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Preparation of Mesoporous Sb-, F-, and In-Doped SnO,
Bulk Powder with High Surface Area for Use as Catalyst

Supports in Electrolytic Cells

Hyung-Suk Oh, Hong Nhan Nong, and Peter Strasser*

The M-doped tin oxides (M = Sb, F, and In) to be used as catalyst support are syn-
thesized by using templating process with tetradecylamine (TDA) as the template,
combined with a hydrothermal (HT) method to improve its thermal stability. The
obtained materials are characterized by XRD, SAXS, TEM, EDX, SEM, and BET to
study microstructure and physical properties, which have a mesoporous struc-

carbon such as carbon nanotube (CNT)
and carbon nanofiber (CNF).I However,
these materials still do not prevent irre-
versible carbon oxidation at high electrode
potentials and heat-treatment for graphiti-
zation can increase processing costs.”!
Therefore, various conductive metal
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ture, small particle size, and high surface area (125-263 m? g'). The materials
show an overall conductivity of 0.102-0.295 S cm™". Repetitive potential cycling
is employed to characterize the electrochemical properties and stability. The
M-doped tin oxides are highly electrochemical stable compared to carbon black.
From the observed results, it can be concluded that the combination of TDA
and HT treatment are an effective synthetic method for designing mesoporous

M-doped tin oxide as catalyst supports.

1. Introduction

Precious metals (Pt, Ir, Pd, Au, Ru, and Ag) have been widely
used for electrochemical catalysis in many industries.!l In gen-
eral, these catalysts are essential to use of support material to
provide a physical surface for fine dispersion of metal nano-
particles, which is necessary for reducing the amount of pre-
cious metal.l”l Carbon black is the most frequently employed as
support material because of its high surface area for the disper-
sion and stabilization of metal nanoparticles, bulk powder type
for simple application in catalysts synthesis, a porous struc-
ture for facile mass transfer of reactants, and good electrical
conductivity required for electrochemical reactions.’! From a
thermodynamic point of view, however, carbon is vulnerable to
corrosive condition. The reported mechanism of carbon corro-
sion suggests that functional oxygen groups are generated on
the carbon surface above 0.207 V (vs RHE), and in turn carbon
converted to carbon dioxide (CO,).! The carbon corrosion
causes the release of precious metal particles, which become
electrically isolated, leading to a significant decrease of the per-
formance and operation lifetime of the catalysts.! To overcome
this problem, many studies have concentrated on graphitized
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oxides including WO,, TiO,, Nb,Os, SnO,,
and others have received much atten-
tion as candidates for oxidation resistant
catalyst supports.®l Among these candi-
dates, doped tin oxide, such as tin doped
indium oxide (ITO), antimony doped tin
oxide (ATO), and fluorine doped tin oxide
(FTO), have gained increasing attention
as a catalyst supports due to their high
electrical conductivity and electrochemical
stability.”) Bjerrum investigated the electrochemical stability of
antimony doped tin oxide (ATO) nanoparticles as catalyst sup-
port for polymer electrolyte membrane (PEM) water electrol-
ysis, and found that ATO had much higher corrosion resistance
than carbon.['% Mustain also suggested Pt adsorbed on ITO as
an oxygen reduction reaction (ORR) catalysts. The prepared
catalyst showed high catalytic activity and stability through syn-
ergistic effects between Sb surface and Pt.’¥ However, these
metal oxides have low surface area (>48 m? g-!) compare with
carbon black (Vulcan, 235 m? g!), which prevent high loading
and uniform dispersion of precious metal nanoparticles on the
surface.

One approach to increase the surface area of doped metal
oxide is Evaporation Induced Self-Assembly (EISA), which is
useful in the formation of thin film type mesoporous struc-
ture.'"] However, it is difficult to load precious metal nanopar-
ticles on thin film structure, even though its high surface area.
Another widely used method is sol-gel method with organic
surfactant.?l The pioneer work on the synthesis of mesoporous
metal oxide powder was done by Antonelli, where they used a tet-
radecyl-phosphate as surfactant.l'¥ In their report, TiO, calcined
to 350 °C have narrow pore size and surface areas of 200 m? gL
Following this approach, the synthesis of mesoporous SnO,
by applying various surfactants and process modification was
attempted at several groups.'¥! However, the mesoporous
structure was easily collapsed upon calcination at 400 °C due
to the decomposition of surfactant before crystallization, and
hence the surface area of metal oxide was decreased. To
improve the thermal stability, Chen used the neutral surfactant
resulting in the stable mesoporous tin oxide up to 500 °C,
but surface area (107 m? g™!) was much smaller than those of
carbon black.'*! Zhu also used the tetradecylamine (TDA) as
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Figure 1. Synthesis pathway of mesoporous metal oxide bulk powder: i) Material, ii) Hydrolysis and condensation, iii) Micelle formation, iv) Hydro-

thermal, and v) Calcination.

template and the tetraethylothosilicate (TEOS) as crystal growth
inhibitor."*dl The synthesized SnO, had very large specific sur-
face area (211-339 m? g'!) at temperature from 400 to 600 °C,
however these were barely unsuitable for the electrocatalyst
supports because nonconductive silicon dioxide remained in
the metal oxide structure. Furthermore, there are only a few
reports about doped SnO, powder with high surface area and
homogeneity, because the constituent metals of mixed metal
oxide exhibit different hydrolysis and condensation kinetics.!®!
From these considerations and for all practical purposes, a
more viable synthetic approach is required.

Here, we describe a simple wet-chemical method that ena-
bles the synthesis of doped tin oxide (ATO, FTO, and ITO)
bulk powder with high surface area, high crystalline, and
mesoporous structure. We have shown that neutral surfactant
can act as structure directing agents for mesoporous structure
and thermal stability is enhanced by hydrothermal process. The
physical and electrochemical properties of these metal oxides
were characterized using various techniques. Based on these
results, the roles of surfactant and electrochemical stability are
analyzed that can serve to guide the preparation of better doped
tin oxide as catalyst supports.

2. Results and Discussion

Mesoporous SnO, bulk powder with high surface area was syn-
thesized using the combined method with sol-gel and hydro-
thermal treatment. The overall process is illustrated in Figure 1
and involved the following step. (i) Formation of complex from
metal precursor and tetradecylamine (TDA) as surfactant agent:
SnCl, vigorously reacts with ethanol to form tin ethobutoxide,
as indicated by the following reaction:

SnCl, + 4CH,CH,0H — Sn(OC,Hs), + 4HCl

Tin ethobutoxide in acidic ethanol solution is slowly hydro-
lyzed and assembled with TDA surfactant. (ii) Hydrolysis and
condensation step: during refluxing of the mixture, white
precipitates started to be observed and ammonium hydroxide
(NH,OH) promoted hydrolysis and condensation. (iii) The
micelles of the TDA template with metal oxide into a disordered
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mesophase: related mesoporous structures have been obtained
through S°I° assembly, wherein S° is an alkylamine (TDA) and
I° is a tin ethobutoxide. TDA further enhances the binding
affinity of the metal oxide nanoparticles to the amine func-
tional group by hydrogen energy bonding. The micelles were
composed of a core of relatively hydrophobic alkyl part and a
shell of hydrophilic amine-metal oxide complex. (iv) Hydro-
thermal treatment: HT treatment was performed to prepare
the nanocrystalline structure before calcination step, which
improved the thermal stability. As shown in Figure S1 (Sup-
porting Information), the XRD pattern of HT treated SnO, is
highly crystalline and matches well with the tetragonal rutile
SnO, structure. (v) Calcination step: the TDA template is ther-
mally decomposed in air to leave behind mesoporous SnO,
structure. The resulting tin oxide was denoted as SnO, with
TDA, with HT, and its particle size was few changes compared
with those of HT treated SnO,. To understand the role of TDA
and HT treatment, the synthesized SnO, was compared with
HT treatment and TDA individually unapplied SnO,, which
were designated SnO, with TDA, without HT and SnO, without
TDA, with HT, respectively.

The crystal structures of three different SnO, were measured
using X-ray diffraction (XRD) technic and the results shown in
Figure 2. In all three patterns, the evolution of the main peaks
around 260 = 26.6°, 33.9° and 51.8° are ascribed to the (110),
(101), and (211) planes of the tetragonal rutile SnO, structure
(JCPDS 21-1250 file).l”) The particle size was calculated by
Scherrer equation and SnO, with TDA, with HT shows the
smallest particle size of 2.3 nm compared to SnO, with TDA,
without HT (3.1 nm) and SnO, without TDA, with HT (6.8 nm).

Figure 3 shows the HR-TEM images (a—c) and the particle
size-distribution (d—f) of three different SnO,. The photographs
of metal oxide bulk powders were inset in Figure 3d-{, respec-
tively. When comparing the particle size of these materials,
the smallest particle size of 2.6 nm was observed in SnO, with
TDA, with HT (Figure 3a) compared with SnO, with TDA,
without HT (Figure 3b, 3.9 nm) and SnO, without TDA, with
HT (Figure 3¢, 8.9 nm). The micromorphologies and particle
sizes were also examined by SEM. As seen from the Figure S2
(Supporting Information) that samples are composed with very
tiny spherical nanoparticles. The trend of particle size is in the
same line of the respective TEM images. These results are in
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Figure 2. Wide-angle XRD patterns of mesoporous tin oxide bulk powder
with different synthesis condition. a) SnO, with TDA, with HT, b) SnO,
with TDA, without HT, and c) SnO, without TDA, with HT.

Intensity (a.u.)

agreement with XRD data and easily rationalized by explana-
tion with hydroxyl functional group and surfactant. In general,
it is well known that hydroxyl functional groups of metal oxide
were the main cause of crystal size growth during calcination
process.["*18] Base on this knowledge, HT treatment practically
diminished the excess oxygen functional groups on surface,
which suppressed the increasing of particle size.l'¥ In case of
TDA, it acts as a surfactant, which is a role to reduce the par-
ticle size of metal oxide.["d

The TEM images also provide insights into the structural
features of mesopore. As shown in Figure 3a, although dis-
ordered, the porosity of SnO, with TDA, with HT homogene-
ously distributed over the entire structure and pore size was a
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range from 2 to 20 nm. This structure was consisted with the
metal oxide nanoparticles, which were connected like a neck-
lace and surrounded a space, resulted in the formation of dis-
ordered mseopores. In Figure S3 (Supporting Information),
the mesoporous structure can be confirmed in more detail and
the well-defined lattice planes prove the high crystallinity of
the pore walls. On the contrary, TEM image of the SnO, with
TDA, without HT (Figure 3b), shows a small pore size due
to increasing of particle size in one direction along the pore
walls preferentially. The sintering of nanoparticles within the
pore walls leads to slight mesopore shrinkage and collapse. For
SnO, without TDA, with HT (Figure 3c), tin oxide crystals are
intimately connected and the pore is only constituted textural
porosity due to the voids between the particles.

In order to expound the mesoporous structure of the syn-
thesized SnO,, nitrogen adsorption-desorption isotherms were
analyzed, and the results are shown in Figure 4a and Table 1.
All three samples show typical IV curves with hysteresis loops
characterized by mesoporous materials.?%! Furthermore, a hys-
teresis loop at relative pressure (P/P) below 0.8 resembled type
H2, but those at higher pressure were similar to type H3. The
type H2 hysteresis loop, associated with materials with complex
interconnected network of pores of different size and shape,
is usually taken as the indication for the presence of pores
with narrow mouths or channel-like pores of relatively uni-
form size.?!] The type H3 loop characterizes slit shaped pores
formed from aggregates of plate-like particles.l?!? Pore size dis-
tribution of the synthesized SnO, was calculated using the non-
local density functional theory (NLDFT) model. The desorption
branch of H2 hysteresis loop is generally steeper than the
adsorption branch.?? This phenomenon is considered as the
signature of the occurrence of a percolation process during
the emptying of disordered porous material, and desorption
scanning curves do not follow the original desorption branch of
the hysteretic isotherm.?3] The NLDFT model revealed that, in
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Figure 3. The physical property of mesoporous tin oxide bulk powder with different synthesis condition. TEM images of a) SnO, with TDA, with HT,
b) SnO, with TDA, without HT, and c) SnO, without TDA, with HT, respectively. The corresponding size-distribution graphs (inset: the photographs of
metal oxide bulk powder) of d) SnO, with TDA, with HT, e) SnO, with TDA, without HT, and f) SnO, without TDA, with HT, respectively.
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187 m? g7, and the smallest surface area of 100 m? g™ was
observed in SnO, without TDA, with HT. These results sum-
marized in Table 1.

The mesostructural features were also confirmed by small-
angle XRD. As shown in Figure 5, SnO, with TDA, with HT
has a single diffracted peak at low 26 region and this is an evi-
dence of the mesoporous structure.””! The wall thickness of
disordered mesopore was generally calculated by subtracting
the pore diameter from d-spacing, and the results were sum-
marized in Table 1.6 The d-spacing and pore size of SnO, with
TDA, with HT was 12.6 nm and 2.5 nm, respectively. The calcu-
lated wall thickness was 10.1 nm, which was almost 4.5-folder
larger than mean particle size (2.3 nm). Therefore, we may
conclude that the walls were comprised of aggregates with
4-5 SnO, nanoparticles, and the same trend was also shown

S  in other groups.'**d These were in good agreement with

0-301 (v) —e—SnO, with TDA, with HT | L "’E the results obtained from TEM (Figure S3, Supporting Infor-
_ 0.25- —4—SnO, with TDA, without HT 15 5 & mation), which displayed an approximate pore-pore distance
g —— SN0, without TDA, with HT GE) of =10 nm, a pore diameter of =2 nm, and wall thickness of
=) 0.20+ 1028 S ~8 nm. As seen from the Figure S3 (Supporting Information)
= 0154 {021 2 that the SnO, nanoparticles in the wall thickness part were
A e agglomerated with 2-5 particles, which leads to the increase
% 0.10 {014 & in the wall thickness and average d-spacing value in SAXS. For
S Q the removed hydrothermal step (SnO, with TDA, without HT),
B P05 T ® the single diffracted peak was also retained but shifted to lower
0.004 10.00 E 26 angle. The calculated d-spac.ing and.wall thickness were

: <} 17.3 nm and 14.9 nm, respectively, which were larger than

1 2 3 45 10 50 O those of Sn0O, with TDA, with HT. The incensement of both

Pore diameter (nm)

Figure 4. a) N, adsorption—desorption isotherm and b) NLDFT pore size
distribution of mesoporous tin oxide bulk powder with different synthesis
condition: i) SnO, with TDA, with HT, ii) SnO, with TDA, without HT, and
iii) SnO, without TDA, with HT.

principle, both condensation and evaporation can be associated
with metastable states of the pore fluid.?*! Hence, the NLDFT
model was proper application to our synthesized metal oxides,
and the applied results were shown in Figure 4b. SnO, with
TDA, with HT exhibit rather pore diameter (2.8 nm) and high
mesopore volumes (0.265 mL g™!) as compared with SnO, with
TDA, without HT (2.4 nm, 0.207 mL g!) and SnO, without
TDA, with HT (1.8 nm, 0.078 mL g!). When comparing the
surface area, SnO, with TDA, with HT showed the largest sur-
face area of 290 m? g”'. SnO, with TDA, without HT showed

values is mainly caused by the crystal growth and coalescence,
resulting in a destructed mesopore and formation of worm-
hole-like mesostructure.'*l These were in agreement with
HR-TEM and XRD results. On the other hand, the diffracted
peak of SnO, without TDA, with HT in low 26 region disap-
peared due to the relatively large grain growth which destroys
the mesostructure. It can be concluded that the combined use
of TDA as surfactant and HT treatment is an effective method
of increasing both surface area and pore size by decreasing the
particle size and wall thickness of metal oxide.

On the basis of these results, we proposed a generalized syn-
thesis method for the doped tin oxide with high surface area,
which was antimony doped tin oxide (ATO), fluorine doped tin
oxide (FTO), and tin doped indium oxide (ITO), respectively. To
prove the incorporation of the dopants into the SnO,, EDX ele-
ment mapping and element linescan performed in SEM. The
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Table 1. Physical property of synthesized SnO, with different condition: (i) SnO, with tetradecylamine (TDA) and hydrothermal method (HT),
(if) SnO, with TDA and without HT, and (iii) SnO, without TDA and with HT.

Pore wall thickness?

Sample Particle size in XRD BET surface area Average pore size? Pore volume?® d-spacing in SAXS

[nm] m? g™ [nm] [mLg] [nm] [nm]
(i) SnO, with TDA, 23 290 2.5 0.265 12.6 10.1
with HT
(i) SnO, with TDA, 3.1 187 2.4 0.207 17.3 14.9
without HT
(iii) SnO, without TDA, 6.8 100 1.8 0.078 - -
with HT

AThe nonlocal density function theory (NLDFT) model was used to calculate the average pore size and pole volume; PPore wall thickness calculated by subtraction of the
NLDFT pore diameter from d-spacing.
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(a) SnO, with TDA, with HT

(b) SnO, with TDA; without HT
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(¢) SnO, without TDA, without HT
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Figure 5. Small-angle XRD patterns of a) SnO, with TDA, with HT, b) SnO,
with TDA, without HT, and c) SnO, without TDA, with HT, respectively.

Figure S4-S6 (Supporting Information) illustrate the nanoscale
EDX elemental mapping of doped metal oxides and the appear-
ance of the images confirmed the presence of Sn, Sb, F, and
In elements are intimately interdispersed in the nanoscale. The
element linescans also shows that dopants are uniformly dis-
tributed within the SnO, particles. Quantification of dopants
from EDX was antimony (Sb) of 6.2 at% in ATO, fluorine (F) of
2.3 at% in FTO, and tin (Sn) of 9.1 in ITO, respectively. These
results confirm that our method has been successful for syn-
thesizing mesoporous doped metal oxides. XRD patterns also
indicated that there was no phase separation within the crys-
tals and all elements uniformly distributed into structure. As
shown in Figure S7 (Supporting Information), the intensive
diffraction peaks of ATO and FTO can be readily indexed to
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the tetragonal cassiterite structure of SnO, (JCPDS card no.
21-1250) and no diffraction peaks for Sb and F were observed.
For ITO, the strong peak at 30.57° is the (222) peak for In,0;
(JCPDS card no. 6-0416) and no peak of SnO, was found in the
XRD spectra. This means that doped ions were incorporated
into the lattice of metal oxide.

TEM was used to verify the mesoporous structure and par-
ticle size of synthesized metal oxides, and the results were
shown in Figure 6. As can be observed, these materials fea-
ture a mesoporous, foam like structure consisting of inter-
connected nanoparticles with monodispersity. However, the
micropores were also indicated due to increasing particle size
compared with SnO, by using TDA and HT treatment. When
comparing the mean particle sizes, ATO showed the smallest
particle size of 2.8 nm. FTO showed 3.2 nm, and the largest
particle size of 8.1 nm was observed in ITO. These results are
in good agreement with particle size in wide-angle XRD meas-
urements (Figure S7, Supporting Information). Similar to the
TEM images, the XRD measurements of the metal oxide pow-
ders also prove that they are crystalline.

The mesopore properties of the three different doped tin
oxides were analyzed by gas physisorption in order to obtain
information on both pore volume and specific surface area.
Figure 7a shows the type IV isotherm with a type H3 hysteresis
loop, which does not exhibit any limiting adsorption. This
experiment gave evidence for the aggregates of porous structure
with different sizes and shapes, is taken as the confirmation
for the presence of partly micropores and slit shaped pores.2!!
The precursors of tin doped metal oxides possess a different
hydrolysis and condensation behavior, which leads to partial
deformation of the mesoporous structure, creating a disordered
nanostructure.?'? This result is also confirmed with the obser-
vation from the TEM studies (Figure 6). The results of phys-
isorption were summarized in Table S1 (Supporting Informa-
tion), and the calculated BET surface area of ATO, FTO, and ITO

d=8.1 nm

3 6 9 12 15 18 21 24 27
Nanocrystal size (nm)

8 10 12 14

Figure 6. The physical property of mesoporous M-doped (M = Sb, F and In) tin oxide bulk powder. TEM images of a) antimony doped tin oxide (ATO),
b) fluorine doped tin oxide (FTO), and c) tin doped indium oxide (ITO), respectively. The corresponding size-distribution graphs (inset: the photo-
graphs of metal oxide bulk powder) of d) ATO, €) FTO, and f) ITO, respectively.
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Figure 7. a) N, adsorption-desorption isotherm and b) pore size distri-
bution of mesoporous tin doped metal oxide bulk powder: ATO, FTO,
and ITO.

were 263, 173, and 125 m? g1, respectively. As shown Figure 7b,
the pore sizes of tin doped metal oxides were slightly decreased
compared with mesoporous SnO,, because those particle sizes
were increased. When comparing with Vulcan (235 m? g7},
0.554 mL g™), however, the surface area and pore volume are
in a reasonable range for many applications as catalyst supports.
To verify the mesostructure of tin doped metal oxides, small-
angle XRD measurements were conducted and the results
shown in Figure 8. After the addition of dopants in SnO, struc-
ture, the mesostructure peaks were retained but the degrees
were shifted to lower angle as compare to SnO, with TDA, with
HT, which indicated the enlargement of d-spacing and wall
thickness (Table S1, Supporting Information). In practice, the
calculated d-spacing values of ATO (12.8 nm), ITO (15.7 nm),
and FTO (27.6 nm) were larger than that of SnO, with TDA,
with HT (12.6 nm). The calculated wall thickness of ATO,
ITO, and FTO were 10.7 nm, 12.8 nm, and 24.1 nm, respec-
tively, which were also thicker than that of SnO, with TDA,
with HT (10.1 nm). This is presumably because the precursor
of mixed metal oxides has a different hydrolysis and condensa-
tion rates, resulting in the formation of wormhole-like disor-
dered mesopore by the crystal growth and coalescence.?”) These
results were also in reasonable agreement with the HR-TEM
(see Figure 6) and XRD (Figure S7, Supporting Information).
To evaluate the potential applicability in catalyst sup-
port, we investigated fundamental electrical conductivity and

Adv. Funct. Mater. 2015, 25, 1074-1081
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(b) FTO
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(a) ATO
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Figure 8. Small-angle XRD patterns of a) ATO, b) FTO, and c) ITO,
respectively.

2.5 3.0

electrochemical stability of the as-synthesized tin doped metal
oxides. The electrical conductivities of tin doped metal oxides
were measured using four-point probe method and the results
shown in Table S2 (Supporting Information). For comparison,
undoped tin oxide (SnO,) and carbon black (Vulcan) were also
measured under same condition. The electrical conductivities
of undoped tin oxide (SnO,), antimony doped tin oxide (ATO),
fluorine doped tin oxide (FTO), and tin doped indium oxide
(ITO) were 0.0017, 0.295, 0.102, and 0.223 S cm™!, respectively.
It means that dopants were activated in the tin-doped metal
oxides increases electrical conductivity. Although these values
are lower than that of carbon black (Vulcan, 21.6 S cm™), it is
sufficiently applicable to electrocatalyst supports because the
minimum required electrical conductivity for selection of cata-
lyst supports is 0.1 S cm™.[10.28]

The stability test was assessed using repetitive potential
cycling experiments and the degradation of supports was
evaluated by measuring the change of capacitance. In general, the
capacitance of nonactive metallic oxides corresponds with
the non-Faradaic double layer capacitance, which is related to
the electrochemical surface area.l’”! In this regard, the normal-
ized capacitances of tin doped metal oxides were used as a
measure of support surface area and monitored as a function
of cycle number. For comparison, Vulcan was also tested under
the same condition and the result was shown in Figure 9a.
The capacitance of Vulcan initially increased to 2000 cycles,
which showed evidence of considerable surface oxide forma-
tion through increased peak current assigned to the hydroqui-
none—quinone (HQ-Q) redox couple as shown in Figure S8a
(Supporting Information).[3¢% After 2000 cycles of stability test,
the capacitance consistently decreased because of the surface
oxides were oxidized further to CO,. In case of the tin doped
metal oxides, however, the capacitances few changed upon
cycling up 10 000 cycles. This result indicates that the metal
oxide support is highly electrochemical stable. In Figure 9b
is given the change of the total voltammetric charge (¢r') and
electrochemical porosity before and after stability test, which
were correlated with the electro active surface area and pore
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Figure 9. Electrochemical property of mesoporous tin doped metal
oxides. For comparison, Vulcan was also analyzed under the same con-
ditions. a) Change of normalized capacitance of the metal oxide as a
function of cycle number. b) Change of the voltammetric charge corre-
sponding to the total surface of tin doped metal oxide before and after
stability test. (Inset: change of the electrochemical porosity of tin doped
metal oxide before and after stability test.)

structure of supports.?% These values were calculated based
on the Figure S9 and S10, and the detail calculation method
was indicated in Supporting Information. For Vulcan, total vol-
tammetric charge and electrochemical porosity were decreased
after stability test. On the contrary, those of metal oxides were
remained or slightly increased. These results are in good accord
with those capacitance changes, which were summarized in
Table S3 (Supporting Information). It is obvious that the syn-
thesized tin doped metal oxides would be more stable than
Vulcan, which is appropriate to apply as catalyst supports.

3. Conclusion

In conclusion, we successfully synthesized mesoporous tin
oxide bulk powder with high surface area (290 m? g7!) and
crystallized framework by a combined method with sol-gel
and hydrothermal treatment (HT). Tetradecylamine (TDA)

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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acts as a template agent and HT treatment reduced the oxygen
groups on surface, which is a role to reduce the particle size
and inhibit the collapse of pore structure. This process was also
applied in the production of M-doped tin oxides (M = Sb, In, F),
which were analyzed the physical and electrochemical property
to evaluate the potential as catalyst supports. The obtained tin
doped metal oxides show a high surface area (125-263 m? g™}
and pore volume (0.242-0.408 mL g7!). M-doped tin oxides
exhibited an overall conductivity of 0.102-0.295 S cm™ by
four-point probe method. The electrochemical stability was
evaluated by potential cycling at a sweep rate of 500 mV s! for
up to 10 000 cycles. The doped tin oxides were highly electro-
chemical stable compared to carbon black. Therefore, it can be
believed that combined method with surfactant and HT treat-
ment can be used as a general synthetic method for designing
mesoporous doped metal oxide as catalyst supports.

4. Experimental Section

Preparation of Mesoporous Metal Oxides: Mesoporous tin oxide
(SnO,) was prepared by following procedure. Tetradecylamine (TDA,
95.0%, 1.28g, Sigma-Aldrich) was added to an ethanol solution (EtOH
65 mL, D.l. water 160 mL) and the stirring was continued for 3 h. Tin
tetrachloride (SnCly, 99.995%, 5.21g, Sigma-Aldrich) dissolved in
ethanol (20 mL) was slowly added to the above suspension, and the
mixture was stirred for 1 h. The mixture solution consisting of metal
precursor and surfactant was added dropwise to 200 mL ammonium
hydroxide solution (1.5 mmol L) followed by stirring for 1 h.
Subsequently, the resulting suspension was refluxed for 72 h at 80 °C
and then cooled down to room temperature. The white precipitate was
separated with solution by centrifugation at 5000 rpm for 10 min and
then washing was repeated 5 times. The as-prepared wet samples were
transferred to a glass-lined stainless-steel autoclave and hydrothermally
treated at 120 °C for 24 h. In order to remove excess surfactant, final
product was filtered and washed with ethanol for 5 times by using
centrifuge after hydrothermal (HT) treatment. Produced white powder
was dried in a freeze dryer and then drying sample was calcined at
400 °C for 3 h in air condition. The resulting metal oxide was designated
as SnO, with TDA, with HT. For comparisons, SnO, with TDA, without
HT and SnO, without TDA, with HT were also synthesized. The
preparation of SnO, with TDA, without HT was the same as described
above except for not applying hydrothermal method. For the SnO,
without TDA, with HT, the same procedure was again followed without
using tetradecylamine (TDA). Mesoporous antimony doped tin oxide
(ATO), fluorine doped tin oxide (FTO) and tin doped indium oxide
(ITO) were also synthesized follow the above procedure, which was only
different the composition and kind of metal precursors. Detail methods
were described in the Supporting Information.

Physical Characterization: Transmission electron microscopy (TEM,
FEI Tecnai G2 20 S-TWIN, 200 kV) images were performed to observe
structure and particle size of synthesized metal oxides. The surface
morphology of the metal oxide was analyzed by scanning electron
microscope (SEM, JEOL 7401F) at an acceleration voltage of 10 kV.
SEM-EDX element mapping and element linescan were employed to
study the element distribution and composition of metal oxide. Wide-
angle X-ray diffraction (WAXD, Bruker D& Advance instrument, Cu
Ko radiation) and small-angle X-ray scattering (SAXS) were used to
examine the crystal structure and identify the nature of metal oxides.
The surface area was determined by nitrogen adsorption and desorption
measurements (Quantachrome Autosorb-1-C). Brunauer Emmett Teller
model (BET) formulations were used to calculate the surface area
and nonlocal density functional theory (NLDFT) model was employed
to analyze the pore size distribution of metal oxides. The electrical
conductivity was measured using four-point probe method.
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Electrochemical ~ Analysis and  Durability  Test:  Electrochemical
characterization of metal oxides was performed using a rotating disk
electrode (RDE, Pine Research instrument). The experiment was
performed in a three-compartment electrochemical cell in 0.05 M H,SO,.
A glassy carbon electrode with a thin film of the prepared sample was
used as the working electrode. A platinum wire and mercury/mercurous
sulfate (MMS, Hg/Hg,SO,) electrode were used as the counter and
reference electrodes, respectively. The electrochemical stability and
porosity of synthesized metal oxides were analyzed, and details about
electrochemical protocols are provided in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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