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A network-structured SnO./ZnO heterojunction nanocatalyst with high photocatalytic activity was successfully
synthesized through a simple two-step solvothermal method. The as-synthesized samples are characterized by
X-ray diffraction, X-ray photoelectron spectroscopy, transmission electron microscopy, scanning electron microscopy,
N, physical adsorption, and UV—vis spectroscopy. The results show that the SnO,/ZnO sample with a molar ratio
of Sn/Zn = 1 is a mesoporous composite material composed of SnO, and ZnO. The photocatalytic activity of
Sn0,/Zn0O heterojunction nanocatalysts for the degradation of methyl orange is much higher than those of
solvothermally synthesized SnO, and ZnO samples, which can be attributed to the SnO,—Zn0 heterojunction, the
pore structure, and higher Brunauer—Emmett—Teller (BET) surface area of the sample: (1) The SnO,—Zn0O
heterojunction improves the separation of photogenerated electron—hole pairs due to the potential energy differences
between SnO, and ZnO, thus enhancing the photocatalytic activity. (2) The SnO./ZnO sample might possess more
surface reaction sites and adsorb and transport more dye molecules due to the higher BET surface area and many

pore channels, also leading to higher photocatalytic activity.

1. Introduction

Recently, environmental problems such as air and water
pollution have provided the impetus for sustained funda-
mental and applied research in the area of environmental
remediation. Photocatalytic degradation of organic pollutants
by using nanostructured semiconductors offers great potential
for the complete elimination of toxic chemicals. It has been
proven that the wide-bandgap semiconductor metal oxides
(SMOs) such as TiO, and ZnO can degrade various organic
pollutants under UV irradiation.' > However, the fast
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recombination rate of the photogenerated electron—hole pairs
hinders the industrial application of these semiconductors.®
Therefore, suppression of the recombination of photogener-
ated electron—hole pairs in the semiconductors is essential
for improving the efficiency of net charge transfer at the
semiconductor—electrolyte interface.” In order to improve
the charge separation in semiconductor systems, various
SMO nanostructures with controllable oxygen or doping
defects*®~1° and compositions (heterostructure)''~'® have
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been successfully synthesized. Among these nanostructures,
semiconductor-based heterostructure (i.g., metal/semiconduc-
tor and semiconductor/semiconductor heterostructure) nano-
catalysts have received the most attention recently because
of their excellent catalytic activity. For example, our previous
research on Ag/ZnO heterostructure nanocatalysts shows that
loading metallic Ag nanoparticles on the surface of ZnO
nanorods can significantly enhance the photocatalytic activ-
ity,'" and the dispersion of metallic Ag nanoparticles also
affects the photocatalytic activity of the Ag/ZnO nanocata-
lyst.l7 In addition, semiconductor/semiconductor hetero-
structure photocatalysts may also increase the photocatalytic
activity by extending the photoresponding range and increas-
ing the charge separation rate, so a large variety of these
heterostructures has been investigated and used for many
photocatalytic reactions.'®>> So far, there are two typical
morphologies of semiconductor/semiconductor heterostruc-
tures, called “core/shell” and “non-core/shell” structures. In
a core/shell structure system, one semiconductor is com-
pletely coated by the other semiconductor, so that only one
of the charge carriers is accessible at the surface of the shell
semiconductor, thus making selective charge transfer possible
at the shell semiconductor—electrolyte interface. The other
charge carrier gets trapped within the inner semiconductor
and is not readily accessible. In a non-core/shell structure
system, one semiconductor is only partially covered by the
other semiconductor, so both electrons and holes are acces-
sible to selective oxidation and reduction processes on their
surfaces. Considering the higher utilization efficiency of
separated charge carriers in non-core/shell structured semi-
conductor/semiconductor photocatalysts, the low cost of
SnO, species, and the compatibility of some specific crystal-
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lographic planes of SnO, and ZnO nanocrystals,”® we
selected the SnO,/ZnO system as target material and set out
to synthesize non-core/shell structured SnO,/ZnO hetero-
jucntion nanocatalysts by using a simple method and, further,
to understand the charge-transfer processes in this kind of
multicomponent semiconductor system.

It has been reported that SnO,/ZnO nanomaterials can be
used as electrodes in lithium-ion batteries®>’ and dye-
sensitized solar cells,?® sensors,?>° transistors,>! and pho-
tocatalysts.”f34 However, to the best of our knowledge, there
is no research on the synthesis and photocatalysis of network-
structured SnO,/ZnO heterojunction nanocatalysts. In this
work, a network-structured SnO,/ZnO heterojunction pho-
tocatalyst was successfully synthesized through a simple two-
step solvothermal method for the first time, in which
solvothermally fabricated ZnO nanorods (named Z5 in ref
4) were used as seeds, and SnO, subsequently grew on their
surfaces. In order to have an in-depth understanding of the
relationship between the structure and photocatalytic activity,
Sn0O,, ZnO, and SnO,/ZnO heterojunction nanocatalysts were
investigated in detail. It is found that the SnO,/ZnO material
is a mesoporous composite material composed of SnO, and
ZnO and exhibits excellent photocatalytic activity superior
to the solvothermally synthesized SnO, and ZnO samples,
which can be ascribed to the SnO,—Zn0O heterojunction, the
pore structure, and a higher Brunauer—Emmett—Teller
(BET) surface area of the sample.

2. Experimental Section

2.1. Preparation of Sn0,/ZnO Heterojunction Nanocatalyst.
Materials. Zinc acetate, tin tetrachloride, sodium hydroxide, and
alcohol were all of analytical grade and purchased from Shanghai
Chemical Reagent, Ltd. without further purification.

Synthesis. A SnO,/ZnO heterojunction nanocatalyst with a molar
ratio of Zn/Sn = 1 was synthesized using a simple two-step
solvothermal method. In a typical procedure, 1 mmol of
Zn(Ac),*2H,0 and 5 mmol of NaOH were mixed in 30 mL of
ethanol at room temperature with agitation for 30 min, then poured
into a Teflon-lined stainless steel autoclave with a capacity of 50
mL. The sealed autoclave was put into an oven, heated to 160 °C,
and maintained at this temperature for 24 h (first step). After the
above reaction, 10 mL of a 0.1 M SnCl, aqueous solution was added
into the autoclave with agitation. The sealed autoclave was put into
an oven again, heated to 160 °C, and maintained at this temperature
for another 24 h (second step). For comparison, SnO, was also
synthesized using a solvothermal method: 10 mL of a 0.1 M SnCl,
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Figure 1. XRD patterns of the as-synthesized samples: (a) ZnO, (b) SnO,/
7Zn0, and (¢) SnO,.

aqueous solution and 30 mL of a 0.17 M NaOH ethanol solution
were mixed at room temperature and then poured into a Teflon-
lined stainless steel autoclave with a capacity of 50 mL. The sealed
reactor was heated to 160 °C and maintained at this temperature
for 24 h. The final products were collected by filtration, washed
with deionized water and ethanol several times, and finally dried
in the air at 80 °C for 10 h.

2.2. Characterization. The powder X-ray diffraction (XRD)
patterns of the samples were recorded by a PANalytical X’ Pert
Pro diffractometer with Co Ka radiation (4 = 0.179 nm) at a
scanning rate of 0.12°/min. The X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Phi Quantum 2000
spectrophotometer with Al KR radiation (1486.6 eV; penetration
depth of the X-ray: <10 nm). The microstructures and morphologies
were investigated using a Tecnai G2 F20 field emission transmission
electron microscope (TEM) working at 200 kV and a field emission
scanning electron microscope (SEM, JSM-6700F) equipped with
an energy-dispersive X-ray spectroscopy system working at 15 kV
(penetration depth of the electrons: ~2.2 um). To determine the
textural properties of the as-prepared samples, N, adsorption/
desorption measurements were carried out at 77 K using a
Micrometrics ASAP 2020 system after the samples were degassed
at 80 °C in a vacuum for 10 h. UV —vis diffuse-reflectance spectra
of the as-synthesized samples were measured on a UV—vis—NIR
spectrometer (Lambda 900). For photocatalytic measurements, 30
mg of each catalyst was suspended in 90 mL of a methyl orange
(MO) aqueous solution (5.0 x 107> M), then placed in a quartz
tube and agitated overnight in the absence of light to attain
equilibrium adsorption on the catalyst surface. UV irradiation was
carried out using a 2 x 4 W fluorescent Hg lamp (Philips TUV 4
W, the strongest emission at 254 nm). After a given irradiation
time, about 3.5 mL of the mixture was withdrawn, and the catalysts
were separated from the suspensions by filtration through 0.22 ym
cellulose membranes. The photocatalytic degradation process was
monitored using a UV—vis spectrophotometer (Lambda 950)
measuring the absorption of MO at 463 nm.

3. Results and Discussion

The XRD patterns of the as-synthesized samples are shown
in Figure 1. All diffraction peaks in Figure la and b are in
good agreement with those of standard patterns for hexagonal
wurtzite ZnO (JCPDS file no. 36-1451) and tetragonal rutile
SnO, (JCPDS file no. 41-1445), respectively. The diffraction

peaks of the ZnO nanocrystals (Figure la) are sharp and
intense, revealing the highly crystalline character of the ZnO
sample, while the diffraction peaks of the SnO, sample are
broad and weak (Figure 1b), indicating a small crystal size
or semicrystalline nature of this sample.*® In Figure 1b, there
are two sets of diffraction peaks for the SnO,/ZnO sample,
which are correspondingly ascribed to hexagonal wurtzite
7ZnO and tetragonal rutile SnO,. No other characteristic peaks
of SnO, ZnSn(OH)s, ZnSnO3, and Zn,SnO, are detected in
this sample, indicating that its composition is SnO, and ZnO.
Comparing the full-width half-maximum of the SnO, sem-
icrystalline peaks of the pure SnO, sample with that of the
SnO,/ZnO sample, one can conclude that the average grain
size of SnO, semicrystals in the SnO,/ZnO sample is a bit
smaller than that of pure SnO,. Furthermore, it is worthwhile
to note that the diffraction peaks of ZnO nanocrystals in the
SnO,/ZnO sample are still very sharp despite the weak
intensity, implying the highly crystalline character of ZnO
nanocrystals in this sample.

The surface structure of the as-synthesized SnO,/ZnO
sample was investigated by XPS, and the corresponding
experimental results are shown in Figure 2. In Figure 2a, all
of the peaks on the curve are ascribed to Zn, Sn, O, and C
elements, and no peaks of other elements are observed. The
presence of C comes mainly from pump oil due to vacuum
treatment before the XPS test. Figure 2b displays the high-
resolution spectra for Zn and Sn species, respectively. The
peak appearing in the upper part of Figure 2b is symmetric
and centered at 1022.0 eV, which is attributed to the Zn 2p;,
of Zn(II). And the peaks appearing in the lower part of Figure
2b are also symmetric and located at 486.8 and 495.2 eV,
which are ascribed to the Sn 3ds;, and Sn 3d3, of Sn(IV),
respectively. On the basis of the above discussion, it is
concluded that the SnO,/ZnO sample is composed of Zn(II),
Sn(IV), and O, in good agreement with the XRD result. In
addition, the calculated Zn/Sn ratio is 0.18, indicating that
most of the surface of the ZnO nanocrystals is covered by
SnO, semicrystals (TEM and UV—vis diffuse-reflectance
experiments further confirm this result and will be discussed
later).

In order to obtain detailed information about the micro-
structure and morphology of the SnO,/ZnO sample, SEM
and TEM observations were carried out, and the results are
shown in Figure 3. A typical SEM image (Figure 3a) shows
that the SnO,/ZnO sample is composed of nanoparticles with
a size in the range of about 30—100 nm. Figure 3b is the
energy-dispersive X-ray (EDX) spectrum from Figure 3a,
further confirming that the SnO,/ZnO sample is composed
of Sn, Zn, and O, which is consistent with the XRD and
XPS results (notice that the copper and carbon signals in
Figure 3b are from the sample holder with conductive tape).
EDX analysis reveals that the Zn/Sn ratio is 1.16:1, which
is close to the theoretical Zn/Sn ratio (1:1). A low-magnified
TEM image of the SnO,/ZnO sample shows a network
structure of SnO,/ZnO consisting of multipod frameworks
(highlighted by circles), as presented in Figure 3c. It is

(35) X-ray Diffraction Procedure; Klug, H.; Alexander, L., Eds.; Wiley:
New York, 1962; p 125.
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Figure 2. XPS patterns of the as-synthesized SnO,/ZnO sample: (a) XPS
full spectrum and (b) Zn 2ps, and Sn 3d spectra.

worthwhile to note that each nanoparticle attaches to several
other nanoparticles and no self-nucleated and isolated SnO,
or ZnO is observed, indicating the formation of a SnO,—ZnO
heterojunction. Moreover, the rodlike ZnO nanocrystals with
a length of 100 nm* used as a starting material are also not
observed in Figure 3c. In addition, one can see that the
building blocks of the multipod framework have a uniform
grain size of about 5—10 nm. A typical high-resolution TEM
(HRTEM) image of a multipod framework is shown in
Figure 3d. The uniform lattice structure and single-crystalline
nature of the ZnO nanocrystal are observed in Figure 3d,
and the spacings between adjacent lattice fringes are 0.26
and 0.28 nm, which are close to the d-spacings of the
(002) and (100) planes, respectively, of hexagonal wurtzite
ZnO. It is easy to find many holes with a size of about 3—5
nm on the surface of ZnO nanocrystals and some small pores
(<5 nm) between nanaparticles (highlighted by circles),
implying that the SnO,/ZnO sample is mesoporous material.
There are several semicrystalline nanoparticles on the surface
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Figure 3. (a) SEM image of the as-synthesized SnO»/ZnO heterojunction
nanocatalyst, (b) EDX spectrum from Figure 3a, (c) TEM image, and (d)
HRTEM image of the as-synthesized SnO,/ZnO heterojunction nanocatalyst.

of the ZnO nanocrystal in Figure 3d, which are ascribed to
SnO, semicrystals according to the XRD results. In addition,
the exposed surface of the ZnO nanocrystal is easily observed
in Figure 3d.

The texture of the as-synthesized SnO,/ZnO sample was
characterized by N, physisorption experiments. The N,
adsorption—desorption isotherm and pore size distribution
are shown in Figure 4. It can be seen from Figure 4a that
the isotherm of the as-synthesized SnO,/ZnO nanocatalyst
is a type IV isotherm with a distinct H3 hysteresis loop in
the range of 0.4—1.0 P/P, according to the IUPAC clas-
sification.®® Its corresponding pore size distribution, calcu-
lated from the desorption branch of the N, isotherm by the
Bopp—Jancso—Heinzinger method (in Figure 4b), shows that
a narrow pore size distribution peak is centered at about 4.0
nm and a tailing peak is located between 5 and 11 nm, in
good agreement with the TEM results (Figure 3c and d).
Figure 4b shows that the dominant pore size of SnO,/ZnO
sample is 4.0 nm, confirming the mesoporous nature of this
sample. The BET surface area of the SnO,/ZnO sample is
168 m?/g, which is much larger than those of pure SnO, (94
m?%g) and ZnO (23 m%/g).

The UV-—vis diffuse-reflectance spectra of the as-
synthesized samples are shown in Figure 5. The absorption
edges of the as-synthesized SnO, semicrystals and ZnO
nanorods* are located at about 305 and 380 nm, respectively,
and it is obvious that there are two prominent absorption
bands for the SnO,/ZnO sample. The former is assigned to

(36) Sing, K. S. W. Pure Appl. Chem. 1982, 54, 2201.

(37) Mathew, X.; Enriquez, J. P.; Mejia-Garcia, C.; Contreras-Puente, G.;
Cortes-Jacome, M. A.; Toledo Antonio, J. A. J. Appl. Phys. 2006,
100, 073907.

(38) George, W. O.; Mclntyre, P. S.; Mowthorpe, D. J. Infrared Spectros-
copy; John Wiley & Sons Inc: New York, 1987; pp 21—40.
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Figure 5. UV—vis diffuse-reflectance spectra of the as-synthesized samples:
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the absorption of SnO, semicrystals, and the latter is
attributed to the characteristic absorption of ZnO nanocrys-
tals. The absorption edges of SnO, and ZnO nanocrystals in
the SnO,/ZnO sample shift blue slightly, indicating that the
sizes of SnO, and ZnO in the SnO,/ZnO sample are smaller
than the corresponding value of pure SnO, or ZnO, which
is in good agreement with the XRD results. The appearance

b
P-25 \xij

—al

0 10 20 30 40 S0 60 TO 80 90
Time (min)

Figure 6. Photodegradation of MO by the as-synthesized samples: (a) SnO,,

(b) ZnO, and (c) SnO,/ZnO nanocatalyst. The commercial TiO, (Degussa

P-25) is used as a photocatalytic reference.

of two kinds of characteristic absorption bands also confirms
that the SnO,/ZnO sample is a composite material composed
of SnO, and ZnO. For the SnO,/Zn0O sample, it is worthwhile
to note that the absorption intensity of SnO; is much higher
than that of ZnO, confirming that most of the surface of ZnO
nanocrystals is covered by SnO, semicrystals.

MO was adopted as a representative organic pollutant to
evaluate the photocatalytic performance of the as-synthesized
photocatalysts. In the experiments, commercial TiO, (De-
gussa P-25) was used as a photocatalytic reference to
qualitatively understand the photocatalytic activity of the
SnO,/ZnO heterojunction photocatalyst. The photocatalytic
activities of the as-prepared samples and Degussa P-25 are
shown in Figure 6. The degradation efficiency of the as-
synthesized samples is defined as C/C,, where C; and C are
the initial concentration after the equilibrium adsorption and
the reaction concentration of MO, respectively. As seen in
Figure 6, the SnO,/ZnO heterojunction catalyst shows the
highest photocatalytic activity. In Figure 6a and b, the MO
degradation efficiency is about 24% and 68% for pure SnO,
and ZnO nanocrystals at 40 min, respectively. However, the
required time for an entire decolorization of MO over the
Sn0O,/ZnO heterojunction catalyst (Figure 6c) is about 35
min, which is much shorter than the corresponding values
of SnO,, ZnO, and P-25 catalysts.

Figure 7 shows the proposed band structure of the
as-synthesized SnO,/ZnO heterojunction nanocatalyst.'7°~4!
When SnO; and ZnO form a heterojunction, their different
work functions lead to the negatively charged carriers moving
from SnO, (the material with low work function) to ZnO
(the one with high work function) until their Fermi levels
align (i.e., the system reaches the thermal equilibrium state);
thus, an electrostatic field is created at the interface. At
thermal equilibrium, the conduction band (CB) and valence
band (VB) of SnO, and ZnO bend, and a depletion layer

(39) Robertson, J.; Xiong, K.; Clark, S. J. Thin Solid Films 2006, 496, 1.

(40) Sze, S. M.; Ng, K. K. Physics of Semiconductor Devices, 3rd ed.;
John Wiley & Sons, Inc.: Hoboken, NJ, 2007.

(41) Konenkamp, R.; Word, R. C.; Godinez, M. Nanotechnology 2006,
17, 1858.
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forms around the interface, too. When the SnO,/ZnO catalyst
is radiated by UV light with a photon energy higher or equal
to the band gaps of SnO, and ZnO, electrons (e™) in the VB
can be excited to the CB with simultaneous generation of
the same amount of holes (h™) in the VB. The photogenerated
electrons and holes are separated under the influence of the
electrostatic field induced by different work functions. Thus,
electrons move to the SnO, side and holes to the ZnO side.
The photogenerated electrons and holes in the SnO,/ZnO
heterojunction nanocatalyst could inject into a reaction
medium and participate in chemical reactions. For example,
the electronic acceptors like adsorbed O, can easily trap the
photoelectrons to produce a superoxide anion radical
(+0,7).** The role of O, during the photocatalytic process
was investigated, and the results are shown in the Supporting
Information (SI-1). It is found that O, is helpful for the
degradation of MO, which can be ascribed to the formation
of +O,". The formed <O,  might either attack organic
molecules or provide hydroxyl radical species (+OH) by
reacting with hydrion and photogenerated electrons.** The
photoinduced holes can be easily trapped by OH™ to further
produce a +OH species, which is an extremely strong oxidant
for the partial or complete mineralization of organic chemi-
cals.* The following photocatalytic reactions possibly occur:

hv
Sn0,/Zn0—SnO,(e :+h)/ZnOe+hy) (1)

A
SnOa(ea hw WZnO(ea ha")— 500264 /Z0n0-hy*
.\H_-//

(2)
SnO,ve , + O,(ad) — SnO, + -0, (ad) 3)
ZnO- h:;)—i-OH_ —7Zn0O + -OH 4)

O, (ad H+HO' eng O o OH-+OH" 5
, (ad) 2 220 Q)

(42) Ryu, J.; Choi, W. Environ. Sci. Technol. 2004, 38, 2928.

(43) Marye, A. F.; Maria, T. D. Chem. Rev. 1993, 93, 341.

(44) Yatmaz, H. C.; Akyol, A.; Bayramoglu, M. Ind. Eng. Chem. Res. 2004,
43, 6035.
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MO + < OH — degradation products (6)

On the basis of the above discussion, it is concluded, as
follows, that (1) SnO, and ZnO in the SnO,/ZnO hetero-
junction nanocatalyst not only serve as electron and hole
sources (eq 1) but also act as a sink for the electrons and
holes, respectively (eq 2); (2) the SnO,—ZnO heterojunction
promotes interfacial charge-transfer kinetics between SnO,
and ZnO semiconductors and improves the separation of
photogenerated electron—hole pairs (eq 2), thus enhancing
the photocatalytic activity. Furthermore, the SnO,/ZnO
sample might possess more surface reaction sites and adsorb
and transport more dye molecules due to the higher BET
surface area and many pore channels, also leading to higher
photocatalytic activity. In addition, when SnO, and ZnO
grow together, there might be a very small amount of zinc
and tin ions diffused into the other side. To understand the
effect of diffused ions on the photocatalytic activity, a dilute
HNO:j; solution was adopted to dissolve the ZnO nanocrystals
in the Sn0O,/Zn0O sample, and the corresponding results are
shown in the Supporting Information (SI-2). It is found that
the BET surface area of the SnO,/ZnO sample after the
second cycle of HNO; treatment increases, while the
photocatalytic activity decreases, revealing that the SnO,—
ZnO heterojunction has a positive effect on enhancing the
photocatalytic activity. Only a small amount of ZnO nanoc-
rystals in the SnO,/ZnO sample cannot be dissolved, indicat-
ing that most of the ZnO and SnO, form a noncore/shell
heterojunction; the insoluble Zn species might be ascribed
to the ZnO nanocrystals fully covered by SnO, or the doped
Zn*" in SnO,. Since we are not sure what the insoluble Zn
species is, Zn**-doped SnO, was synthesized and studied
(SI-2). It was found that Zn>* ions in the lattice of SnO,
can also enhance the photocatalytic activity. However, the
contribution of the SnO,/ZnO heterojunction to the photo-
catlytic activity is much greater than that of doped Zn>* ions.
Considering all of the above factors, it is reasonable that
the SnO,/ZnO heterojunction nanocatalyst has the highest
photocatalytic activity in the as-synthesized samples. Finally,
the results presented in this paper might be valuable for
studying other semiconductor/semiconductor heterojunction
catalysts.

4. Conclusion

Network-structured SnO,/ZnO heterojunction nanocata-
lysts with high photocatalytic activity were successfully
synthesized through a simple two-step solvothermal method.
It was found that the SnO,/ZnO nanocatalyst is a mesoporous
composite material composed of SnO, and ZnO. The SnO,/
ZnO sample shows higher photocatalytic activity than pure
SnO, and ZnO, which can be attributed to the SnO,—ZnO
heterojunction, the pore structure, and a higher BET surface
area of the sample. The SnO,—ZnO heterojunction improves
the separation of photogenerated electron—hole pairs, thus
enhancing the photocatalytic activity. Furthermore, the SnO,/
ZnO sample might possess more surface reaction sites and
adsorb and transport more dye molecules due to the higher
BET surface area and many pore channels, also leading to
higher photocatalytic activity. The diffusion of a small
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amount of Zn>* ions into the SnO, may also facilitate an
enhancement of the photocatalytic activity; a more detailed
investigation about the effect of doped ions on the photo-
catlaytic activity is underway.
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