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A Dry-Processed Al,03/LiAlO, Coating for Stabilizing
the Cathode/Electrolyte Interface in High-Ni NCM-Based

All-Solid-State Batteries

Rajendra S. Negi, Yuriy Yusim, Ruijun Pan,* Shamail Ahmed, Kerstin Volz, Ryo Takata,

Franz Schmidt, Anja Henss,* and Matthias T. Elm*

Due to their high theoretical energy densities and superior safety,
thiophosphate-based all-solid-state batteries (ASSBs) are considered as
promising power source for electric vehicles. However, for large-scale
industrial applications, interfacial degradation between high-voltage cathode
active materials (CAMs) and solid-state electrolytes (SSEs) needs to be
overcome with a simple, cost-effective solution. Surface coatings, which
prevent the direct physical contact between CAM and SSE and in turn
stabilize the interface, are considered as promising approach to solve this
issue. In this work, an Al,0;/LiAlO, coating for Li(Nig 70C00.15Mng5)O,
(NCM) is tested for ASSBs. The coating is obtained from a recently developed
dry coating process followed by post-annealing at 600 °C. Structural
characterization reveals that the heat treatment results in the formation of

a dense Al,0;/LiAlO, coating layer. Electrochemical evaluations confirm
that the annealing-induced structural changes are beneficial for ASSB. Cells
containing Al,0;/LiAlO,-coated NCM show a significant improvement

of the rate capability and long-term cycling performance compared to

those assembled from Al,0;-coated and uncoated cathodes. Moreover,
electrochemical impedance spectroscopy analysis shows a decreased cell
impedance after cycling indicating a reduced interfacial degradation for the
Al,O;/LiAlO,-coated electrode. The results highlight a promising low-cost and
scalable CAM coating process, enabling large-scale cathode coating for next-
generation ASSBs.

1. Introduction

All-solid-state batteries (ASSBs) are one of
the most promising approaches to achieve
electrical energy storage and transport
electrification goals.'3l In comparison to
state-of-the-art lithium-ion batteries (LIBs)
containing liquid electrolyte, ASSBs pro-
vide an improved safety due to the non-
flammability of the solid-state electrolytes
(SSEs) along with the possibility to achieve
higher capacity when using a lithium
metal anode. So far, several SSEs with
high ionic conductivity have been discov-
ered for ASSBs.*’) Among them, oxide-
based SSEs including garnet ceramics
(e.g., LijLa;Zr,0:,),0 perovskites (e.g.,
Liy, AL Ti, (PO,);),”! and thiophosphate-
based SSEs (TSSEs)® including Li;,GeP,S;,
are considered as promising candidates
for practical applications.”) Oxide-based
SSEs require high-temperature sintering
(>700 °C) to achieve sufficient interfa-
cial contact between SSEs and cathode
active materials (CAMs) due to their hard
mechanical  properties.  Unfortunately,
the heat treatment causes Iirreversible
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Figure 1. Schematic illustration of the Al,O3/LiAlO, dry coating process and the additional post-annealing process of Ni-rich NCM for ASSBs.

degradation reactions at the electrolyte—electrode interface
resulting in increased interfacial resistances.'*%?l In contrast,
thiophosphate-based SSEs are rather soft and, thus, provide good
interfacial contact to CAMs. Furthermore, they exhibit high ionic
conductivities of above 20 mS cm™ at room temperaturel>"!
making them more attractive for applications in ASSBs.[
Despite numerous advantages of TSSEs, several remaining
challenges have to be addressed on the way to large-scale
industrial application of ASSBs, such as interfacial stability
issues™1 between high voltage CAMs and TSSEs. Ni-rich
LiNi_,,Co,Mn,0, (NCM) CAMs are commonly accepted as the
state-of-the-art high energy density CAMs for ASSBs with high
specific capacities and high working voltages combined with
mature industrial-scale production.”'®] However, inside the
cell, NCMs and TSSEs form a cathode—electrolyte interphase
(CEI) consisting of degradation products of both.! Various
studies suggest that the formed CEI layer between CAM and
SSE is responsible for long-term capacity fading and limited
operational life.l'>2021l Therefore, research efforts are dedicated
to improve the interfacial stability between CAMs and TSSEs.
Surface coating is a well-established strategy to enhance
the interfacial stability between CAM and SSE by preventing
direct physical contact.?”) For NCM-CAM, oxide-based coatings
such as LiNbO;,2-2) Li,Tis04,,24 Li,0-Zr0,,?% HfO, " and
Li;B;1011?® have been reported to improve the electrochemical
performance of ASSBs, as they effectively prevent or reduce
detrimental side reactions at the NCM/SSE interface. In con-
ventional LIBs, Al,Os-based coatings have been considered as
promising coatings due to their effectiveness against side reac-
tions and low synthesis cost.[?*-32 However, they are not well
explored in ASSBs yet.?330 Although Al,0;-based coatings
enhance the interfacial stability, the rate capability could not
be improved significantly, primarily due to the ionically and
electronically insulating nature of the coating.’”] In contrast,
LiAlO, provides good lithium-ion transport properties due to
partially occupied Li sites.*® This means that LiAlO, or mixed
Al,03/LiAlO, coating layers stabilize the CAM/SSE interface
effectively without significantly increasing the interfacial resist-
ance.’%% Thus, LiAlO,-based coatings could be promising
candidates to improve the overall performance of ASSBs.
Surface coatings on cathode materials using wet-chemical
approaches,™ atomic layer deposition (ALD),* or spray
coating procedures®*] are already successfully established
in thiophosphate-based ASSBs.*! However, wet-chemical
approaches require additional drying steps that increase the
energy costs and manufacturing time.*’! While the ALD tech-
nology provides thin coating layers with excellent conformity,
it often requires toxic precursors and shows slow deposition
rates.3*40#1 With spray coating procedures, the manufacturing

Adv. Mater. Interfaces 2022, 9, 2101428 2101428 (2 of 10)

time can be reduced, but an expensive piece of instrument is
needed.

In order to reduce ecological and economic costs, a new
dry coating procedure on CAM was recently introduced by
Herzog et al.}¥ It has been shown that by using a high energy
mixer, fumed nanostructured Al,O; physically absorb on the
surface of NCM particles and form a porous Al,O;-coating
layer, which significantly improves the electrochemical rate
performance and capacity retention in liquid-electrolyte-based
LIBs.B4

In the study presented here, we modified the dry coating pro-
cedure by using an additional annealing step in order to make it
more suitable for thiophosphate-based ASSBs and to achieve a
dry-processed Al,O3/LiAlO, coating for Li(Nij~oCogsMn ¢15)O;
(NCM701515) CAM. The high-temperature treatment is found
to improve various aspects of the coating (such as better inter-
face formation, reduced porosity, and thickness), which alto-
gether significantly improve the electrochemical performance
of the NCM-based ASSBs in terms of the C-rate and long-term
cycling performance. The full cells with coated NCM cathodes
show a decreased interfacial impedance, which indicates a
better interfacial stability between CAM and TSSE. Our results
highlight that the low-cost and simple dry coating process
without any detrimental environmental solvents is a highly
promising approach for large-scale industrial production of
coated cathode active material for next-generation ASSBs.

2. Results and Discussion

2.1. Characterization of the Al,O;- and
A|203/LiA|02-Coated NCM

Figure 1 shows a schematic illustration of the dry coating pro-
cess used to coat NCM secondary particles with Al,03/LiAlO,.
As described in the Experimental Section, the Al,O; powder was
mixed with the NCM powder in a high-energy mixer to achieve
an Al,0O; coating on the surface of the NCM secondary particles
(denoted as Alu-NCM) in the first step. In a second step, the
Alu-NCM was divided into two batches. One of the batches was
annealed at 600 °C for 8 h, resulting in the conversion of Al,0,
to Al,O3/LiAlO, (denoted as Alu-NCMG600). The formation of
Al,05/LiAlO, is confirmed by X-ray photoelectron spectroscopy
(XPS) as will be discussed later. The principle of the dry coating
process is described in detail by Herzog et al.? In brief, during
high energy mixing, nanostructured fumed Al,O; powder pro-
duced from flame hydrolysis is deagglomerated into smaller
aggregates with a high specific surface area. This ensures a good
adhesion capability of the aggregates at the CAM surface, which
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Figure 2. SEM images of the coated NCM powder: a,c) Alu-NCM and b,d) Alu-NCM600. SEM cross-section images of coated NCM secondary par-
ticles: €) Alu-NCM and f) Alu-NCM®600. For Alu-NCM the coating is only observable between the NCM grains as particles (black arrow), f) while for
Alu-NCM600 a homogeneous coating is detectable as a dark line between NCM and the deposited Pt layer (white layer).

is decisive for the formation of a complete and strongly adherent
coating layer.?¥ Due to the short processing time, easy applica-
tion, and solvent-free nature, the dry coating process is a prom-
ising method for large-scale production at low costs.

The NCM-based CAM with an AlL,O; and Al,0O;/LiAlO,
coating layer was investigated by scanning electron microscopy
(SEM). As shown in Figure S1 in the Supporting Information,
the secondary particles of the uncoated NCM are spherical in
shape with a diameter of 5-15 um and are composed of nano-
sized primary particles. The SEM images in Figure 2a—d show
a comparison between Alu-NCM and Alu-NCM600. It can be
seen that in both cases, the coated NCM reveals a narrow size
distribution of the primary particles, which agrees well with
those of the uncoated NCM primary particles (see Figure SI,
Supporting Information). This indicates that the mixing inten-
sity is strong enough to break the fumed Al,O; agglomerates
and to coat the secondary NCM particles while maintaining
their structural integrity during the dry coating process.

Adv. Mater. Interfaces 2022, 9, 2101428 2101428 (3 of 10)

However, the surface of non-annealed Alu-NCM shows sig-
nificant differences compared to that of Alu-NCM600. After the
coating process, the Al,0; looks inhomogeneously distributed
with incomplete coverage of the NCM surface. In contrast, the
coating seems to be fused after the annealing step, resulting in
a very homogeneous and complete coverage of the NCM sur-
face. Focused-ion beam (FIB)-SEM analysis was carried out to
compare the cross-section of the NCM particles after coating
and annealing. In Figure 2e, the coating without annealing
looks rough and is mainly accumulated in the gaps between
neighboring primary NCM particles. However, as shown in
Figure 2f, the coating after annealing is much smoother and
completely distributed over the surface with slight variations
of the thickness (see also Figure S2, Supporting Information).
In addition, SEM images of Alu-NCM and Alu-NCM600 with
higher magnification are shown in Figure S3a,b in the Sup-
porting Information. SEM-energy dispersive spectroscopy
(EDS) mapping confirms the homogeneous distribution of Al
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Figure 3. STEM-HAADF images of a cross-section of coated NCM701515: a,c) Alu-NCM and b,f) Alu-NCM600. STEM-EDS analysis of a cross-section
of coated NCM701515 showing a three-color superposition image of Ni, Al, and Pt: d) Alu-NCM and g) Alu-NCM600.

on Alu-NCM600 as shown in Figure S3c in the Supporting
Information.

For a more detailed surface analysis, the microstructure of
the coating layer was characterized by transmission electron
microscopy (TEM) in combination with EDS.*¥ As shown in
Figure 3a,c, for Alu-NCM, the coating layer is highly porous
as observed by Herzog et al.?¥ Figure 3a shows that the gaps
between the primary NCM particles are completely filled with
Al,O3, leaving the surface uncovered. On the other hand, in
the case of Alu-NCMG600 (Figure 3b,f), the coating layer is
less porous and much thinner after the annealing step. No
structural changes of the NCM particles are observable. Only
the structural properties of the coating are affected by the
additional annealing step. EDS analysis confirms the drastic
change of the coating thickness and porosity after annealing
(Figure 3d,g). There are no hints for the diffusion of aluminum
into the NCM bulk phase observable for the non-annealed
Alu-NCM sample. This is expected as no high-temperature
step is involved in the coating process and aluminum diffu-
sion is unlikely to occur at room temperature.? However, in
case of Alu-NCM600 (Figure 3g) the possibility of interdiffu-
sion of a small Al amount into the NCM bulk structure during
annealing cannot be excluded.*! As reported in literature, the
interdiffusion of Al between the CAM and the coating layer
may enhance the overall stability of the CAM and lead to
improved cycling performance.’”) However, a detailed discus-
sion of aluminum diffusion into the NCM bulk is beyond the
scope of this study.

Adv. Mater. Interfaces 2022, 9, 2101428 2101428 (4 of 10)

The porosity of the CAM particles after the coating process
was investigated by N, adsorption. The measurements were
evaluated using the Brunauer-Emmett-Teller (BET) model.
As shown in Figure 4a, the uncoated NCM has a very low
BET surface of 0.40 m? g™l. After coating with fumed Al,O;,
the BET surface area increases drastically to 0.70 m? g™! (Alu-
NCM sample), which is well expected due to the high porosity
of the coating as observed by TEM measurements (Figure 3c).
After the annealing step (Alu-NCM600 sample), the BET area
is significantly decreased (0.50 m? g7!). This confirms that the
annealing step leads to a densification of the coating layer and
a lower surface area.

Powder X-ray diffraction (XRD) measurements were car-
ried out on P-NCM, Alu-NCM and Alu-NCM600 samples to
investigate the potential influence of the coating process on the
crystal structure of NCM. As shown in Figure 4b, the XRD pat-
terns confirm that all NCM samples exhibit the same crystal
structure of LiCoO, (space group R-3m). No peak shifts are
observed, confirming that no significant bulk crystallographic
defects are generated in the NCM structure during coating or
the annealing step. In addition, both coated samples show no
additional peaks belonging to Al,O3 due to the low amount of
coating material, as observed in our previous study.*"!

XPS measurements were carried out to investigate the
coating composition and the effect of annealing on the struc-
tural properties of the coating layer. The NCM XPS analysis
delivers quantitative element and compound-specific infor-
mation with a detection limit of about 1 at%.°! The survey

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Comparison of a) Brunauer—-Emmett-Teller (BET) measurements, b) X-ray diffraction pattern, c) survey XP spectra, and d) detailed XP spectra

of P-NCM, Alu-NCM, and Alu-NCM600.

spectrum of P-NCM shown in Figure 4c confirms the presence
of Ni, Co, Mn, and O without any additional elements apart
from the carbon contaminations at the NCM surface, which
is commonly used as a calibration reference for X-ray photo-
electron (XP) spectra.’? In addition, the characteristic peak of
Al 2p is detected on the surface of Alu-NCM and Alu-NCM600,
which proves the existence of Al species on the surface of
the coated NCM with Al O3 (Figure 4d). A detailed spectrum
in the region between 78 and 64 eV is shown in Figure 4d. It
includes the Al 2p core levels and the Ni 3p peak. No peak shift
is observed for the Ni 3p peak for all samples, which addition-
ally confirms the structural stability of NCM during the coating
and annealing processes. However, the presence of Ni implies
that the coating is not completely covering the NCM surface
or, alternatively, thinner than the typical probing depth of XPS
of about 3-7 nm,>? as already indicated by the TEM measure-
ments shown in Figure 3f,g. Deconvolution of the Al 2p peak
(Figure 4d) reveals that Alu-NCM shows only one peak at a
binding energy of 73.9 eV, which is distinctive for Al atoms in
an oxygen environment, such as Al,O; or A(OH);.* How-
ever, after annealing a significant peak shift of Al 2p to a lower
binding energy is observed. The deconvolution confirms that
the signal comprises two different peaks. One at a binding
energy of 73.9 eV (corresponding to Al,O3 or A[(OH);)P% and a
second one at 72.8 eV, which is attributed to LiAlO, as observed
by Tang et al.’4 The results confirm the conversion of an
insulating Al,O; coating into an ion conducting Al,0;/LiAlO,
coating during heat treatment, as discussed in detail in previous

studies.?>* The diffusion of Li* from NCM into the Al,O; layer
during the heat treatment is expected to result in the formation
of conductive pathways for the Li* ions and thus an improve-
ment of the ionic conductivity of the Al,0;/LiAlO, coating.*"!

The results reveal the tremendous effect of the annealing
step on the structural properties of the coating layer, which
are illustrated in Figure 5. The recently developed dry coating
process enables the successful deposition of an Al,O; coating
on the surface of NCM particles. The coating is rather thick,
porous, and inhomogeneously distributed on the surface of
NCM. After annealing at 600 °C, various aspects of the coating
morphology are improved. The coating becomes more homog-
enous (SEM, FIB-SEM), thinner (SEM, TEM), and exhibits a
lower porosity, i.e., lower surface area as confirmed by TEM and
BET. In addition, the diffusion of Li* into the coating results in
the conversion from an insulating Al,O; coating layer to Al,O5/
LiAlO,, which is known to exhibit an improved Li* conductivity.
All these changes are expected to affect the electrochemical
performance of NCM, as will be discussed in detail in the next
section.

2.2. Electrochemical Characterization

To elucidate the impact of the obtained microstructural and
compositional differences of the two different coatings on
the cell performance, we assembled and cycled ASSB cells at
different C-rates. The C-rate was varied between 0.1 and 2 C,

Adv. Mater. Interfaces 2022, 9, 2101428 2101428 (5 of 10) © 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Schematic illustration comparing the differences in coating properties before and after annealing.

within the voltage window of 2.0-3.7 V (vs In/InLi), exceeding
the electrochemical stability window of thiophosphate-based
SSEs (1.7-2.3 V vs Li*/Li).5% The rate capability tests and the
long-term cycling stability were investigated for two inde-
pendent cells in all three cases to ensure reproducibility of the
results.

Figure 6a shows the rate capability performance of the coated
CAMs in comparison with the performance of the uncoated
ones. For a better comparison, Figure 6b also shows the nor-
malized discharge capacity, i.e., the specific discharge capacity
of each cell was normalized to the CAM mass and related to
the initial specific discharge capacity. The initial specific dis-
charge capacity of the P-NCM cells (136 mAh g7) is found
significantly lower compared to cells with liquid electrolytes
(= 180 mAh g!)B3*3 indicating a higher interfacial degradation
of the SSE than for cells with liquid electrolytes (as the achiev-
able theoretical capacity of NCM is = 180 mAh g}) as reviewed
by Jena et al.’® The Alu-coated NCM material shows a slightly
lower initial specific capacity (130 mAh g™}) than the P-CAM.
This indicates that the insulating nature of the Al,O; coating
along with its structural properties (such as porosity, insuffi-
cient contact area, and interfacial degradation) limits the initial
discharge capacity. In contrast, Alu-NCM600 shows a signifi-
cantly higher initial specific discharge capacity (154 mAh g7}).
This is attributed to a lower interfacial resistance, either due to
the higher Li* conductivity of the Al,0;/LiAlO, coating layer, an
increased contact area, or improved interfacial stability (as dis-
cussed in the previous section). Furthermore, with increasing
C-rate, the discharge capacity of Alu-NCM tends to be slightly
superior to P-NCM, revealing the protective effect of the Al,05
coating. However, at a C-rate of 2 C, both the P-NCM and the
Alu-NCM samples exhibit no capacity, probably caused by a
high internal cell resistance. However, a significant improve-
ment of the C-rate performance in our ASSBs is observed for
the Alu-NCM600 samples for all C-rates. In particular, Alu-
NCMG600 shows a discharge capacity of =20 mAh g even at
2 C. These results indicate that at high C-rates, a sufficient
lithium-ion conductivity still persists in the Al,O3/LiAlO,
coating layer, while in the case of the uncoated NCM, the

Adv. Mater. Interfaces 2022, 9, 2101428 2101428 (6 of 10)

formation of an insulating CEI caused by electrolyte degrada-
tion impedes lithium-ion exchange between electrode and
electrolyte. Thus, the less porous and more conductive Al,O3/
LiAlO, coating material in Alu-NCM600 enables a superior rate
capability as compared to Al,0;-coated Alu-NCM samples. It
is worth noting that the Al,0s-dry coating is very effective in
improving the electrochemical performance of liquid electro-
lyte-based cells, as recently shown by Herzog et al.>¥ One main
reason is that the liquid electrolyte can penetrate into the highly
porous Al,0O; coating, which facilitates the transport of lithium
ions through the surface layer. In contrast, the solid electrolyte
used in ASSBs is not able to reach the interior of the pores of
the coating (Alu-NCM), i.e., the porous coating impedes lith-
ium-ion transport between active material and electrolyte due
to its insulating properties and the reduced contact area. Thus,
the results highlight that effective coatings for ASSBs need to
fulfill other demands regarding their structural properties than
coatings used for liquid-electrolyte-based LIBs.

After the C-rate capability tests, the long-term cycling per-
formance was investigated. Figure 6¢c compares the discharge
capacity and the coulombic efficiency (CE) of pristine NCM,
Alu-NCM, and Alu-NCM600 for 100 cycles at 0.25 C in the
voltage range between 2.0 and 3.7 V (vs In/InLi). A significantly
improved capacity retention is found for Alu-NCM600, which
exhibits a discharge capacity of 75 mAh g after 100 cycles
implying capacity retention of 54% based on the first cycle
capacity. In contrast, for the P-NCM sample, a capacity of only
25 mAh g7, ie., capacity retention of 20%, is achieved. Fur-
thermore, the corresponding CE of the Alu-NCMG600 is supe-
rior compared to that of the uncoated sample. As shown in
Figure 6d,e, the increase in overpotential is much higher for
P-NCM than for Alu-NCM, indicating a more severe electro-
lyte degradation at the P-NCM surface. The Alu-NCM sample
shows a similar behavior as P-NCM during long-term cycling.
Although the Al,O; coating certainly suppresses the electro-
lyte degradation at the NCM-electrolyte interface, its insu-
lating nature, along with the rather worse coating properties, is
responsible for a high interfacial resistance, which explains the
poor cycling performance. However, the results confirm that

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. Comparison of a) rate capability and b) corresponding normalized capacity plot of P-NCM, Alu-NCM, and Alu-NCM600. c) Long-term cycling
capability at 0.25 C of P-NCM, Alu-NCM, and Alu-NCM600. d,e) Charge—discharge voltage profiles of P-NCM and Alu-NCM600, respectively. The cells
were cycled in a voltage window of 2.0 and 3.7 V versus In|InLi, corresponding to 2.6-4.3 V versus Li*/Li at 25 °C.

the Al,03/LiAlO, coating significantly improves the long-term
cycling stability of NCM in ASSBs. The coating is expected to
prevent side reactions between LigPSsCl (LPS) and NCM, which
lead to the formation of a highly resistive CEI consisting of
sulfur and phosphorus pentasulfide oxidation products.
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To support this assumption, electrochemical impedance
spectroscopy (EIS) measurements were carried out on ASSB
cells containing P-NCM or Alu-NCM600 as EIS allows to distin-

guish between different processes in ASSBs and to determine
their contribution to the total impedance of the cells.

[15,16,57]
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Figure 7. Comparison of a) Nyquist plots of the impedance of full cells containing P-NCM and Alu-NCM600 after the 1%t and 100*" cycle. b) Corre-
sponding charge transfer resistance Rcr measured at an open-circuit voltage of 3.1 V.

As no drastic improvement of the cycling capability is found
for the Alu-NCM samples, only P-NCM and Alu-NCM600 are
investigated. The EIS measurements were performed at an
open-circuit potential of 3.1V (vs In/InLi) after the 1% cycle and
100% cycle to determine the long-term impedance evolution.
A constant potential step was included after constant-current
discharge in order to achieve an equilibration of Li within the
CAM particles by diffusion processes. This step is necessary to
ensure comparability between P-NCM and Alu-NCM600 as the
impedance of layered oxide cathode materials depends on the
lithium content (state of charge) of the electrode.l® Comparing
the impedance spectra after the 1%t and 100%™ cycle, displayed in
Figure 7a, a distinct increase of the impedance is observed
for the pristine sample indicating a strong degradation reac-
tion at the SSE/CAM interface due to the oxidation of the
solid electrolyte.'2!] The total impedance of the coated NCM
cell is significantly lower after the 1% and 100™ cycle, corrobo-
rating the protection function of the Al,03/LiAlO, coating. The
spectra were fitted using the transmission line model, which
describes the impedance of porous electrodes considering SSE-
filled pores.”>®l Due to the presence of nonblocking condi-
tions and negligible electronic conductivity, a Bisquert Open
element® was used to fit the composite cathode (CC) imped-
ance. The equivalent circuit model, including the Bisquert open
element, is described in more detail in Figure S4 in the Sup-
porting Information. The fitting reveals that the differences
in the impedance are mainly caused by changes in the charge
transfer resistance Rcy The other fitting parameters, such as
the anode contribution or the ionic resistance of the electrolyte,
do not differ significantly for the different cells (see Table S1,
Supporting Information). The determined values of the charge
transfer resistance Rcr after the 1%t and 100" cycles for the
pristine and coated samples are shown in Figure 7b. As is
evident, the charge transfer resistance of the Alu-NCM600-con-
taining cell is significantly lower not only after the 1! but also
after the 100" cycle. Moreover, the comparison with the other
impedance values obtained from the fitting (Table S1, Sup-
porting Information) demonstrates that the impedance of the
full cell is dominated by the charge transfer resistance of the
composite cathode. The comparison of the Rcy values confirms
that the Al,03/LiAlO, coating layer significantly improves the
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interfacial stability by reducing oxidative interfacial decomposi-
tion of the SSE on the cathode side.

3. Conclusions

In this study, we present a low-cost, straightforward, and scal-
able dry coating process to modify the surface of Ni-rich NCM
for thiophosphate-based ASSBs. A highly efficient Al,05/
LiAlO, coating is achieved by a high-energy mixing process
followed by a high-temperature annealing step. While the Al,03
coating shows a certain porosity after the coating process, the
annealing step results in the formation of a dense and thin
coating layer as confirmed by TEM and BET measurements.
Furthermore, XPS analysis confirms that a mixed Al,03/LiAlO,
layer is formed during the heat treatment, while no significant
changes in bulk NCM are observed. Electrochemical characteri-
zation demonstrates that the Al,03/LiAlO, coating significantly
improves the electrochemical performance of NCM cathodes
in LPS-based ASSBs. As the coating prevents the direct contact
between CAM and thiophosphate-based SSE, interfacial degra-
dation reactions responsible for the formation of an insulating
CEI are reduced, as demonstrated by EIS analysis. Compared
to the porous Al,O; coating, the Al,05/LiAlO, coating layer
provides an improved rate capability and long-term cycling per-
formance, including higher initial cycling capacity. Thus, the
results present a highly effective dry coating method, which is
suitable for large-scale processing of cathodes for next-genera-
tion ASSBs, excluding any solvent-related influences and costs.

4. Experimental Section

Surface Modification of Ni-Rich NCM Using an Al,O3-Dry Coating
Process:  Commercial  Li(Nig70C0p15Mng15)O,  (NCM701515,  Linyi
Gelon LIB. Co.) was used as CAM and nanostructured fumed Al,0;
(AEROXIDE Alu 65, primary particle =12 nm, Evonik Operations
GmbH) powder was utilized as coating material during the dry-coating
process. A lab-scale high-energy Somakon mixer MP-GL (Somakon
Verfahrenstechnik UG) was used for mixing. Two different steps were
performed for the dry-coating process. Initially, the CAM powder was
well mixed with nanostructured Al,O; (1 wt%) at 500 rpm for 1 min.

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Subsequently, the mixing intensity was raised to 2000 rpm for 6 min to
achieve a well-distributed coating on the surface of the CAM. Then, the
powder obtained was divided into two batches. The first batch was dried
and transferred into the glovebox for further use (denoted as Alu-NCM).
The second batch was additionally annealed at 600 °C for 8 h to modify
the coating layer. Subsequently, it was dried and transferred to the
glovebox for further use (denoted as Alu-NCM600).

During the first step of the dry-coating process, the fumed
nanostructured Al,0; deagglomerates into smaller aggregates and
interacts with the cathode surface, resulting in smaller Al,O; aggregates
with very strong adhesion to the CAM surface. During the second step,
at higher mixing rotation, desirable densification and coalescence of
Al,O; aggregates is achieved on the surface of the cathode, which results
in a highly homogenous coating.

Materials Characterization: The surface morphology and the elemental
composition of the pristine and coated NCM were investigated with
SEM (Merlin, Zeiss) at an accelerating voltage of 7 kV and a current
of 3000 pA. FIB cross-sections of the coated secondary particles were
prepared by a dual-beam JEOL |IB-4601 FIB -SEM. First, a thin layer
of platinum was deposited on the surfaces of the coated secondary
particles via a Leica EM ACE600 sputter coater before loading them
to the FIB-SEM. This is done to protect the coated surfaces of the
secondary particles coming in direct contact with the electron beam
during FIB cross-section preparation. On top of the thin platinum
coating, thick carbon and tungsten protective layers were deposited,
respectively, using a Ga-ion beam to further protect the surfaces from
Ga-ion beam damage during FIB milling. The samples were milled down
using a 30 kV Ga-ion beam to roughly about 200 nm and further thinned
down using a 5 kV Ga-ion beam to electron transparency. A double
Cs-corrected JEOL 2200-FS microscope was used for scanning TEM
(STEM) high-angle annular dark-field (HAADF) imaging and EDS. The
microscope was operated at 200 kV.

Powder XRD diffractograms of pristine and coated NCM were
obtained using an Empyrean XRD (Panalytical) system with Cu Ko
radiation. The XPS analysis was performed using a PHI5000 Versa Probe
Il (Physical Electronics GmbH) with an Al anode. The pass energy of
the analyzer was fixed at 93.5 eV and 23.5 eV to obtain the survey and
the detailed spectra, respectively. The chamber pressure was maintained
below 107 Pa. Furthermore, Brunauer-Emmett-Teller (BET) analysis
was performed on pristine and coated NCM in order to determine the
porosity change after coating and heat treatment. Single point BET was
performed using a MICROMERITICS TRISTAR 3000 with a nitrogen/
helium flow (28.6% N,). The samples were degassed for 20 min at
150 °C before the measurement.

Composite Cathode: The CC comprise the pristine or coated
Li(Nig70Cog15Mng15)O, (NCM701515), LPS (NEI Corporation), and
vapor-grown carbon fibers (VGCFs, Sigma-Aldrich Inc., iron-free).
At first, NCM and LPS powders were mixed in a mass ratio of 70:30
(volume ratio 47:53). Then, 3 wt% of VGCF was additionally added (exact
mass ratio 68:29.1:2.9 (NCM: LPS:VGCF)) to the mixture. Finally, the
resulting mixture was hand grounded using an agate mortar for 15 min.

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

Electrochemical Characterization: For electrochemical characterization,
Maccor inc. potentiostats/galvanostats and VMP-300 potentiostats
(Biologic) were used. The cycling tests (i.e., C-rate and long-term
cycling tests) were performed on Maccor inc., while the electrochemical
impedance spectroscopy (EIS) measurements were performed on VMP-
300. The cells were cycled in a voltage window of 2.0 and 3.7 V versus
In|InLi, corresponding to 2.6-4.3 V versus Li*/Li at 25 °C. For the C-rate
tests, the cells were cycled up to 2 C, 1 C =200 mA g™' (three cycles at
0.1 C, three cycles at 0.25 C, three cycles at 0.5 C, five cycles at 1 C) and
five cycles at 2 C). For the long-term cycling, the cells were cycled at
0.1 C for one cycle, followed by 100 cycles at 0.25 C. EIS measurements
were performed after the 15 and 100" cycle. All EIS measurements were
performed in the frequency range between 7 MHz and 50 mHz, applying
a 10 mV AC bias. To ensure reproducibility, every electrochemical
experiment was performed with two independent cells.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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