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Layered LiNi0.6Mn0.2Co0.2O2 (NMC622) has been lauded as robust
and fitting candidates for the development of the next
generation lithium-ion batteries for electric vehicles and other
high energy demanding applications. However, widespread
commercialization of NMC622 cathode material has been
frustrated by its poor cycling performance which is due to
structural instability. This work shows that the electrochemical
performance of the NMC622 can be greatly enhanced by
surface-coating with CeO2. A commercial NMC622 is chemically
modified with a very low amount of CeO2 (~2%) to form an
ultrathin CeO2-coated NMC622 surface (NMC622-c). The coated

electrode material exhibits enhanced electrochemical perform-
ance compared to its pristine counterpart, especially in terms of
Li-ion diffusion kinetics and capacity retention. This
enhancement has been made possible by the NMC622-c
overcoming the destructive H2/H3 phase transition, reduced Ni/
Li mixing, and improved ordered hexagonal structure. Improved
Li diffusion rate has also been improved for long battery life.
This work provides excellent insight to researchers and
entrepreneurs working hard to overcome the inherent chal-
lenges of the NMC622 and related NMC layered cathode
materials.

1. Introduction

Modern lifestyle, communication and mobility are greatly
influencing the pace at which the world is advancing towards
renewable and sustainable energy use as a way of combatting
adverse effects that result from the use of fossil fuels. Recent
COVID pandemic, current world politics and wars further
pushed world‘s leaders to bring closer the dates for 100%
consumption of renewable resources with great advances in
hybrid electric, plug-in hybrid electric and battery electric
vehicles (HEVs, PHEVs and BEVs, respectively).[1,2] These high-
lights need for good energy storage systems such as lithium-ion
batteries (LIBs). Layered structured Ni-rich Li Ni1-x-yCoxMnyO2

(NMC) are still some of the strong contenders as LIBs cathode
materials. Their high theoretical capacity, lower cost compared
to the conventional LiCoO2 and relatively safe performance
make them desirable for energy-thirsty applications.[3,4] How-
ever, Ni-rich NMC are still riddled with many maladies, from
structural instability, thermal instability at fully charged state,
fast fading upon cycling, large capacity loss during the first
charge-discharge cycle even at potentials lower than 4.0 V,
sensitivity to environmental conditions including deterioration
in ambient storage conditions.[5] All these lead to poor electro-

chemical performance. Many researchers have indicated struc-
tural degradation which can be caused by anisotropic strain
that results in volume expansion associated with the intercala-
tion and deintercalation of Li ions[6–8] and side reactions
between the electrode materials and the electrolyte as the main
contributors to these shortfalls.

Several approaches have been adopted to overcome the
problems of Ni-rich NMC which include 2% weight of ceria-
coating of NMC532[9] and niobium-doping of NMC811.[10] Coat-
ing improves the structural resilience and stability of NMC. It
offers a physical barrier between the cathode material and the
electrolyte and depending on the nature of the coating, it can
also improve the conductivity of the material.[11] Metal oxides
including ceria (CeO2)

[9,12,13] alumina (Al2O3)
[14] MgO,[9] ZrO2,

[15]

ZnO, V2O5, nano-TiO2,
[16,17] NbO[10] and others such as SiO[18]

AlPO4 have been used as coatings with reports of improved
electrochemical performance such as high capacity, high
cycling stability and good rate capability of several electrode
materials. Like ceria coating or doping, alumina-based coatings/
doping are of interest because of their low-cost, compatibility,
and ability to enhance rate capability and capacity retention of
cathode materials, including LCO, LMO and NMC.[19–25] However,
unlike alumina coatings, ceria is unique as it highly conducting
due its excellent oxygen storage capacity and the presence of
oxygen vacancies arising from Ce3+ and redox process of the
Ce3+/Ce4+.[26–28] Moreso, ceria is known for its good electrical
conductivity which allows for electron transport between ceria
and metal oxide.[29] For example, ceria has been used to coat
some metal oxide cathode materials (such as LiCoO2,
LiNi0.8Co0.2O2, LiCo1/3Ni1/3Mn1/3O2 and LiMn2O4) to improve their
electrochemistry.[12,30–32] In addition, ceria-coating has been used
in NMC811 to mitigate some of the inherent challenges
associated with layered cathode materials, i. e., structural
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instability, cycling instability due to dissolution of the transition
metals, phase transition and cation mixing.[33] Many literature
prefer the use of 2% ceria for coating cathode materials for Li-
ion batteries.[9,34–36]

In this work, we report the first use of ultrathin film of ceria
surface-coated on Ni-rich layered cathode material, using
NMC622 as a model sample. The effects of the surface-coating
on the physico-chemistry and electrochemical properties of the
NMC622 are interrogated. We report how a simple process of
surface-coating NMC622 with ultralow amount of ceria (~2%)
can significantly tune the electrochemical performance of the
NMC622-based lithium-ion battery cells, including improving
first cycle coulombic efficiency, cycling stability, increased
capacity and capacity retention.

Experimental Section

Material and Methods

Commercial NMC622, Carbon black, polyvinylidene fluoride (PVDF),
N-Methyl pyrrolidine (NMP) and LiPF6, were used without modifica-
tion while ethylene carbonate (EC). Diethyl carbonate (DEC) and
dimethyl carbonate (DMC) were dried using molecular sieves before
use. They were all from Shandong Gelon LIB Co. LTD. The reagents
Ce(NO3)3·6H2O (Sigma-Aldrich) and PVA (Sigma Aldrich), were also
used without further purification. Heating was done in a program-
mable tube furnace where the temperature was controlled by high
precise SCR power controller with + /� 1 °C accuracy and it was
programmed to heat at 3 °C/min. The crystal structures were
characterised using Raman spectroscopy, scanning electron micro-
scopy (SEM) coupled with energy dispersive spectroscopy (EDS),
TEM and powder X-ray diffraction (PXRD). Horiba Jobin-Yvon
LabRAM HR Raman spectrometer equipped with an Olympus BX41
microscope attachment was used to obtain the Raman spectra. A
Bruker D2 diffractometer 580 equipped with Cu Kα radiation (λ=

1.54178 Å and scanned within range 10°–90° at a scanning rate of
2.7°/min was employed to identify the XRD crystal structure. The
morphology of the powders was studied using the Zeiss SEM and
TEM microscopes and the elemental content of the powders were
studied using EDS in conjunction with SEM.

Electrochemical tests were carried out as half-cell measurements
using R2032 coin cells. Typically, cathode electrodes were fabri-
cated from an 8 :1 : 1 mass ratio of the cathode material to PVDF
binder to carbon black. First the binder was placed in an agate
mortar and NMP was added as the solvent and combined, then a
mixture of combined cathode and carbon powders were added,
and all were mixed into a slurry. The prepared slurry was evenly
applied onto an aluminum foil current collector using a coating
machine. The coated sheet was placed in a vacuum oven at 120 °C
overnight to dry before calendaring. The coated electrode sheet
was then cut into 12 mm diameter discs and transferred to an
argon-filled MBraun glovebox for cell fabrication. The R2032 coin
cells were assembled in an argon-filled glovebox using the coated
cathode discs, lithium foil discs as an anode, 1 M LiPF6 in EC/DEC/
DMC (1 :1 : 1 volume ratio) as the electrolyte and micro-porous
polypropylene Celgard H1612/16 μm as the separator. The electro-
chemical measurements were carried out on a BioLogic system
(BCS-800 series). A BT-Lab program was used for data acquisition
and analysis.

Experimental

Synthesis of 2% CeO2-coated NMC622 by mass was made by
weighing out enough Ce(NO3)3·6H2O to contribute the Ce3+ ions for
a 2% CeO2 by mass of the commercial NMC622 (summarized in
Figure 1).

The nitrate salt was then dissolved in deionised water and the
weighed NMC622 was added and dispersed in an ultrasound
sonicator bath. Polyvinyl alcohol (PVA) was stirred into the mixture.
The resultant suspension was left to dry in a vacuum oven at 80 °C.
The dry residue was crushed in an agate mortar and pestle before

Figure 1. Schematic of the synthesis method of NMC622-c.
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treating with heat at 450 °C for 5 h in a tube furnace. The NMC622-c
powder was cooled and ground into a powder.

2. Results and Discussion

2.1. Phase and Morphology Analysis

The powder XRD pattern of NMC622 and coated NMC622-c
captured between 5–90° is shown in Figure 2. They both have a
typical LiMO2 structure of αNaFeO2 layered structure with a
R3 m space group that has been indexed to hexagonal lattice
(JCPDS No. 00–066-0854) with the atoms Li, M (M=Ni, Mn, Co)
and O, at 3a, 3b and 6c sites as describe for NMC111.[4] The
peaks are sharp and with high intensity proving that the
particles are crystalline and thus have structural periodicity. The
highly crystalline materials show a clear separation of the peaks
in the doublets of (006)/(102) and (018)/(110) which is
characteristic of highly ordered layered structure that is free
from impurities.[3]

Crystalline CeO2 is a highly refractive material. The fact that
strong fingerprint peaks on the pattern due to CeO2 are missing
suggests that it did not form as a crystalline material and the
amount was small. Previous work showed that XRD of a coated
material may or may not result in extra peaks of the coating
material depending on the amount of the coat added[3,13] and
the temperature used to apply the coat. Often temperatures
above 700 °C, are needed to insert an atom into the host
lattice,[13] and this will most likely also cause some shifts in the
peak positions of the host material. The peak positions are
similar for both materials except for the weak signal at ~28.6°
as shown in the insert in Figure 2. This signal is produced by
CeO2 and it is broad which suggests that the coat may be
lacking the close packed structural periodicity of crystalline
solids. The broadness is caused by the non-coherence in the
arrangement or the positioning of the atoms in the M� O frame.
This suggests that the coating is amorphous, adhering to the
surface of the host material and it is most likely thin layered as

can be expected because of the small amount, 2% by mass that
was theoretically expected. This coating has preserved the
layered structure of the bulk material which is suited for easy
diffusion of the Li ions.

Table 1 shows the summary of calculations made from the
XRD patterns of NMC622 and NMC622-c. with the ratio of
intensity of I(003)/I(104) being 1.85 and 1.87 for NMC622 and
NMC622-c, respectively. The I(003)/I(104) ratio >1.2 indicates
absence of cationic mixing. The r1 factor obtained by I(006)+ I(102)/
I(101) is an indicator of the hexagonal ordering, where r1 <0.6
signifies a distinct highly ordered hexagonal structure. This is
true for both samples. Thus, the coating neither affected the
ordering nor the cationic mixing. Owing to the high similarity in
patterns of the NMC622 and NMC622-c coating is not to
expected to adversely affect the diffusion of Li within the
cathode because it did not change the layered structure of
NMC622.

Figure 2(b) shows the Raman spectra of NMC622-c and
NMC622 between 100 and 1000 Raman shifts. Both spectra are
almost similar without an observable signal by O� Ce� O
stretches which agrees with the XRD data which could be
overlapping with Eg (Ni) around 460 cm� 1. The slight shift of the
peak of the NMC622-c to lower region (i. e., from about 519–
500 cm� 1) is indicative of surface defect. This is because of the
small amount of CeO2 formed. Both samples have strong bands
between 430 and 640 cm� 1 which are due to the Raman active
A1g and Eg modes of M� O and O� M� O stretches and vibrations
for the Ni, Co and Mn found in this region. All six Raman active

Figure 2. (a) XRD patterns of NMC622 and NMC622-c and the insert show the expanded area between 27–32° and (b) Raman spectra of NMC622-c and
NMC622.

Table 1. Cation mixing parameters and lattice parameters of NMC622 and
NMC622-c.

Cathode
material

Intensity ratio
I003=I104ð Þ

r1 factor
I 006ð ÞþIIðð102Þ

I 102ð Þ

NMC622 1.85 0.44

NMC622-c 1.87 0.42
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modes were not easily discernible and upon deconvolution
only five signals were picked shown in Figure S1, the A1g(Ni)
mode could not be picked. This is another indication of little
cationic mixing as Ni� O and O� Ni� O vibrations are narrower
when there is more ordering and little cationic mixing of the Ni
and Li atoms.[37]

Morphology of the samples was studied using SEM. Figure 3
shows the SEM images of both NMC622 and NMC622-c.
NMC622 in Figure 3(a) has hexagonal particles with some rough
flaky surface while Figure 3(b) shows that NMC622-c, has a
smooth surface, confirming the successful application of the
CeO2 coating.

Probing by energy-dispersive X-ray spectroscopy (EDX)
analysis was done on the flaky part and the hexagonal particle
and it showed the presence of all expected elements. However,
the data on elemental composition shows that the expected
atomic and weight percentages were accurate only for the

cuboid structure as listed in Table 2. Thus, the flakes seen on
high magnification with SEM are most likely degradation
products and their elemental composition does not match the
theoretically expected one, while the theoretical elemental
composition fits for the cube region. Element mapping images
shows satisfactory distribution of the component elements.
Figure 3e shows typical elemental mapping images of the
NMC622-c, confirming that metal Ce was also evenly and
selectively spread on the NMC622-c sample proving further that
indeed Ce was successfully introduced onto the cathode
material.

TEM imaging was carried out to further analyze the surface
of the materials. Figure 4 shows the TEM images. The particles
have variable macro-sized diameter of around 100–150 nm. The
HRTEM image, Figure 4 (c) shows the presence of an ultra-thin
layer with thickness of 6–10 nm on the surface of NMC622-c.

Figure 3. SEM images of (a) NMC622 and (b) NMC622-c and EDS of (c) NMC622 and (d) NMC622-c, and (e) typical elemental mapping of NMC622-c.
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2.2. Electrochemical Measurements

Figure 5(a) shows the cyclic voltammograms of two NMC
powders were measured in half cells between 2.8 and 4.4 V in
1 M LiPF6 in EC/DEC/DMC (1 :1 : 1 volume ratio) at 0.1 mV/s scan
rate. On first scan, two oxidation processes were observed for
NMC622 with half wave potentials of E1/2=3.93 and 4.32 V vs
Li/Li+ for process I and II, respectively and has been
summarized in Table 2. However, on reduction, a single
dominant process was seen at half wave potential of E1/2=

3.67 V and two smaller processes show as indistinct humps at
E1/2=3.92 and at E1/2=4.18 V vs Li/Li+. Similarly in the first cycle

NMC622-c has two oxidation peaks, a low current peak at E1/2=

4.19 vs Li/Li+ and a dominant peak at E1/2=3.92 V still with one
reduction peak at E1/2=3.67 V vs. Li/Li+. The process at high
voltage is quasi-reversible reactions responsible for multiphase
transitions between two hexagonal structures (H2–H3).[38,39] The
H2–H3 phase transitions are caused by Ni2+ /4+ processes. There
is a large charge difference between the Ni2+ and Ni4+ ions
they can lead to catastrophic volume contraction leading to Ni
loss resulting in structural degradation and capacity fading.
Although both samples exhibit the H2–H3 phase transitions
according to the Figure, it is more pronounced in uncoated
NMC622 than in NMC622-c.

Table 2. CV peak potentials for NMC622 and NMC622-c and for the dominant peak.

compound Peak potential (E1/2, V vs Li/LI
+)

Oxidation
1st cycle

Reduction
1st cycle

~EP Oxidation
2nd cycle

Reduction 2nd cycle ~EP

NMC622 4.32
3.93

n/a
3.67

0.65
0.26

3.89
n/a

3.67
n/a

0.22
n/a

NMC622-c 4.19
3.92

3.67
n/a

0.52
0.25

3.95
n/a

3.67
n/a

0.21
n/a

Figure 4. TEM images of (a) NMC622, (b) NMC622-c (c) HRTEM of NMC622-c.

Figure 5. Comparative cyclic voltammograms of (a) NMC622 and (b) NMC622-c conducted at 0.1 mVs� 1.
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On second cycling, the shape of the voltammogram and the
peak currents changed to show a single redox couple for both
NMC622 and NMC622-c. The oxidation peak is at E1/2=3.89 and
E1/2=3.95 V for NMC622 and NMC622-c, respectively and on
reverse scan both show a peak at E1=2 ¼ 3:67 V vs. Li/Li+ for
NMC622 and NMC622-c. The latter oxidation peak is at higher
potential for NMC622-c proving that NMC622 exhibits faster
diffusion that NMC622-c. This is expected owing to the
presence of a CeO2 coat which would lead to slower diffusion of
Li ions because of greater distances the ions would have to
travel, and the formation of the SEI. In general, shape of the CV
curves and ~EP shows fast kinetics for both the uncoated
NMC622 and NMC622-c with proves the good electrochemical
characteristics of NMC622. Furthermore, cyclic voltammograms
of NMC622 and NMC622-c had almost similar half potential as
summarized in Table 2 which further indicates that an ultrathin
layer of CeO2 does not totally block the electrochemical
processes of NMC 622.

Long-term galvanostatic charge-discharge cycling experi-
ments (up to 50 cycles) at 0.1 C, (1 C=270 mAhg� 1) were
conducted for the two cells between the potential window of
2.8–4.3 V at room temperature (Figure 6a & b). The NMC622 cell
showed first cycle capacity loss of about 37% while the
NMC622-c lost about 63%. The pristine NMC622 (Figure 6a)
delivers more discharge capacity of ~205 mAhg� 1 while
NMC622-c (Figure 6b) had an initial discharge capacity of
150 mAhg� 1 and then increased as the cycling number

increased. This finding confirms the electronic interaction
between the NMC and its ceria coating.

Figures 6c and d compare the capacity retention and
corresponding Coulombic efficiency profiles. At the end of the
50th cycle, the pristine NMC622 lost about 18% of its initial
capacity while the ceria-coated sample (NMC-c) gained about
14% capacity after a few cycles. This behaviour of the ceria-
coated sample indicates activation for efficient Li diffusion,
mediated by enhanced electronic interaction of the ceria and
NMC. In other words, there is a gradual development of lithium
ions ‘highway’ that improves the intercalation/deintercalation
process. The coulombic efficiency (CE) for the two materials
range between 97% and 100% except for the first cycle where
it was 60% and 65% for NMC622 and NMC622-c, respectively.
Even during the electrode activation stage, the coulombic
efficiency is high. High CE is an indication of efficient operating
cell with little side reactions and little loss of lithium during
cycling.[40] Such cells are expected to show good cycling
reversibility and run for a long time. The initial low EC is
attributed to the formation of the SEI, while the less than 100%
efficiency an indication of the immediate development of the
SEI. This observation of the ceria-coated sample suggests that
ceria-coating improves conductivity of NMC622 cathode materi-
al and limits the continued formation of the SEI layer with
cycling. Also, the enhanced capacity retention of the NMC622-c
further agrees with the observed shapes of the CV which
showed more H2–H3 for uncoated sample than for the
NMC622-c which explains the more rapid decay for NMC622.

Figure 6. Comparative long-term cycling (50 cycles) of (a) NMC622 and (b) NMC622-c; Capacity retention and coulombic efficiency profiles of (c) NMC622 and
(d) NMC622-c.
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It is interesting to note that our synthesis strategy of 2%
ceria coating of the pristine NMC gave similar or even better
electrochemical properties (especially in terms of improved
redox kinetics and capacity retention) that are excellently
comparable to other cathode materials coated with 2%
ceria.[9,34–36] For example, none of the sate-of-the-art materials,
for example the NMC532,[9] recorded the excellently enhanced
capacity and capacity retention as shown by NMC622-c.

3. Conclusions

Surface modification of commercial NMC622 with very low
amount of ceria was successful as evident from XRD, SEM and
TEM data. The ultrathin CeO2 layer stabilized the surface of
NMC622 thereby protecting it from parasitic reactions that
could lead to capacity loss. The layer helps to curb the loss of
capacity during first cycle by significantly blocking the H2/H3
phase transition. This overall improvement in structural stability
and electrochemical properties makes ceria oxide coating a
potential method to use on NMC622 to improve its perform-
ance and expand its use in energy thirsty operations and it uses
very little ceria.
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