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Abstract

Photocatalytic selective oxidation of alcohols to aldehydes coupled with H, production is an eco-friendly strategy for
generating both high value-added chemicals and clean energy. In this study, a novel titanium carbide-zinc indium
sulfide/titanium dioxide (Ti3C2-ZnIn,S4/TiO,) heterostructure is assembled to photo-catalyze oxidation of benzyl alcohol (BA)
into benzaldehyde (BAD) and coupled with H; production. The introduction of Ti3C; as a potential regulator and the TiO; as
the catalytic core of BA oxidation had a synergistic effect of H, and BAD production. Thus, the TizC,-ZIS/TiO; heterostructure
exhibits an impressive BAD and H; production rate of 6.59 and 7.71 mmol gt h7%, respectively. Additionally, this composite
photocatalyst displays superior cyclic stability for simultaneous BA oxidation and H; production. The dual charge transfer
channels constructed in the TisC,-ZIS/TiO; heterostructure have a crucial effect on enhancing the spatial separation and
transport of carriers. This work supplies a promising strategy for constructing dual charge transfer channels to enhance the
spatial isolation and gathering of charge carriers, aiming to achieve both high value-added chemical synthesis and clean H»
energy production.
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1. Introduction with traditional organic synthesis, which often requires harsh

With the escalating environmental pollution and energy crisis, conditions, like high pressure or temperature, photocatalysis
it is impressive to harness clean and renewable energy technology offers a promising approach to meet efficient
resources for the production of energy and chemicals. The synthetic reaction under mild conditions through the
significant step of selective aromatic alcohols oxidation to utilization of photogenerated charge carriers (electrons-holes)
carbonyl compounds (e.g., acids, ketones, and aldehydes) is under excited states.””) Among numerous research endeavors,
activating C-H bond.l"* These carbonyl products serve as photocatalytic aromatic alcohols oxidation typically occurs
crucial structural building blocks extensively utilized in through utilizing molecular oxygen (O>) as an oxidizing agent

pharmaceutical industries and fine chemicals.[¢ Compared and electron acceptor. Reactive oxygen species, such as the
singlet oxygen ('0,) and superoxide radical (-O;"), have a

I School of Chemistry and Chemical Engineering, Guangzhou beneficial effect of accelerating the oxidation rate of alcohols

University, Guangzhou, 510000, China to carbonyl compounds.l'“!3] Nevertheless, this aerobic
2 State Key Laboratory of Crystal Materials, Shandong University, method presents a drawback due to the wastage of
Jinan, 250100, China photogenerated electrons in practical applications. Replacing
3 School of Chemistry and Chemical Engineering, Taishan oxygen with hydrogen protons for photo-redox reactions,
University, Taian, 271000, China especially in O;-participated photocatalytic alcohol oxidation,
4 School of Transportation and Civil Engineering, Shandong makes full use of photogenerated charge carriers. In this point
Jiaotong University, Jinan, 250357, China of view, photocatalytic oxidation of benzyl alcohol (BA) to
*E-mails: sangyh@sdu.edu.cn (Y. Sang); jiahaiwang@gzhu.edu.cn benzaldehyde (BAD) coupled with hydrogen (H:) production
(J. Wang) emerges as an eco-friendly strategy to simultaneously generate
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clean energy fuel and high-value chemicals without
introducing additional O; atmosphere and sacrificial
agents.'+’] However, the practical application of this
promising strategy on a large scale is still restrained by
challenges in photocatalysts,!'>'7 such as weak light-
harvesting capability, high recombination of photogenerated
electrons and holes, and low charge utilization efficiency.
ZnInyS4 (ZIS) has been applied as an efficient visible-light
photocatalyst due to its suitable band structure.''!" However,
pure ZIS often suffers from high recombination of
photogenerated carriers and S?>~ in ZIS undergoes photo-
corrosion by holes, which inhibits its photocatalytic activity
for redox reactions. To solve these problems, constructing Z-
scheme heterostructures via energy band matching is an
efficient strategy to improve the spatial separation and
transport of charge carriers.?24l TiO,, as an ultraviolet
photocatalyst, has been widely used in BA oxidation with a
commendable photocatalytic activity.?>?l Thus, building
ZIS/TiO, Z-scheme heterostructure is a feasible approach to
simultaneous achieve BA oxidation and H» production without
O, as electron trappers and extra sacrificial reagents. In order
to further improve the carriers utilization efficiency and adjust
the energy band structure, loading potential regulator on the
surface of ZIS/TiO; heterostructure is an efficient strategy to
achieve this aim. TizC; as a kind of MXene materials, has
attracted great attention in catalysis owing to its advantages of
large specific surface area, excellent electronic conductivity,
and abundant metal active sites.l?”! The ternary heterostructure
may possess dual interface electric filed to form dual charge
transfer channels, which enhances the separation and transport

of charge carriers directionally by the direction of electric filed.

For example, Bai et al. reported a novel Ti3C»-ZnIn,Ss-NiSe»
heterojunction with multiple charge transfer channels for
accelerated photocatalytic H, generation. The construction of
Schottky junction between Znln,S4 and TizC, could achieve
the transport of the electrons from ZIS to TizC, via the
Schottky junction interface, while an internal electric field in
S-scheme heterojunctions allows the migration of electrons
from NiSe; to ZIS. To the best of our knowledge, it is rarely
reported that integration TizC, as potential regulator and
electron mediator into ZIS/TiO, Z-scheme heterostructure
with dual charge transfer channels to achieve efficient BA
oxidation and H» production, simultaneously.

In this work, a novel MXene TizCy-ZIS/TiO;
heterostructure has been developed to modulate catalytic
activity for simultaneous BA oxidation coupled with H»
production. Dual charge transfer channels are constructed in
the ternary TizCy-ZIS/TiO; heterostructure to have a
synergistic effect of enhancing the separation and transport of
photocatalytic carriers. The Z-scheme heterostructure between
ZIS and TiO; is constructed in the Ti3C2-ZIS/TiO2 composite
materials. The electrons produced by TiO; are recombinant
with the holes produced by ZIS, leaving the holes produced by
TiO; to achieve efficient BA oxidation. On the other hand, the
electrons are transferred from ZIS to TizC; for the reduction of
proton (H") to H. The Ti3C; as a potential regulator and the
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TiO; as the catalytic core of BA oxidation have a synergistic
effect of efficient H, (7.71 mmol g ' h™") and BAD production
(6.59 mmol g ! h™!). Besides, this ternary heterostructure
exhibited superior photocatalytic activity compared to other
reported photocatalysts for the same purpose.

2. Experimental

2.1 Materials

Thioacetamide =~ (CH3CSNH,, 99%), =zinc  acetate
(Zn(OAc)2-2H,0, 99%), and indium trichloride tetrahydrate
(InCl3-4H>0, 99%) were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Titanium dioxide (TiO»,
P25) was purchased from Degusse Co., Ltd. (Germany).
Titanium carbide (TizC,, 99%) was purchased from
Mingchang new material Technology Co., Ltd. (Nanjing,
China). Ultrapure water from UPHW-III-90T system was used
to prepare the solutions.

2.2 Synthesis of ZIS

For the synthesis of ZIS, InCl3-4H,O (146.6 mg, 0.5 mmol),
Zn(OAc),-2H,0 (54.9 mg, 0.25 mmol) and CH3CSNH, (112.7
mg, 1.5 mmol) were successively dissolved in deionized water
(50 mL). The solution was transferred to a Teflon-lined
autoclave (100 mL) at 180 °C for 3 h. Subsequently, the yellow
precipitate was obtained by centrifugation at 8000 rpm-min™!
for 5 min and washed with deionized water and ethanol for
three times in sequence. The yellow powder was dried under
vacuum at 60 °C for 12 h.

2.3 Synthesis of the ZIS/TiO; and TizC-ZIS
heterostructure

TiO, powder (30 mg) was uniformly dispersed in deionized
water (50 mL) by sonication and stirring for 30 min in
sequence. The multilayer Ti3C (5 mg) was added to deionized
water (50 mL) and sonicated for 2 h to peel into fewer layers,
respectively. The next step is same for the synthesis of ZIS.
Then, InCl3-4H>O (146.6 mg, 0.5 mmol), Zn(OAc),-2H,O
(54.9 mg, 0.25 mmol) and CH3CSNH> (112.7 mg, 1.5 mmol)
were added to the suspension and dissolved in water by
stirring for 30 min. The mixed system was transferred to a
Teflon-lined autoclave (100 mL) at 180 °C for 3 h.
Subsequently, the precipitate was obtained by centrifugation
at 8000 rpm-min' for 6 min and washed with deionized water
and ethanol for three times in sequence. The powder was dried
under vacuum at 60 °C for 12 h. The mass ratio of TiO; to ZIS
was 30% for the ZIS/TiO; heterostructure. The mass ratio of
TizC, to ZIS was 5% for the TizC,-ZIS heterostructure,

respectively.

2.4 Synthesis of the TizC,-ZIS/TiO; heterostructure

The different weight of multilayer TizC» (1, 3, 5, 7 and 10 mg)
was added to deionized water (50 mL) and sonicated for 2 h to
peel into fewer layers, respectively. TiO, powder (30 mg) was
added, sonicated and stirred for 30 min in sequence to form a
uniformly dispersed suspension. Then, InClz-4H,0O (146.6 mg,
0.5 mmol), Zn(OAc),-:2H,0 (54.9 mg, 0.25 mmol) and
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CH3CSNH; (112.7 mg, 1.5 mmol) were added to the above
suspension and dissolved in deionized water by sonication and
stirring. The mixed system was transferred to a Teflon-lined
autoclave (100 mL) at 180 °C for 3 h. After reaction, the
precipitate was obtained by centrifugation at 10000 rpm-min-
!'for 10 min and washed with deionized water and ethanol for
three times in sequence. The powder was dried under vacuum
at 60 °C for 12 h. The mass ratio of Ti3C; to ZIS in the TizC»-
ZIS/TiO; heterostructure was 1, 3, 5, 7 and 10%, respectively.
The mass ratio of TiO; to ZIS was fixed at 30% for the various
Ti3C2-ZIS/TiO; heterostructure. The fixed mass ratio of TiO»
to ZIS was aimed at explore the influence of Ti3C, content to
the photocatalytic activity in the various Ti3C,-ZIS/TiO»
heterostructure.

2.5 Photoelectrochemical tests

The photoelectrochemical tests were performed using a
traditional three-electrode system at a CHI660E potentiostats.
The Ag/AgCl (saturated KCI aqueous solution) electrode and
the Pt sheet electrode were used as the reference electrode and
counter electrode, respectively. The preparation of the
working electrode was listed as follows: polyvinylidene
fluoroacetic acid (60 pL) and 1-methyl-2-pyrrolidinone (50
puL) were added to the photocatalyst powder (10 mg) and
grounded evenly in sequence. It was then evenly brushed on
the upper surface of F-doped SnO, (FTO) conductive glass,
and finally vacuum dried at 60 °C for 12 h. The transient
photocurrent response was recorded at 50 s intervals under
light on and off with a bias voltage of 0.1 V. Xenon lamp (300
W) was used as the light source and an aqueous solution of
Na,SOs (pH = 7, 0.5 M) was used as the electrolyte,
respectively. Electrochemical impedance spectroscopy (EIS)
measurements were measured at open-circuit voltages with a
frequency range of 0.01 to 100 kHz at an amplitude of 50 mV.

2.6 Photocatalytic benzyl alcohol oxidation and occupied
with hydrogen production test

The photocatalytic selective oxidation of benzyl alcohol
occupied with hydrogen production was performed in a
custom quartz glass reactor (100 mL). First, the photocatalyst
(30 mg) was dispersed in deionized water (50 mL) by
sonication and stirring for 30 minutes in sequence to form a
uniformly dispersed suspension. Benzyl alcohol (1 mL, 1
mmol) was then added and dissolved in water by stirring for
30 min. Xenon lamp (300 W) was used as the light source to
irradiate the reactor vertically. Before light illumination, the
reaction system was under vacuum to remove the oxygen. The
system was stirred under dark for 30 min to reach the
adsorption equilibrium. Then, the system was reacted for 4 h
under light illumination and kept at 10 °C by condensing
circulating water. When the reaction finished, the suspension
was passed through a 0.22 um aqueous membrane filter to
remove the photocatalyst. The solution was injected into a
liquid chromatograph (C18 column, injection volume: 20 pL,
water : methanol = 30 : 70, detection wavelength: 254 nm,
flow rate: 1.0 mL-min"!, column temperature: 30 °C) to
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quantify the concentration of benzyl alcohol and benzaldehyde
after the reaction.

3. Results and discussion
3.1 Characterization
heterostructure

The TizC,-ZIS/TiO; heterostructure was prepared via in-situ
growing ZIS on the surface of uniformly dispersed TizC»
sheets with decoration of TiO; on ZIS’s surface (Fig. 1a). X-
ray diffractiom (XRD) was applied to analyze the crystal
structures of the photocatalysts (Fig. 1b). The XRD pattern
(Fig. S1) of individual Ti3C, was consistent with its crystal
planes. The XRD pattern of pure ZIS could be indexed to a
hexagonal Znln,Ss4 phase (JCPDS No. 65-2023).28 TiO,
showed its diffraction peaks that could be assigned to the
anatase (JCPDS No. 65-0190) and rutile (JCPDS No. 65—
5714) composite phases.’” The 5% TizCo-ZIS/TiO2
heterostructure exhibited the characteristic peaks of both
hexagonal ZnlIn,S4 and TiO; phases. However, due to the high
dispersion and low loading of TizC, in the ZIS/TiO;
heterostructure, the 5% Ti3C,-ZIS/TiO; heterostructure did not
showed obvious diffraction peaks of Ti;C,.**! The Raman
spectra further confirmed the existence of Ti—C bond in Ti3C;
at 159 cm™!, this bond was also observed in the Ti3C»-ZIS/TiO»
heterostructure (Fig. 1c). The above results demonstrated the
successful synthesis of the TizC2-ZIS/TiO2 heterostructure.
Besides, the Zeta potentials of ZIS and TiO, were measured to
be —17.9 and 15.2 mV, respectively (Figs. 1d and S2). This
suggests that ZIS and TiO, were equipped with negative and
positive charges, respectively. Thus, TiO, nanoparticles could
be easily adsorbed on the surface of ZIS via electrostatic
interaction. The Zeta potentials of the ZIS/TiO;
heterostructure was measured to be —13.7 mV via interaction
by TiOz and ZIS.

Scanning and transmission electron microscopies (SEM,
TEM) were applied to characterize the morphology structure
of the photocatalysts. Before exfoliation, the Ti3C, powder
exhibited a multilayered structure (Fig. S3a). After exfoliation,
it transformed into a single or few-layered structure with a
length of several microns. ZIS exhibited a nanoflower
structure composed of numerous nanosheets, each was several
hundred nanometers in length (Fig. S3b). TiO, appeared as
spheroidal nanoparticles with a nanoscale size of ~25 nm (Fig.
S3c). The SEM image of TizC,-ZIS heterostructure revealed
intertwined sheets of Ti3C, and ZIS (Figs. S4a and S4b). The
morphology of the ZIS/TiO; heterostructure featured small
nanoparticles on the surface of a nanoflower assembled from
multiple nanosheets (Figs. S4c and S4d). The Ti3C2-ZIS/TiO;
heterostructure revealed TiO, nanoparticles dispersed on the
surface of ZIS nanosheets, with TizC; sheets tightly bound to
ZIS nanoflowers by SEM image (Fig. 1e). The TEM image
exhibited an interlacing arrangement of Ti3C,, ZIS, and TiO,
(Fig. S5). Additionally, the high resolution TEM (HR-TEM)
image of the Ti3C,-ZIS/TiO, heterostructure showed the
lattice fringes with 0.35, 0.32, and 0.26 nm d-spacings,
corresponding to TiO;’s (0110) crystal facet,?”! ZIS’s (102)

of the Ti;C2-ZIS/TiO,
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Fig. 1: (a) Schematic diagram for the synthesis of the Ti3C,-ZIS/TiO, heterostructure; (b) XRD patterns of TizCs, TiO,, ZIS, and the

5% Ti3C,-ZIS/TiO; heterostructure; (¢) Raman spectra of TizC; an
Z18S, TiO,, ZIS/Ti0,, and the Ti3;C,-ZIS/TiO; heterostructure; (e) S
the Ti3C,-ZIS/TiO; heterostructure.

crystal facet,?'7 and Ti3C,’s (101) crystal facet,? respectively
(Fig. 1f). The Ti3C2-ZIS/TiO, heterostructure showed a
uniform distribution of Zn, Ti, S, In, and O elements by energy
dispersive X-ray spectroscopy (EDX) mapping images (Fig.
1g).

3.2 Photocatalytic performance analysis of the ZIS/TiO;
heterostructure for simultaneous BA oxidation and H;
production

The photocatalytic performance of BA oxidation coupled with
H, production of the catalysts was evaluated in an aqueous
solution under full spectrum irradiation without addition of
extra sacrificial agents. The H, production curves within a 4 h
reaction period displayed a steady increase in the H, amount
(Fig. S6). Then, the BAD and H; production rate of the
photocatalysts were calculated and compared (Fig. 2a). The
individual TiO, showed inferior BAD and H» production rates
as low as 0.03 mmol g ' h™!, attributed to the severe
recombination of photogenerated carriers. The individual ZIS
exhibited relatively higher rates of 1.32 mmol g ' h™! for H,
production. When ZIS and TiO constructed heterostructure,
the BAD and H; production rates of the ZIS/TiO»
heterostructure reached to 2.86 and 3.36 mmol g ' h™!, which
were 2.55 and 95.33 times greater than those of ZIS and TiO»
alone, respectively. Thus, the construction of ZIS/TiO,
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d the Ti3C,-ZIS/TiO; heterostructure; (d) Zeta potentials of TizCa,
EM images; (f) HR-TEM image and (g) EDX mapping images of

heterostructure supplies electron transfer channel betweeen
TiO; and ZIS to enhance the transport of charge carriers.

3.3 The optical and photoelectrochemical performance of
the ZIS/TiO; heterostructure

Furthermore, the surface elemental states and chemical
compositions of the photocatalysts were analyze by the X-ray
photoelectron spectroscopy (XPS). The survey scan of
ZIS/TiO; revealed signals of Ti, Zn, O, S, and In elements (Fig.
S7). In the Ti 2p XPS spectrum of TiO», the peaks at 464.12
and 458.39 eV were assigned to Ti 2p1» and 2p3/» doublets, >
respectively (Fig. 2b). For the ZIS/TiO; heterostructure, the
corresponding peaks were shifted to 464.38 and 458.79 eV
towards higher binding energies (BEs) compared to pure TiO».
In the O 1s XPS spectrum of TiO, the deconvoluted peaks at
529.61 and 531.41 eV were assigned to the Ti-O and OH
bonds, respectively (Fig. 2¢). In the ZIS/TiO; heterostructure,
the corresponding bonds were blue-shifted to 531.79 and
530.03 eV, respectively. The peaks located at 1022.34 and
1045.45 eV were assigned to Zn 2p3,2 and 2p1,2 doublets of ZIS
(Fig. 2d).21 As for the ZIS/TiO; heterostructure, these two
doublets were red-shifted to 1045.06 and 1022.09 eV,
respectively. The corresponding peaks at 452.44 and 444.91
eV were attributed to In 3d3» and 3ds, doublets of ZIS,
respectively (Fig. 2¢). Notably, these two doublets in ZIS/TiO,

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Research article

a—., b c
- Ha 3.36 Ti2p + Obs #458.39 O1s #.529.61
= 8D [y2.8 —| Tio, Sum 1% —~| Tio, £y
O 3 ] =] 464.12 py 01 > 5o
g © o 2y 1)} o 531,41
gl —— y oS e : .
~ > i T B > H ) b
o2 = z1smio, | 45879 = 53003 o
@© 132 c ! f.; C | ZISTiO, e sum
=z 1 O | 464.38 Ji L 2179 S0 % OH
AR E | e ;% £ SIIZ W % Ti0
3] ‘ e’ Y it E
_g 0_030 03 e ks ST
o0 e r T - T
a TiO, ZIS ZIS/TiO, 465 462 459 456 534 532 530 528
Binding energy (eV) Binding energy (eV)
d e f
1022.34 S2p +h161.53 © Obs
. e —~|zs 182,73 Sum
3 fiy = 5 it 2p,5,
S L . i'l o 2py;
z oot 2 e, z ' *
@ 1022.09 4 B 0z @ , 161.31
5 :‘E 5 a2, ] ke 16248
£ it c £t ] c P
£ - >
1045 1040 1035 1030 1025 1020 454 452 450 448 446 444 442 164 163 162 161 160
g Binding energy (eV) Binding energy (eV) Binding energy (eV)
h __ i
TiO, ZISITIO, Ex: 320 nm o TiO, 50 TiO,
21s ZISITIO, Ex: 380 nm £ 34 1S 218
‘:'i‘ : ZISITIO, 401 ZISITIO,
5 = =
> 52 g %0
‘@ S :’ CPE
S o g N 201
£ 3 1 L+
3 104 R
=
e . . : . a g ! ! 0+ . .
400 450 500 550 600 650 0 50 100 150 200 250 300 350 0 10 20 30 40 50
Wavelength (nm) Time (s) Z' (kQ)

Fig. 2: (a) Photocatalytic BA oxidation coupled with H production rate of TiO,, ZIS and the ZIS/TiO, heterostructure; (b) Ti 2p and
(c) O 1s XPS spectra of TiO, and the ZIS/TiO; heterostructure; (d) Zn 2p, (e) In 3d, and (f) S 2p XPS spectra of ZIS and the ZIS/TiO,
heterostructure; (g) The PL spectra of TiO,, ZIS and ZIS/TiO, heterostructure excited at 320 and 380 nm; (h) Transient photocurrent
response and (i) Nyquist plots of TiO», ZIS, the ZIS/TiO; heterostructure.

were red-shifted to 452.16 and 444.56 eV compared with pure
ZIS. Furthermore, the deconvoluted peaks at 162.73 and
161.53 eV can be corresponding to S 2pi2 and 2p3» doublets
of ZIS, respectively (Fig. 2f). As for the ZIS/TiO»
heterostructure, these peaks were shifted to 152.48 and 161.31
eV, respectively. According to the above results, the peaks of
Ti and O elements in the ZIS/TiO; heterostructure were all
shifted towards higher BEs compared to pure TiO,, indicating
that TiO; lost electrons. Meanwhile, the peaks of S, In, and Zn
elements in the ZIS/TiO; heterostructure were all shifted
towards lower BEs compared to pure ZIS, suggesting that ZIS
accepted electrons. In conclusion, the electrons were shifted
from TiOz to ZIS in the ZIS/TiO; heterostructure. The opposite
shifts in BEs for TiO, and ZIS after building the ZIS/TiO»
heterostructure. The opposite shifts in BEs for TiO; and ZIS
after building the ZIS/TiO, heterostructure would be tightly
linked to the electric field between TiO; and ZIS. An electron
transfer channel could be constructed directed from TiO; to
ZIS in the ZIS/TiO> heterostructure.

The light absorption capabilities of TiO,, ZIS, and the
ZIS/TiO; heterostructure was evaluated by the Ultraviolet—
visible diffuse reflectance spectra (UV-vis DRS). TiO, showed
a response to ultraviolet light (Fig. S8), while ZIS
demonstrated extended absorption from ultraviolet to visible
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light range. When combined into a heterostructure, ZIS/TiO,
showed comparable ultraviolet to visible light absorption
compared to individua ZIS. The steady-state solid
photoluminescence (PL) spectra demonstrated that pure ZIS
displayed a strong fluorescence emission peak at 542 nm
under an excitation wavelength of 380 nm (Fig. 2g). The
fluorescence intensity of ZIS/TiO; heterostructure was 51%
lower than that of pure ZIS, attributable to the charge transfer
channel at the interface of ZIS/TiO. heterostructure. The
fluorescence intensity of the Ti3C,-ZIS/TiO, heterostructure
was an additional 37% lower compared to the ZIS/TiO»
heterostructure, due to the construction of a ternary
heterostructure that enhances charge separation. Similarly,
pure TiO; exhibited an emission peak at 435 nm under an
excitation wavelength of 320 nm. The fluorescence intensity
of ZIS/TiO; heterostructure was 46% lower than that of pure
TiO,, attributed to the formation of a binary heterostructure
that effectively suppressed charge carriers recombination.
Besides, the fluorescence intensity of Ti3Cy-ZIS/TiO,
heterostructure was 28% lower than that of the ZIS/TiO;
heterostructure, indicating that the ternary heterostructure
further enhanced the charge carriers separation and transport.
Additionally, the photoelectrochemical performance of the
catalysts was evaluated using transient photocurrent response
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and electrochemical impedance spectra (EIS) measurements.
The photocurrent densities of TiO, and ZIS were 0.5 and 0.8
nA cm 2, respectively (Fig. 2h). However, when TizC, and ZIS
formed a Schottky barrier, the TizC,-ZIS heterostructure
showed the photocurrent density to 1.5 pA cm 2, showing a
1.9-fold increase than that of pure ZIS, highlighting the
important role of heterostructure in enhancing charge
separation through charge transfer channel. Furthermore, the
ZIS/TiO, heterostructure reached to 2.2 pA cm2, its
photocurrent density was 4.4 and 2.8 times higher than that of
TiO; and ZIS, respectively. This increasement indicated that
construction of heterostructure effectively promoted the
electron  transport.  Notably, the  TizC,-ZIS/TiO>
heterostructure exhibited the highest photocurrent density of
3.0 pA cm ™ among the investigated photocatalysts, indicating
a synergistic enhancement in electron transport due to the
formation of dual internal electric fields. Moreover, EIS
measurements demonstrated that the Ti3Cy-ZIS/TiO;
heterostructure showed the smallest resistance value than that
of TiOy, ZIS, Ti3C,-ZIS, and ZIS/TiO; heterostructure (Fig. 21),
indicating that the Ti3C,-ZIS/TiO; heterostructure is beneficial
to promote efficient separation and transfer of photogenerated
electrons and holes among Ti3C,, ZIS and TiO, components,
thereby minimizing interfacial transfer resistance through the
creation of dual electron transfer channels.

34 Band structure of the ZIS/TiO;
heterostructure

The energy band structures of ZIS and TiO; were analyzed
using UV-vis DRS and Mott-Schottky curves. The band gap
energies (E,) of TiO; and ZIS were found to be 3.31 and 2.46
eV, respectively (Fig. 3a). Meanwhile, the conduction band
(CB) values of TiO; and ZIS were determined from the Mott-
Schottky curves as —0.46 and —0.19 V versus normal hydrogen
electrode (vs. NHE), respectively (Figs. 3b and 3c). Thus, the
valance band (VB) values of ZIS and TiO, were calculated as
2.00 and 3.12 V (vs. NHE), respectively. Furthermore, the
electron paramagnetic resonance (EPR) spectra were applied
through 5, 5-dimethyl-1-pyrroline-N-oxide (DMPO) as a spin
trapping reagent to detect hydroxyl radical («OH) and
superoxide radical (*O>"). The literature data reported that the
standard potential of OH /*OH was referenced as 2.38 V (vs.
NHE).B% As shown in Fig. 3d, pure TiO, showed a DMPO-
*OH quartet signal with an intensity ratio of 1:2:2:1 under light
irradiation. In contrast, pure ZIS did not produce *OH signal
under light irradiation. The ZIS/TiO, heterostructure
displayed a stronger *OH signal compared to pure TiO,, which
was 3.0 fold compared to TiO» alone, revealing that the
building of ZIS/TiO, heterostructure could produce more
isolated holes to form radical *OH. Besides, the literature
reported the standard potential of O2/*O;™ to be —0.33 V (vs.
NHE)‘[33»35]

Pure TiO; could produce weak *O,~ signal with an intensity
ratio of 1:1:1:1 under light irradiation (Fig. 3e), while ZIS
exhibited a stronger *O,  signal than TiO,. The ZIS/TiO,
heterostructure could produce the highest *O," signal among

analysis
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TiO,, ZIS and ZIS/TiO». The signal intensity of the *O,  for
ZIS/TiO; heterostructure was 8.87 and 4.36-fold compared to
that of pure TiO2 and ZIS, respectively. If TiO, and ZIS formed
type II heterostructure, the photogenerated electrons would
transfer from the CB of ZIS to the CB of TiO; (Fig. S9). The
photogenerated holes would transfer from the VB of TiO; to
the VB of ZIS. However, the VB of ZIS (2 V) was lower than
the standard potential of OH/*OH (2.38 V), while the CB of
ZIS (=0.19 V) was higher than the standard potential of
0,/°07" (—0.33 V). Theoretically, this arrangement would not
lead to the formation of the *OH and O, signal in the
ZIS/TiO,  heterostructure. However, this theoretical
expectation contradicted the findings from the EPR analysis.
Thus, the ZIS/TiO; heterostructure cannot be classified as a
type II heterostructure. If considering the construction of a Z-
scheme heterostructure between TiO, and ZIS, electrons were
predicted to transfer from the CB of TiO; to combine with the
photogenerated holes at the VB of ZIS (Fig. 3f). In this
configuration, the CB of ZIS (—0.46 V) was lower than the
standard potential of O»/*O,™ (—=0.33 V), and the VB of TiO»
(3.12 V) was higher than the standard potential of OH/*OH
(2.38 V). As a result, the *OH and <O, signal of the ZIS/TiO»
heterostructure could indeed be produced. This prediction is
consistent with the EPR result, affirming the successful
formation of a Z-scheme heterostructure in the ZIS/TiO,
system. The TiOz in the ZIS/TiO; heterostructure is the core of
catalytic oxidation of BA to BAD.

3.5 Photocatalytic performance analysis of the TizC,-
ZIS/TiO; heterostructure for simultaneous BA oxidation
and H; production

In order to further enhance the carriers utilization rate of the
photocatalysts, Ti3C, was coupled into the photocatalysts
system. The photocatalytic performance of the photocatalysts
with different Ti3C, content was evaluated by BA oxidation
coupled with H, production. As shown in Fig. 4a, the Ha
production curves within a 4 h reaction period displayed a
steady increase in the Hy amount. When 5% Ti3C; and TiO;
formed Schottky junction, the photocatalytic H» and BAD
production rates of 5% Ti3C,-TiO2 were 2.00 and 1.67 times
higher than that of pure TiO,. When 5% Ti3C; and ZIS formed
Schottky junction, the photocatalytic H, production rate of 5%
TizC,-ZIS was 2.42 mmol g ! h™!, respectively, which was
1.83 times higher than that of pure ZIS. When the mass ratio
of Ti3C; to ZIS reached 1%, this ternary 1% TizC,-ZIS/TiO»
heterostructure demonstrated superior H, and BAD production
rates of 4.86 and 4.29 mmol g ' h™!, respectively (Fig. 4b).
When the mass ratio of TizC, to ZIS reached 3%, the H, and
BAD production rates of 3% Ti3C,-ZIS/TiO> heterostructure
were 5.44 and 4.98 mmol g 'h™!, respectively.

When increasing the mass ratio of TizCo/ZIS to 5%, the
Ti3C,-ZIS/TiO; heterostructure achieved the optimized H; and
BAD production rates of 7.71 and 6.59 mmol g ' h'!,
approximately 2.29 and 2.30 times higher than those of
ZIS/TiO,, respectively. Notably, the H, and BAD production
rates of the 5% Ti3C,-ZIS/TiO; heterostructure were 5.84 and
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5.83 times higher than those of pure ZIS, respectively. The
introduction of Ti3C; in the ZIS/TiO; heterostructure served as
potential regulator and electron mediator to enhance the
separation and utilization of electrons for H, production.
However, the H, and BAD production rates of 7% TizC»-
ZIS/TiO; heterostructure were reduced to 6.92 and 6.51 mmol
g! h! compared to that of the 5% Ti3Co-ZIS/TiO>
heterostructure, respectively. The 10% TizCr-ZIS/TiO;
heterostructure exhibited decreased production rates (6.12 and
5.53 mmol g 'h! for H, and BAD production) compared to
the 7% Ti3C,-ZIS/TiO2 heterostructure. This decrease could be
attributed to the excessive Ti3C; content hindering the light
absorption of ZIS/TiO; (Fig. S10). Notably, the photocatalytic
performance of the 5% TizC,-ZIS/TiO; heterostructure also
exhibited superiority when compared with the photocatalysts
reported in recent literatures for the same purpose (Fig. 4c and
Table S1).

Additionally, cycling tests were conducted to evaluate the
stability of the Ti3C,-ZIS/TiO, heterostructure in the BA
oxidation and H» production. Notably, the 5% Ti3C,-ZIS/TiO,
heterostructure displayed steady linear curves of H>
production over four cyclic tests (Fig. 4d), with photocatalytic
BAD and H; production rates remained above 91.3% and
93.7%, respectively, after four reaction cycles (16 h) (Fig. 4e).
The post-mortem XRD pattern of TizC,-ZIS/TiO, after four
reaction cycles was consistent with that before reaction (Fig.
S11), indicating the exceptional structural durability of the
Ti3C,-ZIS/Ti0O; heterostructure. Furthermore, the influence of
light intensity and reaction temperature to the photocatalytic
performance of the TizC,-ZIS/TiO; heterostructure was
explored. As shown in Fig. S12a, the photocatalytic
performance of TizC,-ZIS/TiO; heterostructure was basically
proportional to the light intensity. The photocatalytic H»

Engineered Science Publisher

production rates were 2.42, 5.32 and 7.71 mmol g ' h™! at the
low, middle and high light intensity (50, 100 and 150 mW
cm2), respectively. Meanwhile, the photocatalytic BAD
production rates were 2.02, 4.65 and 6.59 mmol g ' h™! at the
low, middle and high light intensity (50, 100 and 150 mW),
respectively. Besides, the photocatalytic activity of TizC,-
ZIS/TiO; heterostructure was gradually enhanced with the
increase of reaction temperature (Fig. S12b). The
photocatalytic H, production rates were 6.82, 7.71, 8.23 and
8.58 mmol g ! h'! at the temperature of 5, 10, 15 and 20 °C,
respectively. Meanwhile, the photocatalytic BAD production
rates were 6.15, 6.59, 7.22 and 7.82 mmol g ' h™! at the
temperature of 5, 10, 15 and 20 °C, respectively.

In order to explore the active species for BA oxidation over
the Ti3C,-ZIS/TiO; heterostructure, different trapping agents
were applied to control experiments. Specifically,
tetrachloromethane  (CCly), isopropanol  (IPA) and
triethanolamine (TEOA) were selected as scavengers for
trapping electrons (¢°), hydroxyl radicals (*OH) and holes (h"),
respectively. The TizCo-ZIS/TiO2 heterostructure with the
addition of CCls demonstrated superior BAD production rate
of 7.28 mmol g"' h™!, which enhanced 12.3% compared with
the same photocatalyst without CCly. The introduction of CCly
consumed more electrons generated by the TizCo-ZIS/TiO;
heterostructure, leaving more available holes to take part in the
oxidation of BA. The BAD production rate of the TizC»-
ZIS/TiO; heterostructure in the presence of IPA was reduced
30.1% compared to that without IPA, the generation of *OH
consumed a part of holes that led to the reduction of BAD
production rate. Besides, The BAD production rate of the
Ti3C,-ZIS/TiO; heterostructure in the presence of TEOA was
reduced 62.7% compared to that without IPA, suggesting that
holes played an important role in the conversion of BA to BAD.
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on BA oxidation over the Ti3C,-ZIS/TiO; heterostructure.

Besides, the apparent quantum efficiency (AQE) of TizC»-
ZIS/TiO; for BA oxidation coupled with H, production was
measured to be 0.35% under 400 nm monochromatic
irradiation (Fig. S13). The above results collectively
demonstrated the excellent photocatalytic activity and reaction
stability of Ti3C,-ZIS/TiO; for realizing efficient BA oxidation
coupled with H, production.

3.6 The XPS analysis, optical and photoelectrochemical
performance of the Tiz;C,-ZIS/TiO; heterostructure
The surface elemental states and chemical compositions of the
Z1S/Ti0; and Ti3C»-ZIS/TiO heterostructure were analyze by
the XPS. The survey scan of ZIS/TiO, revealed signals of Ti,
Zn, O, S, and In elements (Fig. S14), aligning with the findings
of EDX spot analysis (Fig. S15). The peaks located at 1045.06
and 1022.09 eV were assigned to Zn 2pi» and 2ps,» doublets
of the ZIS/TiO; heterostructure (Fig. 5a). As for the TizC»-
ZIS/TiO; heterostructure, these two doublets were shifted to
1045.15 and 1022.15 eV, respectively. The corresponding
peaks at 452.16 and 444.56 eV were attributed to In 3d3, and
3ds» doublets of the ZIS/TiO: heterostructure, respectively
(Fig. 5b). Notably, these two doublets in the Ti3C>-ZIS/TiO;
heterostructure were shifted to 452.32 and 444.72 eV
compared with the ZIS/TiO; heterostructure. Furthermore, the
deconvoluted peaks at 162.48 and 161.31 eV can be
corresponding to S 2pi1» and 2p3» doublets of the ZIS/TiO;
heterostructure, respectively (Fig. 5c). As for the ZIS/TiO,
heterostructure, these peaks were shifted to 162.55 and 161.35
eV, respectively. In conclusion, the electrons were shifted from
ZIS to Ti3C; in the Ti3C,-ZIS/TiO; heterostructure for protons
reduction to produce Ho.

Besides, the steady-state solid PL spectra demonstrated
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that the fluorescence intensity of the TizCo-ZIS/TiO;
heterostructure excited at 380 nm was an additional 37% lower
compared to the ZIS/TiO; heterostructure (Fig. 5d), due to the
construction of a ternary heterostructure that enhanced charge
transfer between TizC; and ZIS/TiO;. Similarly, the
fluorescence intensity of TizC,-ZIS/TiO; heterostructure
excited at 320 nm was 28% lower than that of the ZIS/TiO,
heterostructure (Fig. 5e), indicating that the ternary
heterostructure further enhanced the charge carriers separation
and transport. Additionally, the photoelectrochemical
performance of the ZIS/TiO, and TizCo-ZIS/TiO;
heterostructure was evaluated using transient photocurrent
response and EIS measurements. Notably, the Ti3C,-ZIS/TiO»
heterostructure exhibited the photocurrent density of 3.0 pA
cm 2 (Fig. 5f), which was 1.4 times higher than that of the
ZIS/TiO; heterostructure. This increasement indicated that
construction of ternary Ti3Cs-ZIS/TiO2 heterostructure
effectively promoted the electron transport. Moreover, EIS
measurements demonstrated that the TizCr-ZIS/TiOs
heterostructure showed lower resistance value than that of the
ZIS/TiO; heterostructure (Fig. 5g), indicating that the TizC»-
ZIS/TiO; heterostructure was beneficial to promote efficient
separation and transfer of photogenerated charge between
Ti3C, and ZIS/TiO», thereby minimizing interfacial transfer
resistance through the creation of dual interfacial electron
fields.

3.7 Band structure and the reaction mechanism of the
TizC,2-ZIS/TiO; heterostructure for simultaneous BA
oxidation coupled with H; production

Based on the aforementioned results, the TizC,-ZIS/TiO;
heterostructure achieved efficient BA oxidation and H;
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Fig. 5: (a) Zn 2p, (b) In 3d, and (c) S 2p XPS spectra of the ZIS
ZIS/Ti0; and Ti3C,-ZIS/TiO; heterostructure excited at (d) 380 nm

/Ti0, and Ti3C,-ZIS/TiO; heterostructure; The PL spectra of the
and (e) 320 nm, respectively; (f) Transient photocurrent response

and (g) Nyquist plots of the ZIS/TiO, and Ti3C,-ZIS/TiO; heterostructure; (h) Energy band structure schematic diagram and (i) the
reaction mechanism of the TizC,-ZIS/TiO; heterostructure for simultaneous BA oxidation coupled with H, production.

production simultaneously. The proposed mechanism is
illustrated in Figs. Sh and 5i. Under light irradiation, ZIS and
TiOz in the Ti3C,-ZIS/TiO; heterostructure were photoexcited,
generating electrons and holes. Electrons were transferred
from the CB of TiO, and paired with the photogenerated holes
at the VB of ZIS through an electron transfer channel. An
internal electric field was established between ZIS and TiO> in
the Ti3C,-ZIS/TiO; heterostructure, directed from ZIS to TiO».
The leaving holes at the VB of TiO, participated in the
oxidation of BA. Initially, one BA molecule was absorbed on
the surface of the TizCy-ZIS/TiO, heterostructure.
Subsequently, a hydrogen proton was abstracted from the OH
group of BA by a hole, leading to its adsorption on the
photocatalyst surface, leaving behind an alkoxide anion (Ph-
CH,0O"). Another hole attacked and cleaved the C,-H bond in
Ph-CH,O", producing a carbon-centered radical (Ph-CH<O¢),
with the resulting proton also adsorbed on the photocatalyst
surface. Finally, a hole located at the surface of TiO, continued
to oxidize Ph-CH<O¢, yielding BAD product. The TiO; in the
Ti3C2-ZIS/TiO, heterostructure was the core of catalytic
oxidation of BA to BAD. Hydrogen protons for this process
originated from both BA oxidation and H,O splitting. The
Fermi Energy (Ey) level of Ti3C, was —0.1 V (vs. NHE).5¢ The
potential of Ti3C, was closer to 0 V compared with ZIS, thus,
TizC, was easier to produce H» compared with ZIS.
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Meanwhile, electrons generated at the CB of ZIS were
transferred to the surface of TizC, through an electron transfer
channel, facilitating efficient proton reduction to produce H,.
Besides, the Ti3C, nanosheets in the TizCo-ZIS/TiO;
heterostructure may serve as an electron mediator to promote
the transport of electrons between Znln,S4 and TiO».

4. Conclusion

In summary, a bifunctional Ti3C,-ZIS/TiO, heterostructure
was demonstrated to achieve high-value BAD production and
clean H; energy generation. The dual charge transfer channels
constructed by the TizCo-ZIS/TiO2  heterostructure
significantly enhanced the spatial separation and transport of
cariers. The introduction of TizC; in the TizCr-ZIS/TiO;
heterostructure could serve as a potential regulator and
electron mediator to enhance electron transport and H»
production. As a result, the Ti3C,-ZIS/TiO; heterostructure
exhibited efficient BAD (6.59 mmol g ! h'!) and H,
production rate (7.71 mmol g ' h™'), respectively. Additionally,
the TizCy-ZIS/TiO; heterostructure  displayed superior
photocatalytic  activity compared to other reported
photocatalysts for the same purpose. Furthermore, it showed
high stability in reaction and cyclic performance during BA
oxidation coupled with H, production. This work supplies a
promising strategy for the design of Z-scheme heterostructure
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with dual charge transfer channels to enhance the spatial
isolation and gathering of charge carriers, aiming to achieve
both high value-added chemical synthesis and clean H, energy
production.
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