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Abstract

Photocatalytic water splitting for hydrogen evolution is widely considered as a clean, green, and renewable route for solar
energy conversion and storage. In this work, we fabricated ternary TiO,/MoSe,/y-graphyne nanocomposite and demonstrated
its superior photocatalytic hydrogen evolution activity. The samples were investigated by transmission electron microscopy,
UV-Vis diffuse reflectance spectra, electrochemical impedance spectroscopy, and photoluminescence spectra. The optimized
sample exhibited a high H, production rate of 16 pmol h™', which was 3.2-fold as high as that of binary TiO,/MoSe, and
6.2-fold as high as that of pristine TiO,. The enhanced photocatalytic activity is mainly because of the higher light-harvesting
capacity, more active edge sites, and more charge-transfer channels induced by the multicomponent heterojunction through
a cascade-driven electronic mechanism. This work presents a practical way to design noble-metal-free photocatalysts for
solar energy-driven water splitting by band-engineering tailoring.

1 Introduction

In recent years, a huge surge of interest has developed
in the field of solar energy utilization, particularly in the
application of photocatalytic hydrogen evolution to tackle
the problem of energy shortage and environmental pollu-
tion [1-3]. Semiconductors such as TiO, [4-6], ZnO [7],
CdS [8], and C5N, [9] have been reported to be active for
photocatalytic hydrogen evolution. Among these, TiO, is
a promising and benchmark photocatalyst because of its
low-cost, high chemical stability, and environmentally
friendly features. However, TiO, bears the inferior pho-
tocatalytic activities that are caused by its wide bandgap
and high recombination rate of electron—hole pairs, which
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hinders its commercial application [5]. To get higher pho-
tocatalytic activities of TiO,, massive efforts have been
contributed through surface treatment [10], element doping
[11], cocatalysts loading [12], and heterojunction-structure
modification [13—15]. Ternary photocatalysts, i.e., photo-
catalysts modified with both holes cocatalysts and electrons
cocatalysts, have the superiority of stronger built-in electric
field and efficient channeling for charge transfer, compared
with unary or binary photocatalysts [16—20]. Rational design
and nanoscale integration of multiple functional nanoscale
components are reported to lead improved photocatalytic
activities and stability. For example, the proposal of both
TiO,/MoS,/CdS tandem heterojunction photocatalyst [16]
and TiO,/MoS,/graphene composite [17] consistently dem-
onstrated the enhanced photocatalytic hydrogen evolution.
2D transition metal dichalcogenides (TMDs) including
MoS,, WS,, and MoSe, have gradually become a hot point
in the field of photocatalysis due to their speedy electron
migration ability and superior light absorption perfor-
mance [21-25]. Furthermore, large amounts of active sites
for hydrogen generation around the crystal edges of TMDs
could enhance the reaction efficiency of the proton reduc-
tion process [23, 24]. As one of the typical TMDs, MoSe,
has a bandgap of 1.7-1.9 eV, showing a wide range of light
absorption [26-30]. Besides, MoSe, has lower cost and more
abundant reserves than other cocatalysts such as noble metal
and graphene [31-34]. Previous works have proven that
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MoSe, nanosheets can accept electrons and act as active
sites for H, evolution, which results in that the MoSe,/TiO,
nanocomposite has higher photocatalytic performance than
pure TiO, [33]. However, the photocatalytic water splitting
activity for hydrogen evolution based on semiconductor pho-
tocatalysts is still far away from the practical application,
requiring a solar-to-hydrogen conversion efficiency of 10%
[35]. Thus it is still a big challenge to further improve the
photocatalytic performance of TiO,.

Graphyne is a new family of two-dimensional (2D) nano-
structured carbon materials with sp and sp>hybridized car-
bon atoms. The theoretical calculation shows that graphyne
has abundant and adjustable electronic structures, unique
semiconductor transport properties and uniformly dispersed
channel structures[36—38]. Since its first synthesis in 2010
by Li et al., it has been experimentally demonstrated to be
a promising material in energy and environmental fields
[39-44]. For instance, graphdiyne (GDY) has been used
as the hole transfer layer into a photoelectrochemical water
splitting cell for hydrogen production [43]. Lu et al. com-
bined graphdiyne with g-C;N, to enhance the hole mobility
in a metal-free 2D/2D g-C;N,/GDY heterojunction [44]. Dif-
ferent from y-GDY, y-graphyne can be seen as an acetylene
bond inserted between the adjacent carbon hexagonal rings.
Among all kinds of graphyne, y-graphyne is theoretically
reported to possess the highest stability and semiconduc-
tor characteristic, and thus attracts more attention in energy
conversion and storage applications [45—49]. In our recent
work, we reported a mechanochemistry route to synthesize
y-graphyne [47] and constructed TiO,/y-graphyne hetero-
Jjunctions, which improved the absorption of visible light and
suppressed the recombination of photoexcited electron—hole
pairs during the photocatalytic process [48].

Based on our previous and preliminary research, the
conductive band positions for MoSe,, TiO, and y-graphyne
were found to be 5,—0.3 and — 0.5 V vs NHE, respectively.
Therefore, a higher photocatalytic activity is expected if
y-graphyne, MoSe, and TiO, are combined together, since

Scheme 1 Schematic illustra-
tion of the TiO,/MoSe,/GY
nanocomposites for photocata-
lytic reactions

MoSe, nanosheets can accept electrons and act as active
sites for H, evolution and y-graphyne could transfer holes
efficiently. Herein, novel TiO,/MoSe,/y-graphyne ternary
nanocomposites were synthesized and its photocatalytic
H, evolution performance was demonstrated. As expected,
the optimized TiO,/MoSe,/GY sample exhibited a high
H, production rate of 16 pmol h~!, which was 3.2-fold as
high as that of TiO,/MoSe, and 6.2-fold as high as that
of TiO,. The enhanced photocatalytic activity of the ter-
nary photocatalyst was due to its improved light absorp-
tion, the formed heterojunction, and the role of the MoSe,
nanosheets as an electron acceptor. Scheme 1 exhibited
the schematic illustration of the charge transfer in TiO,/
MoSe,/GY nanocomposites. This study offers significant
insights toward the rational design of noble-metal-free
titania-based composites for highly efficient photocata-
lytic reactions.

2 Experimental section

2.1 Preparation of TiO,/MoSe, nanosheets
heterojunctions

TiO,/MoSe, nanocomposite with an optimized loading
of 0.1% MoSe, was fabricated by the one-step hydrother-
mal method reported in our previous work [33]. Typically,
100 mg commercial P25 powders and 60 mL of 2:1 etha-
nol/deionized water solution were firstly added to a 100 ml
beaker. Then, 1 mL layered MoSe, dispersion that synthe-
sized through a reported liquid-phase exfoliation method
[34] was added into the mixture. After magnetically stirring
for 2 h, the mixture was transferred into a 100 mL Teflon-
lined autoclave, sealed, and heated in an oven at 120 °C for
3 h. The products were rinsed with deionized water and dried
at 60 °C overnight. The obtained sample were expressed as
TiO,/MoSe,.
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2.2 Preparation of TiO,/MoSe,/y-graphyne
heterojunctions

y-Graphyne was synthesized using CaC, and hexabromoben-
zene (PhBrg) as precursors through a mechanochemical
route [47]. The TiO,/MoSe,/y-graphyne heterojunctions
were prepared as follows: 1 mg y-graphyne, 40 mL absolute
ethanol were dispersed in 20 mL H,O under ultrasonication
for 1 h. Then, 100 mg TiO,/MoSe, composites (the amount
of MoSe, is 0.1%) were added into the suspension. After
constantly stirring for 2 h, the suspension was transferred
into a 100 mL Teflon-sealed autoclave and kept at 120 °C
for 3 h. After naturally cooling down, the sample was col-
lected by centrifugation, rinsing with water and absolute
ethanol, and drying at 60 °C for 12 h. The samples of 0.5%,
1.0%, 2.5%, and 5.0% mass ratios of y-graphyne to TiO,
were denoted as TiO,/MoSe,/0.5GY, TiO,/MoSe,/1.0GY,
TiO,/MoSe,/2.5GY, and TiO,/MoSe,/5.0GY, respectively.

2.3 Characterizations

The samples were characterized by X-ray diffraction (Bruker
D/8 advanced diffractometer with Cu Ka radiation), Raman
spectra (HORIBA Jobin Yvon XploRA system with laser
excitation wavelength of 532 nm), energy dispersive X-ray
spectroscopy (EDS), transmission electron microscopy
(TEM), and high-resolution TEM (Tecnai G2 F20 S-Twin
FE-TEM). The X-ray photoelectron spectroscopy (XPS) was
measured using an RBD upgraded PHI-5000 C ESCA sys-
tem (Perkin Elmer) and analyzed by Augerscan software.
The UV-Vis diffuse reflectance spectra (UV-3150 UV-Vis
spectrophotometer) and photoluminescence (PL) spectra
(F-4500, with an excitation wavelength of 330 nm) were
recorded as well. The electrochemical impedance spectra
(EIS) and Mott—Schottky plots were implemented on a
PARSTAT 4000 Potentiostat/ Galvanostat EIS analyzer and
corresponding test conditions were detailed in the Support-
ing Information.

2.4 Photocatalytic measurements

The photocatalytic hydrogen evolution was conducted in a
photocatalytic system (Labsolar-IIIAG, Beijing Perfectlight
Co., Ltd.). Typically, 20 mg photocatalysts were dispersed
into 100 mL of 1:9 methanol/deionized water by sonication
for 30 min. The obtained mixture was transferred into the
reactor and then constantly stirred. Before irradiation, the
reaction system was evacuated. A 300 W Xe arc lamp (PLS-
SXE300, Beijing Perfectlight Co., Ltd.) with an optical filter
was used to provide a simulated solar irradiation condition.
The gas component was detected by an online gas chroma-
tograph (Shiweipx, GC7806, TCD detector, Ar carrier and
5 A molecular sieve columns). Three consecutive test cycles
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of the hydrogen evolution were carried out under identical
experimental conditions.

3 Results and discussion
3.1 Characterizations of photocatalysts

The crystal structure and phase of the samples were charac-
terized by XRD (Fig. 1a). Compared to bare TiO,, the prom-
inent diffraction peaks of TiO,/MoSe,, and TiO,/MoSe,/GY
nanocomposites were almost the same, suggesting that the
introduction of MoSe, and y-graphyne has little effect on the
crystallinity of TiO,. No signals for MoSe, and y-graphyne
were found, probably owing to their relatively low amount
and low diffraction intensity of 2D materials [42]. Raman
spectra in Fig. 1b and lc verify the presence of MoSe, and
y-graphyne in the TiO,/MoSe,/GY nanocomposite with
the peak at 241 em~! to MoSe, nanosheets [34-50] and the
typical D band at 1360 cm™' and the G band at 1588 cm™!
to y-graphyne [51, 52]. In the magnified Raman spectra
(Fig. 1c), the peak intensity for both D band and G band
raised gradually as the amount of y-graphyne increased,
further indicating that y-graphyne was successfully loaded
onto TiO,/MoSe,. XPS results also confirms the introduc-
tion of GY and MoSe, in the TiO,-based nanocomposites
(Fig. S1) [53, 54].

TEM images in Fig. 1d demonstrates that the layered
y-graphyne serves as a novel support that is uniformly deco-
rated with TiO, and MoSe,. The HRTEM pictures (Fig. le)
display a typical lattice distance of 0.35 and 0.32 nm cor-
responding to the (101) plane of anatase TiO2 and (110)
plane of rutile TiO,, respectively. The obvious well-exfoli-
ated nanosheets were found, with the distinct lattice spacing
of 0.65 nm, which is in accordance with the (002) crys-
tal plane of hexagonal MoSe,. The (220) and (422) planes
of the y-graphyne were also observed. The EDS mapping
images (Fig. 1f) revealed that the Ti, O, C, Mo, and Se were
distributed in the selected area, which further indicates the
formation of TiO,/MoSe,/GY multiple heterojunctions.
Thus, a close neighborhood of TiO,, MoSe,, and y-graphyne
components was achieved by the hydrothermal process-
ing, which is believed to favor the light absorption and the
separation of photogenerated charge carriers in the ternary
nanocomposites.

3.2 Photocatalytic H, production activities

The photocatalytic activities of the synthesized materi-
als were evaluated for H, evolution from water splitting
under simulated solar light irradiation, with methanol as
hole scavenger. Our previous study shows that TiO,/MoSe,
nanocomposites with 0.1% of MoSe, possess the highest
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Fig.1 a XRD patterns, b Raman spectra, ¢ corresponding magnified Raman spectra, d TEM image, ¢ HRTEM image, and f EDS mapping
images of TiO,/MoSe,/GY nanocomposites. A: anatase phase; R: rutile phase

hydrogen generation rate [33]. In this work, optimized
MoSe, amount with 0.1% is adopted for the design of ter-
nary nanocomposites as shown in Fig. 2a. Figure 2b shows
the photocatalytic H, evolution activities for the TiO,
samples with 0.1% of MoSe, with different amounts of
y-graphyne from 0 to 5.0%. As the amounts of y-graphyne
increased, the hydrogen evolution of the nanocomposites
raised. The optimized TiO,/MoSe,/2.5GY sample exhib-
ited the highest H, production rate of 16 pmol h~!, which
was about 3.2-fold as high as that of TiO,/MoSe,, 1.4-fold
as high as that of TiO,/GY and 6.2-fold as high as that of
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L}

0% 0.1% 0.2%
Amount of MoSe, loaded on TiO,/1.0GY

TiO,. The results were compared with the reported TiO,
and MoSe,-based nanocomposites for photocatalytic H,
generation (Table 1). It can be seen that our ternary TiO,/
MoSe,/GY nanocomposite has superior advantages. A
further increase in the loading of y-graphyne above the
optimum level results in a decrease of the H, evolution
rate, which is probably because excess y-graphyne in the
nanocomposites might prevent the exposure of TiO, to
incident light and the generation of electrons from TiO,,
and possibly act as a recombination center for the photo-
excited carriers [16].

b20
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Fig.2 a Hydrogen evolution rate of TiO,/MoSe,/GY nanocomposites with different amounts of MoSe,, b hydrogen evolution rate of TiO,/

MoSe,/GY nanocomposites with different amounts of y-graphyne
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Table 1 Comparison of the
reported TiO, and MoSe,-based
composites for photocatalytic
H, evolution

System Sacrificial agent Light source (wavelength/nm)  v(H,) References
(pmol
hle
graphene/P25 25% methanol 350 W Xe lamp 456 [55]
rGO/P25 20% ethanol 200 W Xe lamp 740 [56]
TiO,/MoS,/graphene 25% ethanol 350 W Xe lamp 2000 [17]
p-MoS,/n-rGO 50% ethanol 300 W Xe lamp 24.8 [57]
MoSe,/g-C3N, 10% triethanolamine 300 W Xe lamp(> 420) 136.8 [58]
TiO,/MoSe, 10% methanol 300 W Xe lamp 252 [33]
TiO,/y-graphyne 10% methanol 300 W Xe lamp 555 [48]
TiO,/MoSe,/y-graphyne  10% methanol 300 W Xe lamp 800 This work

Moreover, the stability of the photocatalysts were inves-
tigated. As shown in Fig. 3a, the TiO,/MoSe,/GY sample
kept high hydrogen evolution activity around the three meas-
urement cycles with good stability. The Raman spectra for
TiO,/MoSe,/GY before and after the photocatalytic reaction
is represented in Fig. 3b. The results demonstrate that no
difference occurred for the Raman peaks ascribed to MoSe,
and y-graphyne, illustrating MoSe, and y-graphyne should
keep stable during the photocatalytic process. The results of
cycling measurement along with Raman spectroscopy indi-
cate the good stability of TiO,/MoSe,/GY photocatalysts.

3.3 Mechanism for the improved photocatalytic
activity

The optical absorption property is the key factor to judge
the photocatalytic activity of the samples. The optical per-
formance of the samples was researched using UV-Vis
diffuse reflectance spectra. As shown in Fig. 4a, the sam-
ple showed a red-shifted absorption edge with slightly
enhanced absorption in the visible region after the loading

q 100
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—a—TiO,
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H, evolution (umol)
n FS
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Ll L)
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of MoSe,. Once the MoSe, and y-graphyne were intro-
duced together, the absorption edges of TiO,/MoSe,/GY
samples exhibited a further red-shift (from 410 to 490 nm),
indicating the improvement of the visible light absorption
ability of the nanocomposite. Moreover, the color of the
nanocomposites varied from white to gray, as revealed in
the inserted pictures. The results suggest that the ternary
nanocomposite may be able to absorb more light to pro-
duce electron-hole pairs and thus promise improved pho-
tocatalytic activities.

The electrochemical impedance spectroscopy (EIS)
tests were performed to study the charge-transfer capacity
(Fig. 4b). A suitable equivalent circuit model was proposed
as shown in the inset in Fig. 4b. The data were fitted and
are presented in Table S1. Therein, R; is internal resistance,
CPE is a constant phase element, R , is the charge transfer at
the working electrode/electrolyte interface, respectively. The
electrochemical impedance spectroscopy showed the smaller
R_, for TiO,/MoSe,/GY nanocomposites, demonstrating the
efficient charge transfer by promoting the transportation of
photo-induced carriers [59].

— Before
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| PR R | | I | | PR P |

200 400 600 800 1000 1200 1400 1600 1800 2000
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Fig. 3 a Cycling measurement of hydrogen evolution as a function of irradiation time and b Raman spectra of TiO,/MoSe,/2.5GY sample before

and after photocatalytic reaction
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Fig.4 a UV-Vis diffuse reflectance spectra, b electrochemical impedance spectroscopy (EIS), ¢ photoluminescence (PL) spectra, and d possible

mechanism for the TiO,/MoSe,/GY ternary nanocomposite

It is well known that the intensity of photoluminescence
(PL) spectra is directly related to the recombination of
charge carriers [60, 61]. Figure 4c reveals the PL spectra
of TiO,, TiO,/MoSe,, and TiO,/MoSe,/GY nanocomposites
with the excitation wavelength of 330 nm, respectively. Pure
TiO, showed the strongest intensity of PL emission peak,
and it decreased when MoSe, was incorporated, indicating
that the recombination of photogenerated charges was inhib-
ited to some degree [60]. The PL intensity of TiO,/MoSe,/
GY nanocomposites declined significantly as compared to
TiO,/MoSe, after the introduction of GY in the nanocom-
posites, indicating that y-graphyne also played a leading role
in reducing the recombination of photogenerated charges.
The results show that the introduction of GY greatly acceler-
ates the charge transfer and effectively suppress the recombi-
nation of photogenerated electron—holes, which explains its
excellent photocatalytic water splitting activity for hydrogen
evolution. Increased PL intensities were observed for TiO,/
MoSe,/2.5GY with further increasing the amounts of GY,
suggesting that a further increase of y-graphyne led to rela-
tively increased charge recombination.

As addressed by the UV-Vis DRS, EIS, and PL studies,
the ternary nanocomposites afford the absorption of more

light and fast charge-transfer capability with more charge
carriers for the photocatalytic reaction, which improves
the hydrogen generation performance. The bandgaps of
MoSe, and y-graphyne were characterized to be 1.80 and
2.7 eV, respectively (Fig. S2 and S3). The flat-band poten-
tials (corresponding to the VB) for MoSe, and y-graphyne
were measured to be 2.27 and 2.19 V vs. NHE, respec-
tively. A synergistic mechanism for the ternary nano-
composite is proposed as shown in Fig. 4d, based on the
working functions of y-graphyne (CB edge =-0.5 eV vs.
NHE), TiO, (CB edge=-0.3 eV vs. NHE), and MoSe,
(CB edge=0.5 eV vs. NHE). Notably, in the present case
of nanocomposite materials, a transfer of electrons from
the CB of y-graphyne into the CB of TiO,, and from the
TiO, CB to MoSe,, has occurred due to the band match-
ing. The VB of TiO, is more positive than the VB of
y-graphyne, providing a pathway for holes from the TiO,
VB to y-graphyne VB. It is assumed that this effective
cascade-driven electronic mechanism [62] would isolate
electron—hole pairs and decreases their recombination,
thereby increasing the charge-transfer capability, which
has been well demonstrated by PL analysis. Furthermore,
the MoSe, nanosheets with active edge sites function as a
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cost-effective cocatalyst, hence vastly facilitating the elec-
trons separation and surface reactions.

4 Conclusion

In summary, we have demonstrated that MoSe, and
y-graphyne are effective agents to enhance the photocata-
lytic activities of TiO,. The obtained ternary TiO,/MoSe,/
GY exhibited cyclic stability and enhanced photocatalytic
activities in H, evolution in contrast to those of the binary
composites and individual components. A high photocata-
lytic hydrogen generation rate of 16 umol h™! was obtained,
which was much higher than that of the TiO,/MoSe, com-
posites (5 umol h™!) and TiO, (2.58 pmol h™!). The com-
bined heterojunction enabling a cascade-driven electron
transfer and synergistic effects of the nanocomposite account
for the enhanced photocatalytic activity. Both MoSe, and
y-graphyne can improve the light absorption ability of the
nanocomposites, which has been analyzed by UV-Vis DRS.
Meanwhile, the MoSe, and y-graphyne serve as an electron
collector and a hole transfer channel, respectively, which can
separate the photogenerated electron—hole pairs effectively
and suppress their recombination, and thus favor enhanced
photocatalytic activity. The MoSe, nanosheets on the surface
of TiO, would promote the surface shuttling properties for
efficient H, production due to their high active edge sites
and superior electrical conductivity. This work suggests
that the construction of ternary photocatalysts is an effec-
tive approach toward the rising demand for solving energy
and environmental problems.
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