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The degradation of toxic gases and liquids using a catalyst and solar energy is an ideal method, compared
with landfill and combustion methods. The search for active semiconductor photocatalysts that efficiently
decompose contaminations under light irradiation remains one of the most challenging tasks for
solar-energy utilization. In this work, free-supporting three-dimensional (3D) nanosheeted hierarchical
porous tungsten, titanium, and tin oxide networks were obtained by a facile Lewis acid catalytic binary
template route. These networks possess large macroscopic scale (millimeter-sized) and hierarchical macro/
mesoporous nanostructure with high surface area and large pore volume. Photocatalytic degradation of Azo
dyes demonstrated that the nanosheets-constructed hierarchical porous networks have high photocatalytic
activity and stability. The present synthetic route can serve as the new design concept for functional 3D
layered porous nanostructures.

ow-dimensional nanomaterials, such as nanowires' , nanotubes®”’, and nanobelts®*'!, have received extens-

ive researches because of their fascinating application in fabrication of nanodevices. Recently, much attention

has been paid to materials with two-dimensional (2D) nanostructure because of their unique electronic,
magnetic, and storage properties'>'*. In particular, the recent development of graphene has stimulated great
interest in studying 2D nanomaterials. So far, a variety of 2D nanostructured materials, such as MoS,"*, CeO,'¢,
Ti0,", and WO3'® nanosheets have been synthesized.

Typical method for preparing nanosheets mainly involves the exfoliation of layer-structured compounds
Monolayer structures or ultrathin nanosheets can be successfully synthesized by this method. However, the
bottom-up exfoliation method presents difficulties in the synthesis of nanosheets with structures other than
layered compounds®. On the other hand, kinetically controlled growth of nanocrystals in solution was also
developed to prepared nanosheet materials, including BiVO,*, LiFePO,*, and Bi;WO¢**. Unsatisfactorily, the
solution—phase method also exists some shortages in the synthetic complexity and low production. Furthermore,
compared with the relatively simple 2D sheeted nanostructures, more complex three-dimensional (3D) self-
supported sheeted nanostructures have been rarely reported because of the relative complex geometric construc-
tion and rigid crystalline properties of the materials.

Herein, we report the general and high yield synthesis of self-supported 3D sheeted porous metal oxides (TiO,,
WO;, and SnO,) by a facile Lewis acid catalytic binary template route (LCCT). The 3D sheeted metal oxide
particles possess millimeter-sized macroscopic volume and hierarchical sheeted macro/mesoporous nano-
structures. Due to the advantages of this structure, large specific surface areas and high pore volume were
obtained. For example, the specific surface area and pore volume of the as-synthesized 3D sheeted porous
TiO, particles is up to 270 m*/g and 0.53 cm?/g. Photocatalytic degradation of typical Azo dyes demonstrated
that the 3D sheeted porous metal oxides gained greatly enhanced performances.

19,20

Results

Figure 1a shows the typical synthesis procedure of the 3D sheeted porous metal oxide particles. In the case of
synthesis of 3D sheeted porous TiO,, tetrabutyl titanate and furfural alcohol (FA) were mixed together to form a
wind red transparent solution at room temperature. The precursor solution was then slowly dripped into a self-
assembly of carbonaceous microspheres (CSs). The mixture precursor was heated to 90°C with a rate of 1°C
min~' and was maintained at this temperature for 5-8 h. During this process, due to the strong Lewis acid

catalytic effect of the Ti*" ions, the FA monomer gradually polymerizes into crosslinked furfuryl alcohol resin
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Figure 1| (a) Schematic procedure for the formation of the 3D sheeted
porous TiO,. (b), (¢) Low- and high-magnification SEM images of the 3D
sheets porous TiO,. (d), () TEM and HRTEM images of the TiO, sample.

(FAR). Such FAR contains abundant functionalized hydroxyl and
carbonyl groups, therefore, Ti** ions would bind the hydroxyl and
carbonyl groups through a coordination effect during the polymer-
ization process, forming a homogenous hybrid FAR-Ti composite.
The FAR-Ti composite filled up in the interspace of the CSs assem-
bly gradually condensed following the increase of the polymerization
and forming 3D layered structure in the CSs. Finally, carbon com-
ponent in the FAR-Ti composite is removed by combusting and Ti**
ions are condensed to form 3D sheeted porous TiO, particles.

SEM images clearly reveal the 3D sheeted porous structure of the
as—prepared TiO, samples (Figure 1b, c). The structure is composed
of nanosheets, and the nanosheets constitute a porous 3D organiza-
tion through disorderly connection. The nanosheets have a thickness
of approximately 5-10 nm. To view the interior of the sample, in a
controlled experiment, the large bodies of the sample were broken
into small particles by ultrasonic vibration. Then, the fragmentations
of the small particles were dispersed on a piece of conductive tape for
SEM observation. The SEM images confirmed that the interior of the
sample are also composed of sheet-like mesoporous structures
(Figure S1). TEM observation (Figure 1d) further demonstrated that
the nanosheet structures and clearly shown that the TiO, nanosheets
are full of uniform small holes. HRTEM image (Figure le) demon-
strated that the TiO, particles have high crystallinity. Controlled
experiments showed that the pore size and thickness of the mesopor-
ous structure can be facilely tuned by simply changing the amount of
CSs microspheres used in the synthesis. For example, when smaller
amount of CSs microspheres were used, TiO, mesoporous networks
with thicker walls were obtained (Figure S2). The energy-dispersion
X-Ray spectroscopy (EDS) characte- rization (Figure S3) confirms
that the as-synthesized TiO, products are composed of only tita-
nium and oxygen. These results demonstrated that the synthesis of
3D sheeted porous TiO, can be achieved via the current LCCT
method.

The crystal phase of the as-synthesized TiO, products was
detected by using X-ray powder diffraction (XRD). The typical pow-
der XRD pattern displayed in Figure 2a identifies the products as the
anatase phase of TiO, (JPCDS No. 21-1272), and no other crystalline
impurities were detected in the synthesized product. The broadening
diffraction peaks confirms that the particle size of the products is very
small.

Similar results were obtained from micro-Raman experiments.
The micro-Raman spectra (Figure 2b), taken on the surfaces of the
TiO, particles showed the typical six Raman modes of the TiO,
anatase phase. It is worth noticing that the peak position and the
peak width are in agreement with literature data reported for small
anatase nanocrystals)*. The band gap of the sheeted porous TiO,
particles is estimated to be 3.3 eV from its ultraviolet-visible absorp-
tion spectrum, slightly greater than that bulk anatase TiO,
(Figure 2c).

The specific surface area and pore size distributions of the 3D
sheeted porous TiO, particles are characterized by nitrogen adsorp-
tion and desorption isotherms at 77 K (Figure 2d). As expected, the
BET surface area of the sheeted TiO, porous particles is up to
270 m?*/g. The sample shows a typical type-IV isotherm, character-
istic of mesoporous materials, with an average BJH pore diameter of
5.0 nm and a total pore volume of 0.53 cm® g~'. The high BET
surface area and large total pore volume strongly support the fact
that the TiO, products have a porous structure. To illustrate the
difference between the present LCCT method and other methods,
the widely used citrate-nitrate combustion route was adopted to
prepare TiO, powders®. As shown in the Supporting Information,
Figure S4, a loose powders was prepared, which is similar to the
powders obtained with other fuels. However, the specific surface area
(54.2 m*/g) was only a fifth that of the powders from the LCCT
method under the same calcination temperature (Supporting
Information, Figure S5). On the other hand, it should be noted that
nanosheet materials synthesized by wet-chemistry method are gen-
erally need to dispersed in specific solvents for avoiding aggregation;
thus, complicated separation processes are needed to collect the solid
powders, and agglomerations may occur. The LCCT method shown
herein offers a facile way to synthesize solid porous nanosheet mate-
rials directly in large scales.

The material formation process was studied in more detail by
carrying out the reactions at various reaction steps (Figure 3).
Carbonaceous spheres/Ti**/FAR precursor was heated to 500°C at
the rate of 1°C min~". The products were characterized after different
times in the heating process. Before heating, the carbonaceous
spheres/Ti**/FAR precursor is a black solid (Figure 3b). XRD pattern
(spectrum II in Figure 3e) and Raman spectra (spectrum II in
Figure 3f) demonstrate that no tungsten oxide contains in the car-
bonaceous spheres/Ti**/FAR precursor. A reaction time of 2.5 h led
to the formation of foamy particles with many holes (Figure 3c).The
characteristic peaks of these intermediate products in Raman spectra
(spectrum III in Figure 3f) suggest the formation of tungsten oxide.
At the same time, the reduction of Raman signals of carbon reveals
that the degradative oxidation of carbonaceous templates, which is
also evidenced by its XRD data in figure 3e. When the reaction time
reaches 7 h, 3D sheeted porous TiO, was observed (Figure 3d). The
micro-Raman spectrum (spectrum IV in Figure 3f) of the products
showed the typical Raman modes of the TiO, anatase phase. The G
and D Raman modes of the turbostratic carbon phase were not
detected, which confirmed the carbon has been completely removed.
The corresponding XRD pattern (pattern IV in Figure 3e) also con-
firmed this.

The studies of the various reaction conditions confirm that the FA
templates play an important role in the formation of the 3D sheeted
porous materials. When no FA was added into the reaction mixtures,
only a large quantity of TiO, hollow spheres were synthesized
(Supporting Information, Figure S6), which is agreed with previous
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Figure 2 | (a) XRD pattern, (b) Raman spectrum, (c) UV-vis absorption spectrum, (d) Nitrogen adsorption-desorption isotherm plot of the large-scale

3D sheeted porous TiO, samples.

reports”’. There are two requirements for this method to work: there
must be a small penetration depth of tungsten ions within the car-
bonaceous microspheres. The thin metal ions adsorbed layer would
shrink into ultrathin mesoporous sheets. Because of their ultrathin
feature, these mesoporous sheets are flexible and thus can readily
self-organize into 3D hierarchical sheet-like architectures. When the
penetration depth of tungsten ions with the carbonaceous spheres is
too deep, the tungsten ions distribute in the entire interior of the
carbonaceous spheres and tend to form a hollow sphere aggregates
due to the effect of the template morphology (Supporting Informa-
tion, Figure S7)**. By changing the absorption time, temperature, and
precursor concentration, the penetration depth of the metal ions
with the carbonaceous spheres can be conveniently adjusted, and
various interesting structures can be obtained (Figure S8).

As expected, 3D sheeted porous WO; and SnO, particles were
successfully prepared by this method. As shown in Figure 4a-d,
the samples are all 3D sheeted porous structures. XRD characteriza-
tion demonstrated that the products were monoclinic phase WO;
and tetragonal phase SnO,, respectively. The as-synthesized 3D
sheeted porous SnO, have large surface areas and high pore volumes.
For the 3D sheeted porous SnO, materials, their specific surface area
and pore volume are up to 262 m*/gand 0.63 cm®/g (Figure S9). Due
to the high mass density of tungsten, the specific surface area and
pore volume of the prepared 3D sheeted porous WO; are smaller
than those of TiO, and SnO,. Despite this, for the 3D sheeted porous
WOj3 materials, the specific surface area and pore volume are still up
to 156 m*/g and 0.26 cm*/g (Figure S10), which much higher than
those of WO; materials obtained by other combustion methods®.
Furthermore, Raman spectra (Figure S11-12) and EDS (Figure S13—
14) characterizations for the as-synthesized samples demonstrated
that all of the 3D mesoporous metal oxide networks have high crys-
tallinity and balanced atomic ratios of M/O (M = W and Sn).

Discussion

To demonstrate the potential application of the 3D sheeted porous
metal oxides, the photocatalytic activity of the as-synthesized TiO,
samples in the degradation of RhB was investigated. The progress of
the photodegradation with irradiation time was monitored by ana-
lyzing the UV/Vis spectra of the reaction solution at different time
intervals. Figure 5a shows the optical absorption spectra of an aque-
ous solution of RhB (initial concentration 12 mg L™"; 100 mL) with
50 mg of the 3D sheeted porous TiO, powders measured after expo-
sure to light irradiation (300 W xenon lamp, full arc) for different
durations. As is evident from Figure 5a, the intensity of the char-
acteristic absorption peak of RhB gradually decreased with increas-
ing exposure time, indicating photocatalytic degradation of the Azo
dye in the presence of the 3D sheeted porous photocatalysts. The
characteristic absorption peak of RhB had almost completely disap-
peared after about 20 min, which suggests that the as-synthesized
3D sheeted porous TiO, served as a high-performance photocata-
lyst. In addition, it was observed that the photolysis of RhB under
visible light irradiation was very slow, and RhB cannot be degraded
under dark conditions in the presence of the photocatalysts, con-
firming that the photocatalytic activity indeed originated from the
3D sheeted porous TiO, powders.

Further experiments were performed under the same conditions
aimed at comparing the photocatalytic activities of the 3D sheeted
porous TiO, powders and commercials TiO, (P25) powders
(Figure 5b). When using the commercial P25 powders (specific sur-
face area is about 62 m> g™') as the photocatalyst, the time required
for complete photodegradation of the RhB was more than 30 min,
which is about 1.5 times longer than that of the 3D sheeted porous
TiO, powders. The high degradation performance of the 3D sheeted
porous WO; may be attributed to their larger specific surface areas,
which allow them to adsorb more dye molecules. At the same time,
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Figure 3 | SEM images of the initial precursors and intermediate products of the 3D sheeted porous TiO,. (a) carbonaceous spheres, (b) carbonaceous
spheres/Ti**/FAR, and after heating at 500°C for (c) 2.5 hand (d) 7 h. (e), (f) Corresponding XRD patterns (e) and Raman spectra (f); I: carbonaceous
spheres, II: carbonaceous spheres/Ti**/FAR, III: 2.5 h reaction, IV: 7 h reaction.

due to the multiple reflection effect, the light harvesting of the cat-
alysts is also improved greatly when they have an increasing number
of shells. More importantly, the porous sheeted structure promotes
the charge carrier transfer from body to surface and decreases the
bulk electron/hole (e"/h™) recombination since the sheets are very
thin (Figure 5c).

In addition to efficiency, stability and recyclability of photocata-
lysts are also important for applications. After the RhB molecules are
completely decomposed, centrifuging the solution enables the 3D
sheeted porous TiO, powders to be easily collected to catalyze a
new reaction. Figure 5d plots the kinetic curves for degradation of
RhB solution with the use of the same experimental conditions. The
TiO, photocatalyst can be effectively recycled at least five times
without an apparent decrease in its photocatalytic activity, which

demonstrates its high stability. Furthermore, the UV-vis absorption
(Figure S15) demonstrated that the crystalline phase and photophy-
sical properties of the samples after the photocatalytic reaction were
not changed, which further indicated its high stability.

In summary, we have developed a general and high—-yield, LCCT
route for the large-scale producing self-supported 3D porous metal
oxides with high surface area and large pore volume. Self-supported
3D sheeted porous TiO,, SnO,, and WO; networks could be made in
a simple and reproducible manner. These 3D sheeted porous TiO,
networks exhibit high photocatalytic activity for RhB degradation. It
is expected that these self-supported 3D porous metal oxides could
be promising materials for the design of various sophisticated micro/
nanostructures, which could have great potential for catalytic, elec-
tronic, and chemical applications.
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Methods

Characterization. XRD patterns of the products were recorded on a Bruker D8 Focus
diffractometer by using CuKo: radiation (A = 1.54178 A). Scanning electron
microscopy (SEM) images and EDS spectrums were obtained on a Hitachi S-4800.
Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
characterizations were performed with a JEOL 2100 operated at 200 kV. BET
measurements were carried out in Micromeritics Tristar 3020. UV-Vis-NIR
absorption spectra were recorded with a Shimadzu UV-3600. Raman spectra were
obtained from Renishaw in VIA.

Synthesis of 3D Sheeted Porous TiO,: in a typical synthesis, furfural alcohol
(10 mL) and 2 mL of tetrabutyl titanate were mixed together at room temperature to
obtain a transparent wind red solution. Then, the solution was dropped to an
aggregation of carbonaceous spheres with slowly rate. After that, the mixture was
maintained at room temperature for 2 h, and then heated to 90°C with a rate of 1°C
min~' and maintained at this temperature for 5-8 h, after which time a black pre-
cursor was formed. Finally, the black precursor was oxidized under air at 500°C for
9 h and a white cotton-like product was obtained.

By using this method, 3D sheeted porous SnO, and WOj; have also been synthe-
sized by using tungsten chloride and tin chloride as the corresponding precursors.

Photocatalytic properties test. The photocatalytic activities of the 3D sheeted porous
TiO, powders were evaluated by degradation of Rhodamine B (RhB) in an aqueous
solution under light from a 300 W Xe lamp (HSX-F300, NBeT). The photocatalyst
(50 mg) was poured into 100 mL RhB aqueous solution (12 mg/L) in a Pyrex reactor
at room temperature under air. Before light was turned on, the suspension was
continuously stirred for 40 min in dark to ensure the establishment of an adsorption—
desorption equilibrium. The concentration of RhB during the degradation was
monitored by colorimetry using a UV-vis spectrometer (Shimadzu UV-3600).
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