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ABSTRACT: In this work, a novel heterostructure integrated by two wide-band gap
semiconductors, SnO, and Sn,Ta,0,, is successfully prepared via a hydrothermal
approach. Hollow Sn,Ta,O- spheres were first formed, and small SnO, particles were
then well-dispersed onto the outside surface of the spheres, forming a p—n
heterostructure. This heterostructure exhibits a higher potential edge that yielded
enhanced photoredox ability. Further, the heterostructure is of Z-type with a consistent
internal electric field direction, which effectively separates the photogenerated
electron—hole pairs. Although both component semiconductors do not absorb visible
light, the resulted p—n heterostructure is surprisingly observed to show an outstanding
photocatalytic performance under visible light illumination. Such a visible light
response is concluded to be the consequence of the impurity band formed by Sn**
doped in SnO, and Sn*" in Sn,Ta,0, via in situ redox. The existence of coupled Sn**
and Sn** ions in p—n heterostructure is responsible for the absence of defects and the
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regenerated catalytic activities. The findings reported here may provide an approach to
fabricate the new types of photocatalysts with a synergetic promotion for visible light absorption and sustained photocatalytic

activities by coupling different wide-band semiconductors.
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B INTRODUCTION

Photocatalytic technology based on semiconductors has many
potential applications in managing environmental pollution and
producing clean energy such as hydrogen.'™® For a given
semiconductor, a larger band gap usually gives rise to a stronger
driving force for the photoredox reaction, while a wider band
gap would reduce light response range and seriously inhibit
solar adsorption. Therefore, enormous efforts have been
dedicated to tailoring the electronic structures to make the
semiconductor sensitive to visible light without loss of the
redox ability.*”® It is then well established that the improve-
ment of visible light response of semiconductors can be
achieved by introducing intermediate energy levels between
conduction band and valence band. In other words, the
absorption edge of semiconductors is shifted toward visible
light region by doping metals or nonmetal elements into the
crystalline lattice.”'® Comparing to the conventional doping
methods, synthesizing nonstoichiometric metal oxides is more
favorable for enhancing visible light absorption while preserving
the intrinsic crystal structures of semiconductors without
introducing any foreign elements.'”'> Such a self-doping
method has been applied to the preparation of plenty of
photocatalytic semiconductors such as reduced TiO,_,,"* Sn**

doped $n0,,'*™'® C-doped g-C;N,'” bismuth self-doped
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Bi,WOq,'® and iodine self-doped BiOI.'” However, dopant
incorporation would result in an increased amount of defects,
which does not favor a higher photocatalytic activity owing to
the electron trapping and nonradiative recombination, as
demonstrated by both theoretical and experimental stud-
ies.'” > To promote the redox ability and photocatalytic
activity, we extensively studied composite photocatalysts
involving two or more components. One type of such
composites is usually constructed by coupling semiconductors
with larger band gap for the purpose of the higher redox ability,
such as WO,/TiO,, RuO,/NaTa0s, and NiO/ZnO.**72® The
reduction and oxidation reactions could occur at two different
potential sites, which effectively inhibit the combination of
photoexcited electron—hole pairs. Nevertheless, such compo-
sites may fail to secure good visible light response. Another type
of composite involves components of narrow band gap
semiconductors (e.g., CdS/Zn0O,”’ CdS/TiOz/WO3,28 V,04/
Zn0,” CuBi,0,/NaTa0;>° CuO/CuWO,,>" SnS,/Sn0,,*
and hydrogenated black TiO,)* with an increased visible
absorption. Yet, these composites usually suffer from serious
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photocorrosion in long-term photocatalytic reaction upon light
irradiation. Therefore, it is highly challenging to design a system
with a controlled structural arrangement that can efficiently
harvest the visible light, meanwhile providing both photoredox
power and better stability necessary for energy and environ-
ment purposes.

We speculated that if the matched impurity levels can be
simultaneously induced in the band gaps for components in
wide-band gap semiconductors. Photoredox power and
superior visible-light absorption might be cooperatively
promoted without loss of the reactive stability. Such a
challenging target is highly possible to achieve by integrating
two typical wide-gap semiconductors Sn,Ta,0, and SnO, with
coupled Sn**—Sn** ion pairs. This is because (1) Sn,Ta,0,
belongs to a class of typical wide-gap semiconductors (4.0 eV)
with the merits of very positive electrochemical potential and
high chemical stability.**~>® Once the intrinsic large energy gap
could be sufficiently decreased, one may expect tantalates to
show visible light response for practical applications; (2) tin
ions have variable valence states, and incorporation of tin ions
in semiconductors could provide a facile and efficient method
to modify the band gaps (like those of SnM,O4 and Sn,M,0,
(M = Nb or Ta), Sn*/KTiNbOs, and Sn>*/K,Nb,O,,);*°~*
and (3) when tantalates were hybridized with SnO,, a common
wide-gap photocatalyst (3.6 eV), an in situ redox between both
components may occur, which would produce a valence
reduction of Sn* to Sn>" in SnO, and, meanwhile, a valence
increase from Sn** to Sn*" in Sn,Ta,0,, highly useful for
superior visible-light absorption and effective electron—hole
separation for enhancing photocatalytic activity of SnO,.*>**
Similar cases have been demonstrated in recent studies on
other composite materials.**~>°

In this work, a hollow-sphere p—n heterojunction of
Sn,Ta,0,@Sn0, was fabricated by integrating two wide-band
semiconductors, SnO, and Sn,Ta,0,. The combination of
electron and holes was restrained by making use of the energy
level difference of the coupled species, which increased the
catalytic activity. At the same time, the visible light response
was derived by simultaneously incorporating Sn** into SnO,
and Sn*" into Sn,Ta,0, matrix through in situ redox of tin ions
in SnO, and Sn,Ta,0;, respectively. Eventually, the photo-
catalytic mechanism was discussed based on the exploration of
active species and separation pathway of electron—hole pairs in
hollow sphere p—n heterojunction.

B EXPERIMENTAL SECTION

Fabrication of Hollow Sn,Ta,0; Spheres. Sample was
synthesized via a simple hydrothermal route. First, 2.00 g of tantalum
wire (99%) was impregnated into 60 mL hydrofluoric acid aqueous
solution (40 wt %), which was then transferred to a Teflon-lined
autoclave. The autoclave was sealed and maintained at 80 °C for 48 h.
After the solution cooled to room temperature naturally, a
hydrosoluble tantalate complex, H,TaF, was obtained. Hydrolysis of
H,TaF, with addition of NH; (28 wt %) when the pH was close to 8
yielded a white powder as tantalum precursor. Then, the precursor was
dried fully at 60 °C for 12 h to remove the raw materials and
byproducts (HF, NH;, H,0, or NH,F). This precursor was identified
to be in an amorphous state with a nonuniform spherical shape
(Figure S1, Supporting Information). Following this procedure, Sn
precursor was prepared by hydrolysis of SnCl, with NaOH (aq), which
is determined to be SnsO,(OH), by XRD, SEM, and TEM data
(Figure S2, Supporting Information). The tantalum precursor was fully
mixed with 1.55 g of SngO,(OH), by grinding for 30 min. The molar
ratio of Sn to Ta was set at about 1:1. Then, the mixture was added
into a Teflon autoclave filled with 60 mL of deionized water. The

autoclave was sealed and heated in an oven at 160 °C for 24 h. The
final product was dried in an oven at 80 °C after being washed with
ethanol and deionized water for 5 times.

Fabrication of Sn,Ta,0,@Sn0,. Heterostructure Sn,Ta,0-@
SnO, was prepared by a similar procedure with different molar ratios
of Sn to Ta at 1.5:1, 2.0:1, and 2.5:1.

Characterization. Powder X-ray diffraction (XRD) of the as-
prepared samples was recorded by a PANalytical Empyrean
diffractometer with a copper target. The average grain size, D, was
measured from the diffraction peak (110) using Scherrer formula, D =
0.94/(fcos 0), where A is the X-ray wavelength employed, 0 is the
diffraction angle of the diffraction peak (110), and /3 is defined as the
half width after subtracting the instrumental broadening. Particle sizes
and morphologies of the samples were determined using scanning
electron microscopy (SEM) on a HITACHI S-4800 apparatus with an
acceleration voltage of 20.0 kV and energy dispersive X-ray energy
spectroscopy (EDS) was performed at an acceleration voltage of 15
kV. Transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM) and STEM EDS line
scanning profile of the samples were performed using a Tecnai G2 F20
S-TWIN apparatus with an acceleration voltage of 200 kV. UV—vis
diffuse-reflectance spectra of the samples were recorded using
PerkinElmer UV/VS/NIR Lambda750s spectrometer at room temper-
ature. The specific surface areas of the samples were determined from
the nitrogen absorption data at liquid nitrogen temperature using
Brunauer—Emmett—Teller (BET) technique on a Micromeritics
ASAP 2020 Surface Area and Porosity Analyzer. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a Thermo
ESCALAB 250 with Al Ka (1486.6 €V) line at 150 W. To compensate
surface charges effects, we calibrated the binding energies using C 1s
peak at 284.60 eV as the reference. The ''°Sn Mossbauer spectrum was
recorded under constant geometry with a microprocessor-controlled
Mossbauer spectrometer at room temperature using a SmCi
Ba''"$n0; source. The spectrum was computer-fitted and found to
give the most acceptable fits to Lorentzian lines using the MossWinn
program . The "°Sn chemical isomer shift data are quoted relative to
BaSnO;.

Evaluation of Photocatalytic Activity. A heteropolyaromatic
dye, methyl orange (MO), was used as a probe molecule to evaluate
the photocatalytic reactivity of the samples. The experiments were
carried out at room temperature as follows: 25 mg photocatalyst was
dispersed into S0 mL methyl orange (MO) aqueous solution (2.0 X
107 M), then the suspension was stirred magnetically for 30 min in
the dark to establish an adsorption—desorption equilibrium on the
catalyst surface. The suspension was illuminated in a photoreaction
apparatus with a 300W Hg lamp with a band-pass filter of 420 nm > 4
> 300 nm for UV light and a 400 nm cutoff glass filter for visible light.
At given intervals, S mL of the suspensions was extracted and
subsequently centrifuged. The photocatalytic degradation process was
monitored via measuring the absorption of MO at 463 nm with a UV—
vis spectrophotometer (UVIKON XL/XS) based on the Lambert—
Beer law, where the absorbance at a particular wavelength is
proportional to the concentration of MO. To investigate the reactive
species, we introduced various scavengers into the MO solution prior
to the addition of the photocatalyst. The experimental process was
similar to the photodegradation experiment. The dosages of these
scavengers were referred to those adopted in previous studies.>"

Photoelectrochemical Measurements. The Photocurrent ex-
periment was performed using an Autolab model AUT302N.-
FRA32M.V electrochemical workstation with a three-electrode cell.
Ten milligrams (10 mg) of as-prepared sample and S0 uL of nafion
solution (5% w/w) were added in 2 mL of ethanol, forming a uniform
suspension after 10 min of ultrasonic treatment. The suspension was
spin coated on a piece of ITO glass (1 X 1.5 cm) at a speed of 300 rps
and then dried at 60 °C for 24 h. Scotch tape (~5 um thick) has been
used as a spacer to fix the film thickness. ITO glass, platinum wire, and
Ag/AgCl electrodes were used as working, counter, and reference
electrodes, respectively. A 300 W Xe lamp (PLSSXE300, Beijing
Trusttech Co. Ltd.) was used as a light source (a UV cutoff filter was
equipped to provide visible light (4 > 400 nm)). The electrolyte
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solution was a Na,SO, aqueous solution (0.2 mol L7'). Mott—
Schottky plots of Sn,Ta,0,@SnO, heterostructure was performed at
an AC frequency of 10 kHz in the dark.

B RESULTS AND DISCUSSION

Fabrication of Hollow Sn,Ta,0; Spheres. Hollow
Sn,Ta,0, spheres were fabricated via a simple hydrothermal
route. X-ray diffraction pattern of the as-prepared sample was
presented in Figure la. The XRD peaks appearing at 26 = 10.5,
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Figure 1. (a) XRD pattern, (b) SEM, (c) TEM, and (d) HR-TEM
images of sample Sn,Ta,0,. Red vertical bars represent the standard
diffraction data for Sn,Ta,0, (JCPDS, No.74-1353). (b, inset)
Magnified SEM image of the sample.

20.4,27.2,29.8, 34.5, 36.8, 40.0, and 45.6 degrees were ascribed
to those of pure phase Sn,Ta,0, of high crystallinity (Joint
Committee for Powder Diffractions Standards, JCPDS card No.
74-1353). The crystallinity is high, as indicated by the intense
diffractions. The particles of the samples were small, and they
piled up and formed a hollow sphere with an average diameter
of about 400 nm and a shell thickness of 30—50 nm (Figure 1b
and Figure S3, Supporting Information). Moreover, the ring
patterns observed by TEM in Figure 1c further confirmed the
formation of hollow spheres. As seen from HRTEM images in
Figure 1d, the fringe interval is 0.30 nm, which assigned to an
interplanar spacing of (222) planes for tetragonal phase
Sn,Ta,0,, very closely to the value of d = 0.3025 nm for
Sn,Ta,0, (222) in JCPDS cards. This conclusion was further
confirmed by the data from the energy-dispersive X-ray
spectrum (Figure S4, Supporting Information), where
Sn,Ta,0, sample was composed of Sn, Ta, and O, and the
ratio of Sn/Ta/O was 1:1:3.1, closer to the theoretical ratio of
Sn/Ta/O = 1:1:3.5.

Construction of p—n Heterojunction of Sn,Ta,0,@
SnO,. To prepare the uniform heterostructure of Sn,Ta,0,@
SnO,, one-step synthetic route was adopted in this work with a
procedure same as that for Sn,Ta,O, except for the molar ratio
of Sn to Ta. As illustrated in Figure 2, the key step is to control
the molar ratio of Sn to Ta in the raw material. In the presence
of a redundant Sn source, the precursor might be easily
oxidized to form SnO, that was then dispersed onto the outside
surface of the preformed hollow Sn,Ta,O, sphere. Such a
formation process was further confirmed by treating Ta and Sn-
source precursors under similar hydrothermal condition to

nanocrystals

Sn,0,(OH), T2 hollow sphere

4 precursor|

Sn,Ta,0,@Sn0,
of Sn,Ta,0, of $n,Ta,0, @
®° @ ° 9/ @ ©| | e%ec °
© ® © =) ) @
AR -IO o % -',;), N ’o 2
- @ . 0@
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Figure 2. Schematic diagram of the formation processes of

heterostructure hollow Sn,Ta,0,@SnO, spheres: green, blue, orange,

and gray balls represent Sn precursor, Ta precursor, Sn,Ta,O,, and

SnO,, respectively.

those for preparing composite sample. As shown in Figures SS
and S6 (Supporting Information), for tantalum precursor, the
product still kept an amorphous state with partially crystallized
HTaO;. Different from tantalum precursor, the product
SngO,(OH), was converted to SnO,, giving evidence of
SnO, forming by the oxidation of the redundant Sn precursor.

As expected, a composite of Sn,Ta,0,@SnO, was obtained
when the molar ratio of Sn** to Ta>* was controlled to be larger
than 1:1 (Figure 3a). The diffraction peaks of Sn,T2,0,@Sn0,

(®)

Sn,Ta,0,@SnO,
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Figure 3. (a) XRD patterns of Sn,Ta,0,@Sn0O, at various raw
material concentrations, (b) XRD sectional patterns of Sn,Ta,0,@
SnO, and Sn,Ta,0,. Red vertical bars represent the standard
diffraction data of pure Sn,Ta,O, (JCPDS No.74-1353) and blue
vertical bars represent the standard diffraction data of pure SnO,
(JCPDS No. 71-0652).

were indexed to well-crystallized Sn,Ta,O, and SnO, phases
(JCPDS No. 74-1353 and 71-0652), respectively. Notably, the
crystalline structure did not differ from that of the individual
Sn,T2,0; and SnO, except for the broadened peaks (Figure
3b), suggesting that the presence of SnO, could inhibit the
crystal growth of Sn,Ta,0,. Such a morphological construction
was confirmed by TEM and SEM images, as shown in Figure 4.
For Sn,Ta,0,@Sn0,, the well-defined hollow sphere struc-
tures were kept except for the rougher surfaces (Figure 4a).
Comparing to the pure Sn,Ta,0,, TEM rings of the composite
sample were small and not very clear, indicating the thickened
shells (Figure 4b). As seen from HRTEM images in Figure
4¢,d, the fringe interval was 0.34 nm in the region of the tiny
particles on the outer surface, which corresponds to the
interplanar spacing of (110) for hexagonal phase SnO,, while
that of 0.30 nm corresponds to the interplanar spacing of (222)
crystal planes of tetragonal phase Sn,Ta,0, in the shell region.
The measurement details are provided in Figure S7
(Supporting Information). To further confirm the formation
mechanism proposed for hollow structure Sn,Ta,0,@Sn0O,, we
performed scanning transmission electron microscopy (STEM)
(Figure 4e, inset) and energy-dispersive X-ray microanalysis
(EDS) line scanning (Figure 4e) along the red arrow direction
shown in the inset of Figure 4e. It is noted that the shapes of
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Figure 4. (a) SEM, (b and c) TEM, and (d) HRTEM images of
Sn,Ta,0,@Sn0,. (e)EDS line scanning profile and (inset) STEM
image of a single hollow Sn,Ta,0,@Sn0, sphere. (Recorded through
orientation along the red arrow shown in STEM image).

EDS line scans for Sn and Ta were similar and had a flat central
region in the position of 215 to 500 nm, givin§ evidence for
hollow sphere structure, as reported elsewhere.>”**> Moreover,
Ta element can be hardly detected in the ranges of 200—215
nm and 505—520 nm. It means that there were only the species
composed by Sn and O elements locating on the outer layers of
the spherical shell. On the other hand, XPS depth profiling with
argon ion etching was performed at different etching periods
(Figure S8, Supporting Information). The atomic ratio of Ta to
Sn for SnO,@Sn,Ta,0, was 0.68, which increased to 0.77 after
etching for 60s. Therefore, Sn,Ta,0, was probably located in
the inner shell of the hollow sphere. Thus, it is concluded that
smaller-sized SnO, nanoparticles tightly attached to the surface
of Sn,Ta,0, nanoparticles in forming the heterostructure
hollow spheres. N, adsorption—desorption isotherms of
Sn,Ta,0,@Sn0, together with Sn,Ta,0, are displayed in
Figure S9 (Supporting Information). Sn,Ta,0; exhibited a very
small hysteresis loops. Differently, Sn,Ta,O0,@Sn0O,, displayed
the type II with a H; hysteresis loop according to Brunauer—
Deming—Deming—Teller (BDDT) classification. Sn,Ta,0,@
SnO, was characterized to have a mesoporous structure. It is
worth noting that BET surface area of Sn,Ta,O0,@SnO,
composite was S1 m?/g, which is smaller than that of
Sn,Ta,0, (54 m?/g).

A careful comparison of XPS spectra for the prepared
samples is shown in Figure 5. The peak positions in all of XPS
spectra were calibrated with C 1s at 284.60 eV. The survey

Sn,Ta,0, (b)
——sn*
Sn3d Sn’
Sn,Ta,0,@Sn0, g  (€)

1000 800 600 400 200 0500 495 490 485 480
Sn,Ta,0, . (d) 7

Ta”

4+

Intensity(a.u.)

—Ta

2 927

Sn,Ta,0,@Sn0, Ry Sn,Ta,0,@Sn0,

Ols

32 30 28 26 24 22 20540 538 536 534 532 530 528 526
Binding energy (eV)

Figure S. XPS spectra: (a) survey spectrum, (b and c) Sn 3d, (d and e)
Ta 4f and (f and g) O Is orbital of Sn,Ta,0; and Sn,Ta,0,@SnO,.

spectrum of Sn,Ta,0,@SnO, in Figure Sa confirmed the
presence of Sn, Ta and O elements in the as-prepared samples.
The two strong peaks at binding energies around 486 and 495
eV in pure Sn,Ta, 0, were fitted into two sets of peaks (Figure
Sb). The first set of peaks at 486.7 and 495.2 eV was ascribed to
Sn*" (3ds),, 3d;),) and the second set of peaks at 486.3 and
494.8 eV was ascribed to Sn** (3ds),, 3d;),). As for Sn,Ta,0,@
SnO,, the peaks could be fitted with four sets of peaks,
respectively (Figure Sc). The first set and the second set of
peaks were completely consistent to that in pure Sn,Ta,O,,
assigned to the Sn*" (3ds),, 3d;,) and Sn*" (3ds),, 3ds),) of
Sn,Ta,0, in composite Sn,Ta,0,@SnO,. The other two sets
of peaks at 486.0, 494.5, 485.6, and 494.1 eV were assigned to
Sn** (3ds),, 3d),) and Sn** (3ds,,, 3d;,) of SnO, in composite
sample, respectively. Thus, it is obviously Sn** and Sn** ions
were coexisted in Sn,Ta,O, for both pure Sn,Ta,O, and
Sn, Ta,0,@Sn0,. The same phenomenon appeared for SnO,
in Sn,Ta,0,@Sn0O, composite. The existence of Sn** in
Sn,Ta,0, and Sn** in SnO, matrix was interpreted as self-
doping via in situ redox of tin ions. It is proposed that the
visible light response might be driven through an impurity band
formed by such self-doping.'* Furthermore, it was observed
that the content of Sn** for Sn,Ta,0, were larger in pure
Sn,Ta,0, than that in Sn,Ta,0,@Sn0,.>* As is known, the
defects may be caused by unbalanced charges due to the
impurity element incorporating crystalline matrix. In terms of
our composite sample, a content drop of Sn** ions meant fewer
defects, thus favoring a higher photocatalytic activity owing to
the lack of recombination center for electron—hole pairs. XPS
signals of Ta 4f for both Sn,Ta,O, and Sn,Ta,O0,@Sn0O,
nanoparticles were fitted to contain two sets of doublets
using a series of Lorentzian—Gaussian line shapes according to
the references (Figure 5d,e).** One set of doublets showed
binding energies at 24.9 and 26.7 eV, respectively, which
correspond to 4f,, and 4f;;, of Ta*". Another set of doublet
with binding energies of 25.7 and 27.5 eV to 4f,/, and 4f;;, of
Ta%*. However, the ratio of Ta’" to Ta*' is different for two
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samples, 1.0 for pure Sn,Ta,0, and 2.0 for Sn,Ta,O0,@SnO,.
The descending of Ta* ions in the composite sample
compensated for the lack of Sn*" ions that were incorporated
into Sn,Ta,0, matrix. The O 1s peaks for Sn,Ta,O,@Sn0O,
heterostructure (Figure 5f) can be fitted into three peaks at
529.5, 530.6, and 532.2 eV, which correspond to the Ta—O
bonds in [Ta,0,] slabs of the hollow Sn,Ta,O, sphere
structure, Sn—O bonds of SnO,, and O—H bonds of the
surface-adsorbed water, respectively, while for Sn,Ta,0, only
two peaks can be assigned to Ta—O bonds in [Ta,0,] slabs
and the O—H bonds of the surface-adsorbed water, respectively
(Figure Sg). The smaller peak area for the surface-adsorbed
water in Sn,Ta,0,@Sn0O, gave an additional evidence of the
fewer defects formed in the surface of the composite. To
convince the valences of tin element, we performed ''*Sn
Mossbauer spectroscopy, and the results are provided in Figure
S10 (Supporting Information). It was found a broadened single
peak with a zero isomer shift (IS) of §/BaSnO;, which was
assigned to Sn(IV) species. It was concluded these Sn(IV)
species should originate from Sn*" in SnO, as well as in
Sn,Ta,0, due to the same isomer shift as reported in
reference.”>*° A well-resolved doublet with an isomer shift of
2.83 mm/s was assigned Sn(II) species.57 It could be from Sn?*
in SnO, and also in Sn,Ta,0,. The ratio of Sn(1I)/Sn(IV) was
about 1:1 in terms of the peaks area and recoilless fractions of
Sn** and Sn**.>®

To understand the formation of the heterostructure, we
further investigated the inner electronic field and the relative
potential edges of Sn,Ta,0,@Sn0O,. The band energy edges
were calculated according to the empirical equations:***

Eyg =y — E° + 0.5Eg (1)

Ecp = Eyy — E, ()

where Eyp is the valence band edge potential, y is the
electronegativity of the semiconductor, which is the geometric
mean of the electronegativity of the constituent atoms, and E° is
the energy of free electrons on the hydrogen scale (about 4.5
eV vs NHE). The Eyy;; values of Sn,Ta,0, and SnO, have been
estimated to be 2.83 and 3.48 eV vs NHE, and their
corresponding Ecp are —0.24 and —0.06 eV. Thus, a Z type
heterostructure of Sn,Ta,0,@Sn0O, was formed, as illustrated
in Figure 6.

@ o hv
o © y
Sn,Ta,0,

© sno,
© @
@@ ® e
o @
@
® Sn**
hereojunction
Sn,Ta,0; SnoO,

Figure 6. Schematic illustration of the electron-transfer processes on
p—n heterojunction Sn,Ta,0,@Sn0,.

A p—n junction characteristic was observed in Mott—
Schottky plots for the as-prepared sample Sn,Ta,O,@SnO,,
where a “V” shape was present due to the coexistence of
positive and negative slopes in Figure 7a, as reported

25

2.0

—

:'511.5-
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Sn,Ta,0,@Sn0,
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Figure 7. (a) Mott—Schottky plots of Sn,Ta,0,@Sn0O, in the dark
and (b) time-dependent photocurrent density of the sample Sn,Ta,0,

and Sn,Ta,O,@SnO, under a continuous simulated solar light
illumination for 2000s.

elsewhere.” Furthermore, Sn,Ta,0, was confirmed to be a
n-type semiconductor due to a positive slope of Mott—Schottky
plot, as shown in Figure S11 (Supporting Information). Thus,
SnO, in p—n junction of Sn,Ta,O0,@SnO, would show p-type
characteristic. It is well-known that SnO, is a typical n-type
semiconductor and could be transferred to a p-type when some
lower valence ions were incorporated into SnO, matrix.>"*?
Thus, it provides additional evidence for the doping of Sn** in
SnO, crystalline cell.

When n-type Sn,Ta,0, was in contact with a p-type SnO, to
form a p—n junction, electrons would diffuse from p-SnO, into
1n-Sn,Ta,0,, resulting in an accumulation of negative charges in
1n-Sn,Ta,0, region near the junction. Meanwhile, holes would
diffuse from the n-Sn,Ta,O, region to the p-SnO, region,
creating a positive section in the p-SnO, region in the vicinity
of the junction. When the Fermi levels of Sn,Ta,0, and SnO,
reached equilibration, an internal electric field directed from p-
SnO, to n-Sn,Ta,0, was simultaneously built to stop the
charge diffusion. Meanwhile, the energy bands of SnO, shifted
downward along with the Fermi level, whereas the energy
bands of Sn,Ta,O, shifted upward in this process. Under
visible-light irradiation, electron—hole pairs would be photo-
generated within Sn,Ta,0,. Subsequently, the photogenerated
electrons would migrate from Sn,Ta,0, to the CB of SnO,.
However, the VB potential of Sn,Ta,0, is higher than that of
SnO,, so holes can only stay in Sn,Ta,0,. It is known that
hollow Sn,Ta,0, sphere may provide a shorter pathway and
more opportunities for the photogenerated holes to reach the
surface of the sphere. Furthermore, the aforementioned internal
electric field could promote the separation of the electron—hole
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pairs, causing electrons to move across the interface to the
region of SnO, and the holes to transfer to the surface. Thus,
the reduced recombination probability of photogenerated
electron—hole pairs and the enhanced photocatalytic efficiency
were expected through an internal electric field due to the
presence of potential barrier at Sn,Ta,O0,@SnO, p—n
heterostructure interface. The photocurrent shown in Figure
7b was measured by an applied voltage of 0.5 V (vs Ag/AgCl)
with light irradiation. As a result, the photocurrent density was
greatly enhanced when Sn,Ta,O, was coupled by SnO,,
confirming that the p—n junction facilitated the charge
generation and migration, as well as suppressed the charge
recombination.

Photocatalytic Properties of Heterojunction
Sn,Ta,0,@5n0,. The optical absorption of the as-prepared
Sn, Ta,0,@Sn0O, was determined by UV—vis diffuse reflec-
tance spectra, and compared with SnO, and Sn,Ta,0, (Figure
8). The absorption edges of the three samples were found to be

——Sn0,
Sn,Ta,0,@Sn0,
Sn,Ta,0,

Intensity (a.u.)

300 400 500 600 700
Wavelength (nm)

Figure 8. UV—vis absorption spectra of pure Sn,Ta,0,, SnO,, and
composite Sn,Ta,0,@Sn0O,.

around 347 nm for SnO,, 405 nm for Sn,Ta,0,, and 446 nm
for the composite Sn,Ta,0,@Sn0O,. The band gaps calculated
were 3.54, 3.06, and 2.73 eV for SnO,, Sn,Ta,0, and
Sn,Ta,0,@Sn0,, respectively. Although both SnO, and
Sn,Ta,0, components are wide band gap semiconductors,
the optical absorption of hollow Sn,Ta,O,@SnO, spheres
underwent a large red shift and exhibited an obvious tail
absorption in the visible region. This implies that Sn,Ta,0,@
SnO, heterojunction is more efficient in exploiting the sunlight
for the photocatalytic purpose.

The photocatalytic activities of the composite Sn,Ta,0,@
SnO, together with the pure SnO, and Sn,Ta,0, were
investigated by the photocatalytic oxidation of methyl orange
(MO). Twenty-five milligrams (25 mg) of the catalysts were
suspended in 50 mL of an aqueous solution of 2.0 X 107> M
MO. The adsorption efficiency was first evaluated with the
adsorption of MO onto the as-prepared photocatalyst as a
function of contact time (IS, Figure S12, Supporting
Information). Adsorption of MO onto photocatalyst can be
ignored because MO nearly did not adsorb onto the samples
until irradiation for 100 min. Figure 9 shows the degradation
curves of MO at the presence of SnO,, Sn,Ta,0, and
Sn, Ta,0,@Sn0, heterostructure under UV with a band-pass
filter of 420 nm > A > 300 nm and visible (4 > 400 nm) light
irradiation. C and C are the concentrations of MO aqueous
solution at the irradiation times of 0 (ie., after the dark
adsorption equilibrium) and # min, respectively. In both Figure
9, the blank test shows that the concentration of MO was
nearly invariable after UV or visible light irradiation, indicating

0.6

0.4

0.6

0.2

(b)
0.04— —TT —T—
0 5 10 15 20 25 30 35 40

Time(min)
—0—8n,Ta,0,@Sn0, —O0— blank —0— SnO,
—0—8n,Ta,0, —0— P25 N-P25

Figure 9. Degradation of methyl orange under (a) UV with a band-
pass filter of 420 nm > A > 300 nm and (b) visible light (4 > 400 nm)
irradiation. The light intensity was 6.82 mW/cm?* and 3.45 mW/cm?,
respectively.

that the self-decomposition can be ignored during the
photocatalysis caused by catalyst particles. Meanwhile, less
degradation of MO occurred in the presence of only SnO, or
Sn,Ta,0; nanoparticles. As observed in Figure 9a, degradation
efficiency of MO was determined to be about 99% for P25 and
12.5% for Sn,Ta,0,@Sn0, under UV irradiation (420 nm > A
> 300 nm) for 40 min. Because P2S has no activity under
visible light, for the purpose of comparison, N-doped P25 was
synthesized in terms of the procedure in literature.””
Remarkably, Sn,Ta,0,@SnO, composite showed an enhanced
activity under visible light with 98.4% degradation efficiency
after illumination for 20 min (Figure 9b). However, under the
same conditions, the degradation efficiency of MO for N-doped
P25 can reach up to 38.1%, while for P25 it was only 16.8%
after illuminating 20 min. Further contrast experiment results
were shown in Figure S13 (Supporting Information) under
visible light conditions using the photocatalyst Sn** doped
ZnWO, previously reported by our lab and self—dogped SnO,
synthesized according to the reports in references.”' "> It is
found that the self-doped SnO, needs double the time to
completely degrade MO compared to our composite sample,
although it showed well visible-light photocatalytic activity.

The photodegradation of MO can be considered as a pseudo-
first-order reaction, and the reaction rate was expressed as
follows:

—In(C/C,) = kt (3)

where k is the observed pseudo-first-order reaction rate
constant. By plotting —In(C/C,) as a linear function of
irradiation time in Figure S14 (Supporting Information), the
rate constant k that is the slope of the line can be determined
for each photocatalytic reaction (Table 1). The value of k for
Sn,Ta,0,@Sn0, sample was 0.131 min~!, about 28 times
larger than that of P25 and 11 times larger than that of the N-
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Table 1. Obtained k from the Fitted Linear Plot of In(C/C,)
vs t

rate constant, k X 107> (min™")

samples uv visible
Sn,Ta,0,@Sn0, 261 + 0.58 13112 + 771
S$n,Ta,0, 128 + 0.33 175 + 0.28
SnO, 0.04 + 0.33 0 + 0.69
N-P2S§ 11.99 + 0.36
P25 80.61 + 5.27 4.58 + 0.67

P25 under visible-light irradiation. Further, the observed
photocatalytic performance is far better than most of the
reported photocatalysts which has been presented in Table S1
(Supporting Information). To measure the performance of
photocatalysts in photodegradation process, we calculated the
apparent quantum efficiency (Table S2, Supporting Informa-
tion). Under visible-light irradiation, it was 6.366 X 10”7 mmol-
min~"'mW™! for Sn,Ta,0,@Sn0,, larger than those for single
components (e.g, 0.243 X 1077 mmol'min~'mW™' for
Sn,Ta,0, and 0.097 X 1077 mmol-min~"-mW™ for SnO,) or
that of 5.348 X 107". mmol-min"mW™" for self-doped SnO,.

Such synergistic improvement in visible-light absorption and
photocatalytic properties of the composite Sn,Ta,0,@Sn0O,
may be ascribed to an integration of SnO, and Sn,Ta,O,
components into a p—n heterostructure. Generally, photo-
catalysis involves the generation of electrons in the conduction
band and holes in the valence band within a semiconductor
upon light irradiation at energies equal to or greater than the
band gap. In the Z type heterostructure of Sn,Ta,0,@Sn0O, as
illustrated in Figure 6, it can be concluded that electrons were
accumulated in SnO, nanoparticles. Basically, the main carriers
on the surface can be confirmed by detecting the active species
in the reactive systems. Two milliliters (2 mL) of the different
captures was added to the solution of MO. Figure 10a indicates
the time courses of MO photodegradation by our catalysts
under different additive agents. It was found that the
degradation efficiency did not change by the addition of tert-
butyl alcohol (TBA), an excellent capturer of -OH.
Furthermore, the degradation of MO was reduced to 75%
when 0.1 g of ammonium oxalate (AO) was added to the
reaction systems. We know that holes could be captured by
AO; however, with the addition of AgNO; or benzoquinone,
the effective capturers of electrons, we found almost no
degradation of MO. Thus, it is concluded that electron and
0,°” maybe the main reactive species in the system. Further
evidence comes from the determination of the negative zeta
potential, where a large negative value of —50.4 mV was
obtained, which confirmed a negative nature because a surface
Sn*" ions easily loses two positive charges to convert itself into
Sn**. Thus, it is proposed that a highly photocatalytic efficiency
is attributed to the reduced recombination probability of
photogenerated electrons and holes through an internal electric
field due to the presence of potential barrier at Sn,Ta,O0,@
SnO, heterostructure interface. More reactive sites for the
photogenerated charger carriers as provided by these hollow
spheres produce positive effects on photocatalysis performance.

Enhancement in the visible region could be attributed to the
possible mutual diffusion of Sn** and Sn*" in heterostructure
along a local internal electric field on the interface. The process
can be described as self-doping via in situ redox, which may
result in the formation of impurity band in SnO, as well as
Sn,Ta,0,. In references for SnO,,**** the visible activity has
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Figure 10. (a) Photocatalytic degradation of MO over Sn,Ta,0,@

SnO, in different inhibitor under visible light irradiation (>400 nm).

(b) Photocurrents of Sn,Ta,0,@Sn0,, Sn,Ta,0-, and SnO, under

the irradiation of visible light. The light intensity was 3.45 mW/ cm?.

been caused by the impurity band of Sn**, consistent with our
results. Surely, this self—doping is easier and more effective
than the general doping process, which has to consider the
crystal energy, charge matching, and compatibility of ions
radius due to the introduction of foreign ions. More
importantly, the existence of coupled Sn** and Sn*' ions
always retains the charge balance in the materials. Thus, the
cation vacancy could be greatly reduced, which usually act as
the combination centers of electron—hole pairs for the decrease
of catalytic activities. Actually, XPS signals of Ta 4f confirmed
the absence of the cation vacancies in our heterostructure
samples (Figure Sd,e). Figure 10b shows the photocurrent—
voltage curves for Sn,Ta,0,@SnO, and Sn,Ta,O, under
several on/off visible-light irradiation cycles. Both samples
were prompt in generating photocurrent with a reproducible
response and recover rapidly in the dark to on/off cycles. It is
found that the photocurrent density response of as-prepared
Sn,Ta,0,@Sn0, was reversible and stable, implying that the
current can reproducibly increase violently under each
irradiation and recover rapidly in the dark. In comparison
with pure Sn,Ta,0,, Sn,Ta,O,@SnO, exhibited an obviously
larger photocurrent under each visible light irradiation (4 > 400
nm). The photocurrent conversion efficiency of Sn,Ta,0,@
SnO, was about S times higher than that of Sn,Ta,O-. Higher
photocurrent means lower recombination of electron—hole
pairs, recoverable photoelectron emigration, and more visible
light absorption, which will eventually contribute to the
enhanced photocatalytic activity. Importantly, semiconductor
photocatalysis is based on a series of reductive and oxidative
reactions which occur on the photon activated surface of
catalyst. To some extent, higher photocurrent also displays an
improved redox property or photocatalytic activity of the
various samples. In addition, the Sn** and Sn*' contents of
Sn,Ta,0,@Sn0, before photocatalytic degradation and after
three cycles experiments (Figure S1S, Supporting Information)
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were determined by XPS spectra of Sn 3d 2/5. The results were
shown in Figure S16 (Supporting Information). It is found that
the contents of Sn** and Sn*' ions were substantially
unchanged in Sn,Ta,0, with only a slight decrease of Sn**
content in SnO,. This gave further confirmation of the sample
stability. The observed stability and enhanced photocurrents for
Sn,Ta,0,@Sn0, have clearly demonstrated the advantages of
the highly improved photocatalytic activity.

Bl CONCLUSIONS

A novel p—n heterostructure Sn,Ta,0,@SnO, with a coupled
Sn**-Sn*" pair was fabricated via a simple hydrothermal
approach. The systematic sample characterization of XRD,
XPS, TEM and SEM indicated the coexistence of SnO, and
Sn,Ta,0; in the Sn,Ta,0,@Sn0O, heterostructure by means of
the small SnO, particles being attached onto the outside
surfaces of hollow Sn,Ta,O, sphere. The UV experiment
revealed that hollow Sn,Ta,O,@SnO, spheres underwent a
large red shift and exhibited an obvious tail absorption in the
visible region, although both SnO, and Sn,Ta,0, are wide band
gap semicondutors. The as-prepared composites displayed a
high photocatalytic activity under visible light irradiation
compared to bare SnO, or Sn,Ta,0,. Specially, the degradation
of methyl orange reached up to 98.4% after illumination for 20
min with visible light for Sn,Ta,0,@SnO, heterostructures,
much higher than that of the commercial N-doped P25 with
only 38.1% degradation efficiency under the same conditions.
The enhanced photoredox ability was attributed to the higher
potential edges and the Z-type heterostructure of Sn,Ta,0.,@
SnO, which can effectively separate the photogenerated
electron—hole pairs. The impurity bands formed in SnO, and
Sn,Ta,0,, originating from the mutual diffusion of Sn** and
Sn*" ions along with a local internal electric field on the
interface, led to the absence of cation vacancy and superior
visible light absorption. The quenching effects of different
scavengers suggested that the reactive photogenerated electron
and O,°” played the major role in the MO degradation. The
present work may be applicable to fabricate new types of
photocatalysts with a synergetic promotion for visible-light
absorption and sustained photocatalytic activities by coupling
semiconductors of wide band gaps.
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