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Green solution synthesis of BiigS,713
nanostructures — engineering their morphology
through polyethylene glycol and their use in the
photocatalytic reduction of Cr(vi)¥
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Bismuth-based chalcohalides have garnered significant attention over the past five years due to their
promising optoelectronic properties, and applicability in photodetection, ionizing radiation detection,
photocatalysis, and solar cells. Among these compounds, BijgS,7l3 stands out as a novel material with
relatively unexplored synthesis and properties. In this study, we introduce a green synthesis approach for
Bi19S,713 nanostructures, employing the hot injection method under mild conditions with water as the
solvent. By utilizing polyethylene glycol (PEG) as a capping agent with molar proportions [PEG:Bi] 0.5:1,
1:1 and 2:1 and adjusting the reaction time (5 min or 270 min), we successfully controlled the
morphology, yielding either round nanoparticles, nanorolls, or a combination of both. For instance,
longer reaction times such as 270 min enhance the crystallinity of the material and also encourage
morphology uniformity, while PEG favors a rounded morphology. Our findings underscore the
significant capping effect of PEG, particularly evident in the photocatalytic activity of BijgS,/l3 towards

Received 10th April 2024, Cr(vi) reduction. Through this facile and efficient synthesis strategy, we tailored the morphology of

Accepted 20th August 2024 Bi1sS2715 and demonstrated its efficacy in Cr(vi) photocatalysis, achieving a remarkable 91% reduction for
DOI: 10.1039/d4tc01480d the nanoroll-based sample with PEG:Bi [1:1]. This innovative approach not only provides an

environmentally friendly method for synthesizing Bi;9S,713 but also highlights its potential as an effective
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1. Introduction

Human activities generate multiple pollutants in water, pre-
senting pressing challenges for clean water initiatives world-
wide. Hexavalent chromium (Cr(vi)) contamination in water
sources is a significant environmental and public health con-
cern due to its toxicity and carcinogenicity." Despite efforts to
regulate its discharge, Cr(vi) persists as a pervasive pollutant,
originating from industrial processes such as electroplating,
leather tanning, and textile manufacturing.>* Traditional reme-
diation methods often fall short in effectively removing Cr(vi)
from water systems, calling for the development of sustainable
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photocatalyst for environmental remediation.

innovative approaches. Photocatalysis has emerged as a pro-
mising technology for addressing this challenge, harnessing
the power of light-activated catalysts to degrade organic pollu-
tants and transform toxic metal ions.*

In particular, the photocatalytic reduction of Cr(vi) to Cr(u)
is a critical process in environmental remediation because of
the significant differences in properties, such as toxicity, bio-
availability and mobility, between these two species.” This
reduction process has many advantages in the context of
environmental remediation. For example, reduced toxicity;
Cr(w) is significantly less toxic in aquatic habitats, thereby
promoting healthier ecosystems and protecting biodiversity.®
Additionally, it is an essential nutrient in trace amounts for
human and animal metabolism.”® The mobility of Cr(m) is
lower as it tends to form hydroxides, thus precipitating in water
bodies, helping to contain the contamination and to prevent
further environmental damage.’

The photocatalytic reduction of Cr(vi) to Cr(m) can be
considered as an environmentally friendly process that gener-
ally requires fewer chemicals and generates less secondary
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waste compared to conventional methods.'® Thus, it is crucial
for mitigating the adverse effects of chromium contamination
and promoting cleaner and safer water resources.

Various types of nanomaterials have facilitated the photo-
catalytic reduction of Cr(vi) to Cr(m) in water, with inorganic
semiconductors and graphitic carbon nitride (g-C3N,) emerging as
the most widely employed materials."" Titanium dioxide exhibits
high photocatalytic activity due to its suitable bandgap energy and
strong oxidative potential. Its photocatalytic capabilities have been
improved employing a variety of approaches, such as metal
doping and combination with carbon-based materials.'> However,
one drawback of TiO, is its limited efficiency under visible light,
necessitating the use of UV irradiation for optimal performance.
Other metal-based semiconductors have been widely studied
for the reduction of Cr(vi), pristine or in heterostructures, such
as WOs3, ZnO, Ag,S, Fe,03, and Bi,O; among others. However, the
efficiency of these photocatalysts is not the best due to the rapid
electron-hole pair recombination.”® Graphitic carbon nitride, a
metal-free semiconductor, has attracted attention for its visible-
light responsiveness and chemical stability, making it a potential
candidate for sustainable photocatalytic applications. However, its
relatively low photocatalytic activity and challenges in synthesis
scalability pose hurdles for widespread implementation.™

Bismuth based chalcohalides have been gaining exponential
interest in the past five years, due to their optoelectronic
properties, suitable for applications in photodetection,' ionizing
radiation detection,'® photocatalysis,"”” and solar cells."*>° They
have been compared with halide perovskites, and proposed as
more environmentally friendly and stable alternatives.*" In parti-
cular, Bi;S,;1I; is a novel compound, whose synthesis and proper-
ties have not been thoroughly studied. Bi;oS,;I3 is a ternary
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chalcohalide which crystallizes in the hexagonal space group
P6;. Due to having one bismuth atom in % unit cell, the calcula-
tions to determine properties are very resource expensive. There is
more than one way of writing its stoichiometry, and previous
reports have named it (Bi(Bi;S;)ols)o.6667 (Tef. 22) or Bi;3S;gl,.>
Most of the syntheses reported thus far make use of complicated
metal-organic precursors such as bismuth xanthate that require
pre-synthesis, long reaction times,*® specific equipment® and
are mostly aimed towards obtaining films. In this work, we
present a green synthesis method for Bi;¢S,;I3 nanostructures,
using the hot injection method under mild conditions and
water as the solvent. This method is generally used to synthesize
nanoparticles mainly in organic media, very common for
quantum dots,?**’ leading to larger waste generation. However,
it has also been used to produce nanostructures of binary
semiconductors, such as sulphides.”® The advantages of this
method are many over other syntheses commonly used for
semiconductor nanocrystals, such as solvothermal: reaction times
are usually lower, one can observe changes in colour in real time,
and, most importantly, it is not a one-pot synthesis so there is
finer control of how the precursors react. Moreover, most of the
reports in hot injection are for binary compounds, and having a
ternary compound adds a layer of complexity in the reaction.
Using polyethylene glycol (PEG) as a capping agent and varying
the reaction time, we could control the morphology of the
nanostructures, obtaining either round nanoparticles or nano-
rolls, or a mixture of both. We also saw that the capping effect
proved important when studying this nanomaterial for photo-
catalysis of Cr(vi). By tuning a simple and fast synthesis method
such as the one proposed here, we can engineer the morphology
of Bi;0S,,15 and test it for the photocatalysis of Cr(vi) with success,
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reaching 91% of degradation in 255 min for the best sample.
The use of Bi;oS,;I; nanostructures for the photocatalytic
reduction of Cr(vi) is motivated by their superior photocatalytic
activity, environmental safety, versatility and scalable synthesis
methods, cost-effectiveness, and adaptability for enhanced
performance. These attributes make Bi;oS,,1; nanostructures a
promising and environmentally friendly choice for addressing the
critical issue of Cr(vi) contamination in water.

2. Experimental
Nanostructure synthesis

The hot injection solution method was chosen for the synthesis
of Bi;oS,,1;, varying the amount of capping agent and the
reaction time. BiCl; (>98%, Merck), thioacetamide (98%,
Sigma-Aldrich), and NH,I (>99% Sigma-Aldrich) were used
without further purification. Briefly, BiCl; was dissolved in
Milli-Q water at a concentration of 0.021 mol L™, and 10 mL
of this solution was placed in a round bottom flask. Concen-
trated HCl (36%, Dorwill) was added dropwise until complete
dissolution of BiCl;. Polyethylene glycol, average M,, 400 (PEG
400, Sigma Aldrich) was also added in this step when a capping
agent was used. The round flask was put in an oil bath on a
stirring hot plate at 136 °C, with a reflux on top. Furthermore,
two solutions in Milli-Q water were prepared: thioacetamide
(with a concentration of 0.090 mol L") and NH,I (with a
concentration 0.063 mol L™ '). Once the temperature of the
BiCl; solution was reached, 5 mL of both S and I precursor
solutions were consecutively injected at room temperature and
left for a determined amount of time. The black powder
obtained was separated from the reaction medium by centrifu-
gation at 4025 g for 5 minutes. The washing procedure was as
follows: 10 mL of EtOH was added to a Falcon tube containing
the solid, followed by 30 seconds of vortex mixing, followed by
centrifugation under the conditions described above. The EtOH
was discarded afterwards. These steps were repeated 5 times.
Then it was air dried at 60 °C for 24 h. After the samples were
dried, the powder was lightly ground on an agate mortar only to
disaggregate clumps, and stored in glass vials at room tem-
perature under ambient conditions.

All samples were prepared and characterized twice, except in
cases where the synthesis had to be repeated multiple times to
obtain a sufficient quantity of the product for the photocata-
lysis experiments. Table 1 summarizes the conditions tested.

Nanostructure characterisation

Samples were characterized by powder X-ray diffraction (XRD)
in a PANalytical Empyrean diffractometer equipped with a Cu
Ko source (/. = 1.5418 A), and the sample holder used was
a Si zero background holder. The diffractograms were refined
through the Rietveld refinement method (using GSAS-II
software®®) to determine the composition of the samples.
Scanning electron microscopy (SEM) (JEOL 5900 Low Vacuum)
was employed to determine the morphology and size distribu-
tion. Sample preparation for SEM consisted of lightly dropping
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Table 1 Synthesis conditions. The sample codes were established as
follows: TX_YP, where T is the time, X is the reaction time in minutes; P
is PEG as the capping agent, and Y is the molar ratio of PEG related to
bismuth

Sample Time (min) Capping agent PEG:Bi [PEG] (mol L)
T5_0P 5 — — —

T270_0P 270 — — —

T5_0.5P 5 PEG 0.5:1 0.005

T5_1P 5 PEG 1:1 0.011

T5_2P 5 PEG 2:1 0.022
T270_0.5P 270 PEG 0.5:1 0.005

T270_1P 270 PEG 1:1 0.011

T270_2P 270 PEG 2:1 0.022

a small amount of powder onto a double sided carbon
taped metal stub, and gently tapping out the excess. Scanning
transmission electron microscopy (STEM) with an Oxford
Instruments EDS probe was also used to determine the local
morphology and composition at higher magnifications. The
microscope was a Jeol 2100 with a LaBs electron source.
The specimens were prepared by suspending approximately
0.005 g of the dry powdered sample in 500 uL of EtOH with the
help of sonication for 1 minute, and 5 pL of this suspension
was drop cast onto a carbon-coated copper grid. Image proces-
sing was carried out using Image] software.*° Calibrated images
were used to manually measure the dimension of the particles.
A minimum of 500 particles or nanorolls were measured
for each sample. The different morphologies were manually
counted using the cell count tool. Fourier transform infrared
(FTIR) diffuse reflectance spectroscopy (Shimadzu IRPrestige-
21 instrument, with a diffuse reflectance DiffusIR Pike Tech-
nology accessory), was employed to study the capping agent
presence in the samples. Finally, diffuse reflectance UV-vis
spectroscopy was used to determine the experimental band
gap of the products (using a Shimadzu UV 2600 spectrophoto-
meter equipped with an integrating sphere accessory, employing
Spectralon’s scatter profile as the reference). The band gap was
estimated through the Tauc plot method by mathematical linear
fitting of the slope in the graph.**

Photocatalysis experiments

We evaluated the photocatalytic capacity of Bi;¢S,,13 nanorolls
against a low Cr(vi) concentration. Samples with and without
capping agent (samples T270_OP and T270_1P) were used
to reduce the Cr(vi) to Cr(m) under visible light irradiation.
The diphenylcarbazide method was employed to follow the
process.®” The experiments were performed in a home-made
Pyrex glass photocatalytic reactor of 250 mL capacity attached
to a solar simulator SUN 3000 1.5 AMG Abet Technologies with
a cutoff filter at 340 nm (Xe lamp 500 W). The reactor allowed
magnetic stirring of the solution and was equipped with a
refrigeration system to maintain the temperature constant. The
distance between the light source and the reactor system was
kept constant in all the experiments. For the tests, we mixed
50 mL of a solution of Na,Cr,0,-2H,0 with a concentration of
2 mg L' with 10 mg of photocatalyst. To allow the adsorption
equilibrium, the system was kept in the dark with stirring for
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30 min. After this time, we irradiated the system, and we took
portions of 4 mL at different times, controlling the pH at these
intervals using a pH meter (Hanna HI 2210). The fractions were
centrifuged at 4000 rpm for 5 minutes. The supernatants were
treated according to the aforementioned method, using diphe-
nylcarbazide as the color developer for Cr(vi) and analyzed by
UV-vis spectrometry in a Thermo Scientific Genesys 150 spec-
trometer at 540 nm.

3. Results and discussion
Bi;4S,,I; nanostructures

The syntheses using the salt precursors of Bi** and 1", and
thioacetamide as the sulphur precursor, yielded in all cases
Bi;10S,713, as can be seen in the XRD patterns in Fig. 1a and b.
The Rietveld refinement of the most crystalline sample, namely
T270_0P, is shown in Fig. S1 in the ESIL{ resulting in cell
parameters a = 15.661 A and ¢ = 4.024 A. However, there are
differences between the diffractograms that correlate the crys-
tallinity of the sample with the morphologies obtained for the
different synthesis conditions. As observed from electron micro-
scopy analysis, two morphologies were obtained: nanorolls and
round nanoparticles; images of both morphologies are shown in
Fig. 1c and d, the latter depicting a nanoroll in more detail. This
morphology is, to the best of our knowledge, the first reported,
since Bi;S,,1; has been reported to grow as nanorods,>** tubule-
like nanorods>* and flower-like nanostructures.*

A closer inspection of both morphologies was performed
using TEM and HR-TEM. For round nanoparticles, high
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resolution was barely achievable at the edges due to size,
rendering the study of local crystallinity for this morphology
extremely difficult; this can be observed in Fig. S2 in the ESL7
However, in the case of nanorolls, their particular morphology
and their size allowed HR-TEM analysis to be carried out. In
these images (Fig. 1d is a representative sample), it is possible
to notice that the nanostructures are formed by thin layers of
the compound rolled on top of each other, hence the name we
have given to them in this article. HR-TEM imaging of a
nanoroll, as shown in Fig. 1e, allowed for crystalline plane
determination, corresponding to the Bi;oS,,I;3 phase according
to the PDF File 73-1157.

Additionally, the local chemical composition could be esti-
mated by EDS through STEM (Fig. S3 in the ESIT). Remarkably,
both nanorolls and round nanoparticles exhibited a Bi:S:I
ratio close to 19:27:3, indicative of the presence of Bi;oS,;15.
However, it is important to note that these values are estimates
due to the spectral overlap of the main peaks for Bi and S,
leading to potential underestimation of sulfur content. These
findings provide further evidence supporting the identification
of both round nanoparticles and nanorolls in Bi;oS,,13. In the
subsequent paragraphs, we will delve into the variations intro-
duced during the synthesis process, namely alterations in
synthesis time and the quantity of capping agent employed.

First, for sample T5_0P, the XRD diagram corresponds to
Bi;oS,,13 according to the PDF file 73-1157 and is shown in
Fig. 1a. After 5 minutes of reaction, the Bi;oS,,1; comprises
nanorolls and nanoparticles (Fig. 2 left), obtaining approxi-
mately 50% nanorolls and 50% nanoparticles as is shown in
Fig. 3c. When the reaction time is extended to 270 min (sample

b .
e ‘

S/ W VVM"\—'\’\./W.\, T270_2P

M
T270_0.5P|

T270_0P
PDF Bi, S|,
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Fig. 1 (a) XRD diagrams of the samples synthesized with a time of 5 min, (b) XRD diagrams of the samples synthesized with a time of 270 min, (c) TEM
image of a representative sample synthesized with PEG (T5_1P), with nanorolls and round nanoparticle morphologies, (d) TEM image of nanorolls, and (e)

HR-TEM image of a nanoroll.
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T270_0P), the round nanoparticles disappear and the sample
only presents nanorolls, as shown in Fig. 2 (right). The median
of the nanorolls is 173 & 35 nm for 5 min and 186 + 38 nm for
270 min (see Fig. 3a and Table S1 in the ESIf). Thus, the
nanorolls do not grow when using longer reaction times.

With a 93% reaction yield for the 5 minute reaction and a 52%
reaction yield for the 270 min reaction (as is shown in Fig. 3e), one
could conclude that extending the reaction time promotes the
dissolution of the round nanoparticles. Therefore, the dissolved
entities do not contribute to the nanoroll growth. It is noteworthy
that the XRD diagrams differ in their background as well, with the
sample from the shorter reaction time having two distinct regions
with higher background signal (from here on referenced as “back-
ground bellies”) between 25-35° and 40-50°, which could be due to
an amorphous component of the round nanoparticles.
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When PEG was added to the reaction mixture, the size and
predominant morphology of the nanostructures in the samples
were affected. For 5 minutes of reaction time, the variation
in PEG concentration has several influences on the resulting
Bi;0S,-,13 nanostructures. The first observation worth noticing is
the XRD characterisation at low 2 theta values, where a higher
background is correlated with a higher content of PEG (Fig. 1a,
sample T5_2P with a PEG:Bi ratio of 2:1). Furthermore, all
diffractograms, in this case, present the background bellies
mentioned in the section above, but it is considerably more
noticeable for the sample with the highest amount of PEG used
in the reaction. Regardless of the amount of PEG used, both
nanorolls and round nanoparticles are present after 5 minutes
of reaction time. However, there is a difference in their quan-
tities, as can be seen in Fig. 3c. When the amount of PEG is

Time

f ‘V‘_H ‘

Fig. 2 SEM images of the samples synthesized at different reaction times and with different PEG: Bi ratios.
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Fig. 3 Variation of parameters vs. PEG: Bi ratio. (a) Nanoroll sizes with different synthesis times, (b) nanoparticle sizes with different synthesis times, (c)
quantity of nanorolls and nanoparticles with a 5 min synthesis time, (d) idem c for the 270 min synthesis time, and (e) reaction yields.

increased to a ratio of 2 : 1 with regard to Bi, most of the sample
presents round nanoparticles, and only some nanorolls are
observed (Fig. 2, bottom-left), while with no PEG, the amount of
nanorolls is considerably higher (Fig. 2, above-left). The corre-
lation between the amount of round nanoparticles and the

16848 | J Mater. Chem. C, 2024, 12,16843-16853

diffractogram profile is further evidence of the partially amor-
phous nature of round nanoparticles.

If we extend the reaction time to 270 min, only with a
PEG:Bi ratio of 2:1 round nanoparticles are present, while
for lower quantities of PEG there are only nanorolls (as shown

This journal is © The Royal Society of Chemistry 2024
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in Fig. 2, right). The higher intensity of the XRD diffraction
peaks with no background in the 20-35° region for 270 min in
all cases indicates a higher degree of crystallinity, and can also
be related to the absence of round particles. Moreover, in all
samples with a reaction time of 270 minutes, the reaction yield
is considerably lower than for 5 minutes, which should be
taken into account for future applications. Therefore, the less
stable round nanoparticles dissolve with longer reaction times.

Concerning the effect of PEG as the capping agent, the 50-
50% ratio of nanorolls and round nanoparticles is maintained
up to a PEG: Bi ratio of 1:1. The size of nanorolls (for 5 min of
reaction) decreases as the PEG : Bi ratio increases. However, the
diameter of the nanoparticles remains unchanged, indicating a
slight capping effect on the crystalline part of the material, that
is to say the nanorolls. Over time, the nanoparticles dissolve
again, and the nanorolls either remain largely unchanged or
show a minimal decrease in size. When we employed a PEG : Bi
ratio of 1:1, the nanorolls were minimized in size, and the
nanoparticles were relatively unchanged until their dissolution
at 270 min, indicating once more a capping effect on the
crystalline part of the sample. With a 2:1 ratio, we observe
almost an 80% presence of round nanoparticles and a lower
proportion of larger nanorolls.

FTIR spectroscopy was conducted to delve deeper into the
interaction between PEG and Bi;oS,,13. Fig. 4 (left and right)
show the spectra of the samples for 5 minutes and 270 minutes
of reaction, respectively, compared with PEG. In the samples
synthesized during 5 minutes, four principal bands ascribed to
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PEG were found, and three of them are present only in samples
with a higher PEG : Bi ratio,>* namely T5_1P and T5_2P. While
the C-O group at 1070-1110 cm is present in all the samples,
the following bands were identified exclusively in the samples
with a higher PEG content: the C-H sp® band at ~800 cm™’,
the C-OH group at ~1280 cm ', and the C-H sp® band at
~1450 cm™". The band between 1627-1660 cm ™' is attributed to
the deformation bands associated with water content.*® Con-
sidering the sizes and quantities of the nanostructures discussed
above, it is revealed that the PEG is not only present in the
samples but it evidently acts as a capping agent. However, when
we performed the FTIR spectra with the samples synthesized for
270 min, we observed that some of the peaks of the PEG
disappeared. As we determined that PEG is responsible for the
round morphology, and the round particles dissolve after 270
minutes of reaction, it is possible that a portion of the PEG is lost
during the prolonged reaction time and subsequent washing.
Thermogravimetric analysis (TGA, Fig. 5a) and differential
scanning calorimetry (DSC, Fig. 5b) were carried out to comple-
ment the FT-IR characterization. The weight loss between 300 and
500 °C in all thermograms is indicative of PEG presence, as a
weight loss in this temperature range is also observed in the
thermogram of pure PEG (Fig. S4 in the ESIt). There is a clear
effect of the reaction time in the PEG content on the resulting
nanostructures, given by the comparison of the thermograms of
the sample without PEG (T270_0P) with only a 3% weight loss,
and the other samples with PEG in the reaction medium (the error
in the weight loss percentage is 2%). The first observation is that
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Fig. 4 FTIR spectra of the Bi;9S,715 samples compared with PEG 400 for 5 and 270 minutes of reaction. The bands of interest are marked in both graphs.
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overall, shorter reaction times have a greater weight loss than
longer reaction times, for all samples regardless of the content of
PEG. Within the same reaction time, the weight loss increases
with increasing amount of added PEG. This is further proof that
the capping interaction with PEG is successful at short reaction
times, promoting the formation of round particles, which once
the reaction progresses to longer times, dissolve in the media,
releasing the PEG, which is in turn washed away in the solid
processing once the synthesis is completed. There is a distinct
difference for the 270 minutes of reaction with a 2:1 PEG:Bi
molar ratio synthesis sample, in that it suffers a higher weight
loss. This sample contains round particles, unlike the others
synthesized with this time, which are only comprised of nanorolls.
As for the DSC, there is an event present in all samples at
5 minutes of reaction time at around 200 °C, which for the longer
reaction time this even is only noticeable, albeit barely, for the
sample with highest PEG content. Once again, all of these samples
are the ones that contain round particles as well as nanorolls.
The smallest nanostructures (both nanorolls and round nano-
particles) obtained with a PEG:Bi ratio of 1:1 and 5 minutes of
reaction, indicate that at this concentration, the PEG has the best
capping effect to limit the nanostructure growth of Bi;oS,;I; in
both morphologies and stay bound to them, whereas for 270 min
the PEG influence is not as strong and the nanorolls experience a
slight growth. Additionally, when a 0.5:1 ratio is used, the
concentration of PEG does not seem to be enough in the reaction
volume to have a successful interaction with the growing nanos-
tructures. Finally, for a 2: 1 ratio, the PEG present can be in excess
and the high concentration and heat can favor the inter-polymer
interaction and prevent an efficient interaction with the growing
nanocrystals. This kind of effect of PEG concentration for nano-
particles has already been reported for other materials.*®

Optical properties

In this investigation of the photocatalytic properties of
Bi;0S,,13, we focused on the crystallinity of the samples, their

da
100
3%
95 5%
°o
X 901 10 %
A 2%
O 851
o
=
=)
o 80
T270_2P |
754 T5 2P ——T270_1P
——T5_1P ——T270_0.5P
——T5_0.5P ——T270_OP
70+ -

T b T N T i T T
500 100 200 300 400 500
T(°C) T(°C)

T T T T
100 200 300 400

Fig. 5

View Article Online

Journal of Materials Chemistry C

morphology, and the presence of a capping agent. Specifically,
we selected two samples, T270_1P and T270_0, comprised
solely of crystalline nanorolls, synthesized with and without
PEG, respectively. The determination of the band gap of these
samples was conducted via diffuse reflectance UV-vis spectro-
scopy (Fig. 6a), employing the Kubelka-Munk transformation
and plotting the Tauc function® (Fig. 6b), and considering a
direct band gap as has been already documented.'® Our analy-
sis yielded a consistent band gap value of 1.00 eV for both
samples, aligning closely with findings in the existing litera-
ture. Various authors have previously reported band gap values
of 1.15 eVv,** 0.91 eV,** 1.08 eV,*® and 0.83 eV,'® further
validating our results.

Photocatalytic properties

The relative concentration C/C, (where C is the concentration at
time ¢ and C, is the initial Cr(vi) concentration) versus time for
each sample is shown in Fig. 7. As can be seen, not only is there
a different behavior in how the nanorolls catalyze the degrada-
tion for Cr(vi), given by the differences in the curves, but the
sample with PEG T270_1P is more efficient in the degradation
of Cr(vi) under the same conditions compared with T270_0P,
which is the sample without PEG. With 91% degradation
compared with 45% after 255 minutes, the superior yield of
T270_1P is irrefutable. The calculated apparent rate constant
(k), using a pseudo-first-order kinetic, is 0.01 min~" for this
nanomaterial. If we compare our results with other reported
values for bismuth based semiconductors containing sulfur
and halides (Table 2), most reports use a five-fold or higher
concentration of Cr(vi), and it has been determined that the
photocatalysis yield is better at higher Cr(vi) concentrations.®”
Our study focuses on low Cr(vi) concentrations as a first
approach, indicating that these preliminary results can only
be improved further, not only for pure Bi;sS,;I3, but with
heterostructures, for example.
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(a) Thermogravimetric analysis of the synthesized samples of Bi19S,7I3 at different reaction times and PEG : Bi molar ratios. (b) Differential scanning

calorimetry of the synthesized samples of BijgS,7I5 at different reaction times and PEG : Bi molar ratios.
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Fig. 6 (a) UV-vis absorption spectra of the T270_0P and T270_1P samples. (b) Tauc plot after Kubelka—Munk transformation for the direct band gap of
Bi1oS2713 in samples T270_0P and T270_1P. Calculated values are shown with the error of fitting.

In order to investigate whether the reduction of Cr(vi) occurs
through direct transfer from the semiconductor to the species,
we determined the conduction band position (Ecg) of the
samples using the following equation:**>

Ecgp = E° —X+%Eg
where E° is the energy of free electrons in the hydrogen scale
(4.44 eV) and X is the absolute electronegativity of the semi-
conductor expressed as the geometric mean of the Mulliken
electronegativity of the constituent atoms. Eyg was obtained
through Eyg = Ecg + E,;. We obtained Ecg = —0.66 €V and Eyp =
0.34 eV (vs. NHE). Comparing the Ecp value with the reduction
potential of Cr(vi)-Cr(m) (0.51 €V), it can be inferred that the
reduction occurs through direct electron transfer. Additionally,
a proportion of the generated electrons can react with the
adsorbed O, promoting further Cr(vi) reduction.

Considering the fact that in both samples the only difference
is the PEG present, we must rule out a difference in exposed
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surface due to nanoroll size, for instance. However, an important
observation was made when the photocatalysis was carried out.
As shown in Fig. 8a, the PEG-capped nanorolls are considerably
better suspended in water than the non-PEG-capped ones, which
aggregate forming large clusters. While one could think the PEG
covering the surface of the nanorolls would act negatively in the
charge transfer between Bi;oS,;I; and Cr(vi), in the synthesis
conditions employed for T270_1P, the PEG is just enough for the
stabilization of the nanorolls in an aqueous solution, allowing
for a more intimate exchange between the semiconductor
nanostructure surface and the cations in solution.

Another important aspect to highlight is the working pH. In our
photocatalysis, the pH was between 5.2 and 5.5 throughout the
experiment. It is well known that Cr(vi) reduction is favored at an
acidic pH, but many photocatalytic materials undergo corrosion
under these conditions."® Bi;¢S,,I; is stable in an acidic medium,
and further studies should be carried out at lower pH values to
determine the optimum pH for photocatalysis, giving it an addi-
tional advantage for treating water contaminated with Cr(vi).
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Fig. 7 (a) Cr(v) reduction using Bi;gS,713 synthesized with and without PEG as the capping agent as photocatalysts, and (b) variation in the % of Cr(vi)

reduction over time.
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Table 2 Comparison of the photocatalysis parameters for different bismuth-based compounds

Cr(v1) concentration Catalyst dosage Light application Removal

Photocatalyst (mg L™ Lamp source (mgL™ time (min) rate (%) Ref.
(Bi19S2713)0.6667 10 300 W xenon lamp 200 60 94.1 38

Bi,S;3 20-100 — 100 90 ~90 39

BiSI 20 300 W xenon lamp 1000 30 ~100 17
BiOBr-Bi,S; 10 500 W xenon lamp 500 12 100 40
Bi,S;/BiOBr 30 Halogen, 50 W 1000 60 74.3 41
BiyoS,715 2 500 W xenon lamp 200 250 91 This paper

Fig. 8 (a) Sample T270_1P suspended in Cr(vi) aqueous solution in a falcon tube; (b) sample T270_0P suspended in Cr(vi) aqueous solution in a falcon
tube; (c) sample T270_0P in Cr(vi) aqueous solution in the photocatalysis reactor.

4. Conclusions

This work presents a green synthesis approach for nanostructures
of Bi;oS,;15, utilizing water as a solvent and low temperatures,
thus reducing energy costs. Additionally, we have successfully
controlled the morphology of the nanostructures by adding PEG
as the capping agent at different concentrations and varying the
reaction time, to obtain a mixture of nanorolls and round
nanoparticles, or only nanorolls. We have seen that longer reac-
tion times such as 270 min enhance the crystallinity of the
material and also encourage morphology uniformity, while the
PEG favors the rounded morphology. Furthermore, the incorpora-
tion of a capping agent improved the nanostructure dispersion in
water, boosting the Bi,;oS,;1; efficiency of the nanostructures as a
photocatalyst for low concentration Cr(vi) reduction in aqueous
environments. This paper contributes to advancing the state of
the art in promising semiconductor nanomaterials, with ample
room for fine tuning Bi;oS,,I; properties, particularly for water
purification applications. Additionally, the report of an easily
synthesized new morphology paves the way for exploring diverse
technological applications.
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