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The graphene oxide-coated SnO2-Li1/3Co1/3Mn1/3O2 (GO-SnO2-NCM) cathode material was successfully synthesized via a facile
wet chemical method. The pristine NCM and GO-SnO2-NCM were characterized by X-ray diﬀraction, scanning electron
microscopy, energy-dispersive spectroscopy, transmission electron microscopy, and X-ray photoelectron spectroscopy. The
results showed that the double-coating layer did not destroy the NCM crystal structure, with multiple nano-SnO2 particles and
GO uniformly covering the NCM surface. Electrochemical tests indicated that GO-SnO2-NCM exhibited excellent cycling
performance, with 90.7% capacity retention at 1 C after 100 cycles, which was higher than 74.3% for the pristine NCM at the
same cycle. The rate capability showed that the double-coating layer enhanced surface electronic–ionic transport.
Electrochemical impedance spectroscopy results conﬁrmed that the GO-SnO2-coating layer eﬀectively suppressed the increased
electrode polarization and charge transfer resistance during cycling.

1. Introduction
Current methods for addressing the global energy crisis and
serious climate change issues require the development of sustainable and high-performance storage equipment, such as
lithium-ion batteries [1], sodium–sulfur batteries [2], supercapacitors [3], solar cells [4], and fuel cells [5]. Advanced
lithium-ion batteries have been widely used as power sources
in battery electric vehicles, hybrid electric vehicles (HEVs),
and parallel HEVs because of their advantages of high energy
density, high power capability, low cost, long life cycle, and
environmental friendliness [6–8]. Lithium-ion batteries are
mainly composed of cathodes, anodes, and electrolytes.
Cathode materials play a signiﬁcant role in determining battery performance. As the cathode material for the ﬁrst generation of lithium-ion batteries, LiCoO2 has the advantages of
easy synthesis, excellent cycling stability, and high rate capability [9]. Only half of the theoretical capacity can be utilized
because of structure degradation when LiCoO2cathode is
charged at 4.2 V. Additionally, its high cost, poor thermal

stability, and toxicity limit the large-scale application of
LiCoO2 commercially. LiNiO2 [10] is considered as a
second-generation commercial lithium-ion battery owing to
high power, energy density, low cost, and high discharge
capacity; however, it is diﬃcult to synthesize LiNiO2 because
of the chemical instability of Ni3+ ions. LiMn2O4 [11] provides high thermal stability and high voltage and has a low
cost; it exhibits poor performance at high temperatures.
Recently, layered LiNi1-x-yCoxMnyO2 material has earned
much interest because it combines the merits of LiCoO2,
LiNiO2, and LiMn2O4 and overcomes certain shortcomings
associated with each material. The amount of Ni represents
the speciﬁc capacity and an increase in Ni content results in
the deterioration of electrochemical performance owing to
the cation mixing. Typically, LiNi1/3Co1/3Mn1/3O2 is considered a promising cathode material that exhibits high discharge capacity, has low cost, and represents a moderate
voltage platform. The electrochemical inactivity of tetravalent manganese plays a stabilizing role in preventing capacity
fading induced by Mn dissolution. The cobalt reduces cation
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Figure 1: XRD patterns of pristine NCM and GO-SnO2-NCM (a) and GO (b).

mixing and prohibits charge forming in the structure of the
cathode material during cycling [12]. In particular, there
are several substantial issues such as inevitable capacity degradation, poor rate capability, and bad cyclability that originate from the severed side reaction between the electrode
and electrolyte.
Many strategies have been explored to reduce the side
reaction and improve electrochemical performance, particularly the rate capability and cycle performance of cathode
materials. Surface modiﬁcation is one of the most facile and
practical approaches, which is capable of eﬀectively suppressing solid electrolyte interphase layer growth and maintaining
the surface integrity of cathode materials. Presently, the most
common coating materials include metal oxides such as
Nb2O5 [13], Al2O3 [14], ZrO2 [15], and TiO2 [16] and metal
phosphates such as Li3PO4 [17] and AlPO4 [18], which have
been successfully applied on the surface of NCM to improve
the electrochemical performance. Most of the aforementioned coating layers are inactive substances that only function as protective shells, which will result in polarization
increasing and capacity decreasing. Another approach to
enhance electrochemical performance of the NCM cathode
material focused on reducing both NCM and coating layers
on nanoparticles. SnO2 can react with Li reversibly by a
conversion reaction and has been used to coat on the
NCM surface [19].
GO-coated cathode materials were used to improve electrochemical performance based on their superior electronic
conductivity and large surface area [20, 21]. In this study, a
double-coating layer structure including an inner SnO2
nanosize and an outer GO layer was introduced to coat the
NCM cathode material. The inner SnO2 not only promoted
lithium-ion diﬀusivities but also suppressed the side reaction
between electrode and electrolyte; the outer GO layer
increased the electronic conductivity on the surface of the
NCM. The pristine NCM was modiﬁed with SnO2 and GO,
with electrochemical results revealing that the GO-SnO2
double-coating layer on the surface of the NCM cathode

Table 1: Lattice parameters and relative intensities of the pristine
NCM and GO-SnO2-NCM.
Sample

a (Å)

c (Å)

c/a

NCM
GO-SnO2-NCM

2.857
2.861

14.205
14.239

4.972
4.977

I

003

/I

104

1.28
1.35

material exhibited high rate capability and long-term
cyclability when compared with pristine NCM powders. A
detailed comparison of the performance of NCM and the
GO-SnO2-NCM composite was performed.

2. Experimental
2.1. NCM Synthesis. NCM was synthesized via a sol–gel
citric acid-assisted method. Lithium acetate, nickel acetate, cobalt acetate, and manganese acetate were chosen
as the starting materials, with a stoichiometric ratio of
Li(Ni+Co+Mn)(=1.05 : 1) dissolved in ethyl alcohol. Excess
5% Li+ was added to supplement the loss, which occurred
at high temperatures. Citric acid solution was added dropwise into the above solution with vigorous stirring. The
molar ratio of metal ions to citric acid was 1 : 1. The mixture
was evaporated at 80°C with continuous stirring until a gel
formed; the gel was frozen at -80°C in a cryogenic refrigerator
for 12 h, followed by a freeze-drying for 24 h to acquire the
precursor. The precursor was heated at 450°C in air for 5 h,
with subsequent calcinations at 900°C for 12 h to obtain the
pristine NCM.
2.2. Synthesis of GO-SnO2-NCM. GO was produced via the
modiﬁed Hummers method [22, 23]. GO-coated SnO2NCM material was prepared via a facile wet chemical
method. First, SnCl4∙5H2O was added into 100 mL ethanol
using ultrasonic treatment for 1 h; second, 1 g NCM cathode
material was dispersed into the above solution and stirring
for 2 h; third, an adequate amount of NH3∙H2O was induced
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Figure 2: SEM images of pristine NCM (a) and GO-SnO2-NCM cathodes (b).
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Figure 3: HRTEM micrographs of NCM (a) and GO-SnO2-NCM powders (b).

to form a precipitate. The resulting mixture was ﬁltered
with deionized water/ethanol (1 : 1 v/v) three times and
dried for 12 h at 80°C. The dried powder was heattreated in a furnace at 500°C for 6 h in air atmosphere.
GO (0.03 g) was immersed into 50 mL of anhydrous ethanol and sonicated for 2 h to ensure complete dispersal.
SnO2-NCM was added in the above solution with constant
stirring, and the mixture was heated at 80°C until the ethanol was completely evaporated. The powder was dried at
80°C for 4 h in a vacuum to obtain GO-SnO2-NCM
materials.
2.3. Material Characterization. The crystal structure was analyzed via X-ray diﬀraction (D8 advance, Bruker) with Cu-Kα
radiation (40 kV, 40 mA) in the 2θ range of 10°–80° at a scan
rate of 10°/min. The particle size, surface morphologies, and
elemental composition of the samples were analyzed via
scanning electron microscopy (SEM, S-4800, Hitachi)
equipped with an energy-dispersive spectroscope (EDS).
Transmission electron microscopy (TEM, Talos F200S, FEI)
was used to estimate the thickness coated on the surface of
the cathode powders. X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, Thermo Fisher Scientiﬁc) was utilized to evaluate the ion valence states in the metal oxide.

2.4. Electrochemical Measurements. The electrochemical
properties of pristine NCM and GO-SnO2-modiﬁed NCM
were measured using a CR2032 coin cell. The electrodes were
prepared by mixing the active material with acetylene black
and polyvinylidene ﬂuoride at a mass ratio of 80 : 10 : 10 in
N-methyl-2-pyrrolidone to obtain a slurry, which was coated
onto a cleaned and polished aluminum foil and then dried at
80°C for 10 h in a vacuum oven. The cells were assembled in
an argon-ﬁlled glove box, in which water and oxygen levels
were maintained below 1 ppm. LiPF6 (1 M) was dissolved in
EC:DMC (1 : 1 v/v%) as the electrolyte. The cells consist of
a prepared cathode, with lithium metal as an anode and a
polypropylene microporous ﬁlm (Celgard 2400) as the separator. A galvanostatic change–discharge test was performed
at C (1 C = 280 mA g−1 ) rates of 0.2, 0.5, 1, 2, and 5 in the
voltage range of 2.5–4.3 V at 25°C. Electrochemical impedance spectroscopy (EIS) tests were performed on an Autolab
PGSTAT 302N at a frequency range of 0.01 Hz to 100 kHz
with a potential perturbation of 5 mV.

3. Results and Discussion
Figure 1 shows the XRD patterns of the pristine NCM and
GO-SnO2-NCM. It can be seen that a sharp peak at 11°
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Figure 4: EDS maps of the GO-SnO2-NCM.

corresponds to complete oxidation of graphite (GO) [24].
The synthesized materials exhibited similar XRD patterns
with no impurity phase detected, and these patterns could
be indexed to the hexagonal -NaFeO2 structure with a
space group of R3m. The clear splitting of peaks
(006)/(102) and (108)/(110) near 38° and 65°, respectively,
exhibits a perfect layered structure [25]. The diﬀraction
peaks of the material show no signiﬁcant diﬀerence before
or after coating, because the coated amount was below the
election limit of the instrument or the nanoscale size feature of the low-content GO-SnO2 content [26]. The ionic
radius of Ni2+ (r = 0 69 Å) is similar to Li+ (r = 0 76 Å),
and portions of Ni2+ might occupy the 3a site, which indicates
cation mixing. The intensity of I 003 /I 104 is a sensitivity
parameter focused on the degree of cation mixing of the materials. When the ratio of I 003 /I 104 > 1 2, the degree of cation
mixing is small [27]. The intensity ratio of I 003 /I 104 for
NCM and the GO-SnO2-NCM samples was calculated as

1.28 and 1.35, respectively, which displays that the sample
possessed a well-layered structure with a low degree of cation
mixing. The lattice parameter constants for these materials
are shown in Table 1. Additionally, a value of c/a above 4.9
implies that the material exhibits a well-deﬁned layered
structure [28]. It was clear that the as-synthesized GOSnO2-NCM increased the ordering degree of the layered
structure and decreased the cation mixing in all samples.
The morphologies of NCM and GO-SnO2-NCM were
observed via SEM. Figure 2(a) shows that pristine NCM displayed homogeneous primary particles of the order of a few
hundred nanometers, with few agglomerations. From the
GO-SnO2-NCM image (Figure 2(b)), the nanosize SnO2coated NCM particles were covered with a transparent GO
sheet. The uniform GO-SnO2-NCM structures can be
ascribed to the simple chemical mixing method. Moreover,
ultrasonication and continuous stirring were eﬀective in distributing SnO2-NCM throughout the GO sheets.
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Figure 5: XPS spectra of the GO-SnO2-NCM all elements (a), Ni2p(b), Co2p (c), Mn2p (d), Sn3p (e), and C1s (f).

To further study the microstructure of the material, highresolution TEM (HRTEM) was used to characterize results
(Figure 3). Figure 3(a) shows that pristine NCM presented
ﬁne crystallinity with an obvious lattice fringe extending to
the particle boundary. HRTEM images display that the lattice
fringe was about 0.47 nm, which corresponded to the (003)
lattice plane of NCM. The outer coating layer, with a thickness of approximately 15 nm, belongs to the GO layer; the
inner coating layer, with a thickness of approximately 5–
10 nm, represents the SnO2 layer, as shown in Figure 3(b).

The SnO2 particles with good electrical conductivity can
eﬀectively increase the conductivity of the samples. The GO
sheets were not only covered with SnO2 but also connected
with NCM, which aids in improving material conductivity.
Therefore, it could be identiﬁed that the double-coated layer
not only increased the contact areas between electrode and
electrolyte but also accelerated the electron transport speed
of Li+ ions.
EDS was used to conﬁrm the elemental distribution of the
GO-SnO2-coated layer on the surface of NCM (Figure 4).

6
4.5

4.0
Voltage (V)

Results showed that the Sn element from SnO2 and the C
from GO were uniformly distributed on the NCM surface,
which indicates that SnO2 and GO were coated successfully
on the NCM surface via coprecipitation and a simple chemical approach, respectively.
The modiﬁcation of NCM with GO and SnO2 can lead to
the transition metals changing their oxidation states and
issue in low discharge capacity and poor cycling performance. To conﬁrm the valence state of the transition metal
in the layered composite material, XPS analysis of GOSnO2-NCM was performed (Figure 5) and revealed that the
electron-binding energies of Ni2p1/2 and Ni2p3/2 appeared
at 872.6 and 855.6 eV, which implied that the Ni ion maintained its high oxidation state [29]. The satellite peak with a
binding energy at 861.2 eV can be attributed to the multiple
splitting of the nickel oxide energy levels [30]. The corresponding results indicated that the ionic radius of Ni2+ was
close to that of Li+; therefore, Ni2+ was easily located with
regard to Li+, which agreed with the XRD results. Additionally, peaks with binding energies of 780.1 and 642.5 eV were
assigned to Co2p3/2 and Mn2p3/2, which accorded with previous reports [31]. These results suggested that the valence
state of Co and Mn after coating remained trivalent and tetravalent, respectively. Two major peaks at 487.2 and 495.6 eV
emerged in the GO-SnO2-NCM sample, which corresponded
to the Sn3d5/2 and Sn3d3/2 peaks and indicated the existence
of an SnO2-coating layer on the samples and the tetravalent
status of Sn [32]. The C1s spectra of the materials were
deconvoluted into three main peaks. These peaks having
binding energies of 288.5, 286.6, and 285.6 eV were ascribed
to a carboxyl group (C=O), an epoxide group (–C–O–C),
and a hydroxyl group (C–OH), respectively [33]. These
results suggested that the GO-SnO2-coating layer on the
surface of NCM did not change the valence state of the
transition metal.
The initial charge–discharge curves of NCM and GOSnO2-NCM at 0.1 C over the potential range of 2.5–4.3 V
are shown in Figure 6. All charge–discharge curves exhibited
typical potential plateaus (3.6–3.8 V) associated with layered
NCM, which was attributed to the Ni2+/Ni3+ redox process
[34]. For the NCM and GO-SnO2-NCM composite, the
charge and discharge capacities were 190.7/172.6 mAh g−1
and 210.3/197.2 mAh g−1, respectively. The coulombic eﬃciency of coated NCM was 94%, which exceeded that of the
pristine sample. This phenomenon indicates that the degree
of cell polarization decreased. The GO-SnO2-coating layer
protected the surface of cathode particles from the liquid
electrolyte and unwanted side reactions.
Figure 7(a) shows the cycle performance of the pristine
NCM and GO-SnO2-NCM materials at a constant current
of 0.2 C and from 2.5 to 4.3 V at room temperature. The
initial discharge capacity of the pristine NCM was
165.8 mAh g−1, which sharply decreased to 140.3 mAh g−1
after 100 cycles, with capacity retention of 84.6%. However,
GO-SnO2-NCM not only increased the initial discharge
capacity but also showed a high capacity retention of 93.5%
after 100 cycles. These results indicated that the SnO2-coating layer along with a GO-coating layer on the surface of
NCM enhanced cycling stability and capacity retention.

Journal of Nanomaterials

3.5

3.0

2.5
0

20

40

60 80 100 120 140 160 180 200
Specific capacity (mAhg−1)

Pristine
GO-SnO2-NCM

Figure 6: Initial charge–discharge curves for pristine NCM and
GO-SnO2-NCM samples.

To verify the cycling performance and capacity retention
at high rates, the pristine NCM and GO-SnO2-NCM cells
were tested with a constant current density of 1 C between
2.5 and 4.3 V. After 100 charge–discharge cycles, the speciﬁc
discharge capacity of the pristine NCM was 115.1 mAh g−1,
with a retention of 74.3% of its initial capacity
(Figure 7(b)). However, the speciﬁc discharge capacity of
GO-SnO2-NCM was 158.1 mAh g−1, which retained around
90.7% of the initial discharge capacity. The signiﬁcant
enhancement in the cycling performance and capacity retention of GO-SnO2-NCM at 1 C can be ascribed to the following factors. First, the GO framework played a huge role in
improving electrode conductivity during the process of
charge transfer. Second, the nanosized SnO2 prevented the
cathode material from dissolution and suppressed interfacial
impedance and electrode polarization; the results could be
veriﬁed by subsequent EIS test. Third, the GO-SnO2
double-coating layer suppressed the volume change and
agglomeration during the cycling process.
The rate capabilities of NCM and GO-SnO2-NCM samples were investigated. The charge–discharge processes were
measured at a rate of 0.2 C, increased to 5 C step-wise, before
ﬁnally returning to 0.2 C (Figure 8). Both the discharge
capacity of NCM and that of GO-SnO2-NCM decreased
along with the increase in the current rate. The GO-SnO2NCM samples distinctly exhibited improvement of discharge
capacities as compared with the pristine samples at high
rates, with the former releasing 119.3 mAh g−1 under a high
current rate of 5 C, while the pristine NCM remained at
90.8 mAh g−1. Additionally, after cycling again at the low current rate of 0.2 C, the GO-SnO2-NCM material maintained a
higher capacity of 181.5 mAh g−1 than that of pristine NCM
that had a capacity of 160.8 mAh g−1. There are two main factors that aﬀect the rate capacity of GO-SnO2-NCM. The ﬁrst
factor is that the large number of NCM nanoparticles distributed within SnO2 can shorten the electron transport path as
well as strengthen the volume structure during the lithiumion insertion/extraction process. The second factor is that
GO introduced into the cathode material improved the
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In particular, the Rct value of the GO-SnO2-coated sample increased to 176 Ω, which was smaller than 362 Ω for
the pristine material, after 100 cycles, revealing that the
double-coated material exhibited better electrochemical performance than the bare NCM did. This indicated that the
GO-SnO2 double-coating layer eﬀectively increased the electrical conductivity and suppressed increases of charge transfer resistance.
The low-frequency oblique line is related to the lithiumion diﬀusion process in the electrode materials. The
lithium-ion diﬀusion coeﬃcients (DLi ) can be evaluated
using the following equations [37, 38]; the explanation of
symbols is shown in Table 2:

Pristine
GO-GO2-NCM

Figure 8: Rate performance of the pristine NCM and GO-SnO2NCM samples.

reaction kinetics by increasing the electrical conductivity
owing to the GO two-dimensional network. These results
suggested strongly that the double-coating layer is a promising method to enhance the rate performance of NCM.
To further study the kinetic diﬀerences between pristine
NCM and GO-SnO2-NCM, EIS measurements were performed after 100 discharge cycles. Results showed that the
EIS curves comprised a single semicircle in the high-to
medium-frequency region and revealed an inclined line in
the low-frequency region (Figure 9). Generally, an intercept
at the Z′ axis in the high-frequency region corresponded to
the solution resistance (Re ). The single semicircle represented
the high-to-medium-frequency semicircle, with the frequency representing the charge-transfer resistance (Rct ) at
the electrode-electrolyte interface [35]. The low-frequency
oblique line is related to the lithium-ion diﬀusion process
in the electrode materials, as introduced by Warburg impedance (Z w ) [36]. The equivalent circuit model is shown in
Figure 9(b). The values of Re and Rct were obtained by ﬁtting
with ZView software.

DLi =

R2 T 2
,
2A2 n4 F 4 C2 σ2

Z ′ = Re + Rsol + Rct + σω− 1/2

1
2

The linear relationship between Z′ and ω−1/2 (square root
of the frequency) is in the low-frequency region (Figure 10).
Compared to the pristine sample with the lithium-ion diﬀusion coeﬃcient of 5 29 × 10−13 cm2 /s, the GO-SnO2-NCM
material exhibited a greatly enhanced lithium-ion diﬀusion
coeﬃcient (1 17 × 10−12 cm2 /s). This can be ascribed to
the following two factors: ﬁrst, the SnO2-coating layer
broadened Li+ insertion/deinsertion during the charge–discharge process and GO with a large surface area increased
the content of the unbound cathode material; second, GOSnO2 also enhanced the electrical conductivity and facilitated electrolyte movement through the cathode. Therefore,
GO-SnO2-NCM substantially increased the Li+ diﬀusion
coeﬃcient when compared to pristine materials.

4. Conclusions
GO-coated SnO2-NCM cathode materials were successfully
synthesized via a wet chemical method, and pristine NCM
was prepared via a citric acid-assisted sol–gel method. The
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of GO-SnO2-NCM.
Table 2: The explanation of symbols.
Symbol

Explanation
−1

−1

Symbol

Explanation

R

The gas constant 8.134 Jmol

Rct

The charger transfer resistance

T

The absolute temperature 298.15 K

σ

Warburg factor

A

K

The surface area of the electrode

Re

The solution resistance

n

The number of elections per Molecule during oxidization

C

The concentration of lithium ions in the material

F

The Faraday constant 96486 C mol−1

ω

The angular frequency

Li+ conductivity. Therefore, the double-coating layer represents an eﬀective method to overcome the shortcoming of
NCM material and a promising candidate for applications
in EVs and HEVs.
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