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ABSTRACT: In this study, the binary transition metal sulfide
NiCo,S, with a novel hollow hexagonal nanoplate (HHNs)
structure has been synthesized through a sacrificial template
method based on the Kirkendall effect. The hollow nanoplates
have an average diameter of about 200 nm, thickness of about
S0 nm, and shell thickness of about 10 nm. The resulting
samples were characterized by means of XRD, XPS, EDX,
SEM, TEM, and HRTEM. The electrochemical character-
ization results demonstrate that NiCo,S, hollow hexagonal
nanoplates exhibit a high specific capacitance of 437 F ¢! in a
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3 M KOH aqueous electrolyte at a current rate of 1 A g™', along with a superior rate capability and Coulombic efficiency stability,
indicating their potential application as electrode materials for supercapacitors.

KEYWORDS: Hollow hexagonal nanoplates, NiCo,S,, Supercapacitors, Kirkendall effect

B INTRODUCTION

It is well known that rechargeable supercapacitors have received
intense interest and have wide applications in portable electronic
devices, uninterruptible power supplies, hybrid electrical vehicle
systems, and renewable energies due to their high power density,
long cycle life, low cost, and rapid charge—discharge processes,
compared to lithium-ion batteries and traditional capacitors.'~”

The electrode material is the key factor that determines the
performance of supercapacitors. In general, supercpacitors can be
divided into two types, electrochemical double-layer capacitors
(EDLCs) and redox pseudocapacitors, depending upon the
available electrochemical mechanisms of energy storage.”"* For
EDLC:s that are based on carbon materials, the electrical charge is
a physical charge separation that is stored at the interfaces
between the electrodes and electrolytes.'' By contrast, the
Faradic pseudocapacitors that are based on metal oxides,
hydroxide,s and conductive polymers come from reversible
redox reactions within the active materials.'”>”'* The carbon
materials as working electrodes have many advantages, such as
excellent stability and low cost. However, they usually suffer from
a low capacitance of 100—200 F g-.""'7 The specific
capacitance and energy density of pseudocapacitors associated
with Faradaic reactions are substantially higher than those of
EDLCs."®" Therefore, the development of pseudocapacitor
electrode materials becomes a new research hotspot.

Metal sulfides with unique photochemical and electrochemical
characteristics have many potential applications in areas of optics,
catalysis, sensing, solar energy, and batteries.”*"** To date, a
series of metal sulfides have been prepared through different
methods, such as NiS,?> MnS,** ZnS,* CdS,26 CuS,”” and
C0S,.”® In recent years, more and more attention has been paid
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to the application of metal sulfides in pseudocapacitors. For
instance, Zheng et al. reported the electrochemical performance
of flower-like -NiS.*’ Rao et al. prepared sphere-like CoS
nanostructures that showed a high specific capacitance of 354 F
g 'at 0.5 Ag™".* Lou et al. obtained CoS, tube-like cavities by a
moderate solvothermal method and revealed a high capaci-
tance.>’ Although many transition metal sulfides have been
investigated as supercapacitor electrode materials, reports on
binary transition metal sulfides as supercapacitor electrode
materials is still limited. In recent studies by Jiang et al., NiCo,S,
porous nanotubes and urchin-like nanostructures were applied as
pseudocapacitor electrode materials and showed good electro-

. 32,33
chemical activities.”™

The Kirkendall effect was first studied by Kirkenddall and
Smigelskas in 1947.%* It is basically based on the mutual diffusion
process through an interface of two metals so that vacancy
diffusion occurs to compensate for the unequality of the material
flow and that the initial interface moves.*>*® Recently, various
hollow nanostructures have been synthesized on the basis of the
Kirkendall effect. For example, Alivisatos et al. successfully
fabricated hollow cobalt sulfide nanospheres.”” Fan and co-
workers reported the preparation of ZnAl,O, spinel nanotubes
through an interfacial reaction of ZnO—Al,O; nanowires
involving the Kirkendall effect.®® Sun et al. prepared CeO,
nanotubes from Ce(OH)CO; nanorods through Kirkendall
diffusion.”
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In this work, we demonstrated a methodology toward the
preparation of NiCo,S, with a novel nanostructure of hollow
hexagonal nanoplates (HHNs) on the basis of the Kirkendall
effect. Additionally, the as-prepared NiCo,S, HHNSs revealed a
high specific capacitance of 437 F g™" at 1 A g”', which showed
potential applications as supercapacitor electrode materials.

B EXPERIMENTAL SECTION

Materials. Reagents cobalt chloride hexahydrate (CoCl,-6H,0),
nickel acetate tetrahydrate (Ni(Ac),-4H,0), sodium sulfide (Na,S),
sodium hydroxide (NaOH), potassium hydroide (KOH), and absolute
ethanol were commercially available from Sinopharm Chemical Reagent
Co. in analytical grade and were used without further purification.
Deionized water with an electrical resistance of 18 MQ is used
throughout.

Synthesis of Precursor Serving as the Templates. In a typical
experiment, 0.476 g of CoClL,-6H,0 (4 mmol) and 0.249 g of Ni(Ac),:
4H,0 (2 mmol) were dissolved in 40 mL of deionized water to obtain a
light pink solution, and then 3.2 g of NaOH was added. After stirring for
10 min, the solution was transferred into a Teflon-lined stainless-steel
autoclave and heated at 160 °C for 20 h. After cooling to room
temperature naturally, the gray precipitate was collected and washed
with deionized water several times and then dried at 60 °C for S h.

Template-Directed Synthesis of NiCo,S, HHNS. First, 0.093 g of
the as-obtained precursor was dispersed into 30 mL of deionized water
through ultrasonication. Then, 5 mL of 0.5 M Na,S solution was added
into the above suspension. After stirring for S min, the suspension was
transferred into a 40 mL Teflon-lined stainless-steel autoclave. The
autoclave was heated at 160 °C for 12 h and then cooled to room
temperature naturally. The as-obtained black precipitate was collected
by filtration and washed with deionized water and ethanol for several
times each to remove the possible impurities. The resulting final product
was dried in vacuum at 50 °C for 2 h. The panoramic schematic route is
depicted in Figure 1.

Ni
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Figure 1. Schematic illustration of the formation process of the hollow
NiCo,S, hexagonal nanoplates using a two-step route.

Characterizations. X-ray diffraction (XRD) patterns were obtained
on a Rigaku D/MAX2500 V with Cu Ka radiation (4 = 1.5418 A).
Scanning electron microscopy (SEM) images and energy dispersive X-
ray spectrometer (EDX) were taken with a Hitachi S-4800 scanning
electron microscope. X-ray photoelectron spectroscopies (XPS) were
recorded on an ESCALab MKII X-ray photoelectron spectrometer with
nonmonochromatized Mg Ka X-ray as the excitation source. The
binding energies in XPS analysis were corrected by referencing C 1s to
284.6 eV. Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) images were
recorded on a FEI Tecnai G* 20 high-resolution transmission electron
microscope performed at an acceleration voltage of 200 kV.

Electrochemical Measurements. The working electrodes were
prepared by pressing a mixture of the as-prepared NiCo,S, sample,
acetylene black, and polytetrafluoroethylene (PTFE) binder with a
weight ratio of 85:10:5 onto a nickel foam current collector and dried at
50 °C for 6 h. Each electrode contained about 2.4 mg of electroactive
material and had a geometric surface area of about 1 cm” A platinum
wire and standard calomel electrode (SCE) were used as the counter and
reference electrodes in a 3 M KOH solution, respectively. Electro-
chemical experiments were performed on a CHI660D electrochemical
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analyzer (ChenHua Corp., Shanghai, China) with a three-electrode
experimental setup.

B RESULTS AND DISCUSSIONS

The composition of the precursor and NiCo,S, samples were
determined by XRD. Figure 2a shows a typical XRD pattern of

Ni(OH),-Co(OH), (a)
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Figure 2. XRD patterns of the (a) precursor sample and (b) NiCo,S,
sample.

the precursor, the diffraction peaks of which correspond to both
Ni(OH), (JCPDS No. 74-2075) and Co(OH), (JCPDS No. 30-
0443). As Ni(OH), and Co(OH), have similar structures and
very close diffraction peaks, it is difficult to differentiate these two
phases from XRD. Figure 2b displays a typical XRD pattern of
the NiCo,S, sample prepared by hydrothermally treating the
precursor with Na,S solution, which corresponds to spinel
NiCo,S, (JCPDS No. 43-1477). Several weak diffraction peaks
that are marked with asterisks can be ascribed to NizS, (JCPDS
No. 43-1469).

X-ray photoelectron spectroscopy (XPS) analysis is an
effective technique to investigate the surface elemental
composition. Figure 3a shows a survey XPS spectrum of the
NiCo,S, sample in the range of 0—1300 eV. The peaks at 162.7,
779.9, and 855.7 €V correspond to S 2p, Co 2p, and Ni 2p,
respectively, indicating the existence of S, Co, and Ni elements in
the NiCo,S, sample. The C (as reference) and O elements are
due to exposure to the air. The Co 2p and Ni 2p spectra were
computer fitted using a Gaussian fitting method considering two
spin—orbit doublets and two shakeup satellites. As depicted in
Figure 3b, the energy difference between Ni 2p5, (855.6 V) and
Ni 2p,, (873.4 eV) is 17.8 €V indicate the existence of both Ni**
and Ni**.** The strong peaks at 779.2 eV for Co 2p;, and 796.5
eV for Co 2p,/, are demonstrated in Fi§ure 3¢, indicating both
Co* and Co®" in the NiCo,S, sample.”® Figure 3d shows the
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Figure 3. XPS spectra of the as-obtained NiCo,S, sample: (a) survey, (b) Ni 2p, (c) Co 2p, and (d) S 2p.
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Figure 4. SEM images of the (a) precursor, (b,c) NiCo,S, HHNs with different magnification, and (d) EDX spectrum of the NiCo,S, HHNS.

core level spectrum of the S 2p region, and the binding energies
at 163.1 and 161.8 eV correspond to S 2p,,, and S 2p;,
respectively.*!

The genuine shape and size of the precursor and NiCo,S,
samples were investigated using the SEM technique. Figure 4a
shows a typical SEM image of the precursor sample, in which
many uniform hexagonal nanoplates with an average diameter of
about 200 nm and thickness of about 50 nm are shown. Figure 4b
displays a SEM image of the NiCo,S, sample prepared by
treating the precursor in Na,S solution at 160 °C for 12 h. The as-
obtained NiCo,S, sample still retains the hexagonal nanoplate
morphology of the precursor. Specifically, a broken nanoplate
(Figure 4c) clearly reveals the hollow structure of the NiCo,S,
HHNs. The shell thickness of the NiCo,S, HHNs estimated

811

from this figure is about 10 nm. Energy dispersive X-ray (EDX)
analysis in Figure 4d further proves the existence of Co, Ni, and S
elements in the NiCo,S, HHNs. The atom ratio of Nij, Co, and S
is 1:1.76:3.93, which agrees well with the theoretical value of
NiCo,S,.

TEM and HRTEM are applied to further analyze the
morphology of the as-obtained samples. The TEM image of
the Ni—Co hydroxide precursor in Figure Sa displays a solid
hexagonal nanosheet, which is similar to the SEM result in Figure
3a. Figure 5b and c are the TEM images of the NiCo,S, sample
with different magnifications, which further demonstrated the
hollow structure of the nanosheets. The shell thickness of the
hollow nanosheets is about 10 nm. As the NiCo,S, HHNs still
retain the hexagonal sheet-like structure of the precursor, it is

dx.doi.org/10.1021/5c400472z | ACS Sustainable Chem. Eng. 2014, 2, 809815
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Figure 5. (a) TEM image of the precursor sample. (b,c) TEM images of NiCo,S, HHNs. (d) HRTEM image of NiCo,S, HHNG.
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Figure 6. (a) CV curves of the NiCo,S, sample measured at different scan rates. (b) Galvanostatic charge—discharge profiles of the NiCo,S, sample at
current density in the range of 1—12 A g™". (c) Specific capacitances of the NiCo,S, sample at various current densities. (d) Nyquist plots of sample
before and after 100 cycles charge/discharge processes. Inset is the Nyquist plots fitted by Zview software.

reasonable to conclude that the precursor serves as a sacrificial
template for the growth of NiCo,S, HHNs. The HRTEM image
of NiCo,S, HHNs is displayed in Figure Sd. The observed
interplanar spacing is measured to be 0.235 and 0.543 nm, which
matches well with the (400) and (111) lattice planes of spinel
NiCo,S,.>®> The hollow structure increases the surface-to-bulk
ratio and thus increases the contact area between the active
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material and the electrolyte, leading to more efficient ion and
electron transportation, which may result in improved electro-
chemical performances when acting as supercapacitor electrode
materials.**?

The formation of the NiCo,S, hollow nanosheets can be
illustrated by the Kirkendall effect. At the earlier stage of the

hydrothermal reacting process, the reaction between S*~ ions
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and Ni(OH),—Co(OH), nanoplates result in the production of
a thin layer of NiCo,S, nanoparticles on the surface of the
nanoplates. As proposed by Yin et al.,** the direct conversion of
the precursor core to the NiCo,S, shell is therefore obstructed by
the layer, so further reaction will continue by the diffusion of $*~
ions through the interface. Because the outward diffusion rate of
the cobalt source is faster than the inward transport rate of $*~
ions through the NiCo,S, shell, the unequal diffusion of reacting
species will produce voids close to the interface.*> With the
reaction continuing, the NiCo,S, shell is increased, and the
precursor core is decreased gradually. Finally, NiCo,S, hollow
nanostructures are obtained.

The electrochemical properties of NiCo,S, HHNs are
investigated by cyclic voltammetry (CV), galvanostatic
charge—discharge, and electrical impedance measurements in 3
M KOH as the electrolyte at ambient temperature. Figure 6a
presents the CV curves of the NiCo,S, sample in the potential
window of —0.2 to 0.4 V at different scan rates of 10, 25, 50, and
100 mV s7% According to these curves, there is an integrated
oxidation peak and two reduction peaks. The height of peak
currents varies, and a progressive shift of the peaks to a higher
potential is observed, confirming the pseudocapacitive behavior
of the NiCo,S, hollow nanoplates. The mechanism of electro-
chemical reactions may be explained by the diffusion of OH™
ions. At low scan rates, the movement of OH™ ions is slower than
that at high scan rates, and the utilization ratio of electrode
material is higher, which promotes rich redox reactions of
NiCo,S, samples during the cycling process.**** The broad
redox reaction peaks may come from the reversible Faradaic
redox processes of Co**/Co®"/Co* and Ni**/Ni** in KOH
solution®

CoS + OH™ 2 CoSOH + e
CoSOH + OH™ 2 CoSO + H,0 + 2e”

NiS + OH™ 2 NiSOH + e~

Figure 6b shows the charge—discharge curves of the as-
prepared samples at different current densities. Clearly, the
curves at low current densities show two platforms, correspond-
ing to the redox reactions. Also, with current density increases,
the discharge time reduces. The specific capacitances calculated
from these discharge curves are according to the following
equation11

I X At
m X AV

where C (F g™') is the specific capacitance of the electrode based
on the mass of active materials, I (A) is the current during
discharge process, At (s) is the discharge time, AV (V) is the
potential window (in present work, AV'=0.5V), and m (g) is the
mass of active materials (NiCo,S,). In addition, specific
capacitances (C) of the NiCo,S, samples at various current
densities from 1 to 20 A g™ are plotted in Figure 6¢. In detail, the
samples take on the best specific capacitance of 437 F g™ at 1 A
g_l. Along with an increase in current densities, the
corresponding specific capacitances gradually decrease. Notably,
the NiCo,S, sample show a high capacitance retention of about
53.2% at a high current density of 20 A g”', suggesting its good
rate capability.

Figure 6d displays the Nyquist plots of NiCo,S, before and
after 100 cycles in the frequency range of 100 kHz to 0.01 Hz, as
well as the Nyquist plots fitted by Zview software (inset in Figure
6d). In the Nyquist plots, semicircles are observed in the high-
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frequency region, which affiliates with the electrolyte resist-
ance.* The linear part after the semicircle involves the diffusion
process of ions. The slopes of about S0° (before cycling) and 45°
(after cycling) of the Nyquist plot demonstrates the fast ion
transfer between electrode and electrolyte.*”** From the
comparison of these two impedance curves, the semicircular
arc of NiCo,S, samples after 100 charge—discharge cycles has
increased in size, which can be ascribed to the enhancement of
the charge—transfer resistance in the electrode reaction.*
Furthermore, on the basis of the proposed equivalent circuit
model by the fitting of Zview software, the overall resistance (R,)
consisting of electrical connection resistance (R,), electrolyte
resistance (R), and resistance of ion migration in samples
micropores (Rp) are calculated and listed in Table 1.

Table 1. Overall Resistance (R,), Electrical Connection
Resistance (R,), Electrolyte Resistance (R,), and Resistance of
Ion Migration in Micropores (R,) of the Samples

resistance (ohm)

samples R, R R, R,
before cycling 6.796 3216 2.302 1.278
after 100 cycles 8.231 3.086 2.790 2.355

To evaluate the cycling stability of the NiCo,S, HHNs
electrode, the values of specific capacitance with respect to
charge—discharge cycle number (up to 1000 cycles) at a current
density of 2 A ¢! are measured, as shown in Figure 7. The

500
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Figure 7. Specific capacitance and Coulombic efficiency vs cycle number
at a current density of 2 A g

specific capacitances of NiCo,S, electrode decrease from 388 to
314 F g~" after 1000 cycles, with a retention of 81% of the initial
value, higher than the previously reported NiCo,S, nanotubes
(63% retention).” It is important that the capacitance tends to
stable after about 700 cycles and the Coulombic efliciency almost
remained 100%. The good cycle stability indicates a superior
reversible surface reaction between the electrode and electrolyte,
which might find possible applications as an electrode material in
supercapacitors.

B CONCLUSIONS

In summary, NiCo,S, hollow hexagonal nanoplates are
successfully prepared through a hydrothermal route by using
Ni—Co double hydroxide precursor nanoplates as sacrificial
templates based on the Kirkendall eftect. The hollow
nanostructure provides a relatively short diffusion pathway for
ions when acting as supercapacitor electrode materials, leading to
high utilization of active materials. The as-obtained NiCo,S,
samples show a high specific capacitance of 437 F g ™" at a current

dx.doi.org/10.1021/5¢400472z | ACS Sustainable Chem. Eng. 2014, 2, 809—815
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density of 1 A g~', which ensure them as promising electrode
materials for practical applications.
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