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Abstract

Recently, the problem of water pollution, caused by antibiotics, is becoming more and more serious. Photocatalysis is one
of the promising technologies for removing antibiotics from water. Herein, the In, 5,5,/Ti;C, composites were prepared by
an in-situ hydrothermal growth method for photocatalytic degradation of tetracycline (TC). The as-developed composites
were characterized by various methods. The UV-Vis DRS spectra reveals that the introduction of Ti;C, makes the bandgap
of the as-prepared composites smaller and the visible light absorption ability improved. The photocatalytic degradation
efficiency of the as-prepared composite is enhanced under visible light illumination. It is shown as first increasing and then
decreasing with increasing the content of Ti;C, in the composite and reaches to the maximum of 89.3% in 90 min, which is
higher than 75.1% of In, 4;S, and 6.7% of Ti;C,. The reason of improvement is the interface between In, ,;S, and Ti,C, is
tightly combined to form a heterojunction. Moreover, the photocurrent intensity of the as-obtained composite is improved,
while its Nyquist arc radius is decreased. In addition, holes are the main active species and -OH and -O,~ play an auxiliary

role during the degradation of TC.

Keywords In, ;;S, - Ti;C, - Heterojunction - Tetracycline - Photocatalysis

1 Introduction

In recent years, the market demand for antibiotics such
as tetracycline (TC) has sharply increased as the increas-
ing ability of people to pay for medical care and the pan-
demics such as COVID-19 spread [1, 2]. The discharge
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of antibiotics can result in water pollution and further
threat to human health because of their relatively stable
structure [3]. To solve this problem many methods such
as physical adsorption, biological treatment and semicon-
ductor photocatalysis have been developed [4]. Among
above mentioned methods semiconductor photocataly-
sis is regarded as one of the promising and sustainable
strategies. In this way, the light reaction is accelerated by
the action of the photocatalyst, that is, the photocatalyst
reacts with the substrate in its ground or excited state to
produce light-induced products [5]. Generally speaking,
the photocatalyst basically remains unchanged during
the whole reaction process. This method can be used to
degrade antibiotics into H,O and CO, under visible light
illumination [6-8]. However, the bandgap of many tradi-
tional semiconductor photocatalysts is generally greater
than 3.2 eV, and their response ability to visible espe-
cially infrared light is almost negligible. As a metal sulfide
with sulfur defects, In, ;;S, has a narrow bandgap between
1.75 eV and 2.17 eV and high photocatalytic activity for
various organics, such as methylene blue (MB), methyl
orange (MO) and rhodamine B (RhB) [9-18]. It still has
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some shortcomings, such as poor cycle stability and fast
photogenerated electron—hole pairs recombination. To
improve its disadvantages our research group has previ-
ously synthesized the composite photocatalysts by hybrid-
izing it with other suitable semiconductors such as SrCO;
[14], In(OH); [15] and WS, [16] and doping it with some
metallic elements such as Zn>* [17] and Sn** [18].

Ti;C, contains a large number of functional groups such
as —OH and —O on its surface and has many advantages
of good stability, high specific surface area and carriers
mobility. Moreover, it has the metal conductivity of tran-
sition metal carbide, which helps it to bond closely with
other semiconductors. This can accelerate the capture and
transfer of photogenerated electrons and then improve
their transport efficiency [19]. Many researchers have used
Ti;C, as a cocatalyst to prepare visible-light-driven com-
posite photocatalysts. For example, Tan et al. have suc-
cessfully prepared Bi,0,C0O;/Ti;C, heterojunction com-
posite by a hydrothermal method, and the photocatalytic
degradation efficiency of the as-prepared composite for TC
reached 80% [20]. Yang et al. have improved the problems
of poor conductivity, easy aggregation and high photogen-
erated carriers recombination rate of Fe—Ni layered double
hydroxides (FeNi-LDH) by hybridizing it with Ti;C,, and
benefited from these advantages the TC removal rate of
the as-prepared sample was 94.7% [21]. Han et al. have
fabricated 2D/3D heterojunction photocatalyst by deco-
rating 2D Ti;C, on 3D flower-like Bi,WO¢ nanosheets,
and the as-prepared composites showed the photocatalytic
degradation efficiency of 79.8% for TC hydrochloride (TC-
HCI) [22].

To further improve the photocatalytic performance and
cycling stability of In, ;;S,, in this work, few-layer Ti;C,
nanosheets with shorter electron migration distance and
more surface active sites was chosen to hybridize it by
an in-situ hydrothermal growth method. Many characteri-
zation methods such as X-ray diffraction (XRD), (high-
resolution) transmission electron microscopy ((HR)TEM),
UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS),
photoluminescence (PL) and X-ray photoelectron spectros-
copy (XPS) and electrochemical impedance spectroscopy
(EIS) were used to investigate the relationship between
micro structure and macro performance of the as-prepared
samples. TC dilute solution was used to assess the pho-
tocatalytic activity of the as-prepared In, ;,S,/Ti;C, com-
posites. Experimental results show that the photocatalytic
degradation efficiency of the as-prepared composite is
improved in comparison with pure samples due to the for-
mation of heterojunction at the interface of In, ;;S, and
Ti;C,. The photocatalytic degradation mechanism of the
as-prepared composite for TC was also analyzed. This
work can provide a guidance for the treatment of antibiotic
contamination in water under sunlight.
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2 Experimental section
2.1 Materials

The In, 1;S, nanosheets were fabricated according to our
previous work [10]. tert-Butyl alcohol (--BuOH), p-benzo-
quinone (BQ), ethylenediamine tetraacetatic acid (EDTA),
4-hydroxy-2,2,6,6-tetramethylpiperidin- 1-oxyl (TEMPOL),
indium nitrate hydrate (In(NO;);-xH,0) and thioacetamide
(TAA) were purchased from Sinopharm Chemical Reagent
Co., Ltd., China. TC was purchased from Shanghai Mclean
Chemical Reagent Co., Ltd., China. All chemicals were ana-
lytical reagent without any further treatment.

2.2 Preparation of few-layer Ti;C, nanosheets

In a typical preparation process, 2.98 g NH,F was mixed
with 20 mL HCl for 5 min. 0.5 g Ti;AlC, was added into
the above mixture and the reaction temperature was kept
at 40 °C. 24 h later the few-layer Ti;C, nanosheets were
collected using a polyethersulfone membrane, fully washed
with deionized water and placed in a vacuum drying oven
at 60 °C overnight.

2.3 Preparation of In, ;,S,/Ti;C, composite
photocatalyst

Scheme 1 illustrates the preparation procedure of In, ;;,S,/
Ti,;C, composites and a typical preparation process was
presented as follows. 6.25 mg of the as-fabricated Ti;C,
powder and 0.764 g In(NO;);-xH,O were fully mixed with
40 mL of deionized water, labeled as solution 1. 0.601 g
TAA was dissolved in 40 mL of deionized water, labeled as
solution 2. The solution 1 was mixed with solution 2, and
the as-prepared mixture were placed into a lining polyte-
trafluoroethylene (PTFE) hydrothermal reactor and heated
in a blast drying oven at 180 °C. 12 h later the reactor was
taken out and naturally cooled down to room temperature,
and the sample was filtered using a polyethersulfone mem-
brane, washed with deionized water and dried in a vacuum
drying oven at 60 °C overnight. The as-prepared composite
photocatalyst was named as In, 5,5 ,/Ti;C,(0.5). Other sam-
ples were prepared via the same process by only changing
the usage of Ti;C, of 1.56 mg, 3.13 mg, 9.38 mg, and they
were named as In, 4;S,/Ti;C, (0.125), In, 5,S,/Ti;C, (0.25)
and In, ;,S,/Ti;C, (0.75), respectively.

2.4 Characterization

The crystal structure of the as-synthesized samples was char-
acterized using XRD (Bruker DS ADVANCE, Germany). The



Synthesis, characterization and photocatalytic properties of In, ;,5,/Ti;C,...

Page3of 11 1065

Scheme 1 Schematic illustra-
tion of preparation of In, ;,S,/
Ti;C, composites

Ti,C,
L X
e T
In(NO,),'xH,0
In, 7,8, Ti,C,

In, ,,S,/Ti;C,

microstructure of the as-developed samples was observed by
employing (HR)TEM (JEOL JEM 2100, Japan). The optical
properties of as-obtained samples were analyzed by utilizing
UV-Vis DRS (Hitachi U-4100, Japan). The PL spectra of the
as-prepared samples were tested on a fluorescence spectrom-
eter (Horiba FluoroMax +-4, USA). The elements valence of
the as-prepared samples was detected using XPS (Thermo Sci-
entific K-Alpha X-ray, USA). The charge transfer and separa-
tion of as-developed samples were tested using EIS (Chi760,
Shanghai Chenhua Instrument Co., Ltd., China).

2.5 Photocatalytic performance tests

The photocatalytic activities of the samples were discussed
by degrading TC dilute solution with the concentration of
10 mg/L under visible light illumination. Typically, 50 mg
samples and 100 mL TC solution were well-mixed in a pho-
tocatalytic reactor, which was placed in dark to achieve the
adsorption—desorption equilibrium. 4 mL of mixture was taken
out every 20 min, placed in a centrifugal tube and irradiated
under a Xe light equipped with a 420 nm ultraviolet filter
(CEL-HXF300, Beijing Zhongjiao Jinyuan Technology Co.,
Ltd., China). The reaction solution was then transferred into a
tube and centrifuged to remove the sediment (H1850, Xiangyi
Centrifuge Co., Ltd., China). The supernate was collected and
used to measure the absorbancy of the samples on an ultra-
violet—visible spectrophotometer (722 N, Shanghai Precision
Instrument Co., Ltd., China) at the wavelength of 357 nm. The
degradation efficiency of photocatalyst was obtained by for-
mula (1) [14, 15]:

Efficiency = C,/C, 6))

Drop
Deionizéd
~ Water 4

Ultrasound
~ Water |
Stir

Hydrothermal ‘ ( 1 )

TAA

In this equation, Cj, is the initial concentration of TC and
C, is the concentration at the test time.

3 Results and discussion
3.1 XRD analysis

The XRD patterns of the samples are exhibited in Fig. 1.
It can be seen that the characteristic diffraction peaks of
pure In, ,,S, show at 23.4°, 27.5°, 28.8°, 33.3°,43.8°, 47.9°,
54.0°, 56.1°, 59.6° and 70.1°, which are consistent with
(220), (311), (222), (400), (511), (440), (620), (533), (444)
and (800) lattice planes of f-In, 1;S, according to JCPDS
88-2495, respectively [15]. Moreover, the characteristic dif-
fraction peaks of Ti;C, in the as-developed In, ;75,/Ti;C,
composites are not obvious. This may be due to the high

Iny 7784/Ti3Cy(0.125)

Tny 7754/ TizC7(0.25)

Inj 7754/TizC»(0.5)

Iny 7754/ TizC»(0.75)

Intensity(a.u.)

10 20 30 40 50 60 70 80
2 Theta(degree)

Fig. 1 XRD patterns of In, ;;S,/Ti;C, composites with different con-
tent of Ti;C,

@ Springer



1065 Page4of11

J.-P. Liuetal.

dispersion and relatively low content of Ti;C, in the com-
posites [21]. In addition, no other impurity diffraction peaks
appear in the samples. This means the samples are pure.

3.2 Photocatalytic performances analysis

It can be seen from the dark adsorption curves in Fig. 2a that
all sample reach the adsorption—desorption equilibrium in
60 min. When the samples are exposed to visible light, as
shown in Fig. 2b, the photocatalytic degradation efficiencies
of In, ,;S, and Ti;C, are 75.1% and 6.7%, respectively. It is
found that the introduction of Ti;C, improves the degrada-
tion efficiency of In, ,;S, under the visible light irradiation.
Moreover, with increasing the content of Ti;C, in the as-
prepared composite samples, the degradation efficiency of
the In, 4,S,/Ti;C, composite photocatalyst shows a trend of
increasing initially and then decreasing. When the content of
Ti,C, is 6.25 mg, the In, ,;S,/Ti;C, composite photocatalyst
has the best degradation efficiency of 89.3% in 90 min. This
is higher than 75.1% of In, ,;S, and 6.7% of Ti;C,, respec-
tively. Moreover, the reaction rate of each sample, shown in

(a) 1.0
TN —
=
0.6}
= PA
Q ~@=1In, S,
S ;

0.4} —*—Ti,C,
—y—In, ,,,/Ti;C,(0.125)
= In, 1,/ TiyC5(0.25)

[ —de—1In, ,,S,/Ti,C,(0.5)
——1In, ,S/Ti,C,(0.75)

-40 -20 0

Time(min)

0.2

0.0
-60

3.0

~
(]
~

In, 5,8,
Ti,C,
In, ,,S,/TiyC,(0.125)
In, ,,S/TiyC,(0.25)
In, ,,S,/Ti;C,(0.5)
In, ,,S,/Ti,C,(0.75

27794 1 z(A )

2.5¢F

Apodqon

2.0F

-In(C/Cy)

0.0 a e
0 15 30 45 60 75 90
Time(min)

Fig.2 a Dark adsorption efficiency of the samples for TC degrada-
tion. b Photocatalytic degradation efficiency of the samples for TC
degradation. ¢ First-order kinetic fitting curves of the samples. d UV—
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(d)

Fig. 2c, has a good linear relation, which is consistent with
the results of first-order kinetic fitting curves. Furthermore,
the curve slope of the In, 7,S,/T1;C,(0.5) composite is the
largest. This result indicates that the as-developed In, ;,S,/
Ti;C5(0.5) composite has the best photocatalytic degradation
efficiency. In addition, in Fig. 2d, it can be seen that with the
increase of reaction time, the peak intensity of the character-
istic peak of TC at 357 nm gradually decreases during the
photocatalytic reaction process. This experimental result is
consistent with Fig. 2a, b.

3.3 TEM analysis

The TEM image in Fig. 3a shows that the as-prepared
In, ,;S, particles are irregular nanosheets with the diam-
eter of 30-50 nm. In Fig. 3b, it shows Ti;C, are few-layer
nanosheets with the diameter of 50—200 nm. Meanwhile, it
can be observed in Fig. 3c that the as-developed composites
are small nanosheets of In, ,;S, evenly loading on the larger
Ti;C, nanosheets. In Fig. 3d, it can be observed that there
are two widths of lattice fringes of 0.309 nm and 0.99 nm,

(b) 1.0p
\ -6.7%
0.8 —8=In, S,
“Or —e—Ti,C,
—¥—1In, S,/ Ti;C,(0.125)
= 0.6} —0—1In, ,S,/Ti,C,(0.25)
o eI, 1,8,/ Ti,C,(0.5)
) 0.4} ——1In, ;S Ti;C(0.75)
=75.1%
0.2 - 69.8%
~89.3%

Absorbance(a.u.)

300 350 400 450
Wavelength(nm)

Vis absorption spectra of In, ;,S,/Ti;C,(0.5) composite for photocata-
lytic degradation of TC in different time
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In, 7784

d(222)=0.309nm
..

Fig.3 TEM images of a In, 4;S,, b Ti;C, and ¢ In, 5,S,/Ti;C,(0.5) composite. HRTEM image of d In, ;,S,/Ti;C,(0.5) composite

which are corresponding to the (222) plane of In, ;;S, and 3.4 UV-Vis DRS analysis

the (002) plane of Ti;C,, respectively. These results dem-
onstrate that the heterojunction exists in the interface of the ~ In Fig. 4a, it can be seen that the absorption peak of the

In, 7S,/ Ti;C,(0.5) composite. This structure is beneficial for ~ as-prepared composite shows a slight red shift in compari-
improving the separation of photo-generated electron-hole  son with pure In, ;,S,. This result demonstrates that Ti;C,
pairs of the composites. contributes to the increase of the photoresponse range of

—_
o
~
~
=2
~

—1In, ;;S,
——1In, ,,S,/Ti,C,(0.5)

Absorbance (a.u.)

—In, ,,S,
——1In, .,S,/Ti,C,(0.5)

200 300 400 500 600 700 800 0
Wavelength (nm) hv (eV)

Fig.4 a UV-Vis DRS spectra and b plots of (a/iv)? versus Av of In, ,;S, and In, 7,8 ,/Ti;C,(0.5) composite
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In, ;,S,, and its light absorption intensity is enhanced. The
bandgap diagram of the sample is shown in Fig. 4b, and the
bandgap value can be calculated by formula (2) [22-24]:

ahv = A(hv — E))"? 2)

In this formula, a, v, A and E, represent absorption
coefficient, frequency, constant and forbidden band width,
respectively. In general, the value of 7 is related to the con-
version type of the semiconductor. In this work, In, 5,5, is a
direct transition semiconductor and 7 is equal to 1 [24-26].
In Fig. 4b, it can be found that the forbidden band width
of In, ;,S, is 1.75 eV and that of the as-prepared In, ;;S,/
Ti;C,(0.5) composite is 1.65 eV. This result means that the
introduction of Ti;C, makes the bandgap of the as-prepared
composite smaller and has strengthened the visible light
absorption ability of In, ;,S,,.

3.5 XPS analysis

Figure 5 shows XPS survey spectra of the samples and
Table 1 shows the chemical bonds or orbitals corresponding

@ "
=" Inp 7784/Tiz3Cy
-3 [ SR =}
‘E_i Ao} -J‘
7
5 In2.7754
E Y 1
i TizCa
800 600 400 200 0
Binding Energy(eV)

~
()
~

S2p

Intensity(a.u.)

166 164 162 160
Binding energy(eV)

158

Table 1 Chemical bonds or orbitals corresponding to specific binding
energies of the samples [14-18, 27, 28]

Chemical bonds or Pure samples In, 5,S,/

orbitals Ti;C,(0.5)
composite

Binding energy (eV)

S 2psp 161.7 161.6

S 2pipp 162.9 162.9

0-C=0 164.4 289.1

C-Ti 281.6 282.3

C-C 284.8 284.8

Cc-O0 286.5 286.5

In 3ds), 445.1 445.0

In 3d;, 452.6 452.5

to specific binding energies of the samples. It can be seen in
Fig. 5a that in the as-prepared In, 5,S,/Ti;C,(0.5) composite,
except for the O element from the surface contamination
of the sample, it contains four elements of S, In, Ti, and C,
and no other impurity elements are detected. This indicates
that the In, ;;S,/Ti;C,(0.5) composite is purity. Figure 5b
and Table 1 illustrate that the binding energies of Ti;C, at

(b) Cls

In, ,S/Ti,C,

Intensity(a.u.)

292 290 288 286 284 282 280

Binding energy(eV)
d
@ In, ;,S/Ti,C, In 3d
3
S
=¥
E‘ In, S,
A=
460 455 450 445 440
Binding energy(eV)

Fig.5 a XPS survey spectra of the samples. High-resolution XPS spectra of the samples: b C 1s, ¢ S 2p and d In 3d
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281.6 eV, 284.8 €V, 286.5 eV and 164.4 eV, which are cor-
respond to the C-Ti, C-C, C—O and O—-C=0 bonds of C
1 s, respectively. The corresponding binding energies of the
bonds in the In, 5;S,/Ti;C,(0.5) composite are 282.3 eV,
284.8 eV, 286.5 eV and 289.1 eV. The presence of the C-Ti
bond is located at 282.3 eV. Although the peak intensity is
weak it indicates the presence of Ti;C, in the as-prepared
composite [27, 28]. As shown in Fig. 5c, d and Table 1,
the binding energies of In, ,;S,/Ti;C,(0.5) at 161.6 eV and
162.9 eV in S 2p map belongs to S 2p;,, and S 2p,,, orbit-
als. The binding energies at 445.0 eV and 452.5 eV in the
In 3d map belong to the In 3ds,, and In 3d;,, spin orbits.
The four binding energies corresponding to pure In, ,;S, are
445.1 eV and 452.6 eV, 161.7 eV and 162.9 eV, respectively
[14—18]. Compared with the pure samples, all of three peaks
of In, 7,S,4/Ti;C,(0.5) are slightly moved. The above results
prove that the interaction between the two pure samples in
the composites is not a simple physical contact, but a chemi-
cal bond contact [29, 30]. This structure is beneficial of the
rapid migration of electrons and reducing the surface energy
of the as-developed composite photocatalyst.

The XPS valence band (VB) and the schematic illustra-
tion of the bandgap energy diagram of In, ,;S, and In, 5,S,/

~
o
~

In, .S,

Intensity(a.u.)

0 1 2 3 4 5

Ti3C,(0.5) composite are shown in Fig. 6. It can be seen
that the VB positions of In, 5,5, and In, ;;S,/Ti;C,(0.5) are
1.62 eV and 1.58 eV, respectively. Combining the VB value
and the forbidden band width of the sample can calculate the
conduction band (CB) positions of the samples by formulas
(3) and (4) [31, 32]:

Eg=y—-E, - O.SEg ?3)

Eyy =E, +Ecg 4)
where Eyg, Ecp, v, and E, are VB energy (Eyy), CB energy
(Ecp), absolute electronegativity and energy of free elec-
trons, respectively. According to above formulas, the CB
positions of In, 4;S, and In, ;,S,/Ti;C,(0.5) are -0.13 eV
and 0.07 eV, respectively.

3.6 Photoelectrochemical analysis

In Fig. 7a, it can be seen that the transient photocurrent
intensity of the In, ;;S,/Ti;C,(0.5) composite is higher
than that of two pure samples. Specifically, the as-prepared
composite sample is about 3 times of In, ;,S, and 50 times

(b)

In, .S /Ti;C,(0.5)

Intensity(a.u.)

Binding energy(eV) Binding energy(eV)
(©) 14 V vs. NHE(V)

017 beeooo EZLTSEY_ E;~1.65 ¢V

013 =
14 Iny 7784  Imy7,8,/TisC,

1

162 7772223

2 - Eypy=1.62 ¢V Eypy=1.58 eV

Fig.6 XPS valence band diagram of a In, ;;S,, b In, ;;S,/Ti3C,(0.5) composite and ¢ schematic illustration of the bandgap energy diagram of

In, ,;S, and In, ;,S,/Ti;C,(0.5) composite
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Fig. 7 a Transient photocurrent density response and b EIS spectra of the samples

—In, S,
===1In, ,,S,/Ti;C,(0.5)
3
)
£
2
@
=
375 425 475 525 575
Wavelength(nm)

Fig.8 PL spectra of In, ;;S, and In, ;,S,/Ti;C,(0.5) composite

of Ti;C,. Moreover, in Fig. 7b, its internal resistance is
almost zero due to the high conductivity of Ti;C,. After
it is hybridized with In, ;;S,, the Nyquist arc radius of the
In, 47S,/Ti;C,(0.5) composite is smaller than that of pure
In, 4;S,. This shows that the charge transport resistance of
the as-developed composite is reduced, and the separation
rate of photogenerated electron—hole pairs is improved. This
result reveals that the recombination of In, ;;S, and Ti;C,
can improve the lifetime of the photogenerated electron—hole
pairs in comparison of In, ;,S,.

3.7 PLanalysis

It can be found in Fig. 8 that the peak of the In, ;;S,/
Ti;C,(0.5) composite is reduced in comparison with that
of In, ;,S, when the excitation wavelength is 325 nm. This
means that the recombination rate of photogenerated elec-
tron—hole pairs of the as-prepared composite is reduced.

@ Springer

It also indicates that the charge separation efficiency of
In, 4;S,4/Ti5C,(0.5) composite is better than that of In, ;;S,.

3.8 Cyclic stability analysis

Cyclic stability is usually regarded as an important param-
eter for whether photocatalysts can be popularized in prac-
tice [33-35]. As shown in Fig. 9a, after 3 cycles, the deg-
radation efficiency of pure In, ;;S, to TC solution is 42.3%,
which is lower than 65.1% of the first cycle. Meanwhile, that
of In, 5,S,/Ti;C,(0.5) composite sample reaches to 63.5%,
which is lower than 89.3% of the first cycle. However, it
is higher by 21.2% than pure In, ;;S,. In Fig. 9b, it can be
seen that the structure is no obvious change for samples
before and after 3 cycles. This phenomenon shows that the
composition and crystal structure of the In, 5,S,/Ti;C,(0.5)
composite photocatalyst have not been obviously changed
before and after 3 cycles. Moreover, it also means the intro-
duction of Ti;C, is beneficial to improving the cycle stability
of In, 4;S,.

3.9 Photocatalytic degradation mechanism analysis

To provide the photocatalytic degradation mechanism of
the as-developed In, 5;S,/Ti;C,(0.5) hybrid, 0.5 mmol
t-BuOH, EDTA-2Na, TEMPOL are respectively used to
trap hydroxyl radicals (-OH), holes and superoxide radicals
(-O,"), respectively [36, 37]. As exhibited in Fig. 10, after
using EDTA-2Na and #-BuOH, the photocatalytic degrada-
tion efficiency is significantly inhibited, and the degradation
efficiency of TC solution decreases to 0% and 68.8%, respec-
tively. However, when TEMPOL is added, the photocatalytic
degradation efficiency is the highest of 89.3%. Therefore, the
holes are the main active free radicals in the degradation of
TC solution, while -OH and -O,™ are secondary and tertiary
active substances, respectively.
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=@®=In, S,
~@=1n, ,S,/Ti,C,0.5)
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Fig. 10 Photocatalytic degradation curves of In, ;,S,/Ti;C,(0.5) com-
posite with using different scavengers

Fig. 11 Photocatalytic degrada-
tion mechanism of In, ,;S, and
In, 77S,/Ti;C,(0.5) composite -2+
for TC

V vs. NHE(V)
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Combined with above analysis results the possible pho-
todegradation mechanism of In, ;;S, and the as-prepared
In, 7,S4/Ti;C, for TC can be provided, as shown in Fig. 11.
Under visible light irradiation, the (111), (220), (311),
(222), (400), (511), (440), (533), (444) and (800) crystal
faces expose to In, ;;S, excite and generate electrons at
VB and holes at CB. The holes accumulated at the VB
of In, 4;S, can directly oxidize TC molecules into small
molecular products such as H,O and CO, or react with
H,O to form -OH, which can further participate in cata-
lytic degradation process under visible light illumination.
For the In, ;,S,/Ti;C,(0.5) composite, on the one hand,
the photogenerated electrons can react with O,, on the
surfaces of the samples, to generate ‘O, and then oxidize
TC. On the other hand, its degradation mechanism in VB
is similar to that of pure In, ;;S,. The aim of this work is to
adjust the band edge position and bandgap by constructing
In, ,;S,4/Ti;C, heterojunction (the VB and CB of In, ;;S,
is 1.62 eV and -0.13 eV, respectively; the VB and CB of

products
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In, 5,S4/Ti;C, VB is 1.58 eV and -0.17 eV, respectively).
This helps to enhance photocatalytic activity and increase
oxidation capacity of pure In, ;;S,. It is also worth empha-
sizing that such interfacial connections will theoretically
construct charge-transfer channels, facilitate electron—hole
pairs separation and then improve the efficiency of pho-
tocatalytic degradation of the as-developed In, 4;S,/Ti;C,
composite.

4 Conclusions

In summary, In, ;,S,/Ti;C, composites, as a visible-light-
driven photocatalyst, were prepared by an in-situ growth
hydrothermal method and TC was used to evaluate the pho-
tocatalytic activity of the as-prepared samples. Experimental
results show that the photocatalytic activity of In, 5;S, can
be enhanced by loading few-layer Ti;C, nanosheets. This
improvement is because the interface between In, ,;S, and
Ti;C, is tightly combined to form a heterojunction and then
improve the charge separation efficiency of the as-developed
composite. Moreover, the photocurrent intensity of the as-
prepared composite photocatalyst is increased about three
times, while the electrochemical impedance is decreased.
In addition, the holes are the main active substance in the
degradation of TC solution, while -OH and -O,™ are second-
ary and tertiary ones, respectively. This work will not only
provide a different insight for improving the disadvantages
of In, ,;S,, but also supply a reference for treating wastewa-
ter under sunlight.
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