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ABSTRACT: In this Communication, we report a facile
approach to synthesize a technologically important oxide
Zn,Sn0O, (ZTO) by a temperature-dependent solid-state
reaction without the Kirkendall effect. Single-phase defect-
free ZTO was formed upon calcination of a homogeneous
2:1 mixture of reactive ZnO rods and SnO, nanoparticles
at 1000 °C. We also observed interesting photocatalytic
and photovoltaic properties from the synthesized ZTO
material.

he ternary complex oxide zinc stannate, Zn,SnO,, (ZTO), is

an important n-type semiconducting oxide with a typical
inverse 2—4 cubic spinel structure with the Fd3m space group.
This mixed oxide exhibits high electron mobility (10—15 cm* V™!
s7h), high electrical conductivity, adequate thermodynamic
stability, and low visible absorption with a band gap of 3.6 eV.!
Interestingly, the compound ZTO also exhibits better properties
than its binary counterparts ZnO and SnO,, and therefore ZT O is
a potential candidate for dye-sensitized solar cells (DSSCs) 2 and
photocatalysis.> In addition, other minor applications such as,
sensors, transparent conducting electrodes, and electrodes for
lithium batteries are also being explored. Because of its complex
nature, the synthesis of phase-pure ZTO has been a highly
challenging task. The ZTO nanostructures have mainly been
synthesized by hydrothermal reaction.”***** In addition, there
are also scattered reports on chemical vapor deposition, thermal
evaporation, mechanical grinding, high-temperature calcination,
and sol—gel technique for the synthesis of ZTO.> In many cases,
the synthesized ZTO also lacks phase purity and exhibits the
presence of impure phases like ZnO or SnO,. Therefore,
considering the potential application of ZTO in photovoltaic and
photocatalytic applications, we have designed a cost-effective
facile approach, yielding a high percentage of defect-free and
impurity-free ZTO.

Here, we report the one-step synthesis of defect-free cubic
spinel ZT O by calcining a 2:1 mixture of hexagonal ZnO rods and
tetragonal SnO, nanoparticles at 1000 °C. The starting materials,
ZnO rods and SnO, nanoparticles, were synthesized through a
solution-processed sonochemical technique, followed by thermal
annealing at 300 and 600 °C, respectively.® For a typical batch
synthesis of ZTO, ZnO rods and SnO, particles were mixed in a
molar ratio of 2:1 and ground thoroughly in an agate mortar using
ethanol to make it homogeneous (Supporting Information, SI).
Thermogravimetric (TG) investigation of the mixture indicated
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only a very small weight loss of 0.42% up to 1200 °C. The
presence of a small exothermic peak around 878 °C in the
differential scanning calorimetric (DSC) data, on the other hand,
confirms the crystallization of ZTO (Figure S1 in the SI). Thus,
on the basis of thermal studies, the well-ground mixture was
calcined at 1000 °C for 8 h. To explore the temperature-
dependent evolution of the ZTO phase from a mixture of ZnO
and SnO,, we have carried out X-ray diffraction (XRD) analysis of
the starting materials and intermediate products. The com-
parative XRD patterns of ZnO rods, SnO, particles, the mixture,
and the calcined products are presented in Figure 1. The XRD
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Figure 1. XRD patterns of (a) ZnO, (b) SnO,, (c) the 2:1 ratio of ZnO
and SnO,, and the mixture calcined at (d) 800 and (e) 1000 °C.

reflections of the precursors ZnO (Figure 1a) and SnO, (Figure
1b) exactly match with the hexagonal ZnO (JCPDS 36-1451) and
tetragonal SnO, (JCPDS 03-1114), respectively, as shown in the
figure. The calculated lattice parameters of the employed ZnO
were a =3.252 A and ¢ = 5.208 A, whereas those of SnO, were a =
4.736 A and ¢ = 3.183 A. The mixture calcined at 800 °C (Figure
1d) also exhibited reflections corresponding to the ZnO and
SnO, phases similar to the starting mixture (Figure 1c). This
indicates the absence of any reaction occurring between ZnO and
SnO, up to 800 °C. The 1000 °C calcined mixture (Figure 1e), on
the other hand, exhibited a different X-ray pattern, which
appeared to be similar to the reported diffraction pattern of the
cubic ZTO spinel phase (JCPDS 74-2184). The calculated lattice
parameter of the formed ZTO was a = 8.717 A, which is
comparable to the reported lattice constant a = 8.650 A of the
cubic ZTO. From the XRD pattern, the successful formation of
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the cubic spinel ZTO from a homogeneous mixture of hexagonal
ZnO and tetragonal SnO, at 1000 °C has been confirmed. The
reaction of 2Zn0O + SnO, to form ZTO could occur as aresult of a
temperature-mediated diffusion-controlled solid-state reaction
(SSR). Such interdiffusion reactions usually result in the
formation of a porous layer on the more rapidly diffusing
component between the interface of two materials, like ZnO and
SnO, in this case.”* ¥ Therefore, in order to monitor the size and
morphology of the final product formed and thereby understand
the reaction mechanism, extensive morphological character-
izations were carried. The representative microscopic images are
presented in Figures 2a—d and S2, S3 in the SI. It is evident from

Figure 2. (a) SEM image of ZnO rods, FESEM image of (b) SnO,
nanoparticles, (c) TEM image of the mixture calcined at 1000 °C, along
with the image at high magnification (inset), and (d) HRTEM image of
the calcined mixture, along with the FFT of the particular HRTEM
(inset).

the SEM, FESEM, and TEM images that the rod shape of the
precursor ZnO having length between 1 and 5 ym and a diameter
of ~350 nm (Figures 2a and S2a in the SI) and the spherical
morphology of SnO, nanoparticles of sizes of around 10—20 nm
(Figures 2b and S2d in the SI). The high-resolution (HR)TEM
images confirm the single-crystalline nature of the individual ZnO
rods and SnO, nanoparticles, where the spacing corresponds to
the (002) and (110) reflections of ZnO and SnO,, respectively
(Figure S2b,e in the SI). The FESEM image of the 2:1 mixture
(Figure S3a in the SI) after grinding shows the attachment of
SnO, nanoparticles onto the ZnO rod surface without sacrificing
their individual morphology and size. After calcination, on the
other hand, significant changes in the morphology and size of the
starting materials were noticed. The final product exhibited
neither rod nor particle shape, as is evident from the
microstructures (Figure 2¢). Interestingly, with the concomitant
formation of ZT O, the formation of elongated but dense particles
without any Kirkendall pore formation was noticed. The formed
elongated particles exhibited widths of 50—100 nm and a length
of 300 nm, as is evident from the marked TEM image shown in
the inset of Figure 2c. It appears as if the initially attached SnO,
particles have diffused into the rod-shaped ZnO during
calcination, and subsequent SSR resulted in the formation of
elongated dense ZTO particles, which are attached to one
another like a self-assembled chain, as is evident in the inset of
Figure 2d. The SAED pattern shown in Figure S3b in the SI,
further confirms the highly crystalline nature of the formed ZTO.
It is interesting to note the formation of dense particles without
any pores, confirming the absence of any preferential

precipitation of ZTO on any of the binary oxide surfaces. The
preferential precipitation of ZT O could also lead to the formation
of disordered ZTO with nonequillibrium cation distribution.*®
This evidence confirms a simple SSR between ZnO and SnO,,
leading to the formation of dense ZTO nanostructures without
any Kirkendall effect.”*° This has been attributed to the effect of
the highly reactive starting materials that we have used. The above
observation is in contrast to the report of Shi and Dai on the
formation of porous ZT O tubes from ZnO nanorods through the
Kirkendall effect.** The HRTEM image confirms the single-
crystalline lattice fringe measured as 4.97 A corresponding to the
(111) reflection of cubic ZTO. It is interesting to monitor the
change in the morphology of the starting materials from rods and
particles to elongated assembled particles during the formation of
ZTO.

The room temperature UV—vis absorption and diffuse-
reflectance spectrum of the prepared ZTO are shown in Figure
S4 in the SI. The steep absorption spectrum that started to ascend
around 350 nm is ascribed to the intrinsic band-gap transition of
ZTO. Extrapolation of the linear part of the absorption edge
corresponds to the band gap (E,) of 3.8 eV, which is quite
analogous to the reported band gaps in the range of 3.2—3.9 eV
for ZTO.* In order to further assess the structural quality of the
phase formed, Raman spectra have been measured with a 514 nm
Ar” laser line at room temperature. In Figure 3, the Raman spectra
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Figure 3. Raman spectra of (a) ZnO, (b) SnO,, (c) a ZnO and SnO,
mixture, and a mixture calcined at (d) 800 and (e) 1000 °C, respectively.

of ZnO rods, SnO, particles, the mixture, and the mixture
calcined at 800 and 1000 °C, respectively, are presented. The
prime peak at 438 cm ™" for the precursor ZnO is attributed to the
Raman-active E, mode characteristic of the hexagonal wurtzite
phase. The observed additional bands at 101 and 380 cm™" are
assigned to the E,'®and A, (LO) modes, whereas the band at 332
cm™" is due to the multiphonon scattering process (Figure 3a).
The precursor SnO, exhibited characteristic Raman scattering
peaks at 633 and 777 cm ™', which respectively correspond to the
Ay, and B,, vibration modes of the tetragonal SnO, (Figure 3b).

As expected, the ground mixture of 2ZnO + SnO, exhibited the
Raman-active modes of both ZnO and SnO, (Figure 3c). It is
worth noting the retention of the above Raman bands up to the
calcination temperature of 800 °C, confirming the presence of
only unreacted oxides up to this temperature, which corroborates
the XRD results shown in Figure 1d. Finally, upon calcination at
1000 °C, an intense Raman-active band appeared at 669.5 cm™
corresponding to the A;, symmetric vibration of the Zn—O bonds
in the ZnO, tetrahedra of a fully inverse ZTO spinel.*®> Another
phonon mode at 530 cm™" corresponds to the F,, symmetric
bending of oxygen atoms in the M—O bonds of the MOq
octahedra (M = Zn or Sn). The most interesting observation is
the absence of a Raman band at 626 cm ™', which unambiguously
confirms the formation of defect-free cubic spinel ZTO by this
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process (Figure 3e).* This further corroborates our conforma-

tion of the formation of phase-pure dense ZTO nanostructures
by a SSR without any Kirkendall effect. In order to evaluate the
quality of the synthesized ZTO nanostructures, we have also
carried out some preliminary experiments on the photocatalytic
activity and DSSC efliciency of the same. The photocatalytic
activity of the as-prepared ZT O was investigated using the textile
dye Methylene Blue (MB), which is a major contaminant in the
wastewater.

The time-dependent absorption spectra of a MB solution upon
exposure to UV light, shown in Figure 4, exhibited a gradual
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Figure 4. UV—vis absorption spectra of a MB solution in the presence of
ZTO under UV light at different time intervals. Inset: C/C, of MB versus
time at different conditions.

decrease in the absorbance bands centered at 665 and 292 nm,
which disappeared completely after 75 min, suggesting the high
photocatalytic activity of the prepared material. The inset shows
changes in the concentration of MB with time, where C, and C
respectively signify the concentrations of MB before and after UV
exposure. Only a negligible change in the concentration of MB
was noticed in the dark. Interestingly, a similar trend was
observed in the absence of the catalyst. The observed color
change indicated the removal of MB in the solution because of its
photocatalytic degradation in the presence of ZT'O, which acted
as an eflicient photocatalyst. The loss in activity of the catalyst was
negligible after repeated usage, suggesting a higher stability of
ZTO as a photocatalyst. In addition, we have also carried out
some preliminary studies to use the prepared ZTO as a
photoanode for DSSC application similar to the conditions
used for ZnO rods.** The preliminary studies with N719 dye
molecule exhibited an extraordinarily high V. of 0.8605 + 0.01 V
and a fill factor of 73.76, although the measured efficiency was
below 1%. The V. values reported for ZTO-based devices varied
from 0.51 V to a maximum of 0.82 V.> The observed V,_ of the
device fabricated using the synthesized ZTO is interestingly
higher than the reported values.” Experiments with different dye
loadings and molecules are underway to exploit the utilization of
this single-step-synthesized ZTO as an efficient photoanode in
DSSCs. In summary, our results confirm that it is possible to
synthesize defect-free, impurity-free, cubic spinel ZTO by a facile
approach by calcining a 2:1 homogeneous mixture of reactive
hexagonal ZnO rods and tetragonal SnO, nanoparticles at 1000
°C. The microstructural investigations manifested a significant
change in the morphology of the final product ZTO compared to
the binary oxides. This could be one of the simplest, versatile, and
economically viable techniques investigated for the synthesis of
this technologically potent oxide. Moreover, the ZTO prepared
by this single-step process could be projected as an efficient
photocatalyst for wastewater treatment.
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Experimental details, TG—DSC data, TEM and HRTEM images,
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