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Abstract. Tungsten oxide nanoneedles (NNs) functionalised with gold nanoparticles (NPs) have been inte-
grated with alumina gas-sensor platforms using a simple and effective co-deposition method via aerosol-assisted
chemical vapour deposition (AACVD) utilising a novel gold precursor, (NH4)AuCly. The gas-sensing results
show that gold NP functionalisation of tungsten oxide NNs improves the sensitivity of response to ethanol, with
sensitivity increasing and response time decreasing with increasing amount of gold.

1 Introduction

Tungsten oxide functionalised with gold nanoparticles (NPs)
has found application in photocatalysis (Xi et al., 2012)
and gas sensing (Vallejos et al., 2011; Annanouch et al.,
2013), and recently Vallejos et al. (2011) demonstrated
a surfactant- and polymer-free, single-step aerosol-assisted
chemical vapour deposition (AACVD) method to synthe-
sise thin films of tungsten oxide nanoneedles (NNs) deco-
rated with gold NPs, which provides for direct integration
of the nanomaterial with gas-sensing platforms (Vallejos et
al., 2011). The observation that chemoresistive gas sensors
fabricated from metal oxides functionalised with catalytic
metal NPs show enhanced sensor response towards certain
analytes has been explained using three mechanisms: spill-
over (enrichment of the surface of the metal oxide with ana-
lyte), Fermi level control (analyte changes the chemical state
of the metal NPs leading to a large change in electronic inter-
action between oxide and metal) and the presence of oxidised
states on the metal NPs forming an associated bulk effect and
local/surface site on the oxide which interacts strongly with
the analyte (Cuenya, 2010; Hibner et al., 2011). Only rela-
tively small amounts of metal NPs need to be loaded on tung-
sten oxide NNs to show dramatically enhanced sensing prop-
erties (Vallejos et al., 2013), but the limit of the enhancement

under variable loading is rarely reported. This paper reports
on the successful fabrication of various loadings of gold NPs,
utilising a novel gold AACVD precursor, (NHz)AuUClyg, sup-
ported on tungsten oxide NNs, deposited directly on alumina
gas-sensor substrates, and their gas-sensing properties with
respect to ethanol and the correlation of sensitivity with gold
loading.

2 Experimental section

Film deposition: gold NPs supported on tungsten oxide
NNs were co-deposited at 375°C via AACVD of tungsten
hexaphenoxide (W(OPh)g) (Cross et al., 2003) and ammo-
nium tetrachloroaurate(l11) hydrate (NH4AuCls.xH2O) (Alfa
Aesar, 99.9 %) dissolved in acetone (10 cm?, Sigma-Aldrich,
> 99.6%) and methanol (5 cm?, Sigma-Aldrich, > 99.6 %)
(Table 1) using a custom-built reactor.

A Johnson Matthey Liquifog 2 operating at 1.6 MHz was
used to generate an aerosol from a solution containing both
the tungsten and gold precursors, with the aerosol droplets
transported to the heated substrate by a nitrogen (oxygen-
free, BOC) gas flow. Annealing of the samples was carried
out in air at 500°C for 2h. Alumina (A493 Kyocera) or
gas-sensor platforms (as shown schematically in Fig. 1), on
which both the heater and sensor are printed on the same
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Table 1. Details of samples.

W(OPh)g (@) NHg4 AuCls (g) Solvent (acetone : methanol 2:1) (cm3 ) Auat.% Temperature (°C)
Sample 1 0.10 0.010 15 45 375
Sample 2 0.10 0.003 15 2.1 375
Sample 3 0.10 0 15 0 375
substrate 16
E] 144 B 587 nm —W03/Au -Au 4.5 at. %

Figure 1. Schematic fabrication processes of the micro-sensor
based on Au NPs supported on tungsten oxide NNSs.

side of an alumina tile, were used as substrates. Both were
cleaned with acetone and isopropyl alcohol prior to use.

Film analysis: the crystalline structures of samples were
determined via X-ray diffraction (XRD) (Bruker, LinxEye
D8-Discover, using Cu Ka radiation operated at 40 kV and
40 mA) with glancing incident angle (tube at 1°), 0.05° per
step and 1s per step, and 260 from 10 to 66°. The microstruc-
ture of the films was examined with scanning electron mi-
croscopy (SEM) (Jeol 6310F, 5kV) and high-resolution
transmission electron microscopy (HR-TEM) (Jeol-2100,
200 kV), which was also used to obtain the information of
lattice structure. The chemical composition measurement
was determined via energy dispersive X-ray spectroscopy
(EDX) (20kV) (Jeol 6310F). Chemical and electronic states
of the elements in the thin films were examined by means of
X-ray photoelectron spectroscopy (XPS) (Thermo Scientific
K-Alpha), using monochromatic Al K« radiation (0.6eV)
and charge compensation by means of dual-beam charge
neutralisation with an electron gun (1 eV) and argon-ion gun
(=10eV), calibrated by the C 1s peak at 284.7 eV. UV-Vis
spectroscopy was performed using a double-monochromated
Perkin Elmer Lambda 950 UV-Vis—-NIR spectrophotometer
in the 300 to 1100 nm range.

Gas-sensing tests: gas sensors were exposed to various
concentrations of ethanol at 0.5, 1, 2, 3 and 4 ppm respec-
tively, at an operating temperature of 300°C and relative
humidity of 50%. The sensor response is defined as R =
Ra/Rg, Where R, is the resistance of the sensor in air and Ry
is the resistance in ethanol. Sensors were exposed to ethanol
vapours for 4 min and afterwards to air for 4 min.

3 Results and discussion

Figure 2a shows pictures of Au-functionalised and non-
functionalised tungsten oxide films deposited on alumina
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Figure 2. (a) Pictures of films deposited onto alumina substrate,
before and after heating treatment at 500 °C. (b) UV-Vis analyses
of Au-functionalised WO3 (in black, 4.5 at. %; red, 2.1 at. %) and
non-functionalised WOg3 (in blue).

substrates before and after heat treatment in air at 500 °C.
The pre-annealed films were characterised by a dark colour,
as expected in the presence of partially reduced tungsten
species, and after heating in air, non-functionalised tungsten
oxide turned bright yellow, as expected for stoichiometric
W03, whilst Au-functionalised tungsten oxide was dark pur-
ple in colour, indicative of the presence of gold nanoparticles.
UV-Vis analyses (Fig. 2b) were performed collecting re-
flectance data (R) and then converting into absorbance (A)
using the following formula (Viscarra Rossel et al., 2006):

A =logyo(1/R), M

analogous to absorbance units, log(1/T), for transmission
measurements.

For the non-functionalised tungsten oxide film, a peak is
observed at 400 nm, corresponding to the WO3 band edge
(Egap WO3 ~2.7¢eV). The Au-functionalised WO3 films
show an additional absorbance at 585 nm, corresponding to
the surface plasmon resonance (SPR) peak of gold nanoparti-
cles (El-Brolossy et al., 2008). Increasing the amount of gold
precursor led to an increase in the absorbance of the gold
plasmon resonance peak, suggesting a greater incorporation
of gold particles.

XRD analysis (Fig. 3) of films deposited on Kyocera alu-
mina substrates, after annealing, revealed the presence of
monoclinic-phase WO3 (P21/n space group, a =7.306 A,
b=7540A, ¢ =792 A, and g =90.88°; ICCD card no. 72-
0677; Loopstra and Rietveld, 1969). Alumina peaks, exhib-
ited in all patterns and depicted with dashed vertical lines,
come from the alumina substrate. Both the WO3/ Au and the
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Figure 3. XRD patterns of Au-functionalised WO3 (in black,
4.5 at.%; red 2.1 at. %) and non-functionalised WO3 (in blue).
Monoclinic-phase (blue), AloO3 trigonal (- - -) and Au FCC (e e o)
structures are also presented.

WOj3 patterns showed preferred orientation in the [001] di-
rection. In particular, the peak (002) at 23.11° 260 is very in-
tense relative to the (020) peak. Gold FCC peaks (dotted ver-
tical lines) at 38.25° 26, 44.30° 26 and 64.55° 26 were ob-
served only in the WO3/ Au pattern (zoomed patterns). This
result confirms the co-deposition of tungsten oxide and gold
metal. The mean grain size of Au nanoparticles was calcu-
lated to be about 26 nm based on the Scherrer formula:

0892
~ Bcosh’

@)

where D is the mean size of the crystalline domains, A is
the Cu Ka wavelength, 8 is the line broadening at half the
maximum intensity (FWHM) in radians and 6 is half of the
Bragg angle.

No shifts in the WOg3 peaks position were observed,
demonstrating that the monoclinic crystal structure of tung-
sten oxide was not changed after the addition of gold. Similar
results for WO3 monoclinic phase were obtained by Vallejos
et al. (2013) when using HAuUCI, as the gold precursor, but
no Au peaks were observed in their XRD patterns, likely due
to the lower amount of gold in the samples (0.09 Au at. %).

Images from EDX analysis of the Au-functionalised and
non-functionalised samples are shown in Table 2. The mea-
sured Au atomic percentage composition (Au at. % on Au—
WO3) in the deposited films was 4.5 and 2.1 for sample 1
and sample 2 respectively, much lower than the theoretical
values based on the composition of the precursor solution,
which were 10.4 and 3.4 at. % respectively. The incorpora-
tion efficiency was 44 % for sample 1 and 63% for sam-
ple 2, much higher than the one determined by Vallejos et
al. (2013), which had 5-10 % efficiency.

WWW.j-sens-sens-syst.net/3/325/2014/
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Figure 4. SEM images of (a) sample 1 (WO3/Au 4.5 at. %),
(b) sample 2 (WO3/Au 2.1 at.%), (c) sample 3 (WO3) and
(d) cross section of sample 3.

Table 2. Precursors theoretical and EDX experimental atomic per-
centage composition for gold element.

Theoretical Au at.%  Experimental Au at. %

Sample 1 10.4 45
Sample 2 3.4 2.1
Sample 3 0 0

SEM images are depicted in Fig. 4, clearly showing the in-
crease in the amount of decorating nanoparticles on increas-
ing the amount of gold precursor, with sample 1 (Fig. 4a)
displaying a larger number of surface (gold) particles com-
pared to sample 2 (Fig. 4b). No decorating particles were ob-
served in the non-functionalised sample 3 (Fig. 4). The dec-
orating particles were well dispersed all along the needles,
demonstrating the good efficiency of the synthesis in terms
of composition homogeneity. The thickness of the films, vis-
ible in a cross-section image in Fig. 4d, was roughly 1.5pum
in all cases, and the tungsten oxide “needles” (ca. 0.1-0.2 ym
diameter and ca. 1-2 um length), although not perfectly ver-
tically aligned, were predominantly perpendicular to the sub-
strate.

HR-TEM was also used to characterise the crystalline
habit of the nanoneedles and decorating nanoparticles
(Fig. 5). The crystal planes in the long axis of the needles
were separated by 0.378 nm (Fig. 5c), corresponding to the
(020) plane of monoclinic WO3 monoclinic, and the deco-
rating NP (Fig. 5d) exhibited planes separated by 0.23 nm,
consistent with (111) atomic planes of FCC gold. TEM ex-
amination showed that the gold nanoparticles were polydis-
persed both in shape (triangle, trapezoid, rod, sphere) and
size (ca. 18 and 62nm diameter), with an average size of
30 nm. This result matches with the gold nanoparticles’ grain

J. Sens. Sens. Syst., 3, 325-330, 2014
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Table 3. Au 4f and W 4f scans fitting parameters: peak, FWHM and area.

Peak 1 (4f5/2 ) Peak 2 (4f7/2 )
Position FWHM  Area  Position FWHM Area
Samplel Au4d5at.% W 4f 37.84 1.098 51429 35.65 1.098 68586
Sample2 Au2lat.% W 4f 37.79 1.115 52690 35.60 1.115 70267
Sample3 AuOat.% W 4f 37.84 1.165 86442 35.65 1.165 115284
Samplel Au4d5at.% Au4af 87.68 0.982 36077 83.90 0.982 48120
Sample2 Au2lat.% Au4f 87.68 0.997 37438 83.90 0.997 49935

Figure 5. (a) and (b) TEM images of WO3/ Au sample. HR-TEM
for (c) WO3 nanoneedle and (d) gold nanoparticles.

size, 26 nm, observed by using the Scherrer formula on the
XRD pattern.

This is different to that observed previously using HAuCl,
as a gold precursor (Vallejos et al., 2013). In that case the
gold NP displayed a spherical shape with a size between 4
and 11 nm. This may be due to the different nature of the
precursor or the different gold loading.

XPS high-resolution spectra for WO3 and WO3 / Au, after
annealing, are shown in Fig. 6 and the relative fitting param-
eters are listed in Table 3.

The W 4f spectra in Fig. 6a show a single tungsten en-
vironment for all the samples, with the 4f;,, peak cen-
tred at 35.6eV, which corresponds to the W%t oxidation
state (Fleisch and Mains, 1982). The Au 4f peaks for the
Au-functionalised WO3 samples were fitted using single
Gaussian—Lorentzian functions and the Au 4f7,, binding en-
ergy was found to be 83.9eV (Fig. 6b), corresponding to
metallic gold (Duckers and Bonzel, 1989). Therefore W(VI)

J. Sens. Sens. Syst., 3, 325-330, 2014

Table 4. XPS Au atomic percentage composition.
gen : tungsten ratio.

Oxy-

Auat.% EDX Auat.% XPS O/W XPS

Sample 1 45 9.5 2.7
Sample 2 2.1 7.1 2.8
Sample 3 0 0 2.8

Table 5. Response time and recovery time variation to the different
gold loadings.

Response time (s)  Recovery time (s)

Sample 1 2.8 14.0
Sample 2 5.3 9.1
Sample 3 4.5 8.5

and Au(0) were the only oxidation states found for these ele-
ments.

XPS analysis of annealed samples indicated a W/O ra-
tio of 2.8 for samples 2 and 3 and a ratio of 2.7 for sam-
ple 1 (Table 4). This value is much higher compared to the
2.4 ratio obtained by Vallejos et al. (2013) in both W and
Au/W samples. The gold atomic percentage (Au at.% on
Au-WOQO3) obtained via XPS (Table 4) is much higher than
the one obtained via EDX (Table 2). This can be explained
by taking into account the morphology of the WO3 / Au sys-
tem and the area analysed; SEM images (Fig. 4) show the
Au nanoparticles are dispersed on the surface of the tungsten
oxide nanoneedle, and therefore, with XPS being a surface
analysis technique, the Au at. % appears to be greater than
EDX, which gives bulk information.

4 Gas-sensing properties

Gas-sensing properties of gold-functionalised and non-
functionalised WO3; nanoneedles were tested towards
ethanol vapours. Figure 7 shows the sensor response towards
different amounts of analyte at an operating temperature of
300 °C in the presence of 50 % of relative humidity. Gas sen-
sors based on non-functionalised WO3 (sample 3) showed a
very low response towards 0.5 ppm of ethanol, with sensitiv-

WWW.j-Sens-sens-syst.net/3/325/2014/
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Figure 6. XPS spectra for sample 1 (WO3/Au 4.5 at. %), sample 2 (WO3/Au 2.1 at. %) and sample 3 (WO3) films on alumina. (a) W 4f

peaks and (b) Au 4f, fitted with parameters in Table 3.
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Figure 7. Gas-sensing response towards different amount of
ethanol at 300 °C as a function of increasing gold loading.

ity increasing in the presence of higher amounts of analyte as
expected, up to a highest value of 1.2 when the concentration
of ethanol was 4 ppm.

Sample 2 (Au 2.1at.%) and sample 1 (Au 4.5at. %)
showed respectively 2-fold and 5-fold higher sensing re-
sponse than non-functionalised gas sensors (sample 3), with
increased response even towards low concentrations of an-
alyte, close to 1.3 towards 0.5 ppm of ethanol for sample 1
(4.5% Au). These results demonstrate an enhancement in
gas-sensing response by increasing the amount of gold load-
ing. The highest loading amount used in this study was 4.5 %;
however, as has been seen in catalysis studies (Epling and
Hoflund, 1999), increasing the loading percentage does not
necessarily lead to a linear improvement in catalytic per-
formance. Therefore, further experiments will be conducted
in order to determine the optimum loading of gold beyond
which the activity is stable or decreases.

WWW.j-sens-sens-syst.net/3/325/2014/

All sensors displayed an n-type response with decreasing
resistance in the presence of the reducing gas (Fig. 7). The re-
sponse and recovery times calculated for 3 ppm ethanol (Ta-
ble 5) exhibit approximately the same values for sample 2
(2.1% Au) and 3 (non-functionalised), a response time of 5s
and recovery time of 9s. Sample 1 (4.5 % Au) had the fastest
response time, 2.8 s, but the slowest recovery time, 14s.

5 Conclusions

Tungsten oxide NNs functionalised with Au NPs integrated
have been synthesised via AACVD using a single-step
method and integrated onto alumina gas-sensing platforms
to produce gas sensors. The average of Au NPs diameter is
30 nm on the tungsten oxide NNs (ca. 0.1-0.2 ym diameter
and ca. 1-2 um length). An increase in the amount of Au pre-
cursor (NHzAUCly) in the initial solution produced a higher
loading of Au NPs on the tungsten oxide NNs. Gas-sensing
tests towards ethanol vapours showed an increase in sensor
response in samples with higher amounts of gold nanoparti-
cles, with increases in response towards 3 ppm of ethanol of
2-fold and 5-fold over non-functionalised WO3 as the gold
loading was raised from 2.1 to 4.5 % respectively.

J. Sens. Sens. Syst., 3, 325-330, 2014
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