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Abstract

This paper reports the photocatalytic, electrochemical and
antibacterial properties of cubic crystal-structured pure PbS and
chitosan, a cationic polymer loaded PbS NPs synthesized by the
chemical precipitation method. Chitosan loading decreased the
crystallite size of pure PbS from 34 to 27 nm. The occurrence of
n-plasmon with chitosan loading shifted the absorption edge of
pure PbS to higher wavelength side and decreased the band gap
from1.94t01.87 eV. PbS’s degradation efficiency against MB dye
under visible light with chitosan loading increased from 83.2 to
92 %, and the degradation rate constants were 0.0178 and 0.0241
min™ respectively, for pure PbS and chitosan-loaded PbS NPs.
Specific capacitance of pure PbS increased from 71.3 to 97.8 F/ g
with chitosan loading due to the synergetic effect between PbS
and chitosan bio-polymer. With the presence of free hydroxyl
groups in chitosan, more ROS are generated in the chitosan-
loaded PbS NPs, resulting in enhanced antibacterial activity.

Keywords: Chitosan; cationic polymer; XRD; photodegradation; bacterial
inhibition; specific capacitance

1. Introduction

Transition metal chalcogenides exhibit excellent photo-electron
transformation properties, especially at the nanoscale [1]. Among the metal
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chalcogenides of the IV-VI group, lead sulfide (PbS) has a cubic crystalline
lattice with fcc unit cell, showing both n-type and p-type conductivity
characteristics [2]. When in its bulk state and undergoing direct transition,
it possesses a narrow band gap of 0.41 eV. Among the characteristics of this
material are a larger excitonic Bohr radius, high absorption coefficient and
smaller effective electronic and protonic masses [3]. As a result of its photo-
induced conductive properties, PbS finds applications in solar cells, infrared
emitters, diodes, gas sensors, optical data storage, etc [4]. Due to its nonlinear
optical behaviour, PbS is potentially useful in electroluminescent devices
like LEDs and optical switches [5]. PbS's robust structure and mechanical
stability make it an ideal material in pseudo capacitors [6]. PbS in the
nanoregime showed excellent photocatalytic and antimicrobial properties

7, 8].

Although PbS has many potential uses, it isn’t always the most
efficient material for devices made from it due to issues like lower band
gap, surface oxidation instability and hydroxyl motifs that encourage trap
states. PbS’s intrinsic properties and disadvantages could be addressed by
coupling with coagulants which offer immense chemical and mechanical
modifications. Among the various coagulants, chitosan is a non-toxic linear
high molecular weight cationic polymer which can increase the surface
charge and bonding sites of PbS, improving its electrochemical, catalytic
and antibacterial properties. Chitosan improving CuS:Ni and CuS:Co’s
electrochemical, nonlinear optical, magnetic and antibacterial properties has
been reported earlier [9,10]. Herein PbS and chitosan loaded PbS NPs are
synthesized by chemical precipitation and comparison has been made on
their electrochemical, photocatalytic and antibacterial properties.

2. Experimental

By using lead nitrate, thiourea each of 0.1M as precursor salts and chitosan
(2% (2.55 gm), optimized value), PbS and chitosan loaded PbS NPs are
synthesized.

2.1. PbS (LS) NPs - Synthesis

In 135 mL water, the precursor salts (4.998 g of lead nitrate & 1.142 g of
thiourea) were dissolved. To this solution, 15 mL liquid NH, was added and
stirred for 5 h. Precipitates settled were filtered, washed, calcined for 2 h at
350°C and crushed to form LS NPs.

2.2. Synthesis of chitosan-loaded PbS (CLS) NPs

To synthesize CLS NPs, 2.55 gm of chitosan was added to the solution
prepared as discussed in Section 2.1. The pH value was raised to 10 by
adding 15 mL liquid NH,. After being aged for 4 hours, solids settled down
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and CLS NPs were synthesized after calcination and crushing.

2.3. Characterization

Diffraction data of LS and CLS NPs were performed using a diffractometer
PW 340/60. Surface was analyzed using HITACHI S-3000 H microscope.
Optical band gap values were calculated from the absorbance spectra using
A-35 spectrophotometer. Functional group analysis and photoluminescence
spectra were obtained using RX-1 and Varian cary spectrophotometers.

2.4. Photocatalytic test

LS and CLS catalysts were tested against methylene blue using white light
with an intensity 100 mW/cm? To perform the photocatalytic test, 10 mL
dye solution was taken by dissolving 0.0025 M (0.8 g/L) MB dye. To this
solution, 0.4 g/L of LS and CLS NPs was added and exposed to light with
continuous stirring. At 660 nm, MB’s absorption spectra were monitored by
centrifuging the catalysts every 20 min.

2.5. Electrochemical studies

CV studies were feasible through EG & G, Model:273 A work station.
Counter, reference and working electrodes are platinum, Ag/AgCl, LS and
CLS NPs with electrolyte being Na,S,0,.

2.6. Antibacterial test

E. coli bacteria cultured on Muller-Hinton agar was tested for antibacterial
potency of LS and CLS NPs. To wells created (6 mm diameter), 20 pg/mL of
NPs dissolved in 20, 40, 60 and 80 pL. DMSO was placed and incubated for 24
h at 37°C. Measuring zones of inhibition (ZOI) values, antibacterial activity
was evaluated.

3. Results and Discussion

3.1. XRD

LS and CLS NPs' XRD patterns are illustrated in Figure 1. Diffraction peaks
observed at 20 values 26.12°, 30.23°, 43. 22°, 51.13°, 53.59°, 62.65° and 71.03°
correspond to (111), (200), (220), (311), (222), (400) and (331) planes.
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Figure 1: LS and CLS’s XRD patterns

All the diffraction peaks matches with JCPDS No. 65-0592 which corresponds
to cubic PbS [14]. With chitosan loading, the LS peaks' positions moved to
higher Bragg angles. Furthermore, the sharpness of the diffraction peaks
of LS decreased with chitosan loading indicating that chitosan loading
deteriorated the crystallinity of pure PbS which might be due to chitosan’s
molecular chain absorption on the surface of PbS [XI]. Based on the Scherrer

formula,y — 924 (B - full width at half maximum, A=1.5406 A and 6-

cos6
Bragg’s angle),ﬁthe crystallite sizes were 34 and 27 nm, respectively for LS

and CLS.

3.2. SEM

Surfaces of both LS and CLS are covered with grains uniformly distributed,
as evinced from the SEM images (Figure 2). Few pin holes and empty sites
are visible for LS; which got minimized in CLS. For LS, grains aggregate;
for CLS, highly defined boundaries are observed. Thus, chitosan loading
improved PbS’s surface morphology.

Figure 2: LS and CLS’s SEM images
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Agglomerated grains are seen in both LS and CLS’s TEM images (Figure 3).
Few spherical and cubic-shaped grains are seen for CLS. The black coating

observed indicates the capping of chitosan over PbS. The grain sizes were 72
and 56 nm for LS and CLS.

CLS

200°nm 100 nm

Figure 3: LS and CLS’s TEM images

3.3. FTIR

OH stretching vibrations occur at 3388, 1633 for LS (Figure 4) and at 3509,
1714, 1623 cm™ for CLS. C-H bond stretching occurs at 2921 for LS, at 2923
for CLS and at 2852 cm ! for both samples.

100 100

90 - 463 90 -

80 - 80

70 70

60 — 60 —

50 - 50 616

Transmittance %
Transmittance %

40+ 40 —

30

20 ) T I Ll 1 T T I 1
4000360032002800240020001600 1200 800 400

1108
20 ) 1 1 T T T 1 T 1
4000360032002800 240020001600 1200 800 400

Wavenumber (cm") Wavenumber (cm")

Figure 4: LS and CLS’s FTIR spectra

LS showed a C-O-H stretching peak at 1384 cm™ related to carboxyl groups.
Antisymmetric stretching of SO, occurs at 1113 for LS and at 1108 cm * for
CLS. C-C bonding occurs at 1053 for LS and peaks related to PbS occur at
616 cm™ for both LS and CLS and at 463 for LS [7].

3.4. Optical studies

Absorption edge of CLS shifts towards the higher wavelength side (Figure
5(a)) as a result of the occurrence of the n-plasmon with chitosan loading
[18]. The band gap energies (E,) were calculated via Tauc plot (Figure 5(b))
using the equation:
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(1)

The E valuesare1.94 and 1.87 eV, for the LS and CLS NPs. CLS’s reduced
g } . 5
band gap results from the formation of impurity sub-band near the valence
band due to the synergistic interaction between PbS and chitosan.
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Figure 5: LS and CLS’s a) Absorbance spectra and b) Tauc plots

3.5. PL studies

Quantum confined excitonic emission occurs at 360 and 380 nm for LS and at
355 nm for CLS as seen in the Gaussian fitted PL spectra (Figure 6).
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Figure 6: LS and CLS’s PL spectra

Interstitial sulfur lattice defects account for the peaks at 412 for LS
and 482 nm for CLS. As seen in CLS, the peak at 482 nm appeared broad,
possibly due to the radiative recombination of self-trapped excitons. The
surface trap-induced peaks at 525 and 531 nm for LS and CLS are due to
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electron recombination with holes in the valence band, due to sulfur vacancy
trapping.

3.6. Photocatalytic activity

In order to confirm the photodegradation processes, the absorbance was
measured and plotted (Figure 7). Continuously decreasing absorbance
indicates degradation of MB.
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Figure 7: Absorbance spectra of LS and CLS catalysts

The dye solution showed negligible degradation whenirradiated without
catalysts, confirming the stability of the MB dye (Figure 8). Degradation
efficiency increased with increasing irradiation time with LS and CLS
catalysts. The degradation efficiencies were 83.2 and 92 % after 100 min light
irradiation for the LS and CLS catalysts, respectively (Figure 9). A possible
explanation for the increased degradation efficiency observed for the CLS
catalyst may be the decoration of chitosan, which provides a pathway for
electron transfer [21]. By providing fewer hindered paths, chitosan loading
increase the surface area of CLS, therefore improving dye adsorption [22].
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Figure 8: Plots of (C/C) vs. reaction time
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Figure 9: Degradation efficiencies of LS and CLS catalysts

The first order reaction kinetics of photodegradation was studied using the
equation:

—In(C/C,)= kt )

From the kinetics plots (Figure 10), the rate constants (k) were 0.0178 and
0.0241 min™ for LS and CLS catalysts, respectively.
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Figure 10: Plots of In(C0/C) vs. irradiation time

The regression coefficient (R? and standard error values are 0.99126, 0.99584
and 0.03952, 0.03529 for LS and CLS samples. MB photodegradation was high
for the CLS catalyst, as indicated by its high ‘k' value. The breakdown of MB
dye with a) LS and b) CLS catalysts is shown in Figure 11. For both LS and
CLS catalysts, electrons from the VB are excited to CB when the dye solution
with the catalysts is exposed under visible light. The excited electrons react
with adsorbed O, molecules to form Oz*‘ radicals, and the holes react with
OH- present in the aqueous solution to form OH" radicals. MB dye molecules
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are decomposed into CO,, H,O and other small molecules by these radicals.
e-h* pairs recombinate faster in pure PbS, slowing down the degradation
process. PbS loaded with chitosan enhanced the photodegradation of dye by
prolonging the recombination process of e-h* pairs. Chitosan polymer acts as
an electron acceptor and transporter in CLS due to its nice interfacial contact
with PbS NPs. The delay in the recombination time of photogenerated e-h*
pairs increases the density of carriers in dye solution containing CLS catalyst
which further reacts with O, and OH" forming more O, and OH" radicals
degrading MB dye relatively higher than pure PbS.

Figure 11: Photocatalytic scheme involved in a) LS and b) CLS catalysts

Toascertain theradicalsinvolved in the degradation of MB by the CLS catalyst,
scavenger tests were done using potassium iodide (PI), benzoquinone (BQ),
and isopropanol (IPA) as scavengers for h*, O,” and OH’, respectively.
Compared to PI, enhanced degradation efficiency was realized with BQ and
IPA scavengers, confirming that both OH" and O, are the main radicals that
degraded MB dye molecules.

3.7. Electrochemical

CV curves of LS and CLS NPs are shown in Figures 12 and 13. Scan rates of
25,50, 75 and 100 mV /s was used for conducting the electrochemical studies.
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Figure 12: CV curves of LS
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Figure 13: CV curves of CLS

As for LS, CV curves were asymmetrical, while for CLS sharp reduction-
oxidation peaks were observed which is creditable to chitosan’s addition.
Inclusion of chitosan in PbS can provide multidimensional electron transport
pathways and result in the accumulation of charges on its surface [23].
Observed oxidation peaks are a result of the oxidation of Pb to Pb*, while
the reduction peaks are caused by the decomposition of the electrolyte and
the reduction of Pb* to Pb.

Pb — Pb* + 2e~

Pb** + 2¢~— Pb

Electrochemical formation of S occurs when Na,S O, decomposes under
acidic conditions.

S0, +2H"— S5+ S50,+H,0
PbS formation is represented by the electrochemical reaction:

Pb** + S+ 2°~ — PbS

CLS’s CV surface area increased with an increase in scan rate up to 75 mV/s,
and then it slightly decreased. Enhanced surface area at 75 mV/s facilitates
Faradaic reaction at the electrode-electrolyte interface. Even when scan rates
increase, the CV curves remain consistent in shape, which is manifested
by greater reversibility of redox reactions [2/;1]. Specific capacitance (C,)

values calculated using the formula, CS= smyv were 71.3 and 97.8 F/g
for LS and CLS, respectively. CLS’s improved surface shape allows for
optimal ion insertion and desorption for the storage mechanism, resulting
in a maximum C_ value. Furthermore, the smaller ion crystallites will reduce
the route length, making it easier to achieve high charge/discharge rates.
Furthermore, C, rises owing to improved interfacial efficacy between CLS

and the electrolyte.
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EIS data helped to clarify the interfacial charge transfer process
occurring between the electrode and electrolyte (Figure 14). LS and CLS
show a semicircular pattern in high-frequency domain and a linear segment
in low-frequency domain. Chitosan loading causes LS's semicircle diameter
to decrease, resulting in decreased polarization and low charge transfer
resistance (R,), which speeds up ion diffusion in the electrolyte. The R
values were 29.3 and 12.4 x 10° Q respectively for LS and CLS. CLS's lowest
charge transfer resistance rating confirmed its promise as a supercapacitor.
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Figure 14: Nyquist plots of CLS and LS

3.8. Antibacterial

The antibacterial activities of LS and CLS NPs (2 mg dissolved in 20, 40, 60
and 80 pL. DMSO) against E. coli bacteria are illustrated in Figure 15, and the
zones of inhibition (ZOI) values are compiled in Table 1.

Figure 15: Antibacterial activities of LS and CLS

. Zone of inhibition (mm)
Concentration (pL) IS CLS
20 3 4
40 5 7
60 10 14
80 13 17

Table 1: ZOI values observed for LS and CLS NPs
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Higher antibacterial performance is observed for the CLS composite. PbS
and chitosan work against bacteria by releasing Pb** ions that attach to
the thiol groups of proteins and enzymes to destabilize their cellular walls
and membranes. Due to the perforation of the bacteria's cellular wall and
membrane, LS and CLS NPs would diffuse into the bacteria's interior
to cause further DNA damage [25]. ROS (O,”, OH’, H,O,) production
significantly contributes to the antibacterial property of LS and CLS NPs.
Nucleic acids, lipids, proteins, DNA, and carbohydrates are all harmed by
ROS. ROS cause severe oxidative stress in bacteria, preventing cell division
and growth by damaging several biological functions [19]. Differences in
the antibacterial performance of LS and CLS NPs are influenced by several
factors, such as ROS production ability, improved surface morphology,
decreased band gap, etc. The activation of the mitochondrial pathway by
chitosan inclusion results in increased ROS generation and bacterial death
[26]. Chitosan in the CLS sample kills bacteria by initiating a chain reaction
of biological processes. By preventing PbS NPs from aggregating, chitosan
prolongs the CLS’s antibacterial activity [27]. Pure PbS has the ability to get
easily agglomerated which decreases its interaction with bacteria, and hence
it possess low antibacterial activity than the chitosan-loaded PbS. Chitosan-
PbS combination compensates for PbS's disadvantages due to its superior
specific surface area and the presence of free hydroxyl groups. Consequently,
CLS would be more dispersible and agglomeration would be prevented, and
hence enhanced antibacterial activity was realised.

4. Conclusion

Pure PbS and chitosan loaded PbS NPs were synthesized by chemical
precipitation method. Analyses were performed on the synthesized samples
to determine their structural, optical, photocatalytic, electrochemical, and
antibacterial properties. Crystallite size of PbS decreased from 34 nm to 27
nm with chitosan loading. SEM images confirmed the presence of grains with
well-defined boundaries for CLS. Degradation efficiencies were found to be
83.2 and 92 % for LS and CLS catalysts against MB dye under visible light
after 100 min irradiation time. Increased degradation efficiency observed for
CLS confirmed its potential to be an effective catalyst against the degradation
of toxic organic dyes. PbS exhibits an improved antimicrobial activity when
loaded with chitosan, which confirmed its efficacy as an antimicrobial agent.
Increased specific capacitance realized for the chitosan loaded sampled
confirmed its utility as an effective pseudocapacitor. Thus, chitosan loaded
PbS could be a promising visible light driven photocatalyst for catalytic,
pseudocapacitor for electrochemical and antimicrobial agent for biomedical
applications. In future, other coagulants could be tried to improve the
degradation efficiency, specific capacitance and antimicrobial properties of
PbS better than chitosan.
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