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Indium-tin oxide is considered a highly promising mixed-metal oxide system, because it shows good
performance in various industrial processes. Therefore, it will be of great importance to explore the
possibility of obtaining new In-Sn oxides with controlled contents whose properties could be tailored.
However, In or Sn content in In-Sn oxides has generally been restricted to <10% because of their low solid
solubility into counterpart metal oxide framework. Herein, we report for the ﬁrst solvothermal synthesis
of crystalline mesoporous In-Sn oxides with a broad range of In/Sn ratios and their opto-electrochemical
properties. For the synthesis, we use phenolic polymer as a structure-directing agent. Surprisingly, we
observe that the phenolic polymer plays a critical role in overcoming their low solubility by manipulating
kinetics of crystal nucleation and subsequet growth. As a result, we obtain In-rich rutile SnO2 phase
without phase separation with up to 50% In content and Sn-rich rhombohedral In2O3 structure with
higher In content. The synthesized materials are highly transparent regardless of In content. The electrochemical properties are sensitive to In content. Our strategy offers possibility of realizing crystalline
mesoporous mixed-metal oxides with tunable contents, thus opening a new perspective for the development of optoelectronic materials.
© 2016 Elsevier Inc. All rights reserved.
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1. Introduction
Mixed-metal oxides have attracted considerable interest
because of their wide range of applications including catalysis [1,2],
energy storage [3,4], sensing [5,6] and magnetic devices [7]. Mixedmetal oxides can provide many synergistic effects of individual
metal oxides. However, the synthesis of homogeneously mixedmetal oxides is often challenging because the crystal structure
and redox state of each metal oxide are different, and the constituent metal precursors may exhibit different hydrolysis and
condensation kinetics [8e10]. Indium-tin oxide (known as ITO) is
considered a highly promising mixed-metal oxide system, owing to
its high conductivity, high transparency in the visible range, and
high infrared reﬂectivity [11e13]. Compared to pure SnO2 and
In2O3, In-Sn oxide affords the unique features of pure constituent
oxides as well as improved performance in many respects. Owing
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to its good features, it is considered a promising candidate for
transparent conducting oxides (TCOs) in various electronic and
optoelectronic devices, such as ﬂat-panel displays, organic light
emitting diodes and window heaters [14e17].
In most cases, ITO is directly synthesized in the form of thin
ﬁlms using various processes, such as chemical vapor deposition
[18,19], magnetron sputtering [20], pulsed laser deposition [21,22],
spray pyrolysis [23] and spin-/dip-coating combined with the solegel method [24,25]. However, these techniques require expensive
equipment, and furthermore, they suffer from drawbacks such as
the selection of a suitable substrate, cost effectiveness, and less
control over ﬁlm formation. In addition, the as-deposited oxide
layers are amorphous in nature, and they require subsequent heat
treatment. ITO synthesized in this manner generally has In content
over 90%. This limits its large-scale application because In is very
expensive and rare (recently, raw In costs around ~ $250/kg and, Sn
costs around ~ $13/kg) [26,27]. The low solid solubility of In into
SnO2 (<2%) has generally been accepted, and the solubility of Sn
into In2O3 is also known to be limited (~6%). This is attributable to
the fact that the atomic radius of In3þ (80 pm) is larger than that of
Sn4þ (69 pm) [28,29]. Therefore, the In or Sn contents in In-Sn
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binary oxides are usually restricted to <10% against the counterpart
oxide framework. It is intrinsically difﬁcult to fully incorporate In or
Sn into the counterpart oxide without separation of the phase or
element, which reduces possibilities of obtaining new In-Sn binary
oxides with controlled contents whose properties may be tailored
for a wide range of applications. In fact, only a few studies have
reported signiﬁcant control over the content of In-Sn binary oxides,
and investigated the indium-tin oxide incorporation dynamics and
the concomitant crystal structure changes that may occur with a
change in the In/Sn source ratio.
One approach is to use the vapor-liquid-solid (VLS) method to
grow In-Sn oxide nanowires with various source ratios [30,31]. The
VLS method offers a facile route to fabricate In-Sn oxides with a
broad range of contents. However, it requires high temperature and
a vacuum environment, and it deﬁnes the ﬁnal structure as only a
nanowire. As another approach, Driess and co-workers synthesized
a single-source precursor, tris-tert-butoxide, that consists of In and
Sn with a molar ratio of 1:1 for obtaining an In-Sn binary oxide with
identical stoichiometry of In and Sn in the ﬁnal product (called Snrich ITO) [32,33]. They successfully used the single-source precursor to synthesize In-Sn oxide with 50% Sn as a thin ﬁlm with a
mesoporous structure to realize enhanced electro-optical performance. However, their approach requires time-consuming steps for
the synthesis of precursor, and the synthesis is limited to In/Sn ¼ 1.
Moreover, the synthesized precursor is sensitive to air and humidity, and it readily polymerizes to form amorphous polymers at
ambient temperature. Thus, the synthesis of In-Sn oxides with a
wide range of In/Sn ratios still remains challenging.
Herein, we report the synthesis of In-Sn binary oxides with
extended In/Sn atomic mole ratios to 80% In, employing a polymerdirecting strategy of metal oxide synthesis which has been
demonstrated very recently [34]. In this approach, we observed
that the structure-directing polymer played a key role in generating
fully incorporated In-Sn oxides with various contents. The obtained
binary oxides had a crystalline mesoporous structure with
nanosponge-like morphologies, which afforded several advantages
including large surface area and uniform mesopores. To prove the
incorporation of In or Sn into the counterpart oxide, the resultant
products were analyzed by X-ray diffraction (XRD), high resolution
transmission electron microscopy (HRTEM), energy-dispersive Xray spectroscopy (EDS), etc. Furthermore, the transparency, electrical conductivity and currentevoltage behavior of the resultant
mesoporous In-Sn binary oxides were investigated from the
viewpoint of their use as a TCO in electronic applications.
2. Experimental
2.1. Materials and synthesis of mesoporous InSn-oxide-n
Mesoporous In-Sn binary oxides were solvothermally synthesized using poly (4-vinylphenol-co-methylmethacrylate) [PVP-coPMMA; Aldrich, Mn: 3000e5000 Da] as a mesopore-generating
agent. For the synthesis of mesoporous In-Sn binary oxides, PVPco-PMMA and InCl3 (Aldrich, 99%) were added to a round-bottom
ﬂask containing dimethylformamide (DMF, Junsei, 99.5%) in a N2ﬁlled glove box. The reaction mixture was completely dissolved
during magnetic stirring for 5 min. Then, SnCl4 (Aldrich, 99%) was
added dropwise to the solution, and subsequently stirred for
10 min at room temperature. The entire mixture in the roundbottom ﬂask was brought out of the glove box, and placed in an
oil bath at 100  C for 1 d with stirring. After cooling to room temperature, distilled water was added to the solution dropwise, and
subsequently, triethylamine (TEA, Aldrich, 99%) was added at room
temperature under stirring. The entire ﬁnal mixture had the
following starting gel composition: 1-i SnCl4/i InCl3/1 PVP-co-
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PMMA/5 TEA/x H2O/43 DMF, where i was varied from 0 to 1 and x
was determined as 27.3-24.3i. The entire mixture was transferred
into a Teﬂon-lined steel autoclave and then heated in an oven for
40 h with tumbling at 150  C. The solid precipitates were collected
by centrifugation, washed two times with ethanol, and dried in a
convection oven at 100  C. The resultant products are denoted by
“InSn-oxide-n”, where n indicates the molar ratio of In/(In þ Sn) in
the ﬁnal products. The as-synthesized InSn-oxide-n samples were
calcined at 450  C for 4 h under air ﬂow of 50 mL min1.
2.2. Characterization
Powder X-ray diffraction patterns were obtained using a Rigaku
Multiﬂex diffractometer with a nickel-ﬁltered Cu Ka radiation
beam (30 mA, 40 kV). The XRD step scan was performed under
ambient conditions at step of 0.05 and accumulation time of 2 s
per step. For TEM measurement, the powder samples were
dispersed in acetone via sonication. The acetone solution was
dropped and evaporated on a holey carbon grid. An aberrationcorrected Titan ETEM G2 operated at 300 kV was employed to record the TEM images. STEM images were taken with Titan Double
Cs corrected TEM instrument with an accelerating voltage of
300 kV. SEM images were taken with a Verios SEM microscope
operating at 1 kV (decelerating voltage: 3.0 kV) without a metal
coating. Nitrogen adsorptionedesorption isotherms were
measured with a Micromeritics TriStar II volumetric adsorption
analyzer at liquid N2 temperature (196  C). Before the adsorption
measurements, all products were degassed under vacuum for 3 h at
300  C. The speciﬁc surface area was determined from the
adsorption branch using the BET equation. Mesopore diameters
were derived from the adsorption branch, using BJH algorithm. XPS
measurement was performed using a Sigma Probe (Thermo VG
Scientiﬁc). The sample chamber pressure was ﬁxed at 1010 Torr
during the measurements. Spectra were obtained in the highresolution mode for C 1s, O 1s, Sn 3d and In 3d. The binding energies for the high-resolution spectra were calibrated by setting C
1s to 284.6 eV. The In and Sn contents of the InSn-oxide-n samples
were analyzed by ICP-AES using an OPTIMA 4300 DV instrument
(Perkin Elmer). The organic content was determined with
elemental analysis using an EA1110-FISONS (CE instrument).
2.3. Property measurements of synthesized InSn-oxides
The transmittance of the InSn-oxide materials was measured
using a V-570 UVeVISeNIR spectrometer. UVeVIS data were
collected between 200 and 800 nm. The baseline was calibrated
with a BaSO4 coated mirror and a spectral on white plate.
The electrical conductivities were analyzed using a four-probe
mode to eliminate the undesired resistance of the measurement
circuit. Before the conductivity measurement, 100 mg samples of
InSn-oxide-n samples were annealed at 550  C for 4 h under
95 mL min1 of N2 ﬂow. Annealed InSn-oxide powder samples
were evenly placed in a home-built die (fabricated with Bakelite,
1 cm in diameter), which was equipped with gold wires for 4 probe
measurement. The four gold wires were arranged in parallel at
regular intervals. The ends of two gold wires were connected to a
power supply. The others were connected to a digital multimeter
(Fluke, Model 101) to measure the electrical resistances of the InSnoxide-n samples. The electrical resistance was measured while the
sample was pressed in the die with a pressure of 1 ton. The speciﬁc
electrical conductivity was calculated from the measured electrical
resistance.
A three-electrode electrochemical cell was employed for electrochemical measurements (AUTOLAB). The counter electrode and
reference electrode were composed of platinum and Ag/AgCl,
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respectively. The electrolyte was 1 M Na2SO4. CV was performed
over voltages ranging from 0.4 to 1.0 V at a scan rate of 30 mV s1.
Before the CV measurement, catalyst ink was prepared by mixing
8 mg of InSn-oxide-n materials, 2 mL of ethanol-water mixture (1:1
v/v), and 50 mL of 5 wt % Naﬁon (SigmaeAldrich). After mixing, the
mixture was further sonicated for 1 h for stable dispersion. Then,
10 mL of the catalyst ink was dropped on a glassy carbon rotating
disc electrode, which had been polished with alumina paste and
cleaned by sonication.
3. Results and discussion
In-Sn oxides with different In and Sn contents were synthesized
by changing the In/Sn precursor molar ratios in the synthetic gel.
The synthesized binary oxide samples are named as ‘InSn-oxide-n’,
where n represents the In/(Sn þ In) molar ratio of the ﬁnal products
(Table 1). Fig. 1A shows the small-angle and wide-angle XRD patterns of a calcined InSn-oxide-0.3 sample. During calcination process, the as-synthesized polymeric InSn-oxide-0.3 composites were
heated under air-ﬂow at 450  C. The polymer was completely
removed by oxidative decomposition during the calcination process, leaving the intercrystalline space fully opened. The disappearance of the polymers from the composites was conﬁrmed by
elemental analysis. In the region of a small-angle XRD pattern, a
sharp peak appeared at 2q ¼ 1.3 , which is characteristic of a
mesoporous material with a narrow distribution of mesopore diameters. The wide-angle region exhibits four distinct peaks, which
are centered at 25 , 35 , 37, and 55 . These peaks are indexed as
the (110), (101), (200), and (211) reﬂections of the tetragonal rutile
SnO2 phase (JCPDS card # 21e1250), respectively. The XRD peaks
clarify that the crystal phase retained the rutile SnO2 structure with
no secondary phase, regardless of the In atoms up to 30 atom %. In
addition, the XRD peaks showed a small shift toward a lower angle
from that corresponding to pure SnO2, indicating a lattice expansion due to incorporation of In3þ (larger ion) into the SnO2 lattice.
The lattice parameters calculated from the XRD patterns of InSnoxide-0.3 were larger than that of the pure SnO2 structure
(Table S1). We selected the (211) reﬂection for calculating the
crystallite sizes from the XRD peak widths using the DebyeeScherrer equation. The crystal size obtained in this manner was
4.4 nm. The mesoporous nature and morphologies of the InSnoxide-0.3 sample were conﬁrmed by SEM (Fig. 1B). The pore texture
of the calcined mesoporous InSn-oxide-0.3 sample was analyzed,
based on N2 isotherm. The Barrett-Joyner-Halenda (BJH) pore-size
distribution derived from the adsorption branch showed a narrow distribution of mesopores centered at 2.8 nm (Fig. S1). The
Brunauer-Emmett-Teller (BET) surface area was estimated to be
280 m2 g1 (Table 1).
To elucidate the incorporation of In into the SnO2 framework,
the calcined InSn-oxide-0.3 sample was further characterized by
HRTEM. Fig. 1C shows the HRTEM image and the corresponding
selected area electron diffraction patterns (SAED, inset). The TEM

image shows that the mesopores are distributed throughout the
entire sample and are highly interconnected in a random manner.
The SAED patterns are well indexed to the (110), (101), (200), and
(211) planes of the rutile SnO2 phase. This observation is consistent
with the aforementioned XRD data: no secondary phase was
detected besides the rutile phase. In agreement with this ﬁnding,
the enlarged HRTEM image (Fig. 1D), which is a highly magniﬁed
view of the marked area in Fig. 1C, shows a rutile SnO2 structure
oriented in the [001] direction parallel to the incident electron
beam. In this image, the interplanar spacing distances of the (110)
and (110) planes are determined to be 0.338 nm, and the angle
between the two planes is 90 . These values are reasonable for the
rutile SnO2 phase. The FFT diffraction patterns also conﬁrm that the
synthesized nanocrystals have a rutile phase. To analyze the
composition of the InSn-oxide-0.3 sample, a TEM-EDS measurement was performed. As the Sn L shell peaks seriously overlap with
In peaks in the EDS spectrum, we take only K shell peaks for both Sn
and In into account to identify the presence and concentration of
each element [35]. As shown in Fig. 1E, the In content in the synthesized material was determined to be 30.1 ± 1.9 atom %, indicating that most of the In in the initial source was incorporated into
the InSn-oxide-0.3 sample. This result was also conﬁrmed by
inductively coupled plasma-atomic emission spectroscopy (ICPAES) analysis (Table 1). The spatial distribution of the Sn and In
atoms in the InSn-oxide-0.3 sample was studied using EDS
elemental mapping in the scanning transmission electron microscope (STEM) mode (Fig. 1F). The EDS elemental mapping reveals
that both In and Sn atoms are homogeneously distributed
throughout the particle domain. No indication of phase separation
and agglomeration is observed.
There is a signiﬁcant difference between In3þ and Sn4þ on the
ionic radii, and this seems to cause a low solubility of In into bulk
SnO2 phases, and also Sn into In2O3. So far, the indium content as a
minor component in InSn binary oxide was limited to 10 mol%
[28,29]. To the best of our knowledge, the present work is the ﬁrst
demonstration of a crystalline mesoporous InSn-oxide with a high
In content (30 atom %) fully incorporated into the SnO2 rutile
framework synthesized at moderate temperature using separate In
and Sn precursors. Recently Navrotsky's group reported nanoscale
effects on increase of apparent solubility of CoO in ZnO from 18% in
bulk to 70% in nanophase [36]. The difference between thermodynamics of nanophase materials and their bulk counterparts can
affect solid solubility, phase stability, and etc. Hence, according to
their results, the solubility can be extended in a nanophase regime
that covers even metastable phase. The obtained dramatic increase
in solubility of In into SnO2 framework in the present system can
also be ascribed to such nanoscale effect.
In addition, we attribute the formation of In-rich rutile SnO2
structure to the role of the polymer. As shown in Scheme 1, in the
polymer-directed synthesis route, the polymer functional groups
bind with the metal precursor, leading to an increase in the inorganic concentration along the polymer chain. The inorganic species

Table 1
Characterization of mesoporous InSn-oxide materials prepared from different In and Sn ratios.
Sample

Starting gel
compositiona

Final product compositiona
EDS

ICP

XPS

SnO2
InSn-oxide-0.3
InSn-oxide-0.5
InSn-oxide-0.7
InSn-oxide-0.8
In2O3

0
0.3
0.5
0.7
0.9
1

e
0.29
0.49
0.71
0.78
e

e
0.28
0.49
0.67
0.83
e

e
0.29
0.51
0.69
0.81
e

a

In/(In þ Sn).

Average of ﬁnal
product compositiona

Ratio of H2O/
Precursor

BET surface
area [m2 g1]

Pore
volume [cm3 g1]

e
0.29
0.50
0.70
0.81
e

27
20
15
10
5
3

268
280
285
210
180
120

0.38
0.39
0.37
0.35
0.31
0.32
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Fig. 1. (A) Low-angle and wide-angle powder XRD patterns, (B) SEM image and HRSEM image (inset), (C) HRTEM image and SAED pattern (inset), (D) enlarged HRTEM image (left)
and FFT diffraction pattern (right), (E) TEM-EDS spectrum, and (F) TEM-EDS elemental mapping images of calcined InSn-oxide-0.3.

subsequently crystallize to generate a nano-phase separation from
the polymer backbones, resulting in the formation of a sponge-like
disordered mesoporous structure. For the synthesis of mixed-metal

oxides, the difference in the chemical afﬁnity between polymer
functional groups and each constituent metal precursor would
kinetically affect the inorganic crystal nucleation and subsequent
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Scheme 1. Synthetic pathway of crystalline mesoporous InSn-oxide-n with controlled contents.

growth. To gain an insight into the crystal growth of InSn-oxide-n
samples, we collected the as-made precipitates of both InSn-oxide0.3 and InSn-oxide-0.7 after they were heated in an autoclave oven
for 30 min. We investigated their compositional contents by EDS
analysis, as shown in Fig. S2. The EDS spectra reveal that polymer
functional groups have stronger afﬁnity for a Sn precursor than an
In precursor. Thus, for a synthetic gel with higher content of Sn than
In, this would readily lead to the kinetically favored nucleation of
SnO2 along the polymer, consequently resulting in crystal growth
based on the rutile SnO2 phase. Even for the case of higher content
of In than Sn, the preferential binding of the Sn precursor around
the polymer functional groups might manipulate the nucleation
and further growth of a larger amount of In, hindering the thermodynamically controlled growth of an inorganic crystal. To evaluate the role of the polymer, we carried out the same procedure to
synthesize InSn-oxides without the polymer. The XRD data for the
obtained products shows two distinct phases, SnO2 rutile and In2O3
cubic structure, regardless of the source contents (Fig. S3). We
further increased the In content in the initial feeding to 50% and
characterized the product by various analyses. Unexpectedly, the
XRD, HRTEM, and FFT diffraction pattern analyses showed that we
obtained an In-rich rutile SnO2 structure with up to 50% In content
(InSn-oxide-0.5) in the synthesis gel. The TEM-EDS measurement
and EDS mapping also conﬁrmed that 50% In in the initial source
was homogeneously incorporated into the SnO2 framework
(Fig. S4).
We employed the same strategy to prepare InSn-oxide-n with
>50% In content as that for pure In2O3, InSn-oxide-0.7 and InSnoxide-0.8. Using the polymer-directed synthesis strategy, surprisingly, we found that pure In2O3 was crystallized as a metastable
rhombohedral phase, not a thermodynamically stable cubic phase.
The characterization results for pure mesoporous In2O3 are summarized in Fig. S5. Fig. 2A shows XRD patterns of the calcined InSnoxide-0.8 sample. The small-angle XRD pattern exhibits a reﬂection
at 2q ¼ 0.7, which is characteristic of a mesoporous structure. For
the wide-angle range, we observed a series of well-deﬁned peaks,
which were readily indexed to the (012), (104), (110), (006), (024),
(116), (018), (214) and (300) reﬂections of the rhombohedral In2O3
structure (JCPDS card # 22e0336). XRD patterns also indicated that
there was no detectable phase separation. The crystal size calculated from the (110) reﬂection using the DebyeeScherrer equation

was 8.1 nm. Interestingly, the XRD diffraction peaks showed a small
shift toward a larger angle relative to those corresponding to pure
In2O3, implying a decrease in the lattice parameters (Table S1). The
mesoporous morphologies and pore texture of the InSn-oxide-0.8
sample were conﬁrmed by SEM imaging analysis (Fig. 2B) and N2
adsorptionedesorption isotherms (Fig. S6). The calculated BET
surface area (180 m2 g1) showed a decrease compared to In-rich
rutile SnO2 structures, indicating an increase in the mesopore
wall thickness. In agreement with the wide-angle XRD patterns, the
SAED pattern (Fig. 2C, inset) showed seven diffraction rings, conﬁrming that the mesoporous InSn-oxide-0.8 sample had a rhombohedral phase. The rhombohedral In2O3 structure of the InSnoxide-0.8 was also evidenced by the enlarged HRTEM and FFT
diffraction pattern, as shown in Fig. 2D. In the enlarged HRTEM
image, the interplanar spacing distances of (014) and (110) are
0.288 nm and 0.275 nm, respectively. The angle between the two
planes is 58.4 , which correspond to the values for rhombohedral
In2O3. The FFT electron-diffraction patterns also show that the
synthesized nanocrystal has a rhombohedral In2O3 phase along the
[441] direction.
The rhombohedral In2O3 phase has been considered to be the
metastable polymorphic counterpart of a thermodynamically stable cubic bixbyite In2O3 phase. The cubic In2O3 phase can be easily
obtained under ambient conditions. In contrast, the rhombohedral
phase is usually obtained under extreme conditions such as high
pressure or temperature. Hence there has been much less work
done for the preparation of rhombohedral In2O3 phase compared to
the cubic counterpart. Nadaud and co-workers obtained a rhombohedral In4Sn3O12 phase by reacting In2O3 and SnO2 powders at
1550  C for 10 h [37]. They claimed that In4Sn3O12 was isostructural
with a wide range of M7O12 (where M could be a single metal or bimetal, O/M ¼ 1.71) compounds that exhibited a ﬂuorite-related
superstructure. For the synthesized rhombohedral InSn-oxide-0.7
and 0.8, the ratios of M (In and Sn in our system) to O were 1.79 and
1.71, respectively, showing good agreement with Nadaud's results.
We attribute the formation of this metastable phase In2O3, instead
of the thermodynamically favored cubic phase, to the kinetic control of crystal nucleation and growth governed by the interaction
between the metal precursors and the polymer functional groups.
The In2O3 phase transformation is known to be an extremely
complicated process that is affected by many factors [38] and the
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Fig. 2. (A) Low-angle and wide-angle XRD patterns, (B) SEM image and HRSEM image (inset), (C) HRTEM image and SAED pattern (inset), (D) enlarged HRTEM image (left) and FFT
diffraction pattern (right), (E) TEM-EDS spectrum, and (F) TEM-EDS elemental mapping images of calcined InSn-oxide-0.8.

endeavors to gain more insights into the polymer-directed crystal
growth mechanism with a preferential crystal phase are currently
underway in our group. The amount and spatial distribution of In
and Sn atoms in the InSn-oxide-0.8 sample are analyzed by the EDS

spectrum (Fig. 2E) and elemental mapping images (Fig. 2F). As
shown in the EDS spectrum, the synthesized oxide has 78.8 ± 3.1 In
atom %, which is less than the In content of the feeding source
(90%). The EDS elemental mapping in the STEM mode elucidated
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that In and Sn atoms were uniformly distributed throughout the
entire particle with no secondary phase. For the case of InSn-oxide0.7, we also obtained the same results as InSn-oxide-0.8, indicating
that the synthesized material had a mesoporous rhombohedral
In2O3 phase (Fig. S7). However, the EDS spectrum shows that most
of the In content (70.8 ± 3.0 In atom %) from the feeding source was
incorporated into the InSn-oxide-0.7 sample (Fig. S7).
The EDS mapping results may not be sufﬁcient to verify whether
the In and Sn atoms were atomically mixed by forming SneOeIn
bonds, or physically mixed without any bond-formation. To clarify
this point, XPS measurements of pure SnO2, In2O3 and InSn-oxide-n
(n ¼ 0.3, 0.5, 0.7 and 0.8) were conducted. Fig. 3A shows the ﬁnescanned O 1s peak for a series of samples. While pure SnO2 had a
well-deﬁned and symmetrical peak shape at a binding energy of
530.4 eV, the two binary oxides showed an asymmetrical peak
shape, indicating the existence of oxygen in two different environments. According to previous studies, the peak at ~530.5 eV is
assigned to the lattice oxygen and the other peak at ~531.5 eV may
be attributable to O2 in an oxygen deﬁcient region [39,40]. The
binding energy of O 1s of the binary oxides decreased by 0.1 and
0.4 eV with increasing In content to 30% and 80%, respectively. As
Sn4þ has higher charge density than In3þ, the SneO bond has a
higher polarization effect than the IneO bond. In this regard, any
substitution of Sn atoms in SnO2 with In atoms causes a decrease in
the binding energy of O 1s. Therefore, the observed shift of the
binding energy implies the substitution of Sn by In in the SnO2
network, resulting in SneOeIn linkage formation. For pure SnO2,
the binding energies of 3d3/2 and 3d5/2 of the Sn atom were 495.2 eV
and 486.7 eV, respectively, with a spin-orbital splitting of 8.5 eV
(Fig. 3B). The positions of the binding energy show that the
oxidation state of Sn in SnO2 is only þ4. The intensity of the Sn
peaks gradually decreased from InSn-oxide-0.3 to InSn-oxide-0.8,
indicating that the Sn content in the binary oxide samples
decreased with decreasing the Sn content in the initial gel
composition. For In atoms, the XPS spectrum of InSn-oxide-n
showed two peaks, which were centered at 451.9 eV and 444.3 eV
corresponding to In3þ, and increased with increasing the In content. With the area integration of the In3þ and Sn4þ emission lines,
the In/(Sn þ In) ratio in the synthesized binary oxide samples was

Fig. 3. (A) O 1s, (B) Sn 3d and (C) In 3d XPS ﬁne-scanned spectra of the calcined SnO2,
In2O3 and InSn-oxide-0.3 (red), 0.5 (green), 0.7 (blue), and 0.8 (light blue) samples of
the core levels. The In contents (n) represents the content of ﬁnal products. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

calculated and the obtained results showed good agreement with
those obtained from the TEM-EDS and ICP measurements (Table 1).
To assess the effect of the constituent metal content on the optoelectrochemical properties, we measured the transmittance and
electrical conductivity, and obtained the currentevoltage curve of
InSn-oxides with different In contents. The transmittance and
conductivity were measured using powder samples. The transmittance spectra of the samples in the region of 300e800 nm are
shown in Fig. S8. As shown in Fig. 4a, the synthesized materials are
all highly transparent regardless of the In content, with a maximum
transmittance of 92% for 30% In. For the electrical conductivity
measurements, the sample materials were annealed at 550  C
under N2 ﬂow to diminish the grain boundaries [41]. We conﬁrmed
that the mesoporosity of the InSn-oxides was not changed at the
annealing temperature by XRD spectra (Fig. S9). The conductivity
measurements were performed using a home-built instrument
designed by the same principle as the four-point pore method [42].
With increasing In content, the electrical conductivity gradually

Fig. 4. (A) Transmittance and conductivity as a function of In content in the synthesized materials and (B) cyclic voltammograms of InSn-oxide samples with varying In
contents. The In contents (n) for both (A) and (B) represent the content of ﬁnal
products.
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increased from that of SnO2 (0.002 S cm1) for 70% In (InSn-oxide0.7, 0.3 S cm1) and sharply increased to 1.0 S cm1 for 80% In (InSnoxide-0.8). The unpaired electrons, which are generated owing to
the charge mismatch when Sn4þ ions are isomorphically
substituted with In3þ ions, could be the reason for this trend of
conductivity change. The unpaired electrons not only move freely
within the InSn-oxide framework, but also act as negative-type
carriers [43]. This may result in an increase in the electrical conductivity with increasing In content. However, when the In concentration reaches 100% (pure In2O3), the electrical conductivity
decreases owing to the formation of a stable IneO bond, which
dose not contribute to electrical conduction [43].
The electrochemical properties of the synthesized InSn-oxide-n
samples were tested in a three-electrode conﬁguration (see
Experimental section for details). The cyclic voltammograms (CV)
of a series of InSn-oxide samples were obtained by the cycling
potential between 0.4 and 1.0 V with a scan rate of 30 mV s1 in 1 M
Na2SO4 solution at room temperature (Fig. 4b and Fig. S10). Among
them, the CV curve of InSn-oxide-0.5 had a perfectly symmetrical
rectangular shape, suggesting the possibility of using it as an
electrode material for an aqueous electrochemical supercapacitor.
The nanostructure is known to have a signiﬁcant effect on the
pseudocapacitance. More speciﬁcally, the surface area and
morphology of the nanostructure are the most important factors
that can affect the pseudocapacitance performance [44]. The
calculated speciﬁc capacitance from the CV curve of InSn-oxide-0.5
was 355.8 F g1, which was higher than that of SnO2 (184.5 F g1),
In2O3 (101.9 F g1), and InSn-oxide-0.3 (237.2 F g1), 0.7
(234.8 F g1), and 0.8 (213.5 F g1) in the current system. The higher
speciﬁc capacitance of InSn-oxide-0.5 is attributed to its high surface area (285 m2 g1) and moderate conductivity (0.02 S cm1).

4. Conclusions
We used a polymer-directed synthesis strategy to prepare
crystalline mesoporous InSn-oxides with controlled contents. As a
result, we obtained an In-rich rutile SnO2 phase without phase
separation for up to 50% In content. Above 50% In content, we
observed complete suppression of tetragonal rutile SnO2 crystal
structure and obtained a rhombohedral In2O3 structure (as shown
in Fig. S11). We attribute the formation of this metastable rhombohedral In2O3 phase, instead of the thermodynamically favored
cubic phase, to the kinetic control of the nucleation and growth of
the crystal as determined by the interaction between the metal
precursors and the polymer functional groups. In this synthesis
route, the polymer plays an important role in governing the
compositional and structural tuning between SnO2 and In2O3,
which is accompanied by a change in the opto-electrochemical
properties. These features may enable further developments of
optoelectronic devices from the synthesized In-Sn oxides. The
polymer-directed synthesis strategy may be widely applied to the
preparation of various mixed-metal oxides with tunable contents
as long as suitable polymereinorganic pairs are selected. This
should ﬁnally enable detailed experimental investigations of the
properties of this promising class of materials.

Acknowledgments
This work was supported by IBS-R004-D1.

21

Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.micromeso.2016.03.014.
References
[1] M. Sadakane, N. Watanabe, T. Katou, Y. Nodasaka, W. Ueda, Angew. Chem. Int.
Ed. 46 (2007) 1493e1496.
[2] J. Tantirungrotechai, P. Chotmongkolsap, M. Pohmakotr, Microporous Mesoporous Mater. 128 (2010) 41e47.
[3] C. Yuan, H.B. Wu, Y. Xie, X.W. Lou, Angew. Chem. Int. Ed. 53 (2014)
1488e1504.
[4] J.S. Chen, X.W. Lou, Small 9 (2013) 1877e1893.
[5] S. Xu, J. Gao, L. Wang, K. Kan, Y. Xie, P. Shen, L. Li, K. Shi, Nanoscale 7 (2015)
14643e14651.
[6] S. Somacescu, P. Osiceanu, J.M. Calderon-Moreno, A. Sackmann, C.E. Simion,
A. St
anoiu, Microporous Mesoporous Mater. 197 (2014) 63e71.
[7] V. Müller, M. Rasp, J. Rathouský, B. Schütz, M. Niederberger, D. FattakhovaRohlﬁng, Small 5 (2010) 633e637.
[8] F. Zhang, C.H. Chen, J. Am. Ceram. Soc. 89 (2006) 1028e1036.
[9] A.J. Norquist, K.R. Heier, C.L. Stern, K.R. Poeppelmeier, Inorg. Chem. 37 (1998)
6495e6501.
[10] L. Barrio, A. Kubacka, G. Zhou, M. Estrella, A. Martínez-Arias, J.C. Hanson,
M. Fern
andez-García, J.A. Rodriguez, J. Phys. Chem. C 114 (2010)
12689e12697.
[11] D. Fattakhova-Rohlﬁng, T. Brezesinski, J. Rathouský, A. Feldhoff, T. Oekermann,
M. Wark, B.M. Smarsly, Adv. Mater. 18 (2006) 2980e2983.
[12] A. Pohl, B. Dunn, Thin Solid Films 515 (2006) 790e792.
[13] S. Kundu, P.K. Biswas, Chem.Phys. Lett. 414 (2005) 107e110.
[14] T.H. Tsai, Y.F. Wu, J. Electrochem. Soc. 153 (2006) C86eC90.
[15] N.R. Armstrong, P.A. Veneman, E. Ratcliff, D. Placenia, M. Brumbach, Acc.
Chem. Res. 42 (2009) 1748e1757.
[16] J.R. Bellingham, W.A. Phillips, C.J. Adkins, J. Mater. Sci. Lett. 11 (1992)
263e265.
[17] Y. Liu, W.E. Mustain, J. Am. Chem. Soc. 135 (2013) 530e533.
[18] K. Maki, N. Komiya, A. Suzuki, Thin solid Films 445 (2003) 224e228.
[19] Y. Sawada, C. Kobayashi, S. Seki, H. Funakubo, Thin Solid Films 409 (2002)
46e50.
[20] M. Chen, X. Bai, J. Gong, C. Sun, R. Huang, L. Wen, J. Mater. Sci. Technol. 16
(2000) 281e285.
[21] T.R. Garvey, B.H. Farnum, R. Lopez, Nanoscale 7 (2015) 2400e2408.
[22] G. Socol, M. Socol, N. Stefan, E. Axente, G. Popescu-Pelin, D. Craciun, L. Duta,
C.N. Mihailescu, I.N. Mihailescu, A. Stanculescu, D. Visan, V. Sava, A.C. Galca,
C.R. luculescu, V. Craciun, Appl. Surf. Sci. 260 (2012) 42e46.
[23] M.A. Aouaj, R. Diaz, A. Belayachi, F. Rueda, M. Abd-Lefdil, Mater. Res. Bull. 44
(2009) 1458e1461.
[24] T.O.L. Sunde, E. Garskaite, B. Otter, H.E. Fossheim, R. Saeterli, R. Holmestad,
M.A. Einarsrud, T. Grande, J. Mater. Chem. 22 (2012) 15740e15749.
[25] S.R. Ramana, Thin Solid Films 389 (2001) 207e212.
[26] R.G. Gordon, MRS Bull. 25 (2000) 52e57.
[27] A. Kumar, C. Zhou, ACS Nano 4 (2010) 11e14.
[28] W.J. Heward, D.J. Swenson, J. Mater. Sci. 42 (2007) 7135e7140.
[29] H. Enoki, J. Echigoya, H. Suto, J. Mater. Sci. 26 (1991) 4110e4115.
[30] W.C. Chang, C.H. Kuo, P.J. Lee, Y.L. Chueh, S.J. Lin, Phys. Chem. Chem. Phys. 14
(2012) 13041e13045.
[31] M. Zeryos, C.N. Mihailescu, J. Giapintzakis, C.R. Luculescu, N. Florini,
Ph Kominou, J. Kioseoglou, A. Othonos, Apl. Mat. 2 (2014) 056104e56111.
[32] Y. Aksu, M. Driess, Angew. Chem. Int. Ed. 48 (2009) 7778e7782.
[33] Y. Aksu, S. Frasca, U. Wollenberger, M. Driess, A. Thomas, Chem. Mater. 23
(2011) 1798e1804.
[34] C. Jo, Y. Seo, K. Cho, J. Kim, H.S. Shin, M. Lee, J.-C. Kim, S.O. Kim, J.Y. Lee, H. Ihee,
R. Ryoo, Angew. Chem. Int. Ed. 53 (2014) 5117e5121.
[35] G. Meng, T. Yanagida, K. Nagashima, H. Yoshida, M. Kanai, A. Klamchuen,
F. Zhuge, Y. He, S. Rahong, X. Fang, S. Takeda, T. Kawai, J. Am. Chem. Soc. 135
(2013) 7033e7038.
[36] C. Ma, A. Navrotstky, Chem. Mater. 24 (2012) 2311e2315.
, T. Roisnel, J. Solid State Chem. 135
[37] N. Nadaud, N. Lequeux, M. Nanot, J. Jove
(1998) 140e148.
[38] P. Li, H. Fan, Y. Cai, M. Xu, C. Long, M. Li, S. Lei, X. Zou, R. Soc, Chem. Adv. 4
(2014) 15161e15170.
[39] P.K. Biswas, A. De, L.K. Dua, L. Chkoda, Bull. Mater. Sci. 29 (2006) 323e330.
[40] J.C.C. Fan, J.B. Goodenough, J. Appl. Phys. 48 (1977) 3524e3531.
[41] G.B. Gonzalez, T.O. Mason, J.P. Quintana, O. Warschkow, D.E. Ellis, J.H. Hwang,
J.P. Hodges, J.D. Jorgensen, J. Appl. Phys. 96 (2004) 3912e3920.
[42] M. Choi, R. Ryoo, Nat. Mater. 2 (2003) 473e476.
[43] X. Sun, Y. Shi, H. Ji, X. Li, S. Cai, C. Zheng, J. Alloys Compd. 545 (2012) 5e11.
[44] J. Jamnik, J. Maier, Phys. Chem. Chem. Phys. 5 (2003) 5215e5220.

