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Although conventional monometallic oxide coating on lithium nickel cobalt manganese oxide (NCM) cathode
materials has been extensively investigated, there are still many issues, such as low electrical conductivity, poor
mechanical properties and inferior chemical stability, that need to be addressed. Indeed, because of the single
nature of monometallic oxides, it is difficult to achieve the synergistic effect of various properties. In this work,
NiCoy04 were rationally grown on the surface of commercial LiNip gMng 1C0p 102 (NCM811) to obtain a bime-
tallic oxide coated NCM811 as cathode material for Lithium ion batteries (LIBs). This cleverly designed coating
with a higher electronic and ionic conductivity, better bulk modulus, and an outstanding interfacial stability,
could improve the capacity retention to 90.97% after 200 cycles at 100 mA g~ and enhance the initial
coulombic efficiency (CE) to 82.92%. The electrochemical characterization further clarifies the indisputable
benefits of NiCo204 coating to enhancement of the cathode performance. Moreover, the theoretical calculations
provide more explanations in three aspects, including mechanical stability, chemical stability and electrical
properties, confirming the superiority of NiCo204 bimetallic oxide coating with multiple properties over the
monometallic one. More importantly, this study has profound implications in the design of bimetallic and pol-
ymetallic oxide coatings for electrode materials, and even other bimetallic coatings, such as sulfides and sele-
nides, in the future.

1. Introduction

The energy crisis is becoming a globally daunting issue due to the
increasing demand for energy and the depletion of traditional fossil
fuels, leading to a destructive impact on the environment. In order to
solve this contradiction, great efforts have been made to develop green
and sustainable energy sources, among which electrochemical storage
and conversion technologies have proven to be very effective. Since the
commercialization in 1991, LIBs have gradually shown great advantages
in their application, occupying the largest market share among the
rechargeable batteries. Because of the high energy, long cycle-life and

other advantages, they have been widely employed in electric vehicles,
grid energy storage, and electronic devices [1,2]. The performance of
full batteries strongly depends on cathode materials, which are more
difficult to develop and more expensive to produce than the widely used
graphite or other more advanced anode materials [3,4]. Accordingly,
Ni-rich NCM (LiNixMnyCo;.4yO2, 0.6 < x < 1, 0 <y < 0.2) originated
from partial cation substitution of Ni atoms in LiNiOy, is considered as a
promising candidate because of its large capacity and low
manufacturing cost compared to conventional LiFePO4 and LiCoO;
cathodes [5-8]. However, Ni-rich NCM cathodes suffer from various
types of electrochemical degradation phenomena such as cation
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disorder, phase transformation, and side reaction at the
electrolyte-electrode interface, which are significant barriers for their
further large-scale application and commercialization [8-12].

Surface coating is an efficient method to alleviate the degradation
behaviors in Ni-rich NCMs by providing a physical barrier on the sur-
face, which prevents the direct contact between the electrode and
electrolyte [13]. For example, metal oxides such as Al,Os3 [14,15],
Co304 [16,17], SiO5 [18], TiO5 [19], ZnO [20] and WO3 [21] are
demonstrated to be successfully effective in improving the capacity
retention of the layered cathode materials during electrochemical
cycling. Metal phosphates [22], fluorides [23] and conducting polymers
[24] are also popular and broadly applied as coating materials. In
addition, for boosting the Li" diffusion at the interface, Li-containing
materials such as LiA102 [25], LizMI’lOg [26,27], LizTiOg [28], LizZI‘Og
[29] and LiNbOj3 [30] have been investigated, exhibiting great rate
capability and improved cycle-life. Among the various coating mate-
rials, oxides are the most widely studied and applied in both academia
and industry. In spite of their great functionality, the aforementioned
approaches have several drawbacks because the coating materials
typically result in a lower initial capacity compared to the uncoated
electrodes [31]. Another critical concern is the poor electronic and ionic
conductivities of some coating layers, which may have a negative effect
on the electrochemical kinetics of NCMs. Hence, the coating layer as a
physical barrier with positive effects can simultaneously act as an
electrochemical obstacle with negative effects. Hence, designing a
multifunctional coating with both excellent physical and chemical
properties is essential to achieve more efficient batteries.

Based on the critical aspects of surface coatings discussed above, an
ideal coating material should possess the following functionalities: 1)
excellent mechanical properties, buffering volume expansion during
cycling; 2) high electronic and ionic conductivity, improving kinetics of
extraction/insertion of Li™; 3) perfect chemical stability, reducing the
erosion of cathode by electrolyte. Hence, in this work, a bimetallic oxide
(i.e., NiCoy04) as the coating layer for NCM811 is designed and
compared with the monometallic oxides (i.e., NiO and Co304) and their
mixture in order to achieve the above-mentioned modification effects
and ameliorate the electrochemical performance of the cathode mate-
rial. It also displays a high initial CE of 82.92% and a superb capacity
retention of 90.97% after 200 cycles at 100 mA g~ . Indeed, the theo-
retical calculations further verify the superior performance of the
bimetallic oxide coating.

2. Experimental
2.1. Material synthesis

Commercial NCM811 coated with NiCo,04 was synthesized by a
simple solvothermal method. In particular, 0.61 mg Ni(NOs)2-6H50,
1.21 mg Co(NO3)2-6H20 and 0.29 mg HMTA, as a complexing agent,
were dissolved into 40 mL ethanol, then transferred into a Teflon-lined
stainless-steel autoclave which was sealed and kept at 120 °C for 12 h,
and then cooled down to room temperature. The as-obtained black
product was washed with ethanol several times, followed by drying at
90 °C for 1 h. The obtained black powder was transferred into a tube
furnace and heated at 400 °C for 2 h with a heating rate of 1 °C/min in
the Ny flow, and then naturally cooled down to room temperature to
obtain the NiCoy04 coated NCM811 (denoted as Ni&Co-NCM), ulti-
mately. For comparison, other coated samples were synthesized by a
similar method. Nickel oxide was coated on NCM811 (denoted as Ni-
NCM) without the additive of Co(NO3)2-6H;0. Cobalt oxide was
coated on NCM811 (denoted as Co-NCM) without the additive of Ni
(NO3)2:6H20. Complexing agent, HMTA, was not involved to co-coated
nickel oxide and cobalt oxide on NCM811 (denoted as Ni/Co-NCM). To
verify the phase of coating layer, we repeated the aforementioned pro-
cesses without NCM to obtain NiCo5,04, NiO, Co304 and the mixture of
NiO and Co304.
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2.2. Material characterization

The phase of each sample was identified by X-ray Diffraction (XRD,
SHIMADZU XRD-7000). The morphologies and microstructures were
analyzed by field emission scanning electron microscopy (FESEM, JSM-
6700F) and double spherical aberration correction field emission
transmission electron microscope (ACTEM, FEI Themis Z). The compo-
sition of materials and valence state of elements were indicated by X-ray
photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB Xi™).

2.3. Electrochemical characterization

LIR2032 coin cells were assembled to study the electrochemical
performance. NCM811, super P and PVDF with a weight ratio of 8:1:1 on
aluminum foil was used as the working electrode, and lithium foil was
used as the counter electrode and reference electrode, and 1.0 M LiPFg in
ethylene carbonate (EC), dimethyl carbonate (DMC), and ethylene
methyl carbonate (EMC) (1:1:1 Vol%) with 10.0% fluoroethylene car-
bonate (FEC) and 2.0% vinylene carbonate (VC) was used as the elec-
trolyte. Electrochemical performance was tested by a galvanostatic
charge-discharge system (Neware) between 3.0 V and 4.5 V (vs. Li/
Li*) at room temperature. Cyclic voltammetry (CV) curves and elec-
trochemical impedance spectroscopy (EIS) were carried out on a
Princeton Applied Research VersaSTAT 4 electrochemical workstation.

2.4. Theoretical calculation

First principle density functional theory (DFT) calculations have
been performed for atomic configuration optimization and energy cal-
culations. For all calculations, the Perdew-Burke-Ernzerhof (PBE)
function and projector augmented-wave (PAW) [32,33] method are
adopted using the Vienna Ab initio Simulation Package (VASP). In each
calculation, an energy cut-off of 520 eV were adopted with an energy
difference of less than 0.01 eV. When performing the structural opti-
mization, the system is regarded as converged when the force per atom is
less than 0.01 eV A~!. Moreover, regarding the co-coating NiO and
Co304, which is a physical mixture, the following calculations assume
that the physical properties of this coating depends on the average effect
of NiO and Co304.

3. Results and discussion

According to Fig. 1a, the XRD patterns of the pristine and coated
NCM with different coatings all show the same diffraction peaks,
perfectly matched LiNiOy (PDF # 89-3601), which is a typical layered
structure transition metal (TM) oxide [34]. It indicates that the phases of
NCM after coating via solvothermal method have not been changed, and
perfectly maintained its original layered form. To confirm the phases of
coating layers, the XRD test was conducted for each of them before
coating the NCM, as illustrated in Fig. 1b-e, which are respectively
identical to NiCoy04 (PDF # 20-0781), NiO (PDF # 78-0423), Co304
(PDF # 43-1003) and NiO/Co304 [35-37].

To directly characterize the NCM powder, SEM and TEM tests were
carried out. Fig. 2a shows the morphology of the pristine NCM sec-
ondary particles, which are composed of single crystal primary particles.
The high magnification SEM image in Fig. 2b and TEM image in Fig. 2c
show the smooth surface of NCM while the high magnification TEM
image in Fig. 2d can reveal more details about its morphology. The
spacing of the lattice fringe in the region marked with the red square is
0.204 nm, corresponding to the (104) crystal plane of NCM. The fast
Fourier transform (FFT) image embedded in Fig. 2d also indicates the
good crystallinity of the pristine NCM. Moreover, the detailed
morphology and structure of Ni&Co-NCM is depicted in Fig. 2e-h. The
presence of a conformal coating layer with a rough and fuzzy surface is
detectable in Fig. 2e and f. According to the TEM image in Fig. 2g the
thickness of the coating layer is about 2 nm. Meanwhile, the lattice
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Fig. 1. XRD patterns of the material: (a) Pristine NCM and the NCM coated with different coatings; (b—e) four different coatings, including NiCo,04, NiO, Co304 and
NiO/Co304, respectively.
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Fig. 2. (a, b) SEM and (c, d) TEM images of NCM; (e, f) SEM and (g, h) TEM images of Ni&Co-NCM.
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Fig. 3. High resolution XPS spectra of (a) Ni 2p and (b) Co 2p for the pristine NCM and Ni&Co-NCM.
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fringe and FFT image in Fig. 2h indicate that the original structure and
crystallinity of NCM have remained intact after the coating process.
Therefore, combined with the XRD result in Fig. 1b, it can be concluded
that the NiCo204 coated NCM has been successfully synthesized. Indeed,
more detailed information and images of the other samples is shown in
Figs. S1 and S2, and this conclusion can also be obtained from the lattice
fringes of each coating layer. As expected, different thin coating layers
were formed on the surface of the other three coated NCM samples,
among which the coating layer of Ni/Co-NCM is not conformal, which
may be due to the different nucleation and growth rates of NiO and
Co304 on the surface.

XPS test was also conducted before assembling the coin cells to
investigate the materials composition and the elements valence states.
The peaks corresponding to Li 1s, C 1s, O 1s, Mn 2p, Co 2p and Ni 2p
were discovered as shown in Fig. S3. More details are shown in Fig. 3
and Fig. S4, which display Ni 2p spectra and Co 2p spectra for all
samples. The valence state of Ni 2p is a mix of Ni>"™ and Ni®*. Particu-
larly, taking the pristine NCM as an example (Fig. 3a), the Ni 2p 1/2
peak at about 871.3 eV and Ni 2p 3/2 peak at 853.9 eV can be split into
NiZ* (853.66 eV and 871.11 eV) and Ni** (855.03 eV and 872.59 eV).
Indeed, the Co 2p 1/2 and Co 2p 3/2 peaks at about 794.1 eV and 778.8
eV in Fig. 3b, respectively, can be divided into Co?t (781.71 eV and
796.00 eV) and Co®t (778.73 eV and 793.96 eV) [15,24,27,28,35,
38-40].

Table 1 lists the ratios of different Ni and Co valance states for each
coating on the surface of NCM particles. Evidently, the ratio of Ni®" has
increased after NiO coating, while the proportion of Co cations are
almost constant. Similarly, after Co3O4 coating or co-coating of NiO and
Co0304, Co>* ratio has increased, but the proportion of Ni cations have
remained almost unchanged. When it comes to NiCo204 coating, both
ratios of Ni®" and Co®" increase by a certain amount, which indirectly
verifies the successful formation of different oxides in the coating layer.
Different metal elements have different binding energies with oxygen,
yielding different reactions towards accommodating volume expansion
during cycling and resisting HF corrosion, which both are important
factors affecting the cycle-life of a battery. Later in this study, more and
stronger evidence are presented by theoretical calculations to confirm
the formation of metallic oxides in the coating layer.

To evaluate the performance of Ni&Co-NCM as the cathode material
for LIBs, the charge-discharge test, displaying several cycles of Ni&Co-
NCM at a current density of 100 mA g1 was carried out (Fig. 4a). The
charging/discharging diagram maintains its original form even after 200
cycles, which is indicative of an excellent cycling stability. In Fig. 4b and
Fig. S5, which show the charge-discharge curves at the first and 200th
cycles, all samples show a similar pattern, indicating that coating does
not change the electrochemical reaction of the materials. Indeed, the CE
of the first cycle for the coated samples, particularly for Ni&Co-NCM
which is up to 82.92%, have significantly improved compared to that for
the pristine NCM. It is also worth noting that the ohmic polarization
(AEg) of samples with or without coating have changed, manifesting the
potential difference between the charge termination and discharge
initiation voltages. During the test, the standing time is set to 1 min to
ensure that the lithium ion diffusion of different samples within the
resting between charge and discharge process is of comparableness.
Even though the AEg of the coating samples are larger than that of the

Table 1
The ratio of different valence states of Ni and Co on the surface of the five
samples.

Niz + Nis‘ C03 + C02 +
NCM 64.76% 35.24% 74.38% 25.62%
Ni-NCM 57.98% 42.02% 75.49% 24.51%
Co-NCM 62.28% 37.72% 85.61% 14.40%
Ni/Co-NCM 62.49% 37.51% 83.33% 16.67%
Ni&Co-NCM 56.13% 43.87% 84.57% 18.43%
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pristine NCM at the first cycle, the growth of the AE, is smaller after 200
cycles. Notably, at the beginning of the cycles, Ni&Co-NCM may not
show some advantages over the pristine NCM, even with a decrease in
capacity. The coating layer formed on the NCM surface is inactive with a
lower conductivity of lithium ion compared with the pristine NCM,
resulting in the reduction of discharge capacity. But upon cycling,
benefiting from the protection effect, the coating layer reflected obvious
positive impact on NCM stability. The results distinctly demonstrate the
superior cycle performance of the coated samples, and particularly
Ni&Co-NCM with a capacity retention up to 90.97%, as shown in Fig. 4c.
Interestingly, as the cycling continues, benefits of the coating layer be-
comes more pronounced. To further confirm the coating effect on
cycling performance, the morphologies of the electrodes after 200 cycles
were tested. As shown in Fig. S6, some microcracks obviously appeared
on the surface of the pristine NCM after 200 cycles, and some particles
were even broken. By contrast, Ni&Co-NCM may remain intact spherical
particles without obvious cracks. In addition, the XRD results after 200
cycles are shown in Fig. S7. The peaks located at around 38°, 44°, 65°
and 78° originate from the current collector in the electrodes. Compared
with samples before cycling, the samples after cycles may maintain the
original phase.

According to Fig. 4d and Fig. S8, compared to the pristine NCM,
Ni&Co-NCM keeps more stable oxidation and reduction peaks [34,41].
The value of the potential difference between oxidation peaks at the first
and the fifth cycles (AEg) is in a direct relationship with side reaction
and electrochemical polarization during the initial several cycles [25,
42]. The AEg values are listed in Table 2. Evidently, the AEg of Ni-NCM
is larger than that of the pristine NCM while those of the other three
coated samples are smaller. During the charge-discharge process,
extraction and insertion of Li™ in NCM particles lead to a change in the
valence of Ni and increase the chance of Li-Ni cation mixing, which
results in the formation of rock-salt phase NiO on the surface and more
side reactions [39]. It is worth mentioning that the conductivity of
Ni-NCM is very low owing to evolution of the rock-salt phase NiO
coating on the surface. Oppositely, the electrical conductivity of the
other three coatings are increased due to the addition of Co which can
reduce the influence of electrochemical polarization. This is also sup-
ported by the change of H2—H3 phase transition peaks, shown in
Fig. S9. At the first cycle of CV, the H2—H3 phase transition peaks of
Ni&Co-NCM, Ni-NCM, Co-NCM, Ni/Co-NCM and NCM seem similar,
and their difference is obvious at the sequent cycles, especially for
Ni/Co-NCM. As the results in TEM test, the different nucleation and
growth rates of NiO and Co304 on the surface lead to the coating layer of
Ni/Co-NCM is not conformal. Due to uneven coating layer of
Ni/Co-NCM, uncoated area may be more prone to surface reconstruction
in comparison to the coated areas, leading to a decrease of CV peak at
around 4.2 V for the H2—H3 phase transition. Fig. 4e and Fig. S10
illustrate the CV curves at various scan rates, and the relationship of the
peak current (ip) and the square root of scan rate w'?) are depicted in
Fig. 4f to acquire the lithium-ion diffusion rate (Dy;+) using the Rand-
les-Sevcik equation [43,44]:

i, =2.69 x 10° ¥/ A Cy DYv'/?

where n is the number of electrons in redox reaction; A is the geometric
area of electrode (cmz); Co is the molarity of lithium ions (mol cm_g),
Dy;+ is the diffusion rate of lithium ions, and v is the potential scan rate
(A% s’l). The Dy;+ in all samples are of the same order of magnitude, as
listed in Table 2, indicating that coating modification has no negative
effect on ion conduction. This is because the thickness and ratio of the
coating layers are very small relative to the bulk phase material, thus the
diffusion coefficient of lithium ions in the cathodes hardly changes.
EIS has been considered as an effective method to determine the
ohmic resistance (Rg), surface film resistance (Rf) and charge transfer
resistance (R¢y) [45,46]. Before testing, the cells were charged to 3.75 V
at 100 mA g ! after various cycles. The Nyquist plots of the pristine NCM
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Fig. 4. (a) Charge-discharge curves of different cycles of Ni&Co-NCM; (b) The first and 200th charge-discharge curves of the pristine NCM and Ni&Co-NCM; (c)
Cycle performance of the five samples; CV curves of (d) Ni&Co-NCM at the scan rate of 0.1 mV s~!, and (e) Ni&Co-NCM at various scan rates; (f) Relationship of the
peak current (i,) and the square root of scan rate 3.

200 cycles [47] (Fig. 5a and b). It suggests that the pristine NCM forms
one more interface during cycling because the number of arcs represent
the number of interfaces. This signifies the positive effect of the coating
layer on protecting the pristine NCM through cycling. However, not all

Table 2
Values of AEg, AEq, initial coulombic efficiencies, capacity retention and
lithium-ion diffusion coefficients of the five samples.

NCM NiNCM  CoNCM  Ni/Co-  Ni&Co- the coatings are beneficial in this regard; for instance, NiO coating and
Initial CE 76.99% 69.60% 76.66% 5;: 1;/[0% gzc 12:[2% NiO/Co304 co-coating increase the resistance to a certain extent.
AEq 1st 0.095 0.207 0.169 0.196 0.182 Compared to R, Rs and R¢ account for a very small percentage of the
W) 200th 0.299 0.327 0.283 0.315 0.272 total resistance during cycling. Therefore, the continuous increase of the
Capacity retention 57.41%  80.75%  82.38%  83.03%  90.97% Rt is considered to be the leading reason for capacity decay. The Rt
AEg (V) ) 0.229 0.255 0.194 0.153 0.163 values of the five samples are listed in the 3D column chart in Fig. 5c.
Dy;+ extraction 1.7 x 1.6 x 2.3 x 0.6 x 1.1 x . ) .
(em? 1011 10-11 1011 10-11 101 Accordingly, Ni-NCM and Ni/Co-NCM show larger R.; values compared
s insertion 2.9 x 3.9 x 4.8 x 1.0 x 2.6 x to that of the pristine NCM while this value for Co-NCM and Ni&Co-NCM
107" 107" 107" 107" 107" are comparable to the uncoated sample, and the smallest one belongs to

Ni&Co-NCM. Hence, it can be concluded that NiCoy04 is the most
conducive coating to electrochemical impedance performance by opti-
mizing the number of interfaces and the value of resistance in the
coating layer.

For calculating the bulk modulus of materials, hydrostatic defor-

and Ni&Co-NCM distinctively follow two different models, and conse-
quently different equivalent circuits. The former can fit in three arcs
after a few cycles, indicating the presence of three interfaces between
solid and liquid phases, while the latter can merely fit in two arcs after
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Fig. 5. Nyquist plots and fitting curves of (a) Pristine NCM and (b) Ni&Co-NCM; (c) Comparing the R value for all samples.
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mation was introduced into the optimized cell. The modulus was then
predicted using Murnaghan equation of state [48], and according to this
formula:

1 v\
E(V)=Ey + KiVo | ———7——| —
(V) o+ Ko 0|:K0(K0_1)<V0> +

The bulk modulus plots are demonstrated in Fig. 6b. It can be
inferred that NiO (179.72 GPa) and NiCo04 (174.17 GPa) has similar
bulk modulus while Co304 (165.97 GPa) is relatively softer due to the
lower bulk modulus, which depends on the crystal structure and in-
dicates that the strength of Ni-O bond is higher than that of Co-O bond.
This characteristic signifies that NiO and NiCo04 have stronger inhib-
itory effect on the volume expansion and structural deterioration of the
NCM during cycling compared to Co304 and its mixture with NiO.

Meanwhile, the calculated density of states is demonstrated in
Fig. 6¢. It can be realized that NiO is a wide bandgap semiconductor
while both Co304 and NiCoy04 turn out to be half metals. Such

v 1
Ky Vo Ky—1
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calculation indicates that NiCo,O4 has a much better electronic con-
ductivity compared with NiO and a similar conductivity as Co304.
Therefore, Co304 and NiCo204 coating layers hardly show resistance to
electronic transmission, which also supports the EIS results (Fig. 5¢) that
NiCo,04 and Co304 have a better electron conductivity than NiO and its
mixture with Co304.

Considering the reaction of oxides (NiO, Co304 or NiCo304) with F~,
pseudo-binary phase diagram is constructed between the two ending
compounds, so that the reaction energy at different ratios can be
calculated. In order to get an accurate reaction energy, all possible re-
action products were considered by enumeration of all ICSD compounds
in the composition space of M (M = Ni or (and) Co)-O-H-F. The
calculated reaction phase diagram between the oxides and F~ is pre-
sented in Fig. 6d. It can be inferred that NiO has a much lower formation
energy compared with Co304 and NiCoy04. Accordingly, it indicates
that Co304 and NiCoy04 are more effective in preventing NCM from
reacting with F~ and consequently inhibiting the dissolution of active
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materials compared to NiO and its mixture with Co304. Moreover, it is
worth noting that at the electrode interface of a real battery, the actual
effective ratio between oxide and F~ is smaller since the oxide only
serves as a coating material that is surrounded by electrolyte.

Regarding Li™ migration in oxides, it should be noted that the rock-
salt structure of NiO does not provide enough space to enable Li*
diffusion. When it comes to Co304 and NiCoy04 structure, the vacant
octahedral site in spinel framework can easily allow Li" diffusion. It also
verifies the lower value of AEg for NiCo;04 and Co304 compared to NiO,
and is consistent with the results from Fig. 6d. To estimate the activation
barrier, the climbing image Nudged Elastic Band (ci-NEB) method [33,
49-51] was adopted to compute the minimum reaction paths (MEPs)
and the associated energy barriers of 2H/T phase transitions. Indeed,
NEB calculations were only performed on Co304 and NiCo204, and the
calculated MEPs are demonstrated in Fig. 6e. Additionally, the Li™
diffusion barrier in NiCo504 is calculated to be around 234 meV, which
is smaller than that of Co304, which is 293 meV. This result is in
agreement with the CV results in Fig. 4d, and further validates the better
ionic conductivity of NiCo204 relative to Co304.

To sum up, the bulk modulus of NiCo504 is superior to Co304, and
compared to NiO, it has a less reaction with F~ and possesses a much
better conductivity. Moreover, the activation barrier of NiCo04 is the
lowest among the samples. According to the experimental and calcula-
tion results, NiCo04 exhibits the same structure as Co3O4 in terms of
conducting Li*, and addition of Ni increases the overall mechanical
strength of the material. Indeed, the higher binding energy of Ni-O
compared to Co-O bond together with the other constructive physical
and chemical properties make NiCo204 superior to the other coating
materials in terms of bulk modulus, stability against F-, electronic con-
ductivity and Li* diffusion activation barrier, all of which can protect
the cathode and stabilize its performance through cycling.

4. Conclusions

In this work, bimetallic oxide coatings on NCM811 were proved to
have a superior performance over monometallic oxides which were used
as the control groups. Specifically, as a result of the coatings, the elec-
trochemical characteristics achieved different levels of improvement,
among which the bimetallic oxide Ni&Co-NCM displayed the best per-
formance. Ni&Co-NCM delivered a high initial CE of 82.92% and a high
capacity retention of 90.97% after 200 cycles at 100 mA g~!. Among the
coatings, NiCo204 coating layer demonstrated the best elemental dis-
tribution, electrochemical stability and conductivity as well as the
lowest charge transfer resistance owing to its electrochemically favor-
able crystal structure and more active elements. The theoretical calcu-
lations also confirmed that NiCoy04 is the best coating material among
the other candidates due to the superior bulk modulus, less reaction with
F, better conductivity and lower activation barrier. NiCoy0O4 has a
similar structure as Co304 and exhibits better electrochemical properties
than the rock-salt NiO in terms of the electronic and ionic conductivity.
Moreover, the synergistic effect of nickel and cobalt is the primary
reason for superiority of the bimetallic oxides compared to the mono-
metallic oxides and their mixtures, where nickel atoms enhance the
mechanical stability of the coating layer and cobalt atoms improve the
diffusion rate of electrons and ions, which cannot be fully achieved in
monometallic oxides. More importantly, this work has profound impli-
cations in the design of bimetallic and even polymetallic oxide coatings
for electrode materials in the future. Nevertheless, not all bimetallic
oxides can achieve a better performance than single metal oxides, thus
evaluating the properties of single metal oxides prior to design a coating
layer is essential. In future, a similar designing approach can be
extended to more bimetallic coating materials such as sulfides and
selenides.
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