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a b s t r a c t

Transition metal oxides (e.g. NiO) have been considered as promising high-capacity anode in lithium ion
batteries (LIBs). However, the low electronic conductivity and huge volume change during cycling lead to
rapid capacity fading and poor rate capability. To solve those drawbacks, we design a sandwich-like dual
carbon layers coated hollow structured NiO (C@NiO@NC). The NiO nanosheets are anchored on the
surface of hollow carbon nanospheres and then coated with N-doped porous carbon layer, which confine
them between two carbon shells. Such hierarchical architecture with high surface area increases the
contact between the electrode and electrolyte, resulting in decreased Liþ diffusion pathway. Moreover,
the dual carbon layers enhance the electronic conductivity of C@NiO@NC and effectively buffer the
volume changes of NiO during cycling. Therefore, this sample delivers a high capacity (1189 mA h g�1 at
100 mA g�1), superior rate capability (420 mA h g�1 at ultrahigh rate of 10000 mA g�1) and outstanding
cycling stability (96.1% at 1000 mA g�1 after 1000 cycles) when used as LIBs anode. The density func-
tional theoretical calculation further proves the enhanced electronic conductivity and more energetic
favorable capability of C@NiO@NC. This facile method can be extended to other transition-metal oxides
with superior electrochemical performance.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Transition metal oxides (e.g., NiO[1e3], SnO2[4,5], Fe2O3[6,7]
and Co3O4[8,9]) are promising candidates to replace commercial
graphite anode in lithium ion batteries (LIBs) due to their high
theoretical capacity. Among various transitionmetal oxides anodes,
NiO has beenwidely studied as a high-energy LIBs anode because of
its high theoretical capacity (718 mA h g�1), low toxicity as well as
low cost[10e12]. Nevertheless, the practical application of NiO has
been dramatically restricted by the serious volume expansion upon
lithiation/delithiation process, leading to high pulverization and
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rapid capacity fading. Besides, the exposure of fresh surface of the
active materials caused by the huge volume change during cycling
would lead to continuous formation of solid electrolyte interface
(SEI) film. The formation of thick SEI film on the surface would slow
down the Liþ diffusion kinetics and elongate Liþ diffusion path.
Moreover, the relatively poor electrical conductivity of NiO is
somewhat unsatisfactory because it can largely affect the rate
performance[13,14].

In the past few years, various strategies have been developed to
solve the above drawbacks. One effectiveway is to design the active
materials with specific morphologies, including microspheres[15],
rod-in-tube [16], nanorods[17], nanodots[18]. Through particular
morphology design, the Liþ transport path length is largely short-
ened and the mechanical strain during cycling is better buffered,
leading to promoted cycling stability. Another effective way is
combining transition metal oxide with conductive carbon matrix,
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which can not only protect the active material from reacting with
the electrolyte but also increase the electronic conductivity.
Moreover, our previous works and abundant reported references
have proved that the volume expansion of oxide mental oxides
could be alleviated with carbon coating during lithiation/delithia-
tion process[19e22]. For example, Wang’s group encapsulated
peapod-like NiO nanoparticles into carbon fibers to promote the
ion diffusion kinetics and restrain the volume changes upon long-
time reactions[23]. Our group reported enhanced electronic con-
ductivity and superior cycling stability of FeOx nanoparticles with
N-doped porous carbon coating[24]. Inspiration from the above
discussions, it can be forecasted that morphology designing com-
bined with uniform and tight carbon coating would be a promising
approach to enhance the electrochemical performance for transi-
tion metal oxides.

Recently, extensive attention has been focused on developing
carbon supported or carbon coated hollow structured transition
metal oxide. The hollow structure with large surface area could
endow sufficient soaking of electrolyte, largely facilitating Liþ

diffusion kinetics due to the shortened ion diffusion length. In the
case of carbon supported transitionmetal oxides, the carbonmatrix
can serve as continuous electronic conductive high way and alle-
viate the volume change of active material to some extent. How-
ever, the transition metal oxide wrapped outside is easy to be
pulverized and detached from the carbon matrix during repeated
lithiation-delithiation process due to the absence of surface pro-
tection layer. This situationwill lead to the continuous formation of
thick and rough SEI film, which subsequently cause poor electronic
conduction on the surface of active material. The surface coating
layer can provide good surface electronic conduction and accom-
modate the expansion of active materials without destroying the
protection carbon layers on the surface. However, the inner side
active materials still suffer high mechanical stress, thus promoting
the tendency of cracking and crumbling, resulting in unsatisfactory
cycling stability. Accordingly, synthesizing hollow structured tran-
sition metal oxide with dual carbon coating layers could enhance
the electronic conductivity, stabilize the surface SEI film and alle-
viate structure cracking during cycling, consequently improving the
electrochemical performance.

In this work, we fabricated a sandwich-like dual carbon layers
coated NiO hollow sphere (denoted as C@NiO@NC) by using poly-
styrene sphere as template. In this unique architecture, the NiO
nanosheet, which is assembled by ultrasmall NiO nanoparticles
(~10 nm), were anchored vertically on the surface of hollow carbon
and then coated with a nitrogen-doped carbon layer outside the
particles. The sandwich-like structure well confined the NiO
nanoparticles between the two carbon layers, which can obviously
enhance the electronic conductivity of active materials. The inter-
stitial void space between the active materials and carbon layers
can serve as a cushion to buffer the volume expansion of NiO
without breaking the carbon layers upon charge-discharge process.
Also, the stable dual carbon layers allow for the growth of a stable
SEI film on the carbon shell surface, resulting in decreased irre-
versible capacity and capacity fading. Besides, the ultrasmall NiO
nanoparticles integrated with the surrounded electronically and
ionically conductive carbon can ensure fast electron transport and
ion diffusion in the overall electrode. As an anode for LIBs,
C@NiO@NC shows a high reversible capacity (1189 mA h g�1 at
100 mA g�1), superior rate capability (420 mA h g�1 at ultrahigh
rate of 10000mA g�1) as well as excellent cycling stability (capacity
retention of 96.1% at 1000 mA g�1 after 1000 cycles). Density
functional theory (DFT) calculations further reveals the increased
electrical conductivity and lower energy barriers of the lithiation
process of C@NiO@NC.
2. Experimental section

2.1. Preparation of sulfonated polystyrene nanospheres (SPS)

Polystyrene nanospheres (PS) were synthesized based on our
previous work[25]. After drying the emulsion at 60 �C, the white PS
powder was obtained. Sulfonated polystyrene was prepared by a
simple solution method. In detail, white PS powder (2 g) was
poured into concentrated sulfuric acid (polystyrene: H2SO4 ¼ 1: 30,
w/w). The mixture was stirred at 40 �C for 30 min to fully sulfurate
the PS powder. Finally, the pinkish sulfonated polystyrene nano-
spheres (SPS) was collected by centrifugation and washed thor-
oughly with water and ethanol[26,27].

2.2. Preparation of SPS@Ni-precursor

500 mg of Ni(NO3)2$6H2O and 150 mg of hexamethylenetetra-
mine were dissolved into 200 mL of 0.7 mM trisodium citrate so-
lution. Then, 100 mg of SPS was dispersed into the mixture through
sonication for 20 min. After that, the mixture was transferred into a
500 mL three-necked flask and stirred at 90 �C for 10 h. The green
precipitate was washed thoroughly with ethanol for three times,
and dried at 60 �C for 12 h.

2.3. Preparation of sandwich-like dual carbon layers coated NiO
hollow sphere nanostructures (C@NiO@NC)

Initially, SPS@Ni-precursor (300 mg) was dispersed into Tris
buffer solution (50 mL, pH ¼ 8.5) by sonication for 15 min. Then,
dopamine hydrochloride (50mg) was added into themixture. After
stirring at 30 �C for 3 h, the yellow powder (SPS@Ni-pre-
cursor@PDA) was collected after washing with ethanol for three
times by centrifugation. To obtain C@NiO@NC, the SPS@Ni-
precursor@PDA powder was sintered at 500 �C for 2 h under Ar
atmosphere. For comparison, C@NiO was obtained by sintering
SPS@Ni-precursor following the same process as C@NiO@NC.

2.4. Characterizations

X-ray diffraction (XRD) patterns were obtained through using a
Rigaku D/Max-2400 X-ray diffractometer (Cu Ka, l ¼ 0.15405 nm).
The morphologies of active materials were collected by the scan-
ning electron microscopy (SEM, TESCAN MIRA3, 20 kV) and
transmission electron microscopy (TEM, JEOL JEM-2100, 300 kV).
X-ray photoelectron spectroscopy (XPS) was taken on a Thermo
ESCALAB 250Xi XPS spectrometer (Al Ka, 1486.6 eV). Thermogra-
vimetric analysis (TGA) data was obtained through utilizing a
Mettler-Toledo TGA DSC 1 Stare system. N2 adsorption-desorption
isotherms was obtained through using a Builder SSA-4200
instrument.

2.5. Electrochemical measurements

Electrochemical testing was performed by utilizing 2016 coin-
type cells. Anode was composed of active materials, poly-
vinylidene fluoride (PVDF), and super P (8:1:1 w/w/w) by using N-
methyl-2-pyrrolidone (NMP) as solvent. The slurry was coated onto
a copper foil. 1 M LiPF6 in dimethyl carbonate/ethylene carbonate/
ethyl methyl carbonate (1:1:1 v/v/v) was used as electrolyte. Gal-
vanostatic charge-discharge was tested on a Neware battery testing
system (CT-3008W, 0.01e3.0 V vs Li/Liþ) at room temperature.
Cyclic voltammetry (CV, 0.01e3.0 V) and electrochemical imped-
ance spectroscopy (EIS, frequency range: 100 kHz-10 mHz) were
recorded on an electrochemical workstation (BioLogic-VMP3).



Q. Gan et al. / Electrochimica Acta 343 (2020) 136121 3
2.6. Calculation methods

Density functional theory (DFT) calculations were carried out
through implementing Material Studio software. To accurately
calculate the electrical conductivity and energy barriers of the
lithiation process, Perdew-Burke-Ernzerhof function generalized
gradient approximation with the method of CASTEP. The energy
cutoff of a plane-wave is 370 eV to ensure the precision of the
calculations. For calculations of the electronic properties and
equilibrium geometries, the integrations over the Brillouin zone
were carried out with a 3 � 3 � 3 k-point grid.

3. Results and discussion

Fig. 1 shows the synthesis process of the sandwich-like dual
carbon layers coated C@NiO@NC hollow spheres. The sulfonic acid
(eSO3

eHþ) groups enriched polystyrene sphere (SPS) is used as
template. Firstly, the Ni2þ is absorbed on the surface of SPS through
the electrostatic interaction between the sulfonic acid groups and
Ni2þ, which promotes the growth of nanosheet-like Ni-precursor
and form the SPS@Ni-precursor[26]. Ni-precursor should be
Ni(OH)2 particles and then assemble NiO nanosheets through
treatment at high temperature (proved by the following TEM im-
ages). After that, dopamine monomer polymerize to a continuous
polymer layer on the surface of the SPS@Ni-precursor during the
oxidization and cyclization reaction owing to the strong binding
affinity between Ni2þ and the eOH from dopamine monomer [28].
Then, the SPS and the PDA are decomposed and released a little gas
(e.g., methane, ethylene, propylene and CO2) at high temperature.
Finally, the SPS@Ni-precursor@polydopamine is transformed into
sandwich-like dual carbon layers coated C@NiO@NC nanostructure.
The inside carbon layer came from the carbonization of SPS, while
outer carbon layer originated from PDA.

The structures and morphologies of as-prepared materials are
characterized by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). As shown in Fig. 2a and b, the
pristine PS nanospheres exhibit high uniformity with a diameter of
~1 mm and smooth surface. The C@NiO shows a hollow sphere
morphology, which is assembled from NiO nanosheets (Fig. 2c and
d). As seen, under the assistance of eSO3

eHþ groups, Ni2þ ions are
easy to absorb on the surface of SPS nanospheres because of the
electrostatic interaction and grow to uniform nanosheet under the
Fig. 1. Schematic illustration of the s
reaction. After coating N-doped carbon layer, the NiO nanosheets
become thick, signifying the successful introduction of carbon layer
outside the surface of NiO nanosheets. The TEM images (Fig. 2geh)
illustrate the hollow sphere structure of C@NiO@NC. From the
magnified TEM images (Fig. 2i), it can be observed that the NiO
nanosheets are assembled by ultrasmall NiO nanoparticles
(~10 nm) and are completely wrapped with N-doped carbon.
HRTEM images (Fig. 2j) of C@NiO@NC shows interplanar spacing of
0.24 nm, assigning to the (111) facet of face-centered cubic NiO
phase. The inside selected-area electron diffraction (SAED) pattern
of the C@NiO@NC shows four intense rings indexed to the (111),
(200), (220), and (311) crystal planes of crystalline NiO phase. Based
on the elemental mapping analysis (Fig. S1), it is clear that the
presence of carbon (C), oxygen (O), nitrogen (N), and nickel (Ni) in
C@NiO@NC. As shown, C and N elements uniformly distribute
around Ni element, indicating the successfully synthesis of
sandwich-like dual carbon layers coated NiO hollow spheres.

The crystalline phase of hollow C@NiO and C@NiO@NC nano-
spheres are characterized by XRD patterns. As exhibited in Fig. 3a,
four well-defined diffraction peaks at 37.2�, 43.3�, 62.9�, and 75.4�

are corresponding to (111), (200), (220), and (311) crystal phase of
NiO (JCPDS No. 47e1049) [29,30], respectively, matching well with
the above mentioned SAED pattern. Using Scherrer equation
(D ¼ kl/bcosq, b is the half-peak width of the diffraction peak
profile at maximum diffraction peak, where k is a constant nor-
mally used 0.9) with the broadening of the (2 0 0) peaks, the crystal
sizes along the [2 0 0] direction for C@NiO and C@NiO@NC are
calculated to be 12.1 and 13.6 nm, respectively, corresponding to
the size of TEM images. The XPS survey spectra (Fig. 3b) for both
C@NiO and C@NiO@NC show similar peaks of C 1s, O 1s and Ni 2p,
while the N 1s peak only appears in C@NiO@NC, demonstrating the
successful incorporation of nitrogen-doped carbon layers. As
shown in the N 1s spectrum of C@NiO@NC (Fig. 3c.), three peaks at
398.5, 400.9 and 403.1 eV can be assigned to pyridinic nitrogen (N-
6), pyrrolic nitrogen (N-5), and quaternary nitrogen (N-Q),
respectively [31,32]. Through calculation, the N content (related to
carbon layer) in C@NiO@NC is about 3.5 wt%, which can provide
extra unpaired electrons, and thus improve carrier concentration.
Therefore, the electronic conductivity of C@NiO@NC is greatly
improved[24,33,34]. The presence of CeN peak in high-resolution C
1s XPS spectrum of C@NiO@NC further proves the existence of N in
the outer carbon layer (Fig. S2a). As for Ni 2p spectra, the Ni2þ peaks
ynthesis process of C@NiO@NC.



Fig. 2. SEM images of (a and b) PS nanospheres, (c and d) C@NiO, and (e and f) C@NiO@NC. (gei) TEM and (j) HRTEM images for C@NiO@NC (the inset is SEAD image for
C@NiO@NC).
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at 852.6 and 870.2 eV dominate the largest proportion, indicating
the metal oxides is mainly NiO (Fig. 3d). As shown in Fig. S2b, both
two samples possess the bonds of NieCO3 and CeO, while the NieO
bond is only observed in C@NiO[35]. This phenomenon is ascribed
to the existence of outer nitrogen-doped carbon layer for
C@NiO@NC, which completely coats the surface of NiO and thus
covers the inside NieO bonds.

N2 adsorption-desorption isotherm was utilized to investigate
the surface area and porous property of C@NiO@NC. As shown in
Figs. 3e and S3, the N2 adsorption-desorption isotherm of both
samples are typical type IV isothermwith an obvious H3 hysteresis
loop, indicating the existence of mesopores in C@NiO@NC and
C@NiO composites. Indeed, based on the Barrett-Joyner-Halenda
(BJH) method, the corresponding pore-size distributions of
C@NiO is mainly 3.84 nm. As for C@NiO@NC, the pore sizes are
mainly at 3.78 and 6.92 nm. The additional mesopores of



Fig. 3. (a) XRD patterns of C@NiO and C@NiO@NC. (b) XPS survey spectra of C@NiO and C@NiO@NC. (c) High-resolution N 1s XPS spectrum of C@NiO@NC. (d) High-resolution Ni 2p
XPS spectra of C@NiO and C@NiO@NC. (e) N2 adsorption-desorption isotherm and corresponding BJH pore size distribution of C@NiO@NC. (f) TGA curves of C@NiO and C@NiO@NC.
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C@NiO@NC mainly come from the out N-doped porous carbon
layer. The BET specific surface area for C@NiO@NC is up to
323 m2 g�1, which is much higher than that of C@NiO (225 m2 g�1).
The high surface area can provide efficient electrolyte soaking and
abundant active sites for electrochemical reactions during cycling,
while mesopores properties of C@NiO@NC nanospheres can facil-
itate the diffusion of Liþ between electrolyte and anode. According
to TGA results (Fig. 3f), the carbon contents of C@NiO and
C@NiO@NC composites are 9.1% and 11.5%, respectively, suggesting
that NiO is the principal component in both samples.

To investigate the superiority of the sandwich-like dual carbon
layers coated structure, the lithium storage performance for C@NiO
and C@NiO@NC were tested. The cycling performance of C@NiO
and C@NiO@NC at 100 mA g�1 are displayed in Fig. 4a. As seen,
C@NiO@NC shows an initial Coulombic efficiency of 79.5% with a
capacity up to 1189mA h g�1 after 200 cycles, which is much higher
than that of C@NiO (67.2%, 758 mA h g�1). This result suggests that
the out N-doped porous carbon can provide more active sites for
electrochemical reaction, leading to much higher capacity. The
higher initial coulombic efficiency of C@NiO@NC is ascribed to the
outside carbon layer coated on C@NiO@NC that largely avoid the
detrimental reactions between NiO and electrolyte. The loss of
initial irreversible capacity could be assigned to the inevitable
formation of the SEI layer and decomposition of the electrolyte
[20,36]. Moreover, the protection of outer N-doped porous carbon
layer can block the direct contact between electrolyte and anode
material, ensure the formation of stable and thin SEI film, and thus
reduce the side reaction and increase the cycling stability[37]. After
the initial cycle, the C@NiO@NC only needs 4 cycles to reach nearly
100% Coulombic efficiency, while C@NiO needs 9 cycles. Besides,
the capacities of both anodes show increased tendency. However,
the capacity of C@NiO@NC increases at about 50th cycle, while that
of C@NiO enhance at around 150th cycle. The capacities increased
tendency is ascribed to the activation process of NiO, which is a
common phenomenon in metal oxides[26,35]. The faster activation
process for C@NiO@NC is assigned to the outer porous carbon layer,
which can facilitate the diffusion of Li ions. The corresponding
galvanostatic charge-discharge profiles for C@NiO@NC and C@NiO
at various cycles are illustrated in Figs. 4c and S4a. As seen,
C@NiO@NC shows well-defined plateau with small polarization
during charge-discharge process, while the C@NiO electrode have
no obvious plateaus but serious polarization, indicating better re-
action reversibility and cycling stability of C@NiO@NC.

Rate performance is an important parameter to evaluate the
electrochemical property of C@NiO@NC. As shown in Fig. 4d,
C@NiO@NC displays reversible capacities of 1189, 1003, 899, 757,
and 659 mA h g�1 at 100, 200, 500, 1000, and 2000 mA g�1,
respectively. Interestingly, even at ultrahigh rates of 5000 and
10000mA g�1, C@NiO@NC anode can still hold capacities of 510 and
420 mA h g�1, respectively. As a contrast, C@NiO anode only shows
capacities of 370 and 199 mA h g�1 at high rates of 5000 and
10000 mA g�1. The corresponding charge-discharge profiles of
C@NiO@NC maintains well at various current rates, while those for
C@NiO exhibit severe deformation at high rates (Figs. 4e and S4b).
The excellent rate performance of C@NiO@NC can be assigned to
the facilitated Liþ diffusion kinetics originated from the unique
sandwich-like dual carbon layers coated hollow structure. To
evaluate the stability of the unique sandwich-like dual carbon
layers coated hollow structure for C@NiO@NC, long-term cycling
performance was investigated at 1000 mA g�1 over 1000 cycles. As
shown in Fig. 4g, it delivers a very high capacity of 832 mA h g�1 at
1000 mA g�1 with a capacity retention of 96.1% after 1000 cycles.
For comparison, C@NiO anode only shows a poor capacity retention
of 36.8%. In order to further highlight the outstanding cycling sta-
bility and rate performance of C@NiO@NC, we compared the elec-
trochemical performance of the C@NiO@NC with previously



Fig. 4. (a) Cycling performance of C@NiO and C@NiO@NC at 100 mA g�1, (b) corresponding Coulombic efficiency and (c) charge-discharge profiles of C@NiO@NC at various cycles.
(d) Rate performance of C@NiO and C@NiO@NC and (e) corresponding charge-discharge profiles at different rates. (f) Comparison of the high-rate cycling performance of
C@NiO@NC anode with other reported Ni-based anodes of LIBs. (g) Long-term cycling performance of C@NiO and C@NiO@NC at 1000 mA g�1 over 1000 cycles.
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reported NiO-based anode materials with various structures (Fig. 4f
and Table S1). Obviously, the unique sandwich-like dual carbon
layers coated hollow structured C@NiO@NC in this work exhibit
much better cycling stability and rate performance compared to
other structured NiO-based anodes, including NiO nanodots[11],
NiO nanosheets[38], NiO/C hollow microspheres [15], NiO nanorod
[39], Ni@NiO nanocomposites [40], yolk-shell ZnO/NiO micro-
spheres [41], mesoporous NiO nanorod[14], mesoporous NiO
crystals [42], and 3D-NiO microspheres [43].

EIS are tested to evaluate the charge transfer resistance and ion
diffusion resistance of both electrode materials. The equivalent
circuit diagram for fitting is shown in Fig. S5. As seen, both samples
show a semicircle at high frequency range and a slope at low
frequent range, which are represent for the charge transfer resis-
tance and ion diffusion resistance, respectively[44]. After the acti-
vation process during initial cycles, the C@NiO@NC (102 U)
electrode shows much lower charge transfer resistance (R(sfþct))
than that of C@NiO (145 U), indicating increased electronic con-
ductivity after the N-doped carbon coating, which is in good
agreement with the excellent rate performance of C@NiO@NC
(Fig. 5a and b). The structure collapsing would cause the continues
formation of SEI film, resulting in poor contact between the elec-
trode with the electrolyte thus affecting the charge transfer resis-
tance and the ion diffusion kinetics[17,33]. Therefore, the EIS curves
after various cycles weremeasured to further evaluate the structure
stability of C@NiO@NC and C@NiO. As shown in Fig. 5a and b, both
electrodes illustrate similar tendency upon cycling. Initially, the
R(sfþct) becomes lower at the initial several cycles ascribing to the
activated process. Then, it increases with the increasement of the
cycling number because of the structure collapsing of both elec-
trodes. As comparison, the value of R(sfþct) for C@NiO (131 U) is
much higher than that of C@NiO@NC (258 U) after 200 cycles. This
result suggests that the structure of C@NiO@NC is better preserved
upon cycling compared to the C@NiO. Moreover, the slope for the
C@NiO@NC electrode after 200 cycles is much higher than that of
C@NiO, indicating better ion diffusion kinetics, which may due to
the formed stable and thin SEI film at the surface owing to the well
preserved structure, better interfacial contact between the elec-
trode and electrolyte and highly improved electronic conductivity.
To give a directly observation of the structure change during



Fig. 5. EIS curves of (a) C@NiO@NC and (b) C@NiO anodes at different cycles. Cycled SEM images of (c) C@NiO@NC and (f) C@NiO after 50 cycles. Cycled TEM images of (d and e)
C@NiO@NC and (g and h) C@NiO after 50 cycles. (i) Schematic illustration of the lithiation process and repeated cycles of C@NiO@NC and C@NiO.
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Fig. 6. CV curves of (a) C@NiO and (b) C@NiO@NC at 0.2 mV s�1. CV curves at various scan rates from 0.2 to 4 mV s�1 of (a) C@NiO and (b) C@NiO@NC. Capacitive and diffusion-
controlled contribution of (c) C@NiO and (f) C@NiO@NC at 0.8 mV s�1. (g) Log i vs log v plots. (h) Normalized contribution ratios of capacitive capacities at different scan rates.
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cycling, the SEM and TEM images for both electrodes after 50 cycles
were collected. As shown in Fig. 5cee, the sandwich-like hollow
structure of C@NiO@NC can maintain well without obvious struc-
ture collapsing, however, C@NiO without the outer side protection
carbon layer trends to crack after 50 cycles (Fig. 5feh). Owing to the
above results, the corresponding morphologies change of
C@NiO@NC and C@NiO upon cycling can be depicted in Fig. 5i. As
shown, sandwich-like dual carbon layers coated NiO exhibits great
performance and long cycling stability, such that it markedly out-
performs C@NiO. These phenomena clearly demonstrate the
outstanding stability of the unique sandwich-like dual carbon
layers coated hollow structure of C@NiO@NC.

CV was measured to investigate the electrochemical reaction of
anodes during charge-discharge process. As shown in Fig. 6a and d,
in the first cycle, both electrodes show a cathodic peak at about
0.36 V, corresponding to the initial reduction of NiO to Ni
(NiO þ 2Liþ þ 2e� / Ni þ Li2O), along with the irreversible for-
mation of amorphous Li2O and decomposition of electrolyte to
form solid electrolyte interface (SEI) film [26,43]. At the initial
cathodic process, a broad oxidation peak appears in both samples,
assigning to the oxidation of metallic Ni to nanosized NiO (Niþ Li2O
/NiOþ 2Liþ þ 2e�)[10,41]. During the subsequent cycles, a pair of
redox peaks at 1.17/2.09 V for C@NiO@NC and 1.22/2.13 V C@NiO
are observed. Smaller voltage deviation for C@NiO@NC indicates
better reversibility for the unique sandwich-like dual carbon layers
coated hollow structure. Better overlap of CV curves for C@NiO@NC
is demonstrated, revealing better cycling stability during cycling.

To deeply reveal the underlying reason responsible for the su-
perior electrochemical performance, the kinetic study of C@NiO
and C@NiO@NC anode was discussed through CV curves at various
scan rates. Fig. 6b and e displays the CV curves at different sweep
rates from 0.2 to 4.0mV s�1. Comparedwith C@NiO, the C@NiO@NC
exhibits much smaller polarization as sweep rate increases, sug-
gesting the rapid charge-transfer process. According to the previ-
ous references, it is well known that the Liþ storage mechanism
consists of capacitive and diffusion dominated process, which can
be revealed based on the following Eqs. (1) and (2) [45,46]:



Fig. 7. (a) Calculated density of states of Pristine NiO, NiOeC, and NiO-NC. The computed differential charge density of (b) NiOeC and (d) NiO-NC; yellow bubbles stand for the
electron accumulation. The computed Liþ intercalation models for the (c) NiOeC, (e) NiO-NC. (f) Calculations of the Liþ adsorption energy of NiO, NiOeC, and NiO-NC. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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i ¼ avb (1)

logðiÞ ¼ blogðvÞ þ logðaÞ (2)

In these equations, i and v are current and scan rate, respectively,
while a and b are adjustable parameters. b ¼ 1 stands for that the
Liþ storage is fully dominated by a capacitive process, while b ¼ 0.5
stands for a fully diffusion dominated process. The calculation re-
sults are depicted in Fig. 6g. The slope (the value of b) of C@NiO@NC
is up to 0.905, much larger than that of C@NiO (0.699), indicating
the optimized capacitive kinetics of C@NiO@NC. In detail, the
contribution of capacitive and diffusion-controlled reaction is
further quantitatively investigated on the basis of the following Eq.
(3)[25, 47]:

iðVÞ ¼ k1y þ k2y
1=2 (3)

As shown in Fig. 6h, the capacitive charge of C@NiO@NC in-
creases from 50.2% to 81.5% as scan rates increase from 0.4 to
4 mV s�1, much higher than that of C@NiO (capacitive charge in-
creases from 36.3% to 65.4%). In particular, when the scan rate is
0.8 mV s�1, the capacitive charge (shaded area) of C@NiO@NC
(61.7%) is much higher than that of C@NiO (49.5%), suggesting
sandwich-like structure can greatly increase the lithiation kinetics,
resulting in better reversibility at high rates (Fig. 6c and f).

To deeply study the effect of N-doped carbon layer for reaction
kinetics, DFT calculations were carried out to further reveal the
electronic conductivity and Liþ adsorption energy owing to the
presence of N-doped carbon. Calculated density of states (DOS) of
pristine NiO show the absence of band gap (Fig. 7a), suggesting that
NiO possesses intrinsic metallic property. However, the intensity of
DOS between conduction band and valence band is low, indicating
the poor electronic conductivity of NiO. After combining NiO and
carbon (C or NC), the intensity of DOS at fermi level becomes much
higher. For comparison, the intensity of DOS for NiO-NC exhibits
the highest value among all structures, indicating the best elec-
tronic conductivity of NiO-NC[46, 48]. Differential charge density of
NiOeC and NiO-NC are shown in Fig. 7b and d. In detail, differential
charge density of NiO-NC at N doped site (dashed rectangle) mi-
grates from N-doped side to NiO side, which is much obvious than
that of NiOeC. As a result, NiO surface would accumulate electrons
from N-doped carbon, inducing the charge redistributing between
NiO and N-doped carbon. This electron accumulation would
strongly attract Liþ in NiO-NC. The computed Liþ intercalation
models for pristine NiO and NiOeC show much more serious vol-
ume expansion than that of NiO-NC (Fig. 7c, e and S6), in agreement
with the structural stability of NiO-NC mentioned above. The
calculation results of Liþ adsorption energy is depicted in Fig. 7f.
Obviously, Liþ adsorption energy of NiO-NC (�7.831 eV) is calcu-
lated to be the lowest among those three models, suggesting better
ability for NiO-NC to adsorb Liþ. The detailed calculation results are
concluded in Table S2, which can well support the fact that NiO-NC
is more favorable for the adsorption of Liþ under the assistance of
N-doped carbon, thus enabling fast reaction kinetics.
4. Conclusions

In summary, we successfully designed and prepared a
sandwich-like dual carbon layers coated hollow structured
C@NiO@NC. Such structure consists of inside carbon layer, middle
NiO nanosheets and outside N-doped carbon layer. This unique
hollow structure with high surface area gave rise to efficient con-
tact between the electrode and electrolyte, resulting in shortened
ion diffusion pathway. The dual coated carbon layers largely
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enhanced the electronic conductivity of NiO and effectively
confined the structure variation of NiO during the cycling. When
used as an anode material for LIBs, the C@NiO@NC exhibited
outstanding cycling stability with a high capacity retention (96.1%
at 1000mA g�1 after 1000 cycles) as well as superior rate capability
(420 mA h g�1 at ultrahigh rate of 10000 mA g�1), which is much
better than its counterparts. Theoretical analysis demonstrated the
increased electronic conductivity for C@NiO@NC is due to the
charge redistribution at the heterointerfaces between N-doped
carbon and NiO. The outside nitrogen doped carbon layer also
endowed C@NiO@NC with more energetic favorable ability to
adsorb the Liþ, resulting in accelerating reaction kinetics. The
present preparation method for sandwich-like dual carbon layers
coated hollow structure is facile and highly efficient, which can be
extended to various transition-metal oxides (FeOx, CoOx, SnOx and
etc.) with increased electrochemical performance.
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