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Abstract

The rising worldwide demand for electric vehicles with sufficient driving ranges and fast charging
capabilities requires sophisticated energy storage systems that meet the specific safety requirements
and have an adequate lifespan. Currently, lithium-ion batteries comprising a liquid electrolyte are the
predominant technology for electric vehicles. The driving range and the fast charging capability of an
electric vehicle are defined by the energy and the power of the lithium-ion battery, respectively. It is
therefore necessary to consider both the energy content and the power capability when improving the
performance of lithium-ion batteries.

In this thesis, performance enhancements of single lithium-ion cells via new active materials and an
improved electrode and cell design are investigated. The characteristic cell properties such as the
capacity and the voltage level are mostly defined by the active materials of the anode and the cathode.
A higher energy of a lithium-ion cell is significantly correlated to active materials with an increased
specific capacity and a lower anode or higher cathode potential.

In the first part of this work, a high capacitive lithium- and manganese-rich lithium nickel cobalt
manganese oxide (LMR-NCM) is evaluated and compared against an established lithium nickel cobalt
aluminum oxide (NCA) cathode active material in multilayer lithium-ion pouch cells; graphite anodes
are used for both cell systems. While the specific capacity of the LMR-NCM/graphite cells is ≈30%
higher compared to the NCA/graphite cells, their energy density on the cell level is only ≈11% higher
due to lower mean discharge voltages. The arising overpotentials and the pronounced voltage hysteresis
of the LMR-NCM result in an energy inefficiency that causes a strong temperature increase of the cells,
which cannot be neglected during operation.

In the second part of this work, the rate capability of lithium-ion cells is increased via an altered
electrode morphology. Graphite anodes are laser-structured in order to create hole-like structures that
serve as enhanced transport pathways for the lithium-ions. Experiments on coin cells comprising NCM
cathodes and either unstructured or structured graphite anodes show, that the discharge capacity of
the cells with the laser-structured anodes is boosted in a certain C-rate window by around 15%. Both
the location of the C-rate window and the maximum benefit in capacity retention depend on different
electrode properties and can be predicted by electrochemical models. Simulation studies of lithium-ion
cells comprising laser-structured graphite anodes reveal, that reduced lithium-ion concentration gra-
dients in the liquid electrolyte cause the improved rate capability for discharge and charge operations.





Kurzfassung

Die weltweit steigende Nachfrage an Elektrofahrzeugen mit einer akzeptablen Reichweite und Schnell-
ladefähigkeit verlangt die Entwicklung von ausgeklügelten Energiespeichersystemen, die die speziellen
Sicherheitsanforderungen erfüllen und eine ausreichende Lebensdauer aufweisen. Heutzutage werden
in Elektrofahrzeugen fast ausschließlich Lithium-Ionen-Batterien mit einem flüssigen Elektrolyt einge-
setzt. Die Reichweite eines Elektrofahrzeugs wird dabei vom Energieinhalt der Batterie bestimmt, die
Schnellladefähigkeit hingegen von der Leistungsfähigkeit der Batterie. Aus diesem Grund müssen bei
der Weiterentwicklung von Lithium-Ionen-Batterien sowohl der Energieinhalt als auch die Leistungs-
fähigkeit miteinbezogen werden.

Im Rahmen dieser Arbeit werden Verbesserungsmöglichkeiten von einzelnen Lithium-Ionen-Zellen
durch neue Aktivmaterialien und durch ein angepasstes Elektroden- und Zelldesign untersucht. Die
charakteristischen Zelleigenschaften, dazu zählen die Kapazität und die Spannungslage der Zelle, wer-
den dabei maßgeblich von den Aktivmaterialien der Anode und Kathode beeinflusst. Eine Steigerung
der Energie einer Lithium-Ionen-Zelle wird sowohl durch Aktivmaterialien mit einer höheren spezifis-
chen Kapazität, als auch durch Anodenaktivmaterialien mit einem niedrigeren Potenzial oder Katho-
denaktivmaterialien mit einem höheren Potenzial erreicht.

Im ersten Teil dieser Arbeit wird ein hochkapazitives Lithium- und Mangan-reiches Lithium-Nickel-
Cobalt-Mangan-Oxid (LMR-NCM) untersucht und dabei mit einem etablierten Lithium-Nickel-Cobalt-
Aluminium-Oxid (NCA) Kathodenaktivmaterial in mehrlagigen Pouchzellen verglichen; für beide Zell-
systeme werden Graphitanoden verwendet. Verglichen mit den NCA/Graphit-Zellen liegt die spezi-
fische Kapazität der LMR-NCM/Graphit-Zellen um ≈30% höher. Die Energiedichte auf Zellebene ist
≈11% höher, da die LMR-NCM/Graphit-Zellen niedrigere mittlere Entladespannungen aufweisen. Die
auftretenden Überspannungen und die ausgeprägte Spannungshysterese des LMR-NCM Kathodenma-
terials sorgen für eine Energieineffizienz, die zu einer starken Temperaturerhöhung der Zellen führt
und beim späteren Einsatz nicht vernachlässigt werden kann.

Im zweiten Teil der Arbeit wird die Ratenfähigkeit von Lithium-Ionen-Zellen durch eine angepasste
Elektrodenmorphologie gesteigert. Dafür werden mit einem Laser lochartige Strukturen in Graphit-
anoden eingebracht, um somit die Transportwege der Lithium-Ionen zu verbessern. Experimente an
Knopfzellen mit NCM Kathoden und unstrukturierten oder strukturierten Graphitanoden zeigen, dass
die Entladeratenfähigkeit der Zellen mit den strukturierten Anoden in einem definierten Strombereich
um bis zu 15% gesteigert werden kann. Der genaue Strombereich und die maximale Verbesserung hän-
gen von verschiedenen Faktoren ab und können mithilfe von elektrochemischen Modellen analysiert
werden. Mit Simulationsstudien von Lithium-Ionen-Zellen mit strukturierten Graphitanoden wird
nachgewiesen, dass hauptsächlich die verringerten Lithium-Ionen-Konzentrationsgradienten im flüssi-
gen Elektrolyt für die verbesserte Lade- und Entladeratenfähigkeit verantwortlich sind.
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1 Introduction

Currently, lithium-ion batteries (LIBs) are the preferred electrical energy storage solution for a variety
of mobile and stationary applications. Ever since their market introduction by Sony in 1991 [1], LIBs
have been gaining more and more popularity and are widely used for consumer electronics, power tools,
electric bikes, and electric vehicles (EVs), and furthermore for home and grid storage systems [2, 3],
as depicted in Fig. 1.1. The importance of LIBs in our everyday lives was emphasized by the Nobel
Prize in Chemistry 2019, which was awarded to John B. Goodenough, M. Stanley Whittingham, and
Akira Yoshino for their contributions to the development of LIBs [4]. Especially the increasing energy
density of LIBs together with decreasing costs allow their use in a multitude of applications [5, 6]. While
Sony’s first generation LIB from 1991 had an energy density of 80Whkg−1 (200Wh l−1) [1], the latest
commercially available cylindric LIBs reach around 270Whkg−1 (800Wh l−1) on the cell level [7–9].
In addition, the cell prices have dropped from around 460USDkWh−1 in 2013 to 100USDkWh−1 in
2020, allowing an even broader field of application [9].
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Figure 1.1: Projections of the worldwide annual lithium-ion battery demand (figure derived from
BloombergNEF 2020 Electrical Vehicle Outlook [10]).

The worldwide demand for LIBs is rapidly growing and is projected to reach around 2000GWh per
year in 2030, as seen in Fig. 1.1. Today, EVs already account for the highest demand in annual
LIB production capacity [11–13]. Due to the consumer demand for EVs with affordable costs and
a satisfactory driving range, LIBs with a liquid electrolyte are the predominant technology used for
electromobility [2]. While there is a small share of fuel cell electric vehicles (FCEVs), the use of hydrogen
as an energy source is rather suited for vehicles that require larger driving ranges [14, 15], such as trucks
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1 Introduction

and heavy duty vehicles, but also for aircraft [16]. On the other hand, solid state technologies using
lithium-metal anodes and a solid electrolyte and so-called post-LIBs, e.g., lithium-air, lithium-sulfur
and also sodium-ion batteries, are still under ongoing development; they face various challenges and
cannot yet provide the required energy density, rate capability, and long-term cycling stability that is
needed for use in EVs [15, 17, 18].

Propelled by the growing EV market, the LIB manufacturing capacity is likewise rapidly growing. An
estimation of the production capacity of the Top 10 lithium-ion battery manufacturers in 2028 is shown
in Fig. 1.2. However, these projections are volatile as more and more companies are entering the market
and make announcements of new LIB gigafactories. Recently, Volkswagen announced on their “Power
Day” on March 15, 2021, that six gigafactories with a total production capacity of 240GWh per year
are to be established by 2030 – together with partners like Northvolt – to secure the supply of battery
cells for their EVs [19]. A worldwide increasing LIB manufacturing capacity creates a competition
between cell manufacturers and an economy of scale, driving down costs for batteries [12].
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Figure 1.2: Estimation of the production capacity of the Top 10 lithium-ion battery manufacturers in
2028 (data from Benchmark Mineral Intelligence [20]).

The trend towards electromobility is further driven by political requirements, as seen in the European
Union (EU) CO2 targets for the transportation sector in order to reduce emissions of new passenger
cars [21]. The fleet-wide average target for 2015 was 130 gCO2 km−1, which was reportedly reached
already two years before [22]. As of 2021, this target is reduced to 95 gCO2 km−1, and car manufacturers
must pay penalties if their fleet emissions exceed the targeted value [22]. To further reduce CO2

emissions, additional regulations for newly registered passenger cars were stated: based on the 2021
values of 95 gCO2 km−1, a reduction of 15% from 2025 onwards and 37.5% from 2030 onwards was
defined [23]. The CO2 emissions of most cars with an internal combustion engine are higher than the
set values, so in order to avoid penalty payments, automobile manufacturers have to increase their
share of EVs, plug-in hybrid electric vehicles (PHEVs), hybrid electric vehicles (HEVs), or hydrogen
powered FCEVs [15, 24]. Some countries even announced to ban the registration of new cars that are
purely powered by an internal combustion engine within the next decade. Norway is leading the trend
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towards electromobility in Europe and wants to prohibit the registration of gasoline and diesel cars
by 2025 [12]. With almost 12 million new passenger car registrations in 2020 in Europe, the average
market-wide share of electrified vehicles (EVs, PHEVs, HEVs, and FCEVs) was around 11% [25].

As the number of EVs will most certainly increase in the upcoming years, the demand for LIBs with
an adequate energy density and power capability will likewise be affected. A significant amount of
research focuses on the development of new cell systems and active materials with a higher capacity.
However, the electrode and cell design also plays an important role to fulfill the requirements of
specific applications. While applications such as mobile phones and tablets rely on high energy LIBs,
applications like power tools require high power LIBs. EVs are a prominent example of a combination
of both types: on the one hand, an EV battery should have a high energy density in order to reach
sufficient driving ranges, on the other hand, the battery needs an adequate power capability, which is
necessary for fast charging.

Within the scope of this thesis, performance enhancements of state-of-the-art LIBs are investigated.
The capacity and the energy of a LIB can not only be boosted with new active materials, but also
with an improved electrode and cell design. As illustrated in Fig. 1.3, these points are addressed in
this thesis, which is structured into the following three main parts:

• Starting with the fundamentals of LIBs in Chapter 2, their working principle, their specific elec-
trode and cell components, and the design of battery systems including the thermal management
are presented. Subsequently, a general overview of LIB models is given, followed by the descrip-
tion of the electrochemical pseudo two-dimensional model (p2D), the modeling of structured
electrodes, and the 3D thermal model, as these model types were used within the scope of this
work.

• In Chapter 3, approaches to increase the capacity and energy of a LIB with new active materials
are presented including the effects that must be considered when projecting the performance from
laboratory cells to larger cell formats. For this evaluation, a cathode active material that offers
a comparatively high specific capacity, but is still subject of current research, is benchmarked
against an established cathode active material in multilayer lithium-ion pouch cells. Besides
the rate capability and the long-term stability, a special focus lies on the efficiency and the
corresponding thermal behavior of the cells with the high capacitive active material.

• In Chapter 4, the rate capability of LIBs is enhanced via a specific electrode design: The morphol-
ogy of graphite anodes is altered with a laser-structuring process in order to allow an improved
lithium-ion transport in the liquid electrolyte. This anode structuring process is beneficial for the
cell performance for both charge and discharge operations, but only in a limited C-rate window.
The investigation of the performance enhancement and of the underlying limiting mechanisms
are supported by different modeling approaches and simulations studies.

Finally, in Chapter 5, the main findings of this work are concluded and a brief outlook of future work
is given.
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Chapter 1: Introduction

Chapter 5: Conclusion and Outlook
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Figure 1.3: Structure and outline of this thesis.
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2 Fundamentals and Methodology

The word lithium originates from the greek word lithos, which means stone, and was discovered by
the Swedish chemist Johan August Arfwedson in 1817 [26]. The element lithium (Li) belongs to the
alkali metals and is the lightest of all metals. Furthermore, lithium has an extremely low potential of
−3.04V vs. standard hydrogen electrode (SHE) and a high specific capacity of 3860mAhg−1 and is
therefore an attractive anode material for batteries [27, 28]. Lithium metal anodes have been used in
primary lithium cells for a few decades, but pose problems for rechargeable lithium metal batteries with
ongoing cycling due to dendrite formation, which can cause severe safety issues [27, 29]. This dendrite
growth associated with lithium metal anodes is not only present in lithium metal batteries with a
liquid electrolyte, but also in cells with a solid state electrolyte [17, 30]. For this reason, intercalation
electrodes for both anode and cathode are predominantly used in state-of-the-art rechargeable LIBs.
The studies in this work are based on LIBs with two intercalation electrodes and a liquid electrolyte,
which will be further specified and explained in the following sections.

2.1 Fundamentals of Lithium-Ion Cells

A LIB consists of two electrodes, an anode and a cathode, a separator that guarantees electrical
insulation between the two electrodes, and an electrolyte that enables lithium-ion transport. Common
LIBs incorporate two porous intercalation or alloying electrodes and a porous separator, which are
soaked with liquid electrolyte. A schematic illustration of the working principle of a LIB during
discharge is displayed in Fig. 2.1.

anode cathodeseparator

e-

Li+

e-

Figure 2.1: Schematic working principle of a lithium-ion battery consisting of anode, separator, and
cathode domain during discharge (derived from Ref. [31]).

In general, the terms anode and cathode define the discharge of a LIB. If the cell is fully charged, the
lithium-ion inventory is stored in the negative electrode (anode) and the positive electrode (cathode) is
delithiated. Note that the electrodes must neither be completely lithiated nor completely delithiated,
this is only related to the amount of lithium-ions that are continuously cycled between both electrodes.
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2 Fundamentals and Methodology

During discharge, an oxidation takes place at the anode and lithium-ions deintercalate from the host
lattice into the liquid electrolyte and move through the separator towards the positive electrode. At
the cathode, a reduction takes place and the lithium-ions intercalate into the host lattice of the positive
electrode. The participating electrons from the oxidation move through an exterior electrical circuit
from the anode to the cathode and take part in the reduction. During charge, the described processes
reverse, i.e., the oxidation/deintercalation takes place at the cathode and the lithium-ions and the
electrons move towards the anode where the reduction/intercalation takes place.

2.1.1 Review of Common Cathode and Anode Active Materials

There is a variety of different cathode active materials (CAMs) and anode active materials (AAMs)
that are used for LIBs; a general overview of common active materials is displayed in Fig. 2.2. The
range of the specific capacity as well as the average discharge potential vs. Li/Li+ are indicated by the
colored area for each material. Table 2.1 summarizes the presented active materials in terms of specific
capacity and average discharge potential as well as advantages and disadvantages. Note that both in
Fig. 2.2 and Table 2.1 only approximate material properties are given, as these properties strongly
depend on several factors, e.g., the voltage window in which the cells are cycled, the current rate, the
operating temperature, and possible performance modifications of the material.
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Figure 2.2: Overview of common (a) cathode active materials (CAMs) and (b) anode active materials
(AAMs) with regard to their approximate discharge potentials vs. Li/Li+ and specific
capacities (derived from Ref. [31–35]).

Cathode active materials There is a vast number of different CAMs, however, most CAMs that are
used in LIBs for commercially available products are layered transition metal oxides [32, 37]. A selection
of conventional CAMs is shown in Fig. 2.2a. Besides the layered oxides, there are also spinel oxides,
polyanionic compounds, to which lithium iron phosphate (LFP) belongs, and conversion cathodes [32,
33, 37]. CAMs can further be classified with regard to their crystal structure: layered, spinel, and
olivine [31, 33].

Layered transition metal oxides include lithium cobalt oxide (LCO) (LiCoO2), lithium nickel cobalt
manganese oxide (NCM) (LiNixCoyMnzO2, also referred to as NMC), and lithium nickel cobalt alu-
minum oxide (NCA) (LiNixCoyAlzO2). The subscripts x, y, and z indicate the stoichiometry of the
material with x+ y+ z = 1. In 1991, LCO was first commercialized by Sony as CAM for rechargeable
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Table 2.1: Overview of cathode and anode active materials with regard to their reversible/practical
specific capacity, average de-/lithiation potential vs. Li/Li+, and advantages and disadvan-
tages (data taken from Ref. [2, 32–36]).

AM Specific capacity Average potential Advantages Disadvantages
in mAhg−1 vs. Li/Li+ in V

CAM
LCO 150 3.9 In common use, Moderate charged

good cycle life, state thermal
good energy stability

NCM-111 160 3.7 Very good combination Patent issues
NCM-622 170 3.7 of energy, power,
NCM-811 200 3.7 cycle life, and

thermal stability

NCA 200 3.7 Very good energy, Moderate charged
good power capability, state thermal

good cycle life stability

LMR-NCM 250 3.6 Very good energy, Voltage hysteresis,
cost-efficient voltage fading,

moderate cycle life

LMO 110 4.1 Very good thermal Moderate cycle life,
stability, cost-efficient, lower energy

very good power
capability

LNMO 140 4.7 Good energy, Electrolyte instability,
cost-efficient moderate cycle life

LFP 165 3.45 Very good thermal Lower energy, special
stability and cycle life, preparation conditions
good power capability

cost-efficient

AAM
Graphite 360 0.1 In common use, Lithium-plating

good cycle life during fast charging

LTO 150 1.55 Very good cycle life Lower energy
and thermal stability

Si 3579 0.4 Very good energy, High volume changes,
cost-efficient moderate cycle life

Li 3860 0 Very good energy High reactivity,
moderate cycle life

AM - active material, CAM - cathode active material, AAM - anode active material
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LIBs and is still used in portable electronic devices [2, 31, 36]. LCO is an established material that
has a long cycle life, but comes at a high cost due to the high share of cobalt [2, 35]. NCM is a
widely-used material with a good energy density, power capability, and cycle life and is used for LIBs
in various applications, ranging from portable electronic devices and power tools to EVs [2, 38]. In
Fig. 2.2a, NCM-111 (LiNi1/3Co1/3Mn1/3O2) with around 160mAhg−1 is on the left-hand side of the
indicated purple area for NCMs, whereas the nickel-rich NCM-811 (LiNi0.8Co0.1Mn0.1O2) with around
200mAhg−1 is at the right-hand side [32, 34, 36]. Another nickel-rich material with a comparably
good energy density, power capability, and cycle life is NCA, reportedly used by Panasonic and Tesla
for their EVs [38, 39], but also used for premium electronic applications [2].

Lithium- and manganese-rich NCM (LMR-NCM) is a layered transition metal oxide-based CAM that
offers a higher specific capacity with around 250mAhg−1 but is not yet commercialized [2, 40–43].
The price of the commodity manganese is an order of magnitude lower than that of nickel, and by
comparing the stoichiometry of a manganese-rich LMR-NCM (e.g., Li1.14[Ni0.26Co0.14Mn0.60]0.86O2)
to a nickel-rich NCA (e.g., LiNi0.81Co0.15Al0.04O2), up to 34% can be saved in raw material costs [44].
LMR-NCM faces some challenges that have to be addressed, such as a pronounced voltage hysteresis,
voltage fading, and gassing, but the comparably lower material costs and high specific capacity render
it to be a promising material for future LIBs [39, 42, 45, 46]. A detailed assessment of LMR-NCM in
coin cells as well as large-format multilayer pouch cells is given in Chapter 3 [44, 47, 48].

All of the previously stated CAMs contain cobalt, a scarce and toxic material, which has a relatively
high price. Therefore, the share of cobalt in layered transition metal oxides is becoming more and
more reduced, e.g., from NCM-111 to NCM-811, or even completely eliminated [49–53]. There is also
a cobalt-free alternative for LMR-NCM [54].

The spinel lithium manganese oxide (LMO) (LiMn2O4) has a very good thermal stability and power
capability and is cost-efficient, but has a low specific capacity (≈110mAhg−1) and an only mod-
erate cycle life [2]. It is especially used in high power applications, but also in some EVs, often in
combination with layered oxides [32, 38, 39]. The high-voltage spinel lithium nickel manganese oxide
(LNMO) (LiNi0.5Mn1.5O4) has a very high voltage of ≈4.7V vs. Li/Li+, but a low specific capacity
(≈140mAhg−1) [31, 32, 35]. Moreover, most electrolytes are instable at such high voltages resulting
in an electrolyte decomposition and a low cycle life [31, 35, 37].

LFP (LiFePO4) has an olivine structure, a very good thermal stability, a long cycle life, and is cost-
efficient [2, 33, 35, 37]. Disadvantages are the comparatively low specific capacity (≈165mAhg−1)
and low discharge voltage (≈3.45V), resulting in a low energy density [31]. Because of the long cycle
life, LFP is suited for stationary energy storage applications, for which the energy density is not as
important as for EVs [2, 3, 55, 56]. Despite the poor electronic conductivity of LFP, which can be
enhanced with a carbon surface coating of the active material particles [31, 37], LFP is used in high
power applications and also in some EVs [2, 38].

Anode active materials In comparison to the grand variety in CAMs, the number of the most
common AAMs is rather manageable, an overview is displayed in Fig. 2.2b. AAMs can be classified
into intercalation materials, such as graphite and lithium titanate (LTO), alloying-type materials, e.g.,
silicon and silicon-oxides, and conversion materials [31, 33, 35].

The most prominent intercalation anode material is graphite with a theoretical specific capacity of
372mAhg−1 [35, 57, 58]. The specific capacity of graphite is low in comparison to other AAMs, but
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still higher than that of most CAMs. To date, graphite-based anode materials can be found in most
commercial LIBs in all different kinds of applications [58]. Graphite anodes were commercialized more
than 20 years ago and come with a long cycle stability [33, 35]. The reversibility of the lithium-ion
intercalation and deintercalation is strongly influenced by the solid electrolyte interphase (SEI), a
passivation layer on the surface of the graphite particles that is formed from electrolyte decomposition
products, mainly within the first few cycles of a cell containing graphite anodes [57, 58]. The SEI is
permeable to lithium-ions, but prevents an ongoing reductive electrolyte decomposition as well as a
detrimental solvent co-intercalation [57, 58].

Another common intercalation anode material is LTO (Li4Ti5O12) with a rather low specific capacity
of 175mAhg−1 and a relatively high potential of 1.55V vs. Li/Li+ [31, 33, 35]. Despite the low
capacity and energy density of the material, LTO exhibits a very good thermal stability, high rate
capability, and a high cycle life [33, 35], and was even used in a few EVs [2, 38]. The high cycle life
arises from the low volume changes of only 0.2% during lithiation and delithiation; LTO is therefore
considered a “zero strain” material, whereas graphite anodes in comparison exhibit volume changes up
to 10% for full lithiation [31, 33, 58, 59]. An additional safety feature is the high potential of LTO vs.
Li/Li+, which avoids lithium-plating during charging. Moreover, the potential of LTO lies within the
electrochemical stability window of common liquid electrolytes, largely avoiding an SEI formation [31,
33].

Silicon (Si) and silicon-oxides (SiOx) belong to the alloying-type materials. If fully utilized, pristine
silicon offers a very high specific capacity of 3579mAhg−1 that is accompanied by large volume changes
up to 300% [31, 33, 35, 60]. With ongoing cycling, these volume changes lead to mechanical and
chemical degradation and a deteriorating cycle life [31]. However, if only ≈30% (≈1000mAhg−1) of
the available capacity of silicon is used, the volume expansion can be reduced to around 100% and
the cycle life thereby increased [60]. This partial usage of the available capacity is indicated by the
wide green area representing silicon in Fig. 2.2b. Another approach is the addition of silicon or silicon-
oxides to graphite anodes (silicon-graphite (Si-C) in Fig. 2.2b) to boost the specific capacity of pristine
graphite while keeping the volume change at an acceptable level [58, 61, 62]. Such Si-C anodes are
already used in commercially available cells [7, 63, 64] and are also reportedly used by Tesla in their
latest EVs [38, 39].

Finally, pure lithium anodes offer the highest theoretical capacity of 3860mAhg−1, and in combination
with the low electrochemical potential (0V vs. Li/Li+, −3.04V vs. SHE), a very high energy den-
sity [35, 65, 66]. Disadvantages are an infinite volume change, the high reactivity of lithium metal, and
lithium dendrite formation, which can cause safety-critical short circuits [35, 67]. In order to achieve a
maximized energy density without excess lithium on the anode side, there are so-called “anode-free”
lithium metal batteries, where the lithium from the cathode is deposited on the anode during the first
charge [68–70].

2.1.2 Electrode and Single Cell Design

The active materials of the cathode and the anode are the most important parts of an electrode as
they define the capacity and energy. But there are further passive components, which are necessary
for a working LIB. In the following, the components for an electrode as well as common electrolytes
and separators are described and a classification of different cell formats is given.
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Figure 2.3: (a) Schematic illustration of the electrode components. SEM images of (b) a side view of
a graphite electrode with flake-like particles and a copper current collector on the bottom,
(c) a top view of an NCM-111 electrode with spherical particles, and (d) a top view of a
graphite electrode with flake-like particles.

Electrodes A LIB electrode consists of a composite coated on a substrate foil, which serves as a
current collector during operation. The composite consists of an active material, a binder to ensure
mechanical stability, and optional additives, e.g., to enhance the electronic conductivity of the electrode
or to maintain the integrity of the porous electrode structure. A schematic illustration of the electrode
components is shown in Fig. 2.3a, and exemplary scanning electron microscopy (SEM) images of
graphite and NCM-111 electrodes are given in Fig. 2.3b-d.

The current collectors have to be electrochemically stable in the potential operation window of the
corresponding electrode, which is about 0–2V (vs. Li/Li+) for the anode and 3–5V (vs. Li/Li+) for
the cathode [71, 72]. Owing to the electrochemical stability at lower potentials, copper is commonly
employed as the current collector for the anode while aluminum is stable at higher potentials and
therefore employed as the current collector for the cathode [73, 74]. At a temperature of 25 °C, copper
has an electronic conductivity of 58.4 · 106 Sm−1, and aluminum has an electronic conductivity of
36.9 · 106 Sm−1 [26]. In order to reach a similar electric resistance, the aluminum current collectors for
the positive electrode are thicker than the copper current collectors for the negative electrode.

During electrode production, different liquids, e.g., N-Methyl-2-pyrrolidone (NMP) or water, are used
in the mixing process for the slurry preparation before the coating is cast onto the substrate foil,
subsequently dried, and then calendered to the desired thickness and porosity. Polyvinylidene fluoride
(PVDF) is a conventional binder that is used for NMP based anodes and cathodes [46, 47, 75–80]. For
water based graphite anodes, styrene-butadiene rubber (SBR) and carboxymethyl cellulose (CMC)
binders are often used [47, 79, 81]. As the binder has to ensure mechanical stability of the electrode
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during continuous cycling and thereby prevent detrimental aging mechanisms, its role is even more
important for active materials with a high volume expansion such as Si-C or pure silicon [60, 62, 82].

For graphite anodes, carbonaceous conductivity enhancers can be applied in small amounts in order to
adjust the electronic and the thermal conductivity; besides enhancing the conductivity, carbonaceous
additives also serve as active material for the negative electrode [31]. While graphite has a high
electronic conductivity, the electronic conductivity of most cathode materials is rather low [83, 84].
Therefore, conductive additives such as carbon black (CB) or acetylene black (AB) are generally
utilized to boost the electronic conductivity of cathodes [46, 47, 75, 76, 78–80, 84].

Electrolyte The electrolyte is vital for the performance, safety, and lifetime of a LIB, as it has to
keep its stability when exposed to the low potentials on the anode as well as the high potentials on
the cathode [85, 86]. In general, a liquid electrolyte has to provide a charge transfer with ions as the
charge carrier and consists of a solute, i.e., a salt that is dissolved in a solvent [87]. For LIBs, there
are only a few examined lithium salts (e.g., LiBF4, LiAsF6, LiClO4, LiBOB) with the most prominent
salt being LiPF6, which is commonly used in a combination with a nonaqueous organic solvent [86,
87]. In contrast to the few lithium salts, there is a variety of solvents with diverse properties. An ideal
solvent should be able to dissolve lithium salts to sufficient concentration, should have an adequate
thermal stability, low viscosity, and low reactivity with other cell components, and should be nontoxic
as well as economical [87]. Usually, a composition of different solvents is employed to meet the cell-
specific requirements. Established electrolyte solvents are carbonates, such as ethylene carbonate
(EC), propylene carbonate (PC), ethyl methyl carbonate (EMC), diethyl carbonate (DEC), dimethyl
carbonate (DMC), and fluoroethylene carbonate (FEC) [85, 87, 88].

Because of the electrochemical potential window, the electrolyte is constantly exposed to a reduction on
the anode. By the formation of a passivation layer on the surface of the anode, the so-called SEI, further
electrolyte reduction is prevented [89, 90]. The SEI formation mainly takes place in the first charge of
a LIB, but it is growing with ongoing cycling [89, 91, 92]. On the cathode, the electrolyte is exposed to
high potentials and oxidation, and a surface passivation layer, called solid permeable interphase (SPI),
is formed on the cathode [86]. Both passivation layers should be permeable to lithium-ions but block
electron transport, thereby preventing further electrolyte degradation [86, 89]. There is a multiplicity
of different electrolyte additives to improve the stability of the passivation layers and thus prevent
electrolyte and cell aging [90]. Other electrolyte additives increase ionic conductivity for a better cell
performance or improve the thermal stability for safety reasons [86, 93].

Besides common liquid electrolytes as described above, there are also solid polymer and gel poly-
mer electrolytes [87, 94, 95], ionic liquids [93, 96–98], as well as solid electrolytes [99–102]. Most of
these electrolyte technologies have been investigated for several decades but still face challenges for a
widespread use in LIBs, e.g., an adequate ionic conductivity at room temperature, mechanical stability,
the formation of a stable SEI, or a stable contact at the electrode interphases.

Therefore, liquid electrolyte systems remain the technology of choice for state-of-the-art LIBs. With
all the various electrolyte systems for LIBs, the interactions and stability together with the electrode
materials are of utmost importance and dictate the specific electrolyte characteristics in the end [87].

Separator LIBs comprising liquid electrolytes make the usage of a separator indispensable in order
to allow a lithium-ion flow, but prevent physical contact and safety-critical short circuits between both
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electrodes [103, 104]. Ideally, the ionic resistance of a separator should be zero, while the electronic
resistance should be infinite; practically, the electronic conductivity of polymers is in the order of
magnitude of 1012–1014 W cm [103]. The ionic conductivity on the other hand, is defined by the liquid
electrolyte and the porous structure of the separator, represented by its porosity (around 40–60%)
and tortuosity (≈2.5–7) [105, 106]. While separators used to have thicknesses of 20–30 µm [103–106],
state-of-the-art separators for high energy LIBs are as thin as 7–10 µm [64]. Besides the stated charac-
teristics, the thermal stability plays a crucial role, as a shrinking or melting of the separator at elevated
temperatures could cause short circuits and safety-critical states [104, 107]. In fact, certain separator
designs can mitigate and even prevent a thermal runaway [103].

There are different types of separators, namely, porous membranes, nonwoven mats, and multilayers
consisting of these types [103, 104]. Porous membranes made of polyolefin such as polypropylene (PP)
or polyethylene (PE) are most commonly used in LIBs [103, 105]. Besides monolayer separators consist-
ing of one material, there are also bilayer (e.g., PP/PE) and trilayer separators (e.g., PP/PE/PP) [103–
105]. This concept provides a shutdown mechanism at elevated temperatures, as PE has a thermal
shutdown temperature of 120–150 °C (PP ≈160 °C), which is lower than the onset temperature of a
thermal runaway: in case of a cell temperature increase above 120 °C, the PE layer would melt to
a nonporous film and thereby block the lithium-ion flow and increase the electrical resistance, while
the PP layers still keep their mechanical integrity and separate both electrodes [103–105]. Another
possibility to enhance the thermal safety characteristics of separators with a low thermal stability are
ceramic coatings, as ceramics possess an excellent thermal stability [103, 107].

Cell formats Since there are many diverse applications that use batteries as their energy source,
there is also a multitude of different LIB cell designs and sizes [48, 108, 109]. The main cell formats for
LIBs can be categorized into prismatic, pouch, and cylindric, as depicted in Fig. 2.4 on the left side.
The electrode stack – also called jelly roll for wound electrodes – consists of double-sided anodes and
cathodes with separators in between and is adapted to the desired cell format via stacking or winding,
as seen in Fig. 2.4 on the right side. As there is no counter electrode for the outer layer(s) of each cell
format, a single-sided anode is often employed at these positions. Pouch cells use stacked electrodes,
cylindrical cells use wound electrodes, and prismatic cells use either stacked electrodes or flat wound
electrodes [110–112].

Prismatic cells use a hard case, e.g., made of an aluminum alloy, that ensures a mechanical stability of
the cell [113, 114]. Large prismatic cells are usually designed for a specific application like EVs [38, 39];
several automotive cell formats are for instance defined in the standard DIN 91252 [115]. Prismatic cell
cases (thickness ≈0.7mm [114]) add extra weight and volume to the cell, but have a good mechanical
stability and enable an integration of various safety devices, such as vents and fuses [116], and sensors,
e.g., reference electrodes and temperature sensors [117].

Pouch cells are a special kind of prismatic cell: instead of a hard case surrounding the cell, the electrode
stack is packed into a flexible pouch foil. The pouch foil is usually made of an aluminum foil, which
is laminated with plastics on both sides to guarantee an electrical insulation and an electrochemical
stability against the inner cell components such as the electrodes and the liquid electrolyte [118]. The
thicknesses of pouch foils range from around 68–158 µm (e.g., pouch foils AvALL68 - AvALL158,
Avocet Precision Metals, UK) and thereby save weight and volume in contrast to a hard case but
forfeit mechanical stability. The flexibility in the pouch cell design allows an integration in many
different applications ranging from thin consumer cells for mobile phones, tablets, and laptops to large
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Figure 2.4: Left: Cell formats for LIBs. Right: Schematic electrode stack consisting of double-sided
anodes and cathodes with separators in between. Stacking the layers is used for pouch
cells, winding for cylindric cells, and flat winding or stacking for prismatic cells (derived
from Ref. [48]).

pouch cells for EVs [38, 39].

Cylindric cells use a hard case – also called can – that incorporates the spirally wound jelly roll. The can
is typically made of stainless steel and has a thickness of about 0.17–0.25mm [119–121]. Because of the
standardized, robust design of cylindric cells including several safety features and affordable costs, they
are produced in billions worldwide and used in many different applications such as power and garden
tools and stationary energy storage systems [7, 122, 123]. While the majority of car manufacturers use
prismatic or pouch cells, Tesla incorporates cylindric cells into their EVs [38, 39]. The 18650 format
(18mm diameter, 65mm height) used to be the most popular format for cylindric cells, but is replaced
by larger formats like the 21700 [123]. By changing the format from 18650 to 21700, the energy content
per cell is enhanced by ≈50% [123] and in addition, manufacturing costs can be decreased [38, 39].
Reportedly, Tesla introduced the even larger 46800 cell format to further increase the energy density
and power output [124]. However, with larger cell formats, inhomogeneities regarding temperature and
current distribution within the cell increase and must be carefully considered [48, 109, 124].

Cell design Starting with the specific design of a single cell, there are certain guidelines to construct
a high power or a high energy cell, or a cell that lies somewhere in between. Thereby, the electrode
geometry plays a crucial role: The energy of a cell with a given format is defined by the share of
active materials with regard to all the remaining passive components, so with a higher share of active
materials, the energy content increases. This can be realized via thicker and less porous electrode
coatings. However, with thicker and less porous electrode coatings, the power capability of the cell
drastically decreases, mostly ascribed to lithium-ion transport limitations in the liquid electrolyte [125–
128]. This major tradeoff between energy density and power capability has to be considered in the cell
design process.

A comparison of two commercially available cylindric cells is depicted in Fig. 2.5, where the LG 18650-
HB2 (NCM-532/graphite) and Samsung INR21700-48G (NCA/Si-C) represent a high power and a
high energy cell, respectively [64]. Distinct differences between these two cells can be identified in the
specifications: With 20C, the LG 18650-HB2 offers ten times the maximum continuous discharge rate
in comparison to 2C for the Samsung INR21700-48G, but only half the energy density though. The
factors of the cell design that influence these characteristics will be explained in the following.
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Figure 2.5: Comparison of two cylindric cells representing a high power (LG 18650-HB2) and a high
energy design (Samsung INR21700-48G). Left: layer thicknesses in µm of a schematic
electrode stack. The corresponding electrode porosities are calculated values. Right: rated
capacity, maximum continuous discharge rate, energy density on the cell level, and power
density on the cell level. Note that in this case, the power density was calculated based
on the nominal average discharge voltage at a low current multiplied by the maximum
continuous discharge current (data taken from Ref. [64]).

Further examples for cylindric high energy cells that are commercially available and offer an energy
density on the cell level of about 260Whkg−1 are the LG INR18650-MJ1 and the Samsung INR21700-
50E [7, 63]. Generally, such high energy cells either use a nickel-rich NCA (Samsung INR21700-48G,
Samsung INR21700-50E) or a nickel-rich NCM (LG INR18650-MJ1) as cathode active material and a
Si-C as anode active material [7, 63, 64]. The cathode porosities of high energy cells are often below
20%; the porosity of the Samsung INR21700-48G cathode was calculated to be only 13% [64]. The
anode porosites of high energy cells however are higher than 20%, most likely to prevent detrimental
lithium-plating during charging operations, which would compromise the cycle life of the cell. Sturm
et al. [63] analyzed the LG INR18650-MJ1 cell and reported anode coating thicknesses of 87 µm with
a porosity of 22% and cathode thicknesses of 66µm with a porosity of 17%. On the other hand, the
LG 18650-HB2 (NCM-532/graphite) with an energy density of ≈130Whkg−1 is rather considered a
high power cell [64]. The coating thickness of both electrodes of the LG 18650-HB2 cell is much thinner
(≈43–44 µm) and their porosities are reportedly higher (23–28%) [64]. Quinn et al. [123] investigated
several cylindric cells and came to the conclusion that the energy density on the cell level is a function
of the anode coating thickness. The cathode coating thickness is thereby defined via the balancing of
both electrodes, i.e., the areal capacity ratio of negative/positive electrode, also called N/P ratio.

Besides the electrode geometry, the electrode composition can also be adapted for the desired purpose.
A reduction of the share of binder and further additives results in an increased active material share and
consequently a higher energy. However, the binder ensures mechanical stability over prolonged cycling,
meaning a binder reduction may compromise the long-term stability [84]. A reduction of conductive
additives reduces the rate capability, which is especially important for the design of cells for high
power applications. Zheng et al. [84] investigated the physical and electrochemical properties of an NCA
electrode with different shares of PVDF binder and AB as conductive additive and stated the following
main findings: Too little binder results in a poor physical connection between the active material
particles and in a decrease of the electronic conductivity and of the electrochemical performance of
the electrode. On the other hand, too much binder results in a decreased ionic conductivity of the
electrode, as the binder has ion-blocking properties. In addition, too much binder results in an increased
electrode tortuosity, which in turn decreases the electrochemical performance [129, 130]. Based on their
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experiments, they concluded that a composition with a PVDF/AB ratio of 5:3 would be optimal for
their NCA electrode [84]. In the end, the exact proportions of each electrode material must be carefully
considered, as their amount and interplay define the electrode characteristics.

The energy density on the cell level can also be increased via a reduction of the current collector thick-
nesses. High power cells use thicker current collectors (15–30 µm) than high energy cells (10–15 µm),
to minimize the electric resistance and the corresponding ohmic losses during operation [64, 131]. The
electric resistance of the current collectors and the resulting ohmic heating losses are especially impor-
tant for cells with a high capacity and therefore large electrode areas [132]. Moreover, as the current
collectors are made of metals, they have a huge impact on the thermal conductivity of the electrode
stack, which is ≈0.9Wm−1 K−1 in the through-plane direction and ≈27Wm−1 K−1 in the in-plane
direction [133]. The thermal performance of the cell should thus be included in the overall design
process. For instance, tab cooling concepts take advantage of the high in-plane thermal conductivity
and therefore benefit from thicker current collectors [131, 134, 135].

Besides the thickness of the current collectors, the corresponding tab design likewise influences the
current density and temperature distribution along the electrodes, which is especially important for
cells with large electrode areas [132, 136–139]. While high energy cells that are designed for low currents
might get along with only one tab for each electrode, a higher number of tabs, wider tabs, or a better
tab placement reduce local inhomogeneities arising from non-uniform current density and temperature
distributions [63, 109, 131]. These inhomogeneities increase for thicker cells like the cylindric 26650
format [109], which is why the 46800 cell format proposed by Tesla relies on a continuous tab design
– also called tabless – to gain more uniform current density distributions and to reduce temperature
gradients within the core with the aid of an adequate cooling system [124].

Finally, thinner separators – and thereby less electrolyte – also increase the energy density on the
cell level, which is why state-of-the-art separators for high energy LIBs are as thin as 7–10µm [64].
However, there is a tradeoff between separator thickness and safety, as thinner separators may have
an adverse effect on the mechanical strength and safety characteristics of the cell [104].

To summarize, the design of a cell is quite a complex process, with many tradeoffs between a high
energy density and a high power density and most applications demand specific cell properties, which
must be considered during the cell design process. Moreover, requirements on the thermal behavior
and safety of the application likewise have an impact on the cell design and an optimization only
towards high energy densities is not always reasonable.

Electrode structuring The energy content of a LIB can be boosted with thicker electrodes that have a
low porosity, which simultaneously reduces the power capability [126, 127]. For higher loads, transport
limitations, which are caused by lithium-ion concentration gradients in the liquid electrolyte, are a
major contributor to the overall cell polarization and thereby define the power capability [127]. A
modification of the electrode structure of both LIB anodes [140–143] and cathodes [144–149] can help
to counteract these limitations by providing enhanced transport pathways for the lithium-ions. There
are various fabrication processes to influence the structure of the electrode, e.g., co-extrusion [144, 145,
147], freeze casting [148], magnetic particle alignment [150], and laser-structuring [141, 143, 146, 149].

Co-extrusion techniques are applied during the coating process, where an additional material is used
besides the electrode slurry to shape the desired structures. This additional material is then removed
during a subsequent heating process, as for instance described by Cobb and Blanco [145] for co-extruded
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LCO cathodes. Delattre et al. [148] specified a similar structuring approach, the freeze casting of NCA
cathodes: this shaping technique uses a water-based particle suspension that undergoes a directional
freezing of ice crystals, which generate an anisotropic electrode structure after removing the ice via
sublimation.

The active material particle shape is a crucial factor for the electrode tortuosity. Ebner et al. [151]
investigated different active materials with regard to their distinct particle shape and the influence
on the resulting tortuosity anisotropy. For their study, a spherical NCM-111, a triaxial LCO, and a
platelet-shaped graphite were chosen. The spherical NCM particles caused comparatively low isotropic
tortuosities. The non-spherical LCO particles resulted in higher anisotropic tortuosities with lower
tortuosity values in the in-plane direction and higher values in the through-plane direction of the
electrode. This tortuosity anisotropy was even more pronounced for the flake-like graphite particles.
During electrode coating and calendering, the particles tend to align parallel to the current collector,
which results in highly tortuous pathways in the through-plane direction of the electrode [106, 151,
152].

To overcome the undesired alignment of graphite particles during electrode production, Billaud et
al. [150] proposed a magnetic alignment technique: by coating the non-magnetic graphite particles
with superparamagnetic iron oxide nanoparticles, the graphite particles can be vertically aligned on
the current collectors with an external magnetic field during electrode fabrication. With this technique,
the through-plane tortuosity of the graphite electrodes was decreased by a factor of four [150].

Laser-structuring methods apply pulsed laser irradiation to ablate the electrode composite and create
macro channels or pores in cathodes [146, 149] or anodes [76, 80, 153]. Laser processing techniques are
already successfully implemented in battery production lines, as seen in the laser cutting of electrodes
or laser welding of tabs and current collectors, and are therefore a promising technology for electrode
structure modifications [154]. The influence of laser-structured graphite anodes on the performance of
LIBs is described in detail in Chapter 4.

2.1.3 Batteries on System Level

In the previous section, a general overview of electrode and cell compositions for LIBs was given.
While some LIBs are not built for a particular application and can be purchased separately on the
market, such as various 18650 or 21700 cylindric cells, others are specifically designed for their later
integration into an application, e.g., prismatic cells for EVs. The use case of the application then
defines the characteristics of the LIB: Is a high power cell needed that can sustain high currents for
a short period of time, or rather a high energy cell that can deliver a low current for a long period
of time? Furthermore, most applications use multiple single cells that are connected in series or in
parallel and integrated into modules. These modules in turn can be integrated into even larger units,
like battery packs or racks, and are usually combined with a thermal management system to keep their
temperatures within a safe operational range. A schematic illustration of an integration of prismatic,
pouch, and cylindric cells into modules and packs is depicted in Fig. 2.6.

Energy density considerations There are some smaller applications that only use one single cell as
their energy source, e.g., mobile phones and tablets. Larger applications however, such as stationary
energy storage systems and EVs, demand a higher power or energy, which cannot be delivered by a
single cell. Therefore, multiple single cells are integrated into larger units, namely modules and packs.
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modulesingle cell pack
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Figure 2.6: Exemplary overview of the process chain, from the active material and electrode level to
the integration of single prismatic, pouch, and cylindric cells into standardized modules
and packs.

With each step of integrating a smaller unit into a larger unit, passive components are added, and both
the gravimetric and volumetric energy densities at the higher integration level are further reduced [31,
32, 112].

On the material level, the energy density is solely defined by the active material, i.e., the specific
capacity and potential, as displayed in Fig. 2.2. For a state-of-the-art nickel-rich NCM or NCA, by
assuming a specific capacity of 200mAhg−1 at a potential of 3.75V vs. Li/Li+, the energy density on
the material level is around 750Whkg−1 [32]. For this calculation of the energy density, Li/Li+ is used
as a reference, but the additional weight of the counter/reference electrode is not considered. Higher
energy densities on the material level can be achieved by enhancing the specific capacity and/or the
potential of active materials, which is often the focus of current research [31, 35].

During electrode production, inactive materials such as the current collectors, the binder, and conduc-
tive additives are added, which reduces the energy density on the electrode level [122]. A reduction
of the share of these passive components corresponds to the design of a high energy cell, which was
explained in the previous section. On the cell level, the energy density is drastically reduced, as a
counter electrode and further inactive components are necessary, e.g., the separator, the electrolyte,
and the current collector tabs, while other factors such as electrode overhang areas, safety devices, and
the housing must also be considered [32, 122]. Furthermore, the electrodes are stacked or wound to fit
into the desired cell format, compare Fig. 2.4, which leaves voids as the inner volume cannot be fully
utilized. Energy densities of the latest commercially available cylindric cells using a nickel-rich CAM
reach 270Whkg−1 (800Wh l−1) on the cell level [7–9], which is about one third of the gravimetric
energy density of 750Whkg−1 for the CAM on the material level.

On the module level, single cells are connected in series and parallel in order to increase the voltage
and the capacity of the module, respectively. Thereby, the cell format plays a decisive role for packing
single cells into a module: prismatic and pouch cells achieve a higher packing efficiency than cylindric
cells [122], as can be seen in Fig. 2.6. An inefficient packing as well as passive components such as
connectors between the single cells and the housing of the module result in a further reduction of the
energy density. This also applies for an integration of single modules into battery packs, as additional
packing material, wiring, and the cooling system have to be incorporated [32, 112]. On the pack level,
energy densities of 90–180Whkg−1 (250–400Wh l−1) are currently achieved [31].
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While the voltage of a single module is usually kept below 60V because of safety reasons during the
production and assembly process, battery packs for EVs have a typical voltage between 200–400V [32,
122, 155]. Some EVs like the Porsche Taycan even use 800V systems in order to increase the power
for both discharge and charge operations [156–158]. The energy content of battery packs of smaller
EVs (e.g., BMW i3, Mitsubishi i-MIEV, Nissan Leaf) is somewhere between 16–35 kWh resulting in
driving ranges of around 100–200 km, while larger EVs such as the Tesla Model S and Model 3 use
battery packs with 60–100 kWh to achieve driving ranges of 300–600 km [2, 39]. In order to enhance
the energy density of the final battery pack, optimizations on each level from the active material up
to the battery pack must be taken into consideration.

Thermal management systems A thermal management system is usually incorporated into appli-
cations that use multiple LIB modules or a LIB pack to control and adjust the temperature of the
single cells [159]. With an active cooling system, safety-critical cell temperatures above 80 °C can be
avoided, as they can lead to hazardous states and even a thermal runaway in the worst case [160].
Reportedly, Nissan dispensed with an active cooling system in some EV Leaf models, which caused
overheating problems during driving and charging operations especially at higher outside temperatures.
As a consequence, the available power during driving or charging had to be drastically reduced [131,
161].

Besides the safety aspects, LIBs are very temperature-sensitive with regard to their performance and
aging characteristics [132, 159, 162]. At a higher operating temperature, the transport properties
and the reaction kinetics are enhanced, resulting in a decreased internal cell resistance and an im-
proved charge and discharge performance [163–166]. At low temperatures on the contrary, the internal
resistances increase and the intercalation kinetics are slowed, which is why charging with a high cur-
rent should be avoided, as detrimental lithium-plating on the surface of graphite anodes is likely to
occur [167–169]. Lithium-plating is especially critical for charging at a low temperature with high
currents to a high state of charge (SOC), for example during fast charging operations of high energy
density LIBs in an EV [170, 171]. To avoid poor performance including lithium-plating at sub-zero
temperatures, the thermal management system of an EV should be able to heat the LIBs to normal
operation temperatures [172]. Yang et al. [173] even proposed to heat the cells to 60 °C during fast
charging operations to enhance the kinetics and the transport and thereby prevent lithium-plating.

Although the performance of LIBs is enhanced at higher operating temperatures, this also increases
deleterious side reactions, which is why during normal charge and discharge operations, the temperature
of most LIBs should be kept around room temperature to reduce the cycle aging and prolong the
lifetime of the battery [174, 175]. The calendar aging, however, is kept minimal if LIBs are stored at
low temperatures and at medium to low SOCs [176, 177]. Optimized thermal management strategies
can thus prolong the battery lifetime and reduce the respective life cycle costs [178].

For all the stated reasons, a thermal management system including an active cooling is often indis-
pensable to guarantee a safe operation of LIBs under different operating conditions and to adjust the
temperature via cooling or heating if necessary. There are different cooling approaches with advantages
and disadvantages that are in general specifically designed for each application. In the following, the
three cooling strategies convective cooling, tab cooling, and base plate cooling will be explained, and
an overview is displayed in Fig. 2.7.

A convective heat transfer can be differentiated into natural or free convection and forced convection.
In a forced convective cooling system, e.g., by using a fan or a pump, a coolant directly flows over
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base plate coolingconvective cooling tab cooling

Figure 2.7: Overview of different cooling strategies: convective cooling with air of cylindric cells, tab
cooling of a pouch cell, and base plate cooling of prismatic cells.

the surface of the cell in order to dissipate the heat, as indicated in Fig. 2.7. There are various
coolants such as air, water, glycol, and oil [179, 180]. Feng et al. [181] classified the convective heat
transfer coefficients with 5–25Wm−2 K−1 for a natural convection in air, meaning that there is no
active cooling and the cell is only passively cooled, 15–250Wm−2 K−1 for a forced convection in air,
and 300–1000Wm−2 K−1 for water surrounding the cell. The heat transfer coefficients show, that
convective air cooling has its limits with regard to the maximum heat dissipation, and higher values
can be achieved with liquids. On the other hand, air cooling systems have a simple design and low
costs, while a liquid cooling is rather complex to implement in battery systems, as leakages and an
electrical contact to the battery tabs must be prevented [180, 182].

Passive and active air cooling is often used for stationary energy storage systems [183], and can also be
used for EVs (including HEVs and PHEVs), though, it is inefficient for high charge/discharge rates and
causes temperature inhomogeneities within the cells [179, 182, 184]. Hunt et al. [185] experimentally
compared the effects of surface cooling and tab cooling on the performance and degradation of lithium-
ion pouch cells and found that the temperature inhomogeneities of the surface cooled cells lead to an
accelerated aging, whereas tab cooling could extend the lifetime of a battery pack by as much as three
times.

As depicted in Fig. 2.7, tab cooling takes advantage of the high thermal conductivity of the metallic
current collectors and uses the cell tabs as heat sinks. Copper and aluminum current collectors have a
thermal conductivity of around 398Wm−1 K−1 and 238Wm−1 K−1, respectively, whereas the thermal
conductivity of the remaining cell components (separator, anode coating, cathode coating, electrolyte)
is comparatively low and within the range 0.3–1.6Wm−1 K−1 [48, 186]. By utilizing the current col-
lectors for the heat transport, the thermal gradients within the cell are reduced and the local current
densities and SOCs are more evenly distributed [186]. This also implicates that thicker tabs and cur-
rent collectors affect the tab cooling efficiency and that the layout of the thermal management system
should go hand in hand with the cell design. Hales et al. [135] stated, that increasing the tab thickness
of pouch cells by 34% results in an enhancement of the tab cooling performance of 20%. However, tab
cooling has its limitations and strongly depends upon the cell design parameters; experimental studies
confirmed that tab cooling of large-format pouch cells faces problems to remove sufficient heat, and
surface cooled cells showed a superior aging behavior and thus a longer cycle life [187].

In the right illustration in Fig. 2.7, a schematic base plate cooling of four prismatic cells is shown,
where a cooling plate is attached to the bottom of the cells. The temperature of the cooling plate can
be adjusted via the coolant that flows through channels within the plate [188, 189]. This kind of cooling
is often used for automotive battery modules and packs as in the Porsche Taycan [158]. The cooling
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plate must not necessarily be attached to the bottom of the cells. There are other concepts that use
thinner cooling plates mounted between the large lateral areas of prismatic and pouch cells [162, 180,
190–192]. Such cooling concepts have a higher complexity, but can have a better cooling performance
and lower the temperature gradients within the cells [192]. For a liquid cooling of modules and battery
packs consisting of cylindric cells, there are different concepts based on cooling plates and channels
attached on the top and bottom, but also in between the cells [193, 194]. The battery packs of Tesla’s
EV models consist of several thousand of cylindric cells and cooling tubes are integrated in between
these cells [195].

A passive cooling system of LIBs can also be realized via phase change materials (PCMs) surrounding
the cells [196–198]. PCMs take advantage of the latent heat of phase change in order to keep the
temperature of LIBs in an optimum range and to obtain a homogeneous temperature distribution [192,
198]. While PCMs have the capability of absorbing a large amount of heat at the same temperature
in a phase change process with little or no energy consumption, there remain challenges regarding a
continuous heat load after completion of the phase change process, and also regarding the low thermal
conductivity of the material, leakages, volume changes, as well as inhomogeneities in repeated melting
and solidifying processes [162]. Whereas some passive cooling systems rely exclusively on PCMs, there
are concepts that utilize a combination of PCMs and an active cooling system [199, 200].

2.2 Modeling and Simulation of Lithium-Ion Cells

Modeling is an essential tool to better understand, predict, and optimize LIBs [201]. With the width
of applications that rely on LIBs, including a variety of application-specific use-cases, the diversity of
models is extensive. An overview of battery models that are relevant for the scope of this thesis is
given in the following section, with a focus on the electrochemical pseudo two-dimensional model and
the 3D thermal model, as these were also used in the publications specified in Chapter 3 and 4.

2.2.1 Review of Empirical and Mechanistic Modeling Approaches

There is a multitude of different models for LIBs, some of which are displayed in Fig. 2.8. Depending on
the intended use of the model, there is always a tradeoff between model complexity and computational
speed, ranging from mechanistic electrochemical 3D models to empirical equivalent circuit models
(ECMs) [201–205].

Electrochemical 3D models usually represent a small section of the battery because of the high compu-
tational demand [206–209]. Fully resolved 3D models rely on a reconstruction of their highly complex
3D electrode geometry, e.g., obtained with X-ray tomography [210–213] or a focused ion beam (FIB)
combined with SEM [212, 214–216], and an elaborate post-processing of the recorded raw data. Mass
transport phenomena in the solid phase of the electrodes and the liquid electrolyte as well as kinetics
at the electrode/electrolyte interfaces are solved. The high complexity comes with a low computational
speed, and the parameterization effort of 3D models also has to be considered. With a higher number
of parameters, which can either be measured or taken from literature, errors and discrepancies of the
modeling results are more likely.

A widely used electrochemical model for LIBs that does not rely on reconstructed 3D data is the
p2D model, which was published in the early 1990s by Doyle, Fuller, and Newman including a code
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Figure 2.8: Classification of selected LIB models with regard to their complexity and computational
speed. The encircled p2D and p4D models were used within the scope of this thesis.

framework written in Fortran [217–219]. The fundamentals of the theory behind the p2D model even
date back to the 1960s, when Newman and Tobias published a set of equations to describe current
distributions in porous electrodes [220]. The p2D model generally consists of a 1D representation of
the electrode stack and a pseudo dimension for the active material particles. It is based on a system
of equations that describes mass and charge transport phenomena in the active material particles of
both intercalation electrodes and the liquid electrolyte as well as kinetics at the particle/electrolyte
interfaces. The particle domain of p2D models is not fully resolved, making its computational speed
much faster in comparison to 3D models. A detailed description of the p2D model including the
governing equations is given in Chapter 2.2.2, and a specific use case is given in Chapter 4.2 [76].

In a standard p2D model, the electrode stack of a cell is described only in one geometrical dimension.
However, especially with larger cells and higher loads, spatial inhomogeneities, e.g., regarding the cur-
rent density distribution along the electrodes influenced by the tab design and thermal imbalances,
cannot be neglected [137–139, 221]. These spatial inhomogeneities can be considered in adapted mul-
tidimensional models (MuDiMods), in which 2D current collectors are implemented and multiple p2D
models are connected in parallel in between the two current collectors [108, 109, 137, 139, 222, 223].

The pseudo four-dimensional model (p4D) used in this work [80] is an application-specific adaption of
the p2D model and described in Chapter 4.1. Because of an altered electrode geometry, the electrode
and separator domains are represented by a homogenized 3D geometry with an additional pseudo
dimension for the active material particles.

Single particle models (SPMs) homogenize and simplify electrodes as one single spherical intercalation
particle assuming a uniform current distribution along the thickness of the electrode [224–226]. Spatial
inhomogeneities within an electrode are completely neglected. The SPM describes mass transport
within the solid particle and reaction kinetics on its surface. Mass transport in the liquid electrolyte
is only considered in some adapted SPMs that are better suited for higher charge/discharge rates [227,
228].

The Newman-Tiedemann model (NT) – named after John Newman and William Tiedemann – is a
semi-empirical model, which considers potential and current distributions in large-format cells with
planar electrodes and was originally utilized to find an optimal placement for reference electrodes with
regard to the tab locations [229]. This modeling approach is based on a linearized cell polarization and
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an electrochemically representative resistance between the current collector foils, which describes the
electrochemical behavior of the electrode stack. Extended NT models can be used, e.g., to describe
temperature inhomogeneities [221] or to optimize the current collector and tab design [230] of large-
format pouch cells.

ECMs are empirical models that describe the cell behavior with the aid of electrical circuit elements.
Because of their simplicity and very fast computational speed, ECMs are commonly used for a mul-
titude of applications [231–235]. A very simple form of an ECM consists of a serial connection of an
SOC-dependent voltage source and an internal ohmic resistance. Multiple resistor-capacitor elements
can be connected in series to represent the dynamic cell behavior with different time constants [236].

2.2.2 Model Structure of the Electrochemical p2D Model

The p2D model is based on the theory of porous electrodes and concentrated solutions, allowing
an adequate representation of the cell via its main reaction direction perpendicular to the electrode
layers [217–219]. This 1D model includes a pseudo representation of the active material particle domain
and is therefore called p2D. The active material particles are considered as ideal spherical particles
of the same size. The solving process of the p2D model incorporates a differential algebraic equation
system, where the local concentrations cl and cs as well as the local potentials φl and φs in the liquid
and solid phase are the relevant variables in the underlying equations. A schematic representation of
the model is displayed in Fig. 2.9.
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Figure 2.9: Schematic representation of the p2D model with its three domains negative electrode,
separator, and positive electrode (derived from Ref. [218]).

The p2D model only represents the x-direction perpendicular to the current collectors and assumes
that gradients along the y- and z-direction are negligible. This assumption is valid for a homogeneous
cell setup, e.g., for small-scale laboratory cells [202]. The pseudo dimension is represented via the r-
direction along the radius rp of the active material particles. At each mesh point within the electrode
domains, a radial diffusion within a single particle is calculated. This solid diffusion equation is solved
for each particle independently and an equalization of solid phase concentrations between two particles
is only possible via the liquid phase. In the basic p2D model for a cell with two intercalation electrodes,
there are three domains in the model, the negative electrode, the separator, and the positive electrode
with their respective thicknesses lneg, lsep, and lpos adding up to the total thickness L:

L = lneg + lsep + lpos (2.1)
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The current collectors on both sides are typically neglected due to the their high electrical conductivity
and the resulting low electrical potential drops. Each representative volume element (RVE) in the
model can be split into its volume fractions for the solid active material εs, the porosity filled with
liquid electrolyte εl, and non-active materials εna as described in Chapter 2.1.2:

εs + εl + εna = 1 (2.2)

The separator domain is only defined via its porosity εl and the non-active share, as no active material
is incorporated. The pores of both electrodes and the separator are filled with liquid electrolyte, which
is non-conducting for electrons but enables a mass and charge transport of lithium-ions between the
electrodes. The liquid electrolyte consists of a solvent, which can be a mixture of various components,
and a solute. In most cases a binary electrolyte is considered, i.e., the conducting salt dissociates into
one sort of anions and one sort of cations, for example:

LiPF6 Li+ + PF6
− (2.3)

A concentration gradient ∇cl of any species – charged or neutral – in the electrolyte results in a
diffusive flux:

Nl,diff = −Dl∇cl (2.4)

Particles diffuse from areas with high concentration to areas with lower concentration and the diffusion
coefficient Dl describes how fast this balancing process takes place. In order to account for a transport
in porous media, the diffusion coefficient Dl is replaced by the effective diffusion coefficient Dl,eff

according to Equation 2.27. In general, the ∇ operator (transpose) is defined as:

∇ =
(
∂

∂x
,
∂

∂y
,
∂

∂z

)T
(2.5)

In the p2D model, when only gradients in the x-direction are considered, the ∇ operator is defined as:

∇ = ∂

∂x
(2.6)

If a charged species – in this case lithium-ions – is brought into an electric field, a migrative flux needs
to be considered:

Nl,mig =
ilt

0
+

F (2.7)

, where il is the current density, t0+ the transference number of lithium-ions within the electrolyte, and
F the Faraday constant. The current density in the liquid phase il can be expressed as:

il = −κ∇φl + 2κRT
F

(
1 + ∂ ln f±

∂ ln cl

)
(1− t0+)∇ ln cl (2.8)

, where κ is the electrolyte conductivity, R the universal gas constant, T the temperature, and f±

the mean activity coefficient. Analogous to the correction of the diffusion coefficient, the electrolyte
conductivity κ is replaced by the effective electrolyte conductivity κeff according to Equation 2.28
to account for a transport in porous media. The first term of Equation 2.8 is based on Ohm’s law,
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the second term is a correction term that has to be considered in concentrated solutions because of
interactions between anions, cations, and the solvent. The total lithium-ion flux Nl in the electrolyte
is a superposition of the diffusive and the migrative flux:

Nl = Nl,diff +Nl,mig (2.9)

The p2D model meets a mass and charge conservation, meaning that the amount of particles in the
liquid electrolyte and intercalated in the active material has to stay in balance and that the charge
transported via electrons and ions is consistent. In the liquid electrolyte, the mass balance is calculated
with:

εl
∂cl
∂t

= −∇Nl + 3εs

rp
jn (2.10)

The left side of the equation describes the change of lithium-ion concentration in a RVE over time t and
is applied in the liquid electrolyte in the pores of the electrodes or the separator and therefore scaled
with the porosity εl. The right side is the sum of the change in lithium-ion flux and the reaction term.
In the separator domain, there is no active material and no reaction takes place, therefore the reaction
term is left out in the mass balance. In the electrodes, the reaction term describes the production or
consumption of lithium-ions on the surface of the active material particles with a radius rp. Because
of the 1D model representation, the fraction 3εs/rp is necessary to reference the pore wall flux density
jn from the spherical particle surface to the spherical particle volume. The pore wall flux density jn is
defined via the Butler-Volmer equation:

jn = i0
F

(
e
αaF
RT η − e−

αcF
RT η

)
(2.11)

with the charge transfer coefficients αa/c, the exchange current density i0

i0 = Fkαa
c kαc

a (cs,max − cs)αacαc
s

(
cl
cl,ref

)αa

(2.12)

and the overpotential η

η = φs − φl − Eeq (2.13)

The exchange current density i0 is calculated with the anodic and cathodic reaction rate constants ka/c,
and the solid and liquid lithium-ion concentrations on the particle surface. The concentration cs,max

describes the maximum amount of lithium-ions that can be intercalated into the active material. The
symmetry of the reaction that is generally assumed, sets the charge transfer coefficients to αa = αc =
0.5. The reference lithium-ion concentration cl,ref is usually set to 1molm−3 to get a consistent unit
for the expression. The overpotential η – sometimes also referred to as surface overpotential [217] –
represents the potential drop on the particle surface based on the thermodynamic equilibrium potential
Eeq of the active material.

In the solid phase of the active material, the mass balance expressed in spherical coordinates is:

∂cs
∂t

= −∇Ns = Ds

(
∂2cs
∂r2 + 2

r

∂cs
∂r

)
(2.14)

, where the flux density in the solid phase Ns represents a mass transport via diffusion with the
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2.2 Modeling and Simulation of Lithium-Ion Cells

diffusion coefficient in the active material Ds. The spherical particles of the solid phase are described
via their radius rp and the corresponding pseudo dimension r with radially symmetric lithium-ion
concentrations. On the particle surface at r = rp, the mass transport stays consistent with the pore
wall flux density jn that is given by the Butler-Volmer equation and describes the intercalation or
deintercalation of lithium-ions.

−Ds
∂cs
∂r

∣∣∣∣
r=rp

= jn (2.15)

The concentrations within the particles are considered radially symmetrical:

∂cs
∂r

∣∣∣∣
r=0

= 0 (2.16)

The current density in the solid phase is is defined via Ohm’s law and the solid phase conductivity σ:

is = −σ∇φs (2.17)

The applied current density iapp is the sum of the solid phase current density is and the liquid phase
current density il:

iapp = is + il (2.18)

In order to maintain a conservation of charge, a change in is effects a change in il:

∇is = −∇il (2.19)

In the separator domain, there is no active material and thus no reaction and the liquid phase current
density il has to stay constant:

∇il = 0 (2.20)

In addition to the boundary conditions regarding the solid phase lithium-ion concentration in the
particle’s r-dimension, there are further boundary conditions for the concentrations and potentials at
the domain boundaries in the x-direction. Lithium-ions cannot leave the system, therefore, at its very
left (x = 0) and right boundary (x = L), the lithium-ion concentration gradient ∇cl and the resulting
flux density Nl must be zero:

∇cl|x=0 & x=L = 0 (2.21)

At the same boundaries, the potential gradient ∇φl and the resulting liquid phase current density il
must be zero:

∇φl|x=0 & x=L = 0 (2.22)

The solid phase potential gradient ∇φs at the boundaries is defined via the applied current density
iapp (with il = 0) and the electronic conductivity σ:

∇φs|x=0 & x=L = − iapp

σ
(2.23)
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2 Fundamentals and Methodology

At the boundaries of the separator domain, there is only an ionic current density as the separator is
electronically insulating:

∇φs|x=lneg & x=lneg+lsep
= 0 (2.24)

The solid phase potential φs at the left boundary is typically set to zero:

φs|x=0 = 0 (2.25)

When particles move through porous electrodes and separators they must take detours and their
transport path length is prolonged. To adequately incorporate prolonged path lengths in 1D models,
a correction factor for the electrolyte properties Dl and κ is introduced. Prolonged transport path
lengths can be described by the tortuosity τ , which correlates the effective path length leff to the direct
path length ldir [106]:

τ = leff

ldir
(2.26)

The effective path length in a porous structure depends on its porosity εl. A decrease in electrode
porosity leads to an increase of the effective path length and the respective tortuosity. Many elec-
trochemical models use the Bruggeman exponent αBrugg = 1.5 for a correction of the electrolyte
properties [237–240]. However, the Bruggeman exponent of 1.5 was originally calculated for materi-
als with ideal spherical particles of identical size [241] and therefore just gives a lower limit for the
resulting tortuosity. As an example, NCM particles are spherical and thus their tortuosity τ is very
close to the Bruggeman correction, but natural graphite is platelet-shaped and shows an anisotropic
tortuosity that can be much higher than the Bruggeman correlation [151]. Furthermore, most active
materials do not consist of particles of exactly the same size and there is a particle size distribution
(PSD), which influences the alignment of the particles and thereby the tortuosity and the overall cell
performance [242–246]. A transport parameter correction is not only needed for the porous electrodes,
but also for the porous separators, most of which have higher tortuosity values than the ones calcu-
lated with the ideal Bruggeman correction [106, 247]. For all these reasons, a better way to express
the correction of the electrolyte properties is directly via the porosity εl and tortuosity τ of electrodes
and separators, as these parameters can be experimentally determined [106, 129, 151]:

Dl,eff = ε
αBrugg
l Dl = εl

τ
Dl = Dl

NM
(2.27)

κeff = ε
αBrugg
l κ = εl

τ
κ = κ

NM
(2.28)

The ratio of τ and εl is also defined as the MacMullin number NM [248]:

NM = τ

εl
(2.29)

26



2.2 Modeling and Simulation of Lithium-Ion Cells

2.2.3 Modeling of Structured Electrodes

The modeling approaches that were used in this thesis to describe and analyze LIBs with structured
electrodes are based on the set of equations as specified in the preceding Chapter 2.2.2.

In order to investigate the gradients arising from structured electrodes not only in the x-direction
perpendicular to the cell layers, but also in the in-plane y- and z-directions, a p4D model including
a representative electrode structure was developed [76]. This p4D model, which is described in detail
in Chapter 4.1, consists of three main domains: anode, separator, and cathode. As the graphite
anodes were laser-structured, the geometry of the anode was complemented by a domain for the 3D
hole structure. While the anode domain incorporates the solid and liquid volume fractions εs,neg and
εl,neg, the hole structure domain is solely filled with liquid electrolyte, hence εl,hole = 1. Furthermore,
an anisotropic tortuosity (τx = 8, τy = τz = 2.5) that is typical for flake-like graphite particles was
implemented in the remaining anode domain [151]. The geometries of the separator and the cathode
were not altered, and both domains were parameterized with an isotropic tortuosity.

In a second modeling approach, as described in Chapter 4.2, a standard p2D model was adapted to
adequately represent the performance changes of LIBs comprised of structured electrodes [80]. Within
a p2D model, the structured electrodes cannot be directly implemented via the electrode geometry.
However, the structuring process reduces the overall through-plane tortuosity of the electrode. So a
tortuosity reduction of the structured electrode results in an improved rate capability of the representa-
tive lithium-ion cell. In Fig. 2.10, the simulation results of the discharge rate capability enhancements
by decreasing the anode tortuosity τneg are shown. Both the anode and the cathode of the simulated
cell had a thickness of 116 µm and a porosity of 35% [80]. A reduction of the anode tortuosity from
8.5 down to 3.5, e.g., by aligning the graphite particles, would increase the available capacity at a
discharge rate of 2.5C by more than 30%. For comparison, Billaud et al. [150] were able to reduce the
through-plane tortuosity of their electrodes with flake-like graphite particles by magnetic alignment
from 14 down to 3.8.
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Figure 2.10: Simulated difference in normalized discharge rate capability of lithium-ion cells with de-
creasing anode tortuosity (taken from Ref. [80]).

27



2 Fundamentals and Methodology

2.2.4 Model Structure of the 3D Thermal Model

The temperature has a significant impact on the performance and lifetime of LIBs, and with the aid of
thermal models, various cooling strategies for LIBs can be analyzed and optimized. There are thermal
models of the cell itself, which are often coupled with electrochemical models [109, 114, 137, 221, 222,
249–252], but also thermal models that describe the whole battery pack including the corresponding
cooling system [179, 182, 189, 193].

In general, there are three underlying heat transport mechanisms that are implemented in thermal
models: heat conduction, convection, and radiation [253]. The conductive heat flux density qcond

describes a heat transport at a cross-section area within solids, provoked by a temperature difference
∆T along a transport length l [253]:

qcond = k
∆T
l

(2.30)

The thermal conductivity k can be anisotropic for some materials or composite materials, e.g., for an
electrode stack of a lithium-ion cell [133]. The convective heat flux density qconv describes a heat trans-
port between a solid object that is surrounded by a fluid. The convection is driven by a temperature
difference between the surface temperature of the object Tsurf and the ambient temperature T∞ and
expressed with the convective heat transfer coefficient h [253]:

qconv = h(Tsurf − T∞) (2.31)

The radiative heat flux density qrad describes a heat transport from the surface of an object to the
ambience. It is defined with the emissivity εrad of the object’s surface and the Stefan-Boltzmann
constant σSB [253]:

qrad = εradσSB(T 4
surf − T 4

∞) (2.32)

In 3D thermal models, similar to the mass balance for the p2D model, the temperature change over
time within a RVE can be calculated with the general energy balance [132, 249]

ρcp
∂T

∂t
= ∇(k∇T ) + qvol (2.33)

, with the density ρ, the specific heat capacity cp, the thermal conductivity k, and the volumetric
heat generation qvol. The volumetric heat generation qvol describes the irreversible heat due to ohmic,
charge transfer, and mass transport losses as well as the reversible heat due to entropy [254]. In the
3D thermal model, the ∇ operator (transpose) is defined as:

∇ =
(
∂

∂x
,
∂

∂y
,
∂

∂z

)T
(2.34)

The boundary conditions of a thermal model depend on the specific use case. Regarding LIBs, heat
conduction takes place via the electric connectors to the battery, an attached cooling plate, or just the
adjacent housing of the application. Convection takes place if the cell is not completely encased and,
e.g., air surrounds parts of the cell surface.
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3 Increasing the Capacity and Energy of Lithium-Ion
Cells with New Active Materials

An overview of common cathode and anode active materials for LIBs was presented in Chapter 2.1.1.
Both, the capacity and the energy of a LIB are essentially determined by the chosen active material
combination. However, a higher cell capacity must not always result in a higher energy, as the average
voltage levels of the active materials also play a crucial role.

Within this chapter, the performance of LIBs comprising the cathode active material LMR-NCM is
investigated. LMR-NCM is a CAM, which offers a higher specific capacity in comparison to a state-
of-the-art nickel-rich NCA or NCM-811 [31, 32, 35]. As a proper assessment of the energy density on
the cell level cannot be conducted with small-scale laboratory cells, in the first part of this chapter,
an evaluation of large-format multilayer LMR-NCM/graphite and NCA/graphite pouch cells is pre-
sented [44, 47]. Also, self-heating effects at high C-rates as well as aging effects are only feasible in
larger cell formats [44]. In the second part of this chapter, the implications of the heat generation
caused by arising overpotentials and the pronounced voltage hysteresis of cells containing LMR-NCM
are further analyzed with calorimetric measurements and 3D thermal model simulations [48].

3.1 Comparative Evaluation of LMR-NCM and NCA Cathode
Active Materials

Two CAMs, a LMR-NCM with a reversible capacity of around 250mAhg−1 and an established NCA
with around 200mAhg−1 were comparatively evaluated in large-format multilayer pouch cells with
graphite anodes for either CAM. Both, the LMR-NCM/graphite and the NCA/graphite pouch cells
were designed to reach a reversible capacity of ≈5.5Ah at a 1C discharge rate. The conducted research
on these cells was split into two publications: Part I - Production, Electrode Characterization, and
Formation [47] & Part II - Rate Capability, Long-Term Stability, and Thermal Behavior [44].

In Part I of this study [47], the cell design, the production, the electrode characterization, and the
formation of the pouch cells are described in detail. The main findings include the different processing
behavior of the two CAMs during the cell production, as cathode porosities of 30–35% were difficult
to achieve by calendering the LMR-NCM electrodes. Moreover, the substantially increased gassing of
LMR-NCM/graphite pouch cells necessitated an adapted formation procedure, which was carried out
at a higher temperature and included two degassing steps.

In this section, Part II of this study, titled Comparative Evaluation of LMR-NCM and NCA Cathode
Active Materials in Multilayer Lithium-Ion Pouch Cells: Part II. Rate Capability, Long-Term Stability,
and Thermal Behavior [44] is presented. Parts of the article were presented at the Batterieforum
Deutschland 2020 in Berlin in January 2020.

For the comparative evaluation, a rate capability test and a long-term cycling study were conducted
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3 Increasing the Capacity and Energy of Lithium-Ion Cells with New Active Materials

in order to thoroughly assess the specific capacities and energy densities achieved on the cell level.
Distinct differences between the two pouch cell types were the wider voltage window of the LMR-
NCM/graphite cells (2.0–4.6V) and the pronounced voltage hysteresis of LMR-NCM between charge
and discharge. In comparison, the NCA/graphite cells were cycled between 3.0–4.3V and showed
almost no voltage hysteresis. For low discharge currents, the specific capacity related to the CAM
mass was around 30% higher for the LMR-NCM/graphite pouch cells (235mAhgCAM

−1) compared
to the NCA/graphite cells (180mAhgCAM

−1). However, because of the LMR-NCM voltage hysteresis
and the lower mean discharge voltage of the LMR-NCM/graphite cells, the energy density on the cell
level was only ≈11% higher.

In the long-term cycling study, the aging behavior was evaluated with a continuous C/2 cycling and
checkup cycles at regular intervals. The checkups assessed the remaining capacity with a C/10 cycle
as well as the internal resistance with a pulse test and a 1C cycle. Initially, the LMR-NCM/graphite
cells showed a better performance but exhibited a faster degradation of both the specific capacity and
the energy density. The overall cycle life of the LMR-NCM/graphite pouch cells was limited to only
250 cycles due to a rupture of the pouch foil caused by the strong gassing. The cells were projected
to reach 80% of their initial specific capacity after approximately 350 cycles. The 80% state of health
(SOH) criterion of their initial energy density was reached after already 230 cycles, caused by a faster
voltage fading. In contrast, the NCA/graphite cells reached their 80% SOH criteria of the specific
capacity after 980 cycles and of the energy density after 710 cycles. The checkup cycles were carried
out every 25 C/2 cycles and assessed the remaining capacity of the cells with a C/10 charge/discharge
cycle and the internal resistance with a 10 s discharge pulse at an SOC of approximately 40%. The
pulse test showed that the resistances of both cell types rose equally by ≈40% between the 50th and
the 250th cycle and that the overall capacity decay was not dominated by increasing cell resistances
but was rather caused by a loss of cyclable lithium.

Author contribution The pouch cells were built by the battery production team of David Schreiner
and Florian Günter. Ludwig Kraft conducted the pouch cell measurements, the data was interpreted
by Ludwig Kraft and Tanja Zünd. Tanja Zünd and Rebecca Wilhelm built the coin cells, conducted
the coin cell measurements and provided the data for comparison. The results of the experiments were
analyzed and interpreted by Ludwig Kraft and Tanja Zünd. The manuscript was written by Ludwig
Kraft and Tanja Zünd and edited by the co-authors. All authors discussed the data and commented
on the results.
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A lithium- and manganese-rich layered transition metal oxide-based cathode active material (LMR-NCM) with a reversible
capacity of 250 mAh g−1 vs graphite is compared to an established NCA/graphite combination in multilayer lithium-ion pouch
cells with a capacity of 5.5 Ah at a 1C discharge rate. The production of the cells, the electrode characterization as well as the
formation is described in Part I of this study. In Part II, the two cell types are evaluated for their rate capability and their long-term
stability. The specific capacity of the LMR-NCM pouch cells is≈30% higher in comparison to the NCA pouch cells. However, due
to the lower mean discharge voltage of LMR-NCM, the energy density on the cell level is only 11% higher. At higher discharge
currents, a pronounced heat generation of the LMR-NCM pouch cells was observed, which is ascribed to the LMR-NCM voltage
hysteresis and is only detectable in large-format cells. The cycling stability of the LMR-NCM cells is somewhat inferior due to
their faster capacity and voltage fading, likely also related to electrolyte oxidation. This results in a lower energy density on the cell
level after 210 cycles compared to the NCA pouch cells.
© 2021 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
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The demand for lithium-ion batteries with a higher capacity and
energy density is rising, especially driven by mobile applications
like electric vehicles (EVs).1–4 As a consequence, the specific
capacity of the active materials must increase. State-of-the-art
cathode active materials (CAMs) are lithium-nickel-cobalt-manga-
nese-oxides (NCMs) or lithium-nickel-cobalt-aluminum-oxides
(NCAs). The capacity of NCMs can be increased by a higher Ni
content, e.g., from NCM-111 with 150 mAh g−1 up to 200 mAh g−1

for NCM-811 for comparable upper cutoff voltages.1,2,5 The
Ni-rich NCA materials exhibit a similar specific capacity of around
200 mAh g−1.6,7 A promising not yet commercialized CAM that
offers a higher capacity is Li- and Mn-rich NCM (LMR-NCM) with
a reversible capacity of around 250 mAh g−1.8–12

Material costs account for 45%–75% of the total manufacturing
costs on the cell level, and the CAMs have the biggest share of the
material costs with 39%–54%.13–16 This makes Mn-rich materials
more cost effective compared to Ni-rich materials. In February 2021,
the price of the commodity Ni (21 USD kg−1 17) was an order of
magnitude higher than that of Mn (2 USD kg−1 18). While currently
used NCA and NCM CAMs still contain Co, ongoing research aims
toward reducing or eliminating Co.19–21 Similarly, it has also been
shown that Co can be eliminated from LMR-NCM CAMs.22 Based on
the stoichiometry of the two CAMs that are investigated in our work,
up to 34% can be saved in raw material costs comparing a LMR-NCM
(Li Ni Co Mn O1.14 0.26 0.14 0.60 0.86 2[ ] ) to an NCA (LiNi Co Al O0.81 0.15 0.04 2)
with commodity prices of Co (45 USD kg−1 23), Li (10 USD kg−1 24),
and Al (2 USD kg−1 25). Therefore, the high specific capacity
combined with the lower material costs render LMR-NCM to a
promising CAM for future lithium-ion batteries.4,11,26,27

There is a wide variety of lithium-ion cells exhibiting different cell
formats, designs, and materials. Reported energy densities of various
cells and cell formats range from 83Wh kg−1 for high power cells to
267Wh kg−1 for high energy cells.28–31 The energy density on the cell
level can be enhanced by thicker and less porous electrodes, by

electrode compositions with a higher active material share, or by the
use of active materials with a higher specific capacity, while reducing
the share of passive parts like separators, current collectors, tab
connectors, or the housing.1,32 Up-to-date, high energy cells that reach
>250Wh kg−1 often use a Ni-rich CAM, either NCM-811 or NCA,
and a graphite anode that contains a small amount of silicon.29–31,33

Ding et al.30 reported energy densities of cylindrical cells used by
Tesla in EVs of 236Wh kg−1 for an NCA/graphite cell and
260Wh kg−1 for an NCA/silicon-graphite cell.

In this work, a LMR-NCM material is evaluated and compared to
a commercially available NCA material that serves as a benchmark.
Based on our scale-up experiments with laboratory-scale coin cells
with LMR-NCM, this CAM was used to design multilayer pouch
cells, which were produced on the pilot scale production line at the
Technical University of Munich,34 as described in Part I of this
study.35 To appropriately assess the performance of the LMR-NCM
pouch cells, NCA pouch cells with the same electrode and cell
configuration were produced on the same line. The cells were
standardized by adjusting the loading of the electrode sheets,
delivering an areal capacity of 2.3 mAh cm−2 or a total capacity of
5.5 Ah at a 1C discharge rate. For both cell types, graphite was used
as anode material. For simplicity, the LMR-NCM/graphite and
NCA/graphite pouch cells will further on be referred to as LMR-
NCM and NCA pouch cells, respectively.

The production of the cells, the electrode characterization, as well
as their formation is described in Part I of this study.35 In Part II, the
characteristics of both cell types were evaluated by discharge rate
capability tests and by an aging study, in which we compare their
capacity, mean discharge voltage, and energy density fading, their
internal resistance buildup, as well as their self-heating at high
discharge rates. While previous publications on LMR-NCM were
carried out with small-scale laboratory cells (e.g., coin cells), stating
energy densities up to 1000Wh kg−1 at the material level,11,12,26 to the
best of our knowledge, there is no published research on large-format
LMR-NCM cells that would allow a rigorous assessment of the energy
densities achieved on the cell level. Especially the evaluation of self-
heating effects at high C-rates and gassing effects during formation
and extended aging is only feasible with large-format cells, so that the
here presented study with large-format multilayer pouch cells will
provide new insights with regards to these aspects.zE-mail: ludwig.kraft@tum.de
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Experimental

The large-format multilayer pouch cells were produced on the
semi-automatic manufacturing pilot line at the Technical University
of Munich.34 To compare the performance of the two CAMs, both
pouch cell types were designed to have a similar areal capacity of
2.3 mAh cm−2 at a 1C discharge, amounting to a total capacity of
around 5.5 Ah at 1C. A target capacity of 5.5 Ah at 1C results in an
energy of 17.6 Wh for the LMR-NCM and 19.8 Wh for the NCA
pouch cells (based on averaged discharge voltages at 1C of 3.2 V for
the LMR-NCM and 3.6 V for the NCA cells). The here used
multilayer pouch cell design was based on small-scale laboratory
coin cell measurements that were conducted in Part I of this study.35

Details on the electrode production as well as the pouch cell
assembly and formation are also provided in Part I of this study.35

Electrode specifications.—In this study, a LMR-NCM CAM
with a stoichiometry of Li Ni Co Mn O1.14 0.26 0.14 0.60 0.86 2[ ] (BASF,
Germany), which can as well be written as 0.33 Li MnO2 3 · 0.67
LiNi Co Mn O0.38 0.21 0.41 2 and was also investigated by Teufl et al.,36

and an NCA with a stoichiometry of LiNi Co Al O0.81 0.15 0.04 2 (BASF,
Germany) were used. The cathodes consisted of 92.5 wt% CAM (LMR-
NCM or NCA), 4 wt% conductive carbon (Super-C65, Timcal,
Switzerland), 3.5 wt% polyvinylidene-fluoride binder (PVdF, Solef
5130, Solvay, Belgium), and were coated double-sided on a 15 μm
aluminum substrate foil (1055 A, Korff, Switzerland). The CAM loading
was set to 11.7 mg cm−2 (≡2.9 mAh cm−2 at C/10, based on a nominal
capacity of 250mAh gCAM

1- ) and 13.0 mg cm−2 (≡2.6 mAh cm−2 at

C/10, based on a nominal capacity of 200mAh gCAM
1- ) for the LMR-

NCM and NCA electrode sheets, respectively. The nominal capacities of
both CAMs relate to LMR-NCM/Li cells in a voltage range of 2.0–4.7 V
(250mAh gCAM

1- ) and NCA/Li cells in a voltage range of 3.0–4.5 V

(200mAh gCAM
1- ), and were used for the calculation of the nominal cell

capacities as stated in Table I. The cathodes were calendered to an
electrode coating porosity of 42%.

The anodes consisted of 97 wt% graphite (SGL Carbon, Germany),
1.5 wt% carboxymethyl cellulose binder (CMC Sunrose MAC200, NPI,
Japan), 1.5 wt% styrene-butadiene rubber binder (SBR, Zeon, Japan),
and were coated on a 11 μm copper substrate foil (Cu-PHC, hard rolled
blank, with a nominal thickness of 12 μm Schlenk, Germany). The
graphite electrode loadings were set to 9.5 mg cm−2 (≡3.4 mAh cm−2

at C/10, based on a nominal capacity of 355mAh ggraphite
1- ) for LMR-

NCM and 10.2 mg cm−2 (≡3.6 mAh cm−2 at C/10, based on a nominal
capacity of 355 mAh ggraphite

1- ) for NCA based pouch cells. The anodes

were calendered to an electrode coating porosity of 30%. The resulting
areal capacity ratios of negative/positive electrode (N/P ratio) were 1.17
for the LMR-NCM and 1.38 for the NCA pouch cells.

Pouch cell assembly.—Both cell types contained 16 double-
coated cathodes and 17 double-coated anodes. The electrodes were
alternately stacked with a z-folded monolayer polypropylene (PP)
separator (Celgard 2500, France) with a thickness of 25 μm. An
FEC:DEC based electrolyte (1 M LiPF6 in a 12:64:24 (by volume)
mixture of FEC:DEC:co-solvent and 2 wt% of a proprietary ad-
ditive, BASF, Germany) was used for the LMR-NCM cells, while an

EC:DEC based electrolyte (1 M LiPF6 in a 3:7 (by weight) mixture
of EC:DEC and 2 wt% vinylene carbonate (VC), BASF, Germany)
was used for the NCA cells. The proprietary additive improves full-
cell cycle stability and has a similar effect as the one described
in Ref. 37.

The individual cell specifications are listed in Table I. The CAM
mass was determined by weighing the electrode sheets before the
assembling process, while the finally determined mass of the cell
after the electrolyte filling, the degassing after formation, and the
final cell sealing process includes the current collectors, the welded-
on tabs, and the pouch foil. For comparison of the cells, the specific
capacity used in the later studies was related to the CAM mass. The
gravimetric energy density, however, was related to the total pouch
cell mass. On account of an error in the production process, the
loading of the graphite anodes for the NCA pouch cells was slightly
too high, resulting in an N/P ratio of 1.38 instead of the originally
intended N/P ratio of 1.2. Assuming a N/P ratio of 1.17 for the NCA
pouch cells (as is the case with the LMR-NCM cells), the total cell
mass would be reduced by ≈4.4 g (due to a reduced anode loading
by 1.6 mg cm-2 with an active material ratio of 97 wt% and a total
anode area of 2687 cm2), resulting in 4% higher gravimetric energy
density values. Nevertheless, the stated gravimetric energy densities
were calculated with the actual cell mass of the NCA pouch cells.
For the evaluation of the volumetric energy density, a volume of
≈51.6 cm3 for the LMR-NCM and ≈49.7 cm3 for the NCA pouch
cells was used (based on the cell thicknesses and the length and
width of the deep-drawn pocket of the pouch bag). Unless stated
otherwise, the term energy density refers to the gravimetric energy
density. Based on a nominal reversible capacity at C/10 of
250 mAh g−1 for LMR-NCM and 200 mAh g−1 for NCA, the
nominal cell capacity was calculated according to the CAM mass.
In all later measurements, the C-rates for the charging and dischar-
ging procedures were referred to the nominal cell capacity at C/10 of
each cell, as stated in Table I. For a detailed overview of the
production and formation process of the LMR-NCM pouch cells, the
reader is referred to Part I of this study.35

Coin cell specifications.—As a reference, experiments with both
the LMR-NCM and the NCA cathodes with graphite anodes were
also conducted with laboratory 2032-type coin cells. Cathodes with
14 mm diameter and anodes with 15 mm diameter were punched out
from a single side coated part of the electrodes used for the pouch
cells as described above, i.e., with the same areal capacities as
specified above. The electrodes were dried in a glass oven (Büchi,
Switzerland) under dynamic vacuum at 120 °C for 12 h. The coin
cells were assembled in an argon filled glove box (O2, H2O <
0.1 ppm, MBraun, Germany) with a separator of 17 mm in diameter
and 50 μL of electrolyte. The separator and the electrolyte for the
corresponding CAMs were the same for the coin and pouch cells.

Electrochemical measurements.—Cell formation and mounting.—
A formation procedure with a first constant current (CC) C/15 cycle
including degassing steps, followed by two CC C/10 cycles was carried
out. The LMR-NCM cells were charged to 4.7 V in their first formation
cycle to activate the material;10 in all subsequent cycles, the upper
cutoff voltage was set to 4.6 V. A more detailed description of the
formation procedure is given in Part I of this study.35 The LMR-NCM

Table I. Specifications of the LMR-NCM/graphite and NCA/graphite pouch cells with an identical CAM-based areal capacity of ≈2.3 mAh cm−2 at
1C. Note that the here used pouch cells represent a subset of the pouch cells presented in Part I of this study.35

Cell type Number of cells CAMa) mass Cell massb) Nominal cell capacityc)

LMR-NCM 5 27.64 ± 0.32 g 111.6 ± 1.6 g 6.91 ± 0.08 Ah
NCA 6 31.34 ± 0.41 g 115.8 ± 2.0 g 6.27 ± 0.08 Ah

a) CAM—cathode active material. b) Determined by weighing the cells after formation, degassing, and final sealing of the cells. c) Based on the nominal
specific CAM capacity at C/10 (LMR-NCM: 250 mAh g−1, NCA: 200 mAh g−1).
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cells were cycled between 2.0 V and 4.6 V and the NCA cells between
3.0 V and 4.3 V. Note that all C-rates are referenced to the nominal
specific CAM capacity of 250 mAh g−1 for LMR-NCM cells and of
200 mAh g−1 for NCA cells.

The pouch cells were mounted in custom-built cell holders as
depicted in Fig. 1. Both the bottom and top part of the cell holder
consisted of a thermoplastic polyoxymethylene (POM) frame with
an aluminum insert. Via the screw/spring combination a pressure of
0.2 MPa was applied to the pouch cells. Cellulose sheets (Pacopads
5500, Pacothane Technologies, USA) were put between the cell and
the aluminum inserts to obtain a homogeneous compressive force
across the active area. An integrated negative temperature coefficient
(NTC) temperature sensor was attached to measure the temperature
on the surface of the pouch cells with a precision of ±1 K. All pouch
cell measurements were performed with an XCTS battery test
system (BaSyTec, Germany) in a controlled climate chamber
(WT3-600/40-S, Weiss Umwelttechnik, Germany) at 25 °C. The
coin cells were cycled with a Maccor battery tester (series 4000,
USA) in a controlled climate chamber (Binder, Germany) at 25 °C.
A detailed overview of all measurement procedures is listed in
Table II, the tests were consecutively performed in the stated order
for each of the cells.

Initial C/10 cycle and open circuit voltage curve.—After forma-
tion, the cells were charged and discharged with a CC C/10 cycle. In
a subsequent CC C/10 cycle, a pause of 1 h was included after each
hour, which sums up to ten 1 h pauses during the charge and ten 1 h
pauses during the discharge. While pausing, the relaxation of the
open circuit voltage (OCV) was measured.

Discharge rate capability test.—Next, the discharge rate cap-
ability test was carried out with CC discharging with C/10, C/5, and
C/2. The preceding charging C-rate was set to the discharging
C-rate. The CC charging phase was followed by a constant voltage
(CV) phase until a cutoff current of C/20 was reached. For two cells
of each cell type, an extended discharge rate capability test was
carried out with also 1C, 2C, and 3C discharge rates, whereby the
charging current in the CC phase was limited to C/2 (with a CV

phase terminated at C/20) for each discharge rate. The specific
capacity was related to the mass of the corresponding CAM, whereas
the energy density was related to the total cell mass as stated in
Table I. The values for each cycle were averaged over all cells of the
corresponding cell type and plotted with the corresponding standard
deviation. If the measurement procedure only consisted of two
samples, their mean value was plotted with the minimum and
maximum value, indicated by the error bars.

Aging study.—In the final aging test, the cells were repeatedly
cycled with a C/2 CCCV charge (with a cutoff current of C/20) and a
C/2 CC discharge. Every 25 cycles, a checkup procedure was carried
out. In the checkup procedure, the cells were initially charged with
C/10 to a voltage of 3.7 V, which corresponds to a state-of-charge
(SOC) of approximately 40% for both cell types, followed by a 1 h
resting period at OCV. Then the cell resistance was determined with
the direct current internal resistance (DCIR) method by applying a
C/2 CC discharge pulse for 10 s and measuring the cell voltage. The
resistance is calculated by Ohm’s law and the total voltage drop and
referenced to the cathode area (73.73 cm2 per layer). After the DCIR
test, the cells were first discharged with C/10 to their lower cutoff
voltage, and then, the cell capacity was assessed by a full C/10
charge/discharge cycle. Only the four cells (2x LMR-NCM, 2x
NCA) that were stressed with the extended rate capability test were
additionally discharged with three 1C CC cycles in each checkup.

Results and Discussion

The comparative evaluation of the performance of the large-
format multilayer LMR-NCM and NCA pouch cells is divided into
two parts: the rate capability behavior, and the aging behavior of the
cells in the long-term cycling study.

Rate capability behavior.—The results of the discharge rate
capability test, depicting the C-rate dependence of the specific CAM
capacity, the charge averaged mean cell discharge voltage, and the
gravimetric cell energy density are displayed in Fig. 2; the
corresponding values normalized to those at C/10 are stated in
Table III.

For low C-rates, i.e., C/10 and C/5, the discharge capacity stayed
almost constant for both materials, and the LMR-NCM cells
delivered around 30% higher specific capacities. With increasing
rates, less capacity can be discharged from the cells, especially for
the high C-rates of 2C and 3C. At a 2C discharge, only 88% can be
discharged from the LMR-NCM cells and 77% from the NCA cells,
when referenced to their capacity at C/10. At a 3C discharge, the
LMR-NCM cells delivered 77%, while the NCA cells dropped to
59%. Previous studies with NCA38,39 and LMR-NCM10,40,41 showed
that the capacity loss at high C-rates is largely due to the poor charge
transfer kinetics and/or the slow solid-state diffusion at low SOC.
However, it is noteworthy that the capacity loss with increasing
C-rate was much more pronounced for LMR-NCM/lithium coin
cells that were investigated in Part I of this study35: at the same
loading (≈12 mg cm−2) and cathode porosity (≈42%), the capacity
at 3C was only ≈120 mAh gCAM

1- (see Fig. 2 in Ref. 35), compared to

the ≈180 mAh gCAM
1- obtained here for the LMR-NCM/graphite

pouch cells (red symbols in Fig. 2a). As will be shown later, this
was most likely linked to the strong cell temperature rise of the
LMR-NCM pouch cells at high C-rates.

The mean discharge voltage at C/10 shown in Fig. 2b of the
LMR-NCM cells was at 3.5 V, while it was at 3.7 V for the NCA
cells. At a 3C rate, the mean discharge voltage of the LMR-NCM
cells decreased by ≈660 mV, which was more than double com-
pared to the ≈310 mV drop of the NCA cells, revealing the strong
rate dependency of the LMR-NCM CAM.

The gravimetric energy density of the pouch cells, displayed in
Fig. 2c, is a product of the discharge capacity and the mean
discharge voltage, referenced to the total mass of the pouch cells.

Figure 1. Schematic CAD drawing of the cell holder including the pouch
cell. The 5.4 mm thickness of the depicted pouch cell represents a mean
value of the thicknesses of the LMR-NCM (5.5 mm) and NCA (5.3 mm)
cells.
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At low discharge rates the energy density was around 200 Wh kg−1

(≈433 Wh l−1) for the LMR-NCM and 180 Wh kg−1 (≈419 Wh l−1)
for the NCA pouch cells. In contrast to the 30% increase in specific
capacity, the benefit in gravimetric energy density was only 11%. An
adjusted N/P ratio of 1.17 for the NCA pouch cells (rather than the
here used N/P ratio of 1.38) would result in 4% higher energy
densities, reducing the energy density advantage of the LMR-NCM
cells to 7%. One reason for the lower gain in energy density
compared to the gain in capacity of the LMR-NCM cells was their
lower mean discharge voltage. Nevertheless, in this study, the LMR-
NCM pouch cells maintained a higher energy density of ≈11%
compared to the NCA pouch cells for C-rates up to 1C; this
advantage became even more pronounced at higher rates of 2C
(+16%) and 3C (+29%), which, as described later, is related to the
substantial LMR-NCM cell temperature rise.

Both pouch cell types described in this work were not designed for
a specific application or optimized with regards to their energy
density. High energy cells use thinner current collectors and separators
as well as lower electrode porosities, which requires less
electrolyte.29,33 All these measures save weight and volume and
thereby increase the gravimetric and volumetric energy density on the
cell level. Based on the cylindrical cells for EVs reported by Ding
et al.30 with 236Wh kg−1 (NCA/graphite) and 260Wh kg−1 (NCA/
silicon-graphite), by switching the CAM from NCA to LMR-NCM
and assuming a gravimetric energy density increase of 7% compared

to the properly balanced NCA/graphite or NCA/silicon-graphite cells,
253Wh kg−1 (LMR-NCM/graphite) and 278Wh kg−1 (LMR-NCM/
silicon-graphite) could be reached.

The performance of the laboratory coin cells served as a
comparison for the large-format multilayer pouch cells. As already
mentioned above with regards to the discharge rate capability test,
the LMR-NCM/graphite coin cells (as well as the LMR-NCM/
lithium coin cells measured in Part I35) showed a specific capacity
that was ≈34% lower than that of the corresponding pouch cells for
a 3C discharge (see Fig. 3a). In contrast, the specific capacity of the
NCA laboratory coin cells was in good agreement for all C-rates
with the NCA pouch cells (see solid gray squares and open gray
triangles in Fig. 3a). Just for clarification, for the 2C and 3C
discharge in Fig. 3a, the open gray triangles indicating the specific
capacity of the NCA coin cells are superposed by the open red
triangles for the LMR-NCA coin cells.

While the coin cells can be considered isothermal at an ambient
temperature of 25 °C during operation due to their low energy
content and high thermal mass, this is not the case for large-format
pouch cells. The maximum temperature of the pouch cells was
reached at the end of each discharge and is depicted in Fig. 3b. As
described in the experimental section, the temperature was measured
on the surface of the pouch cells within the cell holder (see Fig. 1).
The cell holder, consisting partly of aluminum and the thermoplastic
POM, influenced the heat dissipation of the cells. As there were no

Table II. Sequence of the measurement procedures applied to the LMR-NCM/graphite and NCA/graphite pouch and coin cells.

Cycling procedure Cycles Charge Stop condition Discharge Stop condition

C/10 cycle 1 CC @ C/10 U Umax CC @ C/10 U Umin

C/10 relax cycle 1 CC @ C/10 t 1 h or CC @ C/10 t 1 h or
(initial OCV curve) U Umax U Umin

Pause t 1 h Pause t 1 h

Rate capability test 3 CC @ C/10 U Umax CC @ C/10 U Umin
CV @ Umax I C/20

3 CC @ C/5 U Umax CC @ C/5 U Umin
CV @ Umax I C/20

5 CC @ C/2 U Umax CC @ C/2 U Umin
CV @ Umax I C/20

Extended 5 CC @ C/2 U Umax CC @ 1C U Umin
rate capability testa) CV @ Umax I C/20

5 CC @ C/2 U Umax CC @ 2C U Umin
CV @ Umax I C/20

5 CC @ C/2 U Umax CC @ 3C U Umin
CV @ Umax I C/20

Aging cycles 25 CC @ C/2 U Umax CC @ C/2 U Umin
CV @ Umax I C/20

Checkup procedure Cycles Procedure Stop condition
Initialization 1 CC charge @ C/10 U Upulse

Pause t 1 h

Pulse Test 1 CC discharge @ C/2 t 10 s

C/10 cycle 1 CC discharge @ C/10 U Umin
CC charge @ C/10 U Umax
CC discharge @ C/10 U Umin

1C cyclea) 3 CC charge @ C/2 U Umax
CV charge @ Umax I C/20
CC discharge @ 1C U Umin

Before the first stated C/10 cycle, the cells underwent a formation procedure consisting of one C/15 and two C/10 cycles. The C-rates refer to the nominal cell
capacities listed in Table I. All measurements were performed at an ambient temperature of 25 °C. CC—constant current, CV—constant voltage. LMR-
NCM: U U U4.6 V, 2.0 V, 3.7 Vpulsemax min= = = . NCA:U U U4.3 V, 3.0 V, 3.7 Vpulsemax min= = = .a) Two cells each were discharged with the
extended rate capability test and the 1C checkup cycles.
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rest periods at the end of discharge during the rate capability test, the
cells could not cool down to the 25 °C ambient temperature of the
climate chamber and had an initial temperature of around 27.5 °C at
the beginning of the rate capability test (see Fig. 3b). The
temperature of the LMR-NCM cells strongly increased with
increasing C-rates, reaching a temperature of 53 °C for the 3C
discharge, while the NCA cells only reached 33 °C.

Figure 3c displays the round-trip energy efficiencies of both the
LMR-NCM and NCA pouch and coin cells. The generated heat in a
cell can be correlated to the energy that is irreversibly lost between

charge and discharge. After formation, this energy inefficiency is
mainly caused by a voltage hysteresis between charge and discharge
and therefore pronounced in LMR-NCM cells.42 During the 3C
discharge (following a C/2 CCCV charge, see Table II), the energy
loss of the LMR-NCM pouch cells was above 6 Wh (corresponding
to an energy efficiency of ≈70%), while the NCA pouch cells only
lost around 2 Wh (corresponding to an energy efficiency of ≈85%).
Table IV lists the mean charge (ECH) and discharge (EDCH) energies
of the LMR-NCM and NCA pouch cells vs discharge rate (DCH
C-rate) as well as the resulting round-trip energy efficiencies (η),
defined as

E

E
100% 1DCH

CH
· [ ]h =

It also lists the overall dissipated energy per cycle ( EtotD )

E E E 2tot CH DCH [ ]D = -

Meister et al.42 classified different anode and cathode materials
according to their round-trip energy efficiency for a 1C charge/
discharge cycle at an ambient temperature of 20 °C. In their study,
graphite had a round-trip energy efficiency of ≈94%, their LMR-
NCM (0.5 Li2MnO3 · 0.5 LiNi Mn Co O0.4 0.4 0.2 2) had a round-trip
energy efficiency of ≈85%, while NCA was not investigated. Their
LMR-NCM/graphite combination would result in a round-trip
energy efficiency of ≈80%. This round-trip energy efficiency at a
1C rate reflects the results for the LMR-NCM/graphite pouch cells
obtained in our study (≈81% at 1C). Note that these values were
measured at an ambient temperature of 20 °C, while our measure-
ments were performed at an ambient temperature of 25 °C.

To further evaluate the difference in round-trip energy efficiency
of both cell types, the charge and discharge voltage profiles of each
cell type have to be closer examined. The total energy loss related to
voltage hysteresis can be split into a resistive part ERD , due to cell
polarization during operation, and into a current-independent part

EOCVD , originating from the intrinsic active material voltage
hysteresis that is particularly pronounced for LMR-NCMs.26,42

E E E 3tot R OCV [ ]D = D + D

The additional energy that is lost due to parasitic side reactions was
neglected in our estimation of the energy losses, as they are minor
for the high coulombic efficiencies >99.9% for both cell types in our
study. The reversible heat (entropy) during a full charge/discharge
cycle is considered close to zero (under the assumption that no net
entropy can be generated in a reversibly cyclable cell) and therefore
insignificant for the total energy loss.

For the evaluation of the energy losses, a C/10 charge/discharge
cycle with and without intermittent 1 h OCV rest periods was carried
out. The LMR-NCM pouch cells were cycled in a voltage range of
2.0–4.6 V and the NCA pouch cells in a voltage range of 3.0–4.3 V,
the results are displayed in Fig. 4. Clearly visible is the pronounced
hysteresis of the voltage profile of the LMR-NCM cells. When OCV
rest periods are added to the C/10 cycling, represented by the red
lines, the purely resistive part is omitted. The cell voltage is allowed

Figure 2. Discharge rate capability of the LMR-NCM and NCA pouch cells
(as specified in Table I), depicting the C-rate dependence of (a) the specific
capacity related to the CAM mass, (b) the mean cell discharge voltage, and
(c) the energy density with respect to the total mass of the cell. The cells
were discharged with a CC procedure at an ambient temperature of 25 °C in
the voltage windows 4.6–2.0 V for LMR-NCM and 4.3–3.0 V for NCA,
respectively (see Table II). The error bars for the rates of C/10, C/5, and C/2
represent the standard deviation between 5 LMR-NCM and 6 NCA cells; for
the rates of 1C, 2C, and 3C, the error bars mark the minimum/maximum
values of 2 cells of each type.

Table III. Specific CAM capacity, mean cell discharge voltage, and gravimetric cell-level energy density of the LMR-NCM and NCA pouch cells.
The values for the C-rates were referenced to their mean C/10 value and the corresponding standard deviation, based on the data shown in Fig. 2.

Cell type C/5 C/2 1C 2C 3C

Specific capacity LMR-NCM 100.4 ± 2.9 % 97.6 ± 2.8 % 93.5 ± 2.7 % 87.8 ± 2.5 % 77.3 ± 2.2 %
NCA 97.9 ± 1.1 % 94.4 ± 1.1 % 89.6 ± 1.0 % 76.7 ± 0.9 % 58.8 ± 0.7 %

Mean dis. voltage LMR-NCM 98.5 ± 0.2 % 95.5 ± 0.2 % 91.8 ± 0.2 % 85.9 ± 0.2 % 81.1 ± 0.2 %
NCA 99.7 ± 0.1 % 98.6 ± 0.1 % 96.8 ± 0.1 % 93.9 ± 0.1 % 91.6 ± 0.1 %

Energy density LMR-NCM 99.1 ± 5.1 % 93.3 ± 4.8 % 87.0 ± 4.5 % 76.7 ± 4.0 % 63.7 ± 3.3 %
NCA 97.7 ± 3.2 % 93.1 ± 3.0 % 88.0 ± 2.8 % 73.0 ± 2.4 % 54.6 ± 1.8 %
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to relax and the tips of the red curve mark the OCV profile after 1 h
rest periods. A connection of these tips leave the gray shaded area
that indicates the energy lost due to the LMR-NCM material
hysteresis. The voltage profile of the NCA cells showed a minor

hysteresis, which almost vanished completely when OCV rest
periods were added to the cycling procedure. For this reason, the
gray area in Fig. 4b is quasi not visible and appears as the dotted
gray line. Via integration of the C/10 charge/discharge cycle, the
energy loss EtotD can be derived.26

E I V td 4tot ∮ [ ]D =

Here, I and V refer to the cell current and voltage, respectively. An
integration of the gray shaded areas in Fig. 4 yields EOCVD . ERD is
then calculated using Eq. 3 and EtotD determined from the black
dashed lines in Fig. 4, using Eq. 4. The results are listed in Table V.
These energy values, obtained by integration of the voltage curve of
a single pouch cell of each type, are in good agreement with the
measured C/10 round-trip efficiencies during the rate capability test,
as stated in Table IV (87.5% ± 2.2% for the LMR-NCM and
98.1% ± 1.1% for the NCA pouch cells).

The total energy EtotD that was lost over one C/10 charge/discharge
cycle was substantially less for the NCA pouch cell, accounting for
2.3% of the charge energy ECH. In contrast, the LMR-NCM cell lost
13.5% of the charge energy. More than a third of the total losses in the
LMR-NCM cells at C/10 could be attributed to the intrinsic LMR-
NCM material OCV hysteresis, whereas the ratio E EOCV totD D was
only 7% for the NCA cells. The NCA voltage hysteresis was almost
only generated by overpotential contributions ( ERD ).

The energy lost due to the OCV hysteresis of the LMR-NCM
pouch cells caused the pronounced temperature rise visible in
Fig. 3b. For lower discharge currents, there was enough time to
dissipate the excess heat to the cell holders and the ambient air. If the
same energy is released in a short time period, it cannot dissipate fast
enough, resulting in an increasing cell temperature. The OCV
voltage hysteresis of LMR-NCM and the resulting energy ineffi-
ciency are major drawbacks for commercialization and are thus in
the focus of current research.26 Regarding the discharge capacities
and the round-trip energy efficiencies in the rate capability test,
LMR-NCM is rather suited for high energy than high power
applications.

Cycling behavior.—In the aging study (see Figs. 5 and 6), the
large-format LMR-NCM and NCA pouch cells were evaluated with
regards to their cycling behavior, using diagnostic checkups every
25 cycles. The dashed lines in Figs. 5a and 5c mark the 80% state-of-
health (SOH) thresholds for the specific capacity and energy density,
referenced to 80% of the initial capacity and cell energy density
during the C/2 discharge in the rate capability test (i.e., 80% of the
values in cycle 7 shown in Figs. 2a and 2c). With ongoing cycling,
both the LMR-NCM and the NCA cells showed a gradual decline in
their specific capacity.

Figure 3. (a) Specific capacity related to the CAM mass of the LMR-NCM
and NCA pouch cells in comparison to the laboratory coin cell measurements
(all with graphite anodes), (b) maximum temperature measured on the
surface of the pouch cells within the cell holder, and (c) round-trip energy
efficiency calculated from the ratio of charge and discharge energy in a given
cycle (note that the first cycle for each new C-rate setting is omitted). The
pouch cell data correspond to those depicted in Fig. 2. The error bars for the
coin cell measurements (barely visible) represent the standard deviation
between 3 individual coin cells of each type.

Table IV. Mean round-trip energy efficiencies η of the LMR-NCM and NCA pouch cells (data shown in Figs. 2 and 3), listed here for the third cycle
of each discharge C-rate. The details of the discharge rate capability test are given in Table II.

Type DCH C-rate ECH EDCH EtotD η

LMR-NCM C/10 26.6 Wh 23.3 Wh 3.33 Wh 87.5% ± 2.2%
C/5 26.2 Wh 22.7 Wh 3.46 Wh 86.8% ± 1.0%
C/2 25.5 Wh 21.2 Wh 4.31 Wh 83.1% ± 0.6%
1C 24.2 Wh 19.5 Wh 4.64 Wh 80.8% ± 0.5%
2C 22.7 Wh 17.1 Wh 5.62 Wh 75.3% ± 0.3%
3C 20.3 Wh 14.2 Wh 6.10 Wh 70.0% ± 0.1%

NCA C/10 21.9 Wh 21.5 Wh 0.42 Wh 98.1% ± 1.1%
C/5 21.4 Wh 20.8 Wh 0.62 Wh 97.1% ± 0.7%
C/2 20.9 Wh 19.8 Wh 1.17 Wh 94.4% ± 0.4%
1C 20.0 Wh 18.5 Wh 1.51 Wh 92.4% ± 0.2%
2C 17.3 Wh 15.3 Wh 1.94 Wh 88.7% ± 0.3%
3C 13.5 Wh 11.5 Wh 1.96 Wh 85.4% ± 0.3%

CH—charge, DCH—discharge, tot—total.
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After approximately 250 cycles, too much gas was generated in
the LMR-NCM pouch cells, which caused a rupture of the pouch
foil. The strong gassing of the LMR-NCM cells likely derives from
two effects: i) the oxidative decomposition of the electrolyte due to
its reaction with released lattice oxygen at the very high degrees of
delithiation of the LMR-NCM at 100% SOC43; ii) the gradual
thermal decomposition of FEC,44 which is particularly problematic
for electrolytes with high FEC content. While we did not determine
the gas composition, the literature suggests the evolution of mostly
CO2 at room temperature and over a few cycles with FEC based
electrolytes,36,45 whereas at elevated temperatures and over extended
cycling in FEC/DEC (2:8 by volume) electrolyte also substantial
amounts of H2 were observed.46 Even though the electrochemical
behavior of the cells was still stable, the tests were stopped for safety
reasons.

The NCA cells showed a more stable cycling behavior. For a
better comparison of the two active materials, the NCA cell data are
only plotted up to 300 cycles in Fig. 5; an overview of all the data up
to 1600 cycles for the NCA pouch cells and up to 1000 cycles for the
NCA coin cells is given in the Appendix in Fig. A·2, indicating the
state-of-the-art performance of the large-format multilayer pouch
cells. While the upscaling from coin to pouch cells for a state-of-the-
art reference material is adequate, effects related to temperature and

gas evolution that occur in LMR-NCM cells can clearly not be
appropriately predicted from coin cell data, as they are operated
isothermally and do not capture cell rupture effects from extensive
gassing. Furthermore, small-scale laboratory cells generally have a
higher electrolyte to active material ratio35 that affects the aging
behavior, which likely explains the slightly better capacity retention
of the NCA coin vs NCA pouch cells (see Fig. A·2).

The specific capacity of the LMR-NCM pouch cells decreased
faster, but remained higher than for the NCA pouch cells as shown in
Fig. 5a. An extrapolation of the specific capacity of the LMR-NCM
cells projects a crossover with the 80% threshold at approximately
350 cycles, as seen in Fig. A·1 in the Appendix. The NCA cells
reached this point after 980 cycles (see Fig. A·2), as is also listed in
Table VI. The aging behavior of both cell types is in good agreement

Table V. Energy losses derived from integrating the C/10 cycling curves. The total energy loss is divided into the hysteresis ( EOCVD ) and the
overpotential ( ERD ) driven part.

Cell type EtotD EOCVD ERD EOCVD : ERD η EtotD /ECH

LMR-NCM 3.54 Wh 1.31 Wh 2.23 Wh 37 : 63 86.5% 13.5%
NCA 0.50 Wh 0.04 Wh 0.46 Wh 7 : 93 97.7% 2.3%

Figure 5. Cycle stability of the LMR-NCM and NCA pouch cells with
regards to their (a) specific capacity related to the CAM mass, (b) mean cell
discharge voltage, and (c) energy density related to the total mass of the cell.
The cells were charged and discharged with a C/2 CC procedure including a
CV phase at the end of charge at an ambient temperature of 25 °C in the
voltage windows 2.0–4.6 V for LMR-NCM and 3.0–4.3 V for NCA,
respectively (see Table II). Shown are the average values from 6 LMR-
NCM and 5 NCA pouch cells, with error bars representing the standard
deviation. The 80% initial capacity and energy density values marked by the
dashed horizontal lines are referenced to the respective values in cycle 7
shown in Figs. 2a and 2c.

Figure 4. C/10 cycle procedures with and without 1 h OCV rest periods (see
Table II) of an (a) LMR-NCM (2.0–4.6 V) and a (b) NCA (3.0–4.3 V) pouch
cell at an ambient temperature of 25 °C.
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with published data on core-shell or surface-coated LMR-NCM in
LMR-NCM/graphite cells11,12 and of NCA in NCA/graphite
cells.6,47–49

In Fig. 5b, the mean discharge voltage of the NCA cells showed a
decrease of 59 mV after 255 cycles, which was less pronounced than
the loss of 155 mV of the LMR-NCM cells. Voltage fading during
prolonged cycling is a known issue of LMR-NCM and is caused by
structural reordering from a layered to a spinel-like structure.11,12,27,50–53

This has an additional, negative impact on the energy density decay
displayed in Fig. 5c. In the beginning of the cycle-life test, the LMR-
NCM cells offered a 11% higher cell energy density, but due to their
faster degradation, their cell energy density became the same as that of
the NCA cells at cycle 210. After 230 cycles, the LMR-NCM cells
reached their 80% SOH criterion (red dashed line in Fig. 5c), whereas
the NCA cells could be cycled 710 times until they reached 80% SOH
(gray dashed line in Fig. 5c). The number of cycles up to 80% SOH
with regards to their specific capacity and energy density for the two
cell types are summarized in Table VI. Note that the LMR-NCM cells
were charged to 4.6 V while the NCA cells were only charged to 4.3 V.
At such high voltages, the electrolyte stability plays an important role
and determines the aging behavior of these cells. Electrolyte oxidation
at the cathode was probably one cause for an accelerated aging.36,43,45

While higher temperatures also lead to an accelerated aging of lithium-
ion cells,47,54–57 this would not explain the comparatively faster
degradation of the LMR-NCM cells since their average surface
temperature during this aging test at C/2 of 29 °C (max. 31 °C) was
similar to the 27 °C of that of the NCA cells (max. 28 °C).

During the checkup cycles, the remaining capacity was assessed
by a C/10 cycle, displayed in Fig. 6a. By applying a lower current,
the cell polarization due to internal resistances, e.g., caused by
growing passive layers or contact losses, is less. The influence of the
internal resistance buildup on the capacity was evaluated with an
additional 1C discharge, as seen in Fig. 6b. As described in the
experimental section, only two pouch cells of each type were
stressed with the 1C cycling procedure and therefore smaller error
bars appear in Fig. 6b. By comparing the capacity of the C/10 with
the 1C discharge, the capacity fading of the LMR-NCM cells is
essentially independent of the C-rate, which suggests that the main
degradation mechanism is the loss of cyclable lithium (e.g., via
electrolyte oxidation) rather than an impedance buildup, at least for
discharge C-rates up to 1C. For the NCA cells, the capacity fading at
1C is only ≈20% faster than at C/10, again suggesting that this
decrease is not dominated by an impedance buildup.

The DCIR method was used to determine the internal cell
resistance, employing a discharge pulse after a relaxation time of
1 h at 3.7 V (see Table II), which corresponded to a SOC of about
40% for both cell types. The first checkup of the LMR-NCM cells
before the aging study was measured at a different voltage and was
therefore left out. Here it should be noted, however, that the cell
resistance is a strong function of SOC and thus cell voltage for both
LMR-NCM10 and for NCA6 with a minimum resistance at mid-
range SOCs. Based on the cathode-resolved impedance of
NCM-811,58 this resistance versus SOC behavior reflects that of
the CAM. Moreover, because of the strong voltage hysteresis for
LMR-NCM, the resistance also depends on whether the cell was
charged or discharged before applying a DCIR pulse.10 While the
LMR-NCM cells exhibited »2-fold higher resistances, the resis-
tances of both cell types rose equally by ≈40% between the 50th and
the 250th cycle.

Therefore, the faster capacity and cell energy density degradation
of the LMR-NCM cells compared to the NCA cells is unlikely due to
polarization effects. Instead, based on the similar capacity fading
rates of C/10 and 1C for both cell types (Figs. 6a and 6b), the
performance degradation seems to be due to a loss of cyclable
lithium. That the latter would be more pronounced at the higher
cathode potentials of the LMR-NCM cells is not surprising,
enhanced by the reaction of the electrolyte with lattice oxygen at
the high degrees of delithiation at 100% SOC for this material.43

Therefore, a more stable electrolyte system is still required for LMR-
NCM CAMs, particularly for elevated temperatures due to the
thermal instabilities of FEC in combination with LiPF6.

44,46

Moreover, surface modifications of LMR-NCM materials could
also reduce detrimental side reactions and improve the overall
cycling stability.11,12

Conclusions

In this study, the LMR-NCM cathode active material, offering a
high reversible capacity of 250 mAh g−1, was employed with
graphite anodes in large-format multilayer pouch cells, which were
produced on a pilot scale production line. Comparable NCA/graphite
pouch cells were produced and served as a reference for an
evaluation of the performance of the LMR-NCM cells. The two
pouch cell types were standardized to deliver an areal capacity of
2.3 mAh cm−2 or a total capacity of 5.5 Ah at a 1C discharge rate.

Figure 6. Checkup cycles (see Table II) of the LMR-NCM and NCA pouch
cell tests shown in Fig. 5 with regards to their (a) specific C/10 discharge
capacity related to the CAM mass, (b) specific 1C discharge capacity related
to the CAM mass, and (c) DCIR for a 10 s C/2 discharge after charging the
cells to a voltage of 3.7 V. The dashed lines indicate a linear regression of the
mean values of the data points. In (a) and (c), average values from 6 LMR-
NCM and 5 NCA pouch cells are shown, and the error bars represent the
standard deviation. In (b), only average values of 2 cells of each type are
shown, with the error bars representing their minimum/maximum values.

Table VI. C/2 cycling stability defined by the 80% SOH criterion of
the LMR-NCM and NCA pouch cells based on the data shown in
Fig. 5.

80% SOH LMR-NCM NCA

Specific capacity 350 cyclesa) 980 cycles
Energy density 230 cycles 710 cycles

a) extrapolation, see Fig. A·1 in the Appendix.
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The characteristics of both cell types were compared against each
other in a discharge rate capability test and an aging test.

Distinct differences between the two cell types were the wider
voltage window of the LMR-NCM cells with a lower cutoff voltage
of 2.0 V and an upper cutoff voltage of 4.6 V as well as the
hysteresis of the voltage profile between charge and discharge even
at C/10, while the NCA cells were cycled between 3.0–4.3 V and
showed almost no voltage hysteresis. The LMR-NCM cells ex-
hibited a specific capacity of 235 mAh g−1 for low discharge
currents C/5, which amounted to a 30% increase compared to the
180 mAh g−1 of the NCA cells. However, because of the voltage
hysteresis and the lower mean discharge voltage, the energy density
of the LMR-NCM pouch cells was only ≈11% higher in comparison
to the NCA cells.

The aging behavior was evaluated with a C/2 cycling test and
initially showed a better performance of the LMR-NCM cells.
However, both the specific capacity and the energy density showed
a faster degradation, so that the LMR-NCM pouch cells were
projected to reach their 80% SOH criterion with respect to the
specific capacity after approximately 350 cycles, whereas the 80% of
the initial energy density was reached after already 230 cycles, due
to a faster voltage fading. On the other hand, these 80% SOH criteria
were reached after 980 cycles and 710 cycles, respectively for the
NCA cells. Checkup cycles including the measured cell resistances
showed that the increasing cell resistance was not dominating the
overall capacity decay, and that instead the performance degradation
of both the LMR-NCM and the NCA cells is rather due to a loss of
cyclable lithium. The overall cycle life of the LMR-NCM pouch
cells was limited to 250» cycles due to cell rupture caused by the
strong gassing of the LMR-NCM cells.

In conclusion, LMR-NCM proved to be a high capacitive CAM,
which is comparatively cheap because of its high manganese share
compared to cobalt and nickel. Long-term stability issues still have
to be addressed, e.g., a surface treatment of LMR-NCM could bring
improvements on the material level, and should be examined in
combination with an adequate electrolyte system. Because of the
heat accumulation for discharge rates above C/2, an application of
LMR-NCM in large-format cells should be critically assessed
together with the accompanying cooling system. This issue will be
addressed in our future research. Generally, the material is more
suited for high energy than high power applications.
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Appendix

The measured cycling data of the LMR-NCM pouch cells was
limited to approximately 250 cycles due to gassing induced rupture of
the cells. To have an assessment of the 80% SOH criterion regarding
the specific capacity of the cells, an extrapolation was carried out,
yielding a projected crossover after approximately 350 cycles (see
Fig. A·1). The following fitting function (R 0.99862 = ) was used for
this extrapolation (see black line in Fig. A·1), with x representing the
cycle number and y the specific capacity in mAh g CAM

1- :

Figure A·1. Extrapolation of the specific capacity related to the mass of the
active material during C/2 cycling of the LMR-NCM pouch cells.

Figure A·2. Cycle stability including all cycles and checkups of the NCA
pouch and coin cells. (a) Specific capacity related to the mass of the active
material and (b) energy density related to the total mass of the cell during C/2
cycling (only displayed for the NCA pouch cells). (c) Specific C/10
discharge capacity and (d) specific 1C discharge capacity related to the
mass of the active material during the checkups every 25 C/2 cycles. The
cells were charged with a C/2 CC procedure including a CV phase at the end
of charge at an ambient temperature of 25 °C in the voltage window
3.0–4.3 V (see Table II).
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To allow for a more clear comparison between the LMR-NCM and
the NCA cells, Fig. 5 only shows the initial 300 cycles for the NCA
cells. The total cycling stability of the NCA pouch cells including the
laboratory NCA coin cells is displayed in Fig. A·2. The coin cells were
cycled up to 1000 cycles while the pouch cell aging test was carried
out for over 1600 cycles. The energy density in Fig. A·2b is only
displayed for the pouch cells, because this value is related to the total
cell mass, which is not representative for coin cells.
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3 Increasing the Capacity and Energy of Lithium-Ion Cells with New Active Materials

3.2 Thermal Effects of LMR-NCM in Large-Format Cells

In this section, the article titled Implications of the Heat Generation of LMR-NCM on the Thermal
Behavior of Large-Format Lithium-Ion Batteries [48] is presented.

In the previously conducted discharge rate capability test, a strong increase in cell temperature was
detected for the LMR-NCM/graphite pouch cells. For a 3C discharge, the LMR-NCM/graphite pouch
cells reached a surface temperature of 53 °C while the NCA/graphite pouch cells only reached 33 °C [44].
The strong heat generation of the LMR-NCM/graphite cells is caused by an energy inefficiency that is
linked to overpotentials and the pronounced voltage hysteresis of LMR-NCM. In order to quantify the
released heat, calorimetric measurements were performed with LMR-NCM/graphite coin cells and also
NCA/graphite coin cells. During charging operations, the LMR-NCM/graphite cells generate more
than double the heat than the NCA/graphite cells. During discharge operations, this ratio of released
heat even increases to four times as much.

The heat generation obtained from the calorimetric measurements was then scaled via the cathode area
to larger cell formats and with the aid of 3D thermal models, simulation studies with different cooling
strategies were conducted. Without any active cooling of larger LMR-NCM/graphite cells, discharge
C-rates lower than C/2 are recommended in order to keep the cell temperature within an acceptable
temperature range. For higher C-rates, an application and cell format specific cooling strategy has
to be developed, otherwise critical temperatures above 60 °C are easily reached. The investigated
convective surface cooling and base plate cooling scenarios revealed, that especially large prismatic
cell formats, which are commonly used in EVs, are unfavorable for LMR-NCM, as the large amount
of heat cannot be adequately dissipated and results in a pronounced temperature increase. In general,
the active material LMR-NCM is more suited for high energy applications that operate with lower
currents than high power applications.

Author contribution Tanja Zünd built the coin cells and Alexander Hoefling conducted the calori-
metric measurements. The electrochemical data and the heat generation data was analyzed by Ludwig
Kraft and discussed with Alexander Hoefling, Tanja Zünd, and Alexander Kunz. The thermal models
were implemented and parameterized by Ludwig Kraft; the thermal parameterization was supported
by Marco Steinhardt. Ludwig Kraft carried out the upscaling calculations and conducted the simula-
tion studies. The manuscript was written by Ludwig Kraft and edited by the co-authors. All authors
discussed the data and commented on the results.
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Lithium- and manganese-rich NCM (LMR-NCM) cathode active materials exhibit a pronounced energy inefficiency during charge
and discharge that results in a strong heat generation during operation. The implications of such a heat generation are investigated
for large-format lithium-ion batteries. Small laboratory cells are generally considered isothermal, but for larger cell formats this
heat cannot be neglected. Therefore, the heat generation of LMR-NCM/graphite coin cells and NCA/graphite coin cells as a
reference is measured for varying charge/discharge rates in an isothermal heat flow calorimeter and scaled to larger standardized
cell formats. With the aid of thermal 3D models, the temperature evolution within these cell formats under different charge/
discharge operations and cooling conditions is analyzed. Without an additional heat sink and any active cooling of larger LMR-
NCM/graphite cells, discharge C-rates lower than C/2 are advisable to keep the cell temperature below a critical threshold. If the
loads are increased, the cooling strategy has to be adapted to the specific cell format, otherwise critical temperatures above 60 °C
are easily reached. For the investigated convective surface cooling and base plate cooling scenarios, thick prismatic cell formats
with LMR-NCM are generally unfavorable, as the large amount of heat cannot be adequately dissipated.
© 2021 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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State-of-the-art electric vehicles (EVs) rely on lithium-ion
batteries that come in different sizes and chemical compositions.
The driving range and thereby the accompanying customer accep-
tance of EVs is highly dependent on the energy density of the used
battery system. In order to increase the energy density, the latest
trend goes toward larger cell formats and active materials with a
higher specific capacity,1–4 whereas the thermal behavior of these
cells, including the thermal management system that is necessary to
keep an optimal operating range, is often neglected.5

There are three main designs of cell formats, namely cylindric,
prismatic, and pouch. While most automobile manufacturers rely on
either prismatic or pouch cells, Tesla poses an exception and uses
cylindric cells in their EVs.3,4 Their early Tesla Model S in 2012
relied on 18 650 cylindric cells, while the more recent Tesla Model 3
uses advanced 21 700 cells.3,4 Reportedly, Tesla now manufactures
even larger 46 800 cells.6 By changing the cell format from 18 650
to 21 700, the cell volume increases, meaning that more active
material can be packed into the cell, which results in an increased
energy content of around 49% per cell and potentially lower
production costs.7,8 A similar trend can be seen for prismatic and
pouch cell formats used by automobile manufacturers, some of them
are defined in the standard DIN 91252,9 which gives design
specifications for lithium-ion battery cells. Within this standard,
the geometric dimensions of prismatic and pouch cell formats for
hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles
(PHEVs), and battery electric vehicles (BEVs) are defined. As an
example, the prismatic format BEV4 features an increased volume
of 53% in comparison to the older BEV1 format.

Besides larger cell formats, anode active materials (AAMs) and
cathode active materials (CAMs) with higher specific capacities are used
for automotive cells. Almost all automotive cells contain graphite AAMs
with a theoretical specific capacity of 372 mAh g−1. Only a few use
lithium-titanate (LTO), e.g., Honda in its 2013 Fit EV,3,4,10 with only
175 mAh g−1 at a comparably high potential of ≈1.55 V vs Li/Li+.11,12

Pristine silicon offers a theoretical capacity of 4200 mAh g−1 that
is accompanied by high volume changes up to 320%.12 By adding

some silicon to graphite anodes, the specific capacity can be
boosted,13–15 which is why cells with silicon-graphite (Si-C)
composite anodes are reportedly used in more recent EVs like
the Tesla Model X or Model 3.3,4

There is a variety of CAMs for automotive cells, ranging
from layered lithium-nickel-cobalt-manganese-oxide (NCM,
160–200 mAh g−1) and lithium-nickel-cobalt-aluminum-oxide
(NCA, 180–200 mAh g−1) to spinel lithium-manganese-oxide
(LMO, 100–120 mAh g−1) to olivine lithium-iron-phosphate (LFP,
160–165 mAh g−1) or even a blend of two or more of these
materials.3,4,7,10 A CAM that offers a higher specific capacity of
around 250 mAh g−110,16–19 is lithium- and manganese-rich NCM
(LMR-NCM). LMR-NCM is environmentally benign and a low
cost alternative to nickel-rich materials due to a high manganese
content,18,20 but faces structural changes accompanied by voltage
fading as well as a pronounced voltage hysteresis.18–23 The
material LMR-NCM is in the focus of current research and it
was shown that cells containing LMR-NCM can be cycled for
several hundred cycles before they reach a state-of-health of
80%.18,19,24 Thereby, the capacity loss is not only related to
structural changes of LMR-NCM, but also to electrolyte stability
issues, as LMR-NCM is often cycled up to 4.7–4.8 V vs
Li/Li+.18,21,24 Despite the remaining challenges, the high specific
capacity combined with the lower material costs render LMR-
NCM to a promising CAM for future lithium-ion batteries.3,20,25

Meister et al.26 classified the energy efficiency of various CAMs
and AAMs for a 1C charge/discharge cycle. In their study, LMR-
NCM (0.5 Li2MnO3 · 0.5 LiNi0.4Co0.2Mn0.4O2) reached a 85%
round-trip energy efficiency, for comparison, NCM-111 was classi-
fied with 96%, NCA was not studied. Of the investigated AAMs,
graphite reached the highest round-trip energy efficiency with 94%.
The Si-C composite (20 wt% silicon, 60 wt% graphite, 10 wt%
binder, 10 wt% carbon black) with a practical capacity of around
1100 mAh g−1 in the first cycles, reached a lower efficiency of 89%.
The energy inefficiency of the active material LMR-NCM, but also
of the Si-C composite, was mainly caused by a lower voltage
efficiency, which is defined as the ratio of the mean discharge
voltage to the mean charge voltage in a full cycle.26

In our previous publication, multilayer LMR-NCM/graphite and
NCA/graphite pouch cells with a nominal capacity of around 6–7 AhzE-mail: ludwig.kraft@tum.de
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were manufactured on the pilot scale production line at the Technical
University of Munich.27 The C/10 voltage profiles of an LMR-NCM/
graphite pouch cell are displayed in Fig. 1. By adding 1 h open
circuit voltage (OCV) rest periods, the voltage difference between
charge and discharge can be approximately separated into a voltage
drop due to overpotentials during cycling and the LMR-NCM OCV
hysteresis.24 The overpotentials are caused by poor charge transfer
kinetics and/or a slow solid-state diffusion of LMR-NCM, especially
at low states-of-charge (SOC).17,28,29 While there still is a minimal
voltage relaxation after 1 h OCV, an OCV hysteresis remains for
LMR-NCM materials even after resting periods of several days.20,30

In a discharge rate capability test, the LMR-NCM/graphite pouch
cells reached ≈81% round-trip energy efficiency for a 1C discharge,
while the NCA/graphite pouch cells reached ≈92%.24 These values
are in very good agreement with the values stated by Meister et al.26

if NCA is considered to have a similar energy efficiency like NMC-
111. The discharge rate capability tests also revealed a strong
increase in cell temperature for the LMR-NCM/graphite pouch cells
with increasing discharge currents, which can be ascribed to the
energy loss due to overpotentials and the LMR-NCM OCV hyster-
esis. The gray shaded area in Fig. 1 indicates the approximate share
of the OCV hysteresis of LMR-NCM, which is presumably current-
independent, and the electrical work that is lost due to such a voltage
hysteresis is most likely dissipated as waste heat.20,24 So with rising
C-rates, the share of the irreversible heat due to overpotentials likely
dominates the total heat generation. In Table I, the round-trip energy

efficiencies and maximum surface temperatures for the two pouch
cell types are stated (taken from Ref. 24). For a C/10 discharge, both
cell types kept approximately the same temperature, but for a 3C
discharge, the LMR-NCM/graphite pouch cells reached surface
temperatures of 53 °C, while the NCA/graphite pouch cells only
reached 33 °C. In smaller laboratory-scale cell formats, the
generated heat poses no further problems, but when it comes to
larger cell formats, the thermal behavior of cells containing LMR-
NCM cannot be neglected.

The temperature has a high impact on the performance of
lithium-ion cells, and with the aid of thermal models, various
cooling strategies can be analyzed and optimized. There are thermal
models of the cell itself, which are often coupled with electro-
chemical models,31–39 but also thermal models that describe the
whole battery pack including the corresponding cooling system.40–43

In the coupled models, the heat generation is usually computed
based on the electrochemical model, i.e., the irreversible losses
described by currents and overpotentials plus the reversible heat.
However, especially the electrochemical models of lithium-ion cells
are based on an extensive parameter set consisting of more than 30
parameters.32,33,37 Not all of these parameters can be experimentally
determined and are either taken from literature or have to be
assumed.

In this work, the thermal behavior of LMR-NCM/graphite cells is
investigated and compared to NCA/graphite cells and the conse-
quences for operating strategies and thermal management systems
are derived. The focus is on the total heat generation and not on a
characterization of the different heat sources. To quantify the heat
generation for different charge and discharge rates, isothermal
calorimetric measurements were performed on laboratory coin cells
for the cell systems LMR-NCM/graphite and NCA/graphite. The
determined heat generation was scaled to various cell formats and
used as an input parameter for a homogenized 3D thermal model to
qualitatively assess the thermal behavior. Simulation studies ana-
lyzed the implications of the heat generation on the temperature
development especially in large-format batteries and the resulting
requirements for their thermal management system. Particularly, the
interplay between the cell size, the applied load, and the thermal
boundary conditions of the cooling system was evaluated and design
criteria for cells containing LMR-NCM were derived.

Experimental

Electrode specifications.—The LMR-NCM cathodes have a stoi-
chiometry of 0.33 Li2MnO3 · 0.67 LiNi0.38Co0.21Mn0.41O2 (BASF,
Germany), which can also be written as Li1.14[Ni0.26Co0.14Mn0.60]0.86O2,
and the NCA cathodes have a stoichiometry of LiNi0.81Co0.15Al0.04O2

(BASF, Germany). The cathode coatings were prepared by
mixing 92.5 wt% CAM (LMR-NCM or NCA), 4 wt% conductive
carbon (Super-C65, Timcal, Switzerland), and 3.5 wt% polyviny-
lidene-fluoride binder (PVdF, Solef 5130, Solvay, Belgium) with
N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%, Sigma-Aldrich,
Germany) at a solid content of 57 wt% and 62 wt% for LMR-NCM
and NCA, respectively. The mixing was performed in several steps
using a planetary orbital mixer (Thinky, USA). The final slurry
was cast onto one side of a 15 μm aluminum foil (MTI, USA)
using a 200 μm four-edge blade. The CAM loading was set to
11.5 mg cm−2 (≡2.9 mAh cm−2 at C/10, based on a nominal
capacity of 250 mAh gCAM

1- ) and 12.5 mg cm−2 (≡2.5 mAh cm−2

at C/10, based on a nominal capacity of 200 mAh gCAM
1- ) for the

LMR-NCM and NCA electrode sheets, respectively. The coated
cathode foils were dried overnight in a convection oven at 50 °C
and afterwards compressed in a calender (GK 300-L, Saueressig,
Germany) to a porosity of 42%, resulting in coating thicknesses of
≈54 μm (LMR-NCM) and ≈56 μm (NCA).

The corresponding anode coatings were prepared by mixing
95 wt% graphite (SGL Carbon, Germany) and 5 wt% PVdF binder
(Solef 5130, Solvay, Belgium) with NMP (anhydrous, 99.5%,

Figure 1. C/10 voltage profiles with and without 1 h OCV rest periods of an
LMR-NCM/graphite pouch cell that was cycled in a voltage window of
2.0–4.6 V at an ambient temperature of 25 °C. Figure derived from Ref. 24.

Table I. Round-trip energy efficiencies of multilayer LMR-NCM/
graphite and NCA/graphite pouch cells with a nominal capacity of
6–7 Ah during a discharge rate capability test at an ambient
temperature of 25 °C.24 The temperatures were measured on the
surface of the pouch cells within cell holders and the stated maximum
surface temperatures Tmax,surf were reached during the discharge.

DCH
LMR-NCM/graphite NCA/graphite

C-rate EE Tmax,surf EE Tmax,surf

C/10 88% 27 °C 98% 27 °C
1C 81% 36 °C 92% 28 °C
3C 70% 53 °C 85% 33 °C

Note. DCH—discharge, EE—round-trip energy efficiency.
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Sigma-Aldrich, Germany) at a solid content of 54 wt% and 52 wt%
for the respective LMR-NCM and NCA electrodes. As before, this
was performed in several steps in a planetary orbital mixer (Thinky,
USA). The final slurry was cast onto one side of a 12 μm copper foil
(Gelonlib, China) using a 200 μm four-edge blade. The graphite
electrode loadings were set to 10.3 mg cm−2 (≡3.7 mAh cm−2 at C/
10, based on a nominal capacity of 355 mAh ggraphite

1- ) for LMR-

NCM and 9.4 mg cm−2 (≡3.3 mAh cm−2 at C/10, based on a
nominal capacity of 355 mAh ggraphite

1- ) for NCA based coin cells.

The coated anode foils were dried overnight in a convection oven at
50 °C and afterwards compressed in a calender (GK 300-L,
Saueressig, Germany) to a porosity of 30%, resulting in anode
coating thicknesses of ≈69 μm (for LMR-NCM) and ≈63 μm (for
NCA). The resulting areal capacity ratios of negative/positive
electrode (N/P ratio) were around 1.3 for both cell setups.

Coin cell preparation.—The cathode coins were punched out of
the electrode sheets with a diameter of 14 mm, and the anode coins
with a diameter of 15 mm. The coin cells in the 2032 format were
assembled in an argon filled glove box (M. Braun Inertgas-Systeme,
Germany) with H O 0.1 ppm2 < and O 0.1 ppm2 < . Each cell was
filled with 80 μl of electrolyte. The LMR-NCM/graphite cells were
filled with a 1 M solution of LiPF6 in 12 vol% FEC, 64 vol% DEC,
24 vol% co-solvent, and 2 wt% of a proprietary additive (BASF,
Germany), while the NCA/graphite cells were filled with a 1 M

solution of LiPF6 in a 3:7 (by weight) mixture of EC:DEC and
2 wt% vinylene carbonate (VC, BASF, Germany). A glass fiber
separator (Type 691, VWR, USA) with 17 mm diameter and two
1 mm spacers were used. The specifications of the four coin cells
(2x LMR-NCM/graphite and 2x NCA/graphite) used for the calori-
metric measurements are listed in Table II. The nominal cell capacities
were calculated based on the amount of CAM with reversible
capacities of 250 mAh g−1 (LMR-NCM) and 200 mAh g−1 (NCA).
All later used C-rates in the measurements are referenced to the stated
capacities for each cell.

After cell assembly, a formation procedure including one C/15
charge/discharge cycle and two C/10 charge/discharge cycles was
carried out with a Maccor cycler (series 4000, USA) in a thermo-
static chamber (Binder, Germany) at 25 °C. In the first formation
cycle, the LMR-NCM/graphite cells were charged to 4.7 V in order
to activate the LMR-NCM.17 The following cycles were carried out
in the voltage window 2.0–4.6 V. The NCA/graphite cells were
cycled in the voltage window 3.0–4.3 V.

Calorimetric measurements.—After formation, the coin cells
were transferred to an isothermal heat flow calorimeter setup (TAM
IV, TA Instruments, USA), consisting of a thermostat (stability
±50 μK) equipped with a 20 ml microcalorimeter (accuracy
±300 nW, precision ±100 nW) and a custom-made coin cell holder.
Over the duration of the experiment, the baseline drift was less than
500 nW. The step response of the heat flow resulted in a delay time
of 750 s until 95% of the heat flow signal were detected. All
measurements were performed in isothermal mode at 25 °C after
internal gain calibration. The cells were connected over Cu-P bronze
DuoTwist wires (36 AWG, Lakeshore, USA) to a multi-channel
potentiostat (VSP, BioLogic, France).

Detailed measurement procedures including the formation are
listed in Table III. After installing the coin cells into the calorimeter,
a first C/10 stabilization cycle was carried out to ensure a proper cell
and calorimeter functionality. The subsequent cycles were conducted
to precisely measure the heat generation during different constant
current (CC) charge and discharge operations, namely C/10, C/2, 1C,
2C, and 3C. Before each CC charge or discharge cycle, a pause of
4 h was added to allow a relaxation of the heat in the calorimeter.
After each CC charge/discharge, a pause of 30 min was added to

Table II. Specifications of the LMR-NCM/graphite and NCA/gra-
phite coin cells. The nominal cell capacities were calculated with
reversible capacities of 250 mAh g−1 for LMR-NCM and
200 mAh g−1 for NCA.

Type Cell CAM mass Nominal cell capacity

LMR-NCM/graphite L1 17.834 mg 4.459 mAh
L2 17.603 mg 4.401 mAh

NCA/graphite N1 19.518 mg 3.904 mAh
N2 19.795 mg 3.959 mAh

Note. CAM—cathode active material.

Table III. Measurement procedures applied to the LMR-NCM/graphite and NCA/graphite coin cells. After the first three formation cycles, the cells
were cycled in the calorimeter.

Procedure Parameters Stop condition

C/15 formation cycle CC charge @ C/15 U Umax *
CC discharge @ C/15 U Umin

C/10 formation cycle (2x) CC charge @ C/10 U Umax
CC discharge @ C/10 U Umin

C/10 stabilization cycle CC charge @ C/10 U Umax
CC discharge @ C/10 U Umin
Pause t 4 h

C/10 cycle CC charge @ C/10 U Umax
Pause t 4 h
CC discharge @ C/10 U Umin
Pause t 4 h

Cycle test CC charge @ Icharge** U Umax
Pause t 30 min
CC charge @ C/10 U Umax
Pause t 4 h
CC discharge @ Idischarge** U Umin
Pause t 30 min
CC discharge @ C/10 U Umin
Pause t 4 h

Note. The C-rates refer to the nominal cell capacities listed in Table II. CC—constant current, CV—constant voltage. LMR-NCM:
U U4.6 V, 2.0 Vmax min= = . NCA: U U4.3 V, 3.0 Vmax min= = . * In their first C/15 formation cycle, the LMR-NCM/graphite cells were charged to
4.7 V to activate the CAM. ** Icharge = Idischarge = [C/2, 1C, 2C, 3C].
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measure the inert heat that was generated. Thereafter, the cells were
either fully charged or discharged with a C/10 CC procedure to
ensure consistent starting conditions: The cells were charged with a
C/10 CC to a SOC of 100% before a discharge procedure and were
discharged with a C/10 CC to a SOC of 0% before a charge
procedure.

Cell formats.—Cell formats of lithium-ion cells are categorized
into cylindric, prismatic, and pouch. Based on double-sided anodes
and cathodes with separators in between, the electrode stack or jelly
roll is adapted to the desired cell format. Pouch cells use stacked
electrodes, cylindrical cells wound electrodes, and prismatic cells
either flat wound or stacked electrodes.44–46 A schematic overview is
illustrated in Fig. 2, together with the stated electrode thicknesses of
the coin cells, assuming double-sided electrodes and a 25 μm
separator.

Via the thickness of the electrode stack, the total electrode area of
any desired cell format can be calculated. A multiplication of the
total electrode area with the areal capacity yields the nominal
capacity CN of the cell. By further multiplying CN with the mean
discharge voltage, the nominal energy EN of the cell can be
calculated. In this work, the geometric dimensions of the pouch
and prismatic cells were taken from the standard DIN 91252.9 In this
standard, the thickness of the pouch cell formats is not specified,
however, in the corresponding pre-standard a maximum thickness of
13 mm was defined. For our calculations, the HEV and PHEV pouch
cells were assumed with a thickness of 10 mm, while the BEV pouch
cells were assumed with a thickness of 13 mm. In addition to the
standardized prismatic and pouch cell formats, the cylindric cell
formats 18 650, 21 700, and 26 650 were investigated, as shown in
Table IV.

The calculation of the nominal capacity and energy content of the
listed cell formats is based on the electrodes of the coin cells
described above, only double-sided, and a 25 μm separator.
According to Fig. 2, the electrode stack consists of one double-
sided anode, one double-sided cathode, and two separators. The
LMR-NCM/graphite electrode stack has a total thickness of 323 μm,
an areal capacity of 2.9 mAh cm−2, and a mean discharge voltage of

3.5 V for a C/10 discharge. The NCA/graphite electrode stack has a
total thickness of 315 μm, an areal capacity of 2.5 mAh cm−2, and a
mean discharge voltage of 3.7 V. The cells were not optimized
toward a high energy density, in fact, they served as a CAM
characterization in comparable cell designs. The resulting surface to
volume (S/V) ratio of each cell format was calculated with the outer
surface of the cell case and the effective volume of the jelly roll/
electrode stack and not the total inner volume of each cell case.

For the calculation of the larger pouch cell formats as stated
in the standard DIN 91252,9 a pouch foil thickness of 153 μm
(D-EL408PH-3, DNP, Japan) was used, and tabs as well as empty
spaces between the foil and the electrode stack were neglected. The
geometric dimensions are given in Fig. 3a. The thickness of the hard
case of the prismatic cells was assumed to be 0.7 mm.31 The highest
utilization of the hard case volume can be achieved by stacking the
electrodes. However, stacking includes more processing steps and
time compared to flat winding and errors are more likely.45,46 In our
calculations, a flat wound jelly roll with an axial orientation in the
y-direction of the prismatic cell formats was presumed. The spaces
between the hard case and the jelly roll are displayed in Fig. 3b.
According to the study of Quinn et al.,8 the can of cylindric cells has
a thickness of 0.2 mm and contains a 5 mm head space for contacting
and safety devices. For the 3D thermal model, the 5 mm were
divided into a 1 mm bottom and 4 mm top head space, as seen in
Fig. 3c. The 1 mm inner void of the jelly roll originates from the
winding process. Possible separator overlaps and anode overhang
areas, as well as single-sided anodes at the beginning and end of
each stack or jelly roll were neglected in the calculations.

Modeling

According to the description of the different cell formats in the
experimental section, the geometric dimensions of the cell cases
including the electrode stack/jelly roll were integrated in a 3D
thermal model, which uses the scaled heat generation of the
calorimetry measurements as an input parameter. The 3D thermal
model was implemented in the commercial FEM solver COMSOL
Multiphysics 5.4. To reduce computational complexity, the jelly roll/

Figure 2. Schematic electrode stack consisting of double-sided anodes and cathodes with separators in between. Stacking the layers is used for pouch cells,
winding for cylindric cells, and flat winding or stacking for prismatic cells. The stated coating thicknesses represent the coating thickness per side of double-sided
electrodes.
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electrode stack was homogenized with an anisotropic thermal
conductivity perpendicular and parallel to the layers. Therefore,
each thermal model consists of two different domains, the jelly roll/
electrode stack and the case. Within these domains, the general heat
balance is solved.31,47
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where ρ is the density in kg m−3, cp the specific heat capacity in
J kg−1 K−1, T the temperature in K, q the volumetric heat generation
in W m−3, and k the thermal conductivity in W m−1 K−1.
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The 3D thermal models with the homogenized jelly roll/electrode
stack had in between 135 000-280000 degrees of freedom (DOF)

Table IV. Geometric dimensions of the investigated cell formats including their scaled nominal capacity and energy content. For the calculations,
the areal capacity and mean discharge voltage for a C/10 discharge of the LMR-NCM/graphite and NCA/graphite coin cells were used. The surface
to volume (S/V) ratio was calculated based on the effective volume of the jelly roll/electrode stack and not the total inner volume.

x y z S/V ratio
LMR-NCM/graphite NCA/graphite

Cell format in mm in mm in mm in m−1 CN in Ah EN in Wh CN in Ah EN in Wh

Pouch HEV 161 141 10 2.3 39 138 35 128
PHEV1 164.2 226 10 2.3 64 225 56 209
PHEV2 164 232 10 2.3 66 231 58 214
BEV1 99.7 301.5 13 1.9 68 237 60 222
BEV2 329.2 161.4 13 1.8 120 420 106 392

Prismatic HEV1 85 120 12.5 2.6 15 53 14 50
HEV2 80.5 120 12.1 2.7 14 48 12 45
PHEV1 85 173 21 1.6 41 144 37 135
PHEV2 91 148 26.5 1.3 48 169 43 158
BEV1 115 173 32 1.1 90 315 79 293
BEV2 115 173 45 0.8 127 445 113 416
BEV3 125 173 32 1.0 98 345 87 321
BEV4 125 173 45 0.8 139 487 123 455

d h S/V ratio LMR-NCM/graphite NCA/graphite
in mm in mm in m−1 CN in Ah EN in Ah CN in Ah EN in Wh

Cylindric 18 650 18 65 2.9 2.6 9.1 2.3 8.5
21 700 21 70 2.5 3.9 13.5 3.4 12.6
26 650 26 65 2.1 5.5 19.3 4.9 18.0

Note. LMR-NCM/graphite: 2.9 mAh cm−2, 3.5 V @ C/10 discharge. NCA/graphite: 2.5 mAh cm−2, 3.7 V @ C/10 discharge.

Figure 3. Geometric dimensions of the (a) pouch, (b) prismatic, and (c) cylindric cell formats including the assumed head spaces and inner voids of the jelly
rolls as well as the respective case thicknesses.
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depending on the cell format and the boundary conditions (as
specified below) and were able to solve within a few minutes on a
desktop computer.

Thermal model parameters.—For the cylindric cells, as well as
the wound part at the top and bottom of the jelly roll of the prismatic
cells, a cylindric coordinate system was used. The corresponding values
for the parameterization of the thermal model are stated in Table V. The
density, the heat capacity, and the thermal conductivities of the jelly
roll/electrode stack were calculated in the Appendix based on the values
in Table A·I. These parameters can be calculated with the material
properties and thicknesses of the current collectors, composite elec-
trodes, separator, and electrolyte.14,31,47 However, it is difficult to get
proper measurement values especially for the porous electrodes with
varying compositions and active materials, which are soaked with
electrolyte. In the literature, reported values of electrode densities ρ are
within the range 920–1040 kg m−3, and values of specific heat
capacities cp within the range 2560–2781 J kg−1 K−1.14,37,48,49

Reported values of the thermal through-plane conductivity k̂ of
electrode stacks are within the range 0.9–1.1Wm−1 K−1 and of the
thermal in-plane conductivity k within 24.6–33.9Wm−1 K−1.31,37,39,47

Steinhardt et al.50 investigated the thermal conductivity of the
jelly roll/electrode stack based on different material combinations
and calculated median values of k 0.878 W m K1 1=^

- - and
k 26.5 W m K1 1
 = - - . The reported literature values are in good
agreement with our calculations. A constant anisotropic thermal
conductivity of the electrode stack (k 0.83 W m K1 1=^

- - ,
k 27.3 W m K1 1
 = - - ) was used for our modeling purposes, but a
variable, temperature-dependent conductivity may be implemented in
future work, especially if high temperature changes are expected.

The volumetric heat generation q is a function of the cell SOC
and was measured for varying charge/discharge currents using
isothermal calorimetry as described in the experimental section.
The measured heat generation was related to the cathode area of the
coin cells (1.54 cm2), scaled to the total cathode area of each cell
format, and finally ascribed to the domain of the homogenized jelly
roll/electrode stack in the model.

Pouch foils usually consist of an aluminum foil that is laminated
with diverse plastics on both sides. As an example, the 153 μm thick
pouch foil D-EL408PH-3 (DNP, Japan) uses layers of polyethylene
terephthalate (PET), polyamide (PA), and polypropylene (PP)
around an inner aluminum foil. Accurate layer thicknesses of the
different materials are not known, so a uniform heat capacity and an
isotropic thermal conductivity of the pouch foil were estimated as a
compound between the thermal characteristics of the plastics and the
aluminum. The density of the pouch foil was determined by the areal
weight and the thickness as stated in the data sheet. In the 3D model
of the pouch cell, all boundary areas of the inner electrode stack
were enclosed with the pouch foil.

For the hard case of a prismatic cell, an aluminum alloy is often
used to ensure mechanical stability without adding too much
weight.37,52 For the model parameters of the prismatic case, the
thermal characteristics of the aluminum alloy 2024 with a thickness
of 0.7 mm were chosen.31 The flat wound jelly roll is only in contact
with the case on its two large lateral faces, as shown in Fig. 3b. The
empty head spaces of prismatic cells are filled with argon, which

possesses a low thermal conductivity (0.0178 W m−1 K−1) and a low
heat capacity (0.844 kJ m−3 K−1).52 For modeling simplicity, all
remaining boundaries of the jelly roll were thermally insulated and a
heat transfer with the case was deactivated.

Cylindric cell cans are typically made of steel with a thickness of
0.17–0.25 mm.53,54 The thermal parameters in Table V are specified
for the stainless steel AISI-30431 with a thickness of 0.2 mm.8 In the
model, the wound jelly roll is in contact with the can on its lateral
face. As stated in the description of the cell formats in the
experimental section, gaps were implemented between the top and
bottom area of the jelly roll and the can, see Fig. 3c, which prohibit a
heat transfer on these boundaries.

Boundary conditions.—The boundary conditions of thermal
models depend on the use of the cells in a certain application including
its thermal management system. This can imply that a single cell is
directly mounted in an application with no cooling system at all, e.g., in
mobile phones, tablets, or laptops. Reportedly, the early Nissan Leaf
models faced problems during charging operations as the heat of the
battery system was only passively dissipated.55,56 The charging and
discharging performance is limited with a passive system, especially for
warmer ambient temperatures, which is why most EVs rely on a liquid
or refrigerant cooling system for their battery pack.56 Tesla uses cooling
tubes around their cylindrical cells with a thermally conductive,
electrically insulative material in between.57 Other car manufacturers
use pouch or prismatic cells with a base plate cooling.58–60

In our first simulation study, a convective heat transfer between
the entire surface area of the cell case and a constant ambient
temperature T¥ was modeled. The temperature Tsurf describes the
temperature on the surface of the cell case, i.e., the surface of the can
of a cylindric cell, the hard case of a prismatic cell, or the pouch foil
of a pouch cell. The convective heat flux qconv in W m−2 was
modeled with the following equation and h as the heat transfer
coefficient in W m−2 K−1.

q h T T 4conv surf( ) [ ]= - ¥

Feng et al.61 classified the heat transfer coefficients according to different
cooling scenarios. In their work, natural convection in air is listed with a
heat transfer coefficient of 5–25Wm−2 K−1 and forced convection in air
with 15–250Wm−2 K−1. A better heat transfer up to 1000Wm−2 K−1

can be achieved with a liquid coolant directly surrounding the cell, which
is rather difficult to implement in most applications.5,61

In our second simulation study, a base plate cooling scenario for
prismatic cells was investigated. Thereby, the base plate of the
prismatic cell is in direct contact with a cooled cooling plate.60 A
constant temperature of the cooling plate of 20 °C was assumed, and
the starting temperature of the cell was also set to 20 °C to start with
a uniform temperature of the whole system. In the model, the
boundary condition for the bottom of the case was therefore set to a
constant temperature of 20 °C:

T const20 C . 5surf,bottom [ ]=  =

All other boundaries were thermally insulated, derived by the
neighboring cells in a module on both sides and the electrical
connection on the top.

Table V. Thermal modeling parameters of the homogenized jelly roll/electrode stack and the different cell cases. The parameters of the jelly roll/
electrode stack are based on material properties described in the Appendix in Table A·I.

Parameter Unit Jelly roll Pouch foil Case prism. Case cyl.

Heat capacity cp J kg−1 K−1 1049 1400 875 477
Density ρ kg m−3 2427 1441m 2770 7900
Thermal conductivity through-plane k̂ Wm−1 K−1 0.83 0.33 170 14.6
Thermal conductivity in-plane k Wm−1 K−1 27.3 0.33 170 14.6

Note. m—measured, remaining values were taken from Ref. 31, 51.
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Model validation.—The volumetric heat generation q is a key
input parameter of thermal models. In order to verify if a scaling of
the heat generation measured in coin cells to larger cell formats is
plausible, the thermal model needs to be validated with measurement
data. Therefore, the temperature evolution of one LMR-NCM/
graphite and one NCA/graphite pouch cell measured in discharge
rate capability tests in our previous work was used for comparison.24

During this test, the pouch cells were mounted in cell holders and the
temperature was measured with a negative temperature coefficient
(NTC) temperature sensor on the surface of the pouch cells with a
precision of ±1 K (compare Fig. 1 in Ref. 24). The LMR-NCM/
graphite pouch cell had a nominal capacity of 6.8 Ah (27.3 g CAM),
and the NCA/graphite pouch cell 6.3 Ah (31.7 g CAM), to which the
C-rates in the discharge rate capability test were referred to. As the
exact CAM mass was known for these cells, the heat generation for
the thermal validation model was scaled via the CAM mass and not
via the electrode area.

In the thermal validation model, the cell holder was represented
by two aluminum blocks with thicknesses of 20 mm and 15 mm,
which were placed on the bottom and top of the pouch cell,
respectively, as seen in Fig. 4. The stated thickness of the pouch
cell of 5.4 mm represents a mean value; in the thermal model, the
thicknesses of the pouch cells were set to 5.5 mm (LMR-NCM/
graphite) and 5.3 mm (NCA/graphite). The width and the depth
of the two blocks were set to 73 mm and 101 mm, which are the
dimensions of the area of one cathode layer. For simplicity,
anode and separator overhang areas as well as the pouch foil and
cellulose sheets between pouch cell and cell holder were neglected in
the validation model. The original cell holder (see Fig. 1 in Ref. 24)
contained a polyoxymethylene (POM) frame around the aluminum
blocks, which was in no direct contact with the cell and therefore left
out. The thermal model parameters of the aluminum blocks were set
to the ones of the prismatic aluminum case described in Table V. For
each simulation, the starting temperatures of the pouch cells as well
as the adjacent blocks were set to the starting temperature of the
corresponding measurement. On the exterior surfaces of the alu-
minum blocks and the open side surface areas of the pouch cell, a
convective heat transfer coefficient of 5 W m−2 K−1 was imple-
mented, representing a natural convection without an active cooling.
The ambient temperature was set to 25 °C as the pouch cells were
cycled in a controlled climate chamber at 25 °C. For detailed
information about the pouch cell measurement procedures during
this test as well as the cell holder, the reader is referred to the
previous publication.24

Results and Discussion

This section is divided into the following parts: a presentation of
the measured heat generation of the coin cells, and a validation of the
thermal model with a scaled heat generation to the measured
temperature of the pouch cells. Then, the results of two simulation
studies, which were carried out for different standardized cell
formats, are presented. The studies included one simulation with a

Figure 4. Schematic dimensions of the thermal validation model, repre-
senting the pouch cell within two aluminum blocks. The modeled thicknesses
of the pouch cell were set to 5.5 mm (LMR-NCM/graphite) and 5.3 mm
(NCA/graphite). The ambient temperature was set to 25 °C, and the
convective heat transfer coefficient on the exterior surfaces to 5 W m−2 K−1.

Table VI. Specific charge and discharge capacities and heat generation of one LMR-NCM/graphite (L1) and one NCA/graphite (N1) coin cell
during the CC phases (QCC) and the 30 min pauses (Qpause) afterwards. Qtotal is the sum of QCC and Qpause. ΔSOC was referred to the listed C/10
charge capacity of each cell type. The specific capacities and the heat are related to the CAM mass of the respective coin cell.

Capacity in QCC in Qpause in Qtotal in
Type C-rate mAh gCAM

1- ΔSOC mWh gCAM
1- mWh gCAM

1- mWh gCAM
1- QCC/Qtotal

Charge
LMR-NCM/ C/10 231.7 100% 26.4 2.6 29.0 91%
graphite C/2 212.9 91.9% 42.9 6.8 49.7 86%

1C 199.5 86.1% 59.2 14.4 73.6 80%
2C 186.0 80.3% 72.1 35.3 107.4 67%
3C 168.2 72.6% 62.8 62.5 125.3 50%

NCA/ C/10 182.9 100% 10.0 0.4 10.4 96%
graphite C/2 175.5 96.0% 18.7 2.1 20.8 90%

1C 165.4 90.4% 25.9 6.1 32.0 81%
2C 148.9 81.4% 33.3 17.1 50.4 66%
3C 131.0 71.6% 30.8 31.4 62.2 50%

Discharge
LMR-NCM/ C/10 229.6 99.1% 45.4 3.7 49.1 92%
graphite C/2 214.5 92.6% 63.5 16.2 79.7 80%

1C 193.5 83.5% 66.2 30.7 96.9 68%
2C 164.1 70.8% 63.3 53.3 116.6 54%
3C 124.2 53.6% 39.0 77.5 116.5 33%

NCA/ C/10 181.3 99.1% 3.1 0.8 3.9 79%
graphite C/2 174.1 95.2% 11.9 2.9 14.8 80%

1C 166.7 91.1% 20.7 6.8 27.5 75%
2C 138.6 75.8% 26.5 17.5 44.0 60%
3C 106.1 58.0% 20.1 28.2 48.3 42%

Note. CC—constant current, SOC—state of charge. CAM mass: 17.834 mg LMR-NCM, 19.518 mg NCA.
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convective surface cooling and one with a base plate cooling of
prismatic cells.

Heat generation.—The heat generation of the LMR-NCM/
graphite and NCA/graphite coin cells was measured for different
charge and discharge C-rates using isothermal calorimetry. To verify
the reproducibility of the measurements, two cells of each chemistry
were measured, the comparison is displayed in Fig. A·1 in the
Appendix.

In the following, the measurement results of one cell of each
chemistry were further analyzed. The charge and discharge capa-
cities and the accumulated heat in each cycle are listed in Table VI,
the normalized heat generation is displayed in Fig. 5. In Table VI,
the ΔSOC values are referenced to the charge capacity in the C/10
cycle of each cell. This gives an overview of the capacity throughput
in each cycle, which strongly affects the energy that is released as
waste heat. The integrated heat was split into the heat during the CC
procedure (QCC), and the heat that was measured in the 30 min pause
(Qpause) after the current was switched off. For low currents, most of
the total heat (Qtotal) was accumulated in the CC phase, indicated by

the ratio QCC/Qtotal in the last column of Table VI. With increasing
currents, a larger part of this heat was shifted into the pause owing to
the time-delayed measurement in the calorimeter. As an example,
the C/10 discharges lasted for over 9 h while the 3C discharges only
lasted for about 10 min. In Fig. 5, the heat generation is displayed
during the CC phases and the 30 min pauses afterwards. The vertical
gray lines mark the time when the current in the CC phase was
switched off. For most charging operations, the maximum heat
generation was located slightly after the end of the CC phase. For the
discharge operations, the maximum shifted further to the right with
rising C-rates, caused by higher gradients of the heat generation
curves at the end of discharge. These time-dependent heat generation
profiles from Fig. 5 were used as a model input for the simulations,
which were then carried out for each operation until the end of the
pause in order to ensure that the maximum cell temperature is
captured.

The total heat generation can be split into an irreversible and a
reversible part, in which the reversible heat (entropy) is described by
the temperature dependence of the open circuit voltage.62–64 For low
charge/discharge currents, the irreversible heat caused by joule

Figure 5. Heat generation of the LMR-NCM/graphite coin cell (L1) and the NCA/graphite coin cell (N1) for varying charge and discharge C-rates including the
30 min pause afterwards. The heat generation was normalized to the respective charged/discharged capacity in each cycle, and the x-axis was normalized to the
charging/discharging time. The begin of charge (BOC) represents a SOC of 0%, the begin of discharge (BOD) represents a SOC of 100%, and the respective end
of charge (EOC) and end of discharge (EOD) mark the time when the current in the CC phase was switched off.
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heating and reaction overpotentials is likewise low and the con-
tribution of the reversible heat to the total heat is more significant.64

This can be seen in Figs. 5a and 5b, where the entropy of the
graphite anode is evident. During lithiation of graphite, which is the
case in charging operations of full cells, the entropy changes from a
positive to a negative sign,14,65–67 leading to a cooling down of the
cell at the very beginning, e.g., clearly visible for the C/10 charge of
the NCA/graphite cell in Fig. 5a. In comparison to the entropy
change of graphite anodes, the entropy difference of NCM and NCA
cathodes is less pronounced.14,68,69 In our heat flow measurements of
full cells, the features caused by an entropy change during the C/10
charge/discharge operations are similar for both cell chemistries.
With rising currents, the irreversible heat dominates the heat
evolution and the entropy features become less distinct.

The NCA/graphite cells released more heat during charging
operations than discharging operations, as shown in Table VI.
Manikandan et al.64 investigated 18 650 NCA/graphite cells and
showed that during discharge operations, the sum of the reversible
heat is negative and thereby the total heat generation is lowered.
However, the LMR-NCM/graphite cells showed quite the opposite
behavior releasing more heat during discharge operations, as seen in
Table VI. Poor charge transfer kinetics and/or a slow solid-state
diffusion together with the OCV hysteresis of LMR-NCM cause the
pronounced heat generation that is more dominant during discharge
operations.17,28,29 An additional SOC dependent resistance of LMR-
NCM causes the strong temperature increase at the end of the
discharges.17 As the LMR-NCM OCV hysteresis is presumably
current-independent, the increasing irreversible energy loss for rising
C-rates is dominated by overpotentials. Figure 5 revealed, that for
the same charge or discharge C-rate, the LMR-NCM/graphite cells
released much more heat than the NCA/graphite cells, which is
clearly caused by the LMR-NCM cathode material, as both cell
types contained comparable graphite anodes.

Simulation studies.—The heat generation in the previous Section
was determined with coin cells with a nominal capacity of 4.5 mAh
(LMR-NCM/graphite) and 3.9 mAh (NCA/graphite), which was
scaled to the reference pouch cells with 6.8 Ah (LMR-NCM/
graphite) and 6.3 Ah (NCA/graphite) via the CAM mass of the cells
and used as an input parameter for the thermal validation model. In
this case, a scaling via the CAM mass was more reliable than a
scaling via the electrode area, as the total CAM mass of the pouch
cells was known, and the electrode thicknesses of the pouch cells
were slightly different.

The comparison of the measured surface temperatures during the
discharge rate capability test and the simulated surface temperatures
of the pouch cells is displayed in Fig. 6. The measured temperatures
were plotted until the end of discharge, as the discharge was
immediately followed by a charging procedure. During these
measurements, the maximum temperature occurred directly at the
end of discharge without a time delay. The simulations used the heat
generation displayed in Fig. 5 including the pauses, which is why the
simulated temperatures were not plotted until the end of the pause
but until the maximum surface temperature was reached in each
cycle. The time when the current was switched off in the simulations
is marked with a cross in Fig. 6. As the heat measurements in
the calorimeter exhibited a time delay, especially affecting higher
C-rates, the maximum temperatures of the simulations appeared in
the pause after the current was switched off.

For low currents, the simulation results of the LMR-NCM/
graphite cells are in good agreement with the measured surface
temperatures of the pouch cells. With increasing discharge C-rates,
the deviation Tdev,max∣ ∣D also increases. Up to and including the 1C
discharge, the absolute deviations remain below 2 K, which is
acceptable for our simulation purposes considering that the precision
of the temperature sensor used in the pouch cell measurements was
±1 K. However, at the end of the 2C discharge, the deviation is

6.2 K, and for a 3C discharge the deviation doubles to 12.7 K. While
the heat generation measurements of the coin cells in the calorimeter
were performed under isothermal conditions at 25 °C and then scaled
up, the temperature of the pouch cells increased during operation. In
general, lithium-ion batteries are very temperature-sensitive, with a
higher operating temperature, the transport and kinetics enhance, the
internal cell resistance decreases and more capacity can be dis-
charged from the cell.70–72 For a 1C discharge, the LMR-NCM/
graphite coin cells delivered around 84% of their C/10 capacity, 71%
for a 2C discharge, and only 54% for a 3C discharge. In comparison,
during the rate capability test, the 6.8 Ah LMR-NCM/graphite pouch
cells delivered around 93% for a 1C discharge, 88% for a 2C
discharge, and 77% for a 3C discharge.24 The longer the cells can
sustain a certain C-rate, more capacity can be discharged from the
cell and more heat will be released during this process, resulting in
higher cell temperatures. Up to a discharge C-rate of 1C, the
homogenized thermal model can adequately represent the behavior
of the modeled LMR-NCM/graphite pouch cells. For this reason, the
subsequent simulation studies with varying cooling conditions were
only carried out for discharge rates of C/10, C/2, and 1C.

Comparing the NCA/graphite simulation results, a similar trend
can be observed. With rising discharge C-rates, the temperature
deviation also becomes higher. However, the maximum deviation is
lower, e.g., 1.7 K for the 3C discharge, because the NCA/graphite
pouch cells exhibited a less pronounced temperature increase,
making the measured coin cell heat generation more comparable
to the one in the larger pouch cells. In the C/10 discharge simulation,
the cell temperature decreases from a starting temperature of 26.5 °C
down to 25 °C while the measured temperature stayed almost
constant. This discrepancy with a maximum deviation of 1.5 K can
be explained with possible inhomogeneous thermal conditions
during the experiment. In the simulation model, the temperatures
of the cell and the adjacent aluminum blocks were set to the same
value, while the experimental temperature conditions may have been
different between the pouch cell and the cell holder. The C/10
discharge of the pouch cells was carried out directly after a C/10
CCCV charging operation with no pause in between, resulting in
inhomogeneous thermal starting conditions. The aim of the fol-
lowing simulation studies with the homogenized thermal 3D model
was a qualitative assessment of maximum temperatures that occur in
larger cell formats, so a deviation below 2 K was considered as
acceptable.

The cell holder of the pouch cells consisted of two aluminum
blocks, which represent an additional heat sink for the generated heat
in the cell. Waldmann et al.73 experimentally investigated the
temperatures and temperature gradients of different pouch and
cylindric lithium-ion cells and, among other things, used an
aluminum block with an 18 mm hole including mounted dissipaters
and fans for cooling of an 18 650 cylindric cell. With this setup, they
could drastically reduce the cell temperature during operation. Even
if the aluminum blocks of the pouch cell holder were not actively
cooled, the cell temperatures without this additional heat sink would
certainly be higher.

Convective cooling.—In our first study, thermal simulations with
convective cooling boundary conditions for the cell formats listed
in Table IV were carried out. In contrast to the preceding model
validation, no cell holder or respective aluminum blocks were
added to the model. Only the jelly roll or electrode stack and the
corresponding cell case were modeled, and the whole surface of the
housing was exposed to a convective heat flow. In this way, a
general comparison between all cell formats was possible, inde-
pendent of the cooling conditions of a specific application.
Furthermore, the heat generation was scaled via the total electrode
area of the cathode that fits into each cell format, not via the
amount of active material. The maximum temperatures of the cell
formats for discharge C-rates of C/10, C/2, and 1C are displayed in
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Fig. 7. The filled symbols indicate the LMR-NCM/graphite cells,
while the open symbols indicate the NCA/graphite cells. As the
cells were uniformly cooled via the whole surface of the case, the
maximum temperatures occurred in the core of the jelly roll or
electrode stack.

In Fig. 7a, a natural convection of 5 Wm−2 K−1 on the surface of
the cells was simulated, meaning that the cells were not actively
cooled during operation; the heat is passively dissipated from the cell
surface to the surrounding air. If cells are cooled via their surface,
the decisive parameter is the surface to volume (S/V) ratio, as listed
in Table IV. The higher the S/V ratio for a constant cell volume, the
more cooling surface is available and the lower the cell temperatures
become. For the pouch and prismatic cell formats, the HEV cells
have the highest S/V ratio and the BEV cells the lowest ratio, with
the PHEV cells somewhere in between, resulting in maximum
temperatures T T Tmax,HEV max,PHEV max,BEV< < for convective
cooling. The S/V ratio of cylindrical cells decreases with increasing
cell diameter, hence T T Tmax,18650 max,21700 max,26650< < . The nom-
inal cell capacity plays a minor role, e.g., during a 1C discharge
under natural convection (5 W m−2 K−1), the maximum tempera-
tures of the cylindric 26 650 LMR-NCM/graphite cell with 5.5 Ah

are similar to the PHEV2 LMR-NCM/graphite pouch cell with
66 Ah.

For a C/10 discharge, with a heat transfer coefficient of
5 W m−2 K−1 in Fig. 7a, all LMR-NCM/graphite cells reach
temperatures above 31 °C up to 42 °C, while the NCA/graphite
cells only heat up to 28 °C. For the C/2 and 1C discharges, the
temperatures of the LMR-NCM/graphite cells drastically increase,
most cell formats reaching critical temperatures above 60 °C,
whereas the NCA/graphite cell temperatures stay below 50 °C.
The thermal model was not validated for the simulated cell formats,
but the differentiation of the maximum temperatures between the
LMR-NCM/graphite and the NCA/graphite cells becomes obvious.

In the study of Waldmann et al.,73 a commercial 18 650 high
energy NCA/graphite cell with 3.25 Ah reached temperatures
between 32 –43 °C for discharges with C/10, C/2, and 1C at an
ambient temperature of 25 °C, which is about the temperature range
of our simulations for cylindric NCA/graphite cells. Furthermore,
they stated, that the maximum cell temperatures depend linearly on
the discharge C-rate for a full discharge.73 A rescaling of the x-axis
in Fig. 7 shows, that the temperature correlation for the three
investigated discharge C-rates is not perfectly linear, however, with

Figure 6. Comparison of the measured temperatures on the surface of the pouch cells within the cell holders during the discharge rate capability test with the
simulated surface temperatures of the pouch cells of the thermal validation model. The crosses mark the time when the current was switched off during the
simulation. For each C-rate, the maximum deviation Tdev,max∣ ∣D is indicated with the black arrow.
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this assumption, one could still estimate the maximum temperatures
that are reached with higher C-rates for a given cell format.

In this work, the NCA/graphite cells were used as a state-of-the-
art reference, but the focus is on the thermal behavior of the LMR-
NCM/graphite cells, so in the following studies, only the latter are
further analyzed. If a higher surface cooling is assumed, as
10 Wm−2 K−1 seen in Fig. 7b, 20 Wm−2 K−1 in Fig. 7c, and
50 Wm−2 K−1 in Fig. 7d, the pouch (red area) and cylindric (green
area) LMR-NCM/graphite cell formats can be kept within acceptable
temperature ranges. The prismatic cells show quite a diverging
behavior and four sub-groups with a similar S/V ratio can be
identified. The first group consists of the HEV1 (15 Ah) and HEV2
(14 Ah) cells that are comparatively thin with a thickness of
12.5 mm and 12.1 mm and a S/V ratio of 2.6 m−1 and 2.7 m−1,
respectively. The PHEV1 cell with a nominal capacity of 41 Ah, a
thickness of 21 mm, and a S/V ratio of 1.6 m−1 forms the second
group. The third group consists of the PHEV2 (48 Ah, 26.5 mm,
1.3 m−1), the BEV1 (90 Ah, 32 mm, 1.1 m−1), and the BEV3
(98 Ah, 32 mm, 1.0 m−1) cells. The BEV2 (127 Ah, 45 mm,
0.8 m−1) and BEV4 (139 Ah, 45 mm, 0.8 m−1) cells form the fourth
group. Even with a heat transfer coefficient of 50 Wm−2 K−1, the
thick BEV2 and BEV4 formats reach maximum temperatures around
68 °C for a 1C discharge.

Within this first simulation study it became clear that the cell
format plays a crucial role for the temperature evolution of

large-format LMR-NCM/graphite cells. Without any active cooling,
either the discharge should be limited to C-rates lower than C/2, or
thinner cell formats with a comparatively high S/V ratio and a low
nominal capacity like the prismatic HEV1/HEV2 or the cylindric
18 650 are favorable. By using an active cooling system, larger cell
formats and higher discharge C-rates are possible, however very
thick cells with a high capacity like the BEV2 and BEV4 cells
cannot be sufficiently convectively cooled via their surface74 and
reach critical temperatures. Therefore, in the next section, a more
adapted cooling strategy for prismatic cells is described.

Base plate cooling.—In our second study, a bottom plate cooling
of prismatic cell formats was simulated. Large-format prismatic cells
are used by car manufacturers in EVs to reach high energy densities
and sufficient driving ranges. An active thermal management of the
battery pack is often realized via cooled plates that are mounted
underneath the cells. Therefore, the bottom of the prismatic cell case
was kept at a constant temperature of 20 °C during the simulations.
To have homogeneous starting conditions, the cell temperature was
also set to 20 °C. The simulation results for a 1C discharge of four
different prismatic LMR-NCM/graphite cells are shown in Fig. 8. In
the previous convective simulations, four sub-groups of prismatic
cells were identified based on their different thermal behavior. For
this study, one representative of each group, namely the HEV2,
PHEV1, BEV1, and BEV2 cell formats were chosen.

Figure 7. Simulated maximum temperatures of LMR-NCM/graphite and NCA/graphite chemistries in different cell formats (stated in Table IV) during or after
discharge processes with a convective surface cooling scenario of (a) h 5 W m Kconv

2 1= - - , (b) 10 W m−2 K−1, (c) 20 W m−2 K−1, and (d) 50 W m−2 K−1. In
(b), (c), and (d) only the LMR-NCM/graphite cells are shown, and the colored areas indicate the temperature range of the respective cell format. The starting
temperature of the cells as well as the ambient temperature were set to 25 °C.
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In Fig. 8a, the maximum temperatures of the four cell formats
within the jelly roll during the 1C discharge and the 30 min pause
afterwards are shown. Particularly at the end of discharge, the
temperatures drastically rise, as the heat generation of the LMR-
NCM/graphite cells increases rapidly, as seen in Fig. 5. Because of the
time-delayed measurement of the heat generation, the maximum
temperatures occurred after the end of discharge. In Fig. 8b, the
temperature spread within the jelly roll is displayed. The higher this
temperature spread is within the cell, the more inhomogeneities there
will be. This results in uneven internal resistances, loads, and SOCs
during cycling and most likely also a different aging behavior.73,75

Furthermore, usually there are no internal temperature sensors in the
cells, so with high temperature gradients, a battery management system
has more difficulties to track or estimate the hottest temperature within
the cell to prevent safety critical conditions. For all these reason, if
possible, the temperature spread within a cell should be kept minimal.

In Figs. 8c–8f, 3D temperature distributions of the four cell
formats are plotted at the exact time, when the maximum jelly roll
temperature was reached (i.e., at the time of the maximum in
Fig. 8a). In the simulations of the base plate cooling of prismatic
cells, the coldest temperature was always at the bottom of the cell, as

this is where the cooling plate was attached. On the other hand, the
hottest temperature was at the top of the cell, as this is the furthest
away from the cooling side, and the top and side areas were
thermally insulated, derived by the neighboring cells in a module
and the electrical connection on the top.

With the base plate cooling strategy, the four cell formats still
exhibit distinct differences in their thermal behavior, the maximum
temperatures are around 10 °C higher for the next larger cell. If full
discharge cycles are necessary, the HEV2 (representing also HEV1)
and PHEV1 cell formats are advantageous, as their maximum
temperatures stay below 43 °C. The BEV2 cell reaches 74 °C at its
hottest spot, however, if the 1C discharge would be stopped after
e.g., 80% of the time, the maximum temperature would be much
lower. For our simulations, the cooling plate was kept at a constant
temperature of 20 °C. With a better thermal management system and
a higher cooling power, this temperature could be lowered, yet the
temperature spread within the cell would also increase.73,75 There is
a spread of more than 30 °C within the BEV2 cell already, so this
strategy might not be helpful.

A tab cooling system could provide a better and more homo-
geneous cooling, especially for pouch cells.74 Thus, not only the

Figure 8. Simulated temperatures during a 1C discharge and the 30 min pause afterwards with a base plate cooling scenario of prismatic LMR-NCM/graphite
cells. (a) Maximum temperature and (b) temperature spread (Tmax - Tmin) within the jelly roll. The 3D plots show the temperatures of the cell formats (c) HEV2,
(d) PHEV1, (e) BEV1, and (f) BEV2 at the time, when the maximum cell temperature was reached. The starting temperature of the cells as well as the constant
temperature of the base plate were set to 20 °C.
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cooling strategy has to be adapted to the cell format, but also the
load profile of the corresponding application. A dynamic load profile
around a mean SOC could result in a quite different temperature
evolution. In summary, an application defines the specific require-
ments of the preferred cell format and the design of the corre-
sponding thermal management system.

Conclusions

In this work, the heat generation of LMR-NCM/graphite cells
was investigated. The LMR-NCM cathode active material comes
with a pronounced difference between charge and discharge voltage
during operation, caused by overpotentials and an OCV hysteresis.
This voltage difference results in an energy inefficiency that is
released as waste heat and causes a strong heat generation. As a
reference, an established NCA/graphite material combination was
chosen. So far, LMR-NCM was predominantly studied in small
laboratory-scale cells where the heat generation is negligible.
However, in large-format LMR-NCM/graphite cells, critical tem-
peratures above 60 °C can easily be reached. In order to qualitatively
assess the thermal behavior of large-format cells, the heat generation
of LMR-NCM/graphite and NCA/graphite coin cells was measured
in a heat flow calorimeter, scaled to various standardized cell
formats via their electrode area, and used as an input parameter
for homogenized 3D thermal models.

The calorimetric measurements showed, that during charging
operations, the LMR-NCM/graphite cells generate more than double
the heat than comparable NCA/graphite cells. During discharge
operations, the LMR-NCM/graphite cells released even more heat,
making it four times more than the NCA/graphite cells. The coin
cells used for the calorimetry stayed quasi-isothermal during these
measurements, whereas larger cells heat up during operation. The
model validation with measurement data from reference 6–7 Ah
pouch cells showed, that for the LMR-NCM/graphite cells, the
upscaling of the heat generation is only valid up to 1C, as higher cell
temperatures resulted in a promoted electrochemical behavior that is
not accounted for in this process. For the same C-rate, the LMR-
NCM/graphite cells generate more heat during discharge operations
than charge operations. Therefore, only the thermal behavior during
discharge operations was further investigated in two simulation
studies.

In our first simulation study, a convective cooling scenario for
standardized prismatic, pouch, and cylindric cell formats for
discharge rates of C/10, C/2, and 1C was analyzed. With only
passive cooling, i.e., natural convection on the surface of the cells,
either the discharge current has to be limited to C-rates lower than
C/2, or thin cell formats with a high surface to volume ratio and
comparatively low nominal capacity are favorable. Good examples
are the prismatic HEV1 and HEV2 cells as well as the cylindric
18650 cell. By using an active convective cooling strategy, more
heat can be dissipated and most cell formats show acceptable
temperature ranges. Exceptions are posed by thick prismatic cell
formats, e.g., the BEV2 and BEV4 cells, that cannot be sufficiently
cooled via convection. Even with a forced convection, simulated

with a heat transfer coefficient of 50 Wm−2 K−1, maximum
temperatures of these two cell formats of around 68 °C were reached
for a 1C discharge.

In our second study, a base plate cooling of four prismatic cell
formats during a 1C discharge was simulated. This cooling strategy
is more adapted to automotive prismatic cell formats as often used in
EVs. With this base plate cooling, the HEV1, HEV2, and PHEV1
cell formats were advantageous, as the cell temperatures remained
below 43 °C. The thicker prismatic cells reached higher tempera-
tures between 58 °C–74 °C, accompanied by an unfavorable tem-
perature spread within the jelly roll of more than 32 °C from the
coldest spot on the bottom to the hottest spot on the top. In the
simulations, only full discharge cycles were considered, whereas
with partial discharges or dynamic load profiles around a mean SOC,
the thermal behavior of the cells would certainly be different.

To summarize, the thermal behavior of cells containing LMR-
NCM should be accounted for. Especially larger cell formats and
higher charge/discharge currents can result in undesired cell
temperatures. This heat generation is mainly caused by the voltage
difference between charge and discharge of LMR-NCM, so the
thermal behavior of materials with a similarly lower voltage
efficiency should also be carefully investigated. Silicon, for ex-
ample, exhibits a pronounced voltage difference of ≈300 mV
between charge and discharge even at low currents.76 The aim of
our work was to highlight the general implications of the heat
generation caused by an active material like LMR-NCM with a low
voltage efficiency on the thermal behavior of different cell formats.
For a specific application, including its corresponding load profile,
an optimal cell design and operating strategy for the thermal
management system could be derived.
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Appendix

In the results section in Fig. 5, the heat generation of one LMR-
NCM/graphite and one NCA/graphite coin cell was shown. In order
to validate that these cells provide meaningful values, the heat
generation of a second coin cell of each type was measured in the
calorimeter. In Fig. A·1, the comparison of the heat generation for
two cells each during charge and discharge was plotted for the C-
rates C/10, C/2, and 1C. The heat generation rates of the two LMR-
NCM/graphite cells are in excellent agreement, the two NCA/
graphite cells differ slightly. Therefore, the higher heat generation
of cell N1 was chosen for the simulations.

The input parameters of the homogenized jelly roll/electrode
stack for the thermal model were calculated based on the material
properties of multilayer LMR-NCM/graphite pouch cells.24,27 The

Table A·I. Calculation of the thermal modeling parameters of the homogenized jelly roll/electrode stack based on multilayer LMR-NCM/graphite
pouch cells.24,27 The material properties were taken from data sheets and literature.14,31,51

CCneg Coatingneg Separator Coatingpos CCpos
Parameter Unit Cu graphite PP LMR-NCM Al Electrolyte

l μm 12 64 25 55 15
porosity % 30 55 42
ρ kg m−3 8920 2208 980 3960 2698 1289
cp J kg−1 K−1 385 867 1978 840 903 2055
k Wm−1 K−1 398 1.04 0.33 1.58 238 0.6

Note. CC—current collector, PP—polypropylene.
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following equations calculate the total density totr , the heat capacity
cp,tot, the through-plane thermal conductivity k̂ , and the in-plane
thermal conductivity k based on the respective layer thicknesses
l.14,31,47 The corresponding material properties are listed in
Table A·I.

l

l
2427 kg m A 1tot

i i i

tot

3 [ · ]r
r

=
å

= -

c
c l

l
1049 J kg K A 2p,tot

i i p,i i

tot tot

1 1 [ · ]
r

r
=

å
= - -

k
l

0.83 W m K A 3
l

k

tot

i

1 1
i

i

[ · ]=
å

=^
- -

k
l k

l
27.3 W m K A 4i i i

tot

1 1 [ · ]=
å

= - -

ORCID

Ludwig Kraft https://orcid.org/0000-0003-4324-426X
Tanja Zünd https://orcid.org/0000-0002-1650-3636
Alexander Kunz https://orcid.org/0000-0003-3169-4263
Marco Steinhardt https://orcid.org/0000-0003-1356-1686
Andreas Jossen https://orcid.org/0000-0003-0964-1405

References

1. D. Andre, S.-J. Kim, P. Lamp, S. F. Lux, F. Maglia, O. Paschos, and B. Stiaszny,
“Future generations of cathode materials: An automotive industry perspective.”
Journal of Materials Chemistry A, 3, 6709 (2015).

2. R. E. Ciez and J. F. Whitacre, “Comparison between cylindrical and prismatic
lithium-ion cell costs using a process based cost model.” Journal of Power Sources,
340, 273 (2017).

3. R. Schmuch, R. Wagner, G. Hörpel, T. Placke, and M. Winter, “Performance and
cost of materials for lithium-based rechargeable automotive batteries.” Nat. Energy,
3, 267 (2018).

4. Y. Ding, Z. P. Cano, A. Yu, J. Lu, and Z. Chen, “Automotive Li-Ion Batteries:
Current Status and Future Perspectives.” Electrochemical Energy Reviews, 2, 1
(2019).

5. G. Offer, Y. Patel, A. Hales, L. Bravo Diaz, and M. Marzook, “Cool metric for
lithium-ion batteries could spur progress.” Nature, 582, 485 (2020).

6. T. G. Tranter, R. Timms, P. R. Shearing, and D. J. L. Brett,
“Communication–Prediction of Thermal Issues for Larger Format 4680
Cylindrical Cells and Their Mitigation with Enhanced Current Collection.”
J. Electrochem. Soc., 167, 160544 (2020).

7. M. Armand, P. Axmann, D. Bresser, M. Copley, K. Edström, C. Ekberg, D. Guyomard,
B. Lestriez, P. Novák, M. Petranikova, W. Porcher, S. Trabesinger, M. Wohlfahrt-
Mehrens, and H. Zhang, “Lithium-ion batteries—Current state of the art and anticipated
developments.” Journal of Power Sources, 479, 228708 (2002).

8. J. B. Quinn, T. Waldmann, K. Richter, M. Kasper, and M. Wohlfahrt-Mehrens,
“Energy Density of Cylindrical Li-Ion Cells: A Comparison of Commercial 18650
to the 21700 Cells.” J. Electrochem. Soc., 165, A3284 (2018).

9. DIN Deutsches Institut für Normung e.V., Electrically propelled road vehicles—
Battery systems—Design specifications for Lithium-Ion battery cells (2016-11).

10. G. E. Blomgren, “The Development and Future of Lithium Ion Batteries.”
J. Electrochem. Soc., 164, A5019 (2016).

11. T.-F. Yi, L.-J. Jiang, J. Shu, C.-B. Yue, R.-S. Zhu, and H.-B. Qiao, “Recent
development and application of Li4Ti5O12 as anode material of lithium ion battery.”
J. Phys. Chem. Solids, 71, 1236 (2010).

12. W.-J. Zhang, “A review of the electrochemical performance of alloy anodes for
lithium-ion batteries.” Journal of Power Sources, 196, 13 (2011).

13. Z. Luo, D. Fan, X. Liu, H. Mao, C. Yao, and Z. Deng, “High performance silicon
carbon composite anode materials for lithium ion batteries.” Journal of Power
Sources, 189, 16 (2009).

14. J. Sturm, A. Rheinfeld, I. Zilberman, F. B. Spingler, S. Kosch, F. Frie, and
A. Jossen, “Modeling and simulation of inhomogeneities in a 18650 nickel-rich,
silicon-graphite lithium-ion cell during fast charging.” Journal of Power Sources,
412, 204 (2019).

15. E. Moyassari, L. Streck, N. Paul, M. Trunk, R. Neagu, C.-C. Chang, S.-C. Hou,
B. Märkisch, R. Gilles, and A. Jossen, “Impact of Silicon Content within Silicon-
Graphite Anodes on Performance and Li Concentration Profiles of Li-Ion Cells
using Neutron Depth Profiling.” J. Electrochem. Soc., 168, 020519 (2021).

16. J. R. Croy, M. Balasubramanian, K. G. Gallagher, and A. K. Burrell, “Review of the
U.S. Department of Energy’s ”deep dive” effort to understand voltage fade in Li-
and Mn-rich cathodes.” Acc. Chem. Res., 48, 2813 (2015).

17. T. Teufl, D. Pritzl, S. Solchenbach, H. A. Gasteiger, and M. A. Mendez, “State of
Charge Dependent Resistance Build-Up in Li- and Mn-Rich Layered Oxides during
Lithium Extraction and Insertion.” J. Electrochem. Soc., 166, A1275 (2019).

Figure A·1. Comparison of the heat generation of two LMR-NCM/graphite coin cells and two NCA/graphite coin cells for varying charge and discharge C-rates
including the 30 min pause afterwards. The heat generation was normalized to the respective charge/discharge capacity in each cycle, and the x-axis was
normalized to the charge/discharge time. The begin of charge (BOC) represents a SOC of 0%, the begin of discharge (BOD) represents a SOC of 100%, while the
respective end of charge (EOC) and end of discharge (EOD) mark the time when the current in the CC phase was switched off.

Journal of The Electrochemical Society, 2021 168 053505



18. D. Becker, M. Börner, A. Friesen, S. Klein, U. Rodehorst, M. Diehl, M. Winter,
T. Placke, and R. Schmuch, “Towards High-Performance Li-rich NCM-Graphite
Cells by Germanium-Polymer Coating of the Positive Electrode Material.”
J. Electrochem. Soc., 167, 060524 (2020).

19. J. Helbig, T. Beuse, V. Siozios, T. Placke, M. Winter, and R. Schmuch, “Li-Mn-
Rich Cathode Materials with Low-Cobalt Content and Core-Shell Particle Design
for High-Energy Lithium Ion Batteries.” J. Electrochem. Soc., 167, 060519 (2020).

20. G. Assat, S. L. Glazier, C. Delacourt, and J.-M. Tarascon, “Probing the thermal
effects of voltage hysteresis in anionic redox-based lithium-rich cathodes using
isothermal calorimetry.” Nat. Energy, 4, 647 (2019).

21. N. Leifer, T. Penki, R. Nanda, J. Grinblat, S. Luski, D. Aurbach, and G. Goobes,
“Linking structure to performance of Li1.2Mn0.54Ni0.13Co0.13O2 (Li and Mn rich
NMC) cathode materials synthesized by different methods.” Physical chemistry
chemical physics : PCCP, 22, 9098.

22. J. R. Croy, K. G. Gallagher, M. Balasubramanian, B. R. Long, and M. M. Thackeray,
“Quantifying Hysteresis and Voltage Fade in xLi2MnO3 · (1-x)LiMn0.5Ni0.5O2

Electrodes as a Function of Li2MnO3 Content.” J. Electrochem. Soc., 161, A318
(2014).

23. D. Mohanty, J. Li, D. P. Abraham, A. Huq, E. A. Payzant, D. L. Wood, and
C. Daniel, “Unraveling the Voltage-Fade Mechanism in High-Energy-Density
Lithium-Ion Batteries: Origin of the Tetrahedral Cations for Spinel Conversion.”
Chemistry of Materials, 26, 6272 (2014).

24. L. Kraft, T. Zünd, D. Schreiner, R. Wilhelm, F. J. Günter, G. Reinhart,
H. A. Gasteiger, and A. Jossen, “Comparative Evaluation of LMR-NCM and
NCA Cathode Active Materials in Multilayer Lithium-Ion Pouch Cells: Part II. Rate
Capability, Long-Term Stability, and Thermal Behavior.” J. Electrochem. Soc.,
168, 020537 (2021).

25. F. Wu, J. Maier, and Y. Yu, “Guidelines and trends for next-generation recharge-
able lithium and lithium-ion batteries.” Chem. Soc. Rev., 49, 1569 (2020).

26. P. Meister, H. Jia, J. Li, R. Kloepsch, M. Winter, and T. Placke, “Best Practice:
Performance and Cost Evaluation of Lithium Ion Battery Active Materials with
Special Emphasis on Energy Efficiency.” Chemistry of Materials, 28, 7203 (2016).

27. D. Schreiner, T. Zünd, F. J. Günter, L. Kraft, B. Stumper, F. Linsenmann,
M. Schüßler, R. Wilhelm, A. Jossen, G. Reinhart, and H. A. Gasteiger,
“Comparative Evaluation of LMR-NCM and NCA Cathode Active Materials in
Multilayer Lithium-Ion Pouch Cells: Part I. Production, Electrode Characterization,
and Formation.” J. Electrochem. Soc., 168, 030507 (2021).

28. J. Zheng, W. Shi, M. Gu, J. Xiao, P. Zuo, C. Wang, and J.-G. Zhang,
“Electrochemical Kinetics and Performance of Layered Composite Cathode
Material Li[Li0.2Ni0.2Mn0.6]O2.” J. Electrochem. Soc., 160, A2212 (2013).

29. W. Mao, G. Ai, Y. Dai, Y. Fu, X. Song, H. Lopez, and V. Battaglia, “Nature of the
Impedance at Low States of Charge for High-Capacity, Lithium and Manganese-
Rich Cathode Materials.” J. Electrochem. Soc., 163, A3091 (2016).

30. J. R. Croy, K. G. Gallagher, M. Balasubramanian, Z. Chen, Y. Ren, D. Kim, S.-
H. Kang, D. W. Dees, and M. M. Thackeray, “Examining Hysteresis in Composite
xLi2MnO3 · (1- x)LiMO2 Cathode Structures.” The Journal of Physical Chemistry
C, 117, 6525 (2013).

31. S. C. Chen, C. C. Wan, and Y. Y. Wang, “Thermal analysis of lithium-ion
batteries.” Journal of Power Sources, 140, 111 (2005).

32. G.-H. Kim, K. Smith, K.-J. Lee, S. Santhanagopalan, and A. Pesaran, “Multi-
Domain Modeling of Lithium-Ion Batteries Encompassing Multi-Physics in Varied
Length Scales.” J. Electrochem. Soc., 158, A955 (2011).

33. S. V. Erhard, P. J. Osswald, J. Wilhelm, H. E. Hoster, and A. Jossen, “Simulation
and Measurement of Local Potentials of Modified Commercial Cylindrical Cells: II:
Multi-Dimensional Modeling and Validation.” J. Electrochem. Soc., 162, A2707
(2015).

34. A. Rheinfeld, S. Kosch, S. V. Erhard, P. J. Osswald, B. Rieger, and A. Jossen,
“Electro-Thermal Modeling of Large Format Lithium-Ion Pouch Cells: A Cell
Temperature Dependent Linear Polarization Expression.” J. Electrochem. Soc., 163,
A3046 (2016).

35. B. Rieger, S. V. Erhard, S. Kosch, M. Venator, A. Rheinfeld, and A. Jossen, “Multi-
Dimensional Modeling of the Influence of Cell Design on Temperature,
Displacement and Stress Inhomogeneity in Large-Format Lithium-Ion Cells.”
J. Electrochem. Soc., 163, A3099 (2016).

36. D. Chen, J. Jiang, G.-H. Kim, C. Yang, and A. Pesaran, “Comparison of different
cooling methods for lithium ion battery cells.” Applied Thermal Engineering, 94,
846 (2016).

37. H. Lundgren, P. Svens, H. Ekström, C. Tengstedt, J. Lindström, M. Behm, and
G. Lindbergh, “Thermal Management of Large-Format Prismatic Lithium-Ion
Battery in PHEV Application.” J. Electrochem. Soc., 163, A309 (2016).

38. R. Kantharaj and A. M. Marconnet, “Heat Generation and Thermal Transport in
Lithium-Ion Batteries: A Scale-Bridging Perspective.” Nanoscale and Microscale
Thermophysical Engineering, 23, 128 (2019).

39. J. Sturm, A. Frank, A. Rheinfeld, S. V. Erhard, and A. Jossen, “Impact of Electrode
and Cell Design on Fast Charging Capabilities of Cylindrical Lithium-Ion
Batteries.” J. Electrochem. Soc., 167, 130505 (2020).

40. H. Park, “A design of air flow configuration for cooling lithium ion battery in hybrid
electric vehicles.” Journal of Power Sources, 239, 30 (2013).

41. J. Zhao, Z. Rao, and Y. Li, “Thermal performance of mini-channel liquid cooled
cylinder based battery thermal management for cylindrical lithium-ion power
battery.” Energy Conversion and Management, 103, 157 (2015).

42. A. de Vita, A. Maheshwari, M. Destro, M. Santarelli, and M. Carello, “Transient
thermal analysis of a lithium-ion battery pack comparing different cooling solutions
for automotive applications.” Applied Energy, 206, 101 (2017).

43. K.-H. Chen, M. J. Namkoong, V. Goel, C. Yang, S. Kazemiabnavi, S. M. Mortuza,
E. Kazyak, J. Mazumder, K. Thornton, J. Sakamoto, and N. P. Dasgupta, “Efficient
fast-charging of lithium-ion batteries enabled by laser-patterned three-dimensional
graphite anode architectures.” Journal of Power Sources, 471, 228475 (2020).

44. G. Reinhart, T. Zeilinger, J. Kurfer, M. Westermeier, C. Thiemann, M. Glonegger,
M. Wunderer, C. Tammer, M. Schweier, and M. Heinz, “Research and
Demonstration Center for the Production of Large-Area Lithium-Ion Cells.”
Future Trends in Production Engineering, ed. G. Schuh, R. Neugebauer, and
E. Uhlmann (Springer, Berlin, Heidelberg) 3 (2013).

45. R. Schröder, M. Aydemir, and G. Seliger, “Comparatively Assessing different
Shapes of Lithium-ion Battery Cells.” Procedia Manufacturing, 8, 104 (2017).

46. A. Kwade, W. Haselrieder, R. Leithoff, A. Modlinger, F. Dietrich, and K. Droeder,
“Current status and challenges for automotive battery production technologies.”
Nat. Energy, 3, 290 (2018).

47. T. M. Bandhauer, S. Garimella, and T. F. Fuller, “A Critical Review of Thermal
Issues in Lithium-Ion Batteries.” J. Electrochem. Soc., 158, R1 (2011).

48. H. Maleki, S. A. Hallaj, J. R. Selman, R. B. Dinwiddie, and H. Wang, “Thermal
Properties of Lithium-Ion Battery and Components.” J. Electrochem. Soc., 146, 947
(1999).

49. K. Darcovich, D. D. MacNeil, S. Recoskie, and B. Kenney, “Coupled electro-
chemical and thermal battery models for thermal management of prismatic
automotive cells.” Applied Thermal Engineering, 133, 566 (2018).

50. M. Steinhardt, E. I. Gillich, M. Stiegler, and A. Jossen, “Thermal conductivity
inside prismatic lithium-ion cells with dependencies on temperature and external
compression pressure.” Journal of Energy Storage, 32, 101680 (2020).

51. S. D. Lubner, S. Kaur, Y. Fu, V. Battaglia, and R. S. Prasher, “Identification and
characterization of the dominant thermal resistance in lithium-ion batteries using
operando 3-omega sensors.” J. Appl. Phys., 127, 105104 (2020).

52. T. Bandhauer, S. Garimella, and T. F. Fuller, “Electrochemical-Thermal Modeling
to Evaluate Battery Thermal Management Strategies: I. Side Cooling.”
J. Electrochem. Soc., 162, A125 (2015).

53. X. Zhang and T. Wierzbicki, “Characterization of plasticity and fracture of shell
casing of lithium-ion cylindrical battery.” Journal of Power Sources, 280, 47
(2015).

54. J. Zhu, X. Zhang, E. Sahraei, and T. Wierzbicki, “Deformation and failure
mechanisms of 18650 battery cells under axial compression.” Journal of Power
Sources, 336, 332 (2016).

55. M. Ikezoe, N. Hirata, C. AMEMIYA, T. Miyamoto, Y. Watanabe, T. Hirai, and
T. Sasaki, “Development of High Capacity Lithium- Ion Battery for NISSAN
LEAF.” SAE International, 2012-01-0664, 1 (2012).

56. M. Keyser, A. Pesaran, Q. Li, S. Santhanagopalan, K. Smith, E. Wood, S. Ahmed,
I. Bloom, E. Dufek, M. Shirk, A. Meintz, C. Kreuzer, C. Michelbacher,
A. Burnham, T. Stephens, J. Francfort, B. Carlson, J. Zhang, R. Vijayagopal,
K. Hardy, F. Dias, M. Mohanpurkar, D. Scoffield, A. N. Jansen, T. Tanim, and
A. Markel, “Enabling fast charging—Battery thermal considerations.” Journal of
Power Sources, 367, 228 (2017).

57. D. T. Adams, G. Berdichevsky, T. E. Colson, A. Hebert, S. Kohn, D. Lyons,
N. J. Mendez, J. B. Straubel, D. West, and A. Simpson, Battery Pack Thermal
Management System, Patent Application Publication (2009), US 2009/0023056A1.

58. J. Kim, J. Oh, and H. Lee, “Review on battery thermal management system for
electric vehicles.” Applied Thermal Engineering, 149, 192 (2019).

59. Y. Deng, C. Feng, E. J. H. Zhu, J. Chen, M. Wen, and H. Yin, “Effects of different
coolants and cooling strategies on the cooling performance of the power lithium ion
battery system: A review.” Applied Thermal Engineering, 142, 10 (2018).

60. A. Adam, J. Wandt, E. Knobbe, G. Bauer, and A. Kwade, “Fast-Charging of
Automotive Lithium-Ion Cells: In-Situ Lithium-Plating Detection and Comparison
of Different Cell Designs.” J. Electrochem. Soc., 167, 130503 (2020).

61. X. Feng, X. He, M. Ouyang, L. Lu, P. Wu, C. Kulp, and S. Prasser, “Thermal
runaway propagation model for designing a safer battery pack with 25 Ah
LiNixCoyMnzO2 large format lithium ion battery.” Applied Energy, 154, 74 (2015).

62. K. Takano, Y. Saito, K. Kanari, K. Nozaki, K. Kato, A. Negishi, and T. Kato,
“Entropy change in lithium ion cells on charge and discharge.” Journal of Applied
Electrochemistry, 32, 251 (2002).

63. P. J. Osswald, M. D. Rosario, J. Garche, A. Jossen, and H. E. Hoster, “Fast and
Accurate Measurement of Entropy Profiles of Commercial Lithium-Ion Cells.”
Electrochimica Acta, 177, 270 (2015).

64. B. Manikandan, C. Yap, and P. Balaya, “Towards Understanding Heat Generation
Characteristics of Li-Ion Batteries by Calorimetry, Impedance, and Potentiometry
Studies.” J. Electrochem. Soc., 164, A2794 (2017).

65. Y. Reynier, R. Yazami, and B. Fultz, “The entropy and enthalpy of lithium
intercalation into graphite.” Journal of Power Sources, 119-121, 850 (2003).

66. Y. Reynier, J. Graetz, T. Swan-Wood, P. Rez, R. Yazami, and B. Fultz, “Entropy of
Li intercalation in LixCoO2.” Physical Review B, 70, 753 (2004).

67. R. Yazami and Y. Reynier, “Thermodynamics and crystal structure anomalies in
lithium-intercalated graphite.” Journal of Power Sources, 153, 312 (2006).

68. R. E. Williford, V. V. Viswanathan, and J.-G. Zhang, “Effects of entropy changes in
anodes and cathodes on the thermal behavior of lithium ion batteries.” Journal of
Power Sources, 189, 101 (2009).

69. V. V. Viswanathan, D. Choi, D. Wang, W. Xu, S. Towne, R. E. Williford,
J.-G. Zhang, J. Liu, and Z. Yang, “Effect of entropy change of lithium intercalation
in cathodes and anodes on Li-ion battery thermal management.” Journal of Power
Sources, 195, 3720 (2010).

70. S. S. Zhang, K. Xu, and T. R. Jow, “Charge and discharge characteristics of a commercial
LiCoO2-based 18650 Li-ion battery.” Journal of Power Sources, 160, 1403 (2006).

Journal of The Electrochemical Society, 2021 168 053505



71. K. Kumaresan, G. Sikha, and R. E. White, “Thermal Model for a Li-Ion Cell.”
J. Electrochem. Soc., 155, A164 (2008).

72. X.-G. Yang, T. Liu, Y. Gao, S. Ge, Y. Leng, D. Wang, and C.-Y. Wang,
“Asymmetric Temperature Modulation for Extreme Fast Charging of Lithium-Ion
Batteries.” Joule, 3, 3002 (2019).

73. T. Waldmann, G. Bisle, B.-I. Hogg, S. Stumpp, M. A. Danzer, M. Kasper,
P. Axmann, and M. Wohlfahrt-Mehrens, “Influence of Cell Design on Temperatures
and Temperature Gradients in Lithium-Ion Cells: An In Operando Study.”
J. Electrochem. Soc., 162, A921 (2015).

74. A. Hales, R. Prosser, L. Bravo Diaz, G. White, Y. Patel, and G. Offer, “The Cell
Cooling Coefficient as a design tool to optimise thermal management of lithium-ion
cells in battery packs.” eTransportation, 6, 100089 (2020).

75. C. Veth, D. Dragicevic, and C. Merten, “Thermal characterizations of a large-
format lithium ion cell focused on high current discharges.” Journal of Power
Sources, 267, 760 (2014).

76. Y. Jiang, G. Offer, J. Jiang, M. Marinescu, and H. Wang, “Voltage Hysteresis Model for
Silicon Electrodes for Lithium Ion Batteries, Including Multi-Step Phase Transformations,
Crystallization and Amorphization.” J. Electrochem. Soc., 167, 130533 (2002).

Journal of The Electrochemical Society, 2021 168 053505



4 Enhancing the Performance of Lithium-Ion Cells via
Electrode and Cell Design

With a given cathode and anode active material combination, the performance of a LIB can be adjusted
via the electrode and cell design. Especially the electrode thickness and the porosity play a crucial role
for the performance, i.e., the energy content and the power capability. If the lithium-ion transport in
the liquid electrolyte within the pores of the electrodes is a limiting mechanism, electrode structuring
methods can be applied to enhance the overall performance of LIBs.

For the presented investigations, laser-structuring was used to induce hole-like structures in graphite
anodes in a hexagonal pattern [141, 255, 256]. Within this chapter, the influences of the anode struc-
turing process on the cell performance of LIBs are analyzed by means of different experimental studies
and electrochemical modeling approaches [76, 80].

4.1 Increasing the Discharge Rate Capability with Structured
Anodes

In this section, the article titled Increasing the Discharge Rate Capability of Lithium-Ion Cells with
Laser-Structured Graphite Anodes: Modeling and Simulation [76] is presented. Parts of the article were
presented at the 6th European Conference on Computational Mechanics (ECCM 6) - 7th European
Conference on Computational Fluid Dynamics (ECFD 7) in Glasgow, UK in June 2018, and the
Pacific Rim Meeting (PRiME) in October 2020, which was held as an online event.

In this work, we introduced a new modeling approach, which is able to describe the enhanced discharge
rate capability of LIBs by using laser-structured graphite anodes. Within a restricted C-rate window,
the performance of LIBs can be improved by the structuring process. Measurement data of NCM-
111/graphite coin cells comprising unstructured and structured graphite anodes was used for the
presented purpose of modeling, simulation, and validation.

First, a standard p2D model was parameterized against rate capability data of coin cells with unstruc-
tured graphite anodes. However, a p2D model only considers a 1D representation in the x-direction
perpendicular to the cell layers, while the y- and z-directions are assumed homogeneous. In order to
investigate the in-plane concentration gradients arising from the 3D structures in the electrode, a ho-
mogenized 3D model, i.e., a p4D model, of a representative hole structure was developed and validated
against rate capability tests of the coin cells comprising structured graphite anodes. The simulation
data of both models shows excellent agreement with the transient voltage response and the discharge
capacity of the measurement data.

Experimental and simulation data revealed three stages of rate capability enhancement introduced
through the laser-structuring process. In the first stage, at low discharge rates, there is no significant
influence of the structuring process, because the lithium-ion transport in the liquid electrolyte is not

63



4 Enhancing the Performance of Lithium-Ion Cells via Electrode and Cell Design

limiting the discharge process. With rising currents, lithium-ion gradients in the liquid phase of the
graphite anode build up and limit the discharge process. In this second stage, structured anodes with
a reduced tortuosity enhance the lithium-ion transport, decrease the resulting overpotentials and more
capacity can be discharged from the cell until the cutoff voltage is reached. If the current is further
increased, the third stage is reached and the positive effect on capacity retention fades. Other limitation
mechanisms like electrolyte depletion in the porous cathode or a limited electronic conductivity become
more dominant.

Author contribution Jan B. Habedank initiated the idea of laser-structuring graphite anodes and
supplied the coin cell measurement data. Ludwig Kraft carried out simulation studies, supported the
model development, and optimized the model parameters. Alexander Rheinfeld developed the homog-
enized three-dimensional electrode model to describe structured electrode morphologies. Christina
Krezdorn supported both model development and simulation studies. The data was analyzed and
interpreted by Alexander Rheinfeld, Ludwig Kraft, and Jan B. Habedank. The manuscript was writ-
ten by Ludwig Kraft, Alexander Rheinfeld, and Jan B. Habedank and edited by Andreas Jossen and
Michael F. Zaeh. All authors discussed the data and commented on the results.
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A physical-chemical model is suggested, which is able to describe the enhanced discharge rate capability of lithium-ion cells by
using laser-structured graphite anodes. Recently published test data of coin cells comprising unstructured and structured graphite
anodes with LiNi1/3Co1/3Mn1/3O2 cathodes is used for the presented purpose of modeling, simulation and validation. To minimize
computational demand, a homogenized three-dimensional model of a representative hole structure is developed, accounting for
charge and mass transport throughout the cell layers and one-dimensional diffusion within radial-symmetric particles. First, a
standard pseudo-two-dimensional model is calibrated against rate capability test data of coin cells with unstructured anodes. The
calibrated parameter set is transferred to the three-dimensional model in order to simulate the transient voltage response and the
discharged capacity depending on the applied C-rate. The simulation data shows excellent agreement with experimental data for both
cell types. Three stages of rate capability enhancement are identified showing an improved relative capacity retention of 11−24% at
3C. Experimental and simulation data reveal a restricted C-rate window, which can be positively affected by the structuring process,
whereas both shape and pattern of the structuring process can be further optimized with the model.
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Lithium-ion batteries (LIBs) are the predominant energy storage
solution for consumer electronics, electric vehicles and stationary
energy storage devices. However, especially LIBs with high energy
densities struggle to deliver sufficient energy at high discharge rates.1

This rate limitation is caused by internal cell resistances of diverse ori-
gins, which has recently been reported to be dominated by the ionic
resistance in the liquid electrolyte for common LIB electrode mor-
phologies and operation strategies.2,3 The electrodes of LIBs typically
consist of active material particles mixed with binders and conduc-
tive agents and are coated onto metallic current collector foils. The
pores of the electrodes and the electronically insulating separator are
filled with the electrolyte solution, enabling ion transport between
the electrodes. In most automotive LIBs, lithium nickel cobalt man-
ganese oxide Li(Nix CoyMnz)O2 (NMC) is employed as the cathode
active material due to its high specific capacity and voltage level
vs. Li/Li+. For nearly all commercially available cells, graphite is
used as the anode active material. Natural graphite particles have a
flake-like shape, which makes them align parallel to the current col-
lector foil during the coating and the subsequent calendering process.
This particle orientation implies a strong tortuosity anisotropy within
the graphite anodes, creating particularly long diffusion pathways for
Li-ion transport through the electrode.4 This results in large Li-ion
concentration gradients within the electrode at high charge and dis-
charge rates, causing concentration overpotentials and, consequently,
a premature approach of the voltage limits resulting in an insufficient
usage of the available capacity.3

Previously, it has been demonstrated that structured electrodes
can have a positive impact on the cell’s performance at higher cur-
rent rates.5 Multiple fabrication processes have been introduced, such
as co-extrusion of the active material6 and combinations of extru-
sion and sintering processes.7 Many of the battery concepts involve
a three-dimensional (3D) cell setup, in which the electrodes inter-
lock on a micro or nano scale, creating a large reaction surface area
and excellent charge transfer characteristics.8 As laser-based manu-
facturing processes have been gaining importance in the processing
industry over the past decades, particular attention has been given to
laser-structuring of state-of-the-art electrodes. This concept involves
high-precision ablation of a small fraction of the active material from
the initial coating, generating additional diffusion pathways, which
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zE-mail: ludwig.kraft@tum.de

are solely filled with electrolyte. Significant improvements in rate ca-
pability were observed for laser-structured cathodes, e.g. consisting of
lithium manganese oxide LiMn2O4,9 as well as for graphite anodes.10

A few simulation-based approaches have been published in
the past, explaining the improved rate capability for structured
cathodes6,11 and anodes12 due to the reduced overall tortuosity of
the electrodes. Based on the structuring process, a more homoge-
neous active material utilization is achieved and overpotentials are
reduced during operation. To the knowledge of the authors, no exper-
imentally validated physical-chemical model of LIBs with structured
graphite anodes has been presented so far. Such a model, however, is
needed to optimize the geometry of the superimposed structure while
taking manufacturing constraints into account. In the work presented
here, a homogenized 3D model of an NMC/graphite cell with laser
induced microstructures within the anode is introduced taking one-
dimensional (1D) diffusion within the solid particles into account. The
adapted 3D+1D electrochemical model is based on Newman’s pseudo
two-dimensional (p2D) model of a LIB13 accounting for both theo-
ries of porous electrodes and concentrated solutions.14 The presented
model is implemented and solved with the aid of a commercially avail-
able finite element method (FEM) tool. Geometrical features of the
electrodes are matched to previously measured data.10 Most relevant
material parameters, such as the open circuit potentials of the used ma-
terials, were determined experimentally. The model is utilized to not
only predict the transient voltage curves for discharge rates from C/5 to
10C and the derived capacity at the end of discharge, but also to deter-
mine Li-ion concentration gradients throughout the cell representing
the cause of overpotentials during operation. The simulation results
show excellent accordance with experimental data collected during the
considered rate capability tests. Based on these results, the presented
model can be used for optimizing a superimposed electrode structure,
allowing for further improvements in terms of rate capability of LIBs.

Experimental

In this section, the experimental procedures for electrode fabri-
cation, laser-structuring of the anodes as well as cell assembly and
testing are described.

Electrode fabrication.—The components for the electrode inks
were mixed with N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich,
USA) in a planetary vacuum mixer (Thinky Mixer ARV-310, Thinky,
USA) for 10 min at ambient pressure and temperature. The graphite
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Figure 1. SEM image of a laser-structured anode with structured and unstruc-
tured parts.

ink contained 95 wt% graphite (SGL Carbon, Germany) and 5 wt%
polyvinylidene fluoride (PVDF, Kynar, Arkema, France). The NMC
ink was made of 96 wt% LiNi1/3Co1/3Mn1/3O2 (BASF, Germany),
2 wt% PVDF and 2 wt% conductive carbon (C65, Timcal, Switzer-
land). Slot die coating was performed in an industrial roll-to-roll coat-
ing machine (Coatema, Germany) equipped with an infrared dryer at
a coating speed of 1 m min−1. Subsequently, the coatings were calen-
dered to a final porosity of approximately 35%. After calendering, the
average coating thickness was 64 μm for both anode and cathode.

Laser-structuring of anodes.—For laser-structuring, a femtosec-
ond laser (Spirit One 1040-8, Spectra-Physics, USA), operating at
an infrared wavelength of λ = 1040 nm with a pulse duration τp of
400 fs was used. Only the anodes were structured, the NMC cathodes
remained pristine as a larger effect on the overall tortuosity can be
achieved in comparison. The beam diameter d0 in the focal plane
(on the electrode surface) was 17.2 μm and the peak fluence �0 was
33.6 J cm−2. The repetition rate frep used for ablation was 1 kHz and
a pulse number n = 100 was applied to achieve an average structure
depth ds of approximately 52 μm and an average structure diameter of
approximately 20 μm at the electrode’s surface, measured with a con-
focal microscope. Toward deeper parts of the electrode (close to the
current collector), the structures narrowed. The structures were spa-
tially distributed in a hexagonal shape with a lateral length of 70 μm,
resulting in approximately 20400 structures per cm2. The ablated
fraction of the coating materials for the chosen process parameters
was around 5 wt% of the composite electrode material, determined by
weighing electrodes before and after structuring. For more details on
the experimental setup, the reader is referred to Habedank et al.10 An
image of the resulting structure distribution and geometry gained by
means of scanning electron microscopy (SEM) is presented in Fig. 1.
It becomes apparent, that the laser-induced structures are not uni-
formly shaped as the electrode consists of particles of different sizes
and shapes. The local electrode conditions thus play a decisive role in
the resulting characteristics of the structure.

Half cell assembly and open circuit potentials.—The open cir-
cuit potential curves of the utilized unstructured graphite and NMC
electrodes were measured in 2032 type coin cells vs. a lithium metal
electrode. The half cells were assembled in an argon filled glove
box (M. Braun Inertgas-Systeme, Germany) with H2O < 0.1 ppm
and O2 < 0.1 ppm. Each cell was filled with 150 μl of electrolyte
(LP57, BASF, Germany), containing ethylene carbonate (EC) and
ethyl-methyl-carbonate (EMC) in a ratio of 3:7 (by weight) with
1 M lithium-hexaflourophosphate (LiPF6). As a separator, a glass
microfiber sheet (Type 691, VWR, USA) was employed. In its un-
compressed state, the separator has a thickness of 260 μm. Due to
the compression during cell assembly, the separator thickness was

estimated to be 200 μm.15 For the measurement of the quasi open
circuit potential as a function of the degree of lithiation, the cells were
charged and discharged three times at rates of C/50 in a dry room at a
controlled temperature of 20◦C between 4.3 V and 2.9 V (NMC) and
between 1.6 V and 0.05 V (graphite). In order to derive representative
open circuit potential curves from this procedure, an averaging be-
tween lithiation (NMC) and delithiation (graphite) of the considered
working electrode was carried out for all three C/50 cycles. The av-
eraged open circuit potential curves that were used for modeling and
simulation are shown in Fig. A1 in the Appendix. The individual cell
capacities for specifying the applied C/50 current were calculated by
determining the coating mass assuming mass specific capacities of
150 mAh g−1 for NMC and 360 mAh g−1 for graphite.

Full cell fabrication.—Three 2032 type coin cells with unstruc-
tured anodes and three coin cells with laser-structured anodes were
assembled analogously to the half cell assembly described in the pre-
vious section. As common practice for Li-ion cells, the areal capacities
of the graphite anodes were slightly overdimensioned compared to the
NMC cathodes in order to account for irreversible losses during for-
mation and to avoid anode potentials below 0 V, which would result in
an undesired Li-plating reaction during charge. In the case presented
here, an overdimensioning factor of approximately 1.2 of the pristine
anode was chosen so that Li-plating could be avoided at all times
during cycling. As only 5 wt% of the coating was removed during
the laser-structuring process, this overdimensioning was considered
sufficient so that Li-plating during charging could also be avoided in
this case. As the mass loading of the pristine graphite anodes was kept
constant, the structuring process inevitably resulted in a change in the
capacity balancing of the electrodes. This effect needs to be taken
into account especially during modeling and simulation and will be
further discussed in the modeling section. As the electrolyte, LP572
(BASF, Germany) was used, which consists of EC and EMC in a
gravimetric mixing ratio of 3:7 with 1 M LiPF6 conductive salt and
2 wt% vinylene carbonate (VC). As the full cell test data has already
been published elsewhere,10 no further details on the cell fabrication
procedure are discussed here. The focus of the work presented here
lies on model validation by means of this experimental test data, which
is why only essential information is given. Material and fabrication
parameters relevant for modeling and simulation purposes are listed
in the Appendix of this paper.

Formation procedure.—All cells went through a formation pro-
cedure of three charge and discharge cycles at a C-rate of C/10 in
order to sufficiently form the solid electrolyte interphase (SEI) on the
surface of the graphite particles before the subsequent rate capability
test was carried out. Charging was conducted using a constant cur-
rent/constant voltage (CCCV) operation with a cutoff current of C/20
and discharging was performed in a constant current (CC) procedure
within a voltage window of 4.2 V to 3.0 V at a constant temperature
of 20◦C.

Rate capability test.—After formation, the cells underwent a rate
capability test at a controlled temperature of 20◦C whereas the applied
current was derived from the capacity of the cell after the last formation
cycle at C/10. The area-specific values for the adapted C/10 discharge
current are shown in Table I for each individual cell considered in
this study. As can be seen from this table, all cells investigated in this
work showed comparable areal capacities with only slight deviations
between the samples. This was considered to be of major importance
in order to allow for a straightforward comparison in absolute ca-
pacity retention. Higher C-rates are a multiple of the corresponding
C/10 discharge current. Charging was carried out following a CCCV
procedure and discharging was performed in a CC procedure within
a voltage window between 4.2 V and 3.0 V from C/10 to 10C. The
constant voltage (CV) phase during charge was terminated when a
charging current smaller than C/20 was reached. Charging currents
were C/10 and C/5 for the corresponding discharge cycles of C/10 and
C/5, respectively. After that, a charging current of C/2 was applied.
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Table I. C/10 discharge currents matched to cell capacities of coin
cells comprising unstructured and structured anodes.

Discharge current
in mA cm−2

Cell 1 0.2399
Unstructured Cell 2 0.2535

anode Cell 3 0.2597
Average 0.2510

Cell 4 0.2597
Structured Cell 5 0.2445

anode Cell 6 0.2501
Average 0.2514

The resulting discharge rate capability is shown in Fig. 2. As can be
seen from this figure, all investigated cells show quite comparable
behavior. The cells containing structured anodes show an even more
reproducible behavior compared to the cells with unstructured anodes.
As can be clearly seen from the experiments in Fig. 2, the structuring
process results in an overall improvement of the cell’s absolute capac-
ity retention, which becomes dominant beyond 2.5 mA cm−2 or 1C
and fades again before 25 mA cm−2 or 10C. This effect will be further
evaluated in the following sections.

Cyclic aging test.—Subsequent to the rate capability tests, the six
coin cells comprising unstructured and structured anodes underwent
a cycling test of 1000 cycles. The cells were charged with a CCCV
procedure following a charging current of 1C until the cutoff voltage
of 4.2 V and a cutoff current of C/5 in the CV phase. The discharge
was carried out with a CC phase at a 1C discharge current until a
cutoff voltage of 3.0 V. Similar to the rate capability tests, the ambient
temperature was set to 20◦C. The capacity retention of the first CC
discharge cycle was used as a reference. The capacity fade of each
cell as a result of cyclic aging is displayed in Fig. 3.

Modeling

In accordance with the homogenized p2D modeling approach
for porous microstructures developed by Newman, Doyle and
Fuller,13,14,16 the model presented here consists of an anode, a sep-
arator, and a cathode domain in which both charge and mass transport
are accounted for. The governing equations rely on porous electrode
and concentrated solution theories and are listed in the appendix for
the reader’s convenience. Relevant model parameters representing the
investigated coin cells are summarized in Table AI in the appendix.
The Newman model originally considers a 1D representation through
the layers of the electrochemical cell which is coupled to a second di-
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Figure 3. Normalized capacity retention during cycling of cells comprising
unstructured anodes (Cell 1, Cell 2 and Cell 3) and structured anodes (Cell 4,
Cell 5 and Cell 6).

mension representing radial-symmetric active material particles (i.e.
1D+1D, hence p2D). This approach has proven to be valid if the
cell shows a homogeneous behavior in the second and third in-plane
dimension which allows to neglect gradients in these dimensions as
the cell behavior is dominated by through-plane charge and mass
transport.17,18 Only if these gradients cannot be ruled out due to e.g.
the non-ideal spatial configuration of the current collectors and the
positioning of the corresponding tabs, further means of model devel-
opment need to be considered.19,20

In the case presented here, 1D and 2D models cannot be used to
appropriately describe the hole structure created by the laser ablation
process as gradients are expected to occur due to the spatial distribu-
tion of the superimposed structure. Furthermore, as already stated in
the laser-structuring section, the hole structure is not uniform through-
out the entire electrode but is highly dependent on the size and shape
of the particles which are affected by the ablation process resulting in
a rather coarse hole structure when visually comparing the holes one
by one. In order to account for a representative hole structure on the
one hand and in order to limit computational effort on the other hand,
a homogenized 3D representation of the electrode layers is considered
which is coupled to the aforementioned additional radial dimension
representing the active material particles. This simplification follows
the same line of thought initially suggested by the Newman group in
order to efficiently describe porous insertion materials. If the electrode
is large enough in terms of its planar dimensioning, every location
along an electrode’s normal vector can be represented by one parti-
cle that will be in contact with the surrounding electrolyte leading to
the p2D approach, which is widely accepted and applied. The same
principle accounts for a representative hole structure describing the
general behavior of the structured electrode. Following this idea, there
will be a particle at every location within the representative 3D struc-
ture which will be in contact with the surrounding electrolyte at this
very location. Furthermore, a generalized or simplified hole structure
representing the 20400 holes per cm2 can be introduced. The speci-
fied differential equations have to be consequently solved in all three
spatial dimensions of the homogenized 3D cell setup which implies:

∇ :=
(

∂

∂x
,

∂

∂y
,

∂

∂z

)
[1]

Due to the increased spatial discretization effort, 3D models tend
to have larger degrees of freedom (DOF), which inevitably causes a
higher computational demand and, hence, longer computing times.
To minimize the computational effort for solving the set of partial
differential equations, the modeled electrode section takes most ad-
vantage of symmetry planes representing the structuring pattern. The
definition of the modeled geometry is shown in Fig. 4. The laser abla-
tion process creates holes in a hexagonal pattern as can be seen from
Fig. 1. The x-direction of the modeled section represents the direction
perpendicular to the layers of the cell following the same notation
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Figure 4. Definition of the modeled geometry using symmetry characteristics of the laser-structured anode. Representative anode surface (a), anode cross section
(the state variables solved per domain are the solid and liquid phase Li-ion concentration cs and cl and the solid and liquid phase potential �s and �l, respectively)
(b) and final 3D geometry implemented in the FEM tool (c).

as the original Newman model. As the holes are homogeneously dis-
tributed across the cell, a triangular section of the structured anode
is sufficient to describe the entire cell behavior, see Fig. 4a. In this
case, a 30◦ sector of the hexagonal structuring pattern is specified.
The cross section of the anode is shown in Fig. 4b with lx , ly and lz

representing the length in x-, y- and z-direction, respectively. In this
case, lx is equal to the thickness of the negative electrode lneg. The
distance between the centers of two adjacent holes accounts for 2ly .
The inner radius of the hole is described by ri, the outer radius by ro

and the depth by d . As the structures are not perfectly cylindrical, the
shape was built by using a cubic Bézier curve

B(t) = (1 − t)3 P0 + 3(1 − t)2t P1 + 3(1 − t)t2 P2 + t3 P3 [2]

The Bézier curve runs in the interval 0 ≤ t ≤ 1. It starts at P0 for
t = 0 and terminates in the last control point for t = 1. Each control
point Pn is defined by its xn and yn component, the shape of the curve
was controlled by the weighting coefficients w1 and w2. The control
points are provided in Table II.

Pn =
(

xn

yn

)
, n = 0, 1, 2, 3 [3]

All remaining parameters are listed in the Appendix in Table AI.
The resulting idealized 3D geometry is displayed in Fig. 4c. The
volume fraction of the modeled hole is 5.1% of the initial anode
volume, which is in good agreement with the results of the laser-
structuring process. To account for a reduced anode volume, the initial
degree of lithiation of the unstructured anode was increased from
0.78 · cs, max, neg (see Table AI) to 0.82 · cs, max, neg for the structured
anode which represents this relative decrease. The thicknesses of the
separator lsep and the positive electrode lpos are added to the geometry
in x-direction.

The presented model of the Li-ion cell was implemented in the
FEM-based software platform COMSOL Multiphysics 5.3. In order to
depict the geometrical features of the hole, a high spatial discretiza-
tion around the hole boundaries was chosen resulting in approximately
30000 DOF which need to be solved during computation. For com-
parison, a 3D model of an unstructured cell with a similar spatial
discretization along the x-axis results in approximately 9000 DOF.
For describing the unstructured cell, a classic p2D model with around
2000 DOF was chosen in order to save computing time.

Table II. x and y components of the four control points.

xn yn

P0 lneg − d 0
P1 lneg − d riw1
P2 lneg riw2
P3 lneg ro

In order to describe charge and mass transport in the porous mi-
crostructures of a Li-ion cell, a correction of the electrolyte’s transport
properties is necessary. An often used correction factor is the Brugge-
man exponent which was empirically determined for porous struc-
tures formed of spherical particles. Recent research findings showed
that the Bruggeman correction often underestimates the limitation of
the transport properties especially in graphite electrodes formed of
platelet-like particles.4,21–24 In order to evaluate effective transport pa-
rameters, the tortuosity τ of the porous electrode structure needs to be
known, which can be defined as the ratio of the direct path length to
the effective path length of ion transport

Dl, eff = Dl
εl

τ
= Dl

NM
[4]

κeff = κ
εl

τ
= κ

NM
[5]

with Dl representing the diffusion coefficient in the liquid phase (i.e.
the electrolyte), κ its conductivity and εl the volume fraction of the
electrolyte, also known as the porosity of the porous structure. The
ratio of the tortuosity to the volume fraction is also known as the Mac-
Mullin number NM.24–26 Ebner et al. further demonstrated that the elec-
trode’s tortuosity for spherical particles (e.g. NMC) shows an isotropic
behavior, but for cylindrical (e.g. lithium cobalt oxide LiCoO2 (LCO))
and platelet-shaped particles (e.g. graphite), an anisotropy of tortuos-
ity can be observed that cannot be neglected when considering charge
and mass transport in all spatial dimensions of an electrode.4 Es-
pecially the through-plane tortuosity of graphite τx is significantly
higher than the in-plane tortuosity (with τy = τz). In order to ac-
count for this effect, an anisotropic tortuosity was implemented in the
graphite anode with τx = 8 and τy = τz = 2.5.4 The separator and
the NMC cathode were considered to inhibit an isotropic tortuosity
of τx = τy = τz = 1.2 and τx = τy = τz = 1.7, respectively
(see Table AI).

Results and Discussion

In this section, the data gained from the rate capability tests carried
out for this work is presented and then discussed with the aid of
simulation studies derived from the developed modeling approach.
The results of the cyclic aging experiments carried out after the rate
capability tests are discussed at the end of the section.

Effects of structuring on rate capability.—All rate capability tests
were carried out as described in the experimental section at C/10, C/5,
C/2, 1C, 2C, 3C, 4C, 5C and 10C at an ambient temperature of 20◦C.
As the coulombic efficiency of the C/10 cycles after the formation
procedure was only 99.1% on average, this data is not considered in
the further process of this work. The authors believe that the process
of formation was not completely finished at this stage, which might
falsify the observed trends if taken into consideration here. From the
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Figure 5. Comparison of measured and simulated C/5-normalized discharge
rate capability of coin cells comprising unstructured and structured anodes (a)
and observed difference in normalized discharge rate capability (b) within the
three stages (I), (II) and (III).

C/5 cycles onwards, all cycles showed efficiencies above this value
rising toward 99.7%. Therefore, all further observations were focused
on C-rates larger than C/10.

In Fig. 2, the mean area-specific discharged capacity is shown as
a function of applied current density. As indicated by the error bars,
a variation in both directions occurs, whereas the variation in applied
current follows the notation presented in Table I, which is based on
the derived capacity at the end of the carried out formation cycles. The
cathode samples used for building the coin cells were chosen in such
way, that the loading of the capacity limiting electrode, i.e. the cath-
ode, was very similar for both unstructured and structured cells (see
experimental section). This approach resulted in a highly reproducible
area-specific capacity of approximately 2.5 mAh cm−2 at low current
densities for all cells considered within this study, which guarantees
a most straightforward comparison of the results gained from the rate
capability tests. For the reader’s convenience, besides area-specific
values (see Fig. 2), also the capacity retention normalized to the C/5
discharge rate (see Fig. 5a) and the difference in normalized capacity
retention (see Fig. 5b) is shown in this work. When looking into the
difference in normalized capacity retention, the impact of electrode
structuring can be categorized in three different stages depending on
the applied C-rate and increase in derived capacity. The area-specific
energy density is not shown here, as the voltage level only merely
varies between coin cells with structured and unstructured anodes.
Therefore, the area-specific capacity and area-specific energy density
as a function of applied C-rate show very similar characteristics in this
work. As the volume of the anode does not change with the structur-
ing process, the volumetric energy density of the cell directly follows
this trend. Based on the lower density of the electrolyte compared
to the composite anode, the overall weight of the electrolyte soaked

0 0.2 0.4 0.6 0.8 1
3

3.2

3.4

3.6

3.8

4

4.2

Normalized capacity

V
ol
ta
ge

/
V

Measurement unstructured anode
Simulation unstructured anode

(a)

0 0.2 0.4 0.6 0.8 1
3

3.2

3.4

3.6

3.8

4

4.2

Normalized capacity

V
o
lt
ag

e
/
V

Measurement structured anode
Simulation structured anode

(b)

Figure 6. Comparison of measured and simulated discharge voltage curves as
a function of C/5-normalized capacity for coin cells comprising unstructured
(a) and structured anodes (b) for C-rates of C/5, C/2, 1C, 2C, 3C, 4C, 5C, and
10C (from right to left).

anode is reduced by approximately 3%. This will slightly improve the
gravimetric energy density of the full cell. For all applied currents,
the coin cells comprising structured anodes generally showed a larger
discharged capacity compared to their unstructured counterpart, as
can be seen in Fig. 2. In the case presented in this study, this ef-
fect suddenly becomes dominant at discharge current densities above
2.5 mA cm−2 or 1C reaching its peak impact around 7.5 mA cm−2

or 3C and steadily declines at current densities above this value as
shown in Fig. 5b. As can also be seen from Figs. 2 and 5a, there is
a rather gentle decrease of the discharged capacity with increasing
current density up to 2.5 mA cm−2 or 1C, which then becomes more
pronounced up to 7.5 mA cm−2 or 3C and then finally decreases again
in its steepness. In order to understand the interplay of mechanisms
leading to this effect, the presented model was applied. For this pur-
pose, a standard p2D Newman model was considered first, in order
to match the parameter set to the results of the rate capability tests
with cells comprising unstructured anodes. As shown in Figs. 5a and
6a, the relative decline in capacity retention with rising C-rate at the
end of the discharge as well as the transient characteristics of the
voltage response during discharge can be depicted very well with the
parameter set given in the Appendix.

This parameter set was then transferred to the 3D representation of
the homogenized structured electrode model. With a simulated hole
diameter of roughly 20 μm, 80% of penetration depth and 70 μm of
distance between the centers of the holes, the rate capability tests per-
formed on cells comprising structured anodes could also be depicted
very well. Again, this accounts for both the absolute and the relative
decline in discharged capacity with rising C-rate at the end of the dis-
charge procedure (see Fig. 5a) as well as the transient characteristics
of the voltage response during discharge (see Fig. 6b).
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Figure 7. Li-ion concentration in both liquid (left) and solid phase (right) averaged along y- and z-direction at the end of the corresponding discharge step; solid
phase concentration accounts for the mean concentration within the particle dimension.

Mechanisms of rate limitation.—When looking into Fig. 5a, the
C-rates of C/5, C/2 and 1C are almost not affected by the structuring
process. Also, the similar trend of the decline in discharged capacity
hints at a limiting effect which is not influenced by the structuring
process and consequently charge and mass transport in the liquid
phase. This assumption can be proven when looking into Figs. 7a and
7b. The spatial distribution in liquid phase concentration at the end
of the discharge procedure is almost identical for both the unstruc-

tured and structured cells with rising gradients between the anode
and cathode for increasing C-rate. The same holds true for the spatial
distribution in solid phase concentration. The utilization of the elec-
trodes is constantly above 90% with almost no gradients along the
thickness of the electrodes. At C-rates of 1C and below, this obser-
vation leads to the assumption that the capacity retention is mainly
influenced by an increased potential drop based on ohmic losses and
charge transfer kinetics with increasing C-rate. From 2C onwards, a
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more homogeneous liquid phase concentration can be observed for
the cells with structured anodes compared to those with unstructured
anodes with lower maximum values, which positively influences the
transport properties of the electrolyte (see Fig. 7c). This results in a
considerably homogenized solid phase concentration along the elec-
trode with lower mean values on the anode side which leads to higher
overall solid phase concentrations on the cathode side at the end of
the discharge procedure (see Fig. 7d). At C-rates of 4C and above,
the homogenizing influence of laser beam structuring on both the liq-
uid and the solid phase concentration is considerably diminished as
shown in Figs. 7e and 7f. At these C-rates, the limiting influence in
the liquid phase on the cathode side becomes increasingly dominant,
reaching almost a complete depletion of Li-ions, which results in large
overpotentials related to charge transfer kinetics (see Fig. 7e). In ad-
dition, the liquid phase concentration within the anode domain rises
above 4 mol l−1 which significantly reduces both its conductivity and
diffusivity resulting in large ohmic and diffusion based overpotentials.
The electrolyte conductivity is reduced to 35% and the diffusivity to
14% at 4 mol l−1 compared to the values at the initial liquid Li-ion
concentration of 1 mol l−1. In order to improve the rate capability of
the cell at these high discharge rates, further modifications need to
be considered such as different electrolytes with enhanced transport
properties at such high levels of Li-ion concentration or an additional
structuring of the cathode to avoid a complete depletion of Li-ions.

These observations suggest a classification of the influence of
laser beam structured anodes on the rate capability of the cells: At
low C-rates, electrode morphology plays only a minor role in capacity
retention making laser beam structuring obsolete in general, i.e. stage
(I) between 0.1C and 1C in this case. At moderate C-rates, the effect
of anode morphology and related effective transport properties be-
comes dominant, showing the largest benefit of laser beam structured
anodes, i.e. stage (II) between 1C and 3C in this case. At high C-rates,
not only the anode morphology is mainly influencing the occuring
overpotentials, but also the electrolyte’s inherent transport properties
as well as the morphology of the separator and cathode are becom-
ing increasingly important approaching a depletion of the electrolyte
near the cathode current collector, i.e. stage (III) between 3C and
10C in this case. It is worth mentioning here, that the chosen glass
fiber separator is not representative for commercial Li-ion cells, where
separators are used which are about a magnitude thinner (i.e. approx-
imately 10–30 μm). The glass fiber separator was used in this case
due to ease of handling and comparability between half cell and full
cell measurements. For the here presented results, this circumstance
should only have a mere influence on the investigated rate capability
as the overpotentials within the separator are dominated by the ef-
fective transport properties of the electrolyte, resembling an effective
path-length of ion movement. The chosen glass fiber separator shows
a MacMullin number of approximately 1.7 in its compressed state of
200 μm, which results in an effective path-length for the Li-ions of
340 μm. A standard polyolefin based separator with a thickness of
25 μm and a porosity of 40% inhibits a MacMullin number between
10 to 15,24 resembling an effective path-length of 250–375 μm, which
is very comparable to the chosen glass fiber separator.

In order to not only evaluate the through-plane but also the in-
plane penetration depth of the structuring procedure, the 3D spatial
distribution of Li-ion concentration in the solid and liquid phase was
studied at the end of a 3C discharge step. For this purpose, five cut
planes were introduced along the thickness of the structured anode
(compare Fig. 4c) at a constant distance of 16 μm between them (see
Figs. 8a and 8b). Looking into the spatial distribution of both the
liquid and solid phase concentration, a fairly homogeneous coloring
of the cut planes can be observed, whereby the coloring level is mainly
dominated by the through-plane distribution in Li-ion concentration.
This implies that the concentration gradients along the hole’s axis
are generally larger than the concentration gradients along the hole’s
radial direction.

Near the interface between the anode and the separator (i.e. planes
V and IV), there is only little variation in Li-ion concentration through-
out the cut planes in both the liquid and the solid phase. This tendency

is confirmed when looking into the normalized liquid and solid phase
concentration along the hypotenuse symmetry axis of the considered
triangular electrode domain (see Figs. 8c and 8d). Furthermore, we
observe an increasing gradient from the bulk material between the
holes to the center of the hole with increasing distance to the separa-
tor along the depth of the holes (i.e. planes III and II). In case of the
liquid phase concentration, the spatial distribution within the unstruc-
tured part of the electrode (i.e. plane I) becomes fairly homogeneous
again, however, at significantly elevated levels of concentration. This
jump becomes especially apparent when looking into the level of liq-
uid phase Li-ion concentration within the hole (i.e. at y = z = 0
within planes V, IV and III) compared to the unstructured part of the
electrode (i.e. at y = z = 0 within plane I). A similar trend in the
solid phase concentration can be observed, whereas a considerable
gradient in Li-ion concentration remains near the current collector
in the range of a third to a half of the total through-plane concen-
tration difference, which can be explained by the comparably slow
diffusion-based equalization process within the solid phase compared
to the liquid phase.17 These observations imply that the penetration
depth of the structuring process not only varies for the liquid and solid
phase concentration but is highly dependent on the size and the depth
of the hole as well as the distance between the holes. These results
suggest that the size, the depth and the shape of the hole itself as
well as the structuring pattern can be optimized in order to obtain an
improved rate capability within a certain operating window and price
range.

Cyclic aging behavior.—From the overall cycling behavior dis-
played in Fig. 3, no distinct indication can be observed that coin cells
comprising structured or unstructured graphite anodes show superior
aging characteristics. What is more, the developing spread between
the cells might be a result of the manual cell assembly process or
partial deterioration during the rate capability tests with high C-rates.
Nevertheless, all cells comprising structured anodes reveal a capac-
ity retention above 83% after 1000 cycles, whereas two cells with
unstructured anodes already showed a capacity fade toward 65%.
This leads to the conclusion that the laser-structuring process of the
graphite anodes has no negative impact on the cyclic aging behavior
of the coin cells. If coin cells comprising structured anodes even show
an enhanced aging behavior needs to be evaluated by means of further
measurements including more cells and cells that did not undergo a
rate capability test before the carried out aging study.

Conclusions

Within this work, a combination of experimental and simulation-
based evaluation of laser-beam structured graphite electrodes for en-
hancing the discharge rate capability of a NMC/graphite Li-ion cell
was presented. As the experimental basis of this work, coin cells with a
constant loading of approximately 2.5 mAh cm−2 were manufactured,
whereas the NMC cathode was the capacity limiting electrode and the
pristine graphite anode was oversized by approximately 20% in capac-
ity so that the laser beam ablation of roughly 5 wt% did not result in
an elevated risk of Li-plating during cycling. For simulation purposes,
a representative homogenized microstructure model of the considered
laser-beam-structured graphite electrode was developed and validated
against rate capability tests, which were performed on both coin cells
with unstructured and structured graphite electrodes.10 In a first step,
the underlying physical and chemical model parameters were adapted
toward the unstructured coin cells with the aid of a standard p2D
Newman-type model resulting in an excellent agreement between ex-
perimental and simulated rate capability tests. This parameter set was
then transferred to the homogenized 3D+1D microstructure model,
forming a representative triangular section of the structuring pattern
making most use of symmetry planes in order to minimize computa-
tional effort. Due to the inevitably higher spatial discretization effort
around the hole geometry, which was qualitatively approximated by a
cubic Bézier curve toward SEM pictures, the computational demand
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Figure 8. Liquid (a) and solid phase (b) Li-ion concentration on defined cut planes (I), (II), (III), (IV) and (V) (distance in x-direction: 0 μm, 16 μm, 32 μm,
48 μm and 64 μm, respectively) and liquid (c) and solid phase (d) Li-ion concentration along hypotenuse of cut planes at the end of a 3C discharge step within the
structured graphite anode.

increased by a factor of approximately 15 compared to a standard p2D
model (30000 DOF vs. 2000 DOF).

Simulated rate capability tests, which were carried out with the aid
of the parametrized structured electrode model, were validated against
experimental data showing again excellent agreement in terms of the
transient voltage decline during discharge as well as the observed re-
duced capacity retention with increasing C-rate. It was shown, that for
the electrode morphologies and materials considered in this case, the
maximum benefit of structuring the graphite electrode was around a
discharge rate of 3C. At low discharge rates, there is merely an influ-
ence of the structuring process (here up to 1C), which then suddenly
changes at 2C rising toward its maximum impact at 3C of gaining be-
tween 10% and 15% in capacity compared to cells without structured
graphite anodes at C/5. This corresponds to a relative improvement
of capacity retention of 11–24% at 3C, at which the minimum and
maximum capacity retention of the structured cells at 3C are related
to the mean capacity retention of the unstructured cells at 3C. Beyond
3C, the impact of the structuring process declines again, however,
at a comparably lower rate. This implies, that there forms a certain
C-rate region in which the use of structured electrodes can consid-
erably enhance a cell’s rate capability forming an optimum. In other
words, structured electrodes do not necessarily come with an overall
improvement in rate capability of Li-ion cells at all applied currents
as mass transport limitations within the electrolyte are still dominat-
ing at large currents despite the locally homogenized distribution in
Li-ion concentration (e.g. overall electrolyte depletion in the NMC
cathode3). When looking into the simulated spatial Li-ion concentra-
tion in the liquid and the solid phase at the end of discharge, the effect

of the structuring process on the rate limitation becomes apparent. At
low C-rates (i.e. C/5, C/2 and 1C or stage (I)), the structuring process
has almost no influence on the solid phase concentration in both an-
ode and cathode. Consequently, the amount of discharged capacity is
rather limited by an increasing polarization due to ohmic losses and
charge transfer kinetics instead of transport limitations in the liquid
electrolyte. At higher C-rates (i.e. 2C and 3C or stage (II)), the ho-
mogenized liquid phase concentration has a more dominant impact
on the distribution in liquid and solid phase concentration especially
in the graphite anode which results in higher degrees of utilization
within both electrodes. When further increasing the discharge rate
(i.e. 4C, 5C and 10C or stage (III)), the positive impact of electrode
structuring on the homogeneity of liquid phase concentration fades,
which then results in a similarly inhomogeneous utilization of the
graphite anode. What also becomes apparent is that the level in liq-
uid phase concentration within the cathode generally decreases with
increasing C-rate which is based on the ongoing depletion of the elec-
trolyte resulting in increased charge transfer overpotentials. Similarly,
the liquid phase concentration within the anode becomes excessively
high (> 4 mol l−1), which significantly reduces the inherent transport
properties of the electrolyte, resulting in large ohmic and diffusion
based overpotentials. This effect cannot be significantly influenced
by a structuring of the anode but needs further modifications such as
using enhanced electrolytes or including an additional structuring of
the cathode.

The results shown in this work imply that not only the anode
structuring process can enhance the discharge rate capability of the
entire cell in a certain range but also that modeling and simulation
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can help to understand the underlying mechanisms and interactions
resulting in this enhancement. By evaluating the through-plane and in-
plane distribution in Li-ion concentration throughout the electrodes,
the ideal hole size, geometry and pattern can be identified in order
to maximize the rate capability within a limited operating window.
By further considering the costs of the electrode structuring process
and also of the excess electrolyte within the holes, a cost-effective
rate capability enhancement can be achieved. This can be best ex-
plained when considering Fig. 5b, where the peak location, height
and width of the curve can be altered by changing the size, the shape
and the pattern of the superimposed structure. In order to be able to
reliably optimize the structure, inherent transport properties of the
applied electrolyte need to be characterized well throughout the entire
concentration range occurring during operation before salt precipita-
tion takes place (i.e. beyond 4 mol l−1 in this case). The same holds
true for a thorough characterization of the anisotropic electrode mor-
phology. Further work will focus on this optimization procedure, not
only for the graphite anode, but also for the NMC cathode during
both discharge and charge operation for various electrode loadings.
Furthermore, the model error accompanied with the homogenization
of the microstructure will be evaluated and investigated in terms of
means of a further model order reduction.
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Appendix

In the experimental section, the open circuit potential measurements of the half cells
were described. In Fig. A1, the derived curves are plotted as a function of degree of
lithiation.

The developed model is based on the subsequent equations. For a more detailed
description, the reader is referred to the work of the Newman group.13,14,16 The most
relevant model parameters used in this work are listed in Table AI. The mass balance is
applied in the porous intercalation electrodes

εl
∂cl

∂t
= ∇

(
Dl, eff∇cl − ilt+

F

)
+ 3εs

rp
jn [A1]

where εl is the porosity or the liquid phase fraction of the electrode domain, Dl, eff the
effective diffusivity, il the ionic current density, F the Faraday constant, εs the solid phase
fraction, rp the particle radius and jn the pore wall flux. In the separator, there is no charge
transfer reaction taking place, hence, the mass balance simplifies to

εl
∂cl

∂t
= ∇

(
Dl, eff∇cl − ilt+

F

)
[A2]

The ionic current density accounts for the interaction between the different species in
the electrolyte which is why the activity dependence is essential

il = −κeff∇�l + 2κeff RT

F

(
1 + ∂ ln f±

∂ ln cl

)
(1 − t+)∇ ln cl [A3]

with κeff being the effective ionic conductivity, �l the potential in the liquid phase and
R the ideal gas constant. At high C-rates the Li-ion concentration in the electrolyte
can locally become very low due to transport limitations. To prevent the concentration
from becoming zero or even negative, which causes instability of the model, a kinetic
modification introduced by the Newman group27 was implemented. The Butler-Volmer
equation, which describes the charge transfer between the solid and the liquid phase on
the particle surface is divided by a limitation term with clim = 1 mol m−3

jn = i0

F

exp
(

αa F
RT η

) − exp
(− αc F

RT η
)

1 + clim
cl

exp
(− αc F

RT η
) [A4]

αa and αc are the anodic and cathodic charge-transfer coefficients. The exchange current
density i0 is defined as

i0 = Fkαa
c kαc

a (cs, max − cs)
αa cαc

s

(
cl

cl, ref

)αa

[A5]

with cl, ref = 1 mol m−3. cs, max is the maximum Li-ion concentration in the solid phase
and ka and kc are the anodic and cathodic reaction rates, respectively. The overpotential
η is defined as a subtraction of the potential of the liquid phase �l and the equilibrium
voltage Eeq from the potential of the solid phase �s

η = �s − �l − Eeq [A6]

Finally, the following boundary conditions have to be maintained

∂cl

∂x

∣∣∣∣
x=0&x=L

= 0 [A7]

∂�l

∂x

∣∣∣∣
x=0&x=L

= 0 [A8]

with L = lneg + lsep + lpos.

∂�s
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x=0&x=L

= − is

σ
[A9]

with is being the electric current density.
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∇il = −∇is [A11]

∂cs

∂r

∣∣∣∣
r=0

= 0 [A12]

∂cs

∂r
= Ds

(
∂2cs

∂r2
+ 2

r

∂cs

∂r

)
[A13]
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r=rp

= jn [A14]

In literature, only a few electrolytes used in Li-ion cells have been characterized
adequately so that they can be used for the purpose of model parameterization.27–31

Necessary characteristics are diffusivity, ionic conductivity and activity dependence of
the electrolyte. These characteristics depend on the Li-ion concentration and on the
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Figure A1. Open circuit potential curves for the graphite anode (a) and the NMC cathode (b) considered in this work.



A1572 Journal of The Electrochemical Society, 165 (7) A1563-A1573 (2018)

Table AI. Model parameters used within this work; superscript m indicates measured values, e indicates estimated values (* value derived from
D50 mass-median-diameter from datasheet, ** value derived from weight ratio of electrode composition); numeric values and magnitudes of
parameters chosen in this study were referenced to literature where applicable.

Parameter Anode Separator Cathode

Geometry
Thickness l 64 μm m 200 μm15 64 μm m

Particle radius rp 5 μm ∗ 5.5 μm ∗
Solid phase fraction εs 0.59 ∗∗ 0.52 ∗∗
Liquid phase fraction εl 0.32 m 0.7 e 0.35 m

Tortuosity through-plane τx 84 1.2 e 1.74

Tortuosity in-plane τy, z 2.54 1.2 e 1.74

Thermodynamics
Equilibrium voltage Eeq Fig. A1a Fig. A1b
Maximum lithium concentration cs, max 32000 mol m−332,33 50000 mol m−333

Initial state of charge cs, 0
cs, max

0.78 e 0.43 e

Kinetics
Anodic reaction rate ka 1 × 10−9 m s−127 1 × 10−9 m s−127

Cathodic reaction rate kc 1 × 10−9 m s−127 1 × 10−9 m s−127

Anodic charge-transfer coefficient αa 0.532,34 0.532,34

Cathodic charge-transfer coefficient αc 0.532,34 0.532,34

Transport
Solid diffusivity Ds 1 × 10−14m2s−127,32 1.8 × 10−13 m2s−133,35

Solid conductivity σ 100 S m−121,36 10 S m−135,36

Parameter Hole
Inner radius ri 7.5 μm m

Outer radius ro 22.5 μm m

Depth d 0.8 · lneg
m

Weighting factor w1 1.1
Weighting factor w2 0.6
Distance 2ly 70 μm m

Parameter Electrolyte
Electrolyte diffusivity Dl Eq. A15
Electrolyte conductivity κfit Eq. A17
Activity dependence ∂ ln f±

∂ ln cl
Eq. A18

Transport number t+ 0.427

Parameter Global
Temperature T 293.15 K m

Ohmic contact resistance R� 1.3 × 10−3 �m2 e

temperature, which is kept constant in this case. Due to various electrolyte compositions,
the resulting curves differ slightly but overall show a similar trend.

The electrolyte diffusion coefficient and the electrolyte ionic conductivity were
adopted according to Mao et al.27 The corresponding unit for the following characteristic
electrolyte functions is mol l−1 for the Li-ion concentration cl and K for the temperature
T

Dl = 5.34 × 10−10 exp(−0.65cl) exp

(
2000(T − 298)

298T

)
f [A15]

κ = (0.0911 + 1.9101cl − 1.052c2
l + 0.1554c3

l ) exp

(
1690(T − 298)

298T

)
[A16]

The electrolyte diffusion coefficient was slightly reduced by multiplying a factor
f = 0.85. Mao et al.27 used a polynomial fitting function for the ionic conductivity that
is only valid in a certain concentration range. For concentrations above 3 mol l−1, the
conductivity starts to increase again due to the considered cubic fitting function. As larger
Li-ion concentrations were observed in this work, the following fit was used, which is
based on Eq. A16 with a constant temperature T = 293.15 K

κfit = 2.034
( cl

2.512

)0.55
exp

(
−

( cl

2.512

)1.55
)

[A17]

The effective diffusivity and ionic conductivity can be determined using the correction
presented in Eqs. 4 and 5. The electrolyte activity dependence was taken from Valøen and
Reimers28 as it was neglected by Mao et al.27

∂ ln f±
∂ ln cl

= 0.601 − 0.24c0.5
l + 0.982c1.5

l (1 − 0.0052(T − 294))

1 − t+
− 1 [A18]

The equation contains a dependence of the transport number t+, which was set
constant, see Table AI.
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4 Enhancing the Performance of Lithium-Ion Cells via Electrode and Cell Design

4.2 Analysis of Performance Improvements through Anode
Structuring

In this section, the article titled Modeling and Simulation of Pore Morphology Modifications using
Laser-Structured Graphite Anodes in Lithium-Ion Batteries [80] is presented. Parts of the article were
presented at the Batterieforum Deutschland 2019 in Berlin in January 2019, the 16th Symposium on
Modeling and Experimental Validation of Electrochemical Energy Technologies (ModVal 16) in Braun-
schweig in March 2019, and the Pacific Rim Meeting (PRiME) in October 2020, which was held as an
online event.

In the previous section, a homogenized 3D model (p4D model) of a representative hole structure was
developed and used to describe a structured graphite anode [76]. Among the main findings were the
reduced lithium-ion concentration gradients in the liquid electrolyte in the through-plane direction
of the cell, primarily occurring in the highly tortuous graphite anode. However, it is difficult to
adequately represent the induced structures in one single 3D model since each hole has a slightly
different geometrical shape. As the dominant gradients still arise in the through-plane direction, in
this work, a standard p2D model with an adapted tortuosity for the structured electrodes was used.
Besides an appropriate representation, the p2D model provides faster computational speed with around
2000 degrees of freedom (DOFs) vs. 9000DOFs for the p4D model.

To further investigate the impact of the structuring process on electrodes with varying morphology, the
performance of NCM-111/graphite coin cells with different areal capacities was measured. Without
changing the electrode composition, the loading of the cell was adjusted by the thickness of the anodes
and cathodes. The simulation results are well in line with the discharge rate capability measurements.
The C-rate window, where the structuring process provides a benefit in capacity retention is defined
by the loading of the cell. With thicker electrodes, the maximum benefit shifts to lower C-rates (and
vice versa) and the tortuosity reduction specifies the maximum itself, hence, a lower tortuosity yields
a higher rate capability.

An overpotential analysis, that is based on local concentrations and potentials solved in the electro-
chemical model, revealed the anode as a major contributor to the total cell polarization. Especially for
medium C-rates, the diffusion polarization in the liquid electrolyte is the dominant limiting mechanism
for the cell performance. A modification of the pore morphology results in a reduction in anode tortu-
osity, which decreases concentration gradients and the accompanying overpotentials and more capacity
can be discharged from the cell. For very high currents, the overpotentials originating from the cathode
and the contact resistance overtake the anode contribution. In this current range, a structuring of the
cathode could bring a positive effect on capacity retention, however, the usable capacity for such high
loads is relatively low.

So far, only discharge processes were analyzed for cells comprising structured anodes. A reduction in
overpotentials also offers an opportunity for improved charging performance, where the potential at
the anode/separator interface is crucial. At this interface, the local potential criterion φs − φl ≤ 0 V
can be interpreted as an indicator for detrimental lithium-plating during a charging procedure. Fast
charging simulations for the different loadings revealed that a reduced tortuosity through electrode
structuring provides a higher lithium-plating threshold. This results in faster charging times, while
keeping the anode potential in a safe area and avoiding lithium-plating.

78



4.2 Analysis of Performance Improvements through Anode Structuring

Author contribution Ludwig Kraft developed the idea of investigating the performance of lithium-ion
cells with laser-structured anodes with varying areal capacities and tortuosity improvements. Jan B.
Habedank carried out the laser-structuring process of the graphite anodes. Ludwig Kraft built the
coin cells, recorded the measurement data, developed and validated the electrochemical model, and
carried out the simulation studies. The data was analyzed and interpreted by Ludwig Kraft and Jan
B. Habedank. Alexander Frank and Alexander Rheinfeld supported the overpotential analysis. The
manuscript was written by Ludwig Kraft and edited by Jan B. Habedank and Andreas Jossen. All
authors discussed the data and commented on the results.
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The energy density of lithium-ion batteries can be enhanced by using thicker and denser electrodes, which leads to transport limitations
in the electrolyte within the porous structures. A pore morphology modification of the electrodes can counteract this limitation
mechanism and provide higher rate capabilities of the cells. In this work, graphite anodes are structured with a picosecond laser in
order to create transport pathways for the lithium-ions and allow for enhanced penetration of the electrodes. Experimental data from
graphite/NMC-111 coin cells with varying areal capacities are used for the development and parameterization of an electrochemical
model. The modified pore morphology of the structured electrodes is represented in the model by an adapted tortuosity, which results
in lower lithium-ion concentration gradients and reduced diffusion polarization in the electrolyte. The effect of electrode thickness
and tortuosity on limiting mechanisms is analyzed via simulation studies in order to derive the impact of structured electrodes. As
a result, improved discharge as well as charge rate capability appears beside enhanced safety features such as increased tolerance
versus hazardous lithium-plating during fast charging scenarios.
© The Author(s) 2019. Published by ECS. 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: 10.1149/2.0062001JES]

Manuscript submitted June 11, 2019; revised manuscript received August 1, 2019. Published September 23, 2019. This paper is part
of the JES Focus Issue on Mathematical Modeling of Electrochemical Systems at Multiple Scales in Honor of Richard Alkire.

Lithium-ion batteries are the prevailing energy storage system for
electric vehicles, stationary energy devices, mobile applications and
power tools.1 Especially electric vehicles require increasing energy
densities to offer a satisfactory driving range for customers.2,3 While
solid state technologies are under ongoing development, they face a
lot of challenges and cannot provide the required energy density, cur-
rent capability and cycling stability.4 Therefore, lithium-ion batteries
comprising porous electrodes filled with liquid electrolyte are still the
state-of-the-art technology.

One way to increase the energy density is the use of new active
materials,2,3,5 e.g. combining a nickel-rich lithium nickel manganese
cobalt oxide (NMC-811) cathode with a silicon/graphite anode.6 The
performance of an existing active material can also be enhanced by
nanostructuring methods7–10 or by changing the electrode formula-
tion, composed of active material, binder and carbon black.11–16 An-
other option lies in an optimized cell design in order to increase the
share of active material and reduce the share of passive parts like cur-
rent collectors, tab connectors or the housing.17 Thicker and denser
electrodes offer an opportunity to increase the required energy den-
sity independently of the used active material, but face issues when
they are stressed with higher currents.13,18–21 One major contributor
are mass transport limitations in the electrolyte.21–25

Electrode pore morphology modifications provide a potential to
overcome limitations arising from thicker and denser electrodes.13,26–28

The path length, the lithium-ions have to travel in the electrolyte
through the porous electrode, is defined by the thickness, the porosity
and the tortuosity.17,29 Primarily, high charge/discharge currents lead
to a poor battery performance, as the overpotentials increase and the
full capacity cannot be utilized.28 Depending on the application and
the desired requirements, current research focuses on improving the
properties of anode30–32 and cathode33–37 composites by a modifica-
tion of their structure. Besides an increased battery performance, an
introduction of macro channels or pores into the electrode can lead to
a reduced wetting time during the cell manufacturing process.13,38

The focus in this work lies on modified graphite anodes using
a laser-structuring process.31 It will be demonstrated, that lithium-
ion cells comprising structured graphite anodes not only provide a
higher discharge rate capability,39 but also exhibit an opportunity to
tackle issues concerning fast charging.40 While the discharge perfor-
mance, determined by the maximum discharge current, of state-of-the-
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art lithium-ion batteries is at a practical level for most applications,
fast charging capability of energy storage systems is becoming more
and more important. If the energy density of lithium-ion batteries can-
not be increased to a satisfactory level, especially electric vehicles
rely on fast charging capability to overcome range anxiety of potential
customers.

Experimental data gained from measurements on graphite/NMC-
111 coin cells comprising unstructured and structured graphite anodes
with varying thicknesses are used for the development of an electro-
chemical pseudo two-dimensional (p2D) model. With the aid of sim-
ulation studies, the influence of the electrode pore morphology on the
charging and discharging behavior is analyzed and design criteria of
electrodes are provided.

Experimental

Electrode fabrication.—A rotation-revolution mixer (Speedmixer
DAC 3000, Hauschild Engineering, Germany) was used to mix
the components for the electrode inks with N-methyl-2-pyrrolidone
(NMP, Sigma-Aldrich, USA) at ambient pressure and temperature.
The cathode ink contained 96 wt% LiNi1/3Co1/3Mn1/3O2 (NMC-111)
(BASF, Germany), 2 wt% polyvinylidene fluoride (PVDF, Kynar,
Arkema, France) and 2 wt% conductive carbon (C65, Timcal, Switzer-
land). In terms of the anode, 95 wt% graphite (SGL Carbon, Germany)
and 5 wt% PVDF were used. Doctor blade coating was performed in an
industrial roll-to-roll coating machine (Coatema, Germany) equipped
with an infrared dryer at a coating speed of 0.5 m min−1. Four differ-
ent anode and cathode coating thicknesses were prepared and subse-
quently calendered in order to achieve a final porosity of approximately
35%. The anode and cathode composition remained constant for each
coating. The resulting electrode thicknesses accounted for 71 μm,
79 μm, 90 μm and 116 μm for coatings 1 to 4, respectively.

Laser-structuring of anodes.—For the electrode pore morphology
modification, picosecond laser pulses from an Ytterbium fiber laser
(YLPP-1-150V-30, IPG Photonics, USA) at infrared wavelengths were
locally employed to ablate small fractions of the composite material
and induce hole-like structures into the anode coatings. The cathode
coatings as well as the current collectors of both electrodes remained
pristine. The structuring process parameters were adjusted so that the
holes reached down to the copper current collector, which resulted
in an ablated fraction of around 5 to 10 wt% of the composite elec-
trode material, depending on the electrode thickness, determined by
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Figure 1. SEM image of a laser-structured graphite anode.

weighing the electrode sheets before and after structuring. The struc-
tures were spatially distributed in a hexagonal pattern with a lateral
length of 100 μm. As more particles are removed in the structuring
process close to the surface of the coating, the structures are not per-
fectly cylindrical. On the surface, the hole diameter was around 25 to
35 μm, but the structures narrowed toward the deeper parts of the elec-
trode. The structuring process was performed with an average laser
power of 10 W, a pulse repetition frequency of 1.2 MHz, a pulse en-
ergy of 8.33 μJ and an irradiation time of 0.6 ms per structure. The
focal diameter of the laser beam was approximately 25 μm, measured
with a high-precision beam diagnostics device (MicroSpotMonitor,
PRIMES, Germany). For the deflection of the laser beam, scanning
optics (Racoon 21, ARGES, Germany) were used. A scanning elec-
tron microscope (SEM) image of a laser-structured graphite anode is
displayed in Fig. 1. For a more detailed description of the experimen-
tal setup for laser-structuring as well as process analyses, the reader
is referred to our previous work.31,38

Coin cell assembly.—Coin cells of the type 2032 were assem-
bled in an argon filled glove box (M. Braun Inertgas-Systeme, Ger-
many) at purity (H2O < 0.1 ppm, O2 < 0.1 ppm). The cathode
coins were punched at a diameter of 14 mm, the anode coins at a di-
ameter of 15 mm. A glass microfiber sheet (Type 691, VWR, USA)
with a diameter of 16 mm was used as separator. In its uncompressed
state, the separator has a thickness of 260 μm. Due to the compres-
sion during cell assembly, the separator thickness is estimated to be
around 200 μm.41 The used glass fiber separator shows a high porosity
and low tortuosity, compare Table AI, resulting in a MacMullin num-
ber of approximately 1.7. Separators used in commercial lithium-ion
cells are thinner (15–30 μm) but exhibit a higher MacMullin number

(5–15), which in turn results in a comparable effective path-length
for the lithium-ions.42 Particularly for the assembling of laboratory
cells, these glass fiber separators provide a better ease of handling
and serve as an electrolyte reservoir that prevents the cell from dry-
ing out during cycling.43,44 Each cell was filled with 100 μl of elec-
trolyte (LP57, BASF, Germany), containing ethylene carbonate (EC)
and ethyl-methyl-carbonate (EMC) in a ratio of 3:7 (by weight) with
1 M lithium-hexaflourophosphate (LiPF6). The assembly included two
aluminum spacers, each with a thickness of 1 mm in order to fill the
housing caps, a wave spring and an insulation ring.

Six coin cells – three cells with unstructured anodes and three with
structured anodes – were assembled for each of the four loadings as
shown in Table I. The cell capacities used for the formation procedure
were calculated by determining the coating mass and assuming mass
specific capacities of 150 mAh g−1 for NMC-111 and 360 mAh g−1

for graphite. The areal capacity of the anode coatings was overbal-
anced by approximately 20% compared to the capacity of the cathode
coatings in order to have a N/P ratio greater than unity and to avoid
lithium-plating during charging. The structured anodes still remained
overbalanced since the loss of material during the ablation process only
accounts for approximately 5–10 wt% of the coating. For a more even
balancing, the anodes with more active material due to manufacturing
tolerances were used for the structuring process. Additionally, cath-
odes with less active material, determined by weighing, were paired
with anodes with less active material, i.e. the structured ones.

Formation procedure and rate capability test.—After assembly,
all cells went through a formation procedure of three charge and dis-
charge cycles at a constant current (CC) of C/10 related to their cal-
culated capacity within a voltage window between 4.2 V and 3.0 V
after the first charge. A detailed overview of the measurement proce-
dures is given in Table II. All measurements were performed with a
CTS battery test system (BaSyTec, Germany) in a custom-built cli-
mate chamber with a controlled ambient temperature of 25◦C . The
insulated climate chamber uses peltier devices for thermoelectric cool-
ing to control the temperature, similar to the test chamber described
by Rheinfeld et al.45 After formation, a C/20 charge/discharge cycle
was used to determine the nominal capacity of each coin cell, listed
as average values of a set of three cells in Table I.

In the rate capability test, the cells were charged with a CC phase
followed by a constant voltage (CV) phase, which remained unaltered,
independent of the applied discharge current. Between each charge and
discharge cycle a pause of 1 h was kept to allow for relaxation of the
cells. In the discharge procedure, the cells with loading 1 and 2 were
discharged with C/5, C/2, 1C, 2C, 3C, 4C, 5C and 10C. To have a
better resolution, discharge currents of 1.5C, 2.5C, 3.5C, 4.5C and 6C
were added for loading 3 and 4. The results of the rate capability test
are shown in Fig. 2. The discharge capacities were referenced to the
area of the cathode coins of 1.54 cm2. Marginal deviations in the final

Table I. Characterization of the four loadings comprising unstructured and structured anodes.

Measured Electrode Modeled areal Anode
Loading Anode type Abbreviation capacityI thicknessII capacityIII tortuosity

1 unstructured L1U 3.54 mAh 71 μm 2.26 mAh cm−2 5.5
structured L1S 3.42 mAh 71 μm 2.26 mAh cm−2 3.5

2 unstructured L2U 3.90 mAh 79 μm 2.50 mAh cm−2 5.5
structured L2S 3.80 mAh 79 μm 2.50 mAh cm−2 3.5

3 unstructured L3U 4.57 mAh 90 μm 2.90 mAh cm−2 8.5
structured L3S 4.33 mAh 90 μm 2.90 mAh cm−2 5.5

4 unstructured L4U 6.00 mAh 116 μm 3.82 mAh cm−2 8.5
structured L4S 5.77 mAh 116 μm 3.82 mAh cm−2 6.5

Iaverage cell capacity determined by the C/20 discharge cycle.
IIaccounts for both, anode (lneg) and cathode thickness (lpos).
IIIderived from the averaged measured capacities and normalized to the cathode area of 1.54 cm2.
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Table II. Measurement procedures applied to the coin cells.

Procedure Charge Discharge Cycles

Formation CC @ C/10 until U ≥ 4.2 V CC @ C/10 until U ≤ 3.0 V 3
Capacity check CC @ C/20 until U ≥ 4.2 V CC @ C/20 until U ≤ 3.0 V 1

CV @ 4.2 V until I ≤ C/100
Rate capability test CC @ C/2 until U ≥ 4.2 V CC @ IL

∗ until U ≤ 2.7 V 3
CV @ 4.2 V until I ≤ C/100 (for each IL)

CC - constant current, CV - constant voltage.
∗IL1,L2 = C/5, C/2, 1C, 2C, 3C, 4C, 5C, 10C for loading 1 and 2.
IL3,L4 = C/5, C/2, 1C, 1.5C, 2C, 2.5C, 3C, 3.5C, 4C, 4.5C, 5C, 6C, 10C for loading 3 and 4.
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Figure 2. Measured area-specific discharge capacity of coin cells comprising
unstructured and structured anodes for C-rates from C/5 to 10C.

coating thicknesses appeared in the range of manufacturing tolerances
and led to slight deviances in the measured coin cell capacities.

Modeling

In our previous work, a homogenized 3D model of a representative
hole structure was used to describe a structured anode.39 Simulation re-
sults of lithium-ion concentrations in both the electrolyte and the active
material helped to understand and clarify occurring inhomogeneities
due to the structuring. Among the main findings were the reduced
concentration gradients in the liquid electrolyte in the through-plane
direction of the cell, which in turn led to the increased discharge rate
capability. Moreover, it is difficult to represent the geometric shape
of the induced holes in a 3D model. Each hole has a slightly differ-
ent shape depending on the particles that were removed by the laser
ablation process, compare to Fig. 1. In this work, a p2D model ac-
cording to Doyle, Fuller and Newman46,47 is used, which consists of
the three 1D domains anode, separator and cathode, defined by their
thickness lneg, lsep and lpos, respectively. The governing equations are
listed in the appendix in Table AII and the parameterization is shown
in Table AI. Note, that reducing the spatial dimensions of the electrode
to the through-plane dimension holds a simplification of the complex
electrode structure. However, the 1D model comes with faster com-
putational speed and is able to adequately describe the processes and
limitations in the through-plane direction, which are the main contrib-
utors to the determinant cell performance.39

In 1D models the geometry does not account for porous structures,
as is the case for the electrodes and the separators in a state-of-the-
art lithium-ion battery with liquid electrolyte. Hence, an adaption is

needed to appropriately represent the prolonged transport pathways in
porous structures. This plays an important role, especially when high
currents are applied to the cell and the limitation mechanisms in the
electrolyte have a major contribution. To account for the morphology
of porous structures in 1D models, the electrolyte transport parame-
ters are modified by using a correction term to express the effective
diffusivity Dl,e f f and conductivity κe f f as shown in Eq. 1. An often
used term in modeling is the Bruggeman correction,5,48–52 where the
factor αBrugg was calculated to be 1.5 for materials with ideal spherical
particles of identical size.53 Since the electrode particles are not ideally
spherical, e.g. natural graphite is platelet-shaped, and are not of the
same size, a Bruggeman correction of αBrugg = 1.5 just states a lower
limit for the correction factor.17,29,54,55 The MacMullin number NM ,
which can be defined as the ratio of the tortuosity τ and the porosity
εl (Eq. 2) is another possible correction factor.56

�l,e f f = ε
αBrugg
l �l = εl

τ
�l = �l

NM
[1]

NM = τ

εl
[2]

No matter which correction term is used, a change in the factor will
significantly influence the transport properties and thereby the cell be-
havior. The structuring process modifies the electrode pore morphol-
ogy and enhances the lithium-ion transport in the electrolyte which
has a positive effect on the capacity retention in a certain range of dis-
charge currents.39 Based on the parameter set of the cells comprising
unstructured anodes, a reduction of the MacMullin number is utilized
to describe the behavior of the cells comprising structured anodes.
Thus, either a reduction in the electrode’s tortuosity or an increase
in the porosity will improve the local transport properties. However,
an increase in the porosity has a higher influence because it directly
affects the mass balance

εl
∂cl

∂t
= −∇Nl + Rl [3]

Regarding the discharge of the cell, i.e. the delithiation of the anode, a
higher anode porosity means that there is more space for the lithium-
ions in the pore volume and the absolute lithium-ion concentration in
the electrolyte cl is lowered. The lithium-ion concentration in turn has
a crucial effect on the electrolyte transport properties, see Table AI.

In this work, the tortuosity was adapted in the model to repre-
sent the pore morphology change by the structuring process of the
graphite anode. In order to maintain comparability between the differ-
ent loadings, the sensitivity analysis in this work investigates varying
tortuosities only and neglects the alternation of porosity, which may
be correlated with a change in tortuosity. The discharge rate behav-
ior of the loadings was adjusted via the electrode thickness and the
anode tortuosity, all other modeling parameters remained unaltered.
Tortuosity measurements via impedance spectroscopy or 3D tomogra-
phy offer information about the electrode morphology.21,29,55,57,58 The
tortuosities used in this work are based on values found in the liter-
ature, where platelet-shaped natural graphite exhibits comparatively
high through-plane values.29,55 The parameters for the characteriza-
tion of the different loadings are listed in Table I, whereas the general
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model parameters are listed in Table AI. The electrode thickness is the
same for the anode (lneg) and the cathode (lpos).

The temperature was set constant to 25◦C in the model, owing to
the low cell capacities compared to the high heat capacity of the coin
cell setup. All measurements were performed at the same ambient
temperature, so even for the highest cell capacity of 6 mAh and a
discharge current of 10C, no temperature rise was detected. All C-
rates used in the simulation studies are referenced to the modeled areal
capacities in Table I, which were averaged and remained constant for
each loading to allow a better comparison between unstructured and
structured anodes.

Overpotential analysis.—The p2D model was implemented in the
commercial FEM solver COMSOL Multiphysics 5.3a. According to
Nyman et al.,22 the total cell polarization can be ascribed to local
potentials and concentrations solved in the p2D model and is com-
posed of the following six sub-processes, the equations are listed in
Table AIII:

• Diffusion polarization in the liquid phase
• Diffusion polarization in the solid phase
• Ohmic potential drop in the liquid phase
• Ohmic potential drop in the solid phase
• Activation overpotential
• Contact resistance

The limitation mechanisms in the simulation studies are analyzed
via using this implicit characterization method based on the actually
solved concentrations and potentials in time and over the electrode
thickness. In the separator domain, only diffusion polarization and
ohmic potential drop in the electrolyte occur, as there is no active
material and no reaction takes place. The contact resistance Rcontact

cannot be ascribed to a single domain and is therefore listed separately
in the later analysis. In the model, the cell voltage is corrected by the
voltage drop resulting from the contact resistance (Rcontact · iapp).

Lithium-plating indication.—Charging a lithium-ion cell can in-
duce lithium-plating on the surface of the graphite anode particles,
particularly at low temperatures and high charging currents.59 Up to
a certain extent, this reaction is reversible and the plated metallic
lithium gets oxidized either by intercalating into the graphite par-
ticles during relaxation or by stripping/dissolution in an subsequent
discharge cycle.60,61 However, part of this reaction remains irreversible
and plated lithium tends to form dendrites that can penetrate the sep-
arator and cause severe safety problems.62

With an equilibrium potential of 0 V vs. Li0/Li+, the neces-
sary condition of the lithium-plating reaction is an overpotential of
ηLi ≤ 0 V.52,63–65 The lateral electrode dimensions and the tab posi-
tions can cause an inhomogeneous distribution of the current density
and therefore result in different local potentials.6 Besides, both the
anode and the cathode properties and the balancing of the two elec-
trodes play an important role for the likelihood of lithium-plating.64

Regarding the used 1D model, the lithium-plating reaction is presum-
ably most pronounced at the anode/separator interface and the local
potential criterion �s −�l ≤ 0 V can be interpreted as an indicator for
lithium-plating during a charging procedure.6 Based on this criterion,
various fast charging scenarios were evaluated in the later simulations.

Results and Discussion

Model validation and simulation.—For validation of the devel-
oped model, the data from Fig. 2 is normalized to the C/5 discharge
capacity of each loading and compared to the simulation results, which
is shown in Fig. 3a. By normalization of the the discharge capacity,
it is more obvious that the lower loadings can withstand higher C-
rates. The curves shift from the highest loading L4U to the lowest
loading L1U on the very right side. The curves of the cells com-
prising structured anodes (dashed lines) all bend at higher C-rates
so that these lie right of their unstructured counterparts of the same
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Figure 3. (a) Comparison of measured and simulated C/5-normalized dis-
charge rate capability of coin cells comprising unstructured and structured
anodes and (b) observed difference in normalized discharge rate capability.

loading (solid lines). The simulation results represented by the dash-
dotted lines for the unstructured electrodes and the dotted lines for
the structured electrodes are in good agreement with the measurement
data.

The validation of the measured and simulated discharge voltage
curves is shown in the appendix in Fig. A1. The gray shaded areas
represent the margin of the measured discharge voltages of each set of
coin cells for the specified loading. The experimental and simulated
rate capability tests covered a wide span of discharge C-rates, for
validation of the voltage profiles, the C-rates C/5, 2C, 5C and 10C
were selected. In the simulations, only the electrode thickness, the
applied current density and the anode tortuosity were adapted to the
different loadings and the measurement data is in very good agreement
with the simulation results.

The benefit of the structuring process appears in the difference in
normalized capacities of the cells comprising structured and unstruc-
tured anodes, see Fig. 3b. A categorization in three different stages is
visible: for low applied C-rates there is no improvement induced by the
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structuring process, for medium C-rates the improvement increases
and reaches a maximum and for higher C-rates it diminishes when
other limitations become more pronounced. A detailed explanation of
the three stages can also be found in our previous work.39 The location
of the maximum determines the range of C-rates where the structur-
ing process has a positive impact. The pore morphology change of the
graphite anode leads to an enhanced transport of lithium-ions and a
reduction of concentration gradients in the electrolyte. Thereby, the
cutoff voltage for the discharge process is reached at a later moment
and more capacity can be discharged from the cell. For higher load-
ings the maximum shifts toward lower C-rates, for lower loadings it
shifts toward higher C-rates. Even for the low loading L1 with
2.26 mAh cm−2 there is a 15% increase in capacity retention for a
discharge rate of 6C. Note, that for loading L1 and L2 the cells were
discharged with 5C and then 10C with no further steps in between,
so the maximum of L1 was most likely not reached precisely. Model-
ing and simulation is often used to extend and refine the fundamental
data of use case scenarios, such as the variation of discharge C-rates
to determine the location of the maximum improvement in capacity
retention in this work. The shape of the capacity difference, given by
the location and the value of the maximum, will be analyzed with a
simulation study next.

The influence of the structuring process as a function of electrode
thickness is studied based on the parameter set of loading L1. In this
study, an increase in electrode thickness increases the loading, so the
discharge current is adapted to the changed loading. Choosing mod-
erate values, the tortuosity of the unstructured anodes is set to 5.5 and
the tortuosity of the structured anodes to 3.5. The thickness of the
electrodes is increased by 25% in each step ranging from 71 μm to
173 μm. The results are displayed in Fig. 4a. As expected, an increase
in the electrode loading causes the maximum to shift toward lower
C-rates. The maximum improvement is just slightly affected by the
electrode thickness. For thin electrodes with 71 μm thickness there is
a 15% capacity enhancement compared to 18% for thick electrodes
with 173 μm thickness.

On the other hand, the tortuosity improvement by a pore morphol-
ogy modification highly affects the maximum enhancement in capacity
retention as can be seen in Fig. 4b. This simulation study is based on
parameter set L4 that features high tortuosity values. Starting from
a tortuosity of 8.5 for the unstructured anode, the tortuosity of the
structured anode is reduced by steps of 1 down to 3.5. The electrode
thickness and the resulting discharge currents remained constant. The
lower the tortuosity of the porous anode, the higher the improvement in
capacity retention. The C-rate where the maximum is reached slightly
shifts toward higher discharge currents, in this case from around 1.25C
up to 2.5C. Note, an electrode porosity of 0.35 results in a tortuosity
of 1.7 by using the Bruggeman correlation with αBrugg = 1.5. This in
turn would lead to an increased discharge capacity of around 45% in
this use case scenario. So the morphology of a composite electrode has
to be carefully assessed when deriving correction terms for modeling
purposes.

Overpotential analysis.—Regarding local polarization within the
electrode stack, such as the anode, separator and cathode domain,
the overall cell polarization is derived based on the aforementioned
implicit overpotential analysis (as described in the modeling section)
and outlined in the following to investigate the limiting mechanisms
during discharge processes with increasing C-rates.

Based on the parameter set L2U, the initial conditions of the simu-
lation were set to a fully charged state at a cell voltage of 4.2 V. Similar
to the rate capability test listed in Table II, the cells were discharged
with a CC procedure with C-rates ranging from C/5 to 10C until a cut-
off voltage of 2.7 V was reached. The individual overpotentials were
temporally averaged over each discharge cycle and then ascribed to one
domain based on their occurrence. In Fig. 5a the relative contribution
to the cell polarization is shown (they sum up to 1). While the anode
contribution is declining for increasing discharge C-rates, it constitutes
the major contribution to the total cell polarization up to 7C. This can
be explained by the high tortuosity on the one hand and the fact that the
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Figure 4. Simulated difference in normalized discharge rate capability of (a)
cells with increased loading by increasing the electrode thickness based on
parameter set of L1 and (b) cells with decreasing anode tortuosity and constant
electrode thickness based on parameter set L4.

anode is the limiting electrode for the discharge process on the other
hand. This will be explained in detail in the upcoming part. The cathode
and contact contribution overtake the anode at 8C. Since the contact
resistance is purely ohmic, the overpotential increases linearly with
the applied discharge current. The separator only plays a minor role as
only the diffusion polarization and ohmic potential drop in the liquid
phase contribute in this domain. To get a better understanding of the
impact of the overpotential, the absolute values are plotted in Fig. 5b
for selected C-rates. For low discharge currents, e.g. C/5, the absolute
cell overpotential is very low, hence its origin is less important. For 1C
the total cell overpotential rises to around 100 mV and almost reaches
800 mV for a 10C discharge with the given parameterization set of the
p2D model. With medium currents, the dominating anode contribution
shows an opportunity to improve the cell design. Therefore, the an-
ode overpotentials are investigated in detail depending on their driving
force.

By excluding the contact resistance, the polarization in the an-
ode can be categorized into five groups, namely the diffusion polar-
ization and the ohmic potential drop in the solid and liquid phase
and the activation overpotential. In order to investigate the influ-
ence of the change in anode pore morphology on the arising over-
potentials, the parameter sets L2U and L2S were compared in the
simulations. An overview of the absolute anode overpotentials for
discharge currents ranging from C/5 to 10C is shown in Fig. 6. For
the depicted pair of bars at each simulated discharge C-rate, the left
one represents the results for the unstructured and the right one for
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Figure 5. (a) Relative and (b) absolute distribution of cycle-averaged overpo-
tentials of parameter set L2U assigned to the domains anode, separator and
cathode and the contact resistance for discharge C-rates from C/5 to 10C.

the structured anode comprising the L2U and L2S parameterization,
respectively.

The ohmic potential drop in the solid phase is barely visible which
is referred to a high electrical conductivity in natural graphite of around
100 S m−1.66–70

The ohmic potential drop in the electrolyte is also very low, with
a minor contribution at very high C-rates. With the given parameter
set of this work, the electrolyte conductivity κ lies around 1 S m−1 for
moderate lithium-ion concentrations of 1000 mol m−3, see also elec-
trolyte transport parameters in Table AI. The conductivity of the bulk
electrolyte can be measured with a turn-key conductivity sensor29 and
is therefore a well determined electrolyte property. A detailed overview
of different electrolyte properties used for modeling purposes, includ-
ing the conductivity, is given by Rheinfeld et al.71 In their work the
conductivity of five different electrolytes ranges from 0.8 to 1.2 S m−1

(at 1000 mol m−3 and 25◦C ). Even with the calculation of the effective
conductivity κeff (see Eq. 1), in our case, the liquid current density il

is too low to cause a high potential drop in the electrolyte.
The major contributors to the cell overpotential, as can be seen

in Fig. 6, are the diffusion polarization in the solid and liquid phase
and the activation overpotential. The diffusion polarization in the solid
phase is calculated by the difference of the equilibrium potential on the
surface of the particles and the average equilibrium potential (equa-
tions listed in Table AIII). During the end of discharge, the anode
lithiation level x in LixC6 tends toward zero and the corresponding
equilibrium voltage Eeq,neg reveals increasing potential gradients the
more lithium is extracted, which in turn causes the reach of the cell
discharge cutoff voltage of 2.7 V. Hence, a low lithium-ion concentra-
tion on the particle surface generates a high polarization in the solid
phase, especially at the end of discharge.

The activation overpotential is affected by the kinetics as described
by the Butler-Volmer equation, e.g. a higher exchange current density
i0 would result in lower overpotentials η (and vice versa) to reach
the same surficial molar flux, as defined by the boundary conditions
(see electrode kinetics in Table AII). Due to the nonlinear character-
istics of the Butler-Volmer equation, a rise in the discharge current
does not result in a proportional rise in the activation overpotential.
It slightly increases with increasing discharge C-rates. The exchange
current density is calculated by the anodic and cathodic reaction rates
and the local lithium-ion concentrations. The lithiation process of the
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active material is either limited by the liquid phase concentration cl

tending toward zero (electrolyte depletion) or the surface concentra-
tion of the particles cs,sur f reaching the maximum concentration cs,max .
The delithiation process is limited if the surface concentration of the
particles reaches zero. In either case the exchange current density is
diminished and the activation overpotential rises. The determination
of the kinetic reaction rates is not trivial and not many values can be
found in literature. A lot of publications use the reaction rates as fit-
ting parameters51,72–74 or set the exchange current density to a constant
value,67,68 which makes the reaction rates unnecessary. Generally, high
reaction rates result in low activation overpotentials and low reaction
rates in high activation overpotentials. Lin et al.75 list a range of 10−12

to 10−9m s−1 for the reaction rates of anodes and cathodes. Based on
a sensitivity analysis conducted in this work, the reaction rates were
estimated to 6 × 10−11 m s−1, which is within the given range by
Lin et al.75

The diffusion polarization in the liquid phase is the biggest con-
tributor in the anode domain. Its driving force are the lithium-ion
concentration gradients in the electrolyte. As explained in the model-
ing section, the effective electrolyte diffusivity is strongly affected by
the porous electrode structure and calculated with the tortuosity and
porosity. The high anode tortuosity lowers the effective diffusivity and
increases the concentration gradients. Spatially resolved concentration
gradients can be found in our previous work.31 The resulting overpo-
tential of the diffusion in the liquid phase of the unstructured anode
reaches a maximum of around 100 mV at 5C and amounts to almost
half the overpotential arising in the anode. By structuring the graphite
anode, the modeled tortuosity is lowered from 5.5 for loading L2U to
3.5 for L2S. The maximum in capacity retention for this structuring
process also occurs at a discharge C-rate of 5C, which corresponds
to a peak in the liquid diffusion polarization. The structuring process
enhances the transport in the electrolyte and mainly reduces the over-
potentials caused by the diffusion polarization. A maximum reduction
in anode overpotential of 42 mV is reached at 3C with 36 mV from
liquid diffusion polarization.

Fast charging scenario.—In the previous sections, it was demon-
strated that lithium-ion cells comprising structured graphite elec-
trodes provide an increased discharge rate capability in a certain
range of C-rates by reducing electrolyte concentration gradients and
overpotentials. Based on the parameterization that was validated
against discharge rate capability tests, a fast charging scenario was
simulated.

Therefore, the initial lithium-ion concentrations in both the anode
and the cathode were adapted (compare Table AI) in order to repre-
sent a fully discharged cell with an initial cell voltage of 2.7 V. The
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Figure 7. (a) Simulated cell voltage and (b) potential difference �s − �l
at anode/separator interface for charging currents 1C, 2C and 3C based on
parameter set L3.

simulations were carried out with a CC charge of 1C, 2C and 3C until
a cutoff voltage of 4.2 V was reached, no CV phase was added to the
charging procedure. In Fig. 7 the cell voltage and the potential differ-
ence at the anode/separator interface are plotted for loading L3. The
charged capacities and the lithium-plating indication for all loadings
are listed in Table III.

Note, that the gray shaded area for the potential drop in Fig. 7b
just gives an indication of possible lithium-plating at the anode. The
simulations were carried out under isothermal conditions (T = 25◦C),
which might hold true for a coin cell with low power losses. A heating
of the cell would result in enhanced electrolyte transport properties,

Table III. Charged capacity and lithium-plating indication during fast charging scenarios.

�CapacityI �SOCII �SOC Li-platingIII

Loading 1C 2C 3C 1C 2C 3C 1C 2C 3C Maximum C-rateIV

L1U 3.27 mAh 2.97 mAh 2.60 mAh 94.0% 85.2% 74.5% - - 59.8% 2.5C
L1S 3.29 mAh 3.02 mAh 2.71 mAh 94.6% 86.7% 78.0% - - - 3.3C
L2U 3.60 mAh 3.21 mAh 2.68 mAh 93.5% 83.4% 69.5% - - 44.0% 2.1C
L2S 3.63 mAh 3.29 mAh 2.88 mAh 94.4% 85.6% 74.9% - - 74.3% 2.9C
L3U 3.93 mAh 3.07 mAh 1.86 mAh 88.0% 69.0% 41.6% - 42.2% 11.2% 1.2C
L3S 4.02 mAh 3.43 mAh 2.53 mAh 89.9% 76.9% 56.9% - 68.0% 23.5% 1.7C
L4U 4.61 mAh 2.46 mAh 1.06 mAh 77.9% 41.7% 18.0% 64.3% 14.7% 6.1% 0.7C
L4S 4.80 mAh 3.03 mAh 1.35 mAh 81.7% 51.5% 23.0% 79.8% 23.8% 7.6% 0.9C

ICC charging from 2.7 V to a cutoff voltage of 4.2 V.
IIreferenced to the nominal capacities determined by the corresponding loading in Table I.
III�SOC when Li-plating is provoked, determined by �s − �l at anode/separator interface.
IVmaximum charging C-rate without Li-plating.
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reduced lithium-ion concentration gradients and lower overpotentials
that counteract lithium-plating. The simulation study just provides a
hint for possible lithium-plating and the effects of the electrode pore
morphology modification on charging procedures.

In the simulation in Fig. 7a during the 1C charge of both L3U
and L3S, almost 90% of the cell capacity can be charged, the benefit
of the structuring is marginal. In the cell voltage there is no option
to assess the anode potential and it looks like the structured anodes
just give a small benefit in the charged capacity in the end. For a 2C
charge however, the reduction in overpotentials can be clearly seen in
Fig. 7b, where the potential drop for the structured anodes lies well
above the the one for unstructured anodes. After 12 min of charging,
the unstructured anode reaches a potential that could invoke lithium-
plating, while the structured anode reaches the critical potential only
shortly before the end of charge (compare SOC in Table III). This
effect is even more pronounced for a 3C charge, where both potential
curves lie well below 0 V shortly after applying the charging current.
This is a clear indication of possible lithium-plating and the charging
current is too high for this cell setup. Regarding the charged capacity
for a 3C charging rate, the cells comprising structured anodes reach
a 15% higher SOC until the cutoff voltage is exceeded. So not only
for discharging, but also for charging procedures the modified elec-
trode pore morphology shows distinct advantages in an overpotential
reduction.

An assessment of the other three loadings, as listed in Table III,
reveals that for loading L1 with an electrode thickness of 71 μm the
structuring shows little benefits regarding the charged capacity. Just
at the end of a 3C charge, the potential drop of L1S is a little less
and the lithium-plating criterion is not fulfilled. For loading L2 with
thicker electrodes, more capacity can be charged and the advantages of
structured anodes increase. Especially for a 3C charge, with structured
anodes there is almost no lithium-plating provoked compared to the
unstructured ones. A comparison of the charged capacities of loading
L4 and Fig. 3b reveals, that there is also a range for charging currents
with a maximum benefit. The 1C charge adds 3.3% in capacity, the 2C
charge 9.8% and the 3C charge 5.0%. At lower charging currents, the
concentration gradients are reduced and the pore morphology change
has little or no influence. With increasing charging currents, a maxi-
mum benefit arises and diminishes again when other limitations come
into place. However, for the thick electrodes in the case of L4 (116μm),
all three charging currents would possibly provoke lithium-plating and
the current should be reduced for both the cells with unstructured and
structured anodes. Just the amount of plated lithium could be less with
structured anodes.

In order to assess the maximum charging C-rate for each loading, a
simulation study with incremental C-rates with a step size of 0.1C was
carried out. The results are listed in the last column in Table III. In each
case, the potential difference �s −�l at the anode/separator interface
would stay slightly above 0 V at the end of charge. The cells compris-
ing structured anodes can withstand higher C-rates for all loadings.
With increasing electrode thickness, the maximum charging C-rate
has to be reduced. The C-rates are derived from the modeled areal ca-
pacities in Table I, a conversion of the C-rates to current densities, due
to the changed loading, leads to the same trend. Based on the charged
capacities with the maximum C-rate of the cells with unstructured an-
odes, the C-rates with structured anodes that lead to the same charged
capacity can be calculated. The simulated pore morphology modifica-
tion would allow higher charging currents so that the charged capacity
stays the same in the end for the cells comprising unstructured and
structured anodes of each loading. This leads to a reduced charging
time of around 10% for loadings L1 and L2, 17% for L3 and 13% for
L4, respectively. On top of the shorter charging time, the distance to
the lithium-plating threshold is higher for the structured anodes and
thereby the cell safety enhanced.

Conclusions

An electrochemical model was developed and validated against
experimental data gained from lithium-ion cells comprising unstruc-

tured and structured graphite anodes. The areal capacities of the cells
were varied by changing the electrode thickness, the electrode com-
position and the porosity remained constant within the manufacturing
tolerances. The simulation results are well in line with the discharge
rate capability measurements.

The loading of the cell, defined by the electrode thickness, deter-
mines the C-rates where the structuring process provides a benefit in
capacity retention, which was around 10–18% for the measured cells.
The location and shape of this benefit is given by the electrode thick-
ness and the tortuosity reduction. With increasing electrode thickness,
the maximum benefit shifts to lower C-rates (and vice versa) and the
tortuosity reduction specifies the maximum itself, i.e. a lower tortuos-
ity yields a higher rate capability.

In order to understand the limiting mechanisms, an overpotential
analysis was conducted that revealed the anode as a major contributor.
Especially the diffusion polarization in the electrolyte limits the per-
formance for medium C-rates. Through modification of the pore mor-
phology, a reduction in the anode tortuosity can be achieved, which
results in a reduction of concentration gradients and the accompa-
nying overpotentials and more capacity can be discharged from the
cell.

A fast charging scenario for the different loadings revealed that the
reduced overpotentials through electrode structuring provide an ap-
proach for preventing lithium-plating at the anode. In the fast charging
simulation studies, a reduction of the charging time of 10–17% was
achieved while keeping the anode potential in a safe area above the
lithium-plating threshold.

In this work, laser-structuring was used to modify the electrode
pore morphology of graphite anodes and the generated effects were
investigated. In conclusion, the tortuosity should be well considered
regarding electrode and cell design and simulation studies can support
the overall process. Future work will focus on the optimization of
the electrode structure, defined by the geometrical dimensions of the
induced holes and the amount of structures, i.e. the structure pattern.
Tortuosity measurements are necessary in order to identify the change
in electrode pore morphology generated by the structuring process.
Furthermore, simulations could be used to provide a guideline for an
optimal structure for a given set of electrodes, adjusted to the desired
performance improvement within the physical bounds of tortuosity
reduction.
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Appendix

The comparison of the measured and simulated discharge voltage curves for all load-
ings comprising unstructured and structured anodes is displayed in Fig. A1. The repre-
sentative voltage curves for the discharge C-rates of C/5, 2C, 5C and 10C were selected
for validation.

An overview of the most relevant model parameters is shown in Table AI. The elec-
trolyte diffusivity Dl and conductivity κ were taken from Mao et al.76 However, Mao et al.
used a polynomial fitting function for the electrolyte conductivity which is only valid for
concentrations below 3000 mol m−3. At higher concentration levels, the conductivity starts
to increase, so a correction for extrapolation at highly saturated electrolytes from Rheinfeld
et al.71 was used instead. The electrolyte activity dependence was extracted from Valøen
and Reimers.77 All three functions describing the electrolyte expect the concentration to
be in mol m−3.

The differential algebraic equations of the p2D model are listed in Table AII. In order
to prevent local lithium-ion concentrations from becoming zero or even negative and thus
cause instability, a modification of the Butler-Volmer equation introduced by Mao et al.76

was implemented.
The equations for calculating the polarization of the different sub-processes are stated

in Table AIII. The total current per cross-sectional area itot is calculated via an integration
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Figure A1. Comparison of measured (gray shaded areas) and simulated discharge voltage curves, normalized to their C/5 capacity for C-rates C/5, 2C, 5C and
10C. The cells comprising unstructured anodes are depicted in (a), (c), (e) and (g) for loadings L1U, L2U, L3U and L4U and the cells comprising structured anodes
are depicted in (b), (d), (f) and (h) for loadings L1S, L2S, L3S and L4S, respectively.

of the local current density on the particle surface iloc – as given by the Butler-Volmer
equation – multiplied with the specific interfacial area a (ratio of active material surface
to volume)

itot =
∫ x2

x1

ailocdx [A1]

In order to calculate the average cell polarization, the integration boundaries x1 and x2

are chosen to 0 and L = lneg + lsep + lpos , respectively. Polarization based on spatial
integral values refers to the relevant domains of anode, separator and cathode and the
corresponding boundary values in the x-dimension. For a profound explanation of the
method and the set of equations, the reader is referred to the original publication of
Nyman et al.22
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Table AI. Model parameters used within this work; numeric values and magnitudes of parameters chosen in this study were referenced to literature
where applicable.

Parameter Anode Separator Cathode

Geometry
Thickness l Table I 200 μm41 Table I
Particle radius rp 5 μm I 5.5 μm I

Solid phase fraction εs 0.53 II 0.5 II

Liquid phase fraction εl 0.35 m 0.7 e 0.35 m

Tortuosity τ Table I 1.2 e 1.855

Thermodynamics
Equilibrium voltage Eeq Ref. 31 Ref. 31
Maximum lithium concentration cs,max 32000 mol m−373 50000 mol m−373

Lithiation at 100% SOC
cs,100

cs,max
0.71 e 0.43 e

Lithiation at 0% SOC
cs,0

cs,max
0.003 e 0.91 e

Kinetics
Anodic reaction rate ka 6 × 10−11 m s−1 e 6 × 10−11 m s−1 e

Cathodic reaction rate kc 6 × 10−11m s−1 e 6 × 10−11m s−1 e

Anodic charge-transfer coefficient αa 0.567 0.567

Cathodic charge-transfer coefficient αc 0.567 0.567

Transport
Solid diffusivity Ds 1 × 10−14 m2 s−176 1.8 × 10−13 m2 s−173

Solid conductivity σ 100 S m−168 10 S m−168

Parameter Electrolyte

Electrolyte diffusivity Dl 5.34 × 10−10 exp
(−0.65 cl

1000

)
exp

(
2000 T −298

298T

)
76 in m2 s−1

Electrolyte conductivity κ 729.9912 exp
( −1690

T

) ( cl
2050

)0.75
exp

(
−

(
cl

2050

)1.75
)

71 in S m−1

Activity dependence
∂ ln f±
∂ ln cl

0.601−0.24(cl /1000)0.5+0.982(cl /1000)1.5(1−0.0052(T −294))
1−t+ − 177

Transport number t+ 0.3877

Parameter Global

Temperature T 298.15 K m

Ohmic contact resistance Rcontact 9.75 × 10−4 �m2 e

m measured value, e estimated value.
I derived from D50 mass-median-diameter from datasheet.
II derived from weight ratio of electrode composition.

Table AII. Differential algebraic equations of the p2D model according to Doyle, Fuller and Newman46 including an adaption for the Butler-Volmer
equation from Mao et al.76

Type Equations

Mass balance εl
∂cl
∂t = ∂

∂x

(
Dl,e f f

∂cl
∂x + il (1−t+ )

F

)
εs

∂ cs
∂t = 1

r2
∂
∂r

(
Dsr2 ∂ cs

∂r

)
Potentials ∂ �l

∂x = − il
κe f f

+ 2 R T
F (1 − t+ )

(
1 + d ln f±

d ln cl

)
∂ ln cl

∂x
∂ �s
∂x = − iapp−il

σs
with iapp = is + il ∀ x, t

Charge balance ∂il
∂x + ∂is

∂x = 0 with ∂is
∂x = − 3εs

rp
F jn

Electrode kinetics jn = i0
F

exp
(

αa F η
RT

)
−exp

(
− αc F η

RT

)

1+ 1mol m−3
cl

exp
(
− αc F η

RT

)
η = �s − �l − Eeq

i0 = F kαa
c kαc

a

(
cs,max − cs,sur f

)αa
(
cs,sur f

)αc
(

cl
1mol m−3

)αa

Table AIII. Polarization analysis by Nyman et al.22

Polarization source Equation

Diffusion polarization liquid phase 1
itot

∫ x2
x1

2 RT
cl F (1 + ∂ ln f±

∂ ln cl
)(1 − t+ ) ∂cl

∂x il dx

Diffusion polarization solid phase 1
itot

∫ x2
x1

ailoc(Eeq,sur f − Eeq,ave )dx

Ohmic potential drop liquid phase 1
itot

∫ x2
x1

i2l
κe f f

dx

Ohmic potential drop solid phase 1
itot

∫ x2
x1

i2s
σe f f

dx

Activation overpotential 1
itot

∫ x2
x1

ailoc(�s − �l − Eeq,sur f )dx

Contact resistance iapp · Rcontact
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List of symbols

Symbol Description Unit

a Specific interfacial area m−1

c Concentration mol m−3

D Diffusion coefficient m2 s−1

Eeq Equilibrium potential V
F Faraday constant 96 485 As mol−1

f± Activity coefficient -
i Current density A m−2

jn Pore-wall flux A m−2s−1

l Thickness m
Nl Ion flux density mol m−2s−1

NM MacMullin number -
rp Particle radius m
r r-coordinate in p2D model m
R Universal gas constant 8.314 J mol−1 K−1

Rcontact Contact resistance � m2

Rl Reaction term mol m−3s−1

t Time s
t+ Transport number -
T Temperature K
x x-coordinate in p2D model m

Greek
αBrugg Bruggeman correction term -
ε Volume fraction -
κ Electrolyte conductivity S m−1

τ Tortuosity -
σ Solid phase conductivity S m−1

� Electrical potential V
� Transport property in porous media -

Subscripts
a anodic reaction (oxidation)
app applied
ave average
c cathodic reaction (reduction)
e f f effective (transport parameter correction)
l liquid phase/electrolyte
loc local
max maximum
neg negative electrode/anode
pos positive electrode/cathode
s solid phase/active material
sep separator
sur f surface
tot total
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5 Conclusion and Outlook

The worldwide demand for applications, especially EVs, that rely on an adequate electrical energy stor-
age system is rapidly growing. Thereby, LIBs with a liquid electrolyte pose the predominant technology
for mobile but likewise for stationary energy storage systems today and in the mid-term future. This
creates the necessity for further improvements on state-of-the-art LIBs in order to fulfill the demanding
requirements with regard to the available energy density and power capability of LIBs. Designing LIBs
for EVs is particularly challenging, as a high energy density is needed to reach customer-satisfactory
driving ranges, and a high power capability is needed to enable fast charging procedures. This tradeoff
between energy and power must be considered in the cell design process, while simultaneously neither
the safety nor the lifespan of the battery should be compromised.

Within the scope of this thesis, performance enhancements of LIBs via new active materials as well
as an improved electrode and cell design were investigated. The characteristics of a LIB are mainly
influenced by the choice of active materials. The capacity of a LIB can be enhanced by anode and
cathode active materials with a higher specific capacity. The specific capacities of both active materials,
in addition to their corresponding voltage levels, determine the maximum energy density that can be
reached. Active material properties such as the electronic conductivity, the ionic diffusivity, and the
reaction kinetics for de-/intercalation define the intrinsic power capability. Despite these intrinsic
active material properties, the overall cell performance can as well be adjusted via the electrode and
cell design. The addition of conductive additives and higher electrode porosities increase the power
capability for instance, but concurrently reduce the energy density. The development of specific cell
components towards optimized cell characteristics should therefore always be critically assessed.

Prevalent state-of-the-art LIBs are often comprised of a nickel-rich CAM such as NCA or NCM-811
with a specific capacity of about 200mAhg−1. The most common anode active material is graphite
with a practical specific capacity of about 360mAhg−1, which can be boosted by the addition of silicon.
Such Si-C anodes are already used in commercially available LIBs. A promising not yet commercialized
CAM that offers a higher specific capacity of around 250mAhg−1 is lithium- and manganese-rich
NCM, also referred to as LMR-NCM. Based on the material stoichiometry, LMR-NCMs are more
cost-effective because of their high manganese share in comparison to nickel-rich CAMs, as the price
of the commodity manganese is an order of magnitude lower than that of nickel.

In order to thoroughly evaluate the characteristics of cells containing LMR-NCM, the material was em-
ployed in multilayer pouch cells together with graphite anodes and compared to similar NCA/graphite
pouch cells. Both pouch cell types were designed to reach a capacity of 5.5Ah at a 1C discharge
rate. The energy density and the power capability of the pouch cells were investigated in a discharge
rate capability test, and their long-term stability was assessed in an aging study. Distinct differences
between the two cell types were the wider voltage window of 2.0–4.6V of the LMR-NCM/graphite
cells as well as the voltage hysteresis between charge and discharge even at low currents, while the
NCA/graphite cells were cycled between 3.0–4.3V and showed almost no voltage hysteresis. In the
rate capability test, the specific capacity of the LMR-NCM/graphite pouch cells was about 30% higher
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in comparison to the NCA/graphite pouch cells. However, because of the voltage hysteresis and the
lower mean discharge voltage of LMR-NCM, the energy density on the cell level was only 11% higher.

In the aging study, the LMR-NCM/graphite pouch cells initially showed a better performance than the
NCA/graphite cells. However, due to a faster capacity and voltage fading of the LMR-NCM/graphite
cells, their cycling stability was somewhat inferior. While the LMR-NCM/graphite cells already
reached the 80% criterion of the remaining energy density after 230 cycles, the NCA/graphite cells
lasted for about 710 cycles. The overall cycle life of the LMR-NCM/graphite pouch cells was lim-
ited to 250 cycles, as strong gassing, most likely related to electrolyte oxidation, caused a rupture of
the pouch foil and the cycling tests were stopped. The 80% criterion of the specific capacity of the
LMR-NCM/graphite cells was projected to be reached after 350 cycles, whereas the NCA/graphite
cells reached this criterion only after 980 cycles.

During the evaluation of the LMR-NCM/graphite pouch cells, a strong increase in cell temperature
especially for higher currents was detected. At the end of a 3C discharge, a maximum temperature of
53 °C was measured on the surface of the LMR-NCM/graphite pouch cells, while the NCA/graphite
pouch cells only reached 33 °C. The strong heat generation of cells containing LMR-NCM is caused
by an energy inefficiency, which is linked to high overpotentials and the pronounced voltage hystere-
sis of the material. For a better quantification of the released heat, calorimetric measurements were
performed with LMR-NCM/graphite coin cells and NCA/graphite coin cells. The heat generation of
the LMR-NCM/graphite cells is particularly high for discharge operations, and was around four times
as high as the released heat of the NCA/graphite cells for C/2 and 1C discharges. For an assessment
of the implications of this heat generation for larger cell formats, the heat generation was scaled and
used as an input parameter for 3D thermal models. Simulations with different cell formats, charge/dis-
charge currents, and cooling conditions revealed, that without any active cooling, discharge rates lower
than C/2 are advisable to keep the cell temperature in a safe operational range. For higher loads
and larger cell formats, the cooling strategy has to be adapted to the specific application, otherwise
critical cell temperatures above 60 °C are easily reached. Generally, the investigations with LMR-NCM
demonstrated, that the material is suited for high energy rather than high power applications.

Besides the anode and cathode active material, the electrode and cell design has a major influence
on the power capability and energy density of LIBs. In order to enhance the energy density on the
cell level, the share of passive components such as current collectors, separator, electrolyte, and the
housing can be reduced. Furthermore, the energy density can be increased by a higher share of active
materials, i.e., thicker electrodes with a lower porosity. However, such electrodes often have a high
tortuosity and face transport limitations caused by lithium-ion concentration gradients in the liquid
electrolyte. In order to reduce the electrode tortuosity and overcome these limitations, the electrode
morphology can be adapted to facilitate better transport pathways for lithium-ions.

For this purpose, LIBs with an adapted electrode morphology were investigated and laser-structuring
was employed to create hole-like structures in graphite anodes. These structured graphite anodes were
then assembled together with NCM-111 cathodes in coin cells and compared to NCM-111/graphite
coin cells with unstructured anodes. Discharge rate capability tests and accompanying electrochemical
simulations identified three different stages. In the first stage, for low C-rates, there is no improvement
through electrode structuring, as lithium-ion diffusion is not limiting the discharge processes. In the
second stage, when concentration gradients build up, around 15% more capacity could be discharged
from the cells with the structured anodes. In the third stage, the benefit in capacity retention declines,
as other limitations come into place. Therefore, there is a beneficial C-rate window for the structuring
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process that depends mainly on the electrode thickness. For thick electrodes, laser-structuring improves
the discharge rate capability at low C-rates, whereas for thin electrodes the improvement is shifted
towards higher C-rates as the transport limitations set in later. Moreover, electrochemical simulations
suggest, that the fast charging capability of LIBs could also be improved by structured anodes, as
the reduced concentration gradients cause lower overpotentials and the lithium-plating onset can be
delayed.

Although LMR-NCM cathodes face limitations at higher C-rates, a structuring of these electrodes is
not promising, as the rate limitations are rather dominated by poor charge transfer kinetics and/or
a slow solid-state diffusion of LMR-NCM and not by transport limitations within the electrolyte.
In addition, there are challenges to calender LMR-NCM coatings to porosities lower than 30%. Such
electrode porosities together with the spherical shape of the LMR-NCM active material particles result
in comparatively low tortuosities of the electrodes and a structuring of LMR-NCM electrodes will most
likely not enhance the rate capability.

With the conducted research in this thesis, different possibilities of performance enhancements of
LIBs were evaluated. While the capacity and energy of LIBs can be increased by using the high
capacitive LMR-NCM, there still remain unsolved challenges with regard to the long-term stability
of LMR-NCM. Furthermore, the energy inefficiency and the corresponding heat generation caused by
high overpotentials and the pronounced voltage hysteresis of LMR-NCM might pose problems for a
commercialization and widespread utilization of the material. In general, the rate capability of LIBs
can be boosted by an adapted electrode morphology, e.g., realized via laser-structuring of graphite
anodes. However, the suitability of the integration of laser-structuring processes into a large-scale
LIB production yet has to be probed and other structuring methods might be easier to implement.
Moreover, with new anode active materials like silicon, the benefits of structured anodes must be
thoroughly reassessed. In conclusion, there are potentials to optimize the energy density as well as the
power capability of state-of-the-art LIBs, though the cell design should always consider a holistic view
in order to match the requirements of the final application.
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