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ABSTRACT: Ag nanoparticle (NP)-sensitized WO; hollow nanospheres (Ag-WO;—HNSs) are fabricated via a simple
sonochemical synthesis route. It is found that the Ag-WO;—HNS shows remarkable performance in gas sensors. Field-emission
scanning electron microscope (FE-SEM) and transmission electron microscope (TEM) images reveal that the Ag,-WO; adopts
the HNS structure in which WO; forms the outer shell framework and the Ag NPs are grown on the inner wall of the WO,
hollow sphere. The size of the Ag NPs can be controlled by adjusting the addition amount of WCl during the reaction. The
sensor Ag,-WOj; exhibits extremely high sensitivity and selectivity toward alcohol vapor. In particular, the Ag;s,,)-WO; sensor
shows significantly lower operating temperature (230 °C), superior detection limits as low as 0.09 ppb, and faster response (7 s).
Light illumination was found to boost the sensor performance effectively, especially at 405 and 900 nm, where the light
wavelength resonates with the absorption of Ag NPs and the surface oxygen vacancies of WO, respectively. The improved
sensor performance is attributed to the localized surface plasmon resonance (LSPR) effect.

KEYWORDS: Ag-WOj, hollow nanosphere, sensor, plasmonic, alcohol

1. INTRODUCTION

Over the past decade, nanoscale semiconducting metal/metal
oxide materials with special morphologies have emerged as
promising resources for chemical sensors.' Tungsten oxide
(WO;), a popular n-type semiconductor for its sensitive
dependence of electrical resistance on exposed atmosphere
with a relatively wide band gap of 2.6 eV, is found to be an
excellent chemical sensor material.>~** In fact, it has exhibited
an excellent response to a variety of poisonous, explosive, and
volatile organic compounds (VOCs) including NO,,*~* H,8,>°
co, HZ,8 ethanol,”™"" acetone,'*™'* etc. Consider the
assembly of 0D nanoparticle, WO; hollow nanospheres provide
a high surface area for chemical reaction and a porous structure
for effective gas diffusion and therefore exhibit better sensor
performance than the bulk WO;.'>"® Therefore, it is imperative
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to develop more innovative nanostructures for even better and
more useful WO;-based sensors.

The combination of semiconductor and noble metal NPs are
beneficial for enhancing sensing performance.'® In particular,
when the metal oxides are integrated with metal nanoparticles
with surface plasmonic generation, the combination may
display unprecedented enhancement in light scattering,
catalysis, biologic recognition, etc.'” Because of their high
sensitivity to the surrounding atmosphere, localized surface
plasmon resonance (LSPR) of metal nanoparticles can provide
a unique pathway for chemical sensor research.'”'**' Among

Received: April 19, 2016
Accepted: June 27, 2016
Published: June 27, 2016

DOI: 10.1021/acsami.6b04692
ACS Appl. Mater. Interfaces 2016, 8, 18165—18172


www.acsami.org
http://dx.doi.org/10.1021/acsami.6b04692

ACS Applied Materials & Interfaces

Research Article

Figure 1. (a) Low- and high-magnification (inset) FE-SEM image of Ag(;s,m)-WO3; HNSs. Inset show a single cracked sphere. Scale bar: 200 nm. (b,
c) TEM images of Ag(;5um)-WO; HNSs. (d) HR-TEM image of a representative area. STEM images and (e) EDX elemental mapping and (f)
elemental line scans with respect to Ag, W, and O of Ag(;s,m)-WO; HNSs. The diameters of Ag@C core—shell microspheres used in Ag(;5,,)-WO3

HNSs are ~2 um. (g) Schematic diagram of Ag;,,)-WO; HNS:s.

well-known plasmonic metal elements, Ag is particularly
attractive for its superior performance in visible spectrum
with enhanced performance demonstrated for various devi-
ces, 122725

Herein, to take all above advantages, we developed a
sonochemical synthesis route for the direct growth of silver
nanoparticles inside of the hollow WO; nanosphere using
carbon for its weak reduction capability. The Ag nanoparticles
(NPs) act as an effective inner shell to provide strong localized
surface plasmon (LSP) excited across the visible spectrum.
Meanwhile, WO; is often used as an effective LSPR host
because its outer-d valence electrons could offer synergistic
interactions with noble metal elements.”*>” Moreover, the LSP
can be optimized by adjusting the diameter of the Ag
nanoparticle.”””**” To systematically investigate the size effect
of the Ag NPs, we synthesized a series of Ag,-WO; HNSs and
their sensing properties were also investigated. Compared with
the sensor based on pure WO; HNSs, the Ag(;s,,)-WO; HNS
sensor shows much enhanced response toward alcohol vapor. It
increases even more when it is illuminated. Moreover, the
operation temperature is significantly reduced from 340 to 230
°C, and the detection limit for alcohol vapor was reduced to
0.09 parts-per-billion (ppb). Raman scattering of the Ag(;sym)-
WOj shows significantly enhanced intensity, suggesting that the
enhancement is due to nanoplasmonic mechanism.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals including glucose (C4H;,04), silver
nitrate (AgNO;), tungsten hexachloride (WCly), sodium hydroxide
(NaOH), N,N-dimethylformamide (DMF), and ethanol are from
Beijing Chemical Co., Ltd. Distilled water was used in the experiments
unless otherwise specifically stated.

2.2. Fabrication of Ag@C core—shell nanoparticles. Ag@C
NPs were prepared using an emulsion polymerization reaction of
glucose under the hydrothermal condition during the synthesis
process.”* ™ In brief, glucose (8 g) was dispersed in deionized
water (70 mL) to form a clear solution, and then 2.5 mL of 0.1 mol/L
AgNO; aqueous solution was added drop by drop under vigorous
stirring. After actively stirring for 30 min, the solution was added into a
100 mL Teflon-sealed autoclave, heated to 180 °C at 2 °C/min, and
maintained at that temperature for 6 h. After cooling down to room
temperature naturally, the solid sample was collected by centrifugation,

washed with deionized water and ethanol for several cycles, and then
dried at 80 °C overnight.

2.3. Fabrication of Ag,-WO; HNSs. The Ag-WO; HNSs were
prepared by the controlled hydrolysis of WCly in a coupling solvent
with a little modification just as Li et al. reported.*® WClg was used as
the metal precursor dissolved in DMF to form a 0.1 g/mL solution.
Freshly prepared Ag@C NPs (0.2 g) were dispersed in 60 mL of DMF
solution with the aid of ultrasonication, and then the appropriate
amount of the WCly solution was added under active ultrasonication.
After ultrasonicating for ~30 min, 1 mL of H,0 was added to ensure
the hydrolyzation. The resulting suspension was aged for 24 h at room
temperature after going on continuous ultrasonication for 1 h, and
then filtered, washed with ethanol and deionized water, and dried at 80
°C in an oven for overnight. The resultant nanospheres were heated to
450 °C in air at 1 °C/min, with 30 min holding at 400 °C and kept at
450 °C for 60 min, and cooled down to room temperature naturally.

The size of the Ag NPs in the Ag-WO; HNSs can be controlled by
adjusting the mass ratio of WClg and templates (Ag@C), and/or the
pH value during the reaction, and their preparation processes are listed
in Supporting Information, Table S1, with the sample ID referenced by
formula Ag(giumeteryWO;3 HNSs as Ag(soum)"WO3, Ag(150m)-WO3, and
Ag(50m)-WO;. For the sake of comparison, pure WO; HNSs were also
synthesized using the carbon nanospheres as the templates under the
same preparation procedure without the addition of AgNO;.

2.4. Characterization. The phase compositions of the Ag-WO,
HNSs samples were characterized by a DX-2700 X-ray diffractometer
(XRD) with Cu Ka radiation (k = 0.15418 nm) in 26 range of 20—
80°. The transmission electron microscope (TEM) images and high-
resolution TEM (HR-TEM) images were taken by a JEM-2100 JEOL
TEM with the accelerating voltage of 200 kV. The element overlay was
taken by a field-emission transmission electron microscope (FE-TEM,
Tecnai G2 F20 FEL with accelerating voltage of 200 kV) with an
attachment of energy-dispersive analysis of X-ray (EDX). The
morphologies of the samples were observed using a field-emission
scanning electron microscope (FE-SEM, Hitach SU8020). Elemental
analysis was performed on an AXIS ULTRA X-ray photoelectron
spectroscopy (XPS) instrument (Kratos Analytical Ltd.) with a
monochromatic X-ray source (Al Ka), using adventitious carbon (C
Is = 284.6 eV) as the calibration reference. Gas-sensing tests were
performed using a CGS-1TP gas sensitivity instrument (Beijing Elite
Tech Co., Ltd., China).

2.5. Gas-sensing measurements. The sensor device was
prepared as follows: the as-synthesized hollow nanosphere samples
were ground with a few drops of deionized water before they were
coated onto the ceramic substrate (6 mm X 3 mm X 0.5 mm) with
Ag—Pd interdigital electrodes (0.15 mm). The changes of the

DOI: 10.1021/acsami.6b04692
ACS Appl. Mater. Interfaces 2016, 8, 18165—18172


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b04692/suppl_file/am6b04692_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b04692

ACS Applied Materials & Interfaces

Research Article

resistance of the device in dry air and testing gas atmosphere were
measured by a CGS-1TP gas sensitivity instrument, defined as Ra and
Rg, respectively. The sensor response (Rs) is defined as Ra/Rg in
reducing gas atmosphere or Rg/Ra in oxidizing gas atmosphere. The
response and recovery times are defined as the time taken by the
sensor to achieve 90% of the entire resistance change for target gas
adsorption and desorption, respectively.**** The device was examined
in the temperature range of 25—350 °C at various concentrations of
alcohOJ vapor (1—1000 ppm) in a temperature-controlled environ-
ment.’

3. RESULTS AND DISCUSSION

3.1. Characterization of the Ag,-WO; HNSs. The
morphology and nanostructure of the Ag,-WO,; HNSs are
examined by FE-SEM, TEM, and HR-TEM. Figure 1la,b shows
the FE-SEM and TEM images of the Ag(;5,,)-WO; HNSs with
uniform size of hollow spheres ~500 nm in diameter, and it is
composed of a large number of WO; nanocrystals. The walls of
the spheres seem to be porous and structurally robust. Figure
1c reveals that the walls of the hollow spheres are decorated by
numerous small Ag nanocrystals, ~15 nm in diameter. High-
resolution transmission electron microscopy is used to
characterize the detailed distribution of crystal planes, as
shown in Figure 1d. The lattice fringes of a representative area
have spacing of ca. 0.364 and 0.376 nm, well in line with the
interplane spacing of WO; for the (020) and (200) crystal
planes, respectively. We noticed that all lattice fringes are
assigned to WO;, with none from Ag NPs, suggesting that
innumerable Ag NPs are uniformly anchored on the internal
wall of WO; HNSs. The EDX elemental mapping analysis is
used to determine the chemical composition of the hollow
sphere (Figure le). It confirms that the Ag(;5,m)-WO; HNS
sample consists of W, O, and Ag. The Ag is uniformly
distributed in the entire nanosphere, forming a Ag-WO; hollow
nanostructure. The line-scanning EDX signal (Figure 1f) shows
that, at the outer surface of the sphere, the W and O signal rise
simultaneously. The slight increase of the O signal traversing
left to right across the particle is likely due to desorption of
oxygen-containing species caused by the electron beam heating
used for the analysis. In comparison, the Ag signal shows a
delay by ~20 nm, indicating that the WOj; shell thickness is
~20 nm, while the Ag NPs binds within the sphere. All three
elemental signals show a plateau in the middle section,
indicating that the Ag NPs are uniformly distributed, as
illustrated in Figure 1g.

For comparison, the SEM and TEM images of other samples
are provided in the Supporting Information. Figure S2a—c
shows the sample Ag(sg,m)-WO3; HNSs constructed using ~50
nm Ag core prepared using 0.2 mol/L NaOH solution as the
hydrolytic agent to maintain the Ag@C template structure, as
listed in Supporting Information Table S1. When the amount
of WCl4 was increased to 0.24 g, the hollow spheres appear
irregular and Ag NPs are aggregated into smaller sizes (Figure
S2d—f), indicating that low pH value may accelerate the
dissolution and regrowth of Ag NPs, resulting in the formation
of irregular particles. The corresponding sample is labeled as
Ag(s nm)"WO; HNSs, and the Ag NPs are ~5 nm in diameter.

XRD is a powerful tool in providing crystalline structure
information.”” Figure 2a shows XRD patterns of the Ag,-WO,
HNSs and pure WO; for comparison. It shows that the WO; is
monoclinic with space group: P21/n(14) (JCPDS card no. 43-
1035) while the Ag NPs are face-centered-cubic with space
group: Fm3m(225) (JCPDS card no. 04-0783). There is no
additional peak detected in the XRD analysis. As the WClq

Figure 2. (a) XRD patterns of samples of pure WO3, Ag(sonm)-WO;
HNSs, Ag(150m)"WO; HNSs, and Ag(s,m)-WO; HNSs. Typical XPS
spectra of Ag(;s,m)-WO; HNSs samples (b) in a wide survey scan, (c)
Ag 3d region, and (d) W 4f region.

concentration increases, the Ag peaks become weaker. The
different peak intensities are compatible with the formation of
Ag crystals of different dimensions, suggesting that the size of
the Ag NPs is getting too small and the crystalline structure is
becoming too frail to be detected by the XRD in the Ag(s,y)-
WO, sample,* consistent with the TEM results. The chemical
composition of the Ag,-WO; HNSs was examined using X-ray
photoelectron spectroscopy (XPS) as shown in Figure 2b—d.
The survey-scan spectrum in Figure 2b demonstrates that the
sample consists mainly of W, Ag, O, and C. The obvious C 1s
peak is mainly from the Ag@C, and the carbon tape is used to
fix the sample for the XPS measurement. Figure 2d shows two
peaks at 352 and 37.4 eV, representing signatures of W 4f,,
and W 4f;, of WO; respectively. Likewise, Figure 2c shows two
peaks located at 367.8 and 373.8 eV assigned to Ag 3ds,, and
Ag 3d;,, of metallic Ag, respectively.””"® The XPS spectra
reconfirm that the Ag(;s,,)-WO; HNSs consist of WO; and
metallic Ag, in good agreement with the XRD result.

Figure 3a shows the UV—vis—NIR spectra for all samples
with the intrinsic absorption starting at 480 nm, corresponding
to a band gap of WO; of 2.6 eV. The optical absorption beyond
the band edge is due to the new discrete energy bands below
the conduction band, and the absorption in the near-infrared
region is attributed to the WO, with oxygen vacancies."' The
well-known characteristic plasmonic absorption peak of Ag NPs

Figure 3. (a) UV—vis—NIR spectra and (b) Raman spectra of pure
WO;, Ag(sonm)-WO; HNSs, Ag(;5,m)-WO; HNSs, and Ag(50m)"WO;
HNSs.
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is at ~405 nm,” which is buried under the WO, band
absorption. Compared with the pure WO; without oxygen
vacancies (Figure S9), the LSPR absorption peak at ~1500 nm
of Ag(15am)-WOj increases significantly. However, when the Ag
NPs was reduced to S nm, the absorption peak decreased. For
Ag(50nm)"WO; HNSs, a red-shift of optical absorption and a
decrease in the intensity of the plasmon are also observed, as
explained by the incorporation of oxygen into the lattice,
leading to a decrease in the carrier concentration.”® This result
suggests that the size and position of Ag NPs may play a key
role in this process, as the SP adsorption shows a strong
correlation with the Ag NP diameter.* The introduction of
oxygen vacancies does not leave obvious XPS signatures
(Figure 2d), as the W' peak may overlap with that of the
W Figure 3b shows a comparison of surface-enhanced
Raman scattering (SERS) spectra from the as-prepared
samples, using a 532.2 nm excitation. Four major vibration
bands at 272, 326, 717, and 807 cm™' are attributed to the
bending vibration of §(O—W—0O) and stretching vibration of
v(W—0O-W), respectively.** Compared with the pure WO,, all
Ag,-WOj; samples show the enhancement of Raman intensity.
In particular, Ag(5,m)-WO; shows Raman intensity enhanced
by as much as 13 times, significantly higher than that from
Ag(50nm)"WO; and Ags,,m)-WO;, increased by only 4- and 6-
fold, respectively, demonstrating that SERS enhancement may
be strongly dependent upon size of the Ag NPs.”>*~*

3.2. Gas-sensing results. The Ag,-WO; HNSs are found
to be particularly useful in gas-sensing application. The gas-
sensing measurements were performed on an intelligent gas-
sensing analysis system (Beijing Elite Tech Co., Ltd,, China);
Figure 4a provides an equivalent circuit model for the gas
sensors studied. The optimum working temperature was
determined using the sensor response to 500 ppm alcohol

Figure 4. (a) Schematic device and measurement configurations. The
sensing coating represents the Ag,-WO; HNSs. (b) Responses of pure
WO3, Ag(SOnm)'WO_’, HNSS, Ag(lSnm)_WO3 HNSS, and Ag(Snm)_WO3
HNSs to 500 ppm alcohol vapor at different working temperatures. (c)
Dynamic responses curves of pure WOj; Ag(soum)-WO; HNSs,
Ag(15nm)"WO; HNSs, and Ags,m)-WO; HNSs to alcohol vapor of
different concentrations at their respective optimum working temper-
ature. (d) Linear relationship of log(S — 1)—log[C] plot for the
sensors of pure WO;, Ag(5onm)-WO; HNSs, Ag(;5,m)-WO; HNSs, and
AZ(5my"WO; HNSs.

vapor at different working temperatures, as shown in Figure 4b.
It is clear that the sensor fabricated from Ag(;s,,)-WO; HNSs
shows the highest sensing response of 73.4, while the pure
WOs3, Agsonm)-WO3, and Ag(s,,)-WO; show the responses of
9.8, 17.1, and 30, respectively. Moreover, the Ag(;5,,)-WO;
HNSs not only increase the responses by 7-fold compared to
the pure WO; HNSs but also lower the optimum working
temperature of sensor from 340 to 230 °C. The large surface
area and porosity of Ags,,)-WO; HNSs are beneficial for
enhancing the performance of gas sensors. It is 16.15 m?*/g,
about four times larger than that of the pure WO, HNSs (4.57
m?/g); for details, see Supporting Information, Figure S3.

Figure 4c shows the dynamic response of the sensors upon
repeated alcohol vapor exposure/removal cycles, corresponding
to alcohol vapor concentrations from 1 to 1000 ppm. It is clear
that sensors made of Ag,-WO; HNSs show better performance
than that of pure WO,, especially for the device using Ag(;s,m)-
WO;. The resistance of Ag(;s,m)-WO; changed significantly
upon exposure to alcohol vapor and recovered immediately
when vapor was removed. It shows an excellent recovery and
high response to alcohol vapor, even at the gas concentration
less than 10 ppm.

Figure 4d shows the correlation of the log (sensor response)
versus log (alcohol concentration) at their respective optimum
working temperature. On the basis of the empirical equation

S=1+a[Cl

constants a and b are defined. It is obvious that log(S — 1) and
log[C] give a linear correlation, with the slope of b value
calculated from the plot, which is believed to represent oxygen
ion species on the surface"™*” and/or morphology feature of
the nanostructures.”’ The b is 0.5 for fully regular
nanostructures, and it would deviate from 0.5 as the
nanostructure become disordered or aggregated.”>' In our
work, both the b values of Ag,-WO; HNSs (0.36, 0.24, and
0.36) and pure WO; HNSs (0.30) are significantly <0.5,
indicating the hollow spherical shape of nanostructures.
Furthermore, the sensor’s theoretical detection limit of gas
concentration [C] op can be obtained by extrapolating the
linear fitted curve to S = 3. The sensor Ag(;s,m)-WO; HNSs
apparently exhibit excellent sensing performances. More
specifically, the detection limit [C] op is as low as 0.09 ppb
with the correlation coefficient R = 0.97, which is significantly
better than that for the other three samples (4.37, 2.13, and
0.25 ppm; Supporting Information, Table SS).

The selectivity is another key parameter for practical gas
sensors. Figure Sa shows the bar diagram of the sensor response
to SO ppm different target gases at 230 °C. It is clear that the

Figure 5. (a) Response of Ag(;5,m)-WO; HNSs to SO ppm different
target gases at 230 °C. (b) Transient response versus number of
exposure test in 1000 ppm alcohol vapor at 230 °C.
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Ag(15nm)-WO; HNS sensor exhibits the highest sensitivity of
464 toward alcohol vapor, while it shows only minimal
responses to other gases and vapors including CO, NH;,
CH;COCH;, C¢Hy, and CH;CHO wunder the same test
concentration, demonstrating that the sensor shows remarkably
good selectivity to alcohol. It is relatively common to see that
this type of sensor shows good selectivity to alcohol vapor. It is
believed that the underlying mechanism is that the ethanol
species has an inclined conformation that permits easier access
of —OH groups to the Ag surface, thereby forming molecularly
chemisorbed ethanol, which is then dissociated by the
chemisorbed ionic oxygen.”” The corresponding chemical
reactions between oxygen molecules adsorbed on the WO,
surface and ethanol molecules are®*>*

019 = Oyads) (1
OZ(ads) +e — O;(ads) (2)

CH;CH,OH45) + 305,45 = 2COy,) + 3H,0,) + 3e

®)

The comparison of transient response and number of the
exposure test was investigated in order to examine the stability
of the gas sensors. We examined the sensor response of
Ag(150m)"WO; HNSs toward 1000 ppm alcohol vapor at an
optimum working temperature of 230 °C. The test cycles were
repeated at 5 min intervals. Figure Sb shows the response
measurement of the sensors Ag(;s,m)-WOj. It is apparent that
the resistance response decreases significantly during the
alcohol exposure while it recovers as soon as the vapor is
removed. The sensor response is 105 initially, and it rises to
150 at the third exposure test and remains at that high value
with excellent stability for the subsequent test cycles. We have
conducted the stability test for 10 days, as shown in Supporting
Information Figure S7. For the test, the sensor was tested at day
1 for 10 cycles; it was retested at days 2, S, and 10, with 10
cycles for each day, with the sensor being exposed in ambient
between the tests. The concentration of the ethanol vapor was
50 ppm, and the working temperature was at 230 °C. This
shows that the sensor shows very consistent sensitivity without
clear degradation, indicating that the Ag(;s,m)-WOj; sensor is
stable.

Moreover, we also observed the light-enhanced gas-sensor
performance under the irradiation of a 150 W xenon arc light
source, as shown in Figure 6a. Compared with the sensor
performance in the dark (Figure 4c), the response of the
Ag(150m)-WO; HNSs increased by ~200%. By contrast, the
change in response of the other three samples was much lower,
in agreement with what had been observed from the SERS and
UV—vis—NIR results, showing that the particle size of Ag NPs
plays the major role in light-enhanced sensor response. The
graphical summary and data are included in the Supporting
Information, Figure S6 and Table S2.

Figure 6b presents the response/recovery times of sensors
fabricated using pure WO, HNSs and Ag;s,,)-WO; HNSs,
with the enlarged part of the resistance change as shown in
Supporting Information. Figure S5 shows the resistance change
of the pure WO; HNSs and Ag;s,,)-WO; HNSs. Apparently,
the resistance of Ag(;5,,m)-WO; HNSs decreases upon exposure
to alcohol vapor and recovers completely to the initial value
upon the system being purged in air. Compared to the pure
WO; HNSs, the response and recovery times are shortened to
15 and 80 s, respectively. We also measured the resistance

Figure 6. (a) Dynamic responses curves of pure WO;, Ag(sonm)-WO;
HNSSs, Ag(150m)-WO3; HNSs, and Ags,m)-WO; HNSs to alcohol vapor
of different concentrations at the respective optimum working
temperature under 150 W xenon arc light illumination. (b) Values
of response and recovery times of pure WO; and Ag;5,m)-WO; HNSs
to S00 ppm alcohol vapor at the respective optimum working
temperature. (c) Sensor response of Ag(;s,m)-WO; HNSs vs light
illumination intensity using a xenon arc light source (150 W)
attenuated by using neutral density filters. (Inset) The sensor response
depends linearly on illumination intensity. (d) Sensor response of
Ag(15nm)-"WO; HNSs at different wavelengths of light-emitting diode
(LED) irradiation.

change of Ag(;5,,)-WO; HNSs toward 500 ppm alcohol vapor
irradiated with xenon arc light, as shown in Figure SS5d.
Compared to the test in the dark circumstance, the light
doubles the sensor response of Ag(;s.n)-WO; HNSs and
shortens the response and recovery times from 15 and 80 s to 7
and 54 s, respectively.

Figure 6¢ shows the dynamic responses of the Ag(;s,,)-WO;
HNS sensor toward 50 ppm alcohol vapor at 230 °C under a
xenon arc light (150 W) illumination at different intensities, as
attenuated by using neutral density filters. The sensor responses
increased from 46 to 145 when the light illumination intensity
changed from 0 to 60 mW/cm? (see Supporting Information
Table S3 for more details). Furthermore, the sensor response
has a linear dependence on the light intensity in the range of
0—60 mW/cm? with a correlation coefficient R = 0.9903,
indicating that the light irradiation intensity has a strong
influence on the sensor response.

During the gas-sensing measurement, the Ag(;5,,)-WO; is
found to be the most sensitive sample. The size dependence on
the catalytic activity and SPR effect of metal NPs is well-
known.' "> A good test to differentiate the “catalytic effect” and
the “SPR effect” is to compare the sensor response under
different wavelengths of light stimulation. The plasmonic effect
would lead to (i) it being enhanced by the light irradiation; (ii)
the enhancement factor being wavelength dependent; and (iii)
the maximum enhancement at the wavelength coinciding with
the LSPR absorption peak of the plasmonic NPs.”® In our case,
we measured sensor response as a function of light illumination
wavelength using LEDs emitting at 405, 525, 635, and 900 nm.
In the tests, the illumination intensity was attenuated to 17
mW/cm? for all wavelengths. Figure 6d shows that the Ag(150m)-
WO; HNS sensor response increased from 46 to 80 when it
was illuminated (white light, 525 and 635 nm). Compared with
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Figure 7. Schematic illustration (a) of the energy diagram and charge transfer process in the Ag-WO; HNSs; (b) for the surface plasmon resonance
(SPR) effect of Ag nanoparticle; and (c) alcohol vapor sensing mechanism for Ag,-WO; sensor in the presence of visible light.

using the white light, the sensor responses are increased by
150% and 110%, respectively, when irradiated at 405 and 900
nm, where the light wavelength resonates with the absorption
of Ag NPs and the surface oxygen vacancies of WO;. The
illumination test for the pristine WO, was also conducted for
comparison. As shown in Supporting Information Figure S8, it
is found that the sensor response did not show significant
wavelength-dependent performance. These results highlight the
strong influence of light illumination on the Ag(5,m)-WO;
HNS nanosensor toward the alcohol vapor, indicating that LSP
is the main reason for the improvement.

3.3. Enhancement mechanism. The remarkably en-
hanced gas-sensing performance by the Ag,-WO; HNSs is
attributed to the following aspects. First, the Ag,-WO; HNSs
provide higher surface-to-volume ratios, which are favorable for
gas diffusion and adsorption, leading to enhanced sensor
sensitivity.> Second, as a n-type semiconducting metal oxide,
oxygen vacancies in WO; lattice structure act as electron
donors to provide electrons to their conduction band, and WO,
has a small work function; therefore, electrons transfer from
WO; to Ag when the Schottky junction is formed at the
interface of Ag—WO3,1’39 as illustrated in Figure 7a. The
interfacial dipole layer leads to a negatively charged Ag surface
and a positively charged WO, surface or the depletion zone.*®
At elevated temperature (230 °C) in air, the remnant electrons
on the WO; surface are depleted due to the oxygen adsorption
with negative charges,”' and the sensor resistance (Ra) is
increased. When the reducing gas ethanol is injected, the
dissociative adsorption happens on the surface of noble metal
Ag first, and then the small molecule spills over to the WO,
surface and reacts with chemisorbed ionic oxygen to produce
CO, and H,0,**"*7°® Then WO, obtains free electrons from
the reaction and the current through the Schottky junction, and
therefore the barrier height decreases to allow more electrons
to pass through the junction; thus, the sensor resistance
decreases (Rg), thereby yielding a high response." When Ag
NPs receive optical excitation energy, charge-density oscillation
forms due to the surface plasmonic effect, leading to collective
oscillation of electron density and consequently improved
sensor response, particularly under illumination,'">%*7°%
(Figure 7b,c)

4. CONCLUSION

In conclusion, we have developed a novel nanostructure by
assembling Ag nanocrystals on the inner shell surface of the
WO; hollow nanospheres using a simple sonochemical
synthesis route. It is found that the Ag(;s,,)-WO; HNS sensor
shows higher response, better selectivity, shorter response/
recovery times, lower detection limit, and lower optimum
working temperature, which offers a potential platform for

practical application. We attribute the enhanced gas-sensor
performance to (i) the high-opening surface area of the hollow
nanostructure, (ii) the Ag-WO; Schottky junction, and (jii) the
LSPR effect.
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