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Heterostructured ZnO/SnO,, nanoparticles (NPs) were
synthesized by a facile two-step hydrothermal process for the
first time and exhibited excellent photocatalytic activity due
to the increased oxygen vacancies and matched band edge
alignment.

Due to the energy crisis, the development of alternative of energy
calls for vigorous consideration. Photocatalytic hydrogen production
from water over semiconductor oxides under solar irradiation is one
of the most promising and friendly methods." Various semiconductor
oxides have been intensively investigated as photocatalysts for
hydrogen production.? As an important n-type semiconductor, SnO-
has attracted great attentions as photoactive material in fields of
photocatalysis and solar cells due to its excellent optical properties.?
With
stability, and thus it has the potential to be an ideal photocatalyst.

respect to photochemical properties, SnO, exhibits high
However, few applications of SnO. have been developed into the
photocatalytic hydrogen production performance, due to the quick
recombination of photo-generated charge carriers and the large
band gap (Eg= 3.6 eV). Therefore, suppression of the recombination
of charge carriers or decreasing the large band gap is essential for
improving photocatalytic hydrogen production performance.
Oxygen vacancies have been proven to play an important role in
determining the physical and chemical properties of semiconductor
oxides, and recent reports have shown that the presence of oxygen
vacancies can effectively improve the conductivity and suppress the
electron-hole recombination rate, and thus dramatically enhancing
the photoactivity of oxides.* Energy levels of oxygen vacancies in
SnO; are located below the bottom edge of the conduction band,
and served as shallow donors for Sn0,2®> On the other hand, the
conduction band (CB) of ZnO is negative than that of SnO,, while the
valence band (VB) of SnO; is positive than that of ZnO. When they
combine to form heterostructures could suppress the charge
recombination and enhance the photocatalytic performance.”> We
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hypothesize that the photocatalytic activity of SnO. could be

significantly enhanced by introduced oxygen vacancies and
incorporated with ZnO. Experimental results demonstrated that ZnO
decorated oxygen-deficient SnO, (denoted as ZnO/SnO..,) NPs
exhibited

stoichiometric SnO;

substantially higher photocatalytic activity than the
NPs and SnO,x NPs. The Zn0O/SnO,x NPs
achieved a high hydrogen evolution rate of 182.6 umol h™' g with
good stability.
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Fig. 1 (a-b) SEM and photo images of Calcined SnO,, and ZnO/Sn0,.; (c) XRD
patterns of As-prepared, Calcined SnO,, and ZnO/SnO,,; (d-e) TEM, HRTEM
images and SAED pattern of ZnO/SnO,, NPs; (f-i) EDS elemental maps of
Zn0/Sn0,.y.

Heterostructured ZnO/SnO..x NPs were synthesized by a two-step
process. Firstly, yellow SnO,x powders were obtained by a typical
hydrothermal reaction according to previous literature (Experimental
section). To improve the crystallinity, the as-prepared SnO..x powders
were annealed at 350 °C in N; for 3 h, and the color of powders
changed from yellow to brownish (Figure 1a). Scanning electron
microscopy (SEM) images reveal that the as-prepared SnO..x powders
were made up of NPs with a diameter of 400-500 nm (Figure S1). In
NPs,

order to obtain the heterostructured ZnO/SnO,x the as-
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prepared SnO,x powders were immersed into a 6 mM Zn(NOs),
solution for 30 min under stirring, and then annealed in N, at 350 °C
for 3 h. The color of the resulted powder was greyish white, and SEM
studies confirm that there are no obvious morphological changes for
SnO..x NPs after combined with ZnO. X-ray diffraction (XRD) spectra
of as-prepared SnO,., calcined SnO,x and ZnO/SnO,« were collected
and shown in Figure 1b. All the diffraction peaks can be well indexed
to rutile SnO, (JCPDS # 41-1445). The similar shapes of the diffraction
peaks suggest that the annealing and incorporation with ZnO did not
affect lattice structure and size of SnO.x (Fig. S2). No any peaks of
ZnO were detected due to the small amount of ZnO. In addition, the
broad diffraction peaks indicate the crystal sizes of the SnO.x and
Zn0O/SnO2x NPs are very small. Transmission electron microscopy
(TEM) were used to further study the microstructure of ZnO/SnOx«
NPs. Fig. 1d displays a typical TEM image of ZnO/SnO.x sample,
indicating that the ZnO/SnO,x were composed of many NPs with a
small size of 5-7 nm. Selected-area electron diffraction (SAED)
analysis reveals that the ZnO/SnO,x NPs were highly crystallinity with
a rutile SnO; structure (inset in Fig. 1d). The clear lattice fringes
further confirm the high crystalline nature of ZnO/SnO,.x NPs (Fig. 1e).
The measured lattice fringes of 0.33 and 0.26 nm are consistent with
the d-spacing of (110) and (101) planes of rutile SnO, (JCPDF # 41-
1445). In order to further elucidate microscopic structure, scanning
TEM (STEM)-EDS elemental map was also conducted, and the results
are shown in Fig. 1f-i. Sn, O and Zn were uniformly distributed on the
NPs, indicating the formation of ZnO and SnO..x heterostructure.
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Fig.2 Normalized (a) Sn3d5 and (b) O 1s core level XPS spectra of SnO,, and
Zn0/Sn0,.; (c) Zn 2p core level XPS spectrum of ZnO/Sn0O,.; (d) EPR spectra
Sn0,, and ZnO/Sn0,, recorded at 88 K.

X-ray photoelectron spectroscopy (XPS) was used to determine the
chemical composition and surface oxidation states of SnO..x and
Zn0O/Sn02« samples. The Sn 3d5 peaks located at 487 eV in both
samples are consistent with the values reported for Sn** (Fig. 2a),
which indicates the chemical state of Sn presented in SnO,4 and
Zn0O/Sn0x is similar. Fig. 2b compares the O 1s core level XPS spectra
of SN0z« and ZnO/SnO..« samples. The peaks centered at the binding
energy around 530 eV correspond to the Sn-O-Sn bonds, while the
peaks centered around 531.4 eV are ascribed to oxygen vacancy or
Sn-O-H bonds.® Significantly, the ZnO/SnO.,.x sample displays a much
stronger peak at the higher binding energy compared to SnOa,
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which indicates an increasing density of oxygen vacancy and
hydroxyl groups on the surface of SnO,x after the incorporation with
ZnO. Fig. 2c shown Zn 2p3 and Zn 2p1 lines at the binding energies
of about 1022 and 1045 eV, which are consistent with the values
recorded for Zn0.?* For better understanding the presence of oxygen
vacancy in the lattice, we also recorded the electron paramagnetic
resonance (EPR) spectra (Fig. 2d). EPR spectra of SnO.x displayed the
resonance at g = 2.00 with well symmetry attributed to the presence
of oxygen vacancy.” The sharper and higher peak further confirmed
there existing oxygen vacancy in the crystal lattice of SnO..x samples
has higher activity. With respect to ZnO/SnO,x EPR spectrum, the as-
received powders exhibited a broad signal at g = 2.00 and lower
symmetric signal at g = 1.93. Che et al.® had reported the broadening
line and ascribed it to the magnetic interaction occurring from
collisions of oxygen with surface species. Therefore, the wave line
with g = 2.00 might indicate the increasing shallow defects in
Zn0O/Sn02x such as oxygen vacancies, which can absorb more
oxygen molecules from the atmosphere. Meanwhile, when the
unpaired electron was suppressed by the conditions of ions, such as
detection temperature and chemical status of adjacent ions, the
signals could be broader. In this case, we also presumed the presence
of ZnO on the surface which led to the broadening line. Moreover,
the lower symmetrical resonance line obtained at g = 1.93, which is
widely reported in the literature 7°, was always present in native SnO,.
This proved that ZnO/SnO.x sample owns more stable oxygen
vacancy in lattices than SnO,.x sample, which is further confirmed by
photoluminescence (PL) spectra (Fig. S3). The higher intensity of PL
peaks of ZnO/SnO.« samples suggests it has more oxygen vacancies.’

To study the influence of oxygen vacancy and ZnO on the
photocatalytic activity of SnO..« NPs, we have examined the rates of
hydrogen production of the SnO2x and ZnO/SnO2x NPs in a 100 ml
aqueous solution under light irradiation. Commercial TiO; (P25), ZnO
NPs (Fig. S4) and stoichiometric SnO, NPs were also tested under the
same conditions for comparison. Stoichiometric SnO. NPs were
obtained by annealed as-prepared SnO; at 350 °C in air for 3 h. XRD
and EPR studies confirm they are stoichiometric SnO. with rutile
structure (Fig. S5). Fig. 3a shows the time-dependent photocatalytic
hydrogen evolution of the P25, ZnO, SnO,, SnO2x and ZnO/SOxx
samples. As expected, the ZnO/SnO.x NPs exhibited the best
photocatalytic activity. The average hydrogen evolution rate of the
SnOz NPs is only 24.4 umol h” g, while the SnO.x and ZnO/Sn0O,.
NPs achieved 133.8 and 182.6 pmol h' g, respectively. This result
fully confirms that the introduction of oxygen vacancies and
incorporation of ZnO can significantly improve the photocatalytic
activity of SnO,. Moreover, the average rate of the ZnO/SnOzx NPs is
also faster than that of commercial P25 and ZnO NPs (118.8 and 106.8
pumol h'' g). The improved photocatalytic activity of ZnO/SnO,-x NPs
might be attributed to its improved light-harvesting ability and fast
separation and transport of photoexcited electron-hole arising from
oxygen vacancies and the matched band edge alignment of this
heterostructure. On the other hand, the ZnO/SnO.x NPs have
excellent stability. After three cycles, the photocatalytic activity of
ZnO/Sn0O2x NPs has no obvious change (Fig. 3b).
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Fig.3 (a) Photocatalytic hydrogen production rate collected for P25, SnO,, SnO,,
ZnO and Zn0O/Sn0,., under white light irradiation; (b) Cycling test of ZnO/Sn0,.;
(c) UV-visible spectra of SnO;, SnO,,, ZnO and ZnO/SnO,; (d) Mott-Schottky
plots of SnO,, SnO,.,, and ZnO/SnO 4.

In order to elucidate the enhanced photocatalytic activity of
Zn0O/Sn02«x NPs, UV-visible absorption spectra for samples were
shown in Figure 3c. ZnO NPs has the best UV light-harvesting ability
but poorer photolytic activity than SnO.x and Zn0O/SnO..« samples.
The SnO; SnO.x and ZnO/SnO.x samples exhibited a similar
absorption edge at about 330 nm, which consistent with the band-
gap of SnO: (3.6 eV). In comparison to the SnO,, the relative higher
absorption of SnO.x and ZnO/SnO.x samples in the wavelength
range between 400 and 700 nm suggests that they can absorb visible
light. Given that, we also studied their photocatalytic performance
under visible light irradiation (A = 420 nm). However, no hydrogen
evolution was observed for both the SnO.x and ZnO/SnO..x NPs,
which indicates that the enhanced photocatalytic activity of SnOx«
and ZnO/SnO.. is not due to their improved visible light absorption.
Electrochemical impedance measurements were performed to
investigate their electrical properties (Experimental section). As
display in Fig. 3d, all the samples exhibited positive slopes in the
Mott-Schottky plots, showing their n-type semiconductor feature.
Carrier denor density of semiconductor can be calculated to be
6.0x10'%, 9.9%10" and 2.9x10%° cm?, respectively. As expected, the
carrier density of SnO increased significantly after introduced
oxygen vacancies and could further increase by incorporated with
ZnO as a result of their matched band edge alignment. On the other
hand, the surface areas of SnO., SNO.x and ZnO/Sn0..« calculated by
the Brunauer-Emmett-Teller (BET) method are similar with 23~25 m?
g™ (Experimental section). Therefore, based on the results above, it is
believed that the increased oxygen vacancies and matched band
the
photocatalytic performance of the ZnO/SnO,.x NPs.

edge alignment are main reasons for the enhanced

Conclusions

In summary, we have demonstrated that the photocatalytic activity
of SnO; NPs could be substantially enhanced via introduction of
oxygen vacancy and incorporation with ZnO. Due to the dramatically
Zn0O/SnO2x NPs yield a

increased donor density, remarkable
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hydrogen evolution rate of 182.6 umol h™' g, which is much higher
than those of SnO. and SnO..x NPs. Moreover, the ZnO/SnO»x NPs
have a good photostability. These findings open up new
opportunities to obtain high-performance SnO,-based photoanode
for water splitting.
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