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Nickel-rich layered oxide cathodes are becoming increasingly popular for use in lithium-ion batteries (LIBs).

However, their widespread application faces challenges due to rapid capacity degradation and poor

performance at low temperatures, prompting the development of protective coatings. Wet methods and

atomic layer deposition are complex and time-consuming, potentially causing lithium deficiencies.

Therefore, this study proposes a facile and cost-effective powder dry coating strategy using a high-energy

mixer for the surface modification of LiNi0.88Co0.09Mn0.03O2 (NCM-88) with graphene oxide (GO). The

nanostructured GO layer applied to the NCM-88 surface effectively protects the cathode particles. Various

characterization techniques, such as scanning electron microscopy (SEM), transmission electron

microscopy (TEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS), confirm the

successful synthesis of GO and uniform coating on NCM-88 particles without altering pristine morphology.

Based on the electrochemical test results, the optimized GO coatings exhibit a significant improvement in

rate performance and capacity retention. Electrochemical characterization shows that coated NCM-88

with 0.2 wt% GO exhibits the best performance, with an initial discharge capacity of 221.1 mA h g−1 at 0.1C

and a capacity retention of approximately 97% after 50 cycles at 2C. In comparison with other studies, the

NCM-88 coated with 0.2 wt% GO exhibits superior electrochemical performance, achieving a remarkable

discharge capacity of 171.3 mA h g−1 at 1C after 1000 cycles with 90.3% capacity retention, which

significantly exceeds the stability and retention rates of pristine and various modified NCM compositions

reported in the literature. These results demonstrate the effectiveness of GO surface modification for

enhancing the electrochemical performance of NCM-88 cathodes in LIBs.
1. Introduction

The global energy crisis and concerns about climate change are
fueling the rapid growth of the electric vehicle market, leading
to increasing pressure on current energy storage technologies.1

Extensive research has been conducted on advanced energy
storage technologies such as solar cells, batteries,
supercapacitors.2–4 Among a large number of energy storage
technologies, lithium-ion batteries (LIBs) have been considered
as suitable power sources for electric vehicles and hybrid elec-
tric vehicles (HEVs) owing to their high energy density, and long
cycle life.5,6 Among all the components of LIBs, the cathode is
crucial, serving as the main source of lithium ions and a deter-
minant of capacity and cost. Developing cathode materials with
iversity of Oulu, P.O. Box 3000, FI-90014

l: H.rostami64@gmail.com; Hossein.

Consortium Chydenius, Talonpojankatu

f Chemistry 2025
safety, affordability, high performance, and high capacity will
facilitate the widespread use of LIBs.7,8

Compared to other cathode materials such as LiCoO2,
LiFePO4, and LiMn2O4, layered LiNixCoyMn1−x−yO2 (NCM)
offers a higher theoretical capacity, operating voltage, and
cycling stability, making it a promising candidate material for
commercial LIBs.9 Nowadays, a series of NCM cathode compo-
sitions have been investigated, including LiNi1/3Co1/3Mn1/3O2

(NCM111), LiNi0.5Co0.3Mn0.2O2 (NCM532), LiNi0.6Co0.2Mn0.2O2

(NCM622), LiNi0.8Co0.1Mn0.1O2 (NCM811), and LiNi0.88Co0.09-
Mn0.03O2 (NCM-88). However, the higher Ni content in NCM
causes structural instability and capacity fading. This is due to
irreversible phase transitions, side reactions at the electrode/
electrolyte interfaces, and the loss of electrical contact from
anisotropic volume changes.10 In general, cation mixing (Ni2+

migration to Li+ sites) leads to the phase transition of Ni-rich
NCM during charging from a layered structure (R�3m) to spinel
(Fd�3m) and rock-salt (Fm�3m) structures. This structural insta-
bility hinders Li+ transport, and the electrolyte is broken down
by oxygen released during the transformation, creating a resis-
tive layer at the electrode/electrolyte interface. Furthermore,
Sustainable Energy Fuels, 2025, 9, 3041–3054 | 3041
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continuous lithiation/delithiation results in particle cracks,
which also reduces particle contact and forms parasitic reaction
sites along microcracks.11–13

Thus, many efforts have focused on developing effective
modication strategies to address these obstacles and enhance
the electrochemical efficiency of Ni-rich NCMs.14 Element
doping, surface coating, and the design of concentration
gradient particles are common strategies used to improve the
performance of NCMs by either coating their surfaces or doping
them with additional substances.15–17 Surface modication can
isolate NCM surfaces from electrolytes, thereby minimizing
undesirable side reactions such as the dissolution of transition
metal cations, oxygen release, and phase conversion.18 There-
fore, different coating materials, such as Al2O3,19 zeolite ZSM-
5,20 MgO,21 Al2O3/LiAlO2,22 Li2TiO3,23 TiO2,24,25 V2O5,26 ZrO2,27

polymers (i.e., polyimide),28 and [3-(trimethoxysilyl) propyl
methacrylate],29 have been employed to enhance the thermal
stability and rate capacity. However, most metal oxides can lead
to electrode polarization and decreased reversible capacity due
to their inactivity in lithium insertion/extraction. Additionally,
some modication techniques oen require costly equipment
or raw materials, hindering their practical commercial appli-
cations.30 Due to their high electrical conductivity, large surface
area, and structural mechanical stability, carbon-based mate-
rials are among the most promising cathode modication
materials for LIBs.31,32

Nanocarbon materials like carbon bers, carbon nanotubes
(CNTs), carbon black, and graphene oxide (GO) have been
extensively utilized.33–39 Among them, CNTs and GO have
attracted much attention because of their large surface area,
strong electrical conductivity, and unique 1D tubular and 2D
planar architectures.40 There are two practical methods for
surface modication with carbon materials: one utilizes carbon
precursors, and the other uses carbon materials. However,
carbon surface modication of Ni-rich NCM has constraints on
the process, with methods using carbon precursors requiring
high-temperature heating under an inert atmosphere to achieve
the desired electrical conductivity.41 Coating methods, such as
wet coating or atomic layer deposition, are time-consuming and
complex, potentially causing surface lithium deciency and
phase restoration. Therefore, this study demonstrates a dry,
straightforward, and efficient method for surface modication
of NCM-88 with GO. The nanostructured GO layer applied to the
surface effectively protects the cathode particles. Electro-
chemical tests of the optimized coatings indicated a signicant
improvement in rate performance and capacity retention with
an ideal amount of GO material.

2. Experimental
2.1 Synthesis of graphene oxide (GO)

To synthesize GO, an improved NaNO3-free Hummer's method
was used by partially replacing KMnO4 with K2FeO4.42 Briey,
100 mL of concentrated sulfuric acid was mixed with 10 g of
ake graphite, 6 g of KMnO4, 4 g of K2FeO4, and 0.01 g of boric
acid and stirred for two h at a temperature below 5 °C. Aer the
addition of 5 g KMnO4, the mixture was transferred to a water
3042 | Sustainable Energy Fuels, 2025, 9, 3041–3054
bath at 35 °C and stirred for an additional 3 h. Next, 250 mL of
deionized water was gradually added, and the temperature was
adjusted to 95 °C. The diluted mixture turned brown aer
15 min, indicating complete exfoliation and hydrolysis of
intercalated graphite oxide. Finally, to reduce the residual
oxidants and intermediates to soluble sulfate, 12 mL of 30%
H2O2 was added, and the mixture was centrifuged for 20 min to
remove residual graphite. The product was washed repeatedly
with 1.0 M HCl and deionized water to yield the nal GO.

2.2 Surface modication of LiNi0.88Co0.09Mn0.03O2 using GO

NCM-88 precursors were synthesized based on our previous
literature using the hydroxide coprecipitation method from
MeSO4 solutions, with NaOH and NH3 as chelating agents at
50 °C under inert conditions. Aer ltration, the precursor
dried overnight in a vacuum oven at 60 °C and mixed with 5%
excess LiOH, the material was calcined at 780 °C in an oxygen
atmosphere, then milled and sieved for nal processing.20

Li(Ni0.88Co0.09Mn0.03)O2 (NCM-88) was used as the cathode
active material (CAM), and nanostructured GO powder was used
as coating material during the dry coating process. First, NCM-
88 was combined with GO and ground to ensure appropriate
blending. Subsequently, the dry-coating alteration of the
blending occurred within a high-energy mixer equipped with
rapidly rotating rotors and blades. The powders were mixed
with different amounts of GO (0.1 wt%, 0.2 wt%, 0.5 wt% and
1.0 wt%) via mixer at the acceleration of high mix and then
calcined to achieve a well-distributed coating on the surface of
the CAM. Fig. 1 depicts a diagram illustrating the procedure for
dry coating of NCM-88 with GO. The slurry was composed of
4 wt% polyvinylidene uoride (Kureha #1100), 4 wt% carbon
(Timcal C45), and 92 wt% active material (NCM-88), with 1-
methyl-2-pyrrolidinone (NMP, Alfa Aesar, anhydrous 99.5%) as
the solvent. The mixture was mixed using a Thinky ARE-250
mixer. The slurry was applied to an aluminum foil using 100
mm applicators and dried on a hot plate at 50 °C for one hour,
followed by drying in a vacuum oven at 120 °C overnight. The
cathode foil was then calendered three times before being
assembled into coin cells of the 2016-type format. GO-coated
NCM-88 cathodes with coating amounts of 0.1 wt%, 0.2 wt%,
0.5 wt% and 1.0 wt% were denoted as NCM-88/0.1%, NCM-88/
0.2%, NCM-88/0.5% and NCM-88/1%, respectively.

2.3 Characterization of the precursors and cathode powders

X-ray diffraction (XRD) measurements were conducted using
Rigaku SmartLab 9 kW X-ray diffractometers with a Co source at
40 kV and 135mA. Diffractograms were collected in the 2q range
of 5–120° at 0.01° intervals, with a scan speed of 4.06° per
minute. The peaks were identied using the International
Center for Diffraction Data (PDF-4+ 2023) database. Crystallite
sizes, anisotropy, and distribution were computed using Rigaku
PDXL2 analysis soware, employing the Whole Powder Pattern
Fitting (WPPF) method, decomposition, and the least square
Pawley method. Peak shape was modeled using the Funda-
mental Parameter (FP) method with continuous scan and the
Cheary–Coelho axial model. The crystallite shape was rened as
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic representation of the process of dry coating of NCM-88 with GO.
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ellipsoidal, and the lognormal distribution was used as a free
parameter for iterative renement. Site occupancy was analyzed
using the Rietveld model provided by PDXL2.

Microstructures from eld-emission scanning electron
microscopy (FESEM) images were obtained using a Zeiss Sigma
FESEM instrument operating at 5 kV. The morphology and
microstructure of GO-coated NCM-88 particles were studied
using a JEOL JEM-2200FS energy-ltered transmission electron
microscope (EFTEM) equipped with a scanning transmission
electron microscopy (STEM). A thin layer sample for TEM
analysis was prepared using a focused ion beam (FIB) technique
and then cut to obtain a thin layer of around 100 nm. TEM
images were performed in STEM mode with an accelerating
voltage of 120 kV and an emission current of 8–15 mA. XRD,
TEM, and FESEM analyses were performed at the Centre for
Material Analysis at the University of Oulu.

X-ray photoelectron spectroscopy (XPS) was used to analyze
the chemical environment at the surface (with a thickness of
less than 10 nm) using a Thermo Fisher Scientic ESCALAB
250Xi XPS system (Thermo Fisher Scientic, Waltham, MA,
USA). The powder samples were placed in a gold sample
container. A survey scan was conducted with a pass energy of
150 eV, while a high-resolution scan used a pass energy of 20 eV.
The system utilized monochromatic Al Ka radiation (1486.7 eV)
with an X-ray spot size of 900 mm, operating at 20 mA and 15 kV.
Measurements were performed for Li, Ni, Al, O, and C across all
samples. The data were analyzed using Thermo Fisher Scien-
tic's Avantage v.5 soware. The binding energies were cali-
brated, and the spectra were determined by using the C 1s peak
at 284.8 eV for charge compensation.
2.4 Electrochemical characterization

Electrode foils and battery cells were prepared in a dry room
environment. For the coin cells, NCM-88 cathode electrode (14
This journal is © The Royal Society of Chemistry 2025
mm) used as an active material metallic lithium (12 mm) served
as the counter electrode, and the electrolyte was 1 M LiPF6 in
a 1 : 1 : 1 ratio of ethylene carbonate (EC), dimethyl carbonate
(DMC), and ethyl methyl carbonate (EMC). The cells underwent
62 charge–discharge cycles at 25 °C at a specic C-rate. During
charging, a constant current was applied until reaching 4.3 V,
followed by a constant voltage phase until the current dropped
to 0.015C for the rst two cycles. For the subsequent cycles, the
current threshold was increased to 0.02C. The rst two
discharge cycles were performed at a constant current of 0.1C
until reaching 2.6 V, followed by a constant voltage phase until
the current dropped to 0.015C. Aerwards, discharging to 3.0 V
was carried out at a constant current. For the full cells, the cell
included a graphite anode (Hitachi) and an electrolyte
composed of 1.15 M LiPF6 in a mixture of EC : DMC : EMC in
a 2 : 4 : 4 ratio, along with 1 wt% vinylene carbonate. The N/P
ratio was 1.19, with a cathode loading of 11 mg cm−2, an
anode loading of 7 mg cm−2, and a capacity of 0.068 A h.
3. Results and discussion
3.1 Characterization of precursors and cathode samples

Fig. 2a displays the XRD patterns of the GO nanoparticles. The
XRD spectra recorded in the range of 2q from 6° to 70° show
a (001) diffraction peak at 2q = 12.16° (d-spacing of 7.27 Å) and
2q = 26.36°, indicating the distance between graphene layers.43

In addition, the (100) diffraction peak at 2q = 42.52° according
to a d-spacing of 2.13 Å, conrming the successful GO synthesis.
Fig. 2b shows SEM images of graphene oxide. The SEM results
revealed that the graphite peelings exhibited a layered cong-
uration. The graphene oxide, in its altered state, displayed
randomly arranged, sharply wrinkled sheets.

Fig. 3a depicts the XRD patterns of the uncoated and GO-
coated NCM-88, showing highly distinct and well-dened
Sustainable Energy Fuels, 2025, 9, 3041–3054 | 3043
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Fig. 2 (a) XRD pattern and (b) SEM image of graphene oxide.

Fig. 3 (a) XRD patterns of pristine NCM-88 and GO-coated NCM-88/
0.2%.
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diffraction peaks. All the patterns exhibited a hexagonal a-
NaFeO2 structure, falling under the space group R�3m.44 A minor
peak shi was observed in the case of GO-coated NCM-88, for
instance at a 2q value of approximately 36.65°, indicating the
partial impact of the GO coating, as illustrated in Fig. 3b. The
observed peak splitting at 2q angles of 38.5° and 65.4° can be
attributed to the (006)/(012) and (018)/(110) planes of pristine
NCM-88, respectively, suggesting the presence of a layered
conguration. Furthermore, the absence of impurity peaks aer
GO coating suggested a high level of crystallinity and implies
that the material could successfully retain its layered structure.
In addition, the (I003)/(I104) ratio in the diffraction pattern is
a key element because it reects the level of cation disorder
between Li+ and Ni2+ ions. This ratio directly inuences the
electrochemical characteristics, such as the initial charge and
discharge specic capacity and cycling performance, with
a higher ratio leading to improved performance.45 In this study,
the GO-coated sample showed (I003)/(I104) values of 1.228,
compared with 1.005 for the uncoated NCM-88. This indicates
reduced Ni/Li disordering, which may explain the better elec-
trochemical performance of GO-coated NCM-88 compared to
that of pristine NCM-88. The values of (I003)/(I104), a, c, and c/
a for the samples are shown in Table 1. Notably, the GO-coated
NCM exhibits the largest I(003)/I(104) ratio and the highest c/
a value, indicating that the GO coating is particularly effective in
reducing cation mixing, optimizing the crystal's hexagonal
3044 | Sustainable Energy Fuels, 2025, 9, 3041–3054
structure, and facilitating ion diffusion. This suggests that the
GO coating signicantly enhances the structural stability and
electrochemical performance of the material.

SEM was conducted to analyze the powder mixtures and
assess whether the particles remained intact aer coating. Fig. 4
demonstrates the morphology and microstructure of the coated
NCM-88 sample. SEM images of the coated NCM-88 at different
magnications (Fig. 4a and b) show that the NCM particles
remained intact aer the coating process. The images also
indicate that the GO coating did not alter the morphology of
pristine NCM-88. The SEM images of the top surface of the
electrode aer the calendering steps (Fig. 4c and d) reveal
a densely packed particle surface with an even distribution of
particles across a large area of the electrode. This suggests that
the dry GO coating process did not affect particle distribution.
Based on the SEM images, there were no signicant differences
between the surface morphologies of the coated and uncoated
particles.

The surface and structural characteristics of the GO-coated
LNCM-88 were evaluated using TEM, and the results are
shown in Fig. 4e and f. TEM images indicated that the particles
were uniformly distributed, with no evidence of aggregation.
According to the TEM images, a uniform amorphous coating
layer is clearly visible, and the crystalline structure of NCM-88
remains intact. It is believed that this amorphous surface
layer is graphene oxide, as shown in Fig. 4.
This journal is © The Royal Society of Chemistry 2025
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Table 1 Rietveld refinement results of NCM-88, and NCM-88/0.2% GO and, Ni, Co, and Mn concentrations

Sample a (Å) c (Å) c/a Volume I(003)/I(104) Ni (mol%) Co (mol%) Mn (mol%) Ni/Li

Pristine NCM-88 2.8709 14.1913 4.9431 101.295 1.005 88.01 9.00 2.99 7.37
NCM-88/0.2% GO 2.8731 14.2394 4.9561 101.539 1.228 87.96 9.03 3.01 7.16
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The surface valence states of NCM-88 before and aer
modication were analyzed by XPS, and the results are pre-
sented in Fig. 5. The XPS survey spectra of both coated and
Fig. 4 SEM images of (a and b) NCM-88/0.2% sample after dry coating. (c
f) TEM images of GO-coated NCM-88/0.2% sample at different magnific

This journal is © The Royal Society of Chemistry 2025
uncoated samples conrmed the presence of Li, Ni, Co, Mn, C,
and O elements. High-resolution Ni 2p XPS spectra for all
samples are shown in Fig. 5c and d. The peaks at about 856 eV
and d) Coated NCM-88/0.2% slurry after drying and calendering. (e and
ations.

Sustainable Energy Fuels, 2025, 9, 3041–3054 | 3045
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correspond to Ni2+ (2p3/2) and Ni3+ (2p3/2), which is consistent
with previous research.46 It is conrmed that the spontaneous
transformation from Ni3+ to Ni2+ on the surface of such Ni-rich
layered materials can reduce the electrochemical performance
of the cathode material.47 A shi to a higher binding energy of
855.41 eV for the Ni 2p3/2 peak in the GO-coated NCM-88 sample
(Fig. 5d), compared to 855.03 eV in the pristine NCM-88
(Fig. 5c), indicates a higher Ni3+/Ni2+ ratio in the GO-coated
NCM-88 and improved structural stability. Additionally, the
binding energies in the Co 2p and Mn 2p XPS spectra of GO-
coated NCM-88 were not different from those of pristine
NCM-88. In the high-resolution O 1s spectra shown in Fig. 5e,
Fig. 5 XPS spectra of (a) the pristine and (b) GO-coated NCM-88/0.2% sa
88. High resolution of (e) O 1s and (f) Li 1s of the pristine NCM-88 and G

3046 | Sustainable Energy Fuels, 2025, 9, 3041–3054
two peaks are observed at approximately 529 eV and 531 eV.
These peaks are attributed to lattice oxygen and surface impu-
rities such as Li2CO3 and LiOH.47 The intensity of the surface
impurity peak in the GO-coated NCM-88 sample was signi-
cantly lower than that of the uncoated sample, demonstrating
that GO can effectively protect the NCM-88 material. In the
high-resolution Li 1s XPS spectra of pristine NCM-88 (Fig. 5f),
the peaks at 54.2 eV and 55.2 eV can be related to LiMO2 and
Li2CO3 on the surface of the particles, respectively. In the XPS
spectra of GO-coated NCM-88, the peak of LiMO2 was not
observed, indicating the presence of a coating on the surface of
NCM-88.
mples. High resolution of (c) Ni 2p of pristine and (d) GO-coated NCM-
O-coated NCM-88 samples.

This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se00052a


Fig. 6 Galvanostatic charge/discharge measurements at a charge/
discharge rate of 0.1C: (a) initial charging/discharging and (b) charge
and discharge curves after 62 charge and discharge cycles, (c and d)
dQ/dV plots for pristine NCM-88 and coated NCM-88/0.2% at the 2nd
cycle (c) and 62nd cycle (d).
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3.2 Electrochemical characterization of cathode materials

Galvanostatic charge/discharge measurements were conducted
using coin cells to assess the electrochemical performance of
the samples. The capacities for the rst and 62nd cycles were
measured for both coated and uncoated samples, with the
results in Fig. 6. The rst charge–discharge cycle of various
cathode samples within the voltage range of 2.6 to 4.3 V (vs. Li/
Li+) at a charge/discharge rate of 0.1C (Fig. 6a). The uncoated
NCM-88 cathode exhibited the lowest rst-cycle charge and
discharge capacity compared to the other samples. Specically,
the uncoated LNCM-88 showed a charge capacity of approxi-
mately 230.9 mA h g−1 and a discharge capacity of
210.5 mA h g−1 at 3.0 V. The GO-coated NCM-88 samples with
0.1, 0.2, 0.5, and 1 wt% coatings demonstrated similar electro-
chemical behavior to the bare NCM-88. The initial discharge
capacities for the coated electrodes (0.1, 0.2, 0.5, and 1.0 wt%) at
3.0 V were 216.1, 218.2, 216.3, and 219 mA h g−1, respectively.
Among the different cathode materials, the NCM-88 coated with
1 wt% GO showed the highest charge capacity (240.6 mA h g−1)
and discharge capacity (219 mA h g−1). The NCM-88 with
a 0.2 wt% GO coating exhibited the most signicant improve-
ment in efficiency compared to the other NCM-88 cathodes.
Table 2 shows that the coulombic efficiency (CE) remains rela-
tively stable for all samples, ranging from 91.1% to 91.7%. The
coated samples exhibit an improvement in CE compared to the
uncoated NCM-88, with the highest value of 91.7% observed for
the 0.2% coated sample. Fig. 6b shows the 62nd charge–
discharge cycle at a rate of 0.1C. The results indicated that the
NCM-88 with 1% GO coating exhibited a better discharge
capacity of 217.5 mA h g−1 compared to the pristine NCM-88,
which had a discharge capacity of 209.2 mA h g−1. However,
the retention rate aer 62 cycles was approximately 99.31% for
the NCM-88/1% sample, slightly lower than the 99.38% reten-
tion rate of the pristine NCM-88. The 62nd discharge capacities
for the coated electrodes (0.1, 0.2, 0.5 and 1.0 wt%) were 213.6,
217.1, 211.3 and 211.5 mA h g−1, respectively. Moreover, NCM-
88/0.2% demonstrated better capacity retention of 99.5% aer
62 cycles, compared to the pure NCM-88 under the same cycling
conditions. Therefore, a GO coating thickness of 0.2 wt% is
considered optimal for enhancing electrochemical perfor-
mance. The Fig. 6c and d display dQ/dV plots for pristine NCM-
88 and GO-coated NCM-88/0.2% at the 2nd cycle (c) and 62nd
cycle (d). In the 2nd cycle, both samples exhibited sharp peaks,
indicating well-dened redox reactions, with the GO coating
having minimal impact. However, by the 62nd cycle, the pris-
tine sample showed signicant peak broadening and intensity
reduction, suggesting greater degradation, whereas the GO-
coated sample maintains clearer features, indicating
improved stability. Voltage analysis further revealed that while
both samples initially have similar peak positions, the pristine
NCM-88 undergoes noticeable shis aer 62 cycles, reecting
increased polarization and resistance buildup. In contrast, the
GO-coated sample retains more stable peak voltages, indicating
reduced polarization and enhanced lithium-ion diffusion.
These results suggest that GO coating enhances the structural
and electrochemical stability of NCM-88 over extended cycling.
This journal is © The Royal Society of Chemistry 2025
Fig. 7a presents the results of the rate tests performed on
uncoated and coated NCM-88 cells with varying percentages of
GO coating. Each cell underwent a charging process at a rate of
Sustainable Energy Fuels, 2025, 9, 3041–3054 | 3047
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Table 2 Electrochemical results of initial charge and discharge capacities and CE

Sample
0.1C charge,
1st (mA h g−1)

0.1C discharge,
1st at 3.0 V (mA h g−1)

Coulombic efficiency
(%)

Uncoated NCM-88 230.9 210.5 91.1
NCM-88/0.1% 236.9 216.1 91.2
NCM-88/0.2% 238.0 218.2 91.7
NCM-88/0.5% 236.1 216.3 91.6
NCM-88/1% 240.6 219.0 91.2
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0.1C before each discharge test, followed by discharge at
different C-rates ranging from 0.1 to 2C. The discharge capacity
versus discharge rate showed similar trends for all cathode
materials, but the coated materials exhibited higher discharge
capacities at all rates. This suggests that the coating improves
performance. Although NCM-88/1% exhibited the highest
specic capacity at a rate of 0.1C, the performance of samples
with higher GO-percent coatings (NCM-88/0.5%, NCM-88/1%)
signicantly declined with increasing rates. Notably, at a high
rate of 2C, NCM-88/0.2% outperformed the other samples. The
NCM-88/0.2% sample demonstrated a discharge capacity of
188.6 mA h g−1 at 2.0C (compared to 221.1 mA h g−1 at 0.1C),
achieving capacity retention of up to 85.3%, which is higher
than the 84.2% retention observed for NCM-88/1%. Cycling
Fig. 7 Galvanostatic discharge measurements at (a) different C-rates
ranging from 0.1 to 2C and (b) discharge cycling of uncoated NCM-88
and various coated NCM-88 cathode materials at 2C and 25 °C.

3048 | Sustainable Energy Fuels, 2025, 9, 3041–3054
performance was used to investigate the effectiveness of the
coating by operating the cells at 2C and 25 °C, and results are
given in Fig. 7b. The discharge cycling characteristics of cells
assembled with uncoated NCM-88 and various coated NCM-88
cathode materials (Fig. 7b). The initial discharge capacities
for pristine NCM-88, NCM-88/0.1%, NCM-88/0.2%, NCM-88/
0.5%, and NCM-88/1% were 184.3, 187.4, 188.6, 186.5, and
186.0 mA h g−1, respectively. Aer 50 cycles, the capacity
retentions were 96.5% for bare NCM-88, 96.7% for 0.1 wt%,
97.0% for 0.2 wt%, 96.5% for 0.5 wt%, and 95.6% for 1 wt% GO-
coated NCM-88. The electrochemical performance of bare NCM-
88 is affected by several factors, including HF acid attacks
caused by the anionic oxidation of PF6

− and surface degrada-
tion with oxygen species, leading to electrode degradation and
signicant capacity fading. Among the samples, NCM-88/0.2%
showed better electrochemical performance. This can be
attributed to the superior ionic conductivity of the GO coating,
which enhances Li+ diffusion kinetics. Additionally, the coating
helps mitigate cation mixing and increases lattice space within
the optimized modied material. In contrast, the 0.5 wt% and
1 wt% GO-coated samples performed worse than the pristine
NCM-88 and the NCM-88/0.2% samples. The lowered perfor-
mance of NCM-88/0.1% compared to NCM-88/0.2% might be
due to suboptimal coating, resulting in only minor improve-
ments compared to the bare NCM-88. On the other hand, the
thicker coating in the 0.5 wt% and 1 wt% samples likely hinders
ion and electron movement to and within the active NCM-88
material, thereby limiting electrochemical performance. The
0.2 wt% GO coating is optimal, providing effective ion and
electron transport and improving overall electrochemical
performance.

Lithium ions transferring within the constrained crystalline
framework of cathode oxides oen face diffusion challenges,
leading to relatively limited kinetics compared to more exible
electrode systems, making rate capability a critical indicator for
the practical application of Ni-rich cathode materials.48 Fig. 10a
illustrates pristine NCM-88 and coated NCM-88/0.2% rate
capability behaviors. The rate capability performances of the
electrodes were evaluated at different current rates of 0.015, 0.1,
0.2, 0.5, 1, and 2C. Among the various coated samples, the one
with 0.2 wt% GO showed better rate performance, delivering
capacities of 227.8, 220.2, 209.8, 204.7, 195.2, and
188.1 mA h g−1 at 0.015, 0.1, 0.2, 0.5, 1, and 2C, respectively. In
contrast, the uncoated NCM-88 exhibited discharge capacities
of 219.2, 213.1, 204, 197.3, 188.4, and 182.8 mA h g−1 at the
same current rates. The rate performance studies indicate that
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Transient current plots of PITT: ln(I) vs. t of (a) NCM-88 and (b) NCM-88/0.2GO.DLi+ obtained from the PITT data at different potentials for
(c) NCM-88 and (d) NCM-88/0.2GO.
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NCM-88/0.2% has an enhanced rate capability compared to
pristine NCM-88. Specically, NCM-88/0.2% retains 98% of its
initial capacity at 0.1C, compared to 96.7% for pristine NCM-88,
demonstrating superior rate performance and suggesting
improved Li+ migration kinetics due to the optimized coating
layer.

To examine how the GO coating layer inuences the kinetic
behavior of lithium-ion diffusion (DLi+), the PITT analysis of
NCM-88 and NCM-88/0.2GO is compared in Fig. 8. The DLi+

value is determined from the slope of the linear segment in the
ln[I(t)] vs. t curve:

DLiþ ¼ �4L2

p2

d ln½IðtÞ�
dt

L represents the lithium-ion diffusion length, which is approx-
imately equal to the primary particle size of the material. Both
samples exhibit similar DLi+ curves, and the DLi+ values increase
as the potential rises. However, aer GO coating, the chemical
diffusion coefficient of lithium ions shows a signicant
improvement. For NCM-88, the DLi+ value falls within the range
of approximately 10−15 to 10−14 cm2 s−1, whereas for NCM-88/
0.2GO, it is enhanced to 10−13 to 10−14 cm2 s−1. This increase
in DLi+ is attributed to the fast ionic conductivity of the GO layer.

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted to further investigate the role of the GO
coating layer in the electrode performance. The Nyquist plots
obtained aer the rst cycle and aer 62 cycles are presented in
Fig. 9, with Fig. 9c illustrating the corresponding equivalent
electrical circuit. The high- and medium-frequency semicircles
This journal is © The Royal Society of Chemistry 2025
correspond to the resistance of the solid electrolyte interphase
(SEI) layer (Rsf) and the charge transfer resistance at the
electrode/electrolyte interface (Rct), respectively. Meanwhile, the
inclined line in the low-frequency region represents the War-
burg impedance (Wo), which is associated with the solid-state
diffusion of lithium ions within the cathode material. The
extracted resistance values are summarized in Table 3. In the
equivalent circuit, the solution resistance of the cell is denoted
as Rs, whereas CPE1 and CPE2 represent the non-ideal capaci-
tances of the surface layer and the electrical double-layer,
respectively. As shown in Table 3, the GO coating effectively
reduces Rsf, indicating a lower lithium-ion migration resistance
across the SEI layer. Additionally, during prolonged cycling, Rsf
in the pristine NCM-88 electrode exhibits a more rapid increase
compared to the GO-coated material. Notably, the Rsf growth in
NCM-88/0.2GO is signicantly lower than in uncoated NCM-88,
increasing from 9.7 U to 14.9 U aer 62 cycles, highlighting the
stability and enhanced electrochemical performance of the GO-
modied electrode. Furthermore, the GO coating also mitigates
the increase in Rct during cycling, a phenomenon that is
particularly pronounced in the NCM-88/0.2GO electrode. For
instance, the Rct of NCM-88/0.2GO exhibits only a moderate
increase from 13.7 U to 57.4 U over cycling, whereas the Rct of
pristine NCM-88 rises sharply from 42.9 U to 144.2 U. This
signicant increase in Rct for the uncoated electrode can be
attributed to direct contact between the NCM material and the
electrolyte, which accelerates the dissolution of transition metal
ions and promotes the formation of impurity phases during the
charge–discharge process. Consequently, these side reactions
Sustainable Energy Fuels, 2025, 9, 3041–3054 | 3049
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Fig. 9 EIS plots of the NCM-88 and NCM-88/0.2GO (a) before and (b) after 62 cycles; (c) the equivalent electrical circuit.

Table 3 The fitted EIS parameters for NCM-88 and NCM-88/0.2GO
samples after 1st and 62nd cycles

Sample

Rsf/U Rct/U

1st 62nd 1st 62nd

NCM-88 26.8 43.8 42.9 144.2
NCM-88/0.2GO 9.7 14.9 13.7 57.4
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contribute to a substantial increase in charge transfer
resistance.

The results of this analysis clearly demonstrate that the GO
coating layer effectively suppresses undesirable interfacial
3050 | Sustainable Energy Fuels, 2025, 9, 3041–3054
reactions between the electrode and the electrolyte. As a result,
it signicantly reduces both SEI resistance and charge transfer
resistance throughout cycling. This reduction in resistance is
a key factor contributing to the enhanced cycling stability and
improved electrochemical performance of the GO-coated
electrode.

Graphite anode materials were used in Pouch cell electrodes.
Fig. 10b illustrates the charge/discharge cycling performance of
the coated NCM-88 cathode materials at a current density of 1C,
within a voltage range of 2.8 V to 4.3 V, and at 25 °C. The NCM-
88/0.2 wt% GO initially displayed a discharge capacity of
189.4 mA h g−1, which decreased to 171.3 mA h g−1 aer 1000
cycles. The corresponding specic discharge capacity retention
This journal is © The Royal Society of Chemistry 2025
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rate was 90.3%, indicating that the GO-coated materials
exhibited excellent capacity retention. To better understand the
performance of NCM-88 coated with 0.2 wt% GO, Table 4
compares the electrochemical characteristics of this study and
other various compositions, including their potential window,
rate/discharge capacity, and capacity retention over specic
cycles. The comparison highlights the superior cycle stability
and capacity retention of the GO-coated NCM-88 in contrast to
pristine and modied NCM compositions. For instance, this
study demonstrates that the GO-coated NCM-88 achieves
a discharge capacity of 171.3 mA h g−1 at 1C aer 1000 cycles
and retains 90.3% of its capacity over 1000 cycles. In contrast,
pristine Ni0.88Co0.06Mn0.06O2 within the same potential window
retained only 59.8% of its capacity at 1C aer 200 cycles. Simi-
larly, Ni0.88Co0.06Mn0.06O2@TiNb2O7-Ti showed a higher
discharge capacity (181.2 mA h g−1 at 1C aer 200 cycles) but
lower capacity retention (87.9%) compared to this study.
Ni0.88Co0.06Mn0.06O2@Nb, demonstrated a capacity of
Fig. 10 (a) Rate capability of pristine NCM-88 and NCM-88/0.2% during
1C and 25 °C.

This journal is © The Royal Society of Chemistry 2025
156.5 mA h g−1 at 0.5C aer 200 cycles with retention of 84.53%.
Other compositions, such as graphene, Na/Al, and Al–B coat-
ings, also exhibit varying improvements in performance
metrics, though none match the combination of high capacity,
and outstanding long-cycle retention aer 1000 cycles seen in
this study. The above results indicate that the dry coating
strategy used in this work effectively enhances overall electro-
chemical performance. This leads to the assumption that the
surface engineering effect may be altered or optimized by
controlling the degree of chemical interaction between GO
nanoparticles and surface species, a phenomenon oen over-
looked. Commonly, higher coating amounts (such as the 1 wt%
case in this study) are thought to result in less improved
performance without considering the different chemical
changes that occur with excess coating precursors. GO and its
reduced form can improve the formation and stability of the
cathode electrolyte interface (CEI) in LIBs, leading to enhanced
cycling performance and reduced capacity fade. The functional
the discharge and (b) discharge cyclic performance of NCM-88/0.2% at

Sustainable Energy Fuels, 2025, 9, 3041–3054 | 3051
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Table 4 Electrochemical Performance comparison of GO-coated NCM-88 and other NCM-based cathode materials

Compositions
Window potential
(V vs. Li/Li+)

Rate/discharge capacity
[mA h g−1]/cycles

Rate/capacity retentions/cycle
number Ref.

Ni0.88Co0.09Mn0.03O2@0.2%GO 2.8–4.3 1C/171.3/aer 1000 1C/90.3%/1000 This study
Pristine Ni0.88Co0.06Mn0.06O2 3–4.3 1C/124.3/aer 200 1C/59.8%/200 49
Ni0.88Co0.06Mn0.06O2@TiNb2O7-Ti 3–4.3 1C/181.2/aer 200 1C/87.9%/200 49
Ni0.888Co0.056Mn0.056O2@Nb 2.8–4.3 0.5C/156.5/aer 200 0.5C/84.53%/200 50
Ni0.88Co0.08Mn0.04O2@Graphene 2.7–4.4 3C/160/aer 50 1C/77.8%/100 51
Pristine Ni0.88Co0.08Mn0.04O2 2.8–4.3 1C/170.5/aer 50 1C/79%/50 52
Ni0.88Co0.08Mn0.04O2@Na/Al 2.8–4.3 1C/180.4/aer 50 1C/84%/50 52
Ni0.88Co0.06Mn0.06O2@Al-B 2.4–4.3 0.5C/148.7/aer 250 0.5C/75.5%/250 53
Pristine Ni0.88Co0.09Mn0.03O2 2.8–4.3 1C/156.2/aer 300 1C/88.3%/300 20
Ni0.88Co0.09Mn0.03O2@ZSM-5 2.8–4.3 1C/165.4/aer 300 1C/90.9%/300 20
Pristine Ni0.88Co0.09Mn0.03O2 2.75–4.4 0.5C/142/aer 1000 0.5C/69%/1000 54
Ni0.88Co0.09Mn0.03O2@Li1.4Y0.4Ti1.6(PO4)3 2.75–4.4 0.5C/170/aer 1000 0.5C/85%/1000 54
Ni0.88Co0.09Mn0.03O2@ Al/Zr 2.75–4.4 0.5C/161/aer 150 0.5C/83.4%/150 55
Ni0.8Co0.1Mn0.1O2 @MTP 2.7–4.5 1C/179.5/aer 200 1C/89.3%/200 56
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groups on GO interact with the electrolyte, while heat treatment
improves its conductivity. The inuence of coating on the
formation of the CEI can be investigated based on insights from
previous literature, which provide a foundation for under-
standing its impact on electrochemical performance and
interfacial stability.57,58

4. Conclusions

In summary, this study demonstrates a facile and effective dry
coating method for the surface modication of NCM-88 using
GO. Using high-energy mixing, a nanoscale graphene oxide
coating layer successfully forms on the Ni-rich cathode surface,
optimizing electrochemical performance by facilitating Li+

migration and protecting the cathode from adverse reactions.
The GO coating improves electrochemical performance,
including enhanced rate capability, increased initial discharge
capacity, and improved capacity retention. Characterization
techniques conrm the uniform and amorphous nature of the
GO coating, which does not alter the pristine morphology of the
NCM-88 particles. Among the various GO coating thicknesses
studied, the 0.2 wt% GO-coated NCM-88 shows the optimal
balance, achieving the highest performance. This work high-
lights the potential of GO surface modication to improve the
efficiency and longevity of Ni-rich cathode materials in LIBs.
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