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Abstract
Transition metal oxides hold great promise for lithium‐ion batteries (LIBs) and
electrocatalytic water splitting because of their high abundance and high energy
density. However, designing and fabrication of efficient, stable, high power density
electrode materials are challenging. Herein, we report rambutan‐like hollow carbon
spheres formed by carbon nanosheet decorated with nickel oxide (NiO) rich in metal
vacancies (denoted as h‐NiO/C) as a bifunctional electrode material for LIBs and
electrocatalytic oxygen evolution reaction (OER). When being used as the anode of
LIBs, the h‐NiO/C electrode shows a large initial capacity of 885 mA h g−1, a robust
stability with a high capacity of 817 mA h g−1 after 400 cycles, and great rate
capability with a high reversible capacity of 523 mA h g−1 at 10 A g−1 after 600 cycles.
Moreover, working as an OER electrocatalyst, the h‐NiO/C electrode shows a small
overpotential of 260 mV at 10 mA cm−2, a Tafel slope of 37.6 mV dec−1 along with
good stability. Our work offers a cost‐effective method for the fabrication of efficient
electrode for LIBs and OER.
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INTRODUCTION

With the ever‐increasing energy demand and prominent
environmental concerns, seeking promising storage, and
conversion systems with high efficiency, low cost, robust

stability, and environmental friendliness is urgent but
challenging.1-4 Lithium‐ion batteries (LIBs) and water
electrolyzer, deemed to be attractive electrochemical storage
and conversion devices, have been extensively studied
because they are efficient, stable, and environmentally
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friendly.5-12 However, with the fast development of the
electric vehicle industry, the current graphite anode material
is not able to satisfy the needs of high energy density and
high power density.10 Furthermore, oxygen evolution reaction (OER) in water splitting, which involves a four‐electron
coupled process, suffers from slow kinetics, and large
overpotential.13-15 Therefore, extensive research efforts have
been devoted to searching and designing highly efficient,
cheap, and durable electrode materials for LIBs and
electrocatalytic water splitting in recent years.16-22
Transition metal oxides (TMOs) have many potential
applications in energy storage and conversion because of
their abundance, high energy/power density, and good
catalytic activity.23-26 Among the studied TMOs, nickel oxide
(NiO) and its derivatives have been demonstrated to be
attractive electrode materials because of their high earth
abundance, low cost, and high capacity for LIBs, and good
catalytic activity and corrosion resistance for OER in alkaline
media.27-29 For example, Wang et al30 designed a highly
ordered mesoporous NiO electrode using nanocasting
method that exhibited good electrochemical properties.
NiO film prepared by an electro‐deposition method showed
an overpotential of 450 mV at 1 mA cm−2 for OER in 1 M
potassium hydroxide (KOH).29 However, further performance improvement of NiO‐based materials is restricted by
poor electronic/ionic conductivity due to their semiconductor
characteristics, which results in inferior electrode activity for
OER and poor rate capability for LIBs.31 Furthermore,
bulk NiO material also impedes the development of the
NiO electrode because of large volume expansion during
charge/discharge for LIBs and insufficient active sites
for OER.
To address these issues, various strategies have been
adopted to expose active sites and tailor the electrochemical stability. One method is coupling NiO with
carbonaceous materials (such as CNT,32 graphene,33 and
porous carbon34), conductive polymer,35 and metals,28
which could increase the conductivity of the bulk
material, and restrain the volume change and improve
catalytic activities. Another tactic involves constructing
various morphologies [such as one‐dimensional (1D)
nanorods,36 2D nanosheets,30 and 3D nanospheres37]
with high surface area, which can lead to exposure of
more active sites and hence to improve the electron‐mass
transfer interface. Furthermore, vacancies can effectively
tailor the electronic structure, regulate the electrical
conductivity, and create new active sites in the
bulk materials. For example, Sun et al28 reported
Ni/NiO hybrid nanomembrane with undulating surface
morphologies showed excellent rate capability. NiO
hollow microspheres prepared by a spray‐drying method
showed superior activity for both oxygen and hydrogen
evolution reaction for full water splitting.37
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Herein, we report the design of a 3D hollow carbon
spheres made of carbon nanosheet decorated with NiO
nanoparticles for high‐performance LIBs and OER using
a simple hydrothermal method followed by thermal
treatment. Such a hierarchical structure has the following
unique features. First, NiO enriches the number of active
sites and shortens Li+/electron transport, which is very
beneficial for superior electrochemical performance.
Second, the carbon nanosheets not only restrain the
active material aggregation and keep the electrode
structurally stable but also optimize the conductivity of
the electrode. Third, abundant oxygen vacancies can offer
much more catalytic active sites and promote the OER
kinetics. Lastly, the hollow structure facilitates Li+/OH−
and gas diffusion, reducing the polarization effect. As a
result, the electrode shows excellent electrochemical
properties including high capacity and long stability
for LIBs, as well as high efficiency and robust stability
for OER.
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Materials and reagents

Tetraethyl orthosilicate (C8H20O4Si: TEOS), ethanol
(C2H5OH), ammonium hydroxide (NH3·H2O, 25%), urea
(CH4N2O), glucose (C6H12O6), and nickel nitrate hexahydrate (Ni(NO3)2·6H2O) were obtained without further
purification.
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|

Preparation of SiO2 sphere

The solution with ethanol (20 ml), deionized (DI) water
(65 mL), and ammonium hydroxide (1 ml) were mixed.
0.8 mL of TEOS was dropwise added into the above
mixture and stirred for another 0.5 hours. The sample
was obtained by centrifugation followed by washing
using ethanol and water for several times.

2.3
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Preparation of h‐NiO/C composite

Fifty milligrams of SiO2 spheres was added into 60 mL of
DI water and ultrasonicated for 30 minutes. Then, 500 mg
of urea, 200 mg of glucose, and 600 mg of Ni(NO3)2·6H2O
were dissolved into the above mixture under stirring. The
mixture was put into a 100 mL autoclave and kept at
120°C for 20 hours. After hydrothermal treatment, the
precursor was obtained via washing using DI water. At
last, the h‐NiO/C composite was synthesized after
heating at 320°C for 2 hours. For comparison, the hollow
NiO sphere was synthesized using the same procedure
except for the addition of glucose.

124

2.4

|

SUN

|

Preparation of h‐CoO/C composite

The preparation process of the h‐CoO/C composite was
the same as that of the h‐NiO/C composite except that Co
(NO3)2·6H2O was used as the metal source.

2.5
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Structural characterization

The compositions of the samples were checked by X‐ray
diffraction (XRD; AXS D8 Advance diffractometer), X‐ray
photoelectron spectroscopy (XPS; Axis Ultra DLD), and
Raman spectrometer (Raman, Renishaw, Reflex Raman
instrument, laser excitation at 532 nm). The Brunauer‐
Emmett‐Teller (BET) specific surface area of the sample
was evaluated by an ASAP 2020M. The morphologies of
the as‐prepared materials were characterized by field
emission scanning electron microscope (FESEM; Hitachi,
S‐4800) and transmission electron microscopy (TEM; FEI
Tecnai F20).

2.6
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Electrochemical characterization

The electrochemical performance of LIBs was characterized by a 2032‐type coin cell using the Li plate as the
counter electrode. The electrode was fabricated by mixing
active material, conductive agent and binder with a
weight ratio of 8:1:1 and coated onto copper (Cu) foil. The
electrolyte was 1 M LiPF6 solution. The separator used
was Celgard 2300 membrane. Galvanostatic charge/
discharge curves were recorded by LAND systems. Cyclic
voltammetry (CV) was analyzed by biological electrochemical workstation. The electrochemical properties for
OER were tested by a conventional three‐electrode
system. The CV curves for OER measurements were
characterized within the potential window of 0.0 to
0.6 V in the 1.0 M KOH solution. All potentials were
converted to reversible hydrogen electrode (RHE)
using the equation: ERHE = EAg/AgCl + 0.197 V + 0.059 V
× pH.
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RE SULTS AND DISCUSSI ON

The synthesis process of h‐NiO/C is illustrated in
Figure 1. First, the hollow‐structured precursor was
prepared via a simple hydrothermal method. Then, the
precursor was calcined under Ar condition at a temperature of 320°C for 2 hours with a temperature ramp rate of
2°C min−1. At last, the 2 nm NiO nanoparticles‐decorated
hollow carbon nanosheets were prepared. Figure S1
displays the XRD patterns of the SiO2 spheres, which
indicates the amorphous phase, in agreement with the
previous report.10 As shown in Figure S2, the SiO2
particles have a spherical structure with diameters about
200 nm. Without adding metal salts, the XRD patterns
have no significant change from that of pure SiO2 (Figure
S3). However, the surface is much rougher than that of
pure SiO2 (Figure S4). Figure 2A displays the XRD
patterns of the h‐NiO/C sample. There is a broad peak
centered at about 25° corresponding to the (002) plane of
graphitic carbon.38 There are three diffraction peaks
located at 37.1°, 43.3°, and 62.7°, corresponding to the
(111), (200), and (220) planes of NiO (JCPDS#47‐1049),
respectively.37 We noted two peaks located at 1343 and
1587 cm−1 in the Raman spectra (Figure S5), which
correspond to the D and G band of graphitic carbon,
respectively.38 The BET surface area of the h‐NiO/C
sample is about 109 m2 g−1 (Figure 2B), and the pore size
distribution (Figure S6) of the h‐NiO/C material shows
both mesoporous and microporous features at around 2
and 100 nm, respectively. Such a high surface area and
high porosity would facilitate fast kinetics and rapid mass
diffusion.
Figure 2C displays the XPS survey spectrum of the
material, which shows that only Ni, O, and C elements
are present in the sample. During the hydrothermal
process, the soft template SiO2 was etched; thus, Si signal
is absent in the spectrum. In Figure 2D, there are four
peaks, including Ni 2p1/2, Ni 2p3/2, and two satellite
peaks. The deconvoluted Ni 2p3/2 peak consists of two
individual peaks centered at 854.6 and 852.7 eV,

FIGURE 1

Schematic illustration of
the fabrication process of h‐NiO/C. The
as‐prepared h‐NiO/C sample with
abundant oxygen vacancies looks like
a rambutan shell. Inset: a photo of
rambutans
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FIGURE 2

The phase and composition of the h‐NiO/C sample. A, XRD patterns, (B) BET specific surface area, and (C) XPS spectra of
the h‐NiO/C sample. (D‐F) High‐resolution XPS spectra of the Ni 2p, O 1s, and C 1s states. The high‐resolution XPS spectra of the O 1s state
shows abundant oxygen vacancies in the h‐NiO/C sample. BET, Brunauer‐Emmett‐Teller; XPS, X‐ray photoelectron spectroscopy; XRD, X‐
ray diffraction

corresponding to Ni2+ and Ni3+, respectively. The high‐
resolution XPS of C 1s (Figure 2E) displays three
deconvoluted peaks at 284.7, 286.2, and 288.6 eV,
corresponding to sp2 C, C–OH, and C═O, respectively.
Furthermore, the O 1s spectra (Figure 2F) can be
resolved into four peaks located at 530.0, 531.3, 532.4,
and 534.0 eV, which are assigned to the metal‐bonded

oxygen, oxygen vacancies, O–C═O, and C═O, respectively. As the vacancy could tailor the electronic structure
and then regulate the electrical conductivity of the bulk
material to optimize the electrochemical performance,39
the existence of O vacancies endows the h‐NiO/C
electrode with high rate properties and excellent electrocatalytic activity for LIBs and OER, respectively.

(A)

(C)

(E)

(B)

(D)

(F)

The morphologies of the samples. A, Scanning electron microscopy (SEM) image of the SiO2 nanoparticles. Scale bar = 1 μm. B,
SEM image of the SiO2/C nanoparticles. Scale bar = 1 μm. C, D, SEM images of the h‐NiO sample. Scale bars = 2 μm and 500 nm, respectively. E, F,
SEM images of the h‐NiO/C sample. Scale bars = 2 μm and 500 nm, respectively

FIGURE 3
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Figure 3 displays the SEM images of the samples. The
morphology of the SiO2 before and after carbon coating has
no obvious change (Figure 3A and 3B). After the
hydrothermal process, the sample with a hollow structure
is obtained, as shown in Figure 3C‐F. The diameter of the
particles is about 500 nm, larger than those of the pure SiO2
particles. Without adding the carbon source (Figure 3C and
3D), the nanosheets on the surface are denser and much
smaller. The surface of the hollow structure is much
rougher and the nanosheets are much larger (Figure 3E and
3F). We noted that when the hydrothermal temperature
was too high or too low, the hollow structure was damaged
and deformed (Figures S7 and S8). Figure S9 shows the
elemental mapping of the h‐NiO/C material. The profiles of
Ni, C, and O well match the shape of the sample,
demonstrating the uniform dispersion of NiO nanoparticles
in the hollow carbon nanosheet.
TEM was employed to study the detailed structure of
the composite. As shown in Figure 4A and 4B, the as‐
prepared sample shows a rambutan‐like hollow structure
with abundant nanosheets. The nanocages have the
diameters of 300 nm and shell thicknesses are about
74 nm. In addition, the thickness of the nanosheets is
about 3.5 nm, as shown in Figure 4C. This unique
structure not only facilitates Li+ and OH− diffusion and
gas release but also tolerates the volume expansion for
LIBs. From the HRTEM images (Figure 4D and 4E), we
can see that NiO nanoparticles are decorated on the

FIGURE 4

ET AL.

amorphous carbon nanosheets. The lattice distance of the
particle is about 0.21 nm, consistent with the spacing of
the (200) plane of NiO.37 Furthermore, the particle sizes
of the NiO nanoparticles are about 2 nm. The structure of
the h‐CoO/C composite is the same as that of the h‐NiO/
C synthesized using the same method (Figure S10),
which demonstrates that the fabrication method is
generic.
The electrochemical properties of the h‐NiO/C electrode for LIBs were measured using coin half‐cell
configuration, as shown in Figure 5. Figure 5A displays
the charge‐discharge curve of the h‐NiO/C electrode at
0.5 A g−1. For the first cycle, a small and sharp plateau
located at 1.5 V is ascribed to the solid electrolyte
interface (SEI) formation, and the other large platform
at 0.8 V is attributed to NiO reaction with Li+ to generate
Ni and Li2O.28 The first charge and discharge capacities
were 1114 and 843 mA h g−1, respectively, along with
high Coulombic efficiency (CE) of 75.7%. After 100
cycles, the shape of the charge‐discharge curve was
almost unchanged compared with the second cycle,
demonstrating good cycling stability. Figure 5B displays
the CV curves of the h‐NiO/C electrode between 0.1 and
3.0 V with a sweeping rate of 0.05 mV s−1. In the cathodic
half cycle, two peaks are located at 1.6 and 0.75 V, which
are attributed to the SEI formation and the delithiation
process of NiO, respectively. The long cycle life of h‐NiO/
C and h‐NiO electrodes was characterized at 0.5 A g−1,

(A)

(B)

(C)

(D)

(E)

(F)

A, Transmission electron microscopy (TEM) image of the h‐NiO/C sample. Scale bar = 200 nm. B, C, TEM images of the h‐
NiO/C sample. Scale bars = 50 nm. D, E, High‐resolution TEM images of the h‐NiO/C sample. Scale bars = 5 nm. F, selected area electron
diffraction spectroscopy. TEM images indicate the h‐NiO/C sample shows the hollow structure and the nanosheets are decorated with
abundant NiO nanoparticles with diameters about 2 nm
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(A)

(B)

(C)

(D)

(E)

(F)
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FIGURE 5

Electrochemical performance of h‐NiO and h‐NiO/C electrodes as LIB anodes in half cells. A, Charge‐discharge profiles of h‐NiO/C
electrode. B, CV curves of h‐NiO/C. C, Cycling performance of h‐NiO and h‐NiO/C electrodes at 0.5 A g−1. D, Rate performance of h‐NiO and h‐NiO/
C electrodes ranging from 0.51 to 10 A g−1. E, Comparison with other reported materials, such as mesoporous NiO nanosheet, porous NiO nanorod,
NACNT@NiO@G, porous NiO microtubules, NiO/CNTs, and C@NiO@NCSs, respectively. F, Long cycling performance at a high rate of 10 A g−1.
CV, cyclic voltammetry; LIB, lithium‐ion batteries

as displayed in Figure 5C. The h‐NiO/C electrode shows a
capacity of 817 mA h g−1 and high retention of 92.3%
against the second cycle after 400 cycles, demonstrating
the excellent stability of the h‐NiO/C electrode. In
contrast, the h‐NiO electrode displays a fast capacity
decrease with a low capacity of only 200 mA h g−1 and
shows low CE during the cycle stability test (Figure S11).
The rate performances of both electrodes were further
characterized, as displayed in Figure 5D. The discharge
capacities of the h‐NiO/C electrode are much better than that
of the h‐NiO electrode at 0.5, 1, 2, 4, 8, and 10 A g−1,
respectively. When the current changes back to 1 A g−1, the
capacity retains 715 mA h g−1. The performances of the
electrode outperformed most reported NiO‐based electrodes,
including mesoporous NiO nanosheet,30 porous NiO nanorod,36 NACNT@NiO@G,34 porous NiO microtubules,27 NiO/
CNTs,32 and C@NiO@NCSs40 electrodes, as shown in Figure
5E and Table S1. Moreover, the long cycle stability of the
electrode at a higher 10 A g−1 is displayed in Figure 5F. The
electrode shows a high capacity of 580 mA h g−1 for the
second cycle, and the capacity of the electrode remains
523 mA h g−1 even after 600 cycles, suggesting high retention
of 90.2%. EIS results further support the excellent electrochemical activity of the h‐NiO/C electrode, as shown in
Figure S12. One can see the Rct of the h‐NiO/C electrode is
smaller than that of the h‐NiO electrode (see Table S2),
which suggests the higher activity of h‐NiO/C electrode.

TMOs are also considered as a promising catalytic
material for OER. The h‐NiO/C sample was thus measured
for OER, which was characterized in electrolyte of 1.0 M
KOH solution. The CV curves of h‐NiO/C, h‐NiO,
and ruthenium oxide (RuO2) electrodes at 5 mV s−1 are
displayed in Figure 6A. The h‐NiO/C electrode shows good
electrocatalytic activity with a low overpotential of 260 mV
at 10 mA cm−2, better than many similar electrocatalysts,
including CoP@3D Ti3C2‐Mxene,41 porous CoO‐MoO2
nanocages,42 Co3O4‐NP/N‐rGO,43 NiCo2Se4‐based holey
nanosheets,44 as summarized in Table S3. In contrast, the
h‐NiO electrode displays a larger overpotential of 301 mV at
10 mA cm−2. In addition, the pure NiO nanoparticles show
the poorest electrochemical performances, as shown in
Figure S13, indicating the synergistic effect between
vacancies and carbon framework could improve the OER
performances. In addition, the smaller Tafel slope of the h‐
NiO/C electrode (Figures 6B, C, and S14) compared to those
of h‐NiO and RuO2 electrodes indicates faster kinetics. To
make a quantitative comparison of the density of the active
site, we characterized the electrochemical double‐layer
capacitance (Cdl; Figure S15). As shown in Figure 6D, the
Cdl of the h‐NiO/C is much larger than that of the h‐NiO
electrode, indicating a much larger active surface area.
Moreover, the h‐NiO/C electrode shows a good stability at
10 mA cm−2, as displayed in Figure 6E and 6F. After the
OER stability test, the structural morphology of the h‐NiO/
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Electrochemical OER performance. A, CV curves with a scan rate of 5 mV s−1 in 1.0 M KOH solution, B, corresponding
Tafel plots of CV curves in (A) where the Tafel slopes are labeled, and (C) the comparison of overpotential at 10 mA cm−2 and Tafel slopes
for RuO2, h‐NiO, and h‐NiO/C, respectively. D, Double‐layer capacitance (Cdl) measurements of the h‐NiO and h‐NiO/C. E, CV curves of h‐
NiO/C before and after the acceleration durability test for 5000 cycles. F, Time‐dependent potential curve for h‐NiO/C at 10 mA cm−2,
without IR correction. CV, cyclic voltammetry; IR, current‐resistance

FIGURE 6

C electrode displays negligible change, demonstrating the
excellent structural stability of the electrode (Figure S16).
The excellent electrochemical performances for LIBs
and electrocatalytic OER of the 3D hierarchical NiO
nanoparticles‐decorated carbon nanosheets are attributed
to the following features of the sample. First, NiO
nanoparticles with abundant vacancies can tailor the
electronic structure, regulate the electrical conductivity,
and create new active sites. Second, compared to the bulk
materials, NiO nanoparticles can shorten the distance of
electron transfer and ion diffusion, overcome the mechanical strain during the charge‐discharge process to resist
volume change, and expose more active sites. Third, the
cross‐linked carbon nanosheets are beneficial for the rapid
transfer of electrons, suppression of the agglomeration, and
enhancement of the conductivity of the composite. Finally,
the unique hollow structure can facilitate the penetration of
the electrolyte and release of the gaseous product.
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C ON C LU S I O N

In summary, we report a 3D rambutan‐like hollow
carbon spheres made of carbon nanosheets decorated
with NiO nanoparticles using a simple hydrothermal
method. Due to the hollow rambutan‐like structure and
abundant vacancies, the h‐NiO/C electrode showed

robust stability and high rate capability for LIBs and
superior electrocatalytic performances for OER. The h‐
NiO/C electrode for LIBs showed high capacity of
817 mA h g−1 after 400 cycles, and high rate ability with
a capacity of 523 mA h g−1 at 10 A g−1 after 600 cycles.
Additionally, the electrode also exhibited outstanding
electrocatalytic activity toward OER with a low overpotential of 260 mV at 10 mA cm−2, a small Tafel slope of
37.6 mV dec−1, and robust stability. Our work sheds light
on the enhancement of electrochemical performances
through morphology engineering, as well as the roles of
vacancies in enhancing electrocatalytic activity.
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