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ABSTRACT: CooSs, Ni;S,, and reduced graphene oxide (RGO) were
combined to construct a graphene composite with two mixed metal sulfide
components. CoySg/RGO/NI;S, composite films were hydrothermal-assisted
synthesized on nickel foam (NF) by using a modified “active metal substrate”
route in which nickel foam acted as both a substrate and Ni source for
composite films. It is found that the CoyS3/RGO/Ni;S,/NF electrode exhibits
superior capacitive performance with high capability (13.53 F cm ™ at 20 mA
cm™? ie, 26119 F g_1 at 39 A g_l), excellent rate capability, and enhanced
electrochemical stability, with 91.7% retention after 1000 continuous charge—
discharge cycles even at a high current density of 80 mA cm™.
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1. INTRODUCTION

Electrochemical capacitors (supercapacitors) have attracted
increasing attention because of their higher energy density than
common dielectric capacitors and higher power density than
secondary Dbatteries.”> Moreover, they are considered as
encouraging power supplier and energy storage devices,
which require fast charge—discharge rates and long cycle life.”™*

Supercapacitors are generally classified into two categories:
electrical double layer capacitors (EDLC) and pseudocapaci-
tors, according to the electrode materials (i.e., storage
mechanism) used, of which pseudocapacitors are expected to
overcome the disadvantage of low energy density in EDLC
supercapacitors.>®

Obviously, not only the kind of supercapacitors but also their
performances strongly depend on the intrinsic properties of the
active materials of supercapacitors. Both transition metal oxides
and conducting polymers have been widely investigated and
chosen as active materials of pseudocapacitors. Presently, due
to excellent chemical stability, rich valences,”™® and good
electrochemical performance, various transition metal sulfides
have also been candidates in this field.”®'°™"> Among these
transition metal sulfides, both Ni;S, and CoySg exhibited good
electrochemical performance and therefore have attracted
substantially more attention.'>"?

To enhance the capability of these active materials of Ni;S,
and Co,Sg, these transition metal sulfides were synthesized in
terms of morphology and structure so as to further improve
their performance.”>™" It is found that nanosized and porous
structures facilitate their capacities.'®
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On the other hand, because of synergistic effects,
compositing is an alternative method to efficiently enhance
the performance of single-component active materials. First,
compositing with graphene is considered to be a viable way.
Owing to its unique merits including high electronic
conductivity (16000 S/m)'” and high specific surface area
(2630 m?*/g, theoretical value),'® graphene in composites acts
as a soft support for the deposition of active nanoparticles and a
second current collector for electron transfer at the nanoscale.
Furthermore, flexible graphene also serves as a buffer to
alleviate possible volume changes during charge/discharge
process, especially in cyclability test processes.”” Up to now,
this compositing method has been utilized successfully.'*~>!
Second, ternary transition metal sulfides, e.g, NiCo,S,, can
supply richer redox processes than the single component
sulfides.>™ Especially, this method can be used as a bind-free
electrode preparation to deposit the active materials of NiCo,S,
on the conductive substrates of carbon fiber paper and nickel
foam.*>** Third, Wei et al. developed a bind-free and direct
growth method of active materials on NF and prepared a
composite of Ni;S, and CooSs (Ni3S,@CosSg) through a two-
step route of partial ion-exchange of nickel sulfide of nest-like
Ni;S,@NiS.”> As Ni foam acted as a template, Ni source, and
substrate (current collector), a direct way to grow Ni;S,/CooSg
composite film (electrode) can be achieved without the
addition of extra salts as an Ni source and bind-free based on
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the in situ redox reaction of Ni and sulfur during the
hydrothermal process.”> This indicates that the electrode
preparation process, including careful grinding and coating
procedures which are necessary for powdery active materials,
becomes unnecessary.”*>*

Despite these advancements, to the best of our knowledge,
there is no report on the direct preparation of a composite of
CoyS3/RGO/Ni;S, on NF through a one-step route without
the addition of Ni salts, in which NF acts as both a substrate
and Ni source.

In this work, we report a simple hydrothermal route to
prepare CoySg/RGO/Ni;S, on Ni foam by using nickel foam as
both a substrate and Ni ion source of Ni;S,. On the basis of the
redox reaction of elemental Ni and GO®® and further
conversion into NiS,/RGO composite'® during a hydro-
thermal process, as well as the transformation of Co*" into
CoySg and subsequent deposition on NF through a hydro-
thermal method at a similar temperature (160 °C for CoySg vs
180 °C for NisS,),”” a composite of Ni;S,, CoySg, and RGO
was synthesized through a one-step hydrothermal process. As-
prepared Co,Sg/RGO/Ni;S, (CRNS) was directly used as a
supercapacitor electrode and exhibited superior supercapacitor
performance, e.g, 13.53 F cm ™2 at 20 mA cm™? (ie., 26119 F
gl at 39 A g'), compared with the CoySs/Ni;S, (CNS)
electrode (7.02 F cm™ at 20 mA cm™) and the RGO/Ni,S,
(RNS) electrode (7.77 F cm™ at 20 mA cm™2) prepared under
identical conditions.

2. EXPERIMENTAL SECTION

2.1. Synthesis of C0,Sg/RGO/Ni;S,, C0,Sg/NisS,, and RGO/
NisS, Composites on NF. Graphene oxide (GO) was prepared by
the chemical oxidation method.?**® The cleaned NF (1 X 2 cm?) with
a bared area of 1 X 1 cm?® was then immersed in the aqueous solution
of GO (25 mg), cobalt salt (1 mmol), and thiourea (2 mmol). The
hydrothermal synthesis of CoySg/RGO/Ni;S, composites was carried
out at some different temperatures (i.e., 150, 180, 210, and 240 °C) for
24 h. The obtained Co,Ss/RGO/Ni;S, was flushed with water and
ethanol in turn and then dried at 80 °C for 10 h. CosSg/RGO/NL,S,/
NF composites were denoted as CRNS-150, CRNS-180, CRNS-210,
and CRNS-240 according to the hydrothermal treatment temper-
atures. For comparison, Co,Sg/Ni;S,/NF (CNS-180), RGO/Ni,S,/
NF (RNS-180), and Ni;S,/NF (NS-180) composites were prepared
under identical conditions (180 °C, 24 h).

2.2. Characterizations of CoySg/RGO/Ni3S, Composites. XRD
was carried out on an X-ray diffractionmeter with Cu Ka (4 = 0.15406
nm). Raman spectra were performed by using an INVIA Raman
microprobe (laser wavelength: 514 nm). XPS spectra were tested on
an ESCALAB 250Xi (Thermo Fisher) instrument. The morphology
and structure of composites were monitored by using FESEM (Hitachi
S-4800) and TEM (JEOL JEM-2100), respectively.

2.3. Electrochemical Testing. The electrochemical performances
of CoySg/RGO/Ni;S, composite were carried out on the electro-
chemical workstation of CHI 660e, in which Co,Sg/RGO/Nis;S,, Pt
foil, and SCE acted as working electrode, counter electrode, and
reference electrode, respectively. An aqueous solution of 2 M KOH
was served as the electrolyte. The loading amount of CosSg/RGO/
Ni;S, electrode was defined according to the method reported in
previous work.'”?® Supporting Information Figures S1 and S2 show
the images of FESEM, CV, and GCD of virgin NF and NF substrate
after the Co,Sg/RGO/Ni;S, was peeled off by ultrasonic treatment.

3. RESULTS AND DISCUSSION

3.1. Characterization of Co,Sg/RGO/Ni;S, Composites.
X-ray diffraction (XRD) patterns of CoySy/RGO/Ni;S,/NF
(CRNS), CoyS¢/Ni;S,/NF (CNS), and RGO/Ni;S,/NF
(RNS) composites prepared at 180 °C are shown in Figure 1.

4862

CRNS-180

« NF
+ NiS,

CNS-180 I

-

Intensity (a.u.)

RNS-180

I L I I
40 50 60 70

2-Theta ()

!
30

L
20

80

Figure 1. XRD patterns of CRNS-180, CNS-180, and RNS-180.

Three peaks centered at 44.6°, 51.9°, and 76.4° which are
assigned to the (111), (200), and (220) planes of metallic
nickel (JCPDS no. 01-1258),"” respectively, are distinctly found
in the XRD patterns of all composite samples. For RNS-180
composite, five peaks emerge at 21.7°, 31.1°, 37.7°, 50.1°and
55.3°, which correspond to (101), (110), (003), (211) and
(300) of Ni,S, (JCPDS no. 44-1418), respectively.12 Referring
to CRNS-180 and CNS-180, besides those peaks of NisS,,
another five peaks are observed at 15.4°, 25.1°, 29.8°, 47.5°,
and 52.1°, which belong to Co,Sy (JCPDS no. 65-1765).”
Therefore, it is reasonable to conclude that both Ni;S, and
Co,Sg have been fabricated, ie., Ni foam was decorated with
the Ni;S, and Co,Ss.

Although the peak of RGO in the Co¢Ss/RGO/Ni;S,
composite is not obviously observed in the XRD patterns
above, its presence of RGO is verified by Raman results shown
in Figure 2.
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Figure 2. Raman spectra of CRNS-180 and GO.

Two distinct peaks occur at 1352 cm™ (D band) and 1588
cm™" (G band) for CRNS-180, matching with the breathing
mode of A}, symmetry and the E,, mode of sp>-bonded carbon
atoms, respectively, suggesting the existence of RGO. The ratio
of the G band (~1588 cm™) and the D band (~1352 cm™) is
applied to semiquantitatively identify the reduction extent.***’
Compared with GO (0.87), RGO has a higher D/G ratio

(1.38), ie., average size of the sp* domains decrease. This
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Figure 3. XPS spectra of CRNS-180 composite (a) the survey spectrum, (b) the Ni 2p spectrum, (c) the Co 2p spectrum, and (d) the S 2p

spectrum.

indicates that, due to small size, CRNS has a large number of
edges which act as defects and result in the raising of D
peak>*** Obviously, RGO in CoySs/RGO/NisS, composites
has a deep reduction extent and a high level disorder.>**'

To further identify the chemical compositions of the CRNS-
180 composite, XPS was performed. Figure 3a shows a survey
XPS spectrum of the CRNS-180 sample. The peaks at 780.2
and 856.1 eV refer to Co 2p, and Ni 2p, respectively, while
1614 eV refers to S 2p, implying the presence of Ni, Co, and S
elements in CRNS-180.> The elements of C and O are
observed because of the existence of RGO. As depicted in
Figure 3b, two main peaks at 874.4 and 856.6 eV in the Ni 2p
XPS spectrum are assigned to Ni 2p,,, and Ni 2p;,,
respectively, accompanied by the satellite peaks (referred as
“sate.”) and the energy difference between Ni 2p;,, (856.6 €V)
and Ni 2p,,, (874.4 eV) is 17.8 eV, suggesting the coexistence
of Ni** and Ni**.%** In Figure 3c, the intensive peaks at 780.5
eV (Co 2ps;) and 796.7 eV (Co 2py),) are illustrated,
suggesting the presence of both Co*" and Co®" in CRNS-180
sample.®> Figure 3d exhibits the intensive peaks at 160.5 and
161.4 eV belonging to S 2p;,, while the peak at 162.5 eV can
be assigned to S 2p; ,.*® These XPS results are quite consistent
with the XRD analysis mentioned above.

Parts a—d of Figure 4 illustrate the FESEM images of CRNS
composites synthesized at different temperatures, i.e, CRNS-
150, -180, -210, and -240, respectively. For all of these
composites, the surface of NF was fully covered by
interconnected nanoflakes of Ni;S, and CooSs, which are
similar to the morphology of RNS-180, as shown in our
previous work."” It is clearly observed that the temperature
mainly affects the nanoflakes size and depth of three-
dimensional pore structure, which is constructed by the
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assembly of vertical nanoflakes with a thickness of several
nanometers.

As for CRNS-180 (Figure 4b,f), it possesses an evenly
distributed larger size of nanoflakes and forms highly open and
relatively deep porous nanostructures, making optimal use of
the grain surface readily accessible to liquid electrolyte and
providing efficient channels for electron transport. We also
provided two large-scale FESEM images of the CoySy/RGO/
Ni;S, composite in Supporting Information Figure S3, which
can present the overall structure including Ni foam template.
These images combining with Figure 4b,f fully testify to the
structural features of this CoySg/RGO/Ni;S, composite
material. In addition, compared to CNS-180 with hierarchically
spherical flower-like network structures (Figure 4e), this
suggests that the presence of GO influenced the arrangement
and structure size of C0,Sg/Ni;S, nanoflakes and facilitated the
formation of open and porous conductive network structures of
CooS3/RGO/Ni;S, composite films. Furthermore, the RGO
sheets may be uniformly and efficiently dispersed on the Ni
substrate surface, which provide a large surface area to anchor
Ni;S, and CooSg nanoparticles. This forms the special
conjugated network nanostructure (Figure 4a—d), enhances
effective ionic transfer between composite nanosheets and
electrolytes, and then the interconnected CoySg and NisS,
nanoflake networks entirely cover the surface of RGO."”***
This conjecture will be later confirmed by the EDS and TEM
images.

The structure of the CRNS-180 composite was further
analyzed by using energy-dispersive X-ray spectroscopy (EDS)
mappings. Parts a—f of Figure S show the elemental mapping of
oxygen (Figure Sa), nickel (Figure Sb), cobalt (Figure Sc),
sulfur (Figure 5d), and carbon (Figure Se) of the composite for
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Figure 4. FESEM images of (a) CRNS-150 composite, (b) CRNS-180 composite, (c) CRNS-210 composite, (d) CRNS-240 composite, (e) CNS-

180 composite, and (f) the enlarged view of (b).

the corresponding overlay image in Figure S5f. The even
distribution of the elements including Ni, Co, and S elements
confirms the uniform deposition of CoeSg/Ni;S, nanoplates,
which further confirms the successful preparation of the CoySg/
Ni;S, nanoplates by this one-step hydrothermal method. The
elemental maps convince that RGO is uniformly covered by the
CoySg/Ni;S, nanoplates, which supports the SEM results.

Figure 6 shows the TEM and HRTEM images for CRNS-180
composite. As shown in Figure 6a, the interconnected
nanoflakes are observed to be closely anchored on the RGO
surface (different from those for Ni;S,/RGO)."”** The RGO
support can also be seen underneath the nanoflakes. As seen in
the magnification image (inset of Figure 6a), Co,Ss/Ni;S,
nanoflakes are very thin and vertically insert RGO, leading to
open and porous three-dimensional structures, which are
beneficial to electrolyte access and electron transport during
electrochemical reactions.”**® These results are in accordance
with the SEM images.

The HRTEM image of CRNS-180 (Figure 6b) confirms that
CoySg and Ni;S, nanoflakes were well crystallized, with lattices
of 0.244, 0.245, and 0.203 nm which are assigned to the d-
spacing of the (331) planes, (400) planes of Co,Sg, and the
(202) planes of Ni;S,, respectively. The concentric rings of
selected area electron diffraction (SAED) pattern given in the
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inset of Figure 6b confirms the polycrystallinity of the CogSg
and Ni;S, nanoflakes.'>"

3.2, Electrochemical Performances of Co04Sg/RGO/
Ni3S, Composites. Figure 7a presents the cyclic voltammo-
grams (CV) curves of CooSg/RGO/Ni;S, (CRNS) composite
electrodes obtained at different temperatures (Figure 7a inset:
the compared composites) with SR = § mV s™". A pair of redox
peaks which is the indicator of pseudocapacitor, appear in the
CV curves for all samples.”'* As shown in Figure 7a, area
enveloped for the CRNS-180 composite is higher than those of
composites prepared under other temperatures, suggesting
higher specific capacitance. Additionally, it is observed that
CRNS-180 exhibits much better performance than CNS-180
and RNS-180, which may be derived from the improved
conductivity, fast electron transport, and the rapid ion diffusion
of CRNS-180, originating from the spread of RGO coating and
three-dimensional porous microstructure and the coupling of
two metal species, offering a higher electronic conductivity and
more redox reactions than the single component sulfides.***’

Figure 7b presents the CV results of CRNS-180 measured at
various scan rates. Obviously, the current response increased in
the scan rate range of 2 to 20 mV s™. It is also apparent that a
couple of redox peaks are seen in all CV curves. The redox
peaks suggest that the capacitive ability is mainly resulted from

DOI: 10.1021/am5088192
ACS Appl. Mater. Interfaces 2015, 7, 4861—4868


http://dx.doi.org/10.1021/am5088192

ACS Applied Materials & Interfaces

Research Article

Figure S. EDS mapping of the RNS32-180 composite of (a) O
elements (red), (b) Ni elements (yellow), (c) Co elements (green),
(d) S elements (blue), (e) C elements (purple), and (f) presents an
overlay of O, Nj, Co, S, and C elements.

the Faradaic reaction related to M—S/M—S—OH, where M
refers to Ni or Co. The reversible reactions in the alkaline
electrolyte are suggested as follows.

Ni,S, + 30H™ < Ni,S,(0OH), + 3¢ (1)
CoySg + 9OH™ <> CoySg(OH)y + 9¢” @)

With the scan rates, both the current density and the distance
between the anodic and cathodic peaks increase, reflecting that
the fast redox reactions occur at the interface of active material
(solid)/electrolyte (solution).
The specific capacitance Cg (listed in Table 1) can be
calculated as the following equation:
C I X At
CS = — = —
S AVXS ©)

where AV (V) is the potential window, I (A) is the charge—
discharge current, At (s) is the discharge time, and S (cm?) is
the geometric surface area of CRNS composite electrodes.

Table 1 lists the capacitances at 20 mA cm™> for all of the
composites. It shows that the capacitance of CRNS increases
with the hydrothermal temperature when the range increase
from 150 to 180 °C and then decreases with further increasing
from 180 to 240 °C. Consequently, CRNS-180 exhibits highest
specific capacity (13.53 F cm™, 2611.9 F g™'), which is much
better than CNS-180 and RNS-180 composite electrodes.

Charge—discharge measurements were performed at various
current densities of 20, 30, 40, 50, 60, 70, and 80 mA cm™
(corresponding to 13.53, 12.29, 11.59, 10.73, 10.41, 10.03, and
9.40 F cm™?, respectively) for CRNS-180 electrode, respec-
tively. As shown in Figure 8a, the capacitance mainly results
from pseudocapacitance, which is in accordance with the CV
results. It is obvious that the contribution from NF substrate
can be neglected, as shown in Supporting Information Figure
S2b, compared with Figure 8a. When the current density
increases from 3.9 to 15.6 A g !, 69.5% capacitance was
retained (1814.7 F g™ vs 2611.9 F g'), suggesting an good
rate performance. To the best of our knowledge, this specific
capacitance value is higher than those nickel sulfide or cobalt
sulfide composites as supercapacitor electrodes.'>'>'*?%*” This
great enhancement in the specific capacitance is attributed not
only to the synergistic effect deriving from the more active sites
provided by RGO nanosheets and the quick electron transport
of the highly interconnected nanoflakes but also to the well-
defined open porous nanostructure formed on the conductive
substrate, which allows easy access of electrolyte to all of the
nanoflakes and, thus, facilitates charge transport and ion
diffusion without any blocks of a binder.>'¥3*

The CRNS-180 composite electrodes also exhibit good
cyclability (Figure 8b), with a stable capacitance (retention
91.7%) after 1000 times of charging/discharging at 80 mA
cm™%, which is much better than the CNS-180 composite
(~84.0% capacity retention) and RNS-180 composite (~85.9%
capacity retention). Additionally, at the initial 700 cycles, for
CRNS-180, the area capacitance decreases from 9.40 to 8.64 F
cm™?, corresponding to 91.9% of the initial capacitance. A
relatively small capacitance decrease from 8.64 to 8.57 F cm™
can be found for the next 300 cycles, in which only 0.8% loss of
area capacitance is achieved, showing a relatively high cycling
stability. The area capacitance increases for both CRNS-180
and CNS-180 at the initial 100 cycles, resulting from the
electrode activation increasing the available active sites.'”>*

Figure 6. (a) TEM image of the CRNS-180 composite; inset, high magnification. (b) HR-TEM image of the CRNS-180 composite; inset, SAED

pattern.
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Figure 7. Cyclic voltammograms of (a) CRNS-150, 180, 210, and 240 at S mV s7L; inset, cyclic voltammograms of contrast samples at S mV s7L (b)

CRNS-180 electrode at various scan rates.

Table 1. Specific Capacitance for the Samples of CoySg/
RGO/Ni,S,-180, C0,S,/Ni,S,-180, and RGO/Ni,S,-180,
Ni,$,-180, and Co,Sy/RGO/Ni,S,-150, 210, and 240 at 20
mA cm™>

samples area capacitance (F cm™) mass capacitance (F g™')

CRNS-150 11.78 2055.8
CRNS-180 13.53 2613.9
CRNS-210 10.31 1927.1
CRNS-240 3.72 941.8
CNS-180 7.02 1454.5
RNS-180 7.77 1726.7
NS-180 1.74 600

According to the electrochemical performance mentioned
above, we can easily conclude that the CooSy/RGO/Ni;S,
composite electrode is much better than bare CoySg/Ni;S, and
RGO/Ni,S, electrodes. The superior supercapacitive perform-
ance of the Co,Sg/RGO/Ni;S, composite may be based on the
following features in structure. First, the RGO enhance the
electron transport during charging/discharging process due to
its high specific area and conductivity. Second, the highly open
and deep 3D porous structure offers a short route and good
accessibility for the solution.'”** The vertically connected
nanoflakes supply a high specific surface area and many active
sites, which can promote the pseudocapacitance at high rates.

Figure 9 illustrates the Nyquist plots of various composite
electrodes recorded (100 kHz to 0.01 Hz). All the Nyquist
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Figure 9. EIS of CRNS-180, CNS-180, RNS-180, and NS-180
composite electrodes in the frequency range from 100 kHz to 0.01 Hz.
Inset: expanded views of the high frequency region displayed in the
right part and the equivalent circuit diagram used for fitting impedance
spectra in the upper part.
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plots consist of a semicircle accompanied by a straight line at
the low frequency region, which correspond to the electro-
chemical process and mass transfer process, respectively.”®’
An equivalent circuit (inset of Figure 9) for fitting the EIS plots
is composed of an equivalent series resistance (R), a charge-
transfer resistance (R.), a double layer (Cg) and a
pseudocapacitive element (CPS), and Warburg impedance
(W). The X-intercept of the Nyquist plot at high frequency
represents the equivalent series resistance (R,) of the
electrodes, whereas, the diameter of the semicircle corresponds
to the resistance of charge transfer (R,) at the contact interface
between the electrodes and electrolyte solution.*'* Obviously,
the CRNS-180 has the smallest R, value (0.47 Q), and the R,
values are smaller than 0.15 €, which is also lower than the
CNS-180 (0.26 ), RNS-180 (0.20 Q), and NS-180 (1.3 Q).
Additionally, the CRNS-180 composite electrode exhibits a line
that is closer to vertical at the low frequency region, indicating
that the CRNS-180 composite is a better candidate of electrode
material for supercapacitors due to the low resistance of CRNS-
180 and the contact resistance between CoySg/RGO/Ni;S, and
substrate NF, which is supposed to raise the upper limit of the
high charge—discharge rate of the supercapacitor. All of these
results suggest that the CRNS-180 composite exhibits good rate
capability, which is in accordance with the CV and GCD
results.

4. CONCLUSIONS

We investigated a green, simple, one-step hydrothermal method
for in situ growing of 3D petal-like network structures of
Co0yS3/RGO/Ni;S, composite films on NF substrate and
directly employed them as supercapacitor electrodes. This
CoyS3/RGO/Ni;S,/NF electrode exhibits excellent capacitive
performance (13.53 F cm™ at 20 mA cm™?, i.e, 2611.9 F ¢! at
3.9 A g™"), compared with the CogSs/Ni;S,/NF electrode (7.02
F cm™) and the RGO/Ni,S,/NF electrode (7.77 F cm™2)
prepared under identical conditions. Our work supplies a new
strategy to directly (one-step) grow different RGO/metal
sulfides composites of two kinds of metal sulfides with RGO on
conductive metal substrates, which might have great potential
in many fields.
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