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ABSTRACT

Highly uniform ternary nanocomposites of reduced graphene
oxide/silver/nickel-cobalt sulfide (RGO/Ag/NiCo,S4) are successfully prepared by an
efficient two-step solution route. In the nanocomposites, Ag and NiCo,S4
nanoparticles with sizes of several nanometers are homogeneously anchored on the
surface of RGO sheets. The RGO/Ag/NiCo,S4 nanocomposites are used as electrode
materials for supercapacitors and their capacitive performance are investigated. It is
found that their capacitive performances are remarkably affected by the Ag content.
The RGO/Ag/NiCo,S4 nanocomposites exhibit excellent specific capacitance as high
as 2438 F g'1 at the current density of 2.0 A g'l, good rate capability with a specific
capacitance of 1410 F g'1 at the high current density of 20 A g'l, and high cycling
stability with 85.4% capacitance retention after 2000 charge-discharge cycles at the
current density of 10 A g'l. The enhanced capacitive performance can be attributed to
the synergistic effect among NiCo,S4, Ag and RGO, in which RGO sheets serve as an
ideal support matrix and Ag nanoparticles act as conductive channels. The remarkable
capacitive performance of RGO/Ag/NiCo,Ss makes it a promising candidate for

supercapacitor electrode materials.
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1. Introduction

The global environmental pollution and the depletion of fossil fuels have
stimulated the endeavors to develop not only new clean energies but also highly
effective energy conversion/storage systems. Supercapacitors, a type of energy
storage device, have been attracting great attention due to their significant
advantages beyond rechargeable batteries in terms of power density and cycling
life. The great requirement for instantaneous and uninterruptable power makes
them promising application in heavy transport and electric vehicles [1-3].
However, the energy density of supercapacitors is relatively lower than that of
rechargeable batteries. Therefore, the improvement of the energy density
without sacrificing the power density and the cycle life is a major challenge for
current supercapacitor technology, which needs to be further exploited [4-6].

Generally, supercapacitors can be classified into double layer capacitors
and pseudocapacitors based on their different charge storage mechanisms [7].
Pseudocapacitors involve electrochemical faradic reactions between electrode
materials and the electrolyte, thus contributing to a higher energy density than
that of double layer capacitors [8]. Therefore, the development of electrode
materials with high performance for pseudocapacitors becomes a research
hotspot. Recently, transition metal sulfides have been studied as a new type of
pseudocapacitor electrode materials [9-11]. Particularly, NiCo,S4 has aroused
intense interest due to its rich redox characteristic, excellent electrochemical
activity, low cost and relatively higher electronic conductivity than that of the
corresponding monometallic Ni or Co sulfides [12], and some works about
NiCo,Ss-based electrode materials for pseudocapacitors have been reported in

recent years [13-18]. For instance, Pu et al. reported NiCo,S4 hollow hexagonal
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nanoplates with a specific capacitance of 437.0 F g™ at a charge-discharge
current density of 1.0 A g_1 [13]. Yu et al. reported NixCo3xSs hollow
nanoprisms with a specific capacitance of 895.2 F g' at 1.0 A g™ [15]. Wan er
al. reported NiCo,S4 porous nanotubes with a specific capacitance of 933.0 F
g'1 at 1.0 A g'1 [18]. However, the electrochemical performance of these
NiCo,S4 nanostructures is still limited by its poor electrical conductivity and
the structural degradation, which deteriorate the specific capacitance, rate
capability and cyclic stability of the NiCo,S, electrodes. Thus, further efforts
are needed to develop new NiCo,Ss—based electrode materials with improved
electrochemical performance.

Recently, hybridizing active psedocapacitive components with
carbonaceous materials has been proved to be an effective approach to improve
electron transport rate, electrolyte contact area and structural stability, all of
which are beneficial for electrochemical performance [19,20]. In particular,
graphene with excellent electronic conductivity, high surface area (theoretical
value: 2630 m*/g)‘and good mechanical performance has been considered as a
promising type of carbonaceous supporting materials [21,22]. Compared with
zero-dimensional carbon nanoparticles and one-dimensional carbon nanotubes,
graphene with two-dimensional structure is easier and more flexible to integrate
with other components. Graphene/metal oxides or sulfides composite electrodes
have been widely investigated recently [23-25]. It is found that the introduction
of graphene as a flexible matrix could effectively improve the electrochemical
performance of active components. In addition, recent research have
demonstrated that the capacitive property of graphene-based materials can be
further improved by attaching noble metal nanoparticles, which not only act as
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the spacer to prevent the graphene sheets from aggregation, but also create
additional electron transfer pathways [26,27]. Therefore, combination of active
components with graphene as well as noble metal nanoparticles could be a
promising route to achieve enhanced electrochemical performance. In this work,
we demonstrated an efficient two-step solution route for the preparation<of
reduced graphene oxide (RGO)/Ag/NiCo0,S4 ternary nanocomposites, in which
Ag and NiCo,S4 nanoparticles with sizes of several nanometers are
homogeneously dispersed on the surface of RGO sheets. The RGO/Ag/NiCo,S4
nanocomposites as electrode materials exhibit ‘extraordinary specific
capacitance, good rate capability and high cycling stability, indicating a

promising application in supercapacitor electrodes.

2. Experimental

2.1. Materials

Natural flake graphite with a particle size of 150 pm (99.9% purity) was
purchased from Qingdao Guyu Graphite Co., Ltd. Anisole and oleylamine (Cis:
80-90%) (OLA) were purchased from Aladdin Industrial Corporation (Shanghai,
China)." The other chemical reagents were purchased from Sinopharm Chemical
Reagent Co. China. All of the reagents employed in this research are of A. R. grade
and were used without further purification. Graphite oxide was synthesized from

natural flake graphite using a modified Hummers method [28,29].

2.2. Synthesis of NiCo,S4 nanoparticles



In this experiment, NiCo,S4 nanoparticles were synthesized according to the
following procedures: 0.2 mmol of Ni(Ac),-H;O, 0.4 mmol of Co(Ac),-H,O, 0.8
mmol of sulfur powder and 3.5 mL of oleylamine were dissolved in 20 mL anisole by
magnetic stirring. Then the mixed solution was transferred into a 40 mL Teflon-lined

stainless steel autoclave, and maintained at 180 C for 24 h. After the reaction

system was cooled to room temperature, the sediment was collected by centrifugation
and washed several times with cyclohexane and ethanol. Finally, the as-obtained
black product was dispersed into 20 mL of DI water by ultrasonication for further

utilization.

2.3. Synthesis of RGO/Ag/NiCo;S 4nanocomposites

RGO/Ag nanocomposites were firstly prepared by a refluxing method. Typically,
10 mg of graphite oxide was dispersed in 20 mL of DI water by ultrasonication.
Subsequently, 3 mL of freshly prepared AgNOs aqueous solution (I mg/mL) was
added into the above suspension. After vigorous stirring for 2 h, 5 mL of NaOH
solution (0.5 M) was introduced gradually under magnetic stirring. Then the resultant

suspension was transferred into a 100 mL round-bottomed flask and refluxed at 95 C

for 1 h..The precipitates (RGO/Ag nanocomposites) were collected and washed with
DI water and ethanol, respectively. Subsequently, the RGO/Ag nanocomposites were
dispersed in 20 mL of DI water to form a suspension, into which the pre-prepared
NiCo,S4 aqueous dispersion was introduced, and followed by vigorous stirring for 20
h. The black product (RGO/Ag/NiCo,Ss nanocomposites) was separated by

centrifugation and dried under vacuum at 45 C. For comparison, RGO/Ag/NiCo0,S4

nanocomposites with different Ag contents were synthesized by changing the dosage

of AgNO; in the synthesis. The obtained products were designated as
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RGO/Ag/NiCo0,S4-1, RGO/Ag/NiCo,S4-2, RGO/Ag/NiCo,54-3 and
RGO/Ag/NiCo,S4-4 for the feeding amount of 1, 2, 3 and 4 mL of AgNO; aqueous
solution, respectively. In addition, RGO/NiCo0,Ss was also synthesized in the same

way as the RGO/Ag/NiCo,S4 nanocomposites in the absence of AgNOs.
2.4. Instruments and characterization

The phase structures of the products were characterized by powder X-ray
diffraction (XRD, Bruker D8 Advance) equipped with Cu Ka radiation source (A=
1.5406 A) at a scanning rate of 4° min". The compositions of the products were
determined by energy-dispersive X-ray spectrometry (EDS). The element contents
were determined by atomic absorption spectrometer (AAS, TAS-986). Raman spectra
were performed on a JYHR800 Raman spectrometer using a 532 nm laser source. The
morphology and microstructure analysis. of the products were investigated by a
JEOL-2100 transmission electron-microscopy (TEM) with an acceleration voltage of
200 KV. The Brunauer-Emmett-Teller surface areas have been tested by a surface

area and porosity analyzer (NDVA-2000¢).
2.5. Electrochemical measurements

For the fabrication of working electrodes for supercapacitor, the nickel foams
(surface area: 1.0 x 2.0 cm?, thickness: 1.0 mm, pore density: 110 PPI) were firstly
washed with ethanol, acetone, and DI water to remove contaminants on the surface.
Active materials (RGO/Ag/NiCo,S; composites or RGO/NiCo,S4 composite) were
mixed with conductive agent (acetylene black) and poly(vinylidene fluoride) (PVDF)
binder in a weight ratio of 8:1:1. N-methyl-2-pyrrolidone as solvent was then
introduced into the mixture. With continuous stirring for 24 h to form milk-like slurry,

the slurry was coated on the surface of the cleaned nickel foam and then dried at 45 C
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in a vacuum oven. Finally, the electrodes loaded with active material were pressed at

10 MPa.

The electrochemical measurements were carried out at room temperature in a
three-electrode system on the CHI 760D electrochemical work-station (Shanghai,
Chenhua Co.) with 3.0 M KOH solution as electrolyte. The as-prepared
RGO/Ag/NiCo,S4 nanocomposite electrode, Pt foil and saturated calomel electrode
(SCE) were used as the working electrode, counter electrode and reference electrode,
respectively. The electrochemical properties of the obtained products were evaluated
by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and

electrochemical impedance spectroscopy (EIS).

3. Results and Discussion

3.1. Structural and morphological characterization

In this research, we develop an effective two-step solution route for synthesis of
RGO/Ag/NiCo,54 ternary nanocomposites, and the synthetic process is illustrated in
Scheme 1. RGO/Ag nanocomposites were firstly synthesized by in-situ growth and
co-reduction process. It is known that graphite oxide (GO) contains carboxyl and
phenolic hydroxyl groups on the edges and surfaces. When dispersed in DI water, GO
sheets are highly negatively charged due to the ionization of the oxygen-containing
functional groups. Silver ions with positive charges were easily absorbed on the
surface of GO sheets by the electrostatic interaction. When NaOH solution was added,
the phenolic hydroxyl groups on the surface of GO sheets were deprotonated to form
phenolate anions, which transfer electrons to Ag" to form metallic Ag nanoparticles
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by electrophilic aromatic substitution [27]. At the same time, GO was converted into
RGO under the strong alkaline conditions [30,31]. Therefore, NaOH plays a dual role,
which not only accelerates the reduction of Ag" by GO, but also induces the reduction
of GO into RGO. Furthermore, when NiCo,S4 nanoparticles were introduced into the
RGO/Ag suspension, they were anchored on the surface of RGO/Ag by a
self-assembly process. As a result, RGO/Ag/NiCo,S4 ternary nanocomposites were

obtained successfully.

3.2. Structural and morphological characterization

Crystal phases of the synthesized products were firstly determined by XRD.
Fig.1a shows the XRD patterns of graphite oxide, RGO/Ag, RGO/NiCo,Ss and
RGO/Ag/NiCo,S54-3 nanocomposite. For graphite oxide, a strong diffraction peak
centered at 26 = 10.8° is corresponding to the characteristic peak (001) of graphite
oxide. In the XRD pattern of RGO/Ag nanocomposite, the (001) peak of graphite
oxide disappears, indicating that graphite oxide has been well flaked to GO and/or
subsequently reduced into RGO. Moreover, two characteristic peaks at 26 = 38.1° and
44.2° occur, which are well indexed to (111) and (200) planes of the cubic phase Ag
(JCPDS no.- 65-2871), respectively. This result confirms that Ag® have been
successfully reduced to metallic Ag. Two weak peaks at about 11° and 30° in the
XRD pattern of RGO/Ag originate from the SiO, substrate used for XRD
measurement. For RGO/NiCo,S, composite, the spectrum shows the diffraction peaks
located at 26.0°, 31.5°, 38.3°, 50.4° and 54.8°, which can be well indexed to the (220),
(311), (400), (511) and (440) reflections of the cubic phase NiCo,S4 (JCPDS no.
20-0782). Similarly, the (001) peak of graphite oxide was not detected due to its

exfoliation and/or reduction. The XRD pattern of RGO/Ag/NiCo0,S4 nanocomposite



consists of NiCo,S4 and Ag diffraction peaks with the characteristic peak (111) of Ag
overlapping the diffraction peak (400) of NiCo,S4, indicating successful synthesis of
the RGO/Ag/NiCo,S4 nanocomposite. In addition, the broad and weak peak at about
21° in the XRD patterns of RGO/NiCo,S4 and RGO/Ag/NiCo,S4 can be attributed to
the (002) peak of RGO, which is typical of turbostratic graphitic structure. The EDS
of RGO/Ag/NiCo,S4-3 nanocomposite is shown in Fig. S1. The elements of C, O, Co,
Ni, S and Ag are detected, which provide further evidence for the formation of
RGO/Ag/NiCo,S, ternary nanocomposite. The contents of Ag,; Ni and Co in the
samples were determined by atomic absorption spectrometer (AAS), the detailed
parameters are shown in the Table 1. It can be observed that the contents of Ni and Co
decrease gradually with the increase of Ag content, suggesting that the increased Ag

content will lower the content of the active component.

Raman spectroscopy is widely used to characterize the disorder and defect
structure of graphene-based ‘materials [32]. Raman spectra of RGO/Ag/NiCo0,S4-3
nanocomposite, RGO/Ag composite and graphite oxide were shown in Fig. 1b. All of
the spectra display two prominent peaks, corresponding to the well-documented D
and G bands, respectively. It is known that D band originates from a breathing mode
of a k-point phonon of A, symmetry related to local defects and disorder, while G
band is usually assigned to the E;, symmetric vibrational mode of graphene sp2 C
atoms [33]. It can be observed that the G band moves from 1598 cm™ for graphite
oxide to 1591 cm’ for RGO/Ag and 1584 cm’ for RGO/Ag/NiC0,Ss-3
nanocomposite, respectively. The shift of G band towards the value of pristine
graphite (1581 cm™) further confirms the reduction of graphite oxide [37]. The
intensity ratio of D to G band (Ip/lg) is usually used to evaluate the degree of

graphitization and defects [34,35]. By a Guassian fitting method, the I/l values are
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calculated to be 1.5, 1.9 and 2.0 for graphite oxide, RGO/Ag and RGO/Ag/NiCo,54-3
nanocomposite, respectively. The increased Ip/lg values for RGO/Ag and
RGO/Ag/NiCo,S54-3 nanocomposite compared to graphite oxide indicate that GO has
been well deoxygenated and reduced to RGO [36]. Furthermore, besides the Raman
peaks from RGO, two weak peaks at 515.3 cm™ and 664.2 cm™ are also observed in
RGO/Ag/NiCo0,54-3 nanocomposite. The local magnified view is presented in the
inset of Fig. 1b for clarity. The two peaks correspond to the F», and ‘A, models of

NiCo,S4, respectively [38].

The detailed morphology, size and microstructure-of the as-prepared samples
were examined by TEM and high resolution TEM (HRTEM). TEM images of
RGO/Ag nanocomposite are presented in Fig. 2, from which Ag nanoparticles
anchored on RGO sheets with highly uniform distribution can be clearly seen. Due to
the low loading amount of Ag, RGO sheets are only partly covered by Ag
nanoparticles. Fig. 3 displays the representative TEM (HRTEM) images of the
RGO/Ag/NiCo0,S4-3 nanocomposite. Due to the high content of NiCo,S4, the whole
surface of RGO/Ag sheets is densely covered by NiCo,S4 nanoparticles (Fig. 3a). No
free nanoparticles are detected outside of the RGO sheets, suggesting that the
nanoparticles are well combined with RGO. Fig. 3b and 3¢ show TEM images with
higher -magnification, which reveal the distribution detail of Ag and NiCo,S4
nanoparticles on RGO. As shown in Fig. 3b, RGO edges with a wrinkled silk
wave-like morphology that graphene intrinsically owns can be discerned (as marked
with white arrows). Due to Ag nanoparticles with small size anchoring on the surface
of RGO sheets firstly, NiCo,S4 nanoparticles occupy the sites that Ag nanoparticles
have been deposited on during the self-assembly process. It is known that Ag as a

heavy atom has strong scattering factor [39]. Therefore, the nanoparticles with darker
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contrast can be identified as Ag ones, while the ones with lighter contrast as NiCo,S4
nanoparticles (Fig. 3b and 3c). The unique structure of NiCo,Ss nanoparticles
deposited on highly conductive Ag is in favor of the charge transfer and transport,
which is necessary for relevant redox reaction and thus promotes capacitance
generation. The lattice fringes observed in HRTEM image provide further evidence to
distinguish Ag and NiCo,S4 nanoparticles. From Fig. 3d, the lattice space of 0.54 nm
can be assigned to the (111) plane of NiCo,S4 nanoparticles, while the lattice distance
of 0.23 nm detected in much darker particles can be indexed to the (111) plane of Ag
nanoparticle. HRTEM also reveals that the sizes of NiCo,Ssand Ag nanoparticles are
about 8 nm and 4 nm, respectively. NiCo,Ss with small particle size has much larger
specific surface area, therefore more active sites can contact with the electrolyte,
which contributes to a higher specific capacitance. The Brunauer-Emmett-Teller
surface areas have been tested by a surface area and porosity analyzer (NDVA-2000e),
and the nitrogen adsorption and desorption isotherms of RGO/NiCo,Ss,
RGO/Ag/NiCo2S4-1, RGO/Ag/NiCo02S4-2, RGO/Ag/NiCo02S4-3, RGO/Ag/NiCo2S4-4
are displayed in Fig. S5, which reveal that the specific surface areas are 8.78, 3.23,
1.53, 0.71 and 0.28 m2/g, respectively. Therefore, the specific surface areas decrease
with the increasing Ag contents, which can mainly be attributed to the relatively low
content 'of RGO in the nanocomposites. For comparison, the TEM images of
RGO/Ag/NiCo,54-1, RGO/Ag/NiCo0,S4-2, RGO/Ag/NiCo0,S4-4 and RGO/NiCo,S, are
displayed in the Fig. S2. It can be observed that NiCo,S4 nanoparticles tightly attach
on RGO/Ag sheets (RGO sheets), well consistent with the case observed in the

RGO/Ag/NiCo,S4-3 nanocomposite.

3.3. Electrochemical properties of RGO/Ag/NiCo,S4 nanocomposites
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To evaluate the electrochemical contribution from Ag, CV and GCD
measurements of RGO/NiCo,Ss and RGO/Ag/NiCo,S, nanocomposites electrodes
were carried out in a three-electrode system. Fig. 4a shows the CV curves measured at
the scan rate of 5 mV s™ with a potential window of 0-0.5 V (vs. SCE). Clearly, all of
the CV curves show two oxidation peaks and an integrated reduction peak, which
reveal the typical pseudocapactive characteristic of RGO/NiCosSs and
RGO/Ag/NiCo,S4s nanocomposites. The oxidation peak at around 300 mV is
attributed to the oxidation reaction related to Ni**/Ni** and Co**/Co’* [13], while the
peak at 380 mV is the oxidation peak of the Ag nanoparticles in'KOH solution [40].
Only one integrated reduction peak occurs in the RGO/Ag/NiCo,S, spectra, which is
attributed to the fact that the reduction peak position of Ag/Ag” is close to that of
Ni**/Ni** and Co**/Co™. The specific capacitances from CV curves are calculated by
the formula: CS:(IIdV)/(vaV), where [ is the response current, AV is the potential
difference, v is the potential scan rate, and m is the mass of the active materials in the
electrodes [41]. Clearly, the specific capacitance is proportional to the integral area of
CV curves at the same scan rate [25, 42]. The specific capacitances of
RGO/Ag/NiCo02S4-1, RGO/Ag/NiCo02S4-2, RGO/Ag/NiCo0254-3, RGO/Ag/NiCo2S4-4
and RGO/NiCo»,S4 electrodes at a scan rate of 5 mV s'areca. 11432 F g'l, 13764 F
g'l, 1609.2 F g'l, 11614 F g'1 and 9174 F g'l, respectively. The improved specific
capacitance of the RGO/Ag/NiCo,Ss nanocomposites can be attributed to the
excellent conductivity of Ag nanoparticles [27,43]. Moreover, it can be observed that
the encircled area of RGO/Ag/NiCo,S4 nanocomposites decreases in the order of
RGO/Ag/NiCo,S4-3 >  RGO/Ag/NiCo,S4-2 >  RGO/Ag/NiCo,Ss-4 >
RGO/Ag/NiCo,S4-1, which demonstrates that the specific capacitances are affected
by the Ag contents. With the increase of Ag content, the enhanced specific
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capacitance can be attributed to the improved conductivity of RGO/Ag/NiCo,S4
nanocomposites. However, too high content of Ag will accordingly reduce the content
of the active component (NiCo,S4), resulting in a decrease in specific capacitances.
Therefore, RGO/Ag/NiC0,Ss-3 nanocomposite owns the optimum electrochemical
performance. CV curves of RGO/Ag/NiCo,S4-3 nanocomposite at different scan rates
ranging from 5 to 40 mV s are displayed in Fig. S3a. With the increasing scan rate,
the potentials of the oxidation and reduction peaks shift to a more positive and
negative direction, respectively. This happens because the kinetics of the oxidation
and reduction reactions is relatively slow and thus the equilibrium is not established
rapidly in comparison to the high scan rate, suggesting that the reaction is a
quasi-reversible electron transfer reaction. In this situation, the voltage applied will
not result in the generation of the concentrations at the electrode surface predicted by
Nernst equation, and the current takes more time to respond to the applied voltage
than the reversible case. In addition, the height of peak current density increases

gradually, suggesting that the product is beneficial for fast redox reaction.

GCD curves of RGO/NiCo,S4 and RGO/Ag/NiCo,Ss nanocomposites at the
current density of 2.0 A g are displayed in Fig. 4b. The discharge voltage plateaus at
around 0.15-V can be seen clearly, which match well with the reduction peak
potentials in the CV curves. Different from the EDLCs characterized by nearly linear
GCD curves, the distinct voltage plateaus demonstrate the faradaic behaviors caused
by charge transfer reactions [44]. The GCD curves of RGO/Ag/NiCo,S4-3
nanocomposite at various current densities ranging from 2.0 to 20 A g'1 are presented
in Fig. S3b. The average specific capacitance calculated from the discharge curve is

according to the following equation:
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Cs = I2t/(m2V) (D

where Cs (F g'l) is the specific capacitance, I (mA) is the discharge current, At (s)
represents the discharge time, AV (V) is the potential window during discharge, and m
(mg) is the mass of the active material (RGO/NiCo,S4s and RGO/Ag/NiCosS,4
nanocomposites) within the electrode [44]. The calculated specific capacitances as a
function of current density are presented in Fig. 4c. Encouragingly,
RGO/Ag/NiCo0,54-3 nanocomposite has the highest Cs with a maximum value of
24383 F g'1 at the current density of 2.0 A g'l. Even at-a relatively high current
density of 20 A g'l, a Cs value of 1410.0 F g'1 can be still remained. The above results
suggest that RGO/Ag/NiCo,S4-3 nanocomposite has superior electrochemical
capacitance and good rate capability. For comparison, the specific capacitance of
RGO/NiCo,S, is also calculated. It is found that the specific capacitance of
RGO/NiCo,S, is much lower -than those of the RGO/Ag/NiCo,S4 nanocomposites
under the same current density. Nevertheless, compared with the reported pure
NiCo,S4 [13-16], RGO/NiCo,S4 in our work still has a relatively higher specific
capacitance (1437.5 F g'l) due to the synergistic effect between NiCo,S4 nanoparticles
and RGO. In addition, RGO/NiCo0,Ss and RGO/Ag/NiCo0,S4 nanocomposites display
a decrease of Cs with the increase of current density ranging from 2.0 to 20 A g'l. The
fading specific capacitances can be ascribed to the limited diffusion rate of OH ions.
At a lower current density, the OH ions have enough time to diffuse into inner of the
electrode materials, more active components can be contacted with the electrolyte for
capacitance generation. With the increase of current density, the diffusion rate of OH

anion becomes relatively slow, and thus only the outer active surface of the electrode
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material can be utilized during the redox process, resulting in a drop in specific

capacitance [42].

Electrochemical impedance spectroscopy (EIS) analysis is a principal method for
examining the fundamental behavior of electrode materials. EIS was carried out at
open circuit potential with an amplitude of 5 mV in the frequency range of 0.1 Hz to
100 KHz. The Nyquist plots of the supercapacitor electrodes based on RGO/NiCo3S4
and RGO/Ag/NiCo,Ss nanocomposites are shown in Fig. 4d. An equivalent circuit
used to fit the impedance curve is presented in the inset of Fig. 4d, where R,
represents the resistance related to the ionic conductivity of the electrolyte and
electronic conductivity of the electrodes and current collectors; Q is the constant
phase element accounting for a double-layer:capacitance; R is the charge-transfer
resistance associated with the Faradic reactions; W is the Warburg resistance arising
from the ion diffusion and transport in the electrolyte, and Cy, is the limit capacitance
[45,46]. Electrochemical parameter values are extracted from ZSimpWin programme
to fit the equivalent circuit model of R(Q(RW))(C), and the calculated values have
been listed in Table S1. It is known that the charge-discharge resistance R is a
limiting factor for specific power of a supercapacitor. Based on the EIS data, the
fitting R ¢ value for RGO/Ag/NiCo0,S4-3 composite is 1.418 €2, much lower than those
for .~ RGO/Ag/NiCo,Ss-1  (3.046  Q), RGO/Ag/NiCosSs-2 (2545 Q)
RGO/Ag/NiCoyS4-4 (2.575 Q) and RGO/NiCosSs (4.517 ), indicating that
RGO/Ag/NiCo,S4-3 has the lowest Faraday resistance. Although the
RGO/Ag/NiCo,S4-4 has the highest Ag content, the excess Ag could result in the
agglomeration of Ag nanoparticles in the surface of RGO, which not only decreases
the specific surface area, but also makes some Ag nanoparticles inoperative in the

electrochemical reaction. The electrochemical reaction of RGO/Ag/NiCo,S4-4
16



composite occurred at the interface of electrolyte and electrode is not easier than that
of RGO/Ag/NiCo,S4-3. In addition, the Bode plots of RGO/NiCo,S; and
RGO/Ag/NiCo,Ss nanocomposites are shown in Fig. S4. From Fig. S4a,
RGO/Ag/NiCo,54-3 nanocomposite shows relatively lower [ZI value at the low
frequency, suggesting its higher conductivity. It is known that in the low frequency,
the phase angle of 90° means ideal capacitive behavior, on the contrary, the phase
angle of 0° means pure resistance behavior. From Fig. S4b, it can been observed that
the phase angles at the lowest frequency for RGO/NiCo,S4, RGO/Ag/NiCo,S4-1,
RGO/Ag/NiCo0,S4-2, RGO/Ag/NiCo0,S4-3, RGO/Ag/NiCo,S4-4 are about 25°, 35°,
45°, 41° and 37°, respectively, suggesting their pseudocapacitive behavior [47,48].
Specific energy (E) and specific power (P) are two key factors for evaluating the
power application of supercapacitors. The energy density and power density values

are calculated according to GCD curves, and the equations are displayed as follows:

E=(CaVH2, P=(Q4V)/(2f) = Elt )

where E (W h Kg'") is the average energy density, C (F g) is specific capacitance, 4

V (V) is_the potential window during discharge, P (W kg’l) is the average power
density, O (C) is total charge delivered, and ¢ (s) represents the discharge time. As
shown in Fig. 5a, a small energy density decrease can be observed when current
density increases from 2 to 20 A g'. Specifically, the RGO/Ag/NiCo0,S,-3
nanocomposite electrode exhibits a high energy density of 54.2 W h Kg' at a power
density of 400.0 W kg’l, and still remains 31.3 W h Kg'1 at a higher power density of
3999.6 W kg™'. Obviously, RGO/Ag/NiC0,S4-3 nanocomposite exhibits much higher

specific capacitance and energy density as compared with other nickel cobalt sulfide
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nanomaterials or RGO/nickel cobalt sulfide nanocomposites [12,13,25,44,49]. The
results are shown in Table 2. In order to investigate the cycling stability of the
RGO/Ag/NiCo,Ss nanocomposite electrode, the repeated charge/discharge
measurement at a constant current density of 10 A g'1 was carried out, as shown in Fig.
5b. The specific capacitance gradually decreases with the increase of the cycle
number. After 1000 cycles, it turns relatively stable, and 85.4% of the specific
capacitance can still be retained at the 2000th cycle. In addition, the charge/discharge
efficiency (), also called Coulombic efficiency, is an important parameter to evaluate
the reversibility of the electrode. The equation is applied as follows: 7 = t4/t. x 100%,
where f. and f4 are the charge and discharge times, rtespectively [25]. The
RGO/Ag/NiCo,54-3 nanocomposite electrode shows a high electrochemical
reversibility with Coulombic efficiency of more than 99% during the entire cycling
test. The remarkable supercapacitive performance of RGO/Ag/NiCo,S, ternary
nanocomposites could be attributed to the following structural features. Firstly, Ag
nanoparticles act as the spacer to prevent the adjacent graphene sheets from
aggregation, and then RGO/Ag can work as an ideal substrate for anchoring NiCo2S4
nanoparticles < uniformly, thus more electrochemical active components can be
contacted with electrolyte for capacitance generation. Secondly, high conductivity of
Ag nanoparticles can create the conductive pathways, and thus the incorporation Ag
in  RGO/NiCo,Ss nanocomposite can effectively improve the conductivity and

facilitate the electron transport and ion diffusion during the charge-discharge process.

4. Conclusions

In conclusion, RGO/Ag/NiCo,S4 ternary nanocomposites with Ag and NiCo,S4

nanoparticles homogeneously anchored on the surface of RGO sheets have been
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successfully prepared. The efficient synthesis involves the in-suit growth of Ag
nanoparticles on RGO sheets and subsequent self-assembly of NiCo,S4 nanoparticles
on RGO/Ag nanocomposite. The ternary nanocomposites show a characteristic
Faradic capacitance behavior with excellent specific capacitances, good rate
capability and high cycling stability. The greatly improved electrochemical
performance can be mainly attributed to the introduction of high conductive Ag
nanoparticles. They not only act as the spacer to prevent the adjacent graphene sheets
from aggregation but also provide efficient conductive pathways for electron transport
and ion diffusion. In addition, high redox activity of Ag nanopatticles is in favor of
capacitance generation. The remarkable capacitive performance of RGO/Ag/NiCo,S4

nanocomposites promises prospective application in supercapacitors.
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Figure captions

Scheme 1. Illustration of the formation process of RGO/Ag/NiCo0,S4 nanocomposites.

Fig. 1. (a) XRD patterns of graphite oxide, RGO/Ag, RGO/NiCo,S, and
RGO/Ag/NiCo,54-3 nanocomposite; (b) Raman spectra of graphite oxide, RGO/Ag
and RGO/Ag/NiCo,S4 -3 nanocomposite. The inset in (b) is a local magnified view of
Raman spectrum of RGO/Ag/NiCo0,S4-3 nanocomposite.

Fig. 2. TEM images of RGO/Ag nanocomposite.

Fig. 3. TEM and HRTEM images of RGO/Ag/NiCo0,S4-3 nanocomposite.

Fig. 4. (a) CV curves of RGO/NiCo0,Ss and RGO/Ag/NiCo,S4+ nanocomposites
measured at a scan rate of 5 mV s’; (b) GCD. curves of RGO/NiCo,S4 and
RGO/Ag/NiCo,S4 nanocomposites tested at the current density of 2 A g'l; (c) the
specific capacitance values of RGO/NiCo0,S4 and RGO/Ag/NiCo,S4 nanocomposites
as a function of current density; (d) Nyquist curves of RGO/NiCo,Ss and
RGO/Ag/NiCo,S 4 nanocomposites.

Fig. 5. (a) Ragone plot of the RGO/Ag/NiCo,S4-3 nanocomposite electrode; (b) Cycle
performance and Coulombic efficiency for RGO/Ag/NiCo,S4-3 nanocomposite at a
current density of 10 A g™

Table 1. The contents of Ag, Ni and Co in the samples determined by AAS.

Table 2. Comparison of the specific capacitance between RGO/NiCoS materials and

RGO/Ag/NiCo,S,4
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Table 1

Samples

RGO/NiCo,S, RGO/Ag/NiCo | RGO/Ag/NiCo | RGO/Ag/NiCo | RGO/Ag/NiCo
254-1 2542 2543 2544
contents (Wt%)
Ag 0 1.3% 2.4% 3.0% 4.3%
Ni 16.4% 15.4% 15.1% 14.8% 14.5%
Co 33.0% 32.7% 31.5% 30.4% 29.4%
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Table 2

Specific capacitance

Current density

Material (F g'l) A g'l) Electrolyte Refs
NiCo,S, 437 1 3 KOH 13
CoNi,S, 1169 1 3 KOH 42
NiCo,S,/NCF 1231 2 6 KOH 12
NiCo,S4/RGO 1451 3 2 KOH 45
CoNi,S4/RGO 2099 1 3 KOH 25
RGO/Ag/NiCo,S4 2438 2 3 KOH Our work
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‘RGO/Ag/NiCo,S4 nanocomposites were synthesized through an efficient two-step

solution route.

-Ag and NiCo,S4 nanoparticles were well combined with RGO sheets.

« RGO/Ag/NiCo,S4 nanocomposites have remarkable capacitive performances.

-Possible mechanism for the enhanced capacitive performance was proposed.
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