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Nanocrystalline Zn,SnO4 microcubes were hydrothermally synthesized and systematically character-
ized by XRD, SEM, TEM, XPS, N, adsorption-desorption, and UV-vis DRS analysis. The resulting Zn,Sn0O4
microcubes with the edge size ranging from 0.8 to 1.2 um were composed of numerous nanoparticles
with size of 10-20 nm, and their optical band gap energy was estimated to be 3.25eV from the UV-vis
diffuse reflectance spectra. On degradation of nitrogen monoxide (NO) and formaldehyde (HCHO) at typ-
Keywords: ical concentr_ation_s for indoor air quality, these nanoc.rystalline Zn,Sn04 microcube§ exhibited superior
Z1,5n0s . photocatalytic activity to the hydrothermally synthesized ZnO, SnO,, and Degussa TiO, P25, as well as C
NO doped TiO, under UV-vis light irradiation. This enhanced photocatalytic activity of the nanocrystalline
HCHO Zn,Sn04 microcubes was attributed to their bigger surface areas, smaller particle size, special porous
Photocatalysis structures, and special electronic configuration. The nanocrystalline Zn,Sn0O4 microcubes were chemi-
cally stable as there was no obvious deactivation during the multiple photocatalytic reactions. This work
presents a promising approach for scaling-up industrial production of Zn,SnO4 nanostructures and sug-
gests that the synthesized nanocrystalline Zn,SnO4 microcubes are promising photocatalysts for indoor

air purification.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Indoor air quality (IAQ) within buildings has been paid more
and more attention with increasing awareness of the public envi-
ronment and health, especially in urban cities, where metropolitan
generally spend more than 80% of time in an indoor envi-
ronment [1,2]. Gaseous pollutants such as NOy, SO,, carbonyl
compounds, and volatile organic compounds (VOCs) are common
hazardous species in indoor environment [3]. Among them, nitro-
gen oxides (NOy) and formaldehyde (HCHO) are the representative
omnipresent indoor air pollutants coming from the furnishings
and decorating materials. For example, HCHO presents significant
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health effects as frequently causing cancer and other sickness, but
the concentration of indoor HCHO usually might be at parts per
billion (ppbv) to parts per million (ppmv) levels in China, which is
much higher than the WHO guideline (80 ppbv) [4-6]. Therefore,
a number of physical and chemical techniques, including physi-
cal adsorption, biofiltration, thermal catalysis, and photocatalytic
oxidation, are well established for the purification of polluted air
[3,7-9].

As an ambient temperature catalytic process, photocatalysis has
gained considerable attention in view of solar energy conversion
and water treatment, as well as air purification even at low concen-
trations. At moderate conditions, the photocatalysis can degrade
a broad range of organic pollutants into innocuous final prod-
ucts such as CO, and H,0 [9]. To date, most of the studies are
dominated by TiO, because of its chemical stability, low cost and
relatively high activity. For instance, TiO, immobilized on different
substrates, such as activate carbon and glass fibers, can photocat-
alytically degrade indoor air pollutants at parts per billion levels in
a flow system under UV light irradiation [3,10-12]. However, the
practical application of the TiO, photocatalytic process is restricted
by the slow electron transfer rate and the low quantum efficiency
[9]. Additionally, TiO; is prone to deactivation in the treatment of
gaseous pollutants due to the deposition of the byproducts on its
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surface [13,14]. Therefore, it is appealing to develop novel photo-
catalysts that are active and stable enough for practical application.

Many approaches have been proposed to develop active and sta-
ble photocatalysts, including doping TiO, with metal ions or metal
atoms, incorporating nitrogen and carbon into TiO,, and employing
other non-TiO, metal oxides as photocatalysts [15-24]. Non-TiO,
photocatalysts have attracted a great deal of attentions because
of their high photocatalytic efficiency and potential application
in environmental remediation [25-29]. For instance, hierarchical
BiOBr nanoplates were used to degrade NO pollutants at typical
indoor air concentration previously, they exhibited high photocat-
alytic activity under UV-vis light irradiation [30].

As an n-type semiconductor, zinc stannate (Zn,SnO4) has
been reported for its photocatalytical properties to produce H;
or decompose organic pollutants in aqueous solution under the
UV light irradiation [31-34]. Zn,Sn04 is usually prepared via
solid-state or melting reactions, which could result in its inho-
mogeneity as well as low surface area. Many other approaches,
including thermal evaporation, high temperature calcination,
and sol-gel method, had been developed for the fabrication
of nanostructured Zn,SnO4 [31-36]. Compared with the above
processes, the hydrothermal method has been paid more inter-
est due to its operational simplicity, cost-efficiency, and the
capability for large-scale production. As expected, this approach
could lead to crystalline products with pronounced photocatalytic
performance.

In the present study, we reported a hydrothermal route to
synthesize nanocrystalline Zn,SnO4 microcubes, and the result-
ing Zn,Sn0,4 microcubes were used for the degradation of typical
indoor air pollutants. When compared with hydrothermally syn-
thesized ZnO, SnO, counterparts, Degussa TiO, P25, as well as
C doped TiO,, the nanocrystalline Zn,SnO4 microcubes demon-
strated an enhanced photocatalytic activity for the degradation
of NO and HCHO at typical concentrations for indoor air qual-
ity under UV-vis light irradiation. In addition, the as-synthesized
nanocrystalline Zn,Sn04 exhibited high photochemical stability in
the degradation of NO under UV-vis light irradiation. This study
presents a promising approach for scaling-up industrial production
of Zn,Sn0y4 catalysts and suggests that the synthesized nanocrys-
talline Zn,Sn0O4 microcubes are potential photocatalysts for indoor
air purification.

2. Experimental
2.1. Synthesis

All chemicals in this study were of commercially available
analytical grade. Deionized water was used in all experiments.
The nanocrystalline Zn,Sn0O4 microcubes were synthesized via a
hydrothermal route. In a typical procedure, 2 mmol of SnCls-5H,0
and 4 mmol of ZnSO4-7H,0 were dissolved into 35 mL of deion-
ized water to form two transparent solutions, respectively. The two
solutions were mixed together, and then 2 g of cellulose acetate
(CA) was added to the above mixture under vigorous magnetic
stirring for 10 min. Then 0.5 M NaOH solutions were added drop-
wise into the above mixed solution until the pH of the suspension
was adjusted to 10 under magnetic stirring. The white suspension
obtained was transferred to a 100 mL Teflon-lined stainless steel
autoclave and heated at 220°C for 48 h. After the autoclave was
cooled naturally to room temperature, the final precipitates were
filtered and washed repeatedly with distilled water and absolute
alcohol and dried in air at 60°C. For comparison to the resulting
nanocrystalline Zn,SnO,4 microcubes, ZnO and SnO, counterparts
were also prepared at the absence of SnCl4-5H,0 or ZnSO4-7H,0
using the same hydrothermal synthesis route following a calcina-
tion at 500 °C for 4 h, respectively.
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Fig. 1. XRD patterns of the as-prepared samples. Zn,Sn0O4 microcubes (a); ZnO (b);
and SnO; (c).
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Fig. 2. SEM images at low magnification (a, b) and high magnification (c), EDX pattern (d) of the resulting Zn,Sn0O,4 samples; SEM images of the hydrothermally synthesized

ZnO (e) and SnO; (f), respectively.

2.2. Characterizations

X-ray powder diffraction patterns were obtained on a Broker D8
Advance X-ray diffract meter with Cu Ka radiation (A =1.54178 A).
Scanning electron microscopy images were recorded on a LEO
1450VP scanning electron microscope. Transmission electron
microscopy (TEM) study was carried out on a Philips CM-120
electron microscope. The samples for TEM were prepared by dis-
persing the final powders in ethanol; the dispersion was then
dropped on carbon-copper grids. Furthermore, the obtained pow-
ders deposited on a copper grid were observed by a high-resolution
transmission electron microscope (HRTEM; JEOL J[SM-2010 micro-
scope) operating at 200 kV. UV-vis diffuse reflectance spectra were

recorded on the Cary 300 UV-vis spectrophotometer equipped
with an integrated sphere at room temperature. X-ray photoe-
mission spectroscopy (XPS) spectra were recorded on a PHI 5600
multi-technique system with a monochromatic Al Ko source (Phys-
ical Electronics) operated at 150W (15kV, 10 mA). The nitrogen
adsorption and desorptionisotherms at 77 Kwere measured using a
Micromeritics ASAP2010 system after samples were vacuum-dried
at 473 K overnight.

2.3. Photocatalytic experiments

The photocatalytic experiments on the resulting samples for
degradation of NO and HCHO at typical concentrations for indoor
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air quality were performed at ambient temperature in a contin-
uous flow reactor. The volume of the rectangular reactor which
was made of stainless steel and covered with Saint-Glass was 4.5L
(10cm x 30cm x 15cm (H x L x W)). One dish containing the 0.2 g
of photocatalyst powders was placed in the middle of the reactor.
A 300 W commercial tungsten halogen lamp (General Electric) was
used as the UV-vis light source. The lamp was vertically placed
outside the reactor above the sample dish. Four mini-fans were
fixed around the lamp to avoid the temperature rise of the flow
system. The integrated UV intensity in the range 310-400 nm was
720+ 10 wW/cm?2. The photocatalyst samples were prepared by
coating an aqueous suspension of the resulting samples onto a dish
with a diameter of 5.0 cm. The dishes containing the photocatalyst
were pretreated at 70°C until complete removal of water in the
suspension and then cooled to room temperature. NO and HCHO
gas were selected as the target pollutant for the photocatalytic
degradation at ambient temperature. The NO gas was acquired
from a compressed gas cylinder at a concentration of 48 ppm NO
(N, balance, BOC gas) with traceable National Institute of Stands
and Technology (NIST) standard. The HCHO gas was obtained from
Linde Canada Limited at a concentration of 100 ppm. The initial
concentration of NO and HCHO were diluted to about 400 ppb and
2 ppm by the air stream supplied by a zero air generator (Thermo
Environmental Inc., Model 111), respectively. The desired humidity
level of the NO and HCHO flow was controlled at 70% (2100 ppmv)
by passing the zero air streams through a humidification chamber.
The gas streams were premixed completely by a gas blender, and
the flow rate was controlled at 4L min~! by a mass flow controller.
After the adsorption-desorption equilibrium among water vapor,
gases, and photocatalysts was achieved, the lamp was turned on.
The concentration of NO was continuously measured by a chemilu-
minescence NO analyzer (Thermo Environmental Instruments Inc.,
Model 42c), which monitors NO and NO, with a sampling rate of
0.7 L/min. The removal rate (%) of NO was the ratio of the concen-
tration of NO in the feeding stream and the concentration of NOy
(NO and NO,) in the outlet stream. The reaction of NO with air was
ignorable when performing a control experiment with or without
light in the absence of photocatalyst.

As per the HCHO analysis, firstly, an acidified 2,4-
dintrophenylhydrazine (Waters Sep-Pak DNPH-silica) equipped
with a Desert Research Institute (DRI)’s standard carbonyl sampler
was used to collect the HCHO according to the USEPA TO-11
method. After sampling, all the cartridges were capped and
wrapped in pouches provided by Waters. The pouches were stored
in a refrigerator at —10°C and were analyzed within 1 week.
The cartridge was then eluted with 5mL of acetonitrile (HPLC
grade). At last, the DNPH-carbonyl derivatives were analyzed
by injecting 20 L of the sample into a high performance liquid
chromatography (HPLC, Perkin Elmer Series 200). The HPLC system
consisted of a dual wavelength absorbance detector (Perkin Elmer
UV/VIS) operating at 365 nm with a binary pump (Perkin Elmer
Series 200) and an in-line degasser. A nova-Pak (Waters) C18
reverse phase column (150 mm x 3.9 mm) with a particle size of
4mm and pore size of 60 A was used to separate the hydrazones.
The use of the reverse phase column is to facilitate the separation
of HCHO from other aliphatic hydrazones since the hydrazones
are eluted in the order of decreasing polarity. The mobile phase
consisted of two solvent mixtures, namely mixture A: 6:3:1 (v/v)
of water/acetonitrile/tetrahydrofuran; and mixture B: 4:6 (v/v)
of water/acetonitrile. The gradient program is 100% A for 1 min,
followed by a linear gradient from 100% A to 100% B in 10 min. The
flowrate is 1.5 mL/min. The HCHO concentration was calibrated by
a standard purchased from Superco (CARB Method 1004 DNPH Mix
2). The removal rate (%) of HCHO was the ratio of the concentration
of HCHO in the feeding stream and the concentration of HCHO in
the outlet stream.

(a)

100 nm

Fig. 3. TEM at low magnification (a) and high magnification (b), and HRTEM images
(c) of the resulting Zn,SnO4 samples.
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3. Results and discussion
3.1. XRD patterns of the as-prepared samples

The power X-ray diffraction (XRD) pattern provides crystallinity
and phase structures information for the obtained samples (Fig. 1).
All the diffraction peaks in the XRD pattern can be indexed to
cubic Zn,Sn04 with a lattice parameter a=8.65 nm according to the
standard XRD data file (JCPDS File No. 74-2184) (Fig. 1a). The diffrac-
tion peaks at 20 values of 29.24°, 34.42°, 35.93°, 41.72°, 51.89°,
55.21°,and 60.57° can be ascribed to the reflection of (220),(311),
(222),(400),(422),(511),and (44 0) planes of the cubic Zn,Sn04,
respectively. The broad peaks indicate the nanocrystalline nature
of the materials. Estimated from the prominent (31 1) reflection
using the Scherrer’s equation, the average crystallite size of the
Zn,Sn0y4 crystals was about 15 nm. No other impurity phases such
as ZnO, Sn0O, were found, indicating the good phase purity of the
cubic Zn,Sn04 products. The chemical mechanism for hydrother-
mal formation of the nanocrystalline Zn,SnO,4 can be expressed
in Egs. (1) and (2). Prior to the hydrothermal process, Zn(OH), and
Sn(OH), precipitates are formed (Eq. (1)). During the hydrothermal
stage, Zn,Sn04 crystals are formed from the Zn(OH); and Sn(OH),
precipitates using NaOH as the alkaline mineralizer (Eq. (2)). Cel-
lulose acetate could serve as a surfactant during the hydrothermal
process. In addition, as shown in Fig. 1b and c, ZnO (JCPDS File No.
5-665) and SnO, (JCPDS File No. 77-451) counterparts were also
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obtained at the absence of SnCly-5H,0 or ZnSO,4-7H,0 using the
same hydrothermal method, respectively.

2Zn%** +Sn** + 80H™ — 2Zn(OH), + Sn(OH), (1)
2Zn(OH), + Sn(OH)4 — Zn,SnOy4 + 4H,0 2)

3.2. SEM and TEM images of the as-prepared samples

The morphology of the resulting samples was investigated by
scanning electron microscopy (SEM) (Fig. 2). As seen in the typical
SEM image at low magnification (Fig. 2a), the general morphology
of the as-synthesized Zn,Sn0,4 product is monodispersed and reg-
ular uniform cube-shaped with a width size ranging from 0.8 to
1.2 wm. The SEM images at high magnification show that the sur-
faces of these Zn,Sn0,4 microcubes are rough and porous as they
comprised of numerous nanoparticles, these nanoparticles contact
closely and therefore many porous holes can be observed (Fig. 2b
and c). Furthermore, energy dispersive X-ray (EDX) spectroscopy
analysis reveals that carbon, zingc, tin, and oxygen elements coex-
ist in the synthesized Zn,SnO4 microcubes (Fig. 2d), where carbon
comes from the surface adventitious carbon from atmosphere and
the conductive adhesive tape for SEM measurement. The average
atomic ratio of Zn/Sn/O is 1.95:1:4.23 (inset of Fig. 2d), indicating
the product is oxygen-rich. The excess oxygen might arise from
the surface OH, adsorbed H,0, and carbonate species on the sur-
face. The results of XRD, SEM and EDX indicated nanocrystalline
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Fig. 4. XPS spectra of the resulting Zn,Sn04 samples, survey (a); and high resolution spectra of Zn 2p (b), Sn 3d (c), O1s (d).
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(311) plane of the cubic phase of Zn,Sn0O,4 (JCPDS File No. 74-
2184).

Zn,Sn0,4 microcubes could be obtained via this facile hydrothermal
method. For comparison, the morphologies of the hydrothermally
synthesized ZnO and SnO, are shown in Fig. 2e and f, respectively.
Different from the cubic shape of as-prepared Zn,SnQOy4, the ZnO
samples are solid stick-like, while the SnO, samples are irregular
bulk particles.

3.3. XPS spectra and BET specific surface area of the as-prepared
samples

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) were used to further
investigate the crystal structure and morphology of these nanocrys-
talline Zn,Sn0O4 microcubes (Fig. 3). It was observed that the
as-prepared Zn,Sn0O4 were monodispersed cubes with the edge
sizeranging from 0.8 to 1.2 pwm (Fig. 3a). These Zn,Sn04 microcubes
consist of a number of small crystallites with a diameter between
10 and 20 nm (Fig. 3b). These small crystalline particles contact
closely and originate interparticle porosity, indicating the porous
nature of nanocrystalline Zn,SnO4 microcubes. In order to investi-
gate the nanocrystalline nature of Zn,Sn0O4 microcubes, the sample
was characterized by HRTEM (Fig. 3c). HRTEM image reveals that
the Zn,Sn0O4 microcubes are architecturally porous. The parti-
cle sizes of the nanoparticles on the surface are in the range of
10-20 nm. The lattice spacing between adjacent lattice planes is
about 2.61 A, which corresponds to the interplanar spacing of the
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X-ray photoelectron spectroscopy (XPS) was further used to
probe the surface chemical compositions and its chemical oxida-
tion state of the as-prepared nanocrystalline Zn,Sn0O,4 microcubes
(Fig. 4). As shown from the survey spectra in Fig. 4a, element Zn,
Sn, O and C coexisted in the samples, where the carbon peaks are
attributed to the residual carbon from the sample and adventitious
hydrocarbon from XPS instrument itself. The Zn 2p spectrum con-
firms of the presence of Zn element in the products (Fig. 4b). The
binding energies of Sn 3ds;, and Sn 3d3);, are indexed to 486.3 and
494.8 eV, respectively (Fig. 4c). Meanwhile, O 1s spectra of the sam-
ples obtained at different time were also recorded (Fig. 4d). The
broad peak of O 1s can be fitted to two peaks at binding energies of
530.2 and 531.6 eV respectively by using a Gaussian fitting method.
The dominant peak at 530.2 eV is characteristics of oxygen in metal
oxide such as Sn—-0-Zn, and the other peak at around 531.6eV is
assigned to other oxygen components such as OH, H,O and carbon-
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Fig. 5. N, adsorption-desorption isotherms (a) and Barret-Joyner-Halenda (BJH) pore size distribution plots (b) of the nanocrystalline Zn,SnOs microcubes; N;

adsorption-desorption isotherms of the prepared ZnO (e) and SnO, (f), respectively.
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ate species adsorbed on the surface of Zn,Sn04. The results of XPS
are consistent with XRD and HRTEM results.

Fig. 5 shows the nitrogen adsorption/desorption isotherm
and pore size distribution curve of the resulting nanocrystalline
Zn,Sn04 microcubes. The physioadsorption isotherms can be
classified as type IV in the IUPAC classification with a distinct
hysteresis loop, which was characteristic of porous materials. The
Brunauer-Emmett-Teller (BET) specific surface area of the sam-
ple was 41.24m? g~!. Fig. 5b shows the Barrett-Joyner-Halenda
(BJH) pore size distribution plot for N,-sorption isothermals for
the resulting Zn,Sn04 product. The BJH analysis showed that the
nanocrystalline Zn,SnO,4 microcubes possessed pores with a mean
diameter around 16 nm. These results are consistent with the XRD
result and the observation in TEM image. However, the BET surface
areas of the prepared ZnO and the SnO, counterparts are only 8.81
and 2.59m?2 g~ !, respectively (Fig. 5c and d), which are much lower
than that of nanocrystalline Zn,SnO4 microcubes.

3.4. UV-vis DRS spectra of the as-prepared samples
We studied the optical absorption of the nanocrystalline

Zn,Sn04 microcubes to estimate their energy band gaps (Fig. 6).
It was found that nanocrystalline Zn,SnO4 microcubes presented
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Fig. 6. UV-vis diffuse reflectance absorption spectra (a), and the plots of (aehv)'/2
vs photon energy (hv) (b) of the resulting Zn,Sn04 samples.

strong photoabsorption properties in the UV light region (Fig. 6a).
The steep shape of the spectra indicated that the light absorption
was not due to the transition from the impurity level but was due
to the band gap transition. The absorption band gap energy, Eg, can
be determined by Eq. (3).

(ahv)" = K(hv — Eg) (3)

where hv is the photoenergy, « is the absorption coefficient,
K is a constant relative to the material. And n decides the char-
acteristics of the transition in a semiconductor. The energy band
gaps of Zn,Sn04 cubes could be estimated from the tangent line
in the plot of the square root of Kubelka-Munk functions against
photon energy (Fig. 6b). The tangent line, which is extrapolated to
(ahv)12 =0, indicates the band gap of the Zn,Sn0, cubes is about
3.25eV. This calculated band gap is narrower than 3.6 eV reported
in literatures due to its nanocrystalline nature [32-34].

3.5. Photocatalytic degradation of NO and HCHO

The nanocrystalline Zn,Sn0O4 microcubes were used to photo-
catalytically degrade NO and HCHO at typical concentrations for
indoor air quality in order to demonstrate their potential indoor
air purification application (Fig. 7). Fig. 7a shows the variation of
NO concentration (C/Cy) with irradiation time. Here, Cy is the ini-
tial concentration of NO, and C is the concentration of NOy after
photocatalytic degradation for t. As a comparison, direct photol-
ysis of NO, and photocatalytic oxidation of NO on ZnO and SnO,
counterparts were also performed under identical conditions. As
shown in Fig. 7a, NO could not be photolysed under UV-vis light
irradiation. Obviously, compared with ZnO and SnO,, the nanocrys-
talline Zn,Sn0,4 microcubes showed higher photocatalytic activity
under UV-vis light and their NO removal rate reached 69.9%, how-
ever, the degradation of NO on the ZnO and SnO, were only 42.1%
and 33.1%, respectively. The NO removal efficiency of the nanocrys-
talline Zn,Sn0,4 microcubes was also much higher than the famous
photocatalyst Degussa TiO, P25, which could only remove 8% NO in
10 min under simulated solar light irradiation [3,30]. Moreover, the
photocatalytic activity of the nanocrystalline Zn,SnO,4 microcubes
was even significantly higher than that of C-doped TiO; (25% of NO
removal in 10 min) [3,30].

For a clearly quantitative comparison, we used the
Langmuir-Hinshelwood model (L-H) to describe the rates of
photocatalytic oxidation of NO on nanocrystalline Zn,SnOg4
microcubes [37]. The initial photocatalytic degradation of NO
was found to follow mass-transfer-controlled first-order kinetics
approximately as a result of low concentration target pollutants,
as evidenced by the linear plot of In(C/Cy) versus photocatalytic
reaction time t. The initial rate constant of the NO degradation
over the nanocrystalline Zn,Sn0O4 microcubes under UV-vis light
irradiation was estimated to be 0.0829min~!. This constant is
significantly higher than that over the ZnO (0.0693 min~!) and
Sn0, (0.0507 min~!) counterparts (Fig. 7b). The photocatalytic
oxidation of gaseous NO has been proposed to involve reactions
displayed in Eqgs. (4)-(7). Nitrogen monoxide reacted with reactive
radicals to produce HNO, and HNOs [30].

NO + 2.0H — NO, +H,0 (4)
NO; +-OH — NO3~ +H* (5)
NO + NO, +H,0 — 2HNO, (6)
NOx 4+ -0~ — NO3~ (7)

In the present study, the inlet HCHO concentration was condi-
tioned to 2 ppm as it is the common level in “sick buildings”. HCHO
could not be photolysed under simulated solar light irradiation.
The typical plots describing the decrease in the concentration of
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Fig. 7. Plots of the UV-vis light induced decrease in NOy concentration vs irradiation time in the presence of nanocrystalline Zn,Sn0O4 microcubes, ZnO, SnO, counterpart,
and the photolysis of NO (a); dependence of In(C/Cy) on irradiation time in the presence of nanocrystalline Zn,SnO4 microcubes, ZnO, SnO, counterpart for degradation of NO
(b); plots of the decrease in HCHO concentration vs irradiation time in the presence of nanocrystalline Zn,SnO4 microcubes (c); and the stability of nanocryatalline Zn,;SnO4

microcubes in multiple runs of degradation of NO (d).

formaldehyde as a function of reaction time are shown in Fig. 7c.
The photodegradation of HCHO on the nanocrystalline Zn,SnOg4
microcubes was 26.4%, suggesting that the resulting Zn,SnO4 cata-
lysts could be used for air purification. The photocatalytic oxidation
of gaseous formaldehyde has been proposed to involve a carbonyl-
radical-mediated chain reaction, which is mediated by hydroxyl
radicals, superoxide radicals, and/or hydrogen peroxide. Under a
specific illumination, if the number of HCHO molecules adsorbed
on Zn,Sn0y4 surface is much larger than the number of photogen-
erated holes on the Zn,Sn0O4 surface, most of the absorbed HCHO
molecules will be oxidized to formic acid (Eq. (8)). When the num-
ber of the holes photogenerated on Zn,Sn0, surface is much larger
than the number of the adsorbed HCHO molecules, the proportion
of mineralization of HCHO to CO, might increase (Eq. (9)) [38].

HCHO + H,0 + h* - HCOOH + H* (8)
HCHO + H,0 + h*— CO, +H* 9)

Generally, the overall photocatalytic activity of a semicon-
ductor is primarily decided by its adsorption ability, structure,

morphology, and electronic configuration. This enhanced photocat-
alytic activity of the nanocrystalline Zn,Sn0O4 microcubes could be
attributed to its porous structure with a high surface area, smaller
particle size, special porous structures, and special electronic con-
figuration. Firstly, the porous structure of the Zn,SnO,4 microcubes
was favorable for the diffusion of intermediates and could enhance
the photocatalytic activity. Secondly, the specific surface area of
Zn,Sn0, calculated by the BET method was 41.24m2g~!, while
the specific surface area of the ZnO and SnO, counterparts were
merely 8.81 and 2.59m?2 g1, respectively (see Fig. 5), the activ-
ity enhancement of nanocrystalline Zn,;Sn0O4 microcubes should be
attributed to their large specific surface area. Thirdly, the nanocrys-
talline Zn,Sn04 microcubes has possessed a high photoabsorption
coefficient in the UV light region (see Fig. 6), indicating that the as-
prepared nanocrystalline Zn,SnO4 microcubes can utilize UV-vis
light effectively. Fourthly, in addition to the porous morphology and
large surface area, its special electronic configuration and intrinsic
oxygen vacancy may also be responsible for the high photocatalytic
activity of Zn,SnOy4. The wide band gap of Zn,SnO4 endows the
photogenerated holes and electrons with strong redox ability. For
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the ternary semiconductors, the conduction band is usually highly
dispersive because of the hybridization of the orbitals, which pro-
motes the mobility of the photogenerated electrons, leading to the
enhancement of charge separation [39].

All those photocatalysts contain a central metal ion with d1°
or d° electronic configuration, which has been reported to be
favorable for the separation of photogenerated electron/hole pairs.
The stability of a photocatalyst is important for its practical
application. It was reported that the N-doped TiO, and sulfide
photocatalysts sometimes suffer from instability under repeated
use. Comparing with aqueous-phase photocatalytic reaction, an
important disadvantage existing in gas-phase photocatalytic reac-
tions is that the intermediates generated by photocatalysis would
accumulate on the surface of the photocatalyst to deactivate
the photocatalyst during the photocatalytic process in the gas
phase, while water is able to remove reaction intermediates from
the photocatalyst surface in aqueous-phase photocatalytic reac-
tion system, which can alleviate the deactivation of photocatalyst
[40,37].

To further study the stability of the nanocrystalline Zn,Sn0Oy4
microcubes on photocatalytic oxidation of NO in gas phase, we
carried out the multiple runs of photocatalytic experiment with
the used Zn,Sn0O,4 microcubes (Fig. 7d). It was interesting to find
the Zn,Sn0O4 microcubes catalyst only exhibited slight deactiva-
tion after eight cycles of repeated experiments, suggesting that the
Zn,Sn04 microcubes are promising for indoor air purification under
UV-vis light irradiation.

4. Conclusions

In summary, nanocrystalline Zn,SnO4 microcubes were
hydrothermally synthesized and used to remove NO and HCHO
in indoor air under UV-vis light irradiation. On degradation of
NO at 400 ppb and HCHO at 2 ppm level, which are typical con-
centrations for indoor air quality, the nanocrystalline Zn,Sn0O4
exhibited superior photocatalytic activity to the hydrothermally
synthesized ZnO and SnO, counterpart powders, and Degussa
TiO, P25 as well as C doped TiO,. The excellent catalytic activity
and the stability of the nanocrystalline Zn,SnO4 microcubes
were attributed to their special microporous structure with large
surface areas and special electronic configuration. The porous
structure is favorable for the diffusion of intermediates and final
products of NO/HCHO oxidation, meanwhile, the special electronic
configuration is responsible for the better charge separation. This
work suggests that the nanocrystalline Zn,SnO4 microcubes are
promising photocatalytic materials for indoor air purification.
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