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In this paper, we demonstrate a novel synthetic route of two bismuth chalcogenide materials 3-D
hexagonal BiyzSigl, and 3-D orthorhombic BiSI, and investigate their potential as the active electrode
material for supercapacitors. Both pure BiSI and Bi;3Sigl, powders were obtained for the first time at
relatively low temperature (120 °C) in a solution system. We studied the effects of different reaction
conditions on the surface morphology of the product and found that at a relatively low temperature of
120 °C under atmospheric pressure, the materials can yield smaller crystallite size and higher specific
surface area, further increasing the capacitance compared to the synthesis under hydrothermal
conditions. Cyclic voltammetry and galvanostatic charge—discharge measurements of the materials were
studied using three-electrode and two-electrode configurations at a variety of currents. The galvanostatic
charge—discharge measurement results show that the BijzSigl, electrode has a maximum areal capaci-
tance of 247 mF cm™2 at the current density of 5 mA cm™2 and excellent capacitance retention of 98.4%
after 5000 cycles at the current density of 50 mA cm™2 in 3.0 M KOH electrolyte as a two-electrode
electrical double-layer capacitor system (EDLC). The BiSI and Bi;zSigl, powders have been characterized
through PXRD, XPS, Raman spectroscopy, TGA-DSC, BET, SEM and TEM. This facile route to the synth-
esis of both Bi;3Sigl, and BiSI with superior stability has promising potential for low-cost and effective

Received 24th June 2020,
Accepted 4th September 2020

DOI: 10.1039/d0tc02993a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 04 September 2020. Downloaded by Fail Open on 7/23/2025 10:07:17 AM.

(cc)

rsc.li/materials-c

Introduction

In recent years, the demand for efficient, economical and
environmentally-friendly energy storage systems for electronics,
electric vehicles and smart sustainable energy grid applications
has grown dramatically, and the design and development of
sustainable energy storage devices has become an important
research area.'” Supercapacitors and batteries are the most
widely used in electronic devices and electric vehicles, in terms
of the available different types of electrochemical energy storage
devices. Traditionally, supercapacitors have been considered as
power supplies with high power capability but low energy
density when compared with batteries.”® Much effort has been
put into improving the energy density of supercapacitors, in
which asymmetric hybrid systems have been extensively studied
by combining faradaic-type rechargeable battery electrodes with
double-layer charge storage carbon electrodes.” ' Bi-Based
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electrochemical supercapacitor applications.

materials are considered as potential candidates for supercapa-
citors due to the low toxicity, high electrochemical stability, high
redox reversibility and relatively high power. Specifically, Bi,O53
and Bi,S; have been shown to have promise in supercapacitors
and electrochemical devices.'*™® Bi,S; is known to exhibit a
very diverse range of crystal forms, including nanorods and
nanoribbons that can be tuned to enhance the performance of
the active electrode material in supercapacitors, generally in a
pseudocapacitor mode.'”>° Among the common Bi-based chal-
cogenides, BiSI has been studied as a potential photovoltaic
material due to its n-type semiconductor properties and
high absorption coefficient. However, the possibility of BiSI in
capacitor applications has not been studied. In addition, the
manufacture of bismuth chalcogenides typically requires high
annealing temperatures and a multi-step procedure, which
makes economic feasibility very low. For example, synthesis of
BiSI required a Pyrex tube which was flame-sealed under
vacuum while in an ice bath to prevent loss of I, vapor or to
be heated to 900 K.>' ¢ Recently, a solvothermal synthesis route
was reported, however this still requires sealed and pressure
conditions.?”

To the best of our knowledge, a simple one-step, moderate-
temperature solution synthesis route has not been reported.
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In this paper, we report the controlled synthesis of two
different bismuth chalcogenide materials, BiSI and Bi;3S;5l,,
from solution in a single and facile step. Their electrochemical
performance as electrode materials for supercapacitors was
tested in 3.0 M KOH electrolyte, using both a three-electrode
system and a two-electrode electrical double-layer capacitor
(EDLC) system. Improved supercapacitor performances were
shown by the materials prepared in an open beaker under mild
conditions (BiSI-b, Bi;3S;gl,-b) compared with control samples
prepared in an autoclave (BiSI-a, Bi;3S;gl,-a). Operating as a
pseudocapacitor, the BiSI-b electrode shows the highest specific
capacitance of 128 F ¢~ ' among four prepared electrodes at a
current density of 2.0 A g~ " and excellent capacitance retention
of 78.5% over 2000 cycles at a current density of 10.0 Ag™ " in a
three-electrode system. The Bi;3S;3l,-b electrode as the active
material in EDLC-type supercapacitors achieved a superior cycle
stability with 98.4% capacitance retention after 5000 cycles at a
current density of 50 mA cm ™~ and a highest areal capacitance
of 247 mF ecm ™2 at a current density of 5 mA cm ™ 2. This is more
than 4 times higher compared with our previously reported
thin-film Bi;3S;sl, electrode®® (53.65 mF cm ™2 at 2 mA cm ™).

Results and discussion

The two bismuth chalcogenide iodide materials, labelled BiSI-b
and Bi;3S;5l,-b, were prepared by a novel one step synthesis
route at relatively low temperatures in an open beaker, as
described in the Experimental section. For comparison we will
also present results from the same materials synthesized using
an autoclave at 160 °C, and labelled BiSI-a and Bi;3S;sl,-a.
Fig. 1A shows PXRD patterns of the as-prepared materials BiSI-a
and BiSI-b and confirms both samples contain BiSI. Refine-
ment of the PXRD data using a least squares refinement
procedure was carried out in space group Pnam. The refined
unit cell parameters for BiSI-a are a = 8.501(3) A, b = 10.244(4) A
and ¢ = 4.172(2) A and for BiSi-b, a = 8.497(2) A, b = 10.243(3) A
and ¢ = 4.171(2) A. These are in in good agreement with
standard literature values (a = 8.5138 A, b = 10.2639 A and
¢ = 4.1742 A), (ICDD PDF card no. 43-652).>° The samples
generally showed very good phase purity, although for the
BiSI-a sample, weak diffraction peaks at 15.7°, 23.7°, 24.9°
and 28.6° were also observed, which can be matched to the
presence of Bi,S; as a minor impurity phase.

Comparison of the PXRD patterns of the Bi;3S;gl,-a and
Biy3S:13l,-b to a standard pattern are shown in Fig. 1B. Both
datasets were refined using a least squares refinement proce-
dure in the primitive trigonal space group P3, with the refined
unit cell parameters for Bij3Sqgl,-a: a = 15.634(6) A and ¢ =
4.014(2) A, and for Biy;S;5l,-b: a = 15.63(2) A, and ¢ = 4.011(3) A.
The refined values are in good agreement with values published
by Groom et al. (a = 15.612 A, and ¢ = 4.0168 A, ICSD collection
number 243730).>' The PXRD pattern collected on Bi;3S;5l,-a
had the presence of weak impurity peaks at 15.7° 22.4° and
25.2° 20, which could be attributed to the presence of Bi,S;.
Bi;3S13l, has been previously reported as having the formula
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Fig. 1 PXRD patterns of the as-prepared BiSI powder (A) and BijzSigls
powder (B).

[Bi(BisSs)ols]a/3,"" Bi1oSy715%° and Bi;3Si4l,>> we adopted the
formula Bi;3S;51,>" which contains [Bi,]*" dimers and its unit
cell is shown in Fig. S1 (ESIY).

We also analyzed the products from syntheses of the BiSI
material carried out at different temperatures, 60 °C, 90 °C,
120 °C and 150 °C, using PXRD and the data are presented in
Fig. S1 (ESIT). This shows that at a lower synthesis temperature
of 60 °C, Bi*" ions react directly with I~ and oxygen in the air,
forming BiOI rather than BiSI. As the temperature rises, Bi*"
starts to react with thioacetamide to form BiSI; at 90 °C the
product is a mixture of BiOI and BiSI. When the reaction
temperature is too high, reaching 150 °C, the decomposition
of thioacetamide is too fast, and only Bi,S; is formed. Only
controlling the temperature at 120 °C for 1 hour was found
to form pure BiSI without the presence of BiOI or Bi,Ss.
The suggested synthesis route is:

Bi*" + CH3C(S)NH, + H,0 + I — BiSI + CH;C(O)NH, + 2H"
Fig. 2 shows SEM images of BiSI and Bi;3S;5l, samples, with
both having needle-like morphologies. BiSI-a presents as bundles

of needles, with each needle having a length of 10 to 30 pm,
whereas for BiSI-b, the needles are dispersed, and each needle

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 SEM micrographs of, Bij3Sigl>-a (A) and BiyzSiglo-b (B) BiSl-a (C),
BiSI-b (D).

has a length of about 1 to 2 um, much smaller than the length of
the BiSI-a needles. As shown in Fig. 2A, the morphology of
Bi;3Sigl,-a can be described as flower-like, formed by needle-
like branches, each of which has a length of about 1 to 2 um. This
significantly increases the specific surface area when compared
to the BiSI samples. A flower-like microstructure is reported to
allow the construction of high performance electrodes because of
the significant connection between the crystallites, which will
facilitate the conduction of charge in the active material layer.*"
Bi;3Sigl,-b also shows a flowerlike morphology similar to
Bi;3S15l-a, not formed by needles, but instead through inter-
connection of sheet-like nanoparticles of around 60 nm length.
This special three-dimensional flower shape not only increases
the specific surface area, but also improves the performance as
supercapacitor (vide infra); the interstitial spaces between the
nanoparticles in the structure can provide more channels for
electrolyte ions to access and more electroactive sites, while the
sheet structure formed by the nanorods can reduce the internal
resistance.*>

TEM was used to study the morphology of BiSI-b and
Bi;3S:5l,-b in more detail, (Fig. 3). It can be clearly seen that
BiSI-b has a single needle like morphology with a length of
around 550 nm. The high resolution TEM image presented in
Fig. 3B of BiSI-b clearly shows two different sets of lattice
fringes, with measured interplanar spacings of 0.30 nm, corres-
ponding to the (121) crystallographic plane of BiSI, and
0.44 nm, corresponding to the (120) crystallographic plane.
These are two of the most intense reflections observed by PXRD
(Fig. 1). The corresponding selected-area electron diffraction
(SAED) patterns of BiSI-b (inset in Fig. 3B) shows that the BiSI-b
sample has a 3-D orthorhombic structure. It can be seen from
Fig. 3D that the sheet-like structure of Bi;3S;5l,-b is formed by
nanorod with a length from 50 nm to 120 nm. The high

This journal is © The Royal Society of Chemistry 2020
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resolution TEM image of Bi;j3Sigl,-b, presented in Fig. 3F,
shows a single crystallographic plane (130) with a measured
interplanar spacing of 0.375 nm, consistent with the most
intense reflection observed by PXRD (Fig. 1). The corres-
ponding SAED pattern (inset in Fig. 3E) shows a 3-D hexagonal
structure indicated good crystallinity. The corresponding Bi, S
and I elemental maps in Fig. 3G and H, show the three
elements are very uniform, further demonstrating the homo-
geneous growth of pure BiSI and Bi;3S:gl, crystals during
synthesis instead of a mixture of different materials containing
these elements in different proportions.

Raman spectra were collected on several samples of BiSI-b
and Biy3S;5l,-b over the wavenumber range 60-500 cm ™" and
sample datasets are shown in Fig. 4. Both BiSI-b and Bi;3S;gl,-b
show low energy Bi-S vibrational modes at 220 cm ' and
280 cm ™!, which are similar to Bi,S;.** Kalpen et al. reported
that a Bi—Bi stretching mode can be observed between 102 and
108 cm ™" due to the presence of Bi,*" dimers.*® A strong peak is
observed at 106 cm ™ * in the spectrum of Bi;3S;5l,-b, confirming
the presence of Bi,** dimers in this structure. The comparison
of BiSI-a, BiSI-b, Bi;3S:5l,-a and Bi;3S;5l,-b (Fig. S2, ESIT) shows
that both synthetic routes give similar spectra, and the bands
observed fit with those for Bi-S and Bi-Bi for the BiSI and
Bi;3S:5], phases.

Thermogravimetric analysis (TGA) was carried out to con-
firm the purity of prepared BiSI and Bi;3S:5I, samples. The TGA
data collected on heating BiSI-b and Bi;3S15l,-b samples to
800 °C under a nitrogen gas flow, are presented in Fig. 5 and
their DSC-TGA data are shown in Fig. S3 (ESIT). The TGA data
collected on BiSI show that the decomposition has three
distinct stages; the first stage is between 370 °C and 440 °C,
the second stage is between 440 °C and 595 °C and the third
stage occurs above 595 °C. The decomposition of Bi;3S;gl, has
two stages which are consistent with the second and third
decomposition stages of BiSI. To monitor the decomposition
processes and determine the phases that form on heating both
of these materials, PXRD data were collected on separate
samples that were heated to 440 °C and 600 °C, which were
found to be temperatures where weight loss events occurred
during the TGA experiments. The results from analysis of the
PXRD data collected on samples from the ex situ heating
experiments show that at 440 °C, BiSI has transformed to
Bi;3S:gl, and its PXRD pattern is shown in Fig. S4 (ESIT).
When Bi;;S;gl, was heated to 600 °C, it decomposes to Bi,S;,
which also requires a redox reaction to convert Bi* to Bi*". This
disproportionation reaction produced Bi and Bi,S; and Bils.
PXRD data which were collected at 600 °C are shown in Fig. S4
(ESIY), indicating that Bi,S; and Bi were formed. After heating
to 800 °C and cooling to room temperature, only small white
metallic balls remained. The decomposition reactions of the
three stages are:

36BiSI(s) — 2Bi13S1sly(s) + 10Bils(g) + (g) (1)
3Bi1381812(s) - 18Bi253(s) + ZBilg(g) + Bi(l) (2)

Bi,S5(s) — 2Bi(l) + 35(g) (3)

J. Mater. Chem. C, 2020, 8,13253-13262 | 13255
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Fig. 3 TEM images of BiSI-b (A and B) and Biy3S1gl>-b (D and E) and HRTEM images of BiSI-b and B;;13S1gl2-b (C from the red square of image B and F from
the red square of image E), with their corresponding elemental maps BiSI-b (G) and Bi;13S1gl2-b (H) respectively.
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The experimental weight loss values and the theoretical
weight loss values, calculated from the above three equations,
are shown in Table S1 (ESIt). It can be seen that the experi-
mental weight loss values are consistent with the theoretical
calculated values, which confirms the decomposition steps
outlined above.

Fig. 6 presents the X-ray photoelectron spectra (XPS) of BiSI
and Bi;3S3l, powders. Comparing the Bi 4f orbital bonding
energy of Bi;3S;sl, with BiSI, the values are shifted to lower
energy, whereas the bonding energy of S 2s is shifted to higher
energy from 225.83 eV to 227.31 eV. Table S2 (ESIT) tabulates
the observed experimental atomic percentages of specific bis-
muth, iodine, and sulfur in the powder and the values agree
closely with the theoretical atomic composition of BiSI and
Bi;3S:3],. This indicates high purity BiSI and Bi;3S;sI, materials
have been synthesized.
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Fig. 6 High resolution X-ray photoelectron spectrum of Bi 4f (A), S 2p (B)
and | 3d (C) for BiSI-b and Bi;3S:glo-b powder; specific peaks are labelled.
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Typical nitrogen adsorption-desorption isotherms for BiSI
and Bi;3S;3], powder are shown in Fig. 7. After analysis based
on the Brunauer-Emmett-Teller (BET) equation:**

1 1 1
VI(Po/P) — 1] Ve ' Vc(P/Po)
where P and P, are the equilibrium and the saturation pressure
of the adsorption at the temperature of adsorption, V is the
adsorbed gas quantity, V;,, is the maximum monolayer adsorp-
tion quantity, ¢ is the BET constant, the specific surface areas
for BiSI-a, BiSI-b, Bi;3S:3l,-a and Bi;3S;gl,-b are calculated as
521 m* g7, 5.86 m* ¢ ', 12.27 m> ¢”" and 14.98 m*> g~*
respectively. It can be seen from Fig. 7 that both BiSI-b and
Bi;3S151,-» have smaller pore size than BiSI-a and Bi;3S:5l,-4,
which indicates our novel synthetic route has increased the
surface area and reduced the pore size of BiSI and Bi;3S;gl,
samples compared with the autoclave route. The Bi;3Sigl,-b
sample has an average pore diameter of around 17 nm in the
range of 2-50 nm which is considered as the ideal structure as
EDLC electrodes.>®
The BiSI and Bi;3S;gl, samples were first tested as electrode
materials for supercapacitors using a three-electrode system at
room temperature, which is appropriate to give an overview of
processes at different potentials. Fig. 8A and C show a series of
CV profiles measuring the BiSI-b sample over a potential
window of —1.0 to 0 V vs. Ag/AgCl with scan rates from 10 to
100 mV s~ '. At more negative potentials, the CV profiles are
different to the conventional rectangles for EDLC, suggesting
pseudo-capacitive features. CV profiles consist of one reduction
peak and two oxidation zones. In detail, for the case of low scan
rate of 10 mV s~ ', the reduction peak (R1) is located at —1 V,
which is caused by the reduction of Bi** to Bi; furthermore,
there are two oxidation peaks; O1 at —0.62 V and O2 at —0.42 V.
These can be assigned to the oxidation process of Bi° — Bi* and
Bi" — Bi’*", respectively.*®*” With increasing scan rate, the CV
curve of sample BiSI-b shows oxidation peaks shifting to a more
positive potential while reduction peaks shift to a more nega-
tive potential, as shown in Fig. 8A. This phenomenon is very
common for CV curves, mainly derived from their iR drops or
ion diffusion.’®
Fig. 8B displays overall galvanostatic charge-discharge
(GCD) profiles of the BiSI-b sample at various current densities,
between 2 and ~10 A g ', while designating a potential
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Fig. 7 Nitrogen adsorption—desorption isotherms (A) and pore size
distribution (B) for BiSI and Bi;3S:gl> powder.
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Fig. 8 Cyclic voltammograms collected at different scan rates for BiSI-b
and BizSiglo-b electrode (A and C) and their charge—discharge curves at
various current densities (B and D).

window of —1.0 to ~0 V. GCD profiles present unique charging-
discharging features, with asymmetric curves differing from
typical triangular outlines, which indicate pseudo-capacitive
characteristics. For the dis-charging stage, there are two quite
distinct processes including a steep voltage drop and gradual
voltage drop. The former steep voltage drop is very different to
the triangular outline, probably due to the internal resistance,
while the latter originated from the involvement of a quasi-
faradaic process in the sample. Other kinds of bismuth-based
compounds, such as Bi,0;'* and SWCNT/BivO,** composites,
are also reported to exhibit approximate pseudo-capacitive GCD
behaviour. The specific capacitances were also calculated from
the slope of the discharge curves according to:*°
—1 l
Cspeciﬁc[:] (F g ) = T
a9 <

_ i
Careal[:] (F cm 2) =
— x Area

dr

where i is the constant current (A), dV/d¢ is the slope of the
discharge curve taken in the voltage range 0-1 V for consistency,
area is the average geometric area of the two electrodes (cm?) and
m is combined mass of the active material on the working
electrode (g). The specific capacitances of the BiSI-b electrode
were 128 Fg~ ', 121 Fg ', 106 Fg ;100 F g ' and 90 F g~ " with
increasing current densities from 2 A g to 10 A g ', which
suggests that the specific capacitance of the electrode decreases
with increase in current density. The specific capacitances of the
Bi;3S,5l,-b electrode were 86 Fg ', 78 Fg ™', 76 Fg~ ', 72 F ¢~ ' and
59 F g~ ' with increasing current densities from2Ag ' to 10Ag™ "

To further investigate the electrochemical performance, the
prepared BiSI and Bi;3S;3I, samples were tested under a two-
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Fig. 9 Cyclic voltammograms collected at different scan rates for BiSI-b
and Biy3Siglo-b electrode as EDLC (A and C) and their charge—discharge
curves at various current densities (B and D).

electrode system at room temperature, which is the configu-
ration of an actual supercapacitor device. As shown in Fig. 9,
the CV and GCD curves measured in the two-electrode system
showed significant changes in shape compared with those
achieved in the three-electrode system (Fig. 8), and the CV
showed significant rectangular features. This is due to the
controlled voltage range such that we are no longer scanning
into the range where faradaic processes occur. GCD shows a
distinct triangle, which is a feature of EDLC, free of faradaic
processes that generally lead to poor stability. The area and
specific capacitance of the device were calculated. When the
scan rate was increased from 0.01 V s™* to 0.1 V s~ %, the
capacitance of the electrode was reduced. The reduction in
capacitance is a common feature of EDLC, which is caused by
different time states of charge transport and ion diffusion at
different scan rates. At lower scan rates, the electrolytic ions
have enough time to diffuse into the pores in the active
material layer, increasing charge build up and increasing
capacitance. At higher scan rates, charge accumulation is
limited to the electrode surface, reducing the capacitance of
the electrode.

The galvanostatic charge-discharge measurements were
carried out over a —0.4 to 0.4 V window, with current densities
varying from 5 mA cm™” to 50 mA cm > (Fig. 9B and D).
The charge-discharge curves of Bi;3S;gl,-b and BiSI-b electrodes
are largely symmetric and the discharge curve displays remark-
able linearity following an initial iR drop even at the lowest
current densities, corroborating the non-faradaic EDLC beha-
viour. The areal capacitances of the BiSI-b device were from
168 mF cm > to 99 mF cm ™2, and the specific capacitances of
the Bi;3S;5l,-b device were 247 mF cm ™ 2 to 202 mF cm ™2 with
increasing current densities from 5 mA cm™> to 50 mA cm >
The energy density and power density calculated from galvano-
static charge and discharge measurements are summarized in

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Variation of specific capacitance of BiSl-a, BiSI-b, Bij3S;gl>-a and
Bi13S1gl2-b electrodes at different discharge current density in pseudo-
capacitor system (A) and EDLC system (B).

Table S3 (ESIt), which shows that the BiSI-b electrode has a
calculated energy density of 22.2 W h kg™ with a high power
density of 3.15 kW kg™ as a pseudo-capacitor, and the Bi;3S;gl,-b
electrode shows a calculated energy density of 2.7 W h kg~ with
a high power density of 3.98 kW kg " as EDLC.

The comparison of specific capacitance of four BiSI and
Bi;3S1g], electrodes in pseudo-capacitor system is shown in
Fig. 10A and areal capacitance in EDLC system is shown in
Fig. 10B at different discharge current density. Fig. 10B shows
that compared with BiSI electrodes, both samples of Bi;3Sigl,
prepared as electrodes have much larger areal capacitance and
better capacitance retention with increased discharge current
density, especially so for sample Bi;3S;5l,-b. Electrochemical
performance is affected by the electrode morphology and the
size of the active material. Nanoparticles of about 20 nm can
increase the capacitance of EDLC.*" From the SEM image, we
have shown that Bi;3S;gI,-b particles have the smallest size of
around 40 nm, which can effectively shorten the nanoscale
electron diffusion length during the charge and discharge
process. This will improve the electrochemical utilization rate,
the interface contact and reduce the internal resistance. At the
same time, the large surface area is beneficial to increase the
capacitance of the EDLC. Bi;3S;3],-b has the largest surface area
of the four electrodes tested here, which may be another
important factor to improve its capacitance. Comparing the
two synthetic routes, the capacitance of the two samples (BiSI-a
and Biy3S:5l,-a) synthesized by a hydrothermal method at
160 °C is smaller than the same component yielded by our
facile solution reaction route at 120 °C.

The long term cyclic stability of a series of BiSI and Bi;3S;5],
EDLC electrodes was measured by the galvanostatic charge/
discharge technique at a constant current density of 10 A g~*
over 5000 cycles, and the data are shown in Fig. S6 (ESIT). The
specific capacitance of four electrodes all remained over 98% of
the initial capacitance after 5000 cycles, which indicated they
have remarkable cycle stability at high current conditions over
long charge/discharge processes, especially for the Bi;3S;gl,-a
sample, which retained 99.2% of its initial capacitance. The
PXRD patterns of the BiSI-b and Bi;3S;3l,-b electrodes before
and after 5000 charge/discharge cycles as EDLC using two
electrodes (2E) and pseudo-capacitor using three electrodes
(3E) are compared in Fig. 11, and other electrodes are shown

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 PXRD patterns of (blue) as-prepared BiSI-b and Bi;3S:gl>-b elec-
trode on carbon paper and the electrodes after 2000 cycles (in three
electrodes) and 5000 cycles (in two electrodes) stability test. Standard BiSI:
ICDD PDF card no. 45-652 and Bi;3S:gl,: ICDD PDF card no. 73-1157.

in Fig. S6 (ESIT). It can be clearly seen that the PXRD patterns of
both BiSI and Bi;3Sgl, electrode as EDLC (2E) have not
significantly changed after 5000 cycles, indicating much of
the starting bismuth sulfide iodide materials remain, especially
for the Bi;3S:51,-b sample. However, the PXRD patterns of the
electrodes, when operated as a pseudo-capacitor (3E) by using a
larger voltage range, shows that most of the BiSI and Bi;3S;5l,
peaks have disappeared and new peaks are observed due to the
formation of Bi during a faradaic reaction. SEM images of
Bi;3S15l5-b electrode after undergoing the 5000 cycles as EDLC
indicate that the surface coverage of the carbon paper with the
activated Bi;3S;gl, remained largely the same after cycling
(Fig. S7, ESIt). Moreover, the EDS results in Fig. S7 (ESIf) of
three points on the electrode after 5000 EDLC cycles, show
that the elemental composition of the active material on the
electrode surface is basically the same as before the cycling.
This proves that there is no chemical reaction process during
the charge/discharge cycle, resulting in its excellent capacitance
retention. This is consistent with the results from analysis
of PXRD data and SEM images on the Bi;3S;3I, material after
5000 cycles. Conversely, the SEM image of electrodes after
2000 pseudo-capacitor cycles (Fig. S7, ESIt) shows that the
~1 um length needle-like Bi;3S;5l, structure has disappeared
and has been replaced by nanoparticles of around 300 nm.
Further EDS results (Fig. S7, ESIT) shows that the peaks relating
to the presence of S and I disappear, with only the peaks relating
to the presence of Bi remaining. This is consistent with the
results from analysis of PXRD data and SEM images and is
explained by the significant decrease of stability caused by the
irreversible faradaic reaction in the pseudo-capacitor system.
Electrochemical impedance spectroscopy (EIS) was carried
out in the three-electrode test system to characterize the
physical and electrochemical processes of the BiSI and Bi;3S;5l,
electrodes as supercapacitors in response to AC currents at
different frequencies. All EIS measurements were conducted at
their open circuit potential with an AC amplitude of 10 mV ata
frequency of 150 kHz to 0.1 Hz. The Nyquist plot of the BiSI and
Bi;3S43], electrodes both show a typical faradaic pseudocapaci-
tance behavior with a semicircle in the high frequency region,
and a line towards vertical in the low frequency region in
Fig. 12A, which is close to a mixture of typical battery
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Fig. 12 Experimental Nyquist plots of BiSI-b and Bij3Siglo-b electrodes
before and after 2000 cycles in tree electrodes system (A) and after
5000 cycles in EDLC system (B), with equivalent circuit inserted.

characteristic and capacitor behaviour.*> The intercept of the
semicircle at the high frequency end of the real axis (Z) gives
the value of R in the equivalent circuit, indicating the com-
bined resistance due to the resistance in the KOH electrolyte
and the current collector. This is usually referred to as the
equivalent series resistance (ESR). Since all charge transfer
during charge-discharge occurs through the electrolyte, Ry is
connected in series with other circuit components and found to
be approximately 1.24 Q to 1.52 Q. The diameter of the
semicircle and curvature are simulated with resistor R, in
parallel with a constant phase element Cq4 to indicate two
possible behaviors of the electrolyte during charging and dis-
charging. At moderate frequencies, the ions penetrate the active
layer of the electrodes, introducing R.. with a calculated value
of 3.01 Q (Biy3S151-h), 3.22 Q (BiSI-b), 3.52 Q (Biy3S:sl,-b after
2000 cycles) and 3.94 Q (BiSI-b after 2000 cycles), which was
analysed based on the diameter of semicircle, representing the
charge transfer resistance and the bulk resistance of the active
material and electrode pores. The R.. of Bi;3Sqg], electrode is
smaller than the BiSI electrode, which may be due to the
smaller particle size of Bi;3S;3], leading to smaller bulk resis-
tance. At lower frequencies, the ions can diffuse into the narrow
pores of the porous electrode and the slope of the line repre-
sents diffuse layer resistance including double layer formation
and ion diffusion process. Nyquist plots of the BiSI and
Bi;3S13], electrodes both show typical EDLC behaviour in EDLC
test system with quasi-vertical line in Fig. 12B.**™*> It can be
seen from the enlarged image of high frequency area in Fig. 12B
that both BiSI-b and Bi;3S;3],-b have a very small semicircle and
its diameter is assigned to the electrolyte resistance in the pores
of the electrodes.*® After 5000 cycles, the Nyquist plot of both
BiSI-b and Bi;3S:3l,-b are basically the same as before the
cycles, indicating good cycle stability. The electrolyte resistance
in the pores of the electrodes slightly increased after cycles.
This may be because the electrolyte enters the lattice of the
electrode material during the cycling process, which reduces
the conductivity of the electrode material in the pore of the
electrodes.

Conclusions

We have demonstrated the first low-temperature, and solution-
based synthesis of the bismuth chalcogenide materials, BiSI
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and Bi;3S;5l,. We systematically studied the effect of reaction
temperature and time on the reaction product and found the
optimum reaction conditions for the synthesis of pure BiSI and
Bi;3S:1gl, powders is at 120 °C for one hour. We have characterized
the electrodes to show the potential range of both faradaic
pseudo-capacitances and non-faradaic EDLC behaviour using a
mass load (4-5 mg ecm™?) of BiSI and Biy3S;l, active materials and
3 M KOH as the electrolyte. In two-electrode devices, all BiSI and
Bi;3Bygl, EDLCs have excellent capacitance retention, especially
the Bi;3B;gl, capacitor, which has a capacitance of 247 mF cm 2
at the current density of 5 mA cm™> and an excellent capacitance
retention of 98.4% after 5000 cycles. Furthermore, all samples
formed using our straightforward, ambient-pressure synthetic
route have higher specific surface area and higher specific capa-
citance than the samples using a hydrothermal route at high
pressure. For the first time, we have shown that BiSI and Bi;3S;3l,
materials can be integrated into low-cost promising energy sto-
rage devices with excellent long-term cycle stability and we have
removed the need for high pressure and high temperature to
synthesise BiSI and Bi;3S;gl,, making large-scale industrial pro-
duction possible. In addition, this new synthesis route allows
much further optimization to be carried out through blending
these bismuth chalcogenide materials with other materials, opti-
mizing the electrolyte and making asymmetric supercapacitors to
further enhance the performance.

Experimental
Synthesis and characterization

All reagents were obtained from commercial suppliers (Acros
Organics, Sigma Aldrich, Fluka) and used as received unless
otherwise stated. Solvents used were of analytical grade (Sigma
Aldrich, Fisher Scientific,c VWR Chemicals, and Cambridge
Isotope Laboratories).

Two different routes were used to synthesize BiSI. First, 4.4 g
(58 mmol) thiourea and 5.1 g (20 mmol) I, were mixed and
ground in a mortar and pestle for 20 minutes. This powder
mixture and 9.7 g (20 mmol) Bi(NOj3)3-5H,0 were transferred to
a 100 mL Teflon-lined autoclave with 60 mL deionized water.
The autoclave was heated to 160 °C for 15 hours and was then
cooled to room temperature. The final product was washed and
centrifuged several times with ethanol and deionized water until
the liquid became clear. The precipitate was dried in an oven at
70 °C for 8 hours. The product of this route will be known as
BiSI-a with a yield of 71%. The second route is to dissolve
0.485 g (1.0 mmol) Bi(NO3);-5H,0 in 20 mL deionized water and
heat to 120 °C. This solution was slowly added to a mixture of
0.17 g (1.0 mmol) KI and 0.2 g (2.7 mmol) thioacetamide (TAA)
in 20 mL deionized water which was already heated to 120 °C.
The pH value of the solution was adjusted to 1 by acetic acid.
After heating for 1 hour at 120 °C, the precipitate was washed
and dried using the same process as the first route and the final
product will be known as BiSI-b with a yield of 82%.

Two different synthetic routes were also employed to synthe-
size Bi;3S;gl,. First, 1.27 g (0.5 mmol) I, were ground for
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5 minutes. This I, powder, 4.56 g (0.06 mmol) thiourea and 9.7 g
(2.0 mmol) Bi(NO3)3-5H,0 were transferred to a 100 mL Teflon-
lined autoclave with 40 mL deionized water. The autoclave was
heated to 160 °C for 15 hours and then cooled to room
temperature. The final product was washed and centrifuged
several times with ethanol and DI water until the liquid became
clear. The precipitate was dried in an oven at 70 °C for 8 hours
and will be known as Bi;3S;gl,-a with a yield of 68%. The second
route for synthesis of Bi;3S;5I, was to dissolve 0.485 g (1.0 mmol)
Bi(NO;);-5H,0 in 20 mL DI water to form a suspension and
heated to 120 °C. The suspension was slowly added to a mixture
of 0.03 g (0.18 mmol) KI and 0.2 g (2.7 mmol) thioacetamide
(TAA) in 20 mL deionized water in a 100 mL beaker which was
already heated to 120 °C. The pH of the solution was adjusted to
1 by acetic acid. After heating the solution for 1 hour at 120 °C,
the precipitate formed was washed and dried using the same
process as the first route and the final product was marked as
Bi;3S15l,-b with a yield of 77%.

Powder X-ray diffraction (PXRD) data were collected using a
Bruker (D2 Advance) diffractometer with Cu-Ko radiation (4 =
1.5418 A), at room temperature over a 2-theta range of 5° to 60°,
with a stepsize of 0.1° and a count time of 0.45 s per step. X-ray
photoelectron spectra were acquired using a Thermo Scientific
(VG Sigma Probe) XPS spectrometer with monochromatic Al-Ko
as the source of X-rays. Scanning electron microscopy was
carried out using a Zeiss (SIGMA HD VP) Field Emission-
Scanning Electron Microscope (SEM) operating with an accel-
erating voltage of 10 kV. Transmission Electron Microscopy
(TEM) and Electron Dispersive Spectroscopy (EDS) were carried
using a FEI Titan Themis microscope operating with an accel-
erating voltage of 200 kV. Nitrogen adsorption experiments
were carried out to determine specific surface areas of the
samples using a JWGB SCI. & TECH BK132F automatic adsorp-
tion instrument. Raman spectra were acquired using a
Renishaw in Via Raman Microscope with an excitation laser
wavelength of 785 nm and a spectral resolution of approxi-
mately 1 cm™'. The TGA-DSC experiments were carried out
using a TA Instruments SDT Q600, samples were heated from
room temperature to 800 °C under flowing Nitrogen with a
ramp rate of 10 degree per minute.

Measurement of electrochemical properties

The working electrodes for both the three electrodes system
and two-electrode EDLC system were prepared by mixing BiSI
and Bi;3S;gl, powder with activated charcoal powder and PTFE
powder in 1 mL ethanol as the solvent to make a final Bi;3S;5l,:
charcoal : PTFE mixture with a weight ratio of 85:10:5. The
resulting suspended solution was sonicated until homoge-
nized, and around 200 pL was drop-coated onto 1 cm” con-
ductive carbon paper (ELAT, NuVant Systems Inc.) substrate
and dried at 90 °C for 6 hours. The active mass of deposited
BiSI-a, BiSI-b, Bi;3S1gl,-a and Bi;3S;51,-b electrodes were 4.4 mg,
4.0 mg, 4.5 mg and 4.4 mg, respectively, used for all subsequent
calculations. When assembling the EDLC, two coated electro-
des were separated by a thin polymer separator (Celgard 3501)
pre-soaked in a 3.0 M KOH aqueous electrolyte solution and
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then sandwiched in a symmetrically-assembled capacitor test
cell (ECC-std, EL-CELL GmbH). In the three-electrode system,
Ag/AgCl (3.0 M KCl) and a Pt wire were used as the reference
and counter electrode, respectively with 3.0 M KOH aqueous
electrolyte. Cyclic voltammetry (CV), galvanostatic charge/dis-
charge measurements and electrochemical impedance spectro-
scopy (EIS) were carried out using an Autolab electrochemical
work station with FRA2 module using General Purpose Electro-
chemical System (GPES) and Frequency Response Analyser
(FRA) software.
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