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ABSTRACT: Many modern technologies rely on the functional materials that are
subject to their phase purity. The topic of obtaining pure crystals from the concomitant
allotropes is ever before the eyes of numerous researchers. Here we adopt a template-
inducing route and obtain the isolated allotropes located in the appointed regions in
the same reaction system. As a typical example, well-defined individual face-centered
cubic and orthorhombic ZnSnOj; crystals were successfully synthesized assisted by a
ZnO inducing template or without it in an identical solution, respectively. And the
different growing mechanisms of the ZnSnOj; allotropes were also proposed, which
takes a pivotal step toward the realization of allotropes dividing. Moreover, the two
individual pure-phased ZnSnOj; allotropes obtained in one reaction system exhibit
porous microspherical morphologies constructed by the tiny nanograins, resulting in
their high sensitivities to ethanol with fast response and recovery and good selectivity

and stability.

B INTRODUCTION

Allotropes are the special forms of chemical elements that
exhibit the different atoms’ arrangement and crystal structure.
However, in many materials it is an inevitable phenomenon
that the concomitant allotropes form synchronously in the
identical reaction system."” Currently there is substantial
research effort dedicated to understanding allotropes and to
exploring guriﬁcation techniques with convenient and accurate
operation.”* The exploration is very important not only to
inorganic chemistry but also to the entire field of chemistry and
material sciences, which has become a challenging problem in
related researches.>™® Almost all the materials, such as metals,
biomaterials, inorganic compounds, carbon materials, and
polymers, have allotrope structures that need the following
laborious purification assisted by temperature, stress, pH, and/
or doping controlling.”~"” For example, in the production of
carbon materials, such as carbon nanotubes and Cy, significant
amounts of carbonaceous impurities, including amorphous
carbon and carbon nanoparticles, are generated, and the
products often need to be purified rigorously using metal
catalyst and column chromatography, respectively, which limits
their large-scale applications and in-depth research;'*'? Vaterite
has been found in biological settings and proved as an
important precursor in several carbonate-forming systems;
however, up to now its crystal structure is still elusive for almost
a century because of the difficulties in obtaining its pure single
crystal from its two coexisting allotropes;* the high-pressure
allotropes of rare-earth metals, such as lanthanum, cerium,
praseodymium, and neodymium, have important applications in
superconducting and fluorescent material fields, but their
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formation mechanism is still unclear.””** Between enantiomers
of a chiral herbicide, there is a drastic difference in herbicidal
activity and nontarget toxicity. The separation of the
enantiomers of chiral herbicides is difficult, and they are
usually separated and analyzed by chromatographic methods
such as high-performance liquid chromatography (HPLC) and
gas chromatography (GC), which increase their production
costs and limit their commercialized applications.”>** Now,
though many purification methods have been conducted to
isolate the target particles from their allotrope mixtures,
additional chemical treatment, extra energy input, and the
assistance of other equipment absolutely led to an order of
magnitude increase in the cost of the purified material.
Therefore, the headstream of solving the allotrope puzzle is
to find a controllable method to induce them individually to be
located in their formations, and developments are unavoidable.

In general, the formation of crystalline material involves two
major processes accordin; to the La Mer-mechanism:
nucleation and growth.”~*” Nucleation occurs at the very
beginning of a synthesis, during which precursor molecules are
reduced to reactants, elemental atoms/molecules that will serve
as building blocks for the formation of crystals. Once the
concentration of reactants reaches the point of supersaturation,
small clusters will appear through aggregation of these
reactants. They will further evolve into seeds and serve as the
active sites for the atoms/molecules product. Continuous
growth of the seeds results in the generation of crystals as final
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products. Even small variations inflicted on the two processes
often lead to large changes in crystal structure and morphology.
So a suitable synthetic condition of nucleation and growth
selected will induce the formation of specific crystalline phase.
It is well-known that the template could affect the crystal
growth process in a certain extent, and now a variety of
templates have been proposed to §et special crystal phase,
orientation, size, and rnorphology.2 ~3! For example, TiO,-
based nanotubes have been successfully prepared on a titanium
substrate covered with TiO, nanoparticle seeds, and it is found
that neither the composition nor the structure of the as-
synthesized nanotubes agree with that expected from tubes
made of normal TiO, crystals with either anatase or rutile
phases.*> Through an amorphous-to-crystalline transitions
assisted by the specially designed structural templates with
integrated nucleation sites, calcite structured CaCOj films have
been successfully prepared.®® So the template method can affect
the crystal growth process and even result in the special crystal
phase that is of potential application in metal oxide synthesis
with enhanced control on the phases. In the present work, we
attempt to introduce a template into a reaction system, which
will induce a special crystal phase in the allotropes formed
synchronously in the system to grow preferentially on it. This
may provide a new method for dividing allotropes through
controlling the material’s initial nucleation and growth process
when their formation is unavoidable.

As an excellent gas-sensitive material, ZnSnO; has ortho-
rhombic (orth) and face-centered cubic (fcc) phases. Recently,
the two phases of ZnSnO; materials have been synthesized by
different routes, such as template route, hydrothermal synthesis,
and coprecipitation method.**™® In the above literatures, it is
found that the atmosphere conditions affected the material’s
nucleation and growth process greatly, resulting in the
formation of their different phases. Experimentally, a mixture
containing a small quantity of ZnO powder, some urea, and
potassium stannate trihydrate were hydrothermally treated at
120 °C for 3 h by us. It was found that orth- and fcc-ZnSnO;
mixtures were obtained (Supporting Information, Figure S1).
Considering the template function of ZnO precursor for
ZnSnOs, which has been demontrated in our previous work,**
an interesting ZnO template-inducing method is proposed by
us to obtain the isolated allotropes located in the appointed
regions in the same reaction system. In the above method
through a free nucleation process in the reaction solution
containing K,SnO; and ZnO molecules, pure orth-ZnSnO;
deposit is obtained. Meanwhile, pure fcc-ZnSnO; product
growing on the ZnO inducing template is also gathered, which
locates on the Zn substrate. These ZnSnOj allotrope products
formed in the specific regions separate naturally, and this
process does not require any extra energy input, additional
chemical treatment, or the assistance of any other equipment.
Therefore, this facile and cost-effective approach opens a new
window to resolving the separation puzzle hovering on the
crystalline concomitant allotropes, which is of great industrial
interest.””

B EXPERIMENTAL SECTION

Synthesis of ZnO Precursors. All the reagents were analytic
grade reagents and used without further purification. In a typical
experiment, first, a piece of pure zinc foil (0.02 X 1 X 1 cm®) and 30
mL of sodium dioctyl sulfosuccinate solution (C,,H;,NaO,S, OT, 1.50
g/L) were transferred into a S0 mL Teflon-lined stainless steel
autoclave and heated to 100 °C for 2 h. After cooling to room

temperature, the foil was washed with distilled water and absolute
ethanol several times.

Synthesis and Characterization of ZnSnO; Microspheres.
ZnSnO; microspheres were prepared via a facile and low-cost solution
synthesis process. For the solution chemical synthesis of ZnSnO;
microspheres, 0.75 g of urea (CO(NH,),) and 0.25 g of potassium
stannate trihydrate (K,SnO5-3H,0, 95%) were added into the 30 mL
of water—alcohol (38 vol % alcohol) solvent. After stirring for S—10
min, the formed suspension was transferred into a S0 mL Teflon-lined
stainless steel autoclave with the foil first step and heated to 120 °C for
3 h in an electric oven. After cooling to room temperature, the
obtained foil and precipitates were washed several times with absolute
ethanol and distilled water, respectively. Then the microspheres were
dried in the air at 60 °C for 6 h. The crystal structure and morphology
of the as-prepared products were characterized by X-ray diffraction
(XRD, D/MAX2500, Cu Ko radiation, A = 1.54 A), scanning electron
microscopy (SEM, JEOL JSM6700F), transmission electron micros-
copy (TEM), high-resolution transmission electron microscopy
(HRTEM), and selected-area electron diffraction (SAED, JEOL
2010). Surface area was measured via the BET method of N,
adsorption isotherms performed at 77 K on a Micromeritics
Instrument Corporation TriStar II 3020 surface area and porosity
analyzer. The room-temperature photoluminescence (PL) spectrum
was measured using a spectrophotometer (Jobin Yvon Fluorolog3—
221) with a Xe lamp (450 W) as excitation source at the excitation
wavelength of 270 nm. The resistivity of the material was determined
as a function of the deposition parameters using the four-point probe
method. The optical absorption properties of the products were
measured by a UV—vis spectrometer (UV-3600, Shimadzu).

Fabrication and Measurement of Gas Sensor. The fabrication
process of the sensors using these nanostructures was described
elsewhere.*®*? Briefly, the sensing materials were dispersed in ethanol,
and a drop was spun on a ceramic tube between Pt electrodes to form
a thin film (~tens of nanometers). A Ni—Cr heating wire in the
ceramic tube was used to control the working temperature. The
structure of the sensor is shown in Figure la. The schematic

a

Ni-Cr heater

Figure 1. (a) The photograph of indirect-heated gas sensor. (b) The
schematic representation of indirect-heated gas sensor.

representation of indirect-heated gas sensor is shown in Figure 1b. The
sensitivity (S) of the product in this paper is defined as S = R./Ry,
where R, is the sensor resistance in air, and R is the resistance in the
target—air mixed gas. The response and recovery time are defined as
the time taken by the sensor to achieve 90% of the total resistance
change in the case of adsorption and desorption, respectively.

B RESULTS AND DISCUSSION

Structural and Morphological Characteristics of fcc-
ZnSnO; Hollow Microspheres on the Substrate. After the
foil covered with ZnO (Supporting Information, Figure S2) is
immersed into the solution containing K,SnO; and CO(NH,),
and heated at 120 °C for 3 h, ZnSnO; nanoparticles are
obtained successfully on the foil. The detailed composition,
purity, and crystal structure of the product is first investigated
by XRD measurements, as shown in Figure 2a. All the
diffraction peaks except those belonging to Zn substrate
(JCPDS No. 87—0713) can be readily indexed to a pure fec-
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Figure 2. Structure and size of the ZnSnO; HMs: (a) XRD pattern,
(b) SEM image, (c) TEM image, and (d) HRTEM image. The insets
of (b) and (d) are typical enlarged SEM image and SAED pattern of
ZnSnO; HMs, respectively.

phase ZnSnOj; with the lattice constants a = 7.768 A, which is
in good agreement with the literature result (JCPDS No. 11—
0274). The sample’s average crystallite size is ~16 nm
calculated by the Scherrer equation according to the XRD
results. No peak from other impurities, such as ZnO and other
phase ZnSnO;, etc., is detected, indicating that the products
formed on the Zn substrate are pure fcc-ZnSnO;.

Furthermore, the morphologies and microstructures of the
typical as-prepared ZnSnO; samples are identified by SEM,
TEM, and HRTEM measurements. The panoramic SEM
morphology is shown in Figure 2b, which demonstrates that
the product growing on the Zn substrate is composed of mass
microspheres. The microspheres have smooth surfaces and an
average outside diameter of 2 pm. Every microsphere has a
hollow interior, and its shell is ~500 nm thick, as shown in
Figure 2b inset and Figure 2c. The product’s microstructure,
shape, and crystallinity are further confirmed by HRTEM and
SAED examinations. From Figure 2d it can be seen that the
shell of fcc-ZnSnO; hollow microsphere (HM) is composed of
many nanoparticles with ~15 nm size, as shown in circle
sections, and the clear interplanar spacing of a ZnSnO; HM is
3.88 A, which corresponds to (200) plane of fec-ZnSnO;. The
SAED pattern (inset in Figure 2d) exhibits two intensively
bright homocentric rings, which are in good agreement with the
(111) and (220) planes of fcc-ZnSnOs, indicating the HM’s
polycrystalline nature. All the above results demonstrate that
fece-ZnSnO; HMs with uniform size and good crystallinity were
obtained using ZnO particles as the inducing template and the
precursor.

Structural and Morphological Characteristics of orth-
ZnSnO; Solid Microspheres in the Solution. The structure
and crystalline state of the precipitates formed synchronously in
solution are characterized first by XRD measurements, as
shown in Figure 3a. All of the diffraction peaks are indexed well
to orth-ZnSnO; (JCPDS No. 28—1486) with the lattice
constants: a = 3.681 A, b = 3.804 A, and ¢ = 14272 A. And
the sample’s average crystallite size is ~4.3 nm calculated by the
Scherrer equation according to the XRD results. No peaks from
other impurities, such as ZnO and fcc-ZnSnO;, etc., are found,

which indicates a high purity of the final orth-ZnSnO;.
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Figure 3. Typical (a) XRD pattern and (b) SEM image, (c) TEM
image, (d) high-magnification TEM; the insets of (b) and (d) are
typical enlarged SEM image and SAED pattern of ZnSnO; SMs,
respectively.

The sizes, morphologies, and microstructures of the as-
prepared samples are further characterized by SEM, TEM, and
HRTEM measurements. A typical SEM image in Figure 3b
shows that the as-prepared orth-ZnSnOj; product consists of a
large scale of microspheres with high dispersivity and nearly
uniform size: ~500 nm. And the SEM result of the surface of an
individual ZnSnO; microsphere, as shown in Figure 3b inset,
indicates that the microsphere is composed of a large amount
of small particles. Its typical TEM and HRTEM images, as
shown in Figure 3c,d, further depict the sphere-like
morphology and porous microstructure of the orth-ZnSnO;
solid microspheres (SMs). The HRTEM image taken from a
typical ZnSnO; SMs demonstrates that the orth-ZnSnOj;
microsphere is composed of many tiny nanoparticles with
~4.2 nm size, as shown in circle sections of Figure 3d, which
agrees with the calculated size (~4.3 nm) from the XRD
pattern. Mainly, two sets of lattice spacings of 2.64 and 3.37 A
are observed, which correspond to (110) and (012) planes of
orth-ZnSnOj, respectively. The inset in Figure 3d shows the
SAED pattern of a ZnSnO; SM, indicating its polycrystalline
nature, which further confirms the above HRTEM’s observa-
tion. It has been proved that particle size and porous structure
are critical to enhance the gas-sensing property of ZnSnQ,.*>*
So on the basis of the above examination results regarding the
fee-ZnSnOj; and orth-ZnSnO;, there is reason to believe that the
ZnSnO; products obtained by us may possess remarkable gas-
sensitive properties, which has been demonstrated practically
by the following corresponding research in this work.

Individual Growth Mechanism of orth-ZnSnO; SMs
and fcc-ZnSnO; HMs. To demonstrate the formation process
and the individual growth mechanism of orth-ZnSnO; SMs and
fee-ZnSnO; HMs, detailed time-dependent experiments are
carried out. Figure 4 shows the SEM images of the orth-
ZnSnO; product in solution and the fcc-ZnSnO; product on the
Zn substrate collected under different reaction times of 0.5, 3,
10, and 24 h. It is found that sphere-like particles form in a
short reaction time (0.5 h), and the particles become uniform
(~500 nm) after a 3 h reaction. As the reaction time is
prolonged to 10 or 24 h, as shown in Figure 4c,d, all the as-
obtained ZnSnOj; products are still regular, and their diameters
increase to 700 and 800 nm, respectively. From the above
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Figure 4. SEM images of morphology evolution of the orth-ZnSnO; SMs in solution and fcc-ZnSnO; HMs on substrate with reaction times: (a), (e)

0.5 h; (b), (f) 3 h; (c), (g) 10 h; and (d), (h) 24 h.

ZnSnO; products’ XRD results (Supporting Information,
Figure S3a), it can be seen that all the diffraction peaks are
indexed well to orth-ZnSnO, (JCPDS No. 28—1486), and no
phase change occurs. Simultaneously, fcc-ZnSnO; forms
gradually on ZnO microspherical surfaces on the Zn foil, as
shown in Figure 4e and their corresponding XRD patterns
(Supporting Information, Figure S3d). As a reactant, ZnO
reacts with OH™ and K,SnOj; to form ZnSnO; on its surface
first. And then, as the reaction proceeds, more as-formed
ZnSnOj; particles cover the whole ZnO surface. Finally a
ZnSnOj shell on ZnO forms, which is also in favor of lowering
the total surface energy of the reaction system. After 3 h, the
ZnO template is consumed completely, and fcc-ZnSnO; HM is
obtained. With the reaction time extending more than 10 h, the
ZnSnO; HMs grow bigger through a recrystalline process and
finally are ruptured due to the deficient reactants in the solution
and the pressure difference between the interiors of the spheres
and external solution.* When the reaction time is 3 h, every
HM shell is ~500 nm thick with porous structure, which
contains many channels for exchanging between its internal
solution in the sphere and the external reaction solution. Then
the pressure between the sphere’s interior and the external
solution keeps balance. As the reaction time is prolonged, the
sphere’s shell becomes compacted with the aggregation of more
new nanoparticles to land on it. And the nanoparticles block
the channels, and the pressure balance is broken. With the
reduction of the reactant concentrations proceeding in the
sphere’s interior, the internal solution density is reduced, and its
pressure becomes small. So after some time the pressure
difference between the sphere’s interior and the external
solution induces the rupture of the sphere.

Obviously, in this individual growth process ZnO micro-
sphere acts as an inducing template for the formation of
ZnSnO; HM, as shown in Scheme 1. By observing the TEM
result (Figure 2c) of fcc-ZnSnO; HM, it is found that many
(200) planes are exposed in the product, and a possible lattice
matching relationship between the fcc-ZnSnO; HMs (200)
plane and ZnO (100) plane has been illustrated in Scheme 2.
And in this process the ZnO structural host motifs react easily
with OH™ and K,SnO; with slight lattice rotation and
rearrangement of crystal structure, resulting in the favorable
matching structures for fcc-ZnSnOj;. In contrast, when the foil
covered with ZnO microspheres is immersed into the reaction
solution, some tiny ZnO nanoparticles fall from the substrate
and then are dispersed in the solution, which has been proved

Scheme 1. Possible Mechanism Shows the Growth of the
orth-ZnSnO; SMs and fcc-ZnSnO; HMs

Scheme 2. Schematic Diagram of the Lattice Matching
Relationship between ZnO and fcc-ZnSnO4

7.768 A
3263 A
<
': ZnO 2 ZnSnO3
& 1(100) s (200)
“ ~
7%3 3x2

by the corresponding UV—vis absorption spectra examination
of the solution reacted for 10 min, as shown in Supporting
Information, Figure S4, where the UV-absorption peak of ZnO
at 372 nm and UV-absorption peak of ZnSnOj; at ~500 nm can
be clearly seen, and these values are in good agreement with
those found in the literature,*** which confirms the existence
of ZnO tiny nanoparticles in the solution. After that, tiny
ZnSnO; nanoparticles continuously aggregate and nucleate
based on orth-ZnSnOj; cell structure. The growth of orth-
ZnSnOj in solution is a very small-level reaction, in which the
final product is mainly determined by the nucleation process.
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Table 1. Comparation of Gas Responses of ZnSnOj; Sensors to Ethanol Gas in This Work and Those Reported in Literature

response time

morphology (crystal phase, size) N C% (ppm) T (°C) R (s) R® (s)
nanocages™ (fec, 20 nm) 30 200 270 <2 30
microspheres* (fee, 7 nm) 110 500 275 3 30
HMs (this work) (fec, 16 nm) 144.3 500 320 7 8
nanowires*® (orth, 60 nm) 42 500 300 1 1
nanorods® (orth, 45 nm) 50 400 300 <10 <10
SMs (this work) (orth, 4.3 nm) 80 500 260 4 7
nanorods®* (orth, 3 nm) 109 500 250 S 15
nanosheets** (orth, 15—20 nm) 135 500 320 0.36 9

“S: sensitivity. bC: concentration. “T: temperature. 4R response. “R: recovery.

The formation process of the two products can be described by
eqs 1-3.

CO(NH,), + H,0 —» NH,* + OH™ + CO, (1)

K,SnO; + ZnO(1) + OH™ — orth-ZnSnO, + KOH + H,0
)

K,Sn0; + ZnO(s) + OH™ — fec-ZnSnO, + KOH + H,0
(©)

Usually reaction temperature and reactant concentration are
the most direct influencing factors on the kinetics and
thermodynamics process in material synthesis. Therefore, to
clarify the contribution of kinetic/thermodynamic parameters
in the orth-ZnSnO; and fcc-ZnSnO; growth processes,
additional experiments with different reaction temperatures,
additional amounts of K,SnO; and urea, and varying reaction
times were conducted (Supporting Information, Figure S3).
Thermodynamics focuses on researching the driving force of a
system moving from an initial state to a final state, while
kinetics is concerned with the barriers of the various pathways
in this process. For the chemical reactions of different phases, it
is important to distinguish whether they are thermodynamically
or kinetically controlled. In this work, through detailed
experimental study, it is found that pure orth-ZnSnO; products
can be obtained just when the reaction temperature is above
100 °C, and neither reactant concentration nor reaction time
has obvious effect on the orth-ZnSnO; growth. So the
formation of orth-ZnSnOj is mainly controlled by thermody-
namic factors. As for the formation of fcc-ZnSnO, the reaction
time, reaction temperature, and reactant concentration are all
the crucial factors to the purities and crystal structures of the
final products. Therefore, the growth process of fcc-ZnSnOj;
sample is affected by both thermodynamic parameter and
kinetic parameter. In addition, the morphology evolution of
orth-ZnSnO; SMs and fcc-ZnSnO; HMs under different
reaction temperatures, K,SnO; concentrations, and ZnO
precursors were also studied (Supporting Information, Figure
SS).

Gas-Sensing Properties of the Products. Recently,
ZnSnOj; has been demonstrated as a new type of excellent
gas-sensitive material for detecting reducing and combustible
gases, especially ethanol gas, as listed in Table 1. On the basis of
the literature values listed in Table 1, three rules can be
concluded: (1) Without regard to size and morphology, fec-
ZnSnO; regresents the higher sensitivity than orth-
ZnSn0;.*7* (2) The hollow structures show better response
compared with the solid ones due to their larger surface/
volume ratios.>>***® (3) As the grain size is comparable to the
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Debye length (tens of nanometers for metal oxides in general),
the material’s surface activity is increased greatly, and the
smaller size often results in higher sensitivity.”**>*7% On the
basis of the above rules, it is reasonable to believe that the as-
obtained fcc-ZnSnO; product with hollow structure and small
crystal size (~16 nm) in this work may exhibit exciting gas-
sensing properties, which is demonstrated factually by the
following experiments.

The BET surface area of the ZnSnO; SMs and ZnSnO; HMs
were investigated by N, adsorption—desorption measurements
(Supporting Information, Figure S6). The surface area of
ZnSnO; HMs is ~62.5096 m> g~'. The BET nitrogen
adsorption—desorption analysis of the ZnSnO; SMs has also
been measured. It represents a surface area of 40.4383 m* g~".
To our knowledge, a larger surface/volume ratio is able to
effectively improve the gas-sensing performance.”*® On the
basis of the results above, we investigated the gas-sensing
characteristics of ZnSnO; HMs and ZnSnO; SMs. Moreover,
the gas-sensing properties of the composite of ZnSnOj; shell—
ZnO core were also analyzed as shown in detail in Supporting
Information, Figure S7.

The sensors based on the as-synthesized ZnSnO; SMs and
ZnSnO; HMs are fabricated and tested using a method similar
to the previous report.”* The optimal operating temperatures of
the ZnSnO; SMs and ZnSnO; HMs sensors for detecting
ethanol are investigated first. Figure Sa shows the sensitivities of
the two products to 500 ppm ethanol under different working
temperatures. It is found that most optimum working
tempeatures of them are 260 °C (for ZnSnO; SMs) and 320
°C (for ZnSnO; HMs), which are comparable with the
literature values.

Figure Sb shows the time-dependent sensitivity of the
sensors toward 10—500 ppm ethanol at the optimal operating
temperatures of 320 °C (ZnSnO; HMs) and 260 °C (ZnSnO,
SMs). It is found that the sensitivity of the sensor based on
ZnSnO; HMs increases rapidly with the increase of ethanol
concentration, and it reaches 144.3 for 500 ppm ethanol, which
is much higher than that of other fcc-ZnSnOj; nanoparticles.
Under 10—500 ppm ethanol, the response and recovery time of
both ZnSnO; SMs and ZnSnO; HMs are less than 10 s,
indicating their good sensitivities. Though many cycles between
the ethanol vapor and fresh air are conducted, the responses of
the sensors still maintain their high level, which implies that the
sensors have good reversibility and stability. Figure Sc shows
the sensitivity of the sensors as a function of ethanol
concentration. It is found that the S values of sensitivity for
ZnSnO; HMs increase rapidly with ethanol concentrations
upward. However, the S value of ZnSnO; SMs increases slowly
with the adding of ethanol concentration. This suggests that

dx.doi.org/10.1021/ic5014126 | Inorg. Chem. 2014, 53, 12289-12296
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Figure S. (a) The sensitivities of fcc-ZnSnO; HMs and orth-ZnSnO,
SMs to 500 ppm of C,H;OH as a function of operating temperature.
The sensitivity of the sensors based on the final products to the tested
gases at 320 °C (ZnSnO; HMs) and 260 °C (ZnSnO; SMs): (b) the
time-dependent sensitivity of the sensors toward 10—500 ppm
ethanol; (c) the sensitivity of ZnSnO; HMs and ZnSnO; SMs as a
function of ethanol concentration. (d) The S value of ZnSnO; HMs
and ZnSnO; SMs sensors to various test gases of 100 ppm.

compared with ZnSnO5 SMs, ZnSnO; HMs are more favorable
in detecting ethanol vapor in a wide ethanol concentration
range.

Compared with previous reports about ethanol-sensing
properties of ZnSnOj-based gas sensors, the products (both
ZnSnO; SMs and ZnSnO; HMs) in the present work exhibit
significantly improved sensing abilities, as listed in Table 1
characteristics. For instance, the optimum operating temper-
ature of orth-ZnSnO; SMs in this work decreased from more
than 300 °C (orth-ZnSnO; hollow fibers®® and orth-ZnSnO,
sheets*®) to 260 °C; compared with the sensitivity of the fec-
ZnSnO; nanocage sensors (S00 ppm ethanol gas, S = 32.0), a
much higher sensitivity (500 ppm ethanol gas, S = 144.3) is
reached for the fcc-ZnSnO; HMs in this work. For an individual
metal oxide nanostructure, the space-charge layer (its width,
L), which is ~tens of nanometers in general, would be
fabricated at the surface owing to the electrons extracted from
the bulk by adsorbed oxygen ions. When the size of the sensing
materials is close to 2 Ly, all electrons will be almost fully
depleted.*** Thus, the fec-ZnSnO; HMs and orth-ZnSnO,
SMs with tiny nanograins of 16 and 4.3 nm have significantly
improved sensing properties.”* It has been proved that the
grain size and morphology of ZnSnO; materials are the critical
effect factors to their gas-sensing properties.”*~>> Furthermore,
we also investigated the effect of crystallinity and found that the
crystallinity does not affect the gas-sensing properties of fcc-
ZnSnO; HMs and orth-ZnSnO; SMs (see Supporting
Information, Figure S8). Simultaneously, the two sensors
fabricated by the fcc-ZnSnO; HMs and orth-ZnSnO; SMs
represent good selectivity to ethanol gas. As shown in Figure
5d, the responses of fcc-ZnSnO; HM and orth-ZnSnO; SM
sensors to 100 ppm of H,S, NH;, C,H,;, and C;HO are
measured at 320 and 260 °C, respectively, in which it is found
that the sensors’ responses to H,S, NH;, C,H,o, and C;HO are
much less than that for ethanol vapor. As we know that the
acid—base properties of a basic oxide are found to have
enhanced sensing characteristics for a complex molecular

structure or a reactive functional group such as ethanol,>* the
sensors based on ZnSnO; SMs and ZnSnO; HMs show
obvious advantage in selective detection of ethanol in this work.

ZnSnO; is well-known as an n-type semiconductor,
characterized by its high free carrier concentration. Exposure
of the ZnSnOj sensors to air results in O, adsorption on its
surface to form chemisorbed oxygen species (0,7, O*7, O7)
due to the strong electronegativity of the oxygen atom.
Therefore, the electrical conductivity of ZnSnO; sensor
depends strongly on the surface states produced by molecular
adsorption, which results in an electron depletion layer at the
surface of the materials.>>*® When a reductive gas, such as
ethanol, is introduced, a chemical reaction takes place between
ethanol and the adsorbed oxygen, which results in a relatively
strong activation on the surface of the ZnSnO; sensor.””®
Ethanol vapor decomposes to CH;CHO and finally to CO, and
H,0 as follows:

CZHSOH(ads) + O_(ads) i CH3CHO(adS) + Hzo(ads) + e
(4)

CH3CHo(ads) + SO_(ads) s ZCOZ + ZHZO + Se” (5)

In this process, electrons are released, and the electron
concentration in ZnSnO; material increases, resulting in its
resistance decreasing.>® Furthermore, typical photolumines-
cence (PL) spectra examinations and resistivity measurements
of the orth-ZnSnO; SMs and fecc-ZnSnO; HMs were conducted
and analyzed to evaluate their defect state, especially their
oxygen vacancy concentrations. The room-temperature PL
spectrum (Supporting Information, Figure S9) shows that both
of the orth-ZnSnO; SMs and fec-ZnSnO; HMs show a similar
strong blue emission peak at ~461 nm under 270 nm UV
excitation, and the intensity of the fcc-ZnSnO; HMs peak is
higher than that of the orth-ZnSnO; SMs. This emission peak
of ZnSnO; material is due to the existence of oxygen
vacancies.”* In addition, the bigger peak intensity indicates
that the oxygen vacancy concentration of fcc-ZnSnO; HMs is
higher than that of orth-ZnSnO; SMs in the equal quality.®" It is
known that in metal oxides the more oxygen vacancies exist, the
lower the resistivity.62 In this work, the low resistivities of orth-
ZnSnO; SMs and fec-ZnSnO; HMs are 2.70 X 1072 Q cm and
1.05 X 107> Q cm, respectively, at room temperature, which are
lower than the literature values,® indicating the higher
concentrations of oxygen vacancies in the as-obtained samples.
And the resistivity of fcc-ZnSnO; HMs is lower than that of the
orth-ZnSnO; SMs, which agrees with the results of PL
spectrum examinations. High level of oxygen vacancy is of
benefit to the electrostatic interaction between the gas
molecules (such as ethanol molecules) and ZnSnO, sensor,*”
and in addition, it also greatly increases the surface activities
and remarkably decreases their optimum working temperature
in gas-sensing process. So the ZnSnO; materials prepared in
this work, especially the fcc-ZnSnO; HMs, display low
resistivity and high oxygen vacancy concentrations, resulting
in the enhanced ethanol gas-sensing properties at a relatively
low working temperature. In addition, in this work, the as-
obtained ZnSnO; SMs and ZnSnO; HMs are composed of tiny
nanoparticles and display porous structures, which favor the
electron transferring with a higher rate and provide larger
surface area for gas adsorption and diffusion.**®® This also leads
to further enhancement in their gas sensitivities.
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B CONCLUSIONS

In summary, a template-inducing method has been applied to
intervene against the ZnSnOj allotrope blending, in which the
isolated allotropes (fcc- and orth-ZnSnO,) are located in the
appointed regions in the same reaction system. And the
growing mechanisms based on the different nucleation and
growth process of the ZnSnO; allotropes have also been
demonstrated, which put forward the step toward the
realization of allotropes dividing. In addition, both the gas
sensors based on orth-ZnSnO; SMs and fec-ZnSnO; HMs
showed themselves to be highly sensitive to ethanol with fast
response and recovery and good selectivity and stability due to
their tiny particle sizes and porous structures. The following
work on validating the feasibility of this method for other
allotropes dividing is now on the way.
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