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Layer-structured materials are advantageous for supercapacitor applications owing to their ability to host a
variety of atoms or ions, large ionic conductivity and high surface area. In particular, ternary or higher-order
layered materials provide a unique opportunity to develop stable supercapacitor devices with high specific
capacitance values by offering additional redox sites combined with the flexibility of tuning the interlayer
distance by substitution. CuSbS; is a ternary layered sulfide material that is composed of sustainable and
less-toxic elements. We report the results of a systematic study of CuSbS, nanoplates of varying
thickness (4.3 + 1.4 to 105 £+ 5.5 nm) for use as supercapacitors along with the effect of ionic size of
electrolyte ions on the specific capacitance and long-term cycling performance behavior. We have
obtained specific capacitance values as high as 120 F g for nanoplates with thickness of 55 + 6.5 nm
using LiOH electrolyte. Electronic structure calculations based on density functional theory predict that
with complete surface coverage by electrolyte ions a specific capacitance of over 1160 F g~ ! is
achievable using CuSbS,, making it a very attractive layer-structured material for supercapacitor
applications. Additionally, the calculations indicate that lithium ions can be intercalated between the van
der Waals layers without significantly distorting the CuSbS, structure, thereby further enhancing the
specific capacitance by 85 F g~ Quasi-solid-state flexible supercapacitor devices fabricated using

CuSbS, nanoplates exhibit an aerial capacitance value of 40 mF cm™2 with excellent cyclic stability and
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Accepted 28th May 2015 no loss of specific capacitance at various bending angles. Moreover, the supercapacitors are operable

over a wide temperature range. We have further compared the electrochemical behavior of CuSbS, with
other non-layered phases in the system, namely CusSbSs, CuszSbS, and Cu;,Sb4S;3 that clearly highlight
the importance of the layered structure for enhancing charge storage.
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1 Introduction phosphates, and phosphonates.’®* Among them, the metal

chalcogenides have been the most extensively studied because

The novel properties of layer-structured materials at the nano-
scale offer exciting opportunities for the development of energy-
relevant technologies.» In recent years there has been renewed
interest in investigating a variety of layered materials triggered
in large part by the huge success of graphene.** With reduced
dimensions these materials often exhibit exceptional transport
characteristics, mechanical stability and large surface area,
which are essential for nano-dimensional electronics, catalysis,
sensing and energy storage applications.”*® The list of layer-
structured materials that have been investigated include oxides,
chalcogenides, carbides, nitrides, hydrides, hydroxides,
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of their thickness-dependent quantum confinement effects
resulting in enhanced optical and electrical properties at
reduced thicknesses.**** An area that has thus far not received
much attention is the use of layer-structured nanomaterials for
supercapacitor applications. The large surface area and van der
Waals gap can be exploited for the efficient adsorption and
transport of electrolytes, which are desirable for charge storage
and discharge processes.'®”

Supercapacitors store and release energy instantaneously,
possess long-term stability and are much safer to handle as
compared to batteries."® These characteristics make them
attractive for use in electrical vehicles, consumer electronics,
memory back-up systems and other applications where a burst
supply of energy is required.’®?® Traditional supercapacitors
based on carbonaceous materials work through the electrical
double-layer capacitance mechanism that limits their energy
density.** A significant improvement in energy density can be
achieved by use of metal oxide pseudocapacitors.?** However,
their long-term stability is limited due to the volume change
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that occurs during charging and discharging processes and also
unexpected secondary reactions that lead to degradation of the
electrode materials.”*® In contrast, layered materials that are
separated by weak van der Waals forces can withstand large
volume changes and can also host a variety of foreign atoms or
ions between layers.”” Moreover, the graphene-like architecture
in these materials is well suited for investigating unique
transport properties at reduced dimensions.”?** In this
regard, a few layer-structured materials have been investigated
for supercapacitor applications, including Ti;C,, MoS, and
SnSe.'”?”** However, the investigations have thus far primarily
focused on binary layered materials. Ternary or higher-order
layered materials are potentially advantageous for super-
capacitor applications over the binary ones as they offer addi-
tional redox sites (i.e., pseudo-capacitance sites) and greater
tunability of the inter-layer distance by suitable substitution.**
These exceptional characteristics of ternary and higher order
layered materials provide a unique opportunity to develop
stable supercapacitor devices with high specific capacitance
values.

With the aim of developing high stability supercapacitor
devices based on ternary or higher-order layered materials, we
have investigated copper antimony sulfide (CuSbS,), which is
composed of sustainable and less-toxic elements. CuSbsS, is a
ternary layered sulfide that crystallizes in an orthorhombic
crystal system with Pnma space group.®*** The crystal structure
comprises of SbS, and CuS; interconnected chains that layer
perpendicular to the c-axis. In each sheet, cage-like arrange-
ments are formed by the stacking of six member S-Cu-S-Sb-S-
Cu rings in a chair conformation adding to the existing van der
Waals intercalation gap for intercalating atoms or ions.***
Because of its direct band gap at solar wavelengths and high
absorption coefficient (>10* em "), CuSbS, has been studied for
solar cell applications.**®*” However, its unique capacity for
intercalation have not been investigated for energy storage
applications except in our recent preliminary study on meso-
crystals of CuSbSe,S;_,.** Herein, we report results of a
systematic study of CuSbS, nanoplates with varied thicknesses
for use in supercapacitors. In addition, we have investigated the
effect of ionic size of electrolyte cations on the specific capaci-
tance of CuSbS, and its long-term cycling performance
behavior. Our results indicate that significant enhancement in
the supercapacitance values can be achieved using different
thickness nanoplates as compared to previously reported mes-
ocrystals of CuSbS,. For better understanding of the electro-
chemical properties we have determined the open-circuit
voltage and specific capacity of CuSbS, monolayers using first-
principle calculations for different electrolyte cations. Based on
the findings we fabricated quasi-solid-state flexible super-
capacitor devices using CuSbS, nanoplates that exhibit an aerial
capacitance value of ~40 mF cm ™ with excellent cyclic stability
and no loss of specific capacitance at various bending angles.
Moreover, we have investigated the temperature-dependent
electrochemical behavior and charge-discharge characteristics
of the CuSbS, supercapacitor devices to evaluate their applica-
bility over a wide temperature range. Finally, we have compared
the electrochemical behavior of CuSbS, nanoplates with
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nanocrystals of other phases in the Cu-Sb-S system, namely
Cu;SbS;, CuzSbS, and Cuy,Sb,S;; that clearly highlight the
importance of the layered structure for enhancing charge
storage. The applicability of CuSbS, nanoplates both for solar
energy conversion and energy storage applications bring them a
step closer towards the fabrication of Single Component Solar
Cell-SuperCapacitor (SC)* devices.

2. Experimental section

2.1. Chemicals

All chemicals were used as received. Antimony chloride
(SbCl3-6H,0, 99.5%) was received from Alfa Aesar; copper
acetylacetonate (Cu(acac),, =99.0%), and 1-oleylamine (OLA,
=80-90.0%) were obtained from Acros Organics and Pfaltz and
Bauer, respectively. Analytical grade hexane and ethanol were
obtained from Aldrich Chemical Co.

2.2. Synthesis of CuSbS, nanoplates

For the synthesis of CuSbS, nanoplates, Cu(acac), (0.5 mmol),
SbCl;-6H,0 (0.5 mmol) and oleylamine (OLA, 10 mL) were
degassed and then backfilled with nitrogen. The reaction
mixture was heated to targeted reaction temperature. In another
vessel, sulfur (1.3 mmol) was dispersed in 1 mL of oleylamine.
The sulfur solution was quickly introduced into the metal
source mixture held at the synthesis temperature for 10-30 min.
The product was isolated by addition of hexane (15 mL) and
ethanol (15 mL) followed by centrifugation (4000 rpm/5 min).
We also synthesized other Cu-Sb-S phases (CuzSbS;, CuzSbS,
and Cu;,Sb,S;;3) in the form of nanocrystals for capacitance
studies following procedures reported previously.*®

2.3. Measurements

Transmission electron microscopy (TEM) analysis was per-
formed using a FEI-Tecnai, 200 kV transmission electron
microscope. Powder XRD patterns were recorded on a Bruker
D8 instrument equipped with Cu Ka radiation source operated
as a rotating anode at 40 kV and 20 mA. Scanning electron
microscope (SEM) analysis was carried out using a JEOL 7000 FE
SEM equipped with energy dispersive X-ray spectroscopy (EDX).
The X-ray photoelectron spectroscopy (XPS) spectra were
recorded using a Kratos Axis Ultra spectrometer employing a
monochromated Al Ko X-ray source with analyzer pass energy of
80 eV for survey scans and 20 eV for elemental scans. Spectra
were analysed by first subtracting a Shirley background and
then obtaining accurate peak positions by fitting peaks using a
mixed Gaussian/Lorentzian line shape. All photoelectron
binding energies (BE) are referenced to C 1s adventitious peak
set at 285 eV BE. The analyser was calibrated using elemental
references; Au 4f;, (83.98 eV BE), Ag 3ds,, (368.26 eV BE) and Cu
2P/, (932.67 €V BE).

2.4. Methods (theory)

Calculations were performed using the Vienna ab initio Simu-
lation Package (VASP)**' within the generalized gradient
approximation of Perdew, Burke, and Ernzerhof (PBE) to

This journal is © The Royal Society of Chemistry 2015
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density functional theory.”»*®* We wused the projected
augmented-wave (PAW) pseudopotentials of Kresse and Jou-
bert.*»*> and a plane wave cut off energy of 550 eV. The surface
calculations were converged with respect to vacuum width
(about 10 A) and k-points (a 12 x 12 x 1 Monkhorst-Pack grid
for a single unit cell), and all forces were minimized to within
0.05 eV A~ Positions of adatoms were optimized with the rest
of the CuSbs, surface remaining fixed. The open-circuit voltage
was calculated on a 3 x 3 x 1 supercell to reduce inter-adatom
interaction and compute the energy of formation of the surface
with adsorbate via
AE; =

Esub+ad - (Esub + ”Ead)} (1)

v
where N is the number of formula units of CuSbS, and n is the
number of adsorbed ions in the full system. E,q is the energy of
a single bec Li, Na, or K primitive cell. The open-circuit voltage
is then given by —AE¢/x, where x is the number of ions per
formula unit.

2.5. Electrochemical measurements

Electrochemical measurements were carried out using plat-
inum wire and saturated calomel electrode (SCE) as counter and
reference electrodes, respectively. The working electrode was
obtained by mixing of CuSbS, nanoplates (80 wt%), acetylene
black (10 wt%) and polyvinylidene difluoride (PVDF, 10 wt%) in
N-methyl-2-pyrrolidinone (NMP) and pasting onto a nickel
foam, followed by drying at 60 °C under vacuum. KOH, NaOH
and LiOH (3 M) were used as electrolytes. The charge storage
capacity of the materials was tested using cyclic voltammetry
(CV) and galvanostatic charge-discharge methods.*® The
specific capacitance (C,p) values from charge-discharge
measurements were calculated using the following expression.*”

I x At )

Cp=
POAV xm

where I is the discharge current (A), A¢ is the discharge time (s),
AV is the potential window, and m is the mass (g) of the active
material. Electrochemical measurements were performed on a
VersaSTAT 4-500 electrochemical workstation (Princeton
Applied Research, USA). Quasi solid-state device was fabricated
by sandwiching two electrodes separated by ion transporting
layers. Potassium hydroxide and lithium hydroxide were used as
electrolytes.

3. Results and discussions

Nanoplates of CuSbS, have been synthesized following our
earlier reported procedure.** In brief, 1 mL of sulfur in oleyl-
amine was introduced into the reaction mixture of Cu(acac),
and SbCl; in oleylamine at 170 °C. The reaction produced
nanoplates with thickness of 4.3 &+ 1.4 nm and edge dimensions
of about 450 nm for 10 min reaction time. Reactions at higher
reaction temperatures and longer reaction times produce
thicker plates, with the lateral dimensions being closely main-
tained. The CuSbS, structure consists of quadruple layers
bound together by van der Waals forces (Fig. 1(a)). The Sb in one

This journal is © The Royal Society of Chemistry 2015
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layer and S in the adjacent layer of the structure are separated by
a distance of ~3.115 A, which is larger than the interlayer gap
distance (2.051 A). An expanded portion of one of the layers is
shown in Fig. 1(b). A cage-like arrangement formed by stacking
of six member (S-Cu-S-Sb-S-Cu) rings in chair conformation is
apparent from the structure. The distances between two atoms
of the same type in the cages are between 5.3 A and 6.19 A.*
Powder X-ray diffraction (XRD) was used for the determination
of phase purity. Diffraction peaks corresponding to the ortho-
rhombic structure of CuSbS, are observed, with no trace of the
binary sulfides of copper or antimony. XRD patterns in Fig. 1(c)
obtained from CuSbS, nanoplates synthesized at different
temperatures are in good agreement with orthorhombic CuSbS,
phase (ICDD: 044-1417). Furthermore, the FWHM value of each
peak decreases with increasing growth temperature, indicating
increase in the crystallite size. In order to characterize the
chemical constituents on the surface, we have carried out X-ray
photoelectron spectroscopy (XPS) measurements on the CuSbs,
nanoplates. The qualitative XPS survey spectrum for CuSbsS,
nanoplates is provided in Fig. S1(a).T The surface survey spec-
trum exhibits peaks corresponding to Auger electron ejection
for Cu, Sb and S, along with C and O. No peaks from any other
impurities were observed. High resolution XPS spectra in
Fig. S1(b)-(d)t of Cu 2p, Sb 2p, S 2p from CuSbS, nanoplates
confirm the expected oxidation state of each element. The
binding energy peaks at 930.3 eV and 950.2 eV, with an energy
difference of 19.9 eV, can be assigned to 2p;, and 2p;, of Cu(i).
For Sb(u), the doublet peaks at 528.3 eV (3ds,,) and 537.4 eV
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Fig. 1 Crystal structures of CuSbS, showing (a) the interlayer (van der
Waals) gap and distance between two quadruple layers, and (b) cages
within a single layer, (c) powder X-ray diffraction patterns of CuSbS,
nanoplates synthesized at different temperatures. The standard ICDD
pattern (red lines; ICDD: 044-1417) of orthorhombic CuSbS, is
provided at the bottom.
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(3d3/,) with an energy separation of 9.1 eV are observed. High
resolution XPS peaks for sulfur as a sulfide appear at 161.4 eV
(2pss2) and 162.6 eV (2p4,,) with a small energy difference of 1.2
eV.** We have additionally estimated the elemental composition
of the nanoplates using scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDX). The analysis results
provide a composition ratio of 1:1:1.95 (Cu: Sb: S) for the
nanoplates with a slight deficiency in sulfur content.
Transmission electron microscope (TEM) was used in the
identification of nanocrystals morphology and size. Plate-like
morphology was observed from TEM images in Fig. 2(a)-(d).
The edge-edge length of the nanoplates varied from 400 + 25
nm to 450 £ 20 nm for the growth time between 10 and 30 min
at 170 °C with thickness from 4.3 £+ 1.4 nm and 10.0 £+ 0.7 nm
(Fig. 2(e)-(1)). At higher temperatures (190-280 °C) the sizes
were found to be between 300 & 20 nm and 335 4+ 25 nm and
thickness of 19 = 1 nm to 105 £ 5.5 nm. Average lattice distance
(0.302 + 0.003 nm) of the surface of nanoplates obtained from

Fig. 2
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HRTEM image in Fig. S2(a) are in very well agreement with the
(200) planes of orthorhombic CuSbS,.

The electrochemical properties of nanoplates with different
thickness were investigated by cyclic voltammetry and galva-
nostatic charge-discharge methods. Fig. 3(a) shows the cyclic
voltammetry (CV) curves of different thickness CuSbS, nano-
plates at a scan rate of 50 mV s~ using KOH as the electrolyte. A
pair of reversible redox waves indicating the pseudocapacitance
feature at essentially the same potential values is apparent from
the CV curves of different thickness CuSbS, nanoplates
(Fig. 3(a)). With increasing scan rate, the CV curves maintain
their shapes but exhibit increased peak currents (Fig. S31). A
concurrent increase in the AE,... (difference between Ej and
Ey) value is observed with a linear relationship for the wave
current as a function of the square root of scan rate (Fig. S41),
indicating diffusion-controlled reaction kinetics during the
redox process. From the CV curves in Fig. 3(a) a systematic
increase in the current density can be noted with increasing
nanoplate thickness followed by a decrease for the largest

10.0 nm

(a)—(d) Top view and (e)—(h) side view TEM images. (i)—(l) Side view HRTEM images of different thickness CuSbS, nanoplates.

This journal is © The Royal Society of Chemistry 2015
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thickness, with the 55 & 6.5 nm thick nanoplates displaying the
highest current density. The thinner nanoplates are expected to
exhibit higher current density due to the larger available surface
area for redox reactions, but here we observe a reverse trend.
From the analysis of the SEM and TEM images (Fig. S5t and 2,
respectively) it appears that the thin plates readily aggregate,
which leads to reduction of their surface area and, as such, to
the reduction of the current density. As the thickness of plates
increase, their agglomeration diminishes, leading to an

View Article Online
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increase in the surface area. However, further increase in
nanoplate thickness again leads to decrease in the surface area
and a consequent decrease in the current density. The current
density trend with increasing thickness of the nanoplates trend
is also reflected in the specific capacitance values deduced from
CV curves at various scan rates.

We have additionally studied the charge storage capacity of
CuSbS, electrodes using galvanostatic charge-discharge
measurements at various applied current. The representative
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Fig. 3 Cyclic voltammogram curves of (a) different thickness CuSbS, nanoplates. (b) Galvanostatic charge—discharge characteristics of 55 + 6.5
nm thick CuSbS, nanoplates at different applied current. (c) Variation in specific capacitance of different thickness CuSbS, nanoplates with
applied current. (d) Ragone plot for different thickness nanoplates. (e) Cyclic voltammogram curves showing cyclic stability of 7.2 £ 1.4 nm
CuSbS; nanoplates. All the data were obtained with using KOH as electrolyte.
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discharge characteristics of CuSbS, nanoplate (7.2 = 1.4 nm)
electrode is shown in Fig. 3(b) as a function of discharge
current. As seen, the discharge time decreases with increasing
discharge current. The variation of specific capacitance with
discharge current for nanoplates of different thicknesses is
shown in Fig. 3(c). The Cg, values for 55 & 6.5 nm thick nano-
plates with KOH as electrolyte are determined to be 100, 96, 94,
92, 89, 92, 99 F ¢~ at applied currents of 0.4, 06, 0.8, 1, 2, 3,
4 mA, respectively. The energy density and power density
values (Ragone plot) calculated using the respective specific
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capacitance values is given in Fig. 3(d). These values are higher
than those for CuSbE, (E = S or Se) mesocrystals and compa-
rable to the specific capacitance values reported for other
chalcogenide nanocrystals (SnSe, CoS, CuS).**3#45° The
observed decrease in specific capacitance with increasing
discharge current in some cases is likely due to higher potential
drop and incomplete Faradic redox reaction of the active
materials at higher discharge currents.

We investigated the long term cyclic stability of CuSbS,
nanoplate electrodes by carrying out CV measurements up to
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Fig. 4

(a) Cyclic voltammogram curves of CuSbS, nanoplates using different electrolytes. (b) Variation of specific capacitance of CuSbS,

nanoplates with applied current in different electrolytes. (c) Ragone plot for different thickness nanoplates. (d) Cycling performance of the
CuSbS; nanoplates at a constant current of 0.5 mA using LiOH electrolyte. The inset shows the first few cycles of the charge—discharge curves.
(e) Cycling performance of 55 + 6.5 nm CuSbS, nanoplates at a constant current of 0.5 mA using different electrolytes.
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1000 cycles. The representative CV curves of 7.2 £ 1.4 nm thick
nanoplates are shown in Fig. 3(e). The wave profile and the area
of the voltammograms appear to remain essentially unchanged,
indicating the high cyclic voltammetric stability of the nano-
plates without any significant volume change. Furthermore, the
absence of additional redox waves in the CV curves confirms the
absence of any new redox species in the process of CV cycling.
However, a systematic increase in the reduction potential can be
seen with increasing number of CV cycles suggesting increased
intercalation of electrolyte ions between the layers.
Layer-structured materials are known to host atoms or ions
that are smaller than the interlayer gap. CuSbS, is a ternary
layered sulfide material having an interlayer gap of 2.051 A,
sufficiently wide to host atoms or ions between the layers.
Depending on the size of intercalates in the electrolytes, the
specific capacitance of the material can be varied. With this
perspective, we have carried out cyclic voltammetry measure-
ments using LiOH, NaOH and KOH electrolytes. Fig. 4(a) shows
CV measurements on CuSbS, electrode using these three elec-
trolytes. It can be noticed from the CV curves that the electrolyte
with the smallest cationic radii (LiOH) has the highest reduc-
tion potential value. Indeed, the reduction potential exhibits an
inverse relationship with the size of the electrolyte cation. Being
the smallest ion, it is likely that Li" most effectively intercalates
between the layers and inside of the crown-like cages of CuSbS,.
Because of the deeper intercalation, higher potential is required
for Li* reduction. The specific capacitance values determined
from the charge-discharge characteristics of CuSbS, nanoplates
(55 £ 6.5 nm) at various applied currents using the three
different electrolytes are provided in Fig. 4(b). The trend in
specific capacitance values parallel the CV results, with LiOH
showing the highest specific capacitance. We obtained specific
capacitance values of 115-120 F g~ ' at applied current values
from 0.6-5 mA, with noticeably higher specific capacitance than
those obtained for NaOH and KOH (Ragone plot of power
density versus energy density is given in Fig. 4(c)). Furthermore,
we have tested the cyclic stability of CuSbS, nanoplates in these
electrolytes using galvanostatic charge-discharge characteris-
tics. Fig. 4(d) shows the cyclic stability of CuSbS, electrode
consisting of 55 + 6.5 nm thick nanoplates using LiOH as
electrolyte. A gradual increase in specific capacitance followed
by the retention of essentially 100% of its value is observed even
after 1000 cycles of charge-discharge measurements in LiOH.
However, in the case of KOH an amplification of specific
capacitance is recorded with increase of specific capacitance
nearly by 47% on continuing the charge-discharge up to 5000
cycles (Fig. 4(e) and 5(a)). This is noteworthy since most other
oxide and chalcogenide-containing supercapacitor materials
severely lack long-term cyclic stability. The observed increase in
specific capacitance using KOH electrolyte is likely caused by
gradual intercalation of K" ions between the layers or possible
intercalation and exfoliation of the layers. This phenomenon
relating to intercalation of electrolyte ion has been reported for
the similar layered structure materials MoS, supercapacitor
using NaOH as electrolyte."” Fig. 5(b) shows the Ragone-plot of
the specific capacitance with number of cycles. The plot shows
an initial gradual increase in the energy density with power

This journal is © The Royal Society of Chemistry 2015
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density up to about 1100 cycles followed by a sharp energy
density increase from 2.6 W h kg™* (1100™ cycle) to 3.8 Wh kg™
(5000 cycles). The observed increase in energy density with
increasing number of cycles further supports the proposed
model of intercalation of electrolyte ions between the layers of
CuSbS,. The inset to Fig. 4(d) shows the last few charge-
discharge cycles for the CuSbS, (55 + 6.5 nm) nanoplates
electrode.

To better understand the interaction of different electrolyte
ions with CuSbs,, we have determined the open-circuit voltage
(OCV) and specific capacity of CuSbS, monolayers within
density functional theory framework. Optimization of the ada-
tom positions (Li", Na* or K*) indicates the preferred location of
the ions over the copper sites rather than the S or Sb sites. In
Fig. 6(a), we have plotted the valence charge densities (relative
to the unbonded densities) for all three 3 x 3 x 1 systems. All
three indicate charge transfer from the adsorbed ion to the
surface. The partial densities of states for the adatoms (Fig. 6(b))
lend support to the picture suggested by the charge densities:
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Fig.5 (a) Cycling performance of the CuSbS, nanoplates at a constant
current of 0.5 mA using KOH electrolyte up to 5000 cycles. (b) Ragone
plot showing variations of energy density and power density with
respect to number of cycles.
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corresponds to complete monolayer coverage of the Cu sites. Higher x gives coverage of S (until x = 1.0) and Sb sites on a single side.

the valence s electron is almost completely transferred to the
host system.

We compute the OCV over a Cu site for Li, Na, and K ions
adsorbed onto the CuSbS, surface to be 0.390 eV, 0.461 eV, and
0.812 eV, respectively. These values follow the expected trend for
adsorbed ions of increasing size but do not agree with Fig. 5(a).
Instead, the measured behavior may indicate that intercalation
rather than adsorption is dominant, as larger ions could be
more difficult to accommodate between layers. This is evident
in our relaxed intercalated structures: Na and K ions seem to
displace the nearest Sb ion, driving it into the “bulk” of the layer
(see ESI Fig. S61). We find that Li, Na, and K have intercalation
voltages (compared to the undisrupted host system) of 0.228 eV,
0.909 eV, and 0.581 eV. This non-monotonicity reflects the
greater energy cost of distorting the CuSbS, system to allow the
intercalated K ions, but we still do not recover the observed
behavior. It is possible that the fully relaxed intercalated
structures cannot be achieved in the real many-layer nano-
plates. Our calculations do show that the intercalation energies
can scale inversely with ionic radius, and partial relaxation
would enhance this trend.

The theoretical specific capacity can be estimated via®*

1

Cy =
M7 Meas

(zxXmaxF)
where M¢,s is the molar mass of the host CuSbS, system, z is the

ionic charge (+1), Xmax is the estimated maximum adatom
content (per formula unit), and F is Faraday's constant. To

13270 | J. Mater. Chem. A, 2015, 3, 13263-13274

determine xy,,x, Wwe compute the OCV as a function of xon a 2 x
2 X 1 CuSbS, surface (Fig. 6(c)). We assume that the two
surfaces are uncoupled and thus that the true X, is simply
twice that of single-sided adsorption. Unlike the simpler tran-
sition metal dichalcogenides (TMDCs), the surface of CuSbs, is
uneven, and ions adsorbed over different ionic sites (Cu, Sb, or
S) tend to sit at different heights above the surface. The first
adsorbed layer will fully cover the Cu sites (corresponding to x =
0.5), while subsequent adatoms will form additional layers
covering the Sb and S sites. Full monolayer coverage (only Cu
sites) would give a specific capacity of about 387 F g~ for the
three ionic adsorbates. For Li and Na, we obtain x,,,,x of about
0.8 and 0.9, giving 619 F g~ ' and 697 F g ', respectively.
Surprisingly, we find that K retains a positive OCV through x =
1.5 (complete coverage of a single surface), which is the highest
x we calculated. This would give a specific capacitance of more
than 1160 F g . Our intercalation calculations (without ada-
toms) Show Xax > 0.22 for Li intercalation (about 85 F g~ ). This
is in reasonable agreement with the measured Cy, and it is
consistent with the conclusion that the ion intercalation is a
dominant process in the real system.

With the aim of developing flexible, quasi-solid-state super-
capacitors composed of cost effective and less-toxic materials,
we have fabricated supercapacitor devices using LiOH/KOH
electrolyte separating two CuSbS, electrodes coated on Ni foam.
A schematic representation of the device is shown in Fig. 7(a).
The CV curves of the device at different scan rates are nearly
symmetrical and rectangular without presence of any redox

This journal is © The Royal Society of Chemistry 2015
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mogram curves of CuSbS, nanoplates supercapacitor device at different scan rates using KOH. (c) Cyclic voltammogram curves of CuSbS,
nanoplate supercapacitor device at different bending angles. (d) Cyclic voltammogram curves showing cyclic stability of CuSbS, nanoplates
device. (e) Cycling performance of the CuSbS, nanoplates supercapacitor device at a constant current of 1 mA. The inset shows the first few

cycles of the charge—discharge curves.

peaks (Fig. 7(b)). The CV curve characteristics are comparable to
devices reported using other materials.*® The areal capacitance
of the device deduced from CV curves at different scan rates is
estimated to be 40 mF cm ™2 at 25 mV s~ ', which is significantly
higher than that for supercapacitor devices fabricated using
SnSe and SnSe, nanoplates and comparable to MoS,-based
device.'* Fig. 7(c) shows cyclic voltammetry measurements of
the quasi-solid-state device up to 4000 cycles at constant scan
rate. The excellent electrochemical stability of the device is
verified by the absence of redox waves and no visible changes in
CV curve shapes and redox currents even after the 4000™ cycle
when compared with the initial curve. Further to this, galva-
nostatic charge-discharge measurements on the device have
been carried out up to 2500 cycles at a constant current in order
to investigate its cycling performance (Fig. 7(d)). The cyclic
performance of a supercapacitor device can be described by two
main processes, namely the activation and steady state. The
activation period in our device lasts nearly up to 400 cycles with
close to 50% increase in the specific capacitance value, as also
observed for the CuSbS, electrodes. In general, this activation
period is significantly longer than, is commonly observed. The
prolonged activation period further supports the notion of
intercalation of electrolyte ions between the layers and within
the cages of CuSbS, electrodes. Interestingly, the specific
capacitance value is unchanged even after 2500 cycles

This journal is © The Royal Society of Chemistry 2015

confirming the device's exceptional stability. In addition, the
flexibility of the device has been investigated by measuring the
CV curves at various bending angles. As shown in Fig. 7(e), the
CV curves do not show any noticeable changes at bending
angles of 15, 30 and 45° as compared with the CV curve without
any bending. These results clearly demonstrate the potential
applicability of CuSbS, as a flexible, stable charge storage and
delivery system (bending studies of electrode is given in
Fig. S77).

It is important to develop supercapacitors that can be used
under a wide range of environmental conditions. Temperature
is clearly one of the major factors that affect device perfor-
mance. Considering this, we have investigated the electro-
chemical behavior of our supercapacitor devices at different
temperatures. Fig. S8(a)t shows CV curves of a quasi-solid-state
flexible device measured at different temperatures. A systematic
increase in the redox current with increasing temperature is
apparent from the CV curves, which is reflected in the areal
specific capacitance values estimated from CV curves. The
highest specific capacitance value is obtained at 55 °C, which is
nearly 80% higher than the value at room temperature
(Fig. S8(b)T). The specific capacitance obtained below room
temperature (15 °C) is somewhat lower (by ~8%) than that at
ambient conditions. Despite temperature-dependent changes
in specific capacitance values, the CV curves show nearly

J. Mater. Chem. A, 2015, 3, 13263-13274 | 13271
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identical symmetrical shape without appearance of any redox
waves at any temperature indicating thermal electrochemical
stability of the device. Similar temperature-dependent changes
in specific capacitance have also been observed in galvanostatic
charge-discharge characteristics of the CuSbS, supercapacitor
device at different temperatures (Fig. S8(c) and (d)t).
Extending our investigations of Cu-Sb-S for supercapacitor
applications, we have carried out cyclic voltammetry and gal-
vanostatic charge-discharge measurements on nanocrystals of
Cu;SbS; (skinnerite), CusSbS, (fematinite) and Cuy,Sb,Sy3
(tetrahedrite) phases. These phases crystallize in non-layered
structures: CuzSbS; in monoclinic, Cu;SbS, in tetragonal and
Cuy,Sb,sS;3 in cubic form. Comparing the electrochemical
behavior of these compounds with CuSbS, nanoplates, it is
possible to appreciate the importance of the layered structure
for charge storage applications. We have recently reported the
phase-pure synthesis of all four phases of Cu-Sb-S nano-
crystals.*® Following these methods, we have synthesized
spherical shape Cu;SbS;, oblate Cu;SbS, and hollow structure
Cu;,Sb,S;; nanocrystals. Representative TEM images of these
nanocrystals along with their crystal structures are given in
Fig. 8(a)-(d). The specific capacitance values determined from
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charge-discharge characteristics (in KOH) using these nano-
crystals as electrodes and corresponding Ragone plot are shown
in the Fig. 8(e) and (f). From the figures it is apparent that all
these nanocrystals exhibit low specific capacitance in compar-
ison with CuSbS, nanoplates, despite having similar composi-
tions and sizes. This clearly illustrates that the layered structure
is responsible for efficient insertion and extraction of electrolyte
ions during the electrochemical process. Nevertheless, all the
non-layered Cu-Sb-S compounds show very good cyclic stability
(Fig. 9). We also studied the effect of electrolyte ions size on
specific capacitance of Cu;,Sb,S;; using KOH and LiOH elec-
trolytes and did not observe any appreciable difference in their
electrochemical behavior, supporting our conclusion of inter-
calation of electrolyte ions between the layers in the layer-
structured CuSbS, nanoplates.

4. Conclusion

We have systematically studied the effect of thickness on the
electrochemical behavior and specific capacitance of CuSbS,
nanoplates. Electrochemical measurements reveal that nano-
plates with thickness of 55 + 6.5 nm are optimum for obtaining
the highest specific capacitance. In addition, we have studied
the specific capacitance of CuSbS, nanoplates and their long-
term cycling performance behavior using different electrolytes,
namely LiOH, NaOH and KOH, and found that LiOH provides
specific capacitance values as high as 120 F g~ '. Further, to
understand the interaction of different electrolytes with CuSbS,,
we computed the electronic structure using density functional
theory. Our calculations predict that the electrolyte cations
prefer Cu-sites, and with only the Cu-sites occupation, theo-
retical specific capacitance of 387 F g~ " can be obtained with all
three electrolytes. Interestingly, with complete coverage of
CuSbS, surface we obtain specific capacitance of 619, 697, and
more than 1160 F g~ * for Li, Na and K respectively. These values
are significantly higher than for any layer structured material
investigated thus far. In addition, we have found that lithium
ions can be intercalated between the van der Waals layers

This journal is © The Royal Society of Chemistry 2015
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without distorting the CuSbS, structure. With lithium ion
intercalation, the specific capacitance can further be enhanced
by 85 F g~ ". These investigations strengthen our hypothesis that
multiple site adsorption and intercalation can be collectively
realized in the ternary layered materials. Our preliminary effort
on fabricating quasi-solid-state flexible supercapacitor device
using CuSbS, nanoplates have provided an aerial capacitance
value of 40 mF cm > with excellent cyclic stability and no loss of
specific capacitance at various bending angles, with operability
over a wide temperature range. Our comparative study of
CuSbS, nanoplates with non-layer structure phases in the Cu-
Sb-S system Cu;SbS;, CusSbS, and Cu;,Sb,S;; clearly highlight
the importance of the layered structure for enhancing charge
storage. The remarkable theoretical capacitance with excellent
cyclic stability in corrosive electrolytes and direct gap visible
light absorption with large absorption coefficient properties of
ternary layer sulfide CuSbS,, motivates the construction of
Single Component Solar Cell-SuperCapacitor (SC)® devices.
These are currently under investigation and the results will be
reported elsewhere.
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