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a b s t r a c t

For portable electronics, the development of on-chip micro-supercapacitor (MSC) with high energy
density is still a tremendous challenge. Carbon-based microelectrodes are very attractive for applications
in MSCs, however, their potential window, porous structure and capacitance need to be enhanced and
optimized. Herein, we report a pyrolyzed carbon/vanadium disulfide nanosheets (C/VS2) microelectrode
based MSC by modern micromachining photolithography and pyrolysis process. For this C/VS2 composite
microelectrode, carbon and VS2 contribute synergistically with gel electrolyte and an improved volu-
metric capacitance with wide potential window is obtained. The fabricated MSC demonstrates a high
specific volumetric capacitance of 86.4 F cm�3, a high energy and a power densities of 15.6mWh$cm�3

and 2.88W cm�3, respectively with an extended potential window (0e1.2 V). In addition, it shows an
excellent cycling behavior, retaining 97.7% capacitance after 10,000 CV cycles at a scan rate of 500mV s�1.
This proposed approach provides a highly promising strategy of fabricating high-performance energy
storage devices for miniaturized electronics.

© 2019 Published by Elsevier B.V.
1. Introduction

Supercapacitors (SCs) have gained much consideration due to
their exceptional advantages, such as long life, fast charge-
discharge and ultrahigh power density [1,2]. The charge storage
mechanism of electric double layer capacitors (EDLCs) is mainly
due to adsorption and desorption of the ions at electrode/electro-
lyte interface, while pseudocapacitors can deliver a higher capaci-
tance than that of EDLCs because of their fast and reversible
faradaic redox reaction [3e5]. In comparison with EDLCs, the
pseudocapacitors usually have shorter cycling life and lower reli-
ability. Therefore, a hybrid SC is developed either by constructing
composite exhibiting hybrid charge storage mechanism or using
different positive and negative electrodes [6,7]. SCs based on EDLC
mechanism have long cycle lifetime as ideally they function
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without forming chemical bonds or volumetric changes in elec-
trochemically active materials [8,9]. Charge storage at the electrode
surface facilitates rapid charge-discharge process and thus superior
power capabilities are obtained [10]. Micro-supercapacitors (MSCs)
have great potential in portable and miniaturized electronic de-
vices/systems by virtue of their small volume and the ability to
store energy in a very short time [11e13]. The design of micro-
electrodes with high areal and volumetric exploitation of electro-
chemically active materials is an important factor for obtaining
MSCs with high energy and power densities [14].

Low dimensional materials are attracting extensive research
interests in electrochemical energy storage applications [15].
Among which, transition metal dichalcogenides (TMDs) are highly
promising due to their inimitable layered structure analogous to
graphene [16,17]. VS2 is a representative candidate of TMD family
having a metal V layer between two S layers. This 2-dimensional
(2D) structure allows fast ion diffusion into the layers and en-
hances the transport of ions [18]. Also VS2 has very small band gap
partly filled at the Fermi level (EF) and intriguingly present metallic
behavior with high electrical conductivity, high specific surface
area and unique mechanical properties [19,20]. Feng et al. reported
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an in-plane supercapacitor by assembling ultrathin VS2 nanosheets,
delivering a capacitance of 4760 mF cm�2 with a remarkable cycling
performance [21]. Furthermore, hybrid devices have been explored
towork at extended potential difference to obtain improved energy
density of SCs. Rantho et al. studied the electrochemical perfor-
mance of VS2/CeFe/PANI hybrid supercapacitor performing at an
operating electrode potential of 1.7 V and it exhibited energy den-
sity (27.8Wh$kg�1) and power density (2991.5Wkg�1) [22]. Hy-
bridization of TMDs with carbonaceous materials can improve the
performance of carbon by providing more active sites and fast
electron transport [23e27].

For carbon materials applied in MSCs, photoresist-derived car-
bon is highly attractive due to its properties resembling with those
of activated carbon and is easy micropatterning for on-chip inte-
gration by modern semiconductor microfabrication process. Car-
bon microelectromechanical system (C-MEMS) is a distinctive
approach for fabrication of high-performance pyrolyzed carbon
microelectrodes and is highly adequate and compatible with cur-
rent microtechnologies [28e30]. Researchers have investigated
photoresist-derived carbon for high-performance MSCs [31e33].
The electrochemical potential window of pyrolyzed carbon could
be enlarged by compositing with high-performance embedded
micro/nanostructures of VS2 and the reliability of active electrode is
enhanced [34,35]. Recently, MoS2@rGO/CNT/pyrolyzed carbon-
based MSC is developed, delivering capacitance of 40 F cm�3 and
an energy density of 5.6mWh$cm�3 [28].

In this work, we studied the all solid-state on-chip MSC with a
high energy density at a wide working potential window. Herein, a
photoresist/VS2 composite is micropatterned and pyrolyzed in ni-
trogen atmosphere to fabricate the interdigital C/VS2 microelec-
trodes. The fabricated MSC is measured employing H2SO4/PVA gel
electrolyte at an extended working potential of 0e1.2 V. This C/VS2
microelectrode based MSC (C/VS2-MSC) shows an improved areal
capacitance of 9.76mF cm�2 [29,31,32] and a high specific volu-
metric capacitance of 86.4 F cm�3, enhanced energy density of
15.6mWh$cm�3 and outstanding cycling performance, retaining
97.7% of its initial capacitance even after 10,000 cycles at a scan rate
of 0.5 V-1.

2. Experimental

2.1. Synthesis of VS2 nanosheets

The VS2 nanosheets were prepared via a facile hydrothermal
reaction of ammoniummetavanadate (NH4VO3) and thioacetamide
(TAA) [36]. In a typical synthesis, 0.23 g NH4VO3 was vigorously
dispersed in a mixture of 30ml deionized (DI) water and 2mL
NH4OH. Then, 1.12 g TAA was added in the mixture, followed by
continuous stirring for 60min at room temperature. The solution
was then sealed into a Teflon-lined autoclave and reserved at 180 �C
for 20 h. Afterwards, the sample was cooled down and centrifuged
to collect black precipitate, followed by washing with DI water and
ethanol. The product was dried in vacuum at 60 �C for 8 h and
gently ground with an agate mortar and pestle to obtain the VS2
nanosheets.

2.2. Materials characterization

To observe the morphology of samples, field emission SEM im-
ages were acquired by JEOL JSM-7100 microscope. X-ray diffraction
(XRD) were conducted on Bruker D8 Advance X-ray diffractometer
with a non-monochromatic Cu Ka X-ray source (l¼ 1.5418Å).
Transmission electron microscopic (TEM) and high resolution TEM
(HRTEM) images were acquired by JEM-2100F microscope. Raman
spectra were obtained by Renishaw RM-1000 laser Raman
microscopy system. Thermogravimetric analysis (TGA) was per-
formed at Netzsch STA 449C simultaneous thermal analyzer under
nitrgogen atmosphere. X-ray photoelectron spectroscopic (XPS)
spectra were collected on VG Multilab 2000 instrument.
2.3. Microfabrication of C/VS2-MSC and electrochemical
measurements

The C-MEMS technique is employed for microfabrication of C/
VS2-MSC. The procedure of microfabrication is schematically
illustrated in Fig. 1. For the preparation of photoresist/VS2 com-
posite, 0.05 g VS2 was mixed with 0.95 g PR1-9000A photoresist
and 10 droplets of SD1 solvent diluents (Futurrex, Inc., Co., Ltd.) by
constant stirring and ultrasonication for 10 h. The flask containing
mixture was kept in vacuum for 120min to eliminate the trapped
bubbles. Meanwhile, Si/SiO2 substrate with 300 nm thick SiO2 layer
was cleaned by a typical RCA cleaning process and dehydrated at
145 �C for 15min. Then the homogenous photoresist/VS2 compos-
ite was spin-coated on Si/SiO2 substrate at 1000 rpm for 10 s and
then 6000 rpm for 40 s. Afterwards, the samples were pre-baked at
100 �C for 15min. Optimized photolithography was carried out,
followed by development with RD6 developer and rinse to obtain
the interdigital micropattern with 8 in-plan fingers. Fine micro-
pattern of photresist/VS2 composite was achieved, as shown in the
optical image of Fig. S1(a) (supplementary information). The sam-
ples were baked at 115 �C for 15min and then annealed in a quartz
tube furnace under nitrogen flow. Initially the samples were
reserved at 400 �C for 1 h, then the temperature raised to 900 �C
with a heating rate of 2 �C$min�1 and remained at 900 �C for
60min, at last cooled down naturally. Photoresist/VS2 was pyro-
lyzed to obtain C/VS2 microelectrodes. The composite has weight
loss and volume shrinkage after carbonization. The optical image of
fine patterned C/VS2 microelectrodes shows practicability of the
fabrication process as there are no defects or cracks in the micro-
electrodes Fig. S1(b). The detailed dimensions of micropattern are
shown in Fig. S2, having 4 fingers per polarity and the size of each
finger is 0.26 cm� 0.04 cm with a finger gap of 0.01 cm (area of
microelectrodes is 0.1066 cm2).

The electrochemical measurements of the MSCs were carried
out by conducting cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy
(EIS) with two-electrode system using Autolab 302 N. Based on the
analysis of IR drop, the equivalent series resistance (ESR) is calcu-
lated by equation (1) as follows [37]:

ESR ¼ Vdrop

2,I
A (1)

where Vdrop is the IR drop, and A is the area of electrodes. I repre-
sents the current.

Furthermore, by using the results of GCD curves, the specific
volumetric capacitance (Cv), volumetric energy density (Ev) and
power density (Pv) of the C/VS2-MSC are evaluated using following
equations (2)e(4) [38,39].

Cv ¼ IDt
vDV

(2)

Ev ¼1
2
Cv,ðDVÞ2 (3)

Pv ¼ Ev
Dt

(4)

where I is the GCD current, and operating potential window is



Fig. 1. Schematic illustration of microfabrication process of C/VS2-MSC.
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represented by DV. Dt is the discharge time, and v is the volume of
microelectrodes.

3. Results and discussions

The morphology and microstructure of VS2 nanosheets were
observed by SEM. Fig. 2(a) clearly shows that 50e100 nm thick VS2
nanosheets are assembled to form the flower-like structures. The
energy-dispersive spectroscopy (EDS) mapping result of VS2
nanosheets is shown in Fig. S3 confirming the presence and ho-
mogenous distribution of V and S with a ratio of 1:2. Fig. 2(b)
presents the SEM image of patterned C/VS2 microelectrodes, here
we can clearly observe that the VS2 is embedded and uniformly
dispersed in pyrolyzed carbon. The inset shows a magnified image
of one VS2 structure and we can observe that VS2 preserves its
nanosheets assembled flower-like structure. The EDS mapping of
the C/VS2 is described in Fig. S4, that also confirms the subsistence
of V, S and C elements, while O comes from SiO2 substrate. The SEM
image of surface of C/VS2 microelectrode is shown in Fig. S5(a), and
the thickness of microelectrode was measured by cross-section
SEM image and calculated to be 1.13 mm, as shown in Fig. S5(b).

The VS2 and C/VS2 were characterized by XRD for phase analysis
(Fig. 2(c)). The peaks in their XRD patterns are in accordancewith the
Fig. 2. (a) SEM image of the synthesized VS2 nanosheets with layered structure. (b) SEM imag
VS2 embedded in pyrolyzed carbon. (c) XRD patterns of VS2 nanosheets and C/VS2 microel
Raman spectrum of C/VS2 microelectrode.
standard peaks of hexagonal VS2 (JCPDS Card No 01-089-1640). The
XRD pattern of C/VS2 shows a wide peak centered at 15� that cor-
responds to the amorphous carbon [40]. TEM and HRTEM mea-
surements were taken to investigate fine structures in VS2
nanosheets and C/VS2 composite (Fig. 2(d), (e)). HRTEM image dis-
plays an interplaner spacing of 0.25 nm, which corresponds to (011)
crystal plane and XRD peak at 35.7� of hexagonal phase of VS2.
Fig. 2(f) shows the Raman spectroscopy of C/VS2 microelectrode and
the result verifies the carbonaceous nature of pyrolyzed material.
Disorder-induced band (D-band) and graphitic band (G-band) can be
observed at 1320 and 1600 cm�1, respectively, with corresponding
small intensity ratio of D and G band (ID/IG¼ 0.99) [41].

Thermogravimetric analysis of PR1-9000A and VS2 nanosheets
was conducted in nitrogen atmosphere. Fig. 3(a) demonstrates a
typical TGA curve, showing 55.8% and 78.4% weight retention of
PR1-9000A and VS2 nanosheets at 900 �C, respectively. As pre-
sented in Fig. 3 (b), (c) and (d), XPS characterizationwas performed
to measure the estimated valence states of elements on the surface
of C/VS2 microelectrode. The spectra reveal the presence of V, S and
C elements in the C/VS2 microelectrode. The C 1s peak at 284.7 eV is
attributed to the occurrence of non-oxidized sp2 C. The V 2p peaks
centered at 515.9 and 523.4 eV are indexed to V 2p3/2 and V 2p1/2,
indicating a V valence of þ4. In S 2p core level, two characteristic
e of micropatterned C/VS2 microelectrodes, inset is the SEM image of microstructure of
ectrodes. (d) TEM image of VS2 nanosheets. (e) HRTEM image of C/VS2 composite, (f)



Fig. 3. (a) TGA curves of VS2 nanosheets and PR1-9000A photoresist, (b), (c) and (d) XPS spectra indicating C 1s, S 2p, and V 2p core levels of C/VS2 microelectrodes.

Fig. 4. (a) CV curves of C/VS2-MSC at various scan rates. (b) GCD curves of the C/VS2-MSC at various current densities. (c) and (d) comparison of CV and GCD curves of C/VS2-MSC
and C-MSC.
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peaks at the binding energies of 160.6 eV for S 2p3/2 and 161.9 eV for
S 2p1/2 confirms the presence of the S2� in the C/VS2microelectrode
[24,42].

The electrochemical performance of C/VS2-MSC was investi-
gated by CV, GCD and EIS measurements with two-electrodes
system, and 1M PVA/H2SO4 gel electrolyte was employed.
Fig. 4(a) presents the quasi rectangular CV curves of C/VS2-MSC at
different scan rates. The accumulation of charges and the rapid
reversible electron-exchange reactions at the electrode/electrolyte
interface refers to a hybrid type SC [43]. The quasi symmetrical
triangular charge/discharge curves reveal the capacitive nature due
to existence of EDLC and faradaic behavior, in accordance with the
CV curves, as indicated in Fig. 4(b). The GCD curve shows the long
charge/discharge time and a small IR drop of 0.062 V at current
density of 0.1mA cm�2. The CV and GCD curves of C/VS2-MSC and
pyrolyzed carbon based MSC (C-MSC) are evaluated and presented
in Fig. 4(c), (d). The current density of C/VS2-MSC is superior to that
of C-MSC at a scan rate of 10mV s�1, showing greater capacitive
properties. The GCD curves at a current density of 0.1mA cm�2

demonstrate significant improvement in electrochemical perfor-
mance. As calculated fromGCD curve, C/VS2-MSC exhibits a specific
capacitance of 86.4 F cm�3 at a current density of 0.1mA cm�2

which is much higher than that of C-MSC (11 F cm�3). Moreover,
using the IR drop, the ESR of C/VS2 is estimated to be ~314U cm2.
Considering that there are no conductive additives into the C/VS2
microelectrodes, we believe that the smaller ESR of C/VS2 than that
of carbon microelectrodes could be ascribed to the high electrical
conductivity of metallic VS2 nanosheets.
Fig. 5. (a) Specific volumetric capacitances of C/VS2-MSC and C-MSC at various current de
frequency region. (c) Cycling performance of C/VS2-MSC at scan rate of 0.5 V s�1. (d) Rago
carbon-based MSCs and conventional storage devices.
Fig. 5(a) exhibits the comparison of specific capacitances of C/
VS2-MSC and C-MSC evaluated from the GCD curves acquired at
different current densities. With the increase of current density, the
capacitance continuously decreases. At high current density, ions
have insufficient time to diffuse or adsorb at the electrode/elec-
trolyte interfaces, so the capacitance will decrease. The C/VS2 has a
higher volumetric specific capacitance than that of C-MSC and
shows a rate capability of 58.4% of capacitance retention at
1mA cm�2 compared with that at 0.1mA cm�2.

To further investigate the impedance of C/VS2-MSC and C-MSC,
EIS test was conducted in a frequency of 100 kHz to 0.01 Hz, as
given in Fig. 5(b). The intercept at real axis reveals the lower ESR of
C/VS2-MSC, since its electrical conductivity is higher than that of C-
MSC. The sheer graph with steep slope in Warburg region (low
frequency) displays the ion mobility and diffusion in the micro-
electrodes resulting in improved electrochemical performance
[44].

In addition, the C/VS2-MSC also shows the excellent cycling
performance that is of much significance for its practical applica-
tions. 97.7% of initial capacitance is retained even after 10,000 CV
cycles at scan rate of 0.5 V s�1 (Fig. 5(c)). A minor loss of 2.3% in
capacitance could be attributed to short diffusion pathway for
electrolyte ions, enhanced reaction reversibility, reduced number of
defect sites, and high surface area of the porous carbon [45,46]. We
also performed voltage holding stability test at a constant voltage of
1.2 V for 200 h. Three charge/discharge cycles from 0 to 1.2 V were
carried out every 10 h at a current density of 0.1mA cm�2 to
quantify the corresponding capacitance retention. C/VS2-MSC
nsities. (b) Nyquist plots of C/VS2-MSC and C-MSC, inset is the Nyquist plot in high-
ne plot of the C/VS2-MSC, and comparison with recently reported TMD-based MSCs,
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displays exceptional stability with negligible loss of capacitance, as
shown in Fig. S6 (Supporting Information). Furthermore, the high
stability of microelectrodes reveals that the charge transfer reaction
is reversible [47].

The evaluation of energy density and power density is desirable
for practical applications of energy storage devices [48,49]. C/VS2-
MSC shows an energy density of 15.6mWh$cm�3 and power den-
sity of 2.95W cm�3, evaluated from GCD curves in a potential
window of 0e1.2 V, which are superior to recently reported TMD
and carbon-based MSCs, such as core-sheath carbon fibers MSC
with 3.75mWh$cm�3 and 612mWcm�3 [39]. Recently reported
MoS2@rGO/CNT-MSC delivered energy density of 5.6mWh$cm�3,
MWNT-MSC and rGO/Fe2O3-MSC displayed 0.18mWh$cm�3,
1.61mWh$cm�3 and maximum power density of 0.4W cm�3 and
9.82W cm�3, respectively [50,51]. Fig. 5(d) presents the Ragone
plot comparing the volumetric energy and power densities of this
work to some MSCs recently developed [52e54]. A comparison of
electrochemical performances of on-chip MSCs is presented in
Table 1 (Supporting Information). The high performance is mainly
resulted from the high capacitive properties of VS2, high-surface-
area porous carbon, larger potential window and fine microelec-
trodes with controlled narrow gaps between interdigital fingers.

4. Conclusions

In summary, we synthesized microflower structures of layered
VS2 nanosheets through facile hydrothermal method. An all-solid-
state C/VS2-MSC is fabricated by optimized photolithography and
pyrolysis. The layered VS2 nanosheets embedded in pyrolyzed
carbon provide more active sites for ion diffusion and charge
storage, thus the synergistic contribution of carbon and VS2 leads to
a high volumetric specific capacitance (86.4 F cm�3), and high en-
ergy density (15.6mWh$cm�3) in a wide operating potential win-
dow (0e1.2 V) with an outstanding cycling performance. The
proposed approach provides feasibility for layered TMDs to be
developed and applied in carbon-basedMSCs to realize high energy
and power densities.
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