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Facile Dry Coating Method of High-Nickel Cathode
Material by Nanostructured Fumed Alumina (Al,O3)
Improving the Performance of Lithium-lon Batteries

Marcel J. Herzog, Nicolas Gauquelin, Daniel Esken, Johan Verbeeck, and Jiirgen Janek*

Surface coating is a crucial method to mitigate the aging problem of high-Ni
cathode active materials (CAMs). By avoiding the direct contact of the CAM and
the electrolyte, side reactions are hindered. Commonly used techniques like wet
or ALD coating are time consuming and costly. Therefore, a more cost-effective
coating technique is desirable. Herein, a facile and fast dry powder coating
process for CAMs with nanostructured fumed metal oxides are reported. As the
model case, the coating of high-Ni NMC (LiNio ;Mng.15C00.150,) by nano-
structured fumed Al,O; is investigated. A high coverage of the CAM surface with
an almost continuous coating layer is achieved, still showing some porosity.
Electrochemical evaluation shows a significant increase in capacity retention,
cycle life and rate performance of the coated NMC material. The coating layer
protects the surface of the CAM successfully and prevents side reactions,
resulting in reduced solid electrolyte interface (SEI) formation and charge transfer
impedance during cycling. A mechanism on how the coating layer enhances the
cycling performance is hypothesized. The stable coating layer effectively prevents
crack formation and particle disintegration of the NMC. In depth analysis
indicates partial formation of Li,Al,0;/LiAlO, in the coating layer during cycling,
enhancing lithium ion diffusivity and thus, also the rate performance.

service life, as well as to reduce costs.'™!

Among all available cathode materials,
high-nickel NMC (LiNi,Mn,Co,0, with
x+y+2z=1 and x>0.5) is one of the
most promising candidates to meet these
requirements.! The high-nickel content
provides a higher specific capacity and rel-
atively lower costs in comparison with
cobalt-rich materials.®>!

A major general problem with layered
cathode materials is still the aging and thus
the loss of performance during cycling.
This phenomenon is especially relevant
for high-nickel NMC." During cycling
the NMC materials suffer from several
electrochemical degradation. Surface trans-
formations such as the formation of a NiO-
like phase due to the reduction of Ni** in a
highly delithiated state and oxygen loss as
well as transition metal rearrangement
destabilize the crystal structure.*'? This
phase transition and also the volume
change during (de)lithiation are supposed
to initiate cracks in the cathode particles
and lead to subsequent particle disintegra-

1. Introduction

For the upscaling of state-of-the-art lithium-ion battery (LIB)
technology from consumer electronics to large format
cells for grid energy storage or electric vehicles, further develop-
ment of active and inactive materials is still essential. The rising
demand for high-performance LIBs necessitates to increase the
energy density, power density, thermal stability, safety, and

tion.”**! In addition, the liquid electrolyte decomposes at the
reactive surface of high-nickel NMC and electrolyte decomposi-
tion products deposit at the interface, leading to an increased
resistance.>'>"'”) Furthermore, the conducting salt LiPFs, which
is commonly used in liquid electrolytes, reacts with trace
amounts of H,O, in all commercial cell components, to form
hydrogen fluoride (HF).'® The formed HF causes lattice distor-
tion in the cathode material by dissolution of transition metal
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ions out of the surface of the cathode material into the electro-
lyte.>>192% All of these degradation mechanisms result in a
decrease in capacity, performance, and cycle life.[1417-19-21]

Surface coating has proven to be a very effective method to
mitigate this aging problem by suppressing the direct contact
between the active materials’ surfaces and the liquid electro-
lyte.[#715:2223] A beneficial side effect of a stable coating layer
is the improved storage property of high-nickel materials by
keeping off CO, and H,0.?*?" High-nickel materials tend to
form surface impurities at ambient conditions, mostly carbo-
nates, resulting in an enhanced capacity fading, increase in
impedance, and gas generation during cycling.**%”!

Apart from metal phosphates,*®**) metal fluorides,!
active electrode materials,*>”! and carbon,***% the most com-
monly used materials for the modification of cathode material sur-
faces are a vast variety of metal oxides, e.g., Si0,,[*1 AL O, [#243]
TiO,, " V,05,177) Zr0,,*#*1 Zn0 ** MgO,** C0;0,,1*"! Ce0,,**!
and so on. Among these AL,Os is the most established coating
material. For example, Mohanty et al.™® could significantly
preserve the surface of NMC 811 (LiNipgMng1Co010,; ratio
between nickel, manganese and cobalt = 8:1:1) particles by apply-
ing a 10nm AL, O3 coating layer. The cycling performance was
significantly enhanced and the impedance decreased. No cracking
and particle disintegration were observed. In addition, Al,O; acts
as a very efficient HF scavenger.**~>"

Commonly used methods for applying coatings on cathode
materials are wet chemical 17414852 sol—gel,[43’45] and atomic
layer deposition (ALD) coating.*#*¢>31 However, solvent-based
coating approaches have recently become less favored because
they require subsequent heating and drying steps, which cause
additional energy costs.?”! In addition, the utilization of organic
solvents is accompanied by environmental concerns over the
resulting waste streams and possible volatile organic compound
emissions.’* The alternative ALD technology provides thin films
with excellent conformity, leading to uniform coatings over mor-
phologically complex surfaces,”® but has disadvantages of low
throughput and expensive running costs due to a low formation
rate of the coating layer and expensive reactants.*® Thus, the
ALD process is considered critically for large-scale industrial
production.['

A less investigated coating technique for cathode active mate-
rials (CAMS) is the dry particle coating approach.’?**”*”) During
this process larger core particles (micron-sized) are coated
directly with fine submicron-sized particles (coating material)

30-34]

short

—_———
mixing

ﬁ fumed metal oxide

agglomerates

www.entechnol.de

by mechanical forces without using any solvents and
binders.**#3% As the size of the coating material particles is
very small, van der Waals or electrostatic interactions and the
mechanical forces applied by the coating process keep them
firmly attached to the larger core particles.>***? It does not
involve harmful solvents and subsequent drying, resulting in
substantial energy, cost, and time savings. This makes dry
particle coating a very promising economically efficient and
environmentally friendly method for surface modification.!*”
Zheng et al.®*! recently published a dry mechanofusion coating
process of NMC 622 with nano-Al,O;. By this process, a nonpo-
rous Al,O5 coating layer was achieved that was retained during
slurry making and improved LIB cathode cycling performance.

In this article we demonstrate a quite different dry coating
approach of NMC701515 with a fumed nanostructured Al,O5
by using a fast and simple process in a high energy mixer. By
using the high energy mixer, the mixing time can be reduced
significantly compared with the mechanofusion system, approx-
imately by a factor of 4 from about 30 to 7 min.l®®! In contrast to
Zheng et al.l®®! we achieve a porous coating layer, showing a
reduced impedance, which is also very robust and durable.
The fumed nanostructured Al,O; coating layer remains on the
surface, without subsequent annealing, and protects the cathode
particles successfully. Electrochemical evaluation of optimized
coatings shows a significant enhancement in rate performance
and capacity retention by the optimal amount of coating material,
while the solid electrolyte interface (SEI) and charge transfer
impedance is decreased. At the end, we elucidate the mechanism
of the stabilization of the cathode material by the Al,O; coating
by analyzing cycled electrodes.

The significant improvement of cathode cycling performance
with a low amount of inactive coating material and the easy
upscalability to large scale high intensity mixers makes our
dry coating approach a highly promising process for commercial-
ization in industrial manufacturing. This process is also easily
transferable to other cathode materials and coating materials.

2. Results and Discussion
2.1. Dry Coating Process
The principle of our dry coating process of cathode materials

using fumed nanostructured metal oxides is shown in Figure 1.
Micron-sized NMC particles are acting as core particles (host

Densification

Figure 1. Schematic mechanism of the dry coating process in this study (cross-sectional view). The nanostructured fumed metal oxide is deagglomerated
into smaller aggregates during the high energy mixing process and interacts with the surface of the cathode powder. This deagglomeration of the fumed
metal oxide powder is the key of our dry coating method. After appropriate mixing, a continuous and strongly adhesive coating layer is formed.
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Figure 2. a) SEM image of fumed Al,O; single aggregate and b) HRTEM image of fumed Al,05, showing that the material is crystalline, having the

y-Al,O3 structure with a lattice distance of 0.24 nm.

particles) and the submicron-sized metal oxides as coating mate-
rial (guest particles).

The fumed metal oxides are produced by flame hydrolysis and
consist of agglomerated particles, having very high Brunauer—
Emmett-Teller (BET) surfaces (fumed AL,Os: 130m?g~ ).l
Figure 2a shows a scanning electron microscopy (SEM) image
of a fumed Al,Os5 single aggregate. A high-resolution transmis-
sion electron microscopy (HRTEM) image is shown in Figure 2b.
The material is crystalline, having the y-Al,03 structure with a
lattice distance of 0.24 nm. The larger agglomerates can be split
into smaller aggregates, which are built of nuclei formed in the
flame, followed by growth processes (primary particle size of
~12 nm), that are chemically bonded together to form highly
nanostructured 3D entities with a more or less high degree of
branching.[®"! These aggregates cannot easily be split into indi-
vidual primary particles./**!

During the high energy mixing process, the nanostructured
alumina is deagglomerated into smaller aggregates and starts
to interact with the surface of the cathode powder. This deag-
glomeration of the fumed metal oxide powder is the key step
of our dry coating method. The small nanostructured aggregate
size provides high specific surface area and good adhesion to
the CAM particle surfaces. The coating layer consists of
3D nanostructured aggregates 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 strongly adhesive
coating layer. The strong attachment to the surface of the
CAM is attributed to physical interactions only. The coalescence
and interlocking of the fumed aggregates may contribute
to the strong adhesion of the coating layer to the surface.
There is no need for an additional calcination step after dry coat-
ing for fixing the fumed metal oxide particles. Apart from energy
savings this is an additional advantage for the cycling stability.
Han et al.®®! found that annealing of an Al,05-coated high-nickel
NMC leads to the diffusion of Al into the bulk phase. This was
found to be detrimental to the protection function of surface
coatings, leading to poor overall cyclability.l®) The negative
effect of annealing fumed Al,0s-coated NMC on the cycling
behavior is further confirmed by testing an annealed sample later
in this article.

Energy Technol. 2021, 9, 2100028 2100028 (3 of 15)

Due to the strong forces applied to the materials at the high
rotating speed of the rotor, very short processing times (6 min)
are required to achieve the coating. The mixing intensity and
time are crucial for this dry coating process. Under a too low
mixing intensity or a too low mixing time, the energy is not
sufficient to break up the agglomerates, resulting in an incomplete
coverage of NMC surfaces and larger AlL,O; agglomerates,
which are not on the surface but present next to the cathode par-
ticles due to insufficient impact force. If the mixing intensity
is too high, breakage of the secondary particle structure of the
CAM can occur.

2.2. Analysis of Coated Cathode Material

2.2.1. Influence of Coating Process on Host Cathode Material

The particle size distribution (PSD) of the uncoated NMC701515
and the Al,O3-coated NMC is compared in Figure 3 and shows a
nearly identical distribution. This demonstrates that the NMC
particles stay intact after exposure to the high shear forces during
the mixing process and do not break into smaller pieces. The
measured particle size for the uncoated NMC is slightly lower
(Dso=10.63 pm) than for the coated ones (Dso=10.78 pm),
which is reasonable because we are coating material on top of
the surface.

The X-ray powder diffraction (XRD) patterns of the NMC
coated by 1wt% AlLO; (see Figure Sla, Supporting
Information) and the pristine NMC material (Figure S1b,
Supporting Information) are shown in Figure S1, Supporting
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Figure 3. Volume-based PSD of uncoated NMC701515 and NMC701515
coated by 1wt% fumed Al,O;.
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Information. All diffraction peaks are indexed on the basis of the
a-NaFeO, structure with a space group of R-3 m. No difference in
the XRD signals of coated and uncoated NMC was observed,
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.

2.2.2. Characterization of the Coating Layer

The coated and uncoated NMC materials were investigated by
SEM in combination with energy dispersive X-ray spectroscopy
(SEM-EDX). In the elemental mapping of NMC dry coated by
1wt% Al,O3, a fully and homogeneous coverage around all cath-
ode particles was found as indicated by the aluminum signal
(Figure 4a,b). No large Al,O; agglomerates were detected, show-
ing that deagglomeration of nanostructured fumed Al,O; was
successful. In addition, no free unattached Al,O5 next to the cath-
ode particles was found, indicating the strong adhesion between
coating and substrate. The comparison of the BSE images of the
coated (Figure 4a) and uncoated NMC (Figure 4c) confirms that
the particle structure of NMC is maintained during the mixing
process. In contrast, there is no Al signal detected in the EDX
mapping of the uncoated NMC.

Figure 5 shows high-resolution SEM images of NMC coated
by different amounts of Al,O3 (Figure 5a—f) and uncoated NMC
(Figure 5g,h). The pristine NMC consists of small primary NMC
crystallites composing the secondary particle structure. The sur-
face of the secondary structure is very rough, showing particles
protruding from the plane and holes. The primary NMC crystal-
lites itself have a very smooth and clean surface. The SEM images
of the coated NMC particles clearly show the influence of the
fraction of coating material on the coverage of the surface in
the dry coating process. The image of NMC coated by 2 wt%
Al,O5 (Figure 5a,b) shows an almost complete coverage of the
surface by a continuous and dense coating layer. With 1 wt%
Al,O; (Figure 5c,d) still a quite continuous coating layer is
achieved, but the protruding crystallites are only partially covered
or covered by a very thin layer, while the areas in between are
fully filled up by the metal oxide coating. A coating fraction of
0.5wt% AlLO; (Figure 5e,f) predominantly fills the holes in
the surface of the cathode material, while the rest is only sparsely
covered. The influence of the different degrees of coverage of the
cathode particle surfaces on the cycling performance is investi-
gated in the electrochemical section below. Further in-depth ana-
Iytical investigations were only conducted for the best
performing coating fraction of 1wt% Al,O; (see Section 2.3).

www.entechnol.de

Scanning transmission electron microscopy in combination
with energy dispersive X-ray spectroscopy (STEM-EDX) images
of a cross section of NMC coated with 1wt% Al,O; (Figure 6)
elucidate in more detail how the coating material is distributed
at the cathode particle surface. The thickness of the coating layer
strongly depends on the morphology of the surface of the sub-
strate material. Therefore, an exact value for the thickness of the
coating layer cannot be determined. The roughness in the sur-
face of NMC is compensated by the Al,O; coating layer. Our
assumption from the SEM images, that the protruding crystalli-
tes are only partially covered or covered by a very thin layer, while
the areas in between are fully filled up by the porous Al,O3 coat-
ing, is confirmed by the STEM-EDX measurements. In areas of
surface depressions, the coating thickness is increased whereas
the protruding areas are only sparsely coated. A diffusion of alu-
minum into the bulk phase of the cathode material was not
observed in high-resolution EDX images (see Figure S2,
Supporting Information). We assume that the room-temperature
coating process reduces diffusion of aluminum into the NMC
phase to a minimum.

TEM images of cross sections of coated NMC show the micro-
structure of our coating layer (Figure 7a—c). The coating layer is
not densely packed like in other types of coating approaches. The
layer achieved with our dry mixing process using fumed alumina
is porous, containing channels and holes, which probably
enables a faster lithium-ion migration.”® We assume that the
channels are easily penetrated by the electrolyte. This would sig-
nificantly reduce the impedance of the otherwise insulating
Al,O3 coating layer because the lithium-ion conductivity of the
liquid electrolyte is orders of magnitude higher than that of
the metal oxides.[**™*" The porosity of our coating layer is also
confirmed by BET measurements. For uncoated NMC, a BET
area of ~0.48m’g ' is measured, while the 1wt% coated
NMC has an increased BET surface of ~1.50 m? g~ *. The coating
material itself is crystalline having the y-Al,O3 structure with a
lattice parameter of 0.24 nm (Figure 7c).[")

2.3. Electrochemical Measurements

To investigate the influence of the degree of coverage of the
NMC surface by the coating material on cycling performance,
0.5, 1, and 2 wt% Al,Os-coated samples were evaluated in coin
cells. The cycling performances of the coated materials are com-
pared with the performance of uncoated NMC701515, as shown
in Figure 8. The normalized cycling data are shown in
Figure S3, Supporting Information. At the beginning, the rate

Figure 4. SEM images of NMC701515 coated with 1 wt% fumed Al,O5: a) backscattered electrons (BSE) image and b) EDX mapping of Al: ¢) BSE image

of uncoated NMC for reference.
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Figure 5. SEM images of NMC701515 coated by a,b) 2 wt%; c,d) 1wt%; and e,f) 0.5wt% fumed Al,03, and g,h) uncoated NMC.

capabilities of the materials were evaluated. The cells were
discharged at different rates from 0.1 to 4C. The coated
NMC materials show slightly higher initial specific discharge
capacities than bare NMC at 0.1 C. This can be attributed to
a beneficial side effect of a stable coating layer, which is improv-
ing the storage property of high-nickel materials by keeping off
CO, and H,0.%°! The fresh NMC material was coated and both
samples, coated and uncoated, were stored for several weeks
before they were used for this study. Uncoated nickel-rich
materials tend to suffer under lithium loss and form surface
impurities, mostly carbonates, resulting in a capacity decrease
and increase in impedance during cycling,*® while the Al,O,
coating layer prevents the formation of surface impurities by

Energy Technol. 2021, 9, 2100028 2100028 (5 of 15)

effectively shielding the reactive NMC surface against CO, and
moisture.

With an increase in current density, the discharge capacities of
the Al,03-coated NMCs are superior to uncoated NMC. Only at
the rate of 4 C, the 2 wt% Al,03-coated NMC shows an inferior
rate capability, implying that the rate performance is decreasing
again, when the coating thickness of Al,O; and the C-rate gets
too high. At the highest rate of 4 C, the best performance was
achieved for the 1wt% Al,O3-coated sample, showing a dis-
charge capacity of 134 mAh g~ '. In comparison, uncoated NMC
delivers only 90 mAh g ' at this rate. These results indicate that
our porous coating layer has a superior lithium-ion permeability
compared with the SEI, which is formed by electrolyte

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 6. STEM-EDX analysis of a cross section of NMC701515 coated by 1wt% fumed Al,O;. a) high-angle annual dark field scanning transmission
electron microscopy (HAADF-STEM) Z-contrast image; b—f) mapping of Ni, Mn, Co, O, and Al; and g) two-color superposition image of Mn and Al

showing the relative position of both signals.

(a),v

Figure 7. TEM images of cross sections of NMC coated by T wt% fumed Al,O3 showing a,b) the porosity of the coating layer and c) the crystallinity of the

coating material.

decomposition products on the uncoated NMC surface, as long
as the coating thickness is not too high. We conclude that the
coating layer successfully prevents the decomposition of electro-
lyte on the surface of the cathode material.

After the rate test a long-term cycling sequence is applied
at 0.5 C. From the data (Figure 8) it can be clearly concluded
that fumed Al,O3 coatings improve the stability and cycle life
of NMC. The best capacity retention was achieved for Al,O;
coating fraction of 1wt%, still having a discharge capacity of
151 mAh g~ ! with a capacity retention of 92% (related to the first
cycle with rate of 0.5 C, rate test included) after 100 cycles. For the

Energy Technol. 2021, 9, 2100028 2100028 (6 of 15)

0.5 wt% Al,O;-coated sample a capacity of 137 mAh g™! with a
capacity retention of 86% and for the 2 wt% Al,05;-coated sample
a capacity of 131 mAh g~ ! with a retention of 83% are obtained.
In comparison, the capacity decrease in uncoated NMC is
distinct; only a capacity retention of 67% (99 mAhg™") after
100 cycles is obtained.

The optimal coating fraction to achieve the best overall cycling
performance for the investigated NMC701515 is 1 wt% of fumed
Al, O3, combining good rate capability with high capacity reten-
tion. However, the cycling performance strongly depends on the
degree of coverage of the surface and the thickness of the coating

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 8. Cycling performance of NMC701515 dry-coated with different amounts of fumed Al,O3 and uncoated NMC701515 (average of three cells each,

lithium metal as anode).

layer, which, in turn, depends on the surface morphology on the
cathode material. Consequently, the optimum amount of coating
material could vary for different cathode materials.

To confirm the negative effect on the cycling performance of
annealing high-nickel NMC coated with fumed Al,0;, the NMC
coated with 1 wt% Al,0; was annealed at 600 °C for 8 h and then
evaluated electrochemically. The cycling data are shown in
Figure S4, Supporting Information. The rate and long-term
cycling capacities of the annealed sample are still superior to
the uncoated NMC, but significantly lower than for the nonan-
nealed equivalent. The inferior cycling behavior of the annealed
sample is mostly attributed to a reduced porosity of the coating
layer caused by melting and compaction at high temperatures,
impeding the penetration by liquid electrolyte. For the annealed
sample, a BET surface of only 0.58 m* g™ is detected, while the
nonannealed sample shows a BET surface of ~1.50 m® g™*. The
diffusion of aluminum ions into the bulk phase of NMC after
annealing, as observed by Han et al.'**! could contribute to the
inferior cycling performance. However, a detailed analysis of alu-
minum penetration into NMC is beyond the scope of this study.

The improved cycling behavior of the coated NMC is attrib-
uted to a successful protection of the reactive surface of high-
nickel cathode material from side reactions by the fumed
Al O3 coating layer as further proven in the following electro-
chemical impedance spectroscopy (EIS) section. The surface is
shielded against electrolyte decomposition and the formation
of a thick SEI layer, which hinders the diffusion of lithium ions
and electrons, leading to capacity fade, is suppressed.”>”"
Furthermore, the attack of acidic HF, produced by LiPF4 in
the electrolyte, is also prevented due to the HF scavenging effect
of Al,0,;.4°Y This inhibits 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 decreasing capacity during
charge—discharge processes.>*>1920)

EIS measurements were performed for deeper investigations
on the enhanced cycling performance of fumed Al,O;-
coated NMC. Figure 9 shows Nyquist plots of impedance

Energy Technol. 2021, 9, 2100028 2100028 (7 of 15)

measurements of cells containing uncoated NMC and NMC
coated by 1wt% fumed AL, O; before cycling and after several
cycles in charged state. The experimental results of the uncycled
cells show one depressed semicircle in the high-to-mid frequency
range and a straight line at low frequencies, suggesting that these
systems can be interpreted using an equivalent circuit composed
of a resistor, a resistor/constant phase element (CPE) relaxation
loop, and a Warburg element at low frequencies. The equivalent
circuit used for EIS simulation to get quantitative values for the
resistances is shown in Figure 9e. Ry (series resistance) is the
sum of electronic resistances from the electrodes, leads, and ionic
resistance of the electrolyte of the cell at high frequencies; Rcr is
the charge transfer resistance, and Cg is the constant-phase ele-
ment corresponding to the electric double-layer capacitance. The
tail at low frequency is assigned to a Warburg impedance (Z),
exhibiting the diffusion of lithium in the electrode.

EIS spectra of cycled cells contain an additional depressed
semicircle at high-to-mid frequency, suggesting that these sys-
tems can be interpreted using an equivalent circuit with an addi-
tional resistor/CPE relaxation loop. A typical equivalent circuit
for such systems is used for EIS simulation, as shown in
Figure 9f. Rsg; represents the interfacial film resistance and
Csgr is the constant-phase element corresponding to the SEI
capacitance. The resistance values according to the fitting results
from the equivalent circuits are shown in Table 1. Note that these
measurements were performed with full cells and the presented
values for the resistances from the fits are not exclusively specific
for the cathode, as the anode side is contributing. Nevertheless,
all differences in the EIS data can be related alone to the coating
layer because this is the only difference between the cells.

There is a significantly increased Rcr value for the coated
NMC (323.0 Q) compared with uncoated NMC (74.7 Q) before
cycling. This effect is attributed to the insulating Al,O3 coating
layer. After the electrochemical formation of the cell, the charge
transfer resistance for both NMC uncoated and coated decreases
significantly. This can be explained by the formation of a conduc-
tive layer on the surface of cathode materials. The decrease
in Rcr is relatively much stronger for the coated NMC

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 9. Nyquist plots of the impedance spectra of cells containing
uncoated NMC701515 and NMC coated by 1wt% fumed Al,O;
a) before cycling, b) after 2nd charge, c) 4th charge, and d) 50th charge
(inset picture displays the plot at an enlarged scale). e) The corresponding
equivalent circuit model for fitting the data before cycling and f) the model
for fitting the data of charged states after different cycles, to get quantita-
tive values of resistance.

(from 323.0 to 7.4 Q) compared with the uncoated (from 74.7 to
9.1 Q). Also, the resulting value of Rcr is lower for the coated
NMC. This indicates a transformation reaction of the pristine

www.entechnol.de

coating to a less resistant coating layer in the electrochemical for-
mation step. During prolonged cycling the charge transfer resis-
tance is growing clearly much faster for the uncoated NMC in
comparison with the coated NMC. After the 50th charging step,
the Rt value for the uncoated NMC has risen to 1490.4 Q, while
the NMC coated by Al,O; only shows a Rcr value of 65.7 Q.

In the first cycles, the resistance values of the SEI layer for the
uncoated NMC are still below those for the NMC coated. Rgg; for
the uncoated cell decreases from 5.8 to 4.9 Q in second to fourth
charge. This could be ascribed to the activation of the material in
the initial several cycles and the gradual formation of the ion con-
ductive SEI layer.[72’73] In contrast, the Rgg; value for the coated
NMC is increasing only slightly from 7.2 to 7.3 Q. After the initial
cycles, the Rgg; values are increasing also for the uncoated mate-
rial and they increase faster than those for coated material. After
the 50th charge, Rsg; for uncoated NMC (40.4 Q) is significantly
higher than the value for the coated NMC (16.0 Q). Both the
improved Rgg; and Rt values achieved for coated NMC point
to a successful protection of the reactive surface of the cathode
material by the fumed Al,O; layer while providing enhanced
lithium-ion diffusion.

The coating stabilizes the cathode/electrolyte interface.
Detrimental side reactions such as metal ion dissolution during
the charge—discharge process, decomposition of electrolyte, and
deposition of by-products are reduced; the thickness of SEI film
is thus restrained.?"”! As a consequence an improved long-term
cycling stability is achieved for the coated NMC. The reduced
growth of impedance values by the coating layer further reveals
an enhancement in the kinetics of lithium-ion diffusion through
the surface layer and the charge transfer reaction and a conse-
quent increase in rate capability, which is in agreement with
the enhanced rate capability of coated NMC as mentioned ear-
lier.”%7* In contrast, at the uncoated NMC surface, electrolyte
decomposition is ongoing and the SEI layer is growing and thick-
ening, which is impeding the transport of lithium ions.”*7>!

To confirm the positive influence of the fumed Al,O5 coating
layer on the lithium-ion diffusion, the (apparent) lithium-ion dif-
fusion coefficients were calculated from the linear part of the low
frequency region (Warburg impedance Z,) of the EIS data.
The lithium diffusion coefficients were approximated by the

following equation!*®737¢~7°]
R2T?
Pu = 2ar )

where R is the gas constant, T is the absolute temperature, A is
the surface area of the electrode, which was estimated based on
the BET area (0.48 m? g~ for NMC701515), n is the number of

Table 1. Fitted impedance parameters by the corresponding equivalent circuits (Figure 9e,f) of uncoated and NMC coated by 1 wt% fumed Al,O5 and the

corresponding approximated lithium-ion diffusion coefficients (D).

- NMC uncoated

NMC coated by 1wt% fumed Al,O5

- Rser [€] Rer (€] Dy; [sz 571] Rser [€] Rer [Q] Dy; [sz 571]
Before cycling - 74.7 - - 323.0 -

2nd Cycle 5.8 9.1 2.62689 x 107'° 7.2 7.4 3.88461 x 10°1°
4th Cycle 49 30.0 2.72643 x 107" 7.3 8.7 3.19176 x 107 '°
50th Cycle 40.4 1490.4 2.07405 x 10" 16.0 65.7 83302 x 107"

Energy Technol. 2021, 9, 2100028 2100028 (8 of 15)
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electrons involved in the intercalation step (n=1), F is the
Faraday constant, C is the molar concentration of lithium ions
in the electrode, and ¢ is the Warburg factor.

The Warburg factor is obtained from the slope of Z’ versus
w ' plots (@ is the angular frequency) in the Warburg
region.*®*73767*I The 7' versus w'/? plots, along with the linear
fitting curves, for cycles 2, 4, and 50 are shown in Figure S5,
Supporting Information. The calculated lithium-ion diffusion
coefficients are shown in Table 1. The apparent diffusion coef-
ficients for the pristine and the coated NMC are decreasing with
increasing cycle number due to aging of the electrode materials.
Hereby the diffusion coefficients for the Al,Os-coated sample
decrease much slower than for the uncoated NMC, confirming
that the fumed Al,O; coating layer helps to maintain the lithium-
ion diffusion in the electrodes more stable at prolonged cycling.
In addition, the values for the Al,O;-coated cathodes are superior
to those of uncoated in all cycles. The larger apparent lithium-ion
diffusion coefficients in the Al,O;-coated cathodes explain, in
addition to the reduced Rsg; and Ry impedance values, the
increased rate capability of the coated electrode material.

2.4. Characterization of Cycled Electrodes

Cross sections from cycled cathodes were prepared and investi-
gated by SEM-EDX. The BSE image of the cathode containing the
fumed alumina-coated NMC particles (Figure 10a) shows intact
particles. In the SEM-EDX (Figure 10b) and the STEM-EDX map-
ping (Figure 11f) of the cycled NMC material, it can be seen that
the Al,O5 coating layer is still on the surface of each cathode
material particle and intact. This demonstrates that our coating
layer is not only stable during slurry preparation process while
cathode manufacturing, but also stays stable and persistent dur-
ing battery cycling.

Obviously, the BSE image of the uncoated NMC electrode
(Figure 10c), cycled under exactly the same conditions, demon-
strates strong crack formation and particle disintegration after
cycling. Some of the NMC particles have completely fragmented
into primary crystallites. This causes loss of inner particle con-
nectivity and gives rise to increased polarization.”! The signifi-
cant increase in surface area of the cathode material, which is
exposed to the electrolyte, results in a further electrolyte decom-
position and SEI formation, as well as surface transformations,
on the new generated surfaces.™ This phenomenon leads to a
further impedance increase, as shown in Figure 9, and contrib-
utes to degradation of performance and capacity fade. Figure 10c

www.entechnol.de

also supports the findings of Yang et al.®” that the active cathode

particles, within the electrode, contribute to the cell-level chem-
istry differently in time and position. The crack formation and
particle disintegration are more progressed in particles near
the separator (on the right side of Figure 10c), possibly due to
a higher degree of reaction, caused by their favorable kinetics.

These findings demonstrate that coating layers made by
fumed alumina are able to protect surfaces of cathode materials
from detrimental side reactions. Phase transformations such as
the formation of a NiO-like phase due to the reduction of Ni** in
a highly delithiated state and oxygen loss as well as transition
metal rearrangement have been associated to initiate cracks
at the cathode particle surface and the subsequent particle
disintegration.[®#-10:13.24]

While severe surface destruction has been reported in the
literature on cycled pristine NMC, showing a transition from lay-
ered over a disordered layered to a rock salt structure on the sur-
face,B1*+89-83 e observed in HRTEM analysis that the layered
structure of the NMC is almost completely maintained during
cycling of the cycled Al,Os-coated NMC. As shown in
Figure S6, Supporting Information, only a very thin (<1 nm) dis-
ordered layered area is found directly at the edge of the interface
between the NMC and the Al,O; coating layer. This demon-
strates the protecting effect of the fumed Al,O5 coating very well,
i.e., transformations of the reactive surface of high-nickel NMC
are effectively inhibited.

STEM-EDX images reveal that during cycling a new fluorine
containing layer has been formed on the surface (Figure 11g,h).
We note that the NMC material itself does not contain fluorine.
The fluorine EDX signals in the NMC material in Figure 11g
result from an overlap of the manganese and cobalt signals with
the fluorine peak. An overlay image of aluminum, fluorine and
manganese (Figure 11h) shows that the fluorine containing layer
is predominantly placed on top of the surface, indicating that a
new phase precipitates during cycling. A more in-depth analysis
of the cycled material was performed using scanning transmis-
sion electron microscopy-electron energy loss spectroscopy
(STEM-EELS).

Figure 12 shows EELS maps of the cycled coated NMC
material. The coating layer containing Al is clearly visible on
top of the NMC material (Figure 12a). The fluorine containing
layer observed in EDX at the surface of the coating is detected
(Figure 12b). Mapping of the Li K-edge (Figure 12c) shows
the presence of lithium in the NMC material as well as in the
fluorine containing layer. Comparison of the electron energy loss

Figure 10. SEM-EDX images of cross sections of cycled cathodes of NMC701515 coated by 1 wt% fumed Al,O5: a) BSE image, b) EDX mapping of Al,
c) BSE image of uncoated NMC as a comparison (current collector was detached during sample preparation process).

Energy Technol. 2021, 9, 2100028 2100028 (9 of 15)

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH

95U0|7 SUOWIWOD aA 18I0 ol (dde sy Aq pausenob afe sajoile YO ‘8sn J0 Sa|nJ Joj Ariq18UIUO A8]IM UO (SUONIPUOD-PUe-SW.B) WO A3 1M ARe.d 1[puljuo//SANy) SUOIIPUOD pue SWLB | 8y} 88S *[2202/TT/y2] uo ARiqiaulluo A8|IMm ‘Auewss aueiyood A 82000TZ02 @1U8/Z00T OT/I0p/W0d A8 | 1M Aeid1jpuluo//sdny wouy papeoumod ‘v ‘T202 ‘96Zi6T2


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

Conversion, Storage, Distribution

www.advancedsciencenews.com

(@)

www.entechnol.de

Figure 11. STEM-EDX analysis of a cross section of cycled NMC701515 coated by 1 wt% fumed Al,O3. a) HAADF-STEM Z-contrast image; b-g) mapping

of Ni, Mn, Co, O, Al, and F; and h) superposition image of Mn, Al, and F.

near edge structure (ELNES) spectra of the Li and F K-edges of
the fluorine containing layer with the spectra of a LiF reference
sample reveals that the formed layer on top of the coating is LiF
(Figure 12i,j). In Figure 12e f, multilinear least squares (MLLS)
fitting of the Li K-edge of two experimental spectra of the Li
K-edge of the fluorine containing layer (Figure 12e) and the
NMC701515 (Figure 12f) confirms the presence of LiF only
in the surface layer.

LiF is a well-known component in SEI layers of electrodes
when LiPFg is used as the conduction salt in the electrolyte.
Several reactions have been proposed to explain the formation
of LiF (Equation (2)—(6)).’*®%

The decomposition of LiPFg

LiPFg — LiF + PFs 2)

The reaction of LiPF4 or PFs with Li,CO3, which is possible
because high-nickel materials tend to form carbonates on the

surface during sto]:age[zsfzn
LiPF, + Li,CO; — 3LiF + POF; + CO, 5
PF5 + Li,CO; — 2LiF + POF; + CO, "

The reactions with traces of water in the electrolyte, which are
present in all commercial formulations!'**®

LiPF + H,0 — LiF + POF; + 2HF 5)

Li,CO; + 2HF — 2LiF + CO, + H,0 (6)

The O K-edge map of the cycled sample (Figure 12d) shows
that an oxygen signal is present in the NMC and the coating layer.
While in the coating layer of the uncycled sample the fine struc-
ture of the oxygen K-edge can be clearly identified as y-Al,O3
(Figure 12k, green curve), in the O K-edge of the coating layer

Energy Technol. 2021, 9, 2100028 2100028 (10 of 15)

of the cycled sample, a small shoulder is detected centered
around 537 eV (Figure 12k, black and red curves) and an addi-
tional prepeak at 531eV appears. The size of the prepeak in
the spectra strongly depends on the chosen region in the coating
layer. The intensity map of this prepeak, integrated between 528
and 532 eV, is shown in Figure 12g. It is important to note that
contrast in NMC (in Figure 12g) is due to the presence of spectral
weight at the O K-edge of NMC701515 in this range of energy, as
seen in the reference spectrum (Figure 12k, orange curve).
Hetaba et al.®” observed the same phenomenon measuring
y-LiAlO,. They discovered that LiAlO, undergoes the
following transformation caused by the electron beam:
LiAlO, — LiAlsOg — Al,O5. Their detected O K-edge spectra
show the same shoulder and additional peak at 531 eV. At the
beginning of the transformation, the prepeak intensity increases
as can be observed in our LiAlO, reference after 15s (purple
curve in Figure 12k, compared with the fresh LiAlO, commercial
powder—pink curve). After the transformation process is com-
pleted, the prepeak disappears again. Thus, the peak is observed
as long as the transformation from LiAlO, to Al,O; is taking
place. This peak is attributed to a z*-transition of molecular
oxygen (O,) that is lost during the transformation process.
The postulated reaction is!*”’

5LiAlO, — LiAlsOg + O, T +4Li | 7)

Because we did not detect any other formed species in our
coating layer after cycling and we observed the same phenome-
non as Hetaba et al. for the oxygen signal, we suspect an incor-
poration of lithium ions in our y-Al,0; coating layer during
cycling and consequently a partial formation of LiAlO, (or more
general xLi,0-Al,03). The detected prepeak cannot occur from
AL O3, as it is stable to the electron irradiation.””
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Figure 12. STEM-EELS analysis and spectra of selected areas of a cross section of cycled NMC701515 coated with 1 wt% fumed Al,O;. Compositional
spectrum images corresponding to the Al L, 3-edge, F, Li, and O K-edges are, respectively, shown on panels a)—d). e),f) The MLLS fitting of the Li K-edge
region using fine structures corresponding to LiF and NMC701515. g) The distribution of the prepeak to the O K-edge integrated between 528 and 532 eV
(itis important to note that contrast in the NMC701515 is due to the presence of spectral weight at the O K-edge of NMC701515 in this same energy range
as visible in in panel (k)). h) A false color image of the Li K-edge (green), O K-edge (red), and prepeak of the O K-edge (blue). i,j) The experimental ELNES
spectra of the F and Li K-edges, respectively, in areas 1 and 2 of panels (b) and (c) compared with a reference spectra taken on a commercial LiF powder,
confirming the presence of a LiF layer at the surface of the coating. k) Spectra of the O K-edge taken in areas 1, 2, and 3 of panel (h) compared with

uncycled Al,O; and LiAlO, reference spectra.

Furthermore, no residual Li K-edge spectral weight was
detected in the cycled coating layer using EELS within the detec-
tion limit of the technique. It is interesting to note that the fine
structures of the Al L, 3-edge spectra (see Figure S7, Supporting
Information) in areas 1-3 (Figure 12h), where we see significant
differences on the O K-edges, do not show any differences, and
are almost identical to the noncycled reference coating (y-Al,053),
indicating that the prepeak is related to molecular oxygen having
no bonding to the aluminum. It is very different to the spectrum
of LiAlO, confirming the hypothesis made earlier. To further
investigate our assumption and to rule out the role of electron
beam damage, the cycled sample was analyzed by X-ray photo-
electron spectroscopy (XPS) measurements.

XPS measurements (Figure 13) confirm the formation of
Li, Al,03/LiAlO,. In the Li 1s spectrum, a signal at 54.6eV is
detected, which is identical to the signal of a LiAlO, reference
sample. The formation of a LiF layer on top could also be con-
firmed by XPS data. The peaks at 55.7 eV in the Li 1s spectrum
and at 685.0 eV in the F 1s spectrum correspond to the signals of

Energy Technol. 2021, 9, 2100028 2100028 (11 of 15)

the LiF reference sample. After sputtering into the electrode
(approximately 130nm via tantalum oxide reference), the
amount of detected LiF is significantly decreased, while the
amount of Li,Al,0;/LiAlO, remains nearly constant. The signals
at 56.7 eV in the Li 1s spectrum and at 686.0 eV in the F 1s spec-
trum are attributed to decomposition products of LiPFg such as
LiPF,/ Li,CPOYFZ[85 21794 and the signal at 687.7 eV to polyvinyli-
denfluoride (PVDF) binder.>%%!

The partial formation of Li,Al,03/LiAlO, could not be further
confirmed by the Al signal in the XPS analysis due to the strong
overlap of the Al signal with the Ni signal. However, there are
reports in the literature for the formation of LiAlO, on Al,O3-coated
materials, which do not contain nickel. For example, Sun et al.
observed LiAlO, formation during cycling via XPS in a thin
ALD layer of Al,O; on sulfur cathodes,” while Ahn et al. show
the formation of LiAlO, on ALOs-coated Si electrodes.*”!

As EELS and XPS measurements indicate the partial forma-
tion of Li, Al,03/LiAlO,, we strongly suspect an incorporation of
lithium ions in our y-Al,05 coating layer during cycling. Also, the
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Figure 13. XPS analysis of a cycled electrode containing NMC coated with 1 wt% fumed Al,O;. Li Ts and F Ts spectra of the surface (top) and after
sputtering (bottom) into the electrode (approximately 130 nm via tantalum oxide reference).

significantly decreased impedance value for Rt detected in the
EIS measurements of the coated NMC after the electrochemical
formation of the cell, compared with the sample before cycling,
shows that the Al,O; coating layer is transforming to a less insu-
lating coating. This phenomenon could also be explained by the
incorporation of lithium ions in the coating layer.*®

Our findings support previous DFT calculations, proposing
that Al,O; coatings are lithiated during cycling.*®*! They
suggest that in LIBs the Al,O5 coating layers first absorb lithium
ions and are lithiated until a thermodynamically stable phase is
reached. Then, extra lithium ions overflow by passing through
the coating layer.

Therefore, we assume that lithium ions diffuse through the
porous coating layer via preferred paths with the highest local
diffusion coefficient. Note that the coating layers built of fumed
Al,O; aggregates do not form a highly porous network. Due to
the coalescence and compaction of the aggregates, there are also
many areas present in the coating layer with only few or no pores
at all. In these regions, the lithium ions have to migrate through
the coating material; and especially at moderate-to-high dis-
charge rates, it is very likely that migration through thin barriers
of coating material will be favored instead of diffusion through a
widely ramified labyrinth of channels filled by liquid electrolyte.
In these locations, lithium ions start to interact with the Al,O;
coating and form Li,Al,0;/LiAlO,. This explains why we only
see a formation of Li,Al,03/LiAlO, in certain parts of the coating
layer (Figure 12g). Along these defined paths the lithium diffu-
sivity is enhanced permanently and all following lithium ions can

Energy Technol. 2021, 9, 2100028 2100028 (12 of 15)

pass the coating layer faster, due to an increased lithium-ion con-
duction/diffusion coefficient in Li,Al,03/LiAlO, compared to
ALLO,.99-101

The formation of 1i,Al,03/LiAlO, in the coating layer contrib-
utes to the increased rate performance and lithium-ion diffusivity
in the electrode, explaining the significant increase in rate per-
formance, which was observed in the electrochemical evaluation
part.

3. Conclusion

We present a facile and fast dry powder coating method of high-
nickel NMC701515 by nanostructured fumed y-Al,O;. In the
high intensity mixing process, the coverage of the CAM surface
strongly depends on the applied amount of coating material. The
resulting layer shows a certain porosity and sticks on the surface,
even after slurry preparation and extensive cycling. There is no
need for an additional calcination step after dry coating for fixing
the coating material. This prevents the diffusion of Al into the
bulk phase of the NMC, which was found to lead to poor overall
cycling performance. However, the cycling performance strongly
depends on the degree of coverage of the surface and the thick-
ness of the coating layer, which, in turn, depends on the surface
morphology of the cathode host material. The optimal coating
amount to achieve the best overall cycling performance for the
here investigated NMC701515 is 1wt% of AL,O;, combining
good rate capability with high capacity retention. A high coverage
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of the CAM surface by an almost continuous coating layer, show-
ing a certain porosity with excellent lithium-ion diffusivity, was
achieved.

Electrochemical cycling and impedance measurements con-
vincingly show that the fumed Al,O; coating layer successfully
protects the surface of high-nickel NMC from detrimental side
reactions while maintaining a porous structure allowing lithium
ions to diffuse through. The coating layer leads to significantly
improved Rsg; and Rcr values during cycling and consequently
to reduced total resistance in the battery, and to improved
lithium-ion diffusion coefficients in the electrodes, ensuring an
enhanced rate performance, capacity retention, and cycle life.*®!
SEM analysis of cycled electrodes reveals that crack formation
and particle disintegration of the NMC are prevented effectively
by fumed Al,O; coating layers. EELS and XPS measurements
indicate that lithium ions start to interact with the Al,O5 coating
and form Li,Al,0;/LiAlO, in certain locations. We assume that
lithium ions diffuse through the coating layer along preferred
paths with the highest diffusion coefficients. This can occur
partly by diffusion through channels filled with liquid electrolyte
and partly by migration through the coating material. In these
areas the lithium ions react with the coating material, enhancing
the lithium-ion conduction permanently at these defined paths
and subsequently also the rate performance.

In conclusion, the developed dry coating process is a fast and
practical, cost and energy efficient as well as an environmentally
friendly method to successfully protect and enhance the perfor-
mance of CAMs. The process is easily scalable to large-scale high
intensity mixers (e.g. from Eirich) and therefore very suitable for
industrial manufacturing. Furthermore, the coating process is
not limited to NMC cathode material; it can be applied on almost
all different types of CAMs. Also, the coating material is not lim-
ited to Al,Os.

4. Experimental Section

Details about the Sample Preparation: For this study, commercial
NMC701515 powder (obtained from Linyi Gelon LIB Co.) and nanostruc-
tured fumed Al,O3 (“AEROXIDE Alu 130" from Evonik Operations GmbH)
were used. A lab scale high energy mixer from Somakon Verfahrenstechnik
UG (Somakon mixer 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 four blades each (see Figure S8, Supporting
Information) and has a volume of 0.5 L. However, this process can easily
be transferred to large-scale industrial mixers (e.g. from Eirich GmbH up
to a mixer size of 3000 L). For dry coating, the NMC powder was mixed
with the respective amount (0.5, 1.0, and 2.0wt%) of nanostructured
Al,O3 powder in the high energy mixer at first for 1 min at 500 rpm to
homogeneously mix the two powders. Afterward the mixing intensity
was increased to 2000 rpm for 6 min to deagglomerate the nanostructured
Al,O3 into smaller aggregates that adhere at the surface of NMC. The
coated CAM is used as received after mixing process.

To confirm the negative effect on the cycling performance of annealing
high-nickel NMC coated with fumed Al,O3, the coated NMC was annealed
at 600 °C for 8 h in air.

PSD: PSD analysis was conducted using a Beckman Coulter LS 13 320
laser diffraction particle size analyzer, equipped with a universal liquid mod-
ule and a polarization intensity differential scatter (PIDS unit). This combi-
nation of techniques allowed establishing grain size distribution curves
composed of 116 logarithmic grain size classes, covering a range of
0.04-2000 pm. The main diffraction system uses a 5 mW monochromatic
laser diode with a wavelength of 780 nm. The light source of the PIDS unit is
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a tungsten—halogen lamp which is transmitted in three wavelengths (450,
600, and 900 nm) through a horizontal and vertical polarizer (Beckman
Coulter, 2011). The samples were dispersed with distilled water and dis-
solved sodium pyrophosphate (0.5 g L™") and treated for 1 min in an exter-
nal ultrasonic bath (160 W). Thereafter, the samples were dropwise added to
the measuring device with a 3 mL disposable pipette until a suitable mea-
suring concentration was reached. The Fraunhofer.rf780d optical model was
used to calculate the grain size distribution from the diffraction pattern.

XRD: The X-ray diffraction patterns were recorded with a Cubix3
Pharma diffractometer with a X'Celerator detector. Cu Ka radiation was
used to identify the crystal structure of the powders in the 26 range from
5° to 100° with a step size of 0.02° and a count time of 40s.

BET: Single-point BET measurements were conducted using a
Micromeritics TriStar 3000 with a nitrogen/helium flow (28.6% N,).
The samples were degassed at 150 °C for 20 min before the measurement.

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

TEM: The cross-sectional TEM lamellae were cut from an NMC
spherical particle covered by alumina. For the investigation of cycled cath-
odes, the cells were opened under argon atmosphere and the cathodes
were washed with ethyl methyl carbonate to remove LiPFs. The cross-
sectional cuts of the sample were prepared via focused ion beam (FIB)
using a Fei Helios 650 dual-beam FIB device. During the preparation pro-
cess, carbon and platinum protective layers were deposited on top of the
film. The probe aberration-corrected HAADF-STEM and EDX were per-
formed on a probe aberration-corrected Fei Titan3 80-300 electron micro-
scope operated at 300 kV equipped with Super-X EDX detector system.
HRTEM images and EELS data 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.

XPS: XPS measurements were conducted on a cycled cathode in dis-
charged state. The cells were opened under argon atmosphere and the
cathode was mounted on the XPS sample holder and transferred to
the XPS analysis equipment without any exposure to air. The XPS measure-
ments were conducted on a ESCALAB 250xi system from ThermoFisher
Scientific, using an Al Ka excitation source. The diameter of the measure-
ment spot was 900 pm. Depth profiling was made by argon ion beam sput-
tering (5 keV). 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 0.7 eV.

Electrode and Cell Preparation: Electrodes for electrochemical measure-
ments were prepared by blending 90 wt% NMC with 5 wt% PVDF (Solef
PVDF 5130) as a binder and 5wt% Super PLi (Timcal) as a conductive
additive under inert gas atmosphere. N-Methyl-2-pyrrolidone (NMP)
was used as the solvent. The slurry was casted on aluminum foil (MTI,
thickness: 15 um) 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 2h. 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
(27.2-7.8 mgumccm 2, assuming a specific capacity of 180 mAhg™")
with a density of the electrodes (calculated by volume and mass of the
individual electrodes) of 1.804-1.874gcm ™.

For the cycling tests, the cells were assembled as CR2032-type coin cells
(MTI Corporation) in an argon-filled glove box (Glovebox Systemtechnik
GmbH). Lithium metal (Rockwood Lithium GmbH) is used as the anode
material. Celgard 2500 was used as the separator. A solution (25 pL)
of 1 molar LiPFg in ethylene carbonate and ethyl methyl carbonate
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(50:50 wtwt™'; 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
versus Li*/Li using a MACCOR battery cycler. For the calculation of the
capacities and the specific currents, only the mass of the active material
was considered. For the coin half-cells 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. Afterward, the cell was
cycled at 0.5/0.5C for long-term stability test. For EIS measurements,
the cells were cycled for four cycles at 0.1/0.1 C. Afterward the C rate
was increased to 0.5/0.5 C and the cells were cycled for additional 46 cycles.

EIS: EIS measurements were performed using an impedance analyzer
(VMP300) over the frequency range of 100 mHz to 1 MHz at 4.3 V, state of
charge (SOC) = 100%, with an AC voltage of 10 mV amplitude.
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