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Abstract

Zn0O-SnO, composites have been found to demonstrate photocatalytic activities. In this study, ZnO-
SnO, composites were synthesized using flux synthesis, a synthetic approach different from previous
studies, in which molten ZnCl, acted both as a reactant and as the flux for the reaction. Their
photocatalytic properties were measured for the degradation of the organic dye, methylene blue. It was
found that as the temperatures of the synthesis increase, the specific surface areas of the ZnO-SnO;
composites decrease, which would decrease their photocatalytic activities due to decreased adsorption of
the dye on the surface of the composites; while their crystallinity increases, which would increase their
photocatalytic activities due to the smaller concentration of defects and thus improved mobility of the
charge carriers. An interplay of those two factors affects their photocatalytic activities, with the composite
with the highest photocatalytic activity degrading approximately 95% of the methylene blue dye within
10 minutes. By changing the temperature of the flux synthesis alone, the crystallinity and surface area of
the ZnO-SnO, composite can be changed, which provides a possible way to obtain ZnO-SnO, composites
with relatively high crystallinity and surface area to maximize their photocatalytic activity.

1. Introduction

Organic pollutants have become one of the overwhelming problems of the world with growing
industrialization and population. One family of organic pollutants are organic dyes, which often come
from the textile industry, household products, or personal care products. The release of organic dyes as
wastewater are presently of great concern, because they may be toxic, carcinogenic and mutagenic;
meanwhile, their complete biodegradation is often very slow, which affects sunlight penetration and
photosynthesis.! Photocatalytic degradation, in which a catalyst is used to speed up the degradation of
organic dyes under light irradiation, is often viewed as the “green” approach for the degradation of
organic dyes into nontoxic products. A variety of semiconducting materials, such as TiO, and some
ternary oxides, have been reported as photocatalysts for the degradation of organic dyes.?°

Zn0-SnO, composites have been found to demonstrate photocatalytic activities for the degradation of
several different organic dyes under UV and visible light irradiation.'*-*2 Pure ZnO also demonstrate
photocatalytic activity'33, while pure SnO, shows only little photocatalytic activity, likely due to the fast
recombination of the photogenerated electron/hole pairs.''42% The conduction band of SnO is lower than
that of ZnO, so that it can act as the sink for the photogenerated electrons from ZnO; moreover, the
photogenerated positive holes in the valence band of SnO, can move to the valence band of ZnO, which
leads to more efficient charge separation and less electron-hole recombination, and results in increased
photocatalytic activities in ZnO-SnO, composites.1:1417-19.26.28.29.34.35 Erthermore, the sizes of the particles
in ZnO-SnO, composites are often small, with most of them being nanomaterials!?-16:18:21.23-2528.29.34 gn(
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some being porous?®?:34 which leads to increased surface area and thus increased photocatalytic
activities. !

In this study, we present ZnO-SnO, composites prepared by flux synthesis at different temperatures.
The flux synthetic method is a modification of the high-temperature solid state ceramic synthetic method.
In a flux synthesis, a selected inorganic salt is made molten by being heated above its melting point,
which acts as a solvent to dissolve the solid reactants in the synthesis and for crystallization of the
products. Compared to other synthetic methods, the flux synthesis has several advantages, such as
shortening the reaction time and lowering the reaction temperature by improving the diffusion rate of the
reactants, facilitating crystal growth with improved morphology and particle size homogeneity, and
manipulating particle sizes and morphologies®**-*. Therefore, the molten salt flux-mediated method
provides a straight-forward way to synthesize ZnO-SnO, composites with the possibility to tune the
crystallite sizes and crystallinities of the composite by varying synthetic conditions such as the
temperature. To our best knowledge, this is the first time the ZnO-SnO, composite has been prepared
using the flux method. The composites synthesized at different temperatures demonstrate varied
photocatalytic activities for the degradation of methylene blue, which will be discussed in terms of their
surface areas and crystallinities related to the synthetic temperatures.

2. Experimental
2.1 Materials

ZnCl,, BaCOs, and ZnO (reagent grade) were purchased from Flinn Scientific. SnO; (purity: >
99.9%) was purchased from Beantown Chemical. AgNOs (purity: > 99.9%) was purchased from Cynmar
Coorperation. All starting materials were used without further purification.

2.2 Synthesis of ZnO-SnO, composites

First, Ba,SnO4 was synthesized by heating BaCO; and SnO; at 2:1 molar ratio in air inside a muffle
furnace at 900 °C for 48 h, according to the literature method*4. The purity of the as-synthesized Ba,SnO,
was confirmed by powder X-ray diffraction (PXRD), and was then grinded with ZnCl, in a 1:2.5 molar
ratio in an agate mortar with pestle. The grinded mixture was then transferred to an alumina crucible,
heated to a reaction temperature of 400, 500, 600, 700, 800, and 900 °C, respectively, at a heating rate of
5 °C/min, and held at the reaction temperature for 24 h before cooling back down to room temperature.
During the synthesis, ZnCl; acted both as a reactant and as the molten salt flux to dissolve the other
reactant and facilitate crystallization of the products. The resulting light yellow (500 °C) or white (all
other temperatures) powder was washed with DI water until no CI- was left (confirmed by adding 0.100
M AgNO; solution to the decantant), and dried in air at room temperature.

2.3 Characterization

PXRD patterns were obtained on a Rigaku R-Axis Spider using Cu K, radiation (A=1.54056 A) from
a sealed tube X-ray source (40 kV, 36 mA) and a curved image-plate detector. Mid-infrared (400-4000
cmt) spectra were measured on an IR-Prestige 21 Shimadzu Fourier transform infrared
spectrophotometer (FTIR) equipped with a GladiATR accessory. Approximately 5 mg of powder was
loaded onto the sample stage, and the data were plotted as transmittance versus wavenumber. Bandgap
energies were measured by UV-vis diffuse reflectance spectra using a Shimadzu UV-3600/3100 UV-vis-
NIR spectrophotometer equipped with an integrating sphere. A pressed barium sulfate powder tablet was
used as the reference. The data were transformed using the Kubelka — Monk function, F(R).* Tauc plots
were plotted as (F(R)hv)? versus energy (hv). The optical bandgap energies were estimated from the



inflection point tangent to the linear portion of the absorption curve.*® Scanning electron microscopy
(SEM) images and elemental analyses was performed using an FEI Verios 460L field emission scanning
electron micro-scope (FESEM) equipped with an Oxford energy dispersive X-ray spectrometer (EDS).
Specific surface areas were determined using a Quantachrome ChemBET Pulsar TPR/TPD. Each sample
was degassed by heating to 250 °C under flowing N for 4 h, then cooled with liquid N2, and analyzed
using a 30% He/N, mixture.

2.4 Photocatalytic Organic Dye Degradation

For each ZnO-SnO- composite, a 30 mg sample was added to a 35 mL solution of 1.0 x 10° M of
methylene blue (MB) in a quartz glass tube. The suspension was magnetically stirred in the dark for ~20
min to ensure adsorption equilibrium and uniform dispersity. The mixture was then irradiated by a Xe arc
lamp with a photon flux of ~200 mW/cm?, while being magnetically stirred at room temperature. The Xe
arc lamp was equipped with an IR filter, and emits both ultraviolet (A > 230 nm) and visible (A > 400 nm)
light. Every 10 minutes, approximately 4 mL of the mixture was withdrawn and placed on the lab bench
for the solid powder to precipitate to the bottom. Absorbance of the clear liquid was then measured using
a Shimadzu UV-3600/3100 UV-vis-NIR spectrophotometer to monitor the change in concentration of
MB during the dye degradation process. After 60 minutes, the reaction mixture was removed from the
irradiation of light, and the solid was recovered by centrifugation. PXRD patterns were taken on each
recovered solid sample and compared to the PXRD patterns of the as-prepared solid samples to test for
any structural changes during the dye degradation process.

As control experiments, the same procedure was performed on the same MB solution under light
irradiation without any ZnO-SnO, composite, as well as on the same MB solution with ZnO-SnO.
composite synthesized at 500 °C without light irradiation. To verify that the composites obtained are
actually composites instead of simple phase mixtures, the same procedure was also performed on pure
ZnO and pure SnO», each heated to 500 °C for 24 hours under the same heating procedure as in the
syntheses of the composites, as well as on a simple mixture of ZnO and SnO; (2.5:1 molar ratio) that was
also heated to 500 °C for 24 hours under the same heating procedure as in the syntheses of the
composties.

3. Results and Discussion
3.1 Synthesis and Characterizations

The synthetic method was originally designed for the synthesis of Zn,SnQO, using the reaction:
Ba,SnO4 + 2ZnCl; — Zn,Sn04 + 2BaCl,. An excess amount of ZnCl, was added into the starting
materials (n(ZnCl,): n(Ba2Sn0,) = 2.5:1, instead of 2:1 as indicated by the stoichiometry) to ensure
complete reaction of Ba,SnO.. However, since the synthesis was performed in air, the resulting Zn,SnO4
likely decomposed into ZnO and SnO, leading to an overall reaction: Ba,SnO4 + 2ZnCl, — 2Zn0O +
SnO; + 2BaCl,. All syntheses were performed above the melting point of ZnCl; (290 °C), thus ZnCl,
acted both as a reactant and as a flux to accelerate the diffusion rate of other reactants. After the reaction,
the products were washed with DI water until there was no CI- left to remove BaCl, and any excess
ZnCls. Since the synthetic method was originally designed for the synthesis of Zn,SnO., we have
synthesized Zn,SnO, using a hydrothermal synthesis according to the literature*” instead, and conducted
the same characterizations and measurements on it to compare to the ZnO-SnO, composites in this work.

The PXRD patterns of the composites are compared to the PXRD patterns of pure ZnO* and pure
SnO,* from literature, and the results are shown in Figure 1. The composites synthesized at 500, 600,



700, 800, and 900 °C are composed of ZnO and SnO,. The composite synthesized at 400 °C is mostly
amorphous with only one very broad peak, so it is not possible to tell its composition from its PXRD
pattern. For those composites, as the temperature of the synthesis increases, the heights of the SnO;
reflections increases, while heights of the ZnO reflections remain relatively unchanged, which indicates
that the crystallinity of the SnO; in the composites increases while the crystallinity of the ZnO in the
composites remains unchanged. The crystallinity of SnO- in each sample is represented by the ratio of the
height of the most intense reflection of SnO; (Peak a in Figure 1) to that of the most intense reflection of
ZnO (Peak b in Figure 1) and shown in Figure 2. For the composite synthesized at 400 °C, since the most
intense reflection of SnO is not present in its PXRD pattern, its crystallinity is marked as zero.

Interestingly, the color of the composite synthesized at 500 °C is slightly yellow, which is different
from the composites synthesized at all other temperatures. ZnO is known to turn yellow when heated, due
to a small loss of oxygen at high temperature that leads to oxygen vacancies (i.e. higher Zn to O ratio) in
the ZnO lattice®. Since the composite synthesized at 500 °C also has lower crystallinity compared to
composites synthesized at higher temperatures and the highest Zn to O ratio in its composition (as shown
in Table 1), having defects is a possible cause for its light yellow color.
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on the most intense peak of SnO; (Peak a in Figure 1) in the PXRD patterns (where B is the crystallite
size, the K factor is 1, A is the wavelength of the X-ray radiation (1.54056 A), B is the full width at half
maximum intensity of the peak, and 6 is the angle for the XRD peak), the crystallite size of the
composites has been estimated as approximately 0.2 um, which is much larger than nanoparticles,
therefore, the composites synthesized are not nanoparticles..

No peak broadening was observed on the PXRD patterns. Using the Scherrer equation®; B =
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Figure 1 PXRD patterns of the all composites in this work. The ZnO peaks are marked with “x”, while the
SnO; peaks are marked with “o”. The composite synthesized at 900 °C has a couple impurity peaks, and

elemental analysis showed that it contains a small amount of Ba, so that is likely the origin of those
impurity peaks.
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Figure 2 Specific surface area (left axis; blue circles) and crystallinity of SnO; (right axis; red triangles) in
each composite. Crystallinity is represented by the ratio of the height of the most intense peak of SnO,
(Peak a in Figure 1) to the height of the most intense peak of ZnO (Peak b in Figure 1). The composited
synthesized at 400 °C is amorphous, so its peak height is assumed to be zero.

The specific surface areas of each ZnO-SnO, composite are shown in Figure 2 and listed in Table 1.
As the synthetic temperature increases, the surface area decreases, likely due to coalescence of solid
particles.

Synthetic Temperature (°C) 400 500 600 700 800 900
Specific Surface Area (m?/g) 90 33 20 14 9.1 7.4
n(ZnO)/n(Sn0y) 0.78 2.77 2.51 2.06 2.34 2.40
Bandgap Energy (eV) NA 3.30 3.28 3.27 3.29 3.28

Table 1 Specific surface areas, compositions, and bandgap energies of the ZnO-SnO, composites
synthesized in this work.



The IR spectra of the composites are shown in Figure 3. All composites showed a broad peak in the
range of 400-700 cm, which corresponds to the Zn-O stretch (457 cm™)2 in ZnO and the Sn-O stretch in
SnO; (a series of peaks between 526 cm™ and 690 cm*)32. For the composite synthesized at 400 °C, the
peak appears to be just one broad peak; while for composites synthesized at 500 °C and above, the peak
appears to have separated into two: one is a more intense peak just above 400 cm, which likely
corresponds to the Zn-O stretch, the other is a shoulder (composites synthesized at 500 °C and 600 °C) or
a series of less intense peaks (composites synthesized at 700 °C, 800 °C, and 900 °C) between 570 cm™*
and 690 cm, which likely corresponds to the Sn-O stretch. That difference in IR spectra of the
composites synthesized at different temperatures is likelydue to the increased crystallinity of the
composites as the synthetic temperature increased.
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Figure 3 IR spectra of the ZnO-SnO, composites in this study. The synthetic temperature of each
composite is included in the figure legend. The peaks corresponding to the Zn-O stretch and the Sn-O
stretch are indicated in the figure.

AN
o
o
o

The SEM images (Figure 4) of the composites synthesized at 400 °C show particles of different sizes
and shapes, while the SEM images of composites synthesized at higher temperatures show coalesced
particles. The heterojunctions between ZnO and SnO; are not shown in the SEM images, thus from the
SEM images alone, it is inconclusive whether the samples synthesized were composites. The elemental
analysis (represented as n(ZnO)/n(Sn0Oy) in Table 1) revealed an average molar ratio of Zn: Sn ~2.4: 1
for composites synthesized at 500 °C and above, consistent with the molar ratio of the starting materials.



The elemental analysis for the composite synthesized at 400 °C, however, revealed a molar ratio of Zn:
Sn = 0.78: 1, which indicates that it still contains both ZnO andSnO,but with less ZnO than the other
composites. Since it has been found that ZnCl; only starts to get partially oxidized to ZnO when the
temperature reached 400 °C%, it is likely because synthetic reaction and crystallization of the composite
was incomplete after heating for 24 hours at 400 °C, and when the product was washed with water, the
excess ZnCl, was dissolved and remained in the decantant. The elemental analysis for the composite
synthesized at 900 °C aslo revealed a small amount of Ba in the sample, likely due to Ba,SnO4
decomposed to BaO at the high temperature, which accounts for the few impurity peaks in the PXRD
pattern of that composite.
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Figure 4 SEM images of the ZnO-Sn0O, composites synthesized at (a) 400 °C, (b) 500 °C, (c) 600 °C, (d)
700 °C, (e) 800 °C, (f) 900 °C.
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Optical diffuse reflectance spectra of the ZnO-SnO, composites synthesized at 500 °C and above are
shown in Figure 5, and their bandgap energies are listed in Table 1. The composite synthesized at 400 °C
is amorphous, thus its band gap size was not measured. The bandgap energies are similar for all
composites, and are all right outside the visible light region. The bandgap energy of the light yellow
colored composite synthesized at 500 °C is not significantly different from those of the white colored
composites synthesized at other temperatures, which indicates that its color likely does not come from any
differences in their band gap. The bandgap energies for all ZnO-SnO, composites are between that of
pure ZnO (3.17 eV) and that of pure SnO; (3.55 eV),* which also indicates that the materials synthesized
contain both ZnO and SnO..
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Figure 5 UV-Vis Diffuse Reflectance Spectra for bandgap energymeasurements of composites
synthesized at 500 °C and above.

3.2 Photocatalytic Activities

The photocatalytic activity of each ZnO-SnO, composite was investigated for the degradation of the
organic dye, methylene blue (MB). During each photocatalytic MB degradation reaction and each control
reaction, the concentration of MB in the solution was monitored by UV-Vis spectra, and the results are
shown in Figure S2. For each experiment, at each time point, the concentration of MB in the solution is



represented by the height of the absorbance peak, which was calculated as the difference between the
bottom of the peak (calculated as an average of the beginning and the end of the peak if the baseline is not
flat) and the maximum of the peak. The heights of the absorbance peaks during the reaction were each
divided by the height of the absorbance peak at the beginning of the reaction to obtain the change of
concentration relative to the initial concentration (C/Co), and then plotted against time. The results are
shown in Figure 6(a) and 6(b). After each photocatalytic dye degradation experiment, PXRD pattern was
obtained on the composite used as the photocatalyst, and as shown in Figure S1, the structure of the
composite did not change before and after the photocatalytic dye degradation experiment, which indicates
that no chemical changes have occurred to the composites, consistent with their role as catalysts. To
verify that the ZnO-SnO, composites synthesized are indeed composites instead of simple phase mixtures
of ZnO and SnO-, pure Zn0O, pure SnO-, and a mixture of commercial ZnO and SnO; (at a molar ratio of
2.5:1, similar to that in the ZnO-SnO, composites in this study) were each heated to 500 °C for 24 h under
the same procedure as in the syntheses of the composites in this study, and the same photocatalytic
degradation of MB were performed with MB solution of the same concentration mixed with each of them.
The results are included in Figure 6(a) and 6(b). Also, since the synthetic procedure was initially designed
to synthesize Zn,SnO4, the same photocatalytic degradation of MB was performed on pure Zn,SnOs,
synthesized using a hydrothermal method, and the result was also included in Figure 6(a) and 6(b).

For a better comparison of the photocatalytic activities of composites synthesized at different
temperatures, pure ZnO, pure SnO., pure Zn,Sn0O4, and the simple phase mixture of ZnO and SnO; as
mentioned above, kinetic analysis was performed on the photocatalytic degradation of MB to obtain the
rate constants. Photocatalytic degradation of MB has been found to follow a pseudo-first order
mechanism?®:20:29:55%6;

C=Ce™orln CE =—kt (Equation 1)
0

where Co is the initial concentration of MB, C is the concentration of MB at time t, and k is the rate
constant of the photocatalytic MB degradation reaction. According to Beer-Lambert’s law, the absorption
is directly proportional to the concentration, so the absorptions of MB during the degradation reactions
were used in place of concentrations in Equation 1 to find the rate constants. The rate constants of the
photocatalytic MB degradation reaction catalyzed by each of the composites in this study, as well as for
pure ZnO, pure SnO,, pure Zn,SnO4, and the simple phase mixture of ZnO and SnO- as mentioned above
were determined using Equation 1, and the results were included in Figure 6(b).

As shown in Figures 6(a) and 6(b), The ZnO-SnO, composite synthesized at 400 °C showed much
lower photocatalytic activity compared to composites synthesized at higher temperatures. The
photocatalytic activity showed a slight decrease between the ZnO-SnO, composite synthesized at 500 °C
and that synthesized at 600 °C, then increases from the composite at 600 °C to the composite synthesized
at 900 °C. All composites synthesized in this study show high photocatalytic activities, especially the
composites synthesized at 500 °C and above: when catalyzed by those composites, the concentration of
the dye decreased to 10% or less of the original concentration after approximately 10 minutes, and
completely degraded after 20 minutes. The rate constants of the MB degradation reactions catalyzed by
the composites in this study are all comparable or higher than reported for ZnO-SnO, composites in
literature>20:295556 The rate constant of the MB degradation reactions catalyzed by ZnO is much higher
than catalyzed by SnO,, and the rate constant of the reaction catalyzed by the 2.5: 1 mixture of ZnO and
SnO: is in between those two, which is consistent with it being a simple phase mixture of ZnO and SnO..
By contrast, the rate constants of the MB degradation reactions catalyzed by composites synthesized at
500 °C and above are all comparable or higher than the rate constants of the reaction catalyzed by pure



ZnO, pure SnO;,, pure Zn,SnO4, and the simple phase mixture of ZnO and SnO; at 2.5 to 1 molar ratio,
which indicates higher photocatalytic activities for those composites, and thus they are likely composites
instead of simple mixtures of ZnO and SnO,.
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Figure 6 (a) Photocatalytic degradation of MB in aqueous solution (initial concentration: 1.0 x 10° M)
with each ZnO-SnO, composite (30 mg composite in 35 mL MB solution, or 0.857 g composite/1 L MB
solution) synthesized at different temperatures, represented as the ratio of the concentration of the
remaining dye to the original concentration of the dye with time, monitored by UV-Vis spectra. The
results of the control experiments are also shown in the figure. (b) The rate constants (with error bars) of
each photocatalytic dye degradation reaction mixed with different solids. The rate constants of the
photocatalytic dye degradation reactions catalyzed by the samples synthesized at different temperatures
were represented by the black squares, and the rate constants of photocatalytic dye degradation reactions
mixed with pure ZnO heated at 500 °C for 24 hours (magenta), pure SnO, heated at 500 °C for 24 hours



(green), pure Zn,SnO4 (red), and a simple mixture of ZnO and SnO; at 2.5: 1 molar ratio heated at 500 °C
for 24 hours (blue), were also included in the figure (placed at arbitrary synthetic temperatures) for
comparison.

During the photocatalytic degradation of MB in water, the compounds absorb photons with energies
greater than their bandgap energies, which leads to electron transfer from the valence band to the
conduction band, creating positive holes in the valence band. The holes can then directly oxidize the
carboxylic acid groups in MB and resulting in its degradation.” With the bandgap energies around 3.17 eV
and 3.55 eV, respectively, the electrons in ZnO and SnO: can be excited by light of wavelengths 391 nm
and 349 nm, respectively, both of which are in the UV region.*® Since the bandgap energies of the ZnO-
SnO; samples are around 3.30 eV, their photocatalytic activities likely come from excitation by the UV
light from the lamp. Under light irradiation, electrons are excited from the valence band into the
conduction band, leaving positive holes in the valence band, and both the holes and the excited electrons
will lead to the formation of «OH and O radicals, which further leads to the degradation of the
dye."1518.19.27-29 Therefore, materials with high photocatalytic activities must be able to absorb the energy
of the light irradiation and generate excited electrons and holes, and the photogenerated electrons and
holes must have long enough lifetime for them to generate the radicals. It has been found that the
conduction band of SnO; is lower than that of ZnO, so that it can act as the sink for the photogenerated
electrons from ZnO; moreover, at the heterojunction between ZnO and SnO, the photogenerated positive
holes in the valence band of SnO, can move to the valence band of ZnO, which leads to more efficient
charge separation and less electron-hole recombination, and results in increased photocatalytic activities
in ZnO-SnO, composites compared to pure ZnO or pure SnO; in which fast electron-hole recombination
hinders their photocatalytic activity (Figure 7).111417-19.26.282935 Gjnce rate constants (and thus
photocatalytic activities) of photocatalytic MB degradation reaction catalyzed by composites synthesized
at 500 °C and above are higher than the reaction catalyzed by the simple phase mixture of ZnO and SnO,
at similar molar ratio, the ZnO-SnO, composites synthesized at 500 °C and above are likely composites
with heterojunctions between ZnO and SnO;, instead of simple phase mixtures of ZnO and SnO..
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Figure 7 Schematic representation of the band gaps of ZnO-SnO, composites.

From the results, it is likely that the photocatalytic activities of the composites are affected by both
their specific surface areas and their compositions and crystallinities. As the synthetic temperature



increases, the surface area of the composites decreases (Figure 2), which leads to decreased photocatalytic
activity due to fewer sites to adsorb the dye molecules. By contrast, as the synthetic temperature
increases, the crystallinity increases (Figure 2), which leads to increased photocatalytic activity due to
smaller concentration of defects in the sample and thus higher mobility of the excited carriers (excited
electrons and/or holes)®"*8, as has also been shown in literature for other photocatalysts>*%. For the ZnO-
SnO; composite synthesized at 400 °C, although it has the highest specific surface area to adsorb the dye,
it is also amorphous and has a lower ZnO percentage likely due to the synthesis reaction being incomplete
at such low temperature. An amorphous solid has significantly more defects than a crystalline solid due to
its lack of long-range order, and thus the mobility of excited carriers are impeded®’>"*8, Meanwhile, a
lower ZnO percentage leads to fewer ZnO-SnO; heterojunction, which is critical for improved
photocatalytic activity of ZnO-SnO, composite, as discussed in the previous paragraph. Those two factors
likely accounts for its photocatalytic activity being the lowest among all composites. The composite
synthesized at 500 °C and above have similar compositions (ZnO: SnO = 2.4 on average) thus likely
similar number of ZnO-SnO; heterojunctions. The composite synthesized at 500 °C has a larger specific
surface area than composites synthesized at higher temperatures, but it also has the lowest crystallinity,
which partially negates the increase in its photocatalytic activity due to its large surface area, thus the
composite synthesized at 500 °C has only a slightly higher photocatalytic activity than those synthesized
at 600 °C and 700 °C and comparable photocatalytic activity as those synthesized at 800 °C and 900 °C,
despite its surface area being much higher. For composites synthesized at 600 °C and above, even though
the surface area decreases as the temperature of the synthesis increases, the crystallinity of the composite
increases, which leads to higher mobility of the excited carriers, and thus their photocatalytic activities
increase. Therefore, an interplay of the surface areas and crystallinities of the composites resulted in the
non-monotonically varied photocatalytic activity of the composites with their synthetic temperatures,

For comparison, the same experimental procedure for the photocatalytic degradation of MB was
performed on MB solution of the same concentration under light irradiation without any catalyst, and MB
solution of the same concentration with the ZnO-SnO, composite synthesized at 500 °C without light
irradiation. The results are also shown in Figure 5. Without any catalyst, MB showed much less
degradation under light irradiation. With the ZnO-SnO, composite but without light irradiation, the
concentration of MB in the solution decreased at the beginning of the experiment, likely due to the
adsorption of MB onto the solid particles of the composite; after that, the concentration of MB in the
solution remained the same. Those comparison experiments confirmed that the composites catalyzed the
degradation of MB under light irradiation.

Since both the surface area and the crystallinity of the composite can be changed by using different
temperatures in the flux synthesis, as indicated in Table 1 and Figure 2, the flux synthetic approach
provides a possible way to tune and maximize the photocatalytic activity of ZnO-SnO, composites: to
maximize the photocatalytic activity of the ZnO-SnO, composite, a moderate temperature should be used
in the flux synthesis to obtain a ZnO-SnO, composite with relatively high crystallinity without the surface
area getting too low.

4. Conclusion

Zn0O-SnO, composites were synthesized using the molten-salt flux mediated method at temperatures
ranging from 400 °C to 900 °C. Each synthesis was accomplished by reacting molten ZnCl, reacted with
Ba,SnOs, with ZnCl; being both the flux and one of the reactants. The crystallinity of the composites
increases as the synthetic temperatures increases, with the composite synthesized at 400 °C being
amorphous and also having the lowest percentage of ZnO in the composite. The specific surface areas of



the composites decrease with increasing synthetic temperatures. Under UV-Visible light irradiation, the
composites all demonstrated photocatalytic activities for the degradation of methylene blue, with the color
of the dye disappeared mostly within 10 minutes, and completely within 20 minutes using composites
synthesized at 500 °C and above. Photocatalytic activities of composites synthesized at 500 °C and above
are all higher than that of a simple phase mixture of ZnO and SnO., which indicates that they are likely
composites with ZnO-SnO; heterojunctions that enhanced their photocatalytic activities, instead of simple
mixtures of ZnO and SnO.. Their photocatalytic activities increase as their crystallinity increases and as
the percentage of ZnO in the composite increases, which is likely due to higher mobility of excited
carriers as well as increased ZnO-SnO; heterojunctions; and their photocatalytic activities decrease as
their specific surface areas decrease, which is likely due to the decreased active sites on the surface to
adsorb methylene blue molecules. Therefore, an interplay between the crystallinity and the surface areas
of the composites leads to their varied photocatalytic activities.

This study introduced a new approach to synthesize ZnO-SnO composites with high photocatalytic
activities for the degradation of organic dyes, and provided insights into factors that affect their
photocatalytic activities. Furthermore, since both crystallinity and surface areas of the composite change
with the temperature of the synthesis, the molten-salt flux mediated synthetic approach proposed here
provides a possible way to maximize the photocatalytic activity of the composite by changing the
temperature of the synthesis alone to produce ZnO-SnO, composites with relatively high crystallinity and
surface area.
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