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Hexavalent chromium reduction and Rhodamine B
degradation by visible-light-driven photocatalyst of
stannum indium sulfide-samarium vanadate

Shahrzad Asoubar’, Ali Mehrizad @°*, Mohammad A. Behnajady (@?, Mohammad Ebrahim Ramazani' and Parvin Gharbani @**

In this study, a flower-like Snln,Sg/SmVO, heterostructure was synthesized by applying a hydrothermal approach and used as a
visible-light-driven photocatalyst to remove hexavalent chromium (Cr®") and Rhodamine B (RhB). The process design and
optimization were carried out by response surface methodology (RSM). An artificial neural network (ANN) was also used to
determine the relative importance of operational factors. Under RSM-based optimal conditions, the Cr®* and RhB removal efficiency
reached 90.93 and 97.57%, respectively. Process modeling by ANN revealed pH as the most influential factor in Cr®" and dye
removal. The predominant photocatalytic activity of Snln,Sg/SmVO, was attributed to its Z-scheme structure, leading to the
significant separation of charge carriers and conserving the redox capacity of the photogenerated electron-holes. Kinetic studies
revealed that the Snin,Sg/SmVO, could achieve considerable rate constants of 0.036 and 0.080 min~' to remove Cr®* and RhB,
respectively. Furthermore, the catalyst’s reusability was confirmed under optimal conditions.
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INTRODUCTION

Contamination of aquatic environments by organic and inorganic
pollutants has always been a concern from an environmental
perspective. Dyes and heavy metals are among the main organic
and inorganic compounds existing in most industries’ wastewater.
Rhodamine B (RhB) and hexavalent chromium (Cr(Vl) or Cr®),
selected as the organic dye and heavy metal ion models in this
research, are among the water pollutants whose harms have been
widely reported. RhB is a synthetic and fluorescein dye commonly
used in textile and dyeing with proven carcinogenic and teratogenic
effects on public health. In 2019, Cr*" compounds were introduced
among the first category of hypertoxic water contaminants. When
released directly into the water, such chemicals will cause irreparable
damage to flora and fauna life by disrupting photosynthetic
processes and cytotoxicity. In addition, they lead to various diseases,
such as ulcers, respiratory problems, kidney and liver damage, and
lung cancer in humans'=. Therefore, urgent action is necessary to
prevent them from entering aquatic environments.

Accordingly, tremendous efforts have been devoted to addressing
water pollutants. However, advanced oxidation processes (AOPs)
seem to have aroused plentiful interest due to their unique features
in converting pollutants into harmless compounds'®~'%. Photocata-
lysis mediated by semiconductors is one of the AOPs capable of
forming a reduction/oxidation (redox) process to efficiently reduce
heavy metals and organic dyes without secondary pollution
efficiently’>"®. Regarding energy crisis issues, exploiting responsive
semiconductors for cost-effective irradiation sources like visible/solar
light is indispensable. Stannum indium sulfide (Snin,Sg) is a ternary
chalcogenide semiconductor with potential uses in photocatalysis
regarding its relatively narrow band gap, high stability, and strong
visible-light absorption capacity. Generally, the short lifetime of
photoinduced electron-hole (e-h™) pairs dramatically restricts the
performance of the simplex catalyst, where SninsSg is no

exception'®?°, Among the extensive efforts to overcome this
dilemma and improve efficiency, constructing Snin,Sg-based hetero-
structures enhance its performance®'~%°, In this respect, photocata-
lysts with Z-scheme heterostructure have a privileged position
because of separating charge carriers and conserving the redox
capacity of the photogenerated e-h™ pairs®>-2%, Researchers have
reported various Snin,Sg-based Z-scheme photocatalysts. For
instance, Shi et al. prepared Z-scheme flower-like Bi,S3/SninsSg
heterostructure and reported its higher performance than pure
Snin,Sg and Bi,Ss in photocatalytic degradation of RhB2°. Zhang et al.
successfully synthesized the Z-scheme heterojunction of Snin,Sg-CdS
with enhanced photocatalytic redox capabilities®®. Shen et al.
showed that Z-scheme Snin,Sg/CeO, heterojunction could be used
in the photocatalytic reduction of Cr®" under visible light®'. Tang
et al. reported the g-C3N,/Snin,Sg composite as a direct Z-scheme
photocatalyst to enhance photoactivity and stability in eliminating
dyes and heavy metals®2. Despite the tremendous advances in this
field, choosing an efficient semiconductor with suitable band edges
is still essential for fabricating more Snin,Sg-based Z-scheme
heterostructures with high photocatalytic efficiency and practical
applications. Recently, rare-earth elements and their compounds
have been considered in photocatalytic studies regarding their
unique electronic and optical features®3. In this respect, samarium
vanadate (SmVQ,) can be considered a promising semiconductor
candidate owning to its relatively narrow band gap, visible-light
harvesting capability, and suitable band structure for photoredox
reactions®*. The capability of SmVO, to form heterojunctions with
other semiconductors has been investigated in various studies®>=*,

Considering the energy band alignment with Snin,Sg, SmVO, is
expected as a good alternative for fabricating a Z-scheme
heterojunction with high photocatalytic activity. However, to our
knowledge, no related study has yet been conducted on Snin,Ss/
SmVO, heterojunction.
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Fig. 1 XRD patterns. Snin,;Sg. SmVO,. Snin,Sg/SMVO,.

In the present study, Snln,Sg/SmVO, photocatalyst was
synthesized with a proposed Z-scheme heterojunction to reduce
Cr®* and degrade RhB in a visible-light-driven redox process. Since
cost and time saving and accurate estimation of results are
research priorities, this work aims to design experiments, optimize,
and rank operational factors using response surface methodology
(RSM) and artificial neural network (ANN), as two multivariate
statistics procedures. Furthermore, the kinetics and mechanism of
the involved process were studied.

RESULTS AND DISCUSSION
Crystallographic, morphology, and surface area studies
The crystalline structure of the synthesized samples was explored
by X-ray diffraction (XRD) patterns depicted in Fig. 1. For bare
Snin,Sg, the peaks at 20 angels of 9.65°, 19.10°, 28.20°, 32.80°,
47.82° and 49.65° correspond to the (200), (202), (600), (602), (174),
and (001) planes of tetragonal phase Snin,Sg, respectively (JCPDS
Card No. 42-1305)"3". Similarly, for pure SmVO, seven peaks
appeared at 18.5° 24.64°, 33.06°, 48.92°, 61.64°, 63.63°, and 69.4°,
which are indexed with the (101), (200), (112), (312), (332), (204),
and (224) planes of tetragonal phase SmVO,, respectively (JCPDS
Card No. 17-0876)*'*2, In the case of Snin,Sg/SmVO, samples,
predominant diffraction peaks of Snin,Sg and SmVO, were
observed, confirming the successful formation of Snin,Sg/SMVO4.
The field emission-scanning electron microscope (FE-SEM)
images of SmVO,; SninsSg, and Snin,Sg/SmVO, with two
maghnifications are shown in Fig. 2. According to Fig. 2a, a’, the
SmVO, sample formed of uniform spherical nanoparticles. Fig. 2b,
c represent the formation of flower-like Snin,Sg and Snin,Sg/
SmVO, microspheres. The high-magnification FE-SEM images of
Snin,Sg and SnIn,Sg/SmVO, (Fig. 2b’, c) reveal that these
microspheres were loosely assembled by numerous nanosheets.
The mechanism behind the formation of flower-like morphol-
ogy was followed through the synthesis of Snin,Sg at different
hydrothermal reaction times. Supplementary Fig. 1 illustrates the
FE-SEM images of synthesized samples at different hydrothermal
times. As shown in Supplementary Fig. 1a, irregular wrinkled
nanosheets with a clinging tendency were formed at 4 h. By
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SmVO4.

increasing hydrothermal time to 8h, the SnIn,Sg hierarchical
microspheres begin to form by self-assembling a large number of
nanosheets (Supplementary Fig. 1b). When the hydrothermal time
prolongs to 12 h, the microspheres obtained from the nanosheets
found a more regular arrangement and formed a perfect flower-
shaped sphere (Supplementary Fig. 1c).

The constituent elements of the Snin,Sg/SmMVO, composite was
unraveled by energy dispersive X-ray (EDX) spectrum (Supple-
mentary Fig. 2). The symmetrical distribution of relevant elements
on the surface of the Snin,Sg/SmVO, composite was depicted well
by the EDX elemental mapping (Supplementary Fig. 3).

The microstructure of the binary Snin,Sg/SmVO, composite was
further scrutinized by transmission electron microscope (TEM) images
(Supplementary Fig. 4), by which Snln,Sg nanosheets decorated with
SmVO, nanoparticles are seen. Close contact between composite
components aids heterojunction formation, transfer of photoexcited
charge carriers, and their separation in photocatalytic processes®3031,

The nitrogen adsorption-desorption curves and Brunauer-
Emmett-Teller (BET) analysis results were surveyed to evaluate
the surface characteristics of the SnilnsSg, SmVO, and binary
Snin,Sg/SmVO, composite. As per Fig. 3a, the N, adsorption-
desorption curves of all samples showed a type-IV isotherm with
an H3 hysteresis loop (IUPAC classification)*®, indicating the
presence of mesopores in the structure of the samples. The
obvious hysteresis (0.3-1.0 p/po) between the adsorption and
desorption branches of Snin,Sg/SmVO, indicates the presence of
considerable mesopores in its texture. This hysteresis can be
attributed to the voids in the Snin,Sg hierarchical microsphere.
This result was confirmed by calculated pore size distribution
ranging 1 to 10 nm from the desorption branch of the Barrett-
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Fig. 3 N, adsorption-desorption and pore size distribution curves. a N, adsorption-desorption curves of Snin,Sg, SmVO,, and Snin,Sg/

SmVO,. b pore size distribution curve of Snin,Sg/SMmVO,.

Joyner-Halenda (BJH) plot (Fig. 3b). Besides, the values of the
specific surface area of Snin,Sg, SMVOQ,, and Snin,Sg/SmVO, were
estimated from BET analysis as 17.18, 32.93, and 28.56 m? g,
respectively. Obviously, introducing SmVO, spherical nanoparti-
cles led to a significant increase in Snin4S8/SmVO, specific surface
area compared with Snin,Sg nanosheets. Notably, the obtained
specific surface area for Snin,Sg/SmVO, has an acceptable value
compared with its similar binary composites, such as Snin,Sg/
Bi,MoOg (14.3 m? g~ "), AgInS,/Snin,Sg (21.7 m? g~ '), CdS/Snin,Sg
(32.1 m2 g1, and g-C3N,/Snln,Sg (18.7 m? g~ 1)823.2432,

Band gap energy, band edge potentials, and e-h" separation
studies

The band gap energies (E;) of synthesized samples were
calculated by the UV-Vis diffuse reflectance spectra (Fig. 4a) and
Kubelka-Munk function (F(R) = (1-R)>/2R, where R denotes the
reflectance value). The E; can be obtained by drawing a plot of
[F(R)hu]'”? versus the photon energy (hu) and extrapolating the
plots to [F(R)hu]"? =0 (Fig. 4b)**. The E, values were determined
to be about 2.11, 1.87, and 2.03eV for Snin,Ss, SmVO,, and
Snln,Sg/SMVO,, respectively, thereby guaranteeing their utiliza-
tion under visible light. In this regard, the introduced SmVO,
reduces the £, value of Snin,Sg from 2.11 to 2.03 eV.

The band edge potentials of studied semiconductors were
estimated using the Mott-Schottky plots (Fig. 4c) and E; values.
According to Fig. 4c, the slope of the plots is positive, indicating
the n-type nature of semiconductors. The flat-band potential (Efg)
values of SnIn,Sg and SmVO, were determined as —0.85 and
0.14V vs. Ag/AgCl, respectively, by extrapolating the plots to
C2=0. It is of note that the potential of the conduction band
(Ecp) of an n-type semiconductor is approximately equal to Egg vs.
NHE (Normal Hydrogen Electrode), which can be computed from
the following empirical formula:

Ecp ~ Ers(vs.NHE, pH=7) = Erg(vs.Ag/AgCl, pH=6) + E°(Ag/AgCl) — 0.0591

m
where E°(Ag/AgCl)= 0.21V (vs. NHE)*. Accordingly, the Ec values
of Snin,Sg and SmVO, were calculated as —0.69 and 0.29V vs.
NHE, respectively. Meanwhile, the valence band potentials (Eyg) of
SningSg and SmVO, were computed as 1.42 and 2.16V vs. NHE,
respectively, using the Eyg = Ecg + E4 equation.

In the next step, the e-h™ separation ability of individual and
binary samples was explored using the photoluminescence (PL)
spectra. A low-intensity PL emission spectrum normally indicates a
lower recombination rate of e-h™, and vice versa®. As shown in
Fig. 4d, the weakest PL intensity belongs to Snin,Sg/SmVO,,
indicating suppression of charge recombination by constructing
Snln,Sg/SMmVO, heterojunction. Such a desirable outcome can be
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attributed to the band structure modulation in heterojunction,
which enhances the photocatalytic activity. For detailed explana-
tions, see the mechanism section.

Comparison of the performance of the synthesized powders
toward Cr5 and RhB removal

The adsorption and photocatalytic performance of simplex and
binary powders were investigated by monitoring the removal of
Cr* and RhB. As shown in Fig. 5, the contribution of Cr®* and RhB
adsorption by the synthesized powders was little compared to
their photocatalytic removal. Figure 5 also illustrates that all binary
Snin,Sg/SMVO, composites had higher photocatalytic activity than
the single-phase component samples under visible light irradia-
tion. As mentioned above, constructing Snin,Sg/SmVO, hetero-
structure suppresses e-h™ recombination and enhances
photocatalytic activity. However, the Snin,Sg/SmVO, composite
with an equal molar ratio of components exhibited top-flight
photocatalytic performance as compared to other ratios. Accord-
ing to the literature, flower-like structures such as Snin,Sg have
potential photocatalytic applications because of their particular
configuration, especially the presence of hierarchical pores.
According to Yan et al, the pores inside hierarchical architectures
can act as light transmission paths to penetrate photon energy to
the depths of the photocatalyst structure, increasing its light-
harvesting significantly. In addition, the catalyst photoabsorption
improves by increasing the light absorption, reflection, and
scattering within such porous architectures. Furthermore, abun-
dant pores in this structure provide numerous active sites for
adsorbing more target species'®. It seems that increasing SmVO,
content in the Snin,Sg/SMVO, texture from an optimal ratio could
shield the Snin,Sg surface, thereby impeding the light absorption
by Snin,Sg and also blocking the active sites. Therefore, a proper
molar ratio of composite components could substantially enhance
the photoactivity of the composite. In continuation of our
investigation, the role of Snln,Sg/SmVO, (1:1) toward Cré*
reduction and RhB degradation at visible light exposure was
evaluated.

Assessing the role of operational factors and process
optimization by RSM
As mentioned in the experimental section, the effect of four
influential factors was studied during 30 RSM-designed experi-
ments to find the optimal condition for photocatalytic Cré*
reduction or RhB degradation (Supplementary Tables 1, 2).

After importing the laboratory results to the DX7 software and
implementing stepwise command (to remove the insignificant
linear, quadratic, and interaction effects), theoretical results were
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Adsorption Photocatalysis the significance of a model*’. According to Supplementary Tables
_ 3, 4, the F and p-values of both models at a 95% confidence
100 interval indicate their statistical significance. The lack of fit F-values
S 78 of models also suggests the lack of fits is not significant relative to
< 80 the pure error. In addition, the predicted and adjusted R-Squared
g o values close to 1 confirmed the satisfactory correlation between
5 40 experimental and theoretical removal efficiency values. Further-

20

Fig. 5 Comparison of the adsorption and photocatalytic perfor-
mance. Effect of the simplex and binary powders on Cr®* and RhB
removal efficiency. ([Powderly: 0.5gL~"; [Cr®*1y: 60mgL~"; [RhB]o:
6 mgL~"; pH: 7; Time: 50 min).

predicted by the following reduced quadratic polynomial equations:

Cr%*removal(%) = 53.20 — 0.61[Cr],+412.68[Catalyst],—9.20pH
+0.71Time + 0.06[Cr],.pH — 69.30[Catalyst],.pH
— 0.03pH.Time -+ 2541.08[Catalyst]3
+0.38pH? — 2.20x 1073 Time?
)

RhB removal(%) = 115.42 + 0.76[RhB],—250.01[Catalyst],
—2.52pH — 0.43Time + 8.75x 1073[RhB],.Time
+ 15.78[Catalyst],.pH + 1.43[Catalyst],.Time
+0.01pH.Time — 0.02[RhBJ2+1.01x 10~3Time?

®3)
The accuracy and precision of the proposed models were

assessed by analysis of variance (ANOVA) statistical testing.
Statistically, a high F-value and a low p-value (<0.05) indicate
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more, according to diagnostic plots depicted in Supplementary
Figs. 5, 6, the normality of residuals’ dispersion (Supplementary
Fig. 5), and random errors in runs (Supplementary Fig. 6) indicate
the precision of the proposed models. Based on the mentioned
points, Egs. (2) and (3) were satisfactory models for predicting the
efficiency of Cr®" and RhB removal.

As mentioned above, running the stepwise command in the
DX7 software removes the negligible effects and represents the
major linear, quadratic, and mutual effects. As can be seen in
Supplementary Table 3 and Eq. (2), the binary interaction of
solution pH with the initial Cr®* concentration, catalyst dosage,
and irradiation time have pivotal roles in the photocatalytic
reduction of Cr®*. These outcomes are graphically illustrated by
3D response surfaces in Fig. 6a—c to interpret these interactions.
Similarly, Supplementary Table 4 and Eg. (3) show that
interactions of [RhB]o*Time, [Catalyst]lo*pH, [Catalyst]o*Time,
and pH*Time are major mutual effects in photocatalytic
degradation of RhB. The response surfaces of these effects are
depicted in Fig. 7a-d.

As shown in Fig. 6a-c, acidic pHs were favorable to the
photocatalytic reduction of Cr®*. In this respect, Cr5" exists in
forms of HCrO, and Cr,02~ in acidic solutions, and its
photocatalytic reduction occurs according to Egs. (4) and (5)%4°,
It is noteworthy that the abundance of H" is suitable for reducing
Cr®*. In alkaline environments, CrO2™ ion is the dominant species
of Cr®*, whose photocatalytic reduction produces Cr(OH),
precipitation (Eq. (6)). These precipitations cover the catalyst
surface, blocking many active sites and hindering photon
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HCrO; +7H"+3e~ — Cr*"+4H,0 (@)
Cr,03 +14H" +6e~ — 2Cr"+7H,0 (5)
CrO2~ +4H,0 + 3e~ — Cr(OH); | +50H" (6)

Furthermore, the point of zero charge (pHp,c) of the Snin,Sg/
SmVO, composite is 7.2 (Supplementary Fig. 7), meaning that the
composite surface has positively and negatively charged at pHs
below and beyond 7.2, respectively. Thus, the electrostatic
attraction between HCrO,; and Cr,O2~ with positively charged
catalyst surfaces at acidic pHs caused the remarkable adsorption
of these anions on the catalyst surface and, thus, substantial
photocatalytic reduction of Cr5*. Consequently, the cleanup
pathway of Cr®* is more favorable under strong acidic conditions.
In Fig. 6a, b, the pH interactions with catalyst dosage and
irradiation time show that increasing the catalyst amount and

Published in partnership with King Fahd University of Petroleum & Minerals

irradiation duration in relatively strong acidic environments
increases the efficiency. This enhancement might be due to the
increased available active sites and the possibility of creating more
active species. Besides, according to Fig. 6¢, the removal efficiency
was decreased at higher Cr5* concentrations because of huge
amounts of Cr®" ions and the non-responsiveness of involved
active species3®31,

According to Fig. 7a—d, increasing the initial dye concentration,
catalyst dosage, and duration of irradiation increases the RhB
removal efficiency. In fact, all three mentioned factors raise the
chance of the RhB molecules’ collision with the catalyst surface,
thereby increasing the photocatalytic eradication of RhB. Although
an increment in dye concentration may prevent the penetration of
photons deep inside the solution, it can be compensated by the
prolonged illumination time (Fig. 7a). The obtained results are
consistent with the results observed in previous studies**>%>1,

According to Fig. 7b, d, alkaline pHs were favorable to
photocatalytic degradation of RhB. Indeed, the electrostatic
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Table 1. RSM-based optimal conditions for photocatalytic Cré*
reduction and RhB degradation.

[Pollutant]l,  [Catalystl, pH Time (min) Removal (%) Removal
(mg L™ (gL Pred. (RSM) (%) Exp.
40 (Cro) 0.7 3 65 93.25 90.93
8 (RhB) 0.8 9 45 99.09 97.57

attraction between negatively charged catalyst surfaces and
cationic molecules of RhB caused the remarkable pulling of RhB
toward the catalyst surface at basic pHs, leading to substantial
photocatalytic degradation of RhB dye. This conclusion is entirely
consistent with the results obtained by other studies®2.

Typically, determining the optimal conditions is the final step in
experimental design. Table 1 summarizes the RSM-based opti-
mum conditions for the removal efficiency of Cr®" and RhB.

npj Clean Water (2023) 27

Figure 8 presents the UV-Vis spectra and photographs of Cr®+
and RhB solutions before and after the photocatalytic process. The
fading of the solutions’ color and a significant decrease in
absorbance at the corresponding maximum wavelengths indicate
the remarkable photocatalytic removal of Cr®* and RhB under the
optimal RSM-based conditions.

The extent of RhB mineralization in the photocatalytic process
was estimated using a total organic carbon (TOC) analyzer
(Shimadzu TOC-L-CPN). The obtained results demonstrate that
TOC was removed up to 73.98% at optimal RSM-based conditions,
suggesting effective mineralization of RhB dye. In addition, the
produced by-products during the RhB degradation were identified
by gas chromatography-mass spectrometry (GC-MS) according to
the instructions reported in the Supplementary Methods. The GC
chromatogram of degraded RhB and corresponding Mass spectra
are presented in Supplementary Figs. 8, 9, respectively. Figure 9
illustrates the chemical structure of 7 by-products produced
during RhB photocatalytic degradation. These compounds’
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appearance confirmed the remarkable degradation of RhB dye
through the Snin,Sg/SmVO, photocatalyzed process.

Process re-optimization and ranking of operational factors by
ANN

The operational factors were ranked, and the process was re-
optimized using the ANN approach. As mentioned in the
experimental section, 30 experiments were designed by RSM
and laboratory results were normalized and imported to the
MATLAB software as input and output data, respectively. The
process was modeled using a two-layer feed-forward/back-

1

()
- 0.8
=
g
3 0.6 —— 0 min
=
<
Z 04
2
< 65 min 0 min
0.2
Y ___ 65min
0 -
200 300 400 500 600 700 800
Wavelength (nm)
1
= 08 |
g
S 06
- ~ 0 min
=
S
S 04
2
< 45 min 0 min
0.2
45 min
0 .
200 600 700 800

‘Wavelength (nm)

Fig. 8 UV-Vis spectra and photographic images (before and after
photocatalysis). a Cr®* solution. b RhB solution.
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propagation network. Here, the Sigmoid and Purlin functions
were used as activation functions and the Levenberg-Marquardt
as the training algorithm. Networks with various numbers of
hidden neurons were tried to find the optimum network.
Generally, a network with an appropriate number of hidden
neurons has the least mean square error (MSE)>>. In Supplemen-
tary Fig. 10, networks with 8 and 10 hidden neurons had the least
MSE in ANN modeling of Cr®" reduction and RhB degradation,
respectively. The accuracy and precision of the selected networks
were assessed by correlation coefficient (R) values of graphs of
training, validation, test, and total data (Supplementary Figs. 11,
12). All plots exhibit R values close to unity, indicating the
networks would cover the data well enough. This result is
supported by congruence between experimental and ANN-
predicted removal efficiency values listed in Supplementary
Tables 1, 2.

After validating the prepared ANNs, the operational factors
were ranked using the connection weights of the networks listed
in Supplementary Tables 5, 6 and Garson’s equation (Supplemen-
tary Equation 4). The relative importance of operational factors is
illustrated by pie charts in Supplementary Fig. 13. As shown in
Supplementary Fig. 13a, b, all factors are effective in photo-
catalytic Cr5* reduction and RhB degradation, but pH is more
important factor.

Finally, the performance of RSM and ANN multivariate statistics
procedures was compared in modeling the photocatalytic process.
According to Supplementary Fig. 14, both approaches have a
good capability to predict the removal efficiency; however, a
closer look reveals that ANN’s model can explain the process
behavior more accurately and reliably than RSM because of its
broader capabilities.

Mechanism of the photocatalytic process
Light-harvesting ability, a sufficient lifetime of photoinduced e™-h*
pairs, and sufficient redox ability are three main determinants of
photocatalytic performance. A narrow bandgap photocatalyst is
desirable for excitation with cost-effective irradiation sources like
visible light. Although a photocatalyst with a high CB and low VB
(i.e, a wide bandgap photocatalyst) plays a critical role in
achieving a high redox ability, these two conditions are
contradictory.

The design of heterojunction photocatalysts is among the
promising methods to overcome the mentioned problems. Based
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Fig. 9 Detected by-products. Produced by-products during the RhB degradation.
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Fig. 10 Mechanism of the photocatalytic process. Two default configuration for studied heterojunction photocatalyst.

on the position of the CB and VB of the involved semiconductors
or depending on their types (n or p-type), the architecture of
heterojunction photocatalysts is divided into five categories,
which is abundantly reported in the literature: Type-l heterojunc-
tion, Type-ll heterojunction, p-n junction, Schottky junction, and
Z-scheme heterojunction. Notably, there are two main types of
Z-scheme heterojunctions, namely direct Z-scheme (without any
electron mediator) and indirect Z-scheme (with an electron
mediator)>*~>¢,

Typically, two important steps to provide the architecture of a
heterojunction photocatalyst are: determining the band alignment
of involved semiconductors and figuring out the involved active
species. Based on the above Mott-Schottky and UV-Vis DRS
analysis, the CB and VB potentials were determined as —0.69 and
1.42V for SninySg and 0.29 and 2.16V for SmVQ,, respectively.
Supplementary Fig. 15a depicts the relative position of the band
edge potential of mentioned semiconductors. Besides, clarifying
the active species was followed by trapping tests under RSM-
based optimal conditions. Ascorbic acid (AA), tert-butanol (TB),
potassium bromate (PB), and ethylene diamine tetra-acetic acid
(EDTA) were used as scavenging agents of superoxide radicals
(*03), hydroxyl radicals (*OH), photoinduced electrons (e), and
holes (h'), respectively. As displayed in Supplementary Fig. 15b,
Cr%* reduction was significantly declined by suppressing *0; and
e in the presence of AA and PB; meanwhile, RhB removal
efficiency was reduced by quenching *O; and h™ in the presence
of AA and EDTA, respectively. In short, superoxide radicals and
photoinduced electrons and holes played vital roles in the
photocatalytic removal of Cr®" and RhB under visible light
irradiation.

To realize the architecture of the studied heterojunction
photocatalyst, two configurations in Fig. 10 were regarded as
defaults.

The E4 values of Snin,Sg and SmVO, indicate that their exposure
to visible light leads to the transfer of photoinduced electrons
from the VB to the CB of each of them, maintaining the holes on
their VB. The trapping tests also demonstrated that *O5, e, and h™
are dominant species in the photocatalytic redox reactions.

Since the CB potential of SmVO, was more positive than the
standard potential of *05 /O, (—0.33V vs. NHE)*’, the hypothesis
of photogenerated electrons transmission from Snin,Sg-CB to
SmVO,-CB and, *O; production by accumulated electrons in
SmVO,4-CB is rejected. Hence, the formation of type-Il heterojunc-
tion between Snin,Sg and SmVO, through the electrons migration
from Snln,Sg-CB to SmVO,4-CB simultaneous with the transfer of
holes from SmVO,4-VB to SniIn,Sg-VB is far from the expected.
Alternatively, the CB potential of Snln,Sg was negative enough
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compared with the standard potential of °0;/O,; thus, the
adsorbed O, molecules on the catalyst surface could be reduced
to *O, by electron injection from the SnIn,Sg-CB. Such an
approach can be possible through e-h™ recombination between
the CB of SmVO,4 and VB of Snin,Ss. Accordingly, the electrons and
holes remain on the CB of Snin,Sg and VB of SmVOQ,, respectively.
As mentioned, gathered electrons on Snin,Sg-CB could reduce O,
to yield *O; to participate in the photocatalytic removal of
pollutants. It is of note that the VB potential of SmVO, was not
positive enough compared with the standard potential of
H,O/*OH (+2.40V vs. NHE)*®. Therefore, the adsorbed H,0O
molecules on the catalyst surface could not produce hydroxyl
radicals. Hence, collected holes on SmVO,-VB would directly
participate in the photocatalytic removal of pollutants. This finding
is consistent with the trapping test results.

Based on the mentioned points, photocatalytic Cré* reduction
and RhB degradation were taken by superoxide radicals and
electron-holes by establishing a direct Z-scheme heterojunction
between Snin,Sg and SmVO, under visible light irradiation.

Accordingly, the plausible reactions during the photocatalytic
Cr® reduction and RhB degradation through the Z-scheme
heterojunction of Snln,Sg/SmVO, under RSM-based optimal
conditions were assessed. Since the CB potential of Snin,Sg was
more negative than the standard reduction potential of Cré*/Cr3+
(1.33 V vs. NHE)*?, Cr®* could be reduced to Cr** by photoinduced
electrons. In addition, superoxide anion radicals could reduce Cr*
to Cr**. Besides, RhB could be oxidized and reduced by
photoinduced holes and superoxide anion radicals, respectively.
According to the mentioned points and based on the related
literature, the following reactions are expected in the involved
process:

Snln,Sg/SmVO, + hv — Snln458/SmVO4(e’+h+) (7)
0, +e —°0; (8)

Cr®*(HCrO; or Cr,037) + e~ or*0; — Cr** + other products
)

RhB -+ h*or*0, — Degraded or mineralized products (10)

Reusability test and kinetics study

Catalyst recovery and reuse are vital in its practical applications.
Hence, the catalyst reusability was tested under RSM-based
optimal conditions, according to the method described in the
Supplementary Methods. As it is clear from Supplementary Fig. 16a,
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Table 2. Photocatalytic Cr®* reduction over various photocatalysts
under visible light irradiation.

Catalyst kapp (Min)  Photocatalytic degradation Refs.
rGO/SnIn,Sg 0.018 67.00% within 30 min ref. 62
Bi333(BigSo)Br 0.023 90.96% within 60 min ref, ©3
BizzsLagssTisOr, Not given  97.10% within 150 min ref, 64
In,05@SnIn,Sg  0.035 99.40% within 90 min ref, 6°
Snin,Sg/Ce0, 0.047 98.8% within 75 min ref. 31
Snin,Sg/SmVO,  0.036 90.93% within 65 min This work

the ability to use the recovered catalyst can be justified up to four
times. However, more reuse is not reasonable, probably due to
blocking active sites or unavoidable loss of SnIn,Sg/SmVO,
powders during the repetitive tests®®. Supplementary Fig. 16b
shows the XRD patterns of fresh and recycled photocatalysts. As
can be seen, the XRD diffraction peaks of Snin,Sg/SmVO,
photocatalysts remain the same as that of fresh Snln,Sg/SmVO,
after four runs. In addition, comparing the FE-SEM images of fresh
and recycled photocatalysts (Supplementary Fig. 17) indicates that
no noticeable change occurred in Snln,Sg/SmVO, composite
morphology after four consecutive uses. These results suggest
the photostability and reusability of the SnIn,Sg/SmVO, as a
photocatalyst from the practical aspect.

Studying the kinetics of photocatalytic processes is another
important aspect in proving their applicability. The literature
review indicates that Langmuir-Hinshelwood'’s pseudo-first-order
model is the most likely kinetics model for describing photo-
degradation processes (see the detailed explanations of this
model in the Supplementary Methods). Hence, this model was
studied in the present research under RSM-based optimal
conditions. As can be inferred from Supplementary Fig. 18, the
experimental data for both Cr*tand RhB dye were consistent with
the pseudo-first-order kinetics model (R? values close to one) with
the apparent rate constants (kapp) Of 0.036 and 0.080 min~',
respectively.

The advantages of the prepared Snin,Sg/SmVO, heterojunction
were studied by comparing its photocatalytic performance for
Cr%* reduction and RhB degradation with recently published other
photocatalysts. According to Tables 2 and 3, the obtained removal
efficiency values in this study are quite comparable with other
photocatalysts. These results indicate that the synthesized
Snln,Sg/SMVO, heterojunction could be considered a prominent
visible-light-driven photocatalyst to control organic and inorganic
pollutants.

METHODS

The chemical materials, characterization methods, and the
methods of the point of zero charge (pHp,) determination
and Mott-Schottky tests are provided in the Supplementary
Methods.

Preparation of Snin,Sg/SmVO,
The Snin,Sg/SmVO, composite was prepared as follows:

Synthesis of Snin,Sg. The SnInsSg was synthesized via a
solvothermal procedure proposed in the literature'. Firstly,
0.438g (1.25mmol) of SnCl,.5H,0 and 14669 (5mmol) of
InCl3.4H,0 were dissolved in 150 mL of C;H;OH under magnetic
stirring at room temperature. Then, 0.939g (12.5mmol) of
CH5CSNH, was added to the above solution, and the mixture
was further stirred until a uniformly dispersed solution was
formed. The obtained blend was transferred into a 250 mL Teflon-
lined autoclave and hold on 160 °C for 12 h. The final product was
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Table 3. Photocatalytic RhB reduction over various photocatalysts

under visible light irradiation.

Catalyst kapp (Min™) Photocatalytic Refs.
degradation

NiFe,0,/MIL- 0.016 95.00% within 180 min ref. 66

53(Fe)

TiO,/ZrO, Not given  99.00% within 180 min ref. 52

Ag-BaTiO; Not given  83.00% within 75 min ref. &7

WO3/rGO/SnIn,Sg  0.085 98.50% within 60 min ref. 68

TiO, -GO-AgNs 0.031 93.00% within 300 min ref, ©°

SningSg/SMVO, 0.080 97.57% within 45 min This work

achieved by centrifuging, rinsing thrice with ethanol and
deionized water, and drying at 60 °C for 8 h.

Synthesis of SmVO,. The SmVO, was synthesized by precipitation
method with an equal molar ratio of Sm:V3S. Firstly, 0.59g of
Sm(NOs),.6H,0 (A) and 0.132g of NH,VO; (B) were separately
dissolved in 50 mL of deionized water and stirred for 30 min at
room temperature. Then, solution B was dropwise added into a
round-bottom flask containing solution A under vigorously
stirring, whiles the pH of the mixture was kept at 7-8 using
NHs. The mixture was stirred for another 2 h. Afterwards, the
precipitates were collected centrifugally and rinsed with deionized
water to neutrality. The obtained product was oven-dried at 100 °C
for 12 h, and calcined in the furnace for 2 h at 500 °C.

Preparation of Snin,Sg/SmVO,. The SnIn,Sg/SmVO, binary com-
posite was synthesized hydrothermally at variable molar ratios of
SningSg:SmVO, (4:1, 2:1, 1:1, 1:2, and 1:4)%". Firstly, certain amounts
of SninySg and SmVO, were separately dispersed in 100 mL of
deionized water under ultrasonication at room temperature. Then,
both suspensions were transferred into a 250 mL Teflon-lined
autoclave to be heated at 120°C for 8 h. The final product was
obtained by centrifuging, rinsing with deionized water, and drying
at 80 °C for 8 h.

Designing the photocatalytic experiments, RSM, and ANN
modeling of the process

The photocatalytic experiments were conducted under a 300 W
halogen lamp irradiation based on the method described in the
Supplementary Methods. Supplementary Fig. 19 illustrates the
photocatalytic experimental setup.

The experiments were designed using the response surface
methodology (RSM) to reduce costs, save time, and obtain optimal
conditions. The design and optimization processes were per-
formed using the RSM-based central composite design (CCD)
toolbox of the Design-Expert” Version 7 (DX7) package. After
preliminary trials (Supplementary Figs. 20, 21), factors contributed
were selected at five levels, and the software suggested 30
experiments (Supplementary Tables 1, 2). After conducting the
laboratory tests and importing the experimental results to the
DX7 software, theoretical results were predicted by a quadratic
polynomial equation, Supplementary Equation 2.

Operational factors were ranked and re-optimized by modeling
in MATLAB R2020 b software based on the artificial neural network
(ANN) toolbox. The mentioned 30 experiments were designed by
RSM, and laboratory results were normalized by Supplementary
Equation 3. In the next step, they were imported into the software
as input and output data, respectively. The photocatalytic process
was modeled using a two-layer feed-forward/back-propagation
network. After selecting a network with a suitable topology, the
operational factors were ranked using the connection weights and
Garson’s equation, Supplementary Equation 4°'. For more
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information, see the detailed explanations in the Supplementary
Methods.
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