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ABSTRACT: WO3 nanolamella supported Pt catalyst has been prepared and
applied for CO oxidation in this work. A significantly enhanced activity has
been achieved, compared to that of the Pt catalyst supported by the WO3
nanoparticle. The catalyst characterization using X-ray diffraction (XRD),
scanning electronic microscopy (SEM), high-resolution transmission electron
microscopy (HRTEM), and N2 adsorption−desorption confirms that the
WO3 nanolamella supported Pt catalyst possesses higher Pt dispersion,
improved metal−support interaction with a higher electron density of Pt, and
a weak adsorption of CO, leading to the significantly enhanced activity for
CO oxidation.
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1. INTRODUCTION

Catalyst plays a very important role in chemical synthesis. The
use of catalyst has become one of 12 principals of green
chemistry.1 With the development of clean fuel, renewable
energy, shale gas conversion, biogas utilization, and many
others, catalyst will find much more important applications in
the future. One popular topic in catalytic investigations is the
effect of the morphology of the catalyst or the supporting
material on the properties of the catalyst, such as metal−
support interaction, adsorption, and reactivity.2−13 One can
easily find many articles on this topic in the literature. In this
work, we attempt to study the morphological effect of WO3 as
supporting material on the activity of Pt catalyst for CO
oxidation. It is well-known that Pt on various supporting
materials shows good activities for CO oxidation. The
supporting materials investigated include inert oxides, such as
Al2O3 and SiO2, and reducible oxides, including Fe2O3, TiO2,
Co3O4, CeO2, and so on.14−17 The reducible oxide supported
catalysts usually exhibit activities higher than those of the inert
oxide supported catalysts with the same Pt loading. The
enhanced activities are principally from weak adsorption of CO
and better supplement of active oxygen species. However, few
studies on CO oxidation on WO3 have been performed. We
chose WO3 not only because it is a reducible oxide but also
because it presents in several different morphologies with
different properties for sensors, catalysts, and electrochromic
displays.18−23 WO3 is an important oxide with various
nanostructures including nanorods, nanoflakes, and nano-
lamellas.18,20,21 It is a very promising oxide for the catalytic
applications. To the best of our knowledge, there is still no
reported study on the morphological effect of WO3 on the

activity for CO oxidation. In this work, we attempt to compare
the activities of WO3 nanolamella supported Pt and WO3
nanoparticle supported Pt catalysts for CO oxidation. A
conventional impregnation was employed to synthesize Pt
catalysts supported on WO3 materials. We confirm that the
WO3 nanolamella supported Pt catalyst shows higher Pt
dispersion, enhanced metal−support interaction, and higher
catalytic activity for CO oxidation. We use a new way here to
fabricate WO3 nanolamella by using dielectric-barrier discharge
(DBD) plasma decomposition at low temperature with neither
template nor thermal calcination. DBD is a conventional cold
plasma phenomenon that has been applied for the industrial
production of ozone, plasma TV, and others. The DBD plasma
decomposition of catalyst precursors have been previously
applied for the production of zeolite and other catalysts at
atmospheric pressure and temperatures lower than 200
°C.24−29 The DBD-made WO3 nanolamella shows higher
BET surface area than that of WO3 nanoparticle synthesized by
thermal calcination.

2. EXPERIMENTAL SECTION
2.1. Preparation of the Catalysts. WO3 used in this work was

synthesized by the decomposition of tungstic acid. Tungstic acid was
prepared in this way: 50 mL of a solution of Na2WO4 (1 M; >99.5%;
Kemiou Company, Tianjin, China) was added dropwise to 450 mL of
an aqueous solution of HCl (3 M; 36% ∼ 38%; made in Jiangtian
Chemical Plant, Tianjin, China), and the mixture was stirred. A yellow
precipitate was obtained. After the sample was aged for 1 h, the
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precipitate was filtered, washed with distilled water several times, and
dried at 100 °C for 12 h in a drying oven. The dried sample (WO3·
nH2O) was then divided into two parts. One part was thermally
calcined at 600 °C for 2 h. The product was denoted as C-WO3. The
other part was decomposed under DBD plasma to make WO3
nanolamella. The DBD plasma decomposition has been previously
described in detail.24−29 Briefly, two steel plate electrodes were
attached to two quartz plates (the dielectric materials) with a thickness
of 2 mm. The diameters of the quartz plates and the steel plates are 90
and 50 mm, respectively. The width of the discharge gap (i.e., the
distance between the two quartz plates) is 8 mm. The WO3·nH2O
powder (0.7 g) was placed on the lower quartz plate. Air was directly
used as the plasma forming gas. A high voltage generator (CTP-2000
K; Corona Laboratory, Nanjing, China), which can supply a voltage
from 0 to 30 kV with a sinusoidal waveform at a frequency of about 22
kHz, was used to generate the DBD plasma. The average voltage used
during the decomposition was 14 kV. Each DBD decomposition
operation was performed for 3 min and was repeated 25 times. After
each operation, the sample was manually stirred. The final product,
WO3 nanolamella, was denoted as DBD-WO3.
The Pt/WO3 catalysts containing 2.5 wt % Pt were prepared by the

incipient wetness impregnation method. In a typical synthesis
procedure, an aqueous solution of H2PCl6 (2 mL; 0.1 M; Delan,
Tianjin, China) was added to 0.573 g of DBD-WO3 support, and the
mixture was stirred continuously for 1 h and allowed to stand for 12 h.
The sample was then dried at 110 °C for 12 h. The obtained catalyst
was denoted as Pt/DBD-WO3. The catalyst with the C-WO3 support
was prepared in a similar way and was denoted as Pt/C-WO3.
2.2. Catalyst Characterization. X-ray diffraction (XRD) patterns

were recorded on a Rigaku D/MAX-2500 V/PC diffractometer with a
Cu Kα radiation source (λ = 0.154056 nm). The X-ray source was
operated at 40 kV and 200 mA. The wide-angle XRD patterns were
collected at a scanning speed of 4°/min over the 2θ range from 5° to
90°. Phase identification of the samples was made by comparison to
the Joint Committee on Powder Diffraction Standards (JCPDSs).
Scanning electronic microscopy (SEM) study was performed on an

FEI NanoSEM 430.
High-resolution transmission electron microscopy (HRTEM)

measurements were carried out on a Philips Tecnai G2F20 system
operated at 200 kV. Before the measurement was performed, the
samples were suspended in ethanol with ultrasonic dispersion for 60
min. Then the resulting suspension was dropped on a copper grid
coated with carbon. The particle size distribution of Pt was measured
from the TEM images with more than 120 particles.
N2 adsorption−desorption isotherms were recorded using a

Micromeritics TriStar 3000 instrument. The samples were degassed
under vacuum at 200 °C for 6 h. The specific surface areas of the
samples were calculated with the Brunauer−Emmett−Teller (BET)
equation (relative pressure from 0.1 to 0.3).
X-ray photoelectron spectroscopy (XPS) analyses were performed

on a Perkin-Elmer PHI-1600 spectrometer with monochromatic Mg
Kα (1253.6 eV) radiation. Binding energies were calibrated using the
C 1s peak (284.6 eV) as a reference.
Hydrogen temperature-programmed reduction (H2-TPR) was

conducted on a TPDRO 1100 apparatus (Thermo Finnigan, LLC).
A gaseous mixture of 5 vol % H2 in N2 was used as reductant at a flow
rate of 20 mL/min. Before detection by a thermal conductivity
detector (TCD), the gas was purified by a trap containing CaO +
NaOH materials to remove H2O and CO2. Approximately 100 mg of
the sample was heated from room temperature to 900 °C at a rate of
10 °C/min.
CO-adsorbed diffuse reflectance infrared Fourier transform

(DRIFT) spectra were recorded on a Tensor 27 spectrometer
(Bruker) with a resolution of 4 cm−1 and 64 scans. The apparatus was
equipped with a liquid nitrogen cooled mercury−cadmium−tellurium
(MCT) detector, a diffuse reflectance accessory, and a high-
temperature reaction chamber (Praying Mantis, Harrick). Before the
measurement, the samples were reduced in 30 mL/min H2 at 300 °C
for 2 h and purged by flowing helium (30 mL/min) at 300 °C for 30
min to remove water and gas residue. CO adsorption was carried out

in 20 mL/min CO (1.11 vol %)/argon for 30 min at 25 °C. All spectra
were illustrated using Kubelka−Munk units, which are linear with the
concentration of surface species.

2.3. CO Oxidation. CO oxidation was performed in a quartz tube
(i.d. 4 mm) under atmospheric pressure. The WO3 supported Pt
catalyst was packed into the tube. Before the reaction, the sample was
heated to 300 °C (10 °C/min) in 30 mL/min argon and kept for 30
min. Then the sample was reduced in 30 mL/min H2 at 300 °C for 2 h
and cooled to 30 °C in argon. Subsequently, CO oxidation was
initiated in a flowing mixture of CO, O2, and N2 (20 mL/min; 1.0 vol
% CO, 20.0 vol % O2, balance N2). The effluent was then analyzed
online by a gas chromatograph (Agilent 6890) equipped with a 2-m
TDX-01 packed column and a thermal conductivity detector (TCD)
using argon as the carrier gas.

3. RESULTS AND DISCUSSION
3.1. Characterization of WO3 Materials. 3.1.1. XRD

Characterization. Figure 1 shows the XRD patterns of DBD-

WO3 and C-WO3. The diffraction peaks at 23.1°, 23.6°, 24.4°,
and 34.2° are attributed to the (002), (020), (200), and (202)
lattice planes of the monoclinic structure of WO3 with a =
7.297 Å, b = 7.539 Å, c = 7.6988 Å, and β = 90.91°, respectively
(JCPDS card no. 43-1035). Both samples are in pure phase,
and peaks of other impurities are not detected. The peaks of C-
WO3 are more intense, compared with those of DBD-WO3,
indicating that C-WO3 has higher crystallinity than DBD-WO3.
The mean nanoparticle size of DBD-WO3 is 13.0 nm, while it is
32.8 nm for C-WO3, calculated using Scherrer equation (using
WO3 (020)). This indicates that DBD decomposition generates
smaller particles. It is worth noting that the intensity of (002)
peak of C-WO3 is much higher than that of DBD-WO3,
indicating an inhibition of the growth of (002) plane on DBD-
WO3, which affects the morphology of the samples.

3.1.2. SEM and TEM Analyses. Figure 2 shows SEM images
of DBD-WO3 and C-WO3. It reveals the lamellar-like particles
with DBD-WO3, while the C-WO3 sample consists of irregular
particles in larger sizes. The thickness and size of the samples
measured by the SEM images are summarized in Table 1.
Figure 3 shows TEM images of DBD-WO3 and C-WO3. The

formation of rectangle-like nanolamella with a lateral size
around 30−80 nm is observed in Figure 3a. Meanwhile, some
rough surfaces with spots are observed over DBD-WO3. The
apparent differences between the samples confirm the effect of

Figure 1. XRD patterns of DBD-WO3 and C-WO3.
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preparation conditions on the catalyst morphology. The lattice
fringes with d = 0.376 and 0.366 nm, corresponding to the
(020) and (200) planes of monoclinic WO3, are observed in
the two samples (shown in Figure 3c,d). Meanwhile, (002)
planes are not observed in DBD-WO3. However, compact
lattice fringes (d = 0.266 nm) are observed in Figure 3d. The
differences in the corresponding SAED patterns of the samples
show additional lattice planes of C-WO3((002) and (202)
planes). Xie et al. reported that the surface energies follow an
order of (002) > (020) > (200), indicating that the (002) plane
is the most unstable.30 Kida et al. reported a formation of WO3
nanolamella after calcination at 300 °C, which is similar to our
results.18 Therefore, it is inferred that DBD decomposition
might lead to a rapid growth along [010] and [100] directions
and inhibit the growth along [001] direction, while calcination
at 600 °C simultaneously promotes the growth of [010], [100],
[001], and other orientations, leading to the different
morphologies of the samples.
3.1.3. N2 Adsorption−Desorption. The nitrogen adsorp-

tion−desorption isotherms of DBD-WO3 and C-WO3 are
shown in Figure 4. Different from that of C-WO3, the isotherm
of DBD-WO3 shows a hysteresis loop, indicating that the
material might contain some mesopores. Table 1 shows the
textural properties of the samples. The specific surface area of
DBD-WO3 (40.7 m2/g) is significantly higher than that of C-
WO3 (12.5 m

2/g). Pore size distributions were calculated using
the Barrett−Joyner−Halenda (BJH) formula. DBD-WO3
exhibits two peaks at 2.2 and 30.0 nm, while C-WO3 shows
irregular pore size distribution. However, from Figures 2 and 3,
no clear pores or channels are observed in a single particle.
Therefore, the pore size distribution might be caused by the
irregular stacking of the particles.
3.2. Characterization of Pt/WO3 Catalysts and Their

Catalytic Activities for CO Oxidation. 3.2.1. CO Oxidation.
CO conversions as a function of temperatures for Pt/DBD-
WO3, Pt/C-WO3, DBD-WO3, and C-WO3 are shown in Figure
5. CO conversion of Pt/DBD-WO3 and Pt/C-WO3 increases
with increasing temperature. Pt/DBD-WO3 exhibits higher
activity compared with Pt/C-WO3. Pure DBD-WO3 and C-
WO3 show no activity within the temperature range tested. Pt/
DBD-WO3 and Pt/C-WO3 show typical light-off temperatures
(20% conversion) at 120 and 150 °C, respectively. The
corresponding temperatures with 100% CO conversion are 145

and 180 °C, respectively. Turnover frequencies (TOF) based
on Pt dispersion were calculated at three temperatures (80, 100,
and 120 °C). The TOF values of the samples are shown in
Figure 6. The dispersion is estimated from the mean particle
diameters obtained from TEM analyses. The TOFs of the
catalysts also increase with increasing temperature. From
Figures 5 and 6, Pt/DBD-WO3 shows a significantly enhanced
catalytic activity for CO oxidation. Compared with Pt/C-WO3,
Pt/DBD-WO3 dramatically reduces the light-off temperature
and T100 (100% CO conversion). Within the range of reaction
temperatures, all the catalysts exhibit an excellent stability with
time. An example of the stability test is shown in Figure S5
(Supporting Information).

3.2.2. XRD Characterization. The XRD patterns of Pt/
DBD-WO3 and Pt/C-WO3 after reduction in H2 (denoted as
Pt/DBD-WO3−H and Pt/C-WO3−H) are shown in Figure 7.
The diffraction peaks at 39.8° and 46.2° are assigned to Pt
(111) and (200), respectively (JCPDS card no. 65-2868).
When we compare the two patterns, we see that the intensity of
the Pt reflection peaks of Pt/DBD-WO3−H decrease,
suggesting a smaller particle size and a higher dispersion over
Pt/DBD-WO3−H. The patterns of tungsten oxide in Figures 1
and 7 change significantly after H2 reduction. The peaks of

Figure 2. SEM images of (a) DBD-WO3 and (b) C-WO3.

Table 1. Crystallite Sizes, Lateral Sizes, Thicknesses, and Specific Surface Areas of DBD-WO3 and C-WO3

sample crystallite size (nm)a thickness (nm)b lateral size (nm)b specific surface area (m2/g) pore size (nm)

DBD-WO3 13.0 18.6−27.8 56.1−96.8 40.7 2.2, 30.0
C-WO3 32.8 75.8−150.6 12.5

aCrystallite size was calculated using XRD peak of the (020) plane. bThickness and lateral size were estimated from SEM images.

Figure 3. TEM images of (a) WO3 nanolamella and (b) WO3
nanoparticle after ultrasonic dispersion in ethanol; HRTEM images
of (c) DBD-WO3 and (d) C-WO3 (corresponding SAED patterns are
displayed in the insets); and (e, left) atomic structure model of (002)
facet and (right) model of WO3 nanolamella.
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oxidized samples (DBD-WO3 and C-WO3) show higher
intensities and are sharper than the peaks of the reduced
samples. The peaks at 26−30°disappear after reduction.
Meanwhile, the color of the samples changes to dark blue
after reduction, which confirms the reduction of the samples.

The DBD-WO3 was reduced to H0.23WO3 (JCPDS card no. 42-
1260), which is similar to a reported work,31 while C-WO3 was
reduced to WO2.90 (JCPDS card no. 36-0102). The difference
between the supports after reduction might be due to the
different morphologies of the WO3 materials. From Figure 3, it
is clear that DBD-WO3 exposes more (002) planes and shows a
higher specific surface than C-WO3. Wang et al. reported that
H adsorbs preferentially on the under-coordinated Ot site (in
the [001] direction) of the surface and migrates into the WO3,
which leads to the formation of surface hydroxyl and HxWO3 of
Pt/DBD-WO3−H.

32

3.2.3. TEM Analyses. Figure 8 shows TEM images of Pt/
DBD-WO3−H and Pt/C-WO3−H. We can see in these images
that the Pt particles are highly dispersed on tungsten oxides.
The morphologies of the Pt particles are spherical or
hemispherical. The Pt particles over Pt/DBD-WO3−H are
remarkably smaller than those over Pt/C-WO3−H. We
surveyed more than 120 particles and calculated the particle
size and the standard deviation of Pt/DBD-WO3−H and Pt/C-
WO3−H. The average diameters of the Pt particles are 2.1 ±
0.5 and 3.1 ± 1.1 nm, respectively (Figure 8, panels c1 and c2).
When we consider the same condition of impregnation and
calcination, these results indicate that the support has a

Figure 4. N2 adsorption−desorption isotherms of (a) DBD-WO3 and (b) C-WO3.

Figure 5. Variation of CO conversion with temperature.

Figure 6. TOF values at 80, 100, and 120 °C for different catalysts.

Figure 7. XRD patterns of Pt/DBD-WO3−H and Pt/C-WO3−H
catalysts.
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significant effect on the size and distribution of Pt particles. The
higher specific surface area and the nanolamella morphology of
DBD-WO3 increase the adsorption sites of the support, leading
to less sintering and higher dispersion of the Pt particles.
Figure 8a2,a3,b2,b3 shows further structural analysis of the Pt

particles. The lattice fringes with d = 0.224 nm are attributed to
the Pt (111) (JCPDS card no. 65-2868, d = 2.27 Å). It confirms
the crystalline characteristic of Pt particles. Meanwhile, a thin
layer of tungsten oxide that partially covers the Pt nanoparticles
is observed. This result is in agreement with previous
reports.33,34 It may lead to a change in the properties of
noble metal and the support.
3.2.4. H2-TPR Studies. H2-TPR profiles of the Pt/DBD-WO3

and Pt/C-WO3 catalysts are shown in Figure 9. The Pt/C-WO3
catalyst exhibits four hydrogen consumption areas with a low-
temperature (LT) reduction peak at 185 °C, a middle-
temperature (MT) peak at 450 °C, a high-temperature (HT)
peak at 800 °C, and a reduction tail up to 900 °C, at which the
experiment was terminated. Similar results were obtained from
Pt/DBD-WO3. The LT peak of Pt/DBD-WO3 shifts to a higher
temperature (190 °C), but the MT and HT peaks shift to lower
temperatures (400 and 750 °C, respectively).
The LT peaks of the two samples can be attributed to the

reduction of Pt ions. The MT and HT peaks are assigned to the
reduction of the support. To our knowledge, the reduction of
bulk WO3 usually begins at temperatures higher than 600 °C.35

It can be accelerated with spillover effect.36 By comparing the
two samples, the reduction temperature of DBD-WO3 shifts to
a relatively lower temperature. Furthermore, the higher
reduction temperature of Pt on DBD-WO3 means a stronger
interaction between the metal and the support.

3.2.5. XPS Analyses. Figure 10 presents the XPS spectra of
Pt 4f over Pt/DBD-WO3−H and Pt/C-WO3−H. In the case of

Pt/DBD-WO3−H, two peaks at 70.8 and 74.3 eV, correspond-
ing to Pt 4f7/2 and Pt 4f5/2, respectively, are assigned to the
binding energies (BE) of Pt0.36,37 It confirms that Pt ions are
completely reduced under hydrogen thermal treatment, in
accordance with XRD. Meanwhile, a slight asymmetry in the
signal is observed. For Pt/C-WO3−H, the peaks of Pt 4f7/2 and
Pt 4f5/2 shift to 71.0 and 74.2 eV, respectively. When we
compare spectra of the two samples, we see that the Pt 4f7/2
peak of Pt/DBD-WO3−H shifts to a lower value by
approximately 0.2 eV with a slight change in full width at
half-maximum (fwhm), which suggests a change in the
electronic environment of Pt and a local increase of the
electron density on Pt.37

The XPS spectra of W 4f are shown in Figure 11. In
accordance with other reports,37,38 the peaks of W 4f in Figure
11a both shift to lower binding energies compared with pure
WO3. After curve fitting is performed, the spectra of W 4f are
divided into two pairs of peaks (33.6 and 36.1 eV, attributed to
W5+; 35.0 and 37.2 eV, attributed to W6+), confirming the
partial reduction of the support. A similar result is shown in

Figure 8. TEM images of (a1−a3) Pt/DBD-WO3−H and (b1−b3)
Pt/C-WO3−H and (c1 and c2) the corresponding particle size
distributions.

Figure 9. H2-TPR profiles of (red line) Pt/DBD-WO3 and (blue line)
Pt/C-WO3.

Figure 10. XPS spectra (Pt 4f) of (a) Pt/DBD-WO3−H and (b) Pt/
C-WO3−H.
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Figure 11b. Therefore, oxygen vacancies of WOx are formed,
and they might have an effect on the catalytic activity.
Figure 12 presents the XPS spectra of O 1s over Pt/DBD-

WO3−H and Pt/C-WO3−H. Three components at 529.8,

530.5, and 531.5 eV are obtained after curve fitting (Figure
12a). The peak at 530.5 eV can be attributed to the oxygen
bonded to W6+ (i.e., WO3).

37 The signal at 531.5 eV is assigned
to the surface hydroxyl groups on the sample, which leads to
the formation of “tungsten bronze”.38,39 The third peak at 529.8
eV, which is lower than that of WO3, can be assigned to the
atomically adsorbed oxygen on Pt(111).40,41 However, in the
case of Pt/C-WO3−H, the peak assigned to hydroxyl groups
disappears and a new peak at 532.7 eV appears, because of the
presence of nonstoichiometric tungsten oxides.37 The results
from O 1s spectra are in accordance with the XRD results.
The results above demonstrate a strong metal−support

interaction (SMSI). It suggests that a reduction of WO3 occurs
in the presence of Pt at 300 °C, which is in accordance with
XRD and TPR. Meanwhile, a lower BE and a higher electron
density of Pt on DBD-WO3 are observed. When we consider
the same reduction conditions, the interaction between Pt and
support of Pt/DBD-WO3−H should be stronger than that of
Pt/C-WO3−H with more electron transfer from support to Pt.
The surface atomic ratios are presented in Table 2. No chlorine
content is detected, indicating the complete removal of chlorine

ions. The Pt/W atomic ratio of Pt/C-WO3−H is 0.113, while it
is 0.022 over Pt/DBD-WO3−H, much lower than the former. It
is similar to other reports with Pt/TiO2, which exhibits the
SMSI effect.42,43 Briefly, the decrease of Pt/W can be attributed
to a strong interaction between Pt and the support. Hydrogen
atoms chemisorbed on Pt can interact with oxygen atoms from
the support located at the metal−support interface to form
surface hydroxyls or oxygen vacancies and partially reduce
W5+.44 Meanwhile, the metal particles are decorated with the
migration of WOx fragments, leading to the decrease of exposed
metal surfaces, which is in accordance with the TEM results.
This decoration would significantly promote the metal−
support interaction, and electrons can transfer from support
to Pt, leading to the increase of electron density of Pt atoms. In
addition, Zheng et al. reported that surface OH groups on TiO2
surfaces facilitate adsorption and activation of O2 molecules,
which directly contributes to the supply of active oxygen
species during CO oxidation.45 Therefore, it is likely that the
surface OH groups on Pt/DBD-WO3 provide a similar
promotion of activity.

3.2.6. DRIFT Studies. Figure 13 shows the DRIFT spectra of
CO adsorbed on Pt/DBD-WO3−H and Pt/C-WO3−H at 25

°C. A series of bands ranging from 2050−2200 cm−1 are
observed on the two samples (Figure 13). The band located at
∼2180 cm−1 might be assigned to the CO adsorbed on weak
Lewis acid sites of the support, namely, W6+-CO, which is
similar to the results of other reports.46,47 The bands at ∼2120
and ∼2165 cm−1 are attributed to gaseous CO (supported by
the spectra of DBD-WO3 and C-WO3). The bands located at
∼2115 cm−1 are attributed to the CO adsorbed either on the
reduced WO3, namely, W

5+-CO, or on the Pt2+. When we
consider the XPS results and the lower intensity compared with
that of W6+-CO, the bands are attributed to W5+-CO.46 The

Figure 11. XPS spectra (W 4f) of (a) Pt/DBD-WO3−H and (b) Pt/
C-WO3−H.

Figure 12. XPS spectra (O 1s) of (a) Pt/DBD-WO3−H and (b) Pt/
C-WO3−H.

Table 2. Binding Energies (BE) of Core Electrons and Surface Atomic Ratio of Two Catalysts

W 4f7/2 BE (eV)

sample Pt 4f7/2 BE (eV) W5+ W6+ O 1s BE (eV) atomic ratio (Pt/W)

Pt/DBD-WO3−H 70.8 33.6 35.0 529.8 530.5 531.5 0.022
Pt/C-WO3−H 71.0 33.6 34.9 529.9 531.0 532.7 0.113

Figure 13. DRIFT spectra of (a) Pt/DBD-WO3−H and (b) Pt/C-
WO3−H exposed to CO for 30 min at 25 °C and spectra of (c) Pt/
DBD-WO3−H and (d) Pt/C-WO3−H purged with argon for 1 min.
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bands at ∼2100 cm−1 should be assigned to the C−O
stretching mode of the O-bonded CO.48 The bands at ∼2085
cm−1 are assigned to CO terminally adsorbed on Pt,49 while the
bands at ∼1850 cm−1 assigned to the bridging CO adsorbed on
Pt are not evident. This indicates a lack of bridging CO.49

When the two samples are compared, the band assigned to the
Pt-CO in Pt/DBD-WO3−H shifts to a lower wavenumber by
approximately 5 cm−1. On the basis of Blyholder’s model, an
increase of the electron density of Pt promotes the back-
donation of electrons of the metal into the CO 2π*
antibonding orbitals, leading to a decrease of the v(CO)
frequency.50 This result is in accordance with XPS results.
Moreover, for Pt/DBD-WO3−H, it is clear that the relative
intensities of the bands at 2179 and 2102 cm−1 are distinctly
higher than those of Pt/C-WO3−H. This result should be
attributed to the higher specific surface area of DBD-WO3. In
Figure 13, lines c and d show the DRIFT spectra of CO
adsorbed on Pt/DBD-WO3−H and Pt/C-WO3−H purged with
Ar for 3 min at ambient temperature. All the bands observed in
Figure 13 disappear rapidly by Ar purge, indicating a weak
adsorption of CO on the catalysts and complete desorption at a
low temperature. These results are in agreement with other
report on Pt/TiO2 catalysts and demonstrate that an increase in
the electron density of Pt would alter its chemisorption
properties and weaken the Pt-CO bonding.42 This definitely
promotes the activity and inhibits catalyst poisoning.
Consequently, the Pt/DBD-WO3 shows better activity for
CO oxidation.

4. CONCLUSIONS

WO3 is a very important functional material with many
promising applications. In this work, WO3 has been applied as
the supporting material of Pt catalyst for CO oxidation. By
comparing WO3 nanolamella supported Pt catalyst with WO3
nanoparticle supported one, we confirm that the morphology of
WO3 has a significant influence on the activity of Pt catalysts for
CO oxidation. The catalyst characterization shows that WO3
nanolamella supported Pt catalyst possesses higher Pt
dispersion, improved metal−support interaction with a higher
electron density of Pt, and a weak adsorption of CO, leading to
the significantly enhanced activity for CO oxidation.
However, we reported here a rapid, easy, and convenient way

to generate WO3 nanolamella by the novel dielectric-barrier
discharge plasma decomposition with air as the plasma
generating gas. Such production is operated at atmospheric
pressure and low temperature. It does not need any extra
chemicals, and thus, it is a green method. Considering the
extensive applications of WO3 and Pt catalysts, the present
study is leading to many other important applications that will
be reported in our future works.
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