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ABSTRACT: Starch [(C4H,,Os),]-stabilized bismuth sulfide (Bi,S;)
nanoparticles (NPs) were synthesized in a single-pot reaction using
bismuth nitrate pentahydrate (Bi(NO;);:SH,0) and sodium sulfide
(Na,S) as precursors. Bi,S; NPs were stable over time and a wide band
gap of 2.86 eV was observed. The capping of starch on the Bi,S; NPs
prevents them from agglomeration and provides regular uniform shapes.
The synthesized Bi,S; NPs were quasispherical, and the measured average
particle size was ~11 nm. The NPs are crystalline with an orthorhombic
structure as determined by powder X-ray diffraction and transmission
electron microscopy. The existence and interaction of starch on the NP’s
surface were analyzed using circular dichroism. Impedance spectroscopy
was used to measure the electronic behavior of Bi,S; NPs at various
temperatures and frequencies. The dielectric measurements on the NPs
show high dielectric polarizations. Furthermore, it was observed that the
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synthesized Bi,S; NPs inhibited bacterial strains (Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus)

and demonstrated substantial antibacterial activity.

1. INTRODUCTION

Bi,S; is a two-dimensional layered material from the stibnite
family that has the potential to be used in electrical smart
device applications in the future. Bismuth sulfide (Bi,S;) is one
of the prominent V—VI semiconductors, having a direct band
gap of 1.3 eV among the several metallic sulfides. It is a layered
material with a lamellar structure made up of alternating
infinite chains of Bi** and $*7, and it crystallizes out, preferring
the orthorhombic system.' Because of its numerous essential
applications, such as photovoltaic materials, photodiode arrays,
thermoelectric devices, and nonlinear optical devices and
sensors, Bi,S; has received a lot of attention.””* In addition, it
has good electrochemical hydrogen storage capabilities and is
employed in biomedical sciences as an imaging agent in X-ray
computed tomography.’

Metal sulfides are distinguished among nanomaterials
because of their exotic optical, electrical, and magnetic
characteristics. These physical and chemical features are
dependent on their shape, size, crystal phases, and most
importantly the synthesis routes. Bi,S; nanoparticles have been
made using a variety of techniques, including ultrasonic
method,® microwave-assisted route,’” photochemical synthesis
method,® thermal decomposition,” and solvothermal/hydro-
thermal processes.'
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The nonaqueous techniques for Bi,S; NP synthesis have
many disadvantages as they require complex instruments,
costly solvents and templates, powerful surfactants, and high
reaction temperatures. Furthermore, since biomedical research
is conducted in water as a solvent, the nonaqueous Bi,S; NPs
have practical limits in a variety of applications, particularly in
the field of biomedicine. In order to synthesize water-
dispersible NPs that are biocompatible, extremely stable, and
less toxic and have good optical properties, it is crucially
important that a green process be used. Biomolecule-assisted
synthesis of Bi,S; NPs is a promising method to address the
above challenges. A biomolecule-assisted production of single-
crystalline Bi,S; nanostructures was reported by Zhang et al.''
In this study, the amino acid cysteine is used as a sulfur
precursor and a capping agent in the growth of Bi,S;
nanocrystals. In another study, under microwave irradiation,
Lu et al. employed a long polypeptide to synthesize the well-
organized snowflake shape of Bi,S; nanorods.'” The
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Figure 1. Schematic depiction of the starch-assisted synthesis of Bi,S; NPs.

glutathione molecule was employed as a sulfur source as well as
an assembly molecule. Under stress conditions, biomolecules
secreted by the fungus Fusarium oxysporum were used by
Uddin et al. to make Bi,S; nanoparticles (NPs). These Bi,S,
NPs were also employed in small-animal single-photon
emission computed tomography probes.”> The synthesis of
biomolecule-capped metal sulfides (such as CdS QDs, ZnS
QDs, and CuS NPs) was reported previously. "'

Semiconductor NPs having biological cappings are gaining
popularity as effective antibacterial agents with a broad variety
of applications and biocompatibility, making them excellent
candidates for pharmaceutical and biomedical use. Further-
more, starch renders the NPs biocompatible and extremely
permeable to live cells. A built-in electric field was recently
identified for an interfacial Schottky junction of Bi,S;/Ti;C,T,.
Under 10 min of 808 nm NIR light irradiation, it had 99.86%
(against Staphylococcus aureus (S. aureus)) and 99.92% (against
Escherichia coli (E. coli)) photoresponsive bacteria-killing
efficacies. Bacterial strains were suppressed by the synthesized
Bi,S; NPs, demonstrating their significant antibacterial
activity.17

In the present study, we have synthesized Bi,S; NPs by
adopting an easy and efficient method by utilizing starch
[(CgH,(O5),], which serves as a capping and reducing agent.
Inside an aqueous medium, starch acts as a stabilizer,
preventing agglomeration and imparting stability and mono-
dispersity to Bi,S; NPs. It attaches to the surface of as-
synthesized NPs, limiting particle nucleation and growth to
certain sizes. It was also observed that the NP solution was
exceptionally stable, with little aggregation even after a month.
Furthermore, impedance spectroscopy was employed to
investigate the conductivity and dielectric constants of Bi,S;
NPs at various temperatures, frequencies, and applied fields.
We also explored the antibacterial properties of Bi,S; NPs and
measured the minimum inhibitory concentrations (MICs)
against the bacterial strains.

2. EXPERIMENTAL SECTION

Starch soluble (CAS No: 9005-84-9) of AR grade was
purchased from SRL Ltd. and used as received without any
further purification. Merck Ltd. provided bismuth(III) nitrate
pentahydrate Bi(NO;);-SH,O and SRL Ltd. provided sodium
sulfide (Na,S). The aqueous solutions were prepared with
Milli-Q water for all the experiments.

2.1. Synthesis of Bi,S; NPs. Bismuth nitrate pentahydrate
(Bi(NO,;);-5H,0), starch soluble, and Na,S flakes (with more

than 99% purity) were used in the synthesis of Bi,S;. For all
the experiments, Milli-Q water was used to make the aqueous
solutions. In a typical procedure, 0.5 g of starch was mixed with
100 mL of Milli-Q water and heated to 70—80 °C with stirring
for 20 min, yielding a clear starch solution. The transparent
starch solution was divided into two parts equally. Then, 0.05
M Bi(NO;);-SH,0 was dissolved in 50 mL of starch solution
followed by heating at 70 °C for 20 min while stirring.
Similarly, Na,S (0.0976 g, 0.05 M) was dissolved in S0 mL of a
hot starch solution separately. Furthermore, a dark brownish-
black color appeared in the reaction mixture after the addition
of a hot Na,$ solution (in drops) to bismuth nitrate solution
while stirring it at 90 °C for 20 min, indicating the formation of
Bi,S;. The Bi,S; NPs were washed with Milli-Q water before
being used for further measurements. As seen in Figure 1, the
facile synthesis of Bi,S; NPs with the use of starch as a
stabilizing agent is depicted in a vivid scheme.

2.2, Experimental Characterizations. A Multiskan GO
spectrophotometer (Thermo Scientific, USA) was used to
record the UV—visible absorption spectra over a wavelength
range of 200—900 nm with a resolution of ~1 nm. To
characterize the crystal structure and average grain size,
powder X-ray diffraction (XRD) (6 — 26) scans were recorded
for the drop-cast sample on a glass substrate using a
PANalytical Empyrean series X-ray diffractometer equipped
with a Bragg—Brentano setup, a fast solid-state (PIXcel3D) X-
ray detector. The X-ray beam from Cu Ka radiation (with A =
1.5406 A) was used to scan in the 20 range of 20—70° with a
step size of 0.02° and a time per step of 20 s. Furthermore, the
vibrational modes were examined by Raman spectroscopy.
Raman spectra were obtained using an excitation wavelength of
514.5 nm line of an Ar" laser using a micro-Raman
spectrometer (Renishaw, UK, model inVia) in the back-
scattering geometry. The dynamic light scattering (DLS) and
zeta potential measurements were carried out using a Zetasizer
(Nano series) instrument. The measured scattering light
intensity is displayed as a photon count rate with a unit of
kilo counts per second (kcps). All average particle sizes
reported here are based on the scattered light intensity
weighted averages.

Bi,S; NPs suspended in an aqueous solution were
transferred to carbon-coated copper grids. A transmission
electron microscopy (TEM) investigation was carried out
using a JEOL JEM 200F TEM operated at 200 kV. The far-UV
circular dichroism (CD) experiment was carried out using a
Jasco CD J-1500 instrument. CD spectra were recorded using
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Spectra Manager software for a wavelength range of 190—250
nm. Each spectrum was taken by averaging three scans, and all
the scans were collected at an interval of 1 nm wavelength. CD
spectra were recorded with a scan speed of 20 nm/min and a
response time of 1 s. Fourier transform infrared (FTIR)
measurements were performed using a Jasco FT/IR-4700 over
a scanning range of 400—4000 cm™' at a resolution of 4.0.
Impedance measurements were performed using a Hioko
IM3536 impedance analyzer with a 1 Hz—8 MHz frequency
range and a temperature range of 300—473 K. The impedance
spectroscopy was performed on a sintered pellet of Bi,S; NPs
that has been pressed into a pellet using a hydraulic press
under a load of 3 tons for 2 min. The temperature of the pellet
was made stable for 4 to S min before taking each
measurement.

The antibacterial activities of Bi,S; NPs were evaluated using
the well diffusion method. Also, their potency was analyzed by
calculating the MIC and minimum bactericidal concentration
using the microdilution method. National Collection of
Industrial Microorganisms, Pune, India provided S. aureus
(ATCC 25923), E. coli (ATCC 25922), and Pseudomonas
aeruginosa (P. aeruginosa, ATCC 27853). The bacterial
cultures were grown to the mid-logarithmic phase and
harvested after centrifuging at 6000 g for 10 min. Then they
were washed with 20 mM sodium phosphate buffer at a pH
value of 7.4. Approximately 2 X 10° colony forming units
(CFU)/mL of the abovementioned bacterial strains were
inoculated on Luria—Bertani (LB) agar plates. Wells were
made using a sterile cork borer (3 mm in radius) in agar plates
having inoculums. Then, 100 uL of Bi,S; NP solution and
Milli-Q water as a control were added to the respective wells
on the seeded agar plate. The widths of the inhibitory zones
were analyzed, and optical micrographs of the plates were
taken after incubating for 24 h at 37 °C. The Bi,S; NPs were
diluted in 50 yL of LB medium in 96-well microtiter plates to
obtain the concentrations (0—50 g/mL) with the bacterial
inoculum to determine the MIC (5 X 10* CFU per well). The
MIC was calculated as the lowest concentration of nanoma-
terials with which growth inhibition occurred during an
overnight incubation at 37 °C.

The cell culture study was carried out on a normal rat kidney
epithelial (NRK) cell line procured from National Centre for
Cell Science, Pune, India. The DMEM-F12 medium was
selected for NRK cells and was enriched with 12% sterilized
FBS and 1.5% antibiotic—antimycotic solutions containing
penicillin, streptomycin, and amphotericin B (Himedia India
Ltd., Mumbai, India). The cells were incubated in a humidified
chamber with 5% CO, at 37 °C.

The cytotoxicity of Bi,Si; NPs was evaluated against the
NRK cell line using the MTT assay. The HK-2 cells were
seeded at a density of 5 X 10° cells/well in 96-well plates at 37
°C for 24 h in a humidified chamber with 5% CO,. Eventually,
these adherent cells were treated with Bi,Si; NPs at different
concentrations and incubated for 24 h. Subsequently, the
treated cells were incubated with 10 L of S mg/mL MTT dye
for 2 h at 37 °C. Then, formazan crystal (purple colored)
precipitates were obtained, which were subsequently dissolved
in 90 uL of dimethyl sulfoxide. The absorbance of the
dissolved crystals of each well was measured at 570 nm. The
cell inhibition percentage was evaluated over the untreated cell.
The IC;, value was evaluated by calibrating the graph between
concentration and absorbance on Origin 6.0 Professional.

3. RESULTS AND DISCUSSION

3.1. Optical Properties of Bi,S; NPs. UV—vis absorption
and photoluminescence spectra were analyzed to investigate
the optical properties of Bi,S; NPs. Curve 1 in Figure 2a
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Figure 2. (a) UV—visible spectrum of Bi,S; NPs (curve 1) and
photoluminescence emission spectrum of Bi,S; NPs (curve 2). (b)
Tauc plot of Bi,S; NPs obtained after the analysis of the UV—visible
spectrum of Bi,S; NPs. Bi,S; NPs’ band gap energy is represented by
the tangent drawn on the absorption edge.

exhibits a strong absorption shoulder centered at 310 nm,
which corresponds to the excitonic transition in Bi,S;
nanocrystallites.'® Because of the production of particles of
various sizes, there is no absorption edge. The quantum size
confinement in Bi,S; NPs and the widening of the energy gap
between the valence and conduction bands are additional
factors to it. By fluorescence measurement of Bi,S; NPs excited
at 310 nm, the luminescence properties of Bi,S; NPs were
investigated. In contrast to the emission peaks of Bi,S; NPs, an
emission band centered at 365 nm was found in curve 2 in
Figure 2a, which may be ascribed to the band gap or near band
gap emission caused by the recombination of electron—hole
pairs in the Bi,S; NPs."” The emission spectrum in Figure 2a
curve 2 indicates wide emission that does not cease at zero
intensity as the wavelengths increase. The immobilization of
charge carriers causes this emission phenomenon, which leads
to surface energy traps. Bi,S; is known to be a direct band gap
semiconductor. The band gap of Bi,S; NPs was estimated
using the absorption coefficient as a function of wavelength
using the “Tauc equation”. The (ahv)® versus (hv) graph is
shown in Figure 2b, and a tangent was drawn on the energy
axis by extrapolating the linear component. The Tauc plot
produced from the Bi,S; UV—visible spectrum reveals that the
band gap value is roughly 2.86 eV, which is much greater than
the band gap energy of bulk Bi,S;, which is 1.3 eV.”" The
decrease in the size of Bi,S; NPs causes an increase in the band
gap energy, which may be a prominent consequence of the size
quantization effect. When a particle’s size shrinks, discretiza-
tion of subbands occurs in the valence and conduction bands;
as a result, the energy levels become quantized. Because of the
larger surface area of the NPs at their lower size, the emission
occurs from holes and electrons trap near the surface of the
NPs. This might cause a blue shift in the energy of the
photoluminescence spectrum.

3.2. Structural Properties. The XRD scans were acquired
from the drop-coated films of Bi,S; NPs on a glass substrate to
investigate the crystallinity of Bi,S; NPs. In Figure 3a, the top
image shows the side view of the Bi,S; crystal, which shows the
layered nature in the ¢ direction. The bottom image shows the
top view of the orthorhombic structure. The XRD patterns
were analyzed and indexed (shown in Figure 3b, curve 1). The
peak positions (20 values) coincide with those reported for
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Figure 3. (a) Side view and Top view of Bi,S; crystal (b) Powder
XRD patterns of the Bi,S; NP powder. The powder Bragg reflections
were identified, and indexing was done with the corresponding crystal
planes.

Bi,S; NPs.”' All the peaks in the pattern are identified to the
orthorhombic phase of Bi,S; (JCPDS No: 170-320) with the
space group pnma having the lattice parameters a, b, and ¢ as
4.02, 11.17, and 11.73 A, respectively (shown in Figure 3b
curve 2). The peak widening in the XRD spectra is seen in the
patterns, indicating that the crystallites are tiny. The Debye—
Scherrer formula (D = ﬁc%) was used to calculate the mean
crystallite size of Bi,S; NPs, where D is the grain size, 4 is the
wavelength, k is a shape factor with a value of 0.9, f3 is the full
width at half maximum (FWHM) of the corresponding XRD
peak, and 6 is the Bragg angle. The mean particle size of Bi,S;
NPs was measured as ~12 nm. A comprehensive electron
microscopy analysis was conducted on the as-synthesized Bi,S;
NPs to further investigate their structural morphology. It was
observed that the formed Bi,S; NPs are quasi-spherical in
shape (Figure 4a). The average particle size was calculated to
be around 11 nm, according to the DLS graph (Figure 4b).
Because the Bi,S; NPs are stabilized by the starch present on
the surface, these NPs appear to be well separated from one
another. Here, starch acts as a capping layer on the surface and
prevents the agglomeration of NPs to form bigger clusters.
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Figure 4. (a) TEM image, (b) DLS data and particle size distribution
(inset), (c) HRTEM lattice interplanar spacing, and (d) fast Fourier
transform (FFT) of the Bi,S; NP real space image.

The particle size histogram of Bi,S; NPs (inset of Figure 4b)
showed that the NPs are in the range of 7—15 nm, with an
average size of ~11 nm. High-resolution transmission electron
microscopy (HRTEM) real space images were obtained to
examine the crystallinity at the single QD level. The HRTEM
image of the as-synthesized Bi,S; NPs is presented in Figure
4c. The interplanar spacings correspond to the (004) and
(042) planes of the Bi,S; orthorhombic crystal structure. All
the Bi,S; NPs were found to be incredibly crystalline.

The FFT pattern of the real space image further validated
the crystallinity of the as-synthesized Bi,S; NPs (Figure 4d).
We analyzed and indexed the FFT spots as (220) and (006)
for the orthorhombic phase, where the value of the d-spacing
obtained well matched with the reported values.”” The energy-
dispersive X-ray (EDX) analysis reveals that the Bi,S; NPs
have Bi and S in the proportions of 29.78 and 49.77% atomic
percentage, respectively.

Figure S shows the Raman shift spectra obtained from the
Bi,S; NPs. A multi-Lorentzian fitting was carried out for the

Bi2S3 QDs Raman peaks Circular Dichroism spectra for Bi,S, QDs
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Figure S. (a) Raman spectra obtained from the Bi,S; NP drop-coated
films. The red curve is the multi-Lorentzian fitting, and the other
shaded curves correspond to the vibrational modes A, and B, as
shown. (b) CD spectra of starch soluble (curve 1) and starch-
functionalized Bi,S; NPs (curve 2).

identification and determination of the Raman band positions.
The obtained peak positions correspond to the A, (at 186 and
236 cm™') and By, (at 259 cm™) optical modes. The analyzed
A, and Bj, modes are associated with the transverse optical
(TO) and longitudinal optical (LO) phonons, respectively,
agreeing well with the earlier reported Raman signals
specifically from Bi,S; NPs.”> The Raman peak positions and
FWHM analyzed from the peaks are listed in Table 1.

Table 1. Raman Peak Positions and FWHM for the
Observed Vibrational Modes

vibrational modes Raman shift (cm™) FWHM (cm™)
4, (TO) 186 11
A, (TO) 236 30
By, (LO) 259 18

Starch is a polysaccharide made up of one and four linkages
between glucose monomers. As mentioned earlier, the
chemical formula of the starch molecule is (CgH;,Ox),.
Amylose was the first biopolymer known to exist as a helix
in the solid state. An optical rotatory dispersion method (CD)
was used to determine the change in the helical conformation
of starch. As shown in Figure Sb, the characteristic peaks of
starch independent of carbon lengths are 372 and 489 nm. The
other peaks which vary with the change in carbon lengths are
443, 574, 607, 686, 727, and 760 nm.”* The interaction of
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Bi,S; NPs with starch can be inferred by the shifting of peaks
of pure starch from 298, 371, 488, and 726 to 386 nm, 387,
496, and 743 nm, respectively, by exciton interactions. The
complex of starch—Bi,S; NPs can be characterized by peaks at
360, 464, and 576 nm with a shoulder at 477 nm other than
the maxima.”> The main bands of the complex (starch—Bi,S;
NPs) at 372 nm and at 489 nm are assigned to 7 — ¢* and 7*
— o* transitions, respectively.

The formation of Bi,S; NPs and their functionalization by
starch molecules were investigated by FTIR spectroscopy, as
shown in Figure 6. The broad absorption band in the 500—700
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Figure 6. FTIR spectrum of Bi,S; NPs.

cm™! range, which is the representative region of metal sulfide
bonds, was assigned to the Bi—S vibration. We employed the
starch solution as a stabilizing (and capping) agent in the
synthesis of Bi,S; NPs. The FTIR spectrum showed that the
strong broad absorption peak regions between 3300—3400 and
1637 cm™!, respectively, were attributed to the —OH
stretching and bending vibration modes caused by the
formation of hydrogen bonds of the water molecules on the
surface of the sample. The other characteristic bands were
observed at wavenumbers of 1460 and 1383 cm™ due to C—H
symmetric bending. The bonds connected to C—O stretching
at 900—1200 cm™' in starch-capped Bi,S; NPs displayed a
wider absorption band range, and it is always feasible that
chemical interactions may also take place in this bonding area.
These absorption bands are associated with starch’s C—0O, C—
C, and C—O—-H bending vibrations. The bond C—0O-C, in
particular, was assigned to the asymmetrical stretching of the
glycosidic linkage and stretching vibration of the glucose ring,
whereas the bond C—O-H was assigned to carboxylic
stretching.

Zeta potential measurements for the starch-stabilized Bi,S;
NPs were also carried out. The OH group of the capping agent
is revealed to be the cause of the negative zeta potential value
of the starch-stabilized Bi,S; NPs. Bi,S; NPs’ zeta potential was
found to be —15.7 mV (Figure 7). This gives stability to the
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Figure 7. Zeta potential of starch-capped Bi,S; NPs.

NPs in an aqueous solution over a long term. Also, clump and
agglomeration development may be avoided by keeping NPs
away from the repelling electrostatic forces.

3.3. Antibacterial Study. Zones of inhibition experiments
against Bacillus subtilis (B. subtilis), E. coli, P. aeruginosa, and S.
aureus were performed on LB plates to assess the antibacterial
activity of Bi,S; NPs. As illustrated in Figure 8, Bi,S; NPs

Figure 8. LB agar plates showing zone of inhibition of bacterial
colonies: () B. subtilis, (b) E. coli, (c) P. aeruginosa, and (d) S. aureus.

showed good clearing zones surrounding the wells and
required fewer dosages for a variety of antibacterial
applications. In the wells containing Milli-Q water, used as a
negative control, there was no zone of clearing in the control
response. However, the wells that had antibiotics in them,
which were used as a positive control, seemed to have a large
area of cleanup.”

With MICs of 19.42, 16.75, 18.73, and 23.45 ug/mL, the
Bi,S; NPs were shown to be very efficient against B. subtilis, E.
coli, P. aeruginosa, and S. aureus, respectively (see Figure 9).
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Figure 9. MICs of Bi,S; NPs against (a) B. subtilis, (b) E. coli, (c) P.
aeruginosa, and (d) S. aureus bacterial strains.

The findings clearly show that Bi,S; was more active against G
+ than G—. The cell wall of G— bacteria is composed of
phospholipids, lipoproteins, and LPS, which function as a
penetrating barrier. In contrast, the presence of a thin coating
of peptidoglycan and teichoic acid as well as many holes
renders the cell wall of G+ bacteria vulnerable to the entrance
of foreign materials. To do this, it has been shown that Bi,S;
NPs are more active against G+ bacteria and can generate
holes in the cell wall.

Furthermore, it is known that nanomaterials, in general,
create an excessive amount of reactive oxygen species (ROS),
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which are responsible for nonspecific DNA, lipid, and protein
damages in the cell. The interaction of nanomaterials with the
cell walls of bacteria results in the production of a wide range
of ROS.”’

The antibacterial activity of nanomaterials is also connected
with the size of the nanomaterials, the presence of charged
groups, the presence of sharp edges, and the presence of the
orthorhombic phase. Thus, the attachment of bacterial cells to
the Bi,S; NPs results in the production of ROS, which
ultimately leads to the destruction of bacterial cells.

The cytotoxicity evaluation of Bi,S; NPs against the NRK
cell line was found to be satisfactory (Figure 10). The cells
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Figure 10. Graphs showing cytotoxicity (dose dependent) of Bi,S;
NPs against NRK cells.

were found to show IC;, values at a 64.8 ug/mL
concentration, whereas the bacterial inhibitions were achieved
at much lower concentrations. Eventually, with an increase in
the concentration, inhibition was found to increase very slowly
and was only 67% at a 180 pug/mL concentration.

3.4. Impedance Spectroscopy Measurements. The
Nyquist plots (imaginary vs real part of impedance) of Bi,S;
NPs are shown in Figure 11 to investigate the electron

300 600 900 1200
7'[kQ]

Figure 11. Nyquist plots at various temperatures (from 303 to 403 K)
for the Bi,S; NPs.

transport kinetic process. The plots were found to be inclined
in a straight line at lower frequencies, and then a semi-circular
arc was observed at higher frequencies. It denotes the charge-
transfer resistance caused by charge diffusion (i.e, mass
transfer), which is common in metal sulfide-based materials.
The circuit diagram model also fits the Nyquist plot, as seen in
the inset of Figure 11.>*

As shown in Figure 12a,b, the change in impedance [Z’ (real
part) and Z” (imaginary part)] of Bi,S; NPs as a function of
frequency was measured at varying temperatures. Due to the
orientation and change in the dipole moment, it has been
experimentally found that the dielectric constant falls with
increasing frequencies and becomes constant at high
frequencies. Excitation of bound electrons, vibrations of the
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Figure 12. Plot of real part Z' (a) and imaginary part Z” (b) of
impedance at various temperatures (from 303 to 403 K).

lattice, dipole orientation, and space polarizations all
contribute to the high dielectric constant at low frequencies.
Because polarization does not occur quickly with the
introduction of the electric field at such a high frequency
owing to inertia, the dielectric constant decreases as the
frequency rises.

Furthermore, owing to the increased conduction and a
restricted dipole moment, the dielectric permittivity falls as the
frequency rises. Z” decreases with temperature, signifying a
negative temperature coefficient of resistance and implying that
conduction increases as the temperature rises. In the high-
frequency range, Z' merges at all temperatures, suggesting the
possibility of space charges being released. The dielectric
constant refers to a dielectric substance’s ability to store
electrical energy. Because the polarization mechanisms quit
functioning as the frequency rises, the dielectric constant falls,
making it nearly impossible to follow the rapidly changing field.

At higher frequencies, the relaxation times are greater than
the time it takes for the electric field to change direction,
resulting in space charge polarization and conduction. As a
result, the dielectric material absorbs less energy at higher
frequencies. Furthermore, the AC conductivity () increases as
the temperature rises, implying that the electrical conductivity
mechanism is a thermally triggered process and indicates the
material’s semiconducting nature. The In(c) versus 1000/T
plot of Bi,S; NPs is shown in Figure 13, and the variation with
T follows the Arrhenius law. The activation energy of Bi,S;
NPs was calculated to be 0.43 eV.
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Figure 13. Temperature-dependent variation in AC conductivity.

The temperature dependence of the resistance (R/T versus
1/T) is shown in Figure 14a using the adiabatic small-polaron
hopping model. Figure 14b depicts the change of relaxation
time as a function of temperature.

3.5. Dielectric Properties. Dielectric measurements were
carried out on the Bi,S; sample to explore the relaxation
process and molecular behaviors at different frequencies and
temperatures. The charge interaction between the NP surface
and the microbial organism is a crucial parameter for
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Figure 14. (a) Variation of resistance as a function of inverse
temperature. Solid lines are the best fit according to the adiabatic
small-polaron hopping mechanism. (b) Relaxation time of charge
carriers at grain and grain boundaries plotted against the inverse of
temperature.

antimicrobial properties.”” The dielectric constant &’ (real
part) was also investigated to analyze its variation with
frequency at different temperatures. Figure 15 shows the
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Figure 15. Plot of dielectric constant with frequency at various
temperatures.

temperature-dependent characteristics of the real part of the
dielectric constant. As shown, &' tends to increase with an
increasing temperature. At lower frequencies, the values of &’
are larger compared to those at higher frequencies. The
plausible reason might be the following.

Dielectric polarization has many contributing factors such as
interfacial and Debye orientational polarizations as well as
polarizations from atoms, ions, and electrons.’”*! At lower
frequencies, the dominant contribution comes from the
interfacial polarization (from grain boundaries) while the
oriental polarization takes place at >10* Hz. The ionic,
electronic, and atomic polarizations happen at higher
frequencies than this. All the abovementioned polarizations
contribute to the dielectric constant if the measured frequency
is below the relaxation frequency.”””" At lower temperatures,
the charge carriers at the interface boundaries contribute
toward the dielectric constant. However, at higher temper-
atures, there is an additional inductive behavior at lower
frequencies. Therefore, there is a substantial enhancement in
the dielectric constant at higher temperatures.

4. CONCLUSIONS

The main aim of this study was to create water-dispersible and
biocompatible Bi,S; NPs that were stabilized by starch
molecules. Interaction of starch with Bi,S; NPs makes them
stable and prevents the formation of big clusters by capping
them. The crystal structure and morphology analyses, Raman
vibrational mode analysis, and UV—vis spectroscopy analysis

suggest the quantum confinement in NPs, and the measured
values are different from the Bi,S; bulk properties. The
synthesized Bi,S; NPs demonstrated inhibition and consid-
erable broad-spectrum antibacterial action against human
pathogenic bacterial strains (B. subtilis, E. coli, P. aeruginosa,
and S. aureus). In addition, the impedance and dielectric
property analyses revealed that Bi,S; NPs showed significant
dielectric polarizations. The starch-assisted simple synthesis
method may pave a way for the growth of other metal sulfide
low-dimensional nanostructures for biomedical and electronic
applications.
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