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Single-Crystalline Ordered Mesoporous Indium Tin Oxides with 
Controlled Sn/In Ratio via Vapor-Phase Oxidation of Metal 
Chlorides within Silica Colloidal Crystals
Tomohiro Okita,a Ryoma Uchida,a Atsushi Shimojimaa,b,c and Takamichi Matsuno*a,b,c

The properties of nanoporous metal oxides depend on their pore structure and the internal structure of the pore walls, and 
precise control of such factors is crucial. In particular, single-crystalline nanoporous metal oxides, in which the pore walls 
consist of a single crystal, exhibit characteristics of both single crystals and nanoporous materials that are distinct from 
conventional polycrystalline materials. Herein, we report the synthesis of single-crystalline mesoporous indium tin oxide 
(ITO) with a pore diameter of ~30 nm and a controlled Sn/In ratio. The synthesis was achieved using regularly arranged silica 
nanospheres (silica colloidal crystals) as a template, followed by crystal growth of ITO within the template by oxidation of 
metal chloride precursors. By increasing the oxygen-to-metal chloride ratio, crystal growth outside the template was 
suppressed and the volatilization of Sn species was reduced, thereby enabling an increase in the Sn/In molar ratio to 0.10, 
which is critical for electrical conductivity.

Introduction
Nanoporous metal oxides exhibit the functionalities of metal 
oxides, such as electronic and ionic conductivity, catalytic 
activity, and magnetism, alongside characteristics derived from 
nanoporous structures, including high specific surface area and 
large pore volume. Due to these characteristics, nanoporous 
metal oxides are applicable across a wide range of fields, 
including energy conversion, catalysis, photocatalysis, and 
electronic devices.[1,2] In particular, single-crystalline 
nanoporous metal oxides, in which the pore wall is composed 
of a single crystallite, have garnered attention for their superior 
properties compared to typical nanoporous metal oxides 
composed of nanocrystals. For example, enhanced electronic 
and ionic conductivity[3] and reduced recombination centers[4] 
have been reported. Synthesis methods for nanoporous metal 
oxides include the soft-templating method[5,6], which uses 
surfactant or block copolymer micelles as templates, the hard-
templating method[1,7], which employs inorganic nanoporous 
materials or nanoparticles as templates, and methods utilizing 
volume shrinkage during the pyrolysis or oxidation of single 
crystals.[8,9] Among these, the hard-templating method is 
particularly useful because it employs rigid, thermally stable 
inorganic materials as templates, enabling precise control of the 

porous structure and suppressing template collapse during 
crystal growth.

As synthetic methods for growing metal oxide crystals inside 
templates, calcination of low-melting-point metal salts[10,11] and 
the solvothermal process[12–18] have been widely developed. In 
the calcination process, the precursor infiltrated into the 
template melts and decomposes upon heating, allowing 
nucleation and crystal growth to proceed within the molten salt. 
However, this method requires selecting precursors with 
melting points lower than the decomposition temperature. 
Furthermore, controlling nucleation and crystal growth through 
decomposition and combustion during high-temperature 
calcination is difficult, making it unsuitable for many metal 
oxides. In contrast, the solvothermal method, in which a 
template is immersed in a precursor solution and heated under 
high pressure, causes nucleation and crystal growth of metal 
oxides within the liquid phase. The continuous supply of the 
precursor in solution yields metal oxide single crystals with 
relatively large crystal sizes. However, controlling selective 
nucleation and growth within the template is difficult. 
Furthermore, hydroxides and/or oxyhydroxides may be formed 
instead of the desired oxide. For these reasons, previous reports 
on single-crystalline nanoporous oxides synthesized by the 
solvothermal method are limited to certain oxides, such as 
SnO2,[12,13] TiO2,[12,14,15] CeO2,[12] BiVO4,[16] and zeolites.[17,18] In 
addition to the above two methods, a technique using 
mineralizers to crystallize metal oxides at relatively low 
temperatures[19] has also been reported, but it is limited to 
synthesizing quartz.[20,21] Therefore, developing a method to 
realize single-crystalline nanoporous metal oxides for 
compounds that were previously difficult to synthesize, while 
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Scheme 1 Synthesis of single-crystalline ordered mesoporous ITOs with controlled Sn/In ratio by crystal growth inside silica colloidal crystals under different oxygen amount 
conditions. (a) calcination in a 10 mL vessel (previous condition) and (b) calcination in a 90 mL vessel with (i) the same precursor concentration as (a) and (ii) a diluted precursor 
concentration.

controlling the nucleation and crystal growth processes, is an 
important challenge.

Recently, we discovered that single-crystalline nanoporous 
metal oxides with an inverse opal structure[22] can be 
synthesized by heating and oxidizing metal chlorides within the 
interparticle nanopores of silica colloidal crystals (SCCs), used as 
a template, via a chemical-vapor-based confined crystal growth 
(C3) method.[23,24] The metal chloride volatilizes upon heating 
and undergoes oxidation while diffusing in the gas phase within 
the template. This process is thought to continuously supply the 
precursor to the metal oxide nucleus, enabling crystal growth. 
Because the metal chlorides themselves do not undergo 
thermal decomposition upon heating, nucleation and crystal 
growth are more controllable compared to the calcination 
process. In the -Fe2O3 system, it has been shown that 
crystallite size can potentially be tuned by varying the oxygen 
supply.[23]

A previous report demonstrated the synthesis of single-
crystalline nanoporous indium tin oxides (ITOs), using SCCs as 
templates and indium chloride and tin chloride as precursors, 
and investigated their thermoelectric conversion 
performance.[24] A decrease in thermal conductivity is 
important to improve the performance, and introducing a 
nanoporous structure is an effective way. However, in 
conventional approaches, the numerous grain boundaries in 
the pore walls caused an unintended decrease in electrical 
conductivity. In contrast, single-crystalline nanoporous ITOs 
could significantly reduce thermal conductivity while 
suppressing an unintended decrease in electrical conductivity 
by minimizing grain boundaries in the pore walls. Although 
clarifying the correlation between the porous structure and 
thermal and electrical conductivities is important, the previous 

study had limitations in controlling pore size, with the smallest 
pore size being 39 nm. This was due to a problem where part of 
the volatilized precursor diffused and precipitated outside the 
template, forming non-porous crystals. In particular, reducing 
the size of the silica nanospheres constituting SCCs to 28 nm led 
to crystallization primarily outside the template, and the 
synthesis of mesoporous ITOs was difficult. This is presumably 
due to the small pore size of the template, which slows down 
air diffusion into its interior. In addition, the Sn/In molar ratio, 
crucial for conductivity, was lower than the target value of 
0.10.[25] The relatively high vapor pressure of SnCl4[26,27] likely 
caused faster volatilization than InCl3, leading to diffusion out of 
the template and a reduction in the doping amount.

In this study, to synthesize single-crystalline mesoporous 
ITO with a controlled composition, we increased the oxygen-to-
metal chloride ratio within the SCCs by increasing the air volume 
in the calcination vessel and reducing the amount of metal 
chlorides infiltrated into the SCCs, thereby suppressing crystal 
growth outside the template while increasing the Sn/In ratio 
(Scheme 1). As a result, ITO was selectively crystallized within 
the SCCs composed of 29–30 nm silica nanospheres, 
successfully achieving the Sn/In ratio of 0.10. Furthermore, it 
was found that the crystallite size of the mesoporous ITOs varies 
with the oxygen-to-metal chloride ratio.

Experimental
Materials

Tris(hydroxymethyl)aminomethane (THAM, >99.0%), 
tetraethoxysilane (TEOS, >99.0%), indium(III) chloride 
tetrahydrate (InCl3·4H2O, >99.9%), and potassium hydroxide (> 
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85.0%) were purchased from Fujifilm Wako Pure Chemical Corp. 
Tin(IV) chloride pentahydrate (SnCl4 · 5H2O, >98.0%) was 
purchased from Fujifilm Wako Pure Chemical Corp. and Sigma-
Aldrich. All reagents were used as received.

Synthetic procedures

Preparation of Silica Colloidal Crystals. Silica colloidal crystals 
(SCCs) were prepared as templates for mesoporous ITOs, 
following the previous reports.[28,29] A silica nanosphere 
dispersion was prepared as follows. THAM (9.68 g) was 
dissolved in pure water (400 mL) and stirred at 80 °C for 1 h in a 
1 L recovery flask. TEOS (321 mL) was added to the solution, and 
the mixture was stirred at 80 °C for 24 h, yielding a silica 
nanosphere dispersion (molar ratio was 90 TEOS: 1390 H2O: 5 
THAM). The average diameter of the silica nanospheres slightly 
varied between batches, and the values were 29 nm (coefficient 
of variation (CV): 5.5%) and 30 nm (CV: 6.7%). The mean 
diameter and coefficient of variation were calculated by 
measuring the diameters of 100 silica nanospheres from 
transmission electron microscopy (TEM) images. The silica 
nanosphere dispersion was dried at 40 °C, then calcined at 600 
°C for 6 h to remove THAM (heating and cooling rate: 1.7 °C 
min−1), yielding SCCs composed of silica nanospheres with 
diameters of 29 nm or 30 nm. The samples are denoted as SCCs-
29 and SCCs-30, respectively.

Synthesis of Single-Crystalline Mesoporous ITO under 
increased air volume. Mesoporous ITOs were synthesized using 
SCCs as a template (Scheme 1b-i). SCCs were heated at 150 °C 
for 3 h to remove adsorbed water before use. An ITO precursor 
was prepared by stirring a mixture of pure water (0.9 mL), 
InCl3·4H2O (240 mg, 0.83 M), and SnCl4·5H2O (28 mg, 0.083 M) 
at room temperature for 10 min (Sn/In molar ratio: 0.10). The 
ITO precursor was then infiltrated into the interparticle pores of 
the dried SCCs (1.8 g) and left in a desiccator with silica gel for 3 
days to dry. The infiltration process was divided into five times, 
with at least 7 h in the desiccator between each addition of 
precursor solution. The volume of the precipitated hydrated 
metal chlorides was adjusted to occupy 20% of the pore 
volume. Subsequently, the sample was calcined in air to 
crystallize ITO within the SCCs. After heating at 300 °C for 2 h, 
the temperature was raised to 450 °C and kept for 5 h (heating 
and cooling rate: 1.0 °C min−1). To suppress ITO precursor 
leakage outside the template by volatilization, the vessel 
volume was changed from 10 mL to 90 mL to increase the 
amount of air compared to the previously reported 
conditions.[24] Then, the sample was added to the 500 mL of 2 
M KOH aq. and stirred at 60 °C for 24 h to remove the template. 
After filtering the solution, the solid sample was washed with 
pure water and ethanol. These procedures were repeated twice 
to complete template removal. The resulting sample was dried 
at 80 °C for 24 h in an oven, yielding a yellow-green colored 
powder. Hereafter, this sample is denoted as ITO-29 (the 
number indicates silica nanosphere diameter). As a 
comparative sample, a mesoporous ITO was also synthesized 
under the conditions of the previous study,[24] in which crystal 

growth occurred outside the template (Scheme 1a). The sample 
was obtained via calcination in a 10 mL crucible at 450 °C for 5 
h (heating and cooling rate: 1.0 °C min−1). This sample is 
denoted as ITO-29-pre.

Synthesis of Single-Crystalline Mesoporous ITO with a higher 
In/Sn ratio. The Sn/In molar ratio and/or the concentration of 
the precursor were investigated to increase the Sn/In ratio in 
the sample. The samples were prepared using precursor 
solutions with a Sn/In ratio of 0.20 by the same procedure as 
ITO-29: one at the same precursor concentration as ITO-29, and 
another diluted to one-tenth (Scheme 1b-ii). The samples are 
denoted as ITO-30-0.2 and ITO-30-0.2-dil, respectively.

Characterization

Scanning electron microscopy (SEM) images were obtained 
using a Hitachi S-5500 electron microscope operating at 1.0–5.0 
kV. The TEM images were also obtained using a JEOL JEM-2010 
electron microscope operating at 200 kV. TEM and SEM samples 
were prepared as follows: an ethanol suspension of the powder 
sample was drop-cast onto a carbon-coated Cu microgrid and 
vacuum-dried. The SEM sample was prepared by sticking a small 
amount of the powder sample to a piece of carbon tape. 
Powder X-ray diffraction (XRD) measurements were carried out 
on Rigaku RINT-Ultima III with a parallel beam geometry, 
equipped with a scintillation detector and a parabolic multilayer 
mirror. The RINT Ultima III diffractometer was operated with Cu 
K radiation at 40 kV and 40 mA. Small-angle X-ray scattering 
(SAXS) patterns were measured on a Rigaku NANO-Viewer using 
Cu Ka radiation operating at 40 kV and 30 mA and a Dectris 
PILATUS 2D X-ray detector. N2 adsorption–desorption 
measurements were conducted by Quantachrome Autosorb-iQ. 
The sample was pretreated by heating at 120 °C for 4.5 h under 
vacuum and then measured at -196 °C. The specific surface area 
was calculated by the Brunauer–Emmett–Teller (BET) 
method[30], and the pore diameter distribution was calculated 
by the Barrett–Joyner–Halenda (BJH) method.[31] X-ray 
photoelectron spectroscopy (XPS) was conducted using an 
Ulvac-PHI VersaProbe II. A monochromatized Al K line was 
used, and the pass energy was 23.5 eV. Inductively coupled 
plasma optical emission spectrometry (ICP-OES) was performed 
using an Agilent Technologies Agilent 5100 SVDV. The 
mesoporous ITO sample was dissolved in the mixture of 5 mL 
HCl aq. (35.0%), HNO3 aq. (61%), and HF aq. (48.0%) by 20 min 
microwave treatment at 230 °C in a Teflon-lined vessel for 
measurements.

Results and discussion
First, ITO-29 and ITO-29-pre, which were synthesized by varying 
the amount of air during calcination, are compared. Then, the 
results for ITO-30-0.2 and ITO-30-0.2-dil, which varied the 
composition and concentration of the precursor solution, are 
discussed. SCCs composed of regularly arranged silica 
nanospheres in a face-centered cubic (fcc) structure were 
confirmed based on the SEM and TEM images, N2 adsorption–
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Fig. 1 XRD patterns of (a)ITO-29 and (b)ITO-29-pre. The simulated patterns of In2O3 based 
on ICDD data are shown at the bottom.

desorption isotherms (Fig. S1, ESI), and SAXS patterns (Fig. S2, 
ESI). These results were consistent with those reported in the 
previous study.[32] The XRD patterns of the ITO-29 and ITO-29-
pre (Fig. 1) show peaks corresponding to cubic In2O3, along with 
minor peaks corresponding to rhombohedral In2O3, and no 
peaks derived from SnO2 were observed. Some reports suggest 
that doping In2O3 with heteroatoms distorts the crystal lattice, 
leading to the formation of the rhombohedral phase.[33–35] 
Similarly, in ITO-29, rhombohedral phase formation is possibly 
due to the distortion of the In2O3 crystal lattice by Sn doping. 
XPS spectra (Fig. S3, ESI) revealed peaks corresponding to Sn 
3d3/2 and Sn 3d5/2[36] at 495.1 eV and 486.6 eV, respectively. The 
peaks corresponding to In 3d3/2 and In 3d5/2[36] were also 
observed at 451.6 eV and 444.2 eV. The In peaks were 
asymmetric, and curve fitting confirmed the presence of peaks 
derived from Sn-O-In.[37] These results indicate the formation of 
Sn-doped indium oxides.

The Sn/In ratio calculated from ICP-OES results was 0.019 
for ITO-29 and 0.011 for ITO-29-pre, both lower than the 
composition ratio of the ITO precursor solution (0.10). This is 

considered to occur because SnCl4 has a higher vapor pressure 
than InCl3[26,27] (Fig. S4, ESI), making it easier for SnCl4 to diffuse 
to the outside of the template before oxidation upon heating. 
This explanation is consistent with the result that the Sn/In ratio 
was lower for ITO-29-pre synthesized under conditions with less 
air.

SEM and TEM images (Fig. 2a–c) revealed mesoporous 
particles with regularly arranged spherical pores in ITO-29. The 
FFT pattern of the TEM image (Fig. 2d) showed regular spots 
corresponding to fcc [100], confirming the replication of the 
template’s pore structure. The average pore diameter 
measured from TEM images was 28 nm (CV: 3.7%), almost 
consistent with the size of silica nanospheres. The SAED 
patterns measured in regions of several hundred nm in size (Fig. 
2e) showed spots indicative of single-crystallinity. In many views, 
SAED patterns were slightly elongated in an arc shape, as 
represented in Fig. 2e, suggesting that the crystal orientations 
were not completely aligned in the same direction and that the 
pore walls of the mesoporous particles were distorted. 
Furthermore, some fields of view showed spots originating from 
multiple crystals, suggesting that two or more crystals 
coalesced during growth (Fig. S5, ESI). Another cause is the 
presence of small fragments derived from mesoporous ITO on 
the particle (Fig. S5, ESI). Based on the above results, synthesis 
of mesoporous ITO with an inverse opal structure composed of 
crystallites larger than several hundred nm was confirmed. In 
contrast, ITO-29-pre showed not only mesoporous structures 
but also non-porous particles (Fig. 2f–i), suggesting crystal 
growth occurred outside the template, as confirmed in the 
previous report.[24]

The T-SAXS patterns (Fig. S2a, ESI) showed peaks attributed 
to an fcc structure for both samples, confirming the replication 
of the porous structure from the SCCs template. The center-to-
center distance of the pores, calculated from the d value of the 
fcc 111 diffraction, was 28 nm, consistent with the average 
diameter of the silica nanospheres. The N2 adsorption–
desorption isotherms (Fig. 3a) of both samples were type IV(a),

Fig. 2 (a,b) SEM images, (c) TEM image, (d) FFT pattern, and (e) SAED pattern corresponding to the orange circle in (c) of ITO-29 and (f,g) SEM images, (h) TEM image, and (i) SAED 
pattern corresponding to the orange circle in (h) of ITO-29-pre.
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Fig. 3 (a) N2 adsorption−desorption isotherms and (b) BJH pore diameter distributions of 
(i) ITO-29 and (ii) ITO-29-pre (○: adsorption, ●: desorption).

showing a steep uptake at around P/P0 = 0.90. A significant 
difference in total adsorption capacity was observed between 
ITO-29 and ITO-29-pre. The BJH pore diameter distributions (Fig. 
3b) showed an intense peak at 24 nm calculated from the 
adsorption isotherm, indicating the formation of uniform 
mesopores. The pore size distribution calculated from the 
desorption isotherm shows a peak at 11 nm, corresponding to 
the size of window pores connecting spherical mesopores. The 
pore volume of ITO-29 was 0.30 cm3 g−1, with a BET surface area 
of 81 m2 g−1. ITO-29-pre had a pore volume of 0.078 cm3 g−1 and 
a BET surface area of 36 m2 g−1. The pore volume of ITO-29 was 
relatively close to the geometrically calculated value assuming 
an ideal fcc structure (0.40 cm3 g−1) and was almost 4 times 
larger than that of ITO-29-pre. When considering by volume, 
~94% of ITO-29 consists of an inverse opal structure, while ITO-
29-pre consists of ~49% (see Supporting Information, ESI). In 
addition, the BET surface area of ITO-29 was close to the 
calculated value (85 m2 g−1) (see Supporting Information, ESI). 
These results indicate that crystal growth outside the template 

was significantly suppressed in ITO-29, yielding a mesoporous 
structure closer to the ideal inverse opal structure.

Based on the above results, it was found that increasing the 
air volume during calcination facilitates the oxidation of metal 
chlorides within the template, thereby suppressing the 
volatilization of precursors outside the template. The sample 
yields were 49% for ITO-29 and 22% for ITO-29-pre, with the 
smaller vessel showing a lower yield. The ratio of oxygen inside 
the vessel to the amount required to oxidize all metal chlorides 
was 29% for the previously reported condition (note that a gap 
was present between the lid and vessel) and 265% for the 
condition of the present study. Therefore, the oxygen supply 
was insufficient under the previously reported condition. This 
likely caused leakage of metal chlorides from the template, 
resulting in the reduced yield of mesoporous ITO.

Changing the container size alone proved insufficient to 
suppress volatilization of the Sn species. Therefore, increasing 
the Sn/In ratio was attempted by increasing the precursor 
solution composition to Sn/In = 0.20 and reducing the amount 
of infiltrated precursor to one-tenth, thereby lowering the 
metal chloride concentration within the template. As a result, 
the formation of a single-crystalline mesoporous ITO with an 
inverse opal structure (ITO-30-0.2-dil), similar to ITO-29, was 
confirmed (Fig. 4 and Figs. S2, S3, and S6, ESI), and the Sn/In 
ratio calculated from the ICP-OES result reached 0.10. The XRD 
pattern, N2 adsorption–desorption isotherms, XPS spectrum, 
and SAXS pattern showed almost no change compared with 
ITO-29. Based on the TEM images (Fig. 4d and Fig. S6a,c, ESI), an 
average pore diameter was 28 nm (CV: 3.1%), also the same as 
ITO-29. The SAED patterns and corresponding DF-TEM images 
(Fig. 4e and Fig. S6b,d) show that the mesoporous ITO is 
composed of multiple crystals, suggesting the coalescence of 
crystals during growth. It was found that the average size of 

Fig. 4 (a) XRD pattern, (b,c) SEM images, (d) TEM image (inset: FFT pattern), (e) SAED pattern corresponding to the orange circle in (d) and DF-TEM images, (f) N2 
adsorption–desorption isotherms, and (g) BJH pore size distributions of ITO-30-0.2-dil (○: adsorption, ●: desorption).
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~600 nm (CV: 35.7%), which is smaller than that of ITO-29 (1.7 
m, CV: 42.7%) and ITO-29-pre (3.5 m, CV: 76.0%). This 
difference would be due not to mechanical destruction, but an 
increase in nucleation frequency caused by a relatively higher 
oxygen content compared to ITO-29 and ITO-29-pre, and a 
decrease in crystal growth rate caused by a lower precursor 
concentration in the gas phase. This is consistent with the 
finding that no fractured nanoporous structures were observed 
by electron microscopy analyses for ITO-29 and ITO-30-0.2-dil.

In the ITO-30-0.2, where only the composition ratio of the 
precursor was changed to Sn/In = 0.20 without altering the 
concentration, the Sn/In ratio in the sample was 0.018. The 
Sn/In ratio is almost identical to that of ITO-29, indicating that 
even when the amount of Sn in the precursor is increased, most 
of the tin chloride volatilizes under conditions where sufficient 
oxidation does not occur. Based on the characterization of ITO-
30-0.2 (Fig. S7, ESI), the crystal structure and nanoporous 
structure of ITO-30-0.2 were almost the same as those of ITO-
29.

According to the ITO-30-0.2 result, the Sn/In ratio in the 
precursor solution did not improve the Sn/In ratio; rather, 
increasing the oxygen-to-metal chloride ratio within the 
template by reducing the infiltration amount of the precursor 
solution was crucial. Although oxygen partial pressure may also 
influence nucleation and crystal growth, its effects remain 
unclear at this stage. To better understand the formation and 
crystal growth of metal oxides within nanopores, further 
exploration of synthesis conditions and applicable metal oxide 
systems is needed.

Conclusions
Using silica colloidal crystals consisting of regularly arranged 
silica nanospheres with an average diameter of ~30 nm as a 
template, single-crystalline mesoporous indium tin oxides 
(ITOs) with ~30 nm spherical mesopores were successfully 
synthesized by crystal growth within the template induced by 
the volatilization and oxidation of metal chlorides within the 
pores. The oxygen-to-metal chloride ratio was found to be 
crucial for crystal growth within the template. Increasing the 
oxygen amount by changing the size of the calcination vessel 
suppressed crystal growth outside the template, enabling metal 
chloride crystallization within the nanopores. Furthermore, by 
reducing the infiltration amount to increase the oxygen-to-
metal chloride ratio, the proportion of highly volatile SnCl4 that 
oxidized before diffusing outside of the template was increased, 
thereby raising the Sn/In ratio in the sample to 0.10. 
Simultaneously, crystal sizes decreased, indicating an increase 
in nucleation frequency. This result indicates that the crystallite 
size can be controlled depending on the oxygen-to-metal 
chloride ratio.
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