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Surface coating is an effective concept to protect layered
cathode active materials (CAMs) in lithium ion batteries from
detrimental side reactions. Dry powder coating is a fast and
cost-effective coating process, and here we transfer this coating
approach from Al2O3 to nanostructured fumed TiO2 and ZrO2

coatings on the same NMC (Li[Ni,Mn,Co]O2) material. Using
similar processing, this allows a direct comparison of the
characteristics of the achieved coating layers and their influence
on the cycling performance of high-nickel NMC. The nano-
structured small oxide aggregates result in a quite homoge-
neous coating layer with a certain porosity around each CAM
particle. Significantly enhanced long-term cycling stability is
observed, with a trend of increasing stability in the series

ZrO2<TiO2<Al2O3. Fumed Al2O3 and TiO2 coating layers
prevent cathode particle cracking and disintegration success-
fully, while fumed ZrO2 only shows a moderate protection
effect. Each coating material enhances the rate performance
compared to uncoated NMC in the row TiO2<ZrO2<Al2O3. XPS
measurements of cycled electrodes indicate a partial incorpo-
ration of lithium ions in the crystalline TiO2 and ZrO2 coating
layers, contributing to the enhanced lithium-ion transport
across the CAM surface layer, as observed before for fumed γ-
Al2O3 coatings. Summarizing the results, the best overall cycling
performance was achieved by coating high-nickel NMC with
fumed Al2O3, providing the highest rate capability and the best
long-term cycling stability.

1. Introduction

Cathode active materials (CAMs) suffer from several electro-
chemical degradation reactions, leading to a performance loss
and aging during cycling.[1–8] This is especially relevant for high-
nickel layered NMC phases (LiNixMnyCozO2 with x+y+z=1 and
x>0.5), which are the most promising candidates to meet the
rising requirements on CAMs for future lithium-ion batteries
(LIBs).[1,3–5,9–14] The high nickel content provides a higher specific
capacity and relatively lower costs compared to cobalt-rich
materials.[1,9,13,15]

There are three strategies to stabilize the cycling perform-
ance of positive electrode materials, which are not mutually
exclusive. Bulk doping is one effective method to enhance the
stability of cathode materials. Metal or non-metal ions are
doped into the bulk phase of the cathode material to stabilize

the crystal structure and to facilitate the lithium ion transfer
kinetics.[16–21]

Another one is the core-shell strategy, whereby a core of a
highly reactive cathode material is covered by an outer sphere
of a less reactive cathode material.[22–24] This enables to combine
the excellent stability of the shell material with the high
electrochemical performance of the core material.[25,26] To avoid
harmful mechanical stress between the core and shell due to
different volume expansion behavior during charging and
discharging,[27] the differences in chemical composition and
crystal structural mismatch can be minimized by applying a
concentration gradient.[22,24] One disadvantage of this strategy
could be the thick shell up to 2 μm, limiting the rate of lithium-
ion and electron transportation.[1]

Surface coating has proven to be an effective method to
protect the reactive surface of CAMs from detrimental side
reactions. The coating layer forms a physical barrier between
CAM and electrolyte, and the decomposition of liquid electro-
lyte and deposition of decomposition products at the interface,
which otherwise leads to increased resistance, is
prevented.[1,3–5,21] Additionally, coating layers can protect CAMs
effectively against the attack of corrosive HF, formed by the
reaction of the conducting salt LiPF6 with trace amounts of
H2O. The acidic HF leads to dissolution of transition metal ions
out of the surface of the CAM and causes lattice damage.[2,3,6,7]

As consequences, surface transformations as well as transition
metal rearrangement destabilize the crystal structure,[9–12,28]

initiate cracks within the cathode secondary particles and cause
subsequent particle disintegration.[14,29] This causes loss of inner
particle connectivity and gives rise to increased polarization,
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contributing to the degradation of performance and capacity
fade.[1,30]

Various techniques have been used to apply thin coating
layers on CAM-surfaces, like wet-chemical deposition,[5,31,32] sol-
gel deposition,[33,34] atomic layer deposition (ALD),[35–37] physical
vapor deposition (PVD)[38] and chemical vapor deposition
(CVD).[39–41] Methods involving solvents produce waste, require
an additional filter step and subsequent heating/drying proc-
esses, which may be unwanted in terms of economic and
environmental sustainability. Gas phase deposition methods
are expensive and hard to scale-up for industrial use.[24] In
comparison, dry powder coating is a simple, fast, cost effective
and environmentally friendly approach for CAMs, which can
easily be scaled-up to industrial use. CAM particles (micron-
sized) are coated directly with submicron-sized particles (coat-
ing material) by using mechanical forces in a high energy mixer
(e.g., Somakon MP-GL), without using any solvents and
binders.[42–44] The major challenge is to identify suitable starting
materials for the coating process. In previous work,[45] fumed
metal oxides with specially synthesized nanostructured aggre-
gates of small size have proven to be particularly suitable as
precursors for an effective coating.

In our previous report,[45] we presented a dry powder
coating process for high-nickel NMC with fumed nanostruc-
tured Al2O3. The fumed metal oxide was found to adhere well
on the surface of NMC secondary particles, even without an
additional sintering process to fix the particles on the surface of
the CAM. An almost continuous coating layer with a high
coverage was achieved. The resulting coating layer showed a
certain porosity, containing channels and holes. We assume
that these channels are easily penetrated by the liquid electro-
lyte. This would significantly reduce the impedance of the
otherwise insulating Al2O3 coating layer and explain the
excellent lithium ion diffusivity observed. A significant increase
in capacity retention, cycle life and rate performance of the
Al2O3 coated NMC material was observed. Detrimental side
reactions, resulting in a decreased CEI (cathode-electrolyte
interphase) and charge transfer impedance during cycling were
prevented. We attribute this enhanced cycling performance to
the successful protection of the reactive surface of the CAM. In
fact, we observed strong indication for incorporation of lithium
ions into the crystalline γ-Al2O3, probably contributing to the
enhanced rate capability.

A large number of reports on metal oxide coatings of CAMs
have been published. The most commonly used oxides are,
among others: SiO2,

[32] Al2O3,
[33,35,37,46] TiO2,

[47] V2O5,
[5] ZrO2,

[34,35]

ZnO,[36] MgO,[35] Co3O4,
[48] CeO2.

[31] A direct comparison of the
influence of different metal oxides on the cycling performance
of CAMs is often not possible from literature. Thus, it is not
unequivocally evident which metal oxide is the most suitable
for a given type of CAM. Different coating methods as well as
different cycling protocols are mostly applied in any of the
reports, and observed performance differences can hardly be
rationalized. Different coating methods result in different
coating characteristics, like thickness and homogeneity of the
coating layer, coverage of the surface, structure of the coating
material, etc. Additionally, different CAMs were used in these

studies, which makes a direct comparison even more difficult.
Even when the nominally same type of CAM is used, the cycling
behavior strongly varies from producer to producer.

To date, dry powder coating of high-nickel NMC material is
only described in literature with Al2O3 as coating agent. In this
article, we report about dry powder coating with nanostruc-
tured fumed TiO2 and ZrO2. This enables a direct comparison of
the characteristics of the coating layers and their influence on
the cycling performance of otherwise identical high-nickel
NMC. Each coated NMC shows a significantly enhanced rate
capability, as well as long-term cycling stability. Investigations
of cycled electrodes reveal that Al2O3, TiO2 and ZrO2 coating
layers prevent cathode particle cracking, and indicate partial
incorporation of lithium ions in the crystalline TiO2 and ZrO2

coating layers, like it was observed for fumed γ-Al2O3 coatings
before.[45] In conclusion, the developed dry coating approach is
a very effective method to enhance the cycling performance of
LIBs and to prolong their lifetime. The simple scalability to large
scale high intensity mixers makes this process very suitable for
industrial manufacturing. Furthermore, the coating process can
be transferred to other types of CAMs and coating agents.

Experimental Section
Commercial NMC701515 (LiNi0.70Mn0.15Co0.15O2) powder (obtained
from Linyi Gelon LIB Co.) and nanostructured fumed Al2O3, ZrO2

and TiO2 (“AEROXIDE® Alu 130”, “VP ZrO2” and “AEROXIDE® TiO2

P90” from Evonik Operations GmbH) were used. A lab scale high
energy mixer from Somakon Verfahrenstechnik UG (Somakon MP-
GL) was used for carrying out the dry coating process. The mixing
unit of the Somakon mixer consists of two very high-speed rotating
rotors with 4 blades each and has a volume of 0.5 L. This process
can easily be transferred to large scale industrial mixers (e.g. up to
a mixer size of 3000 L from Eirich GmbH). For dry coating, the
NMC-powder was mixed with 1.0 wt-% of the respective fumed
metal oxide powder in the high energy mixer at first for 1 min at
500 rpm to homogeneously mix the two powders. Afterwards the
mixing intensity was increased to 2000 rpm for 6 min to de-
agglomerate the nanostructured fumed metal oxide into smaller
aggregates that adhere at the surface of NMC. The coated CAM is
used as received after mixing process, it is not further calcined.

Characterization

Scanning electron microscopy (SEM)

The particles and their morphology were investigated with a “JSM-
7600F” SEM from Jeol. The accelerating voltage was set to 1 kV,
and the beam current was 30 pA. A graphite tape was used to
attach the samples on the sample holders. Electron-dispersive X-
ray spectroscopy (EDX) measurements were conducted with an
equipped X-Max 150 mm2 detector (Oxford Instruments) and
processed with Aztec-software. Therefore, the accelerating voltage
and beam current were increased to 20 kV and 500 pA, respec-
tively. The cross sections of the cycled electrodes were prepared by
embedding the electrodes in an organic resin and subsequent
cutting via microtomy.
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X-ray powder diffraction (XRD)

The X-ray diffraction patterns were recorded with a Cubix3 Pharma
diffractometer with a X’Celerator detector. Cu� Kα radiation was
employed to identify the crystal structure of the powders in the 2 θ
range from 5° to 100° with a step size of 0.02° and a count time of
40 s.

Surface area measurements (BET)

Single point BET measurements were conducted using a Micro-
meritics TriStar 3000 with a nitrogen/helium flow (28.6% N2). The
samples were degassed at 150 °C for 20 min before the measure-
ment.

Transmission electron microscopy (TEM)

The cross section TEM lamellae were cut from a NMC spherical
particle covered by the respective fumed metal oxide. The cross-
sectional cuts of the sample were prepared via focused ion beam
(FIB) using a Fei Helios 650 dual-beam Focused Ion Beam device.
During the preparation process, carbon and platinum protective
layers were deposited on top of the film. TEM images were
acquired on a double aberration-corrected Fei Titan3 80–300
electron microscope operated at 300 kV in monochromated mode,
providing an energy resolution of 150 meV. Before the TEM
experiments, the specimen was cleaned through plasma cleaning.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were conducted on cycled cathodes in dis-
charged state. The cells were opened under argon atmosphere and
the cathodes were washed with ethyl methyl carbonate to remove
LiPF6. Afterwards, the cathode was mounted on the XPS sample
holder and transferred to the XPS analysis equipment without any
exposure to air. The XPS measurements were conducted on an
ESCALAB 250xi system from ThermoFisher Scientific, using an Al Kα
excitation source. The diameter of the measurement spot was
900 μm. The graphite peak at 284.6 eV was used as a reference for
the adjustment of the energy scale in the presented spectra. The
resolution of the measurements was in general 0.1 eV.

Electrode and Cell Preparation

Electrodes for electrochemical measurements were prepared by
blending 90 wt-% NMC with 5 wt-% PVDF (Solef PVDF 5130) as a
binder and 5 wt-% Super PLi (Timcal) as a conductive additive
under inert gas atmosphere. N-Methyl-2-pyrrolidone (NMP) was
used as solvent. The slurry was casted on aluminum foil and dried
for 20 min on a 120 °C heating plate in air. Afterward, the electrode

sheet was dried in a vacuum furnace at 120 °C for 2 h. Circular
electrodes with a diameter of 12 mm were punched out,
calendered with a pressure of 620 kPa and dried again in a vacuum
furnace at 120 °C for 12 h to remove any residual water and NMP.
The cathode loading for all samples was adjusted to 1.3–
1.4 mAhcm� 2 (assuming a specific capacity of 180 mAhg� 1) or 7.0–
8.0 mgNMCcm

� 2.

For the cycling tests the cells were assembled as CR2032 type coin
cells (MTI Corporation) in an argon-filled glovebox (Glovebox
Systemtechnik GmbH). Lithium metal (Rockwood Lithium GmbH) is
used as anode material. Celgard 2500 was used as separator. 25 μL
of a solution of 1 molar LiPF6 in ethylene carbonate and ethyl
methyl carbonate (50 :50 wt/wt; Sigma-Aldrich) was used as
electrolyte. The cells were locked with a crimper (MTI).

Cell Cycling

Galvanostatic cycling was performed between 3.0 and 4.3 V vs Li+/
Li at room temperature using a MACCOR battery cycler. For the
calculation of the capacities and the specific currents, only the
mass of the active material was considered. During cycling, the C-
rate was increased every four cycles, starting from 0.1/0.1 (Charge/
Discharge) to 0.3/0.3, 0.5/0.5, 1.0/1.0, 1.0/2.0 and 1.0/4.0 C. After-
ward, the cell was cycled at 0.5/0.5 C for long-term stability test.

2. Results and Discussion

2.1. Dry-Coating Process

It is important to note the specific characteristics of the coating
agents used for the dry powder coating. Fumed metal oxides
are produced by flame hydrolysis and consist of agglomerated
nanoparticles, having very high BET surfaces.[49] The larger
agglomerates can be split into smaller aggregates, which are
built of primary particles nucleated in the flame, followed by
growth processes (primary particle size of ~10–15 nm), that are
chemically bonded together to form highly nanostructured
three-dimensional entities with a more or less high degree of
branching.[49] Figure 1 shows scanning electron microscopy
(SEM) images of single aggregates of the respective nano-
structured metal oxide. These aggregates cannot easily be split
into individual primary particles.[49] All used fumed metal oxides
in this study are crystalline (fumed Al2O3: γ-alumina, TiO2:
mostly anatase, ZrO2: mostly tetragonal phase).

Figure 1. SEM-images of single aggregates of the respective fumed metal oxide: a) fumed Al2O3, b) fumed ZrO2, c) fumed TiO2.
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The principle of this dry coating process is shown in
Figure 2. Micron-sized NMC particles are acting as core particles
(host particles) and the submicron-sized nanostructured fumed
metal oxides as the coating material (guest particles). During
the high energy mixing process, nanostructured fumed metal
oxide is de-agglomerated into smaller aggregates and starts to
interact with the surface of the CAM. This de-agglomeration of
the fumed metal oxide powder is decisive for the coating
process. The small nanostructured aggregate size provides a
high specific surface area and a good adhesion to the CAM
particle surfaces. Since the size of coating material particles is
very small, Van der Waals interactions or electrostatic inter-
actions and the mechanical forces applied by the coating
process are strong enough to keep them firmly attached to the
core particles.[44,50–52] It is important to understand that the
coating layer consists of 3-dimensional nanostructured aggre-
gates of different sizes with a specific branching and not of
spherical uniform nanoparticles. At a given mixing energy, a
certain degree of densification and coalescence of the
aggregates at the cathode particle surfaces is achieved,
resulting in a quite continuous and strong adhesive coating
layer. An additional calcination step after dry coating for fixing
the fumed oxide particles is not required, which is saving
energy and costs. For a more detailed description of this dry
coating process we refer to our previous article.[45] In previous
investigations, the best performance was achieved for the
coating fraction of 1 wt-%.[45] This quantity was adopted for the
current investigations on fumed Al2O3, TiO2 and ZrO2.

2.2. Analysis of Coated Cathode Material

The X-ray powder diffraction (XRD) patterns of the coated
NMCs are compared to uncoated NMC material in Figure 3. All
diffraction peaks are indexed on the basic of the α-NaFeO2

structure with a space group of R-3 m. There was no difference
detected in the XRD signals of any coated NMC and uncoated
NMC, indicating that the coating process is not influencing the
original bulk crystal structure of the cathode material. No extra
diffraction peaks of the thin coating layer are detected.

2.3. Characterization of the Coating Layer

The fumed Al2O3, TiO2 and ZrO2 coated NMC was investigated
by scanning electron microscopy in combination with energy
dispersive X-ray spectroscopy (SEM-EDX). Backscattered elec-
trons (BSE) images (Figure 4a,b,c) show that the NMC particles
are still intact despite the exposure to high shear forces in the
mixing process. In all EDX mappings of the metal elements of
the individual coatings a homogeneous coverage around all
cathode particles was found (Figure 4d,e,f). No large, fumed
metal oxide agglomerates were observed, showing that the de-
agglomeration of all three kinds of nanostructured fumed
metal oxides was successful. Additionally, no free unattached
fumed metal oxide was found next to the cathode particles,
indicating a strong adhesion between coating material and
substrate.

Figure 5 shows high resolution SEM images of the surface
of uncoated NMC (a) compared to NMC coated with 1 wt-%
Al2O3 (b), ZrO2 (c) and TiO2 (d). The surface of the pristine NMC

Figure 2. Schematic mechanism of the dry coating process in this study (cross-sectional view). The nanostructured fumed metal oxide is de-agglomerated into
smaller aggregates during the high energy mixing process and interacts with the surface of the cathode powder. This de-agglomeration of the fumed metal
oxide powder is the key of our dry coating method. After appropriate mixing, a quite continuous and strong adhesive coating layer is formed.[45]

Figure 3. XRD patterns of NMC701515 coated by 1 wt-% fumed Al2O3, ZrO2

and TiO2 compared to uncoated NMC.
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consists of small primary NMC crystallites with a very smooth
and clean surface, composing the secondary particle structure.
The surface of the secondary structure itself is rough having
particles protruding from the plane and pits. The SEM images
of all coated NMC surfaces reveal well how the coating material
is distributed. The image of NMC coated with 1 wt-% Al2O3

(Figure 5b) shows a quite continuous coating layer, but the
protruding crystallites are only partially covered or covered

only by a very thin layer, while the regions in between are fully
filled up with the coating agent. By applying 1 wt-% ZrO2

(Figure 5c) also a quite continuous coating layer is achieved,
but in total a lower coverage of the CAM-surface is observed.
However, the coating material distribution of ZrO2 is more
homogeneous in comparison to Al2O3. The ZrO2 coating
material also predominantly accumulates in surface pits of the
NMC, but they are less covered than in the case of the Al2O3

Figure 4. SEM-EDX images of NMC701515 coated by 1 wt-% of the respective fumed metal oxide: BSE images of NMC coated by Al2O3 (a), ZrO2 (b) and TiO2 (c)
and EDX mapping of Al (d), Zr (e) and Ti (f).

Figure 5. SEM images of the surfaces of uncoated NMC (a) and NMC701515 coated by 1 wt-% Al2O3 (b), ZrO2 (c) and TiO2 (d).

Batteries & Supercaps
Articles
doi.org/10.1002/batt.202100016

1007Batteries & Supercaps 2021, 4, 1003–1017 www.batteries-supercaps.org © 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 20.05.2021

2106 / 195734 [S. 1007/1017] 1

 25666223, 2021, 6, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202100016 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [28/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/batt.202100016


coating, while the surfaces of the protruding crystallites are
more covered in the case of the ZrO2 coating. With 1 wt-% TiO2

(Figure 5d) an almost complete coverage of the surface by a
continuous and dense coating layer is achieved. It should be
noted that the degree of surface coverage by coating materials
is influenced by different molecular masses of the used metal
oxides (different molar amount of substances at same mass)
and BET surfaces of the fumed materials. Low molar masses of
coating compounds lead to higher molar amount of substance
and higher BET surfaces lead to smaller aggregates. Both is
tending to result in a higher degree of coverage of the surface.
The BET surfaces of the used fumed metal oxides are shown in
Table 1. In our test 1 wt-% of each coating metal oxide was
used, due to different molar masses this results into different
amounts of substances. The ratio of the amount of substances
is nAl2O3

=nZrO2
= nTiO2

¼ 0:783=0:648=1:00, which reflects the
observed surface coverages in the SEM images.

For a more in-depth microstructure analysis, transmission
electron microscopy (TEM) was performed. Figure 6 shows how
the coating layers are structured. In all three cases, the coatings
consist of aggregated small particles, which in turn consist of
fused primary particles, accumulating at the surface of NMC
and forming a partly porous layer. In contrast the uncoated
NMC shows a clean and flat surface of a primary NMC
crystallite. The porosity of the achieved coating layers is
confirmed by BET measurements of the coated NMCs in
comparison to the uncoated NMC as can be seen in Table 1.

Cross sections of manufactured electrodes before use in a
battery cell were prepared and investigated by SEM-EDX
analysis (Figure 7). The comparison of BSE images with EDX
mappings of the coating metals reveals that the coating layer,
for all three kinds of fumed metal oxides, is still intact and
covers each individual CAM-particle. This demonstrates that all
achieved coating layers remain stable during slurry preparation

and subsequent calendering in the cathode manufacturing
process. An additional annealing step with high temperatures
was not required to fix the coating particles at the NMC
surface.

2.4. Electrochemical Characterization

To investigate the influence of the respective fumed metal
oxide coatings on the cycling performance of high-nickel NMC,
NMC coated with 1 wt-% Al2O3, ZrO2 and TiO2 was evaluated in
coin half-cells (with lithium metal anode). The cycling perform-
ance of coated materials are then compared with the perform-
ance of uncoated NMC and shown in Figure 8. To rule out that
the dry coating process itself has an influence on the cycling
performance, we compared the cycling performance of NMC,
processed in the dry coating approach without coating agents,
with the unprocessed pristine NMC. Hereby no significant
changes in the performance were observed. The cycling data is
presented in Figure S1 (supporting information). All three
fumed metal oxide coatings clearly improve the cycling
performance of high-nickel NMC. All coated NMC materials
show slightly higher initial specific discharge capacities than
bare NMC. We attribute this to a beneficial side effect of the
stable coating layers, namely the improvement of the storage
properties of high-nickel NMC by keeping off CO2 and H2O.

[53]

High-nickel NMC tends to suffer from lithium loss upon
formation of surface impurity compounds, mostly carbonates,
resulting in a capacity decrease.[54,55] This is discussed in more
detail by analysis of voltage-capacity curves of initial charge
profiles below.

At the beginning of the cycling sequence, the rate
capabilities of the materials were evaluated. Therefore, the cells
were discharged at different rates from 0.1 C to 4 C. The

Table 1. BET surfaces of the respective fumed metal oxides and the NMC dry coated by them.

Al2O3 ZrO2 TiO2

BET surface [m2/g] 130 45 90

uncoated NMC Al2O3@NMC ZrO2@NMC TiO2@NMC

BET surface [m2/g] 0.48 1.5 0.85 1.2

Figure 6. TEM images of a) uncoated NMC, b) NMC coated by 1 wt-% Al2O3, c) NMC coated by 1 wt-% ZrO2 and d) NMC coated by 1 wt-% TiO2. Carbon and
platinum protective layers were deposited on top of the film for focused ion beam (FIB) preparation.
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discharge curves at the different C-rates are shown in Figure 9.
With increasing current density, the discharge capacities of the
cathode electrodes gradually decrease for all samples, which
results from limited lithium diffusion in the CAM secondary
particles. With an increase of current density, the discharge
capacities of all coated NMCs are superior to uncoated NMC.
Clearly, the three coating layers show different effects on the
rate capability of NMC cathodes. The best rate performance is
observed with Al2O3-coated NMC (discharge capacity of
134 mAh/g at rate of 4 C), while ZrO2-coated NMC (discharge
capacity of 125 mAh/g at rate of 4 C) shows a slightly better
rate performance compared to NMC with TiO2 coating (dis-
charge capacity of 115 mAh/g at rate of 4 C).

Our findings agree quite well with the results of Li et al.,[56]

who investigated the influence of Al2O3, ZrO2 and TiO2 ALD
coatings on LiCoO2. For TiO2 and ZrO2 coatings an increase in
rate capability of the LiCoO2 cathodes was found, while for the
ZrO2 coated CAM an enhanced effect on the rate performance
improvement compared to TiO2 was obtained. The data for the
Al2O3 coating do not agree with our results. Li et al.[56] observed
no increasing rate performance using Al2O3 as coating material
on LiCoO2, while we observed the best rate performance for
Al2O3-coated NMC.

As shown in a previous report,[45] lithium ions tend to be
incorporated in the fumed Al2O3 coating layer during cycling
and form LixAl2O3/LiAlO2, contributing to the significantly
increased rate performance. XPS analysis, presented later in this
article, also strongly indicates a lithium ion integration in
fumed ZrO2 and TiO2 coating layers.

It is important to notice at this point that the applied
amount of coating material has a significant influence on the
rate performance, as we showed in our previous report.[45] The
best performance with Al2O3-coatings was achieved when a
coating mass fraction of 1 wt-% was applied. In this work, the
fraction of coating agent was therefore set to 1 wt-% for better
comparability. Consequently, the amount of coating material

for ZrO2- and TiO2-coated NMC is presumably not optimized to
achieve the best rate performance, but it still allows con-
clusions on the rough trend. Coating layer thickness and
coating layer porosity are important parameters influencing the
rate performance of coated cathode materials. To achieve the
best possible rate performance for ZrO2 and TiO2 coatings, a
more detailed analysis to optimize these parameters would be
necessary for each coating material, which is beyond this study.
Nevertheless, a clear trend can be derived from the results.

Although lithium zirconate is attributed a significantly
higher lithium ion conductivity than γ-lithium aluminate,[57,58]

we observed the highest rate capability for the fumed Al2O3-
coated NMC. However, as can be seen in Table 1, the BET
surface area of the Al2O3-coated NMC (1.5 m2/g) is significantly
higher than that of the ZrO2-coated sample (0.85 m2/g).
Obviously, a higher porosity is achieved with the Al2O3 coating
layer. These results indicate a strong influence of the coating
layer porosity, on the rate capability, which is a purely physical
parameter. Assuming that the liquid electrolyte penetrates the
porous coating layer, we suggest that the porosity of the
coating has a significant influence on the lithium transport
across the layer, besides the lithium diffusion coefficients of the
coating materials themselves, since the diffusion coefficient of
the liquid electrolyte is orders of magnitude higher than that of
the lithiated metal oxides.[57–61] Therefore, the rate performance
of ZrO2 coated NMC cannot be optimized by varying the mass
fraction of ZrO2 such that it reaches the performance of Al2O3

coated NMC. We attribute the lower rate performance in this
case to inferior physical properties of the ZrO2 coating layer. It
is very likely that, when the coating layers of Al2O3 and ZrO2

coated materials would have the same porosity, the rate
performance of ZrO2-coated NMC would be superior. However,
porosity cannot be influenced by variation of the coating
fraction. For this purpose, the primary particle size has to be
optimized towards smaller primary particles and higher BET
surface areas, which will be part of future work.

Figure 7. SEM images of cross sections of manufactured electrodes of NMC701515 dry coated by 1 wt-% fumed metal oxides: BSE images (a: Al2O3-coated, b:
ZrO2-coated and c: TiO2-coated NMC) and corresponding EDX mappings (d: Al, e: Zr and f: Ti) show that coating layers are still intact after electrode
manufacturing process.
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The porosities of Al2O3 and TiO2 coating layers are in the
same range, nevertheless, the rate performance of TiO2 coated
samples is significantly lower. By reducing the coating fraction
of TiO2, the effective thickness of the coating layer will be
reduced to a small extent, which then should enhance the rate
performance to some extent. As the gap in rate performance
between TiO2 coated and Al2O3 coated NMC is large, it is
unlikely that the rate performance of TiO2 coated NCM can be
improved to the extent that it can compete with the Al2O3

coating. Consequently, the superior rate performance of the
Al2O3 coated NMC is attributed to favourable chemical proper-
ties of Al2O3.

Even though a significantly higher porosity was achieved
for the TiO2 coated NMC (1.2 m2/g), a lower rate performance
was observed compared to the ZrO2 coated sample (0.85 m2/g).
Optimization of the TiO2 coating layer thickness could raise the
rate performance of the two materials to almost the same level.
Since the physical parameters of the ZrO2 coating layer are

inferior and the rate performance can still compete with TiO2

coated material, ZrO2 is attributed superior chemical properties.
In comparison, the uncoated NMC delivers only 90 mAh/g

at this rate. These results indicate that the solid electrolyte
interface (SEI) formed by electrolyte decomposition products
on the uncoated NMC surface during cycling has a higher
lithium ion resistivity than the porous coating layers. Con-
sequently, the coating layers successfully prevent decomposi-
tion of electrolyte on the surface of the cathode material and
growth of a thick SEI layer during cycling.

After the rate test, a long-term cycling sequence was
applied at a rate of 0.5 C (Figure 8). The highest improvement
in cycling stability and capacity retention was achieved by
coating with Al2O3, showing a discharge capacity loss in long-
term cycling of only 5.4% (from cycle 25 to cycle 100). For the
ZrO2 coated sample, slightly higher capacities were recorded
overall compared to TiO2 coated NMC, but the slope of capacity
decrease is somewhat steeper (15.4% from cycle 25 to
cycle 100 for ZrO2 coated, compared to 13.1% for TiO2 coated

Figure 8. Cycling performance of NMC701515 dry-coated by the respective fumed metal oxides (1 wt-%) and uncoated NMC (average of 3 cells each):
Absolute (top) and normalized (bottom; left: rate test, right: long-term cycling sequence) discharge capacities.

Batteries & Supercaps
Articles
doi.org/10.1002/batt.202100016

1010Batteries & Supercaps 2021, 4, 1003–1017 www.batteries-supercaps.org © 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 20.05.2021

2106 / 195734 [S. 1010/1017] 1

 25666223, 2021, 6, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202100016 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [28/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/batt.202100016


NMC). In contrast, the capacity decrease of uncoated NMC is
distinct, a capacity loss of 20.8% is detected. These findings
again agree very well with the results of Li et al.[56]

The improved cycling behavior of the coated CAMs is
attributed to a successful protection of the reactive surface of
the high-nickel cathode material from detrimental side reac-
tions. The surface is shielded by fumed metal oxide coatings
against electrolyte decomposition and the formation of a thick
SEI layer, which would hinder the diffusion of Li+-ions and
electrons, leading to capacity fading.[62,63] Additionally, the
attack of acidic HF, produced by LiPF6 in the electrolyte, is also
prevented due to the HF-scavenging effect of Al2O3, ZrO2 and
TiO2.

[28,56,64–67] The dissolution of transition metal ions out of the
surface of the cathode material into the electrolyte and the
resulting lattice distortion in the cathode material, which is also
an important reason for the decreasing capacity during
charge–discharge processes, is thus inhibited.[2,3,6,7]

The protection effect of high-nickel NMC-surfaces defini-
tively depends on the chemical nature of the metal oxides used
as coating agents and not only on the coverage of the CAM
surface, whereby a higher degree of surface coverage results in
improved long-term cycling stability due to less uncovered and
reactive surface areas. This chemical protection effect seems to
be strongest for Al2O3 as coating material.

Although the surface coverage of the ZrO2 coated sample is
lower compared to Al2O3 coated NMC and can be increased by
optimization of the coating fraction, it is improbable that ZrO2

coated NMC reaches the long-term cycling stability of Al2O3

coated NMC, since the gap in the long-term cycling perform-
ance of both samples is large. Additionally, it is established that
lithium ions migrate preferably along grain boundaries in NMC
secondary particles, because of a low diffusion energy barrier,

providing a fast diffusion pathway.[68,69] Especially in these
important regions, the coverage by the coating material is very
high for all coating agents. Therefore, a further increase in
surface coverage is expected to have a rather small influence
on the long-term cycling performance. Therefore, we attribute
to Al2O3 a more pronounced protection effect for CAM surfaces
than to ZrO2, due to the chemical nature of the materials.

The TiO2 coated NMC already shows an almost full coverage
of the surface, and we know from previous studies,[45] that a too
thick coating layer results in decreased long-term cycling
stability. Therefore, the long-term cycling stability of TiO2

coated NMC cannot be further enhanced significantly by
adjusting the coating fraction. Consequently, it is impossible
that the TiO2 coated NMC exceeds the Al2O3 coated NMC in the
long-term cycling stability. This is again attributed to the
superior protection effect of Al2O3 due to its chemical proper-
ties.

Since the surface coverage of ZrO2 coated NMC is
significantly lower compared to TiO2 coated NMC and the gap
in the long-term cycling performance is not distinctive, it can
be hardly concluded whether the long-term cycling stability of
ZrO2-coated NMC can exceed the one of TiO2 coated NMC by
adjusting the physical parameter of surface coverage. This will
be investigated in further studies.

Summarizing, the optimal coating agent to achieve the
best overall cycling performance for this investigated
NMC701515 is 1 wt-% of Al2O3, combining good rate capability
with high capacity retention.

Figure 10 shows the voltage vs. capacity profiles of charge
and discharge curves of uncoated and NMC coated by 1 wt-%
Al2O3, ZrO2 and TiO2 cycled between 3.0 and 4.3 V. In the first
charging profile of the uncoated NMC (Figure 10a), an initial

Figure 9. Galvanostatic discharge profiles of uncoated NMC and NMC coated by 1 wt-% fumed Al2O3, ZrO2 and TiO2 cycled between 3.0–4.3 V at room
temperature at various discharge rates.

Batteries & Supercaps
Articles
doi.org/10.1002/batt.202100016

1011Batteries & Supercaps 2021, 4, 1003–1017 www.batteries-supercaps.org © 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 20.05.2021

2106 / 195734 [S. 1011/1017] 1

 25666223, 2021, 6, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202100016 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [28/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/batt.202100016


voltage peak appears at the very beginning of the charging
process, reaching up to 4.1 V. Afterwards, the voltage is
decreasing to approx. 3.8 V again, before it increases slowly to
4.3 V. The first charging curve of the uncoated sample lies at
higher voltages compared to coated NMCs, indicating a higher
resistance. However, the initial voltage peak feature of the
uncoated sample is not anymore observed in further cycles.
Exactly this phenomenon was observed by Jung et al.,[54] who
ran storage tests on high-nickel NMC and investigated the
influence on the cycling performance. The residual lithium on
high-nickel NMC surfaces tends to react with humidity and
subsequently the initially created surface hydroxides form
carbonates via the reaction with CO2 during storage.[54,55] These
impurities form an insulating and therefore resistive layer,
covering the active material particles and result into the higher
potential of the charging curve.[54] The disappearance of the
initial voltage peak in subsequent cycles indicates decomposi-
tion of the impurities during the first charge.[54] In contrast, for
the coated samples no initial voltage peak and a lower
potential in the charging curve is observed; delithiation of NMC
starts at approx. 3.7 V. This indicates that no significant amount
of surface impurities is present on the coated samples. Please
note that the fresh NMC material was coated and the uncoated
and coated NMCs were stored for several weeks before they
were used for this study. Consequently, the coating layers
successfully shielded the surfaces of NMC during storage.

The comparison of first cycle coulombic efficiencies reveals
that the highest irreversible capacity loss of 22% was observed
for uncoated NMC. The Al2O3 coated sample shows only a loss
of 13%, while for ZrO2 and TiO2 coatings losses of 17% and
14% were observed. The lower initial coulombic efficiency of
uncoated NMC resulted from a decreased discharge capacity,
caused by the decomposition of surface impurities like Li2CO3

and LiOH on the uncoated NMC surface, leading to the
irreversible capacity loss. After their decomposition in the first

charging step, the contained lithium was obviously lost and
could not take part in the cycling process anymore. It is
important to consider that the formation of a SEI layer also on
the anode side contributes to the irreversible capacity loss.

Upon cycling, the discharge capacity of uncoated NMC
(Figure 10b) decreases at a faster rate than that of Al2O3

(Figure 10c), ZrO2 (Figure 10d) and TiO2 coated NMC (Fig-
ure 10e). Moreover, there is a voltage drop at the beginning of
each discharging step, growing with increasing cycle number
(marked with circle in Figure 10). The change of the polarization
voltage over the cycles is illustrated in Figure 10f. In the initial
cycles the increase of polarization voltage is stronger for all
samples, while it stabilizes to a certain degree after about
9 cycles. This phenomenon could be attributed to the forma-
tion and activation of the SEI. As the number of cycles increase,
the uncoated NMC discharge potential decreases greatly with
large electrochemical polarization, while those of the coated
NMCs exhibit an improved trend. It clearly shows that Al2O3,
ZrO2 and TiO2 coatings can play a major role in suppressing
electrochemical polarization. The trend which was observed in
the long-term cycling stability test is consistent with the
electrochemical polarization evaluation. The Al2O3 coating
obviously shows the best effect on stabilizing high-nickel NMC,
showing the lowest and most constant polarization over the
cycles (~0.05 V after 100 cycles). The ZrO2 and TiO2 coated
samples show almost the same polarization voltage after
100 cycles (~0.16 V). In comparison to TiO2 coated NMC, the
polarization voltage for ZrO2 coating is lower in cycle numbers
<100, but the slope of the polarization voltage increase is
slightly higher for ZrO2, so it would exceed the curve of TiO2

shortly after cycle 100. For the TiO2 coated NMC a strong
polarization voltage increase is observed in the initial cycles,
almost as strong as for the uncoated sample, but after cycle 9 a
stabilization occurs. After the stabilization, the polarization

Figure 10. Galvanostatic charge and discharge profiles of uncoated and coated NMCs cycled between 3.0–4.3 V at room temperature (Discharge rate cycle 1:
0.1 C, cycle 10–100: 0.5 C): a) Initial charge and discharge curves, b–e) charge and discharge curves from cycle 10 to 100 in steps of 15 cycles (b: uncoated
NMC, c: Al2O3, d: ZrO2, e: TiO2 coated NMC), f) evolution of electrochemical polarization voltages during cycling.

Batteries & Supercaps
Articles
doi.org/10.1002/batt.202100016

1012Batteries & Supercaps 2021, 4, 1003–1017 www.batteries-supercaps.org © 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 20.05.2021

2106 / 195734 [S. 1012/1017] 1

 25666223, 2021, 6, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202100016 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [28/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/batt.202100016


voltage increase of TiO2-coated NMC is significantly lower than
for uncoated NMC (~0.25 V after 100 cycles).

In general, the extent of polarization is closely related to
the interfacial properties.[70] It is well known that decomposition
of electrolyte on the electrode surface causes capacity degrada-
tion and increase in charge transfer resistance.[71] Additionally,
impurity phases on high-nickel NMC surfaces, mostly carbo-
nates with minor fractions of hydroxides and water not only
lead to faster capacity fading, but also increase the impedance
of the NMC cathode.[54] The decomposition of LiPF6 by trace
amounts of water leads to a release of corrosive HF and
inactive LiF.[72] These side reactions increase the charge transfer
resistance and the LiF phase formed on the electrode surface is
highly resistive to lithium ion migration,[73] resulting in a
capacity and voltage fading. Uncoated NMC shows the highest
slope of electrochemical polarization, indicating severe polar-
ization caused by side reactions and a steady growth of a thick
SEI-layer with large resistance.[74,75] The reduction of electro-
chemical polarization voltage evolution during cycling by the
applied coatings confirms the successful suppression of the
interfacial side reactions between the cathode materials and
electrolyte, reducing the interfacial resistance.

The voltage vs. capacity profiles show how the discharge
capacity and also the medium discharge voltage are decreasing
over the cycles (Figure 10). The area under the discharge plot
can be correlated to the output energy delivered by the
battery. The order of the achieved output energy for the
samples is Al2O3>ZrO2>TiO2 coated NMC>uncoated NMC
(until cycle 100). The detailed discharge capacities, medium
discharge voltages and the corresponding output energies at
cycle 100 are listed in Table 2.

2.5. Analytical Characterization of Cycled Electrodes

2.5.1. Effects of coatings on NMC cracking

SEM-EDX images of cross sections of cycled electrodes are
shown in Figure 11. In the BSE image of the electrode
containing the fumed Al2O3-coated NMC (Figure 11a), it can be
seen that NMC particles are still intact, even after extensive
cycling (250 cycles). The SEM-EDX mapping of Al (Figure 11b)
reveals that the fumed Al2O3 coating layer is still at the surface
of each cathode material particle and intact. In case of the ZrO2

coated NMC (Figure 11c,d) significantly stronger crack forma-
tion is observed, whereas within the TiO2 coated samples
(Figure 11e,f), only moderate crack formation is detected. In
both samples the fumed metal oxide coating layers remained

mostly intact. This demonstrates that all dry coated fumed
metal oxide coating layers remain not only stable during slurry
preparation and cathode manufacturing, but they also remain
intact during extensive battery cycling.

In contrast, severe crack formation and particle disintegra-
tion was detected in the uncoated NMC electrode after cycling
(Figure 11g). Most of the secondary particles fragmented
completely into primary crystallites, generating new surfaces
for further electrolyte decomposition and SEI formation, caused
by the increase in surface area of cathode material, which is
exposed to the electrolyte. The consequence is further
impedance increase, degradation of performance and capacity
fade. Additionally, the loss of inner particle connectivity is
giving rise to increased polarization as can be seen in
Figure 10f.[1]

Table 2. Discharge capacities, medium discharge voltages and corresponding output energies at cycle 100 for the uncoated and coated NMCs.

Discharge capacities
[mAh/g]

Medium discharge voltage
[V]

Output energy
[mWh/g]

Uncoated NMC 97.6 3.61 352
Al2O3 coated NMC 154.2 3.76 580
ZrO2 coated NMC 137.1 3.70 508
TiO2 coated NMC 130.8 3.68 482

Figure 11. SEM-EDX images of cross sections of cycled electrodes after
250 cycles of Al2O3 (a: BSE, b: EDX image), ZrO2 (c: BSE, d: EDX image; current
collector was detached during sample preparation process), TiO2 coated
NMC (e: BSE, f: EDX image) and uncoated NMC (g: BSE image; current
collector detached).
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It is known that liquid electrolyte permeates and penetrates
along grain boundaries in the secondary particle structure of
CAMs,[28,76,77] and that reaction between CAM and liquid electro-
lyte leads to the formation of species such as Li2CO3, LiF and
POxFy.

[78,79] The formation of these species results in consump-
tion of electrolyte, depletion of conducting salt in the electro-
lyte and formation of a thick SEI layer on the surface and along
the grain boundaries of the cathode particles.[77] Thickening of
SEI along grain boundaries, as well as the layered to spinel/
rock-salt phase transformation that can be observed in the
surface areas of grains during cycling and transition metal
migration to lithium sites is causing more and more mechanical
stress in the secondary particle structure.[28,77,80] These high
energy boundaries, that are strongly strained during cycling,
appear to induce intergranular crack formation in the secon-
dary particle structure.[28,80] Subsequently, prolonged cycling
will lead to fracture and disintegration of the active materials
secondary particles along the grain boundaries.[81] This leads to
a self-amplification of the problems associated with solid-liquid
reaction due to a continuous increase in surface area and hence
more active sites for parasitic reactions.[76,78,81]

Since the coverage of these reactive sites (i. e., the grain
boundary regions at the particle surfaces) by fumed metal
oxides in our dry coating approach is especially high, it can be
expected that the coating material on top of the grain
boundaries impedes the penetration of the electrolyte to a
certain degree. Please note, that the coating layers are not
consistently porous, due to a certain densification and
coalescence of the coating particles on the surface. Even more
important is that the coating materials effectively prevent the
diffusion of HF inside the vulnerable grain boundaries due to
their remarkable HF-scavenging abilities. According to Edström
et al. it is especially important to reduce the impact of HF on
the electrode surface chemistry.[82] The highly acidic HF
dissolves transition metal ions out of the surface of the cathode
material into the electrolyte, causing lattice distortion in the
cathode material and consequently crack initiation.[2,3,6,7]

Furthermore, Börner et al.[83] demonstrated that local inho-
mogeneities, which are always present in cathodes, lead to
overcharge conditions driven by local inhomogeneity in SOC
and current densities. Beyond that, accelerated kinetics on the
surface[84] or at grain boundaries[85] lead to a highly delithiated
structure on the surface of each primary particle within the
secondary particles.[83] Due to a repulsive interaction of
adjacent transition metal oxide layers and the formation of new
phases with larger lattice parameters, like the spinel structure
that forms as a result of the transition metal migration in the
highly delithiated NMC, the highly delithiated areas suffer from
anisotropic stress.[83,84,86–89] This will cause discrete particle
cracking which is accompanied with the detachment of particle
fractions and capacity fading due to the loss of electric
contact.[83,90,91] This degradation is significantly more pro-
nounced with increasing C-rates due to the higher impact of
local inhomogeneity on local current densities and
potentials.[83] Our coating layers may help to mitigate this
phenomenon by improving the conductivity of the cathode,
what can be derived from the significant enhancement in the

rate performances of the coated samples. This should reduce
local inhomogeneity in SOC and current densities in the
electrode.

Besides these effects, the coating layers can also act as a
kind of adhesive glue, holding the outer sphere of the
secondary particle structure together. Since the physical
interactions are strong enough to keep the dry coated particles
attached to the CAM surface, even under the shear forces
during cathode slurry preparation and subsequent calendering
in the cathode manufacturing process, this impact should not
be underestimated but cannot be quantified. Tsai et al.[92]

clearly demonstrated that a thin surface layer of binder is
sufficient to prevent the disintegration that occurs for uncon-
strained high-nickel CAM particles. Although radial cracks still
appear, these cracks are not open to the surface of the particle
and particle separation is not observed.

We conclude that dry coated layers made from fumed
metal oxides are able to successfully protect surfaces of high-
nickel cathode materials from detrimental side reactions,
reduce crack formation and particle disintegration. The ob-
served protective trend from the investigation of cycled
electrodes is Al2O3>TiO2>ZrO2, which confirms the results of
the long-term cycling test in the electrochemical evaluation
section.

2.5.2. Reactions of coatings during cycling

X-ray photoelectron spectroscopy (XPS) analysis was performed
to investigate whether lithium ions enter into the fumed ZrO2

and TiO2 layers, like it was observed in fumed Al2O3 coatings in
our previous work.[45] Figure 12 shows XPS data of cycled
electrodes containing ZrO2 coated NMC and TiO2 coated NMC.
In the Li1s-spectrum of cycled ZrO2 coated NMC and cycled
TiO2 coated NMC a signal at 54.7 eV is detected, which is
identical to the signal of lithium zirconate and lithium titanate
reference samples, respectively. Furthermore, in both samples a
peak at 55.8 eV is detected and identified as LiF by comparison
with a commercial reference sample. The signals at 53.9 eV,
detected at both samples, correspond to the signal of fresh
grinded bare NMC701515.

Additionally, in Figure 12 Zr2p and Ti2p spectra of uncycled
and cycled coated electrodes are compared to lithium zirconate
and lithium titanate spectra of reference compounds. For both,
Zr2p and Ti2p signals, a small shift towards lower binding
energy of the cycled electrodes, compared to the uncycled
samples, is observed. The signals are in between the signals of
the uncycled samples and the fully lithiated reference com-
pounds, giving a strong hint that both coatings are partially
lithiated to LixZrO2+0.5x and LixTiO2+0.5x, like it was observed for
fumed γ-Al2O3 coating layers.[45]

Since XPS-measurements indicate the partial formation of
LixZrO2+0.5x and LixTiO2+0.5x, we assume incorporation of lithium
ions also in fumed ZrO2 and TiO2 coating layers during cycling.
This would contribute to the increased rate performance and
lithium ion diffusivity in the electrode and could explain the
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significantly improved rate performance of ZrO2 and TiO2

coated NMC, observed in the electrochemical evaluation.
We assume that lithium ion migration across the partly

porous coating layer is proceeding through preferred paths
with the lowest resistance and only here the lithium ions
interact with the coating layers, like it was observed for fumed
Al2O3 coatings.[45] Along these paths, the lithium diffusivity is
enhanced permanently in LixZrO2+0.5x compared to ZrO2 and
LixTiO2+0.5x compared to TiO2.

[93–95]

3. Conclusions

Nanostructured fumed Al2O3, TiO2 and ZrO2 were coated
successfully by dry powder high energy mixing on high-nickel
NMC. The different fumed metal oxides were processed equally;
no significant differences in mixing intensity and time for
coating procedure were observed. The small nanostructured
aggregate sizes result in a quite homogeneous coating layer
around each cathode active material particle. After dry coating,
no sintering process was applied to fix the particles, and the
coating layers remain intact during the cathode manufacturing
process. A beneficial side effect of the coating layers is that
hydroxide and carbonate surface impurity formation on high-
nickel materials during storage appears to be prevented. For
each coated NMC a significantly enhanced long-term cycling
stability was observed. The trend is ZrO2<TiO2<Al2O3. This
trend is supported by investigations of cross sections of cycled
electrodes, revealing that Al2O3 and TiO2 coating layers prevent
cathode particle cracking and disintegration successfully, while
the ZrO2 coating shows only moderate protection. Since the
Al2O3 coating layer shows not the best physical parameters for
the long-term cycling stability (highest surface coverage)
among the tested coating agents, its higher protective effect of
high-nickel NMC surfaces from detrimental side reactions is
attributed to the superior chemical nature of Al2O3. Addition-
ally, this is supported by voltage-capacity profiles, showing that
the best voltage fade improvement during cycling is achieved
for Al2O3 coatings. Due to different physical parameters
(degrees of surface coverage) of the ZrO2 and TiO2 coating
layers, it is hard to conclude which material has the best
chemical properties for protecting the surface of NMC. There-
fore, this will be investigated in further studies.

Furthermore, each coating material distinctly enhances the
rate performance compared to uncoated NMC in the row
Al2O3>ZrO2>TiO2. XPS measurements of cycled electrodes
indicate partial incorporation of lithium ions in the crystalline
TiO2 and ZrO2 coating layers, contributing to the enhanced
lithium transport across the CAM surface layer, like it was
observed for fumed γ-Al2O3 coatings before.[45] Furthermore, it
seems that the physical parameter of coating layer porosity,
which is influenced by the BET surface area of the coating
agent, has, besides the chemical composition of the coating
material, a significant effect on the rate capability of the coated
CAMs. Since lithium zirconate is attributed a significantly higher
lithium ion conductivity than γ-lithium aluminate,[57,58] the
lower rate performance of the ZrO2 coated NMC arises from the
inferior physical properties of the coating layer. It is very likely
that, when these materials have the same porosity, the rate
performance of ZrO2-coated NMC will be superior. However,
this parameter can only be optimized in the fumed particle
synthesis, which requires further work in the future. By contrast,
the superior rate performance of the Al2O3 coated NMC
compared to the TiO2 coated sample can clearly be attributed
to the favourable chemical properties of Al2O3. In terms of rate
performance, ZrO2 is attributed favorable chemical properties
compared to TiO2.

Figure 12. XPS analysis of cycled electrodes containing ZrO2 coated NMC
and TiO2 coated NMC. Top: Li1s spectrum of cycled ZrO2 coated NMC and
Zr3d spectra of uncycled and cycled ZrO2 coated NMC, compared to the
reference spectrum of lithium zirconate (LZO); Bottom: Li1s spectrum of
cycled TiO2 coated NMC and Ti2p spectra of uncycled and cycled TiO2 coated
NMC, compared to the reference spectrum of lithium titanate (LTO).
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The best overall cycling performance of coated high-nickel
NMC was achieved by coating with fumed Al2O3, providing the
highest rate capability and long-term cycling stability. Fumed
ZrO2 and TiO2 coatings also improve the cycling performance of
NMC significantly, whereby ZrO2 leads to higher rate perform-
ance and TiO2 to higher long-term cycling stability, compared
to each other.

In conclusion, the developed dry coating process is a very
effective method to protect the surface and enhance the
performance of CAMs. The process is easily scalable to large
scale high intensity mixers and therefore suitable for industrial
manufacturing. Furthermore, the coating process can be trans-
ferred to other types of CAMs. Other metal oxides are under
investigation as potential coating agents.
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