Article
pubs.acs.org/IC

A Facile Peroxo-Precursor Synthesis Method and Structure Evolution
of Large Speciﬁc Surface Area Mesoporous BaSnO3
Chuande Huang,†,‡ Xiaodong Wang,*,† Quan Shi,*,† Xin Liu,† Yan Zhang,§ Fei Huang,†,‡
and Tao Zhang†
†

Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China
University of Chinese Academy of Sciences, Beijing 100049, China
§
Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences, Qingdao 266101, China
‡

S Supporting Information
*

ABSTRACT: In this paper, we propose a facile and eﬃcient strategy for
synthesizing mesoporous BaSnO3 with a surface area as large as 67 m2/g
using a peroxo-precursor decomposition procedure. As far as we know, this is
the largest surface area reported in literature for BaSnO3 materials and may
have a potential to greatly promote the technological applications of this kind
of functional material in the area of chemical sensors, NOx storage, and dyesensitized solar cells. The structure evolution of the mesoporous BaSnO3
from the precursor was followed using a series of techniques. Infrared
analysis indicates large amount of protons and peroxo ligands are contained
in the peroxo-precursor. Although the crystal structure of the precursor
appears cubic according to the analysis of X-ray diﬀraction data, Raman and
Mössbauer spectroscopy results show that the Sn atom is oﬀset from the
center of [SnO6] octahedron. After calcination at diﬀerent temperatures, the
precursor gradually transforms into BaSnO3 by release of water and oxygen,
and the distortion degree of [SnO6] octahedral decreases. However, a number of oxygen vacancies are generated in the calcined
samples, which are further conﬁrmed by the physical property measurement system, and they would lower the local symmetry to
some content. The concentration of the oxygen vacancies reduces simultaneously as the calcination temperature increases, and
their contributions to the total heat capacity of the sample are calculated based on theoretical analysis of heat capacity data in the
temperature region below 10 K.
the center of the perfect octahedron.17 This local crystal
structure is closely related to the physical properties of BaSnO3
stated above, and many researchers attempted to understand
this particular feature in their work. For example, Liu et al.15
studied the origin of the superior conductivity of BaSnO3 in
depth using the ﬁrst-principle band structure calculations, and
pointed out that the local structure distortion and strength of
Sn−O hybridization were two important factors that were likely
to aﬀect the materials’ conductivity. Hadjarab et al.18 suggested
that the oxygen deﬁciency in the BaSnO3 structure could play a
crucial role in achieving a high conductivity in the material.
Another technically important aspect involved in this
research ﬁeld is the surface area investigations of BaSnO3based materials since it may be applicable for fabricating highperformance chemical gas or humidity sensors, NOx storage
medium, and DSSCs. Li et al.19 found that SnO2 with higher
surface area was more sensitive to H2 gas. Studies by Xu et al.20
showed that the sensitivity of SnO2 to CO was signiﬁcantly
enhanced by increasing the surface-to-volume ratio of SnO2.

1. INTRODUCTION
BaSnO3 is an n-type semiconductor with a band gap of 3.1 eV
that has been widely studied by many researches due to its
outstanding electric, photovoltaic, and optical nature.1−3 It has
been found that BaSnO3 behaves with an ultrahigh sensitivity to
a series of gases, such as CO, O2, H2, CH4, H2O, and ethanol,
which may be applicable in the devleopment of innovative
chemical gas and humidity sensors based on this kind of
material.4−8 Besides, BaSnO3 is a potential material for reducing
NOx emission of diesel or lean-burn engines because of its
fantastic NOx sorption−desorption property.9,10 Studies by
Kim et al.11 and Shin et al.12 showed that BaSnO3 exhibited
fantastic performance when used as photoanode materials for
dye-sensitized solar cells (DSSCs). La-doped BaSnO3 was
reported to be a promising candidate for transparent
conducting oxides (TCOs), and its electrical mobility could
reach as large as 320 cm2 V−1 s−1, which is the largest value of
all TCOs reported in literature.13−16
BaSnO3 crystals belongs to an ideal cubic perovskite
structure (space group Pm3m), in which Ba2+ ions locate at
the center of the cell, while Sn4+ ions occupy the corner of the
cube, and each Sn atom sixfold coordinated to oxygen sits at
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Tao et al.21 pointed out that gas-sensoring property of BaSnO3
was surface-reaction controlled. In addition, preparation of
crystalline BaSnO3 with high surface area is important to
improve the dye loading on DSSC photoanodes.11 Guo et al.22
showed that the performance of cell with dye-sensitized
BaSnO3 electrodes was dramatically elevated by increasing
the dye loading from 1.08 × 10−7 to 2.17 × 10−7 mol·cm−2. It
turns out that the key step of making the BaSnO3 materials
applicable in these areas is to explore a way of obtaining larger
speciﬁc surface areas in the material, and a number of
researchers have proposed various BaSnO3 synthesis techniques
for this purpose.
The conventional BaSnO3 synthesis procedure is to sinter
the corresponding mixed starting materials at temperatures of
ca. 1200 °C through a solid-state reaction. However, this
method normally leads to polycrystalline BaSnO3 with serious
agglomerations and consequently low surface areas.23,24 To
lower the crystallization temperature and suppress grain
growth, many approaches have been reported, including
hydrothermal synthesis, microemulsion method, alkoxide
hydrolysis synthesis, sol−gel method, peroxide route, and so
on.25−31 Most of these methods are focusing on improving the
surface area of BaSnO3 by decreasing the particle size in the
preparation. However, it does not seem to be eﬃcient. For
example, BaSnO3 (ca. 40 nm) prepared by sol−gel method and
calcined at 750 °C for 4 h showed a surface area of only 14 m2/
g.10 The surface area of BaSnO3 (30−60 nm) obtained by
hydrothermal preparation at 260 °C was only 5.3 m2/g.30 A
surface area of ca. 25 m2/g was achieved for BaSnO3 (30 nm)
synthesized via a wet chemical peroxide route and calcined at
800 °C, but its preparation condition was rigorous (10 °C
under argon protection), and the pure BaSnO3 appeared at a
relatively high temperature of 900 °C.31 Besides decreasing the
particle size, fabrication of porous structures is also proposed to
be eﬀective in increasing the surface area.32,33 Li et al.34
prepared one-dimensional porous BaSnO3 hollow architectures
by releasing CO2 from solid-state reaction between BaCO3 core
and SnO2 shell, and a surface area of ca. 13 m2/g was obtained.
Buscaglia et al.35 have synthesized porous BaSnO3 with a
speciﬁc surface area of 30−40 m2/g by heating the BaSn(OH)6
precursor (ca. 2 m2/g) at 400 °C. It is worth noting that most
of these works are related to high surface area achievement, but
few focus on understanding the structure evolution of BaSnO3
during the synthesis procedure. Köferstein et al.36 reported that
an unknown barium tin oxycarbonate intermediate phase
(BaSnO(CO3)2) was formed in the phase evolution of the
[Ba(C2H6O2)4][Sn(C2H4O2)3] precursor to BaSnO3.
In this work, we present a facile method of synthesizing
mesoporous BaSnO3 with large speciﬁc surface areas by the
decomposition of a peroxo-precursor, which is prepared
through reacting barium carbonate with stannate in basic
hydrogen peroxide solution. The as-prepared BaSnO3 obtained
by calcination of the peroxo-precursor at 500 °C shows a
speciﬁc surface area as large as 60−70 m2/g, which is the largest
value reported in literature for BaSnO3 as far as we know. The
structure evolution from the precursor to ﬁnal BaSnO3
products is systematically investigated using X-ray diﬀraction
(XRD), scanning electron microscopy (SEM), thermogravimetry (TG), diﬀerential thermal analysis (DTA), mass-spectra
(MS) with temperature-programmed desorption (TPD), infrared (IR) analysis, Raman spectroscopy, and 119Sn Mössbauer
spectroscopy. In addition, the BaSnO3 samples prepared from
sintering the precursor above 400 °C were measured using a

physical property measurement (PPMS) system in the
temperature range from 1.9 to 300 K, and the results indicate
a signiﬁcant linear heat capacity contribution of the oxygen
vacancies existing in the materials. The enthalpies of these
samples at 298.15 K are also calculated based on the curve
ﬁtting of the experimental heat capacity data.

2. EXPERIMENTAL SECTION
2.1. Material Preparation. All reagents in the preparation
procedure were of analytical reagent grade and used without further
puriﬁcation. The starting solution was prepared by dissolving SnCl4·
5H2O (2 mmol; 99%, Kermel, Tianjin, China) in a transparent H2O2
aqueous solution (40 mL; 30%, Kermel, Tianjin, China) with a pH
value ∼9, which was adjusted by dropwise addition of ammonia
solution (25%, Kermel, Tianjin, China) into the solution with
magnetic stirring. Subsequently, BaCO3 powders (2 mmol; SBET =
1.8 m2/g; 99%, Kermel, Tianjin, China) were introduced to the
solution at room temperature, forming a suspension that was then
heated to 95 °C and kept for 5 h in a water bath. A white precipitate
was generated during this process. The precipitate was ﬁltered from
the solution and then washed with deionized water until the pH of
ﬁltrate was ∼7, and a peroxo-precursor was then obtained by drying
the precipitate overnight in an oven at 120 °C (marked as BS-120).
The peroxo-precursor was calcined in static air at 200, 300, 400, 500,
600, and 800 °C for 4 h, respectively, and ﬁnally the BaSnO3 products
were obtained and denoted as BS-T (T represents the calcination
temperature). For comparison, SnO2 precursor was prepared in the
absence of BaCO3 undergoing the same procedure (precipitated at 95
°C, ﬁltered, washed and dried at 120 °C), and marked as S-120.
2.2. Characterization. The phase composition was examined at
room temperature using a PANalytical X′Pert-Pro powder X-ray
diﬀractometer with Cu Kα radiation (λ = 0.1541 nm). IR analysis was
performed over the range of 400−4000 cm−1 on a Fourier transform
infrared (FT-IR) spectrometer (Bruker Equinox 55) in the form of
KBr discs. TG and DTA were performed on TA Q600 equipment in
dry air atmosphere with a constant heating rate of 10 °C/min. An
independent MS (OMNISRAR) analysis with He as carrier gas was
used to monitor the gases released during the TPD experiment
(constant heating rate of 10 °C/min). N2 adsorption−desorption
analysis was performed on a Quadrasorb SI instrument. Before the
measurements, the BS-120, BS-200, and BS-300 samples were
degassed in vacuum for 5 h at 100, 150, and 250 °C, respectively.
The other samples (BS-400, BS-500, BS-600, and BS-800) were
degassed at 300 °C in vacuum for 5 h. The speciﬁc surface area was
calculated using a Brunauer−Emmett−Teller (BET) method over the
range of P/P0 from 0.05 to 0.30.37,38 The Barrett−Joyner−Halenda
(BJH) pore size distribution curves were obtained according to the
adsorption branches of the isotherms. The morphologies of all samples
were investigated using ﬁeld-emission SEM (JEOL JSM-7800F). The
Raman spectroscopy was recorded using a Jobin LabRAM HR 800
spectrophotometer equipped with an Ar laser (532 nm). The roomtemperature Mössbauer spectra were recorded using 119Sn as the
radiation source (BaSnO3 matrix), and the isomer shifts were shown
with respect to BaSnO3 at room temperature.
The crystallite sizes of the calcined samples were calculated using
Scherer formula without the consideration of strain:39 D = 0.9λ/B cos
θ, where θ is the diﬀraction angle, B indicates the full width at halfmaximum, and λ is the wavelength of the incident X-rays (0.1541 nm).
The heat capacities of BS-400, BS-500, BS-600, and BS-800 samples
were measured using a Quantum Design PPMS in zero magnetic ﬁeld
with logarithmic spacing from 1.9 to 100 K and in 10 K intervals from
100 to 300 K. The heat capacity measurement accuracy was veriﬁed by
measuring a high-purity copper pellet and found to be ±2% below 20
K and within ±1% from 20 to 400 K. The powdered sample was
measured using a technique developed by Shi et al.,40,41 which can
achieve an accuracy of ±2% below 10 K and ±1% from 10 to 300 K.
The detailed sample preparation and calorimetric procedure can be
found in refs 36 and 37. The sample mass used in the measurement is
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Figure 1. (a) XRD patterns of BaCO3 starting powder, S-120, and BS-T, and (b) FT-IR spectrum of BS-120.

Figure 2. (a) Magniﬁed XRD patterns of BS-T at 25° ≤ 2θ ≤ 34°, and (b) lattice parameter calculated for BS-T samples.

also included in Figure 1a. As can be seen from the ﬁgure, all
BS-T samples reveal a single phase with cubic perovskite lattice.
Besides, the prominent reﬂection peak of BS-120 around 27.8°
shifts to the higher 2θ positions in the BaSnO3 samples, which
is illustrated more clearly by the magniﬁed view (25° ≤ 2θ ≤
34°) in Figure 2a. Such a shift is likely due to the lattice
parameters decreasing gradually during the BaSnO3 formation
process with the calcination temperature increasing. For BS-T
samples calcined at above 400 °C, all of the diﬀraction peaks
could be well-indexed to the standard patterns of the cubic
BaSnO3 phase [JCPDS 89−2488], suggesting that these
samples have transferred to a BaSnO3 phase. Also, the
crystallite sizes were estimated to be 8.9, 10.7, 12.7, and 17.9
nm for BS-400, BS-500, BS-600, and BS-800, respectively,
based on the full width half maxima of the prominent (110)
reﬂection in the XRD patterns using the Scherer’s equation. To
further detect the lattice evolution during the calcination
process, the lattice constant a of all BS-T samples were
calculated, and the results are presented in Figure 2b. Note that
the most signiﬁcant decline of lattice parameter is observed
between BS-120 and BS-200 (from 4.520 to 4.147 Å), and then
the value of the unit cell edge decreases slowly with the increase
of calcination temperatures. After calcined above 500 °C, the
lattice constant a of BS-T samples can be maintained at ∼4.119
Å, which coincides with the reported value of 4.118 Å in
literature for BaSnO3.44
To probe the structure evolution of BS-T samples during the
calcination process, the decomposition feature of BT-120 was

18.03, 22.07, 24.90, and 23.32 mg for BS-400, BS-500, BS-600, and BS800, respectively.

3. RESULTS AND DISCUSSION
XRD patterns of the precursor of BS-120, the SnO2 precursor
of S-120, and the BaCO3 starting material are shown in Figure
1a. It can be seen that BS-120 exhibits a uniform phase without
any observable traces of BaCO3 and SnO2. The structure details
of BS-120 are further investigated by FT-IR spectra in Figure
1b. It can be seen that a broad band appearing from 2500 to
3700 cm−1 could be attributed to O−H stretching mode from
water and SnO−H groups, while the peak located at 1638 cm−1
may be ascribed to the contribution of δ(H−O−H)
vibration.42,43 A broad envelope at 1420 cm−1 and a shoulder
at 858 cm−1, which are assigned to δ(O−O−H) and ν(O−O)
vibrations, respectively, could be observed, indicating the
presence of peroxo ligands in the precursor.43 The peaks at
516 and 714 cm−1 can be ascribed to vibrations of Sn−OH and
Sn−O−Sn in the precursor, respectively.29,42 Besides, a weak
and sharp band existing at 1387 cm−1 in the spectra resulting
from ν(C−O) vibrations can be observed from the FT-IR
spectra, suggesting that some carbonate impurities might be
included in BS-120.43 However, these impurity contents are
relatively small, could not be detected in the XRD patterns, and
therefore can be ignored in the following BaSnO3 synthesis
from the peroxo-precursor.
The XRD pattern evolution of the BaSnO3 obtained by
calcination of the peroxo-precursor at diﬀerent temperatures is
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mentioned in the above XRD results is likely due to a multitude
of hydroxyl and peroxo ligands incorporated in the sample, and
the signiﬁcant decline of lattice constant of BT-120 to those of
BaSnO3 samples may be on account of a signiﬁcant amount of
hydroxyl and peroxo ligands removed from the precursor in the
second step.
The BET surface areas of all BS-T samples obtained using
the N2 adsorption at the temperature of −196 °C are listed in
Table 1. It can be seen that the surface area slowly decreases
from BT-120 to BT-300, increases greatly from BT-300 to BT500, reaches the largest value of 67.2 m2/g, and then decreases
again from BT-500 to BT-800. Such a surface area evolution
could be understood from a competition between the particle
growth and the mesoporous structure formation due to the
water and oxygen removal during the calcination process. At
low temperatures, only the small amount of weakly bonded
water or hydroxyl groups are removed, with most of the
hydroxyl and peroxo ligands remaining in the sample, and
consequently the surface area does not change signiﬁcantly.
However, as the temperature continues increasing to 500 °C, a
large number of water and oxygen is released, and a
mesoporous structure formation could be expected in the
samples, which can be conﬁrmed in the following nitrogen
adsorption−desorption isotherm and SEM determination.
Although the particle size would grow with increasing
calcination temperature, the mesoporous structure formation
is predominant during this process. As the sample calcined at
higher temperatures, the particles prefer to aggregate together
with the mesoporous structure gradually disappearing, and
therefore the surface area tends to decrease. It is worth
mentioning that the surface area of 67.2 m2/g achieved in BT500 is the largest value reported in literature, as far as we know,
and also can be maintained a relatively large value of ∼30 m2/g
even at the higher calcination temperature of 800 °C. It
suggests that the peroxo-precursor decomposition method is a
eﬃcient way to synthesize BaSnO3 materials with large surface
areas.
To further explore the mesoporous structure of the BaSnO3
samples, the nitrogen adsorption−desorption isotherms and the
BJH pore size distribution curves of BS-T samples calcined
from 400 to 800 °C are collected in Figure 4 (and Supporting
Information, Figure S1). As can be seen in Figure 4a, all of
these samples exhibit a type IV isotherm with a hysteresis loop,
conﬁrming that the mesoporous structure is formed in the
samples. Taking the sample’s decomposition process into
account, the formation of the mesopores is mostly ascribed to

monitored using the TG-DTA and MS techniques. The total
weight loss values of BS-T samples from the TG analysis are
summarized in Table 1. Combining both measurement results,
Table 1. Total Weight Loss, Surface Area, Pore Volume and
C Constant of BS-T Samples
samples

weight loss
(%)

surface area
(m2/g)

pore volume
(cm3/g)

C
constant

BS-120
BS-200
BS-300
BS-400
BS-500
BS-600
BS-800

12.3
8.5
5.4
2.9
1.9
1.1
0.1

21.2
20.1
14.0
40.1
67.2
36.9
28.0

0.055
0.076
0.069
0.081
0.087
0.079
0.081

107
96
146
80
56
84
99

as shown in Figure 3, the decomposition process of BS-120
precursor can be divided into three distinct steps as the
temperature increases from room temperature to 800 °C. The
ﬁrst step is below 150 °C where a small weight loss (∼1%)
appears in TG-DSC and only water content is observed in MS,
indicating that a small amount of weakly bonded water or
hydroxyl groups are evaporated from BT-120. The second step
can be identiﬁed in the temperature range from 150 to 400 °C.
In this step, a signiﬁcant amount of weight loss of ca. 9% and
relatively large water and oxygen signals are found in TG-DSC
and MS curves, respectively, suggesting that a large number of
water and oxygen are rapidly released in this temperature
region. Additionally, two exothermal peaks can be noticed in
the heat ﬂow curve as shown in Figure 3a, which is likely due to
the decomposition process of peroxo groups into oxygen.
However, it is clearly shown that this process could be ﬁnished
mainly below 400 °C since no more oxygen signal can be found
at higher temperatures in the MS curve.
As for the last step above 400 °C, only a small amount of
water loss (2%) can be detected, which is likely attributed to
the strongly bonded hydroxyl groups released from the
precursor at high temperatures. It is suggested that, compared
to the peroxo groups, the strongly bonded hydroxyl groups are
relatively diﬃcult to be removed from the precursor during the
calcinations process. In addition, a trace of CO2, which could
result from the decomposition of the carbonate impurities from
the precursor, can be noticed in the MS curve in this step. On
the basis of the fact of this BS-120 decomposition process, it is
reasonable to conclude that the large lattice constant of BS-120

Figure 3. (a) TG-DTA curve for BS-120; (b) MS signals of the released gas during the heat-treatment of BS-120.
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Figure 4. (a) N2 physisorption isotherms and (b) pore size distribution plots (calculated from the adsorption branch) of BS-400, BS-500, BS-600,
and BS-800. The N2 sorption isotherms of BS-800, BS-600, and BS-500 are oﬀset vertically by 60, 40, and 10 cm3 g−1, respectively.

Figure 5. SEM images of (a, b) BS-120, (c, d) BS-200, (e, f) BS-300, (g, h) BS-400, (i, j) BS-500, (k, l) BS-600, and (m, n) BS-800.

release of water and oxygen from the precursor. The hysteresis
loops vary from sample to sample indicating the diﬀerences in
pore-size distribution (Figure 4b). For BS-400 and BS-500
samples, there is a sharp peak in the range from 3.5 to 8.0 nm,
indicating that their pore size distributions are mainly
concentrated in this region. However, in the case of BS-600
and BS-800, the pore size distribution is gradually widened as

the calcination temperature increases, revealing the BaSnO3
particle growth during the calcination process.
The morphology of the BS-T samples calcined at diﬀerent
temperatures characterized by SEM is shown in Figure 5.
Clearly, BS-120 (Figure 5a) mainly consists of spherical
particles with sizes varying from 100 to a few hundred
nanometers, and no noticeable pores can be detected on the
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BaSnO3), respectively.14 As for the IS values listed in Table 2,
all of them are located in the (−0.4 to 2.0) mm/s region,
indicating that the Sn atom in the BS-T and S-120 samples are
exclusively in +4 oxidation state. Also, the IS values of BS-T
samples tend to slightly decrease with increasing calcination
temperature, revealing a decrease of the S electron density in
the Sn atom. In other words, the Sn−O interaction in the BS-T
samples presents as strengthened as the calcination process
goes to higher temperatures.
As for the quadrupole splitting feature listed in Table 2, the
QS values for BS-T (120 ≤ T ≤ 400) samples are much larger
than that of bulk BaSnO3 (0 mm/s),14 suggesting that [SnO6]
octahedron is highly distorted because of the signiﬁcant amount
of the hydroxyl and peroxo groups included in the samples.
And also, the slow reduction in the QS values with the
temperature increase indicates that the symmetry of [SnO6]
octahedron is gradually improved with the water and oxygen
removed from the sample.
According to the decomposition process discussed above, the
hydroxyl groups and peroxo ligands are mostly removed after
calcination at 500 °C. However, BS-500 still shows a low local
symmetry since its QS value is found to be as high as 0.30 mm/
s. This may be caused by oxygen vacancies that could be
generated by the hydroxyl groups releasing during the
calcination, and the corresponding reaction can be presented
below:47

surface (Figure 5b). This spherical morphology does not
change much until calcining the sample at 200 and 300 °C
(Figure 5c−f). However, some mesopores could be observed
on the surface of BS-400 (Figure 5h), which is likely to account
for the surface area increasing at higher calcination temperatures. For the BT-500 sample (Figure 5i), the spherical
structure of the precursor tends to collapse under the high
internal pressure generated by the water and oxygen release,
and consequently a number of nanoparticles with mesoporous
structures can be obtained. As calcination temperatures increase
to 600 and 800 °C (Figure 5k−n), the growth of BaSnO3
particles is notable, and the pore size increases simultaneously.
These observations are well-consistent with the N2 adsorption−
desorption results discussed above.
The structure evolution of the BS-120 precursor to the BS-T
samples is investigated by 119Sn Mössbauer spectra, from which
the chemical state of Sn on a atomic scale can be detected with
a high sensitivity based on the obtained values of isomer shift
(IS) and quadrupole splitting (QS).45 The IS value is closely
related to the valence state and atomic spacing, while the QS
value is sensitive to the symmetry of the charge around the Sn
atom.46 The experimental and ﬁtted Mössbauer spectra data for
BS-T and S-120 at room temperature are shown in Figure 6,

2OH•O → O••O + V ••O + H 2O(g)

(1)

Further calcination at 600 and 800 °C leads to reduction of
the QS values to ∼0 mm/s, giving a clue that most of [SnO6]
units are likely transformed into regular octahedrons and that
the structure symmetry could be improved with the oxygen
vacancies signiﬁcantly removed from the sample.
The local structural distortions of BS-T samples were further
investigated using the Raman spectroscopy, and the results are
shown in Figure 7. According to group theory, single-crystal

Figure 6. Room-temperature
(bottom) and BS-T samples.

119

Sn Mössbauer spectra of S-120

and the corresponding parameters are given in Table 2. The IS
values of Sn4+ and Sn2+ are generally located in the range of
(−0.4 to 2.0) mm/s and (2.3 to 4.5) mm/s (relative to
Table 2. Room-Temperature

a

a

119

Sn Mössbauer Parameters

samples

IS (mm/s)

QSb (mm/s)

LWc(mm/s)

S-120
BS-120
BS-200
BS-300
BS-400
BS-500
BS-600
BS-800
Bulk BaSnO3d

−0.01
0.07
0.02
0.02
0.02
0.02
0.01
0.00
0.00

0.62
0.51
0.47
0.44
0.39
0.30
0.00
0.00
0.00

1.36
1.40
1.04
1.22
1.64
1.99
1.74
1.78

Figure 7. Raman spectrum of BS-T and S-120.

BaSnO3 with a centrosymmetric structure belonging to Pm3m
space group can exhibit nonﬁrst-order Raman active modes.
Therefore, the activation of phonons for BS-T may account for
an ideal cubic structure with a lower internal symmetry.4,48 For
BS-120, two Raman features can be observed at 551 and 867
cm−1, which could be assigned to the Sn−O and Sn−O−O
vibration modes, respectively.49 The peak corresponding to

Isomer shift relative to BaSnO3. bQuadrupole splitting. cLine width.
Data taken from ref 14.

d
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TG experiment (Table 1) can be attributed to the water
desorption. Consequently, the chemical formula of these BS-T
samples used for molecular heat capacity calculation can be
inscribed in the form of BaSnO3·nH2O, where the water
content of n can be determined to be 0.504, 0.327, 0.187, and
0.017 for BS-400, BS-500, BS-600, and BS-800, respectively,
based on the above TG measurements.53,54
The heat capacity of a substance at low temperature
(normally below 25 K) can be treated as a sum of contributions
from electrons, lattice vibrations, nuclei, magnons, and
impurities.55−57 Contributions of each property to the total
heat capacity can be independently expressed using their
corresponding theoretical functions. Therefore, some important
information can be extracted by ﬁtting the heat capacity data
using these functions. For BS-T (T = 400, 500, 600, and 800)
samples, the heat capacity data below 10 K was ﬁtted using the
following equation:

Sn−O−O vibration is signiﬁcantly suppressed after calcination
of the precursor at 200 °C because of the peroxo groups’
decomposition. This result is in good agreement with the MS
analysis (Figure 3b). The obvious blue shift of the peak for BS200 may be ascribed to the increase of Sn−O−O interaction,
and this deduction is conﬁrmed by the TPD experiment where
the desorption peak of oxygen (Supporting Information, Figure
S2) is shifted to higher temperature of 286 °C. After calcination
at 300 °C, the peak corresponding to the Sn−O−O vibration
disappears, indicating that most of the peroxo groups have
already vanished. Moreover, the stretching mode of Sn−O
bond around 549 cm−1 for BS-120 shifts to higher frequencies
after calcination. This shift could be attributed to the
strengthened Sn−O interaction based on the Mössbauer
analysis. Most importantly, the shift between BS-120 and BS200 is especially pronounced, which is consistent with the
change of lattice parameters determined in the XRD patterns
(Figure 2). It should be pointed out here that a similar Raman
shift is also observed for BiVO4 materials.50,51 For BS-300 and
BS-400, a new Raman band around 410 cm−1 emerges, which is
likely induced by oxygen vacancies according to the reports by
Balamurugan et al.52 and Guo et al.48 Another characteristic
band located at 831 cm−1 is observed for BS-T samples calcined
at 500, 600, and 800 °C, while the intensity of vibrational bands
decrease signiﬁcantly for BS-600 and BS-800. This may be
explained by the fact that the structure symmetry is improved
as the surface area reduces and the oxygen vacancies decrease.
The existence of oxygen vacancies is further conﬁrmed by
measuring low-temperature heat capacities of BS-400, BS-500,
BS-600, and BS-800 using a PPMS, and the experimental
results are shown in Figure 8. According to the MS results

c p,m = γT + B3T 3 + B5T 5 + B7 T7

(2)

where the γT is the contribution from the oxygen vacancies,
and the rest represents the harmonic lattice model.55,58,59 The
ﬁtted parameters are listed in Table 3. Note that the
contribution of the oxygen vacancies to the total heat capacity
decreases with increasing calcination temperature, revealing
that the vacancies are gradually removed during the calcination
process. This conclusion agrees well with the results obtained in
the Mössbauer spectra and Raman spectroscopy analysis.
Additionally, the thermodynamic functions of these BS-T
samples were also calculated based on the curve ﬁtting of the
experimental heat capacities, and the standard molar entropies
of BS-400, BS-500, BS-600, and BS-800 at 298.15 K have been
determined to be 141.69, 139.78, 129.09, and 123.77 J·K−1·
mol−1, respectively.

4. CONCLUSIONS
In the present work, we have developed a facile method for
synthesizing large speciﬁc surface area mesoporous BaSnO3 by
preparing a peroxo-precursor and calcining the precursor at
relatively low temperatures. The speciﬁc surface area of the
BaSnO3 obtained at the calcination temperature of 500 °C has
been determined to be 67.2 m2/g, which is the largest surface
area reported in literature as far as we know, and the sample can
be maintained at the relatively high surface area of ca. 30 m2/g
even at calcination temperatures up to 800 °C.
The structure evolution from the precursor to the BaSnO3
samples during the calcination process has been extensively
investigated using a variety of characterization techniques. The
results have suggested that the precursor possesses a signiﬁcant
amount of hydroxyl and peroxo groups, which leads to a large
unit cell edge of 4.520 Å, weak Sn−O interaction, and distorted
[SnO6] octahedral. After calcination at diﬀerent temperatures,
water and oxygen release during the calcination process and
bring a mesoporous structure into the sample. Meanwhile, the
lattice parameters decrease gradually, and Sn−O interactions

Figure 8. Plot of the experimental heat capacities of BS-T (T = 400,
500, 600, and 800) samples measured over the temperature range from
2 to 300 K. (inset) The data below 10 K.

(Figure 4b), the peroxo ligands have already been removed
completely from these samples; therefore, the mass loss in the

Table 3. Fitted Parameters for BS-T (T = 400, 500, 600, and 800) Samples
parameter
−1

−1

γ (J·K ·mol )
B3 (J·K−1·mol−1)
B5 (J·K−1·mol−1)
B7 (J·K−1·mol−1)

BS-400
2.05
1.97
2.83
−1.29

×
×
×
×

BS-500
−3

10
10−4
10−6
10−8

1.00
1.76
2.60
−1.23

×
×
×
×

4008

BS-600
−3

10
10−4
10−6
10−8

4.69
1.56
6.40
−4.40

×
×
×
×

BS-800
−4

10
10−4
10−7
10−10

3.58
1.21
7.90
−2.05

×
×
×
×

10−4
10−4
10−7
10−9
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are strengthened. The symmetry of [SnO6] octahedron is also
improved during this process. However, oxygen vacancies are
generated simultaneously, which contributes to the distortion
of [SnO6] octahedral as well.
The thermodynamic properties of BaSnO3 samples calcined
above 400 °C were studied by PPMS. The results indicate a
signiﬁcant linear heat capacity contribution of the oxygen
vacancies existing in the materials, and the concentration of the
vacancies tends to decrease with the calcination temperature
increasing. The standard molar entropies (T = 298.15 K) of BS400, BS-500, BS-600, and BS-800 are determined to be 141.69,
139.78, 129.09, and 123.77 J·K−1·mol−1, respectively, which are
calculated based on the curve ﬁtting of the experimental heat
capacities.
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