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ABSTRACT: Tantalum oxynitride-based materials, which possess narrow band
gaps and sufficient band energy potentials, have been of immense interest for water
splitting. However, the efficiency of photocatalytic reactions is still low because of
the fast electron—hole recombination. Here, a Sr,Ta,0,_.N,/SrTaO,N hetero-
structured photocatalyst with a well-matched band structure was in situ constructed
by the nitridation of hydrothermal-prepared Sr,Ta,O, nanosheets. Compared to
Sr,Ta,0,_N, and pure SrTaO,N, the Sr,Ta,0,_,N,/SrTaO,N heterostructured
photocatalyst exhibited the highest rate of hydrogen evolution, which is ca. 2.0 and
76.4 times of Sr,Ta,0, N, and pure SrTaO,N, respectively, under the similar
reaction condition. The enhanced performance arises from the formation of

suitable band-matched heterojunction-accelerated charge separation. This work provides a promising strategy for the
construction of tantalum oxynitride-based heterojunction photocatalysts.
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1. INTRODUCTION

Producing clean and renewable energy has been on the agenda
for decades to tackle the global crisis of energy and environ-
mental issues. As a quintessential method of hydrogen
production, photocatalytic splitting of water using a semi-
conductor photocatalyst is one of the attractive approaches to
transform the abundant solar energy into hydrogen fuel." Over
the past decades, there emerged plenty of semiconductors with
attractive activities for hydrogen evolution.”> In particular,
tantalum oxide-based compounds with a perovskite-based
structure have been reported to be of higher potential for the
hydrogen generation reaction because of the sufficient band
energy potentials for water splitting.é_9 However, such highly
active g)hotocatalysts only respond to ultraviolet light irradi-
ation.'””"* On the basis of the fact that the visible light
contributes to most of the solar energy, exploiting tantalum-
based photocatalysts with wide visible light absorption for solar-
to-fuel conversion is indispensable.

Nitriding has been proven to be an available way to reduce the
band gap of tantalum oxides.'’~'® Specially, tantalum oxy-
nitrides have come into focus in recent years because of their
ideal band gaps and appropriate band edge positions.'’
Tantalum oxynitrides have much smaller band gaps (varying
from 1.9 to 2.5 eV) than tantalum oxides, enabling the
employment of the most visible light (approaches 43% of the
sunlight spectrum).'® Generally, tantalum oxynitrides are
prepared by nitridation for many hours, in which ammonia as
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the nitrogen source is continuously passed through the
precursor at high temperature (>1123 K)."”~** For example,
Li and coworkers prepared nitrogen-doped layered oxide
Sr;Ta,O,5 N, via heating Sr;Ta,O;5 at 1123 K for 1S h
under ammonia flow, which was proven to be active under
visible light.”* It indicates the great potential of using tantalum
oxynitrides as efficient hydrogen evolution photocatalysts,
whereas further efforts are needed to improve the photocatalytic
performances.

The fast recombination of photogenerated carriers is another
issue to hinder the efficiency of hydrogen production. There is
therefore a need to develop composite photocatalytic materials
with high efficiency of separating the photoinduced carriers.
Construction of heterojunctions in photocatalysts with match-
able band gaps has been proven to be one of the most potential
strategies for the preparation of advanced photocatalysts.”> ™
To date, many heterostructures have been extensively adopted
for promoting the hydrogen evolution rate of tantalum-based
photocatalysts, such as MgTazOé_xNy/TaON,28 NaTaO,/
Ta,05,> g-C3N,/SrTa,O4,*° Ta;Ng/BaTaO,N,”" and Ta;N,/
NaTaON.*? Among them, the conventional strategy to
construct a heterojunction is by hybriding different materials
or by in situ growth of one semiconductor onto the other base
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semiconductor. The above-mentioned heterojunction is mostly
based on two types of semiconductors. Another junction that is
based on the homogeneous semiconductor was named as phase
junction, usually formed between different phases within one
same compound, such as band arrangement of rutile and anatase
TiO,***" three-phase TiO,* and phase junction CdS.*®
However, the reported heterojunctions based on tantalum
oxynitrides that are formed via phase transformation of one
semiconductor are relatively rare.

Inspired by the guide of previous studies on heterojunctions,
herein, unlike the conventional heterojunction or phase
junction, we report the development of a layered
Sr,Ta,0,_,N,/SrTaO,N heterojunction by phase transforma-
tion of Sr,Ta,0, nanosheets via a thermal ammonalysis process.
In addition, we choose nanostructured Sr,Ta,O, as the
precursor in the synthesis process, which greatly decreased the
ammonia-treated time. Compared to Sr,Ta,0,_N, and pure
SrTaO,N, the Sr,Ta,0,_,N,/SrTaO,N heterojunction pre-
sented improved photocatalytic activity under visible light. The
promoted photocatalytic water-splitting performance could be
ascribed to the matchable band gaps between Sr,Ta,0,_.N, and
SrTaO,N that boosted charge separation and transfer across the
heterojunction interfaces. The present work provides an
effective strategy toward the improvement of visible light-driven
hydrogen evolution.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. Ta,O; (99.99%), Sr(NO;),
(99.5%), and NaOH were used for the preparation of Sr,Ta,O,
nanosheets. H,PtCly-6H,0 (99.5%) was employed as the precursor
for the reduction of cocatalysts. CH;OH (99.5%) was used as a
sacrificial electron donor. All chemicals were purchased from Aladdin
and used without further purification.

2.2. Sample Preparation. Sr,Ta,O; nanosheets were prepared by
a hydrothermal method according to the process that was previously
reported.*” Ta,Os, Sr(NO;),, and NaOH were added into deionized
water under stirring, and then the mixture was stirred further for 2 h to
ensure that the powder is fully dissolved. After that, the homogeneous
mixture was poured into a S0 mL Teflon-lined autoclave. The autoclave
was tightened and heated to 533 K for 72 h. After being cooled to room
temperature, the obtained white products were poured into a centrifuge
tube, rinsed five times with deionized water, and then dried at 333 K for
8 h. Finally, the products were ground into powders.

A series of strontium tantalum oxynitrides were obtained by heating
Sr,Ta,0; nanosheets at 1183 K for 1 h and simply tuned by controlling
the ultrapure ammonia (99.999%) flow rate (10, 15, and 20 mL s™"). It
is noteworthy that tantalum oxynitrides were obtained by nitridation for
many hours in general; however, the nanostructured precursor could
greatly reduce the ammonia-treated time in this work. Typically, 1.0 g of
as-synthesized Sr,Ta,O, powders was placed on an alundum crucible,
heated to 1183 K under flowing ultrapure ammonia at the rate of 8 K
min~!, and then held for 60 min. After being cooled down to room
temperature, the powders were stored for use.

In this work, we deposited cocatalysts by an impregnation method
and subsequent H, reduction.>® Generally, 0.2 g of the as-obtained
products was weighed and poured into a small beaker, and then 2 mL of
H,PtCl, aqueous solution (10 mg mL™") was added under ultrasonic
conditions and held for S min. After that, the beaker was placed in a
thermostatic water bath, and the temperature was controlled at 353 K.
Until the solution was entirely evaporated, the resulting product was
put into an alumina crucible. Finally, the product was placed in a tube
furnace under the reduction atmosphere (5% H,/Ar, 200 mL min~") at
623 Kfor 1 h.

2.3. Characterization. The X-ray diffraction (XRD) patterns were
examined using a Rigaku D/Max 2550 powder diffractometer with Cu
Ka radiation at a scan rate of 10° min~". A Nova Nano 230 scanning
electron microscope and a JEM-2100F field emission transmission

electron microscope were employed for the characterization of the
morphology of samples. Surface states of samples were analyzed by X-
ray photoelectron spectroscopy (XPS, ESCALAB 250Xi), and all
binding energies were corrected with the C 1s peak (284.8 V). The
UV—vis diffuse reflectance spectra of samples were recorded in the
range of 200—900 nm on an Evolution 220 UV—visible spectropho-
tometer (Thermo Scientific), and BaSO, was used as the reference. The
time-resolved fluorescence spectra were collected using a FLS980
Series of Fluorescence Spectrometer (Edinburgh Instruments).

2.4. Photocatalytic Reactions. The water-splitting experiment
was measured in a closed gas recirculation system equipped with a
quartz reactor and connected to an evacuation pump. Representatively,
100 mg photocatalyst was dispersed in 100 mL 15 vol % methanol
aqueous solution with continuous stirring. The above suspension was
irradiated under visible light for 5 h, while the visible light source was
simulated by a 300 W Xe lamp equipped with a cutoff filter (4 > 420
nm). The reaction temperature is kept at 279 K by using a circulating
water system. The amount of hydrogen evolution was quantified by an
online gas chromatography, in which a flow of nitrogen at a rate of 100
mL min~! was used as the carrier gas.

2.5. Photoelectrochemical Analysis. Photoelectrochemical test
was performed on an electrochemical workstation (CHI660e, China) in
a standard three-electrode system (an Ag/AgCl reference electrode, a
platinum sheet counter electrode, and a working electrode that was
made of as-prepared photocatalysts). Na,SO, aqueous solution (0.5 M,
pH = 8.5) was used as the electrolyte. The test was carried out under
light irradiation (300 W Xe lamp, 4 > 420 nm). The working electrodes
were fabricated in the following steps: 20 mg photocatalyst was
dispersed in 1500 uL ethanediol that contained S0 #L Nafion aqueous
solution, and then the solution was fully stirred. Next, 100 uL of the
above slurry was dropped on a fluorine-doped tin oxide (1 cm X 1 cm)
conducting glass and then annealed for 2 h in a vacuum oven at 473 K.

3. RESULTS AND DISCUSSION

According to the XRD patterns in Figure 1, all the peaks of the
hydrothermal-prepared sample can be assigned to the
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Figure 1. XRD patterns of hydrothermal-prepared Sr,Ta,O, and
samples prepared under different ammonia flow rates (from bottom to
top: untreated, 10, 15, 20 mL s™').

orthorhombic Sr,Ta,0, (ICDD PDF 70-0248). The other
samples were obtained by heating Sr,Ta,0, nanosheets at the
ammonia flow rate of 10, 15, and 20 mL s™'. When the nitrogen
flow rate was set at 10 mL s™', the XRD pattern demonstrated
that the ammonia-treated process almost has no effect on the
crystal structure of Sr,Ta,0,, denoted as Sr,Ta,0,_N,. With
the ammonia flow rate increased to 15 mL s/, besides the major
phase of Sr,Ta,0;, the diffraction peak at the original (002) peak
position of Sr,Ta,0; became sharp and intense, indicating the
presence of SrTaO,N, and the peak can be indexed to the (200)
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Figure 2. Scanning electron microscopy (SEM) images of (a)
Sr,Ta,05; (b) Sr,Ta,0,_N,; (c) Sr,Ta,0,_.N,/SrTaO,N; and (d)
SrTaO,N.

plane of SrTaO,N (ICDD PDF 79-1311). It means that a part of
the sample was transformed from Sr,Ta,0,_N, to SrTaO,N,
indicating the formation of a Sr,Ta,0,_N,/SrTaO,N hetero-
structure. As the ammonia flow rate further increased (20 mL
s71), the three typical peaks located at 31.38°, 44.94°, and 55.88°
corresponded to the (200), (220), and (312) facets of tetragonal
SrTaO,N, indicating that the sample completely transformed to
SrTaO,N.

Figure 2 displays the morphologies of the as-prepared
samples. From Figure 2a, the hydrothermal-prepared precursor
Sr,Ta,0; rendered a flower-like structure that is consisted of
nanosheets. The morphology of samples after being treated with
ammonia is shown in Figure 2b—d. The flower-like structures
are preserved in those samples. The morphologies of isolated
sheets were also measured, as shown in Figure S1 (Supporting
Information). As the flow rate increased, the edge of the
nanosheet became mellow and the surface became rough,
revealing the influence of nitridation on morphology.

Scheme 1 illustrates the process of Sr,Ta,O transformed to
SrTaO,N. Pristine Sr,Ta,O; presented an orthorhombic phase.
With the increase of flow rate of ammonia, the sample retains the
orthorhombic phase at first, and then SrTaO,N with the
tetragonal phase appears and gradually transforms into pure
tetragonal SrTaO,N. Especially, when the ammonia flow rate
was set as 15 mL s7', as displayed in Scheme 1c, coexistence of

orthorhombic Sr,Ta,0,_ N, and tetragonal SrTaO,N is
revealed.

Further transmission electron microscopy (TEM) analysis
also convinced the coexistence of orthorhombic Sr,Ta,0,_ N,
and tetragonal SrTaO,N (Figure 3). From Figure 3a, it could be
seen that a great part of the as-obtained sample showed the
original morphology. The selected area electron diffraction
(SAED) pattern of the area marked A was displayed in the inset
of Figure 3a. Compared to pure Sr,Ta,O, (Figure S2a,
Supporting Information), part of spots are not regularly
distributed in this pattern, which can be indexed to tetragonal
SrTaO,N (Figure S3c, Supporting Information), while the
regular spots are related to orthorhombic Sr,Ta,0,_,N, (Figure
S3c, Supporting Information). A typical high-resolution TEM
(HRTEM) image obtained by enlarging the area labeled as B
was displayed in Figure 3b. Two typical lattice planes
correspond to orthorhombic Sr,Ta,0, N, and tetragonal
SrTaO,N. The distance of 0.329 nm between two adjacent
fringes corresponds to the (111) plane of orthorhombic
Sr,Ta,0,_,N,. Besides, the lattice spacing with a distance of
0.403 nm corresponds to the (110) plane of tetragonal
SrTaO,N, proving that the Sr,Ta,0,_ N,/SrTaO,N hetero-
structure was obtained. Figure 3d—g shows the distribution of
the Sr, Ta, O, and N elements within two nanosheets, suggesting
homogeneous spatial distributions throughout the nanosheet
body. It should be pointed out that the Sr,Ta,0,_,N,/SrTaO,N
heterojunction herein is distinct from other conventional
heterojunctions and that SrTaO,N was in situ generated on
Sr,Ta,0,_,N,, resulting in the formation of an intimate
interfacial contact. Thus, it would benefit to the passivation of
interfacial dangling bonds and decrease the defect density, which
can enable more efficient charge separation.

XPS analysis was employed to investigate the chemical states
of pure Sr,Ta,0-, Sr,Ta,0,_,N,, Sr,Ta,0,_N,/SrTaO,N, and
pure SrTaO,N. The high-resolution XPS spectra of N 1s and O
1s are displayed in Figure 4. In Figure 4a, the strong peak located
at ca. 404.44 eV of the Sr,Ta,0, sample could be attributed to
Ta 4p. Otherwise, no evident peak assigned to the nitrogen
species can be observed for the pristine Sr,Ta,0,, while the new
peak signals at ca. 395.69, 395.64, and 395.64 eV were obtained
from the thermal ammonia-treated samples, indicating that the
N element exists in those samples. The peak at around ca. 395.6
eV can be ascribed to #-N, which has been confirmed by a great
deal of research studies,®'**’ suggesting that the nitrogen is
doped into the network of Ta—O—Ta and that Ta—N bonds are
formed. From Figure 4b, it can be observed that the high-

Scheme 1. Structure Transition Process of Sr,Ta,0, with Increased Ammonia Flow Rate
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Figure 3. (a) TEM image of Sr,Ta,0,_,N,/SrTaO,N nanosheets [inset: SAED pattern of the section marked A in (a)]; (b) HRTEM image of the
section marked B in (a); (c) scanning TEM (STEM) image of Sr,Ta,0,_,N,/SrTaO,N nanosheets; (d—g) elemental mappings of Sr, Ta, O, and N

within the area of (c).
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Figure S. (a) UV—vis diffuse reflectance spectra of pure Sr,Ta,0;, Sr,Ta,0,_N,, Sr,Ta,0,_.N,/SrTaO,N, and StTaO,N; the inset is the digital
photograph of Sr,Ta,0; and oxynitrides [(A) Sr,Ta,05, (B) Sr,Ta,0,_,N,, (C) Sr,Ta,0,_,N,/SrTaO,N, (D) StrTaO,N] and (b) estimated band

gaps of different samples.

resolution spectrum of O 1s is fitted into two peaks: the peak at
around ca. 530 eV belongs to the Ta—O bonds and the other
could be attributed to the OH group and H,O that were
adsorbed on the surface of catalysts. The O 1s spectra of
ammonia-treated samples are shifted to the lower position
compared with that of Sr,Ta,0,, suggesting the decrease in the
Ta—O bond and the formation of the Ta—N bond.

21331

Figure 5a shows the UV—vis absorption spectra of Sr,Ta,0,
Sr,Ta,0,_,N,, Sr,;Ta,0,_.N,/SrTaO,N, and SrTaO,N. With
the increase of ammonia flow rate, a significant red shift was
found in the oxynitrides, and the absorption spectrum extends
from the ultraviolet to visible region. The color of these powders
changed from white to reddish orange (inset of Figure Sa), and
the extended visible light absorption and phase transformation
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Figure 6. Photocatalytic H, production activity of different samples.

are also presented. From the Kubelka—Munk function, the band
gap of pure orthorhombic Sr,Ta,0; is estimated to be ca. 4.43
eV (Figure Sb), and the pure tetragonal SrTaO,N has a band gap
of ca. 2.15 eV. The band gaps of Sr,Ta,0, N, and
Sr,Ta,0,_,N,/SrTaO,N are estimated to be ca. 2.31 and 2.22
eV, respectively. This extended visible light absorption greatly
improves the utilization of the sunlight. The band edge positions
of those samples were also evaluated by combining the Mott—
Schottky plots (Figure SS, Supporting Information). All the
samples proved to be n-type semiconductors, and the potentials
of conduction bands can be calculated as ca. —1.78, —1.78,
—0.88, and —0.64 eV. To combine with the band gap values
estimated from the UV—vis spectra (Figure S), the valence band
(VB) maximum of those samples should be located at 2.65, 0.53,
1.34,and 1.51 eV. Compared to Sr,Ta,0,, Sr,Ta,0,_.N, shows
an obvious upward shift in VB maximum, as a result of the N 2p

blend with O 2p orbitals, which is reported in previous
studies.' "¢
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Figure 8. Recycling tests of Sr,T2,0,_,N,/SrTaO,N for photocatalytic
H, evolution.

The photocatalytic hydrogen evolution amounts of those
samples were measured under visible light irradiation, using the
composites loaded with Pt as cocatalysts in aqueous solutions in
which methanol acts as a sacrificial electron donor. As shown in
Figure 6, Sr,Ta,0, cannot produce hydrogen, and the hydrogen
evolution amounts of Sr,Ta,0,_ N, Sr,Ta,0,_.N,/SrTaO,N,
and SrTaO,N under visible light irradiation were evaluated to be
ca. 47.37,96.29, and 1.26 umol g_l, respectively, in the first S h.
Especially, the Sr,Ta,0,_,N,/SrTaO,N heterojunction exhibits
the highest rate of hydrogen evolution, which is ca. 2.0 and 76.4
times of pure Sr,Ta,0,_,N, and SrTaO,N, respectively, under
the similar reaction condition.

On the basis of differences in band gap and the position of
conduction band between Sr,Ta,0,_ N, and SrTaO,N, the
band arrangements are given in Figure 7a. The staggered gap
indicated the formation of a typical type II heterojunction, which
can greatly boost the separation and transfer of photogenerated
electron—hole pairs.’*** To investigate the lifetime of photo-
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Figure 7. (a) Estimated relative band position of the Sr,Ta,0,_,N,/SrTaO,N heterojunction; (b) fitting fluorescence decay curves of pure Sr,Ta,0-,
Sr,Ta,0,_N,, Sr,Ta,0,_,N,/SrTaO,N, and SrTaO,N recorded at the emission wavelength of 376 nm and at the excitation wavelength of 341 nm.
(c) Photocurrent density and (d) EIS of as-prepared samples.
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generated charge carriers, the time-resolved fluorescence spectra
of all the samples were recorded (Figure 7b). The lifetimes of
Sr,Ta,0,, Sr,Ta,0,_,N,, Sr,Ta,0,_.N,/SrTaO,N, and
SrTaO,N were 1.2764, 0.9549, 0.9249, and 0.9884 ns,
respectively. The Sr,Ta,0,_.N,/SrTaO,N sample exhibits the
lowest fluorescence decay time compared to other samples,
indicating that the electrons in the conduction band of
Sr,Ta,0,_,N, can transfer to the conduction band of SrTaO,N
rapidly, which facilitates charge carrier separation. Thus, the
formation of heterojunctions accelerated the separation and
transfer of photoexcited charge carriers. Moreover, photo-
current responses confirmed the significant effect of charge
separation and migration in photocatalytic performance (Figure
7c). Pure Sr,Ta,O; exhibits the lowest photocurrent density
because of the fast recombination of photogenerated carriers.
The highest photocurrent obtained by Sr,Ta,0,_,N,/SrTaO,N
could be ascribed to the heterostructure, which is beneficial to
the charge transfer and separation. Furthermore, the charge
separation processes can be confirmed again from the
electrochemical impedance spectroscopy (EIS) tests. As
displayed in Figure 7d, Sr,Ta,0,_N,/SrTaO,N exhibited a
smaller radius compared with other samples. As known, a
smaller radius of EIS Nyquist plot refers to a lower charge-
transfer resistance, suggesting a decreased interfacial charge-
transfer resistance in Sr,Ta,0,_,N,/SrTaO,N. The result
further proves that the formation of the Sr,Ta,0,_.N./
SrTaO,N heterojunction could remarkably enhance the
efficiency of charge separation and migration.

The stability of the photocatalyst is another important factor
to evaluate the photocatalytic activity. It is common that self-
oxidation and reverse reaction make tantalum-based photo-
catalysts unstable. In this work, the recycling test for hydrogen
evolution was carried out under the same experimental
condition, and the results are shown in Figure 8. No apparent
deactivation was observed in the four cycles of hydrogen
evolution reaction. In addition, from the SEM and XRD analyses
(Figures S6 and S7, Supporting Information) of the
Sr,Ta,0,_,N,/SrTaO,N sample, the phase and structure almost
have no change after four cycles, indicating that Sr,Ta,0,_,N,/
SrTaO,N is relatively stable in visible light photocatalytic
hydrogen evolution.

4. CONCLUSIONS

In summary, we have successfully in situ constructed
Sr,Ta,0,_N,/SrTaO,N heterostructured photocatalyst via
phase transformation of Sr,Ta,O, nanosheets. The hetero-
junctions have a narrow band gap and a suitable band structure
for the water reduction reaction. The photocatalytic perform-
ance of this heterojunction is significantly enhanced, which is 2.0
times higher than that of Sr,Ta,0,_.N, and 76.4 times higher
than that of SrTaO,N under visible light irradiation. The
promotion of photocatalytic performance is mainly attributed to
the matched energy band structure between Sr,Ta,0,_.N, and
SrTaO,N phases and the favorable interfacial charge transport,
accelerating photoinduced carrier separation. The present work
provides a simple design strategy that can be applied to fabricate
other tantalum oxynitride-based heterostructured photocata-
lysts with more efficient charge separation for high-efficiency
solar water splitting.
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