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ABSTRACT: Hierarchical self-assembled hollow spheres
(HS) of tungsten oxide nanosheets have been synthesized
via a template-free hydrothermal method. Morphology
evolution of the products is determined by the amount of
H2C2O4 (oxalic acid) which serves as chelating agent.
Structural features of the products were characterized by X-
ray diffraction (XRD), and morphology was investigated by
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). In addition, the porous structure
was analyzed using the Brunauer−Emmett−Teller (BET)
approach. The synthesis mechanism of the products with self-
assembled hierarchical structures was proposed. The NO2 gas
sensing properties of self-assembled hierarchical WO3 HS
materials were investigated, the gas sensing properties of WO3 synthesized by a variety of formulations were compared, and the
possible gas sensing mechanism was discussed. The obvious enhancement of the gas sensing properties was ascribed to the
structure of the hierarchical HS.
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■ INTRODUCTION

WO3 is an important semiconductor functional material with
the advantages of the wide gap, nontoxicity, and abundant
sources. It is used in lithium-ion batteries,1 photocatalysts,2

solar energy devices,3 and photoelectrochemistry.4 In the field
of gas sensor applications, WO3, ZnO,

5 and SnO2
6 were used

widely. Particularly, WO3 plays an important role in detecting
toxic and harmful gases such as NO2,

7 NH3,
8 and C3H6O

(acetone).9 Studies indicate that large surface area and
nanostructure have a great contribution in the gas detection.
To date, various WO3 nanostructures have been reported, such
as nanoparticles,10 nanorods,11 nanowires,12 nanosheets,13 and
nanoflowers,14 produced by various methods. Among different
nanostructures, the hierarchical 3D (three-dimensional)
architectures, which are composed by low dimension nanoscale
blocks, attract great attention for the gas sensor applica-
tions.15−17 Such a structure usually has a large surface area, so
that plenty of active sites can be provided. The favorable paths
for the effective reaction and diffusion of the examined gas are
provided by the hierarchical architecture. Such structural
characteristics are in favor of the adsorption and desorption
of the detected gas.18 As a consequence, they can lead to gas
sensing properties superior to other structures. As a typical
representative structure, hollow sphere (HS) has been
synthesized successfully by various strategies, which can be
roughly divided into four categories that involve not only

conventional means such as soft-templating19 and hard-
templating20 approaches, but also emerging novel methods
such as free-templating and sacrificial-templating.21 Among
them, hard-templating, soft-templating, and sacrificial-templat-
ing methods need high-temperature calcination and acid or
alkali washing to remove the template. It is easy to damage an
HS structure and introduce impurity ions in the process.
However, the free-template method does not require template
removal, which has an advantage of keeping the HS structure
undisturbed.
In this paper, self-assembled hierarchical HS of WO3 single-

crystalline nanosheets were obtained through a free-template
mild hydrothermal approach. H2C2O4 acts as the chelating
agent during the hydrothermal growth. A sensor based on the
as-synthesized WO3 HS was also measured.

■ EXPERIMENTAL SECTION
2.1. Synthesis of the Products. All of the chemicals used were of

analytical grade, purchased from Sigma-Aldrich. The synthesis was
performed as follows. First 6.12 mmol of sodium tungstate (99.5%
purity) was dissolved in 12.5 mL of DW (distilled water) by magnetic
stirring. A yellow precursor solution was formed by slowly adding 12.5
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mL of HCl (37%) solution (2 mol/L) to the obtained transparent
solution. Then the mixture of H2C2O4 (99.5% purity, 1.53 mmol) and
DW (25 mL) was added to the precursor solution. Subsequently, the
mixture solution was poured into a hydrothermal synthesis reactor and
kept at 90 °C for 3 h. The obtained yellow precipitate was rinsed using
DW and ethanol for 5 times, and after that dried in vacuum at 60 °C
for 12 h. Eventually, the self-assembled hierarchical WO3 HS was
achieved by calcining the products at 500 °C for 1 h in air. For
comparison, a range of specimens could be obtained by varying
hydrothermal times, molar ratio of H2C2O4 to sodium tungstate, or
annealing temperatures, while other conditions were kept unchanged.
All the experimental parameters can be seen in Tables S1 and S2 in the
Supporting Information (SI).
2.2. Characterization. The crystallographic structure of the

powders was resolved by X-ray diffraction (XRD) on the Rigaku D/
max2600 diffractometer using CuKα radiation, wavelength 1.5418 Å in
the 2θ range from 20° to 70°. The morphological characterization was
carried out with a Hitachi SU70 field-emission scanning electron
microscope (FE-SEM). Transmission electron microscopy (TEM),
selected-area electron diffraction (SAED), and high-resolution trans-
mission electron microscopy (HRTEM) measurements were per-
formed on a FEI Tecnai F20 microscope at 200 kV. The pore size
distribution and the surface area were derived using the Brunauer−
Emmett−Teller (BET) method.
2.3. Gas Sensor Fabrication and Measurements. Gas sensors

can be manufactured according to the following procedures. Make a
paste by grinding the mixture of 10 mg of the obtained powder and
DW, and further coat a ceramic tube (the surface of which is attached
by a couple of gold electrodes firmly fixed together with two Pt wires)
with the paste. Testing was performed in static atmosphere, in a 10 L
chamber. The air from the environmental atmosphere was used as the
reference gas. Using an injector, an amount of the tested target gas was
rapidly injected into the test chamber. For NO2, CO, or H2 gases, the
required concentration of the examined gases was achieved by mixing
the standard gas and air of the known volume. The required
concentration of acetone and ethanol was obtained by evaporating
certain volumes of liquid acetone and ethanol in the chamber. The
sensor was then put in the chamber in order to test its performance.
After the value of the sensor’s resistance stayed stable in air, the sensor
was transferred to the chamber containing target gas to get another
stable resistance value. An accurate digital multimeter (Fluke, 8846A)
was connected to a data acquisition computer, which allowed
monitoring of the sensor’s resistance when it was in the air or in
the target gas chamber. The temperature of the test atmosphere was
20 °C and its humidity was 10% RH. Parameters Rg/Ra and Ra/Rg,
corresponding to the oxidizing and the reducing gas, respectively, are
defined as the sensor response. Here, Ra and Rg represent the dynamic
resistance when the sensor is in the air and in the target gas,
respectively. In addition, when the sensor was moved from air to the
examined gas (for example oxidizing gas), the response time was
defined as the time at which the resistance reached 90% of its steady
value. The recovery time was defined as the time during which the
resistance returned to 10% of the steady value, after the sensor had
been removed from the examined gas.

■ RESULTS AND DISCUSSION

3.1. Structure and Morphology. XRD analysis is usually
used to resolve samples’ crystal structures. As can be seen in the
obtained XRD patterns (Figure 1), all diffraction peaks are
highly consistent with the orthorhombic phase of WO3·H2O
(JCPDS Card 43-0679). After calcination at 500 °C, the
orthorhombic WO3·H2O is converted into WO3 with the
monoclinic structure (JCPDS card 43-1035), the characteristic
peaks of which are (002), (020), and (200), space group is
P21/n, (14) and the lattice constants are as follows: a = 7.297
Å, b = 7.539 Å, and c = 7.688 Å. The material composition after
calcination can be seen from the corresponding EDS and
mapping spectra (see SI Figures S1 and S2).

The morphology of the hydrothermal products was
characterized by FESEM, as shown in Figure 2. It can be

seen that the hydrothermal product consists of hierarchical
spheres with diameter of approximately 3 μm. Moreover, parts
of the spheres have holes and expose internal cavities, which
directly proves that the WO3·H2O spheres are hollow. The
inset image in Figure 2a also confirms their hollow structure
and reveals that the hollow sphere consists of a large number of
the nanosheets and the thickness of the nanosheet is about 30−
50 nm. The material morphology after calcination at 500 °C for
1 h is shown in Figure 2b. It is clear that the hierarchical sphere-
like structure still remained. Nanosheets gradually become
rounder and the nanosheets become thicker (50−70 nm) after
the calcination treatment. The calcination does not change the
hollow structure of the spheres, as demonstrated in the inset of
Figure 2b.
The nitrogen adsorption and desorption curves of the

hierarchical WO3 HS are shown in Figure 3. Surface area of the

Figure 1. XRD patterns of WO3·H2O precursor before annealing, and
WO3 material obtained after annealing at 500 °C.

Figure 2. Low and high magnification (inset) FESEM image of (a) the
product before annealing, and (b) the WO3 material obtained after
annealing the precursor at 500 °C.

Figure 3. Nitrogen adsorption−desorption isotherm and pore-size
distribution curve (inset) of WO3.
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hierarchical WO3 HS is calculated to be 7 m2g−1. The pore size
distribution of this sample is shown in the inset of Figure 3. We
can see that the pore-size distribution curve has four peaks at
about 5, 8, 13, and 33 nm, respectively, and displays porous
structures with a wide range of pore size distributions from 3 to
60 nm. The porous structure is due to the void space between
interweaved nanosheets, as with the FESEM analysis.
The structures of the hierarchical WO3 HS were further

characterized by TEM. Figure 4 displays the HRTEM and

TEM images which show the WO3 material obtained through
the calcination treatment of WO3·H2O at 500 °C in the air. The
size and the shape of the hierarchical WO3 HS are consistent
with those observed from FESEM. As seen in Figure 4a, the
sharp brightness contrast between centers and the edges of the
sphere distinctly confirm that the interior of the WO3 spheres is
hollow. Figure 4b exhibits the TEM image of a single
nanosheet, which also proves that the spheres are self-
assembled from many nanosheets. Figure 4c presents the
HRTEM image of the WO3 nanosheet. The interplanar spacing
of 0.364 and 0.376 nm correspond to (200) and (020) lattice
planes of the monoclinic hierarchical WO3 HS, respectively.
The SAED pattern (Figure 4d) demonstrates that the
nanosheets have a single crystalline feature.
To understand well the synthesis mechanism of the self-

assembled hierarchical HS, the hydrothermal products obtained
under different reaction times and amounts of H2C2O4 were
examined via FESEM, as described below.
Figure 5 shows the FESEM images of the as-synthesized

products in different hydrothermal stages, which apparently
represents the growing process of the products. It can be seen
that numerous irregular nanosheets (with the thickness of ca.
10 nm) are formed in 3 min (Figure 5a). The nanosheets grow
further, as shown in Figure 5b. As can be seen in Figure 5c, the
spheres (with the diameter ca. 2 μm) start to emerge after
being treated for 9 min, while the hierarchical structure on the
surface of the spheres is not yet obvious. By the 15th min, the
number of spheres is increasing and the spherical hierarchical
structure becomes relatively apparent as shown in Figure 5d.
During the period between 30 min and 6 h from the start of the
treatment, the nanosheets become larger and thicker
progressively, and the shape of the nanosheets also becomes

more regular, while the size of the spheres almost does not
change (Figure 5e−h). After 3 h, the well-defined self-
assembled hierarchical HS of WO3·H2O nanosheets are
obtained, as displayed in Figure 5g.
The abbreviations of the molar ratio of H2C2O4/sodium

tungstate are defined as follows: 0.05:1 = OAST005, 0.1:1 =
OAST01, 0.125:1 = OAST0125, 0.25:1 = OAST025, 0.5:1 =
OAST05, 1:1 = OAST1. The molar ratio of the H2C2O4/
sodium tungstate has a crucial effect on the synthesis of the
hierarchical WO3·H2O HS morphology. The FESEM images of
the as-obtained products under different H2C2O4/sodium
tungstate molar ratios are shown in Figure 6. The products
of OAST005, OAST01, and OAST0125 present the change
from nanosheets to a flower-like structure which consists of
nanosheets (Figure 6a−c), while OAST025 mutates into a
spherical structure (Figure 6d). From OAST05 to OAST1, the
nanosheets of the formed spheres become even more abundant
and closer to each other, while the diameters of the spheres
almost do not change (Figure 6e and f). On the basis of the
above results, the morphology of the products changes from
nanosheets to the hierarchical flower-like structure and finally
to HS with the increased content of H2C2O4, which confirms
that the degree of polymerization also increases with the
increase of H2C2O4.

Figure 4. (a) Typical TEM image of the nanosheets self-assembled
hierarchical WO3 HS material. (b) TEM image of a single nanosheet
from the cracked hollow structures. (c) HRTEM image of a part of the
nanosheet in (b). (d) Corresponding SAED pattern of the WO3
nanosheet.

Figure 5. FESEM images of the products synthesized at different
growth stages: (a) 3, (b) 6, (c) 9, (d) 15, (e) 30, (f) 60, (g) 180, and
(h) 360 min.
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3.2. Synthesis Mechanism of Self-Assembled Hier-
archical HS. On the basis of the above results, the possible
synthesis mechanism of the self-assembled hierarchical WO3
HS structure is schematically shown in Figure 7. As shown at
the top of the scheme (green arrows), the yellow tungsten acid
colloid is obtained by adding HCl into the sodium tungstate
solution, as precursors. The colloidal particles aggregate by
oriented attachment and form the sheet structure in the
hydrothermal process. As shown at the bottom of the scheme
(blue arrows), H2C2O4 as the chelating agent is added to the
precursors, which controls and slows down the nucleation rate.
The yellow colloid turns to the colorless tungsten oxalic
coordination compound solution after the addition of H2C2O4.
The sheet structure forms the coordination compound by

polymerization. The nanosheets self-assemble into the sphere
structure later. Ostwald ripening is responsible for the
formation of the hollow structure. The shell growth is
accompanied by the disappearance of inner small particles,
increase of the reaction time, and thus formation of self-
assembled hierarchical HS from nanosheets.22−24

The hollow structure is related to the concentration of
H2C2O4. Figure 8 presents typical TEM images of the obtained

materials by the calcination treatment of OAST0125,
OAST025, OAST05, and OAST1 product at 500 °C. Figure
8a shows the hierarchical flower-like structure that is made up
of many nanosheets, as was also demonstrated from the above
FESEM results (Figure 6c). Figure 8b also confirms that the
sphere of WO3 obtained from OAST025 is the hollow structure
as can be seen from the above FESEM (Figure 2b) and TEM
(Figure 4a) results. Figure 8c displays the brightness contrast in
the sphere, which demonstrates that the sphere of WO3
obtained from OAST05 is hollow in some position. The
image shown in Figure 8d suggests that the sphere of WO3
obtained from OAST1 is apparently a solid structure. It can be
seen from Figure 8 that the difference of hollow degree is

Figure 6. FESEM images of the products synthesized at different
molar ratio of H2C2O4 to sodium tungstate: (a) 0.05:1, (b) 0.1:1, (c)
0.125:1, (d) 0.25:1, (e) 0.5:1, and (f) 1:1.

Figure 7. Schematic illustration of the synthesis route and mechanism of the material in the presence of oxalic acid and without oxalic acid
conditions, respectively.

Figure 8. TEM images of WO3 hierarchical spheres obtained at
different molar ratios of the H2C2O4 to sodium tungstate: (a) 0.125:1,
(b) 0.25:1, (c) 0.5:1, and (d) 1:1.
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affected by the concentration of H2C2O4. The H2C2O4 with
high concentration leads to the high degree of condensation.
3.3. Gas Sensing Properties. 3.3.1. Properties Measure-

ment. The gas sensing properties of the self-assembled
hierarchical WO3 HS (obtained by calcination of precursor at
500 °C) were investigated. The response performance of WO3
HS was tested at 140 °C, as shown in Figure 9a. The resistance

variation of WO3 HS is reproducible for repeated testing cycles,
as the material holds its amplitude of the initial response
without an obvious change for the successional three tests to
100 ppb NO2, and maximum sensitivity reaches ∼18. The WO3
HS exhibits excellent response and reproducibility. Further-
more, the response versus NO2 concentration was examined
(Figure 9b). The NO2 concentration test ranges from 10 to 150
ppb. The responses of the sensing material increase with the
increase of the NO2 concentration. When the NO2
concentration is 150 ppb, the response is up to 22.6. Figure
9c presents the response of the obtained WO3 materials by
calcination at different temperatures to 100 ppb NO2, which is
regarded as the function of working temperatures. The
response of the material is significantly affected by the working
temperature. For WO3 HS calcinated at 500 °C, the sensitivity
increases continuously with the increase of the working
temperature that is changed from room temperature to 140
°C, and then it decreases. The maximum response (approaches
to ∼18) is measured at the optimum working temperature,
which is 140 °C. The maximum response of the material after
the calcination treatment at 500 °C is apparently much higher
than that for the others. Hence, the optimal calcination
condition of 500 °C was selected for the WO3 sensing device to
detect continuously its gas sensing performance. As it is well-
known, selectivity is also an indispensable parameter for a gas
sensing device. Figure 9d demonstrates the bar graph of the
response of WO3 to different gases, among which are ethanol,
acetone, H2, and CO, at a concentration of 10 ppm, while NO2
concentration is 100 ppb. These results indicate that

hierarchical WO3 HS demonstrates higher response and
superior selectivity to NO2 relative to other examined gases.

3.3.2. Properties Analysis. The gas sensing properties are
influenced by the hierarchical WO3 HS structure. This structure
depends on the calcination temperature and the dosage of
H2C2O4. Figure 10 shows FESEM images of WO3 materials

calcinated at various temperatures in air for 1 h. It clearly
demonstrates that sphere-like structures still remain, despite the
calcination temperature increase from 400 to 600 °C (Figure
10a−c). Nevertheless, at 700 °C, sphere-like structures
completely disappeared, and were replaced by large particles
(Figure 10d). According to the above information, when the
calcination temperature reaches 600 and 700 °C (Figure 10c
and d), the materials are further fusing and the hierarchical
hollow structure is gradually destroyed, which causes reduction
of the surface area, which in turn leads to degradation of the gas
sensing properties. As for the WO3 calcinated at 400 °C, the
obtained materials have poor crystallinity and purity caused by
incomplete carbonization of oxalate, which influences the gas
sensing properties. XRD patterns of the obtained materials
calcinated at different temperatures are shown in Figure S3 in
the SI. The WO3 product calcinated at 500 °C has high
crystallinity and complete hollow structure, which may be the
main cause of the high sensitivity.
From the above discussion, hollow structure plays an

important role in gas sensing properties. The response curves
in Figure 11 further confirm the enhancement effect of the
hollow structure on the gas sensing properties to 100 ppb NO2
at 140 °C. The OAST025 has excellent sensitivity, which can
possibly be ascribed to the hierarchical HS structure. However,
OAST01, OAST0125, OAST05, and OAST1 do not have the
complete hollow structure as can be seen from TEM images in
Figure 8, therefore, their sensitivity is lower.

3.4. Gas Sensing Mechanism. The proposed mechanism
of the gas sensing performance is based on the sensing
material’s conductivity. When the WO3 sensor is placed in the
air, plenty of O2 is adsorbed by the active sites. O2 further
attracts electrons near the active sites of WO3 surface, which
gives rise to the several types of adsorption states (O2

−, O−, or
O2−). In consequence, the depletion zone of the electron
corresponding to the adsorption states around the surface area

Figure 9. (a) Response and recovery curves of the hierarchical WO3
HS to 100 ppb NO2 after 3 cycles of gas on and off at 140 °C. (b)
Response curve of the hierarchical WO3 HS to different concentrations
of NO2 ranging from 10 to 150 ppb and measured at 140 °C. (c)
Responses of WO3 material calcined at different temperatures to 100
ppb NO2 at different operating temperatures. (d) Responses of the
material to various gases at different operating temperatures.

Figure 10. FESEM images of the WO3·H2O products calcined at (a)
400, (b) 500, (c) 600, and (d) 700 °C in air for 1 h.
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of WO3 HS emerges. The resistance of WO3 HS is changed by
transferring electrons to O2. When the sensor is transferred to
the NO2 atmosphere, the situation is different. Because NO2
gas possesses relatively strong electrophilic property, it can
seize electrons from the energy band of WO3 HS and adsorbed
oxygen ions, further forming NO2

−
(ads). Specific reactions are as

follows:25

+ →− −NO e NO2(gas) 2 (ads) (1)

+ + → +− − − −NO O 2e NO 2O2(gas) 2(ads) 2 (ads) (ads) (2)

The equations above indicate that the resistance of WO3 HS
material also could be increased through further contributing
electrons to NO2, which leads to a significant reduction of the
electrons concentration. Ultimately the sensor resistance
increases significantly. NO2

−
(ads) begins to be desorbed after

NO2 supply is stopped, and the desorption reaction equation is
as follows:

+ + → +− − − −NO 2O e NO 2O2 (ads) (ads) 2(gas)
2

(ads) (3)

Eventually, a cycle of measurement becomes true. Reaction
recovers to the original condition. The cyclic measurement
continues, so the NO2 detection is achieved.25 The improve-
ment of the gas sensing properties on the HS WO3 structure
can be referred to the high surface area and the hierarchical
hollow structure. Plenty of active sites on the large surface area
of WO3 HS offer a considerable zone for the target gas reaction
on the material surface, thereby improving the sensitivity to
NO2. At the same time, the porous structure between interlaced
nanosheets promotes diffusion of the target gas molecules in
materials, helping to realize the rapid response.

4. CONCLUSIONS
Summarizing, we demonstrated that a one-step synthesis
approach involving hydrothermal conditions can be successfully
applied to obtain hierarchical HS of WO3. Such hierarchical
hollow structures can enhance the sensitivity to NO2, which is
due to the large specific surface area that accelerates the gas
diffusion. The optimal process for obtaining the hierarchical
WO3 HS was found to be calcination at 500 °C for 1 h. The
performance measurements illustrate that the WO3 HS exhibits
the response as high as 18 to 100 ppb at 140 °C. Response and
recovery times for 100 ppb NO2 were estimated to be 90 and
400 s, respectively. Cross-comparison indicates that the WO3
HS has preferable selectivity to NO2. In this paper, oxalic
coordination compound adjusts the hydrothermal nucleation
rate, which further controls the morphology of the hydro-
thermal products, and ultimately forms self-assembled HS

structures. Our work presents an original and effective method
for production of WO3 gas sensing materials that can be used
for improvement of the gas sensors’ performance.
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