to the chemical
environment, it probes the local sum of active lithium, irreversibly
attached lithium, and lithium salt in the electrolyte in the same
manner; therefore, to distinguish between these different lithium
species, suitably chosen reference measurements are required, as
will be outlined in this study.

Within the field of battery research, NDP can be utilized to
measure fresh or post-mortem electrode samples ex situ with
relatively little experimental effort. For ex situ samples measured
in a typical NDP chamber under reduced pressure (107> mbar) the
viewing depth is only limited by the density and elemental
composition of the sample itself. For example, a graphite electrode
with a porosity of 30% has a viewing depth of ~45 pm, owing to the
relatively low crystallographic density of graphite (~2.2 g/cm®).?
Thus, Whitney et al.* and Nagpure et al.” used ex sizu NDP to study
the growth of the solid electrolyte interphase (SEI) layer on graphite
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*Electrochemical Society Student Member.
**Electrochemical Society Fellow.
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electrodes that underwent different cyclic and calendaric ageing
processes. In a recent publication by Wetjen et al., the lithium from
electrolyte decomposition products in silicon-graphite composite
electrodes that accumulates around the active material particles was
probed by ex situ NDP after cycling the material for different cycle
numbers. The homogeneous lithium concentration across the elec-
trode thickness after extensive cycling suggested a homogeneous
active material utilization across the electrode thickness, and it was
shown that the cumulative irreversible capacity is in good agreement
with the total lithium accumulated in the SEIL.

The non-destructive nature of the NDP technique can be much
more favorably exploited when performing operando experiments.
In this case, however, the viewing depth into the sample is naturally
diminished by the additional energy loss of the charged particles as
they travel through the current collector, the cell containment, and
the electrolyte in the electrode pores. The so-called stopping power,
which determines the accessible depth into the sample, depends on
the thickness, the density, and the chemical composition of all the
materials through which the charged particles travel before reaching
the detector. Therefore, in order to maximize the viewing depth into
the electrode under study, the cell window and the current collector
must be as thin as possible. The usual approach found in the
literature is the use of either a thin plastic foil (e.g., a 7.5 um
Kapton® film®) or the current collector itself (e.g., a 10-16 pm
aluminum (A" or 10 pm copper (Cu) foil'%) as cell window; in
one case, where the lithiation of tin was studied,'" a tin foil served at
the same time as active material and as cell window. However, we
found that the poor mechanical rigidity of these very thin windows
generally results in an inhomogeneity or lack of mechanical
compression of the cell stack underneath the window. This problem
is even more pronounced when studies are performed in NDP
sample chambers held under reduced pressure (typically in the sub-
mbar range) in order to minimize the energy loss of the charged
particles in the atmosphere as they travel between the sample
window and the detector. Unfortunately, inhomogeneous compres-
sion can lead to differences in local overpotentials and even to local
lithium plating during the charging of a graphite anode.'”> Besides


https://orcid.org/0000-0001-8788-2584
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/1945-7111/ab9b20
https://doi.org/10.1149/1945-7111/ab9b20
mailto:fabian.linsenmann@tum.de
https://crossmark.crossref.org/dialog/?doi=10.1149/1945-7111/ab9b20&domain=pdf&date_stamp=2020-06-25

Journal of The Electrochemical Society, 2020 167 100554

this, the use of thin and non-rigid windows can also result in an
incomplete capacity utilization of the part of the electrode located
directly underneath the window, limiting the charge/discharge rate
capability to very low rates and/or requiring very long constant
voltage phases at the end of charge/discharge in order to achieve a
homogeneous state-of-charge (SOC) across the entire electrode area.
This must be considered when analyzing operando NDP cell data
(i.e., data taken under potentially inhomogeneous compression), as
these artefacts caused by inhomogeneous cell compression may not
at all relate to the processes occurring in commercial cells (i.e., taken
under comparably homogeneous compression). Therefore, it is to
show that the specific capacity obtained from the active materials
under study (in terms of mAh/g,cive material)> and thus the electro-
chemical processes probed are indeed representative of the entire
cell, i.e., whether the electrochemical processes of the electrode
segment underneath the window probed by NDP occur homoge-
neously over the entire window and/or cell area, as would be
required for a rigorous comparison with conventional cells.

In order to attain a sufficiently homogeneous cell compression, so
as to avoid the above described artefacts, we developed a coin cell
based operando NDP cell, where the coin cell cap was perforated
with a pattern of closely spaced 500 pm diameter holes (prepared via
laser cutting) onto which a 7.5 ym Kapton® foil was placed as a
window for the emitting trifon particles. On one hand, the overall ca.
2.2% perforation of the cell cap allowed for a substantial emission of
triton particles from inside the cell; on the other hand, the diameter
of the holes is small enough to still provide a homogeneous
compression of the electrodes within the cell for the given bending
stiffness of the 7.5 pm Kapton® foil window. Nevertheless, the
liquid electrolyte in the cell was found to cause problems (e.g.,
bulging of the window caused by gas formation) whenever the
vacuum level in the NDP chamber was substantially below the vapor
pressure of the electrolyte. Therefore, we used a helium gas
atmosphere at a pressure of about 400 mbar in the NDP sample
chamber, which was high enough to circumvent this problem and
still low enough to sufficiently reduce the interaction of the triton
particles with the helium atoms within the NDP sample chamber.

Previous studies focused on a variety of different electrode
materials, like observing the lithium (de-)intercalation in a lithium
titanate (LTO) anode with a very low areal capacity and loading
(~0.15 mAh/g; o and =0.9 mgLTO/cmz), presumably to limit the
electrode thickness.’ Here, we focus on graphite-based anodes,
which are nowadays the most frequently used anode materials in
industry because of their high energy density and good cycling
stability; to allow for complete penetration of the NDP signal, the
areal capacity also had to be restricted to 0.6 mAh/ggyaphice, Which
is ~4-fold lower than in industrial applications. Due to their low
density, anode active materials such as graphite or silicon allow for a
higher accessible NDP viewing depth compared to, e.g., cathode
active materials. In order to compromise the viewing depth in an
operando NDP cell as little as possible, the mass density of the metal
current collector has to be minimized. While low-density aluminum
can be used as current collector for LIB cathodes, a copper current
collector with an unfortunately ~3-fold higher density must be used
for graphite and silicon anodes, since lithium alloys with Al
at potentials below ~0.3 V vs. Li*/Li."® Therefore, in order to
maximize the viewing depth, we use a very thin copper layer
(100 nm-thick) as anode current collector, which was deposited on a
7.5 pum-thick Kapton® foil acting as cell window. While the latter is
permeable for triton particles, the Kapton® foil of this thickness is
impermeable to alpha particles,'* which therefore could not be
detected and not used for a higher depth resolution analysis of the
lithium profile near the interface between the electrode and the
current collector. Taking into account the frifon stopping power
of the helium atmosphere in the NDP chamber (at ~400 mbar),
of the Cu/Kapton® foil assembly, and of the electrolyte-filled
graphite electrode (assuming an electrolyte-filled pore volume
fraction of ~47%, which then equates to an effective density of
~1.7 g/cmg'eleclmde), the NDP viewing depth into the graphite anode

mounted in the operando coin cell in the presented NDP setup can
be estimated to be ~26 pum.'®> Even though this physical limitation
confines the general application of in situ/operando NDP to graphite
anodes with a ~3-4 times lower thickness and areal capacity
compared to commercially used graphite anodes, it still allows to
study fundamental electrochemical processes. This restriction, how-
ever, does not apply in the case of silicon-based anodes, since their
thickness is much lower at industrially relevant areal capacities due
to the high specific capacity of silicon. E.g., Jantke et al. used anodes
based on a composite of micrometer-sized silicon and conductive
carbon, which had an areal capacity of ~2.5 mAh/cm? at an anode
thickness of only ~25 pm'®; similarly, Wetjen et al. investigated
nanosilicon/graphite composite-based electrodes, which had an areal
capacity of ~2 mAh/cm® at an anode thickness of only ~20 pm.’
In both cases, the complete electrode depth could be probed by
in situloperando NDP.

In the here presented study, we aimed for a pristine graphite
anode thickness of only ~(17 + 2) um in order to: (1) assure a still
precise quantification of triton particles emitted near the anode/
separator interface (i.e., farthest away from the NDP cell window);
(2) avoid a superposition of low energy triton particles (i.e., those
emitting near the anode/separator interface) with the strong NDP
background signal at low energies; and, (3) allow for a possible
swelling of the graphite anode during operation. With the optimized
operando NDP cell design presented in this study, we could
demonstrate that the compression of the graphite anode is suffi-
ciently homogenous to attain a homogeneous lithiation across the
entire graphite anode and to extract its full capacity at a rate of
~C/16. For the here examined graphite electrodes, the evolution of
the lithium profile across the entire thickness of the anode could be
quantitatively followed over the course of charge/discharge, further
proving the utility of our cell design for operando NDP studies. The
NDP data corroborate well with the lithium concentration derived
from the electrochemically observed reversible capacity based on
one lithium per electron of charge (1 Li/e™). However, a signifi-
cantly lower ratio of (0.61 + 0.08) was observed when comparing the
lithium amount in the graphite electrode SEI to the electrochemically
measured irreversible capacity. A possible explanation could be
either electrolyte decomposition mechanisms with an average Li/e™
ratio of <1 or a subsequent dissolution of lithium-containing SEI
compounds during/after formation, which is currently subject of
further investigation. Moreover, consistent with previous operando
NDP studies, our operando NDP and ex situ XPS (X-ray photo-
electron spectroscopy) data also show that during the slow lithiation
of a graphite electrode small amounts of lithium can diffuse into the
copper current collector, forming a Li-Cu alloy.

Experimental

Electrode preparation.—Due to the short range of the triton
particles in NDP and to assure that the lithium profile can be
obtained across the entire electrode thickness, a graphite anode
electrode with a thickness of only ~(17 + 2) um was prepared,
which is less than the typical size of commercial graphite particles
with a dsy value of ~20 um. Therefore, in order to obtain a
homogeneously thin graphite electrode, commercially available
artificial graphite particles (Sigracell SG3, SGL Carbon, Germany)
with a BET area of 4 m? g ' (dso = 19 um, doy = 37 pm) were
sieved to obtain graphite particles with a small and narrow particle
size distribution around 6 pm (dsg = 5.8 um, dgg = 8.5 um) and
a BET area of ~15 m? g~ '. The resulting graphite particle size
distribution is shown in Fig. 1 (red line) in comparison to the original
graphite material (blue line).

Electrode inks were prepared by mixing the sieved artificial
graphite and polyvinylidene difluoride (PVDF, Kynar HSV 900,
Arkema, France) at a mass ratio of 91:9 with N-methyl-pyrrolidone
(NMP, anhydrous, 99.5%, Sigma-Aldrich, Germany) at a solid
content of 28 wt% in a planetary mixer (Thinky, USA) for 15 min.
The resulting ink was then doctor blade-coated onto a 100 nm-thick
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Figure 1. (a) Particle size distribution for a commercial artificial graphite (blue) and the same active material, which was sieved to remove particles larger than
~10 pm (red); the inset shows an SEM cross-section of an NDP electrode before compression. (b) Illustration of the doctor blade mask-assisted coating
procedure of the graphite electrode ink onto the copper coated Kapton® foil serving as window for the operando NDP coin cell (left), and photos of the coated
electrodes (right top) and of the uncompressed electrodes after drying (right bottom).

copper layer serving as current collector that had been sputter-coated
(Movatec, Germany) onto a 7.5 um Kapton® (DuPont, USA) foil,
serving as anode current collector and window for the operando
NDP cell. The 12 mm diameter graphite electrodes were obtained by
coating through an 80 pm-thick mask made from a PTFE coated
fiberglass film (Fiberflon, Fiberflon GmbH & Co. KG, Germany)
that contained holes with 12 mm diameter (s. Fig. 1b). The coating
including the mask was dried at 50 °C in a convection oven for
10 min. The mask was then removed and the coating dried for
another 3 h at 50 °C. To allow electrical contacting of the current
collector in the coin cell assembly (s. below), the electrodes were
punched out with a larger diameter of 15 mm, so that an outer
1.5 mm wide rim of the non-coated copper current collector
remained (s. Fig. 2a). Finally, the electrodes were compressed to a
porosity of ~(47 * 6)% using a KBr press (PE-011, Mauthe,
Germany), as determined by areal weight and thickness measurements,
considering uncertainties of +0.034 mg for the coating mass, and
+2 pm for the coating thickness, where the error in mass determination

originates mainly from variations in the current collector weight
(standard deviations of ten current collector samples). This procedure
yielded an electrode loading of (1.99 x 0.03) mgguphie (=1.76 %
0.03 mggmphne/cmz) with a nominal areal capacity of 0.62 mAh/cm?
(based on a reversible capacity of 350 mAh/ggpnie) and with an
electrode thickness of ~(17 + 2) um.

Cell assembly and cell cycling.—The electrodes were glued into
a commercial CR2032 coin cell cap (Hohsen Corp., Japan) using
epoxy resin (UHU Plus Endfest, Bolton Group S.r.l., Italy) applied
onto the copper rim area (s. Fig. 2b). For this work, two different
types of specially designed coin cell caps were used. For initial
experiments, a hole with 4 mm diameter (0.13 cm® open window
area) was laser-cut into the cap. As this design resulted in a poor
compression of the electrode and a very inhomogeneous current
distribution (s. below discussion), an improved cap design was
devised, containing a grid of 57 laser-cut holes with individual
diameters of 500 pm arranged in a quadratic pattern and with a
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Figure 2. (a) Graphite electrode (12 mm diameter, uncompressed) mask-coated onto a 100 nm Cu film that was sputter-deposited onto a 7.5 pm-thick Kapton
foil (the final assembly was punched out at 15 mm diameter, leaving a 1.5 mm wide Cu perimeter for electrical contacting); (b) graphite electrode glued into the
inside of a CR2032 coin cell cap; (c) top-view of a CR2032 coin cell cap containing 57 laser-cut holes with a diameter of 500 ym; (d) cross-sectional schematic
of the operando NDP cell setup; (e) operando NDP cell setup in exploded view.

center-to-center distance of 1 mm (extending over a roughly circular
area with a diameter of ~10 mm), amounting to a similar total open
window area of 0.11 cm? (s. Fig. 2¢). The electrode glued into the
coin cell cap was dried overnight at 80 °C under dynamic vacuum in
a glass oven (drying oven 585, Biichi, Switzerland) and then
transferred into an argon-filled glovebox without exposure to
ambient atmosphere.

To assure electrical contact between the copper current collector
and the stainless steel coin cell cap, a 10 pum thick copper foil ring
with an inner diameter of 13 mm and an outer diameter of 19 mm
was positioned around the graphite working electrode (WE), as
shown by the thick orange marked element in the cell cross sectional
sketch in Fig. 2d and the orange marked ring in the exploded view
shown in Fig. 2e. The coin cell was assembled using six glass fiber
separators with a diameter of 17 mm (VWR, Germany), each with an
uncompressed thickness of 250 pm (s. Figs. 2d and 2e; the
compressed thickness is ~200 pym each), which were soaked with
270 pl of 1 M LiPFg¢ in a mixture of ethylene carbonate and ethyl
methyl carbonate (EC:EMC = 30:70 wt%; LP57, BASF, Germany).
The use of multiple thick glass fiber separators was chosen in order
to improve the homogeneity of the pressure distribution as well as to
facilitate gas diffusion away from the graphite electrode surface. As
counter electrode (CE), a capacitively oversized LiFePO, (LFP)
(LFP High Energy, Custom Cells Itzehoe GmbH, Germany)
electrode with a diameter of 10 mm and an areal capacity of
~3.5 mAh/cm® was used. A 0.5 mm-thick aluminum spacer
containing a 100 gm x 10.1 mm circular milled slot was used to
precisely center the LFP CE during cell assembly and to adjust the
height of the electrode stack to yield a calculated cell pressure of
~3 bar.

The operando NDP cell with the optimized cap design containing
the 500 pm holes used during beamtime was cycled between 3.43 and
1.93 V. at a C-rate of ~C/16 (=39 pA/cmz) using an SP300
potentiostat (Biologic, France). The cell was first charged to 3.43 V¢
(CCCV charge with a C/32 current cutoff to end the CV phase) and
then discharged to 1.93 V., (CCCV charge with a C/80 current cutoff
to end the CV phase), followed by a 2 h rest phase at open circuit
voltage (OCV). Afterwards, the cell was again charged to 3.43 V..
(CCCV charge with a C/32 current cutoff to end the CV phase). The
cell with one large 4 mm hole and the operando cell with 500 pm
holes for the visual lithiation determination during cell development
were cycled accordingly, but at a C-rate of C/15 (CCCV charge with a
C/30 current cutoff to end the CV phase, CC discharge

For the later described in sifu experiment to study the lithium
intercalation into the Cu current collector, an uncoated anode current

collector (i.e., a 100 nm Cu on 7.5 pum Kapton® foil without the
graphite electrode) was used as WE and a 16 mm diameter and
450 pm-thick lithium disk was used as CE. One set of these coin
cells was not charged, but simply stored at 25 °C and OCV for 16 h.
The other set of cells were cycled such that the WE potential was
first scanned from OCV (=3 V vs. Li"/Li) to 250 mV vs. Li*/Li
within 2 h (corresponding to a scan rate of ~0.38 mV/s ), and then
further reduced to 20 mV vs. Li™/Li within 14 h at ~0.0045 mV s~ .
For the ex situ XPS measurements, coin cells with a standard cell cap
were assembled, also with a Cu-coated Kapton® foil as WE, a 2500
Celgard® polyolefin separator (Celgard, USA) with 50 ul of LP57
electrolyte, and a Li disk CE. The same cycling procedure was used
for the ex situ NDP cells.

Neutron depth profiling (NDP) and quantification of the NDP
signal.—NDP measurements were conducted using the N4DP setup
at the PGAA instrument of the Heinz Maier-Leibnitz Zentrum
(MLZ) in Garching, Germany.'”'® The cold neutron beam exhibits
a flux of 1.35 x 10° cm ?s™' and is collimated to a circular-shaped
beam profile with a diameter of 4 mm using boron-containing plastic
plates.'* The NDP chamber was filled with helium gas at a pressure
of about 400 mbar, well above the vapor pressure of the liquid
electrolyte in the cell while keeping the additional energy loss of the
charged particles by interaction with the helium on their way from
the cell window to the detector (placed at a distance of 9.6 cm) low.
The coin cell was mounted on a specially designed operando sample
holder, shown in Fig. 3. Here, four different operando cells can be
mounted together with several ex situ reference samples. The sample
holder is mounted at an angle of 45° with respect to the incoming
neutron beam, with the cap of the coin cell containing the window
holes facing and aligned in a normal direction to the charged particle
detector (ORTEC).

The measured signal intensities were converted to absolute
quantities by comparing them to the signal obtained from the boron-
containing reference sample SRM2137." It consists of a well-defined
198 concentration profile implanted into a silicon wafer and the boron
content within the total implantation is known with a precision of
+3.4%.'° Within a calibration measurement, the integrated signal
intensity, representing the total '°B amount within the SRM2137
reference, was determined with a systematic uncertainty of +0.9%. In
order to relate the measured signals to lithium, the ratio of the thermal
neutron capture cross sections of 1B (~3840 b) and °Li (940 b) was
taken into account together with the natural abundance of °Li (~7.6%).

While these aspects must be considered for the quantification of
ex situ NDP data from harvested electrodes, operando NDP
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Figure 3. (a) NDP cell holder with five reference sample slots, used for elemental quantity and energy calibration, of which two are mounted: (1) LiF-coated
Mylar® foil, and (2) 10B-doped silicon wafer (SRM2137). (3)—(6) show four mounting slots for operando NDP coin cells (in this picture, (3) and (6) are
mounted). (b) + (c) Drawings of the 500 xm diameter hole grid on the front-side of the coin cells, superimposed with the area illuminated by the neutron beam
(blue area, ~17.77 mm? ellipse), shown for either a perfect alignment of the center and the central axes of the incident neutron beam with the center and the
central axes of the hole grid (b) or for the case where the neutron beam area is rotated by an angle of 45° (c). From these kind of drawings, the maximum and
minimum hole area/beam area ratio were calculated by considering rotation angles of 0°, 22.5°, and 45° as well as in-plane offsets of the neutron beam area from

the hole grid center by distances between 0 mm and 1 mm in 100 pm steps.

measurements with the here presented operando coin cell must also
take into account the reduced area from where the emanating
charged particles can reach the detector. Since the SRM2137
reference sample is larger than the neutron beam area hitting the
sample, charged particles from the whole illuminated area can reach
the detector. On the other hand, this is not true for the operando coin
cell, because the 0.25 mm-thick stainless-steel cap is impermeable
for the charged particles and so they can only emanate from the area
defined by the processed grid of holes with individual diameters of
500 pm, as discussed in the following. The circularly collimated,
~4 mm diameter neutron beam hits the sample at an angle of 45°,
resulting in an illuminated area in form of an ellipse (~17.77 mm?)
on the window area with the hole pattern. As shown in Figs. 3b and
3c, the fraction of illuminated holes depends on the positioning of
the coin cell within the elliptic beam area, which was considered by
calculating the variation of the fraction of illuminated hole areas
when moving the beam center in multiple directions away from the
grid pattern center between 0 mm and 1 mm in 100 pm steps and a
rotation of the coin cell by 0°, 22.5°, and 45° (s. Figs. 3b and 3c) was
taken into account. Based on the maximum displacement error of the
illuminated neutron beam area with respect to the grid pattern of the
holes of 1 mm in all directions on the window plane, the maximum
and minimum fractional hole area of the illuminated window area is
20.2% and 17.8%, respectively. In addition, further uncertainties
might arise from a slight angular misalignment of the coin cell out of
the ideal plane-parallel alignment with the detector, which would
reduce the hole area fraction that is in line-of-sight with the detector.
Based on our experimental setup, we estimate a maximum angular
displacement of 3° between the coin cell window and the detector
plane, caused by a maximum of 1 mm misalignment over the 20 mm
coin cell diameter. This would lead to a further reduction of the hole
area fraction by a maximum of 5.2% of the above stated value due to
in-plane alignment of beam and grid pattern. Therefore, the
maximum accessible hole area fraction of the illuminated window
area would remain at 20.2% (perfect angular alignment) and the

minimum would become 16.9% (3° angular displacement). Thus, the
reduced NDP sampling area due to the given hole pattern and the
above geometrical considerations can be estimated to be (18.6 +
1.7)% of the original beam area. This uncertainty of the reduced
beam area based on the here discussed min/max considerations
therefore induces a systematic uncertainty of +9.1%.

In summary, it is important to state that the systematic un-
certainty originating from the geometrical setup of the operando
coin cell is larger (+9.1%) than the errors of the calibration that are
the +3.4% of the SRM2137 standard and the +0.9% of the reference
calibration measurement. Therefore, while NDP is a rather precise
quantitative technique for samples larger than the incident neutron
beam, its precision is somewhat compromised for the here presented
cell design due to the 500 ym diameter hole pattern. However, as
will be shown, this processed grid is critical for assuring a
homogenous compression of the cell stack and good electrical
contact. Considering all three uncertainties, given by the error in
the SRM2137 standard (+3.4%), an uncertainty of +0.9% arising
from the reference sample calibration procedure, and the relative
geometrical min/max error (£9.1%), the total systematic uncertainty
of the lithium concentration measurement was determined to be
+9.8% assuming Gaussian error propagation for errors with inde-
pendent origins. It is to note that this systematic uncertainty scales
all operando NDP spectra in the same manner, i.e., it is independent
of the SOC.

NDP was recorded continuously (event-based) during cycling
(operando) and the data were later averaged over 1 h to achieve
sufficient statistics. Thus, the NDP spectra represent the lithium
concentrations averaged over ASOC = ~6—8%, except for spec-
trum 5 in Figs. 6 and 7 which was recorded during a 2 h OCV phase.
The additional energy losses caused by the fact that the trifon
particles pass through different materials before hitting the detector,
i.e., the 100 nm-thick Cu current collector, the 7.5 um-thick Kapton®
foil, and the helium atmosphere were taken into account when
translating the energy spectra to depth profiles. For the conversion of
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the energy spectra to depth profiles, the stopping power of the triton
particles provided by the SRIM software was used.'>*° Since the
elemental anode composition influences the material stopping power
for the triton (Particles, the change of the composition was also taken
into account.”'* Here, the anode composition was estimated using
the pristine anode composition and the fully electrolyte-filled pores
of the anode. During cell operation, lithium-ions are accumulated in
the anode, leading to a change of the anode composition. Here, the
lithium accumulated in the anode at the different SOCs was
determined by integration of the NDP energy spectra and the
composition was corrected for it. Upon operation, also SEI forma-
tion will occur by reduction of the electrolyte. Hereby, only
electrolyte, which was previously present within the anode pores,
is transformed into an SEI layer, and thus the change of the
elemental composition due to SEI formation was assumed to be
negligible. An overview of the anode compositions modeled for the
different SOC states is shown in Table I.

X-ray photoelectron spectroscopy (XPS).—For the ex situ XPS
measurements, the coin cells were decrimped inside an argon-filled
glovebox. Small pieces (3 x 3 mm) were cut-out from the WE with
a scalpel and mounted on 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).
With an Axis Supra system (Kratos, UK), XPS spectra were
recorded using monochromatic Al-K,, radiation (hv = 1487 eV) at
a base pressure of <3 x 107 torr, a pass energy of 20 eV, a step size
of 0.1 eV, a dwell time of 300 ms, and a measured spot size of 800 x
300 pm. The measurement was performed in hybrid lens mode with
turned on charge neutralizer. Regional spectra were averaged from
4 scans (Cu 1s, Li 1s, Cu 3p, N 1s). The obtained spectra were
processed and 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 employed for the
fitting procedure together with a Shirley background subtraction. The
ratio between copper and lithium atoms was done based on the fitted
spectra of Li 1s and Cu 3p. Etching was performed using Ar" ions
with an energy of 5 keV. The etching time was 10s in the first
step and in the subsequent steps always 30s. The raster size was
2 x 1 mm. The etching time was converted into a depth rate by
completely etching through the 100 nm-thick Cu layer on top of the
Kapton® foil. The N 1s signal from the Kapton® polyimide was used
as indicator for a total penetration of the Cu layer. From that, an
etching rate of ~1.8 nm/30s was calculated.

Results and Discussion

Cycling performance of a coin cell with a 4 mm window.—First,
the electrochemical performance of a coin cell with a single 4 mm
diameter hole laser-cut into its cap is tested. Similar to previous
works,'! this configuration would be favorable for NDP, since it
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Figure 4. Cell potential profiles for the 1% charge/discharge (blue/red lines)
and for the second charge (yellow line) of a graphite electrode cycled vs. an
LFP cathode in a coin cell with a 4 mm window hole that was sealed by the
7.5 pum Kapton® foil. The Kapton® foil was sputter-coated with a 100 nm-
thick Cu layer onto which the graphite electrode was coated (s. Fig. 2a). The
charge was conducted at C/15 with a CV hold at 3.43 V. (with a C/30
cutoff) and discharged to 1.93 V. at C/15. The inset shows a decrimped
coin cell that was disassembled after the second complete charge to 100%
SOC at C/15 and the CV hold at 3.43 V.. Here, it is clearly visible that the
graphite active material within the window hole region was not completely
lithiated across the entire window area due to the absence of the golden LiCq
phase.

maximizes the signal from the charged particles produced by the
®Li(n,*H)*He reaction inside the cell. Figure 4 displays the voltage
profile of a graphite/LFP coin cell with a 4 mm hole that was cycled
inside a glovebox at a rate of C/15. During the first cycle, a
reversible capacity of 349 mAh/g, .phie and a coulombic efficiency
of ~73%, corresponding to a first-cycle irreversible capacity of
~27% are obtained. These numbers are reasonably close to the
reversible capacity of ~355 mAh/ggphie and the first-cycle
irreversible capacity of ~22% measured in a standard coin cell
(without a window hole and using the same graphite electrode coated
on a 10 um-thick copper current collector foil). They indicate a good
electrochemical performance of the cell and that this cell setup
would be representative of a standard cell. However, upon opening
the cell at 100% SOC after the second charging cycle revealed that
even during charging at C/15, the central part of electrode in the
middle of the 4 mm diameter window hole does not show the golden
color expected from a pure LiCg phase® (s. inset in Fig. 4). This
clearly indicates that even during relatively slow charging at C/15,
full lithiation does not occur in the center of the window hole, so that
a large fraction of the area probed by NDP would not at all be

Table 1. Elemental composition of the graphite anode estimated for different SOCs. For the pristine graphite anode, the composition of the graphite
anode layer (graphite + PVDF) is well known and it can be assumed that the pores in the anode layer (47% porosity) are completely filled with
the LP57 electrolyte. Upon operation, the composition change induced by the (de-)intercalated of lithium-ions in the graphite active material was
considered. The lithium additionally accumulated in the anodes was determined via integration of the NDP energy spectra and is taken into account

to model the anode composition as a function of SOC.

Anode SOC (spectrum #) H (mol%) Li (mol%) C (mol%) O (mol%) F (mol%) P (mol%)
Pristine (1) 22.0 0.3 64.8 9.1 3.6 0.3
50% (2) 21.3 3.5 62.7 8.8 3.5 0.3
100% (3) 20.5 6.9 60.5 8.5 33 0.3
50% (4) 21.1 4.3 62.2 8.7 34 0.3
0% (5) 21.8 14 64.1 9.0 3.5 0.3
50% (6) 21.0 4.6 62.0 8.7 34 0.3
100% (7) 20.5 6.9 60.5 8.4 3.3 0.3
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representative for the whole electrode. This inhomogeneous lithia-
tion might be caused by increased intercalation overpotentials in the
poorly compressed central region of the window hole.

As shown in the photograph in Fig. 4, the clearly under-lithiated
central region extends only over a diameter of ~3 mm (i.e., over an
area of ~0.071 cm?), which corresponds to only ~6% of the entire
graphite electrode (1.13 cm?), explaining why the overall capacity of
the coin cell with the 4 mm window is very close to that of a
standard coin cell (s. ~355 mAh/gg apnie). Of concern, however, is
the fact that this under-lithiated central region with an area of
~0.071 cm? constitutes ~255% of the overall window area (4 mm
diameter or 0.13 cm?) over which the NDP data are collected.
Therefore, an NDP measurement obtained entirely from this region
would not properly represent the undisturbed cell chemistry in the
coin cell. The observation that the golden color of the LiC¢ phase is
only present in a region of ~0.5 mm within the 4 mm diameter hole
(s. inset of Fig. 4) suggests that this is the maximum distance over
which the local cell compression remains in an acceptable range.

Optical appearance of a lithiated graphite anode cycled in
a coin cell with 500 pm holes.—These findings suggest that in a
~0.5 mm-thick ring inside the perforated hole a LiCgq phase is still
present and thus a hole with a &1 mm diameter might be sufficient to
exclude inhomogeneous lithiation. However, in order to assure a
sufficient cell compression, we decreased the hole diameter itself to
~0.5 mm. At the same time, the overall sampling area for the triton
particles should be maintained in order to maximize the NDP signal.
These two requirements resulted in our improved operando NDP
cell design shown in Fig. 2c in which the single 4 mm window hole
(=0.13 cm?) was replaced by a pattern of 57 holes with individual
diameters of 500 pm, while the total hole area could almost be
maintained (~0.11 cm?). The validity of this improved design was
demonstrated by an analogous experiment as that discussed in the
previous section, whereby a coin cell with 500 pm holes (s. Fig. 2¢)
was cycled accordingly (CCCV charge to a cutoff voltage of
3.43 V. at a rate of C/15 with a CV hold until C/30), so that the
graphite anode is expected to be at its fully lithiated state. Figure S5a
shows a photograph of a graphite electrode extracted from this fully
lithiated decrimped coin cell with an array of 500 ym holes, which

are visible by little indentations in the graphite electrode coating
where the electrode was slightly pressed into the window holes due
to the compressive force on the cell stack. The golden color in
the magnification in Fig. 5b is even present in the indentations of the
electrode, and it clearly indicates that full lithiation occurred
homogeneously over the entire surface of the electrode. These
findings indicate that the region of interest (i.e., within the holes)
is representative of the entire graphite electrode, contrary to what we
had concluded for the cell design with the single 4 mm window hole
(s. inset of Fig. 4). The array of 500 ym window holes in the coin
cell cap thus maximizes the net area accessible for the NDP signal
(i.e., for triton particle emission) while assuring a homogeneous
electrochemical behavior across the entire electrode area. This
improved setup was used for the further discussed operando NDP
measurements.

Cycling performance and NDP energy spectra of a graphite
electrode obtained in an operando NDP cell with 500 pum holes.—
Figure 6a shows the voltage profiles of the graphite/LFP operando
NDP cell mounted within the NDP chamber under reduced helium
pressure (=400 mbar). Displayed are the first charging (blue)
and discharging (red) half-cycles as well as the second charging
half-cycle (yellow), conducted at a rate of C/16 with a CCCV charge
to 3.43 V. (until C/32) and a CC discharge. The obtained
reversible capacity of the capacity-limiting graphite electrode is
~348 mAh/ggr.phite» Which agrees well with the ~355 mAh/ ggraphice
obtained in a conventional coin cell, as does the first-cycle
irreversible capacity of ~22% (this high value can be explained
by the very high BET surface area of the here used graphite active
material).

Figure 6b shows the acquired NDP energy spectra during the
three half-cycles. The points labelled with numbers 1-7 in Fig. 6a
indicate the SOC regions during which the NDP spectra shown in
Fig. 6b were recorded operando (the spectra were averaged over
2 h for point 1 and over 1 h for all other points). Thereby, the
NDP spectra were averaged over an SOC range of Acap
~30 mAh/ggaphite- The spectrum labelled with 1 was measured on
the pristine cell, i.e., during an OCV rest phase before starting cell
cycling. The spectra consist of signals from the triton particles of the

Figure 5. (a) Post mortem photograph of a graphite electrode that was lithiated in the improved operando NDP coin cell design with an array of 500 pm holes in
the coin cell cap (s. Fig. 2d). The graphite in this graphite/LFP cell was charged at C/15 with a CV hold at 3.43 V;; (with a C/30 cutoff). Subsequently, the cell
was decrimped in a fully charged state. The golden color indicates a complete LiCq formation over the complete electrode area. (b) Magnification of the center
part of the electrode. The slight imprints of the 500 ym diameter holes in the coin cell cap are visible in the graphite electrode. This magnified image clearly
shows that the lithiation of the graphite electrode occurred completely also in the regions which are located within the center of the window holes.
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Figure 6. (a) Cell potential profiles of the operando NDP graphite/LFP cell
with the 500 ym diameter hole array design (s. Fig. 2¢) for the first charging
(blue), the first discharging (red), and the second charging (yellow) half-
cycles. The cell was charged at a rate of C/16 (=39 pA/cm®) followed by a
CV hold at 3.43 V. (until C/32) and discharged to 1.93 V. at C/16. The
colored dots indicate SOC regions where an NDP spectrum was recorded
over the course of 1 h, corresponding to a Acap = ~30 mAh/ggraphite-
(b) Measured NDP signal intensity as a function of the triton particle energy,
plotted for various SOC regions (always averaged over 1 h). The differently
colored backgrounds indicate the approximate energy ranges for NDP signals
stemming from the graphite electrode (gray), from a part of the separator
region (blue), and from a part of the Cu current collector/Kapton® foil
assembly (orange); as described in the text, these were obtained from the
inflection points of the NDP profiles.

SLi(n,’H)*He reaction and are dominated below ~600 keV by an
exponentially—shaPed background signal stemming from beta- and
gamma-radiation.'®'” The alpha particles, which are also produced
during neutron capture of °Li, are not observed here, as they do not
penetrate through the Kapton® foil window.’ The triton particles,
however, also lose part of their initial energy of 2727 keV during
their passage through the measurement setup before hitting the
detector, and thus the signals at (2163 + 10) keV (s. Fig. 6b)
correspond to friton particles emitted from inside the coin cell at the
interface between the graphite anode and the Cu current collector.
The energy loss in the 100 nm-thick copper current collector was
roughly estimated to ~11 keV."” Using reference measurements, the
energy loss caused by the Kapton® foil could be determined to be

(301 £ 0.6) keV. The remaining energy loss before hitting the
detector was assigned to the helium atmosphere and it can be used as
a precise measure for the gas pressure within the NDP chamber. The
energy loss of (248 + 10) keV correlates to a helium mass loading of
(0.72 £ 0.03) mg/cm>." It can be translated to a helium gas pressure
of (420 + 18) mbar, when taking into account the sample-detector
distance of 9.6 cm, consistent with the nominal helium pressure of
~400 mbar. At energies higher than ~2163 keV, i.e., the material
before the current collector, the signal intensity rapidly drops to zero
at all SOCs, which indicates that no lithium diffuses into the
Kapton® window during the experiment showing the stability of
the foil. Signals from lower energies correspond to lithium present
at greater depth inside the anode electrode, i.e., towards the
interface between the graphite electrode and the separator interface
(s. Fig. 2d). An intensity decrease towards lower energies (i.e.,
towards a greater depth into the electrode) is typical for NDP
spectra and mainly originates from the curvature of the energy-to-
depth relation.'*

The NDP signal of the pristine graphite anode prior to the first
charging (spectrum number 1 in Fig. 6b) solely originates from the
lithium-ions in the 1 M LiPFg based electrolyte that is filling the
pores of the graphite electrode; however, the NDP signal is super-
imposed by the signal from background radiation which steeply
increases below =600 keV. Around a depth corresponding to
~1200 keV, a small kink in the intensity is observed, which we
believe corresponds to the transition region between the graphite
electrode and the separator (blue/gray interface), i.e., to the anode/
separator interface; the NDP signal is higher in the glass fiber
separator, as its pore volume fraction that is filled with the LiPF¢
electrolyte is ~90% compared to a pore volume fraction of only
~47% in the graphite electrode. This shows that the lithium
distribution within the complete anode can be probed via NDP.
During cell charging (blue spectra in Fig. 6b), the NDP signal
intensity increases, which indicates a lithium enrichment across the
whole graphite anode. Since NDP detects lithium regardless of its
chemical state, three at first indistinguishable contributions to the
lithium NDP signal are now present: (1) lithium from the LiPFg salt
present in the liquid electrolyte located only in the pores of the anode
and it is assumed to be constant for all SOCs (at a signal level equal
to spectrum 1 in Fig. 6b); (2) lithium reversibly intercalated into the
graphite particles; and, (3) irreversibly lost active lithium, bound
within the SEI formed on the surface of the graphite particles. The
maximum NDP signal intensity is reached at the end of the first
charge (i.e., at 100% SOC), where a complete anode lithiation to
LiCq is expected (spectrum number 3 in Fig. 6b). Upon the
subsequent discharge (red voltage profile in Fig. 6a), the NDP
signal intensity decreases, reaching its minimum at the end of the
first discharge (spectrum number 5). At this point, the graphite anode
is completely delithiated and the NDP signal can be assigned to the
sum of lithium in the electrolyte pores and the lithium stored
irreversibly in the SEI that was formed during the first cycle. The
SEI according to a study by Schwenke et al., that was based on
graphite electrodes harvested after formation and subjected to a
washing with DMC (dimethyl carbonate), mainly consists of LiF,
lithium ethylene dicarbonate (LEDC), lithium methyl carbonate
(LMC), and lithium ethyl carbonate (LEC).**> At the transition
between the different phases, namely between the separator and
the graphite electrode as well as between the graphite electrode and
the Cu-coated Kapton® window, different distinct lithium concen-
tration levels are expected. Therefore, these transitions can be
obtained from the inflection points of the NDP spectra,'® which
are traced in Fig. 6b by the differently colored segments with blue
representing a part of the separator region, gray representing the
graphite anode, and orange representing the Cu-coated Kapton®
window. During lithium intercalation, the boundary of the graphite
electrode towards the separator (blue/gray interface) is shifted
towards lower energies, which implies that the electrode mass and
therefore also the thickness of the electrode is increasing. This is
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consistent with the literature, which shows a volume expansion of
~10% during lithium intercalation.*

Quantification of the lithium concentration across the graphite
electrode measured via NDP.—To quantify the lithium concentra-
tion in the SEI and the intercalated graphite, we first subtract from
the NDP signals taken at different SOCs (shown in Fig. 6b) the
signal contributions from the electrolyte contained within the pores
of the separator and the graphite anode. This corresponds to the NDP
signal from the pristine electrode (s. spectrum 1 in Fig. 6b), where
lithium is only present in the electrolyte phase, based on the
reasonable assumptions that (i) the void volume fraction is inde-
pendent of the SOC at the applied slow cycling rate of C/16, and that
(i) the amount of formed SEI does not significantly alter the
electrode void volume fraction over the only two charge/discharge
cycles. In this way, NDP signals stemming from the lithium salt
containing electrolyte within the electrode pores as well as undesired
signals from beta- and gamma-induced background radiation are
removed, so that the remaining NDP signals now only reflect the
change of the lithium concentration (Acp;) that is due to the
reversible intercalation in the graphite active material and due to
the lithium-containing SEI. These NDP spectra corrected for the
electrolyte contribution are shown in Fig. 7a.

Figure 7b shows the NDP spectra from Fig. 7a after transforma-
tion of the NDP count rate into lithium concentration in terms of Li
atoms per Zejecrrodes plotted vs. the depth into the electrode (upper
x-axis) or electrode mass loading in mgeecyroge PEr cm? (lower
x-axis). The conversion of NDP signals to an absolute quantity was
achieved via measuring a reference sample and by considering the
fraction of the beam area that is occupied by the holes in the coin cell
cap (s. Fig. 2¢), as explained in detail in the Experimental section.
Here, the systematic uncertainty bands of +9.8%, arising mainly
from the geometrical alignment uncertainty of the NDP measure-
ment are shown. To convert the energy axis in Fig. 7a to the
electrode mass loading or depth axis in Fig. 7b, the SRIM software
was used,”?° considering the approximate composition of the
graphite electrode vs. SOC, as outlined in the Experimental section.
The energy resolutions near the electrode/current collector and near
the anode/electrolyte interface are (24 + 2) keV and (396 + 15) keV,
respectively (s. Fig. 7a). They correspond to mass loading resolu-
tions of (0.09 = 0.01) mg/cm2 near the electrode/current collector
and a lower resolution of (0.52 + 0.02) rng/cm2 at the electrode/
separator interface, caused by the statistical nature of the charged-
particle energy loss. Assuming a homogeneous material density of
1.7 g/cm3electr0de, these limited mass loading resolutions translate to
spatial resolutions of (0.53 + 0.07) ym and (3.05 = 0.12) um,
respectively (s. Fig. 7b).

As shown in Fig. 7b, rather constant lithium concentration
profiles are observed for all SOCs, which indicates a homogeneous
lithium accumulation across the electrode depth during battery
operation. However, a small slope remains after translating the
energy spectra to concentration profiles. It likely originates from the
geometrical aspect ratio of the 500 pum holes in the 250 pm-thick
coin cell cap, inducing an additional energy loss of the triton
particles by scattering on the edges into the stainless-steel casing,
which then could lead to a slight depletion of the trifon signal
near the graphite/current collector interface (i.e., in the region of
~0-1.5 MEiecrrode/cm” in Fig. 7b) and is currently being investigated
in more detail. While across the graphite anode a rather constant
lithium accumulation is measured, a distinct lithium enrichment at
the anode surface near the current collector/electrode interface is
observed over the course of cycling (i.e., an NDP signal peak near
this interface), which remains even in the fully discharged state
(spectrum 5 in Fig. 7b).

In the following, first the lithium concentrations measured across
the graphite anode are quantitatively compared to the expected
lithium concentrations based on the electrochemical data.
Subsequently, the peak at the current collector/electrode interface
will be quantitatively studied and verified using ex sifu XPS.
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Figure 7. (a) Change of the NDP spectra with respect to the pristine state of
the cell. Here, the spectra from Fig. 6b are shown after subtraction of the
NDP spectrum of the pristine cell (i.e., before cycling, corresponding to
spectrum 1 in Fig. 6b). (b) Transformation of the NDP signal count rate into
Li concentration in terms of amount of Li atoms per gejectrode as Well as
transformation of the triton energy into either depth into the electrode (upper
x-axis) or electrode mass loading (lower x-axis). The differently numbered
spectra were collected at the points marked in the charge/discharge profiles
shown in Fig. 6a. Here, Acy; consists of the Li concentration levels in the
electrode other than from the liquid electrolyte, which was subtracted
beforehand. The Acy; concentration level at 100% SOC (spectra 3 and 7),
which consists of lithium in the SEI and lithium intercalated in the graphite
active material, is indicated by the upper dashed bold purple line. The
concentration level measured for the fully discharged electrode (spectrum 5)
after the first completed charge/discharge cycle consists only of lithium in
the SEI and is marked by the lower dashed bold purple line. The
concentration difference between these spectra (0% and 100% SOC) can
be assigned to reversibly intercalated lithium and refers to LiCq formation.
Systematic uncertainties of the NDP measurements are indicated as
discussed in the Experimental section.

Comparison of lithium concentrations measured via NDP and
estimated from the electrochemistry.—The lithium concentrations
measured at 100% SOC after the first charging (spectrum 3 in
Fig. 7b) and the second charging half-cycle (spectrum 7 in Fig. 7b)
are both only composed of reversibly intercalated and irreversible
bound lithium in the SEI, since signal from lithium in the electrolyte
was eliminated by subtracting the signal obtained from the pristine
anode (s. Fig. 7a). Since both spectra 3 and 7 show an almost
identical lithium concentration, it can be concluded that the major
part of the SEI formation was completed during the first charging,
i.e., the first half-cycle. This is consistent with on-line electroche-
mical mass spectrometry (OEMS) analysis that shows that the gas
evolution known to accompany SEI formation essentially vanishes at
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the end of the first charge.”**> Even though the exact composition of
the SEI is still under debate in the literature, the major constituents
and the underlying formation mechanisms have been intensively
investigated.’>™*® For example, it was found that a major pathway
for reductive EC decomposition proceeds via formation of lithium
ethylene dicarbonate (LEDC) and ethylene (C,H,),24?%3° which
would imply the consumption of one lithium atom (i.e., its
incorporation into the SEI) per one electron of irreversible charge,
corresponding to a ratio of 1 Li/e™.

Therefore, the major part of the SEI formation was assumed to
take place during the first charging half-cycle, and thus the amount
of lithium in the SEI is reflected by the lithium concentration of
(0.69 + 0.07) x 10*' Li atoms/ggecode in the fully discharged
state after the first cycle (0% SOC, spectrum 5 in Fig. 7b).
Furthermore, taking into account the lithium concentration of
(447 = 044) x 10*' Li atoms/gejeciroqe Obtained from the fully
charged anode (spectra 3 and 7), the concentration of reversibly
intercalated lithium was calculated to be (3.78 = 0.37) x 10°' Li
atoms/gejecrode from the difference of both concentration levels
(0% SOC and 100% SOC). In this way, the reversibly intercalated
lithium (=LiCeg, i.e., =350 mAh/gg.pnice) and the irreversibly bound
lithium in the SEI can be separated, as indicated by the arrows/labels
at the right-hand-side of Fig. 7b.

In order to compare these values to the estimated lithium
concentrations derived from the electrochemical measurements, the
total mass of the graphite electrode, including PVDF binder,
electrolyte, SEI, and intercalated lithium need to be considered,
since NDP is sensitive to the lithium quantities per mass of matrix
(i.e., per mass of the electrolyte-filled anode in this case). The mass
of the electrode coating (graphite + PVDF binder) is well-known
from weighing the electrode and the current collector and is
(2.19 = 0.03) mg (s. Table II). The mass of intercalated lithium
can be calculated from the moles of lithium determined by the
reversible capacity (25.84 pumol = 0.18 mg; s. second column of
Table II). The mass of the electrolyte in the electrode pores of
1.08 mg (s. second column of Table II) was calculated from the
electrode thickness of 17 um (measured before cell assembly), the
electrode porosity of 47% (calculated from electrode thickness and
mass), and the electrolyte density of 1.19 g/cm>. Finally, the mass of
the SEI can be approximated from the moles of lithium that were
deduced from the irreversible capacity (viz., 7.28 pmol), under the
assumption that the total charge goes into the formation of LEDC
with a molecular mass per lithium of 81 g; gpc/moly;, resulting in
0.59 mg LEDC (from: 7.28 pmol x 81 g gpc/moly; = 0.59 mg of
LEDC); note that this implicitly assumes a ratio of one lithium atom
per electron irreversible charge (i.e., 1 Li/e™) for SEI formation.
Since other minor SEI components are formed, this somewhat
overestimates the mass of the SEI (due to the lower mass of LiF and
Li,CO; per Li atom), but as the thus calculated SEI mass only
constitutes ~15% of the mass of the electrode (s. second column of
Table II), this error is minor. Note that for the electrochemical
calculation of the lithium concentrations, the following uncertainties
based on the graphite electrode preparations were taken into account:
a coating mass uncertainty of + 0.034 mg was obtained from
the standard deviation of 10 individual weight measurements.
Furthermore, a thickness uncertainty of +2 um and an electrolyte
concentration error of +0.01 mol/L was assumed. The overall mass
of the electrode would thus be estimated to be (4.04 + 0.23) mg at
the end of the first Charge (Eme]ectm]ytc + mgraphite+PVDF + Mpjine. +
my;sg, - Table II) and (3.86 = 0.23) mg at the end of the first
diSCharge (Emclcctrolytc + Mgraphite+PVDF + my;sgp S. Table H)

In a first step, we will now determine whether the amount of
reversibly intercalated lithium that can be quantified precisely from
the measured discharge capacity is indeed in quantitative agreement
with the NDP data analysis. Taking into account that the electro-
chemically measured reversible capacity of ~348 mAh/ggaphice in
the first discharge (s. Fig. 6a) must correspond to a ratio of 1 Li/e™,
this equates to 25.84 pmol lithium (=1.56 x 10" Li atoms). Then,
the expected lithium concentration (NDPy ; i, ) would be the ratio of

the calculated lithium atoms divided by the estimated electrode mass
of (4.04 = 0.23) mg in the fully charged state, which equates to
NDP ;i = (3.86 £ 0.29) x 107" Li atoms/gejectrode (5. Table ID), i.e.,
the concentration can be estimated with an accuracy of 7.5%. This
value corroborates well with the reversible lithium concentration
obtained from the NDP measurements which was found to be
(3.78 + 0.37) x 10*' Li atoms/gejeciroger thereby confirming that,
within the stated errors, the here presented operando NDP cell
design allows for a quantitative NDP measurement while at the same
time providing good electrochemical performance.

In a second step, we will now determine whether the amount
of lithium in the SEI measured by NDP, namely the determined
(0.69 £ 0.07) x 10*' Li atoms/gejecuode at the end of the first discharge
(s. spectrum 5 in Fig. 7b), is consistent with what one would expect on
the basis of one lithium atom per electron of irreversible charge (i.e.,
1 Li/e™) for SEI formation. Assuming the latter and considering the
electrochemically observed irreversible capacity of ~98 mAh/ggaphite
(i.e., the difference between the first charge and the first discharge
capacity in Fig. 6a), the estimated amount of lithium irreversibly bound
to the SEI would amount to 7.28 pmol (=4.38 X 108 Li atoms). Thus,
the expected NDP signal from the SEI (NDPy; sg;) would correspond
to the ratio of these estimated lithium atoms divided by the estimated
electrode mass of (3.86 + 0.23) mg in the fully discharged state
(spectrum 5 in Fig. 7b), which equates to NDPy ; sg; = (1.14 £ 0.09) x
10" Li atoms/gejecuode (5. Table IT). This value is within measurement
uncertainties significantly larger than the concentration value of
(0.69 = 0.07) x 10?' Li atoms/gejectrode Measured at 0% SOC using
operando NDP (spectrum 5 in Fig. 7b). Therefore, this finding
suggests that the Li/fe” ratio for SEI formation determined in our
experimental setup is much lower than our assumed ratio of 1 Li/e™,
and that the Li/e™ ratio determined by our operando NDP measure-
ments would only be (0.61 + 0.08). Possible explanations for this
finding are that the intrinsic Li/e™ ratio during SEI formation is
indeed significantly lower than 1 and/or that a notable fraction of the
SEI products are soluble in the electrolyte and are thus not
immobilized in the SEI, which is currently being investigated in a
different study.

Analysis of the NDP lithium peak at the current collector/
electrode interface.—Apart from the previously discussed lithium
concentration signals within the graphite anode, also an apparent
enrichment of lithium at the current collector/electrode interface is
observed in the NDP spectrum at the end of the first discharge
(spectrum 5 in Fig. 7). In the second charging cycle, this peak
remains present and is superimposed with the NDP signal stemming
from lithium intercalation, as can be seen upon closer inspection of
spectra 6 and 7. The NDP signal peak at the interface between the
graphite electrode and the Cu-coated Kapton® window indicates that
there is a thin layer at this interface that is enriched in lithium. While
this peak could be due to an increased SEI formation or an
incomplete delithiation of graphite at this interface, a recent
operando NDP study by Lv et al.'® showed a lithium intercalation
into the copper current collector. To verify that this is also the case
in the herein investigated study, we mimicked the charging process
in a second experiment in the operando cell by slowly sweeping the
potential of a pure current collector, i.e., the Cu-coated Kapton® foil
without graphite coating, to a potential region where intercalation of
lithium in copper might occur. Here, the counter electrode was a
lithium metal foil, and the interface was subsequently analyzed by
in situ NDP and by ex situ XPS.

In order to confirm that the peak at the current collector interface
really stems from lithium intercalation into copper, we recorded
in situ NDP spectra of an operando NDP cell assembled with the
bare Cu-coated Kapton® foil as WE and a metallic lithium CE. The
potential of the WE was swept slowly from OCV (=3 V vs. Li*/Li)
to 20 mV vs. Lit/Li in a total time of ~16 h, after which an in situ
NDP spectrum was recorded (red line in Fig. 8). For comparison, a
nominally identical cell was also measured by in situ NDP at its
OCV, i.e., without polarizing the WE negatively (s. black line in
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Figure 8. (a) In situ NDP spectra of two electrodes consisting of a 7.5 pum Kapton® foil covered with a 100 nm-thick Cu current collector and assembled against
a metallic lithium counter electrode in the operando NDP cell. The potential of one electrode (red) was swept gradually from OCV (=3 V vs. Li*/Li) to 20 mV
vs. Li"/Li within 16 h; the second cell (black) was not cycled and measured at OCV. (b) Intensity difference between the two spectra from (a) showing the

additional signal caused by alloy formation between the copper current collector and lithium.

Fig. 8). Only the cell scanned to 20 mV vs. Li*/Li showed a
pronounced peak at the energy corresponding to the copper interface
(at 2000 keV in this case, due to a slightly higher He pressure in
the NDP sample chamber), confirming that the peak measured
during the operando measurement shown in Figs. 6b and 7 is due to
lithium intercalation into the Cu current collector.'” As shown in
Fig. 8, the energy resolution of the NDP signal near the current
collector is ~25 keV, which corresponds to a depth resolution of
~200 nm in Cu."”> Within the Gaussian-shaped signal no internal
structure is observed, which indicates a lithium distribution thinner
than the NDP resolution. Although the lithium alloying depth profile
can not be resolved using NDP, the integral of the isolated lithium
alloying signal, as shown as spectra difference in Fig. 8b, allows to
quantify the total lithium that was alloyed into the 100 nm-thick
copper current collector layer to be (1.77 = 0.17) x 10'® atoms/cm?
or (0.20 = 0.02) ugLi/cmz. This value corroborates well with earlier
findings of Lv et al.,'® where they report the intercalation of lithium
in a conventional 10 gm-thick Cu current collector. Comparing this
finding to the total lithium amount of ~160 ug;i/cm” that was
reversibly intercalated in the graphite electrode (~25.84 pmol; =
~181 pgy; (s. Table II), taking into account the anode diameter of
12 mm) it shows that only =0.1% of the reversibly intercalated
lithium amount, and is thus quasi non-detectable by electrochemical
charge/discharge measurements. We therefore measured the lithium
concentration using XPS as a complementary characterization tech-
nique on identical ex situ copper current collector anodes, which
provides a depth resolution of a few nanometers. In the following, an
XPS analysis on the lithiated copper film semi-quantitatively confirms
the findings obtained via NDP.

Analysis of lithium insertion into the copper current collector
via ex situ XPS.—Figure 9a and b show the ex situ XPS spectra for
Li 1 s and Cu 3p, respectively, recorded on a Cu-coated Kapton® foil
electrode that was polarized to 20 mV vs. Li*/Li in a conventional
coin cell with a metallic lithium counter electrode. The cell under-
went the same cycling procedure as that used for the ex situ NDP
measurements described in the previous section. The Cu-coated
Kapton® foil was harvested from the coin cell in a glovebox and
inertly transferred under inert conditions into the XPS.

First, the surface of the Cu current collector was cleaned by
sputtering to a depth of 0.6 nm with an Ar" ion gun, followed by
recording an XPS spectrum. Afterwards, ~1.8 nm per sputtering
cycle were etched, recording Li 1s and Cu 3p spectra after
each cycle. With increasing depth into the sample, the lithium

a) ] y J T T
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Figure 9. (a) Cu 3p and (b) Li 1s XPS spectra of an electrode consisting of
a 7.5 pm Kapton® foil coated with a 100 nm-thick Cu layer. The potential of
the electrode was swept from 3 V vs. Li*/Li to 20 mV vs. Li*/Li within
16 h; subsequently, the cell was opened in a glovebox and then transferred
under inert conditions into the XPS. XPS spectra were taken after etching the
surface to different depths, clearly showing that after removal of the Li-
containing SEI (=6 nm), the lithium signal is still visible. This suggests that
Li electrochemically alloyed with the Cu from the current collector.

signal continuously decreases, whereas the copper signal increases
(s. Fig. 9). At potentials below ~~0.8 V vs. Li*/Li, it is expected that
electrolyte is reductively decomposed®**' on the copper surface,
forming an SEI similar to that on graphite particles in an LIB
graphite anode.*> The Cu 3p signal measured after the first two
sputter cycles, corresponding to sputter depths of ~0.6 and ~2.4 nm,
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Table III. Atomic ratio of lithium and copper within the copper
current collector estimated from the XPS spectra (s. Fig. 9) recorded
at different sputtering depths. Only sputtering depths beyond the
5.9 nm are considered, as there Cu and Li are the majority surface
species.

at% Li at% Cu depth/nm
16 84 7.7
13 87 9.4
9 91 11.2
7 93 13.0

respectively, is still rather weak (s. black and red lines in Fig. 9),
indicating the presence of an SEI layer. Since the Cu 3p signal is
strongly increasing after the third sputtering cycle (at a depth of
~4.1 nm, s. green line) and stays roughly constant after the fourth
sputter cycle (=59 nm, s. dark blue line), suggesting that the
complete SEI is at latest removed after etching to a depth of ~6 nm.
SEI thicknesses on %ra3phite are reported to range from 2 to several
10’s of nanometers,”" 3 which is consistent with our observation.
Sputtering into deeper layers, i.e., between ~6 and ~1 nm
(represented by the blue, turquois, magenta and orange lines), the
Li 1s signal is still clearly visible. These observations suggest that
some lithium must have diffused into the copper phase forming a
Cu-Li alloy. The Cu-Li phase diagram shows a maximum solubility
of lithium in copper of up to ~22 at%,>* and Klemm and Volavsek™
concluded that the lithium solubility extends up to ~20 at% (or
CuyLi), based on experiments reacting lithium with copper powder
at temperatures from about 300 °C to 800 °C. Pefialoza et al.*
reported on a Li-Cu alloy which they obtained by electroplating
lithium from a LiCI/KCI salt melt onto an electrolytic copper
cathode and Rehnlund et al.*’ could detect lithium traces in a
copper current collector that they stored in contact with a lithium foil
for several days at 50 °C.

Table III shows the atomic ratios of lithium and copper as a
function of sputtering depth into the 100 nm-thick copper current
collector layer, starting at a sputter depth of =~7.7 nm, where only
copper and lithium alloyed into copper are main species, i.e., where
the SEI has been completely removed. At this point, the lithium
concentration is ~16 at%, which is reduced to ~7 at% at a sputter
depth of ~13 nm. The concentration over this approximately 7.2 nm
wide region is ~11 at% lithium and ~89 at% copper. Considering an
atomic density of copper of ~8.5 x 10** atoms/cm® and assuming
that the atomic density does not change significantly upon lithiation,
the total atoms of lithium in the copper foil in this 7.2 nm wide region
can be estimated to be on the order of 0.6 x 10'® atoms/cm?. While
this clearly underestimates the total lithium concentration, since it only
accounts for the lithium concentration between ~7.7 and ~13 nm, its
magnitude is consistent with the lithium concentration determined by
the in situ NDP analysis (1.77 x 10'® atoms/cm?).

As copper foil current collectors are ubiquitously used in
commercial LIBs, the rate and the extent of the electrochemical
lithiation of a copper current collector during charging is expected
to be very low, i.e., negligible compared to the intercalation capacity
of a typical graphite electrode. Under the assumption that a
10 pm-thick copper foil used as current collector would be lithiated
to form a Li-Cu alloy with ~20 at% Li, the associated charge would
result in an areal capacity of 0.95 mAh/cm?. This would correspond
to =38 % of the capacity of a typical graphite anode (assuming an
areal capacity of 2.5 mAh/cm?), which would be quite significant
and there is no experimental data which would suggest that this
occurs. Thus, the lithiation of copper must be a very slow process.
While we have not sputtered deep enough to determine the
maximum penetration of lithium into the copper current collector,
Table III suggests that the diffusion of lithium into the Cu current
collector does not extend much beyond ~10 nm. Assuming this

process to be driven by diffusion, the diffusion time, 7, should be
proportional to the square of the diffusion distance x. Considering
that the Cu current collector in these experiments was at a potential
below 250 mV vs. Li*/Li for 14 h, and assuming that this is low
enough to drive lithium alloying into Cu, a lithium penetration of
~1 um into the copper foil would require ~14*h or more than
4 years. This time scale is far beyond typical charging intervals of a
LIB, which is why a parasitic lithiation of an anode current collector
would generate too little charge to be measured electrochemically.

Conclusions

In this work, we introduce a newly developed cell setup suitable
for operando Neutron Depth Profiling (NDP) measurements. We
present operando NDP data recorded during formation of a
conventional graphite electrode with a reasonable areal capacity of
~0.62 mAh/cm> (corresponding to a thickness of ~(17 +2) um) at a
rate of ~C/16. To the best of our knowledge, this is the first study
proving that the cycling performance in an operando NDP lithium-
ion battery (LIB) cell is comparable to that of a standard laboratory
coin cell. This was accomplished by using a thin Kapton® window
permeable for triton particles together with a specially designed coin
cell cap that is modified to contain a pattern of holes with a diameter
of 500 um in order to maximize the NDP signal while providing a
good contact pressure on the electrodes. This design yielded good
cell performance and, furthermore, it was shown to guarantee a
homogenous lithiation across the entire electrode. A cell design with
a more commonly used single window with a diameter of 4 mm was
found to result in incomplete lithiation of the graphite active material
in the center region of the window, even at a very slow charging rate
of C/15, caused by the low and inhomogenous compression of the
electrodes across the window area. However, since the fraction of
the electrode outside the 4 mm window area is large compared to the
window area, the cell voltage profile and the specific capacity gave
no clear indication of the inhomogenous lithiation across the window
area, so that NDP measurements in this configuration would
obviously not yield data which could be correlated with the cell
voltage profile and the measured state-of-charge. This underlines the
importance of obtaining representative electrochemistry in operando
cells, particularly in the window region.

By subtracting the NDP signal of a reference cell, it was possible
to differentiate between lithium contained in the electrolyte, and
additional lithium accumulating in the electrode upon cell cycling.
Furthermore, we could distinguish between both irreversibly bound
lithium within the SEI and reversibly intercalated lithium in the
graphite active material, and also quantify the lithium concentrations
in each case within a systematic uncertainty of £9.8%. As outlined in
our study, this rather large error results mostly from the uncertainty
in alignment of the grid pattern of the holes with the neutron beam.

Within the here defined experimental errors, the concentration of
reversibly intercalated lithium determined via NDP was found to be
in excellent agreement with the electrochemically measured rever-
sible capacity, for which a well defined ratio of 1 Li/e™ is known.
However, the lithium concentration observed at the end of the first
charge/discharge cycle, corresponding to lithium bound in the SEI,
was shown to be significantly lower than what one would calculate
based on the expected 1 Li/e™ ratio that is implied by the known
electrolyte decomposition mechanisms. Instead, the NDP data
suggest a ratio of (0.61 + 0.08) Li/e”, which either indicates
electrochemical SEI formation reactions with an average ratio of
<1 Li/e” or dissolution of lithium-containing SEI species after or
during SEI formation. A detailed interpretation of this finding will be
provided in a future study, which is currently in progress.

During slow charging of the cell, an increased lithium concen-
tration at the interface between the graphite electrode and the copper
current collector was identified which could be assigned to the
electrochemical alloy formation between lithium and the surface-
near region of the copper current collector; this was verified by ex



Journal of The Electrochemical Society, 2020 167 100554

situ XPS sputter profiling. The quantitative amount of lithium
detected via NDP was in agreement with the lithium amount
estimated by XPS depth profiles, and corresponds to only ~0.1%
of the reversibly intercalated lithium, making it quasi non-detectable
by electrochemical charge/discharge measurements.

The herein presented operando NDP cell design can be a useful
tool to investigate dynamic lithium transport in battery electrodes
during operation, at the same time allowing for a spatial resolution of
concentration changes. Possible future applications could therefore
be the determination of transport parameters for lithium (e.g.,
diffusion coefficients), which is usually a very challenging task,
using specially designed model electrodes. Furthermore, an inter-
esting study would be the investigation of lithium plating during
fast-charging (e.g., on graphite), which is currently under progress in
our group. For such an experiment, the cell has to deliver a good
electrochemical performance also at high C-rates, and possible
artefacts stemming from a lack of compression in a large hole, as
we have proven to be the case in the course of this study, must be
avoided. Especially, the spatial resolution is here of crucial
importance, since the occurrence of lithium concentration gradients
would presumably lead to an onset of lithium plating close to the
separator/electrode interface. Another interesting application could
be the exploration of the lithium plating and stripping processes on
lithium metal anodes or in so called “anode-free” lithium-ion cells
that are recently gaining increasing attention as an alternative to
graphite anode-based LIBs.*® Apart from battery applications, the
presented design can be applied for many applications containing
liquids or sensitive materials, which are hard to measure using NDP.
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Results

3.2.2 Spatially- and Time-Resolved Detection of Lithium Plating
Using Operando NDP

This section presents the manuscript “Spatially- and Time-Resolved Detection of

Lithium Plating During Fast-Charging of a Graphite-Based Lithium-Ion Battery”.

Reducing the charging time for electric vehicles (EVs) is one crucial requirement
to increase customers acceptance and to enable mass market penetration.227,228
The main reason that prevents fast-charging of LIB cells is the hazard of metallic
lithium being deposited on the graphite anode, so-called lithium plating, which
leads to accelerated battery ageing and also presents a safety risk.229 Lithium
plating becomes thermodynamically possible during charging (lithiation of the
anode) of a LIB cell, if the local electrode potential falls below 0 V vs. Li*/Li, which
can be caused by ohmic, mass transport (liquid or solid), and/or Kkinetic
overpotentials at the graphite anode.230 231 Possible reasons for overpotentials due
to mass transport resistances in the liquid phase are lithium-ion concentration
gradients that develop across the thickness of the electrode during lithium
intercalation which is favored by fast charging rates, high electrode loadings, low

electrode porosities, and high electrode tortuosities.

Operando detection of lithium plating in combination with spatial information
about the location within the electrode is extremely challenging. Employing the
novel cell design described in section 3.2.1, we managed to visualize the lithium
concentration change across a graphite electrode during fast-charging using
operando Neutron Depth Profiling (NDP). This was made possible by two critical
factors: 1) the excellent high rate performance of the newly designed operando NDP
cell due to the homogeneous cell stack compression afforded by the 500 pm (and
later 300 pm) diameter hole pattern; 2) the isotopic enrichment of °Li in the
electrolyte and the LiFePO4 counter electrode, which allowed to reduce the NDP
spectrum acquisition time from =1 h to =2 min. Furthermore, since the viewing
depth of operando NDP is limited to #25-30 um, thin graphite electrodes had to be
used, in which case, however, high current densities and high charging rates are
required to generate large concentration gradients in the electrolyte within the

pores of the graphite electrode. Therefore, in order to provoke severe lithium
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plating already at lower C-rates (2 C in this study), the conductive lithium salt
concentration in the electrolyte was reduced from the commonly employed 1 M to

0.31 M LiPFe.

Based on the above considerations, operando NDP could be used to follow the
lithium concentration evolution across a graphite electrode during cycling,
gradually increasing the charging (graphite lithiation) rate from C/4,C/2,1 Cto 2 C,
keeping the discharging rate at C/4 to assure a complete delithiation of the graphite
electrode. While charging rates of up to 1 C result in approximately homogeneous
lithium concentration profiles across the graphite electrode, the lithium
concentration across the thickness of the electrode becomes very inhomogeneous
during a 2C charge with high lithium concentration towards the
separator/electrode and low concentration at the electrode/current collector
interface. The lithiation degree of particles close to the electrode/current collector
interface reaches a maximum of %30 % (100 % 2 LiCe). Since these parts of the
electrode are only partially lithiated, but the lithium amount corresponding to close
to 100 % of the theoretical graphite electrode capacity was exchanged, we conclude
that lithium plating must have occurred during the 2 C charging process. This
hypothesis is supported by the fact that in an open-circuit voltage rest after the 2 C
charge, the lithium concentration equilibrates across the electrode thickness within

only #20 min, indicating dissolution and redistribution of plated lithium.
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The fast-charging capability of lithium-ion batteries (LIBSs) is considered a key enabler for a widespread
adoption of electric mobility. State-of-the-art liquid electrolyte-based LIBs can only be fast-charged to
=~ 80 % state-of-charge (SOC), after which the charging power must be strongly decreased in order to
avoid degradation of the cell performance. Therefore, charging times of several minutes, which would
be comparable to refuelling a combustion engine vehicle, remain unfeasible. The rate limiting factor is
the negative graphite electrode, where lithium is being intercalated during battery charging.
Fast-charging at a high SOC carries the risk for the deposition of metallic lithium on the surface of the
graphite particles instead of intercalating lithium-ions, which reduces battery lifetime and poses severe
safety hazards due to potential cell short-circuiting by lithium dendrites. In this study, we for the first
time directly visualize lithium plating during fast-charging in an operating cell by monitoring the
spatially-resolved lithium concentration change across a graphite electrode using time-resolved

operando Neutron Depth Profiling (NDP).

Besides expanding the battery size, an alternative approach to reduce customers range anxiety and to achieve
mass market penetration of electric vehicles (EVs) is to increase the charging power, and thus, to significantly
lower charging times.™? E.g., the US Advanced Battery Consortium targets fast-charging of EV batteries in
15 minutes to 80 % state-of-charge (SOC) by 2023,® which would correspond to a required constant charging
power of 272 kW for a 85 kWh EV. In April 2019, Tesla announced that a charging time reduction of 25 %
could be achieved for current Tesla models after issuing a software update that pre-conditions the battery by
warming-up the cells allowing them to accept a higher charging rate.*

To date, commercial lithium-ion battery (LIB) cells are still almost exclusively based on graphite as an
anode active material.>® Apart from its relatively high practical capacity of =355 mAh ggapnie, the low
average discharge potential is what enables the high energy density of the electrode.” However, the low anodic
potential also limits the charging currents to prevent metallic lithium deposition on the surface of the graphite
active material particles, so-called lithium plating.® Lithium plating can thermodynamically occur in regions
of the electrode where the potential drops below 0 V vs. Li*/Li during intercalation.® Driving forces for lithium
plating are polarizations caused by impeded charge transfer (kinetic overpotentials®), limited lithium-ion
transport through the electrolyte or the solid active material phase (mass transport overpotentials'), and/or
increased ohmic resistances at high current rates (ohmic overpotentials), which are essential for fast-charging.
Thus, the most straightforward way to improve the fast-charging capability of an electrode is to reduce the
active material loading,®® decrease the MacMullin number of the electrode, i.e., the ratio of tortuosity and
porosity,* and to avoid low temperatures during charging, which lower electrolyte conductivity and slow down
mass transport and charge transfer kinetics.'> 6 Furthermore, the urge to maximize the energy density on cell
level by narrowing the capacity balancing between cathode and anode increases the probability for lithium
plating, especially in combination with uneven current distributions, e.g., due to coating defects or uneven

pressure distribution.’

Plated lithium is highly reactive, and therefore provokes irreversible reactions with the electrolyte which

leads to lithium inventory loss and SEI growth, resulting in impedance build-up.t® These ageing processes can
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strongly reduce the lifetime of a cell. Severe lithium plating also incorporates a serious safety hazard because
lithium dendrites can short-circuit a battery cell, which might trigger a thermal runaway of a whole battery
pack.'®
Detecting lithium plating

Studying lithium plating in a battery cell is very challenging as post-mortem diagnostics usually do not
reflect the electrode state during operation since the chemical system is altering over time. Plated lithium can
react with electrolyte and is thermodynamically favoured to chemically intercalate into partially lithiated
graphite particles, and to dissolve and redistribute across the graphite electrode, which occurs on a timescale
of minutes at room temperature after deposition on the particle surface.'® 2 Hence, in situ or ideally operando
techniques are necessary to elucidate and follow lithium plating mechanisms in a LIB without harming the cell
chemistry. There are diagnostic approaches that allow probing electrochemical processes without opening the
cell, and live during cell operation, respectively. Electrochemically-based methods can be used to indirectly
trace back the occurrence of lithium plating via precisely measuring coulombic efficiency,*® analysing the
shape of the full-cell voltage profile,’® 21222 or probing the graphite electrode potential by means of a
reference electrode.?* 25 While these methods offer the advantage of being quick and comparatively easy to
implement, no direct information on the exact plating onset potential, the amount of plated lithium, and the
location within an electrode can be obtained. In the literature, there are few reports employing advanced
analytical techniques, which are suitable to detect plated lithium, such as electron paramagnetic resonance
spectroscopy (EPR),?® 27 nuclear magnetic resonance spectroscopy (NMR),% microcalorimetry,? or thickness

measurements via laser triangulation.*

However, and to the best of our knowledge, only one study presents a time-resolved and also quantitative
detection of lithium plating.?” The main reason for the occurrence of lithium plating during fast-charging of a
graphite anode at room temperature are lithium-ion concentration gradients forming across the depth of the
electrode. This is the result of lithium-ions being depleted in the vicinity of the current collector due to limited
mass transport,** which can be modeled® using fundamental energy and transport equations according to
Newman et al.®> 3 Since during fast-charging the lithium-ion concentration is at its highest at the interface to
the separator, where lithium transport from the separator pores can proceed most rapidly, lithium plating is
expected to commence and predominantly occur on the surface of graphite particles located in the proximity
of the electrode/separator interface.® * It is well known that opening a cell, which suffered from severe lithium
plating on the graphite electrode, often reveals visually observable metallic lithium deposits on the graphite
electrode surface.™® 8 2! These metallic deposits cannot dissolve and redistribute in empty or partially lithiated
graphite particles within the electrode because they are electrically isolated, so called dead lithium,* and
therefore, are also found in cells disassembled in a completely discharged state.™® To the best of our knowledge,
a spatially-resolved detection of lithium plating induced by lithium-ion concentration gradients in an operating

cell has not yet been demonstrated.



Spatially- and time-resolved measurement of the lithium concentration in a battery cell

As a non-destructive and lithium-sensitive technique, we here use Neutron Depth Profiling (NDP)3": 38 as
an analytical method to determine the lithium concentration as a function of depth within a graphite anode
during cell operation. The neutron capture reaction of °Li produces triton (3H*) and alpha (*He?*) particles at
well-defined energies (s. Figure 1a). A lithium concentration depth profile within a sample can be determined
by measuring the energy loss of the charged particles due to their interaction with the sample matrix.3% 4% 4
The set-up of the employed operando NDP cell is depicted in Figure 1b and described in detail in a recent
publication by Linsenmann and Trunk et al.*? The graphite electrode was doctor blade-coated onto a 7.5 um
Kapton® foil with a previously sputtered 100 nm-thick copper layer serving as current collector. At the same
time, the Kapton® window seals the cap of a standard CR2032 coin cell, which was perforated by laser-cutting

a hexagonal pattern consisting of 139 holes with a diameter of 300 pm (s. Figure 1d).*2
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Fig 1. NDP working principle and operando NDP cell design. a) Neutron capture reaction of 6Li which decays into a
triton (3H*) and an alpha particle (*He?*) with fixed energies of 2727 keV and 2055 keV, respectively. b) Charged
particles lose energy when passing through the electrode, the Kapton® window and the helium atmosphere. The remaining
energy measured by the detector is a function of depth within the graphite electrode. Alpha particles are blocked by the

nominally 7.5 pm-thick Kapton® window. ¢) Cross-sectional sketch of the cell designed for operando NDP measurements.

The neutron beam illuminates the cell at an angle of 45 °. Since the beam area is larger than the coin cell window area,
triton particles exit the cell through all 300 um diameter holes laser-cut into the coin cell cap. d) Exploded view of the
operando NDP cell mounted on a specially designed unit, which is then placed on the sample holder. The 300 um-wide
exit holes are arranged in a hexagonal order.

The Kapton® window is permeable for tritons but blocks alpha particles due to the higher stopping power

of these double positively charged particles by the capping material.® The special design of the LIB cell

optimized for operando NDP measurements does not alter the cycling performance compared to a standard
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laboratory test cell (s. Figure 8), and thus, it also mimics the electrochemical processes that would occur in a
commercial cell. The NDP measurements were performed at the NIST Center for Neutron Research at the
neutron guide NG5 where the Cold Neutron Depth Profiling (CNDP) instrument is situated.** The vacuum
chamber was filled with helium gas at a nominal pressure of ~ 150 hPa in order to prevent the liquid electrolyte
in the cell from evaporating and at the same time to minimize the energy loss of the triton particles between
the operando cell and the detector (s. Figure 1b).

Considering the energy losses originating from the electrolyte, the copper current collector, the Kapton®
foil, and the helium atmosphere, the viewing depth into the graphite electrode is limited to = 30 pm.** A typical
commercial artificial graphite exhibits a particle size distribution (PSD) around = 20 pm (dso = 17 um), which
means that the particle diameters are relatively large compared to the maximum viewing depth of NDP. In
order to improve the homogeneity and to avoid particle cracking during compression of the electrode, the
graphite active material used in this study was sieved to obtain a narrow particle size distribution around a
dso-value of =6 um.*> SEM images reveal that the shape of the graphite particles is plate-like resulting in a
length of ~6 pm and a height of ~0.5-1 um (s. SEM cross-section in Figure 7). To yield a sufficient resolution
of the relaxation processes within the graphite electrode after lithium plating, a time resolution within the order
of a few minutes is required. Since NDP is sensitive to the SLi isotope only (natural abundance of = 7.59 %),
we used in-house SLi-enriched LiFePO, (°LFP) as cathode active material and commercial SLiPFs as
conductive salt of the electrolyte. All lithium sources within the cell set-up were enriched to = 95 at% °Li,

allowing for a reasonable statistical significance in a 2 min data collection time interval.

Due to their low loading of only = 0.82 mAh cm and moderate porosity of = (52 + 4) %, the graphite
electrodes used in this study intrinsically possess a very high power capability. At room temperature, the
formation of lithium-ion concentration gradients large enough to induce significant overpotentials during
lithium intercalation, which would lead to a drop of the anode potential below 0 V vs. Li*/Li, and thus
thermodynamically favour lithium plating, occurs only at very high charging rates. In order to achieve severe
lithium plating already at a charging rate of ~2 C and resolve the concentration gradient build-up during
fast-charging, we employed an electrolyte with a reduced lithium-ion concentration (= 0.31 mol L* compared
to the commonly used concentration of = 1 mol L™). Figure 2a and 2b show the NDP energy spectra measured
at 0 % SOC (blue), i.e., immediately before starting the operando NDP experiment, and 100 % SOC (orange),
recorded after one complete charge of the cell at a rate of C/4. Prior to the operando NDP experiment, the cell
was cycled at a slow rate of C/10 for three cycles to assure a complete and homogeneous formation of the solid

electrolyte interphase (SEI).
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Fig 2. NDP energy spectra and transformation into lithium depth profiles. Operando NDP spectra normalized to
counting rates recorded at, a) 0 % SOC (blue) and, b) 100 % SOC (orange) after charging at a rate of C/4. As a comparison,
the background signal measured in a cell containing a pristine graphite electrode without electrolyte is shown (black,
averaged over 60 min). The grey boxes mark NDP data where the background corresponds to >20 % of the sample signal
and is therefore excluded from the following analysis. c) +d) Depth profiles obtained from the spectra in a) and b) by
transforming the energy scale into a depth scale and the count rate into lithium concentration. The depth is expressed in
terms of both mass loading (lower x-axis) and depth in um (upper x-axis). The expected NDP signals (calculated based
on the electrochemical data) for 0 % SOC (NDP;.sg) and 100 % SOC (NDPi.in. + NDPyi-sgi) are indicated as purple and
green bands, respectively. The width of the bands was obtained by taking into account a systematic uncertainty of + 6.4 %
for the measured NDP data (s. Methods) and an error of + 4 % for the calculated NDP signals (s. Table 1), resulting in a
maximum total uncertainty of + 10.4 %.

The signal measured at 0 % SOC can be attributed to lithium conductive salt in the electrolyte-filled pores
and lithium-containing electrolyte decomposition products in the SEI, which is a lithium-conducting nm-thick
layer on the surface of the graphite active material particles. In a fully charged state (100 % SOC), the NDP
signal is increased by reversibly intercalated lithium in the graphite particles up to a stoichiometry of ~LiCs.
Figure 2c and 2d depict the NDP spectra from 2a and 2b after transforming count rate and particle energies
into a lithium concentration depth profile across the graphite electrode by using the stopping range tables
according to Stopping and Range of lons in Matter (SRIM)*:#* for triton particles (*H*) according to Ziegler
et al. For the stopping power calculations, a matrix consisting of a homogeneous mixture of graphite (91 m%)
and PVDF binder (9 m%) with a porosity of ~ (52 + 4) %, whose pores are filled with electrolyte (= 0.31 M
®LiPFs in EC/EMC = 30 m%/70 m%), was considered. The background signal shown in Figure 2a and 2b in
black colour was obtained from a reference anode assembled in an empty operando NDP cell, i.e., without
electrolyte or LFP counter electrode. Apart from neutron scattering in the NDP setup, the background signal
originates from beta- and gamma-radiation due to neutrons interacting with the stainless-steel casing and the
aluminium cell holder. The grey areas in all panels mark the low energy region in the spectra where the
background signal reaches >20 % of the operando cell signal. These areas were therefore excluded from all

further data analysis. The NDP measurement in Figure 2c (0 % SOC) shows a flat lithium concentration profile
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between = 0 MJelectrode CM? and = 3.8 Myelectrose M2 indicating a homogeneous lithium accumulation, i.e., SEI
formation, across this region of the graphite electrode. In a depth between = 3.8 MQelectrose CM? and
~ 5 MQelectrode CM2, a lithium concentration increase is observed (0 % SOC, s. also Figure 3b, spectra 1, 3, 5,
and 7). This NDP signal was not visible in the background measurement (s. Figure 2a, black area), i.e., an
identically constructed cell without any lithium, and thus it is unlikely to originate from the measurement setup,
but must stem from a true lithium enrichment. A possible reason for the increased lithium signal in the vicinity
to the separator could be additional SEI formation in this region. Locally enhanced SEI formation in this region
might be related to transition metal ion reduction and subsequent SEI degradation originating from HF
impurities in the electrolyte and/or transition metal ion leaching from either the LFP counter electrode (Fe) or
the metal casing/aluminum spacer (e.g., Mn, Al, Mg). The reduction of transition metals would predominantly
occur at the interphase to the separator due to the shorter diffusion pathway. In the same NDP spectrum, a
lithium peak at the interphase between electrode coating and the copper-sputtered Kapton® window is observed
(depth =0 um) which is superimposed with the lithium signal within the electrode for the 100 % SOC
measurement (s. Figure 2d). It originates from an electrochemical alloy formation of lithium and copper during
cycling as demonstrated in a recent study by Linsenmann and Trunk et al.*? The NDP spectrum recorded after
one complete constant current charge (C/4, s. Figure 2d), ending the charging phase by a potential cutoff at
3.42 Ve and a subsequent constant voltage phase until a current cutoff of C/40, also shows a rather
homogeneous lithium concentration profile, with a slightly increased concentration between = 3 Mgeiectrode M2
and = 5 MQelectrode M2, In the following, the lithium concentrations quantified in the graphite anode using NDP
are compared to the values expected from the cell setup and electrochemical performance of the LIB. The
second column in Tablel sums up the expected mass contributions within the electrode, i.e., the
graphite/binder coating, liquid electrolyte within the pores of the coating, reversibly intercalated lithium, and
the (estimated) amount of SEI built up during cell formation, and the third column presents calculated absolute
lithium amounts (in pumol) in the respective phases as deduced from the electrochemical cycling data. These
calculations are based on: i) electrolyte mass and lithium amount from the =25 um thickness, the 52 % porosity
of the electrode, and the = 0.31 M ®LiPFs in EC/EMC = 30 m%/70 m% electrolyte with an approximated
density of =1.19 g cm™3; ii) graphite / PVDF from weight measurements; iii) the intercalated lithium mass was
calculated from the reversible capacity of the first discharge during operando cycling at C/4
(= 369 MAh g lgrapnite); 1V) the SEI mass and lithium amount are estimated using 62 % of the cumulative
irreversible capacity measured during the three formation cycles (= 122 MAh g™ graphite, i.€., = 76 MAh g™ graphite)
assuming a Li/e ratio of 0.62/1 and pure LEDC (80 gLeoc mol™ii). The share of 62 % originates from
post-mortem elemental analysis (ICP-OES) of a pre-formed completely discharged graphite electrode after cell
disassembly where we found significantly less lithium than expected based on the irreversible capacity (i.e.,
(62 + 4) %, assuming one lithium per electron of charge).*? This finding was confirmed in a recent NDP study
where we measured only ~61% of the lithium inventory expected from the irreversible capacity in the SEI.#?
The exact composition of the SEI has little impact on the matrix composition, and thus on the stopping power

for triton particles, making the assumption that the SEI consists purely of LEDC a reasonable approximation.



The forth column shows the calculated expected NDP signals (in the units of pmol mg-eiectroqe) in the electrolyte,
intercalated in the graphite active material (NDPLi.in), and bound in the SEI (NDPi.sei).

Table 1. Calculated NDP signals. Estimated NDP signals of the operando cell stemming from lithium conductive salt
in the electrolyte, reversibly intercalated lithium in the graphite active material, and irreversibly bound lithium in the SEI.
The mass contributions to the electrode (second column) and the absolute amounts of lithium in the electrode (third
column) were calculated based on: i) electrolyte mass and lithium amount from the 25 um thickness, the 52 % porosity
of the electrode, and the =0.31 M SLiPFs in EC/EMC = 30 m%/70 m% electrolyte with an approximated density of
~1.19 g cm’3; ii) graphite / PVDF from weight measurements; iii) the intercalated lithium mass was calculated from the
reversible capacity of the first discharge during operando cycling; iv) the SEI mass and lithium amount were estimated
assuming a Li/e" ratio of 0.62/1% and pure LEDC (80 gLenoc mol™y;). The expected NDP signals from the lithium in the
electrolyte, intercalated in the graphite (NDPyi.in.), and bound in the SEI (NDPy.sei) are shown in the fourth column.
Uncertainties are based on a coating mass error of = 0.034 mg, a thickness error of = 2 um, a porosity error of £ 4 %, and
an electrolyte concentration error of + 0.003 mol L. Other errors were calculated by Gaussian error propagation. This
yields errors for NDPi.in. and NDPiine. + NDPyi-sgi of 4 %.

Mass contribution Li amount Expected NDP signal
mg umol umol mgetectrode

electrolyte in pores 146 +0.2 0.38 £0.05 0.087 £ 0.011
based on 52 % porosity
and ~ 0.31 M LiPFe)
graphite + binder coating 2.88 £0.03 - -
lithium intercalated in 0.22 £ 0.003 36.05+0.43 NDPyj.int. = 7.01 £ 0.28 —
graphite
based on NDPVLi.int. + NDPLi-sel

~368.9 mAh g-lgraphite
reversible capacity in the
first operando NDP cycle

SEI 0.59+0.01 7.39+£0.09 NDPyi.se1 = 1.50 £ 0.06 —
based on 76 MAh g lgraphite

= 62 %* of the total irrev.
cap. during the three
formation cycles and
assuming that the SEI
consists only of LEDC

— =851+0.29

The calculated lithium concentrations for SEI (NDPyi-sei = 1.50 pmol mgeiectroce) and the sum of SEI and
reversibly intercalated lithium (NDP_iin + NDPyise; = 8.51 umol mgeectroge) are indicated as purple and
green horizontal dashed lines, respectively, in Figure 2c and 2d. The error band around those lines represents
the systematic uncertainty of the measured NDP data of 6.4 % (s. Methods) and an error of + 4 % for the
calculated NDP signals (s. Table 1), resulting in a maximum total uncertainty of £ 10.4 %. The fraction of the
signal attributable to lithium in the electrolyte is only =~ 6 % of the SEI signal, and therefore negligible. The
lithium concentration measured using NDP at 0 % and 100 % SOC corroborates well with the expected

concentration for lithium in the SEI and the sum of SEI and intercalated lithium from Table 1.
Lithium plating on a graphite anode induced by fast-charging

In the following section, the lithium concentration distribution across the thickness of a graphite electrode
was investigated during a rate test which is depicted in Figure 3a. Three formation cycles at a slow cycling
rate of C/10 prior to the operando NDP experiment were performed. During cycling, the end-of-charge was

controlled via a cell potential cutoff only during the first charge (C/4 charge until 3.42 Vi and a subsequent
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constant voltage phase until a current cutoff of C/20). For higher charging rates (C/2, 1 C, 2 C), cycling was
terminated by a capacity limit corresponding to 100 % of the maximum practical capacity for the graphite
active material, which was defined here as 355 mAh ggapnite. Thus, the potential of the graphite anode may
drop below 0 V vs. Li*/Li to provide large enough currents during accelerated charging. This will occur if the
charging rate exceeds a certain threshold, such that overpotentials, inter alia caused by concentration gradients,
become sufficiently large. The charging rate was therefore increased from C/4, C/2, and 1 C to 2 C for each
cycle. The discharge was constantly performed at a slow C-rate (C/4) in order to assure complete delithiation
of the electrode. Both charge and discharge were followed by a 30 min open-circuit voltage (OCV) relaxation
phase indicated as grey areas in Figure 3a. SOCs where NDP energy spectra were recorded are labelled from
1-8 by Arabic numbers, 0 % SOC (blue), 100 % SOC (orange). The corresponding NDP spectra are shown in
Figure 3b.
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Fig 3. Lithium plating on graphite induced by fast-charging. a) The graphite anode (= 0.82 mAh cm?) was cycled vs.
a capacitively oversized SLFP cathode in the operando NDP cell using a = 0.31 M SLiPFs in EC/EMC = 30 m%/70 m%
electrolyte at charging rates of C/4, C/2, 1 C to 2 C. The discharge was always performed at C/4 to assure complete
delithiation of the graphite anode. After each half-cycle the cell was rested at OCV for 30 min and 60 min after the final
2 C charge (grey areas). The voltage profile recorded during the last relaxation phase is magnified to visualize the
non-exponential potential decay after switching off the current which is an indication that lithium plating occurred during
charging. b) In situ NDP spectra averaged over the first 2 min of the relaxation phase showing lithium concentration vs.
mass loading for selected points at 0 (blue) and 100 % SOC (orange) marked on the voltage profile in a). The lithium-ion
concentration gradient forming across the electrode during fast-charging at 2 C causes lithium plating to occur on graphite
particles located in the vicinity of the separator. The region used for calculating the coulombic efficiency based on the
lithium concentration within the cell is marked in spectrum 2 (1 mgcm? - 3 mg cm?). The expected NDP signals
(calculated based on the electrochemical data) for 0 % SOC (NDPyi.se)) and 100 % SOC (NDPyi.in. + NDPyi.sg)) are
indicated as purple and green bands, respectively. The width of the bands was obtained by taking into account a systematic
uncertainty of + 6.4 % for the measured NDP data (s. Methods) and an error of + 4 % for the calculated NDP signals
(s. Table 1), resulting in a maximum total uncertainty of + 10.4 %.



The two NDP spectra labelled with 1 and 2 show the same data as plotted in Figure 2¢ and 2d, cut at a depth
of 4.25 MQeiectrose CM2. As explained above, the spectra shown in Figure 3b were obtained by converting NDP
data from an energy into depth scale and from intensity into lithium concentration. All spectra were recorded
during the first 2 min of an OCV phase directly after the end-of-charge and end-of-discharge, respectively.
Spectrum 1 shows the lithium distribution within the electrode before starting operando cycling. As stated
above, the NDP signal originates mainly from lithium in the SEI since the cell was pre-formed. Spectra 1-7
show a horizontal profile, i.e., a homogeneous SEI formation (spectra 1, 3, 5, and 7) and a homogeneous
graphite particle lithiation (2, 4, and 6) across the electrode, which is reproducible for all cycles. Table 2
compares the coulombic efficiencies (CE) measured electrochemically during charging and discharging the
cell with the CE calculated from the lithium inventory determined by NDP. The lithium amount (in pmol cm)
used for calculating the CE was obtained by integrating the NDP spectra in Figure 3b between 1 mg cm and
3 mg cm?, such as to exclude regions in the spectrum > = 3.5 Meectrode CM2 , cOMprising a lithium enrichment
with unknown origin, and < = 0.5 MQekectrode M2 Where lithium alloying with the copper current collector is
superimposed. The CE values measured electrochemically and the corresponding ones calculated from NDP
are in good agreement which supports that the irreversible capacity predominantly results in electrolyte

decomposition and SEI formation increasing the amount of lithium in the SEI.

Table 2. Comparison of the coulombic efficiencies (CEs) from electrochemistry and NDP. The CEs were determined
from the charge/discharge capacities during cycling and calculated based on the NDP signals at 0 % and 100 % SOC,
respectively. For that, NDP signals were integrated between 1-3 Melectrode CM2 to exclude regions >=~3.5 Mgelectroge M2
that might be superimposed by an additional lithium signal with unknown origin and <=0.5 MQelectrode CM™ SUpPerimposed
by lithium alloying with the copper current collector. The reversible capacity during the last formation cycle was
366.5 mAh g_lgraphite-

Cycle | SOC  (Dis)charge capacity Integral (1-3 Melectrode cM?)  CE (cycling) ~ CE (NDP)
% mAhg? umol cm2 % %
0 0 0 2.67 - -
100 390.5 13.68
1 94.5 95.0
0 368.9 3.22
100 355.1 (fixed) 14.01
2 98.2 99.0
0 348.8 3.33
100 355.1(fixed) 14.36
3 98.4 98.8
0 349.5 3.46
4 100 355.1(fixed) 9.91 - -

The significantly lower CE in the first cycle (C/2, =95 %) could be related to the two-week
storage/transport of the cell between formation (Germany) and NDP measurement (USA) during which the
integrity of the SEI might have been affected. During 2 C charging the cell potential increases to > 3.7 Vcen
(s. magnification in Figure 3a) and only =~ 3.5 Ve at 1 C which means that the graphite electrode potential
must have dropped significantly below 0 V vs. Li*/Li. NDP spectrum 8 displays the lithium concentration
distribution across the electrode during the first 2 min after fast-charging at 2 C, i.e., after severe lithium plating

occurring on the graphite electrode. The lithium profile is here strongly inhomogeneous, showing an
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approximately linear concentration gradient across the electrode with lower lithium concentrations within the
electrode region adjacent to the current collector where the lithium-ion concentration in the electrolyte is
depleted due to limited mass transport through the tortuous pore structure of the graphite electrode. The
concentration overpotential results in a potential drop on the graphite electrode below 0 V vs. Li*/Li, thereby
favouring the onset of metallic lithium deposition on the particle surface. Lithium plating will predominantly
occur within parts of the electrode in the vicinity of the porous separator due to the higher lithium-ion
concentration in the electrolyte surrounding graphite particles located there. At mass loadings
> 3.5 MQelectrode CM2, the lithium concentration exceeds the lithium level of fully intercalated graphite, as
clearly visible in spectra 2, 4, and 6 (each 100 % SOC). However, we also see a lithium signal enrichment in
this region in the discharged state of the electrode (spectra 1, 3, and 5). As speculated above, this might be
related to additional SEI formed presumably by impurities in the electrolyte. Since we do not see the lithium
enrichment in this region in spectra 2, 4, and 6, i.e., 100 % SOC, we believe that the NDP spectrum 8 is not
superimposed by this additional lithium signal. The coulombic efficiency in this last cycle is only = 92.9 %
(discharge not shown) which means that = 7 % of the charge went into irreversible reactions, such as the
reaction of reactive plated lithium with electrolyte or the formation of electrically isolated lithium, so called

dead lithium.?”

Discussion

Relaxation of the lithium distribution after plating

Figure 4a shows a magnification of the cell potential profile recorded during the 2 C charging phase, i.e.,
30 min charge (s. Figure 3b, spectrum 8), and the subsequent potential relaxation at OCV over the course of
30 min. The spatially resolved lithium concentration across the graphite electrode is visualized by a
time-dependent 2-dimensional colour map in Figure 4b, with the time in x-direction and mass loading in the
y-direction, where 0 Mgeiectrode CM2 corresponds to the current collector/graphite electrode interface. The
lithium concentration pixels are averaged over 2 min along the time scale with yellow representing high and

blue low lithium concentration.
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Fig 4. Fast-charging and lithium redistribution across the graphite electrode during OCV relaxation. a) Full-cell
potential profile of a SLFP/graphite cell during a 2 C charge and subsequent OCV relaxation phase over 30 min. b) 2D
representation of the time-dependent lithium concentration profiles in the graphite electrode, with depth into the graphite
electrode on the y-axis (0 corresponds to the current collector/graphite electrode interface); the colour describes the
lithium concentration (colour code is shown next to panel c). ¢) Selected lithium concentration profiles following the 2 C
charge between 0 min and 20 min after end-of-charge (averaged over 2 min). The depth into the graphite electrode is
shown as mass loading (lower scale) and depth in um (upper scale). The dashed red line indicates the lithium level
expected for the fully intercalated graphite electrode (100 % SOC, 7.5 pmol cm?), taken from Figure 3, spectrum 2.

At the beginning of the charging phase, the colour is dark blue across almost the complete depth
(0 MQelectrode CM2 - 4 MQelectrode CM2) With the lithium signal predominantly stemming from lithium compounds
in the SEI which is approximately homogeneously distributed over the total depth probed by NDP (s. Figure 3b,
spectrum 1). After = 10 min, the lithium concentration starts to increase inhomogeneously, with a more rapid
growth in the separator facing region of the electrode, and building-up a concentration gradient across the
electrode. The evolution of a concentration gradient originates from the non-unity transference number for
lithium-ions in a liquid LIB electrolyte,®* ** which is = 0.3 - 0.4 (unitless) for the electrolyte used in this study
(= 0.31 M LiPFs in EC/EMC = 30 m%/70 m%).%¢ The lithium concentration gradient gradually becomes
steeper during charging indicating that lithium intercalation occurs primarily in graphite particles located in
proximity to the separator and the lithium concentration culminates at 100 % SOC (= 12.5 umol mgeiectrode),
reflected by the bright yellow colour. At the end-of-charge, a steep concentration gradient has formed across
the electrode (bold red line in panel c) of Figure 4). It is clearly visible that the lithium concentration exceeds
the level measured at 100 % SOC at the end of the C/4 charging half-cycle (indicated by the dashed red
horizontal line in Figure 4c) where the graphite electrode must have been fully lithiated since a reversible
capacity of 368.9 mAh ggphite Was obtained. We believe that this high lithium concentration can be explained
by plating of metallic lithium on the graphite particle surface. A lithium concentration gradient across an aged

graphite electrode, which was cycled in a way to provoke lithium plating during charging (3 C charge at 5 °C),
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with higher concentration at the surface (i.e., the electrode/separator interface) was also found by Ghanbari et
al. by post-mortem analysis using glow discharge optical emission spectroscopy (GD-OES) depth profiling.*’
Furthermore, the lithium concentration in the vicinity of the current collector/graphite electrode interface is
only little higher than the calculated signal for the SEI, underlining that the graphite particles in the vicinity of
the current collector are only partly lithiated due to lithium-ion depletion. Figure 4c also shows the
time-dependent evolution of the lithium concentration distribution across the electrode for selected times
(always averaged over 2 min) after the end-of-charge, which is reflecting the lithium concentration changes
during potential relaxation. The potential and concentration gradient across the graphite electrode formed
during fast-charging results in a lithium flux from within the electrode in the direction of the current collector.
Immediately after stopping the charging current (dashed line in Figure 4a and 4b), the gradient in lithium
concentration that has developed across the electrode is levelling, which can be driven by two mechanisms:
1) lithium-ion diffusion along the lithium-ion concentration gradient in the electrolyte phase, 2) dissolution of
plated lithium, migration/diffusion through the liquid electrolyte phase and subsequent intercalation in graphite
particles with lower SOC to balance the potential gradient across the electrode. Comparing the evolution of
the lithium concentration profiles during OCV relaxation over the course of = 20 min, from the bold red to the
bold blue curve in Figure 4c, it can be clearly seen that the concentration decreases between
= 2.5 MQelectrode CM2 - 4.2 MQelectrode CM2, Whereas it increases between = 0 MQelectrode CM2 - 2.5 MGelectroge CM™>

approaching an approximately homogeneous level of = 7.5 pmol mgeiectrode across the electrode.

The change of the lithium concentration in various depths within the electrode, and thus the varying lithium
degree of the graphite particles can be more easily followed by plotting the lithium concentration vs. charging
and relaxation time, respectively, which is depicted in Figure 5. At begin-of-charge, the lithium concentration
starts from approximately the same level for mass loadings between = 2.1 Melectrode CM™ = 3.8 MQelectrode CM.
The initial level is only higher for = 4.2 Melectrode €M™, i.€., the maximum depth that can still be probed in this
experiment before the signal is superimposed by an additional lithium signal discussed above leading to the
slight deviation from the homogeneous lithium concentration. The graphite particles close to the current
collector (turquoise curve, 1.0 MPeiectrode CM2 - 1.4 MQetectrode CM2) are only lithiated during the first 10 min to
a maximum SOC of = 20 %. The lithiation degree then stays constant until the current is stopped and the
relaxation process starts leading to a sharp increase in SOC reaching saturation after =~ 20 min. For the green
curve (= 2.1 MQelectrode CM? - 2.4 MQelectrode CM2), We 0bserve an approximately linear increase throughout the
charging phase and the first =10 min of the relaxation phase after which the maximum concentration is reached
that stays constant afterwards. For the depth of = 3.1 MQelectrode CM? - 3.4 MGelectrose M2 (yellow curve), the
concentration increase during charging is much more rapid and the maximum SOC coincides with the

end-of-charge, staying constant afterwards.
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Fig 5. Lithium concentration evolution during fast-charging and OCV relaxation at various depths across a
graphite electrode. The lithium concentration change during the 2 C charge and subsequent potential relaxation over the
course of 60min was determined via NDP and is shown for five depth intervals averaged over
= 0.1 MPelectrode CM? - 0.4 Melectroge CM2, the varying averaging ranges are due to data transformation from energy to real
space. The coloured bands display the standard deviation obtained by summarizing eight depths for each of the five depth
intervals. The dashed red line indicates the lithium level expected for the fully intercalated graphite electrode (100 %
SOC, 7.5 pmol mgeectrode) and the dark blue dashed line for the completely delithiated graphite electrode (0 % SOC,
2 umol Mg teiectroce), taken from Figure 3, spectrum 2 and 7.

The lithium concentration in greater depths, i.e., = 3.6 MQelectrode M2 - 3.8 MQelectrode CM™ (Orange curve)
and = 4.1 Melectrode CM2 - 4.2 MQelectrose CM2 (purple curve), exceeds the level where the graphite electrode is
fully intercalated after charging for =~ 15 min - 20 min by = 20 % and 50 %, respectively, indicating that severe
lithium plating must have occurred. After reaching maximum concentration at the end-of-charge, the
concentration quickly decreases within ~ 10 min and further remains on a constant level. As in Figure 4, the
lithium level expected for a fully lithiated graphite electrode (100 % SOC) is indicated as a red dashed

horizontal line.

During the relaxation process, the lithium concentration in the electrode region close to the current collector
increases from = 55 % SOC to = 90 % (referencing to 7.5 pumol cm2 as 100 % SOC and 2 pmol cm? as 0 %
SOC) within = 20 min. To enable a lithium redistribution from the high concentration region closer to the
separator towards particles near the current collector, lithium-ions must be transported through the electrolyte,
and subsequently intercalated into graphite particles with lower SOC, which is the thermodynamically
favoured process. Figure 6 shows a schematic cross-sectional representation of the operando NDP cell directly

after the end-of-charge of the 2 C charging half-cycle.
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Fig 6. Cross-section across the graphite electrode after plating. The scheme qualitatively depicts the SOC gradient
across the through-plane direction of the graphite electrode formed during fast-charging at 2 C directly after the
end-of-charge. The SOC increases from black via blue and red to yellow. On the surface of particles in the vicinity of the
electrode/separator interface metallic lithium is deposited. Plated lithium dissolves and is transported via the electrolyte
phase to graphite particles with lower SOC where it intercalates and recombines with electrons conducting through the
graphite particle network.

Graphite particles located close to the electrode/separator interface show deposits of metallic lithium on
their surface. During the OCV relaxation phase, the SOC gradient across the electrode leads to dissolution of
plated lithium, lithium-ion transport through the electrolyte governed by diffusion and migration, followed by
intercalation into electrode regions with lower SOC, thereby reducing the SOC and lithium concentration
gradient across the electrode. Since lithium transport through the electrode comprises several consecutive steps,

e., lithium dissolution, transport through the electrolyte, charge transfer into the graphite particle, and
diffusion through the particle, the rate at which the lithium concentration equalization proceeds is limited by
the slowest process step. Diffusion times of lithium-ions in the liquid electrolyte and in the solid phase of the
graphite particle can be roughly estimated using tqirr = x*/(4D), where tqirt is the diffusion time, x the effective
diffusion length through a porous medium with length L and a given tortuosity, t (x ~L x t), and D the
diffusion coefficient in the liquid or solid phase, respectively. The liquid phase diffusion coefficient Diquid for
the here employed electrolyte (= 0.31 M LiPFgs in EC/EMC = 30 m%/70 m%) was determined by Nyman et
al.®® and Landesfeind et al.*® to be = 4-10° cm? s - 5-10° cm? s at 25 °C. In case of the solid state diffusion
coefficient Dsoig for lithium in graphite, the values reported in the literature range over several orders of
magnitude, however, most of the numbers found are between = 1-10° cm? s - 1-101% ¢m? 51,4950, 51.52 Based
on an effective diffusion length of 125 pum, resulting from the ~ 25 pm thickness of the electrode and a
tortuosity of 5 and Diiguia = 4.5-10° cm? s, we obtain an order of magnitude estimation for the diffusion time

through the electrolyte phase of the electrode of =~ 8 s. In comparison, considering a solid state diffusion length



through the graphite particle of ~ 0.5 um, which is estimated based on SEM images (s. Figure 7), yields an
estimated diffusion time of = 1 s (for Dsiia = 5-10°° cm? 5%, neglecting a possible SOC-dependency®®), i.e., the
same order of magnitude as for the liquid phase. These estimations underline that the geometry of the electrode
(thickness, particle size etc.) used in this plating experiment does not allow to definitively identify one of the
two diffusion processes to be rate-limiting. In order to probe the achievable lithium intercalation rate into the
high surface-area graphite used in this study, we conducted rate tests with uncompressed graphite electrodes
with very low loading (= 126 pAh cm?, thickness = 10 um) and an electrolyte with the same solvent
composition as in the NDP experiment but a 1 M LiPFg concentration, with the goal to reduce the influence of
liquid phase concentration gradients on the lithiation capacity. The rate tests were performed in a
three-electrode setup controlling the graphite electrode potential vs. a lithium reference electrode using a

constant current and a potential cutoff of 10 mV vs. Li*/Li. The rate dependency is depicted in Figure 7.
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Fig 7. Lithiation rate test for a thin graphite electrode. a) Relative lithiation capacity (normalized to the lithiation
capacity in the third formation cycle at C/10) of a graphite electrode with a loading of = 126 uAh cm determined in a
graphite/Li cell controlling the graphite electrode potential vs. a lithium reference electrode (1.5 V-10 mV vs. Li*/Li).
Circles show mean capacity of two nominally identical cells, error bars indicate the maximum and minimum values. At
a lithiation rate of 10 C = 75 % of the maximum capacity can still be obtained suggesting that solid state diffusion of

lithium-ions through the graphite particles is not rate-limiting for lithium redistribution in the relaxation phase after plating.

b) Cross-sectional SEM image of the high-surface area artificial graphite (= 15 m? g) used in this study coated on a
10 pum thick copper current collector. The plate-like particles have a height of ~ 1 ym and a length of = 6 pum.

It is evident that the very low graphite loading reduces mass transport limitations of lithium-ions in the
electrolyte phase, and thus concentration overpotentials, largely, such that at a rate of 10 C still = 75 % of the
maximum capacity can be obtained (=30 % at 50 C). During the potential relaxation after the plating
experiment at a 2 C charging rate, we found that the lithiation of the particles in the vicinity of the current
collector increases from =~ 55 % to = 80 % SOC within ~ 10 min, based on the first steep increase of the
concentration in Figure 5 (turquoise curve). This would correspond to a lithiation rate of = 1.5 C where full

capacity is still achieved, taking into account the graphite rate behaviour shown in Figure 7.
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Methods

Preparation of the graphite electrodes. The short range of the charged particles formed during NDP limits the coating
thickness of the electrode to = 30 um. A typical commercial graphite has a dso-value of = 20 um. Thus, larger particles
would likely be cracked during electrode compression. This is why, for this study, an artificial graphite (Sigracell® SG3,
SGL Carbon, Germany) with a BET area of 4 m? g (dsp = 17 um, dgo = 35 pum) was sieved to obtain graphite with smaller
particles and a more narrow particle size distribution around = 6 pum and a BET surface area of = 15 m? g (dso = 5.8 pm,
deo = 8.5 um). Graphite electrodes were prepared by mixing the sieved graphite with polyvinylidene difluoride (PVDF,
Kynar HSV 900, Arkema, France) at a mass ratio of 91:9 and using N-methyl-pyrrolidone (NMP, anhydrous, 99.5 %,
Sigma-Aldrich, Germany) as solvent. For mixing of the slurry, a planetary mixer (Thinky, USA) was used. First, the dry
powders were mixed at a speed of 1500 rpm for 5 min. Then, NMP was added in three steps at 2000 rpm until a solid
content of 28 wt% was obtained. The active material ink was doctor blade-coated onto a 7.5 pm-thick Kapton® substrate
(DuPont, USA), which was sputtered with a 100 nm-thick copper layer (Movatec, Germany) serving as current collector.
The graphite coating had a loading of = (2.30 + 0.027) Mggrapnite cM2 (= 0.82 mAh cm?, assuming a reversible capacity
of 355 MAh ggapnite) and a thickness of = (25 + 2) um (Mitutoyo, Japan). The electrodes for the operando cells were
produced by a template coating process through an 80 um-thick mask made from a PTFE coated fiberglass gasket
(Fiberflon, Fiberflon GmbH & Co. KG, Germany), in which holes with a diameter of 12 mm were punched. The coating
together with the mask was dried at 50 °C in a convection oven for 10 min, after which the mask was removed and drying
was continued for another 3 h. Electrodes were then punched out with a diameter of 15 mm, to allow for contacting the
electrode electrically with the coin cell cap using a 10 um-thick copper foil annulus. Eventually, the electrodes were
compressed to a porosity of = (52 + 4) % (error determined via Gaussian error propagation from errors in coating mass
+ 0.034 mg and thickness +2 um) using a Static Materials Testing Machine (ZwickRoell GmbH & Co. KG, Germany).
The uncertainty in porosity was calculated based on an assumed error in the electrode thickness of £2 pm.

Preparation of the LiFePOs electrodes. The cathodes used as counter electrode in the operando cells were made from
electrode tapes of commercial LiFePO4 (LFP, 3.5 mAh cm2, Custom Cells Itzehoe GmbH, Germany). A 30 mm x 30 mm
electrode was assembled in a pouch cell vs. a lithium foil electrode (450 pm, 99.9 %, Rockwood Lithium) using a glass
fibre separator (38 mm x 38 mm, glass microfiber filter 691, VWR, Germany) and 1 mL LP57 electrolyte (1 M LiPFg in
EC:EMC = 30m%:70m%, BASF SE). The LFP was delithiated with a C-rate of C/10 at constant current to a cell potential
cut-off of 4 V. The cell was held at 4 V until the current fell below C/100 to assure complete delithiation. The cell was
then opened inside a glovebox (<0.1 ppm O, and H,O, MBraun, Germany), the lithium counter electrode and the separator
were removed and replaced by °Li foil obtained from SLi chunks (99.8 %, enrichment 95 at%, Sigma Aldrich) and a
polyolefin separator (C2500, Celgard, USA). As electrolyte, 100 pL of 1 M 6LiPFg (99.8 %, enrichment 95 at%, Sigma
Aldrich) in ethylene carbonate (EC, >99 %, Sigma Aldrich) and ethyl methyl carbonate (BASF SE, Germany) in a ratio
of 30m%/70m% were used. The SLiPFs salt was dried at 80 °C under dynamic vacuum in a glass oven (drying oven 585,
Biichi, Switzerland). The delithiated FePO4 electrode was relithiated with constant current at a C-rate of C/10 to a cell
cut-off potential of 2 V, the cell then opened inside a glovebox and LiFePO,4 (°LFP) electrodes with a diameter of 10 mm

were harvested.

Cell assembly and cell cycling. The graphite electrodes were glued into a commercial CR2032 coin cell cap (Hohsen
Corp., Japan) using epoxy resin (UHU Plus Endfest, Bolton Group S.r.l., Italy). The coin cell cap contained a laser-cut
grid of 139 holes with a diameter of 300 um arranged in a hexagonal pattern with a centre-to-centre distance of 650 um

(s. Fig. 2b). The electrode was dried overnight at 80 °C under dynamic vacuum in a glass oven (drying oven 585, Biichi,



Switzerland) and transferred into an argon-filled glovebox without exposure to air. To assure electrical contact between
the copper current collector and the stainless-steel coin cell cap, a 10 um-thick copper foil annulus with an inner diameter
of 13 mm and an outer diameter of 19 mm was positioned around the graphite electrode. The coin cell was built using six
glass fibre separators with a diameter of 17 mm and an uncompressed thickness of 250 um (glass microfiber filter 691,
VWR, Germany), soaked with 270 pL of = (0.31 + 0.01) M SLiPF¢ (concentration determined by ICP-OES) in a mixture
of ethylene carbonate (EC, >99 %, Sigma Aldrich) and ethyl methyl carbonate (BASF SE, Germany) in a ratio of
30m%/70m%. The SLFP cathodes with a diameter of 10 mm described above were used as = 3.5-fold capacitively
oversized counter electrode (CE) serving as lithium reservoir. Thus, the graphite anodes were geometrically by a factor
of 1.44 oversized. The cell pressure was adjusted to =3 bar with a 0.5 mm-thick aluminium spacer containing a
100 um x 10.1 mm circular milled slot, which at the same time precisely centred the LFP CE during cell assembly.

To benchmark the performance of the ®Li-enriched operando NDP cell with a laboratory cell, Figure 8 shows the
formation of an operando NDP cell (1 M SLiPFs in EC/EMC = 30m%/70m%, SLFP CE) and of a Swagelok®-type T-cell
(1 M7LiPFg in EC/EMC = 30m%/70m%, "LFP CE, graphite coated on 10 um copper foil) using the same graphite active
material and amount of separators. Note that in the case of the Swagelok®-type T-cell, both electrodes had a diameter of
11 mm, and therefore the graphite anode was geometrically not oversized explaining the slightly longer constant voltage
(CV) phase in case of the operando NDP setup.
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Fig 8. Benchmark of the SLi-enriched operando NDP cell. Cell potential profile and capacities for a ®LFP/graphite
operando NDP cell (1 M éLiPFs in EC/EMC = 30 m%/70 m%) and a ®LFP/graphite Swagelok®-type T-cell (1 M SLiPFg
in EC/EMC = 30 m%/70 m%) during three formation cycles at C/10.

All cells were formed with constant current for three cycles between 3.42 Ve and 1.93 Ve at a C-rate of C/10 (with
respect to the first delithiation capacity) with a constant voltage step until a cutoff current of C/40 to end the charging
phase. The plating experiment in the operando NDP cell was performed by increasing the charging rate from 0.25 C,
0.5 C, 1 Cto 2 C, keeping the discharging rate always constant at 0.25 C to assure complete delithiation of the graphite
electrode. The end-of-charge is defined via a time cutoff corresponding to a charging capacity of 355 mAh g-Ygrapnite, SUCh
that the transferred charging capacity is identical for all C-rates. Formation of all operando coin cells was done at the
Technical University of Munich. The coin cells were cycled in an argon-filled glovebox using a VMP3 potentiostat
(Biologic, France) and the Swagelok®-type T-cells on a battery cycler (Maccor, series 4000, USA). For the operando
cycling at NIST, an SP300 potentiostat (Biologic, France) was used. The pre-formed cells were sealed in air-tight pouch

foil inside a glovebox and then inertly transferred to the beamline at NIST. For sample transfer into the NDP chamber at
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NIST, the cells were exposed to air for = 5 min. For this timeframe the copper-sputtered Kapton® window is tight against
oxygen and moisture.

The rate capability of the graphite electrodes with low loading was tested in a three-electrode Swagelok®-type T-cells
cycling vs. a lithium metal counter electrode using four glass fiber separators (glass microfiber filter 691, VWR, Germany)
to avoid cell short-circuiting at high cycling rates and 240 pL of electrolyte. Cycling was performed using a battery cycler
(Series 4000, Maccor, USA) within a potential window between 1.5 Ve — 0.01 Ve controlling the graphite electrode
potential vs. a lithium metal reference electrode. The loading was (126 + 19) pAh cm2, the error mainly originating from
the mass uncertainty of the copper current collector foil, which is (8.10 = 0.05) mg. The cells first underwent three
formation cycles at C/10 (based on a graphite capacity of 355 mAh ggapnite) In the subsequent rate test, the lithiation
rateswere 3 C,5C, 10 C, 15 C, 20 C, 25 C, 30 C, and 50 C, three cycles each, with galvanostatic cycling. The delithiation
rate was always kept constant at 0.2 C for higher rates in order to assure complete delithiation of the electrode at the end

of each cycle. For the evaluation of the rate-performance the third cycle of each C-rate was used.

Scanning electron microscopy (SEM). Electrode cross-sections were prepared by argon ion beam polishing using a
JEOL Cross Section Polisher IB-19520CCP (JEOL, Japan). Afterwards, SEM images were taken on a JEOL JCM-6000
NeoScope (JEOL, Japan).

Neutron depth profiling (NDP).

Setup

NDP measurements were recorded at the Cold Neutron Depth Profiling (CNDP) instrument at the National Institute for
Standards and Technology (NIST) in Gaithersburg, MD, USA.** The cold neutron beam exhibits a flux of
1.22 x 10° cm™? s determined by a gold foil activation analysis experiment. In order to perform cycling at a gas pressure
above the vapour pressure of the liquid electrolyte in the cell, the NDP chamber was filled with high purity helium gas at
a nominal pressure of =150 hPa. Thus, additional energy loss of the charged particles while travelling through the
chamber atmosphere before reaching the detector was minimized, which maximized the viewing depth into the sample to
about 30 um. The coin cell was mounted in a specially designed operando sample holder shown in Figure 1d. The sample
holder was positioned at an angle of 45 ° with respect to the incoming neutron beam with the holes in the coin cells facing
the charged particle detector (AB-018-150-150, ORTEC) placed at a distance of = 22 cm from the sample. The samples
could be placed behind hand-made holes with a diameter of = 8 mm on a Teflon® target stage to define the area from
where charged particles could emanate.

Energy calibration

The digitized measurement channels were calibrated to an absolute energy scale using six calibration points induced by
neutron capture on a 10 nm-thick B4C film on the surface of a silicon wafer and a nominally 1.1 pg cm2-thick LiF layer
on the surface of a Mylar foil*° using a quadratic fit.

Concentration calibration

Two different hole areas of the hand-made Teflon® sample holder were determined using a lithium-containing reference
sample. The measurement uncertainties of these independent position measurements, for each hole determined by the
ratio of the count rate and the square root of the total number of counts, results in a total systematic error of 2.2 % when
normalizing the energy spectra to an absolute quantity. Additionally, the lowered signal intensity caused by the reduced
NDP active area of the coin cell cap (139 holes with a diameter of 300 um) compared to a reference position was
analogously determined with a precision of 1.2 % using a nominally 6.3 pum-thick LiF film behind both positions. For
conversion of NDP signals to an absolute quantity, a NIST in-house °B reference material (RR8B16) was used as a

calibration sample, and all count rates were normalized to it. It has a well-known °B implantation in silicon with a



systematic uncertainty of 1.4 % and the boron amount was determined with a precision of 0.4 % using NDP. Considering
the capture cross-sections of 1°B and SLi, respectively, NDP signals were converted to an absolute lithium amount. During
all measurements, the neutron beam was monitored measuring a boron-containing reference sample. A variation in the
neutron flux of 2.5 % was observed during the measurement time by integrating the measurement signal of the beam
monitor in 2 h intervals and is the result of a rotating monochromator upstream of the NDP neutron guide. As an estimation
of the maximum systematic error of the NDP measurement, the three systematic uncertainties, namely given by the
uncertainty of the reference standard (1.4 %), the calibration uncertainties (independently consisting of the area
measurements (2.2 % and 1.2 %) and the statistical uncertainty of the RR8B16 (0.4 %) which result in a total calibration
error of 2.5 %) and the variation of the neutron flux (2.5 %) add up together to 6.4 %.

Depth Profile Conversion

To convert the energy spectra to depth profiles, the stopping power of triton particles provided by the Stopping and Range
of lons in Matter (SRIM) software was used.*>** Here, the energy losses from the initial triton production energy of
2727 keV caused by the successive materials between anode and detector surface were estimated to be ~ 11 keV from the
100 nm-thick copper current collector, = 301 keV from the nominal 7.5 um-thick Kapton® foil, and = 51 keV from the
helium gas atmosphere between sample and detector.>* The graphite electrode, i.e., coated material and electrolyte-filled
pores, composition was assumed to be constant with depth. It was modelled using the elemental composition of the
pristine anode, consisting of 91 m%/9 m% graphite/PVVDF binder. After compression, the anode porosity was determined
to = (52 + 4) %. When mounted in the operando cell, the pores of the anode are filled with liquid electrolyte, and thus its
composition was corrected for the liquid electrolyte (composition: =~ (0.31+0.01) M SLiPFs in
EC/EMC = 30 m%/70 m%), assuming a complete pore filling of the graphite anode. From the electrode composition an
average density of 1.7 g cm® was determined. The concentration profile within the electrode was then determined using
the combined material stopping powers.®® 5 Before measuring operando NDP, an SEI layer was formed on the pristine
anode during the three formation cycles at C/10 which additionally changed the composition of the electrolyte-filled
anode. All elements contained in the SEI other than lithium originate from electrochemical reduction of the liquid
electrolyte, and were thus already present within the pristine graphite electrode filled with electrolyte. Within this model,
minor composition changes caused by a possible material density change of the electrolyte upon electrochemical reduction
(SEI formation) are neglected. Therefore, the elemental composition change was assumed to be mainly affected by
lithium-ions electrochemically transferred from the LFP cathode to the graphite anode. The electrode composition was
corrected for the lithium in the SEI (s. row 3 in Table 3) based on a previous NDP study:#? Taking into account that
~ 62 % of the lithium expected from the irreversible capacity (assuming 1 Li/e”) can be detected in the SEI in form of
Li-containing decomposition products, the ratio of the lithium content in the graphite electrode after SEI formation is
expected to be 20.5 times higher than the lithium content in the pristine electrode stemming from the liquid electrolyte
containing = 0.31 M SLiPFs.*> The further composition changes upon cell operation were taken into account by
quantifying the total lithium content accumulated in the graphite electrode by integrating the NDP spectra and adjusting
the anode composition for each SOC (s. row 4-10 in Table 3).38 425 |t is to state that the NDP calculations based on this
density and composition model are only valid within the measured electrolyte-filled graphite electrode and are no longer
correct outside of the anode, i.e., within the electrolyte. Therefore, we focus in this work only on the lithium formation

within the electrolyte-filled graphite anode.

Table 3. Modelled graphite electrode compositions. Elemental composition of the graphite anode estimated for
different SOCs. For the pristine graphite anode coating the composition (graphite + PVDF) is well known and it is
assumed that the pores (52 % porosity) in the graphite coating are completely filled with electrolyte. After cell formation,
an SEI layer has formed on the graphite particles. Only the additional lithium amount in the SEI was taken into account
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to estimate the new electrode composition after formation. The accumulation of lithium was calculated based on 62 % of
the irreversible capacity loss (i.e., a 0.62 Li/e” instead of a commonly assumed 1 Li/e- decomposition mechanism, as
demonstrated in a recent NDP study*?). During operation, lithium-ions are (de-)intercalated in the graphite anode, which
additionally changes the electrode composition. The reversibly intercalated lithium was determined via integration of the
NDP energy spectra and was taken into account to model the electrode composition as a function of SOC.

Anode SOC H (mol%) Li (mol%o) C (mol%) O (mol%) F (mol%) P (mol%o)
(spectrum #)

Pristine 22.3 0.1 65.8 9.2 25 0.1
0% SOC (1) 22.0 1.7 64.7 9.0 24 0.1
100 % SOC (2) 20.5 8.5 60.3 8.4 2.3 0.1
0% SOC (3) 21.9 21 64.5 9.0 24 0.1
100 % SOC (4) 204 8.7 60.1 8.4 2.3 0.1
0% SOC (5) 21.9 2.2 64.4 9.0 24 0.1
100 % SOC (6) 20.4 8.9 60.0 8.4 2.3 0.1
0% SOC (7) 21.9 2.2 64.4 9.0 24 0.1
100 % SOC (8) 20.6 7.7 60.8 8.5 2.3 0.1
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4 Conclusions and Outlook

Gaining insights into fundamental (electro)chemical processes and degradation
mechanisms occurring in rechargeable batteries requires in many cases to probe
materials in an actually operating cell in order to exclude altering the system
properties by post-operational treatment, such as cell disassembly, material
extraction, or the analytical technique itself, which necessarily changes the sample
environment.232,233 Therefore, the primary scope of this PhD thesis was the
development of two novel analytical tools for in situ and operando investigations of
electrochemical processes in sodium-ion batteries (SIBs) and lithium-ion batteries
(LIBs), respectively. The diagnostic techniques employed are based on,
a) Electrochemical Impedance Spectroscopy (EIS) using a u-reference electrode
(section 3.1), and b) Neutron Depth Profiling (NDP) (section 3.2).

The key developments and major studies conducted in this work are

summarized in Figure 21.

4.1 Summary of the Key Developments of This
Work

The already established impedance technique using a gold wire pu-reference
electrode (u-GWRE) to measure the individual impedances of both cathode and
anode in a LIB full-cell, without having to harvest the electrodes for ex situ analysis
in symmetrical cells, was expanded to the field of SIBs. Since sodium, in contrast to
lithium, does not readily alloy with gold, a u-reference electrode based on a sodiated
tin-coated copper wire was developed, taking advantage of the facile alloy
formation between sodium and tin. The accuracy of the measured EIS responses
was validated via comparison with EIS data obtained with the symmetrical cell

approach. The publication introducing this new method to the field of sodium-ion
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battery research is presented in section 3.1.1. A follow-up study applies these yu-REs
to compare the electrode impedances associated with sodium and lithium
intercalation in a hard carbon anode. This study underlines that the overall cell
impedance changes measured in half-cells with sodium or lithium CEs do generally
not allow inferences on the impedance changes of the WE, due to the large
contribution of the CE to the overall cell impedance during cycling, which also
changes over time. An important finding in this study is the fact that the electrode
impedance of a sodiated hard carbon electrode is by a factor of 10 larger compared
to a lithiated hard carbon electrode (at 100 % SOC), and that it is dominated by a
large charge transfer resistance. The very larger hard carbon electrode impedance
for (de)sodiation was found to substantially decrease its sodiation rate capability,
suggesting that the commonly used hard carbon anode in SIBs would also likely
limit its fast-charging capability. The article described above is presented in

section 3.1.2.
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Figure 19. Graphical summary of the key results of this PhD thesis: the development of a u-RE for
impedance measurements in SIBs (section 3.1.1), a direct comparison between electrode
impedances of a HC material during sodiation and lithiation using u-REs (section 3.1.2), the
development of a cell design for operando NDP measurements (section 3.2.1), and the detection of
lithium plating during fast-charging using operando NDP (section 3.2.2).

Apart from Electrochemical Impedance Spectroscopy, the second analytical
technique that was in focus of this PhD thesis is Neutron Depth Profiling (NDP).

Unique to this technique is its capability to quantify lithium concentrations within
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a sample as a function of depth and the fact that it is non-destructive, which makes
it suitable for operando observations of lithium concentrations across the thickness
of an electrode in a LIB. To fully exploit the capabilities of NDP, an operando LIB cell
design is required which possesses comparable performance to standard
laboratory cells, thereby guaranteeing that the studied electrochemical processes
are actually representative of reactions that would also occur in commercial cells,
so that the mechanistic findings are of practical relevance. Section 3.2.1 introduces
a novel LIB operando NDP cell design which on the one hand accomplishes an
electrochemical performance as in a laboratory cell even at elevated cycling rates,
and on the other hand is optimized in a way such that NDP spectra can be recorded
with high quality during cell operation. The key property of this new cell design is
the use of a pattern of very small holes (300 or 500 um) in the cell casing, sealed by
a thin copper-sputtered 7.5 pm thick Kapton® foil as exit window for the charged
particles formed by a nuclear reaction between °Li and neutrons inside the
electrode of an operating cell. The new cell setup is then used to study the lithium
concentration changes in a graphite anode during formation, allowing for an
identification and quantification of lithium in the electrolyte, of reversibly
intercalated lithium, and of lithium that is part of the solid electrolyte interphase
formed by irreversible reactions between electrolyte and lithiated active material.
It was found that lithium alloys with the copper in the near-surface region (*10 nm)
of the copper current collector. Moreover, to the best of our knowledge, it was for
the first time possible to in situ quantify the total amount of lithium captured in the
SEI, and thus to correlate the expected lithium amount from the irreversible
capacity (based on the commonly assumed ratio of one lithium per electron of
irreversible charge) with the actual lithium amount in the SEI after cell formation.
Here, we could show that only 61 % of the lithium expected from the irreversible
capacity is captured in the SEI, from which we conclude that =39 % of the

lithium-containing SEI components dissolve in the battery electrolyte.
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4.2 Potential Future Applications of the Here
Developed Diagnostics

In a second study presented in section 3.2.2, we employ the newly developed
operando NDP cell to investigate lithium plating during fast-charging of a graphite
anode in a lithium-ion battery cell. Here, we managed to directly monitor lithium
plating both spatially and time-resolved on a graphite anode. The two key enablers
for this accomplishment were: 1) a homogeneous compression of the cell stack by
the hole patterned coin cell cap, enabling fast-charging; 2) enrichment of electrolyte
and CE with ¢Li in order to reduce the NDP spectrum acquisition time from =1 h to
2 min. We could thereby prove that lithium plating induced by a lithium-ion
concentration gradient, as it would also be the case in a commercial cell if the
battery is charged too rapidly, initiates at the separator/graphite anode interface,
and that this plated lithium redistributes homogeneously across the electrode,
within #2 min once the charging process is stopped.

The u-TWRE can serve as a useful tool for all researchers working in the field of
materials development for SIBs to study the effect of additives on electrode
impedance,*! to study phase transformations upon desodiation of cathode active
materials, which are often associated with large impedance changes,?* or to enable
the deconvolution of different contributions to the total impedance of anindividual
electrode, such as Reontacts Rpore, and Rer, similar to studies performed for LIB

cells.186, 184

The operando NDP cell developed in this PhD thesis also presents a versatile tool
for many other applications where lithium distributions across the thickness of an
electrode need to be probed during cell operation. Analogous to the lithium plating
study on graphite, an interesting future experiment would be to examine the onset
of lithium plating and the rate of its subsequent redistribution in a silicon electrode.
Due to its higher specific capacity, lower mass loadings and thus lower electrode
thicknesses are sufficient to obtain areal capacities representative of commercial
applications (*2 mAh/cm?2). Since the probing depth of NDP is limited, thinner
electrodes are beneficial in order to obtain a lithium concentration profile across
the entire electrode. The density of silicon is similar compared to graphite

(psi = 2.32 g/cmB3, pgraphite = 2.26 g/cm3), resulting in viewing depths comparable to
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those of the studies presented in this thesis. The average lithiation potential of
silicon anodes is significantly higher compared to graphite (Vg;x217 mV,
Vyrapnite®117 mV at C/10, s. Fig. 22), which in principle should be advantageous
with respect to avoiding lithium plating during fast-charging.
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Figure 20. Comparison of the lithiation profiles of a graphite (red) (95wt% graphite, 5wt% PVDF;
2 mAh/cm?) and a silicon (blue) electrode (70 wt% Si, 25 wt% conductive graphite; 2 mAh/cm?) at
a C-rate of C/10. Additionally, the mean lithiation potential is indicated by a dashed line, which is
~117 mV for graphite and 217 mV in the case of silicon.

Furthermore, the electrode architecture has to be designed with a higher
porosity compared to graphite to allow for a volume expansion of the silicon
particles during lithiation, e.g., *60 % (i.e., uncalendered), as shown in a recent
study by Jantke et al.120 using pm-sized silicon and a partial lithiation approach. In
comparison, state-of-the-art graphite electrodes have porosities of *20-25 %
(corresponding to a coating density of 1.6-1.8 g/cm3) in order to maximize the
electrode’s energy density.120.44 The higher porosity in these silicon electrodes
should additionally be favorable to delay the onset of lithium plating, since it
reduces the formation of lithium-ion concentration gradients.

Apart from that, the NDP cell holder designed in this thesis can be equipped with
a cooling feature (s. technical drawings in the Appendix), allowing for cooling the
cell holder and the operando cells to a defined temperature down to -20 °C. This

setup can be, inter alia, used to study lithium plating at low temperatures,234 235 3
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scenario that for example might occur during fast-charging of a cold EV battery

parked outdoors in winter.

A different approach to increase the energy density of a LIB cell, other than
increasing the specific capacity of the anode material, e.g., by using silicon, are so
called “anode-free” cell designs, where the lithium anode is formed by in situ plating
lithium from the cathode’s lithium inventory. 126, 127,128,129 I these cells, the anode
active material would be completely eliminated, constituting a
Cu/separator/cathode/Al configuration, thereby increasing the energy density of
the cell significantly; at the same time, such cells would operate at a can operate at
~0.1 V higher potential compared to a graphite-based LIB.128 The greatest challenge
of this upcoming cell chemistry is the relatively low lithium plating/stripping
efficiency of the in situ formed lithium anode, limiting the cycle life. However, in a
recent study by Weber et al. 90 cycles until a remaining capacity of 80 % could be
achieved using an optimized electrolyte system (LiDFOB + LiBF4 in FEC/DEC).12°
The lithium plating/stripping processes on the copper current collector during
operation could be monitored with high resolution using operando NDP and
provide many fundamental insights on the effect of the electrolyte (additives) on

the morphology of the plated lithium over the course of cycling.
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Figure 21. Technical drawings of the coin cell holder used for operando NDP measurements at neutron reactor
at NIST in Gaithersburg, USA. Here, one coin cell can be mounted and cycled at a time.
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Figure 22. Technical drawings of the coin cell holder used for operando NDP measurements at the neutron
reactor FRM2 in Garching. Here, four coin cells and six reference samples can be mounted at a time.
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Figure 23. Technical drawings of a adapter that can be used to cool or heat the sample holder depicted in
Figure 24 in order to perform cycling experiments between ca. -20 and +45 °C.
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