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A high performance supercapacitor based on
decoration of MoS,/reduced graphene oxide with

NiO nanoparticles
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In this report, the capacitive performance of molybdenum disulfide (MoS;) and reduced graphene oxide
(rGO) supercapacitors and the effect of NiO nanoparticle incorporation is investigated. A comparison
between rGO, MoS,, and MoS,/rGO sheets revealed that the MoS,/rGO composite exhibited higher
capacitance owing to better charge transfer in comparison to its individual counterparts. The

incorporation of NiO nanoparticles was feasible through sputter deposition of 10 nm NiO film, which

upon thermal annealing converted into nanostructures with an average grain size of 35 nm. The NiO-
decorated MoS,/rGO electrode showed superior capacitance performance compared to non-decorated
samples. The thermal treatment of NiO film was performed at 350 °C in the presence of argon gas for

Received 16th August 2017
Accepted 20th October 2017

enhanced to 4.8 and 7.38 mF cm™2, respectively, compared with individual rGO (2.31 mF cm
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1. Introduction

The search for clean and renewable energy is regarded as
a major challenge for researchers and related communities.*
Consequently, materials and devices for energy storage and
conversion have received significant attention since renewable
energy sources are in high demand.>* To date, various types of
energy generating and storage devices such as solar cells,* fuel
cells,” batteries® and supercapacitors’ have been introduced.
Among these, supercapacitors have been considered as impor-
tant devices because of their high power density, fast charge-
discharge ability and long cycling life-time.* Numerous mate-
rials have been investigated to be utilized in supercapacitor
electrodes, including carbon based structures,” conducting
polymers,* transition metal oxides™ and metal hydroxides."
The excellent physical properties of graphene (as a carbon
based material) as well as good energy transport and storage
potential make it a promising candidate for supercapacitor
applications.” However, low volumetric capacitance and low
gravimetric energy density are the main drawbacks of graphene
based energy devices. In order to overcome this issue, hybrid
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30 min. The final capacitance of the a:NiO/rGO and a:NiO/MoS,/rGO electrodes was significantly

~2) or MoS,

(1.01 mF cm™2) electrodes at the same scan rate of 25 mV s~1. Moreover, the a:NiO/MoS,/rGO electrode
exhibited a long discharging time of 34.5 s with promising cycle stability (about 90%) over 1000 cycles.

based graphene materials such as conductive polymers, metal
oxide nanoparticles, and transition metal dichalcogenide
(TMDs: MoS,, WS,, WSe,) nanosheets have been employed to
refine the capacitance capability.">'® Conducting polymers,
however, suffer from poor cycling stability, inactive electro-
chemical surface area and unwanted swelling/shrinking defor-
mation during the charge-discharge process, which results in
reduced performance."” On the contrary, TMDs possess unique
physical and electrochemical properties suitable for charge
storage and practical capacitors.” The hexagonal layered
structure of TMD crystals is composed of metal atoms (Mo, W,
and Ti) sandwiched between two chalcogen atoms (S, Se) held
together via van der Waals (vdW) interaction.” As the most
promising TMD structure, molybdenum disulfide (MoS,)
demonstrates novel semiconductor properties with great pros-
pect for futuristic energy applications.” The high amount of
intrinsic fast ionic conductivity and oxidation states in layered
MoS, structures propound them as desired candidates for
charge storage devices.”*

To date, different approaches have been introduced to
prepare few-layered MoS, structures such as mechanical exfo-
liation,” solvent based exfoliation*® and chemical vapour
deposition® (CVD) growth. Solvent based sonication-assisted
exfoliation is considered as a superior technique to provide
few-layered MoS, structures in NMP, DMF and other solvents
owing to its simplicity, reliability, and low cost of production.*
Our recently reported solvent exchanged sonication technique
provided a high yield production of large lateral size MoS, few

This journal is © The Royal Society of Chemistry 2017
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layers.”® Although the low conductivity of pure MoS, limits its
capacitance performance, its hybrid structure with rGO
possesses higher capability for charge storage.”

Moreover, a variety of metal oxide structures such as RuO,,
IrO,, and NiO have been presented as pseudocapacitor elec-
trodes with outstanding electrochemical potentials.”®* The
high chemical stability, low production cost, environment-
friendly nature, and availability of NiO structures open up an
unprecedented opportunity for NiO material to serve as an
energy storage device.** Despite all these benefits, the high
intrinsic electrical resistance of NiO material limits its indi-
vidual usage for electrochemical utilizations, which requires its
combination with other electrically conductive materials.*!

In this paper, the as-fabricated MoS, dispersion was drop-
casted on reduced graphene oxide nanosheets (MoS,/rGO)
and subsequently decorated with 10 nm annealed sputtered
NiO film (a:NiO). GO sheets were prepared using modified
Hummer's method, followed by thermal reduction treatment at
850 °C under 90 mTorr pressure of H, gas.*” MoS, nanosheets
were also produced with the aid of solvent sonication of bulk
material based on our introduced solvent exchange method.>
Moreover, NiO thin film with 10 nm thickness was deposited on
both rGO and MoS,/rGO electrodes and annealed at 350 °C for
30 min under a flow of argon gas. The thermal energy imparted
during annealing converts the NiO thin film into NiO nano-
particles on the electrode surfaces. Incorporation of NiO
nanoparticles into the given electrodes leads to remarkable
enhancement of capacitance electrodes. For instance, at the
scan rate of 25 mV s~ !, capacitance values of 1.01, 2.31, 3.74,
4.8, and 7.38 mF cm ™2 were achieved for MoS,, rGO, MoS,/rGO,
a:NiO/rGO, and a:NiO/MoS,/rGO electrodes, respectively. These
results are comparable or superior to other reported capaci-
tance values for rGO hybrid supercapacitors (Table 1). In addi-
tion, the a:NiO/MoS,/rGO electrode demonstrated a high
discharging time of 34.5 s (compared with other electrodes)
with an excellent life cycle over a 1000-cycle test.

2. Experimental

2.1. Materials

Graphite powder was supplied by Fluka (99.9% purity). MoS,
powder (lateral size of ~50 pum, 99% purity), IPA solvent,
sodium nitride (NaNOj), sulfuric acid (H,SO,), potassium
permanganate (KMnO,), and hydrogen chloride (HCl) were
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acquired from Sigma Aldrich. NMP and DMF solvents were
purchased from Merck Company. All materials were used with
no special purification.

2.2. Preparation of graphene oxide sheets

Two grams of graphite powder and one gram of NaNO; were
mixed into a flask in an ice-water bath containing 46 mL H,SO,
and the temperature was maintained below 20 °C. Then, 6 g
potassium permanganate (KMnO,) was gradually added to the
flask and the mixture was continuously stirred for 30 min at
a constant temperature of 35 °C. The obtained suspension was
diluted with 92 mL de-ionized water, followed by the addition of
340 mL H,0,. The pale brown colour of the aqueous solution
referred to the successfully oxidized graphite flakes. In order to
remove the residual metal ions and acids in the solution, the
dispersion was diluted with HCl (10%) and centrifuged at
3000 rpm for 60 min. The resulting sediments were re-dispersed
in distilled water and centrifuged again. Finally, the residual
sediments were dispersed in de-ionized water and sonicated for
2 h in an ultrasonic bath (at 100 W) to exfoliate graphite oxide
into GO nanosheets. After sonication, the dispersion was
centrifuged at 3000 rpm for 30 min to eliminate unexfoliated
flakes, and subsequently the top supernatant was collected,
containing mostly few layered GO nanosheets.

2.3. Preparation of MoS, nanosheets

MoS, nanosheets were prepared by two-step sonication in DMF
and NMP solvents based on our previous report. In this method,
0.5 g bulk MoS, powder was mixed with 10 mL NMP in an ice-
bath and sonicated for 15 min at 400 W. After centrifugation
(60 min, 4000 rpm), the top supernatant was collected and
diluted with IPA, accompanied with 30 min centrifugation at
1000 rpm. Next, the prepared solution was placed in a vacuum
oven for 24 h at 70 °C in order to evaporate the solvent. Finally,
10 mL DMF was added to the remaining dried MoS, flakes and
sonicated for further 15 min at a power of 400 W.

2.4. Preparation of MoS,/rGO electrode

After placing rGO layers on a Si substrate, 20 pL of acquired
MoS, dispersion was drop-casted on the rGO electrodes and
dried at room temperature.

Table 1 Overview of capacitance comparison of some reported supercapacitors in the literature

Electrode Electrolyte Area capacitance Reference
a:NiO/Mo0S,/rTGO 1 M KCl 7.38 mF cm 2 (at 25 mV s~ ) This study
rGO-GO-rGO 0.1 M NaClO, 2 mF cm ™2 43
Light scribed GO PVA-H,SO, 2.9 mF cm™? (at 50 mV s~ ') 61
rGO-CNT 3 M KCl 6.1 mF cm™> (at 10 mV s~ %) 58
CNT/Mo0O; 1M HCl 4.86 mF cm 2 (at 10 mV s~ ) 56
Graphite oxide 1 M Na,SO, 0.51 mF cm > (at 20 mV s~ ) 57
MoS, nanoparticles 0.5 M H,S0, 29 puF cm 2 (at 0.5 mV s~ %) 59
Graphene/CNT 1 M Na,SO, 2.16 mF cm™2 (at 100 mA cm %) 64
Exfoliated MoS, 6 M KOH 2 mF cm 2 (at 10 mV s~ ) 60
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2.5. Characterization

Field emission scanning electron microscopy imaging was
performed using Hitachi, S-4160 FESEM (20 kV). Transmission
electron microscopy (Philips CM 300 operated at 150 kV) was
employed to analyse the size and crystallinity of layers. Atomic
force microscopy (AFM) images were obtained using the NT-
MDT system with the NSG30 resonant tip. UV-Visible and
Raman spectra analyses were carried out utilizing UV/Vis PG
Instrument Ltd and Senterra instrument (532 nm laser excita-
tion). Moreover, X-Ray Diffraction (XRD) measurement was
performed using the X'Pert PRO MPD system (X-ray source: Al
Ko, 1.5406 A, pressure > 1077 Pa). A current-voltage parameter
analyser (Keithly K361, USA) was used to measure the I-V
characteristics of GO and rGO layers. Cyclic Voltammetry (CV)
measurements were conducted using a three-electrode system
(counter: a platinum rod electrode; reference: a standard Ag/
AgCl electrode; working: rGO, MoS,, MoS,/rGO, a:NiO/rGO,
and a:NiO/MoS,/rGO as-prepared electrodes) in 1 M KCl
aqueous solution. To investigate the supercapacitance of the as-
fabricated electrodes, CV measurements were carried out in
a potential window between —0.6 V and 0.6 V at various scan
rates of 25, 50, 100, and 200 mV s~ *. Furthermore, a current
density of 0.2 mA cm™> was set for galvanostatic charging/
discharging test of the as-prepared electrodes.

3. Results and discussion

3.1. GO, rGO, and MoS, characterizations

GO nanosheets were prepared by modified Hummer's method
through oxidizing natural graphite powder via strong oxidizing
agents (H,0,, H,SO,, KMnO,).** By introducing hydroxyl and
epoxy groups into graphite layers, van der Waals interaction was
considerably decreased, leading to an easy exfoliation of
stacked layers in ultrasonic processes.* Fig. 1a shows an optical
image of the resulting GO solution in di-ionized water con-
taining few-layered sheets. MoS, nanosheets were also achieved
using the two-step exfoliation method presented by our group in
the previous report.*® In this technique, the bulk MoS, powder
was exfoliated in NMP solvent at 400 W power sonication (7 s
“on” and 3 s “off”) for 15 min and then centrifuged. In order to

Fig. 1 Optical images of the (a) prepared GO solution in di-ionized
water. (b) MoS, dispersion in DMF solvent.
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remove the unexfoliated flakes, the dispersion was diluted with
a poor solvent (IPA) and subsequently subjected to low speed
centrifugation.

Then, the NMP/IPA mixture was evaporated in a vacuum
oven and the resultant MoS, flakes were collected. At the final
step, DMF solvent was added to the dried flakes, followed by
further 15 min-sonication at 400 W power, leading to the final
optimal dispersion of few-layered MoS, sheets. An optical image
of the prepared MoS, suspension in DMF solvent is demon-
strated in Fig. 1b with a final concentration of 12 mL mg™" as
reported in our previous study.”®

The morphology of GO and exfoliated MoS, sheets, using
SEM, TEM, and AFM analyses, is demonstrated in Fig. 2. As
shown in the TEM images, the GO sheets are wrinkled, sug-
gesting efficient exfoliation of bulk graphite (Fig. 2a). Corre-
spondingly, selected area electron diffraction (SAED) reveals the
good crystallinity of the layered GO.** Fig. 2b presents the TEM
image of a transparent MoS, nanosheet, possessing high degree
of crystallinity with a hexagonal six-fold symmetry (inset of
Fig. 2b). To investigate the morphology of the GO layers, the
obtained aqueous solution was drop-casted on a silicon
substrate followed by drying at 80 °C. The SEM image of GO
sheets shows curled configuration of layers distributed over the
Si substrate (Fig. 2¢) and the cross-sectional image also presents
a layer by layer structure of the stacked GO sheets implying

500 nm
I

Fig. 2 GO, rGO, and MoS, characterizations: (a) Transmission Elec-
tron Microscopy (TEM) image of graphene oxide. Inset shows the
diffraction pattern of layer. (b) TEM image of MoS, nanosheets with the
corresponding diffraction pattern (inset). (c) Scanning electron
microscopy (SEM) image of GO sheets on Si substrate. (d) Cross-
sectional SEM image of stacked GO sheets on Si substrate. (e) Atomic
force microscopy (AFM) image of one few layered GO sheet with
height profile of ~3 nm. (f) SEM image of exfoliated MoS, nanosheets.

This journal is © The Royal Society of Chemistry 2017
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a good amount of expansion of bulk graphite into exfoliated
layers (Fig. 2d). Moreover, based on the AFM analysis, the
thickness of one few layered GO sheet is measured to be ~3 nm,
corresponding to 4 or 5 layers of GO as its monolayer has ~0.7-
0.8 nm thickness* (Fig. 2e). The SEM image of the exfoliated
MoS, nanosheets is shown in Fig. 2f, demonstrating successful
exfoliation of the bulk powder. In order to record a SEM image
of MoS, flakes, 20 uL droplets of the as-fabricated MoS,
suspension were deposited on a Si substrate and dried at 70 °C
in a vacuum oven to completely remove its residual solvent.
As reported in the literature, GO sheets possess low electrical
conductivity (known as insulator) due to the presence of oxygen-
functionalized compounds such as hydroxyl, carboxyl, and
epoxy groups in their basal structures.*®* Removing these func-
tional groups would lead to reduced graphene oxide with
unbonded conjugated electrons and considerably higher elec-
trical conductivity.*® For this reason, a variety of reduction
techniques have been suggested, such as thermal,* chemical,*”
UV assisted®® and electrochemical® reduction methods. In
detail, chemical reduction strategies take advantage of some
strong reducing agents (hydrazine, lithium aluminium hydride,
sodium borohydride, etc.) in order to reduce the GO sheets.”
Due to their poisoning hazards and re-agglomeration tendency,
these conventional reductants introduce unwanted nitrogen
bonds into the surface of the obtained rGO, which considerably
affects the final electrical property of layers.*® Moreover, the UV
assisted reduction method has been considered as an easy and
green method;*® however prolonged UV exposure with low
degree of reduction is the main drawback of this technique.*®
The electrochemical reducing approach is also considered as an
energy-consuming and high cost method.” In contrast, the
thermal reduction technique has a superior potential to reduce
GO sheets by means of annealing (100-1100 °C) in H,, Ar, N, or
even vacuum media.**** In this study, GO sheets are reduced to
rGO using 60 min thermal treatment at 850 °C in the presence
of hydrogen gas. For this purpose, the as-fabricated GO
dispersion was drop-casted on bare silicon substrates and dried
at 80 °C for 24 h. Then, the samples were placed in a vacuum
quartz furnace and heated up to 850 °C with a ramp rate of
10 °C min~" under 15 scem hydrogen flow under 90 mTorr
chamber pressure. The samples were maintained at this state
for 60 min and then cooled down to room temperature under
almost identical conditions (110 mTorr pressure, 20 sccm
hydrogen flow, 15 °C min~ ). To characterize the reduction of
GO sheets, electrical conductivity, Raman Spectroscopy, and X-
ray diffraction (XRD) measurements were performed for both
GO and rGO samples. GO sheets possess a high resistance of
10 MQ (inset shows higher applied biasing voltages), which
drops to 1 kQ for rGO sheets owing to the elimination of oxygen-
containing functional groups* (Fig. 3a). Moreover, the Raman
spectra of the samples show two characteristic peaks at
1340 cm ™' and 1580 cm™ ', referring to the D and G peaks,
respectively® (Fig. 3b). As reported in the literature, G mode is
assigned to the E,, phonon oscillation, while the D peak
contributes to the sp® breathing mode of carbon atoms.** The
ratio of D band intensity to G band intensity is a good parameter
in assessing the reduction of GO sheets.*” According to the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 GO, rGO, MoS, characterizations: (a) -V characteristic of GO
vs. rGO sheets. (b) Raman spectra of GO and rGO with their corre-
sponded /p/lg ratios. (c) XRD patterns of GO and rGO sheets. (d) UV-
Visible absorption spectrum of MoS, few layers in DMF suspension
prepared by a three-step technique with two direct transitions around
608 and 688 nm. Inset shows the corresponding Raman spectra of few
layered sheets.

spectra, the Ip/I; ratio decreases from 0.962 for GO to 0.950 for
rGO, correspondingly. Decrease in intensity ratio is due to the
reduction of surface-functionalized groups in the basal honey-
comb structure of rGO in comparison to GO sheets.*> The XRD
patterns of GO and rGO sheets are illustrated in Fig. 3c. The
XRD pattern of GO sheets possesses a (002) peak centred at
~10.8° corresponding to the interlayer spacing of 8.185 A
whereas that of rGO sheets have this peak located at 24.6°,
attributed to the inter-planar distance of 3.615 A.* Indeed, the
elimination of surface functional groups in thermal treated GO
sheets is responsible for decrease in the inter-layer spacing
value of rGO compared to GO sheets. The UV-Visible and Raman
spectra of few-layered MoS, are displayed in Fig. 3d. Two
characteristic absorption peaks at 608 and 668 nm originate
from direct band transition at K-point of the MoS, Brillouin
zone.”® Furthermore, the Raman spectrum of few-layered MoS,
reveals two in-plane and out-of-plane phonon scattering peaks
(E3g, Asg) located at ~386 and ~404 cm ™', confirming effective
exfoliation of the bulk material®® (inset of Fig. 3d).

In addition to rGO and MoS,, a 20 pL MoS, dispersion was
drop casted on the rGO/Si sample and characterized by SEM,
current-voltage characterization, XRD, and Raman spectroscopy.
Fig. 4a shows the SEM image of the MoS,/rGO sample, in which
it could be observed that MoS, nanosheets are well distributed
over rGO sheets. The electrical conductivity of the MoS,/rGO/
300 nm SiO,/Si sample is presented in Fig. 4b with approximately
similar resistance as compared to the rGO sample. Moreover, the
XRD pattern exhibits both diffraction peaks of MoS, and rGO
(~24°), while Raman spectroscopy shows five peaks
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Fig. 4 MoS,/rGO characterizations. (a) FESEM image of MoS,/rGO
layers. (b) -V curve of MoS,/rGO sheets. (c) XRD pattern of MoS,/rGO.
(d) Raman spectrum of MoS,/rGO layers on a Si substrate.

corresponding to MoS, (~386, 404 cm™ '), Si (~520 cm™ "), and
rGO (~1340 and 1580 cm ') oscillation modes.

Fig. 5 displays the conventional cyclic voltammetry (CV
analysis) curves of the rGO, MoS,, and MoS,/rGO (drop-casted
MoS, on rGO) electrodes at room temperature over different
scan rates of 25, 50, 100, and 200 mV s~ * within a potential
window between —0.6 V and +0.6 V in 1 M KCl electrolyte. All the
CV curves have quasi-rectangular shapes, showing good
capacitor behaviour without any redox peaks even at high scan
rates.*® It is worth noticing that the lack of redox peaks indicates
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the contribution of electric double-layer capacitance (EDLC)
behaviour, which in turn leads to reversible and considerably
fast charge-discharge performances of electrodes.”® It is
observed that higher area is obtained by increasing the scan
rates, however, lower values for capacitance are obtained due to
ineffective interaction between the electrolyte ions and the
electrode.* For the MoS, electrode (Fig. 5b), the CV curves are
nearly elliptical in shape (instead of quasi-rectangular), which
can be assigned to weak redox reactions originating from vari-
ation of Mo oxidation states during the cyclic voltammetry
process.*s At the same scan rate (100 mV s~ %), it is observed that
the MoS,/rGO electrode reveals better capacitance performance
compared to either individual electrodes (Fig. 5d). The capaci-
tance values as function of scan rate are derived for all three
different electrodes by integrating the resultant CV curves
(Fig. 5e). As shown in Fig. 5e, the increase in scan rate results in
decrease in capacitance because of ion transport limitation near
the electrodes.** As observed, the rGO-MoS, sample demon-
strates the highest capacitance capability of 3.74 mF cm™? (at
a scan rate of 25 mV s '), whereas rGO and MoS, display lower
values of 2.31 and 1.01 mF cm ™2, respectively. The galvanostatic
charge/discharge (GCD) curves of rGO, MoS,, and MoS,/rGO
samples at a similar current density of 0.2 mA cm™? are dis-
played in Fig. 5f. All samples show triangular and symmetric
charging/discharging curves without considerable internal
resistance, which is consistent with the expected double layer
behaviour of electrodes.*” Among these samples, the MoS,/rGO
electrode possesses the longest discharging time (17.83 s),
corroborating the results of CV measurements.

3.2. rGO-NiO supercapacitor performance

In the previous section, rGO-based supercapacitor was investi-
gated along with that based on MoS, layers. The results showed
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Fig. 5 CV and GCD characterizations of the rGO, MoS,, and MoS,/rGO electrodes. (a) CV curve of rGO electrode at different scan rates (b) CV
curves of MoS, electrode at different scan rates (c) CV curves of MoS,/rGO electrode at different scan rates. (d) Comparison of rGO, MoS,, and
MoS,/rGO CV curves at same scan rate of 100 mV s~*. (e) Area capacitance of rGO, MoS,, and MoS,/rGO electrodes as a function of scan rate. (f)

GCD curves of rGO, MoS,, and MoS,/rGO electrodes at current density of 0.2 mA cm
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that drop-casting a 20 pL MoS, solution on the rGO electrode
yielded high capacitance performance (MoS,/rGO) compared to
other individual electrodes. In this section, we discuss the
fabrication and electrochemical performance of a super-
capacitor based on the few-layered rGO decorated with NiO
nanoparticles. A schematic of the preparation process of rGO-
decorated NiO nanoparticles is depicted in Scheme 1. NiO
nanoparticles were acquired with the aid of thermal annealing
of sputtered NiO thin film in argon ambient. For this purpose,
a few droplets of the as-fabricated GO suspension were drop-
casted on a Si substrate followed by drying the sample in an
oven at 80 °C. Then, similar to the previous section, GO sheets
were reduced to rGO layers through thermal treatment at 850 °C
in H, ambient (Scheme 1a). In the next step, 10 nm NiO film was
deposited on the rGO sheets using the RF sputtering system
(13.56 MHz frequency, 10~ ® Torr pressure, 99.9% purity NiO
target) as shown in Scheme 1b. The thickness of sputtered NiO
film was measured using LSE-WS stokes WAFERSKAN Ellips-
ometer system. In order to convert the thin film NiO (tf:NiO)
into nanoparticles, the prepared rGO-NiO thin film was placed
in a vacuum quartz furnace and heated up to 350 °C under 15
scem flow of argon gas, maintained for 30 min at this temper-
ature and then cooled down to room temperature under the
same conditions. Thermal annealing resulted in the conversion
of tf:NiO to annealed-NiO (a:NiO) configuration without any
changes in the phase-structure of rGO and NiO (Scheme 1c).
Fig. 6a presents the SEM image of the as-prepared a:NiO/rGO
sample by 30 min-thermal annealing at 350 °C in the presence of
argon gas. The as-obtained NiO nanoparticles are well-
distributed over rGO sheets owing to the uniform deposition
of the NiO film and optimal thermal annealing of the sputtered
film. The size distribution of the NiO nanoparticles is measured
to be around 10-100 nm with an average of 35 nm (inset of
Fig. 6a). An AFM image of the a:NiO/rGO electrode is shown in
Fig. 6b with the corresponding height profile of the NiO nano-
particles on the rGO layer. Moreover, Raman spectroscopy was
carried out to investigate the evolution of two characteristic
peaks of GO sheets (Ip/Ig ratio) during thermal annealing at
850 °C, deposition of NiO film, and thermal annealing of the
sputtered film at 350 °C (Fig. 6c). According to the obtained
Raman spectra, in all process steps, both D and G peaks are
observed, while no other peak is visible. The inset of Fig. 6¢
presents the evolution of Ip/I; ratio for subsequent procedures
from GO to a:NiO/rGO samples. For the GO sample, Ip/Ig was
measured to be 0.71, while after 60 min thermal annealing at
850 °C (rGO sheets), the Ip/Ig ratio dropped to 0.53 owing to

a)

(0°\6\

Scheme 1l Schematic of (a) rGO sheets on a Si substrate. (b) Sputtered
NiO film on the prepared rGO electrode. (c) Decoration of rGO layers
with NiO nanoparticles after annealing at 350 °C for 30 min under 15
sccm argon flow.
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elimination of oxygen-containing functional groups.*” Upon
deposition of 10 nm NiO, it was observed that the I/ ratio
increased to 0.57, which can be attributed to sp® bonds inter-
action between carbon atoms and the deposited NiO film.*®
However, after 350 °C thermal annealing, still there is an
increase in the Ip/Ig ratio up to 0.65, which could be due to
diffusion of some NiO atoms inside rGO layers and formation of
coupling between carbon and nickel oxide atoms through sp®
bonds.*® For further evaluation of the last two steps (thin film
deposition and thermal annealing at 350 °C), XRD analyses were
performed (Fig. 6e). In both steps, rGO peaks were still located at
around 24.95° without any shift. This confirms that no structure
deformation occurred during the rGO thermal annealing. The
presence of weak NiO peaks in the XRD pattern confirms the
effective distribution of NiO nanoparticles over the rGO layer.*”
Based on the XRD analysis for the 350 °C thermal annealing step,
we believe that an enhancement of sp® bonds between carbon
and nickel oxide atoms is responsible for increase in the I/l
ratio, while the rGO and NiO structures are naturally reserved. In
order to evaluate the impact of NiO nanoparticles on the rGO
layers, an a:NiO/Si electrode was fabricated and its CV curves are
investigated at different scan rates. As shown in Fig. 6e, two
symmetric redox peaks appear in the CV curves, originating from
faradic reactions on the surface of NiO nanoparticles.

In the final analysis, the supercapacitor performance of the
prepared a:NiO/rGO electrode is studied with the same method
as the previous section. CV measurement of a:NiO/rGO elec-
trode is performed at various scan rates with a potential window
of 1.2 V as shown in Fig. 6f. Similar to the a:NiO/Si electrode,
two redox peaks are observed in the CV curves due to oxidation/
reduction reaction at the surface of the NiO nanoparticles.

Furthermore, as the scan rate increases, the position of the
redox peaks shifts toward both ends as a result of internal
resistance.”®* However, the overall shape of the CV curves
remains constant even at high scan rate, inferring a good rate
capability of the a:NiO/rGO electrode.” The highest measured
capacitance was 4.80 mF cm ™2 at the scan rate of 25 mV s},
which is comparable with the values obtained for MoS,/rGO
(3.74 mF cm™?) or a:NiO/Si (2.95 mF cm ™ ?).

3.3. a:NiO/MoS,/rGO supercapacitor performance

In the previous section, supercapacitor based on rGO, MoS,,
MoS,/rGO, and a:NiO/rGO electrodes were investigated by CV
and GCD measurements. It was found that the MoS,/rGO elec-
trode exhibited better capacitance performance compared to
individual rGO and MoS, electrodes. Besides, decoration of rGO
with NiO nanoparticles revealed a remarkable enhancement in
the capacitance capability (4.8 mF cm™2), comparable with all
other fabricated electrodes. In addition, the MoS,/rGO electrode
is further decorated with NiO nanoparticles. For this purpose,
a 10 nm NiO film was sputtered on the MoS,/rGO hybrid
structure using an RF sputtering unit. Then, thermal annealing
was carried out for 30 min at 350 °C in the presence of argon
ambient to convert the NiO film into the desired nanoparticles.
Fig. 7a exhibits the SEM image of the a:NiO/MoS,/rGO elec-
trode, in which the MoS, and NiO nanoparticles are uniformly
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Fig. 6 Characterization of a:NiO/rGO supercapacitor. (a) FESEM image of the annealed NiO film on rGO (a:NiO/rGO) with corresponding
nanoparticle size distribution. (b) AFM image of a:NiO/rGO sample with height profile. (c) Raman evolution of D and G peaks of GO, rGO, tf:NiO/
rGO, and a:NiO/rGO samples. Inset shows variation of Ip/Ig ratio in each step of NiO nanoparticles preparations. (d) XRD patterns of tf:NiO/rGO
and a:NiO/rGO electrodes. (e) CV curves of a:NiO electrode at different scan rates and its comparison with rGO electrode (inset). (f) CV curves of

a:NiO/rGO electrode at various scan rates.

distributed over the rGO layers. Fig. 7b presents the CV curves of
the a:NiO/MoS,/rGO electrode at various scan rates of 25, 50,
100, and 200 mV s ! within the potential window between
—0.6 V to +0.6 V. In all CV measurements, nearly symmetrical
redox peaks are observed primarily due to surface redox reac-
tions around NiO nanoparticles with rGO and MoS, sheets.****
The same shape of high scan rate curves compared to low scan-
rates indicates an excellent rate capacitance ability of the elec-
trode. However, a slight shift can be observed in the position of
the redox peaks due to the existence of internal resistance in the
electrochemical process.*®* A comparison between a:NiO/MoS,/
rGO, a:NiO/rGO, and MoS,/rGO electrodes is shown in the inset
of Fig. 7b for a similar scan-rate of 100 mV s~ *. The dependence
of areal capacitance on scan-rate is also presented in Fig. 7c for
all fabricated electrodes. The tendency in reduction of areal
capacitance with the increase in the scan rate is primarily due to
the difficulty in ion transport at the electrode surface, which is
observed for all presented electrodes.** Fig. 7d shows the QCD
measurement of the a:NiO/MoS,/rGO and a:NiO/rGO electrodes
at the same current density of 0.2 mA cm™ 2. For a:NiO/rGO,
a triangular shape of charge curve is observed, while the
a:NiO/MoS,/rGO electrode possesses an asymmetric charge
curve, which is attributed to the redox reaction related to the CV
curves.*®* At the current density of 0.2 mA cm™?, the longest
discharging time of ~34.5 s is achieved for a:NiO/MoS,/rGO,

52778 | RSC Adv., 2017, 7, 52772-52781

which is significantly higher than a:NiO/rGO (~22 s), M0S,/rGO
(~18 s), rGO (~8.7 s), and MoS, (~5.3 s) electrodes (inset of
Fig. 7d).

During deposition of 10 nm NiO film, a slight increase in the
active mass is expected. To investigate the effect of such mass
increase on the final performance of electrodes, cyclic voltam-
mograms of the fabricated electrodes are obtained. According
to these measurements, gravimetric capacitance values of 156,
242, 320, and 562 F g~ " are obtained for rGO, Mo0S,/rGO, a:NiO,
a:NiO/MoS,/rGO electrodes, respectively, at a scan rate of
25 mV s~ . Although the deposition of the NiO film leads to an
increase in the electrode's active mass, the final capacitance of
a:NiO/MoS,/rGO is still comparable with other presented electrodes.

The cycling stability of the a:NiO/MoS,/rGO electrode was
also investigated using charging/discharging measurements at
a current density of 0.2 mA cm 2 in the potential window of
—0.6 Vto +0.6 V over 1000 cycles (Fig. 8). It should be noted that
only a few exemplary cycles have been plotted in this figure to
show the near triangular charge-discharge characteristic of the
electrode. Based on the results presented in Fig. 8, for the first
200 cycles, only 5% reduction in the initial area capacitance is
observed; however, an additional charging/discharging process
led to enhanced stability in capacitance, retaining approxi-
mately 90% of area capacitance after 1000-cycle test, which
confirms a considerable cycling stability.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Supercapacitor performance of a:NiO/MoS,/rGO electrode. (a)
FESEM image of the rGO-MoS, electrode decorated with NiO
nanoparticles. (b) CV curves of the a:NiO/MoS,/rGO electrode at
various scan rates. Inset shows comparison of a:NiO/MoS,/rGO,
a:NiO/rGO, and MoS,/rGO electrodes at same scan rate of 100 mV s,
(c) Comparison of area capacitance of all fabricated electrodes as
a function of scan rate. (d) GCD curves of a:NiO/MoS,/rGO and a:NiO/
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Based on all conducted CV measurements in the KCI elec-
trolyte, rGO demonstrates the EDCL behaviour with rectangular
CV curves, while MoS, reveals quasi-rectangular CV shapes with
weak redox peaks. Therefore, two distinctive charge storing
mechanisms can be assigned to MoS,. In the non-faradic
process, an electrical double layer is formed at the electrode/
electrolyte interface by absorbing K* ion:*

This journal is © The Royal Society of Chemistry 2017
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(MOSZ)surface + K+ te © (MOSZ_K+)surface (1)

Whereas in the redox process, H' or K" ions may diffuse into
the MoS, interlayers:*

MoS, + K" + e~ & MoS-SK™* (2)

For the NiO nanoparticles, pseudocapacitive behaviour with
two redox peaks is observed primarily due to absorption/
desorption of K" ions at the NiO surface resulting in partial
charge-transfer over the electrode:***>

NiO + K+ +e (Nio*K*—)surfacc [3)

It could be suggested that the EDLC behaviour of the MoS,
layer improves the capacitive performance of rGO, while its
faradic behaviour does not significantly affect the final perfor-
mance of the MoS,/rGO electrode. Creation of more active sites
by faradic reaction at NiO surfaces as well as excellent charge
transportation and mechanical stability of MoS,/rGO sheets
result in a considerable enhancement of the final capacitance of
the a:NiO/MoS,/rGO electrode.>*>*

A comparison between selected fabricated supercapacitors
from literature has been summarized in the Table 1. The re-
ported values show that the NiO decorated capacitor (a:NiO/
MoS,/rGO) possesses high area capacitance, which is even
higher than the reported rGO-CNT electrodes.>® Indeed, rGO
electrodes demonstrated an area capacitance in range of
0.5-3 mF cm ™2, while MoS, based supercapacitors exhibited
0.5-2 mF cm > capacitance.”” ' To enhance capacitance ability
of MoS, or rGO sheets, numerous attempts have been made in
order to combine them with other relevant materials, such as
SnO,, MnO,, and PANI polymer. However, the addition of these
materials leads to unwanted side effects in the final
devices.'*>%* The data presented in this study suggest that the
a:NiO/MoS,/rGO electrode can effectively store charge with high
capacity and good cycling stability.

4. Conclusion

In this study, the capacitance capability of rGO, MoS,, and
MoS,/rGO was investigated via a three-electrode electro-
chemical system. By thermal annealing of a 10 nm sputtered
NiO film at 350 °C, rGO sheets were decorated with NiO nano-
particles with an average size of 35 nm, resulting in higher
capacitance performance compared to rGO and MoS,/rGO
samples. Moreover, a novel a:NiO/MoS,/rGO electrode was
introduced with the highest area capacitance of ~7.4 mF cm >
at a scan rate of 25 mV s~ ' along with the longest discharging
time of ~34.5 s at a current density of 0.2 mA cm ™2, showing
a remarkable improvement in comparison with other prepared
electrodes. Although a pair of redox peaks were observed in the
CV curves of the a:NiO/MoS,/rGO, the cycling test exhibited
a good long term storage; about 90% of the initial capacitance
was retained after 1000-cycle test. Therefore, our presented
capacitor revealed an excellent capability in storing energy,
making it an efficient device for energy consuming applications.
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