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Abstract

Novel In;S;@BiYWOg heterojunction photocatalysts were designed and synthesized by a
simple two-step hydrothermal method, which exhibit extremely excellent photocatalytic activity for
degrading the residual antibiotics in wastewater. Especially, [noS3;@BiYWOs composite with mass
ratio of 10:1 shows the highest photo-degradation efficiency towards Tetracycline Hydrochloride,
which is about 2.46 and 7.55 times than that of pristine In2S; and BiYWOs, respectively. A direct
Z-scheme charge transfer mechanism was demonstrated in these heterojunctions through the XPS
analysis, radical species trapping experiments and fluorescence detection. Within the framework of
this mechanism, the critical built-in electric field (£;) formed at the contact interface between In»S3
and BiYWOgs spatially separates reduction or oxidation sites and thus preserves the photogenerated
carriers with stronger redox ability on reaction sites, which ultimately enhances the photocatalytic
activity of the heterojunction catalysts. It is commendable that such Z-scheme heterostructures
between In,>S3; and BiYWOg exist in a wide span of component ratios (from 5:1 to 30:1), which is
beneficial for the environmental remediation applications. It is believed that this work provides new

ideas for design and synthesis of novel Z-scheme heterojunction photocatalysts.

Keywords: In2S3;  BiYWOs;  Z-scheme Heterojunction;  Photocatalyst;  Tetracycline

Hydrochloride
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1. Introduction

Recently, with the development of modern medicine, antibiotics have been widely used to
inhibit or kill bacteria. However, the residual antibiotics in the waterbody have caused great impacts
on the ecological balance and human health. Therefore, the removal of antibiotics from the
waterbody has become a research hotspot in the field of environmental remediation [1]. Among them,
Tetracycline Hydrochloride (TC-HCI) as a heavily used antibiotic is widely employed in the
treatment of infectious diseases in both humans and animals. However, the residual tetracycline
hydrochloride in the waterbody will eventually be ingested by human beings through the food chain.
Therefore, a green and efficient degradation scheme for Tetracycline Hydrochloride is urgently
needed [2]. Semiconductor-based photocatalytic technology has attracted much attention due to its
green, safe, reliable, and cost-controllable advantages, and it has many applications in the field of
pollutant degradation in the waterbody [3-5]. In order to utilize the photocatalysts efficiently, the
photocatalysts must possess an efficient charge separation capability and a wide absorption spectral
range. However, it is obvious that single-component catalysts cannot satisfy these two requirements
simultaneously. The wider the absorption spectral range of a semiconductor, the narrower its band
gap. Meanwhile, the photogenerated electrons from the conduction band (CB) and the holes from the
valence band (VB) of such catalyst are more likely to result in a direct recombination, which would
rather reduce its redox capacity [6-8]. Therefore, the construction of heterojunction photocatalysts
has been proposed to make up for the insufficiency of single-component photocatalysts. In recent
years, both the traditional Type-II and direct Z-scheme heterojunctions have become popular
schemes for heterojunction catalysts. As shown in Fig. Sl(a), within the conventional Type-II
heterojunction photocatalyst, the photogenerated holes on the VB of photocatalyst I (PC-I) transfer to
the VB of photocatalyst II (PC-II), while the electrons on the CB of PC-II transfer to the CB of PC-I.
The direct recombination of photogenerated carriers in each catalyst is suppressed through this

pathway, simultaneously leading to the bandgap reduction. However, the redox ability of the
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photogenerated holes on the VB of PC-I and the electrons on the CB of PC-II at the reaction sites is
eventually weakened, which in turn reduces the catalytic ability of the Type-II heterojunction
photocatalyst [9-11]. Within the framework of direct Z-scheme photocatalyst, the photogenerated
electrons on the CB of PC-I are easily recombined with the holes on the VB of PC-II via charge
transfer, which inhibits the direct recombination and simultaneously retains the photogenerated
carriers with stronger redox capacity (e~ in PC-II or 4" in PC-I) in each photocatalyst. It is clear that
the direct Z-scheme photocatalysts have better catalytic activity compared to the Type-II
photocatalysts [12—16].

Based on the above analysis, novel direct Z-scheme heterojunction photocatalysts were
designed and developed using reduced photocatalyst In,S; and oxidised photocatalyst BiYW O, in
this paper. To the best of our knowledge, there is no any report on the synthesis of In,S;@BiYWOq
photocatalysts with direct Z-scheme heterojunction. Recently, In,S; has been widely used as a
photocatalyst for pollutant degradation and hydrogen evolution, which owns good stability and
strong light absorption capability with a narrow bandgap of Eg ~ 2.11eV [17]. However, high
electron-hole recombination rate has seriously hindered its practical application. Xing et al. prepared
In,S;@g—C3N, heterojunctions, which showed stronger photocatalytic activity in the degradation
of Rhodamine B (RhB) [18]. He ef al. reported the synthesis of In,S;@Bi,WO0O, core-shell
heterojunctions, in which the core-shell structure is conducive to the enhancement of the catalytic
activity of the photocatalyst [19].

In this paper, direct Z-scheme heterojunctions between BiYW O, and In,S; were introduced
to inhibit the direct recombination of photogenerated carriers inside In,S; and furtherly promote
the separation of the carriers, which results in the significant enhancement of the photocatalytic
activity. Experimental results and analysis show that In,S; @ BiYWOg heterostructure
photocatalysts exhibit extremely excellent photocatalytic performance in comparison with

single-component photocatalysts. For example, the photocatalytic performance of 10IS-BYW (In,S; :
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BiYWOs = 10:1) was 2.46 times higher than that of In,S; and 7.55 times higher than that of
BiYWOg, respectively. The formation and existence of ¢ OH and O,  radicals determined by
radical species trapping experiments and fluorescence detection has confirmed that direct Z-scheme
heterojunctions are indeed formed in the composite photocatalysts of In,S;@BiYW Og. In addition,
the composite photocatalysts with higher concentration of In,S; exhibited extremely low
adsorption rates towards Tetracycline Hydrochloride, revealing that the pollutions are most likely to
be degraded through the photocatalysis instead of the adsorption. It efficiently overcomes the

drawbacks of high adsorption rate and low photocatalytic degradation efficiency of pure BiYWOq.

2. Experimental

2.1 Materials and reagents

All the chemical reagents used in the experiments were of analytical grade without any
purification. Among them, Tetracycline Hydrochloride (TC-HCI), Rhodamine B (RhB), Methyl Blue
(MB) and Malachite Green (MG) were purchased from ALADDIN (China) and the others were

purchased from RHAWN (China).

2.2 Synthesis of BiYW O, photocatalysts

In a typical synthesis process, as shown in Fig. 1(a), 0.8 mmol of Bi(NO3);-5H,0 and 0.8
mmol of Y(NO3); - 6H,0 were dissolved in 48 ml aqueous solution of HNO5; (0.5 M) and heated
up to 65 °C forming a transparent solution, designated as solution A. Solution B was made by
dissolving 0.96 mmol of Na,WO0, - 2H,0 in 32 ml of 1 M NaOH aqueous solution. Then, solution
A was added dropwise to solution B under vigorous stirring, and the mixture would gradually take on
a milky color. After stirring for 30 min at room temperature, the pH of the mixed solution was kept at
13. At this time, HNO; was added dropwise to adjust the pH value to 9. The final solution was
transferred to a PTFE lined 100 ml autoclave, which was heated under autogenous pressure and kept

at 170 °C for 14 h. After cooling down to room temperature, the resulting sample was washed
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several times with deionized water and ethanol and dried at 60 °C overnight. The obtained

light-yellow powder was termed as BiYW Oy.

2.3 Synthesis of In,S;@BiYW O gscomposite photocatalysts

A simple two-step hydrothermal method was used to synthesize In,S;@BiYWO0O, composite
photocatalysts. As shown in Fig. 1(b), 1 mmol of InCl;-4H,0, 2 mmol of thioacetamide (TAA),
100 mg of urea, and different masses of BiYWO, were weighed and dissolved in 80 ml distilled
water, and then stirred at room temperature for 30 min before transferring into a PTFE-lined 100 ml
autoclave, which was heated to 180 °C and kept under autogenous pressure for 12 hours. After
natural cooling to room temperature, the resulting sample was washed several times with distilled
water and ethanol and dried at 60 °C overnight. In,S;@BiYW 0O, composite photocatalysts with
different mass ratios (In,S;:BiYWO0g=1:2, 1:1, 5:1, 10:1, 20:1, and 30:1) were synthesized and
labelled as IS-2BYW, IS-BYW, 5IS-BYW, 10IS-BY W, 20IS-BYW, and 30IS-BY W, respectively. In
addition, a typical synthesis process for pure In,S; was also shown in Fig. S6(a), and as-prepared

sample presented dark yellow.

6:73 — =
mixed solution | 80% llllmg rate J' Wash with ethanol and pure water
@ Na; W0, 2H,0 —a—p
[RESET YTy i‘ Grinding after drying
piintis b ‘_.' :_.T_' 1
Lo vJ )
32ml of 1M NaOH solution BiYWO,
& 2
Bi(NO,), - 5H,0
@ Y(NO,), - 6H;0 J
|-

48ml of 0. 5M HNO; solution

(b)
® InCly 4H,0 N\ 1’
@ C:HNS

‘ 80% ﬂlllng rate ‘ Wash with ethanol and pure water
|
©® CH N0 \ I

Grinding after drying
BYWO, 50ml pure water j

Figure 1 Synthesis flowchart of (a) BiYW Oy and (b) In,S;@BiYWOq

In, S, @BIYWO,
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2.4 Characterizations

Powder X-ray diffraction (XRD) was performed on an X-ray diffractometer (D8 ADVANCEX)
to characterize the phase purity and crystalline structure of the samples. Morphological and
elemental profiles of the samples were observed by Scanning Electron Microscopy (Gemini SEM
500). Absorption profiles of pollutant solutions and powders were measured and recorded on a
UV-visible spectrometer (UV-2600). X-ray Photoelectron Spectroscopy (XPS, AXIS Ultrabld) was
employed to reveal the chemical states of all elements on the surface of the samples. Steady-state
photoluminescence (PL) emission spectra and time-resolved photoluminescence decay (TRPD)
spectra (excitation wavelength of 360 nm and emission wavelength of 425 nm) were measured on a
FLS-980 fluorescence spectrophotometer at room temperature.

2.5 Photocatalytic activity measurements

Photocatalytic activity of as-prepared samples was evaluated by degrading typical pollutants
such as Tetracycline Hydrochloride (TC-HCl), Rhodamine B(RhB), Methyl Blue (MB) and
Malachite Green (MGQG) in aqueous solution under visible light irradiation using a S00W Xe lamp

with a cutoff filter (A > 420nm). In order to avoid the thermal catalytic effect caused by the

exothermic emission of Xe lamp, the system temperature was maintained at room temperature by a
cooling system. In a typical photocatalytic experiment, the photocatalyst (25 mg) was mixed with
0.02 mmol/L of 50 ml of pollutant aqueous solution to form a suspension in a reaction tube under
continuous stirring. Degradation of the pollutants was assessed by centrifuging the residual
photocatalyst powder every 5 min and recording the intensity of the absorption peak of the pollutant
to be degraded relative to its initial intensity (C/Cy).
2.6 Radical species trapping and fluorescence detection measurements

In order to reveal the charge transfer pathway in the heterojunction photocatalysts of
In,S;@BIiYWO, (either Z-scheme or Type-II heterojunctions), radical species trapping experiments

and fluorescence detection of hydroxyl radicals (¢ OH) were carried out in this work.
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In the radical species trapping experiments, in order to determine which dominant radicals are
mainly involved in the photocatalytic decomposition of pollutants, different trapping agents were
used to evaluate the contribution of each radical. L-ascorbic acid (LAA), isopropanol (IPA) and
sodium oxalate (Na,C,0,) were used as the trapping agents for 0,~, « OH and h™, respectively. In
the experiments, chemical probe compounds with high-rate reaction constants (k) are generally
chosen as trapping agents. For example, L-ascorbic acid (LAA) was used as a trapping agent for 05~
with a reaction rate constant (k[0,"]~3.4 X 10°M~1s~1) [20, 21], and isopropanol (IPA) was used
as a trapping agent for « OH with a reaction rate constant (k[e OH]~1.9 x 10°M~1s~1) [22,23].
The concentration of all trapping agents in aqueous solution was to be kept at 1.0 mmol/L [11,24].

In the fluorescence detection of hydroxyl radicals (¢ OH), photoluminescence (PL) spectra were
employed to evaluate the yield rate of e OH, usually using Terephthalic Acid (TA) as the probe
molecule. During the photocatalytic reaction, some hydroxyl radicals (¢ OH) are produced on the
surface of the photocatalyst, and TA reacts with ¢ OH to form 2- hydroxyterephthalic acid (TA-OH).
Therefore, the amount of TA-OH is proportional to the amount of ¢ OH [25,26]. In a typical run, 1L
of NaOH solution (2 X 1073mol/L) was firstly configured, and 5 x 10™* mol of TA was dissolved
into the NaOH solution; Finally, 25 mg photocatalyst was added into 50 ml of the above mixed
solution. Under the visible light irradiation, sampling was performed every 10 min, and TA-OH in
the solution was collected to determine the PL spectra. TA-OH is a highly fluorescent organic
substance that emits a characteristic PL peak under light excitation, and the concentration of « OH

radicals produced in the solution can be reflected by the PL intensity of TA-OH.

3 Results and Discussion

3.1 Structure Characterization
XRD patterns of all the samples are shown in Fig. 2. It is obvious that both In,S; and

BiYWO, samples have good crystallinity due to the sharp diffraction peaks. For pure In,S;, its
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196  diffraction peaks of 14.0°, 27.5°, 33.4°, 43.8° and 47.9° correspond to (111), (311), (400), (511) and
197  (440) diffraction planes respectively, based on the standard card (JCPDS No. 65-0459). For
198  BiYWO, its diffraction peaks of 24.4°, 27.3°, 28.5°, 29.4° and 32.5° correspond to (120), (202),
199  (-402), (320) and (-122) diffraction planes respectively, based on the standard card (JCPDS No.
200  33-0224). For the heterojunction composites, XRD patterns clearly show that the mixed diffraction
201  peaks of In,S; and BiYWO, present in the composites, and the diffraction peak intensities of the
202  main peaks changes along with the change in the mass ratio of In,S; and BiYWOg. For instance, as
203  the content of In,S; increases, the diffraction peak (-402) intensity of BiYWO, gradually
204  decreases, while the diffraction peak (440) intensity of In,S; rapidly increases. In short, XRD
205  results confirmed that both In,S; and BiYWO, indeed co-existed in the composite photocatalysts,

206  and no any impure phase was observed in all samples[27].

BiYWO6
I IS-2BYW

A e Ty b\\k‘b\.n—h —/J N A/ M N e st ———————————————
IS-BYW

=as M U\h \ _'l.«\-l il v P T A - P — .,J__¥__ ;} —
J\-\ | SIS-BYW

S, NSRS, . N I et e \_»._..-‘l—“_l'g._.‘“u-__h_' —]
10IS-BY W

201S-BYW
~ A

H ) A o 30IS-BYW |

(

Relative Intensity(a.u.)

10'20 30 40'50'60'70'80'90
- 2theta(degree)

208 Figure 2 XRD patterns of In,S;, BiYWOg and In,S;@BiYWOg
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3.2 Morphology and element mapping analysis

Microstructure and morphologies of In,S;, BiYWOg and In,S;@BiYWO, photocatalysts
were observed by Scanning Electron Microscope (SEM). SEM image of In,S; (Fig. 3a) shows
sphere-like aggregates with an average size of about 2um, which is composed of many nano-sheets
with thickness about 10nm. Figure 3b reveals the morphology of BiYWO, as nanorods with the
diameter of 80~100nm. Concerning the morphologies of In,S; @ BiYWO, composites (i.e.
5IS-BYW) as shown in Fig. 3c, the stacking of nanosheets in the sphere-like aggregates appears to
be more tightly packed in comparison with Fig. 3a, which is due to the fact that the nanorods are
embedded in the nanosheets. It is obvious that the sphere-like aggregates correspond to In,S5, while
the nanorods for BiYW O, in the composites. Meanwhile, the homogeneous attachment of BiYWOgq
on In,S; shows heterogeneous structure characteristics, which can lead to the formation of more

active sites between the two materials enhancing the catalytic ability of the composites.

(e) S (f) In @B & [y

Figure 3 Microstructure and morphologies of (a) In,S;, (b) BiYW OO, (c) 5IS-BYW photocatalysts,
(d) schematic diagram of the composite photocatalyst showing the formation of heterojunctions, (e-j)

EDS Elemental Mapping analysis of 5IS-BYW.

Meanwhile, in order to determine the elemental distribution in the composites, EDS elemental
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Mapping analysis was carried out on the heterojunction photocatalyst of SIS-BYW. As shown in Figs.
3e-j, the elements of In, S, Bi, Y, W, and O were observed in the heterojunction composite, which
suggests the coexistence of In,S; and BiYWO, in the composite. EDS mapping of In and S
elements reflects clear spherical contours as shown in Figs. 3e&f, which are well consistent with the
sphere-like aggregate of In,S;. As shown in Figs.3g-j, EDS mapping images of Bi, Y, W, and O
elements show the uniform distribution of these elements in the spherical range, which further
illustrates the composition of In,S;@BiYW O, heterojunctions. In brief, heterojunctions between
In,S3; and BiYWO, were indeed formed in the composites. However, it is not yet possible to
determine the charge transfer pathway in the heterojunctions (Z-scheme or Type-II mechanism),
which will be discussed in the subsequent experiments.

Figure 4 shows XPS spectra of In,S;, BiYWOg, and In,S;@BiYWO, (5IS-BYW)
photocatalysts. From the survey spectra (Fig. 4a), it can be seen that pure In,S; contains the
elements of S and In, while BiYWO4 contains the elements of Bi, Y, W, and O. As expected,
In,S;@BiYW O, (SIS-BYW) composite consist of S, In, Bi, Y, W and O elements. The coexistence
of S, Y and Bi elements in the composite will interfere with each other. At the same time, the XPS
peaks of Y and Bi elements almost overlap. Therefore, the high-resolution XPS spectra of S, Y and
Bi were analyzed in a single figure (Fig. 4b). The high-resolution XPS spectra of Y 3d and Bi 4f
show two main peaks at 163.9¢V and 158.6¢V, respectively, which are associated with 3ds,, and
3ds/, of Y3*, concurrently corresponding to 4f, s2 and 4fg,, of Bi** [28]. Some distortion was
produced on the shoulder of Bi4f;, and 4fs,, by comparing the XPS spectra of Bi** in
BiYWO¢, and In,S;@BiYWOg (51S — BYW) , which should be attributed to the formation of
heterojunctions in the composite material [29]. Typically, two peaks of S 2p appear at 161.2 and
162.5¢V, corresponding to 2p3,, and 2p,,, of § 2= respectively (Fig. 4b) [30]. The presence of
two W 4f peaks at 35.87 eV (4f;,,) and 38.01 eV (4fs,;) indicates that tungsten is presented in

WOt (Fig. 4d). The 3d core splits of In for In,S;@BiYWO, were 3ds/, (444.90 eV) and
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3d3/,(452.45 V), being consistent with the value of In3*(Fig. 4e). The fine spectral data for each
element can be seen in Table S1.

XPS spectra of Ols for BiYWOg and In,S;@BiYWOq (5IS-BYW) are shown in Fig.4c.
Obviously, XPS spectrum of each Ols is not a unimodal curve, which should include three peaks
corresponding to metal-oxygen bonds (such as Bi-O bonds and Y-O bonds in BiYWO;), dangling
bonds and surface-adsorbed bonds (their energies from low to high) [5]. In order to obtain the exact
position of each peak, each curve is properly fitted on the basis of the Pseudo-Voigt fitting function.
Generally, the two characteristic peaks of dangling bonds and adsorbed oxygen are suggested as the
typical characteristics of oxygen vacancies presented in the oxides. In addition, the concentration of
oxygen vacancies can be indirectly estimated by the relative peak intensity ratios
(Rpears=(IpL+14ps)/Ir-0) between metal-oxygen bonds (M-0) and the sum of dangling bonds (DL)
and adsorbed oxygen (ADS) [5]. Rpeaks of BiYWOg and In,S;@BiYW Oy (5IS-BYW) are 1.12 and
0.76 respectively, which means that the concentration of oxygen vacancies in the composite of
In,S;@BiYWOg (5IS-BYW) is much lower than that in pure BiYWO,. It is known that oxygen
vacancies are positively charged. The large reduction of oxygen vacancies in the composite of
In,S;@BiYWO4 (5IS-BYW) compared to pure BiYWO, means that negative electrons transfer
from In2S3 to BiYWOs through the interface. As a result, a built-in electric field (£;) is formed at the
interface pointing from In,S3 to BiYWOs when the electron flow reaches equilibrium. Once the
photogenerated carriers are excited in both In>S3 and BiYWOe, this built-in electric field will drive
the photogenerated electrons on the CB of BiYWOgs recombine with the holes on the VB of In»Ss,
instead of photogenerated electrons transfer from the CB of In»S;3 to the CB of BiYWOs. Obviously,

this is typical characteristic of the Z-scheme charge transfer (as shown in Fig.9).

In addition, it is noteworthy that both O 1s and W 4f characteristic peaks of BiYWOq
component slightly shift to higher binding energies upon formation of heterojunctions with In,S5

compared to pure BiYWO, (Fig. 4c and d), whereas S 2p of In,S;@BiYW Oy slightly shifted to a
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lower binding energy (Fig. 4b). It should be also attributed to the transfer of some electrons from S
of In,S; to O of BiYWOg, which further verifies the Z-scheme charge transfer mechanism in the
heterojunctions of In,S;@BiYW Og. In a word, XPS results indicate that In,S; and BiYWOs coexist
in the composites and the charge transfer pathway in the heterojunction favors the Z-scheme

mechanism [31].
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Figure 4. (a) XPS survey spectra and high-resolution XPS of (b) S2p, Y3d& Bi4f, (c)Ols, (d) W4f
and (e) In3d in In,S;, BiYWOg, and In,S;@BiYW O, composite

3.3 Photocatalytic activities of In,S;@BiYW O, composites

In this work, the photocatalytic performance of the photocatalysts was mainly evaluated by
degrading tetracycline hydrochloride (TC-HCI) under visible light irradiation. Usually, organic
molecules in the pollutant solution will be physically adsorbed on the surface of the photocatalyst for
a certain period of time, which suggests that the physical adsorption also affects the evaluation of the
catalytic performance of the photocatalyst [32]. In order to accurately evaluate the photocatalytic

performance, each photo-degradation reaction was carried out in adsorption equilibrium for 60 min
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before irradiation. As shown in Fig. 5(a), pure In,S; shows a moderate photocatalytic degradation
ability (only 54% of the pollutants decomposed after 30 min irradiation) due to its fast electron-hole
recombination. Pure BiYWO, owns a high physical adsorption rate of 50%, and its superficial
catalytic performance was slightly better than that of pure In,S; (63% of the pollutants decomposed
after 30 min irradiation). However, the high physical adsorption rate of BiYWO, reduces its
practicability and stability. In order to overcome this problem, the low physical adsorption rate of
In,S; was introduced and formed the composites with BiYWO4 . Interestingly, 10IS-BYW
composite can decompose up to 85% of the pollutants after 30 min irradiation, exhibiting an
excellent photocatalytic performance.

In order to more accurately assess the catalytic ability of the catalysts, a quasi-first-order kinetic
model was fitted to the reaction kinetic parameters of the different composites for the degradation of

tetracycline hydrochloride [32,33].
In(C,/C) =kt +¢ (1)

where C,/C represents the photocatalytic efficiency (ratio of initial concentration of pollutant
to the concentration after a certain interval) and £ is the quasi-first-order reaction rate constant.

After performing the kinetic fitting, the £ value can be estimated from the slope of the fitted
curve of In(Cy/C) versus time as shown in Fig. 5b. Figure 5¢ shows the k-values corresponding to
different photocatalysts, which are basically in agreement with the catalytic ability reflected in Fig.

5(a). The k-value of 10IS-BYW sample was as the highest as 0. 06263 min~?! reflecting the best

photocatalytic activity, which was 2.46 and 7.55 times higher than that of pure In,S; and BiYWOq,
respectively. The k-values of the other composites were also in accordance with the catalytic ability
reflected in Fig. 5(a), which indicates that the quasi-first-order kinetic model was completely
applicable to the degradation of tetracycline hydrochloride by the photocatalysts. Concerning pure

BiYWOe, its k value is lower than that of pure In,S3, although its superficial catalytic performance
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was slightly better than that of pure In,S5. This also just shows that the high adsorption capacity of

BiYWOs is not entirely beneficial to its photocatalytic performance. Among all the composite

samples, the photocatalytic ability of the sample highly doped with BiYWOs (such as IS-2BYW) is

lower than that of the two single-component catalysts. Probably, too many BiYW O, nanorods

agglomerate on the surface of In,S; spheres, leading to the reduction of the specific surface area of

the composite material and shielding the active sites.
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Figure 5 (a) Photocatalytic decomposition efficiency (C/C,) of tetracycline hydrochloride by

photocatalysts, (b) Kinetic fitting of the photocatalytic reaction, (c) Estimated kinetic k values, and (d)

Photocatalytic degradation efficiencies (C/C,) towards TC-HCI, RhB, MB, and MG

Figure 5(d) shows the photocatalytic activities of In,S;@BiYWO, (10IS-BYW) towards the
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decomposition of four different micropollutants, such as Rhodamine B (RhB), Methylene Blue (MB),
Tetracycline Hydrochloride (TC-HCI) and Malachite Green (MG). Apparently, the composite
photocatalyst had different degradation abilities towards different organic pollutants, with the best
degradation ability towards TC-HCI and the worst towards MB.

Detailed degradation efficiencies of different micropollutants are summarized in Table 1. The
photocatalytic degradation efficiency of organics may be closely related to their molecular structures,
since different energies are required to break and restructure the chemical bonds in different organic
molecules. Apparently, Methyl Blue (MB) has a more complex molecular structure than Rhodamine
B(RhB) and Malachite Green (MG), which therefore requires more energy for decomposition [34].
In addition, the type of chemical bonding may also influence the photocatalytic efficiency; for
example, MB molecule contains S-O bonds, which makes it more difficult to be oxidized [35, 36].
For MG, about 97% of it has been physically adsorbed by 10IS-BYW at the adsorption equilibrium,

which is mainly related to the strong adsorption of BiYWOe.

Table 1 Characterization and degradation efficiencies of different micropollutants

Removal efficiency

Molecular Molecular . k value
Category Pollutants . (After 30 min 1
formula weight (g/mol) S (em™1)
irradiation)
o Tetracycline hydrochloride
Antibiotics C,,H,5CIN,Og 480.90 85.16 0.06263
(TC-HCI)
Rhodamine B (RHB) C,gH3,1CIN,0; 479.01 89.71 0.03822
Dyes Methylene blue (MB) C37H,7N3Na, 0455 799.80 23.61 0.00696
Malachite green (MGQG) Cy3H,5CIN, 346.47 99.08 0.03242

It is known that the initial pH of the solution also impacts the photocatalytic ability of the
photocatalyst. The pH value of solution not only affects the charge transfer on the surface of the
photocatalyst, but also leads to the ionization of the organic pollutants in the solution [37]. Therefore,
in this paper, effect of pH value on the photocatalytic activity of In,S;@BiYWO, composite

catalysts were also investigated by degrading tetracycline hydrochloride. As shown in Fig. 6(a), the
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degradation efficiency increases from 69.7% to 85.16% as pH value of the solution increases from
3.5 to 6.5, while the degradation efficiency drops dramatically to 26.76% as the pH value gradually
increases to 10. It is believed that the reaction of h* with Cl™? and  OH under acidic condition
enhances the degradation efficiency of tetracycline hydrochloride [38]. On the contrary, the negative
charges attached on the surface of the catalyst increase dramatically under alkaline condition leading
to the formation of electrostatic repulsion between the catalyst and tetracycline hydrochloride, which
was not conducive to the adsorption of the pollutant and the oxidation reaction. Overall, 10IS-BYW
can effectively decompose tetracycline hydrochloride in the pH range of 3.5-6.5, owning the

excellent photocatalytic activity in the acidic solutions.
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Figure 6 (a) pH effect on the photocatalytic activity of 10IS-BYW, (b) cycling experiment

In order to investigate the stability and reusability of In,S;@BiYWOg composite catalysts,
five photocatalytic cyclic experiments on the sample of 10IS-BYW were carried out in this paper
(using tetracycline hydrochloride as the target pollutant). The photo-degradation efficiencies from the
first to the fifth times were 85.16%, 84.71%, 85.08%, 84.7%, 83.78%, and 83.78%, respectively,

without obvious change. Therefore, In,S; @ BiYWOg photocatalysts have good stability and
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reusable value, which provides a good reference for its practical application.

3.4 Determination of the dominant radical species in the photocatalytic reaction

In order to determine the active radicals in the degradation of organic matter by the
photocatalysts, three radical trapping agents of L-ascorbic acid (LAA), isopropanol (IPA), and
sodium oxalate (Na,C,0,) were used to quench superoxide radicals (0, 7), hydroxyl radicals (¢ OH),
and photogenerated holes (h*), respectively. As shown in Fig. 7a~d, the degradation of tetracycline
hydrochloride by pure BiYWO, was obviously inhibited by Na,C,0,, whereas the degradation
efficiency of pure In,S; decreased dramatically due to adding LAA. It suggests that 0, and h*
correspond to the major radical species for the degradation of tetracycline hydrochloride by In,S;
and BiYWOg, respectively.

As far as the quenching experiment of 10IS-BYW are concerned (Fig. 7e&f), both L-ascorbic
acid and sodium oxalate significantly inhibited the degradation of tetracycline hydrochloride. The
results show that O, and h* are the main radicals for the decomposition of tetracycline
hydrochloride by the composite catalysts, as well as minor effect from ¢ OH. Apparently, 0, is
mainly contributed by In,S;, while h* or e« OH is contributed by BiYWO,. The experimental
results show that the redox capacity of 10IS-BYW is much higher than that of In,S; and BiYWOq.
In other words, more photogenerated electrons are concentrated in the CB of In,S;, and more
photogenerated holes are concentrated in the VB of BiYW 04, which is exactly in accordance with

the Z-scheme heterostructure instead of traditional Type-II heterostructure.

19 / 32



381

382

383

384

385

386

1.0
o —— BIYWOH o BIYWOSHLAA the
e BIY WO PA—— Bi\'“MM',U. ? (b) Alter 60min irradistion
0.8 o~
n "
S0 XG v S = >
U ’ -— -—— o 6244 62.1% 62.66
w .5 o0 -
S FEk— 2
O B g,
04 : :; / *"_-‘——q"_-,____‘ ) 42,01
a7 -_ 0
7 e 7 ?
0.2 7 gé <
A= / E 20 4
o-“ — — " Ll Ll L) L L z
-30 0 5 10 15 20 25 30 0-
. - . . 7 « 2
lrradlatlon time (mln) BiYWO6 +LAA +IPA +Na2C204
1.0
1 100
.\__»_' R _— () After 60min lrradistion
0.8 L S
=06 T e v--\\“‘-\ =
U 7 / TR @ o0
L V7 ey -l
O /= 7 S~ < 5387 1,78 53146
044 27 £
=7 3
8.7 —w-ms — 40
7 & 7 e nIIAA §
024 9) ; —a— 1n283+1PA =
C 27 v mBBNa G0, £ 20-
Z < / < 1360
0.0 g, . ; : T : -4
=30 0 5 10 15 20 25 30 0 -
Irradiation time (min) 1n253 +LAA +IPA +Na2C204
1.0 {e) 100
5 t o sy n Alber 68min iersdistinn
3 \\ rer '_-.t_:lz ] - 2516
0.8 ¢ "‘L_-""_ & 80 +
.
\ =
< 0.6 @ o 41
< , g @
U 7 Z 7/: E
044 2 Z ()
7 - / = 1MS-BYW — 40 -
A, 7 e 10SBYW-LAA i
o) / —d— |HS-BYW=1PA g
024 = / v IMS-BYW=Na, (0, £ 20-
7 3 / @V 1591
0.0 === T T T T T -_
=30 n 5 10 15 20 25 30 0-

s 2 2 I0IS-BYW  +LAA +IPA +Na2C204
Irradiation time (min)

Figure 7  Radical species trapping experiments of (a)&(b) pure BiYW O, (c)&(d) pure In,S;

and (e)&(f) 10IS-BYW heterojunctions

In addition, photoluminescence (PL) spectroscopy was also used to further investigate the
charge separation and transfer pathway in In,S;@BiYW Oy composites. Terephthalic Acid (TA)

react with ‘OH to produce highly fluorescent 2-Hydroxyterephthalic Acid (TA-OH) with a
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characteristic PL peak around 425nm as shown in Fig. 8(c). As shown in Fig. 8(a)&(b), the
fluorescence signals of TA-OH can be clearly observed for both BiYWO, and In,S;@BiYWOq
composites, while almost no signal for pure In,S;. It suggests that e OH radicals can be produced
by both BiYWOy and In,S;@BiYW O, composites, instead of In,S;. Furthermore, the emission
peaks intensities of In,S;@BiYW O, composites are significantly enhanced in comparison with
BiYWOg, which indirectly reflect higher redox capacity of photogenerated holes in the VB of
In,S;@BiYWO0O, composites. In the composites of In,S;@BiYWOg, electrons (¢”) in the VB of
both BiYWO, and In,S; are excited into the CB, and holes (h*) are left in their valence bands
under light irradiation. Subsequently, e~ in the CB of BiYWO, is recombined with h* in the VB
of In,S; under the action of built-in electric field (£i) in the interface of heterojunction, while
highly redox-active carriers (¢~ in the CB of In,S; and h* in the VB of BiYWO,) are retained
and then more e OH radicals are produced by highly redox-active h* in the component of
BiYW Og. Although 5IS-BYW produced the most ¢ OH radicals, 10IS-BYW exhibited the strongest
photocatalytic activity. It should be mentioned that 4™ are the main radicals for the decomposition of
tetracycline hydrochloride by the composite photocatalysts (as shown in the radical species trapping
experiments), rather than ¢ OH. It suggests that 10IS-BYW produces much more holes relative to
S5IS-BYW, and thus 10IS-BY W exhibits greater photocatalytic ability.

To further investigate the photogenerated charge separation efficiency of the composite
photocatalysts, the time-resolved photoluminescence decay (TRPD) spectra of pure BiYWO, and
SIS-BYW (Fig. 8(d)) were carried out. TRPD lifetimes were obtained by fitting the data with a
double-exponential equation (Tag=(A17* + At2)/(A1t1 + Azrz)) [39]. Generally, the longer the
fluorescence lifetime of the catalyst, the more difficult it is for electrons and holes to recombine.
Table 2 shows that S5IS-BYW composite displays a longer average fluorescence lifetime (Tgpg ~
7.61ns) than that of pure BiYWOq (Tgpg ~ 6.82ns), revealing that the heterojunction formed in the

composites can significantly enhance the charge carrier separation efficiency. This is one of the main
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reasons why the photocatalytic performance of In,S;@BiYWOs composite is superior to that of

pristine In2S; and BiYWOe.
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(a) Photoluminescence spectra of TA-OH for different photocatalysts after irradiation for

50 min, (b) Temporal evolution of PL spectra of TA-OH for different photocatalysts, (c) PL intensity

of TA-OH at 425nm versus irradiation time for 10IS-BYW,(d) time-resolved photoluminescence decay

(TRPD) spectra of BiYWOg and 51S-BYW.

Table 2 The fitted TRPD lifetimes of the pure BiYWO and 5IS-BYW composites.

Samples

A1(%) 74(ns) A2(%) T2(ns) Tavg(nS)
BiYWO¢ 35.5 1.20 64.5 7.33 6.82
SIS-BYW 31.75 1.34 68.25 8.09 7.61
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3.5 Possible photocatalytic mechanism

In order to have a comprehensive understanding on the photocatalytic mechanism of
In,S;@BiYW O, heterojunctions, the conduction band (CB) and valence band (VB) potentials of
In,S;@BiYWO, composites have been estimated based on the concept of electronegativity in this

work. CB and VB potentials of semiconductor can be calculated by the following equations [40]:
EVBM = X - Ee + O.SEg (2)

Ecem = Evpu — Eg 3)
where E; is the bandgap energy. y is the Mulliken electronegativity of semiconductor. The
estimated values of y for In,S; and BiYWOg are 4.70 and 6.05 eV, respectively [17, 28]. E€ is
the free electron energy on the hydrogen scale (about 4.50 eV). As calculated from the UV-Vis
diffuse reflectance spectra (Fig. S5) [41-43], E; of In,S; and BiYWO, are about 2.11 and 2.97¢V,
respectively. Therefore, Eygp/Ecgy of In,S; and BiYW O, are estimated as 1.26 /-0.86 eV and

3.03 /0.06 eV, respectively [44].

Based on the above discussions, charge transfer pathway or mechanism of In,S;@BiYWOq
heterojunction can be profiled in more depth to determine whether it is a conventional Type-II
heterojunction or a direct Z-scheme heterojunction. As shown in Fig. 9, although both Type-II and
Z-scheme heterojunctions require the heterostructures with staggered energy bands, their charge
transfer pathways are significantly different. As shown in Fig. 9a, for the conventional Type-II
heterojunction, since E gy of In,S; is higher than that of BiYWO, and Eyg, of BiYWOq is
lower than that of In,S3, the photogenerated electrons are more preferred to transfer from the CB of
In,S5 to the CB of BiYWO,, while the photogenerated holes can easily be transferred from the VB
of BiYWOg to the VB of In,S;. Such a charge transfer pathway will lead to reduction in the redox
potential of photogenerated carriers. Moreover, Ecgy (0.06 eV) of BiYWO, is lower than the

reduction potential of 0, (-0.33 eV vs NHE), and Eygy of In,S; (1.26 e€V) is higher than the
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oxidation potential of ¢ OH(e OH/OH = 2.38eV, « OH/H,0 = 2.72eV). Therefore, superoxide

radicals (0,7) and hydroxyl radicals (¢ OH) cannot be observed in the photocatalytic reactions of

In,S;@BiYWO, composites if they are the conventional Type-II heterostructures, which contradicts

previous experimental results. Obviously, charge transfer pathway in the composite photocatalysts of

In,S;@BiYWOg4 prefers the direct Z-scheme mechanism, rather than the Type-II mechanism[45].
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Figure 9 Schematic diagram of charge transfer mechanisms in the heterojunction of

In,S;@BiYWO,

(a) Type-11, (b) direct Z-scheme

Based on the above analysis and principal of the Z-scheme heterojunction, the following

formulas are helpful to more clearly illustrate the intrinsic mechanism of the photocatalytic

decomposition of tetracycline hydrochloride (TC-HCI) by In,S;@BiYW O [40,41,46].

In,S; 4+ hv - In,S; (At +e7)

BiYWO, + hv » BiYWO, (ht + e™)

e  (BiYWOg) + h*(In,S3) —» 0 (Recombination)

0, + e~ (In,S3) = 05~

(4)
(5)
(6)
(7)
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TC — HCl + 0,- = Degraded products (8)

TC — HCl + h*(BiYWOy) - Degraded products (9)

As two catalysts contact each other, their different Fermi energy levels result in electrons
migration from In,S; to BiYWO,. As shown Fig. 9b, the key built-in electric field E; will form at
the contact interface between In,S; and BiYWOg, which has been confirmed by above XPS results.
At the same time, both In,S; and BiYWO, undergo energy band bending (Fig. 9b), until two
Fermi energy levels converge. In this case, once the photogenerated carriers are generated in In»S;3
and BiYWOgs under the light irradiation, this built-in electric field E; will drive the photogenerated
electrons on the CB of BiYWOs to recombine with the holes on the VB of In,S3 (see formula 6).
After a part of the photogenerated carriers undergoes recombination, the remaining photogenerated
carriers will have stronger redox ability; for instance, photogenerated electrons retained on the CB of
In,S; has a stronger reduction potential (-0.86eV), which strongly reduces O, into the radicals of
0;~ (-0.33eV) [42] (see formula 7). Meanwhile, photogenerated holes retained on the VB of
BiYWO, has stronger oxidizing ability (3.03eV). These highly reactive radicals become the
dominant radicals in the composite photocatalysts to efficiently oxidize organic pollutants (see
formulas 8&9). In brief, the direct Z-scheme heterojunction formed between In,S; and BiYWOgq
greatly improves the photocatalytic performance of the composites [39]. In addition, #* on the VB of
BiYWO, (3.03e¢V) can oxidize OH~ or H,0 into the radicals of «OH (*«OH/OH™ =
2.38eV, ¢ OH/H,0 = 2.72eV) [47], which provides a minor contribution to the photodegradation
of organic matter. Meanwhile, it is also evidence for the Z-scheme carrier transfer pathway or

mechanism in the heterojunctions of In,S;@BiYW O, revealed by the fluorescence detection.

4. Conclusion

In conclusion, a simple two-step hydrothermal method was introduced herein to successfully

synthesis the composite photocatalysts of In,S;@BiYW O, with high catalytic activity and good

251/ 32



483

484

485

486

487

488

489

490

491

492

493

stability, where BiYWO0O, nanorods were uniformly embedded on the surface of In,S;
microspheres to form a large number of heterojunctions. Based on the degradation experiments of
organic pollutants, it can be determined that the photocatalytic performance of the composite
photocatalysts is significantly improved in comparison with the single-component catalysts.
Especially, 10IS-BYW composite photocatalyst exhibits the highest photocatalytic efficiency, which
1s 2.46 and 7.55 times higher than that of pure In,S; and BiYWOg, respectively. According to XPS
analysis, the radical species quenching experiment and PL spectra, charge transfer pathways in the
In,S;@BiYWOg4 heterojunctions are obviously more inclined to the Z-scheme mechanism, rather
than the traditional Type-II mechanism. The composite photocatalysts of In,S;@BiYW O, prepared

in this work enrich the Z-scheme heterojunction photocatalyst systems.
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