
Journal of Colloid and Interface Science 622 (2022) 539–548
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is
Embedding indium nitride at the interface of indium-oxide/indium-zinc-
sulfide heterostructure with enhanced interfacial charge transfer for
high photocatalytic hydrogen evolution
https://doi.org/10.1016/j.jcis.2022.04.118
0021-9797/� 2022 Elsevier Inc. All rights reserved.

⇑ Corresponding author.
E-mail address: wldai@fudan.edu.cn (W.-L. Dai).
Huihui Zhang, Huajun Gu, Xiaohao Wang, Lingfeng Li, Juhua Zhang, Shengyuan Chang, Wei-Lin Dai ⇑
Department of Chemistry and Shanghai Key Laboratory of Molecular Catalysis and Innovative Materials, Fudan University, Shanghai 200433, PR China

g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 4 March 2022
Revised 19 April 2022
Accepted 21 April 2022
Available online 27 April 2022

Keywords:
Indium nitride
Indium-oxide/indium-zinc-sulfide
Heterostructure
Interfacial charge transfer
Photocatalytic hydrogen evolution
a b s t r a c t

Enhancing the interfacial charge carriers transfer efficiency is important for designing photocatalysts
with excellent hydrogen evolution performance. In this work, we have successfully constructed a
In2O3@InN/ZnIn2S4 ternary heterostructure by embedding InN at the interface of thin-layered ZnIn2S4
and tubular In2O3 derived from metal-organic frameworks (MOFs) nanorods for the first time. The InN
can not only adjust the energy band structure of In2O3, but also boost the photogenerated charge carriers
transfer at the interface of In2O3 and ZnIn2S4. The optimum photocatalytic hydrogen evolution rate of
In2O3@InN/ZnIn2S4 composite reaches 275 lmol/h (50 mg of catalyst) under simulated sunlight irradia-
tion, which is obviously higher than pure In2O3 (12.5 times), ZnIn2S4 (2.5 times) and binary In2O3/ZnIn2S4
(1.8 times) photocatalysts. This work can offer a meaningful strategy to promote the interfacial charge
separation in the heterostructure for excellent photocatalytic hydrogen evolution activity.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Nowadays, the energy crisis and environmental pollution have
become two social concerns due to the extensive use of fossil fuels
[1]. Hydrogen is considered as an ideal alternative energy source,
which has special properties, such as high calorific value, carbon-
free attributes and so on [2]. Since Fujishima and Honda firstly
reported the electrochemical photolysis of water at a titaniumdiox-
ide electrode in 1972 [3], the exploration of excellent catalysts for
photocatalytic hydrogen evolution via water-splitting has become
a research hotspot in the field of renewable energy conversion [4–
9]. In the past few years, a great number of highly efficient photocat-
alysts have been reported, such as g-C3N4 [10,11], metal oxides
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[12,13], metal sulfides [14–16], metal nitrides [17,18] and metal-
organic-frameworks (MOFs) [19–23]. However, the catalytic perfor-
mance of single catalyst is largely limited due to its poor light
absorption capacity and rapid recombination of the photogenerated
charge carriers. Therefore, constructing heterostructure systems is
an effective strategy for higher photocatalytic activity [24–27].

ZnIn2S4, which has a narrow band gap and a suitable conduction
band potential for proton reduction, has been regarded as an ideal
photocatalyst [17,28–31]. However, its photocatalytic performance
is deeply restricted by the rapid recombination of the photogener-
ated charge carriers. In recent years, materials derived from MOFs
have been used as photocatalysts for water splitting [32–36], which
show a lot of special properties. Among them, In2O3 is a well-known
semiconductor derived from In-MOF,which can combinewith other
nanomaterials as an excellent carrier [37–43]. Various photocata-
lysts based on MOF-derived In2O3 have been synthesized, such as
In2O3/Bi2O3 [37], In2O3/g-C3N4 [38,39], In2O3/CdS [40], In2O3/CuO
[41], In2O3/SnO2 [42], In2O3/CdZnS [43] and In2O3/ZnIn2S4 [44].
However, the detailed photocatalytic mechanism of the composites
is still unclear and need to be further studied.

It is known that InN has high electron density and an excellent
electron transport property [45], besides, its visible light absorp-
tion is much higher than many other semiconductors with a nar-
row band gap of around 0.7 eV [46]. Thus, a number of InN-
based photocatalysts have been reported, including InN/TiO2

[46], InN/ZnO [47] and InN/GaZnON [48]. However, the construc-
tion and the photocatalytic hydrogen evolution performance of
In2O3/InN composite have not been reported up to now.

In particular, a MOF-derived In2O3/ZnIn2S4 heterostructure has
been reported in our group previously [44], in which the In-N-In
sites can boost the interfacial charge transfer for enhanced photo-
catalytic hydrogen evolution. However, the detailed effect mecha-
nism of In-N-In sites is still needed to be investigated (pure InN
phase cannot be determined, at least in the TEM images). There-
fore, in this work, we further explored the effect of crystalline
InN phase in the heterostructural composite and a novel ternary
photocatalyst In2O3@InN/ZnIn2S4 was synthesized by facile
hydrothermal and calcination methods for the first time. Under
sunlight irradiation, the optimum hydrogen evolution rate reaches
a value of 275 lmol/h, when the mass ratio of In2O3 and melamine
is set at 1: 20, about 12.5, 2.5 and 1.8 times higher than the pure
In2O3, ZnIn2S4 and In2O3/ZnIn2S4, respectively. The enhanced pho-
tocatalytic activity can be attributed to the formation of
heterostructure with InN embedded at the interface of In2O3/
ZnIn2S4 heterostructure, further accelerating the migration of the
interfacial photogenerated charge carriers. Furthermore, this work
can provide some new strategies for boosting the interfacial charge
carriers transfer in heterostructure composite.
2. Materials and methods

2.1. Materials

2-Aminoterephthalic acid (99%) and zinc chloride (ZnCl2, 98%)
were purchased from Aldrich. Indium chloride tetrahydrate (InCl3-
�4H2O, 99.9%) was purchased from Aladdin, and other chemicals of
analytical grade were purchased from Sinopharm Chemical
Reagent Co. Ltd. All reagents were used without further
purification.
2.2. Preparation of samples

2.2.1. Preparation of In-MOF
The synthesis of In-MOF nanorods refers to our previous work

[44]. In detail, 598 mg of In(NO3)3�4.5H2O and 234 mg of 2-
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aminoterephthalic acid are added into 20 mL of N,N-
dimethylformamide (DMF) and stirred for 30 min. Then, the dis-
persion is transferred into a 50 mL Teflon-lined autoclave and kept
at 125 ℃ for 5 h. After natural cooling to room temperature, the
product is collected by centrifuging and washing with DMF and
ethanol for several times, respectively. Finally, the In-MOF sample
is obtained after drying overnight at 80 ℃.

2.2.2. Preparation of In2O3

The above In-MOF precursors are put into a crucible and cov-
ered with an aluminum foil. Then, the samples are calcined at
500 ℃ for 2 h in N2 atmosphere to get the pure In2O3.

2.2.3. Preparation of In2O3@InN
The melamine is used as the source of nitrogen element, and the

In2O3@InN composites with different InN ratios are firstly synthe-
sized through a facile calcination method. In detail, 50 mg of the
above In2O3 and a certain amount of melamine are mixed in a mor-
tar. After absolute grinding, the mixture is put into a crucible and
covered with an aluminum foil. Followed with calcination at 700
℃ for 4 h under N2 atmosphere, the obtained sample is labeled
as In2O3@InN. Different mass ratio of the In2O3 to InN (1:2, 1:5,
1:20, 1:40, 1:60) are prepared by adding different amounts of mel-
amine (0.1 g, 0.25 g, 1.0 g, 2.0 g, 3.0 g). For comparison, 650 and
750 ℃ are also used as calcination temperature.

2.2.4. Preparation of In2O3@InN/ZnIn2S4
The ternary catalysts with different amount of ZnIn2S4 are syn-

thesized by a typical hydrothermal method [44]. In detail, 18 mg of
In2O3@InN is added into 10 mL of the mixed solution of water and
glycerol (v: v = 4: 1), followed with ultrasound treatment for
30 min. Afterwards, 163 mg of ZnCl2, 351 mg of InCl3�4H2O and
180mg of thioacetamide (TAA) are added into the above dispersion
and stirred for 30 min. Then, the mixture is placed and heated in a
water bath at 80 ℃ for 90 min under continuous stirring. After nat-
ural cooling, the samples can be collected by centrifuging and
washing with deionized water and ethanol for several times, and
the products are labeled as In2O3@InN/ZnIn2S4 after drying at 80
℃ overnight. For comparison, different mass ratio of In2O3@InN
to ZnIn2S4 (1:1, 1:2, 1:4) are synthesized by adjusting the amount
of In2O3@InN, and the pure ZnIn2S4 is prepared by a similar process
without adding In2O3@InN.

2.2.5. Preparation of comparative samples
In2O3/ZnIn2S4 is prepared by adding MOF-derived In2O3 instead

of In2O3@InN. The catalyst synthesized by directly mixing In2O3@-
InN and the ZnIn2S4 is labeled as M-sample.

2.3. Characterization

The crystal structures of the samples are measured by X-ray
diffraction (XRD) (D2, Bruker Corp., Germany). The morphologies
and microstructure of the composites are observed with scanning
electron microscopy (SEM, Phenom Prox, Netherlands) and field-
emission transmission electron microscopy (FE-TEM, Tecnai G2
F20 STwin, FEI). The specific surface area (SBET) and pore size distri-
bution are tested via N2 absorption–desorption isotherms, which
are performed at liquid nitrogen temperature (77 K) on
Micromeritics Tristar 3020 and ASAP 2020 Plus apparatus. The sur-
face element composition and valence state of the photocatalysts
are analyzed by X-ray photoelectron spectroscopy (XPS, PHI
5300) with contaminant carbon (C 1s = 284.6 eV) as a reference
to calibrate the binding energies. The optical properties of the sam-
ples are recorded using an ultraviolet–visible diffuse reflectance
spectrometer (Lambda 650S, PERKIN ELMER) equipped with an
integration sphere and BaSO4 as reference. The photoluminescence
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(PL) spectra are obtained with a fluorescence spectrophotometer
(Agilent, Cary Eclipse) at the emission wavelength of 420 nm.

2.4. Photocatalytic hydrogen evolution tests

The photocatalytic hydrogen evolution tests are examined in a
closed system with a gas recirculation. The light source is a
300 W Xe lamp (CEL-HXF-300), and the temperature is controlled
at 20 ℃ by cooling circulating water. In detail, 50 mg of photocat-
alyst is added into 100 mL of deionized water containing Na2SO3

(0.25 M) and Na2S�9H2O (0.35 M) as sacrificial agents. Then, 1%
Pt is added to the system as co-catalyst. Afterwards, the mixture
is poured into the reactor and evacuated by a vacuum pump. The
hydrogen evolution amount is determined by a gas chromatograph
fitted with a 5 Å molecular sieve column and a thermal conductiv-
ity detector (TCD). Apparent quantum efficiency (AQE) is measured
using different monochromatic light filter (320, 350, 400, 420,
450 nm) and is calculated according to the following equation:

AQE ð%Þ ¼ number of reacted electrons
number of incident photons

� 100%

¼ number of evolvedH2 molecules � 2
number of incident photons

� 100%
2.5. Photoelectrochemical tests

The photoelectrochemical measurements are carried out on an
electrochemical workstation (Chenhua CHI760E, China) with a
standard three-electrode system. The working electrodes are pre-
pared as follows: 2 mg of photocatalyst powder is dispersed in a
mixed solution containing 400 lL of water, 45 lL of ethanol and
5 lL of Nafion. Followed with ultrasound treatment for 30 min,
the 100 lL of resultant suspension is dropped and dried on a FTO
substrate (1 � 1 cm2). After being dried at room temperature, the
FTO glass is used as the working electrode, and a Pt foil and a sat-
urated calomel electrode (SCE) are used as the counter electrode
and reference electrode, respectively. The photocurrent curves
and Mott-Schottky curves are measured in a Na2SO4 (0.5 M) aque-
ous solution, where a 300 W Xe lamp is used as light source. Elec-
trochemical impedance spectroscopy (EIS) plots are detected in a
mixed solution of potassium ferricyanide (0.025 M) and muriate
of potash (0.1 M).

2.6. Computation method

The Vienna Ab Initio Package (VASP) [49,50] is employed to per-
form all the density functional theory (DFT) calculations within the
generalized gradient approximation (GGA) using the PBE [51] for-
mulation. The projected augmented wave (PAW) potentials [52,53]
have been used to describe the ionic cores and take valence elec-
trons into account using a plane wave basis set with a kinetic
energy cutoff of 450 eV. Partial occupancies of the Kohn-Sham
orbitals are allowed using the Gaussian smearing method and a
width of 0.05 eV. It is considered that electronic energy is self-
consistent when the energy change is smaller than 10�4 eV and
the geometry optimization is considered convergent when the
force change is smaller than 0.03 eV/Å. Grimme’s DFT-D3 method-
ology [54] is used to describe the dispersion interactions. The Bril-
louin zone integral uses the surfaces structures of 2 � 2 � 1
monkhorst pack K-point sampling. In particular, the adsorption
energies (Eads) are calculated as Eads = Ead/sub-Ead-Esub, and the Ead/-
sub, Ead and Esub are the optimized adsorbate/substrate system, the
adsorbate in the structure and the clean substrate respectively. The
free energies are obtained by formula G = Etotal + EZPE-TS, and the
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Etotal, EZPE, and TS are the ground-state energy, zero-point energies,
and entropy terms, respectively, with the latter two taking vibra-
tion frequencies from DFT.
3. Results and discussion

3.1. Morphology and structure characterization

The synthesis process of In2O3@InN/ZnIn2S4 can be illustrated in
Fig. 1. Firstly, the In-MOF nanorods are synthesized by a typical
method as described previously. Next, the tubular In2O3 is obtained
by calcining In-MOF nanorods at 500 ℃ in N2 atmosphere, and the
X-ray diffraction (XRD) patterns of the as-synthesized In2O3 is dis-
played in Fig. S1. The diffraction peaks coincide well with the cubic
In2O3 (JCPDS: 060416). Afterwards, the calcination reactions are
employed to synthesize In2O3@InN nanotubes with In2O3 and mel-
amine as precursors. Finally, In2O3@InN/ZnIn2S4 heterostructure is
formed via a facile hydrothermal method.

The morphology and microstructure of the composites are
observed by scanning electron microscope (SEM) and field-
emission transmission electron microscopy (FE-TEM) analyses.
The SEM images display the In-MOF nanorods and In2O3 nan-
otubes, and the latter are synthesized by In-MOF pyrolysis
(Fig. 2a and b). Compared to the In-MOF precursor, the tubular
In2O3 is slightly curved, and its diameter is smaller, mainly due
to the inhomogeneous shrinkage of microcrystalline during the
pyrolysis process [44]. As Fig. 2c shows, after calcination reaction,
the In2O3@InN composite maintains the tubular structure with a
shorter length, implying the structure of the main catalyst is stable
in the synthesis processes.

The FE-TEM images further demonstrate the tubular structure
of In2O3@InN composite (Fig. 3a and b). Meanwhile, the interface
of the composite can be clearly seen in Fig. 3c. The lattice distance
of 0.29 and 0.207 nm can be assigned to the (222) crystal plane of
In2O3 and (102) crystal plane of InN, further confirming the suc-
cessful conversion of In2O3 to InN crystal. Besides, the elemental
mappings of the In2O3@InN imply that all elements are evenly dis-
tributed in the composite (Fig. 3d–i) and the atomic ratio is shown
in Fig. S2. It should be noted that the N element is from the organic
ligands of MOF and the added melamine. In addition, the irregular
structure of the pristine ZnIn2S4 can be observed in Fig. S3.

As Fig. 4a–c shows, the FE-TEM images and enlarged TEM
images of In2O3@InN/ZnIn2S4 further corroborate that the layered
ZnIn2S4 is loaded on the surface of tubular In2O3@InN after the
hydrothermal process. The co-existence of In2O3, InN and ZnIn2S4
can be clearly observed in Fig. 4d, which is circled with number
1, 2 and 3. The lattice distance of 0.29, 0.207 and 0.32 nm can be
attributed to the (222) crystal plane of In2O3, (102) crystal plane
of InN and (222) crystal plane of ZnIn2S4, respectively, indicating
the successful synthesis of In2O3@InN/ZnIn2S4 ternary heterostruc-
ture. Additionally, as Fig. S4 shows, the elemental mappings of the
ternary heterostructure further confirm the even distribution of
thin-layered ZnIn2S4 on In2O3@InN nanotubes.

Fig. 5a shows the XRD patterns of the In2O3@InN with different
mass of melamine as precursors. As for the pure In2O3, the main
diffraction peaks of 21.5�, 30.6�, 35.5�, 51.0� and 60.7� are corre-
sponded to the diffraction planes (211), (222), (400), (440) and
(622) of cubic In2O3. Compared to pure In2O3, a new diffraction
peak of 33.2� appears after the calcination process obviously,
which is assigned to the (101) crystal planes of hexagonal InN
[46], confirming the partial conversion of In2O3 to InN and the suc-
cessful synthesis of In2O3@InN. The reaction mechanism can be
explained as follows. The ammonia gas from the decomposition
of the melamine is firstly absorbed on the surface of In2O3 nan-
otubes, then, the surficial In2O3 can react with ammonia to form



Fig. 1. Schematic illustration of the preparation of In2O3@InN/ZnIn2S4.

Fig. 2. SEM images of (a) In-MOF, (b) In2O3 and (c) In2O3@InN.

Fig. 3. (a and b) FE-TEM, (c) HRTEM images, (d–i) elemental mapping profiles of In2O3@InN.
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InN at 700 ℃ [46]. Meanwhile, with the increasing amount of mel-
amine added, the peak intensity of InN enhances, implying more
In2O3 is converted to InN. As Fig. S5 shows, the calcination temper-
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ature also influences the mass ratio of InN in the composites. From
the XRD patterns showed in Fig. 5b, it can be seen that the diffrac-
tion peaks of 21.6�, 27.7�, 47.2�, 52.6� and 55.6� are corresponded



Fig. 4. (a b) FE-TEM and (c d) HRTEM images of In2O3@InN/ZnIn2S4, the marked 1, 2,
3 represent the In2O3, InN and ZnIn2S4.
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to the diffraction planes (006), (102), (110), (116), (022) of
hexagonal ZnIn2S4, suggesting the successful synthesis of the
heterostructure. However, compared with In2O3@InN, the diffrac-
tion peak intensity of InN at 33.2� in the ternary heterostructure
is not obvious (Fig. S6), as a result of the tiny amount and low
diffraction intensity of InN.

The specific surface area (SBET) and pore size distribution of
samples can be estimated by N2 absorption–desorption isotherms.
As depicted in Fig. 6a, compared to pristine In2O3 (76 m2/g), the
SBET of In2O3@InN (84 m2/g) is slightly increased, which is mainly
attributed to the gas-involved calcination process. As depicted in
Fig. 6b, the pristine ZnIn2S4 has a relatively low SBET of 20.1 m2/g.
After coupling with In2O3@InN nanotubes, the ternary composite
shows a significantly higher SBET of 158.1 m2/g, confirming the
thin-layered ZnIn2S4 is well distributed on the In2O3@InN nan-
otubes. This result implies the ternary photocatalyst with a high
SBET could offer more active sites for water splitting. And the pore
size distributions of samples are displayed in Fig. S7.

The Raman spectroscopy can analyze the carbon constituent of
the photocatalysts. As displayed in Fig. 7a, In2O3 displays two
Fig. 5. (a and b) XRD patter
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prominent D and G bands, indicting the existence of partly graphi-
tized carbon [55–57], which is formed in the pyrolysis process of
In-MOF. At the same time, the binary and ternary photocatalysts
display the two bands, demonstrating the partly graphitized car-
bon is stable in the calcination and hydrothermal processes, mainly
because all the calcination processes are performed at an inert
atmosphere. In addition, compared with In2O3, the ID/IG value of
In2O3@InN is obviously increased, indicating the formation of
defects upon the high temperature calcination process of In2O3.

The optical properties of the photocatalysts can be analyzed via
UV–Vis. diffuse reflectance spectroscopy (UV–Vis. DRS), and the
results shown in Fig. 7b demonstrate that the In2O3 has intense
response in a wide light range, while the visible light absorption
intensity of ZnIn2S4 is weak with an absorption edge at around
520 nm. Moreover, the band gap energy of ZnIn2S4 is evaluated
to be 2.25 eV by the Kubelka-Munk method (Fig. S8). Compared
with In2O3/ZnIn2S4, the absorption edge wavelengths of the ternary
photocatalyst decreases obviously, implying the light absorption
capacity is not the decisive factor for the enhanced photocatalytic
hydrogen evolution activity in this work. Furthermore, the visible
light absorption intensity of the ternary photocatalysts is enhanced
with the increasing mass ratio of InN, as shown in Fig. S9, and the
calcination temperature also influences the optical properties of
the ternary materials.

The surface chemical composition and chemical states of ele-
ments are investigated by X-ray photoelectron spectroscopy
(XPS). Fig. S10 reveals the existence of C, O, N, Zn, In, S elements
in the photocatalysts. As Fig. 8a shows, the binding energies at
444.6 and 455.2 eV are assigned to the In-O bond in In2O3 and
In2O3@InN. In addition, the appeared two peaks at 443.5 and
451.2 eV can be ascribed to the In-N bond in In2O3@InN. At
the same time, the N 1s spectra of the In2O3 can be divided into
two peaks at 398.8 and 400.8 eV, assigned to the lattice N and
NAC bond. Furthermore, the new peak at 397.1 eV is belonged
to N-In bond in In2O3@InN (Fig. 8b). Therefore, the results fur-
ther confirm the formation of InN crystal in the calcination pro-
cess. The binding energies located at 1021.5 and 1044.5 eV can
be assigned to the Zn2+ in the ZnIn2S4 (Fig. S11a). Moreover,
the S 2p spectrum can be divided into two peaks at 161.9 and
162.9 eV (Fig. S11c), which are attributed to S2� in the ZnIn2S4.
Meanwhile, after coupling with ZnIn2S4 layer, unapparent bind-
ing energy shifts of Zn 2p, S 2p, In 3d can be observed
(Fig. S11), revealing the surface chemical composition of the
as-obtained photocatalysts is stable. It should be noted that
the peaks for In 3d in In2O3/ZnIn2S4 and ternary composites
are consistent with the ZnIn2S4, mainly because the ZnIn2S4 is
located on the surface of In2O3 or In2O3@InN nanotubes in the
composites.
ns of various catalysts.



Fig. 6. N2 absorption–desorption isotherms of In2O3 and In2O3@InN (a), ZnIn2S4 and In2O3@InN/ZnIn2S4 (b).

Fig. 7. (a) Raman spectra, (b) UV–Vis. DRS spectra of various catalysts.

Fig. 8. (a) In 3d, (b) N 1s XPS spectra of In2O3 and In2O3@InN.
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3.2. Photocatalytic activity test

The photocatalytic performance of the as-prepared samples can
be tested with photocatalytic hydrogen evolution, using Na2SO3

and Na2S�9H2O as scavengers under simulated sunlight irradiation.
All hydrogen evolution activities are tested by four parallel exper-
iments. Firstly, as Fig. 9a–c shows, by adjusting the mass ratio of
In2O3 and melamine precursors, as well as the temperature of
the calcination, the In2O3@InN has the highest hydrogen evolution
rate when the mass ratio of the added In2O3 and melamine precur-
544
sors is 1: 20 and the calcination temperature is at 700 ℃. Then, the
amount of ZnIn2S4 loaded is further optimized (Fig. S12). Overall,
according to the relationship of hydrogen evolution performance
and the mass of catalysts (Fig. S13a), the ternary composite In2-
O3@InN/ZnIn2S4 reaches the optimum hydrogen evolution rate of
275 lmol/h (50 mg of catalyst), which is about 12.5 and 2.5 times
folder than the pristine In2O3 (22 lmol/h) and ZnIn2S4 (112 lmol/
h), respectively. It is worthy to note that the highest rate is 1.8
times than the binary composite In2O3/ZnIn2S4, suggesting the
InN plays an important role in enhancing the photocatalytic hydro-



Fig. 9. (a–c) H2 evolution rate of comparative samples, (d) recycling H2 evolution over In2O3@InN/ZnIn2S4 in four repeated tests.
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gen evolution activity. At the same time, the hydrogen evolution
rate of the ternary composite prepared by hydrothermal method
is obviously higher than the sample prepared by mechanical mix-
ing the In2O3@InN and ZnIn2S4 (Fig. S14), demonstrating the
importance of core–shell structure for hydrogen evolution. In addi-
tion, the optimum ternary In2O3@InN/ZnIn2S4 photocatalyst has a
superior hydrogen evolution activity among MOF-derived In2O3-
based photocatalysts ever reported as Table S1 shows. For compar-
ison, the hydrogen evolution activities of the optimal In2O3@InN/
ZnIn2S4 photocatalyst in other sacrificial systems (methanol and
lactic acid) are also tested. As shown in Fig. S15, the hydrogen evo-
lution rates are obviously lower than that in Na2S-Na2SO3 mixture,
mainly because the photocatalytic system is more suitable for the
weak alkaline environment [44]. The apparent quantum efficien-
cies (AQE) are further investigated under the same reaction condi-
tions using specific incident wavelengths, and the AQE of
In2O3@InN/ZnIn2S4 is calculated as about 2.96% at 350 nm
(Fig. S13b). In addition, the stability is a vital property of photocat-
alysts. As illustrated in Fig. 9d, the hydrogen evolution rate is
almost constant with the initial rate after five successive cycles.
Moreover, the XRD pattern of the ternary composite after five
cycles is nearly unchanged compared with the fresh photocatalyst,
further indicating its excellent photocatalytic stability (Fig. S16).

3.3. Investigation of charge transfer efficiency

The photogenerated charges transfer efficiency is a vital factor
affecting the hydrogen evolution performance of the photocata-
lysts. To further investigate the transfer and recombination behav-
iors of the photogenerated charges in the ternary composite,
photocurrent responses, electrochemical impedance spectra (EIS)
and photoluminescence (PL) spectroscopy are performed. As illus-
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trated in Fig. 10a, the PL emission intensity of In2O3/ZnIn2S4 is
slightly weaker than the pristine ZnIn2S4, due to the reduced
recombination of charge carriers. After embedding InN at the inter-
face of In2O3/ZnIn2S4 heterostructure, the PL intensity decreases
sharply, implying the InN can further accelerate the interfacial
charge transfer between In2O3 and ZnIn2S4. As shown in Fig. 10b,
the photocurrent response of the In2O3@InN/ZnIn2S4 ternary com-
posite is significantly higher than the pristine materials and the
binary samples, indicating the enhanced separation and transfer
efficiency of photogenerated charges. Meanwhile, the EIS spectra
shows the ternary photocatalyst has the smallest semicircle
Nyquist plots (Fig. 10c), which demonstrates the In2O3@InN/ZnIn2-
S4 has the optimal charges transfer performance compared to other
counterparts, and this finding is consistent with PL and photocur-
rent responses results.

3.4. Theoretical calculation and possible photocatalytic mechanism

Furthermore, as depicted in Fig. S17, the flat bands of In2O3, In2-
O3@InN and ZnIn2S4 are estimated using Mott-Schottky plots,
which are �0.69, �0.98 and �0.43 eV (vs SCE), respectively. As
the electric potential of NHE is about 0.22 eV higher than SCE
and the potential of the conduction band (CB) is 0.2 eV lower than
flat band potential, the accurate CB of In2O3, In2O3@InN and ZnIn2-
S4 are predicted to be �0.67, �0.96 and �0.41 eV (vs NHE). It
should be noted that the CB of In2O3@InN is about 0.3 eV lower
than the pristine In2O3. As shown in Fig. S18, the valence band
(VB) of materials can be analyzed by VB XPS spectrum, and the
VB potential of In2O3 is estimated as 1.81 eV according to the for-
mula: ENHE = U + 1.80–4.44 (ENHE: potential vs NHE; U: 4.5 eV, the
electron work function of the analyzer) [58]. It is found that the VB
potential of In2O3@InN is about 1.48 eV, obviously lower than that



Fig. 10. (a) PL spectra (excited at 420 nm), (b) EIS Nyquist plots, (c) transient photocurrent of the as-obtained photocatalysts, (d) schematic illustration of band positions for
In2O3, In2O3@InN and ZnIn2S4.

Fig. 11. Schematic structure models of H adsorption site of (a) S atom (left) and In atom (right) on In2O3/ZnIn2S4, (a) S atom (left) and In atom (right) on In2O3@InN/ZnIn2S4,
(c) Pt atom on Pt-In2O3@InN/ZnIn2S4. The red, purple, navy blue, gray, yellow, blue and pink balls are O, In, N, Zn, S, Pt and H atoms, respectively. (d) Free energy diagrams of
reaction coordinates on photocatalysts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Illustration of the proposed charges transfer mechanism of In2O3@InN/
ZnIn2S4 heterostructure.
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of In2O3. At the same time, the VB potential of ZnIn2S4 can be esti-
mated as 1.48 eV with its CB potential and band gap energy, and
the latter is obtained by the Kubelka-Munk method. As a conse-
quence, the band structures of pristine samples can be illustrated
in Fig. 10d.

In order to further explore the mechanism of the enhanced pho-
tocatalytic performance, a theoretical calculation is conducted
based on density functional theory (DFT). As Fig. 11a–c shows, sev-
eral possible schematic structure models of H absorption sites on
photocatalysts are constructed. And the Gibbs free energy of these
sites are calculated. Based on the previous report, the Gibbs free
energy of an excellent photocatalyst should be close to zero. As
depicted in Fig. 11d, compared with S atom and In atom site, the
Gibbs free energy of Pt atom site on Pt-In2O3@InN/ZnIn2S4 is obvi-
ously closer to zero, which implies a smaller energy barrier for the
photocatalytic hydrogen evolution reaction. On the other hand,
this result confirms that the ternary photocatalyst system with Pt
as co-catalyst has the lowest overpotential for the reaction, and the
best photocatalytic hydrogen evolution performance.

Based on the above discussions, a possible photocatalytic
hydrogen evolution mechanism can be proposed (Fig. 12). In the
hierarchical structure, the excited carriers migrate from In2O3@InN
to ZnIn2S4 under the simulated sunlight irradiation, leading to
reduced recombination of charge carriers. In particular, InN can
adjust the surface composition and the band structure of In2O3,
resulting in acceleration of the interfacial charges transfer between
In2O3 and ZnIn2S4, so as to greatly boost the photocatalytic
performance.

4. Conclusion

In summary, we have successfully synthesized a novel In2O3@-
InN/ZnIn2S4 ternary heterostructure by facile calcination and
hydrothermal methods for the first time. The optimal ternary pho-
tocatalyst exhibits a superior hydrogen evolution rate of 275 lmol/
h (50 mg of catalyst) under simulated sunlight irradiation, which is
so far an especially high value among several representative MOF-
derived In2O3-based photocatalysts for hydrogen evolution
reported previously [38,40,43]. Various characterization technolo-
gies and DFT calculation have confirmed the fabrication and the
superior photocatalytic performance of the ternary composite. In
particular, the embedded InN not only adjusts the energy band of
In2O3, but also accelerates the charge transfer at the interface of
In2O3/ZnIn2S4 heterostructure, which can explain the superior per-
formance of the ternary photocatalyst to the binary In2O3/ZnIn2S4
composite reported recently [44]. This work might provide a novel
strategy to boost the interfacial charge transfer in the heterostruc-
547
ture for enhanced photocatalytic hydrogen evolution performance.
Further study on the exploration of the embedded InN in other
kinds of composite photocatalysts are being underway.
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