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Abstract

Ni-rich NCM based cathodes are considered the most promising cathode candidates for
next-generation high-performance Lithium-ion batteries (LIBs). Despite very good
electrochemical performance, Ni-rich NCM based cathodes still suffer practical cycling
problems, which need to be addressed before their successful commercialization. Surface
modification by coating has become one of the feasible approaches to tackle these issues
and in turn improve the electrochemical performance. However, the most common
coating methods are rather complex, time-consuming and expensive. Thus, a practical
coating technique for the commercialization of these cathodes is highly needed.

The main objective of this thesis is the development of such an efficient coating process
that not only improves the electrochemical performance of Ni-rich NCM based cathodes
but also brings them one step closer to their successful commercialization. For this
purpose, several simple, low-temperature, cost-effective coating processes have been
developed. The developed coating processes resulted in very homogenous and conformal
coatings, which in turn led to an improvement in the C-rate performance, long-term
cycling stability, and particle cracking of Ni-rich NCM based cathodes in LIBs.

Several coating materials have been tested and reported for NCM based cathode.
However, due to their different properties, one standardized coating material has not been
agreed upon. Nevertheless, Al>Os based coating materials are considered as most
promising coating material. Thus the major part of this thesis focuses upon Al.Oz and its
analogous as coating material. In addition, a LisTisO12 based coating has also been tested
due to its increasing popularity among coating materials. It has been found that the
physical properties of a coating such as coating homogeneity, conformity and thickness,
as well the coating’s chemical composition can have a significant effect on the
electrochemical performance of NCM based cathodes. Furthermore, it is demonstrated
that a post-annealing step after coating can play a crucial role in improving the
electrochemical performance of NCM based cathodes, as it helps in improving the ionic
conductivity of the coating layer due to the insertion of Li™-ion inside the coating layer.
In addition, in-depth investigations have been performed to understand the beneficial
effect of the coatings on the electrochemical performance of NCM based cathodes, which
allowed better insights into the ongoing degradation mechanism of NCM based cathodes
during cycling. The knowledge gained in this thesis is considered to be imperative for
further developments of surface coating strategies.

To conclude, this thesis offers various practical surface coating strategies for Ni-rich
NCM based cathodes. The developed coating strategies are very simple, easy, cost-
effective, environment friendly, and significantly improve the electrochemical
performance of NCM based LIBs. These improvements combined with the potential of
these coating strategies for scalability make them suitable for large-scale industrial
application and in turn for the commercialization of Ni-rich NCM cathodes for next-
generation LIBS. Last but not the least, the in-depth knowledge regarding the impact of
coatings during electrochemical cycling on Ni-rich NCM provides a strong fundamental
for further future research.
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1. Introduction
Motivation and Outline

The abusive utilization of fossil fuels over the last century has led to the release of
greenhouse gases (such as carbon dioxide and methane) into the atmosphere resulting in
heat trapping and ultimately causing global warming (making it the most concerning issue
of the 21% century), global warming is a serious threat to the health of current world
population and also to the environment. In addition, the resources for fossil fuels are finite
and have an uneven global distributon®. At present, conventional fossil fuels (such as coal,
gas and oil) are still the primary source of energy production around the world as shown
in Figure 123, Concerning these impacts and issues related to fossil fuels, the development
of sustainable energy technologies has become exceptionally urgent.

M Oil ™ Natural Gas ™ Coal = Nuclear energy M Hydroelectric ® Biofules & waste M Other
Figure 1: Distribution of world energy supply in 2018%3

Production and utilization of renewable energy is the most promising approach for
sustainable development. Future nuclear energy sources seem attractive, but they suffer
from potentially high radiation threats along with low efficiency and very high operation
and maintenance costs. However, considering nuclear energy as an alternative for fossil
fuels is still under debate due to the production of high amount of toxic nuclear waste.
Hydropower has been successfully used to produce electricity in combination with tidal
or wave energy around the globe. Over the last few decades, extensive research and
financial support have been made to the development of different renewable energy
technologies, such as wind power, solar power and geothermal energy. However, even
the rapid development of these alternative renewable energy technologies will not have a
predictable impact unless there is an efficient way to use and store the energy produced
by them. Therefore, the development of high-performance energy-storage systems and
devices with high power and energy density is needed at the moment®.

Among all, two different electrochemical devices, rechargeable Li-ion battery, and
electrochemical super-capacitor are considered as the most promising candidates for
energy storage and supply®. The energy-storage technology in combination with
renewable energy resources can secure a sustainable energy supply for most of the world
population and thus reduce the dependency on fossil fuel-based energy resulting in a
clean-energy supply. In comparison to super-capacitors, Li-ion battery (LIBs) technology
are been preferred due to its high energy-density®®. LIBs also promise superior
performance due to their effective power density, safety, cost, efficiency and longevity.
The LIBs based energy storage systems have been widely regarded as the most promising
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storage technology for renewable energy resources which are the immediate alternative
for ever-declining fossil-fuel energy resources in the current society, due to their vast
application in almost every sector of human progression®°.

Awarding the Nobel Prize 2019 in chemistry to John B. Goodenough, M. Stanley
Whittingham, and Akira Yoshino for developing Li-ion batteries further demonstrate the
significance of energy storage technology. The electrochemical performance of Li-ion
batteries predominantly depends on the properties of their electrodes: cathode and anode.
Enormous research has been done in developing safe and environment-friendly electrode
materials with high energy density, improved rate-capability, and cycling stability, along
with high operating voltage®. For the anode, lithium alloy-based anode materials (such
as lithium-silicon (Li-Si) and lithium-tin (Li-Sn)), have been shown to provide improved
cycling stability, better rate capabilities, along with higher specific capacity as compared
to conventional carbon-based anodes’®. On the other hand, conventional cathode
materials have much lower theoretical capacity as compared to anodes and they also
suffer from structural instability when cycled to higher voltages or at elevated
temperatures®. For instance, conventional Li-stoichiometric cathode materials, such as
layered LiCoOy, olivine LiFePOg, and spinel LiMn20a, have a low specific capacity (=
170 mAh/g) and compromised cycling stability at elevated temperatures*-16,

Among all, LiCoO, has been the most widely used cathode material due to its high
theoretical capacity and reasonable cycling stability. However, its low achievable
practical capacity along with high toxicity and synthesis cost hinders its ability to serve
as next-generation cathode material”*8, Thus for the development of next-generation
high-performance Li-ion battery, a significant improvement of the electrochemical
properties of cathode materials is required.

An established approach to developing next-generation cathode materials with higher
achievable capacity, better cycling stability, lower toxicity, lower cost, and higher thermal
stability is to integrate the advantages of three materials LiNiO2, LiCoO2 and LiMn2Qa.
At the same time the combination of these three materials limits their individual
disadvantages. These types of cathode materials are known as NCM
(LiNixMnyCo;-x-,O>) cathodes and are among the most promising candidates for next-
generation cathodes®?. Since the development of Li[Ni13C013Mn13]02 (NCM111) by
Ohzuku et. al., several studies have been performed on the further development of NCM
based cathodes. In contrast to LCO, NCM based cathodes show a flexible stoichiometry,
allowing researcher to adjust the electrochemical properties®2L,

The most researched NCM composition (NCM111) was considered as one of the most
promising cathode materials in this category. However, Ni-rich NCM based cathodes
(NCM622, NCM8L11, etc.) have been developed in past few years and have shown
promising results in higher achievable capacity (>200mAh/g)?t. However, these Ni-rich
NCM cathodes suffer from major drawbacks regrading commercialization, such as poor
rate capability, faster capacity fade, gas evolution, thermal instability, Li/Ni cation
mixing, and so on. In literature different mechanisms are discussed to be responsible for
these problems such as (1) Dissolution of transition metals corroded by HF present in the
electrolyte; (2) Undesired side reactions occurring between the cathode and the
electrolyte catalyzed by delithiated NCM with simultaneous oxygen release; (3) layered
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to spinel phase transition at the cathode surface; (4) crack formation inside the NCM
particle due to volume changes during cycling. These parasitic issues (such as side
reactions and particle cracking) related to Ni-rich NCM cathodes result in a faster capacity
decay?>?’,

To address the above-mentioned obstacles related to NCM based cathodes several efforts
have been made. Among all, surface modifications via surface coating have been emerged
as the most promising method to improve the performance of NCM based cathodes?®2°.
Surface coating with metal oxides is considered as most effective method to improve the
structural and thermal stability of the cathode material. The coating not only enhances the
surface stability of the NCM particles but also provides new chemical, physical and
mechanical properties to the particle®*34. However, the existing problems in the
commercialization of coating material can be mainly divided into two categories: 1)
Developing a simple, cost-effective coating strategy for modifying the cathode surface to
improve the electrochemical performance of the cathode and 2) understanding the
properties of the coating itself along with how it benefits the cycling performance.

Thus, this thesis mainly focuses on the development of various efficient coating
approaches, to improve the electrochemical performance of Ni-rich NCM based cathodes
and in turn, meet the requirement for the commercialization of Ni-rich NCM based LIBs.
Therefore, four different easy, fast and facile coating processes have been successfully
designed, to achieve a thin and conformal coating layer on NCM powder and ready-to-
use cathodes. The coatings have led to an excellent electrochemical property of the Ni-
rich NCM in terms of C-rate performance and long-term cycling. Additional drying and
sintering steps required in other commonly used coating processes are not necessary to
achieve the final coating in our study to achieve a better long-term cycling performance.
Therefore, the coating processes developed in this study are facile, cost-effective, energy-
efficient, easy to scale up, and can be applied to every type of cathode, making these
coating methods highly suitable for large-scale industrial application and
commercialization of Ni-rich NCM based cathodes. A fundamental understanding of the
working principle of the coating during electrochemical cycling is essential to further
optimize the efficiency of the coating layer as up to now, a majority of factors related to
the coating are still unclear. Therefore, in-depth structural investigations of the properties
of coating have been performed to elucidate the cause of the improved electrochemical
performance of the coated cathodes. The results all together are expected to help the
scientific community to better understand the effect of coatings on NCM based cathodes
and the underlying cause for the improved electrochemical performance, and thus
expected to create a strong foundation for further research.

Before focusing on the main outcome of this thesis, a brief introduction related to the
state-of-art LIBs is provided. First, the working principle of a typical LIB is discussed in
detail. Then, a detailed overview of the most commonly used cathodes along with their
features is presented. Ni-rich NCM based cathodes have been highlighted as one of the
most promising cathodes for next-generation LIBs. Next, surface behavior (such as side
reaction, phase transition and particle cracking) of the cathode during cycling is discussed
in detail, which usually results in poor cycling performance of these cathodes.
Subsequently, surface modification of the cathodes is discussed, i.e. its role,
characteristics, and kinds of coatings. Thereafter, surface modification via coating has
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been discussed in depth with respect to coating methods and coating materials, along with
their properties.

In the result section, three different coating approaches are presented for
LiNio.7Mno.15C00.1502 using different kinds of coating material (i.e. Al.O3, LIAIO,, and
LTO). Subsequently, the structural characterization of the coating layer is described in
detail. Showing thin, conformal and homogenous coating on the surface of NCM resulting
in much improved electrochemical performance. Thereafter, detailed electrochemical
characterization showed much improved C-rate performance, capacity retention and long-
term cycling stability, along with signification reduction in solid electrolyte interface
(SEI) and charge transfer (CT) impedance after the coating. Furthermore, post mortem
analysis of the cycled cathodes displays that particle disintegration is effectively
prevented by the coating, which is found to be stable during electrochemical cycling.

The first publication “Optimized atomic layer deposition of homogeneous, conductive
Al>O3 coatings for high-nickel NCM containing ready-to-use electrodes”, focuses on an
ALD-based Al>O3 coating for Ni-rich NCM based ready-to-use cathode materials for
improved electrochemical performance.

In the second publication “Enhancing the Electrochemical Performance of
LiNio.7Mno.15C00.1502 Cathodes Using a Practical Solution-Based Al,Oz Coating ”, a low-
temperature, wet-chemical-based Al>O3 coating process to coat Ni-rich NCM cathode is
developed. The achieved thin, homogenous coating not only consumes the unfavorable
surface residuals on the NCM surface preventing side reactions at the interface but also
prevents particle cracking during cycling.

The third publication “Insights into the Positive Effect of Post-Annealing on the
Electrochemical Performance of Al,O3-Coated Ni-Rich NCM Cathodes for Lithium-lon
Batteries”, focuses on the effect of high-temperature annealing on the structural
properties of Al>Os coating used in the second publication and how it affects the
electrochemical performance of Ni-rich NCM based cathodes. It is observed that
annealing Al>O3 coated cathode at 600 °C, resulted in the formation of an Al2Os/LiAlO;
coating layer and improved the electrochemical performance.

Afterward, the knowledge gained regarding the coatings from the previous work has been
transferred to All-solid-state batteries. A new non-destructive dry-processed lithium
titanite (LTO) coating method for NCM based cathode in thiophosphate-based All-solid-
state batteries have been developed. My work demonstrates that the improvement in the
electrochemical performance arises from a reduced interfacial resistance between the
cathode and solid electrolyte during cycling. These results are discussed in our fourth
publication, entitled “Stabilizing the cathode/electrolyte interface with dry-processed
lithium titanate coating for all-solid-state-batteries”

In the fifth publication entitled “A dry-processed Al>Os/LiAlO> coating for stabilizing the
cathode/electrolyte interface in High-Ni NCM-based All-solid-state-batteries”, the
benefit of post-annealing treatment is further demonstrated in dry-coated Al>Oz coated
NCM cathodes for all-solid-state batteries. It is demonstrated that annealing improves
various expects of the coating layer (such as homogeneity, better interface, coating
thickness), which in combination improved the electrochemical performance of ASSBs.
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Finally, in the last section, the presented results of this thesis have been summarized and
evaluated with regard to scientific literature. In addition, a brief outlook on the potential
of the above-developed coating approaches for next-generation LIBs and ASSBs are
provided considering future research goals. At last, a comprehensive opinion of the author
regarding the development of next-generation LIBs is provided.
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2. Fundamentals
2.1 The Principle of a Li-ion Battery (LIB)

The Li-ion battery is one of the most promising energy storage systems due to its various
advantages in terms of specific capacity, operating voltage, rate capability, long-term
cycling performance, and safety in comparison to traditional nickel-cadmium batteries,
lead-acid batteries, or nickel-metal hydride battery!®®, For instance, the optimal
operating voltage for commercial LiCoO2-based LIBs is 3.7 V, which is nearly 3 times
of the commercial lead-acid battery. Since the release of first commercial rechargeable
LIBs by SONY in 1991, the LIB has rapidly owned the commercial market as a major
power source for portable electronic devices. Recently it has also been advanced as a
power source for electric and hybrid electric vehicles, with potential as power sources for
future air transportation®®-",

S ; |

& © il
\\ (graphite) Separator (LiCoO,) /
Figure 2: Schematic illustration of a lithium-ion battery based on LiCoO2/Li"
-based electrolyte/graphite.

As shown in Fig. 2, a LIB has mainly three primary functional components: Cathode,
anode, and electrolyte 3%°, The cathode and anode are separated by the so-called
separator layer, immersed in electrolyte. The different current collector is used for
cathode and anode, Al for cathode and Cu for anode. The common cathode materials used
are LiCoOz, LiMn204, LiFePOs, or LiMny3Co13Niyz0. Common anode materials used
are graphite, silicon-based materials, graphene, or LisTisO12**. The commonly used
electrolyte consists of lithium salt, such as LiPFe dissolved in organic solvents (ethylene
carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC), etc)***5. The
energy storage and conversion in LIBs are based on the migration of Li-ions between
cathode and anode through Li* migration, along with simultaneous charge transfer via
external circuit®>*4®, The corresponding reaction taking place in LIBs during
charge/discharge is given by:

Cathode:

LiCoO2 = Li1xCo0; + xLi* + xe
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Anode;

6C + xLi" + xe- = LixCs

Total reaction:
LiCoO; + 6C = Li1xC00> + LixCs

During the charging step, Li ions are extracted from the LCO cathode. At the same time,
Li-ions are inserted inside the graphite anode. During the subsequent discharge step,
transfer of Li-ions from anode to cathode takes place. Altogether, the specific capacity
and energy conversion efficiency of LIBs mainly depends on the combination of
electrochemical properties of cathode and anode***°. Among all the components of LIBs,
the cathode material is considered very crucial for the advancement of LIBs.

2.2 Cathode Materials for LIBs

During the last decade, the increasing demand for electric vehicles has stimulated the
development of high-performance next-generation LIBs across the globe. The bottleneck
for the advancement of next-generation LIBs is the development of novel electrode
materials with superior performance. At the anode side, lithium-silicon (Li-Si) and
lithium-tin (Li-Sn) have shown excellent cycling stability and higher rate capability,
along with much higher specific capacity (4000 and 990 mAh g, respectively)®L,
However, state-of-the-art cathode materials are not able to meet the high-energy and
power density required for the rapid development of EVs and HEVs, as cathode materials
have generally a much lower theoretical capacity as compared to that of the anode®2. Next-
generation cathodes are subject to meet the following criteria for the development of next-
generation LIBs*®53;

I.  Chemical and Physical Properties: The Li-containing cathode must reversibly
oxidize and reduce during charge/discharge cycles. In addition, the cathode
materials should exhibit a high Li-ion diffusion coefficient along with high
electronic conductivity. Furthermore, the cathode materials need to show
excellent mechanical stability in order to keep the host structure intact during
charging/discharging.

Il.  Wide Operating Voltage Window: The cathode materials need to have high
chemical potential (vs. Li-metal), to achieve a wide operating voltage window of
LIBs.

1. High Energy and Power Density: The cathode materials should provide high
energy and power density, to enable the intercalation and deintercalation of a large
amount of li-ion. This in turn provides a higher practical achievable specific
capacity and better C-rate performance compared to standard cathode materials.

V. Outstanding Long-term Cycling Performance: Improved battery engineering
(morphology and size of cathode materials, along with battery design) enables the
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extraction of higher capacity from the traditional cathode materials during the
initial charge/discharge cycles. However, these improvements result in a faster
capacity fading during long-term cycling. Hence, the new cathode materials
should also provide better long-term cycling stability along with higher energy
and power density.

V.  Wide Working Temperature Range: Due to the extension of LIBs applications
from portable electronic devices to almost every energy-related sector. Thus, State
of the art LIBs are mostly optimized for a temperature range (0 °C to 40 °C), are
exposed to much harsher temperature ranges. Thus, the new cathode materials
should be able to show optimal performance in a wider temperature range.

VI. Low Manufacturing Cost: The manufacturing cost needs to be low, which in
turn relies on the availability of the raw materials required.

[&)]
T

N
T

Other cost (land cost,
labor cost etc.)

N
7]

Anode Pack thermal

system

Voltage (V vs. Li*/Li)
N w

o

5.0 1(.)0 1’::)0 260 250
Specific Capacity (mAh g™)

o

Figure 3: Crystal structure of a) Layered LiMO3, b) Spinel-structured LiM20s, and c)
Olivine-structured LiIMPO4 (M = Co, Ni, Mn, etc.) (Redesigned with permission from Ref.
[51] Copyright 2012 Elsevier B.V.). d) The cost components of a representative LIB. (e)
Voltage vs capacity chart of main cathode materials.

The main division of current cathode materials includes layered LiCoO2, poly-anion
LiFePOs, spinel LiMn,04, and their derivatives®®. The crystal structures of different
cathode materials are shown in Fig. 3a, b, ¢®. Fig. 3d illustrated the cost components of
a representative LIB. Within all the major parts of a battery, the cathodes are the most
expensive part. This arises due to the low abundance and rather complicated extraction
process of nickel, cobalt, and manganese®’. Six different kinds of cathode materials are
shown in Fig. 3e according to their theoretical specific capacity vs. voltage. To achieve
higher energy density, scientists are looking for those cathode materials that either
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provide higher energy density or higher discharge capacity. Fig. 3c also shows that NCM
based cathode materials have great potential as next-generation cathode materials for
LIBs, as they provide higher practical capacity and a wider voltage window as compared
to state-of-art LCO based cathodes.

During the last decade, scientists have been dedicated to exploring advanced cathode
materials to maximize the efficiency of cathode materials, either by developing new
cathode materials or by modifying the existing cathode materials 36:538-50 While all these
efforts have given successful outcomes, still most of the outcomes end up with a crucial
concern- the cathode’s surface. The cathode surface is the region where the transfer of
Li-ions takes place between the cathode and the electrolyte. Thus, most of the parasitic
side reactions take place at the surface of the cathode due to non-equilibrium
diffusion®%2, In the past decades, several attempts have been made to modify the surface
of cathode in order to adjust the physical and chemical properties of the material, but the
underlying problems have not been successfully solved yet. Thus, in the following
section, the surface properties of cathode materials will be briefly discussed.

2.3 Degradation Behaviour of Cathode Material

Aging of cathode active material (i.e. NCM) during cycling still remains a major problem
resulting in loss of performance during long-term cycling, and thus hinders the
development of next-generation LIBs%3-2. Although not all causes for cathode aging are
fully understood yet, there are well-known issues that are discussed in detail in the
following section.

1
Structural instability Chemical instability

Figure 4: Schematic overview of the degradation mechanisms of cathode particles.

As schematically depicted in Fig. 4, aging of the cathode material during cycling arises
at the atomic and micrometer scale, because of structural instabilities (surface
reconstruction, stress-generated cracking) and chemical instability (electrolyte
decomposition and transition metal dissolution). All these factors result in a poor C-rate
and long-term cycling performance’ 78,

2.3.1 Surface Reconstruction
a) Layered LiMeO2 (Me = Ni, Mn, Co)

As discussed before, LiCoO, (LCO) has been considered one of the most successful
cathode materials for conventional LIBs. LCO has a layered structure and belongs to the
rhombohedral space group R3m with edge-sharing CoOs octahedral, resulting in CoO>
sheets.” The Li-ion sits in between the CoO- sheets. The electrochemical deintercalation
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forms LixCO2®°. The theoretical capacity of LCO is 272 mAhg? resulted from the
complete removal of Li from LCO. However, in practical use only half of the theoretical
capacity can be extracted, resulted in LiosC0oO2 phase within a cut-off voltage of 4.5 V&,
This is because LCO undergoes a phase transition (from layered to quasi-spinel structure)
when more than half of the Li is extracted. This transition happens due to the migration
of Co ion into the Li planes®’. Dahn et. al. initially reported the low temperature (400 °C)
synthesis of Lii+yC0204 (also called QS-LiCoO2) in Fd3m space group. The
thermodynamic stability of this material is lower than for LCO®2. In-depth studies of the
two different LCO phases reveal that the QS-LCO phase has a much lower capacity and
a much higher polarization as compared to layered LCO, thus making it an inferior
cathode candidate®!. X-ray absorption near-edge spectra (XANES) also confirm the
existence of different intermediate phases between the layered and spinel structure
because of higher oxidation states of spinel LiC002.8% Thackeray et. al. identifies this
phase to be LixC01x[C02]04. The transformation of layered LCO into the spinel phase
originates from the surface and extends to the complete bulk structure upon rigorous
cycling when extending the voltage window or operating under high temperatures.
Transmission electron microscopy (TEM) studies on the cycled LCO cathodes reveal
internal strain and dislocations in the LCO lattice even at low long-term cycles, suggested
that the accumulation of these defects is responsible for faster capacity fade®>®. A recent
study on the post-heat treated LCO has shown that a thin spinel LixCo.04 layer forms on
the surface of LCO and improves the cycling performance significantly because of a
higher conductivity of the spinel phase®’.

The attempt of doping the fundamental layered oxide has introduced various derivatives,
which have been considered of remarkable value at present. Among them, LiNixMnyCo1.-
xyO2 (NMC) and LiNixCoyAl1xyO2 (NCA) are the most widely used and studied cathode
materials for EVs and HEVs application. Higher achievable practical capacity along with
a high operating voltage has made these cathode materials surpass many other cathode
candidates®®92,

LiMnO,
(Safety)

(NCM111)
[ J

®
(NCM532)
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(NCM622) o

LiNiO, (NCM811) \ LiCoO,
(Capacity) 01 02 03 04 05 06 0.7 08 09 (C—rate)

Figure 5: (a) Compositional phase diagram of LiCoO2-LiMnO.-LiNiO2; (b)
Reconstructed surface layer after 1% cycle of NCM (Reproduced from Ref. [89] with
permission, copyright 2014 Nature Publishers).

Within the NCM layered cathodes, various NCM based cathodes (Fig. 5a) have been
tested and proven to be beneficial for achieving higher capacity and longer cycle life. As
it combines the rate capability performance of LiCoO2, the capacity performance of
LiNiO., and the safety performance of LiMnO,. However, surface reconstruction upon
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exposure to electrolyte has also been reported in these materials, as shown in Fig. 5b®°.
In order to produce high energy density cathode materials for EVs and HEVs, Ni-rich
NCM based cathode with high achievable capacity has become a major focus in recent
years. However, increasing the Ni-content in the material results in preparation
difficulties and safety issues®’. Due to similar ionic radii and charge states of Li* and Ni?*,
these cathodes are found to have a very high degree of interlayer cation mixing between
Ni?* and Li*, resulting in strong phase transformation and capacity decay®. Various
studies have shown that stabilizing the cathode surface of NCM is the prime key to
improve the long-term electrochemical performance of NCM based cathodes®*%,

b) Li-rich Layered LiMeO2 (Me = Co, Mn, Ni)

Li-rich layered oxides are controversially discussed as either solid solution or nano-
domains of LiMeO, (Me= Ni, Mn, Co, rhombohedral, R3m) and Li>MnOs (monoclinic,
C2/m)®. The typical crystal structure of Li-rich layered NCM based materials is shown
in Fig. 6a, Li* occupies part of the sites of the transition metals and results in an off-
stoichiometric Li-content compared to conventional NCM based cathode materials. These
kinds of materials have drawn much attention due to their very high achievable capacity
(250 mAhg™) and wide voltage window®’. Unlike other layered NCM based cathode
materials, these types of materials show a rather abnormal voltage plateau around 4.5 V
during the initial charging step, which is considered to be the limit of the final oxidation
state of most other transition metals. Initially, the abnormal charge plateau has been
considered arise due to the simultaneous removal of oxygen and lithium for the NCM
lattice. However, Bruce et. al. proved by differential electrochemical mass spectrometry
(DEMS) that there is indeed an O> release when this material is initially charged above
4.2 V. The Li* intercalation/deintercalation at different cut-off voltages for Li-rich NCM
cathodes is shown in Fig. 6a%. As shown, when the cut-off voltage is kept 4.2 V, Li-rich
NCM cathode just behaves like a conventional NCM, in which Li* is removed only from
the Li layers. However, if the cut-off voltage is above 4.2 V (4.8 V), the Li* residing in
the transition metal layer gets extracted facilitating the loss of O%. The O% is eventually
oxidized to O and is responsible for the ‘abnormal voltage plateau’. The generated
oxygen vacancies de-stabilize the transition metal ions (mostly Ni), resulting in inter-
diffusion of the metal ions into the Li layer and the formation of a Li* blocking spinel
phase takes place®. Yabuuchi et. al. investigated the surface behavior of these Li-rich
layered NCM materials using X-ray absorption spectroscopy (XAS), X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (SXRD), and time-of-flight secondary ion mass
spectroscopy (TOF-SIMS). They suggested that the release of O facilitates the
decomposition of the electrolyte at the surface at high operating voltage, resulting in the
formation of an undesirable solid electrolyte interphase (SEI), a lower columbic
efficiency and a higher impedance growth!®. Furthermore, the O release also increases
the possibility of thermal runaway, leading to safety concerns regarding the battery.

Apart from the O- release, a severe voltage drop has also been reported in these kinds of
cathode materials as shown in Fig. 6b'%2. The voltage drop is assumed to be the major
factor hindering the commercialization of Li-rich NCM materials, as it results in a drop
in the cell energy density. Gu et. al. investigated the phase distribution in
Li12Ni0.2Mno 60> as shown in Fig. 6¢1°21%, They suggested that the distribution of Ni is
rather inhomogeneous, which in turn indicates that there is phase segregation happening
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during cycling. This results in poor C-rate performance and low capacity retention. The
phase segregation at the surface of Li-rich NCM results in sluggish Li-ion diffusion,
which in turn is responsible for the voltage decay during cycling. Therefore, several
studies aiming to improve the voltage decay during cycling are mostly focussing on the
suppression of the phase transformation on the surface of Li-rich NCM
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Figure 6: (a) Schematic illustration of phase changes occurring in NCM cathodes under
different cut-off voltages (Reproduced from Ref. [98] with permission, copyright 2013
Royal Society of Chemistry). (b) Typical charge/discharge curves of NCM representing
voltage decay (Reproduce from Ref. [101] with permission, copyright 201511 American
Chemical Society). (c) XEDS maps showing the non-uniform distribution of elements after
cycling in NCM particle (Reproduced from Ref. [102] with permission, copyright 2013
American Chemical Society).
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The spinel-type LiMn204 cathode materials belong to the space group of Fd3m, where
Mn has an average valence of 3.5, indicating the coexisting Mn®*" and Mn**.2%* However,
the Mn3*#* equilibrium is easily broken by Li* intercalation/deintercalation or by
changing the temperature, which causes a Jahn-Teller distortion of Mn®" at octahedral
sites. The Jahn-Teller distortion starts at 4.0 V, which is regarded as the main cause for
the capacity loss®. Structural characterization of LiMn,O4 suggests that the net valence
differs between surface and bulk, which arises due to the presence of high Mn3* amount
at the surface caused by a non-equipoised dynamic of Li* insertion/extraction at the
surface. This valence difference results in the formation of LioMn2QO4, which is suggested
to be less electrochemically reactive'®%1%’. However, the phase transition from cubic to

12| Page



tetragonal is postulated to create a phase boundary towards the particle surface and
prevents Li* diffusion. Various doping strategies have been applied to the spinel LiMn204
cathode material in order to suppress the Jahn-Teller distortion'®®. Among all, doping
LiMn204 with Ni in order to form LiNiosMn1504 has been the most successful approach,
due to the disappearance of Mn" and electrochemical reactivity of Ni%*. In addition, the
incorporation of Ni provides two voltage plateaus (Ni%*/Ni®*, Ni®*/Ni**) at around 4.7V,
making it one of the most promising high voltage cathode materials'®.

2.3.2 Stress-generated Cracking

Cathode materials also suffer from crack formation during cycling at high C-rates, where
the Li* does not have enough time to diffuse homogeneously. This leads to additional
stress in the particles*'®, The internal stress of the cathode material during synthesis
and also due to phase transformation (such as Jahn-Teller distortion, O release) can lead
to the formation of cracks''?. Additionally, it can result in contact loss from the binder or
conductive carbon. This results in the formation of gaps in the electrode. Moreover, the
formation of cracks in cathode materials can deteriorate the contact between the parts of
cathode and the electrolyte, which can lead to an increase in cell impedance and ultimately
to battery failure. As shown in Fig 7, Miller et. al. has demonstrated the crack formation
and separation of the cathode particle from the electrolyte after cycling. In addition, they
have shown that the crack formation takes place even during the first cycle, indicating
that the prevention of crack formation is of high importance for the commercialization of
next-generation cathode materials!®3,

Figure 7: SEM micrographs showing particle cracking in NCA cathode particles after
(@) 0, (b) 1%, (c) 2" cycles (Reproduced from Ref. [113] with permission, copyright
WILEY-VCH 2013).

2.3.3 Electrolyte Decomposition and Transition Metal Dissolution
a) Electrolyte Decomposition

Electrolytes for next-generation LIBs are generally liquids or solids with high ionic
conductivity (10 S/cm) and low electronic conductivity (10*° S/cm)®. Organic esters,
including ethylene carbonate (EC), diethylene carbonate (DEC), propylene carbonate
(PC), ethylmethyl carbonate (EMC), and dimethylene carbonate (DMC) are most widely
used as solvents to dissolve the most common Li-salt LiPFg currently used in commercial
liquid electrolytes!*1'®. The electrochemical operating voltage window of these
electrolytes mostly lies between 1 - 4.7 V vs Li/Li*. Therefore, any cathode material,
which has cut-off voltage over 4.7 V unavoidably involves the oxidative decomposition
of these electrolytes!'®’. Due to the decomposition of the electrolytes the formation of
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a passivating SEI layer (containing inorganic salts such as Li>COs, LiF, and organic
species like poly(ethylene carbonate)) at the surface of the cathode materials takes place.
In addition, due to the oxidative nature of the cathode material itself, the decomposition
of the electrolyte also results in gas evolution (such as CO2, 02)°%118122 The formed SEI
layer at the surface of the cathode is a poor Li* conductor causing irreversible capacity
loss during cycling and poor cycling performance of the LIB.
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Figure 8: Comparison of the electrochemical behavior of LNM/LTO cells cycled with
and without electrolyte additives (Reproduced from Ref. [124] with permission, copyright
WILEY-VCH 2013).

The capacity consumption during the electrolyte decomposition for the formation of SEI
is unfavorable for the battery performance, and the oxidation of the electrolyte at the
cathode surface requires continuous electron transfer®'2, However, the SEI layer being
electronically insulating commonly prevents further decomposition of the electrolyte.
Thus, an SEI layer with a certain thickness and stability is considered to be necessary for
an optimal battery performance!!*. Initially, sacrificial electrolyte additives have been
added. These additives act as moderator of the electrolyte decomposition and in turn
stabilizes the SEI as shown in Fig. 8124, Many suitable electrolyte additives have been
reported, such as lithium bos(oxalato) borate (LiBOB), glutaric anhydride, 2,5-
dihydrofuran, Y- butyrolactone, 2-(Pentafluorophenyl)-tetrafluoro-1,3,2-
benzodioxaborole, 1,1-Difluoro-1- alkenes etc. They have found to improve the stability
of the SEI layer?*12® The problems associated with the SEI formation and the positive
effect of electrolyte additives on the electrochemical performance have motivated
scientists to develop an artificial SEI on the surface of cathode employing surface
coatings.

b) Transition Metal Dissolution

The electrolyte decomposition at the cathode surface not only affects the electrolyte but
also the cathode itself. Practically, there is always moisture present either on the surface
of the cathode or in the electrolyte. During the electrolyte decomposition on the cathode
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surface LiF and PFs are formed, which is mostly followed by the hydrolysis of PFs: PFs
+ H20 — POF3 + 2HF, as suggested by Aurbach and Heiders’s theory*?®. Thus, HF is
produced from hydrolysis and is inherently present in the electrolyte. It triggers additional
unwanted side reactions at the cathode surface*1%, Taking the example of LiMn20s, it
has been demonstrated that cathode materials with higher Mn content suffer from a high
degree of manganese dissolution from the cathode into the electrolyte!®1%2, Mn3*
undergoes a disproportionation reaction, 2Mn** — Mn?* + Mn** at the cathode surface.
Among the products, Mn** remains in the cathode material while Mn?* dissolves in the
electrolyte. Aoshima et. al. found that the dissolved Mn?* tends to form a layer of MnF;
and ramsdellite-LiosMnO2 on the cathode surface. Metallic Mn is found on the anode
surface. They concluded that this synergetic degradation of the cathode and anode is
responsible for a faster capacity fading'®3. Later Kanno etal. found that the Mn
dissolution also depends on the crystal plane of the cathode exposed to the electrolyte,
i.e. (110) plane are less stable as compared to (111) plane. The negative effect of the Mn
dissolution not only affects the performance of the cathode but also involves the
degradation of the anode material®*®. Zahn et. al. showed an improvement in cycling
performance for surface-modified LiMn2O4 cathode as compared to bare-LiMn204 (Fig.
9), which is attributed to a reduction of metal dissolution. They also proposed an ‘ion-
exchange model’ in order to explain the reaction of dissolved Mn taking place at the anode
surface as shown in Fig. 9. It has been proposed that Mn reacts with the formed SEI layer
and changes its composition by exchanging the Li* in the SEI layer. As the SEI layer
becomes rich in the Mn, it blocks the Li* diffusion pathways, which results in an
impedance growth®*. Thus, strategies to prevent transition metal dissolution via surface
modifications are very crucial for developing next-generation cathode materials.
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Figure 9: (a) Comparison of the electrochemical behavior of LMO with and without
surface modification. (b) Schematic illustration of the Mn-Li exchange model mechanism
for the deposition of Mn on graphite in a graphite/LMO cell (Reproduced from Ref. [134]
with permission, Copyright 2013 Nature Publishers).

2.4 Surface Modification — Role and Characteristics
2.4.1 Preventing Phase Transitions

Surface modification of NCM based cathodes is performed mostly either by surface
doping or surface coating. Both of these modification methods have their own advantages
and disadvantages. Over the past decades, surface doping of the cathode particle has been
extensively studied in order to control the phase transition at the cathode surface during
cycling or to increase the Li* diffusivity within the cathode particle. For bulk doping,
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mostly elements like Al, Zr, or Ti have been used, which are normally electrochemically
inactive. In order to minimize the loss in capacity, doping with these elements has been
restricted to the surface only. Several studies have been done to investigate the impact of
doping of LCO based cathode materials with Al, Zr and Sn. In the early studies, Cho et.
al. suggested that doping the LCO surface with Al results in only small change in the
LCO structure during first cycle as compared pristine LCO thus resulted in better cycling
performance. A similar observation was found for Zr doped LCO™>*". However, later
Dahn et. al. found no structural difference in Zr doped LCO as compared to pristine LCO
after cycling, contradicting the observation by Cho et. al.**83 Therefore, many rigorous
studies on how doping of the cathode materials helps to prevent the phase transition are
still needed. In a recent study, Cho et. al. was able to force Ni?* to reside in the Li slabs
at the surface of LiNio.c2C00.14Mno2402. The material was found to show exceptional
structural stability especially at elevated temperatures'*°. Similarly, Cabana et. al. doped
LiMn204 with Al,Oz at the surface and found that on the surface of LiMn2Os an
epitaxially grown Mn3*-depleted phase was formed, where Mn®* has been replaced by
non-soluble AIP* as shown in Fig. 10a, b'#. The incorporation of AI** on the surface of
LiMn2O4 was found to significantly reduce the risk of surface reconstruction during
cycling, which in turn results in much better cycling performance. This observation was
later supported by Amine et. al4.

When a phase transition is caused by Jahn-teller distortion, surface doping strategies
mostly seem to be promising in improving the performance of the cathode material.
Taking the example of LiMn2Oa, the Jahn-Teller distortion is found to be most intense
near the surface where the Li* diffusion always disrupts charge equilibrium. Taking this
effect into consideration, many scientists suggested that modifying the surface of
LiMn204 to replace some part of Jahn-Teller active ions might help to improve the
performance at the expense of minimal capacity loss!*. Xiong et. al. first coated LiMn2O4
with Al.Oz and subjected the coated particle to annealing. They found that some part of
Al has been incorporated into the LiMn2O4 which helped in the suppression of Jahn-Teller
distortion at the surface. In addition, the coating helps to prevent the electrolyte to react
with the surface and in turn, prevents Mn dissolution#4,

Surface doping of the cathode material has also proven to be beneficial for the suppression
of O evolution in Li-rich cathodes. It is well known that the release of O, from the Li-
rich cathodes results in simultaneous leaching of Li>O. Park et. al. showed that the
incorporation of heteroatoms (such as Al) into the surface layer is responsible for extra
stress at the Li-rich cathode surface and in turn, affects the cycling behavior as shown in
Fig. 10c'*®. They deposited a layer of Al,Os or AIPOs on the surface of Li-rich
Li[Lio.167Ni0.233C00.100Mn0.467M00.0333] O2, followed by heat treatment of the cathode
material resulting in the diffusion of Al into the surface lattice. During the electrochemical
measurement, they measured the pressure change during cycling. They found that the
pressure inside the cell dropped noticeably for the doped cathode due to the suppression
of O2 release. They suggest that the diffused Al bonds strongly with the O present close
to the surface and that smaller domains of LiMnOs have been created simultaneously.
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Figure 10: (a) Stability test of bare LiMn204 and Al-modified LiMn2O4 under 55 °C. (b)
High-resolution HAADF image indicating an Al-rich surface on the LiMn2O4
nanoparticle (Reproduced from Ref. [141] with permission, copyright 2014 American
Chemical Society). (c) In situ pressure profiles for pristine and modified
Li[Lio.167Ni0.233C00.100Mno.467M00.033] O2 during the first charge (CC mode) (Reproduced
from Ref. [145] with permission, copyright 2014 American Chemical Society). (d) Initial
charge/discharge performance of the pristine and modified samples (Reproduced from
Ref. [146] with permission, copyright 2014 American Chemical Society).

Previous doping strategies have mostly focussed on the diffusion of metal ions into the
bulk or the surface of the cathode material. Another possible consequence of annealing is
the diffusion of surface Li or transition metals inside the coating layer to form a second
phase inside the coating layer. This possibility has been initially reported by Wu. et. al.
(Fig. 10d)'*8. They report an improvement in the electrochemical performance of MnOx
coated Li[Nio2Lio2Mnoe]O> after post heat treatment. The improvement in the
performance is associated with the generation of Li vacancies on the surface of the
cathode due to Li diffusion into the coating layer. The lithium-depleted surface results in
oxygen depletion and in turn decrease the chance of O evolution. Furthermore, the doped
coating layer is expected to facilitate a better Li-ion diffusion. Similar results have been
reported by Hahn et. al. They studied the effect of temperature on Al>Oz coated Ni-rich
NCM based cathodes and concluded that high-temperature annealing results in the
migration of Li inside the Al.O3 layer, which leads to the formation of an Al,Os/LiAIO;
coating layer'*’,
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Unlike surface doping, the effect of surface coatings on the phase transition of cathode
materials is still under debate. In general, the phase transformation at the surface caused
by cation disorder is an intrinsic property of the cathode. Therefore large parts of the
scientific community consider that coating of the cathode surface is not effective to
suppress phase transitions during electrochemical cycling®*®. However, an AlF; coating
is among the few materials, which is reported to be effectively preventing the phase
transition in Li-rich cathode as it improves the structural stability!®. Although Al.O3
based coatings are one of the most applied and studied coating materials for cathodes,
their effectiveness towards the suppression of phase transitions during cycling is still
debatable!®0-1%3,

Recently, Wang et. al. used STEM-EELS measurements to visualize the suppression of a
phase transition in Al.Os coated Liz 2Nio.2MnosO> during cycling as shown in Fig. 11a>,
It can be seen; the uncoated cathode particle shows a drop of the Mn valence at the surface
only after 40 charge/discharge cycles. In contrast, the coated particle shows a rather stable
composition after the same number of cycles. In addition, severe surface reconstruction
is found for the uncoated particles after cycling, which is not observed for the coated
particles. This results in an improved electrochemical performance as shown in Fig.11b.
the results further reveal that the effect of surface coating on the suppression of surface
phase transition is rather complex and thus more research regarding this topic is required.
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Figure 11: (a) STEM-EELS study of pristine and Al>O3 coated LNMO and corresponding
lattice images after cycling. (b) Charge/discharge and long-term cycling performance of
pristine and Al,Oz coated LNMO (Reproduced from Ref. [154] with permission,
copyright 2016 American Chemical Society).

2.4.2 Preventing Crack Formation

There are several reports focussing on the suppression of the crack formation in the anode
but less work has been done regarding the cathode materials. Surface modifications to
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prevent crack formation should be able to accommodate the particle strain generated
during electrochemical cycling. Some specific oxide coatings (Al20z and AlFs3) have been
investigated regarding this aspect and have been found to be effective to some extent!®>>
157 However, as these coating materials are brittle in nature, particle cracking might also
result in the peeling of coating during cycling, which leads to worse cycling performance.
Taking these issues into consideration, polymer-based coating materials have been
proposed. However, these polymer-based coatings have a low operating voltage window,
which needs to be addressed for the successful implication of these coatings on cathode
materials®®1>°. Moreover, the phase transition is also the main cause of particle cracking.
Thus, the strategies discussed in the previous section might also be helpful in suppressing
crack formation.

2.4.3 Surface Modification Acting as HF Scavenger

Using a surface modification of cathode materials for HF scavenging is a very common
approach, as HF formation always happens on the NCM surface or inside the electrolyte.
Mostly, metal oxide-based coatings are applied on the cathode surface in order to

neutralize the generated HF inside the electrolyte according to the following reactions!®-
164.

Al,O3 + 6HF — 2AIF3 + 3H20
TiO2 + 4HF — TiF4 + 4H20
ZrO; + 4HF — ZtF4 + 4H,0
ZnO + 2HF — ZnF; + H,0
MgO + 2HF — MgO + H20

The metal fluorides formed during these reactions are more stable in non-agqueous
electrolytes, which in turn prevents the cathode surface from further degradation if the
metal oxide layer is completely consumed during extensive cycling. Therefore, direct use
of these metal fluorides as a coating layer has also been reported. In addition, HF
generation is also found to be the cause of metal dissolutions. As discussed before,
transition metal reduction (in particular Mn) is the main cause of metal dissolution6>-168,
Several studies have shown that surface coatings of different metal oxides (LiTaOs,
Al>Oz3) apparently suppress the dissolution of transition metals during extensive cycling.
Wu et. al. has reported that a pre-lithiation method enables manual reduction of the
electrolyte during charging results in the generation of a more stable solid electrolyte
interface (SEI) layer resulting in better electrochemical performance. Therefore, surface
modifications are effective against HF scavenging and ultimately reduces metal ion
dissolution?®®,

2.4.4 Acting as Metal-Oxygen Bond Stabilizer

The transition metal dissolution mainly originates from the breaking of metal-oxygen
bonds close to the cathode surface. Thus, stabilizing and strengthening the metal-oxygen
bonds can be helpful in improving the cycling performance. Surface modifications using
coatings prevent the direct physical contact between cathode and electrolyte and in turn
are helpful in preventing metal-ion dissolution. The main concern with surface coatings
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is the restriction of electronic and ionic charge diffusion during the cycling. This can be
improved by lithiation of the coating layer, which commonly enhances the ion diffusion
inside the coating layer. Successful efforts have been made towards modifying the
cathode surface via doping, which can deal with the above-mentioned problems.
However, doping of the cathode material also raises concerns regarding the loss of active
components in the cathode material, which in turn compromises the practical achievable
capacity. Surface doping of cathode materials is beneficial in two aspects regarding the
suppression of metal dissolution. Firstly, stabilizes the metal-oxygen bond and secondly,
minimizes the amount of susceptible metal ions close to the surface without affecting the
cathode’s structural integrity. Cabana et. al. has systematically studied the role of Mg
doping on LiNigsMn1 504 based cathode materials!™. They found that charging the cell
to very high voltage (5 V) results in intensive chemical changes of the pristine cathode
because the Ni-O bonds in the cathode materials are highly oxidized. They become
unstable making them very susceptible to electrolyte-based reduction. However, Mg-
doped cathode results in much robust Ni-O bonds at the surface, which in turn prevents
severe electrolyte-assisted reduction of the cathode during intensive cycling. As stated
above, surface doping also causes a replacement of soluble metal ions from the surface
of the cathode. Daheron et. al. doped LCO based cathode materials with Al in order to
form a LiCo1.xAlxOz solid solution on the surface of LCO. They tracked the surface acid-
base properties of LiCo1-xAlxO, while changing the value of x using XPS"*, They found
that the surface basicity drops significantly when Al is doped inside LCO and suggests
that less basicity makes the doped LCO less susceptible to HF, in turn improves the
electrochemical performance.

2.4.5 Acting as Electronic/lonic Conductivity Enhancer

Surface coatings usually do not change the inherent electronic/ionic conductivity of the
cathode material itself. However, it can provide a conductive network among the
individual cathode particles in order to maximize the utilization of cathode material. The
function of coatings as an electronic/ionic enhancer totally depends on the properties of
the coating material along with the way they are deposited.

a) In-situ Deposition of Electronic/lonic Conductivity Enhancing Coating

This paragraph discusses the coating materials having intrinsic electronic/ionic
conductivity. Metals like Al, Ag, and Cu have been extensively studied as coating
materials. However, due to their high costs along with non-homogenous coverage and
acidic nature of the electrolyte (which can dissolve the metal), they are not considered to
be effective coating material’2173, Similarly, metal compounds such as TiN, RuO; and
TiO2 have also been considered as coating materials due to their considerable electronic
conductivity!’#1>, Wang et. al. reported the deposition of rutile TiO2 on the cathode
surface, which enhances the electronic conductivity and in turn improves the
electrochemical performance®’®.

On the other hand, growing the conductive polymer coatings on the surface of cathode
material have been widely studied and reported. These kinds of polymers include
polypropylene (PPy), polyaniline (PANi), polythiophene (PT) and poly(3,4-
ethylenedioxythiophene) (PEDOT). The beneficial effect of in-situ grown polymer-based
coatings is that the monomer units can easily be nucleated on the cathode surface. The
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polymerization is achieved with the help of catalyst resulting in a very uniform coating!’"
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Figure 12: (a) TEM micrograph of porous graphite coating of LMO. (b) Comparison of
the long-term cycling performance of pristine and coated LMO (Reproduced from Ref.
[182], copyright 2014 Wiley-VCH).

Alternatively, carbon-based materials (such as graphite, graphene, carbon nanotubes
(CNTs) and amorphous carbon) have been used to form composite 18184, These carbon-
based materials specifically help to build a three-dimensional electronically conductive
network around the cathode active material. Taking this idea, Song et. al. has coated very
thin layers of porous graphite on the surface of LiMn2O4 via high-speed ball milling
method. They found an improvement in the achievable capacity accompanied by better
performance, as shown in Fig. 12. Furthermore, researchers have also developed hybrid
coatings (composite coatings containing both electronic and ionic conductors)'®. In
addition, the use of Li* conducting coatings has also been reported, as they facilitate Li-
ion transport across the cathode surface.

b) Depositing Electronic/lonic Conductor via Post-treatment

The pyrolysis of carbon-based materials via solid-state methods or chemical vapor
deposition on the cathode surface has proven to be beneficial for improving the
electrochemical performance of cathode materials. This holds in particular for those,
which have low intrinsic electronic conductivity, such as LIMnPO4 and LiFePQg, as they
are resistant to reduction during pyrolysis'®. However, carbon coatings for LiMOx (M=
Ni, Mn, Co, etc.) are rather hard to achieve as they easily oxidize under high-temperature
treatment, which might deteriorate the electrochemical performance. Nevertheless, many
researchers are testing carbon coatings on these materials deposited at low temperatures
(350 °C) in air. The suitability of this approach is still debatable!®>87-18° There are
extensive reports on doping the surface coating in order to enhance the surface
conductivity. Manthiram et. al. reported for NCM based cathodes that Al>O3 coating
followed by thermal treatment results in interaction between NCM and Al;O3 forming
LiAlO- on the surface. As LiAIOz is a good Li* conductor, the thermal treatment, in turn,
improves the long-term cycling performance®®?.
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Figure 13: (a) Comparison of XPS spectra of the Al 2p and P 2p peak of AIPO4 coated
LCO. (b) Comparison of the long-term cycling performance of pristine and coated LCO
(Reproduced from Ref. [190] Copyright 2007 American Chemical Society).

Similarly, Zhang et. al. reported the formation of Li»ZrOz after annealing ZrO> coated
NCM cathodes, which shows an improved electrochemical performance!®2. In a more
complicated study, Yang et. al. coated AIPO4 on LCO followed by heat treatment. They
found that the LioCO3 present on the surface of LCO reacts with AIPO4 forming LiCos-
yAlyOz2 in the cathode and LisPOs in the coating layer. This conversion between the LCO
surface and the coating layer results in an improved electrochemical performance as
shown in Fig. 131%,

¢) Formation of Electronic/lonic Conducting Coatings via Lithiation/delithiation

Surface coating materials have been found to turn into good Li* conductors during cycling
due to the accommodation of Li* in the coating layer during reversible
lithiation/delithiataion. For instance, Ta2Os undergoes the following structural changes
during cycling:

Ta,05+ 10Li* + 10e” — 2Ta*" + 5Li»,0
Li.O + TapOs — 2LiTaOs3

The formation of LiTaOs during cycling improves the cycling performance of the cathode
material. Wagemaker et. al. has theoretically calculated the formation of LiTiO2 from
TiO2 during cycling. They predict better conductivity of LiTiO2 as compared to TiO> and
suggests this to be helpful in improving the electrochemical performance!®,

In order to theoretically predict the criteria for coating materials, Wolverton et. al. has
calculated the thermodynamics of the reactions of the most common coating materials,
such as metal oxides and fluorides*®*. By assuming the following conversion reactions:

MyO12+ Li — xM + 1/2Li,0
MF + Li — XM + LiF

They calculated the density function theory (DFT) voltages of oxide/fluorides with the
experimental voltages, as shown in Fig. 14.

22| Page



Lithiation Voltages

3.0 T T T T T T T T
- 4 - 7
Oxides /ngg 40 | Fluorides A
25 Ao cygz” o
> o //; B ~ CoF iFg}?CoFS Hof2
= Niog-©,7@Cu £ fefa s Mnf4
S 20¢ cdo Fe0 §6304 = 8.0F i
120 _. MnF3 2dFzgsbFs
Fa20: 08Bi203 GaF3|nF g
U>) Fe30: PbO ‘g CrF3 QJ BiF3
o 15 Mg OB G0 ® MiFaed o BsnF2
o] Cro2 =] VF30,” OF2vra
© Ga203® Mroo3 @ 20 7 ®rars
3 Cr20% Nb205 > e /7 ®riFa
= 10¢ Naegawgé"oe > ,’_23{
= P - AIF%/ ZF4
L /Ta205 w 4ol Wnsis
O 05F ooy T o vea. ~
N0, )f @scFa
9 g aF
0.0 L/ﬁeo b 0.0 _/‘ af2
00 05 10 15 20 25 30 0.0 1.0 2.0 3.0 4.0
Exp. Voltage vs. Li / V Exp. Voltage vs. Li/ V

Figure 14: Calculated average voltages for oxides and fluorides versus voltages
estimated from experimental formation enthalpies (Reproduced from Ref. [194] with
permission, copyright 2014 Wiley-VCH).

They suggested that the higher the lithiation voltage, the more likely the lithiation of the
coating takes place during electrochemical cycling. They report that fluorides-based
coating materials generally have higher lithiation voltage as compared to oxides, because
of their higher electronegativity. The chart presented in Fig. 14 is considered as an
important support for selecting coating materials in terms of in-situ lithiation during
electrochemical cycling.

2.5 Methods of Surface Modification

Regular coating

Conformal coating Conformal coating
(insulating) (conductive)

Figure 15: Schematic representation of possible ways of surface modification.

Different methods of surface modification approaches are summarized in Fig 15. The
surface modification methods have been extensively studied in the literature. Defining an
ideal modification method is difficult as the appropriate modification method
significantly depends on the issues that need to be addressed. Surface doping of the
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cathode can suppress the phase transition and can decrease metal-ion dissolution, but it is
more restricted to a selection of the doping element as well as the extent of doping.
Regular surface coating is effective against the suppression of metal-ion dissolution,
decomposition of the electrolyte and acts as an HF scavenger. But the coating methods
often produce an inhomogeneous coating on the surface of the cathode. Which is not
highly effective in preventing the HF attack and the phase transition. Thus, conformal
coatings are necessary to protect the cathode surface in a controlled manner from mostly
all above-mentioned issues. However, the hermetic nature of insulating coating layers can
prohibit electron and ion diffusion, resulting in a worse cathode performance. These
issues of conformal coatings can be solved by either converting the insulating coating
into conductive coating or by applying a conductive conformal coating in the first place.

2.5.1 Doping

Doping of cathodes is considered one of the most effective methods to improve the
electrochemical performance of the LIB, depending on the properties of the doping
elements?®2-292, Mostly, metal cations or non-metal anions have been doped into the bulk
phase of cathodes with a very low percentage (usually < 5 wt.%). Generally, doping
improves the following properties of the cathodes: (1) Doping significantly improves the
electronic conductivity and enhances the Li* conductivity within the cathodes, resulting
in improved C-rate performance. (2) Doping reduces the Li/Ni disorder in Ni-rich
cathodes, resulting in the stabilization of the crystal structure during prolonged cycling.
(3) Doping minimizes the volume change within the cathode during charge/discharge
cycles. (4) Phase transformation of the cathode at higher voltages due to oxygen loss can
be prevented by the incorporation of doping elements?!:200-209,

Cation dopants such as Al, Mg, Nb, Si, Zr, Ti, and Ca, are the most common doping
elements for Ni-rich cathodes?'%-?'% Since Ni/Li cation mixing is more common in Ni-
rich cathodes, Ni is mostly substituted by cation dopants. However, as these doping
elements are electrochemically inactive, the doping results in a lower achievable capacity
with increasing doping amount. Therefore, introduction of doping elements in cathode
results in a trade-off between capacity and stability!96:211.213:219,

Anion doping of cathodes is less common and only a few anion dopants have been tested.
The most common anion dopants, such as fluorine, chlorine, and sulfur, results in
improved electrochemical performance of Ni-rich cathodes, because of the similar atomic
radii with oxygen?2%-224_ However, the impact of anion doping on the improvement of the
electrochemical performance of the cathodes is still controversially discussed??>

2.5.2 Surface Coating

Surface coating of the cathodes is found to be a very effective approach to improve the
electrochemical performance of LIBs. Several factors such as C-rate capability, long-term
stability, material conductivity, or structural stability can be significantly improved via
surface coatings®®226-228 Surface coatings play various roles on the surface of the cathode
in order to improve performance. (1) The surface coating layer acts as a direct physical
barrier between the cathode and the electrolyte, preventing parasitic side reactions
between cathode and electrolyte. (2) The surface coating layer can effectively prevent the
cathode from HF attack, resulting in prevention of transition metal ions dissolution. (3)
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The coating can reduce crack formation by accommodating the volume expansion during
cycling. (4) Conductive coating layers can improve the ionic and electronic transports
properties of the cathode, resulting in reduced cell polarization. Surface modification of
the cathode via coating has been widely accepted and employed in next-generation Ni-
rich cathodes in order to meet the demand of next-generation LIBs'®+229-231 However,
there is still a need to find a simple, easy, cost-effective coating method in order to fully
commercialize Ni-rich NCM based cathodes for next-generation applications.

2.6 Methods of Coating

[
= S » Co-precipitation coating
= 1§ ) - o .
\/ _ * Sol-gel coating
Wet coating
A

—~—, - -,
~ >
—

tmm«%@
Gas-phase coating

Figure 16: Overview of surface coating methods for cathode particles.

The electrochemical performance of the cathode material can vary significantly
depending on the coating method, suggesting that the coating method itself has a
significant influence on the cathode properties'®?2622° The influence of the coating
method on the cathode performance can be due to the following reasons:

I.  For the same coating material, different coating methods can result in a
different coating microstructure on the cathode surface, which can lead to
differences in Li* transport properties through the coating layer.

Il.  The coating method can have a negative impact on the surface structure of
the cathode itself. For instance, the surface of Ni-rich layered cathodes is
very sensitive to water. If the coating method is water-assisted then it can
negatively affect the electrochemical performance of the cathode.

Thus, the coating methods should be chosen very carefully considering the properties of
the cathode materials. Fig. 16 shows the schematics of commonly used coating methods.
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2.6.1 Co-precipitation Coating Methods

Co-precipitation coating methods are a very common coating strategy by which a mono-
/multi-layer of coating material is deposited on the surface of cathode particles via a
precipitation reaction of inorganic compounds®2-24, For instance, Aboulaich et. al.
successfully coated LCO with MF3 (M = Al or Ce) using M(NO3)3.xH20 (M = Al or Ce)
and NH4F as coating precursor (Fig. 17a). The MF3 coating is found to improve the
electrochemical performance of LCO based cathodes by suppressing surface reactions
and scavenging the HF attack?®?. Co-precipitation coating methods have been widely used
because of their simple and practicable nature along with their low cost. However, as can
be seen in Fig. 17b, various parameters such as pH value, temperature, the solution used,
and the reagent dropping speed can greatly influence the coating properties and in turn
can influence the electrochemical performance of the cathode.

) Temperature H electrod
. electrode P eiectrode
Coatm% ~ \ Cathode
reagent .\ l (
pH reagent ——, P / material

Stirrer

pe¢

Co-precipitation Coated sample

— |

Sample output

Figure 17: (a) TEM micrograph showing the successful AlFs and CeO, coating via a co-
precipitation method (Reproduced from Ref. [232] with permission, copyright 2014
Wiley-VCH). (b) The schematic diagram for the co-precipitation coating method.

2.6.2 Sol-gel Coating Methods

As shown in Fig. 18, in sol-gel methods the cathode particles are dispersed in a prepared
solution. The gel is formed by applying specific reaction conditions, which in turn results
in the coating of the cathode particles?®>?%, For example, Shi et. al. reported the
successful Lao.7Sro.3Mno.7C00.303 coating of LiMn204 via sol-gel process. Which resulted
in much better C-rate and cycling performance?’. The sol-gel coating method provides
chemical uniformity of multi-component systems, along with easily controllable coating
process as compared to other coating methods®®32%°, However, the time required to
complete the coating process is rather long. In addition, most of the raw materials used in
the process are organic compounds resulting in an increase in costs. Furthermore, the
microstructure and chemical properties of the coating layer can be greatly influenced by
certain factors (pH value, concentration, temperature etc.), which can significantly affect
the electrochemical performance of the cathode°.
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Figure 18: Schematic illustration of the sol-gel coating process.
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2.6.3 Dry Coating Methods

In dry coating methods, the particles with a larger size (cathode material) are coated with
nanoparticles (coating material) by mechanical mixing in a mixer as shown schematically
in Fig. 19. Dry coating methods are considered very cost-effective and have insignificant
environmental impact. Thus, they have attracted more attention in recent years?*%241, For
instance, Herzog et. al. successfully coated NCM particles with Al,Oz nanoparticles using
a dry coating method. The coating was rather uniform resulting in a much-improved
electrochemical performance of the cathode as shown in Fig. 19242, Other studies have
also shown that using appropriate conditions, dry coating methods lead to a highly
uniform coating layer on the cathode particle. Moreover, dry coating methods are simpler
and cheaper than solution-based coating methods. However, in order to obtain a uniform
coating around the cathode particles, the particle size of the cathode and the coating
material should be carefully examined before coating?43244,

NMCALOs2wt-% e
+— NMC Al,0, 1 wt-%
80 —=— NMC Al,0, 0.5 wt-%
+— NMC uncoated

discharge capacity in mAhg*

0 10 20 30 40 50 60 70 80 90 100
cycle number

Figure 19: (a) Schematic diagram of the dry coating process. (b) Comparison of the
electrochemical performance of pristine and dry-coated Al.O3 sample (Reproduced from
Ref. [242] with permission, copyright 2014 Wiley-VCH).
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2.6.4 Chemical vapor deposition (CVD) Coating Methods

In CVD, the cathode particles come in contact with the flowing gaseous precursor and
react with the cathode particle, similar to the liquid state and results in coating?¥>2%. For
instance, Tian et. al. prepared and compared carbon-coated LiFePO4 particles via two
different approaches (Hydrothermal and CVD), using solid glucose as carbon source.
They reported that the CVD-based coating is much more uniform as compared to
hydrothermal-based one, resulting in a much better C-rate performance?*’. However,
there are lots of problems associated with CVVD-based coatings. Firstly, the coating
particles are usually present in the form of aggregates, thus the formation mechanism
becomes vital in order to control uniformity of the coating layer. Secondly, during the
coating process the nucleation and coating formation takes place simultaneously, which
ultimately can affect the coating uniformity. In conclusion, the CVD-based coating
process can provide a more uniform coating but the coating process is rather complicated
and costly compared to other methods.

2.6.5 Atomic Layer Deposition (ALD) Based Coating Methods

o
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Figure 20: Schematic diagram of the different steps of an ALD coating process.

In comparison to other coating methods, ALD is very unigue as it can provide ultrathin
coating layers along with high conformity and a precise thickness control on the atomic
level®®®, As illustrated in Fig,20, ALD allows the deposition of a very thin coating on the
surface of the substrate (cathode particle) through a sequence of chemisorption and self-
terminating surface reactions. During a typical ALD process, the substrate surface is
initially functionalized using an oxidative precursor, such as H>O or ozone, yielding a
conformal and complete coverage of the substrate surface with hydroxyl groups. This step
is followed by purging the by-products and the residual H>O or ozone with an inert gas
flux. Afterward, an organometallic precursor of the desired metal is introduced in order
to react with the active hydroxyl group, forming a monolayer of desire metal oxide on the
surface of the substrate bridged by oxygen bond. The second purging step is introduced
to remove the unreacted precursor and the by-products. These self-limiting pulsing and
purging steps are repeated during the ALD process, resulting in a precise atomic level-
controlled growth of the coating layer?*°-25!, Hence, coatings grown via ALD are typically
dense, homogenous, uniform and conformal. It is worth noting that ALD-based coatings
are chemically bonded to the substrate in contrast to other coating methods which are
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only physically attached??2%3, Another discrete advantage of ALD is that it can be used
to directly coat ready-to-use cathode sheets with a high aspect ratio. During the ALD-
based coating of ready-to-use cathodes. The gas-phase precursor can directly penetrate
inside the pores present in the composite cathode consisting of cathode active material,
conductive carbon and polymer binder, forming a conformal coating on the surface of
ready-to-use cathodes. Thus, ALD provides the flexibility of coating either individual
cathode particles or complete ready-to-use cathodes?>2-2>4,

2.6.6 Other Coating Methods

In addition to the above-mentioned coating methods, there are few alternative coating
methods such as electroless plating®®® and organics pyrolysis method?®®.

In the case of the electroless plating method, metals are deposited by chemical method
without current®’. For example, Jiang et. al. coated nano-sized Ag on LiMn.Os via
electroless plating method, which resulted in an improvement in the electronic
conductivity and thus in an improvement of the cycling performance?®. However, the
cost of this method is very high.

In the case of the organic pyrolysis coating method, a carbon coating is the main outcome,
which is typically completed by the carbonization of organic compounds?®. This coating
method has been considered very suitable for industrial applications. However, the
coating produced in this method is relatively rough, which affects the integrity and
uniformity of the coating.

2.7 Types of Surface Coating and Their Properties
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Figure 21: (a) SEM-EDX micrograph of Al.Os coated NCM powder. (b) Comparison of
the electrochemical performance of pristine and dry-coated Al,O3 samples (Reproduced
from Ref. [260] with permission, copyright 2014 Wiley-VCH).

Coating layers that act as a physical barrier between cathode and the electrolyte should
possess the following properties:
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I.  The coating layer should be chemically stable in order to prevent side reactions
from taking place between the coating layer and the cathode or the electrolyte.
I1.  The coating layer should have a very high redox potential, which can prevent the
oxidation of the coating layer during high-voltage operations.

According to the above-mentioned requirements, a wide range of chemical compounds
can be chosen as coating candidates. However, the physicochemical properties of these
compounds can significantly influence the electrochemical performance of the cathode.
For instance, as recently reported by Herzog et. al. coating of the same cathode with
different coating materials leads to differences in the electrochemical performance
cycling as shown in Fig. 212%°, Thus, concluding from literature, currently used coating
materials can be divided into the following categories: oxides, active electrode materials,
phosphates and carbon materials.

2.7.1 Oxide-Based Coatings

The most commonly used oxide coatings are Al203, ZrO,, TiO2, ZnOz, and SiOx.
Different oxide-based coatings have different chemical and electrochemical properties,
which can significantly influence the electrochemical performance of the coated cathode

material®>?6-265, As shown in Fig. 22, Herzog et. al. coated NCM based cathode materials
260

with different oxides, which showed an improved cycling performance
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Figure 22: (a) EDX micrograph of Al2Os, ZrO, and TiO2 coated NCM powder. (b)
Comparison of the electrochemical performance of pristine and dry-coated samples
(Reproduced from Ref. [260] with permission, copyright 2014 Wiley-VCH).

However, differences in the electrochemical behavior are found for the different coating
materials. The influence of the coating material is typically depending on the unique
physical and chemical properties of the oxide itself. For instance, Al.Oz is used
commercially as coating material because of its high melting point and stability against
the acidic or alkali environment. In addition, it is also corrosion resistant and can form
layered LiAIO- via high-temperature annealing, being beneficial for Li* diffusion through
the coating layer®. In comparison to Al,Os, semiconducting oxides such as ZrO- or TiOy,
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have a higher conductivity and can facilitate Li* diffusion through the coating layer during
cycling®®. Takamatsu et. al. reported the formation of Zr salt from ZrO, on the surface
of cathode particles during cycling, which improved the Li* diffusion through the coating
layer and thus improved the electrochemical performance®®’. In contrast to the majority
of oxide materials, SiO> based coatings, which exhibit a lower conductivity, reduces the
electrochemical performance when a thick coating layer is used?®®. Thus, in case of oxide
coatings with low conductivity, a thinner coating layer is favored for a better
electrochemical performance?®.

2.7.2 Phosphate-Based Coatings

The most commonly used phosphate-based coating materials are AIPOs, Co3(POa)2,
FePOy4, etc.2%2"*Among all, AIPOs-based coatings are most widely used, due to strong
covalent bonding between AI** and PO4 polyanion along with strong P=0O bonds. In
AIPOs-coated cathodes, the coating can effectively prevent the interaction between the
cathode and the electrolyte, which in turn prevents the metal dissolution??273, Cho et.al.
compared Al>03 and AIPO4 as coating material on the electrochemical performance of
LCO. They reported no significant differences between both the coatings. when the cells
were charged up to 4.6 V. However, the capacity retention was much better for AIPO4
coated sample as compared to Al.O3, when the cells were charged up to 4.8 V
accompanied with a higher thermal stability?’*. Cos(POa). is also a commonly used
phosphate-based coating material. It has been found that Coz(PO4). reacted with cathode
impurities (Li.CO3 and LiOH) during heat-treatment to form olivine LixCoPQO4 phase at
the surface of NCM, resulting in the suppression of side reaction and metal-ion
dissolution, which improves the electrochemical performance?>27®. FePO, based
materials have proven to be a promising 3V cathode candidate for LIBs due it’s low cost
and high thermal stability. Considering its advantages, Xiao et. al. reported that ALD-
based coatings of FePO4 on LiNiosMn1sO4 results in a much higher capacity during
cycling277'278.

2.7.3 Active Electrode Material-Based Coatings

Using active electrode materials as a coating layer is a fairly new concept for NCM based
cathodes. It has been suggested that coating the cathode with active electrode material
might be beneficial, as the coating layer exhibits better ionic conductivity as compared to
oxides or phosphate-based coating materials. It also prevents side reactions between
electrode and electrolyte. The most commonly used active electrode material for the
coating of NCM based cathodes include LisTisO12, LiNiPOs, and LiFePO4 etc?%0:279-282,
Among all LisTisO12 has been most widely employed as a coating material due to its high
stability, smooth discharge plateau and reluctance against overcharge and discharge?3,
Furthermore, LisTisO12 has a very unique structural feature of ‘zero strain’, which can
avoid structural damages arising due to volumetric changes and maintain structural
stability even at high operating voltage. For LisTisO1. coated Li-rich cathode material, it
is reported that the coating layer effectively stabilizes the main cathode structure and also
prevents the reaction between cathode and electrolyte, resulting in much better
electrochemical performance?®*2®°, LiFePO, also shows improved structural stability,
voltage plateau and excellent safety, making it another promising coating material. In
addition, it has higher thermal stability and superior high-temperature performance
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compared to most of the cathode materials, resulting in a much better electrochemical
performance for LiFePOs coated cathodes®®2?®’. Kim et. al. coated LiFePOs on
Li[Nio5C00.2Mno3]O2 using a co-precipitation method and compared its electrochemical
performance with inactive oxide coatings (Al20z, ZnO and MgO), reporting far superior
capacity retention at 50 °C??,

2.7.4 Carbon-Based Coatings

Carbon-based coatings exhibit good electronic conductivity and Li* diffusivity. They are
used for the cathodes with poor electronic conductivity, such as LiFePOs, Li2MnSiO4 and
Li,V2(POa)s etc?®-28°, Generally, carbon-based coating layer deposited on the cathode
surfaces have the following effects:

1. The coating layer increases the conductivity between the cathode particles.

2. The coating layer inhibits the grain growth during post-synthesis heat
treatment.

3. The coating layer acts as a reducing agent in order to prevent metal-ion
oxidation.

For in-situ carbon coating, the reaction atmosphere must be inert as carbon acts as a
reducing agent for the high valence metal ions in the cathode®®. Thus, in-situ high-
temperature carbon coating is not suitable for layered and spinel cathode materials. Liu
et. al. coated Li[Lio2Mnos4Ni0.13C00.13]O2 with carbon and found that the surface
conductivity has been enhanced by 40% without degrading the cathode structure,
resulting in a much better C-rate and electrochemical performance®. Jin et. al. coated
LiNio4Tio.1Mn1504 with carbon via solid-state reaction and found an improved columbic
efficiency along with higher capacity retention. This improvement was correlated to the
suppression of SEI formation and faster kinetics of Li* in the coated sample?®,

2.7.5 Other Coating Materials

In addition to the above-mentioned coating materials, there are materials worth
mentioning, such as fluoride, polymers, silicates, metals, etc!’3232293.2%  Ag already
discussed, the generation of HF is unavoidable inside the battery, which results in
corrosion of the cathode, which deteriorates the battery performance. In contrast, fluoride-
based coating layers don’t react with HF and in turn resist HF erosion of the cathode, thus
resulting in much better electrochemical performance and thermal stability®. Similarly,
polymer-based coatings are also very common to modify the cathode surface. For
example, coating the cathode with conductive polymer polypyrrole (PPy) results in an
improvement of the cathode conductivity and in turn in a higher capacity and improved
electrochemical performance?®. Furthermore, silicate-based coating materials effectively
block chemical erosion of the cathode surface due to the presence of strong Si-O bonds
and thus results in much better cycling performance of the coated cathode?®®. In addition,
metallic coatings can improve the electronic conductivity on the cathode surface and can
increase the electrical contact in the cathode composite, which can further increase the
electrochemical performance of the cathode?®”. However, metals with a high conductivity
might not be suitable as a coating material due to negative oxidation effect, so there is a
need for studying the modification mechanism of metal-based coatings.
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3. Results and Discussion

NCM based cathodes are widely used and studied in LIBs due to their higher achievable
capacity (200 mAh g?) in the same operating voltage window as compared to LCO. In
particular Ni-rich NCM based cathodes are projected to launch for the next-generation
LIBs for EV application and thus LiNio.7Mno.15C00.1502 has been selected for most of the
studies. However, using Ni-rich NCM is often accompanied by detrimental side reactions
at the interface between the cathode and the electrolyte, which in turn limits the battery
performance. The surface coating has been shown to effectively mitigate these interfacial
issues arises with Ni-rich NCM cathodes. Thus, the initial focus of my Ph. D. was to
develop an ALD-based surface coating method for the ready-to-use cathode sheets, which
otherwise is impossible to coat with other coating methods. | have successfully developed
an ALD-based Al,O3 coating approach and applied on ready-to-use cathodes resulting in
a better electrochemical performance of LIBs (Publication 1). Thereafter, my research
focus has been broadened to develop new solution-based coating methods for Al.Oz based
coating material on NCM powder (Publication Il). Furthermore, | have investigated the
effect of high-temperature treatment on Al.Oz based coating and its effect on the
electrochemical performance of the NCM has been studied (Publication I11). I continued
the development of new coating methods which can be applied in ASSBs, | applied a
LisTisO1-based coating dry-processed coating method on NCM powder used as a
cathode material in ASSBs. Due to the coating the performance of the ASSB could be
significantly improved (Publication IV). For the last part of my Ph. D. research, | have
investigated the influence of high-temperature treatment on dry-processed Al>Os3 coating
and its effect on the electrochemical performance of NCM based ASSB. The following
four peer-reviewed represents the basis of this Ph.D. thesis.

3.1 Publication I: Optimized Atomic Layer Deposition of Homogeneous, Conductive
Al203 Coatings for High-nickel NCM Containing Ready-to-Use Electrodes.

In my first publication, a new ALD-based Al>O3 coating process has been developed to
improve the electrochemical performance of various Ni-rich NCM based ready-to-use
electrodes. For the development of the coating process, various ALD parameters have
been optimized to achieve homogenous coating on NCM based cathodes. After successful
deposition of the coating layer, various structural characterization technique has been
used to analyze the coating on the surface of cathode. The coating is found to be rather
homogenous and thin. The coating layer is thin enough to retain the original conduction
properties of the cathode.

The electrochemical characterization in terms of C-rate, long-term cycling, and
electrochemical impedance spectroscopy (EIS) confirmed the improvement of the long-
term cycling performance for the coated cathodes as compared to uncoated ones without
a negative impact on the C-rate performance. The beneficial effect of the coating layer
can be attributed to a reduced SEI formation and charge transfer resistance during long-
term cycling.Post-mortem analysis of the cycled cathodes reveals that the coating itself is
stable during cycling and the coating layer effectively prevents particle cracking during
cycling.
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| designed the concept and performed the experiments of this publication under the
supervision of Dr. M. T. EIm and Dr. S. P. Culver. | wrote the manuscript, which was
corrected by all five co-authors. High-resolution SEM images have been taken by
Shamail Ahmad. AFM images have been taken by Miguel Wiche. Dr. S. P. Culver
contributed to scientific discussions. Reprinted with permission from Physical Chemistry
Chemical Physics. Copyright 2018 Elsevier.
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Optimized atomic layer deposition of
homogeneous, conductive Al,O3 coatings for
high-nickel NCM containing ready-to-use
electrodest

Rajendra S. Negi,” Sean P. Culver,” Miguel Wiche,” Shamail Ahmed, Kerstin Volz®
and Matthias T. Elm (%>

Atomic layer deposition (ALD) derived ultrathin conformal Al,O; coating has been identified as an
effective strategy for enhancing the electrochemical performance of Ni-rich LiNi,Co,Mn,O, (NCM; 0 <
X, ¥, z < 1) based cathode active materials (CAM) in Li-ion batteries. However, there is still a need to
better understand the beneficial effect of ALD derived surface coatings on the performance of NCM
based composite cathodes. In this work, we applied and optimized a low-temperature ALD derived
Al,O3 coating on a series of Ni-rich NCM-based (NCM622, NCM71.51.5 and NCM811) ready-to-use
composite cathodes and investigated the effect of coating on the surface conductivity of the electrode
as well as its electrochemical performance. A highly uniform and conformal coating was successfully
achieved on all three different cathode compositions under the same ALD deposition conditions. All the
coated cathodes were found to exhibit an improved electrochemical performance during long-term
cycling under moderate cycling conditions. The improvement in the electrochemical performance after
Al,O3 coating is attributed to the suppression of parasitic side reactions between the electrode and the
electrolyte during cycling. Furthermore, conductive atomic force microscopy (C-AFM) was performed
on the electrode surface as a non-destructive technique to determine the difference in surface
morphology and conductivity between uncoated and coated electrodes before and after cycling. C-AFM
measurements on pristine cathodes before cycling allow clear separation between the conductive
carbon additives and the embedded NCM secondary particles, which show an electrically insulating
behavior. More importantly, the measurements reveal that the ALD-derived Al,O3 coating with an
optimized thickness is thin enough to retain the original conduction properties of the coated electrodes,
while thicker coating layers are insulating resulting in a worse cycling performance. After cycling, the
surface conductivity of the coated electrodes is maintained, while in the case of uncoated electrodes
the surface conductivity is completely suppressed confirming the formation of an insulating cathode
electrolyte interface due to the parasitic side reactions. The results not only show the possibilities of
C-AFM as a non-destructive evaluation of the surface properties, but also reveal that an optimized
coating, which preserves the conductive properties of the electrode surface, is a crucial factor for
stabilising the long-term battery performance.

1. Introduction

The fast-growing development of electric vehicles (EVs) and
hybrid electric vehicles (HEVs) has drawn extensive interest in

Heinrich-Buff-Ring 17, 35392 Giessen, Germany. the area of rechargeable lithium-ion battery (LIB) research for
E-mail: matthias, phys.chemie. de achieving a higher energy density and a long cycle life."”
© Materials Science Centre and Faculty of Physics, Philipps University Marburg, At present, the most common]y used cathode materials (such

Hans-Meerwein-Strasse 6, 35043 Marburg, Germany
“ Institute of Experimental Physics I, Justus Liebig University Giessen,
Heinrich-Buff-Ring 16, 35392 Giessen, Germany

as LiCo0,) are considered to be a limiting factor for developing
high capacity LIBs because of their relatively low lithium

T Electronic supplementary information (ESI) available. See DOI: 10.1039/ utilization (ie-v <60%] and severe degradation during continuous
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cycling.>™* Among all, LiNi,Co,Mn.0, (NCM; 0 < x,y,z < 1) as
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cathode active materials pioneered by Liu et al.” have attracted
the highest interest due to their high capacity (e.g,, c&. 200 mAh g !
for LiNij3C0o:Mn,,0,),° longer cycling stability’ and low cost.
However, these materials show severe capacity fading at higher
working voltage (> 4.3 V) due to lattice structural instabilities which
lead to surface reconstruction of the cathode material caused by a
layered to spinel-like phase transformation.”™ Also at a lower
working voltage (<4.3 V), there is significant capacity degradation
in NCM based cathodes due to parasitic side reactions between the
electrode and electrolyte interface.'’ For example, the small
amount of moisture present on the surface of NCM can react with
LiPF; in the electrolyte to produce contaminants like HF which is
known to be responsible for capacity fading during cycling.'>*
These issues associated with NCM based CAM hinder its potential
application in EVs and HEVs. Thus, the interfacial interactions
between NCM and the liquid electrolyte play a crucial role in the
electrochemical performance of LIBs.'®

In the past few years, researchers have demonstrated that
bulk doping and surface modification of NCM can overcome
the aforementioned issues.'®'® Modification of NCM using
surface coating is found to be effective in improving the cycling
performance by preventing the direct physical interaction of the
electrolyte with the cathode and thus mitigating the side
reactions at the interface.'** Several surface coating materials
and coating approaches have been applied to different CAM,
which have been found to be effective in enhancing the cycling
performance as collectively summarized in recent review
articles.”® > Surface coating performed via conventional wet-
chemical approaches® " was found to be effective in improving
the cell performance, but there is no precise control over the
coating thickness, uniformity and surface coverage.®” In addition,
these coating approaches usually require post-heat treatment
which is not suitable for coating ready-to-use composite electrodes
(i.e. due to the decomposition of PVDF at >150 °C).** In
contrast, atomic layer deposition (ALD) based coatings have
many advantages over conventional wet-chemical approaches
(i.e. uniform and conformal coating along with precise control
over coating thickness) and can be performed at relatively low
temperatures, allowing coatings to be applied directly on
ready-to-use composite electrodes.'***>*® Furthermore, ALD is
a suitable method to achieve homogeneous coatings even for
highly porous materials with pore sizes in the nanometer
range.”” " In surface coated ready-to-use composite electrodes,
all constituents (i.e. CAM, binder and conductive carbon) are
covered by the coating and thus prevent the direct physical
contact of the cathode with the electrolyte. Apart from this, all the
original conduction pathways formed between the constituents in
the electrodes remain unaffected. Thus, better electron and Li-ion
transport properties can be expected compared to electrodes
prepared from coated powder CAM."***

In view of coating materials, various metal oxides and
fluorides, such as Al,0;,*** Ti0,,*** zn0," $i0,,> Ce0,,"*"
and AIF;"** have been investigated. Among these, Al,Oj is by far
considered as the most prominent coating material, which is
widely used in both research and industry. Most of the reports
on ALD based Al,O; coatings have been published on LCO and
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NCM powders,”**% and there are only few reports on ALD
based Al,O; coatings on ready-to-use electrodes mostly in case of
NCM based CAM.’** However, in all of these reports the
deposition parameters were optimized for only one composition
of NCM (i.e., either NCM523,**°¢ or NCM622>'). Considering a
wide range of NCM compositions, it is crucial to develop and
optimize an ALD based Al,O; coating technique which can be
applied to a wide range of NCM compositions to enhance the
electrochemical performance in LIBs.

In this study, we optimized an ALD-based Al,O; coating
technique, applied the coating on a series of ready-to-use
composite electrodes (ie, NCM622, NCM71.51.5 and
NCMS811), and examined the effect of Al,O; coating on the
electrochemical performance of these electrodes in LIBs.
Conductive AFM (C-AFM) measurements on the electrode surface
were performed in order to gain a better understanding of the
beneficial effect of the coating on the electrochemical cycling
behavior. AFM measurement has been proven to be a powerful,
non-destructive method to provide local information on the
structural, chemical or conduction properties of battery electrodes
at the nanoscale” ®" and to study the formation of solid-electrolyte
interfaces.®” ** In this work, C-AFM measurements on the coated
cathodes reveal that, on one hand, a sufficiently thin coating
does not affect the electrical conductivity of the cathode surface
and, on the other hand, the electrical and structural properties
are maintained due to the coating even during cycling. Thus, this
work offers an optimized oxide coating for a series of Ni-rich
cathodes using ALD, which improves the electrochemical per-
formance of various Ni-rich electrodes for lithium-ion batteries
not only by preventing the direct contact between cathode and
electrolyte, but also by retaining the electrical surface conductiv-
ity of the cathode. Furthermore, we show that the ALD-derived
coating preserves the structural and electrical properties of the
surface during cycling, while in case of the uncoated electrodes
the formation of the cathode/electrolyte interface completely
suppressed the electrical conductivity at the surface.

2. Experimental
2.1. Electrode preparation

Three kinds of electrodes using different Ni-rich NCM
compositions as active materials (i.e. NCM622, NCM71.51.5
and NCM811) were prepared. For the electrode preparation,
the corresponding Ni-rich NCM secondary particles (90 wt%),
conductive carbon (Super P, 5 wt%) and 5 wt% solution of
polyvinylidene fluoride (Solef PVDF 6020) binder were suspended
in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) and mixed for
24 h. The resulting cathode mixtures were cast on Al-foil using a
doctor blade and dried under vacuum at 120 °C. The cathodes
were calendared at 90 psi and dried again at 120 °C under vacuum
overnight before transferring to the glovebox.

2.2. Al,O; coating

ALD-based AL,O; coating was performed directly on the as-prepared
cathodes using a SUNALE R-200 Advanced (Picosun; Finland)
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Fig. 1 Schematic illustration of ALD-based Al,Oz coating on NCM based
ready-to-use composite electrodes.

reactor at 120 °C. The low reaction temperature was used to
prevent PVDF decomposition (<150 °C). Trimethylaluminum
(TMA, Sigma-Aldrich) and water (H,0) were used as precursors
for the deposition of Al,O; coating. The pulse time for both
precursors was 10 s, N, was purged in between two consecutive
pulses for 60 s to ensure the complete removal of unreacted
excess precursor and reaction by-products. Five cycles of Al,O;
were coated on the series of Ni-rich NCM based (NCM622,
NCM71.51.5, and NCM811) ready-to-use composite cathodes
for comparison (Fig. 1).

2.3. Electrochemical investigation

For electrochemical investigations, CR-2032 coin cells (MTI
Corporation) were assembled in an argon-filled glovebox
(oxygen and water levels of less than 1 ppm) using pre-dried
materials. Half-cells were assembled using Pristine-/Coated-
NCM (12 mm) as the cathode, lithium foil (Rockwood Lithium
GmbH, 14 mm) as the anode, Celgard-2500 (16 mm) as the
separator, and an electrolyte solution (50 pL, 1.0 M LiPFg in 1:1
by weight ethylene carbonate (EC)/ethyl methyl carbonate
(EMC) purchased by Sigma-Aldrich (LP50)). Electrochemical
investigations were performed using a multichannel battery
cycler (MACCOR Inc., USA) at 25 “C after equilibration for 2 h.
The coin cells were cycled between 3.0 and 4.3 V at 0.5C (1C =
160 mA gNCMEzzilv 160 mA gNCM71.51.571| 200 mA ENCMslfl)
after the C-rate capability tests at different discharge current
densities (0.1C, 0.3C, 0.5C, 1C, 2C, and 4C). All coin cell data
are averaged from three independent cells (for both pristine-
and coated-cathodes).

2.4. Material characterization

The morphology and microstructure of the Al,O; coating were
investigated using a “Merlin” scanning electron microscope
(SEM) from Zeiss (accelerating voltage = 5 kv, accelerating
current = 1500 pA). The homogeneity of the Al,0, coating was
investigated by electron-dispersive X-ray spectroscopy (EDX)
using an X-Max detector (Oxford Instruments, accelerating
voltage = 5 kV, and accelerating current = 1500 pA). X-ray
photoelectron spectroscopy (XPS) measurements were performed
on the Al,O; coated cathodes before and after cycling, using a
PHI 5000 Versaprobe II Scanning ESCA microprobe (Physical
Electronics, pressure ~10 ° Pa). A monochromatic, micro
focusing Al Ko X-ray source was used. The samples were
sputtered for 90 s before the XPS data were collected in order
to remove surface contaminants. Survey spectra were measured
with a pass energy of 93.9 eV and high-resolution spectra with a
pass energy of 23.5 eV. For calibration, the C 1s line at 284.8 eV
was used as standard. CasaXPS software was used for
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evaluating the spectra. Structural characterization of the
pristine and coated electrodes was performed using X-ray
diffraction (XRD, Bruker) with Cu Ko radiation. The surface
topology and conductivity of the electrodes were investigated
by atomic force microscopy (AFM) using a Bruker Dimension
Icon instrument (Multimode 8). All AFM measurements
were operated in PeakForce TUNA mode which provides
simultaneous mapping of the topography and the current
using the TUNA module. In the conductive-AFM mode (C-AFM)
the back side of the electrode is biased to a set voltage and a
conductive tip is used. When the AFM tip comes in contact
with the electrode surface, a current flows between the sample
and the tip, if the sample is conductive. Depending on the
cathode, imaging of the flowing current was done using a bias
between 500 mV and 1100 mV to prevent damage to the tip.
Platinum/iridium-coated tips were used during the analysis.
All AFM image processing was done with the Nanoscope Analysis
1.9 software.

3. Results & discussion
3.1. Characterization of Al,0;-coated Ni-rich NCM

In this work, an optimal, low-temperature ALD derived coating
method has been developed in order to coat Al,O; on different
LiNi,Co,Mn,0, (NCM; 0 < x, y, z < 1) based ready-to-use
cathodes for LIBs. Initially, the ALD process was optimized on a
Si substrate, which allowed to determine the growth rate of
ALO; (~1.0 A per cycle) as shown in Fig. S1a (ESIf). These
optimized process parameters have been directly applied to
NCM based ready-to-use cathodes as stated in the experimental
section to obtain electrodes with different thicknesses of the
coating layer. Thereafter, these electrodes were tested regarding
the electrochemical cycling stability as shown in Fig. S1b (ESIY),
in which a coating thickness of 2-4 nm was found to show the
best performance in the long-term stability tests and thus has
been used for further studies. To confirm the successful Al,0y
coating on the electrodes, the Al 2p XPS spectra were collected
for both the pristine and coated cathodes. As shown in Fig. 2a,
the coated sample shows a sharp peak at 74.7 eV, which can be
attributed to Al 2p® thereby verifying the successful Al,O;
coating. Furthermore, no Al peak is observed for the pristine
cathode as expected. The XRD patterns of the pristine and
coated cathodes are also provided in Fig. 2b. Here, a typical
pattern of the layered o-NaFeO, structure is observed®®
confirming that the Al,O; coating did not negatively alter the
NCM structure. Moreover, no additional reflections can be
observed for Al,0;, which is likely due to both the amorphous
nature of the coating and the low weight fraction of the coating
on the surface.

High magnification SEM images of the pristine and coated
NCM71.51.5 cathodes are shown in Fig. 3. The polydisperse
NCM secondary particles have a spherical morphology with
sizes ranging from 2 to 10 pm and are composed of primary
particles with diameters varying between 200 and 500 nm.
Three different Ni-rich NCM cathodes (ie, NCM622,
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Fig. 2 (a) Al 2p XPS spectra and (b) XRD patterns of pristine and Al,O3 coated NCM71.51.5 electrodes.

Fig. 3 SEM images of (a) pristine and (b) Al,O3 coated NCM71.51.5 electrodes. (c) SEM-EDX mapping of Al,O3 coated NCM71.51.5 electrodes confirming

the homogeneous coating using ALD.

NCM?71.51.5, and NCM811) were used for the ALD derived Al,O;
coating and the additional SEM images of the other cathodes
can be found in the ESIf (Fig. S2). Importantly, no change in
the morphology of the cathodes is found after the coating. EDX
mapping of the coated NCM71.51.5 cathodes illustrates the
homogeneous distribution of Al on the cathode surface
(Fig. 3c), confirming the uniformity of the Al,O; coating and
indicating that all cathode components (e.g., NCM, carbon and
binder) are covered by Al,O;. Comparable results are observed
for all three different Ni-rich NCM cathode compositions (see
ESI,t Fig. $2). The F Ko EDX map corresponds to the distribution
of PVDF (binder) in the cathode.

6728 | Phys. Chem. Chem. Phys., 2021, 23, 6725-6737
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High-resolution cross-sectional SEM images of Al,O; coated
NCM particles using 40 ALD cycles (2-4 nm) are shown in Fig. 4.
Notably, a thin tungsten layer (W-e ™) was first deposited on the
coated NCM71.51.5 electrodes using an electron beam,
followed by a thick tungsten layer (W-Ga) deposited using a
Ga-ion beam. The tungsten layer was deposited to protect the
surface from damage during focused ion beam (FIB) preparation.
The dark contrast between the NCM primary particles and the
W-e layer in Fig. 4a shows that the particle surface has been
coated homogeneously with the ALO; layer. This is further
confirmed by high-magnification SEM images shown in Fig. 4b
and c from different regions of the secondary particle surface.
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Fig. 4 High-resolution SEM images of Al,O3 coated NCM71.51.5 (40ALD)
electrodes (a) at large field-of-view showing the homogeneous coating of
the secondary particle surface and (b and c) at relatively higher magnifications
from different regions of secondary particle surfaces.

The thickness of the coating layer is estimated to vary between
2 and 4 nm, which is in agreement with the expected value of
about 2-4 nm according to the determined growth rate of Al,O;
(Fig. S1a, ESIf). All of the abovementioned characterization
techniques confirm that a homogeneous, uniform Al,O; coating
has been successfully deposited on the electrodes.

AFM images of pristine and coated electrodes before cycling
are shown in Fig. 5. The topography of the electrode surface is
shown in Fig. 5a and c for the pristine and the coated electrode,
respectively. In both cases, the NCM secondary particles can
clearly be observed as spherical particles embedded in the
mixture of conductive carbon and binder. A correlation of the
C-AFM measurements shown in Fig. 5b reveals that an electrical
current is only detectable in the areas, where carbon is found,
while the surface of the NCM secondary particles is found to be
rather electronically insulating.®® This is expected, as the

Height 1.7 um Current 1200 pA
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electronic conductivity of carbon is much higher than those of
the mixed conducting NCM material. Interestingly, also for the
coated NCM electrodes, a flowing current is detectable in the
carbon regions of the surface, ie., the surface conductivity of
the electrode is still maintained after coating with a thin AL,O;
layer. Coating of the electrode with a 20 nm thick Al,O; layer
completely suppresses the electronic surface conductivity
(see ESI,} Fig. S3), i.e., the coating is electronically insulating
as expected for Al,O;. Thus, the electronic properties of the
coating layer are strongly affected by its thickness, as recently
also observed for ceria and titania coatings on ZrO,-based
oxides.*™®” Thus, the measurements clearly confirm that the
ALO; coating layer is thin enough to maintain conduction
pathways along and across the surface, which is beneficial for
the electrochemical performance of the coated electrodes.
In addition, it can be seen that there is no change in the surface
morphology after coating and the different constituents of the
cathode composite (e.g., NCM secondary particles and carbon)
are still clearly distinguishable.

3.2. Electrochemical characterization

In order to investigate the influence of coating on the electro-
chemical performance of the high-Ni NCM cathodes,
Li|LP50|NCM half-cells were assembled. The cells were initially
galvanostatically cycled from 0.1C to 4C in order to analyze the
effect of coating on the C-rate performance. The same cells were
subsequently cycled at 0.5C for long-term cycling stability tests.
As shown in Fig. 6, the C-rate capability of both the pristine and
coated cathodes is found to be similar at all charge/discharge
rates within the experimental error range. This indicates that
modifying the surface of the cathode with Al,0; does not
appear to negatively influence the C-rate performance, which
suggests that besides the preserved electronic conductivity the
coating layer also possesses sufficient ionic conductivity to facilitate
the desired Li-ion diffusion behavior. Typically, various factors,

Carbon

Fig. 5 AFM images of NCM71.51.5 electrodes (a and b) before and (c and d) after coating. In both cases, the insulating secondary NCM particles can
clearly be distinguished from the electronically conductive carbon-binder mixture.
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Fig. 6 Half-cell rate capability and long-term cycling stability of pristine and coated (a) NCM622 (b) NCM71.515 and (c) NCMB811 cathodes.
(d} Comparisons of capacity retention for pristine NCM and coated NCM for all three configurations.

such as coating thickness, porosity, homogeneity, and coating
amount, significantly affect the Crate performance, especially,
when the NCM particles themselves are coated. In our case, the
coating layer is just present on the surface of the electrode and all
NCM particles below the surface are unaffected by the coating,
which in turn preserves the original conduction pathways inside
the cathode. It should also be noted that despite several reports
showing an improvement in the Crate performance after Al,O;
coating based on wet-chemical synthesis,****® most of the reports
on ALD*'%%% hased Al,0, coatings on powder or ready-to-use
NCM electrodes showed a similar or worse C-rate performance
compared to that of the pristine cathodes. Thus, additional
studies related to the influence of coating temperature and coating
thickness are required to obtain a complete understanding of the
coating on the Crate performance in ALD coated, ready to use
cathodes.

After the C-rate test, the same cells were tested for long-term
cyceling performance and were cycled at 25 °C with a rate of 0.5C
between 3.0 and 4.3 V. Fig. 6a-c compares the cycling
performance and coulombic efficiencies of the pristine
cathodes with those of the coated cathodes for all three
compositions of Ni-rich NCM used in this study. It can be seen
that the coated cathode exhibits higher cycling stability as
compared to the pristine cathode after 110 cycles. In all three
cases, the coated cathodes exhibit an improved long-term
cycling performance with higher coulombic efficiencies
compared to that of the pristine NCM cathodes. As shown in
Fig. 6d, the capacity retention is improved by 9.1% for NCM622,
14% for NCM71.51.5 and 14.4% for NCM811 after 110 cycles.
Notably, the higher coulombic efficiencies indicate that the
coating effectively inhibits the deleterious side reactions taking

6730 | Phys. Chem. Chem. Phys., 2021, 23, 6725-6737

place at the cathode/electrolyte interface. It is well known that
NCM with a higher Ni content shows a much faster electro-
chemical decay due to a reduced interfacial stability.
As NCM622 has the lowest Ni content, it shows the lowest
capacity decay during long term cycling. Consequently, the effect
of Al,O; coating on the long-term cycling stability becomes
noticeable only at higher cycle numbers (after approximately
80 cycles) as compared to the other two NCM compositions.

As all three different NCM configurations show an improvement
upon coating, further detailed studies have been restricted to
the NCM71.51.5 cathode and are discussed thoroughly in the
following sections. Similar results are observed for NCM622
and NCM811, which can be found in the ESIf (Fig. S4).
The initial charge-discharge profiles of pristine and coated
cathodes cycled between 3.0 V and 4.3 V at the rate of 0.1C are
compared and are shown in Fig. S5 (ESIt). The pristine cathode
(183.06 mA h g~?) shows a slightly higher initial discharge
capacity as compared to the coated cathode (179.36 mAh g ').
The slight decrease in capacity during the first few cycles of the
coated cathode is attributed due to the additional resistance
arised by the thin Al,O; coatings and possibly due to the
lithiation of the alumina layer during initial cycling.”""
Furthermore, it can be seen in Fig. 7 that the decrease in initial
capacity due to the coating is compensated by the improved
capacity retention and coulombic efficiency in the following
cycles at 0.1C as compared to the pristine cathode. It can also
be seen that the coated cathode has a higher overpotential
during the first cycle compared to the pristine one, which again
is attributed to the additional resistance arising from the thin
Al,05 layer. Nevertheless, the coated cathodes show no polar-
ization in contrast to the pristine cathodes during further
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cycling (Fig. 7a and b; P1, P2 vs. C1, C2), which further suggests
the lithiation of the alumina layer and an improvement of the
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Fig. 7 Galvanostatic charge—discharge curves of first four cycles at 0.1C for (a) pristine cathode and (b) coated cathode. (c) Comparison of initial four
charge-discharge cycles at 0.1C for pristine and coated cathodes.
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ionic transport properties of the coating layer. The exact values
shown in Fig. 7c reveal that the stability of the coated cathode
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has slightly improved compared to the pristine cathode during
the initial formation step at 0.1C, which in turn suggests that
the coated cathode is more stable against parasitic side
reactions occurring at the electrode/electrolyte interface.

Fig. 8a and b compares the voltage versus capacity profile
of different cycles of the pristine and the coated cathodes.
A continuous polarization arises at the beginning of different
charge-discharge cycles in both cases and the pristine cathode
shows a much higher polarization as compared to the coated
cathode during long-term cycling. The exact values of the

View Article Online
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voltage change of the pristine and coated cathodes during
cycling are compared in Fig. 8c. It can be seen that the coated
cathode is much more stable than the pristine one. This is
attributed to the coating, which prevents the side reactions
from taking place at the electrode/electrolyte interface leading
to severe capacity degradation in Ni-rich NCM cathodes.”
Impurities, e.g., adsorbed H,O on the surface of NCM, can
accelerate the decomposition of the electrolyte, thereby releasing
HF and inactive LiF phases.”® These side reactions increase the
charge transfer resistance,” as the reaction products (e.g., LiF)
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Fig. 8 Galvanostatic charge-discharge curves of (a) pristine and (b) coated NCM cycled at 0.5C after the C-rate test. (c) Comparison of voltage at the
beginning of different cycles for pristine and coated NCM. Differential capacity plots for (d) pristine and (e) coated NCM cycled at 0.5C. (f) Comparison of
the open-circuit voltage (OCV) change during cycling for pristine and coated NCM.

6732 | Phys. Chem. Chem. Phys., 2021, 23, 6725-6737

42 |Page

This journal is © the Owner Societies 2021



Published on 22 February 2021. Downloaded by UNIVERSITAT GIESSEN on 3/29/2021 10:42:41 AM.

PCCP

are highly resistive to Li-ion migration.”® The formation of such
a high resistive cathode/electrolyte interface (CEI) results in a
higher polarization and severe capacity fading. The coating at
the electrode surface prevents the direct physical contact
between NCM and electrolyte and thus effectively suppresses
the side reactions at the CEL”®”

It should be noted that the ALD precursor for alumina (i.e.
trimethylaluminium) is also a good H,0 scrubber, which can
eliminate surface H,O present on NCM and in-turn prevents
electrolyte-related side reactions from taking place.”*’® The
higher capacity retention of the coated cathode can therefore
also be due to the removal of H,O from the electrode surface
during the coating process, preventing side reactions and
inhibiting HF formation.?” The slightly lower initial coulombic
efficiency of the pristine cathodes compared to that of the
coated ones further indicates that more side reactions occur
between the pristine cathode surfaces and the electrolyte.
Also the higher polarization during cycling for the pristine
cathodes compared to the coated cathodes signifies more
pronounced parasitic side reactions at the surface.*™"!

To further investigate the polarization of the cells during
cycling, the differential capacity plots (dQ/dV) of the pristine
and coated cathodes are shown in Fig. 8d and e, respectively.
The redox peaks in the dQ/dV plots indicate the plateaus in the
charge-discharge curves shown in Fig. 8a and b. It is found that
the oxidation peak shifts to higher values and the reduction
peak shifts to lower values during cycling, which indicates the
polarization in the cell. Fig. 8f compares the OCV values of the
pristine and coated cathodes, which also confirm a larger shift in
the redox peaks of the pristine cathode, ie., the oxidation peak
shifts to higher voltage and the reduction peak shifts to lower
voltage, as compared to the coated cathode. This further corro-
borates the assumption that more side reactions occur at the
surface of the pristine cathodes compared to the coated ones.*
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3.3. Post-mortem characterization

During the electrochemical cycling, the stability of NCM based
cathodes is also expressed in terms of the morphological
integrity of the secondary particles. Microcracks in the NCM
secondary particles are considered as one of the main causes
for capacity fading. These microcracks are induced by electro-
chemical stress inside the particles caused by a volume change
during lithiation/delithiation, parasitic side reactions generating
a thick CEI layer, and the generation of new phases with larger
lattice parameters. In our case, we consider the coating to be
effective against the side reaction at the interface, which in turn
might be also beneficial to maintain the secondary particle
integrity. In order to investigate the effect of coating on the
structural stability of the cathodes and the stability of the Al,O;
coating, electrochemically cycled electrodes were analyzed using
SEM-EDX and C-AFM.

As shown in Fig. 9, the pristine cathode exhibits severe
particle cracking as also confirmed by cross sectional SEM
images shown in Fig. S6 (ESIf). Although the cracking likely
improves the chemical diffusion of lithium and the charge
transfer kinetics in the NCM particles due to an increase in the
electrochemically active surface area,* it is also considered to
be harmful for the electrochemical stability of LIBs as the new
surface area also interacts with the electrolyte resulting in
additional side reactions at the surface accompanied by a
decrease in cycling performance.® In contrast to the uncoated
cathode, the morphology of the particles of the coated cathode
is maintained, which hinders the increase in surface area being
in contact with the liquid electrolyte. A comparison of the high
magnification SEM-EDX images of the coated cathode before
and after cycling shown in Fig. 9c reveals that the Al,Oj layer is
homogeneously distributed over the cathode even after long-term
cycling, which shows that the ALO; coating is highly stable.

e) Coated after cycling

15
Height Current e

Fig. 9 SEM images of NCM71.51.5 electrodes (a) before, and (b) after cycling, (c) SEM-EDX mapping of Al before and after cycling. C-AFM image of

NCM71.51.5 electrodes (d) pristine, and (e) coated, after cycling
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Fig. 9d and e show the C-AFM measurements of the pristine and
coated electrodes after cycling, respectively. It can be seen that
nearly no current signal is detectable, Le., the surface conductivity
of the pristine sample vanishes completely after cycling.
This confirms the formation of an insulating CEI in case of
the pristine cathode, which impedes the charge transfer at the
interface leading to the observed capacity fading. In case of the
coated sample, a comparable current signal similar to that prior to
cycling is detected. The surface conductivity is nearly unaffected
still showing the NCM secondary particles embedded in a
conductive carbon/binder matrix. Thus, the C-AFM results
support the assumption that the Al,O; coating is highly stable
against electrochemical cycling and prevents CEI formation by
suppressing the side reactions occurring at the interface.

4. Conclusions

In this work, the surface of different Ni-rich NCM cathodes was
modified by Al,O; using an optimized ALD process. C-AFM
measurements of the pristine and coated cathodes before
cycling reveal that the Al,O; coating is sufficiently thin to
maintain the electrical surface conductivity of the cathode.
Improvements of capacity retention and coulombic efficiencies
are observed for all three coated cathode compositions due
to the coating. The improved electrochemical performance
confirms that surface modification using the ALD techniques
can significantly mitigate the detrimental side reactions at the
electrode/electrolyte interface and thus improve the cycling
stability of Ni-rich NCM based cathodes. The post-mortem
analysis clearly shows that the Al,O; coating is stable during
electrochemical cycling and successfully inhibits deleterious
side reactions and particle cracking. This is also supported by
post-mortem C-AFM measurements, which reveal the formation
of an insulating CEI resulting in a nearly complete suppression
of the cathode surface conductivity and consequently impeding
charge transfer at the interface. The results clearly indicate that
applying conformal coatings using an optimized ALD coating
technique can improve the structural and electrochemical
integrity of Ni-rich NCM based ready-to-use cathodes as long
as the charge transfer at the interface is preserved. The results
could be a significant step towards considering Ni-rich NCM
based high energy cathodes for practical applications in EVs/
HEVs using conformal surface modification with ALD.
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Fig. 9d and e show the C-AFM measurements of the pristine and
coated electrodes after cycling, respectively. It can be seen that
nearly no current signal is detectable, ie., the surface conductivity
of the pristine sample vanishes completely after cycling.
This confirms the formation of an insulating CEI in case of
the pristine cathode, which impedes the charge transfer at the
interface leading to the observed capacity fading. In case of the
coated sample, a comparable current signal similar to that prior to
cycling is detected. The surface conductivity is nearly unaffected
still showing the NCM secondary particles embedded in a
conductive carbon/binder matrix. Thus, the C-AFM results
support the assumption that the Al,O; coating is highly stable
against electrochemical cycling and prevents CEI formation by
suppressing the side reactions occurring at the interface.

4. Conclusions

In this work, the surface of different Ni-rich NCM cathodes was
modified by AlO; using an optimized ALD process. C-AFM
measurements of the pristine and coated cathodes before
cycling reveal that the Al,O; coating is sufficiently thin to
maintain the electrical surface conductivity of the cathode.
Improvements of capacity retention and coulombic efficiencies
are observed for all three coated cathode compositions due
to the coating. The improved electrochemical performance
confirms that surface modification using the ALD techniques
can significantly mitigate the detrimental side reactions at the
electrode/electrolyte interface and thus improve the cycling
stability of Ni-rich NCM based cathodes. The post-mortem
analysis clearly shows that the Al,O; coating is stable during
electrochemical cycling and successfully inhibits deleterious
side reactions and particle cracking. This is also supported by
post-mortem C-AFM measurements, which reveal the formation
of an insulating CEI resulting in a nearly complete suppression
of the cathode surface conductivity and consequently impeding
charge transfer at the interface. The results clearly indicate that
applying conformal coatings using an optimized ALD coating
technique can improve the structural and electrochemical
integrity of Ni-rich NCM based ready-to-use cathodes as long
as the charge transfer at the interface is preserved. The results
could be a significant step towards considering Ni-rich NCM
based high energy cathodes for practical applications in EVs/
HEVs using conformal surface modification with ALD.
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3.2 Publication 1l: Enhancing the Electrochemical Performance of
LiNio.70C00.1sMno.1502 Cathodes Using a Practical Solution-Based Al0O3 Coating

As demonstrated in publication 1, ALD-based Al,Os coatings can improve the
electrochemical performance of Ni-rich NCM based cathodes. However, the ALD-based
coating process is rather expensive and not quite suitable for industrial applications. Thus,
using the basic knowledge of ALD-based coating method, we developed a rather cheap,
easy and simple solution-based Al>O3 coating method.

Taking inspiration from the ALD coating mechanism for Al>O3, a solution-based coating
method has been developed which makes use of the absorbed water at the NCM surface.
Trimethylaluminium (TMA) acts as coating precursor. The NCM is mixed with TMA
solution, which results in an Al>Os coating on the NCM powder. No post-annealing step
is involved. Structural analysis of the coated samples reveals the successful deposition of
a homogenous and very thin Al,Oz coating on the surface of NCM. Electrochemical
analysis shows a significantly improved long-term cycling performance of the coated
NCM as compared to pristine NCM. The coated NCM also exhibits a lower impedance
growth over long-term cycling suggesting much better prevention of the SEI formation
as compared to pristine NCM. In addition, Post-mortem analysis of the cycled cathode
reveals that the coating prevents particle cracking during cycling.

The concept and experiments for this publication have been designed and performed by
myself under the supervision of Dr. M. T. EIm and Dr.T. Brezesinski. | wrote the
manuscript and corrected by all co-authors. TEM images have been taken by A. Mazilkin.
Dr. S. P. Culver contributed to scientific discussions. Reprinted with permission from
Physical Chemistry Chemical Physics. Copyright 2018 Elsevier.

R. S. Negi, S. P. Culver, A. Mazilkin, T. Brezesinski, M. T. Elm, Enhancing the
Electrochemical Performance of LiNio.70C0015Mno.1502 Cathodes Using a Practical
Solution-Based Al>Os Coating. ACS Applied Materials & Interfaces 2020, 12 (28),
31392-31400
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% ABSTRACT: Ni-rich Li[NixCoyl\{lnl_,_y]Oz _(NCM) c.?tho_de materi- Coating 2 Drying

= als have attracted great research interest owing to their high energy — - —

b density and relatively low cost. However, capacity fading because of . 1ey 200°C, 12hw,

5 Ty ane - ¢ ! X | under vacuum A
Z parasitic side reactions, mainly occurring at the interface with the
g electrolyte, still hinders widespread application in advanced Li-ion . ——veT] .

r batteries (LIBs). Surface modification via coating is a feasible approach 51 e

2 to tackle this issue. Nevertheless, achieving uniform coatings is 150 ¥ .

= challenging, especially when using wet chemistry methods. In this t‘&

work, a protective alumina shell on NCM701515 (70% Ni) was
prepared through the reaction of surface-active —OH groups with
trimethylaluminum as the precursor. The coated NCM701515 shows
significantly improved capacity retention over uncoated (pristine)
NCM701515. Part of the reason is the lower impedance buildup
during cycling due to the effective suppression of adverse side
reactions and secondary particle fracture. Taken together, the solution-based coating strategy described herein offers an easy way to
apply surface treatment to stabilize Ni-rich NCM cathode materials in next-generation LIBs.

KEYWORDS: Li-ion battery, Ni-rich NCM cathode, Al,Q; coating, wet chemistry, atomic layer deposition, surface protection
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H INTRODUCTION However, it concurrently decreases the Mn and Co contents,
leading to lower thermal and electrochemical stability (intrinsic
structural instability).”>*® Besides, residual water and alkali
compounds (LiOH and Li,O) present on the NCM surface are
known to react with the supportj.n& salt, resulting in an increase
in cell resistance, among others.”™*" Moreover, the electro-
chemical decomposition of surface contaminants®"* and/or
reaction between the electrolyte and the surface species lead to
the evolution of O,, CO,, and CO,**** which exerts a negative
effect on the cell performance. Overall, the reactive (and
sensitive) nature of Nirich NCM toward the ambient
atmosphere during storage and processing determines its
surface properties,”> which in turn strongly affect the
cyclability.*>** In addition, in the delithiated state, the highly
reactive NCM (containing tetravalent Ni) can oxidize the
electrolyte, eventually leading to the formation of a detrimental
surface layer, the so-called cathode solid—electrolyte interphase
(cSEI), and gas evolution.’**” Hence, in order to improve the
electrochemical performance of especially Ni-rich NCM

The rapid development of electric vehicles (EVs) and hybrid
EVs (HEVs) has led to significant research efforts into
rechargeable Li-ion batteries (LIBs), primarily aiming at
achieving improved energy density and cycle life."”” Advanced
LIBs are also critical to the sustainable development of EVs
and HEVs (by minimizing their environmental impact).* ™ In
the electromobility area, one of the major challenges to be
tackled is the limited driving range, which is directly related to
the gravimetric (W h kg™') and volumetric energy densities (W
h L") of LIBs.”® The cathode material partly accounts for the
attainable energy density. Various cathode materials such as
LiCoO, (LCO),”" LiMn,0,>'"" LiFePO,'""” and layered
Li[Ni,Co,Mn,_,_,]O, (NCM)"*™'" have been employed
commercially in LIBs. Among them, NCM is considered one
of the most promising positive electrode materials for next-
generation LIBs because of its relatively high energy density as
well as lower cost and higher thermal stability than
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In recent years, new configurations of NCM-based cathode —
materials have been developed by increasing the Ni content to Received:  April 8, 2020 e
achieve improved energy densities at lower cost.'*'**""** For Accepted:  June 5, 2020

example, NCM523 (50% Ni)**** and NCM622 (60% Ni)'® Published: June s, 2020
are actively used in battery applications for EVs and HEVs.” As
mentioned previously, increasing the Ni content increases the
attainable specific capacity for a given voltage window.
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cathode materials in LIBs, surface modification seems
indispensable.”*~

Surface modification via coating on powder or ready-to-use
cathodes has been found promising because it effectively
stabilizes the interface between the electrode and the
electrolyte, thereby lowering the likelihood of parasitic side
reactions during cycling."”*'™* The coating apparently can
also partly prevent surface phase transformation from layered
to a rock-salt or disordered spinel-like structure.”*** Various
metal fluorides (e.§., LiF* and LiAIF,"), metal oxides (e.g,,
Ce0,,* Ti0, " Zr0,* and AL,0,**°), and metal
phosphates (e.g., LngPO,,”l LiFePO,* and Li;PO,>)
have been tested as coating materials and shown to have a
positive influence on the cyclability and stability of LIBs. In
particular, AL,O;'7******5% has been most commonly applied
to the cathode material because of its low cost and highly
effective nature as a protective coating.

With respect to the coating process of Al,Oj;, two routes are
usually explored, wet chemistry*®*” and atomic layer
deposition (ALD).**** The wet-chemical route is considered
to be simpler, cheaper, and easier for upscaling. However, there
is virtually no control over the coating quality (thickness and
homogeneity), and it also requires post heat-treatment.’>*’
For example, alkoxide-based coating approaches typically
involve the use of (polar) protic solvents such as H,O or
ethanol®”" which may promote the generation of deleterious
lithium residuals on the NCM surface (note that surface
contaminants have a negative impact on the cyclability).”***
Additionally, post annealing at elevated temperatures may
result in ion migration and cation mixing, which also
deteriorates the cell performance.””” In contrast, ALD has
the advantage of precise control over thickness and
homogeneity, but the process itself is rather complex and
expensive.

The ALD-derived Al,O; coating process is well-established
in the literature.””* Usually, it combines two steps, consisting
of half-reactions using trimethylaluminum (TMA) and H,0. In
the first step, the surface-active —OH groups react with the
TMA precursor. In the second step, H,O reacts with TMA to
complete the whole process.”” Such ALD-derived Al,O,
coatings have been successfully applied to NCM powder and
practical cathodes.'”*’

In this work, we use the fundamentals of the ALD process to
develop a facile and cost-effective, low-temperature wet-
chemical-based alumina coating method to modify the surface
of NCM701515 (70% Ni). Specifically, it makes use of surface-
active —OH groups (from LiOH and adsorbed H,0) to dry
and coat the NCM cathode material in a single treatment step
in solution.”* Detailed structural characterization combined
with electrochemical analysis reveals that using this approach, a
thin and uniform coating can be achieved, which not only
consumes unfavorable surface residuals, but also prevents
particle fracture and stabilizes the interface between the
cathode and the electrolyte, thereby leading to considerable
improvements in cycling performance.

B EXPERIMENTAL SECTION

Surface Modification of Ni-Rich NCM. The AL O; coating was
prepared via a solution route. For the coating, TMA solution (0.279
mL, 2 M in toluene; Sigma-Aldrich) was diluted using anhydrous
toluene (15 mL; Sigma-Aldrich) and stirred for 1 h. The diluted TMA
solution (S ml) was then added to LiNiy;oCog;5Mng,;50,
(NCM70151S, S g; Gelon LIB) and stirred at 30 °C for 12 h. The

50| Page

final dispersion was filtered and washed with anhydrous toluene (20
mL) to remove unreacted TMA. The recovered (coated) powder was
dried in a vacuum at 200 °C overnight before transferring it to the
glove box.

Material Characterization. The particle morphology, micro-
structure, and electrode topography along with the elemental
composition of pristine (P-NCM) and coated (C-NCM) samples
were investigated by scanning electron microscopy (SEM, MERLIN
with 7 kV accelerating voltage and 3000 pA current; Zeiss) coupled
with energy dispersive X-ray (EDX) spectroscopy (X-Max detector;
Oxford Instruments). X-ray photoelectron spectroscopy (XPS) was
performed using a monochromatic Al Ka radiation on a PHI 5000
VersaProbe II Scanning ESCA microprobe (~107* Pa pressure;
Physical Electronics). Survey spectra were recorded with a pass energy
of 93.9 eV and, for high-resolution spectra, a pass energy of 23.5 eV
was used. The structural characterization of pristine and coated
powder was done by X-ray diffraction (XRD; Bruker) with Cu Ka
radiation. The water content before and after coating was determined
by Karl-Fischer titration. Transmission electron microscopy (TEM)
was performed on an FEI Titan 80-300 aberration corrected

ission electron pe at 300 kV. Samples for TEM
investigation were prepared using an FEI STRATA 400 S dual beam
facility, with the Ga-ion beam operating at 30 kV, followed by
polishing at 2 kV to improve the surface quality.

Electrode Preparation. The solution of polyvinylidene fluoride
binder (5 wt %, Solef PVDF 6020; Solvay) was prepared in N-methyl-
2-pyrrolidone (NMP; Sigma-Aldrich). For the electrode preparation,
either P-NCM or C-NCM (90 wt %) was mixed with conductive
carbon black (5 wt %, Super P; TIMCAL) and suspended in the
binder solution (S wt %). Additional NMP was added and the
solution was stirred overnight to achieve the desired viscosity. The
resultant solution was then cast onto Al foil using a doctor blade. The
as-prepared cathode sheets were calendared at 90 psi and dried at 120
°C in a vacuum (24 h) before transferring them to the glove box for
further measurements.

Electrochemical Testing. For the electrochemical testing, coin
cells (CR2032; MTI Corporation) with the P-NCM or C-NCM
cathode (12 mm) and Li foil anode (14 mm; Rockwood Lithium
GmbH) were assembled using Celgard2500 (16 mm; Celgard) as the
separator and LPSO (1 M LiPFg in 1/1 wt/wt ethylene carbonate/
ethyl methyl carbonate, 50 uL; Sigma-Aldrich) as the electrolyte. The
areal loading was 10.4—10.8 mgycymoisis cm ™2 All of the electro-
chemical testing was done using a multichannel battery cycler
(MACCOR, Inc.). The coin cells were cycled in a constant current
(CC) mode in the voltage range between 3.0 and 4.3 V at 25 °C. A
specific current of 160 mA g~' was defined at the 1C rate. Initially, the
cells were tested at various C-rates ranging from 0.1 to 2C, each for
four cycles. For the long-term cycling, the same cells were cycled at
0.5C after the C-rate test under the same conditions. Electrochemical
impedance spectroscopy (EIS) on P-NCM and C-NCM in a charged
state (4.3 V) was performed using an electrochemical workstation
(VMP300; BioLogic) in the frequency range of 100 kHz to 10 mHz.
For high accuracy, the data presented are averaged from at least three
cells.

Post-Mortem Characterization. For the post-mortem character-
ization, the coin cells were carefully disassembled inside the glove box
after long-term cycling. The recovered electrodes were washed with
dimethyl carbonate (~200 wL) and dried. SEM and FIB-SEM
analyses were performed to monitor the effect of coating on the
structural stability of the NCM701515 secondary particles.

B RESULTS & DISCUSSION

Characterization of Al,0;-Coated Ni-Rich NCM.
Inspired by the fundamental chemistry utilized in ALD
methods for generating protective oxide coatings on cathode
materials, in this work, TMA was reacted with the surface-
adsorbed moisture on NCM701515 in order to achieve a thin
AL O; coating.”** More specifically, the solution-based
approach involves mixing the cathode material with TMA in

https:/dx.doi.org/10.1021/acsami.0c06484
ACS Appl. Mater. Interfaces 2020, 12, 31392-31400
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cathode materials in LIBs, surface modification seems
indispensable.”*~

Surface modification via coating on powder or ready-to-use
cathodes has been found promising because it effectively
stabilizes the interface between the electrode and the
electrolyte, thereby lowering the likelihood of parasitic side
reactions during cycling."”*'=* The coating apparently can
also partly prevent surface phase transformation from layered
to a rock-salt or disordered spinel-like structure.**** Various
metal fluorides (e.§., LiF* and LiAIF,"), metal oxides (e.g,
Ce0,* Ti0,, " Zr0,* and AL0,**°), and metal
phosphates (e.g, LiMgPO,°' LiFePO,>* and Li;PO,>)
have been tested as coating materials and shown to have a
positive influence on the cyclability and stability of LIBs. In
particular, Al,O;'7******5% has been most commonly applied
to the cathode material because of its low cost and highly
effective nature as a protective coating.

With respect to the coating process of Al,Oj;, two routes are
usually explored, wet chemistry’®*” and atomic layer
deposition (ALD).*>** The wet-chemical route is considered
to be simpler, cheaper, and easier for upscaling. However, there
is virtually no control over the coating quality (thickness and
homogeneity), and it also requires post heat-treatment.’**’
For example, alkoxide-based coating approaches typically
involve the use of (polar) protic solvents such as H,O or
ethanol®”" which may promote the generation of deleterious
lithium residuals on the NCM surface (note that surface
contaminants have a negative impact on the cyclability).”**
Additionally, post annealing at elevated temperatures may
result in ion migration and cation mixing, which also
deteriorates the cell performance.””*” In contrast, ALD has
the advantage of precise control over thickness and
homogeneity, but the process itself is rather complex and
expensive,

The ALD-derived Al,O; coating process is well-established
in the literature.””* Usually, it combines two steps, consisting
of half-reactions using trimethylaluminum (TMA) and H,0. In
the first step, the surface-active —OH groups react with the
TMA precursor. In the second step, H,O reacts with TMA to
complete the whole process.”” Such ALD-derived Al,O,
coatings have been successfully applied to NCM powder and
practical cathodes.'”*’

In this work, we use the fundamentals of the ALD process to
develop a facile and cost-effective, low-temperature wet-
chemical-based alumina coating method to modify the surface
of NCM701515 (70% Ni). Specifically, it makes use of surface-
active —OH groups (from LiOH and adsorbed H,0) to dry
and coat the NCM cathode material in a single treatment step
in solution.”* Detailed structural characterization combined
with electrochemical analysis reveals that using this approach, a
thin and uniform coating can be achieved, which not only
consumes unfavorable surface residuals, but also prevents
particle fracture and stabilizes the interface between the
cathode and the electrolyte, thereby leading to considerable
improvements in cycling performance.

B EXPERIMENTAL SECTION

Surface Modification of Ni-Rich NCM. The AL O; coating was
prepared via a solution route. For the coating, TMA solution (0.279
mL, 2 M in toluene; Sigma-Aldrich) was diluted using anhydrous
toluene (15 mL; Sigma-Aldrich) and stirred for 1 h. The diluted TMA
solution (S ml) was then added to LiNij;oCog;5Mng,;50,
(NCM70151S, S g; Gelon LIB) and stirred at 30 °C for 12 h. The

final dispersion was filtered and washed with anhydrous toluene (20

mL) to remove unreacted TMA. The recovered (coated) powder was

dried in a vacuum at 200 °C overnight before transferring it to the
ove box.

Material Characterization. The particle morphology, micro-
structure, and electrode topography along with the elemental
composition of pristine (P-NCM) and coated (C-NCM) samples
were investigated by scanning electron microscopy (SEM, MERLIN
with 7 kV accelerating voltage and 3000 pA current; Zeiss) coupled
with energy dispersive X-ray (EDX) spectroscopy (X-Max detector;
Oxford Instruments). X-ray photoelectron spectroscopy (XPS) was
performed using a monochromatic Al Ka radiation on a PHI 5000
VersaProbe II Scanning ESCA microprobe (~107* Pa pressure;
Physical Electronics). Survey spectra were recorded with a pass energy
of 93.9 eV and, for high-resolution spectra, a pass energy of 23.5 eV
was used. The structural characterization of pristine and coated
powder was done by X-ray diffraction (XRD; Bruker) with Cu Ka
radiation. The water content before and after coating was determined
by Karl-Fischer titration. Transmission electron microscopy (TEM)
was performed on an FEI Titan 80-300 aberration corrected
transmission electron microscope at 300 kV. Samples for TEM
investigation were prepared using an FEI STRATA 400 S dual beam
facility, with the Ga-ion beam operating at 30 kV, followed by
polishing at 2 kV to improve the surface quality.

Electrode Preparation. The solution of polyvinylidene fluoride
binder (5 wt %, Solef PVDF 6020; Solvay) was prepared in N-methyl-
2-pyrrolidone (NMP; Sigma-Aldrich). For the electrode preparation,
either P-NCM or C-NCM (90 wt %) was mixed with conductive
carbon black (5 wt %, Super P; TIMCAL) and suspended in the
binder solution (5 wt %). Additional NMP was added and the
solution was stirred overnight to achieve the desired viscosity. The
resultant solution was then cast onto Al foil using a doctor blade. The
as-prepared cathode sheets were calendared at 90 psi and dried at 120
°C in a vacuum (24 h) before transferring them to the glove box for
further measurements.

Electrochemical Testing. For the electrochemical testing, coin
cells (CR2032; MTI Corporation) with the P-NCM or C-NCM
cathode (12 mm) and Li foil anode (14 mm; Rockwood Lithium
GmbH) were assembled using Celgard2500 (16 mm; Celgard) as the
separator and LPS0 (1 M LiPFg4 in 1/1 wt/wt ethylene carbonate/
ethyl methyl carbonate, 50 uL; Sigma-Aldrich) as the electrolyte. The
areal loading was 10.4—10.8 mgycurorsis cm 2 All of the electro-
chemical testing was done using a multichannel battery cycler
(MACCOR, Inc.). The coin cells were cycled in a constant current
(CC) mode in the voltage range between 3.0 and 4.3 V at 25 °C. A
specific current of 160 mA g~' was defined at the 1C rate. Initially, the
cells were tested at various C-rates ranging from 0.1 to 2C, each for
four cycles. For the long-term cycling, the same cells were cycled at
0.5C after the C-rate test under the same conditions. Electrochemical
impedance spectroscopy (EIS) on P-NCM and C-NCM in a charged
state (4.3 V) was performed using an electrochemical workstation
(VMP300; BioLogic) in the frequency range of 100 kHz to 10 mHz.
For high accuracy, the data presented are averaged from at least three
cells.

Post-Mortem Characterization. For the post-mortem character-
ization, the coin cells were carefully disassembled inside the glove box
after long-term cycling. The recovered electrodes were washed with
dimethyl carbonate (~200 L) and dried. SEM and FIB-SEM
analyses were performed to monitor the effect of coating on the
structural stability of the NCM701515 secondary particles.

B RESULTS & DISCUSSION

Characterization of Al,0;-Coated Ni-Rich NCM.
Inspired by the fundamental chemistry utilized in ALD
methods for generating protective oxide coatings on cathode
materials, in this work, TMA was reacted with the surface-
adsorbed moisture on NCM701515 in order to achieve a thin
ALO; coating.”** More specifically, the solution-based
approach involves mixing the cathode material with TMA in
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toluene, where the latter is allowed to react with the hydroxyl
species inherent to NCM until the surface is fully passivated,
driving off methane as a reaction product and resulting in the
formation of a conformal AL,O; protective layer (Figure 1).
Although toluene is toxic and flammable, it is one of the most
suitable solvents for the TMA precursor. Moreover, it can be
recovered during the drying process and thus reused.

In order to confirm the suggested reaction mechanism, Karl-
Fischer titration was performed before and after the coating
process. The pristine material exhibited >1600 ppm of H,O.
The water level decreased to below 600 ppm after TMA
exposure (Figure 2a), thereby confirming the consumption of
moisture during the coating process. In order to prove the
presence of the alumina coating, XPS analysis was performed
on both the pristine (P-NCM) and coated (C-NCM) NCM
powders (see also Figure S1 of the Supporting Information).
Notably, the Al 2p signature (~74 eV) can only be found in
the case of C-NCM (Figure 2b), which is consistent with
reports available in the literature.” XRD data for P-NCM and
C-NCM are shown in Figure 2c. Both patterns are in good
agreement with the layered structure of NCM, belonging to
the R3m space group, indicating that the coating process does
not induce any structural changes to the cathode material.
Importantly, there are no new reflections appearing that can be
assigned to the alumina, which is due to both the amorphous
nature and low weight fraction of coating on the surface.””
Additionally, given the relatively low temperature employed in
the coating process (< 200 °C, Figure 1), no interdiffusion
between the active material and the coating, involving either
APP* or transition metal ions,” is to be expected.

The morphology of P-NCM and C-NCM from SEM
imaging is shown in Figure 3a,b, respectively. The P-NCM
exhibits spherical secondary particles that are 8—10 um in
diameter and are composed of primary particles ranging from
200 to 400 nm in size. The C-NCM particles show no
significant change in the morphology after the coating process.
The EDX elemental mapping of C-NCM indicates the
conformal distribution of Al over the entirety of the surface,
confirming that the coating is indeed homogenous (Figure 3c).
To further probe the distribution of coating on the NCM, a
line-scan was performed across the length of a secondary
particle. The results of such measurement are shown in Figure
S2 of the Supporting Information.

High-angle annular dark-field scanning TEM (HAADF-
STEM) was performed on the C-NCM to determine the
uniformity of the coating layer. Figure 4a shows ALO; as a
dark layer between Pt and NCM because of the lower Z value
of Al, thereby confirming the presence of Al,O; on the top
surface with a thickness of ~6 nm. The TEM—EDX mapping
results in Figure 4b further support the presence of Al. The
Al,O, coating layer seems rather uniformly distributed over the
surface. Nonetheless, some (minor) nonuniformity would not
be very surprising, as the distribution of surface —OH groups,
which are required for successful coating, may not be even. In
agreement with XRD and expectations, the Al,O; surface
coating is of an amorphous nature. This is evident both from
the high-resolution (HR) TEM imaging data and from the fast
Fourier transform (FFT) pattern of the coating layer (see
Figure 4c,d), with the latter showing only an amorphous halo.

Electrochemical Characterization. In order to inves-
tigate the influence of coating on the cyclability, electro-
chemical measurements were performed using a LilLPS0IP-/C-
NCM half-cell configuration. Figure 5a shows a comparison of
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Figure 4. (a,b) STEM-HAADF micrographs and the Al map of
coated NCM701515. (c,d) Corresponding HRTEM micrographs.
The inset in (d) is an FFT pattern of the coating layer.

the rate capability of P-NCM and C-NCM from 0.1 to 2C at
25 °C in the voltage window of 3.0 to 4.3 V versus Li*/Li.
Notably, the rate performance of both the P-NCM and C-
NCM cells was found to be similar, demonstrating that surface
modification does not negatively affect the kinetics. While the
C-NCM cells showed an initial resistance slightly higher than
that of the P-NCM cells (see the section on EIS below), it had
no immediate effect on the rate capability. This result thus
suggests that the rate performance depends on various factors
such as the coating morphology and thickness or test cell
configuration, to name a few. Although literature reports have
shown improvements in rate capability upon coating the
cathode material,*”®® there are also others revealin§ similar or
worse performance than the uncoated material.”’ = Hence, in
order to gain a better understanding of the impact of the
coating layer on the rate performance, additional studies are
required. In addition, one must keep in mind that the coating
was done at low temperature and the amorphous structure of
the protective surface layer also affects the associated Li*
transport properties and therefore the kinetics.

Next, the same cells were investigated for their long-term
cycling stability. To this end, coin cells with P-NCM and C-
NCM were galvanostatically cycled at a rate of 0.5C. As shown
in Figure Sb, C-NCM exhibits higher capacity retention
(~90%) as compared to P-NCM (~60%) after 130 cycles,
indicating that the coating improved the stability considerably.
The better retention is mainly attributed to effectively
mitigating side reactions at the cathode/electrolyte interface,
as the coating provides a physical barrier between the two
component materials. The coating layer also serves to consume
the surface-active species, which is considered to be the
primary cause of parasitic reactions at the surface.”® Never-
theless, these side reactions still persist to some degree and are
known to generate HF, which can etch the cathode material
(corrosion). Accordingly, another beneficial function of the
coating is to act as an HF scavenger, thereby preventing severe
cathode degradation.

A comparison of the first four charge/discharge curves for
the P-NCM and C-NCM cells at 0.1C rate is shown in Figure

https:/dx.doi.org/10.1021/acsami.0c06484
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Figure 8. Top view SEM micrographs of (a) P-NCM and (b) C-NCM cathodes and (c) cross-sectional micrograph of a P-NCM secondary particle
before cycling. Top view and cross-sectional SEM micrographs of (d—f) P-NCM and (g—i) C-NCM after 100 cycles.

Sc,d, respectively. Both reveal similar profiles with the
exception of the initial cycle. Compared to P-NCM, the C-
NCM cells exhibit a larger overpotential in the beginning of
the first charge cycle, which we attribute to the higher initial
resistance of the coating layer. However, in the following
cycles, the curves for C-NCM closely resemble those of P-
NCM (see also differential capacity plots in Figure S$ of the
Supporting Information).

Figure 6a,b shows the charge/discharge curves of the cells
containing P-NCM and C-NCM during long-term cycling. P-
NCM shows a much faster capacity fading than C-NCM. In
addition, there is a continuous increase in polarization with
cycling in both cases, evident from the potential rise during
charge and the potential drop during discharge. This
polarization can be ascribed to side reactions between the
cathode and the electrolyte, among others.*® Figure 6¢ shows
the evolution of the mean charge/discharge voltage with
cycling. A higher polarization is observed for P-NCM as
compared to C-NCM. This result suggests that the coating
effectively prevents contact between the NCM701515 and the
electrolyte, thereby inhibiting side reactions and cSEI
formation. This is further supported by the differential capacity
plots shown in Figure 6d,e. The peaks in the dQ/dV curves
correspond to the plateaus in the charge/discharge profiles. As
seen in Figure 6f, the redox peaks for P-NCM exhibit a much
more pronounced shift than those for C-NCM between the
20th and 130th cycles (from 3.73 to 3.88 vs 3.74 to 3.81 V
during charge and from 3.70 to 3.60 vs 3.67 to 3.63 V during
discharge). Apart from the shift, the redox peaks for P-NCM
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continuously broaden with cycling, which we attribute to the
deterioration of the cathode/electrolyte interface as well as the
continuous formation of a deactivated oxide surface layer.

In order to better understand the effect of coating on the
electrochemical activity, EIS measurements were conducted on
the P-NCM and C-NCM cells. Figure 7ab shows the
measured data in the fully charged state (4.3 V) after the Ist
and 100th cycles at 25 °C. The Nyquist plots are composed of
a semicircle in the high-frequency region, corresponding to the
resistance associated with Li* migration in the electrode (Ry,.),
a semicircle in the medium-frequency region, corresponding to
the charge-transfer resistance (R,,) at the electrode/electrolyte
interface, and the Warburg element W in the low-frequency
region is related to Li-ion diffusion.”””" Note that the small
interruption in the beginning of the Nyquist plots in the high-
frequency region can be assigned to the resistance of the liquid
electrolyte (R,), which is similar in both cases. The equivalent
circuit used for fitting is shown in the inset of Figure 7b. For C-
NCM, the high-frequency semicircle and therefore Ry is
increased by a factor of ~6 because of the coating with Al,O;.
However, the beneficial effect of the coating layer is clearly
evident after the 100th cycle. For P-NCM, R, completely
dominates the overall cell resistance, while C-NCM exhibits a
much smaller R, growth during cycling. This is in agreement
with the faster capacity decay in the case of P-NCM. The lower
R, for C-NCM can be explained by the fact that the coating
protects the electrode surface and therefore reduces the cSEI
formation, which in turn decreases the electrode polarization
upon repeated cycling. The coating not only affects the charge-

https:/dx.doi.org/10.1021/acsami.0c06484
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transfer resistance at the electrode/electrolyte interface but
also the change in resistance R, of the electrode itself. For P-
NCM, R, is increased by a factor of ~2 after the 100th cycle,
which we attribute to the cracking of the NCM701515
secondary particles (see section on the post-mortem character-
ization below). For C-NCM, the electrode resistance is only
increased by ~20%, indicating that the coating also stabilizes
the particles and somewhat inhibits particle fracture. These
results provide clear evidence that the coating helps to stabilize
the cell impedance and maintain better charge transfer during
long-term cycling, which ultimately improves the performance.

Post-Mortem Characterization. In order to study the
effect of coating on the structural stability, electrochemically
cycled cathodes were analyzed in some more detail via SEM.
Figure 8 shows top view SEM micrographs obtained on both
P-NCM and C-NCM before and after cycling along with the
corresponding cross sections. The uncycled cathodes (Figure
8a—c) serve as a kind of baseline, as the secondary particles
may be deformed already through the application of external
pressure during the course of electrode preparation (calendar-
ing). As seen in Figure 8a,b, mechanically induced particle
deformation can be ruled out. According to cross-sectional
SEM, the same holds true for internal cracking prior to cycling
(Figure 8c). However, after 100 cycles, P-NCM (Figure 8d—f)
shows severe particle fracture, probably accelerating side
reactions at the newly exposed surfaces, thereby increasing
capacity decay. In contrast, for the cycled C-NCM (Figure 8g—
i), no such crack formation was detected. This suggests that
the coating acts as a robust physical barrier, in agreement with
the EIS results, while providing more structural stability to the
cathode material, all of which greatly enhances the cell

cyclability.

W CONCLUSIONS

Herein, we have demonstrated the positive effect that alumina
surface coating has on the electrochemical performance of Ni-
rich NCM. High-quality coating layers were achieved using a
facile low-temperature solution-based route, drawing inspira-
tion from the chemistry employed in ALD approaches.
Detailed structural and chemical analyses indicated that the
coating is uniform, and Karl-Fischer titration measurements
confirmed the consumption of surface-adsorbed water.
Interestingly, the rate capability (after the initial cycle) was
not negatively affected, despite the insulating nature of the
coating. Moreover, the C-NCM cells showed significantly
improved long-term cycling performance compared to the
uncoated NCM. EIS analysis confirmed the better cyclability;
the impedance buildup was much lower than for cells using
pristine NCM. Post-mortem analysis via SEM indicated that
the P-NCM cathodes suffer from severe secondary particle
fracture. In contrast, the C-NCM cathodes showed negligible
cracking.

Taken together, the improvement in the performance of the
coated Ni-rich NCM can be ascribed to the effective
protection against adverse side reactions. The alumina coating
acts as a kind of shield and prevents direct contact between the
active electrode material and the electrolyte, which in turn
inhibits surface degradation and significantly enhances the
cyclability and stability of high-loading LIB cells. Overall, the
strategy of using an —OH group-assisted wet-chemical coating
approach opens up a new avenue for modifying the cathode
surface in a simple and cost effective way.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.0c06484.

XPS survey spectra, SEM—EDX line scan, long-term
cycling performances, voltage profiles, and differential
capacity plots (PDF)

W AUTHOR INFORMATION

Corresponding Author
Matthias T. Elm — Center for Materials Research (LaMa),
Institute of Physical Chemistry, and Institute of Experimental
Physics I, Justus Liebig University Giessen, 35392 Giessen,
Germany; © orcid.org/0000-0001-7014-5772;
Email: matthias.elm@phys.chemie.uni-giessen.de

Authors

Rajendra S. Negi — Center for Materials Research (LaMa),
Justus Liebig University Giessen, 35392 Giessen, Germany

Sean P. Culver — Institute of Physical Chemistry, Justus Liebig
University Giessen, 35392 Giessen, Germany

Andrey Mazilkin — Institute of Nanotechnology, Karlsruhe
Institute of Technology (KIT), 76344 Eggenstein-
Leopoldshafen, Germany

Torsten Brezesinski — Institute of Nanotechnology, Karlsruhe
Institute of Technology (KIT), 76344 Eggenstein-
Leopoldshafen, Germany; © orcid.org/0000-0002-4336-263X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.0c06484

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

RSN. and M.T.E. thank the German Federal Ministry of
Education and Research (BMBF) for the funding of the
NanoMatFutur project NiKo (03XP0093). S.P.C. gratefully
acknowledges the Alexander von Humboldt Foundation for
financial support through a postdoctoral fellowship. Karlsruhe
Nano Micro Facility (KNMF), a Helmholtz Research
Infrastructure at Karlsruhe Institute of Technology (KIT), is
acknowledged for TEM.

B REFERENCES

(1) Blomgren, G. E. The Development and Future of Lithium Ion
Batteries. J. Electrochem. Soc. 2017, 164, A5019—AS025.

(2) Schmuch, R; Wagner, R; Horpel, G; Placke, T.; Winter, M.
Performance and Cost of Materials for Lithium-Based Rechargeable
Automotive Batteries. Nat. Energy 2018, 3, 267-278.

(3) Yan, P.; Zheng, J; Liu, J.; Wang, B; Cheng, X.; Zhang, Y.; Sun,
X;; Wang, C.; Zhang, J.-G. Tailoring Grain Boundary Structures and
Chemistry of Ni-Rich Layered Cathodes for Enhanced Cycle Stability
of Lithium-Ton Batteries. Nat. Energy 2018, 3, 600—605.

(4) Sun, Y.-K; Myung, S.-T.; Park, B.-C.; Prakash, J.; Belharouak, I;
Amine, K. High-Energy Cathode Material for Long-Life and Safe
Lithium Batteries. Nat. Mater. 2009, 8, 320—324.

() Croguennec, L.; Palacin, M. R. Recent Achievements on
Inorganic Electrode Materials for Lithium-Ion Batteries. J. Am. Chem.
Soc. 2018, 137, 3140—3156.

(6) Placke, T.; Kloepsch, R.; Diihnen, S.; Winter, M. Lithium Ton,
Lithium Metal, and Alternative Rechargeable Battery Technologies:
The Odyssey for High Energy Density. J. Solid State Electrochem.
2017, 21, 1939—1964.

httpsz/dx.doi.org/10.1021/acsami.0c06484
ACS Appl. Mater. Interfaces 2020, 12, 31392-31400

55|Page



ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(7) Cheng, H.-M.; Wang, F.-M.; Chy, J. P.; Santhanam, R;; Rick, J.;
Lo, S.-C. Enhanced Cycleabity in Lithium Ion Batteries: Resulting
from Atomic Layer Depostion of Al,O; or TiO, on LiCoO,
Electrodes. J. Phys. Chem. C 2012, 116, 7629—7637.

(8) Zhang, W.; Richter, F. H,; Culver, S. P.; Leichtweiss, T.; Lozano,
J. G;; Dietrich, C.; Bruce, P. G.; Zeier, W. G,; Janek, ]. Degradation
Mechanisms at the Li,oGeP,S,,/LiCoO, Cathode Interface in an All-
Solid-State Lithium-lIon Battery. ACS Appl. Mater. Interfaces 2018, 10,
22226—22236. "

(9) Saat, G; Balci, F. M,; Alsag, E. P.; Karadas, F.; Dag, O. Molten
Salt Assisted Self-Assembly: Synthesis of Mesoporous LiCoO, and
LiMn,O, Thin Films and Investigation of Electrocatalytic Water
Oxidation Performance of Lithium Cobaltate. Small 2018, 14,
1701913.

(10) Ben, L.; Yu, H,; Chen, B,; Chen, Y.; Gong, Y.; Yang, X;; Gu, L;
Huang, X. Unusual Spinel-to-Layered Transformation in LiMn,O,
Cathode Explained by Electrochemical and Thermal Stability
Investigation. ACS Appl. Mater. Interfaces 2017, 9, 35463—35475.

(11) Zhy, Y. G; Du, Y,; Jia, C.; Zhou, M.; Fan, L.; Wang, X.; Wang,
Q. Unleashing the Power and Energy of LiFePO,-Based Redox Flow
Lithium Battery with a Bifunctional Redox Mediator. J. Am. Chem.
Soc. 2017, 139, 6286—6289.

(12) Wang, X; Feng, Z.; Huang, ]J; Deng, W.; Li, X;; Zhang, H,;
Wen, Z. Graphene-Decorated Carbon-Coated LiFePO, Nanospheres
as a High-Performance Cathode Material for Lithium-lon Batteries.
Carbon 2018, 127, 149—157.

(13) de Biasi, L.; Kondrakov, A. O.; Gewein, H.; Brezesinski, T.;
Hartmann, P.; Janek, ]. Between Scylla and Charybdis: Balancing
Among Structural Stability and Energy Density of Layered NCM
Cathode Materials for Advanced Lithium-Ion Batteries. J. Phys. Chem.
C 2017, 121, 26163—26171.

(14) Kim, A.-Y.; Strauss, F.; Bartsch, T.; Teo, J. H,; Hatsukade, T.;
Mazilkin, A.; Janek, J.; Hartmann, P.; Brezesinski, T. Stabilizing Effect
of a Hybrid Surface Coating on a Ni-Rich NCM Cathode Material in
All-Solid-State Batteries. Chem. Mater. 2019, 31, 9664—9672.

(15) Neudeck, S.; Walther, F.; Bergfeldt, T.; Suchomski, C.; Rohnke,
M.,; Hartmann, P, Janek, ]; Brezesinski, T. Molecular Surface
Modification of NCM622 Cathode Material Using Organophosph
for Improved Li-lon Battery Full-Cells. ACS Appl. Mater. Interfaces
2018, 10, 20487—20498.

(16) Binder, J. O.; Culver, S. P.; Pinedo, R.; Weber, D. A; Friedrich,
M. S.; Gries, K. L; Volz, K; Zeier, W. G.; Janek, ]J. Investigation of
Fluorine and Nitrogen as Anionic Dopants in Nickel-Rich Cathode
Materials for Lithium-Ion Batteries. ACS Appl. Mater. Interfaces 2018,
10, 44452—44462.

(17) Neudeck, S.; Mazilkin, A.; Reitz, C.; Hartmann, P.; Janek, J.;
Brezesinski, T. Effect of Low-Temperature Al,O; ALD Coating on
Ni-Rich Layered Oxide Composite Cathode on the Long-Term
Cycling Performance of Lithium-Ion Batteries. Sci. Rep. 2019, 9, 5328.

(18) Radin, M. D.; Hy, S.; Sina, M; Fang, C.; Liu, H,; Vinckeviciute,
J.; Zhang, M.; Whittingham, M. S.; Meng, Y. S.; Van der Ven, A.
Narrowing the Gap between Theoretical and Practical Capacities in
Li-Ion Layered Oxide Cathode Materials. Adv. Energy Mater. 2017, 7,
1602888.

(19) Andre, D.; Kim, S.-J.; Lamp, P.; Lux, S. F.; Maglia, F.; Paschos,
O.; Stiaszny, B. Future Generations of Cathode Materials: An
Automotive Industry Perspective. J. Mater. Chem. A 2015, 3, 6709—
6732.

(20) de Biasi, L.; Schwarz, B.; Brezesinski, T.; Hartmann, P.; Janek,
J.; Ehrenberg, H. Chemical, Structural, and Electronic Aspects of
Formation and Degradation Behavior on Different Length Scales of
Ni-Rich NCM and Li-Rich HE-NCM Cathode Materials in Li-lon
Batteries. Adv. Mater. 2019, 31, 1900985.

(21) Myung, S.-T.; Maglia, F.; Park, K.-J,; Yoon, C. S.; Lamp, P,;
Kim, S.-J; Sun, Y.-K. Nickel-Rich Layered Cathode Materials for
Automotive Lithium-Ton Batteries: Achievements and Perspectives.
ACS Energy Lett. 2017, 2, 196—223.

(22) Schweidler, S.; de Biasi, L.; Garcia, G.; Mazilkin, A.; Hartmann,
P.; Brezesinski, T.; Janek, ]. Investigation into Mechanical

Degradation and Fatigue of High-Ni NCM Cathode Material: A
Long-Term Cycling Study of Full Cells. ACS Appl. Energy Mater.
2019, 2, 7375—7384.

(23) Han, B; Paulauskas, T.; Key, B.; Peebles, C.; Park, J. S.; Klie, R.
F.; Vaughey, J. T; Dogan, F. Und ding the Role of Temp
and Cathode Composition on Interface and Bulk: Optimizing
Aluminum Oxide Coatings for Li-Ion Cathodes. ACS Appl. Mater.
Interfaces 2017, 9, 14769—14778.

(24) Su, Y; Cui, S; Zhuo, Z; Yang, W,; Wang, X; Pan, F.
Enhancing the High-Voltage Cycling Performance of Li-
NigsMng3C0,,0, by Retarding Its Interfacial Reaction with an
Electrolyte by Atomic-Layer-Deposited ALO;. ACS Appl. Mater.
Interfaces 2015, 7, 25105—25112.

(25) Konishi, H; Yuasa, T.; Yoshikawa, M. Thermal Stability of
Li;,NiMn(y.,),C0(;.5),0, Layer-Structured Cathode Materials Used
in Li-lon Batteries. J. Power Sources 2011, 196, 6884—6888.

(26) Wy, L,; Nam, K.-W.; Wang, X.; Zhou, Y.; Zheng, ].-C.; Yang,
X-Q; Zhu, Y. Structural Origin of Overcharge-Induced Thermal
Instability of Ni-Containing Layered-Cathodes for High-Energy-
Density Lithium Batteries. Chem. Mater. 2011, 23, 3953—3960.

(27) Noh, H.-J.; Youn, S.; Yoon, C. S.; Sun, Y.-K. Comparison of the
Structural and Electrochemical Properties of Layered Li[Ni,Co,Mn,]-
0, (x=1/3,0.5,0.6,0.7, 0.8 and 0.85) Cathode Material for Lithium-
Ion Batteries. J. Power Sources 2013, 233, 121-130.

(28) Cho, D.-H,; Jo, C.-H.; Cho, W.; Kim, Y.-].; Yashiro, H.; Sun, Y.-
K.; Myung, S.-T. Effect of Residual Lithium Compounds on Layer Ni-
Rich Li[Niy;Mny3]O,. J. Electrochem. Soc. 2014, 161, A920—A926.

(29) Xiong, X.; Wang, Z.; Yue, P.; Guo, H,; Wy, F,; Wang, J; Li, X.
Washing Effects on Electrochemical Performance and Storage
Characteristics of LiNiygCop,Mn,,0, as Cathode Material for
Lithium-Ton Batteries. J. Power Sources 2013, 222, 318—325.

(30) Jung, R; Morasch, R.; Karayaylali, P.; Phillips, K.; Maglia, F;
Stinner, C.; Shao-Horn, Y.; Gasteiger, H. A. Effect of Ambient Storage
on the Degradation of Ni-Rich Positive Electrode Materials
(NMC811) for Li-lon Batteries. J. Electrochem. Soc. 2018, 165,
Al132—-Al41.

(31) Hatsukade, T.; Schiele, A.; Hartmann, P.; Brezesinski, T.; Janek,
J. Origin of Carbon Dioxide Evolved during Cycling of Nickel-Rich
Layered NCM Cathodes. ACS Appl. Mater. Interfaces 2018, 10,
38892—-38899.

(32) Renfrew, S. E.; McCloskey, B. D. Residual Lithium Carbonate
Predominantly Accounts for First Cycle CO, and CO Outgassing of
Li-Stoichiometric and Li-Rich Layered Transition-Metal Oxides. J.
Am. Chem. Soc. 2017, 139, 17853—17860.

(33) Kim, Y. Encapsulation of LiNijsCoy,Mn,;0, with a Thin
Inorganic Electrolyte Film to Reduce Gas Evolution in the
Application of Lithium Ion Batteries. Phys. Chem. Chem. Phys. 2013,
15, 6400—6405.

(34) Kim, Y; Cho, ]J. Lithium-Reactive Coy(PO,), Nanoparticle
Coating on High-Capacity LiNig3Cog,6Aly 040, Cathode Material for
Lithium Rechargeable Batteries. J. Electrochem. Soc. 2007, 154, A495—
A499.

(35) Liu, W,; Oh, P; Liu, X.; Lee, M.-J.; Cho, W.; Chae, S.; Kim, Y.;
Cho, J. Nickel-Rich Layered Lithium Transition-Metal Oxide for
High-Energy Lithium-Ion Batteries. Angew. Chem., Int. Ed. 2015, 54,
4440—4457.

(36) Riley, L. A; Van Atta, S; Cavanagh, A. S.; Yan, Y.; George, S.
M,; Liu, P; Dillon, A. C.; Lee, S.-H. Electrochemical Effects of ALD
Surface Modification on Combustion Synthesized Li-
Ni;;sMn, 3Co,/30, as a Layered-Cathode. J. Power Sources 2011,
196, 3317-3324.

(37) Qian, Y.; Niehoff, P.; Borner, M.; Griitzke, M.; Monnighoff, X.;
Behrends, P.; Nowak, S.; Winter, M.; Schappacher, F. M. Influence of
Electrolyte Additives on the Cathode Electrolyte Interphase (CEI)
Formation on LiNi,;;Mn;;3Co,,;0, in Half Cells with Li Metal
Counter Electrode. J. Power Sources 2016, 329, 31—40.

(38) Armand, M,; Tarascon, J.-M. Building Better Batteries. Nature
2008, 451, 652—657.

https:/dx.doi.org/10.1021/acsami.0c06484
ACS Appl. Mater. Interfaces 2020, 12, 31392-31400

56 |Page




ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(39) Shi, J-L; Xiao, D.-D,; Ge, M;; Yu, X; Chu, Y.; Huang, X;
Zhang, X.-D,; Yin, Y.-X; Yang, X.-Q.; Guo, Y.-G; Gu, L,; Wan, L.-J.
High-Capacity Cathode Material with High Voltage for Li-lon
Batteries. Adv. Mater. 2018, 30, 1705575.

(40) Shi, J.-L.; Xiao, D.-D.; Zhang, X.-D.; Yin, Y.-X,; Guo, Y.-G.; Gy,
L.; Wan, L.-J. Improving the Structural Stability of Li-Rich Cathode
Materials via Reservation of Cations in the Li-Slab for Li-Ion
Batteries. Nano Res. 2017, 10, 4201—-4209.

(41) Hwang, B.-J;; Hu, S.-K.; Chen, C.-H.; Chen, C.-Y.; Sheu, H.-S.
In-Situ XRD Investigations on Structure Changes of ZrO,-Coated
LiMng¢NipsO, Cathode Materials during Charge. J. Power Sources
2007, 174, 761-765.

(42) Kim, J. W,; Travis, J. ].; Hu, E; Nam, K-W,; Kim, S. C; Kang,
C. S.; Woo, ].-H.; Yang, X.-Q;; George, S. M.; Oh, K. H.; Cho, S.-J;
Lee, S.-H. Unexpected High Power Performance of Atomic Layer
Deposition Coated Li[Ni, ;;Mn, ;Co, 3]0, Cathodes. J. Power Sources
2014, 254, 190—197.

(43) Dong, S; Zhou, Y.; Hai, C.; Zeng, J.; Sun, Y.; Shen, Y,; Li, X;
Ren, X; Qi, G; Zhang, X; Ma, L. Ultrathin CeO, Coating for
Improved Cycling and Rate Performance of Ni-Rich Layered
LiNig;Co,,Mn,,0, Cathode Materials. Ceram. Int. 2019, 45, 144—
152.

(44) Jung, S-K.; Gwon, H.; Hong, J.; Park, K--Y.; Seo, D.-H.; Kim,
H.; Hyun, J; Yang, W.; Kang, K. Understanding the Degradation
Mechanisms of LiNi, ;Co,,Mn, 30, Cathode Material in Lithium Ion
Batteries. Adv. Energy Mater. 2014, 4, 1300787.

(45) Zhang, X.-D.; Shi, J.-L.; Liang, J.-Y.; Yin, Y.-X; Zhang, J.-N,;
Yu, X.-Q.; Guo, Y.-G. Suppressing Surface Lattice Oxygen Release of
Li-Rich Cathode Materials via Heterostructured Spinel Li,;Mn;O;,
Coating. Adv. Mater. 2018, 30, 1801751.

(46) Zhao, T.; Li, L.; Chen, R; Wu, H.; Zhang, X; Chen, S.; Xie,
M.; Wu, F,; Lu, J.; Amine, K. Design of Surface Protective Layer of
LiF/FeF; Nanoparticles in Li-Rich Cathode for High-Capacity Li-Ilon
Batteries. Nano Energy 2015, 15, 164—176.

(47) Xie, J.; Sendek, A. D.; Cubuk, E. D.; Zhang, X; Lu, Z.; Gong,
Y; Wu, T; Shi, F; Liu, W,; Reed, E. J; Cui, Y. Atomic Layer
Deposition of Stable LiAIF, Lithium Ion Conductive Interfacial Layer
for Stable Cathode Cycling. ACS Nano 2017, 11, 7019—7027.

(48) Chen, Y.; Zhang, Y.; Chen, B.; Wang, Z.; Lu, C. An Approach
to Application for LiNigsCog,Mn,0, Cathode Material at High
Cutoff Voltage by TiO, Coating. ]. Power Sources 2014, 256, 20—27.

(49) Shi, Y,; Zhang, M.; Qian, D,; Meng, Y. S. Ultrathin ALO,
Coatings for Improved Cycling Performance and Thermal Stability of
LiNig5Coy,Mn, 30, Cathode. Electrochim. Acta 2016, 203, 154—161.

(50) Lee, J-T; Wang, F.-M,; Cheng, C.-S; Li, C.-C; Lin, C.-H.
Low-Temperature Atomic Layer Deposited Al,O; Thin Film on Layer
Structure Cathode for Enhanced Cycleability in Lithium-Ion
Batteries. Electrochim. Acta 2010, 55, 4002—4006.

(51) Liu, W,; Oh, P; Liu, X; Myeong, S.; Cho, W,; Cho, J.
Countering Voltage Decay and Capacity Fading of Lithium-Rich
Cathode Material at 60 °C by Hybrid Surface Protection Layers. Adv.
Energy Mater. 2015, 5, 1500274.

(52) Zheng, F.; Yang, C,; Xiong, X.; Xiong, J.; Hu, R.; Chen, Y,; Liu,
M. Nanoscale Surface Modification of Lithium-Rich Layered-Oxide
Composite Cathodes for Suppressing Voltage Fade. Angew. Chem., Int.
Ed. 2015, 54, 13058—13062.

(53) Jo, C-H.; Cho, D.-H.; Noh, H.-J.; Yashiro, H; Sun, Y.-K;
Myung, S. T. An Effective Method to Reduce Residual Lithium
Compounds on Ni-Rich Li[Nij4Coq,Mny,]O, Active Material Using
a Phosphoric Acid Derived Li;PO, Nanolayer. Nano Res. 2018, 8,
1464—1479.

(54) Jackson, D. H. K; Kuech, T. F. Electrochemical Effects of
Annealing on Atomic Layer Deposited Al,O; Coatings on
LiNij sMng3C0,0,. J. Power Sources 2017, 365, 61—67.

(55) Seok Jung, Y., Cavanagh, A. S; Yan, Y,; George, S. M;
Manthiram, A. Effects of Atomic Layer Deposition of Al,O, on the
Li[Lig ,0Mny 54Nig 3C0y,3]O, Cathode for Lithium-Ton Batteries. J.
Electrochem. Soc. 2011, 158, A1298—A1302.

(56) Zhou, A; Liu, Q; Wang, Y,; Wang, W,; Yao, X;; Hu, W,;
Zhang, L; Yu, X; Li, J; Li, H. ALO; Surface Coating on LiCoO,
through a Facile and Scalable Wet-Chemical Method towards High-
Energy Cathode Materials Withstanding High Cutoff Voltages. J.
Mater. Chem. A 2017, S, 24361-24370.

(57) Liao, J.-Y,; Manthiram, A. Surface-Modified Concentration-
Gradient Ni-Rich Layered Oxide Cathodes for High-Energy Lithium-
Ion Batteries. J. Power Sources 2015, 282, 429—436.

(58) Mohanty, D.; Dahlberg, K.; King, D. M.; David, L. A;; Sefat, A.
S.; Wood, D. L;; Daniel, C.; Dhar, S.; Mahajan, V.; Lee, M.; Albano, F.
Modification of Ni-Rich FCG NMC and NCA Cathodes by Atomic
Layer Deposition: Preventing Surface Phase Transitions for High-
Voltage Lithium-Ion Batteries. Sci. Rep. 2016, 6, 26532.

(59) Han, B; Key, B,; Lapidus, S. H,; Garcia, J. C.; Iddir, H;
Vaughey, J. T.; Dogan, F. From Coating to Dopant: How the
Transition Metal Composition Affects Alumina Coatings on Ni-Rich
Cathodes. ACS Appl. Mater. Interfaces 2017, 9, 41291—41302.

(60) Liu, W.; Li, X; Xiong, D.; Hao, Y,; Li, J.; Kou, H.; Yan, B,; Li,
D; Ly, S.; Koo, A.; Adair, K.; Sun, X. Significantly Improving Cycling
Performance of Cathodes in Lithium Ion Batteries: The Effect of
AL O, and LiAlO, Coatings on LiNijsCoy,Mng,0,. Nano Energy
2018, 44, 111-120.

(61) Xu, M,; Chen, Z;; Li, L; Zhu, H,; Zhao, Q; Xu, L,; Peng, N.;
Gong, L. Highly Crystalline Alumina Surface Coating from Hydrolysis
of Aluminum Isopropoxide on Lithium-Rich Layered Oxide. J. Power
Sources 2015, 281, 444—454.

(62) Puurunen, R. L. Surface Chemistry of Atomic Layer
Deposition: A Case Study for the Trimethylaluminum/Water Process.
J. Appl. Phys. 2008, 97, 121301,

(63) George, S. M. Atomic Layer Deposition: An Overview. Chem.
Rev. 2010, 110, 111—131.

(64) Neudeck, S.; Strauss, F.; Garcia, G.; Wolf, H,; Janek, J;
Hartmann, P.; Brezesinski, T. Room Temperature, Liquid-Phase
Al, O, Surface Coating Approach for Ni-Rich Layered Oxide Cathode
Material. Chem. Commun. 2019, 5§, 2174=2177.

(6S) Li, T; Li, X,; Wang, Z; Guo, H. A Short Process for the
Efficient Utilization of Transition-Metal Chlorides in Lithium-Ion
Batteries: A Case of NiggCoy;Mng,;0;; and LiNig3Coq;Mng;0,. J.
Power Sources 2017, 342, 495—503.

(66) Gan, Q; Qin, N.; Zhu, Y.; Huang, Z.; Zhang, F.; Gu, S; Xie, J.;
Zhang, K; Lu, L; Lu, Z. Polyvinylpyrrolidone-Induced Uniform
Surface-Conductive Polymer Coating Endows Ni-Rich Li-
Nig3Coq;Mng,0, with Enhanced Cyclability for Lithium-Ion
Batteries. ACS Appl. Mater. Interfaces 2019, 11, 12594—12604.

(67) Shang, G.; Tang, Y.; Lai, Y.; Wu, J,; Yang, X,; Li, H.; Peng, C,;
Zheng, J.; Zhang, Z. Enhancing Structural Stability unto 4.5 V of Ni-
Rich Cathodes by Tungsten-Doping for Lithium Storage. J. Power
Sources 2019, 423, 246—254.

(68) Cho, W.; Kim, S.-M.; Song, J. H;; Yim, T.; Woo, S$.-G.; Lee, K.-
W.; Kim, J.-S;; Kim, Y.J. Improved Electrochemical and Thermal
Properties of Nickel Rich LiNij4Co,,Mn,,0, Cathode Materials by
SiO, Coating. J. Power Sources 2015, 282, 45—50.

(69) Hildebrand, S.; Vollmer, C.; Winter, M.; Schappacher, F. M.
AlL,O;, SiO, and TiO, as Coatings for Safer LiNiyzCoy;5Al,050,
Cathodes: Electrochemical Performance and Thermal Analysis by
Accelerating Rate Calorimetry. J. Electrochem. Soc. 2017, 164, A2190—
A2198.

(70) Yan, G.; Li, X.; Wang, Z,; Guo, H,; Wang, ].,; Peng, W.; Hu, Q.
Effects of 1-Propylphosphonic Acid Cyclic Anhydride as an
Electrolyte Additive on the High Voltage Cycling Performance of
Graphite/LiNij ;Co,,Mn, ;0, Battery. Electrochim. Acta 2015, 166,
190-196.

(71) Liu, X; Li, H; Yoo, E.; Ishida, M; Zhou, H. Fabrication of
FePO, Layer Coated LiNi,/;Co,/3Mn,;;0,: Towards High-Perform-
ance Cathode Materials for Lithium Ion Batteries. Electrochim. Acta
2012, 83, 253—258.

httpsz/dx.doi.org/10.1021/acsami.0c06484
ACS Appl. Mater. Interfaces 2020, 12, 31392-31400

57| Page



3.3 Publication 11I: Insights into the Positive Effect of Post-Annealing on the
Electrochemical Performance of Al.Os-Coated Ni-Rich NCM Cathodes for
Lithium-lon Batteries

In publication Il, we have developed a new solution based Al>Osz coating approach for
Ni-rich NCM based cathodes, which results in an improved long-term cycling
performance, but no positive effect on the C-rate performance has been observed.
However, for the commercialization of Ni-rich NCM based cathodes for next generation
battery systems improvements of the C-rate performance is required along with cycling
performance. Keeping that in mind, an additional annealing step has been added to the
coating method. The recovered powder obtained after the coating process has been
annealed at high-temperatures under oxygen. Structural analysis of the samples reveal
that the annealing step has no effect on the structural properties of NCM particles.
However, significant changes of the structural properties of the coating layer are
observed. NMR studies reveal the diffusion of Li* inside the coating layer during
annealing, resulting in the formation of mixed Al>Os/LiAlO2 composite layer. This has
been further confirmed by XPS. The Li* diffusion inside the coating layer results in
significant improvement in the coating conductivity, as confirmed by EIS analysis. The
increase in conductivity of the coating layer, improves electrochemical performance of
the NCM in-terms of C-rate capabilities and long-term cycling. In addition, the mixed
coating layer is found to be effective against parasitic side reaction at the interface
between electrode and electrolyte resulting in a lower impedance rise over long-term
cycling as confirmed by EIS analysis. Furthermore, post-mortem analysis of the cycled
cells reveal that the coating is also effective against the particle fracture.

The concept and experiments for this publication have been designed and performed by
myself under the supervision of Dr. M. T. EIm. The manuscript was written by me and
corrected by all co-authors. NMR analysis has been taken by R. Staglich. E. Celik and R.
Pan contributed to the scientific discussions. Reprinted with permission from ACS
Applied Energy Materials 2021.

R. S. Negi, E. Celik, R. Pan, R. Stéglich, J. Senker, M. T. EIm, Insights into the positive
effect of post-annealing on the electrochemical performance of Al>O3 coated Ni-Rich
NCM cathode for lithium-ion batteries, ACS Appl. Energy Mater. 2021, 4, 4, 3369338
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5 ABSTRACT: Ni-rich Li(Ni,_, yCo,an)Ol-based cathodes still suffer ALQy AL0ILINO
2 from low cycling stability, which arises from capacity fading and impedance Cu:ﬂng Annealing
L rise due to parasitic side reactions at the interface. Surface coatings have ACH Twm‘ 900 °C, 80
2 shown promising results in stabilizing the cathode surface and improving 30°C, 12hr
E the cycling stability. However, a comprehensive understanding on the Fem
3 beneficial effect of the coating is still missing. In this paper, we used a S JL
solution-based technique to coat Ni-rich Li(Nig¢Coq,sMng;s)O, with a ém B -
thin Al,Oj layer followed by post-annealing at 600 °C. Electrochemical £ w0 g\ N
characterization shows a drastic improvement of the cathode’s cycling %m \‘“’D-N & ]
stability due to the coating. After post-annealing, the cycling stability is 3 e
even further improved, accompanied with its C-rate performance. %; ol o Encaacn o0
[ 0 W

Structural characterization confirms that annealing results in the formation
of an amorphous Al,0;/LiAlO, coating layer, which exhibits increased
lithium-ion conductivity compared to the Al,O; coating. More importantly, temperature-dependent impedance measurements reveal
that the coatings do not affect the activation energy of the charge transport, which guarantees a sufficient electronic conductivity
between the secondary NCM particles in the cathode. Thus, the Al O;/LiAlO, layer not only inhibits direct contact between
electrode and electrolyte, preventing side reactions and stabilizes the performance, but also facilitates conductive pathways for
lithium ions while preserving the electronic connectivity between cathode’s particles, leading to a low interfacial resistance and
excellent rate capability. The results show the importance of providing a sufficiently high electrical conductivity accompanied with
low activation energies in coating layers for both ions and electrons, which needs to be considered in design strategies for next-

10 18 £l
Charge-Discharge Cycle Number

1991"* with the configuration of lithium cobalt oxide (LCO)
as cathode and graphite as anode materials.”* In LIBs, LCO
has been demonstrated as one of the most promising materials
of choice due to its high theoretical speaﬁc capacity (~274
mA h g') and an easy synthcsxs process.” However, its low
practical capacity (135 mA h g™!) is inadequate to achieve high
gravimetric densities required to fulfill the demand for long-
range electric vehicles (EVs) or hybrid electric vehicles
(HEVs).*” Much research effort has been devoted to develop
high-energy-density cathodes in the past decade. NCM-based
cathodes with a general formula of Li(Nij,x,,Co,Mny)Oz have
attracted much attention since their first synthesis by Dahn et
al.'’ due to their high energy densmes (~220mA h g™') and
relatively low synthesis cost. '~
For NCM-based cathodes, it is well known that the increase
in nickel (Ni) content leads to higher achievable capacities in
the same operating voltage range (Li(Nig33C0p33Mng;3)0;
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2 generation lithium-ion batteries.

:g' c KEYWORDS: Li-ion battery, Al,O; coating, NCM cathode, annealing, ’Al NMR, EIS

¥
< 1. INTRODUCTION (NCM111) ~155 mA h g™ vs Li(NigsCo,Mny,;)O,
£ The groundbreaking research during the 1980s led to the (VNCMSVU) ~1.90 mA h gi" whgn charging to 4:3 V)"
2 commercialization of the first Li-ion battery (LIB) by Sony in since Ni(I1)/Ni(III) and Ni(IIT)/Ni(IV) are the main redox

pairs contributing to the overall capacity. Moreover, increasing
the Ni content is also beneficial from economic and
environmental aspects, since Ni is cheaper and less toxic
than cobalt."*'” However, increasing the Ni content in NCM
also results in intrinsic problems, such as poor cycling stability
and serious safety issues, due to the high reactivity of Ni(IV)
with the electrolyte and an oxygen release at charged
states.'™** It is also reported that trace amounts of moisture
at the NCM surface react with the electrolyte and produce HF,
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Coating

Al(CH;); in Toulene
30 °C, 12hr

C-NCM (30 °C)

Annealing

600 °C, 8hr

under vacuum
Drying

200 °C, 12hr,

under vacuum

AlLO,/LIAIO,

C-NCM (600 °C)

Figure 1. Schematic representation of the coating process of Ni-rich NCM.

which deteriorates the NCM surface by forming an insulating
LiF layer, leading to exacerbated electrochemical perform-
ances, 3226

To address the aforementioned problems with Ni-rich NCM
cathodes, surface coating using different materials, e.g.,, Al,O5,
TiO,, ZnO, and ZrO,, has been proposed”’ >’ to protect the
surface of NCM from reacting with HF and inhibit the
parasitic side reactions at the cathode—electrolyte inter-
face.”** AL Oy is one of the most widely employed coating
materials; however, it is an electronic insulator (~107% § cm™)
and has an extremely low Li diffusivity. Thus, an Al,O; coating
generally increases the interfacial resistance and results in a
reduced rate capability.**™" In contrast, a LiAlO,-based
coating shows excellent Li conductivity due to partially
occupied Li sites. Therefore, LiAlO, or mixed Al,O;/LiAlO,
coatings can not only stabilize the cathode—electrolyte
interface but also improve the rate capability,'®**3%%%*
making them a promising coating material for Ni-rich NCM
cathodes. However, ALO; as well as LiAlO, coating layers
exhibit comparably high activation energies for lithium-ion
diffusion of about 0.71 and 0.54 eV, respectively, which limits
an efficient lithium-ion transport. Furthermore, the electronic
conductivity between the NCM particles may be severely
hindered due to the electronically insulating properties of the
coating layers.*”*

In this work, we successfully prepared an Al,O,/LiAlO,
coating for Ni-rich NCM particles using a low-temperature
wet-chemical-based alumina coating method followed by post-
annealing. As reported in our previous study,’ the coating
method takes advantage of surface-active —OH groups, which
dry and coat the NCM cathode material in a single step,
leading to a significant enhancement of the cycling perform-
ance. Here, we show that post-annealing of the ALO; layer at
600 °C for 8 h results in an even further improvement of the
long-term cycling accompanied with a significantly enhanced
rate performance of the NCM cathode. Several structural and
electrochemical characterization techniques have been applied
to analyze the transformation of the Al,O; layer to an
amorphous Al,O;/LiAlO, layer upon high-temperature treat-
ment. We reveal that the lithium diffusion into ALO; (as
confirmed by structural characterization) is accompanied with
a significant improvement of the lithium-ion conductivity of
the coating layer, which is clearly confirmed by impedance
spectroscopy. Furthermore, we show that the coating barely

60| Page

affects the activation energy for the charge transport preserving
a sufficient electronic conductivity between the single NCM
particles, which form the single cathodes. As annealing does
not change the structural properties of the NCM, the
enhancement of the electrochemical performance can therefore
directly be related to the improved electrical properties of the
AlLO,/LiAlO, coating layer. The findings in this paper will
help to better understand how the coating process and post-
annealing influence the coating properties and the electro-
chemical performances of the coated cathodes, which is among
the most critical issues in the development of coatings for high-
energy-density cathodes.

2. EXPERIMENTAL SECTION

2.1. Surface Coating of Ni-Rich NCM with Al,0;. Commer-
cially available NCM 7/1.5/1.5 (NCM701515) powder was used as a
raw material, denoted as pristine NCM (P-NCM) in the following.
For the coating, a solution route was used. First, trimethylaluminum
(TMA, 0.279 mL, 2 M in toluene; Sigma-Aldrich) was diluted by
adding anhydrous toluene (15 mL; Sigma-Aldrich) and stirred to get a
homogeneous solution. Then, NCM powder (5 g; Gelon LIB) was
added into the diluted TMA solution (5 mL) and the mixture was
continuously stirred at 30 °C overnight (12 h)."" This wet-chemical-
based coating method takes advantage of surface-active —OH groups
(from LiOH and adsorbed H,0) that dry and coat the NCM cathode
material in a single step in , as previously
reported.”*"** The mixture was filtered and washed using toluene
and then dried under vacuum at 200 °C overnight (12 h), which was
later transferred to an argon-filled glovebox. The obtained coated
NCM powder was divided into two batches. Batch-1 (C-NCM-30) of
the coated powder was used as a cathode material without further
treatment. Batch-2 (C-NCM-600) was further annealed at 600 °C for
8 h to modify the Al,O, coating and investigate its effect on the
electrochemical performance. A schematic of the coating process is
shown in Figure 1.

2.2, Structural Characterization. The morphology of the
NCM701515 particles and the coating were investigated using high-
resolution scanning electron microscopy (HRSEM, Merlin, Zeiss).
The accelerating voltage and current were set to 7 kV and 3000 pA,
respectively. Electron-dispersive X-ray (EDX) spectroscopy inves-
tigation was performed using an X-Max detector (Oxford Instru-
ments) equipped to the HRSEM. The samples were directly
transferred from the glovebox to the HRSEM chamber using a
transfer module (Kammrath & Weiss GmbH) to prevent air exposure.

Powder X-ray diffraction (XRD, Bruker) was performed on
synthesized samples using Cu Ka radiation source in a 2¢ range of
10—80°. X-ray photoelectron spectroscopy (XPS) measurements were

https://doi.0rg/10.1021/acsaem.0c03135
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Figure 2. SEM images of the NCM701515 powders: (a) P-NCM, (b) C-NCM-30, and (c) C-NCM-600. EDX mapping of Al,O;-coated powders:

(d, ) C-NCM-30 and (e, g) C-NCM-600.
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Figure 3. Comparison of (a) XRD patterns and (b) water content values obtained by KF titration.

done using monochromatic Al Ka radiation (PHI S000 Versaprobe II
Scanning ESCA microprobe, Physical Electronics) at a pressure of
~107* Pa. For the survey scan and detailed spectra, pass energies of
93.9 and 23.5 eV were used, respectively. The synthesized samples
were directly transferred to the XPS chamber using the transfer
module. All data calibration and analysis were done using CasaXPS.
All spectra were calibrated to the corresponding carbon peak (C 1s,
284.8 eV). Karl—Fischer titration (KF titration) was performed on all
samples to determine their water content.

Solid-state NMR studies of Al were performed on a Bruker
Avancelll HD spectrometer with an external magnetic field of 14.1 T,
which corresponds to a Larmor frequency of v, = 156.43 MHz. The
measurements were performed in a 1.9 mm HXY MAS triple-
resonance probe with commercial ZrO, rotors using a spinning speed
of 30 kHz. For single-pulse (SP) acquisition, a ion freq y of
25 kHz with a pulse length of 1 us was utilized, with a recycling delay
of 0.5 s. Between 455k and 470k scans have been accumulated. The
FID was processed with an exponential line broadening of 500 Hz.
The spectra were referenced to an aqueous solution of Al(NO;),
adjusted to a pH of 0.

2.3. Cell Assembly. Electrode sheets were prepared by mixing the
NCM (90 wt %) powder with carbon black (S wt %, Super P) and
poly(vinyl difluoride) (5 wt %, Solef PVDF 6020) in N-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich). The slurry was stirred with a
magnetic stirrer overnight (12 h) to get a homogeneous mixing. The
prepared slurry was then casted onto aluminum foil and dried under
vacuum overnight (12 h). Electrode disks (12 mm) were punched
from the prepared sheet, calendered at 90 psi, and dried under
vacuum at 120 °C for 12 h. Coin cells were prepared using CR2032-
type cases; Li foil (14 mm) was used as the anode, Celgard 2500 (16
mm, Celgard) as the separator, and LPS0 (50 uL, Sigma-Aldrich) as
the electrolyte. The areal loading was 10.4—10.8 mgycyorsis €m ™

2.4. Cell Cycling. All cells were cycled using a MACCOR Series
4300 (Tulsa) multichannel battery cycler. All cells were electro-
chemically tested between 3.0 and 4.3 V vs Li*/Li at 25 °C. Initially,
for the rate test, the cells were cycled from 0.1C to 4C (1C means
fully charging/discharging the cell in 1 h), each for four cycles
between 3.0 and 4.3 V vs Li*/Li. Subsequently, for a long-term cycling
test, the same cells were cycled at 0.5C in the same voltage range. For
calculating the capacities and specific currents, masses of active
material in the individual cathodes were considered.
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Figure 4. Comparison of (a) survey XPS of P-NCM, C-NCM-30, and C-NCM-600 and (b—d) detailed XPS spectra of C-NCM-30 and C-NCM-

600.

2.5, Electrochemical Impedance Spectroscopy (EIS). To
investigate the effect of annealing on the total conductivity of the
NCM powder, temperature-dependent (—100 to —60 °C) electro-
chemical impedance spectroscopy (EIS) measurements were
performed using a Novocool Cryosystem setup on hand-pressed
NCM pellets. For the impedance measurements, ionically blocking
electrodes were used (stainless steel). The spectra were acquired
between 100 mHz and 1 GHz. EIS was also performed on cells with
uncoated and coated NCM cathodes in the fully charged state (4.3 V)
on a VMP300 potentiostat (BioLogic) between 10 mHz and 100 kHz
at room temperature.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Al,0;-Coated NCM. The
morphology of the as-received and coated NCM powders was
analyzed by HRSEM, as shown in Figure 2. As can be seen in
Figure 2a—c, the pristine and coated samples show a similar
morphology, which confirms that the coating process has no
significant impact on the morphology of the NCM particles.
The secondary particles are spherical in shape having a
diameter of 5—15 ym and are composed of submicron and
nanosized primary particles (Figure S1). The EDX mappings
(Figure 2d—g) show an even distribution of aluminum,
indicating a uniform and conformal coating of Al,O; on the
NCM surface. As reported in our recent work, high-resolution
transmission electron microscopy confirm the homogeneous
coating of the NCM particles with an amorphous Al,O; layer
with a thickness of about 6 nm (Figure $2).*' EDX analysis of
the annealed powders also shows that high-temperature
annealing has no drastic influence on the distribution and
homogeneity of the coating layer.

The XRD analysis (Figure 3a) confirms that all NCM
samples have the crystalline layered structure of LiCoO, (space
group R-3m).*”** No peak shift is observed for the coated
samples. Furthermore, both coated and heat-treated samples
show no additional peaks, which indicate the presence of AL,O;
or LiAlO, due to the small thicknesses, low contents, and
amorphous nature of the coating layers.” Rietveld refinement
was performed to estimate changes of the lattice due to the
coating. The obtained values of the lattice parameters a and ¢
are listed in Table SI in the SI For the pristine and the coated
samples, a ¢/a ratio of 4.94 is obtained, which confirms a well-
defined layered structure.”® After annealing, the ¢/a ratio and
the unit cell volume slightly increases. The increase of the cell
volume indicates a possible loss of lithium in the NCM* due
to lithium diffusion into the Al,O; coating.

Karl—Fischer titration was performed on the NCM powders
before and after coating. As shown in Figure 3b, the water
content is significantly reduced after coating for both C-NCM-
30 and C-NCM-600 compared to P-NCM, which confirms
that surface-active —OH groups (from surface-absorbed H,0O
and LiOH) are consumed during the coating process. The
slight reduction of the water content of C-NCM-600 compared
to C-NCM-300 is probably due to the annealing step at 600
°C. The reduction of surface-active —OH groups is assumed to
be beneficial for the long-term cycling performance of the
coated NCM cathodes, as surface-active —OH groups have
significant side effects on the electrochemical performance of
NCM-based cathodes.****

XPS measurements were carried out to further analyze the
influence of coating and the effect of heat treatment on the
coating layer and the NCM powder. The survey spectrum of P-
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Figure 5. Diamagnetic region of (a) the Al NMR spectra of C-NCM-30 (left, blue) and (b) C-NCM-600 (right, orange). The spectra were

deconvoluted with three quadrupole shapes (gray) with typical tensor values for six-, five-, and four-fold
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oxygen coordination

NCM (Figure 4a) indicates the presence of Ni, Co, Mn, and O
without any other elements. However, on the surface of C-
NCM-30 and C-NCM-600, the characteristic peak of Al 2p is
detected (see also Figure S3), which proves the successful
coating of Al,O; on the NCM surface. Detailed spectra were
recorded for O, Al, and Li along with Ni and C. As shown in
Figure S4 (SI), no significant change is observed for the Ni 2p
and C 1s peaks. For the pristine NCM, the O Is signal
comprises two signals. The signal located at 529.3 eV is
assigned to the lattice oxygen of NCM, while that at 531.2 eV
matches well with the CO;*~ binding energy of Li,Coy *” After
annealing, the CO;>~ peak intensity reduces significantly due
to the removal of the carbonates. Of particular interest is the
binding energy region between 50 and 80 eV (Figure 4¢,d) as
it includes the Li 1s and Al 2p core levels. The Al 2p peak
shows a significant shift (approximately 1 eV) to lower binding
energies after the heat treatment. Further deconvolution
reveals that C-NCM-30 shows only one major peak at a
binding energy of 73.9 eV corresponding to Al atoms in an
oxygen environment, such as Al,O; and Al(OH);,** and one
minor peak at 72 eV corresponding to metallic Al resulting
from unwanted side products during the coating process. After
the heat treatment, the Al 2p peak splits into two peaks, one at
a binding energy of 73.9 eV and the other at a lower binding
energy of 72.8 eV corresponding to the binding energy of AI**
in LiAlO,, as reported by Tang et al,* indicating the
conversion of the Al,O; coating layer to a more conductive
Al,O3/LiAlO, layer after the heat treatment.” Furthermore, as
XPS is a surface-sensitive technique, the peak intensity of an
element represents its overall amount at the surface. The
increased Li 1s peak intensity for the coated sample after heat
treatment therefore also suggests the formation of LiAlO,
caused by Li diffusion from the NCM particles into the Al,O;
coating layer during annealing at 600 °C.

To get deeper insight into the structural properties of the
AlL,O3/LiAlO, layer formed during annealing, NMR spectro-
scopic measurements were performed. Due to the relatively
low temperature during heat treatment and since XPS data do
not reveal any evidence for aluminum diffusion into the NCM
bulk material, we focus on the diamagnetic region for the *’Al
NMR spectroscopic experiments. To reduce the influence of
quadrupolar couplings and paramagnetic interactions on the
lineshape, all spectra were acquired at high magnetic fields (B,
= 14.01 T). The diamagnetic region of ’Al MAS NMR spectra
(Figure 5) for C-NCM-30 and C-NCM-600 show a broad
signal group, which spans —5 to 120 ppm demonstrating that
the Al atoms in the coated layer exhibit environments with six
(Figure 5, 1), five (Figure S, IT), and four (Figure S, IIT) oxygen

neighbors.” Deconvolutions with typical quadrupolar line-
shapes for these three environments require broad distribu-
tions reflected in large line broadenings (Table 1) typical for a

Refi

Table 1. Rel Par (8i50: Isotropic
Chemical Shift, Co: Quadrupolar Coupling Constant, 7q:
Anisotropy of the Electric Field Gradient Tensor, GB:

G Line Broadening) for the Dec ions of the
A1 MAS NMR Spectra of C-NCM-30 and C-NCM-600"

C-NCM-30 C-NCM-600
six-fold five-fold four-fold six-fold five-fold four-fold
840/ ppm 30 76 132 17 2 91
GB/kHz 7.0 7.0 7.0 5.0 50 5.0
integral/au 57.7 29.8 12.5 48.1 273 24.6

“For the resonances representing the six-, five-, and four-fold
coordinations, CQ_and h pairs of 4.5 MHz/0.3, 3.8 MHz/0.4, and
5.5 MHz/0.7 were used and kept constant. J, and the relative
intensities were refined freely. For GB, one parameter was used for the
three lineshapes.

multitude of defects and distortions and an amorphous
character of the Al-containing layers for both systems.
Nevertheless, significant lineshape changes occur for C-
NCM-600. First, the line broadening decreases markedly by
roughly 2 kHz, indicating an increasing short-range order of
the Al-containing layer. This is in line with the highfield shift
for the penta-coordinated Al atoms, suggesting that these
environments approach a six-fold coordination. Second, the
resonance assigned to Al in tetrahedral coordinations is
highfield shifted by mugh}g 40 ppm approaching the chemical
shift reported for LiAlO,.” In addition, the proportion for the
tetrahedral Al environments increases by roughly 10%. We
thus expect that two processes occur upon annealing. (i)
Defects and distortions are partially removed, which should
decrease the probability to observe Al in four- and five-fold
coordinations. (ii) Nevertheless, the proportion of Al in
environments typical for LiAlO, increases, hinting toward a
diffusion of Li from the NCM phase into the Al-containing
layer, thus stabilizing these particular environments.
Conductivity measurement of the uncoated and coated
powder can be very useful to determine how coating influences
the intrinsic conduction properties of the bare NCM particles.
Temperature-dependent EIS measurements were performed
on all three samples, and their representative impedance
spectra are shown in Figure 6a—c. The impedance of the
uncoated NCM powder (Figure 6a) reveals that at least two
transport processes contribute to the impedance of the
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Figure 6. Temperature-dependent EIS spectra of (a) P-NCM, (b) C-NCM-30, and (¢) C-NCM-600 pellets. (d) Arrhenius plots of the
conductance revealing that the coating has a negligible effect on the activation energy of the transport process in the cathode materials.

powder, resulting in the deviations from a single semicircle
behavior as typically observed for NCM pellets using ion-
blocking electrodes.”** Although it is possible that the high-
frequency process represents the transport in the particles and
the lower-frequency process corresponds to the interface
resistance between the single NCM particles of the powder, it
is more likely that the two transport processes correspond to
the electronic and ionic conductivities as NCM is a mixed ion-
electronic conductor. As reported, the first semicircle arises
from the geometrical capacitance connected in parallel to the
total resistance of the NCM powder, which comprises the
electronic and ionic resistance. At low frequencies, the ionic
transport is blocked and only the electronic conductivity
contributes to the transport represented by the second
semicircle.’’ ™** The electronic resistance is therefore given
by the intercept of the impedance with the real part axis in the
Nyquist plot. A comparable behavior is also found for the
coated powder samples, as shown in Figure 6b,c. A comparison
of the total impedance of the three samples shows that the P-
NCM powder (Figure 6a) has the lowest impedance, i.e., the
highest electronic conductivity, among the three samples. This
is expected as coating the powder with ALO; (Figure 6b)
increases the impedance due to the lower electronic and ionic
conductivity of the Al,O; coating layer. The Al,O; coating acts
as a blocking barrier between the single NCM particles of the
powder, resulting in a large interface resistance dominating the
overall impedance spectra. However, it is worth noting that the
impedance of the post-annealed sample C-NCM-600 (Figure
6¢) is significantly decreased and therefore shows a higher
conductivity than the C-NCM-30 sample. Since the con-
ductivity includes contribution from the NCM powder and the
coating material, it is reasonable to conclude that the increase
in conductivity mainly results from a decrease of the interface
resistance of the coating material due to the formation of
LiAlO,, which exhibits a higher ionic conductivity compared to
AlO; " To get further insight into the effect of coating on the
charge transport in the cathode, the temperature dependence
of the electronic resistance of NCM powder material is plotted
in an Arrhenius representation in Figure 6d. The electronic

resistance of the uncoated NCM powder shows the expected
linear behavior due to the hopping transport of the electrons.
The extracted activation energy of E, ~ 0.18 ¢V is also in good
agreement with values from the literature for highly lithiated
NCM of comparable composition, confirming the assumption
of an electronic transport process.”™ Interestingly, also the
coated samples reveal a comparable activation energy, although
the activation energy of amorphous ALO, or LiAlO, is
expected to be significantly higher.”’ These results show that
despite the homogeneous coating, the electronic transport
between NCM particles is barely affected, which is probably
due to the thin coating thickness.

3.2. Electrochemical Characterization. It is well known
that if a battery is run at higher currents (i.e., higher C-rates),
the overpotential of the battery increases due to increased
resistance losses (IR drop) and polarization effects in the
electrodes, which results in decreased charge/discharge
capacities. To evaluate the effect of coating on the electro-
chemical performance of NCM, all samples were cycled at
various C-rates (0.1C to 4C, a specific current of 160 mA g™
was defined at the 1C rate) within the voltage range of 3.0-4.3
V vs Li*/Li. For each C-rate, four cycles were performed before
the same cell was subjected to long-term cycling tests at 0.5C.
Figure 7a compares the discharge capacities of the different
NCM cathodes prepared with C-rates increasing from 0.1C to
4C. As can be seen, the initial capacities at 0.1C are
comparable for all three NCM cathodes. However, an effect
of the surface modification is clearly notable at higher C-rates.
Although the effect of coating on the C-rate performance for
C-NCM-30 is nearly negligible up to 2C, C-NCM-30 shows a
much lower capacity at 4C than P-NCM. In contrast, C-NCM-
600 shows a significant improvement in the C-rate perform-
ance at higher C-rates (above 0.5C) compared to both P-NCM
and C-NCM-30. Figure 7b,c shows the corresponding
discharge profiles of P-NCM and C-NCM-600 at different
C-rates. C-NCM-600 exhibits a lower overpotential and retains
higher discharge capacities at all C rates than P-NCM. To
understand the difference between C-NCM-600 and P-NCM,
the corresponding differential capacity plots were analyzed,
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which are shown in Figure 7d,e. Besides a similar behavior at
low C-rates, it can be seen that (i) the shoulder at high
voltages shrinks more significantly for P-NCM than for C-
NCM-600 with increasing C-rates, which suggests that Li
intercalation/deintercalation is better maintained in C-NCM-
600; (i) the potential shift of the minimum is less pronounced
for C-NCM-600, which indicates that C-NCM-600 shows a
lower overpotential than P-NCM.*”*® The observations in the
C-rate test can be well understood when considering the
results from the total conductivity measurements of the three
NCM pellets (Figure 6). Since the coating layer of the C-
NCM-30 cathode contains only Al,O; with a low electronic
and ionic conductivity, C-NCM-30 is expected to have a high
interfacial resistance when used as a cathode in a cell. Since the
coating layer is sufficiently thin, it does not hinder Li diffusion
between NCM and electrolyte to a notable extent at lower C-
rates. However, at higher C-rates (e.g, 4C), the resistive
properties of the Al,O; layer become a limiting factor, resulting

in higher overpotentials and lower capacities than P-NCM. In
the case of C-NCM-600, a mixed Al,0,/LiAlO, coating layer
at the NCM particle surface was formed during annealing at
600 °C, which is expected to have a higher Li conductivity
than the Al,Oj layer. Consequently, Li* transfer between NCM
and the electrolyte is possible, explaining the improved rate
capability of C-NCM-600 compared to C-NCM-30. The
mixed Al,O;/LiAlO, coating layer on C-NCM600 also
prevents side reactions at the cathode—electrolyte interface
(e.g, electrolyte decomposition, LiF formation due to HF
attack)®” and thus hinders the formation of an insulting
cathode—electrolyte interface (CEI). In fact, this explains why
C-NCM-600 also shows the best long-term cycling perform-
ance among the three cathodes as shown in Figures S5 and 8a,
which will be discussed in detail below. The improvement of
the electrochemical performance of C-NCM-30 compared to
P-NCM was discussed thoroughly in our previous publica-
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tion.*! Therefore, we will focus on the electrochemical

performance of P-NCM and C-NCM-600 in the following.
Figure 8a shows the long-term cycling performances of the
P-NCM and C-NCM-600 cells at 0.5C after the C-rate test. It
can be seen that the discharge capacity of P-NCM decreases
rapidly from 153.5 to 58.9 mA h g™' after 190 cycles with a
capacity retention of only 38.3%. Such a low cycling stability of

P-NCM is attributed primarily to the poor structural stability
and severe parasitic side reactions occurring at the surface of
NCM.™*** In contrast, C-NCM-600 shows a significantly
improved cycling performance with a much higher capacity
retention of 83.3% after the same number of charge—discharge
cycles. Apparently, the protective Al,O,/LiAlO, coating layer
acts as an effective protective barrier at the interface against
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Figure 10. SEM images of (a) P- and (d) C-NCM-600 electrodes before cycling. (b, ¢) Surface of the P-NCM electrode after cycling. (e, f) Surface

of the C-NCM-600 electrode after cycling.

parasitic reactions. In addition, the LiAlO, layer also provides a
conduction pathway for Li* to diffuse during the charge/
discharge process. The charge—discharge profiles of P-NCM
and C-NCM-600 at the beginning and end of the long-term
cycling test (25" and 190" cycles including the C-rate test)
along with the corresponding differential capacity plots are
shown in Figure 8b,c. C-NCM-600 exhibits a much smaller
polarization increase than P-NCM during the long-term
cycling test, and the differential capacity peaks are much
sharper for C-NCM-600 during the 190" cycle. As for the C-
rate tests, these findings also indicate a more stable interface
and a better preserved Li* diffusion pathway through the
coating as usually the formation of the highly resistive CEI is
responsible for the capacity fading and polarization increase
along with the diminishing of the peak sharpness and
intensity.”” All of these observations support that the ALO;/
LiAlO, composite coating layer is very effective in stabilizing
the surface of the Ni-rich NCM and thus the electrochemical
performance during long-term cycling.

To further understand the effect of the Al,0,/LiAlO,
coating on the long-term cycling of the coated Ni-rich
NCM, EIS measurements were performed on P-NCM and
C-NCM-600 as a function of cycle number. The results are
shown in Figure 9. The samples were cycled between 3.0 and
43 V vs Li'/Li at 0.5C, and EIS measurements were
performed at the fully charged state (4.3 V) of every cycle.
Fitting of the Nyquist plots was done using the equivalent
circuit shown in Figure 9d. Here, R, represented the internal
ohmic resistance of the cell, which involves the resistances
from the electrolyte and other components of the cell,
corresponding to the intercept on the real axis at the high-
frequency region. The mid-frequency (MF) semicircle is
assigned to the resistance of the NCM electrode (Rg,.) as
the impedance agrees with the results obtained for the
corresponding NCM pellets (Figure 6). Finally, the low-
frequency (LF) semicircle is attributed to charge transfer
resistance (R,) at the surface of NCM.“"*” As shown in
Figure 9a, the value of Rg,. for the P-NCM slowly increases
with increasing cycling number and almost doubles after the
initial five cycles. On the contrary, Ry, for C-NCM-600 is
much more stable and remains nearly constant during the
initial five cycles (Figure 9b), which suggests that the cathode

interface is much more stable during cycling due to the
presence of the protective AL,O;/LiAlO, coating. The R
values for both materials increase with cycling number.
However, the rate of increase of R, is much more pronounced
for P-NCM than that for C-NCM-600. After 30 cycles, the R,
value for C-NCM-600 is distinctly smaller than that for P-
NCM, whose R increases by nearly a factor of 10. The
increase of R, during cycling also confirms the formation of a
CEI due to side reactions at the electrode/electrolyte
interface.”*** The stabilized Ry, and the significantly smaller
R, for C-NCM-600 further confirm the beneficial effect of the
AlL,O;/LiAlO, coating layer in preventing side reactions.

3.3. Postmortem Characterization. Postmortem analysis
was performed on cells before and after the long-term cycling
test as apart from mechanical-induced deformation during
electrode preparation, electrochemical-induced deformation
(e.g., cathode volume changes, crack formation, and new phase
formation during the delithiation/lithiation) also takes place
inside of the secondary qparticles. The deformations increase
the active surface area”™ and thus accelerate side reaction,
which finally leads to poor cycling performance of NCM.”
Figure 10 shows the SEM images of the cycled cells. The SEM
images for both P-NCM and C-NCM-600 (Figure 10a.d,
respectively) show no cracking of the NCM secondary
particles before cycling. On the other hand, severe exfoliation
and cracking can be observed after cycling in the case of P-
NCM, which is one reason for the loss of irreversible capacity
during cycling and also for the increase of Ry during cycling
observed in the EIS measurements. However, in the case of C-
NCM-600, the structure is well maintained and almost no
cracking is observed after cycling. Thus, postmortem analysis
also confirms that the coating effectively prevents the surface
deterioration and protects the structural integrity of the NCM
secondary particles, which is also seen in the FIB cross-
sectional images of both samples after cycling (Figure S6).

4. CONCLUSIONS

In this work, we report on the beneficial effect of a thin AL, O,/
LiAlO, coating on Ni-rich NCM cathodes for LIBs resulting in
improved electrochemical performance compared to AL O;-
coated samples. The Al,O;/LiAlO, coating of NCM was
achieved by a straightforward and scalable solution-based
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approach followed by a high-temperature heat treatment under
oxygen. NMR analysis reveals the diffusion of Li* into the
AL, O; layer during the heat treatment, resulting in the
formation of an amorphous Al,0;/LiAlO, composite layer,
which has been also confirmed using XPS analyses. In addition,
XRD and SEM measurements showed no significant changes
in the reflection peaks of NCM as well as no observable change
in the morphology. During heat treatment, lithium diffusion
into AL,O; is accompanied with a significant improvement of
the lithium-ion conductivity of the coating layer, as confirmed
by the EIS study. After heat treatment, the coated NCM
reveals an increased conductivity, giving rise to a significantly
improved C-rate and cycling performance compared to P-
NCM and even to coated, but nonannealed C-NCM-30. The
improvement in the electrochemical performance can therefore
directly be related to the increase in ionic conductivity of the
coating layer, as the structural properties of the NCM remain
unaffected by the annealing. The multifunctional Al,O,/
LiAlO, coating isolates the direct contact between the
electrode and the electrolyte, preventing side reactions, and
stabilizes the electrochemical performance of the coated
cathode. Furthermore, the Al,O,/LiAlO, coating not only
facilitates conductive and well-defined Li diffusion pathways
but also preserves electronic conductivity between the NCM
particles in the cathode, leading to a low interfacial resistance
and excellent rate capability. Thus, the Al,0,/LiAlO, coating
formed by annealing of Al,Oj-coated NCM provides a
beneficial synergy to improve the electrochemical performance
of Ni-rich NCM701515 cathode materials.
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3.4 Publication 1V: Stabilizing the Cathode/Electrolyte Interface Using a Dry-
Processed Lithium Titanate Coating for All-Solid-State-Batteries

The successful development of coating strategies for liquid electrolyte-based Li-ion
batteries during the course of this Ph.D. work further motivated me to take the next step
and work on the development of coating strategies for all-solid-state Li-ion batteries
(ASSB) systems. Due to their improved safety and high theoretical energy density,
ASSBs are considered the future of next-generation energy storage systems. However,
the interfacial instability between the solid electrolyte (SE) and the cathode materials still
hinders their application for next generation. Thus, surface coating strategies for ASSBs
are considered to be beneficial as in case of LIBs. In this publication, we have developed
a new LTO based dry-coating approach for Ni-rich NCM based cathodes. No post-
annealing step has been involved during or after the coating process. Structural analysis
of the recovered coated powder reveals the successful deposition of a really homogenous
and well-distributed LTO coating on the surface of NCM. The electrochemical analysis
demonstrates the improvement of the C-rate and long-term cycling performance of the
coated NCM as compared to pristine NCM in ASSBs. The coated NCM also shows much
lower impedance growth during first cycle along with a lower impedance after 100 cycles
during long-term cycling. The results suggest that the coating effectively prevents SEI
formation.

The concept and experiments for this publication have been designed and performed by
myself under the supervision of Prof. J. Janek, Dr. R. Takata, Dr. F. Schmidt, and Dr.
M.T. EIm. The manuscript was written by me and corrected by all co-authors. P.
Minnmann helped in performing the electrochemical test. TEM images have been taken
by S. Ahmad. Dr. R. Pann and Dr. M. Herzog contributed to the scientific discussions.
Reprinted with permission from Physical Chemistry Chemical Physics. Copyright 2018
Elsevier.

R. S. Negi, P. Minnmann, R. Pan, S. Ahmed, M. Herzog, K. Volz, R. Takata, F. Schmidt,
J. Janek, and M. T. Elm, Stabilizing the cathode/electrolyte interface using a dry-
processed lithium titanate coating for all-solid-state-batteries, ACS Chem. Mater. 2021,
33 (17), 67136723
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ABSTRACT: Considering the high theoretical energy density and
improved safety, thiophosphate-based all-solid-state batteries (ASSBs)
have become one of the most promising candidates for next-generation
energy storage systems. However, the intrinsic electrochemical instability of
thiophosphate-based solid electrolytes in contact with oxide-based cathodes
results in rapid capacity fading and has driven the need of protective
cathode coatings. In this work, for the first time, a fumed lithium titanate
(LTO) powder-based coating has been applied to Ni-rich oxide-based
cathode active material (CAM) using a newly developed dry-coating
process. The LTO cathode coating has been tested in thiophosphate-based
ASSBs. It exhibits a significantly improved C-rate performance along with
superior long-term cycling stability. The improved electrochemical perform-
ance is attributed to a reduced interfacial resistance between coated cathode

Time (h)

P-NCM

3
Voltage (V)

ReZ (kQ)

and solid electrolyte as deduced from in-depth electrochemical impedance spectroscopy analysis. These results open up a new, facile
dry-coating route to fabricate effective protective CAM coatings to enable long-life ASSBs. This nondestructive coating process with
no post-heat-treatment approach is expected to simplify the coating process for a wide range of coatings and cathode materials,
resulting in much improved cathode/electrolyte interfacial stability and electrochemical performance of ASSBs.

1. INTRODUCTION

The development of all-solid-state batteries (ASSBs) is among
one of the most active research areas in the field of
electrochemical energy storage in the current decade because
of their potential to provide higher energy density, much
improved safety (i.e., reduced flammability of solid electro-
Iyte), and the possibility to use high-capacity metal anodes
compared to those of conventional lithium-ion batteries.'™*
The development of solid-state electrolytes (SSEs) for ASSBs
has been rapidly accelerated during the last decade,” and their
performance is largely determined by the ionic conductivity of
SSEs.””” Initially, NASICON®’ and garnet-type'® oxides have
been considered as feasible SSEs for ASSBs due to their high
ionic conductivities (10 S cm™). However, to obtain a
sufficient contact between cathode active material (CAM) and
SSE, these electrolytes require a high-temperature sintering
step, which inevitably results in unwanted side reactions and in
turn results in a high interfacial resistance.”'” In addition, they
have reached their practical limits in terms of ionic
conductivity'"'* and have been used only for all-solid-state
micro batteries, eg., thin-film-type batteries.'”'* For the
development of large-scale ASSBs, thiophosphate-based SSEs
are considered as one of the most promising candidates, as
these exhibit much higher ionic conductivities at room
temperature (RT)."*~'7" Furthermore, thiophosphate-based

© XXXX The Authors. Published by
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electrolytes possess good elasticity and softness, which allows
the formation of intimate interfacial contacts between the
CAM and SSE via a simple mechanical pressing at RT,
resulting in excellent electrochemical performance at the test
cell scale.'*™**

Despite these advantages, thiophosphate-based SSEs suffer
from the issue of interfacial instability with CAM (specifically
oxide-based cathodes).”> > The interfacial reaction between
CAM and SSE results in an undesirable interfacial layer,
disturbing the transfer of Li ions and electrons.””*”* This
layer increases the resistance at the electrode—electrolyte
interface, resulting in a significant capacity fade and poor C-
rate performance.”””*~*" This interfacial instability is one of
the main scientific concerns limiting the commercialization of
thiophosphate-based ASSBs. Addressing this issue, consider-
able research effort has been made to enhance the interfacial
stability between the CAM and SSE.
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Surface modification of CAMs by coating with various stable
oxides has been suggested to improve the interfacial stability by
preventing the direct physical contact between CAM and
SSE.*>** Most research on CAM coatings in thiophosphate-
based ASSBs has been focused on exploring lithiated metal
oxides such as LiNbO3,*”**7*¢ Li,Zr0;,*"~" and LisB,;0y4
(LBO).* Such surface coatings have been successfully applied
and studied on CAMs for LIBs, resulting in better cycling life
and C-rate performance by reducing the unwanted side
reactions between CAM and liquid electrolyte.”*'™** Surface
coatings for inorganic SSE-based ASSBs are still at a very early
stage, and most of the studies have been carried out with
LiCoO,-based CAM.** New surface coatings materials for
LiNi;_,,Co,Mn,0, (NCM)-based ASSBs are still under
exploration, as the development of optimized coatings is a
crucial step in improving the performance of NCM-based
ASSBs. ™

The most commonly used coating methods are solvent-
based (wet chemical, sol—gel) and require a subsequent
annealing or drying step.”***** This results in rather complex,
time-consuming, and expensive coating processes, making
them unfavorable for large-scale industrial application. In
addition, the use of organic solvent during the coating process
further increases environmental concerns.”™*” Other coating
methods, such as atomic layer deposition (ALD) have been
found to provide very thin and conformal coatings,"”** but
show major drawbacks in terms of a low throughput and
expensive operating costs.”> Thus, a rather simple, cost-
effective, and easily scalable coating method is required.

In this work, a new dry-coating process using fumed
Li,TisO;, powder has been developed and was successfully
applied on the surface of NCM-based CAM particles for
thiophosphate-based ASSBs. Structural characterization con-
firms the successful coating of homogeneous LTO on NCM
surface. Furthermore, electrochemical characterization shows a
much improved C-rate and long-term cycling performance of
the coated NCM compared to uncoated samples. The
presented dry-coating process opens up a new route to
fabricate effective protective CAM coatings to enable long-life
ASSBs.

2. EXPERIMENTAL SECTION

2.1. Surface Modification of Ni-Rich NCM by LTO Using a
Dry-Coating Process. For the current study, commercial
LiNij70C0y,sMng,s (NCM70151S, Linyi Gelon LIB Co.) powder
has been used as the cathode active material and nanostructured
fumed LiTi;O,, (VP LTO, Evonik Operations GmbH) powder has
been employed as coating material in a dry-coating process. The
fumed LTO coating has been prepared by a flame hyd: is process
resulting in agglomerated LTO particles with a high specific surface
area (47 m” g'). Figure S1 (Supporting Information, SI) shows a
scanning electron microscopy (SEM) image and the X-ray diffraction
(XRD) pattern of the fumed LTO agglomerates. The agglomerates
built during the synthesis, in which the nuclei formed by the flame
process bond chemically together to form a three-dimensional (3D)
nanostructure with a high degree of branching. To carry out the dry-
coating process, a lab-scale high-energy Somakon mixer MP-GL
(Somakon Verfahrenstechnik UG) has been used. For the dry-coating
process, the NCM powder was mixed with different weight ratios of
nanostructured LTO (0.5, 1, and 2 wt %) in the high-energy mixer
initially at 500 rpm (speed of the rotor) for 1 min to get a well-
distributed mixture. Thereafter, the mixing intensity was increased to
2000 rpm for a time period of 6 min. The powder was collected and
dried under vacuum at 200 °C overnight (12 h) before being
transferred to an argon-filled glovebox.

2.2. Materials Characterization. The particle morphology,
topography, and microstructure together with the elemental
composition of uncoated (P-NCM) and coated (LTO) samples
were investigated using ing electron py (SEM, Merlin,
Zeiss) at an accelerating voltage of 7 kV and an accelerating current of
3000 pA, combined with energy-dispersive X-ray spectroscopy (EDS,
X-Max-Extreme detector, Oxford Instruments). Powder X-ray
diffraction (XRD) patterns for P-NCM and LTO were collected
using an Empyrean XRD (Panalytical) system with Cu Ka radiation.
Focused-ion beam (FIB-SEM) analysis of the coated NCM powder
was done using a XEIA Xe-plasma FIB (TESCAN). The XPS
measurements were carried out using a PHIS000 Versa Probe II
(Physical Electronics GmbH) with Al anode. To avoid air exposure,
the samples were transferred to the analysis chamber using a transfer
module filled with argon gas. The pass energy of the analyzer was set
at 93.9 eV for the survey spectra and at 23.5 eV for the detailed
spectra. The chamber pressure was maintained below 1077 Pa.

Transmission electron microscope (TEM) samples were prepared
using a JEOL JIB-4601 focused-ion beam/scanning electron micro-
scope (FIB/SEM). Pt and W coatings are deposited prior to FIB
milling to protect the surface during FIB sample preparation using a
Ga ion beam. A thin Pt layer is coated with a Leica EM ACE600
sputter coater prior to loading the sample to the SEM/FIB. The
tungsten layer is deposited in the FIB setup. First, a thin W layer is
deposited using electron beam followed by a relatively thick W layer
using Ga ion beam evaporation. Scanning TEM (STEM) high-angle
angular dark-field (HAADF) imaging and energy-dispersive spectros-
copy (EDS) were performed using a double Cs-corrected JEOL 2200-
FS microscope. The microscope was operated at 200 kV and TEM
imaging was done at 300 kV using a JEOL 3010 TEM. Precession
electron nano-beam diffraction (PENBD) data sets acquisition and
analysis were done using ASTAR system from NanoMegas installed at
JEOL 3010 TEM. The data were acquired using the precession angle
of 0.25° with a step size of 7 nm. The beam resolution was about 10
nm. At each scan point, 15 precessions were averaged. The PENBD
data sets were analyzed with the ASTAR software package to find the
best agreement between experimental data and the reference library of
simulated diffraction patterns.

2.3. Electrode Preparation and Cell Assembly. The composite
cathodes (CC) contained pristine or coated NCM701515, LigPS;Cl
(LPSCI, NEI Corporation), and vapor-grown carbon fibers (VGCFs,
Sigma-Aldrich, Inc., iron-free). Initially, NCM and LPS powders were
mixed in a mass ratio of 70:30 (volume ratio 47:53) and then an
additional 3 wt % of VGCF was added (exact mass ratio 68:29.1:2.9
(NCM/LPS/VGCF)). The composite cathode was then hand-ground
in an agate mortar for 15 min. For the cell assembly, the composite
cathode mixture was prepared always freshly. All of the cell tests were
performed with an in-house (pellet-type) cell casing.“’r For cell
assembly, a poly(ether ether ketone) (PEEK) cylinder (inner
diameter: 10 mm) was closed from one side using a stainless steel
stamp. 60 mg of LPSCl was added into the cylinder and uniformly
distributed followed by manual compression by hand. Afterward, 12
mg of CC was added to one side of the SSE and distributed uniformly.
The whole stack was pressed uniaxially at 30 kN (380 MPa) for 3
min, resulting in a pellet of 430 ym thickness (ca. 400 ym SSE and
approxi ly 30 um cathod posite). On the other side of the
pellet, first, an indium foil (In, chemPUR GmbH, 9 mm) with 125 ym
thickness and then lithium foil (Li, Albermarle (Rockwood Lithium
GmbH), 6 mm) with 120 um thickness were placed and closed with
another stainless steel stamp. The whole-cell assembly was then
closed and an external frame was used around the cell casing during
the whole electrochemical testing applying a constant pressure of ~50
MPa.

2.4. Electrochemical Testing. For the electrochemical testing,
VMP-300 (Biologic) and MACCOR potentiostats/galvanostats were
used. The C-rate tests and the long-term cycling tests were performed
with MACCOR instruments, while the impedance measurements
were performed with VMP-300 instruments. The cells were cycled in
the voltage window between 2.0 and 3.7 V (vs InlInLi), corresponding
to approximately 2.6—4.3 V vs Li*/Li at 25 °C (1C = 200 mA g").
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Figure 1. (a) Schematic representation of the dry-coating process of Ni-rich NCM with fumed Li, Ti;O,, powder. (b) SEM images of pristine and
LTO-coated samples.
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Figure 2. Comparison of (a) X-ray diffraction patterns (XRD patterns are shifted in intensity for a better comparison), (b) high-resolution Ti 2p
XPS spectrum, and (c) EDS mapping of coated NCM particles.

For the C-rate tests, the cells were cycled at different C-rates up to 2C 2C (5 cycles)]. For the long-term cycling, the cells were cycled
[i.e,, 0.1C (3 cycles), 0.25C (3 cycles), 0.5C (3 cycles), 1C (S cycles), initially at 0.1C for one cycle and then at 0.25C for the consequent
C https://doi.org/10.1021/acs.chemmater.1c01123
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Figure 3. (a) FIB-SEM cross-sectional image of LTO-2 wt % sample, at a large field of view, showing well-distributed LTO particles on the NCM
secondary particle surface. (b) High-magnification TEM-bright field (BF) and (c) STEM-HAADF images of a secondary particle surface. (d)

STEM-HAADF image and the cor ding EDS maps sh

ing the distribution of Ti, Ni, Co, Mn, and Pt.

cycles up to 100 cycles. All electrochemical data are averaged from
three independent cells (for pristine and coated cathodes). Electro-
chemical impedance measurements (EIS) were performed using a
VMP-300 potentiostat on the cycled cells after the Ist and 100th
cycles. All EIS measurements were performed in a frequency range
between 7 MHz and 50 mHz, applying a 10 mV AC bias. For state of
charge (SOC)-dependent EIS measurements during the initial cycles,
the same parameters were used.

3. RESULTS AND DISCUSSION

3.1. Dry-Coating Method. The main principle of the
coating process using fumed nanostructured Li Ti;O,, (LTO)
is shown in Figure la. The NCM secondary particles act as
host particles and the sub-micron-sized LTO particles act as
guest particles. During the first step of the coating process, the
fumed LTO de-agglomerates into smaller aggregates and
interacts with the cathode surface. The smaller aggregates
exhibit a high surface area and a very strong adhesion to the
cathode surface. During the second step, at a given mixing
rotation, significant densification and coalescence of the
smaller aggregates is achieved on the cathode surface, resulting

in a continuous and adhesive coating layer. No post-heat
treatment is used during the process, which is beneficial for
industrial application. As very strong forces act on the material
during mixing due to the high speed of the rotor, a complete
coating is obtained in a short processing time (less than 10
min). The mixing time and intensity are crucial parameters of
the dry-coating process. A lower mixing time or intensity
results in incomplete coatings due to insufficient energy to
break up the agglomerates. A higher mixing intensity, on the
other hand, results in breakage of the secondary NCM
particles.

3.2. Characterization of LTO-Coated NCM. A schematic
illustration of the dry-coating process with fumed Li,TisO;,
powder is shown in Figure la. As described in the
Experimental Section, the nanostructured LTO powder was
mixed with NCM powder in different weight ratios and mixed
with a in-house mixer to achieve homogeneous coatings. The
SEM images in Figure 1b show a comparison of P-NCM with
LTO-coated NCM samples (0.5, 1, and 2 wt %). The surface
of the secondary P-NCM particles is clean and the primary

https//doi.org/10.1021/acs.chemmater.1c01123
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Figure 4. (a) TEM image showing the LTO particles on the surface of the primary NCM particle. (b, c) PENBD patterns from points 1, 2, and 3
marked in (a); on the bottom of the diffraction patterns are the best matches from the library of the simulated diffraction patterns from
NCM?70151$ and LTO crystal structures. The zone axis is found to be around 6.80° off from the [320] direction of the crystal structure for NCM
and the [750] direction for LTO. SPED-VDF images obtained from corresponding NCM and LTO particles are shown in Figure S2 (Supporting

Information).

particles are visible. The coated NCM surface looks much
different compared to that of the P-NCM and the grains are
mostly covered by coating material. Furthermore, the coating
coverage gets more homogeneous with increasing the coating
material loading as more and more grains are covered by
increasing the loading, i.e., with 2 wt % LTO most of the NCM
particle surface is covered, while for 0.5 wt % LTO is mainly
agglomerated at the grain boundaries of the NCM primary
particles. The higher coverage of LTO on NCM particle
surface is expected to result in a significant electrochemical
stability enhancement, as LTO should prevent the electro-
chemical degradation at the NCM/LPS interface.

To inspect the influence of coating on the crystal structure
of NCM, powder XRD was performed on both pristine and
coated samples as shown in Figure 2a. All main reflections
attributed to NCM are unaltered by the dry-coating process as
expected.ﬂ However, only the (004) peak related to LTO is
observed in the case of LTO-2 wt % as the most intensive
(111) peak of LTO at 18.4° (Figure S1) is overlapping with
the (003) peak of NCM. To get information on the
composition of the coating, Ti 3d XPS spectra were collected
on both P-NCM and LTO-2 wt % samples. As shown in Figure
2b, the LTO-2 wt % sample exhibits sharp lines at 458.4 and
464.2 eV corresponding to the Ti 2p;/, and Ti 2p,, lines of
LTO, verifying the successful coating with LTO. In addition,
the SEM—EDS images in Figure 2c show a continuous
distribution of the Ti signals over the NCM particles,
confirming the homogeneity of the coating layer obtained by
the dry-coating process described in this study.

The coating layer is expected to be located only on the
NCM surface as a dry-coating method without a post-heat-
treatment step was used. However, as the resolution in SEM is
limited TEM analysis was performed on the LTO-2 wt %
sample to obtain detailed information about the coating layer.
Figure 3a shows that the LTO particles of the coating are well
distributed at a large field of view. Figure 3b,c displays high-
magnification TEM and STEM images of the LTO particles on
the surface of NCM. The LTO particles are crystalline in
nature as expected. Figure 3d shows EDS elemental

distribution maps. The Ti signal characteristic for the LTO
coating reveals that the particle distribution is restricted to the
secondary particle surface. No selective segregation of any
specific transition metal was observed as also evident in the Ni,
Co, and Mn distribution maps.

An additional TEM image of a secondary particle’s surface
covered with LTO is shown in Figure 4a. To analyze the
crystal structure of the LTO coating and the NCM particles in
more detail, precession electron nano-beam diffraction
(PENBD) patterns are acquired from the marked area in
Figure 4a. Figure 4b shows diffraction patterns from the bulk
and surface of NCM’s primary particle marked in Figure 4a.
The diffraction patterns from points “1” and “2” are matched
with NCM701515 from the library of simulated diffraction
patterns using the ASTAR software package.”™* Both
diffraction patterns from the surface and the bulk show the
layered NCM structure. In addition, the diffraction pattern
show some extra and faint reflection due to an overlap of the
NCM surface with the LTO particles, which is in most cases
unavoidable due to beam resolution in this mode. Finally,
Figure 4c shows the diffraction pattern from an LTO particle
(marked with point “3” in Figure 4a). This diffraction can be
matched with the LTO structure from the library of simulated
diffraction patterns and confirms that the LTO particles of the
coating are crystalline. SPED-virtual dark-field (VDF) images
of the NCM and LTO particles from the corresponding
diffraction spots shown in Figure 4b,c are shown in Figure S2
(Supporting Information). All of the TEM results confirm that
the LTO coating is well distributed on the NCM surface.
Combined with the EDS results shown in Figure 3d the
structural analysis reveal that the LTO coating is crystalline in
nature. No specific segregation of any transition metal or any
change of the NCM surface structure compared to the bulk is
observed. However, atomic-level surface reconstruction and
doping resulting from the LTO particle coating is difficult to
observe, if any, due to the projection effect of the TEM at the
surface. High-resolution imaging at the surface is also very
challenging not only due to the projection effect but also due
to difficulties in finding the correct zone axis at that position.

https://doi.org/10.1021/acs.chemmater.1c01123
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Figure 5. Comparison of (a) rate capabilities and (b) the corresponding normalized capacity plot for P-NCM and LTO-coated samples.
Comparison of charge/discharge voltage profiles and the corresponding differential capacity plots of (c, e) P-NCM and (d, f) LTO-2 wt % cells at

different C-rates.

However, it is unlikely that atomic-level surface reconstruction
or doping took place during coating, as the dry-coating process
involves only mechanical mixing at room temperature without
applying any post-heat-treatment step.

3.3. Electrochemical Characterization. The electro-
chemical performance of the pristine NCM and LTO-coated
NCM cathodes was evaluated in ASSBs with an active material
loading of 8.15 mg cm™2, LPSCl as the SSE, and InlInLi as the
anode. Figure S5a shows the comparison of the discharge
capacities of the cells with composite cathodes, ie., P-NCM,
LTO-0.5 wt %, LTO-1 wt %, and LTO-2 wt %, at different C-
rates (0.1, 0.25, 0.5, 1 and 2C) in the voltage range between
2.0 and 3.7 V (vs InlInLi). All LTO-coated samples show an
improved C-rate performance compared to the P-NCM
irrespective of the C-rate, revealing the positive effect of the
LTO coating on the C-rate performance in ASSBs. The best
performance is observed for the LTO-1 wt % and LTO-2 wt %
samples as can be seen in the corresponding normalized plots
(Figure Sb). Furthermore, LTO-2 wt % seems to be rather
stable in progressive cycles of the same C-rate, while for the
other samples a slight decrease in capacity with increasing cycle

number is observed. Thus, LTO-2 wt % was chosen for further
electrochemical characterizations. To further demonstrate the
positive effect of LTO coatings on the C-rate performance, the
discharge curves of the P-NCM and LTO-2 wt % coated
samples at different C-rates are presented in Figure Sc—f with
the corresponding differential capacity plots. As shown in
Figure Sc,d, the increase in overpotential with increasing C-
rate is much higher for the P-NCM than for the LTO-2 wt %
sample, suggesting a lower cell impedance of the latter.
Furthermore, the differential capacity plots (Figure Se,f) reveal
that (i) with increasing C-rate, the shrinkage of the shoulder in
the higher-voltage range is much more pronounced for P-
NCM than for LTO-2 wt %, suggesting a better Li
intercalation/deintercalation kinetics for LTO-2 wt %; (ii)
the potential shift over the C-rate is less pronounced for LTO-
2 wt %, indicating that LTO-2 wt % maintains a lower
overpotential compared to P-NCM. The improved C-rate
performance for LTO-2 wt % can therefore be attributed to the
coating, which most likely prevents side reactions at the
cathode/electrolyte interface (i.e., electrolyte decomposition,
formation of sulfate and phosphate species).‘“ It therefore
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Figure 6. Comparison of (a) long-term cycling capabilities at 0.25C of P-NCM- and LTO-2 wt %-based cells, comparison of differential capacity
plot at different cycles for long-term cycling of (b) P-NCM and LTO-2 wt %. Comparison of Nyquist plots corresponding to (c) P-NCM and
LTO-2 wt % after the Ist and 100th cycles along with fitted results for the charge transfer resistance at an open-circuit voltage (OCV) of 3.1 V.

inhibits the formation of an insulating cathode-electrolyte
interface (CEI) upon cycling, which hinders lithium-ion
exchange at the interface. This assumption is well supported
by state of charge (SOC) dependent impedance analysis
shown in Figure 7, as during the first cycle, other capacity
fading issues such as cracking and contact loss are expected to
be less significant.”* Thus, the difference in the impedance can
be assumed to arise mainly from the different surface reactivity
of the pristine and coated cells. In fact, this also explains why
the LTO-2 wt % has a better long-term cycling performance
compared to P-NCM, which is discussed in more detail in the
following.

For the long-term cycling stability test, additional P-NCM
and LTO-2 wt % samples were cycled at 0.25C at 25 °C
between 2.0 and 3.7 V. As shown in Figure 6a, the P-NCM
shows worse long-term cycling stability compared to LTO-2 wt
%. The P-NCM retains only 16% capacity, while for LTO-2 wt
% a significantly enhanced capacity retention of 48% is
obtained after 100 cycles. Furthermore, the corresponding
Coulombic efficiency (CE) plot (Figure S3a) reveals over 99%
CE for the LTO-2 wt % during 100 cycles, while the P-NCM
exhibits a much lower CE. In addition, the charge/discharge
profile of the first cycle is shown in Figure S3b (Supporting

Information) for both P-NCM and LTO-2 wt %. For P-NCM,
initial specific charge and discharge capacities of 198 and 124
mAh g~' are found, respectively, giving a CE of 63%, while for
the LTO-2 wt %, a CE of 70% is obtained with the respective
charge/discharge capacities of 190 and 135 mAh g'l. These
results provide the first indication that the LTO coating is
helpful for the suppression of undesired side reactions at the
CEI in the ASSBs.

To further evaluate the long-term properties of the LTO
coating, selected differential capacity plots during 100 cycles
are presented in Figure 6b, which show that the peak
corresponding to the lithiation/delithiation redox reaction is
much sharper in the case of LTO-2 wt % along with a smaller
peak shift compared to P-NCM after the same number of
cycles. In addition, the charge/discharge plots (Figure S3c,d)
reveal that the LTO-2 wt % exhibit a much smaller polarization
rise than P-NCM during long-term cycling. In accordance with
the C-rate tests, these results hint at an improved stability of
the interface and also a better preserved Li diffusion pathway in
the case of the coated samples, as it is well known that the
formation of a resistive CEI is the main cause for capacity
fading and polarization rise accompanied with a reduction in
peak sharpness and intensity.”"*” All of these results support
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Figure 7. (a) First-cycle charge profile (left) of P-NCM and LTO-2 wt % cells at 0.1C showing current interruptions corresponding to the periods
for stabilizing the potential and performing the EIS measurement during charge (right). (b) Potential-dependent charge transfer resistance for the

hod

first two cycles of composite

ploying P-NCM and LTO-2 wt % as active material. A typical U-shape of R, with increasing voltage is

observed with a strong increase at higher potentials. In both cycles, R, of the coated active material is smaller than the value of the pristine one,

indicating a suppression of the interfacial reaction by the applied coating.

the assumption that the applied LTO-based coating is very
effective in stabilizing the NCM/LPSCI interface and thus
improves the electrochemical performance of NCM and LPS-
based ASSBs.

To further elucidate the influence of the LTO coating on the
performance of ASSBs and to confirm that the improved
performance is attributed to a stabilized NCM/LPS interface,
EIS measurements have been performed on full cells
containing P-NCM and LTO-2 wt % composite cathodes
during long-term cycling. Additionally, the impedance
evolution at different states of charge during the initial two
cycles has been investigated, which allows to determine the
interfacial processes in SSBs and to determine the contribution
of the cathode-electrolyte interface to the total impedance of
the cell***” For a comparison of the long-term cycling EIS, the
impedance was measured at an open-circuit potential of 3.1 V
after the 1st and 100th cycles, respectively. To ensure equal
conditions, a constant potential step was applied after the
constant-current discharge, to equilibrate the Li concentrations
within the CAM particles by diffusion. The equivalent circuit
as well as the respective physiochemical processes contributing
to the impedance are described in the Supporting Information
(SI Figure S4).

The change of the cell impedance during long-term cycling
is displayed in Figure 6¢c. Comparing the impedance spectra
obtained after the 1st and 100th cycles, a clear increase in the
impedance is observed for both the pristine and the coated
NCM-containing cells. However, the increase is significantly
larger for the pristine NCM cells. Especially the low-frequency
impedance contribution increases, as visible in the correspond-
ing Bode plots (SI Figure S5). Furthermore, Figure 6¢ shows
the charge transfer resistance, R, determined from the
impedance spectra, after 1st and 100th cycle for both pristine
and coated cells. The massive increase in R, for the P-NCM
sample indicates a strong degradation reaction at the SSE-
NCM interface due to the oxidation of solid electrolyte during
the first cycles.”” However, applying the coating not only
decreases the initial resistance but also leads to a less
pronounced resistance increase over the cycle number, further
confirming that the coating reduces the interfacial decom-

position of the SSE and hinders the growth of the CEI, which
improves the stability in cycling behavior.

Because oxidation reactions of the electrolyte leading to the
formation of an insulating CEI l?'pically take place at higher
potentials during cyr.:ling,“’l“5 the interfacial resistance
evolution was investigated for varying the open-circuit voltage
(OCV). Figure 7a shows the growth of the impedance during
charging, which is much more pronounced for P-NCM than
for LTO-2 wt %. From the impedance measured at different
voltages, the SOC-dependent charge transfer resistance R, is
determined for the first and second charge cycles as shown in
Figure 7b. With increasing voltage R, increases with a typical
U-shape behavior, i.e., while a slight decrease of R, is observed,
when the voltage is increased from 3.1 to 3.2 V, a significant
increase in R is found for further increasing voltage, especially
during the first cycle. During the second charge cycle, the
resistance starts with a lower value than the one reached at
high voltages during the first cycle, revealing that the increase
in R, is partly reversible. As the reversible increase in
resistance is related to the SOC of the cathode, it is typically
attributed to the decreasing concentration of Li in the active
material during charging‘27 However, the main contribution of
the increasing charge transfer resistance during the first cycle is
irreversible, confirming the occurrence of interfacial degrada-
tion reaction at higher potentials.”” Comparing the behavior of
the P-NCM and the LTO-2 wt % sample, both start with
nearly the same initial resistance at a potential of 3.1 V.
However, the increase in resistance at higher voltages is much
more pronounced for the P-NCM cells compared to the
coated ones. While at a low potential, the charge transfer
resistance of the coated NCM corresponds to 98% of that of
the P-NCM, it only reaches 13% of the P-NCM value at the
potential of 3.7 V. This clearly reveals a significantly more
stable interface and the suppression of the formation of an ion-
blocking layer caused by SSE oxidation and transition-metal
diffusion.”” Comparing the first and second cycles, it can be
seen, that also for the LTO-2 wt % sample some of the
resistance increase observed in the first cycle is not completely
recovered. We attribute this to a degradation reaction between
the coating layer and the SSE, or to degradation reactions
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between uncovered NCM areas and the SSE as the coating is
not completely covering the surface of the CAM. Nonetheless,
the resistance is much lower for the coated active material,
confirming the beneficial effect of the LTO coating in
stabilizing the SSE-CAM interface, which is responsible for
the much more stable cycling performance.

4. CONCLUSIONS

Thiophosphate-based ASSBs using oxide-based cathodes with
protective CAM coatings show an improved electrochemical
performance due to the stabilization of the electrode—
electrolyte interface. Various coatings have been previously
applied and tested, usually via solvent-based processes. In this
work, a dry-processed, fumed LTO powder-based coating has
been successfully applied to NCM-based CAM. Using SOC-
dependent EIS measurements, it is demonstrated that the
CAMY/SSE interface of the ASSBs is significantly stabilized by
hindering oxidation reactions and the formation of an
insulating CEI, resulting in an improved C-rate and cycling
performance. Thus, this work introduces a new and
straightforward approach of interfacial modification for high-
performance ASSBs and demonstrates the promising future of
dry-coating processes and fumed LTO powder-based coatings
toward better-performing ASSBs.
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3.5 Publication V: A Dry-Processed Al20s3/LiAlO2 Coating for Stabilizing the
Cathode/Electrolyte Interface in High-Ni NCM-Based All-Solid-State Batteries

As known from our previous work on annealing (publication I11), we have successfully
understood that the annealing step during the coating can be crucial for improving the
electrochemical performance of NCM based cathodes. Thus, keeping that in mind,
additional annealing step is added to the dry-processed Al>O3 based coating for NCM
based cathodes used in ASSBs. The annealing seems to improve various expects of the
coating. Structural analysis revealed that no observable changes have been observed in
the NCM. However, various significant structural changes in the coating have been
observed. SEM and TEM studies showed that the coating layer becomes thin, dense and
homogenous after annealing resulting in an improved interfacial property between NCM
and the coating layer. BET studies further supported the loss of porosity in the coating
layer. XPS studies revealed the inter-diffusion of Li* inside the coating layer during
annealing, resulting in an Al,Oz/LiAlO2> composite coating layer, as observed in our
previous publication (publication I11). The improvement in various properties resulted in
improved electrochemical performance of the NCM both, in-terms of C-rate and long-
term cycling. The following observation suggested that annealing step could be very
crucial for the development of coating strategies for ASSBs

The concept and experiments for this publication have been designed and performed by
myself and Y. Yusim under the supervision of Dr. M. T. EIm and Dr. A. Henss. The
manuscript was written by me, Y. Yusim, and corrected by all co-authors. TEM analysis
has been taken by S. Ahmad. Dr. R. Pan contributed to the scientific discussions. Just
accepted Advanced Materials Interfaces 2021
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Abstract

Due to their high theoretical energy densities and superior safety, thiophosphate-based all-solid-
state batteries (ASSBs) are considered as promising power source for electric vehicles.
However, for large-scale industrial applications, interfacial degradation between high-voltage
cathode active materials (CAMs) and solid-state electrolytes (SSEs) needs to be overcome with
a simple, cost-effective solution. Surface coatings, which prevent the direct physical contact
between CAM and SSE and in turn stabilize the interface, are considered as promising approach
to solve this issue. In this work, an AlO3/LiAlO> coating for Li(Nio.70Co00.15Mnq.15)02 (NCM)
has been tested for ASSBs. The coating is obtained from a recently developed dry coating
process followed by post-annealing at 600 °C. Structural characterization reveals that the heat
treatment results in the formation of a dense Al203/LiAlOz coating layer. Electrochemical
evaluations confirm that the annealing induced structural changes are beneficial for ASSB.
Cells containing Al203/LiAlOz-coated NCM show a significant improvement of the rate
capability and long-term cycling performance compared to those assembled from Al>O3z-coated
and uncoated cathodes. Moreover, EIS analysis shows a decreased cell impedance after cycling

indicating a reduced interfacial degradation for the Al>O3/LiAlOz-coated electrode. The results
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highlight a promising low-cost and scalable CAM coating process, enabling large-scale cathode

coating for next-generation ASSBs.

1. Introduction

All-solid-state batteries (ASSBs) are one of the most promising approaches to achieving
electrical energy storage and transport electrification goals.'”* In comparison to state-of-the-art
liquid electrolyte containing lithium-ion batteries (LIBs), ASSBs provide an improved safety
due to the non-flammability of the solid-state electrolytes (SSEs) along with the possibility to
achieve higher energy density when using a lithium metal anode.* So far, several SSEs with
high ionic conductivity have been discovered for ASSBs.*> Among them, oxide-based SSEs
including garnet ceramics (e.g. LizLasZr>012 (LLZO))®, perovskites (e.g. Lij+AlLTi>«(POu)3
(LATP))’, and thiophosphate-based SSEs (TSSEs)® including LiioGeP2Si2 (LGPS) are
considered as promising candidates for practical applications.” Oxide-based SSEs require high-
temperature sintering (> 700 °C) to achieve sufficient interfacial contact between SSEs and
cathode active materials (CAMs) due to their hard mechanical properties. Unfortunately, the
heat treatment causes irreversible degradation reactions at the electrolyte-electrode interface

resulting in increased interfacial resistances.'*'?

In contrast, thiophosphate-based SSEs are
rather soft and, thus, provide good interfacial contact to CAMs. Furthermore, they exhibit high
ionic conductivities of above 20 mS cm™' at room temperature®'* making them more attractive

for application in ASSBs.'™

Despite several advantages of TSSEs, several remaining challenges have to be addressed on the
way to large-scale industrial application of ASSBs, such as interfacial stability issues'>'®
between high voltage CAMs and TSSEs. Ni-rich LiNijyCoMn,0O> (NCM) CAMs are
commonly accepted as the state-of-the-art high energy density CAMs for ASSBs with high
specific capacities and high working voltages combined with mature industrial-scale
production.'”'® However, inside the cell, NCMs and TSSEs form a cathode-electrolyte
interphase (CEI) consisting of degradation products of both.' Various studies suggest that the
formed CEI layer between CAM and SSE is responsible for long-term capacity fading and

limited operational life.’”'*?! Therefore, research efforts are dedicated to improve the

interfacial stability between CAMs and TSSEs.

Surface coating is well established strategy to enhance the interfacial stability between CAM
and SSE by preventing direct physical contact. For NCM-CAM, oxide-based coatings such as
LiNbO3****, LisTisO12*, Li>O-Zr0»*°, HfO»*® and Li3B101s*’ have been reported to improve

the electrochemical performance of ASSBs, as they effectively prevent or reduce detrimental
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side reactions at the NCM/SSE interface. In conventional LIBs, Al,Os-based coatings have been
considered as promising coatings due to their effectiveness against side reactions and low
synthesis cost.”*3! However, they are not well explored in ASSBs yet.*>*> Although Al,O;-
based coatings enhance the interfacial stability, the rate capability could not be improved
significantly, primarily due to the ionically and electronically insulating nature of the coating.*®
In contrast, LiAlO> provides good lithium-ion transport properties due to partially occupied Li
sites.’” This means that LiAlO, or mixed Al,Os/LiAlO; coating layers stabilize the CAM/SSE
interface effectively without significantly increasing the interfacial resistance.’®* Thus, LiA10»

based coatings could be promising candidates to improve the overall performance of ASSBs.

Surface coatings on cathode materials using wet-chemical approaches*’, atomic layer

2342 are already successfully established in

deposition (ALD)*!, or spray coating procedures
thiophosphate-based ASSBs** However, wet-chemical approaches require additional drying
steps that increase the energy costs and manufacturing time.** While the ALD technology
provides thin coating layers with excellent conformity, it often requires toxic precursors and
shows slow deposition rates.>***¢ With spray coating procedures, the manufacturing time can

be reduced, but an expensive piece of instrument is needed.*’

In order to reduce ecological and economic costs, a new dry coating procedure on CAM was
recently introduced by Herzog et al.* It has been shown that by using a high energy mixer,
fumed nanostructured Al.O3 physically absorb on the surface of NCM particles and form a
porous Al,Os-coating layer, which significantly improves the electrochemical rate performance

and capacity retention in liquid-based LIBs.*?

In the study presented here, we modified the dry coating procedure by using an additional
annealing step in order to make it more suitable for thiophosphate-based ASSBs, and to achieve
a dry-processed Al2O3/LiAlO> coating for Li(Nio.70C00.1sMn ¢.15)02 (NCM701515) CAM. The
high-temperature treatment is found to improve various aspects of the coating (such as better
interface formation, reduced porosity, thickness, etc.), which altogether significantly improve
the electrochemical performance of the NCM-based ASSBs in terms of the C-rate and long-
term cycling performance. The full cells with coated NCM cathodes show a decreased
interfacial impedance, which indicates a better interfacial stability between CAM and TSSE.
Our results highlight that the low cost and simple dry coating process without any detrimental
environmental solvents is a highly promising approach for the large-scale industrial coating of

cathodes for next-generation ASSBs.

2. Experimental
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Surface modification of Ni-rich NCM using an Al2O3-dry coating process

Commercial Li(Nio.70C00.1sMn 0.15)02 (NCM701515, Linyi Gelon LIB. Co.) was used as CAM,
and nanostructured fumed Al203 (Alu, Evonik Operation GmbH) powder was utilized as
coating material during the dry-coating process. A lab-scale high-energy Somakon mixer MP-
GL (Somakon Verfahrenstechnik UG) was used for mixing. Two different steps were
performed for the dry-coating process. Initially, the CAM powder was well mixed with
nanostructured Al203 (1 wt%) at 500 rpm for 1 min. Subsequently, the mixing intensity was
raised to 2000 rpm for 6 min to achieve a well-distributed coating on the surface of CAM. Then,
the powder obtained was divided into two batches. The first batch was dried and transferred
into the glovebox for further use (denoted as Alu-NCM). The second batch was additionally
annealed at 600 °C for 8 h to modify the coating layer. Subsequently, it was dried and
transferred to the glovebox for further use (denoted as Alu-NCMG600).

During the first step of the dry-coating process, the fumed nanostructured Al2Os de-
agglomerates into smaller aggregates and interacts with the cathode surface, resulting in smaller
Al20; aggregates with very strong adhesion to the CAM surface. During the second step, at
higher mixing rotation, desirable densification and coalescence of Al>O3 aggregates is achieved

on the surface of the cathode, which results in a highly homogenous coating.
Materials characterization

The surface morphology and the elemental composition of the pristine and coated NCM was
investigated with scanning electron microscopy (SEM, Merlin, Zeiss) at an accelerating voltage
of 7kV and a current of 3000 pA. Focussed-ion beam (FIB) cross-sections of the coated
secondary particles were prepared by a dual-beam JEOL JIB-4601 FIB -SEM. First, a thin layer
of platinum was deposited on the surfaces of the coated secondary particles via a Leica EM
ACEG600 sputter coater before loading them to the FIB-SEM. This is done to protect the coated
surfaces of the secondary particles coming in direct contact with the electron beam during FIB
cross-section preparation. On top of the thin platinum coating, thick carbon and tungsten
protective layers were deposited, respectively, using a Ga-ion beam to further protect the
surfaces from Ga-ion beam damage during FIB milling. The samples were milled down using
a 30 kV Ga-ion beam to roughly about 200 nm and further thinned down using a 5 kV Ga-ion
beam to electron transparency. A double Cs-corrected JEOL 2200-FS microscope was used for
scanning TEM (STEM) high-angle annular dark-field (HAADF) imaging and energy dispersive
spectroscopy (EDS). The microscope was operated at 200 kV.
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Powder X-ray diffraction (XRD) diffractograms of pristine and coated NCM were obtained
using an Empyrean XRD (Panalytical) system with Cu Ka radiation. The XPS analysis was
performed using a PHIS000 Versa Probe 1I (Physical Electronics GmbH) with an Al anode. The
pass energy of the analyzer was fixed at 23.5 eV to obtain the survey spectra and the detailed
spectra. The chamber pressure was maintained below 10”7 Pa. Furthermore, Brunauer-Emmett-
Teller (BET) analysis was performed on pristine and coated NCM in order to determine the
porosity change after coating and heat treatment. Single point BET was performed using a
MICROMERITICS TRISTAR 3000 with a nitrogen/helium flow (28.6% N3). The samples

were degassed for 20 min at 150 °C before the measurement.
Electrode Preparation

Composite cathode: The composite cathodes (CC) comprise the pristine or coated
Li(Nip.70C00.15Mno.15)02 (NCM701515), LisPSsCl1 (LPS, NEI Corporation), and vapor-grown
carbon fibers (VGCFs, Sigma-Aldrich Inc., iron-free). At first, NCM and LPS powders have
been mixed in a mass ratio of 70:30 (volume ratio 47:53). Then, 3 wt% of VGCF was additional
added (exact mass ratio 68:29.1:2.9 (NCM: LPS:VGCF)) to the mixture. Finally, the resulting

mixture was hand grounded using an agate mortar for 15 min.

Cell assembly: The composite cathode was prepared fresh before preparing the cells in order to
avoid time-dependent side reactions. All the electrochemical tests were performed using an in-
house (pellet type) cell casing.'>!® For cell assembly, one side of the poly(ether-ether-ketone)
(PEEK) cylinder (inner diameter: 10 mm) was closed using a stainless-steel stamp. 60 mg of
LPS was uniformly put into the PEEK cylinder, followed by a manual hand compression.
Subsequently, 12 mg of CC was added to one side of the pressed LPS and distributed uniformly.
The whole stack was then pressed uniaxially at 30 kN (380 MPa) for a duration of 3 min,
resulting in a pressed pellet with a thickness of 430 um (400 pm SSE and 30 um SSE). An
indium foil (In, chemPUR GmbH, 9 mm (diameter), 125 pm (thickness)) and a lithium foil (Li,
Albermarle (Rockwood Lithium GmbH), 9 mm (diameter), 120 um (thickness))) were placed
on the other side of the pellet as an anode. Then, the whole stack was closed using another
stainless-steel stamp. Finally, the complete cell assembly was fully closed. During
electrochemical characterization, an external frame under constant pressure of ~50 MPa was

used around the cell casing.

Electrochemical characterization
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For electrochemical characterization, MACCOR potentiostats/galvanostats and VMP-300
(Biologic) were used. The cycling tests (i.e., C-rate and long-term cycling tests) were performed
on MACCOR, while the electrochemical impedance (EIS) measurements were performed on
VMP-300. The cells were cycled in a voltage window of 2.0 and 3.7 V vs. In|InLi,
corresponding to 2.6 - 4.3 V vs. Li*/Li at 25 °C. For the C-rate tests, the cells were cycled up
to2 C, 1 C=200 mA g"' (3 cycles at 0.1 C, 3 cycles at 0.25 C, 3 cycles at 0.5 C, 5 cycles at
1 C) and 5 cycles at 2 C). For the long-term cycling, the cells were cycled at 0.1 C for one cycle,
followed by 100 cycles at 0.25C. EIS measurements were performed after the 1 and 100"
cycle. All EIS measurements were performed in the frequency range between 7 MHz and
50 mHz, applying a 10 mV AC bias. To ensure reproducibility, every electrochemical

experiment was performed with two independent cells.

3. Results and discussion

3.1 Characterization of the Al203- and Al203/LiAlO:z-coated NCM

Dry coating Annealing

600 °C, 8hr

Alu-NCM Alu-NCM600

Figure 1. Schematic illustration of the Al203/LiAlO: dry coating process of Ni-rich NCM for
ASSBs.

Figure 1 shows a schematic illustration of the dry coating process used to NCM secondary
particles with Al2O3/LiAlO;. As described in the experimental part, the Al2O; powder was
mixed with the NCM powder in a high-energy mixer to achieve an Al>O3 coating on the surface
of the NCM secondary particles (denoted as Alu-NCM) in the first step. In the second step, the
samples were annealed at 600 °C for 8h, resulting in the conversion of Al2O3 to ALO3/LiAlO>
(denoted as Alu-NCM600). The formation of Al203/LiAlOz is confirmed by XPS as will be
discussed later. The principle of the dry coating process is described in detail by M. Herzog et
al.¥ In brief, during high energy mixing, nanostructured fumed Al>O3 powder produced from
flame hydrolysis is de-agglomerated into smaller aggregates with a high specific surface area.
This ensures a good adhesion capability of the aggregates at the CAM surface, which is decisive

for the formation of a complete and strongly adherent coating layer.*> Due to the short
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processing time, easy application and solvent-free nature, the dry coating process is a promising

method for large-scale production at low costs.

Alu-NCM |
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Figure 2. SEM images of the coated NCM powder: (a, c) Alu-NCM and (b, d) Alu-NCM600.
SEM cross-section images of coated NCM secondary particles: (e) Alu-NCM and (f) Alu-
NCM600.

The NCM-based CAM with an Al2O3 and Al.O3/LiAlO: coating layer was investigated by
SEM. As shown in Figure S1, the secondary particles of the uncoated NCM are spherical in
shape with a diameter of 5-15 um composed of nano-sized primary particles. The SEM images
in Figure 2 a) — d) show a comparison between Alu-NCM and Alu-NCM600. It can be seen

that in both cases, the coated NCM reveals a narrow size distribution of the primary particles,
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which agrees well with those of the uncoated NCM primary particles (see Figure S1). This
indicates that the mixing intensity is strong enough to break the fumed Al,O3 agglomerates and
to coat the secondary NCM particles while maintaining their structural integrity during the dry

coating process.

However, the surface of non-annealed Alu-NCM shows significant differences compared to
that of Alu-NCM600. After the coating, the Al>O3 looks inhomogeneously distributed with
incomplete coverage of the NCM surface. In contrast, the coating seems to be fused after the
annealing step, resulting in a very homogeneous and complete coverage of the NCM surface.
FIB-SEM analysis was carried out to compare the cross-section of the NCM particles after
coating and annealing. In Figure 2 e), the coating without annealing looks rough and is mainly
accumulated in the gaps between neighboring primary NCM particles. However, as shown in
Figure 2 f), the coating after annealing is much smoother and completely distributed over the
surface, but the thickness varies slightly. Further SEM images of Alu-NCM and Alu-NCM600

with higher magnification are shown in Figure S2.

- —

Figure 3. TEM images of a cross-section of coated NCM701515: (a, c¢) Alu-NCM and (b, f)
Alu-NCM600. STEM-EDS analysis of a cross-section of coated NCM701515 showing a three-
color superposition image of Ni, Al, and Pt: (d) Alu-NCM and (g) Alu-NCM600.

For a more detailed surface analysis, the microstructure of the coating layer was characterized
by TEM in combination with EDS. As shown in Figure 3 a) and c), for Alu-NCM, the coating
layer is highly porous as observed by M. Herzog et al.** Figure 3 a) shows that the gaps between
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the primary NCM particles are completely filled with Al,O3, leaving the surface uncovered. On
the other hand, in the case of Alu-NCM®600 (Figure 3 b) and f)), the coating layer is less porous
and much thinner after the annealing step. No structural changes of the NCM particles are
observable. Only the structural properties of the coating are affected by the additional annealing
step. EDS analysis confirms the drastic change of the coating thickness and porosity after
annealing (Figure 3 d) and g)). As expected, there are no hints for the diffusion of aluminum
into the CAM bulk phase observable for the non-annealed Alu-NCM sample, as no high-
temperature step is involved in the coating process and aluminum diffusion is unlikely to occur
at room temperature.*® However, in case of Alu-NCM600 (Figure 3 g)) the possibility of inter-
diffusion of a small Al amount into the CAM bulk structure during annealing cannot be
excluded.*” As reported in literature, the interdiffusion of Al between the CAM and the coating
layer may enhance the overall stability of the CAM, and lead to improved cycling
performance.48 However, a detailed discussion of aluminum diffusion into the NCM bulk is

beyond the scope of this study.
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Figure 4. Comparison of (a) Brunauer—Emmett—Teller (BET) measurements, (b) X-ray
diffraction pattern, (c) survey XPS spectra, and (d) detailed XPS spectra of P-NCM, Alu-NCM,
and Alu-NCM600.
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The porosity of the CAM particles after the coating was investigated by N> adsorption. The
measurements were evaluated using the Brunauer—Emmett—Teller (BET) model. As shown in
Figure 4 a), the uncoated NCM has a very low BET surface of 0.40 m? g”!. After coating with
fumed Al,Os, the BET surface area increases drastically to 0.70 m? g! (Alu-NCM sample),
which is well expected due to the high porosity of the coating as observed by TEM
measurements (Figure 3 c)). After the annealing step (Alu-NCM600 sample), the BET area is
significantly decreased (0.50 m*> g'). This confirms that the annealing step leads to a

densification of the coating layer and a lower surface area.

Powder XRD measurements were carried out on P-NCM, Alu-NCM, and Alu-NCM600
samples to investigate the potential influence of the coating process on the crystal structure of
NCM. As shown in Figure 4 b), the XRD patterns confirm that all NCM samples exhibit the
same crystal structure of LiCoO: (space group R-3m). No peak shifts are observed, confirming
that no significant bulk crystallographic defects are generated in the NCM structure during
coating or the annealing step. In addition, both coated samples show no additional peaks
belonging to Al2O3; due to the low amount of coating material, as observed in our previous

study?®.

XPS measurements were carried out to investigate the coating composition and the effect of
annealing on the structural properties of the coating layer. The NCM XPS analysis delivers
quantitative element and compound-specific information with a detection limit of about 1
atom%.*° The survey spectrum of P-NCM shown in Figure 4 ¢) confirms the presence of Ni,
Co, Mn, and O without any additional elements apart from the carbon contamination at the
NCM surface, which is commonly used as a calibration reference for XPS spectra.’® In addition,
the characteristic peak of Al 2p is detected on the surface of Alu-NCM and Alu-NCM600,
which proves the existence of Al species on the surface of the coated NCM with Al,O; (Figure
4 d). A detailed spectrum in the region between 78 and 64 eV is shown in Figure 4 d). It includes
the Al 2p core levels and the Ni 3p peak. No peak shift is observed for the Ni 3p peak for all
samples, which additionally confirms the structural stability of NCM during the coating and
annealing processes. However, the presence of Ni implies that the coating is not completely
covering the NCM surface or, alternatively, thinner than the typical probing depth of XPS of
about 3 — 7 nm®!, as already indicated by the TEM measurements shown in Figure 3 f) and g).
Deconvolution of the Al 2p peak (Figure 4 d)) reveals that Alu-NCM shows only one peak at a
binding energy of 73.9 eV, which is distinctive for Al atoms in an oxygen environment, such
as ALO3 or Al(OH)3.>* However, after annealing a significant peak shift of Al 2p to lower

binding energy is observed. The deconvolution confirms that the signal comprises two different
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peaks. One at a binding energy 73.9 eV (corresponding to Al>O3 or AI(OH)3)*" and a second
one at 72.8 eV, which is attributed to LiAlO; as observed by Tang et al.>* The results confirm
the conversion of an insulating Al2O3 coating into an ion conducting Al2O3/LiAlO; coating
during heat treatment, as discussed in detail in previous studies.*®*° The diffusion of Li* from
NCM into the ALO; layer during the heat treatment is expected to result in the formation of
conductive pathways for the Li* ions and thus an improvement of the ionic conductivity of the

ALO3/LiAlO; coating, as discussed in our previous study.
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Figure 5. Schematic representation comparing the differences in coating properties before and
after annealing.

The results reveal the tremendous effect of the annealing step on the structural properties of the
coating layer, which are illustrated in Figure 5. The recently developed dry coating process
enables the successful deposition of an Al,O3 coating on the surface of NCM particles. The
coating is rather thick, porous, and inhomogeneous distributed on the surface of NCM. After
annealing at 600 °C, various aspects of the coating morphology are improved. The coating
becomes more homogenous (SEM, FIB-SEM), thinner (SEM, TEM), and exhibits a lower
porosity, i.e., lower surface area as confirmed by TEM and BET. In addition, the diffusion of
Li* into the coating results in the conversion from an insulating Al>Os3 coating layer to
Al203/LiAlOz, which is known to exhibit an improved Li* conductivity. All these changes are
expected to affect the electrochemical performance of NCM, as will be discussed in detail in

the next section.

3.2. Electrochemical characterization

To elucidate the impact of the obtained microstructural and compositional differences of the

two different coatings on the cell performance, we assembled and cycled ASSB cells at different
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C-rates. The C-rate was varied between 0.1 C and 2 C, within the voltage window of 2.0 to

3.7V (vs. In/InLi), exceeding the electrochemical stability window of thiophosphate-based

SSEs (1.7- 2.3 V vs. Li*/Li).>* The rate capability tests and the long-term cycling stability were

investigated for two independent cells in all three cases to ensure reproducibility of the results.
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Figure 6. Comparison of (a) rate capability and (b) corresponding normalized capacity plot of
P-NCM, Alu-NCM, and Alu-NCM600. (c) Long-term cycling capability at 0.25 C of P-NCM,
Alu-NCM, and Alu-NCM600. d), e) Charge-discharge voltage profiles of P-NCM and Alu-
NCMO600, respectively.

Figure 6 a) shows the rate capability performance of the coated CAMs in comparison with the

performance of the uncoated ones. For a better comparison, Figure 6 b) also shows the
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normalized discharge capacity, i.e., the specific discharge capacity of each cell was normalized
to the CAM mass and related to the initial specific discharge capacity. The initial specific
discharge capacity of the P-NCM cells (136 mAh g') is found significant lower compared to

1)33,38

cells with liquid electrolytes (~180 mAh g indicating a higher interfacial degradation of
the SSE than for cells with liquid electrolytes (as the achievable theoretical capacity of NCM
is ~180 mAh g! ) as reviewed by Jena et al.>* The Alu-coated NCM material shows a slightly
lower initial specific capacity (130 mAh g') than the P-CAM. It indicates that the insulating
nature of the Al2O3 coating along with its structural properties (such as porosity, insufficient
contact area, interfacial degradation, etc.) limits the initial discharge capacity. In contrast, Alu-
NCM600 shows a significantly higher initial specific discharge capacity (154 mAh g!). This is
attributed to a lower interfacial resistance, either due to the higher Li* conductivity of the
AlO3/LiAlO; coating layer, an increased contact area, or improved interfacial stability (as
discussed in the previous section). Furthermore, with increasing C-rate, the discharge capacity
of Alu-NCM tends to be slightly superior to P-NCM, revealing the protective effect of the Al>O3
coating. However, at a C-rate of 2 C, both the P-NCM and the Alu-NCM samples exhibit no
capacity, probably caused by a high internal cell resistance. However, a significant
improvement of the C-rate performance in our ASSBs is observed for the Alu-NCM600
samples for all C-rate. In particular, Alu-NCM600 shows a discharge capacity of ~ 20 mAh g’!
even at 2 C. These results indicate that at high C-rates, a sufficient lithium-ion conductivity still
persists in the AlOs/LiAlO; coating layer, while in the case of the uncoated NCM, the
formation of an insulating CEI caused by electrolyte degradation impedes lithium-ion exchange
between electrode and electrolyte. Thus, the less porous and more conductive Al203/LiAlO2
coating material in Alu-NCM600 enables a superior rate capability as compared to Al>Os-
coated Alu-NCM samples. It is worth noting that the AloOs-dry coating is very effective in
improving the electrochemical performance of liquid electrolyte-based cells, as recently shown
by Herzog et al.** One main reason is that the liquid electrolyte can penetrate into the highly
porous Al>Os coating, which facilitates the transport of lithium ions through the surface layer.
In contrast, the solid electrolyte used in ASSBs is not able to reach the interior of the pores of
the coating (Alu-NCM), i.e., the porous coating impedes lithium-ion transport between active
material and electrolyte due to its insulating properties and the reduced contact area. Thus, the
results highlight that effective coatings for ASSBs need to fulfill other demands regarding their

structural properties than coatings used for liquid-electrolyte-based LIBs.

After the C-rate capability tests, the long-term cycling performance was investigated. Figure 6

¢) compares the discharge capacity and the coulombic efficiency (CE) of pristine NCM, Alu-
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NCM, and Alu-NCM600 for 100 cycles at 0.25 C in the voltage range between 2.0 and 3.7 V
(vs. In/InLi). A significantly improved capacity retention is found for Alu-NCM600, which
exhibits a discharge capacity of 75 mAh g after 100 cycles implying capacity retention of 54%
based on the first cycle capacity. In contrast, for the P-NCM sample, a capacity of only
25 mAh g, i.e.. capacity retention of 20%, is achieved. Furthermore, the corresponding CE of
the Alu-NCM600 is superior compared to that of the uncoated sample. As shown in Figures 6
d) and e), the increase in overpotential is much higher for P-NCM than for Alu-NCM, indicating
a more severe electrolyte degradation at the P-NCM surface. The Alu-NCM sample shows a
similar behavior as P-NCM during long-term cycling. Although the Al>O3 coating certainly
suppresses the electrolyte degradation at the NCM-electrolyte interface, its insulating nature,
along with the rather worse coating properties, are responsible for a high interfacial resistance,
which explains the poor cycling performance. However, the results confirm that the
Al205/LiAlO; coating significantly improves the long-term cycle stability of NCM in ASSBs.
The coating is expected to prevent side reactions between LigPSsCl and NCM, which lead to
the formation of a highly resistive CEI consisting of sulfur and phosphorus pentasulfide

oxidation products.'

To support this assumption, EIS measurements were carried out on ASSB cells containing P-
NCM or Alu-NCM600 as EIS allows to distinguish between different processes in ASSBs and

131655 Ag no drastic

to determine their contribution to the total impedance of the cells.
improvement of the cycling capability is found for the Alu-NCM samples, only P-NCM and
Alu-NCM600 are investigated. The EIS measurements were performed at an open-circuit
potential of 3.1 V (vs. In/InLi) after the 1*' cycle and 100™ cycle to determine the long-term
impedance evolution. A constant potential step was included after constant-current discharge
in order to achieve an equilibration of Li within the CAM particles by diffusion processes. This
step is necessary to ensure comparability between P-NCM and Alu-NCM600 as the impedance
of layered oxide cathode materials depends on the lithium content (SOC) of the electrode.’
Comparing the impedance spectra after 1 and 100" cycles, displayed in Figure 7 a), a distinct
increase of the impedance is observed for the pristine sample indicating a strong degradation
reaction at the SSE/CAM interface due to the oxidation of the solid electrolyte.'®?! The total
impedance of the coated NCM cell is significantly lower after the 1% and 100" cycle,
corroborating the protection function of the Al>O3/LiAlOz coating. The spectra were fitted using
the transmission line model, which describes the impedance of porous electrodes considering
SSE-filled pores.’”® Due to the presence of non-blocking conditions and negligible electronic

conductivity, a Bisquert Open element>® was used to fit the composite cathode impedance. The
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equivalent circuit model, including the Bisquert open element, is described in more detail in
Figure S3. The fitting reveals that the differences in the impedance are mainly caused by
changes in the charge transfer resistance Rct. The other fitting parameters, such as the anode
contribution or the ionic resistance of the electrolyte, do not differ significantly for the different
cells (see table S1 in the supporting information). The determined values of the charge transfer
resistance Rcr after the 1% and 100" cycles for the pristine and coated samples are shown in
Figure 7 b). As is evident, the charge transfer resistance of the Alu-NCM®600-containing cell is
significantly lower not only after the 1°' but also after the 100" cycle. Moreover, the comparison
with the other impedance values obtained from the fitting (Table S1) demonstrates that the
impedance of the full cell is dominated by the charge transfer resistance of the composite
cathode. The comparison of the Rcr values confirms that the Al>Os/LiAlO:z coating layer
significantly improves the interfacial stability by reducing oxidative interfacial decomposition

of the SSE on the cathode side.

(@) (b)
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Figure 7. Comparison of (a) Nyquist plots of the impedance of full cells containing P-NCM and
Alu-NCM600 after the 1°" and 100" cycle. (b) Corresponding charge transfer resistance Rer
measured at an open-circuit voltage of 3.1 V.

4. Conclusions

In this study, we present a low-cost, straightforward and scalable dry coating process to modify
the surface of Ni-rich NCM for thiophosphate-based ASSBs. A highly efficient Al>O3/LiAlO:
coating is achieved by a high-energy mixing process followed by a high-temperature annealing
step. While the Al2Os coating shows a certain porosity after the coating process, the annealing
step results in the formation of a dense and thin coating layer as confirmed by TEM and BET
measurements. Furthermore, XPS analysis confirms that a mixed Alz03/LiAlO: layer is formed
during the heat treatment, while no significant changes in bulk NCM are observed.

Electrochemical characterization demonstrates that the AlOs/LiAlO2 coating significantly
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improves the electrochemical performance of NCM cathodes in LPS-based ASSBs. As the
coating prevents the direct contact between CAM and thiophosphate-based SSE, interfacial
degradation reactions responsible for the formation of an insulating CEI are reduced, as
demonstrated by EIS analysis. Compared to the porous Al,O; coating, the ALOs/LiAlO;
coating layer provides an improved rate capability and long-term cycling performance,
including higher initial cycling capacity. Thus, the results present a highly effective dry coating
method, which is suitable for large-scale processing of cathodes for next-generation ASSBs,

excluding any solvent-related influences and costs.

Supporting Information

SEM images of pristine and coated samples, the equivalent circuit used for fitting after the first
and 100" cycle.
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4. Conclusion and Outlook

Ni-rich NCM based cathodes are considered as one of the most promising cathode
materials for next-generation LIBs. However, they suffer from fast capacity fading during
electrochemical cycling due to an unstable interface in contact with the electrolyte.
Modification of the cathodes via surface coating has shown promising results in
mitigation of the undesired side reactions happening at the electrode-electrolyte interface.
Since, the commonly applied coating methods are very complicated, costly, and time-
consuming, the development of an easy, scalable, cheap and time-effective coating
method is necessary in order to successfully use Ni-rich NCM in next-generation LIBs.
In addition, a detailed understanding of the beneficial effect of the coating layer is still
incomplete. Therefore, a comprehensive understanding of the ongoing mechanisms of the
coating is necessary in order to optimize the properties of effective coatings for LIBs.

Thus, in this thesis, different simple and effective powder coating techniques for Ni-rich
NCM based cathodes have been developed, which all improved the electrochemical
performance of LIBs. In addition, detailed investigations have been performed on the
coated NCM (before/after cycling), in order to elucidate the working principle of the
coating layer during electrochemical cycling.

Three different types of coating methods (wet-chemical, ALD and dry-coating) have been
developed during the course of this thesis. It is found that homogenous coating can also
be achieved via a wet-chemical coating method. ALD-based coatings are found to be
beneficial for coating ready-to-use cathodes, due to low coating temperature. Dry-process
coating methods have also been successfully developed for NCM based coating powder,
resulting in a very porous coating layer. It has been concluded that the most important
physical parameter influencing the long-term cycling performance is the homogeneity of
the coating layer and coating composition. In addition, post-annealing of the metal oxide
coating is found beneficial for electrochemical performance of coated cathodes for bot
LIBs and ASSBs.

Although various coating materials (Al.Os, CeO2, TiO2, LiAlIOz, LisTisO12, etc.) have
been tested, yet the most suitable coating material has not been agreed upon for NCM
based cathodes. Thus, keeping that in mind, in this thesis various coating materials
(Al2O3, LiAlO3 and LisTisO12) have been successfully coated and tested on NCM
cathodes. All of these materials improved electrochemical performance of NCM based
cathodes. In addition, influence of the post-heat treatment on the Al>O3 based coating and
subsequently on the electrochemical performance of the NCM has been investigated and
explained.

Although all the developed coating methods improved electrochemical performance, the
best electrochemical performance in terms of C-rate performance, as well as long-term
cycling, is achieved via lithiated metal oxide coatings on the NCM cathodes for LIBs as
well as ASSBs. The result shows that lithiated metal oxide coatings could play a key role
in commercialization of NCM based cathodes in next-generation LIBs.

In conclusion, various developed coating processes during this Ph.D. thesis are found to
be very effective methods to protect the direct physical contact between the electrode and
electrolyte, thus preventing the parasitic side reaction and improving the electrochemical
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performance of NCM based cathodes. All these coating processes are very simple, fast,
practical and easily scalable, as well as energy and cost-effective. In addition, all of these
coating methods can be transferred to any type of NCM-based cathode. The developed
dry-process coating method can also be transferred to various coating materials (e.g.
TiOz, ZrO»). In addition, lithiated metal oxide coating has been found superior over metal
oxide analog in terms of electrochemical performance. Thus, all these results in
combination provide a solid base for further future research on coating or Ni-rich NCM.

In order to unveil the mechanism of how the metal oxide coatings (Al203, TiO>) transport
Li-ion during cycling, further in-depth investigations on structural properties of the
coating layer and cathode are necessary. Furthermore, effect of surface impurities (e.g.
LiOH, Li.COgs, Li20) on the performance of the coating layer should be studied, by
coating and analyzing fresh and aged NCM. To prevent the formation of surface
impurities after the coating process, all steps of coating procedure should be performed
inside inert gas atmosphere. Furthermore, it should also be investigated if chemical
reactions take place between the coating layer and the surface during the post-annealing
step and how it affects the electrochemical performance of LIBs. In addition, further
analysis is needed to elucidate if electrochemical reactions between coating and NCM
take place during cycling These reactions may result in a conversion of the coating layer,
which is not investigated yet.

The developed coating approaches may be transferred to other potential cathodes (e.g.
Lithium-rich layered oxides (LLOs)) that can meet the high demands of next-generation
LIBs. Surface coatings have already been found to improve the electrochemical
performance of LLOs based cathodes. However, the exact mechanism regarding how the
coating layer works is still under debate. Thus, it would be very interesting to investigate
the influence of these rather simple coating methods on the cycling performance of LLOs
based cathodes. If the coating process is successful and mitigates the deficiencies of LLOs
based cathodes, the developed coating methods can definitely help in the
commercialization of next-generation LIBs.

In addition, lithiated metal oxide coating agents also show promising results for cathodes
in ASSBs. ASSBs are considered as an alternative for conventional liquid electrolyte-
based LIBs. However, several issues need to be addressed before their successful
commercialization. One issue that remains constant for both liquid and solid-state
batteries is the highly reactive surface of the cathode. Thus, different concepts of surface
modification successfully applied in LIBs may be transferred to ASSB. Initial
investigation has already shown promising results in improving the electrochemical
performance of the cathodes in ASSBs. However, more in-depth analysis is still needed
to fully develop and understand the coatings for ASSBs.
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Fig. S1: (a) Thickness of the Al2O;3 layer as a function of the number of ALD cycles deposited

on Si substrates. The thickness was determined using XRR. The determined growth rate is about

1 A per cycle. (b) Comparison of the long-term cycling stability for pristine and coated samples

(NCM71.51.5) with different coating thicknesses.

Fig. §2: SEM-EDX mapping of Al20; coated (a) NCM622, and (b) NCM811
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Fig. 83: a) AFM and b) C-AFM measurements of a NCM71.51.5 cathode coated with 20 nm

Al2Os revealing the insulating properties of the coating layer.
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Fig. S6: Cross-sectional SEM micrographs of Pristine and Coated NCM71.51.5 after long-

term cycling.
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Figure S2. SEM micrograph of (a) C-NCM and the corresponding EDX line scan of Al over
the coated NCM particle.
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Figure S5. Differential capacity plots of the first four cycles for the P-NCM and C-NCM cells.
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Table S1: Refined lattice parameters of P-NCM, C-NCM-30 and C-NCM-600.

a/A c/A V/A3 c/a

P-NCM 2.872 14.190 101.36 4.94
C-NCM-30 2.873 14.192 101.44 4.94
C-NCM-60 2.872 14.219 101.56 495
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Figure S1 SEM image showing NCM primary particles.
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Figure S2: (a, b) STEM-HAADF micrographs and Al map of coated NCM701515. (c, d)

Corresponding HRTEM micrographs. The inset in (d) is a FFT pattern of the coating layer.

Reprinted with permission from Negi et al., ACS Appl. Mater. Interfaces 2020, 12, 31392—

31400. Copyright 2020 American Chemical Society.
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Figure §5: Long-term cycling performance of all the three samples at a C-rate of 0.5 C..
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Figure S6: Cross-sectional SEM micrographs for P-NCM and C-NCM after long-term

cycling.
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Fig. S1. (a) SEM image of single aggregates of fumed LTO, (b) XRD patterns of the fumed LTO.

Fig. S2. (a) SPED virtual dark field (VDF) image highlighting a NCM primary particle. SPED-
VDF is performed by putting a virtual aperture around the (-1 1 1 6) diffraction spot from
diffraction patterns ‘1" and ‘2’ in Fig. 4. b). (b) SPED-VDF image highlighting one of the LTO
particles at the NCM primary particle’s surface. This image is obtained by putting a virtual

aperture around the (0 0 6) diffraction spot from diffraction pattern ‘3" in Fig. 4. c).
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Fig. S3. Comparison of (a) columbic efficiency (CE) plot at 0.25C of P-NCM and LTO-2wt%
based cells. (b) First cycle charge-discharge voltage profile of P-NCM and LTO-2wt% cells

at 0.1 C. Charge-discharge voltage profile at 0.25 C for long-term cycling of (c) P-NCM and

(d) LTO-2wt%.
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Fig. $4: Equivalent circuit used for the fitting of the impedance spectra. In here, Zs represents
the ohmic resistance of the cell (i.e. resistance from cell component and the electrolyte
separator), corresponding to impedance contributions in the high-frequency (HF) region
intercept on the real-axis. The impedance contributions in the medium and low frequency range
correspond to the charge-transfer resistance (or cathode-electrolyte interface) of the SE-CAM
interface (Z), the ionic and electronic charge transport within the composite cathode (Zi, Z.),
the anode-SE interface (Zan) as well as the diffusion inside the CAM particles (Zaig). While Zan
was modelled by an R-CPE element, and Zayy by a serial combination of a Warburg impedance
element and a capacitor (representing the differential capacitance), Zi, Z. and Z. were
modelled by a transmission line model (TLM) with faradaic reactions. Z. was fixed to zero,

since carbon additives were used in the composite cathodes
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Table S1: Fitting parameters for the equivalent circuit used to model the impedance response
of the ASSB cells at 3.1, 3.4 and 3.7 V vs. Li"/In|(InLi).. Listed are the fitting parameters for
the first cycle of cells employing pristine (left rows) and coated (right rows) active material.

Pristine Coated

Voltage / V 3.1 3.4 3.7 3.1 3.4 3.7

Reeparator / Ohm 2.73E+01 2.75E+01 2.85E+01 2.59E+01 2.65E+01 2.70E+01

ra/ Ohm m? 0.00E+00  0.00E+00 0.00E+00  0.00E+00 0.00E+00  0.00E+00

e/ Ohmm 4.09-03 7.7E-03 7.136-02 3.02E-03 3.36E-03  1.69E-02

ga/ Fs'm 1.15E+00  7.38E-01 4.87E-01 4.19E+00 1.50E+00  1.05E+00

aa 830E-01 8.66E-01 9.156-01 7.24E-01 8.19E-01 8.95E-01

Rion/ Ohm m 1.10E+06 1.26E+06 1.20E+06 7.67E+05 1.08E+06 6.38E+05

L/m 5.00E-05 5.00E-05 5.00E-05 5.00E-05 5.00E-05 5.00E-05

Ranode/ Ohm 1.74E+01  2.69E+01 5.05E+02 2.43E+01 1.88E+01 1.24E+02
Qunode/ F 5™ 1.79€-02  2.94E-02 3.12E-03  1.40E-03 2.41E-03 1.17E-03

Qanode 3.976-01 3.48E-01 4.67E-01 5.62E-01 5.70E-01  4.54E-01

Warburg Coeff. 3.22E+00 5.40E+00 3.00E+01 3.86E+00 4.49E+00 1.55E+01
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Fig. S5: Comparison of Bode-plots corresponding to P-NCM and LTO-2wt% after the I*" and
100" cycle.
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Figure S1: SEM-images of pristine NCM.

Figure S2: SEM cross-section image of the surface of the secondary particle showing the
homogenous covering of the layer for Alu-NCM600.
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Figure S3: SEM images of the secondary particles of (a) Alu-NCM, (b) Alu-NCM600 and (c)
SEM-EDX mapping of Alu-NCM600.

Rgy, : Electrolyte resistance

(@) R Rsg : Electrolyte interphase resistance on the anode side
Ry, Rear CPEsg,: Electrolyte interphase capacitance on the anode side
- _L»:I' Bo 7})%_ Rcat: Cathode impedance modelled with Bisquert Open element (Bo)
CPEgg, £ CPEg: Storage capacitance
(b) 4
T a x X
/L A
X2 7/ X2 X2 -

Z(w): Total impedance
R 1 -1 Rjon: lonic resistance ‘
Z(w) = [Rion - coth | L '(°" with ¢ = (R_ +Q(iw)® ) Rion: Charge transfer resistance
ct L: Thickness of the electrode layer
{: Exchange element
Q, a: CPE-values

(c)

Figure S4: Impedance model used for fitting the full cell impedance spectra: (a) Equivalent
circuit model including (b) Bisquert open element, which is based on (c) the Bisquert open-
element equation (obtained from Relaxis, RHD instruments).
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Impedance spectroscopy on full cells was performed. The resulting data were fitted to an
equivalent circuit consisting of a single resistor RgL representing the SSE layer in series to a
parallel arrangement of a single resistor Rsgrand CPEsg; representing the In/InLi|SSE interface.
The time constant as well as feasible resistance values of 10-20 Q for In/InLi|SSE interface was
adopted from P. Minnmann et al.''! Furthermore, a Bisquert open element!?! shown in Figure
S3b was added in series in order to model the porous structure of the composite cathode. The
fitting parameters obtained are listed in Table S1.

Table S1: Fitting parameter of impedance spectra after 1st and 100th cycle for P-NCM and
Alu-NCM600 full cells.

Parameter P-NCM P-NCM Alu-NCM600  Alu-NCM600
name 1 cycle 100" cycle 1* cycle 100" cycle
Electrolyte ReL/ Q 31.1 254 32.7 40.4
Anode Rser! Q 10.0 40.0 20.0 41.6
side Q/F/s' 0.01 0.01 0.02 0.004
o 1.00 0.92 0.62 0.78
Cathode Rion/ Q 75.8 65.0 71.6 67.6
side Ret/ Q 223.4 610.8 118.3 373.9
L 1 1 1 1
Q/F/s! 8.30-107 6.51-107 1.35-10* 4.74-10°
o 0.77 0.72 0.72 0.75
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168, 040537.

[2] J. Bisquert, Phys. Chem. Chem. Phys. 2000, 2, 4185.

S4

142 |Page



6.6 List of Abbreviations

AC: Alternating current

ALD: atomic layer deposition

ASSB: all-solid-state battery

BET: Brunauer-Emmett—Teller

CAM: cathode active material

CE: Columbic efficiency

CEl: cathode electrolyte interface

CT: charge transfer

CV: Cyclic voltammetry

CVD: chemical vapour deposition

DEC: Diethyl carbonate

DFT: density functional theory

DMC: Dimethyl carbonate

EDS: Energy dispersive spectroscopy
EELS: electron energy loss spectroscopy
EIS: electrochemical impedance spectroscopy
EMC: Ethylmethyl carbonate

EV: electric vehicle

HAADF: High-angle annular dark-field imaging
HF: hydrogen fluoride

ICE: Initial columbic efficiency

LFP: Lithium iron phosphate

LIB: lithium-ion battery

LLO: Lithium-rich layered oxides

LMO: Lithium manganese oxide

LNMO: Lithium nickel manganese oxide
MLD: Molecular layer deposition

NCA: lithium nickel cobalt aluminium oxide

NMC: lithium nickel manganese cobalt oxide
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NMP: N-Methyl-2-pyrrolidone

PC: Propylenecarbonate

PE: Polyethylene

PEDOT: poly(3,4-ethylenedioxy)thiophene

PPy: polypyrrole

PTh: polythiophene

PVD: physical vapour deposition

SEI: solid electrolyte interphase

SEM: scanning electron microscopy

STEM: Scanning transmission electron microscopy
TEM: transmission electron microscopy

TGA: Thermogravimetric analysis

TM: Transition metal

TMA: Trimethyl aluminium

XPS: X-ray photoelectron spectroscopy

XRD: X ray diffraction
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