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ABSTRACT

Ni-rich layered oxides Li(Ni,Co,Mn.)O; (x + y + z = 1) have been extensively studied in recent times owing to their high
capacity and low cost and can possibly replace LiCoO; in the near future. However, these layered oxides suffer from prob-
lems related to the capacity fading, thermal stability, and safety at high voltages. In this study, we use surface coating as
a strategy to improve the thermal stability at higher voltages. The uniform and conformal Al,O; coating on prefabricated
electrodes using atomic layer deposition significantly prevented surface degradation over prolonged cycling. Initial capacity
of 190, 199, 188 and 166 mAh g™' is obtained for pristine, 2, 5 and 10 cycles of ALD coated samples at 0.2C and maintains
145, 158, 151 and 130 mAh g for high current rate of 2C in room temperature. The two-cycle Al,O; modified cathode
retained 75% of its capacity after 500 cycles at 5C with 0.05% capacity decay per cycle, compared with 46.5% retention
for a pristine electrode, at an elevated temperature. Despite the insulating nature of the Al,O; coating, a thin layer is suf-
ficient to improve the capacity retention at a high temperature. The Al,O; coating can prevent the detrimental surface reac-
tions at a high temperature. Thus, the morphology of the active material is well-maintained even after extensive cycling,
whereas the bare electrode undergoes severe degradation.
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1. Introduction

Since the first LiCoO,/graphite cell was fabricated
by Sony in 1991, Li-ion batteries (LIBs) have domi-
nated the portable energy market. To repeat its suc-
cess story for large-scale applications, high-energy
cathodes are necessary [1-3]. LIBs based on Li[Nix.
CoyAl;_x.y]O; could satisfy the theoretical energy
density and are used commercially in the Tesla S.
Next-generation electric vehicles (EVs) are highly
dependent on Ni-rich layered oxides owing to the
high discharge capacity of over 220 mAh g and the
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low cost, which could certainly increase the energy
density to satisfy the future driving range of EVs
[4,5a,5b]. However, with the increasing Ni concen-
tration, the material is prone to several drawbacks.
The trace amount of moisture in the electrolyte vigor-
ously reacts with LiPF4 and produces acidic HF, lead-
ing to dissolution of Li(Ni,Co,Mn,)O,, especially at
high temperatures [6]. Structural stability is a serious
concern for these systems at high temperatures,
owing to the parasitic surface reactions and the for-
mation of an NiO-like phase from the reduction of
highly reactive Ni*" in the highly delithiated state and
oxygen release that destabilizes the structure [7].
Micro-cracks generated from the surface of the pri-
mary particles affect the overall electrochemical per-
formance of these layered oxides. This results in the
inner core of these layered oxides being exposed to
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unwanted side reactions, with the electrolyte thereby
significantly changing the morphology after exten-
sive cycling [8]. Micro-cracks can also generate
severe degradation mechanisms, as well as other
mechanisms such as phase transition. Extensive
research shows that structural degradation is initiated
at the surface, thereby increasing the charge-transfer
resistance [9]. Hence, a stable surface/interface is
necessary for the cathodes in prolonged cycle life.

To improve the electrode/electrolyte interface, dif-
ferent approaches have been proposed, such as sur-
face modification [10], foreign ion substitution
[11,12], the core-shell structure [13], and electrolyte
additives [14]. Among these, surface modification is
highly successful in mitigating the irreversible side
reactions and preventing structural collapse for long
cycles [10]. Thus far, metal oxides [15-21] (Al,Os3,
Zr0,, MgO, Ce0,, ZnO, La,03, TiO,, SiO,, etc.),
phosphates [22,23a,23b] (AIPO4, FePO,, Ni;(PO,),)
and fluorides [24,25] (AlF;, CaF,, etc.) are mostly
investigated for layered oxides. Most of the afore-
said coatings were applied in a solution process. Spe-
cifically, amphoteric metal oxides such as Al,O; are
active HF scavengers, as follows: Al,O;+6HF
—2AIF;+3H,0 [15,16]. For example Al,Os-coated
LiNij 5C09,Mny 30, exhibited high capacity reten-
tion of 85% after 100 cycles compared with the pris-
tine electrode (only 75%). Atomic layer deposition
(ALD) is a non-solution-based coating technique for
conformal coating of thin films and surface layers
down to atomic thickness with homogeneity, a well-
controllable thickness, and high device performance
[26]. ALD has become an attractive technique for
energy-storage applications owing to its multi-func-
tional capabilities for developing advanced electrode
materials. Another salient feature of this technique is
that it can be performed at very low temperatures
(less than 300°C and even room temperature) on
complex structures and three-dimensional substrates
[27]. This widens its spectrum of application for tem-
perature-sensitive substrates and biomedical applica-
tions [28]. Jung et al. studied the effect of an Al,O5
coating applied via ALD on the cathode and anode of
LIBs [29,30]. Many other studies were performed on
ALD coating on the cathode, anode, and separator,
and the electrochemical performance was examined
[30]. Previous works on ALD coating on LiCoO,
have shown positive outputs. Kim et al. applied an
AL O3 coating to NCM111 via ALD and thereby sup-

pressed the charge-transfer impedance growth and
capacity fading significantly for 3.0-4.5 V [31]. Yuno
et al. created an outer covering of LiAlO; using the
sol-gel method and decreased the capacity fading
between 2.5-4.7 V [32]. Mohanty et al. coated
NCMS811 and NCA particles directly with Al,05; and
TiO, using ALD and studied them as pouch cells at
different cutoff voltages [8]. However, only direct
Al,O5 coating on active materials before electrode
fabrication has been done thus far. This hinders the
Li" and electron conduction, resulting in poor kinet-
ics at a high input current. Further, the thickness of
the Al,O; coating can have a significant effect on the
electrochemical performance, and reports suggest
that an optimized coating thickness is mandatory.

We studied the effect of different numbers of
cycles of ALD Al,0O; coating on prefabricated
NCMS8I1 electrodes in the voltage range of 2.8-4.3 V
at room temperature and a high temperature (50°C).
Apparently, the Al,O; coating improved both the ini-
tial capacity and the high-rate capability in both the
room-temperature and elevated-temperature condi-
tions. At the high temperature, the optimized ALD
cycle (2) greatly improved the capacity retention to
75% under cycling at a rate of 5C up to 500 cycles.
These results are meaningful for the development of
NCMB&I11 as a future cathode for EVs.

2. Experimental

The electrochemical performance of all samples
was studied using CR2032 coin cells, which were
assembled inside a glovebox filled with ultrapure Ar,
in which the O, and H,O levels were maintained
below 1 ppm. Commercial NCMS811 (Ecopro, South
korea) was used as a cathode, and Li metal was used
as the anode. Whatman glass-fiber filter paper was
used as a separator, and 1 M LiPF¢ in EC:DMC (1:1)
was used as the electrolyte solution. Each cathode
consisted of 2.5 mg of the active material mixed with
0.5 mg of Ketjen black and 0.5 mg of Teflonized acet-
ylene black (TAB-2). The slurry obtained with the
assistance of ethanol was pressed on a stainless-steel
current collector (200 mm? area) and dried in a vac-
uum oven at 160°C for 4 h before cell fabrication.
Charge/discharge studies were performed in the volt-
age range of 2.8-4.3 V with varying current rates of
85, 170, 340, 650, and 1,700 mA g using an Arbin
BT-2000 battery testing system. Cyclic voltammetry
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and impedance measurements were conducted using
an electrochemical analyzer (SP-150, Biologic,
France.)

A thin layer of Al,Os film was deposited in a lami-
nar-flow-type thermal ALD reactor (NCD, Lucida
D100, Korea) on the prefabricated electrodes at the
substrate temperature of 150°C using trimethylaluminum
(TMA) and de-ionized-H,O as the Al and O sources,
respectively. The TMA and H,O sources were kept at
10°C throughout the deposition process. A continu-
ous flow of N, gas (50 sccm) was used as the carrier
gas and also for the purging during the deposition
process. The reaction scheme for one Al,O; ALD
cycle was set as follows: 0.5 s pulsing of TMA, 20 s
purging of N,, 0.5 s pulsing of H,0, and 20 s purging
of N,. The repetition of the aforementioned sequence
for two, five, and 10 cycles resulted in different thick-
nesses of the Al,O; coating on the cathode materials.
Hereinafter, the electrodes are denoted as NCM811-
Oc, NCM811-2c, NCM811-5¢c, and NCM811-10c,
respectively.

The crystal structures were characterized via X-ray
diffraction (XRD; Cu K, radiation, Rint 1000,
Rigaku, Japan) in the 20 range of 5°-90°. The lattice
parameters were determined by Rietveld refinement
using the GSAS software. The particle morphology,

elemental composition, and internal structure were
evaluated using field-emission scanning electron
microscopy (FE-SEM, S-4700, Hitachi, Japan),
energy-dispersive X-ray spectroscopy, and high-reso-
lution transmission electron microscopy (HR-TEM,;
JEM-2000, EX-II, JEOL, Japan), respectively. The
stoichiometry was determined via inductively cou-
pled plasma atomic emission spectroscopy analysis
(Perkin Elmer, OPTIMA 8300, USA). XPS measure-
ments (Multilab 2000, UK) were performed to deter-
mine the chemical oxidation sates of Mn, Ni, and Co
on the compound surface.

3. Result and Discussion

Fig. 1 shows the structural and morphological
properties of the NCM811 obtained from Ecopro
(Korea) using XRD, FE-SEM, and TEM. As shown
in Fig. 1(a), the well-defined XRD peaks represent
the hexagonal a-NaFeO, structure with the R-3m
space group [33]. The peaks are further indexed
using the hexagonal a-NaFeO; structure. The
absence of additional peaks and the splitting of (006)/
(102) and (108)/(110) denote the phase purity of the
sample, along with the well-defined layered struc-
ture. Fig. 1(b) shows the morphology of the single
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Fig. 1. XRD peaks of LiNisCooMng 0, obtained from Ecopro (Korea). (b) FE-SEM image of NCM811 with a spherical
morphology (¢ and d). HR-TEM images of 50-cycle ALD Al,Os;-modified particles.
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Fig. 2. TEM elemental mapping of LiNiggCog1Mng 0, with two, five, and 10 cycles of ALD Al,O; modification.

particle of as-obtained NCMS811 with a distinct
spherical shape as an advantage for a high tap density
and an aid to formulate the quality electrodes. The
uniform and conformal coating of ALD Al,Os is con-
firmed by the magnified TEM image, as shown in
Figs. 1(c and d). For the purpose of characterization,
the electrodes are fabricated with less conductive C
and coated with different thicknesses of ALD Al,O;.
The particles at the surface of the cathode are
removed properly and used for further analysis. For a
50-cycle ALD-coated electrode, an amorphous coat-
ing layer approximately 5 nm thick is clearly visible.
This uniform coating protects the cathodes from elec-
trolyte attack and improves the stability. Elemental
distribution mapping was performed to confirm the
distribution of individual elements over the surface.
Fig. 2 confirms that Ni, Mn, Co and O are uniformly
distributed over the particle. Further, the TEM ele-
mental mapping of the 50-cycle ALD coating is pre-
sented in Fig. s1. A clear Al mapping is visible near

the edge, confirming the uniformity of the Al,0O;
coating corresponding to that observed in the TEM
image.

Fig. 3(a) shows the charge-discharge curves of
NCMSI11 electrodes modified with different thick-
nesses of the Al,O5 coating at a rate of 0.2C (1C =
200 mA g'!) within the voltage window of 2.8-
4.3 V. It provides an initial capacity of ~190, ~199,
~188, and ~166 mAh g'1 for pristine, 2, 5, and 10
cycles of ALD coating. It is clear that the two-cycle
ALD-coated electrode has a higher capacity than
the pristine electrode. Further, the capacity is found
to decrease linearly with the increasing coating
thickness. Hence, an optimized coating thickness is
necessary to realize better electrochemical perfor-
mance. In the first place, an inactive protective
matrix at the interface effectively prevents the cath-
ode from direct contact with the electrolyte species
and suppresses the side reactions [16]. Once the
thickness of coating layer exceeds the threshold



Hari Vignesh Ramasamy et al. / J. Electrochem. Sci. Technol., 2019, 10(X), X-11
3004 (b
. (b)
= 2500 =—NCMS811- 0c
+ > —NCMSII- 2
é “.‘w 20004 ——NCMS811- 5¢
3 ——NCMSI1- 10c
: E
>
3.5
5 <
= -
g 5
8 ——NCMS8ll- 0c o
<]
& ——NCM81l- 2¢ o
28] ——Nomsit- s
—— NCMS11-10c (a)
- - - :
0 50 100 150 200 250
Capacity (mAh g'l)
220 c/s G c/5
C/3
200-
c/2
~ 2L 2
80 180 W \ 2CQ é
#53 |
\
% 160 \ ‘ X
~ 2
~ £
g 140 \ i
g | -e-Nomsi- oc > 57 o nowsi. o
< © ©
S 120 -@-NcMmsit- 2 ~@- NCMS11- 2¢
~9-NCMSs11- 5¢ ~9- NCMSI- 5
100 @ NCMmsi1- 10c @ NCMSs1- 10 (d)
. (C) 50 T T T T
————
0 5 10 15 20 25 30 35 40 45 5 0 20 40 & 80 10

No. of Cycles

No. of Cycles

180

160

-

B

3
L

—@-NCMS811- 0c
—@-NCMS811- 2¢
—0-NCMS11- 5¢
—@-NCMS11- 10c

80 T T T T T T

Capacity (mAh g'l)

100

@ NCMSil-
@ NCMs11-
@ NCMs11-
Q@ NCMs11-

0 5 10 15 20 25 30 35 40 45 50

No. of Cycles

T T T
200 300 400

No. of Cycles

T
0 100

Fig. 3. (a, b) Charge—discharge and differential capacity plot of ALD-modified NCM811 at room temperature (0.2 C rate).
(c) Rate capability studies and (d) cycling profiles of Al,Os;-modified NCM811 at room temperature at a rate of 1 C. (e)
Rate performance of ALD-modified NCMS8I11 electrodes at 50°C. (f) Cycling stability of Al,Os;-modified NCMS811

electrodes at a rate of 5 C in elevated-temperature conditions.

value, the Li* ion and electron transport kinetics are
severely affected [34a]. This property is material-
sensitive and varies with different materials. The
intensity ratio of (003)/(104) is an important factor
to determine the degree of disorder in the layered
oxides. It has been reported that, Al,O3; and AIPO,
surface coating resulted in increased (003)/(104)
ratio for nickel rich layered oxides by preventing
the cation mixing and having a much ordered sur-
face structure. This results in lower activation bar-
rier for diffusion of lithium in the layered structure.

Thus optimized Al,O; coating decreases the activa-
tion energy at the interface, thereby increasing the
Li" ion migration, leading to a high capacity [35].
Initial few cycles of ALD coating leads to partial
coverage of Al at the interstitial sites of cathode
electrode surface. The Aluminium ions from the
Trimethyl Aluminium (TMA) precursor is tend to
bond with the surface sites of the active materials
and results in the graded incorporation of the Al into
the structure through highly reactive and self-limit-
ing chemistry. This justifies the improved electro-
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chemical performance of 2 cycle ALD modified
NCMS811 electrode at room temperature and ele-
vated temperature. It also provides more channels
for Li" ion migration [36,46]. The corresponding
differential capacity plot is given in Fig. 3(b). Three
pairs of redox peaks are present in the voltage win-
dow of 2.8-4.3V for the bare electrode without the
ALD coating. The sharp peaks centered at 3.75 V
correspond to Ni**-Ni*', and another broad peak at
4.2 V correspond to Co**-Co*", along with other
structural transitions similar to those of NCM&11
[15]. For two-cycle ALD-modified electrodes, the
Ni*"*" peaks are shifted to a lower voltage, and the
separation between the peaks is minimized. This
implies that the polarization and impedance are
reduced. When the coating thickness is increased,
the polarization is increased, resulting from the Li'/
electron migration clearly reflected in the interfacial
charge-transfer resistance derived from the imped-
ance plot.

Rate capability studies were performed at different
current densities between 2.8 and 4.3 V for pristine
and ALD-modified electrodes (Fig. 3(c)). The
NCMSI11 electrode without any surface modifica-
tions delivered 190, 208, 188, 183, 167, and
146 mAh g, at rates 0£ 0.2, 0.1, 0.3, 0.5, 1, and 2C,
respectively. When the cells were cycled back to a
lower current of 0.2C, the electrode still delivered a
capacity of 195 mAh g!, showing good recovery
characteristics. The discharge capacity decreases
with the increasing current density owing to the
lower diffusion rate of the cathode electrodes at a
higher current rate. The rate performance of
NCMS811 with two-cycle Al,0O; coating was
enhanced with 199, 214, 195, 189, 172, and 158 mAh
¢! for the aforementioned current rates, and the elec-
trode exhibited a recovery capacity of 203 mAh g!
when cycled at the rate of 0.2C. NCM811 with five
cycles of ALD coating also gives a higher capacity
than the pristine electrode, and as the thickness
increases to 10 cycles, the rate performance degrada-
tion increases. This is because a thin ALD coating
accelerates the formation of the stable interfacial
layer with a more desirable structure, resulting in
improved electrochemical kinetics [37]. In this case,
the AL,Os coating is directly applied on the prefabri-
cated electrode without impeding the electrical con-
ducting pathways between the active material and
conductive C. As the thickness of the coating

increases, the movement of Li" is impeded, resulting
in a poor rate capability [34]. Cyclic stability is an
important factor for increasing the driving range of
EVs. Here, the cells were tested at the rate of 1C
between 2.8-4.3 V for 100 cycles (Fig. 3(d)). The
pristine electrode delivered a capacity of 163 mAh g!
at a rate of 1C rate and retained 151 mAh g after
100 cycles with a capacity retention of 92.56%. In
comparison, the two-cycle Al,O;-coated cathodes
delivered 176 mAh g! and retained a capacity of 165
mAh g (93.08%) after 100 cycles. The stability of
cathodes significantly increases with a higher coating
thickness, at the expense of the capacity. The five-
and ten-cycle ALD-coated electrode delivered a low
capacity of 171 and 149 mAh g and retained 96.75
and 98.45%, respectively, after 100 cycles. This
results clearly show the improvement in the electro-
chemical performance of the ALD-modified Ni-rich
cathodes. Li et al. applied an ALD coating to LiCoO,
electrodes using different metal oxides and con-
firmed the positive role of Al,O; in improving the
capacity retention compared with other oxides [15-
17].

To assess the influence of surface encapsulation,
electrodes with different Al,O3 thicknesses were
cycled at an elevated temperature (50°C) in the same
potential window of 2.8-4.3 V. Fig. 3(e) presents the
rate performance at different current rates of 0.2, 0.1,
0.3, 0.5, 1, 2, and 5C. The conformal coating of
Al,O5 appears to have no significance at the lower
current rates, as the pristine electrode delivered a
higher capacity regardless of the applied current rate.
However, an obvious difference is noted at the rate of
5C: the two-cycle ALD coating exhibits a higher
capacity than the other coating cycles. Further cyclic
stability at this 5C rate is extended for 500 cycles
between 2.8 and 4.3 V. Electrodes without the ALD
coating exhibit drastic capacity fading and retain only
46.59% after 500 cycles. In contrast, the electrode
with a very thin Al,05 coating (two cycles) has
higher capacity retention of 76.33%. An increased
thickness of 10 cycles of ALD yields better capacity
retention, but at the expense of a low specific capac-
ity, as the thick layer could hinder the diffusion of Li
ions at very high charge-discharge rate [34]. The
capacity fading of bare electrodes occurs for a variety
of reasons: (i) there are deleterious side reactions
when the electrodes are charged to a higher operat-
ing voltage of 4.3 V, at which most of the non-aque-
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Fig. 4. EIS spectra of ALD Al,Os-modified electrodes (a) before (inset shows the equivalent circuit) and (b) after cycling at

arate of 1 C at room temperature for 100 cycles.

ous electrolytes are easily oxidized [38], (ii) the
presence of highly reactive Ni*" at the end of the
charge could fasten the electrolyte decomposition
[39], (iii) the migration of transition Ni*" metal ions
from octahedral 3a sites to Li sites (octahedral 3b) at
delithiated state causes irreversible structural change
to the rock salt and spinal phase, hindering Li" ion
migration [40], (iv) the fluorinated anion species in
the electrolyte corrodes the interfacial layer, result-
ing in decomposition products such as LiF, Li,PF,,
and Li,PO,F., along with other gaseous products such
as CO, and alkanes [41a], (v) the continuous devel-
opment of microstrain in the unmodified sample
results in loss of crystallinity and thereby capacity
fading [41b,23b], (vi) Over-prolonged cycling can
aggravate the dissolution of transition metals, espe-
cially Mn. All the aforementioned mechanisms are
further aggravated at elevated temperature condi-
tions and cause degradation of the electrodes [42].
Whereas the electrodes with surface modification
maintains good structural stability and good capacity
retention.

Figs. 4 (a, b) show the electrochemical impedance
spectroscopy (EIS) results for NCM811 electrodes
coated with different numbers of cycles of Al,O3
coating using ALD. The EIS spectra clearly illustrate
the relationship between the impedance and the
thickness of the cathode interface coated with AL,Os.
Each spectrum has a single semicircle from the high-
frequency region to the medium-frequency region,
denoting the charge-transfer resistance (R.) mainly at
the electrode-electrolyte interface. [43a, 43b]. To
have a quantitative idea of the resistance, the
obtained spectra are fitted with an equivalent circuit,

as shown in the inset of Fig. 4(a), which has R, the
solution resistance and R, the charge transfer resis-
tance. The results indicate that NCM811 coated with
two cycles of ALD has a lower charge-transfer resis-
tance than the other coating cycles. Thus, an opti-
mized thin ALD coating can act as a protective
matrix for the cathode without hindering the move-
ment of ions and electron across the interface. The
lower charge-transfer resistance of the coated sample
is due to the protective effect of Al,0; before expo-
sure to O, and H,O before fabrication [44a]. Imped-
ance is also measured after cycling to assess the
stability of the electrodes. The NCM811 electrode
tested for 100 cycles at room temperature at 1 C rate
was considered. It has similar type of semicircle
denoting R The Ry, is significantly reduced for all
the cells after cycling because of the greater interac-
tion of the electrolyte with the active material after
cycling. Nonetheless, the electrode with two-cycle
Al,Oj5 coating exhibits better performance than the
others. In general, all surface modified cathodes have
lower charge transfer resistance. This is due to the
role of surface species resulting from the extensive
cycling at higher voltages. The acidic species like HF
generated during cycling can act as a catalyst in
polymerizing the Alkyl carbonates with the surface
species formed during cycling. Also it has a strong
influence on the impedance behavior as seen in fig-
ure. 4b [44b].

To reveal the robustness of the ALD Al,O; coating
in alleviating the formation of cracks caused by the
structural degradation and the volume contraction
and expansion during the continuous charge—dis-
charge process, we dismantled the coin cells and ana-
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Fig. 5. FE-SEM images of the NCM811 electrode after 500 cycles at a high temperature (50°C): (a) pristine electrode and

(b) Al,0;-coated electrode/
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lyzed the particle morphology of both the modified
and pristine electrodes, and the corresponding FE-
SEM image is shown in Fig. 5. The spherical mor-
phology of the NCM&811 is well-preserved in the
ALD-modified cathode (Fig. 5b). The cycled pris-
tine electrodes have extensive and visible cracks (Fig.
5a). The secondary aggregate particles are highly dis-
integrated, leading to more penetration of electrolyte
to the bulk and accelerate structural degradation
along with other surface side reactions resulting in
the dissolution of the transition metals in the delithi-
ated state [42]. As analyzed by Wang et al. higher
fraction of particles are subjected to severe
microstrain, fracture and defects during cycling. All
these lead to capacity fading over long cycles at a
high temperature [45]. In contrast, the micro-cracks
due to the anisotropic volume expansion are not visi-
ble even after 500 cycles at a rate of 5C, exhibiting
excellent cycle stability, as indicated by the electro-
chemical performance. This is because the Al,O; acts
as a flexible matrix to accommodate the volume
change and prevents the reaction of the electrode
with HF generated in the electrolyte, as well as metal
dissolution [15]. A schematic depicting the interfacial
modification using ALD Al,Oj; and its function as a
protective covering is provided in Fig. 6.
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Fig. 6. Schematic of ALD Al,0Os-modified NCM811 electrode
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5. Conclusions

We successfully modified the interface of the
NCMS8I11 cathode by Al,O5 using ALD. High capac-
ity of 190, 199, 188 and 166 mAh g™! is obtained for
pristine, 2, 5 and 10 cycles of ALD coated samples at
0.2C and maintains 145, 158, 151 and 130 mAh g
for high current rate of 2C in room temperature. The
Al,O;-modified cathode results in 76.33% capacity
retention even after 500 cycles (5C) at an elevated
temperature, whereas the pristine electrode exhibits
only 46.59%. Electrochemical results showed that
surface engineering could significantly mitigate the
detrimental side reactions along the interface and
thereby improve the stability and rate performance of
NCMS8I11 under both room-temperature and elevated-
temperature conditions. Post-mortem analysis clearly
showed the beneficial effect of surface modification
with Al,O; via ALD. This clearly indicates that the
conformal surface modification not only enhances
the electrochemical profile but also prevents the
structural degradation of cathodes under ambient-
temperature and elevated-temperature conditions.
This could be a significant step towards realizing
high-energy cathode materials for practical applica-
tions using conformal surface coating with ALD.
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