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ABSTRACT: Bi,S; and Sb,S; nanoparticles were prepared by

microwave irradiation of single-source precursor complexes in the s N/OH

presence of ethylene glycol as a coordinating solvent. The as- N__§ D - GCEBare

synthesized nanoparticles were characterized by X-ray diffraction HO ¢ N/ —§

(XRD), transmission electron microscopy (TEM), scanning / \

electron microscopy (SEM) coupled with energy-dispersive X-ray SYS

(EDX), photoluminescence (PL), and UV—vis near-infrared (NIR) [ M= Bi,Sb | N %:'yclsl" ¢

spectroscopy. Their electrochemical potential was examined in OH :

[Fe(CN)]*"/[Fe(CN)]*" by cyclic and square wave voltammetry T o W G T T
. . E/V (Ag/Agcl Vs sat'd KCI)

(CV and SWV) and electrochemical impedance spectroscopy : o

(EIS). GCEBi,S; and GCESb,S; exhibit promising electrochemical Microwave

performance and a higher specific capacitance of about 700—800
F/g in [Fe(CN)]*"/[Fe(CN)J’. Thin films of Bi,S; and Sb,S; were
successfully incorporated in the fabrication of solar cell devices. The fabricated device using Bi,S; (under 100 mW/cm?) showed a
power conversion efficiency (PCE) of 0.39%, with a V. of 0.96 V, a J. of 0.00228 mA/cm’, and an FF of 44%. In addition, the
device exhibits nonlinear current density—voltage characteristics, indicating that Bi,S; was experiencing a Schottky contact. The
Sb,S;-based solar cell device showed no connection in the dark and under illumination. Therefore, no efficiency was recorded for the
device using Sb,S;, which indicated the ohmic nature of the film. This might be due to the current leakage caused by poor coverage.
The nanoparticles were found to induce similar responses to the conventional semiconductor nanomaterials in relation to
photoelectrochemistry. The present study indicates that Bi,S; and Sb,S; nanoparticles are promising semiconductor materials for
developing optoelectronic and electrochemical devices as the films experience Schottky and Ohmic contacts.

1. INTRODUCTION them superior materials compared to other semiconductors
such as CdS and PbS™'" from the application point of view.
In the past few decades, metal sulfide-based solar cells have
emerged as the most promising alternative for photovoltaic
application.''” Some metal sulfides have improved electronic
conductivities than their oxide counterparts due to the lower
electronegativity of sulfur compared to that of oxygen, which
exhibit electron affinity and act as electron traps in the
structure of the nanoparticles.'” Sulfur vacancy in metal
sulfides supports the formation of defect band transition above
the valence band of nanoparticles, which provides a promising
platform for the transfer of carriers from the UV/vis to near-
infrared range of the solar spectrum.'*™'® Due to defects and
charge traps within the band gap of metal sulfides, electrons/

Binary metal chalcogenides of the type A,B; (A = As, Sb, Bi; B
=S, Se, Te) have recently attracted great attention due to their
unique optical and electronic properties.”” Amongst the metal
chalcogenides, metal sulfide nanoparticles are widely known
for their potential application as energy conversion materials.””*
Sulfides such as Bi,S; and Sb,S; are one of the most important
V—VI semiconductor nanoparticles and have great prospects in
photocatalysis, light-emitting diodes, solar cell devices,
biomedical probes, laser materials, photoluminescence (PL),
and optoelectronic materials.”® Both semiconductors have an
orthorhombic system, which could be considered as an
appropriate candidate for electrochemical and photovoltaic
applications owing to their suitable optical properties such as
band gaps (1.3 eV for Bi,S; and 1.74 eV for Sb,S;), high

stability, and absorption coefficients.”® The low band gap, Received:  April 30, 2021
good ion conductivity, and redox chemistry character of these Accepted:  June 30, 2021
nanoparticles have made them attractive materials for various Published: July 13, 2021

applications in a wide range of solar energy spectrum. In
addition, they both have high photosensitivity, nontoxic
nature, low cost, and their environmental friendliness make
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holes could result in enhanced carrier Coulombic coupling.'”
However, surplus electron/hole pairs are excited by the
absorbed excess energy to improve photoelectric sensitivity
and photocurrent capability of the material.'®"’

Several methods such as thermal decomposition, hydro-
thermal/solvothermal, biomolecule-assisted pathways, and
microwave irradiation have been developed for the synthesis
of metal sulfides, which have several application advantages in
electrochemical supercapacitors.””~>* The use of ethylene
glycol as a solvent in solvothermal synthesis has been widely
reported.”® It is a hydrophilic liquid, which is water-soluble,
and also a biocompatible organic solvent. Due to its high
polarizability, it is an excellent microwave-absorbing agent,
thereby resulting in a characteristic high heating rate and
considerably shortened reaction time.”**> In this study, we
report the preparation of Bi,S; and Sb,S; nanoparticles
through a microwave irradiation technique using ethylene
glycol as both a solvent and a capping agent; and N-methyl-N-
ethanoldithiocarbamate complexes of Bi(III) and Sb(III) were
utilized as single-source precursor compounds. Furthermore,
the photoelectrochemical activities of the nanoparticles were
studied.

2. RESULTS AND DISCUSSION

2.1. X-Ray Diffraction (XRD) Studies. Figure 1 presents
the X-ray diffraction patterns of the nanoparticles. The
diffraction pattern of Bi,S; (Figure 1a) showed that all of the
peaks corresponded to orthorhombic Bi,S; with cell
parameters a = 11.23 A b =1130 A and ¢ = 398 A; a
space group of Pbnm (62); and 20 atoms per unit cell.” It
matched very well with the powder diffraction file PDF No. 17-
0320. The significantly enhanced (2 0 2) peak compared to the
characteristic (1 3 0) diffraction peak of Bi,S; revealed that
there was a bias of orientations of the (2 0 2) crystallographic
plane.”” The sharp and well-defined peaks showed that the
synthesized Bi,S; nanoparticles were crystalline.”” The XRD
patterns of the Sb,S; nanoparticles (Figure 1b) indicated the
formation of the orthorhombic stibnite phase (JCPDS: 42-
1393).”® The structure has the lattice parameters of a = 11.23
A, b = 1131 A and ¢ = 3.84 A; and Pnma space group
symmetry with the major peaks at 26 = 28.0, 28.2, 31.1, and
31.3° corresponding to the (230), (211),(301),and (2 4
0) planes, respectively. In addition, the strong and sharp XRD
peaks were indicative of the high crystallinity of the obtained
Sb,S;. There were no other characteristic peaks ascribed to the
Sb,S,0 phase, which are sometimes observed in Sb,S;
nanoparticles prepared at elevated temperatures.”” From
XRD data, the crystallite diameters (D.) of Bi,S; and Sb,S;
nanoparticles were calculated to be 4.23 and 22.1 nm,
respectively, using the Debye—Scherrer equation (eq 1)

D =Ki/fcos b (1)

where /3 is the breadth of the observed diffraction line at its half
intensity maximum, K is the so-called shape factor and often
takes a value of about 0.9, and 4 is the wavelength of the X-ray
source that was used in XRD.

2.2. Morphological Studies. The transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM)
images of Bi,S; and Sb,S; are displayed in Figure 2. The
morphologies of Bi,S; nanoparticles (Figure 2a) were spherical
and fairly well dispersed, which could be ascribed to the good
passivation of the capping materials. The nanoparticles have
morphologies similar to the bismuth sulfide reported in the
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Figure 1. Powder XRD patterns of (a) Bi,S; and (b) Sb,S;
nanoparticles obtained using N-methyl-N-ethanoldithiocarbamate
complexes of Bi(IIl) and Sb(III) as single-source precursors.

literature.”””" Figure 2d shows that the Sb,S; nanoparticles

were also spherical and fairly dispersed but with a slight
agglomeration. Biswal and Garje reported similar morphology
for Sb,S;, which was prepared using antimony thiosemicarba-
zone as a single-source precursor and in ethylene glycol as a
capping ligand.”* The size distribution histograms of Bi,S; and
Sb,S; are presented in Figure 2b,e, which showed mean
crystallite sizes of 3.91 and 22.3 nm, respectively. The average
sizes of the prepared nanoparticles were close to the observed
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Figure 2. (a, d) TEM of Bi,S; and Sb,S;; (b, e) size distribution histograms of Bi,S; and Sb,S; and (c, f) HRTEM micrographs of Bi,S; and Sb,S;

nanoparticles.

crystallite size calculated from the XRD patterns. The HRTEM
microgram shown in Figure 2c¢ clearly displays an ortho-
rhombic Bi,S; crystal phase with the (1 2 0) plane,” whose
lattice spacing distance of 0.35 nm was well identified. Figure
2f also shows the distinct lattice fringe, whose distance of 0.39
nm corresponded to the (2 0 1) plane of the Sb,S; structure.**

The external morphology of the nanomaterials was
investigated using scanning electron microscopy (SEM)
analysis. Figure 3a presents the SEM micrograms of Bi,S;,
which showed fairly aggregated spherical particles tending
toward a grain-like morphology. The SEM image of Sb,S;
presented in Figure 3c reveals highly agglomerated particles,
resulting in coagulated fragments. Elemental composition was
determined by the energy-dispersive X-ray (EDX) measure-
ment. The corresponding EDX spectra of Bi,S; and Sb,S;
nanoparticles are presented in Figure 3b,d. The elemental
composition of the nanoparticles established that the samples
contained C, O, M (M = Bi, Sb), and S. The presence of
carbon may be due to the carbon coating of the copper grid,*
and the oxygen atom may be ascribed to long exposure to air
during analysis.*®

2.3. Optical Studies. The absorption studies of Bi,S; and
Sb,S; nanoparticles have been achieved using UV—vis—NIR
spectroscopy in the wavelength range of 200—1200 nm. The
absorption spectrum of Bi,S; presented in Figure 4a exhibited
a broad band with a peak around 589 nm and a weaker
absorption peak at 1173 nm. Figure 4c shows the absorption

spectra of Sb,S;, which exhibited a broad absorption in the
near-infrared region around 1120 nm. The optical band gap
(E,) energies were determined from the absorption coefficient
(ag and photon energy (E = hv) using eq 2

(aE)* = A(hv — E,) (2)

where A is a constant.”” The band gap energy values (Eg) were
obtained from the spectra by the extrapolation of the linear
part of the curve giving 2.17 eV for Bi,S;, which was higher
compared to the direct band gap of the bulk Bi,S; (1.3 eV)**
and this could be related to the morphology, size, and structure
of the nanoparticles. Ranjbar and Taher'” have reported
similar shifting of the band gap energy of Bi,S; to higher
values. The obtained band gap value of 2.71 eV for Sb,S; was
found to be slightly higher compared to the band gap (1.78—
2.5 eV) of the bulk material.*” The blue shift observed in the
band gap of Sb,S; suggested the particle sizes, hence resulting
in a stronger quantum confinement effect.**!

The photoluminescence spectra of the nanoparticles
measured at an excitation wavelength of 350 nm are shown
in Figure S. The spectrum of Bi,S; nanoparticles (Figure Sa)
showed a narrow emission peak at 358 nm and a small peak at
723 nm. The strong emission is ascribed to the recombination
of trapped electron—hole pairs inside a sulfur vacancy in the
valence band of the Bi,S; nanoparticles,"”” while the lower-
intensity peak may be ascribed to stoichiometric deviation in

https://doi.org/10.1021/acsomega.1c02249
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Figure 3. (3, c) SEM micrographs of Bi,S; and Sb,S;; and (b, d) EDX of Bi,S; and Sb,S; nanoparticles, respectively.

the nanoparticles. Figure Sb presents the PL spectrum of Sb,S;
with a narrow emission at 573 nm. The emission may be
attributed to a donor—acceptor transition between the
antimony vacancy and the sulfur vacancy.*

2.4. Electrochemical Characterization. To determine
the redox potential of the nanoparticles, cyclic voltammograms
of the modified glassy carbon electrodes were measured in 5
mM [Fe(CN)¢]*"/[Fe(CN)4]*~ redox couple at a potential
window between —0.4 and +1.2V, and the scan rate was 50
mV/s. Cyclic voltammetric evolution of glassy carbon-
modified electrodes in 5 mM [Fe(CN),]*"/[Fe(CN)]*~ is
shown in Figure 6. The voltammograms of bare Bi,S; and
Sb,S; nanoparticles showed a pair of redox peaks with
relatively comparable features. The anodic peaks were found
around +0.35 V and cathodic peaks were present around +0.01
V. These peaks were ascribed to the electrochemical process
associated with the [Fe(CN)¢]*/[Fe(CN)(]*~ reversible
redox probe."* The behavior is characteristic of a Nernstian
fast one-electron transfer reaction for a kinetically facile
system.” The peak separation between the cathodic and
anodic process for the redox reaction of the [Fe(CN)]*7/
[Fe(CN)]* analyte was observed to be 410 and 352 mV for
GCEBi,S3 and GCESb,S;, respectively, which was far higher
compared to the Nernstian type quasi-reversible case (56 mV).
Furthermore, the ratio of I,,/I,,. for GCEBi,S3 and GCESb,S;
was closer to 1.0, which confirmed that the electrode reaction
was reversible.*® Furthermore, the modified electrodes did not
show much change from GCEbare and, thus, the peak
observed in the presence of Bi,S; and Sb,S; could be solely

attributed to the [Fe(CN)¢]*"/[Fe(CN)¢]*~ analyte. The
cyclic voltammogram of GCESDb,S; gave the lowest peak
currents compared to the GCE. This could be attributed to the
nature of the metal involved in Sb,S; nanoparticles, which
hinders the transfer of electrons at the GCE/[Fe(CN)4]*~/*
interface.*”**

The effect of different scan rates (v) on GCEBi,S; and
GCESb,S; was investigated in a 5 mM [Fe(CN)]*/[Fe-
(CN)]*~ solution. Voltammograms of GCEBi,S; and
GCESb,S; showed a linear increase for both anodic and
cathodic peaks when the scan rate increased from 10 to 100
mV/s, which indicated that the current is dependent on the
scan rate (v). This confirmed that there exists a charge
exchange with the surface-confined and reversible immobilized
redox transition on the modified electrode. Furthermore, the
redox peak current increased linearly with the square root of
the scan rates. From the linear regression of the data fitted in
the Randles—Sevick, from which correlation coefficient (R?)
could be estimated, it was suggestive that the charge transfer
was diffusion controlled.

All of the voltammograms showed typical faradic pseudo-
capacitance behaviors fulfilled by the redox reaction, which
demonstrates that the electrochemical activity and specific
capacitance could be greatly affected by the change in the scan
rate. Furthermore, the specific capacitance is calculated from
cyclic voltammetry at a scan rate of S0 mV/s, using eq 3."

C, = IAt/mAV 3)

https://doi.org/10.1021/acsomega.1c02249
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Figure 4. (3, c) UV—vis—NIR spectra of Bi,S; and Sb,S;, and (¢, d) the corresponding Tauc plot of Bi,S; and Sb,S;, respectively.
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Figure 5. Photoluminescence spectra of (a) Bi,S; and (b) Sb,S; nanoparticles.

where C; is the specific capacitance, AV (V; — V) is the electrolyte, thereby leading to an effective build-up of redox
potential window, m is the mass of the active material, and the reaction at the electrode surface. In addition, the specific
term under the integration is the area under the curve. The capacitance calculated for the Bi,S; modified electrode was

estimated specific capacitance of GCEBi,S; and GCESb,S; was found to be 816 F/g, which was significantly higher than
found to be 815 and 716 F/g, respectively, which are typical bismuth sulfide nanoparticles reported by Devi et al.”’

performances for electrochemical supercapacitors. This Figure 7 presents the square wave voltammetry (SWV)
faradaic charge transfer is derived by a very fast sequence of responses of the modified electrodes in the presence of $ mM
reversible faradaic redox reactions on the surface of suitable [Fe(CN)]*/[Fe(CN)1]*", and scanned from —0.4 to +1.2 V vs
electrodes. The Bi,S; electrode exhibits higher specific the Ag/AgCl reference electrode. All square wave voltammo-
capacitance compared to other electrodes, and this indicated grams at S0 mV/s for modified GCE showed well-defined
that the [Fe(CN)¢]*/[Fe(CN)s]*~ solution provided high peaks related to the anodic peak due to the [Fe(CN)¢]*"/
ionic conductivity and easier ion transport within the [Fe(CN)4]*" oxidation reaction. The voltammogram of Bi,S;

18979 https://doi.org/10.1021/acsomega.1c02249
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Figure 6. Cyclic voltammograms obtained for (a) GCEbare, GCEBi,S; and (c) GCEbare, GCESb,S;; different scan rates (scan rate: 10—100 mV/
s) with linear plots of I, vs V% and L vs VY2 for (b) GCEBi,S; and (b) GCESb,S; in a S mM [Fe(CN)]*"/[Fe(CN)]?~ solution and (d)

GCESb,S; in a 5 mM [Fe(CN)]*/[Fe(CN)]*>" solution.

was observed at a more positive anodic peak (+0.79 V) at a
lower peak current. This marked decrease in current
demonstrates the effect of Bi,S; toward the oxidation of the
[Fe(CN)]*/[Fe(CN)]*~ analyte. The likelihood of a catalytic
effect could not be ruled out even though the peak oxidation
potential for GCESb,S; occurred at a slightly lower potential
than that of GCEbare. Square wave voltammogram of
GCESb,S; showed that a well-defined anodic peak was
observed at +0.34 V at a lower oxidation peak current
compared to GCEbare, which could be ascribed to the surface
diffusion of Sb,S; nanoparticles in the [Fe(CN)]* /[Fe-
(CN)J*~
peak current is observed at the accumulation scan rate from 0
to 100 mV/s. As presented in the insert (Figure 7b,d), the
corresponding calibration plots and correlation values showed

solution. Meanwhile, an obvious increase of the

18980

a good linear relationship with the scan rate from 10 to 100
mV/s.

2.5. Electrochemical Impedance Spectroscopy (EIS).
2.5.1. Bode Plots for Nanoparticles. Figure 8 shows the Bode
plots fitted following the EIS results. The plot is representative
of the characteristic frequency (fy.) of the charge transfer
process occurring at the electrode/electrolyte interface and
also that of the redox diffusion activity in the electrolyte.”” The
phase angles for GCEbare, GCEBi,S;, and GCESD,S; were
found to be constant at 44.1, 34.6, and 57.8°, respectively,
which were less than 90°, suggesting that the electrodes
experienced pseudo-capacitive behavior.”’ GCESb,S; was
observed at a lower characteristic frequency compared to
GCEBi,S; and indicated that GCESb,S; was experienced at a
slower charge recombination rate.””’ The redox diffusion of
about 126 Hz was the slowest process among the charge
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Figure 7. Square wave voltammograms obtained for (ai) GCEbare and GCEB4,S;, (bi) GCEbare and GCESb,S;, and with different scan rates (aii)
GCEbare and GCEBi,S;, and (bii) GCEbare and GCESb,S; (scan rate:10—100 mV/s) in 5 mM [Fe(CN)]*"/[Fe(CN)4]*".

transfer in all of the modified electrodes; hence, the
determinir_lg process was associated with the electrocatalytic
activity.”»>> Although Sb,S; was observed at a lower frequency,
it was found to be considerably more than the frequency of the
redox diffusion process in an electrolyte interface of solar cells.
Hence, it completely meets the requirements for charge
transfer in a photovoltaic cell.’**”

Bode plots of impedance spectra (plot of loglZl vs
log(frequency)) of the cells are presented in Figure 8. The
plot demonstrates the frequency breakpoint related to the
characteristic time constant 7 = 1/@ = R,Cy of the electrode—
electrolyte circuit. The electrodes exhibited an f, (capacitor
response frequency) at 119 Hz, which corresponded to
constant time, 7, calculated to be 1.44 ms.*® The electrodes
possess a shorter electron lifetime compared to the other
photoelectrodes.’”** In a typical photovoltaic cell, the electron
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lifetime is estimated to be in the range of 1—10 ms under
open-circuit conditions and 1 sun illumination.’ The
impedance study clearly indicated that the Bi,S; and Sb,S;
nanoparticles are semiconductor electrocatalysts.®”®*

2.5.2. Nyquist Plots of the Nanoparticles. The plot
presents the frequency response of the electrode—electrolyte
system as a graph of the imaginary component (Z”) of the
impedance vs the real component (Z'). The equivalent circuit,
as shown in Figure 9b, of GCEbare comprised of the series
resistance (R,), the charge transport resistance (R,), and the
constant phase element (CPE). The semicircle distance is
related to R, and the linear part, at lower frequencies, is
associated with the diffusion process.”*"*" The impendence
spectra show a semicircle in the region of high frequency and a
straight line in the region of a low frequency, indicatiné that
the modified electrodes have capacitive characteristics.””"" The
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Figure 9. Electrochemical performance of GCEbare, GCEBi,S;, and GCESb,S; in S mM [Fe(CN)4]*/[Fe(CN)¢]*~ (a) Nyquist plots and (b)

circuit used in the fitting of EIS.

diameter of the semicircle is associated with the R, assigned to
the Faradaic process at the electrode/electrolyte interface.”””’
The impedance spectra of GCESb,S; were significantly
different from GCEbare and GCEBi,S;. The Nyquist plots of
GCESD,S; are composed of a capacitance arc in the region of
high frequency and a Warburg impedance line in the region of
low frequency. This phenomenon was similar to literature
reports by Karade et al. using antimony sulfide nanoparticles.”*
The impedance of the Sb,S; electrode appears as a diagonal
line with a slope of almost 45° in a complex plane plot. This
indicated that Sb,S;-modified electrodes exhibited the property
of resistance in the area of high frequency and also the
property of capacitance in the area of low frequency, which is
characteristic of the diffusion-controlled process.”"”*

Based on the equivalent circuit fitted results, the R, and R
values of modified electrons were observed to be lower
compared to the value for the GCE. The decrease of the R
values of GCEBi,S; (120 Q) and GCESb,S; (147 Q) and the
R, values for GCEBi,S; (78.1 Q) and GCESb,S; (138 Q)
indicated that the reduction of the [Fe(CN)4]* /[Fe(CN)4]>~
electrolyte was higher in electrocatalytic activity in the cells. A
similar observation was reported in the literature for different

metal sulfide nanoparticles.”> The larger the area of the
semicircle, the slower the rate of electron transfer. The R
values from the equivalent circuit parameters of the nano-
particles were lower compared to the bare. However, the
diameter of the semicircle was assigned to the electron transfer
resistance (R.) of the redox process of the [Fe(CN)]*"/
[Fe(CN)]*~ solution at the electrode interface, which was in
good agreement with the cyclic measurements. The presence
of the constant phase element (CPE) was associated with
inhomogeneous nature at the electrode—electrolyte interface
due to the diffusion of modified GCE surface into the
[Fe(CN)]*/[Fe(CN)1]*" solution.””’

2.6. Current Density—Voltage Characterization. The
electrospinning method was adopted for the preparation of
Bi,S; and Sb,S; thin films.>> Current density—voltage (J—V)
characterization of a typical solar cell fabricated by electro-
spinning the solar cell device is shown in Figure 10a.

Figure 10b,c shows the current density—voltage (J—V) graph
for Bi,S; and Sb,S; as the photovoltaic device. Poly(4-butyl-
phenyldiphenyl-amine) (poly-TPD) was used as the transport
layer and gold as the counter electrode. The solar cells were
characterized under illumination at 100, 60, and 40 mW/cm?
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Figure 10. (a) Device fabrication by electrospinning and a cross-section of the device; and the J—V plot for (b) Bi,S; and (c) Sb,S; thin films.

by a standard A.M. 1.5 solar simulator. Photovoltaic
parameters of the cells like short-circuit current density (J)
and open-circuit voltage (V,.) were obtained from the
intercept on the current axis, and the fill factor (FF) value
and efficiency (1) are summarized in Table 1. Figure 10c

Table 1. Photovoltaic Parameters of the Bi,S; Thin-Film
Solar Cell Under Various Sun Intensities

sun intensity Jee Voo FE
structure (mW/m?) (mA/cm?®) (V) (%) 7 (%)
FTO/ZnO/Bi,S;/ 40 0.00152 0.94 43 0.21
TPD/Au 60 000162 093 33 0.5
100 0.00228 0.96 44 0.39

displays J—V curves for Bi,S;, in which the value of J,. was
observed to increase with the increase in light illumination.
The increase in the current after light illumination to 100 mW/
cm? was ascribed to the generation of free electron—hole pairs
in the conduction and valence bands due to high incident
photons.”* The device fabricated using Bi,S; under 40 mW/
cm? exhibited a power conversion efficiency (PCE) of 0.21%,
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with a V,_ of 0.94 V, a J,. of 0.00152 mA/cm? and an FF of
43%. The performance (under 100 mW/cm?) increased with a
PCE of 0.39%, a V,. of 0.96 V, a J,. of 0.00228 mA/cm?, and an
FF of 44%. The results showed that an increase in the light
intensity on the solar cell of the Bi,S; thin film could increase
the device performance. In addition, the voltammogram
showed the nonlinear current density—voltage characteristics,
indicating that Bi,S; was experiencing the Schottky contact.”®
The efficiency of Bi,S; was lower than in the similar work by
Hussain and Rahman, but both devices have the Schottky
character.”® The J—V curve for the Bi,S; photovoltaic solar cell
depicted a high solar efficiency at 100 mW/cm? This might be
due to its near-infrared ability to absorb light at high
intensity.”””® The Bi,S; film might also have contributed to
the higher photocurrent as a result of better connectivity with
oxide species to produce recombination with holes, thereby
resulting in a higher photocurrent and better efficiency.'
The Sb,-based thin film was observed to show no
connection in the dark and under illumination. The J-V
curve shows a linear graph, which passed through the origin,
both in the dark and under light irradiation, indicating the
ohmic nature of the film. This might be due to the current
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leakage caused by poor coverage. It may suffer from the large
surface roughness, which leads to a larger amount of interfacial
traps at the interface between Sb,S; and ZnO. Poor
connectivity between the two species may lead to an increase
in the recombination rate between the electrons in Sb,S;/
Zn0."" Castro et al. reported the synthesis of the Sb,S; film,
which was not characterized due to poor coverage.”” No
efficiency was recorded, hence, indicating that it might either
be a window layer or a hole blocking layer.

3. EXPERIMENTAL SECTION

3.1. Materials. Ammonium solution, carbon disulfide,
antimony(I1I) chloride, ethylene glycol, bismuth(III) chloride,
methanol, N-methylethanol, potassium ferrocyanide, and
dimethylformamide (DMF) were analytical reagents purchased
from Sigma-Aldrich Co. and were used as received for the
synthesis. Elemental analyses of C, H, N, and S were
conducted using a Vario EL III elemental analyzer. The
melting point was determined on an X4 melting point
apparatus using capillary tubes. Fourier transform infrared
(FTIR) spectra were measured on a Bruker a-P FTIR
spectrophotometer at 4000—400 cm™'. Nuclear magnetic
resonance (NMR) (*H and *C) analyses were performed
using a 600 MHz Bruker-Avance III NMR spectrophotometer.
TEM micrograms were obtained from a JEM-2100 JEOL
electron microscope. X-ray diffraction (XRD) patterns were
recorded on a Phillips X’Pert materials research diffractometer,
which employs secondary graphite monochromated Cu Ka
radiation (I = 1.54060 A) at 40 kV/S0 mA. Electrochemical
experiments were conducted using an Autolab Potentiostat
PGSTAT (Eco Chemie, Utrecht, The Netherlands) and GPES
software version 4.9. The electrochemical impedance spec-
troscopy (EIS) was measured using Autolab NOVA software
ranging from 100 kHz to 10 mHz with a 10 mV amplitude.
The electroanalytical method was carried out in a three-
electrode system, where platinum wire and saturated Ag/AgCl
were applied as an auxiliary and reference electrode,
respectively, and the GCE was used as a working electrode.
Electrochemical impedance spectroscopy was performed with
the working electrode biased at +0.20 V (vs reversible
hydrogen electrode (RHE)) and superimposing a small
sinusoidal voltage of 10 mV in the frequency ranging from
0.01 Hz to 100 kHz in the 5 mM [Fe(CN)4]* /[Fe(CN)4]*~
solution. The Bode plot (the plot of phase angle vs
log (frequency), and the plot of loglZl vs log (frequency)),
the Nyquist plots attained from the EIS examination, and the
resultant circuit model were obtained from equivalent circuit
fitting using Nova 2.1.3 software. The surface morphology of
the film was analyzed using SEM. To characterize the solar cell,
a Keithley 2400 source-meter that uses a voltage sweep at a
rate of 0.01 V/s was used to record the current density—
voltage characteristics. A solar simulator (Abet Technology
Sun 2000), which was filtered to mimic air mass AM 1.5G
conditions, was used to illuminate the solar cells. A reference
silicon solar cell was used to calibrate the power density to 100
mW-cm™2, and a black mask was used to illuminate the surface
to 0.07 cm”.

3.2. Preparation of the Precursor. N-methyl-ethanol
amine (0.01 mol, 0.8 mL) was introduced into a round bottom
flask placed in an ice bath, then cold ammonium solution (3
mL) was added with continuous stirring. After S min, carbon
disulfide (0.01 mol, 0.6 mL) was slowly added into the
mixture. The solution was stirred for 3 h. Then, the respective

(0.003 mol) metal salts (bismuth(III) nitrate, 1.05 g;
antimony(IIl) nitrate, 0.684 g) in 10 mL of distilled water
were used for the preparation. After the reaction, the
precipitate was washed with water, followed by ethanol, and
the solid product was recrystallized using chloroform.

Bismuth(III) tris(N-methyl-N-ethanoldithiocarbamate),
[BiL,]; yield: 1.23 g (61.9%); m.p.: 173—177 °C; selected
FTIR, v (cm™): 1483 (C-N), 1379 (C,—N), 961 (C-S),
2921, 2869 (—CH), 3185 (OH), 460 (M-S); 'H NMR
(CDCly) 8 ppm = 3.83 (t, 6H, —CH,CH,0H), 4.49 (t, 6H,
—CH,CH,0H), 7.28 (s, 3H, —CH,CH,0H), 3.61 (s, 9H, N—
CH,); *C NMR (CDCl;) § ppm = 60.5 (—CH,CH,OH),
65.2 (—CH,CH,0OH), 50.4 (N—-CH,;), 201.1 (—CS,).
C,,H,,BiN;0,S, (659.71): C, 21.80; H, 3.67; N, 6.37; S,
29.16. Found: C, 21.03; H, 3.82; N, 6.40; S, 29.24.

Antimony(IIT) tris(N-methyl-N-ethanoldithiocarbamate),
[SbL,]; yield: 1.59 g (81.2%); m.p.: 126—128 °C; selected
FTIR, v (cm™): 1448 (C—N), 1175 (C,—N), 979 (C-S),
2929, 2868 (—CH), 3303 (OH), 447 (M-S); 'H NMR
(CbpCL) 6 = 396 (t, 6H, —CH,CH,0OH), 4.00 (t, 6H,
—CH,CH,0H), 7.19 (s, 3H, —CH,CH,0H), 3.47 (s, 9H, N—
CH,); *C NMR (CDCl;) § ppm = 58.3 (—~CH,CH,0OH),
60.5 (—CH,CH,OH), 4426 (N—CH,), 205.0 (—CS,).
Cp,H,,N;058,Sb (572.49): C, 25.18; H, 4.23; N, 7.34; S,
33.61. Found: C, 25.22; H, 4.26; N, 7.22; S, 33.03.

3.3. Synthesis of Nanoparticles (Bi,S; and Sb,S;). The
preparation of the Bi,S; and Sb,S; nanoparticles followed an
already reported literature procedure.”” Briefly, about 0.3 g of
the respective complex [BilL;] or [SbL,] was dispersed in 30
mL ethylene glycol and sonicated for 10 min at 40 °C. The
solution was then transferred into a poly(tetrafluoroethylene)
(PTFE)-lined pressure-resistant microwave vessel and was left
for the reaction to continue by cyclic microwave radiation at
800 W. After S min, the microwave heating was terminated and
the solution was cooled to room temperature. The precipitate
was washed with ethanol and air-dried.

3.4. Electrochemical Measurements. The electrochem-
ical performances, comprising cyclic voltammetry (CV), square
wave voltammetry (SWV), and electronic impedance spec-
troscopy (EIS), were carried out using a three-electrode
electrochemical cell. In the cell, materials coated in a glassy
carbon electrode were used as the modified electrode, Ag/
AgCl (saturated with 4 M KCl) as the reference electrode,
platinum wire as the counter electrode, and the 5 mM
[Fe(CN)]*"/[Fe(CN)]*" solution was used as an electrolyte.
To modify the glassy carbon electrode, 5 mg of the
corresponding Bi,S; and Sb,S; nanoparticles was dispersed
into 1 mL of DMF and ultrasonicated for 30 min. Then, S yL
of ink was dropped on a glassy carbon electrode and dried for
15 min in air.

3.5. Spin-Coating Deposition of Bi,S; and Sb,S; Thin
Films. The solar cell devices were fabricated using two
different substrates: bared glass and silicon slice. These two
substrates (20 X 15 mm?) were cleaned by ultrasonic
treatment successively with water, acetone, and isopropanol
and then subjected to UV—ozone treatment for 30 min. The
Sb,S; and Bi,S; nanoparticles were dispersed in DMF and
sonicated for 15 min for better dispersion. The solution was
filtered through a 0.45 ym poly(vinylidene difluoride) (PVDF)
syringe filter and was carefully spin-coated onto an ITO glass
substrate coated with ZnO at 2000 rpm for 35 s using a Brewer
Science spin coater (Model 200X), and then annealed at 90 °C
for 15 min. Subsequently, two layers of poly(4-butyl-phenyl-
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diphenyl-amine) (poly-TPD) used as the hole transport layers
(1 wt % in chlorobenzene) were deposited through spin-
coating at the same speed and then baked at 110 °C for 30
min. Finally, the top Au (100 nm thick) cathode was deposited
as electrodes with a mask to fabricate photoconductive devices.

4. CONCLUSIONS

Bi,S; and Sb,S; nanoparticles have been successfully
synthesized via a microwave-assisted route from N-methyl-N-
ethanoldithiocarbamate complexes of Bi(III) and Sb(IIl) in
ethylene glycol. Ethylene glycol used as a coordinating solvent
afforded the formation of the orthorhombic phase of Bi,S; and
Sb,S; with spherical morphologies. The nanoparticles ex-
hibited direct band gap energies of 2.17 and 2.71 eV for Bi,S;
and Sb,S;, respectively, with optical spectra that extended from
UV/visible to the near-IR region of the solar spectrum. Thus,
these nanoparticles could have an interesting potential in the
electrochemical and photovoltaic applications. The modified
electrodes using the nanoparticles exhibited good electro-
chemical activity with an electron lifetime within the range of a
typical photovoltaic cell under open-circuit conditions and one
sun illumination. The nanoparticles were used to prepare thin
films by the spin-coating method, and a model device
photodetector was fabricated from the films using an
electrospinning method. The device exhibited a linear response
to the light intensity under illumination. The solar cells under
illumination showed better performance and have the Schottky
character, but Sb,S; showed no change in the current, which
led to poor photovoltaic performance. Hence, these nano-
particles have great potentials as light absorbers in photovoltaic
cells.
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