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Abstract. In this work, supercapacitors have been fabricated using Pd4S electrode material which is highly conducting
and chemically robust to the acid and alkali media. The synthesis strategy is simple and involves a single step thermolysis
of palladium octanethiolate film in the H2 atmosphere at 250°C for 1 h. Besides its conducting nature, its porous
morphology makes it a suitable electrode material for supercapacitors. The electrochemical properties of the Pd4S were
examined in harsh alkali media (30 M KOH). Typically, in the literature, only lower electrolyte concentration (1–6 M
KOH) is preferred as the electrode may not withstand higher concentrations. Using the prepared Pd4S film as supercapacitor electrode, a specific capacitance of 570 F g-1 with energy and power densities of 28 Wh kg-1 and 1.5 kW kg-1,
respectively, were achieved with 30 M KOH electrolyte. After 1500 cycles of charging and discharging with a constant
current density of 1.75 A g-1, more than 98% capacitance retention was observed.

Keywords.

1.

Pd4S; supercapacitor; corrosive-resistant; molecular precursor; transition metal sulphide.

Introduction

Owing to concerns over the depletion of fossil fuels and
environmental pollution, the development of alternative
energy storage and energy conversion devices with high
energy and power densities are of great interest [1,2].
Among many energy storage devices, supercapacitors
attract great attention due to its high energy and power
densities with long-cycle life and safe mode of operation
[3,4]. Like batteries, supercapacitors also have positive
and negative electrodes separated by a separator that is
soaked in the electrolytes. Usually, the energy storage
efficiency of the supercapacitor is between dielectric
capacitor and batteries. The supercapacitors are being
used for various applications like hybrid electric vehicles,
portable consumer electronic devices, back-up power
supplies, etc. [5,6]. There have been many efforts to
improve the storage efficiencies of supercapacitors by
various strategies, such as introducing oxides and sulphides as pseudocapacitive materials [5–14], improving
the surface area by nanostructures [15], increasing the
potential working window [16], etc. The former increases
the storage capacity by introducing the fast-reversible
Faradic reactions occurring at the electrode and electrolyte interface. The selection of electrode material and

its content elements basically depend on their electrical
conductivity, electrochemical performance, surface area
and porosity, variable oxidation numbers, stability, etc.
Recently, metal sulphides, such as MoS2, CoSx, CuSx,
NixSy, NiCoxSy, etc. are gaining much interest as the
electrode material for batteries and supercapacitors due to
their exciting intrinsic properties, high electrochemical
performance and high theoretical capacitance [17–23].
Nevertheless, the synthesis of nanostructures of metal
sulphides generally requires expensive organic agents and
high temperature reactions. Usually, metal sulphides
possess lower electronegativity and band gap compared to
corresponding metal oxides. Now-a-days efforts are also
made for the fabrication of ternary metal sulphides-based
supercapacitors as it offers high conductivity with rich
redox reactions which improves the electrochemical performance of the device [24]. Furthermore, nanostructures
of metal sulphides on carbon matrices, such as graphene
and carbon nanotubes improve the cycling stability and
the capacitance of the devices due to synergetic electronic
interactions between carbon and metal sulphides [17–20].
However, maintaining high cycling capability and stability of metal sulphide-based devices remains a great
challenge till date due to their poor conductivity and
chemical instability in electrolytic environment [21].
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Figure 1. (a) Schematic illustration of the synthesis procedure for Pd4S electrode fabrication. (b) XRD pattern of the prepared
Pd4S thin film. (c) SEM image and (d, e) EDS mapping of the Pd4S film.

Hence, there is a necessity to develop electrodes with
enhanced stability and conductivity.
Here, a new strategy was introduced to fabricate supercapacitors with Pd4S plates serving both as current collector and
active material owing to its high conductivity and stability
towards harsh acidic and alkaline environments [25]. The
fabrication process adopted here involves no binders. Generally, usage of binders brings impurity and thus, degrades
electrochemical performance of the device. Furthermore, as
Pd4S layers serve both as active material and current collector, it simplifies the electrode preparation. In this study, the
electrochemical performance of Pd4S-based supercapacitor
device was demonstrated in higher KOH electrolyte concentrations (6 and 30 M). The capacitance seems to increase

with the increase in the electrolyte concentration, possibly
due to the stability of electrode in such an alkali environment.
Furthermore, an organic electrolyte (1 M tetrabutyl-ammonium bromide (TBABr)) was employed to enhance the
potential window of supercapacitor beyond 1 V.

2.
2.1

Experimental
Synthesis of nc-Pd/C composite

Synthesis procedure for the precursor, Pd octanethiolate,
Pd(SC8H17)2, is reported elsewhere [25]. Briefly, 5 mM of
1-octanethiol (Sigma Aldrich) was added to 5 mM of
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Figure 2. (a) Cyclic voltammetry (CV) curves of the Pd4S supercapacitor in 6 M KOH electrolyte. Inset is the
schematic of two electrode configuration of the symmetric Pd4S electrodes along with the separator. (b) The plot of
specific capacitance of the device as a function of various scan rates. (c) Cycling performance of the Pd4S electrodes at
a current density of 0.5 A g-1. Inset is the charge–discharge (CD) curves of 1st and 3000th cycles. (d) Nyquist plot at
open circuit potential. Inset is the magnified portion of the high-frequency region.

Pd(OAc)2 (Sigma Aldrich) in toluene solution, while stirring. The glass substrates used for film formation were
cleaned with deionized water, IPA and acetone, followed by
drying under N2 flow. A 100 ll of Pd octanethiolate precursor solution was drop-casted on a cleaned glass substrate
(1 9 2.5 cm2) resulting in an orange-coloured film. Pd4S
film was obtained by annealing thiolate in a tube furnace in
the H2 atmosphere (*250°C) for 1 h.

2.2

Characterization

X-ray diffraction (XRD) measurements were performed
using a Siemens Seifert 3000TT diffractometer (CuKa:
1.5406 Å, scan rate: 0.5 min-1). Energy dispersive spectroscopy (EDS) mapping was performed at 10 kV (energy
window, 10 eV) with a beam current of 1.1 nA, the dwell
time per pixel is 30 s in Nova NanoSEM 600 instrument
(FEI Co., The Netherlands). Cyclic voltammetry (CV) and
galvanostatic charge–discharge (CD) measurements were
performed using the potentiostat equipment from Technoscience Instruments (Model PG16250) and CH Instruments
650 Electrochemical Station (Austin, TX, USA).

3.

Results and discussion

The Pd4S thin film was obtained by annealing palladium
octanethiolate solution on the glass substrate in the H2
atmosphere at 250°C for 1 h (figure 1a). The precursor
employed (palladium octanethiolate) requires an optimum
temperature (*250°C) for the formation of Pd4S. Thus, the
glass substrate is chosen to support the thin film of Pd4S.
This method does not require any binder or additional
charge collecting layer, while fabricating supercapacitor
device. The process is feasible to realize the Pd4S films on
flexible Kapton substrate as it withstands the preparative
conditions. The obtained films were highly conducting with
the resistance of few ohms for *300 nm film and the sharp
peaks in XRD identifiable for Pd4S phase (JCPDS PDF no.
731387) confirm the high crystallinity of the film with no
impurity peaks (figure 1b). The microscopy results are
shown in figure 1c–e. SEM image shows highly porous
Pd4S surface (figure 1c). The uniform distribution of Pd and
S elements throughout the thin film surface was evidenced
from the EDS mapping shown in figure 1d–e.
The stability of Pd4S electrode in 6 M KOH electrolyte
was checked before the supercapacitor fabrication.
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Figure 3. (a) CV curves of the Pd4S supercapacitor in 30 M KOH electrolyte at different scan rates and (b) its
corresponding specific capacitance. (c) Cycling performance of the Pd4S electrodes at 1.75 A g-1 current density.
Inset shows the CD curves of various current densities. (d) XRD patterns of the Pd4S electrode before and after testing
its energy storage performance.
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Figure 4. (a) CV curves of the Pd4S supercapacitor in 1 M TBABr organic electrolyte at different scan rates and
(b) its corresponding specific capacitance plot.

The resistance of the electrodes as well as its adhesion to the
glass substrate remained unaltered even after 5 h of dipping
in KOH solution. A supercapacitor was fabricated by
assembling two Pd4S electrodes separated by a filter paper.
The CV curve was recorded at different scan rates in the
potential range of 0–0.6 V (figure 2a). All the CV curves

were shown a deviation from the ideal rectangular behaviour signifying the pseudocapacitive characteristics of
Pd4S. The specific capacitance from the voltammetric
response was calculated using the following equation (1):
CS ¼ 2ð1=mt ÞðI=sÞ;

ð1Þ
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Figure 5. Comparison of (a) specific capacitance and (b) energy and power densities of Pd4S supercapacitors
obtained using various electrolytes. In Ragone plot (b), the results are compared with other metal sulphide-based
supercapacitors. Inset in (b) shows the glowing red LED after connecting two supercapacitor cells in series.

where mt is the total mass of the electrodes (*0.3–0.4 mg),
I the current in mA and s the sweep rate in mV s-1 (s =
dV/dt). A maximum specific capacitance of 115 F g-1 was
obtained for 1 mV s-1 scan rate (figure 2b). The capacitance
dropped down to 20 F g-1 at higher scan rates (40 mV s-1).
The cycle life and coulombic efficiency (ratio of discharging and charging durations) of the supercapacitor were
tested by performing 3000 cycles of continuous charging
and discharging at a current density of 0.5 A g-1. As shown
in figure 2c, the device exhibited nearly 100% capacitance
retention confirming the excellent reversibility of Pd4S
electrodes. The coulombic efficiency of the device after
3000 CD cycles is *94%. Figure 2d shows the Nyquist plot
of Pd4S supercapacitor in the frequency range of 0.1–106
Hz. The electrochemical impedance spectrum showed a
small semi-circle in the higher frequency region indicating
the high interfacial charge-transfer resistance (*15 X),
probably due to the poor electrical conductivity of the Pd4S
electrodes. At lower frequencies, curves were parallel to the
y-axis representing the capacitance nature of the electrode.
Figure 3a shows the CV profiles of Pd4S supercapacitor
in the potential range of 0–0.6 V with 30 M KOH as
electrolyte. The CV curves indicate the pronounced pseudocapacitive nature of Pd4S electrodes. The capacitance of
the device increased to 570 from 115 F g-1 by increasing
the concentration of the KOH electrolyte from 6 to 30 M. It
is merely possible due to the robustness of the electrodes
towards such harsh conditions. By increasing the scan rate
(10 mV s-1), the capacitance dropped down to 100 F g-1
(figure 3b). This may be due to the performance of fast
scans, the charges may get stored at sites available only at
the outer surface, whereas in slow scans, the double layer
formation and reversible redox reaction occur even at not so
easily accessible inner surfaces [26]. Similar behaviour of
exponential increase in capacitance with decreasing scan
rate is reported in the literature [26–28]. Another important
parameter for supercapacitor is its cycling stability.

Therefore, CD measurement was performed for 1500 cycles
at 1.75 A g-1 current density (figure 3c). Nearly 98%
retention was observed. The galvanostatic CD profiles at
different current densities are provided as the inset in
figure 3c. The capacitance of the device can be calculated
using CD profiles using the equation Cspec ¼ I  t=DV  m,
where I is the applied current density (A g-1), t the discharge time (s), DV the potential difference in discharge
profile and m the total mass of the electrodes (0.3–0.4 mg).
By substituting in the above equation, the specific
capacitance obtained for the current density of 1 A g-1 is
*43 F g-1. This value is comparable to capacitance calculated from the CV curves at faster scan rates. Furthermore, the electrodes after 1500 cyclings were analysed
using XRD to detect any possible oxidations due to their
exposure to concentrated KOH electrolyte. More importantly, XRD patterns of the electrode did not show any
peaks corresponding to the impurities (figure 3d).
Instead of enhancing the energy storage capacity by
increasing the concentration of alkali electrolyte, one can
use organic electrolytes and thus, can improve the operating
voltage window beyond 1 V. The restriction of voltage
window in the aqueous electrolyte is mainly due to the
thermodynamic decomposition of water (1.23 V). Here, 1 M
TBABr dissolved in acetonitrile was used as an electrolyte
due to which the device working potential increased up to
1.5 V as shown in figure 4a. The maximum specific
capacitance obtained was *590 F g-1 at 1 mV s-1 which
dropped to 100 F g-1, while increasing the scan rate
(figure 4b).
The specific capacitance vs. scan rates of Pd4S supercapacitors in different electrolytes is compared in figure 5a. It
is clearly noticeable that the specific capacitance decreased
with the increase in scan rate for all electrolytes. Both 30 M
KOH and 1 M TBABr electrolytes provide the higher
capacitance value. Figure 5b shows the Ragone plot of
calculated energy and power densities. High energy
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(28.4 Wh kg-1) and power (1.4 kW kg-1) densities were
obtained with slow and fast charging and discharging rates
for 30 M KOH electrolytes. On the other hand, for 1 M
TBABr organic electrolyte, maximum energy and power
densities of 183 Wh kg-1 and 0.69 kW kg-1, respectively,
were obtained. The obtained values are quite comparable to
other metal sulphide-based supercapacitors [29–33].

4.

Conclusions

In summary, a highly conducting Pd4S thin film (*300 nm)
was prepared on glass plates by a simple thermolysis
(250°C) of Pd octanethiolate in the H2 atmosphere. The asformed Pd4S film serves as an electrode for supercapacitor
energy storage device. The electrochemical performance
was investigated in 6 and 30 M KOH electrolytes which
gave a maximum specific capacitance of 570 F g-1 at a scan
rate of 1 mV s-1. Further, an organic electrolyte (1 M
TBABr) was used which showed the maximum capacitance,
energy, and power densities of 590 F g-1, 183 Wh kg-1 and
0.69 kW kg-1, respectively. Also, the precursor is amenable
for patterning by e-beam and soft lithography, and it can be
taken forward to fabricate in-plane or micro-supercapacitor
for miniaturization in power source on a chip. Unlike many
other electrode materials, Pd4S can withstand harsh environments; it can become a suitable electrode material in the
energy storage devices, such as supercapacitors and
batteries.
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