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Fabrication of Crystalline Mesoporous Metal Oxides and Sulfides
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Mesoporous metal oxides and sulfides were prepared by a simple solvothermal method using inorganic salts as metal
sources and diethylene glycol (DEG) as solvent; they are formed by the aggregation of metal compound nanoparticles.
The generality of this route to the mesoporous materials was proved by the fabrication of a series of mesoporous
materials (TiO,, ZrO,, Zn0O, In,03, ZnS, and In,S3). Due to the different morphologies of nanoparticle subunits, the as-
prepared mesoporous materials had different types of mesopores, which could be revealed by the N, adsorp-
tion—desorption isotherms and transmission electron microscopy (TEM) images.

1. Introduction

In recent decades, mesoporous materials have attracted
much attention for their potential applications in advanced
catalysis, sensors, medicine, adsorbents, and nanodevices,
etc.! Template methods including hard and soft templates
routes have been frequently applied to prepare the meso-
porous metal oxides and chalcogenides,” which have achie-
ved great success in preparing mesostructured materials.
However, for the large-scale and low-cost preparation of
mesoporous materials, the template-free methods have be-
come of interest, in which the sol—gel route is an effective one
in fabricating mesoporous materials such as TiO,, SnO,,
Ce0,, and MnO, by designing the reactive system.’”’ The
main impediment is the difficulty in controlling the compe-
titive hydrolysis and condensation reactions, the decrease of
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the surface area of the products after calcination, and the
expensive cost of metal alkoxides and complexes usually used
as starting materials. In addition to the conventional sol—gel
method, a nonhydrolytic sol—gel route has also been deve-
loped to prepare porous metal oxides materials.® To decrease
the reaction temperature for the formation of mesoporous
structure, hydrothermal treatment could be applied to re-
place the calcination in the sol—gel process.” As another typi-
cal template-free method, a one-step hydrothermal route to
mesoporous TiO, derived from the metal salts and alkoxides
was also introduced.'® After that, Fujihara and co-workers
fabricated crystalline mesoporous SnO, by a combined
process including hydrolysis of SnCly at 95 °C in alkaline
solution, formation of SnO, nanocrystals, and subsequent
hydrothermal treatment at 100—200 °C.'" Most recently,
many mesoporous aggregates such as Co304,'> TiO,,"
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Table 1. Typical Preparation Parameters for the Different Mesoporous Materials

Xue et al.

reaction
volume of temperature
sample reagents autoclave and time remarks®
SnO, 0.703 g SnCly- 5H,0, 30.0 mL 200°C, 12h
24.0 mL DEG, 0.405 g NaOH
ZrO, 0.322 g ZrOCl,-8H,0, 15.0 mL 200°C, 12 h
12.0 mL DEG, 0.295 ¢ NaOH
TiO, 0.240 g Ti(SOy),, 13.0 mL DEG, 15.0 mL 180°C, 12 h Ti(SOy), was dissolved in a mixture of DEG and water under
2.0 mL water magnetic stirring for 5 h
In,05 0.767 g In(NOs);-4H,0, 30.0 mL 200°C, 12 h
24.0 mL DEG
ZnO 0.301 g Zn(NO3),-6H,0, 15.0 mL 200°C, 12h
12.0 mL DEG
In,S; 0.301 g Zn(NOs),-6H,0, 15.0 mL 200 °C, 12 h InCl;-4H,0 was dissolved into a mixture of DEG and water, and
12.0 mL DEG, 0.152 g thiourea then thiourea was added to be completely dissolved under stirring
ZnS 0.300 g Zn(NO;),-6H,0, 30.0 mL 180 °C, 8 h Ammonia solution was added into Zn(NOs),-6H,0 of DEG

25.0 mL DEG, 1.0 mL ammonia
solution (25—28 wt %), 0.080 g
thiourea

solution and then thiourea was added to form a solution

“ All the solvothermal reaction products were collected by centrifugation, washed with water and ethanol for several times, and dried at 90 °C for 5 h.
The yields of the products were 85.5%, 73.1%, 90.2%, 29.5%, 47.1%, 53.8%, and 83.2%, respectively, for mesoporous SnO,, ZrO,, TiO,, In,03, ZnO,

In,S;, and ZnS.

N-doped TiO,,"* Sn0,,"* a-Fe,03,'® y-AIOOH,"” Mg-
(OH),,'® and chalcogenides (ZnS, CdS, Ag,S, AgQSe)19 have
been successfully prepared by a variety of template-free
methods. However, these fabrications are accidental and
difficult to extend to the syntheses of other mesoporous
materials. In addition, for the preparation of mesoporous
metal oxides and sulfides, there are some additional cha-
llenges because they are susceptible to hydrolysis, redox
reactions, or phase transformations accompanied by thermal
breakdown of mesostructures.*’

The polyol method was initially described for the prepara-
tion of metals and alloys, in which the high-boiling alcohol
(e.g., glycerol, glycol) was used to reduce the metal precursor.
This method can be extended to prepare the oxide materials such
as Zn0, Fe,0;, CoAL,O,, and Bi,Os,%' which can be understood
as a sol—gel process carried out at elevated temperature.

The polyols with high molecular weight are one type of
important surfactants and are frequently applied as the
templates in the sol—gel or aqueous solution processes for
the fabrication of nanoporous materials,”>** but those with
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small molecular weight such as DEG can be applied as
modifier to prepare the dispersed nanocrystals.>* However,
only a few mesoporous materials have been prepared using
the polyols.*® Herein, we present a general and simple proce-
dure to fabricate the mesoporous crystalline metal oxides and
sulfides using the inorganic salts as the metal sources and
DEG as solvent, which is a sol—gel combined solvothermal
process and suitable for the preparation of a series of
mesoporous metal oxides and sulfides.

2. Experimental Section

2.1. Preparation. All the chemicals were of analytical grade
and were used without further purification. DEG (water content
0.917%) was used as solvent, and the typical preparations for
the different mesoporous materials are listed in Table 1.

2.2. Characterization. X-ray diffraction (XRD) patterns of
the products were recorded on a Rigaku D/Max 2200PC
diffractometer with a graphite monochromator and Cu Ka
radiation (A = 0.15418 nm). Morphologies and structures of
the products were characterized via a field-emission scanning
electron microscope (FE-SEM, JEOL JSM 6700F) and high-
resolution TEM (HR-TEM, GEOL-2010) with an accelerating
voltage of 200 kV. TG analyses were carried out to monitor the
weight losses of the products at a heating rate of 10 °C/min from
25 to 800 or 1100 °C under air atmosphere (Mettler Toledo,
TGA/SDTA 851e). To evaluate the thermal stability of meso-
porous materials, the as-obtained oxides were heat-treated at
350 to 600 °C for 3—5 h in air atmosphere based on the thermo
gravimetric (TG) curves with the heating rate of 5 °C/min, which
are listed in Table 2. TG/mass spectrometric measurement
(MS) (Netzsch STA449C/Balzers thermostar, atmosphere was
25.0 mL/min air, heating rate was 5 °C/min) was also applied to
track the thermal degradation of mesoporous SnO,. Fourier
transform infrared (FT-IR) spectra were recorded on a Nicolet
SDX FT-IR spectrometer using KBr pellet technique in the
range of 400—4000 cm ™ '. N, adsorption—desorption isotherms
of the products were measured on a QuandraSorb SI apparatus
at the temperature of liquid nitrogen (—196 °C), the products
were degassed at 90 °C for 10.0 h before measurements.
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Figure 1. XRD pattern (a), HR-TEM images (b, ¢), and N, adsorption—
desorptionisotherms (d) of SnO, sample; the inset in d is the corresponding
pore size distribution curve.

The density functional theory (DFT) method was used to calculate
the pore size distribution due to its wide application of pore size
ranging from micropore to mesopore. Gas chromatography—
mass spectrometry (GC-MS, Agilent 6890N-5973N) was used
to detect the byproduct in the system after solvothermal
reaction.

3. Results and Discussion

As an example, the formation of SnO, sample was chosen
to demonstrate the effectiveness of this route in preparing the
mesoporous structures. The XRD pattern (Figure 1a) shows
that all the reflections can be indexed to the tetragonal cassi-
terite phase of SnO, (JCPDS 41-1445, P42/mnm (136)) with
lattice constant a = 4.738 A, b = 4.738 A, and ¢ = 3.187 A.
Based on the breadth of (110) reflection, the average particle
size calculated using the Scherrer formula is 5.1 nm. HR-
TEM image (Figure 1b) indicates that the porous SnO, with
mesopores of 5—8 nm is constructed by the nanocrystals of
5—10 nm which is roughly consistent with the size calculated
from the corresponding XRD pattern. The lattice fringes of
0.332 and 0.264 nm can be ascribed to (110) and (101) planes
respectively, revealing the cassiterite crystalline nature
(Figure 1c). The lattice fringes also reveal that the SnO, nano-
crystals aggregate in a disordered mode. N, adsorption—
desorption isotherms show a type IV adsorption curve,
indicating the mesoporous nature of SnO, sample
(Figure 1d).*® The calculated Brunauer—Emmett—Teller
(BET) surface area and pore volume are 129 m?/g and
0.142 cm?/g. The hysteresis loop with a smoothly increasing
adsorption branch and a somewhat steeper desorption
branch is similar to the type H2 hyteresis loop, demonstrating
that the product has cul-desac mesopores with some small
variation along the pores.?” The pore size distribution calcu-
lated by the DFT method is narrow and the mouth size of
cul-desac pores is ca. 4.3 nm.

(26) Kruk, M.; Jaroniec, M. jliniiinnbdigi- 2001, /3, 3169.
(27) Wallacher, D.; Kiinzner, N.; Kovalev, D.; Knorr, N.; Knorr, K.

et 2004, 92, 1957041,

Inorganic Chemistry, Vol. 49, No. 3, 2010 1193

. 2001 "
_én @ J JJ
51601 2 / ,/J

= i

2 120 ! ]

] 5. 10 15 f

2 Pore diameter(nm) A

Py 804 ‘\-'

: .-F"""“ ~

§ 404 . e

00 02 04 06 08 1.
Relative pressure (P/P)

Figure 2. N, adsorption—desorption isotherm of the mesoporous SnO,
calcined at 600 °C for 5 h, the inset is the corresponding DFT pore size
distribution curve.
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Figure 3. FT-IR spectrum (a) and TG curve (b) of mesoporous SnO,.

Normally, the pores in the materials easily collapse at high
temperature, which limits their applications. Here, the N,
adsorption—desorption isotherms of the sample calcined at
600 °C for 5 h (Figure 2) exhibit a type-IV adsorption branch
with an H2 type hysteresis loop similar to that of the uncalci-
ned sample, indicating that the mesopores with morphology
similar to that of uncalcined sample still remain after calcina-
tion.”*?” The BET surface area is 125 m?/g; thisis close to that
of the uncalcined sample, but the pore volume significantly
increases to 0.302 cm®/g. The pore size of ca.7.4 nm calculated
by the DFT method shows a slight enlarging of mesopores.
The increase of the pore size and volume comparing to those
of uncalcined one is due to the removal of hydroxyls and
DEG species in the pores at high temperature which can be
estimated from the TG curve (Figure 3b). Thus the meso-
porous SnO, after calcination would maintain the BET
surface area hardly changing with larger pore size and
volume, demonstrating its high thermal stability.

As known, the DEG molecules can coordinate with many
metal cations under the evaluated temperature,” it is specu-
lated that the formation of mesoporous SnO» is related to the
coordination of DEG to Sn*" cations in the present system.
GC-MS characterization indicates that the byproduct is 12-
crown-4 (dehydrated compound of DEG, 22.90%) in the
solution after solvothermal reaction (Supporting Informa-
tion, Figure S1). In the present system, the crown ether might
be formed by the condensation of DEG under the directing
of Na' and Sn*", with water simultaneously produced.
After then, the Sn*' cations hydrolyzed to form SnO,
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nanoparticles, some absorbed water, hydroxyls, and DEG
molecules would exist on the surfaces of nanocrystals due to
the coordination of DEG molecules to Sn** cations, which
could be confirmed by the IR spectra, TG curve, and
elemental analyses. To decrease the high surface energy, the
nanocrystals would aggregate to the mesoporous SnO,
because the DEG molecules on the surface prevented the
nanoparticles from densely aggregating.

FT-IR spectrum of the as-prepared mesoporous SnO,
(Figure 3a) shows a strong and wide band at 3430 cm ™" with
a shoulder at ca. 2900 cm ™! and absorptions at 1630, 1040,
658, and 509 cm ™~ '. The strong absorptions at 3430 and 1630
cm” ! can be attributed to the stretching and bending modes
of hydroxyls in water and DEG, as well as the hydroxyls
bonded to Sn*" cations.*** According to those of DEG
molecules (Figure 6a), the IR absorptions at ca. 2900 and
1040 cm ™! are respectively ascribed to the vibrations of C—H
and C—0 in DEG molecules, and those at 658 and 509 cm ™!
are assigned to the Sn—O vibrations.””® Compared to that in
pure DEG, the IR absorption of C—O bond in the as-
prepared SnO, shifts ca. 20 cm™ ! to lower wavenumbers,
indicating that there is chemical interaction between the
DEG molecules and Sn*" cations.*® The absence of the
absorptions at ca. 1250 and 950—810 cm ™' reveals that the
organics in the mesoporous SnO, is DEG rather than 12-
crown-4, but the weak absorptions at 1040 cm™" indicates
that there are only a few DEG molecules in the product. TG
analysis (Figure 3b) shows a weight loss of 3.0% below 150
°C and another one of ca. 4.5% at temperature higher than
150 °C. TG/MS analysis shows that the water has been lost in
the measured temperature range and the curve has a small
hump at 150—400 °C (Supporting Information, Figure S2,
denoted with the arrow), but the CO, has been released
ranging from 150 °C to ca. 400 °C. It is known that the boiling
point and flash point of DEG are, respectively, 244.8 and 135
°C, and those of 12-crown-4 are relatively higher. Thus it can
be concluded that the weight loss at the temperature lower
than 150 °Cis mainly due to the removal of the physically and
chemically absorbed water; the decomposition of DEG
molecules occurs from 150 to 400 °C to release water and
CO,, which overlaps with the removal of water in the
mesopores,’! and the small weight loss at the temperature
higher than 400 °C is related to the release of water from the
surface hydroxyls.*® The elemental analysis gave that the C,
H, and N contents are 0.470%, 1.125%, and 0.268%, in
which the N is derived from the absorbed N». It is concluded
that there is ca. 1.04% DEG in the product, and the other
weight loss of ca. 6.6% is attributed to the removal of the
absorbed hydroxyls by treatment at high temperature.

It is presumed that this may be a general route to the
mesoporous materials by the aggregation of nanoparticles
because many metal cations can coordinate to DEG mole-
cules.”® To confirm its generality, the fabrication of several
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Figure 4. XRD patterns (a) and N, adsorption—desorption isotherms
(b) of mesoporous ZnO, TiO,, ZrO,, In,03, ZnS, and In,S;.

mesoporous materials (TiO,, ZrO,, ZnO, In,O3, ZnS, and
In,S;) by this route was investigated. The XRD patterns
(Figure 4a) indicate that all the as-prepared samples are
phase-pure materials, Table 2 gives their corresponding
crystalline structures. The products have high crystallinity
except In,S3, which is similar to the previously reported In,S;
nanostructures and might be related to its internal struc-
ture.”® Compared with the respective standard XRD pat-
terns, the wider reflections reveal that the as-prepared
materials are composed of small crystalline particles. Based
on the breadth of reflections, the particle sizes of the as-
prepared TiO,, ZrO,, ZnO, In,05, and ZnS are calculated to
be 9.0, 3.4, 10.0, 6.2, and 3.8 nm, respectively. In addition, the
710, sample exhibiting the cubic structure rather than the
familiar monoclinic phase may be due to the size effect. All
the N, adsorption—desorption isotherms (Figure 4b) show
type IV adsorption branches, indicating the mesoporous
natures of the products.”® This means that all the samples
are mesoporous materials, demonstrating the generality of
this synthetic method.

The types of hysteresis loops also imply that the samples
have different kinds of mesopores (Figure 4b). Like SnO,, the
mesoporous ZrO,, TiO,, and In,0O5 exhibit hysteresis loops
similar to t;/pe H2, indicating the existence of cul-desac
mesopores.”’ The narrow DFT pore size distribution curves
give the mouth pores of 5.4 nm in ZrO, and TiO, samples,
however, the In,O3 sample with a main mouth pore of 8.5 nm
has the wider pore size distribution, and its typical hysteresis
loop of type H3 indicates slit-like pores existing in the sample,
which might be due to the loose aggregates of plate-like
particles (Table 2, Supporting Information, Figure S3).%%%’
The pore size of ca. 4.0 nm should be assigned to the slit size
between the plate-like particles. The outlines of the hysteresis
loops of the ZnO and ZnS samples demonstrate that they
have different kinds of coexisting mesopores. In previous
reports, besides the crystalline mesoporous TiO, and SnO,
prepared by template-free hydrothermal/solvothermal routes
had higher surface area than 200 m?/g,”® most of the
mesoporous materials showed a relatively low surface area
or wide pore size distribution, and no report focused on the
general route to mesoporous materials ranging from oxides
to sulfides.

HR-TEM and FE-SEM images show that the ZrO,, TiO,,
Zn0O, In,0;, and ZnS samples have morphologies and

(33) (a) Du, W.; Zhu, J.; Li, S.; Qian, X. juumiimie 2008, 8, 2130.
(b) Chen, L.; Zhang, Z.; Wang, W. sl 2008, /72, 4117.
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Table 2. Properties of the As-Prepared Mesoporous Materials

specific surface area (m?/g) pore size (nm) calcination
phase structure

sample (by XRD) before calcination after calcination before calcination after calcination temperature (°C) time(h)
ZrO, cubic 210 143 5.4 7.9 450 3
In,03 cubic 160 135 8.5 8.5 400 5
TiO, anatase 198 99 54 7.1 450 3
ZnO wurtzite 71 53 3.8 7.8 350 3
ZnS cubic 138 3.8
In,S; cubic 117 4.0

Figure 5. HR-TEM and FE-SEM images of the as-prepared mesoporous materials.

microstructures similar to those of mesoporous SnO, which the mesoporous In,S; with flower-like architectures, the

is the aggregate of spherical nanocrystals of 4—8 nm. As to nanoplate subunits with thickness of ca. 5—7 nm construct
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Figure 7. XRD patterns (a), N, adsorption—desorption isotherms (b), and pore size distribution (c) curves of mesoporous SnO, prepared from different

PEG solvents.

the slit-like pores, this could also be confirmed by the N,
adsorption—desorption analysis. Furthermore, the obvious
relative departure of the lattice fringes although the contin-
uous lattice fringes in a single nanoplate indicate the nano-
plate forming through an oriented attachment of the
nanocrystals (Figure 5).

All the samples show IR absorptions similar to the SnO,
sample in the wavenumber range of 1000—4000 cm ',
indicating that all the products have absorbed water, surface
hydroxyls, and DEG; however, the difference in the relative
IR absorptions intensity reveals their different contents
(Figure 6a). The similar species on the nanoparticle subunits’
surface also indicate that all the products are formed through
a similar mechanism. Elemental analyses show that the DEG
contents are respectively 2.79%, 3.16%, 2.99%, 12.13%,
1.64%, and 4.27% in mesoporous ZrO,, In,O3, TiO,, ZnO,
ZnS, and In,S; (Table S1). In addition, there are a few of the
absorbed air, water, and hydroxyls in the products. The TG
curves also indicate the different weight losses in the tem-
perature ranging from room temperature to 800 or 1000 °C
(Figure 6b, ¢). The In,O3, ZrO,, TiO,, and ZnO samples have
weight losses of ca. 8%, 10.5%, 14%, and 19% indicating
that the absorbed air, water, and hydroxyls except DEG are
ca. 4.84%, 7.71%, 11.01%, and 6.87%, respectively. As for
the mesoporous In,S; and ZnS, the oxidation reaction to
metal oxides that have the weight loss of 14.8% and 16.4%
should occur in the thermogravimetric process. Thus it can be
concluded that the absorbed air, water, and DEG in In,S;
and ZnS are ca. 5.2% and 2.1%, respectively, of which the
absorbed air and water are ca. 1% and 0.5%. The different
contents of water, hydroxyls, and DEG in the mesoporous

materials might be due to their different surface areas and
coordination abilities to DEG molecules and hydroxyls.

Because a variety of polgfols exhibit similar complexing
ability to the metal cations,” it is speculated that the meso-
porous materials can be formed by using other polyols as
solvents. Thus TEG (triethylene glycol), PEG200, PEG400,
and PEG600 were also selected as solvents to prepare the
mesoporous SnO,. The XRD patterns (Figure 7a) show that
all the reflections can be indexed to the tetragonal cassiterite
phase of SnO,, which means that the crystalline SnO» can be
formed in TEG, PEG200, PEG400, or PEG600 solution. The
N, adsorption—desorption isotherms (Figure 7b) exhibit the
type IV adsorption branch, proving the mesoporous nature
(Figure 7¢). The specific surface areas of the samples calcu-
lated by BET method vary from 120 to 154 m?/g (Supporting
Information, Table S2). However, all the samples show wide
pore size distributions with most of the pores less than 15 nm.
Moreover, the pore size distributions broaden with the
increase of the molecule weight of PEG, which may be due
to the broad molecular weight distribution and more flex-
ibility of molecule chains. This shows that the solvothermal
route using polyols as solvent and structure directing agent
may be a general route to mesoporous materials.

4. Conclusions

In summary, a general route to the mesoporous metal
oxides and sulfides has been developed using the metal
inorganic salts as metal sources and DEG as solvent.
The formation of mesoporous materials went through
the formation of metal compound nanoparticles and their
aggregation, in which DEG species on the nanoparticles’
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surface prevent the nanoparticles from densely aggregating
and then the mesostructures are formed. The mesoporous
materials exhibit different pore sizes, morphologies, and pore
size distributions because of the different sizes and shapes of
composed nanoparticles. After calcinations to remove the
organics, the pore structures of metal oxides could still be
maintained although their surface areas decreased.
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