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We present the on-chip fabrication of bilayer Au NP-decorated WO3 nanoporous thin ﬁlms (B-Au/WO3) via layerby-layer stacking of a sacriﬁcial colloidal template with periodic Au sputtering deposition. Technical analysis
shows that the B-Au/WO3 ﬁlm is homogeneous and consists of a hexagonally ordered bowl-like structure, whose
surface is uniformly decorated with crystalline Au NPs. The B-Au/WO3 sensing ﬁlm shows a sensitivity of 96.0, a
response time of 9.0 s and a recovery time of 16.0 s for 1 ppm NO2 at a low operating temperature of 150 °C. This
signiﬁcantly exceeds performances of bare WO3 counterpart. Also, the B-Au/WO3 sensor demonstrates obviously
enhanced sensing responses over operating temperature ranges of 75–225 °C and perfect selectivity to NO2 gas.
We proposed a combined sensing mechanism, the surface Au NPs dominated chemical sensitization and interbedded Au NP-induced electronic sensitization, to explain the perfect sensing performances in sensitivity, response, and selectivity. The template-mediated approach focuses on precise single-layer control and facilitates
direct integration of the sensing ﬁlm onto the required sensor substrate. The addressed on-chip fabrication
strategy along with Au NPs decoration technique might provide promising applications in construction of advanced chemiresistive gas sensors, photocatalysts and electrochromic smart windows.

1. Introduction
Nitrogen dioxide (NO2) is a prominent air pollutant with a characteristic sharp and biting odor. It mainly originates from fuel combustion and can trigger several ecological eﬀects, including the formation of tropospheric ozone, acid rain and photochemical smog [1–4].
Continual or frequent exposure to environments with NO2 exceeding
4 ppm can harm human health by increasing the risk of respiratory
symptoms and impairing lung function [5]. Consequently, on-line
concentration monitoring and real-time NO2 leakage alarms are important for human health and environmental protection. To date, numerous techniques, including electrochemical, spectroscopic, and chemiresistive sensors, have been utilized for NO2 gas detection [6,7]. Of
these, chemiresistive thin ﬁlm sensors based on metal oxide semiconductors (MOSs) are the most investigated candidates due to their
low cost, simple fabrication, ﬂexible usage, and optimized sensing
performances [8–11].

Although the exact sensing mechanism remains controversial, a
surface conductance model has been widely accepted. Here, the bulk
conductivity is notably altered due to the reversible charge transfer
associated with chemical adsorption and desorption of gas molecules on
the MOS surface [12–15]. In this context, nanostructured MOS materials would exhibit improved sensing performances by providing more
chemisorption sites due to the larger surface area and improved porosity [16–23]. In recent years, tungsten trioxide (WO3) nanomaterials
have been perceived as one of the most promising candidates for NO2sensing [24–27]. WO3-based sensing ﬁlms consisting of nanoscale
building blocks such as nanoparticles [28], nanolamellas [29], nanowires [10], nanorods [2], and nanoﬂowers [30] have shown enhanced
sensitivity for NO2 gaseous detection. The WO3 nanomaterials can be
functionalized or combined with reduced graphene oxide (rGO) [26],
carbon nanotubes [31,32], noble metal nanoparticles (NPs) [25], or
metal oxides [33,34] to enhance the selective adsorption of target
gases, especially NO2 molecules. Nearly all of those WO3 sensing ﬁlms,
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gas–liquid–solid (GLS) interface self-assembly method (Fig. 1a) according to the literature [42]. The as-obtained MCC template was
transferred onto new substrates (ceramic tube, silicon wafer, etc.) by reﬂoating on precursor solution surfaces (Fig. 1b) and subsequent retrieval (Fig. 1c). The precursor was a homogeneous solution obtained
by dispersing 0.3 g ammonium tungstate ((NH4)10W12O41∼xH2O,
purchased from Alfa Aesar Corporation) powder into 50 ml of deionized
water (Milli-Q, Millipore, Marlborough, MA) and continually stirring
with a magnetic rotor for 30 min. After natural drying, the voids of
closely arranged PS spheres were inﬁltrated with precursors (Fig. 1d). A
thin gold layer was then deposited on the surface of precursor-inﬁltrated MCC templates via Au sputtering (Fig. 1e); the thickness was
estimated to be ca. 10 nm via controlling of sputter current and time
according to the manufacturer’s suggestions (EMITECH K550X). Finally, the sample was annealed at 450 °C for 2 h to remove the PS
spheres (Fig. 1f), resulting in Au NPs decorated WO3 porous monolayer
(structure of WO3-Au). This monolayer ﬁlm was used as the target
substrate for repeat processes (Fig. 1c–f) leading to a bilayer-stacked
WO3-Au porous thin ﬁlm (Fig. 1g, structure of WO3-Au-WO3-Au, denoted as B-Au/WO3). A bilayer stacked WO3 porous ﬁlm without Au
NPs (structure of WO3-WO3, denoted as B-WO3) was also in situ prepared as a control.

however, were prepared by two separate fabrication processes: presynthesis of nanoscale-building blocks and post-deposition of self-made
pastes by spin-coating, dip-coating, or electrospinning techniques.
However, there are three signiﬁcant shortcomings to the current twostep sensor construction procedure. First, it is diﬃcult to obtain a
uniform and homogeneous nanomaterials-composed sensing ﬁlm with
stable microstructures, which would introduce poor preparation repeatability and poor sensing stability [20,35]. Second, the paste-coating
process commonly leads to a thick ﬁlm gas sensor with low sensitivity
and slow response/recovery times [36]. Third, due to the post-fabrication deﬁciencies in the structural and chemical modulation of sensing
layer, the as-obtained sensor usually has an excessively large bulk resistance that prevents the extraction of eﬀective signals from the detection circuit—especially for n-type WO3 to detect oxidative NO2 gas
[37]. Accordingly, an alternative one-step method capable of simultaneously oﬀering precise thickness and microstructure modulations of
the sensing ﬁlm is in urgent demand but challenging.
Previously, we reported in situ controlled fabrication of micro-/
nanostructured nanoporous WO3 ﬁlms, utilizing a two dimensional
(2D) colloidal crystal as the sacriﬁcial template [38]. The templatemediated procedure is focused on “single-layer-control”, which enables
controlled synthesis of ultra-thin ﬁlms with stable textures. This appears to be the most promising candidate for the utmost modulation of
the thickness, nanostructure, and chemical composition of nanoporous
ﬁlms. We suggest that, using Au NPs decoration on each layer, the
electrical conductance of the entire layered WO3 porous ﬁlm will be
signiﬁcantly improved—this facilitates chemiresistive gaseous detection of oxidative NO2. In addition, Au NP loading have been recognized
as an eﬀective way to notably enhance the performance of sensors due
to their excellent catalytic properties [39–41]. Thus, a modiﬁed synthetic procedure might be a promising alternative to overcome the
drawbacks of traditional two-step ﬁlm fabrication methods.
Here, we report the homogenous on-chip fabrication of bilayer Au
NP-decorated WO3 nanoporous thin ﬁlms (denoted as B-Au/WO3) via
layer-by-layer stacking of the precursor-penetrated template with periodic Au physical sputtering deposition followed by removal of the
template by annealing. Technical analysis illustrates that the B-Au/WO3
ﬁlm consists of a bowl-like ordered nanoporous WO3 bilayer, whose
surface is uniformly functionalized with Au NPs to form a layered
“WO3-Au-WO3-Au” structure. The B-Au/WO3 nanoporous ﬁlm was directly fabricated on a commercial ceramic tube and applied as a sensing
layer. This sensor has a sensitivity of 96.0, a response time of 9.0 s and a
recovery time of 16.0 s for 1 ppm NO2 gas at a low operating temperature of 150 °C. Furthermore, the B-Au/WO3 sensor has obvious
advantages in sensitivities over larger operating temperature ranges of
75–225 °C versus the bare bilayer WO3 (B-WO3) counterpart. Among
diverse oxidative and reductive gases, the B-Au/WO3 sensor shows
preferential response to NO2 gas while suppressing others, implying a
perfect selectivity towards NO2. We suggest that the improved sensing
performances are ascribed to both the enhanced selective adsorption of
NO2 molecules onto the surface of the Au NPs and decreased bulk resistance by inter-bedded Au NPs. The template-mediated approach focuses on precise single-layer control and facilitates direct integration of
the sensing ﬁlm onto the required sensor substrate. The addressed onchip fabrication approach along with facile Au NP decoration technique
is a promising tool for advanced chemiresistive gas sensors, photocatalysts, and electrochromic smart windows.

2.2. Characterization
The morphologies of the as-obtained ﬁlms were observed with ﬁeld
emission scanning electron microscopy (FE-SEM, FEI Sirion 200). The
X-ray diﬀraction peaks of the ﬁlms were acquired using an X-ray diffractometer (XRD, the Philips X’Pert) with copper Kα radiation
(λ = 0.15406 nm) at room temperature. The qualitative phase analysis
was performed with X'Pert HighScore software package (Philips, The
Netherlands) and identiﬁed using the International Centre for
Diﬀraction Data (ICDD) Powder Diﬀraction Files (PDF) 2-2003.
Transmission electron microscopy (TEM), high-resolution transmission
electron microscopy (HR-TEM), and selected area electron diﬀraction
(SAED) studies were performed on a JEM-200CX operating at 200 kV.
The optical absorption spectra for B-Au/WO3 and B-WO3 porous ﬁlms
were recorded with a Cary-5E UV-vis-NIR spectrophotometer from 300
to 800 nm.
2.3. Gas sensing tests
The WO3-based porous sensing ﬁlms were fabricated in situ onto
ceramic tubes equipped with Au electrodes on both surface sides and
Ni–Cr alloy coil through the tube as a heating wire to provide the required operating temperatures. The gas sensing experiments were
performed on a STP4 intelligent gas sensing analysis system (Nanjing
Wisens Co. Ltd., China) at room temperature (25 °C) and 60% RH. The
NO2 gas with a pristine concentration of 100 ppm was then injected into
the test chamber with a syringe to achieve a speciﬁc concentration of
target gas. The sensor response was deﬁned as Rgas/Rair, where Rgas and
Rair are the sensing ﬁlms’ resistances in the presence and absence of
NO2 gases, respectively. The sensitivity was deﬁned as S = Rs/Rb,
where Rb and Rs are the electrical resistances in the air (baseline); this
reaches a stable state after exposure to target gas. The response and
recovery time were deﬁned as the time required to achieve 90% of the
total resistance change in the case of adsorption and desorption, respectively.

2. Experimental section
3. Results and discussion
2.1. Preparation of Au NP-decorated WO3 porous thin ﬁlms
3.1. Morphologies and structures
Fig. 1 demonstrates the template-assisted fabrication process for
bilayer Au NP-decorated WO3 porous ﬁlms. First, the polystyrene
monolayer colloidal crystal (PS MCC) template with a large area
(25 mm × 50 mm) was synthesized on a glass slide via a

Fig. 2a is the FE-SEM observation of order-arranged PS MCC fabricated via the GLS self-assembly process. It demonstrates that the
1000 nm PS spheres are hexagonally close-packed with each other and
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Fig. 1. Schematic illustration of step-by-step templateassisted route for fabrication of bilayer Au NPs surface
decorated WO3 porous ﬁlm. The fabrication procedure
focuses on “single-layer-control”, which facilitates
precise modulation to thickness, nanostructure, and
chemical compositions of ﬁlms. Upon calcinations at
450 °C, the PS MCC template is removed and sputtered
Au thin layer melts and further recrystallizes into Au
NPs, realizing surface decoration of metal NPs.

substrate [38]. After gold deposition by sputtering and subsequent
calcination in air, the PSs were removed and a honeycomb-like Au/
WO3 composite porous ﬁlm was readily obtained (Fig. 2b). Despite the
ﬂuctuation in the tube surface, the Au/WO3 composite sensing layer
directly constructed on the sensor substrate retains a large-scale ordered nanoporous arrangement, revealing a perfect template replication process. This micro/nano porous structure gives the sensing layer
good mechanical stability. Cross-sectional observation (based on silicon

form a 2D colloidal crystal with long-range order. The upper inset of
Fig. 2a illustrates its monolayer nature. The second inset in Fig. 2a
shows a photograph of the PS MCC template ﬂoating on a 2 mM ammonium tungstate precursor solution surface that was integrally
transferred from the initial glass substrate and subsequently retrieved
by the sensor substrate of the ceramic tube. These transfer characteristic
features of the MCC make it an ideal sacriﬁcial template for in situ
fabrication of mono/multi-layer ordered porous ﬁlms on any desired

Fig. 2. FE-SEM observations of PS MCC template on glass slide (a) and corresponding insets
show its monolayer nature and a photo of the
template ﬂoating on precursors and being repicked up by ceramic tube substrate; (b) is FESEM image of honeycomb-structured B-Au/
WO3 porous ﬁlm in-situ fabricated on ceramic
tube by template-assisted layer-by-layer construction; inset in (b) is typically the low-magniﬁed SEM photo of the sensor device; (c) is
fracture cross section view of the B-Au/WO3
ﬁlm fabricated in situ on silicon substrate and
(d) is its magniﬁed observation which reveals
layer-stacked WO3 structure with inter-bedded
and surface decorated Au NPs.
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Fig. 3. (a) XRD patterns and (b) absorption spectra of B-Au/WO3 and B-WO3 porous ﬁlms achieved from 300 to 800 nm. The extra diﬀraction peaks and SPR band
around 550 nm both evidently show existence of decorated Au NPs.

substrate) shows that the composite ﬁlm has a loosely porous structure
with a uniform thickness of ca. 1.5 μm (Fig. 2c). Magniﬁed observations
(Fig. 2d) illustrate that the porous ﬁlm is composed of double-layered
bowl-like matrixes, and each layer was surface-decorated by Au NPs
(indicated by circles, conﬁrmed by following technical analysis) with
diameters of 5–15 nm. The two bowl matrixes were stacked and overlapped, forming relatively loose ﬁlms with inner-pores. In a perspective
view, the upper WO3 layer of the B-Au/WO3 ﬁlm is surface functionalized with Au NPs and also bridged with the bottom one via interbedded Au NPs, resulting in a layered WO3-Au-WO3-Au porous structure (inset of Fig. 2d). The porous structure will enhance the ability of
gas to diﬀuse into and out of the sensing ﬁlm, which might signiﬁcantly
improve the sensing performance in terms of sensitivity, response, and
recovery times.
Fig. 3a shows representative XRD results of B-Au/WO3 and B-WO3
porous ﬁlms. These were both fabricated in situ on amorphous silicon
substrates via a layer-by-layer construction strategy. The main characteristic peaks in both curves can be ascribed to the monoclinic WO3
structures from JCPDS ﬁle (075–2072) of X'Pert HighScore software.
Meanwhile, the additional peaks around 38.2° and 44.4° in the XRD
spectra of B-Au/WO3 attribute to the (111) and (200) reﬂections of
cubic gold phase (JCPDS NO. 04-0784), respectively.
To further conﬁrm the existence of Au NPs, absorption spectra of
two porous ﬁlms were measured from 300 to 800 nm (Fig. 3b). These
data show that the B-Au/WO3 ﬁlm has an extra absorption peak with
maximum amplitude around 550 nm that arises from surface plasmon
resonance (SPR) of Au NPs [43].
Fig. 4 shows TEM observation of B-Au/WO3 porous ﬁlm fabricated
in situ on silicon nitride TEM grids. This clearly shows that the ﬁlm is
composed of double-layered crack-free matrixes (marked by circles
with pink and yellow color, respectively); each has hexagonal ordered
arrangements and is interlaced with another one (Fig. 4a). The image
contrast for each layer indicates that the thickness of the skeletons is
not uniform but rather has a bowl-like structure, which is consistent
with SEM results. A magniﬁed iamge of the edge (Fig. 4b) shows that
the surface of the skeletons is uniformly decorated by 5–10 nm nanoparticles. The corresponding SAED pattern reveals a diﬀraction ring due
to the (111) facet of cubic Au. The other diﬀraction spots are monoclinic WO3 phase and show that the WO3 skeletons have good crystallinity. Fig. 4c gives an HR-TEM illustration of the edge in which the
measured inter-planar distance of an isolated NP has a value of 0.23 nm
and can also be attributed to the (111) plane of cubic Au phase. We
suggest that the post-annealing treatment leads to a bowl-like porous
structure in B-Au/WO3 ﬁlm by removal of the sacriﬁcial PS template;
however, this simultaneously leads to meltdown of the surface-coated
Au thin layer and further recrystallization into Au nanoparticles.
In brief, large-scale crack-free B-Au/WO3 ﬁlms with hexagonally
arranged bowl-like nanoporous structures were easily prepared via a

template-assisted layer-by-layer construction process. The Au NPs are
uniformly dispersed on the surface of each porous WO3 layer, leading to
bilayer Au NPs decorated WO3 thin ﬁlms. Both the WO3 skeletons and
decorated Au NPs are well crystalline. It should be noted that the
template-mediated synthetic route can direct integrate porous ﬁlms
onto almost any desired substrates (silicon wafer with ﬂat surfaces,
TEM grids, ceramic tube with curved and rough surfaces, etc.). This
shows distinct superiority versus traditional spin- or dip-coating processes for pre-fabricated MOS nanomaterials.
3.2. Gas sensing performances
3.2.1. Enhanced sensitivity and response
Fig. 5a demonstrates typical dynamic sensing response curves of BAu/WO3 and B-WO3 sensors towards ﬁve repeatable circles with 1 ppm
NO2 gas and dry ambient air at the operating temperature of 150 °C.
Although both two sensors exhibit good sensing repeatability towards
1 ppm NO2, the response of B-Au/WO3 sensor has a response (96.0)
nearly 20-fold higher than B-WO3 (5.0). Decoration with Au NPs also
markedly decreases the response time, ca. 9.0 s for B-Au/WO3 sensor
versus 30.0 s for the bare sensor (Fig. 5b). Fig. 5c shows sensitivities
towards 1 ppm NO2 gas as a function of operating temperatures. It
demonstrates that both two sensors have maximum sensitivities around
150 °C and decrease at excessively high or low temperatures. However,
the B-Au/WO3 has better sensitivities over nearly the entire operating
temperature range of 75–225 °C. In fact, the B-WO3 sensor shows almost
no response (S = 1) to 1 ppm NO2 at operating temperatures below
125 °C while B-Au/WO3 still has an obvious response (S = 2.1) at 75 °C,
which suggests that the decoration of Au NPs enables the sensor to
perform high-response gas detection at a lower power consumption.
While the response times of both sensors decreases with operating
temperature (Fig. 5d), the B-Au/WO3 sensor facilitates faster response
upon exposure of 1 ppm NO2 and has a response time of within 15.0 s
over all operating temperatures (Fig. 5d). Similarly, the B-Au/WO3
sensor has a faster recovery than the bare WO3 counterpart at operating
temperatures of 125–300 °C. It demonstrates a recovery time of within
16.0 s at 150 °C. The gas-sensing characteristics of the B-Au/WO3
porous ﬁlm are excellent versus prior results for metal/carbon-modiﬁed
WO3 gas sensors for NO2 detection (Table 1).
Fig. 6 represents the response of B-Au/WO3 and B-WO3 sensors to
NO2 gas under stepped concentrations from 0.6 to 1.4 ppm at 150 °C. It
depicts that both sensors have a fast response/recovery upon exposure
to a given concentration of NO2 or ambient air. Although there is good
linear dependence between sensitivities and gas concentration (inset of
Fig. 6), the B-Au/WO3 demonstrates enhanced responses.
3.2.2. Enhanced selectivity
To evaluate the sensors’ selectivity towards NO2 gas, sensing tests
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Fig. 4. (a) Typical TEM observation of B-Au/
WO3 sensing matrix by fabricated in situ on
Si3N4 substrates, which vividly reveals the interlaced stacking of WO3 layers (distinguished
by circles with pink and yellow color); (b) enlarged image from an edge of the porous ﬁlm
marked in (a); inset in (b) is the corresponding
SAED pattern; (c) HRTEM observation of the
edge marked in (b) (For interpretation of the
references to colour in this ﬁgure legend, the
reader is referred to the web version of this
article).

Fig. 5. (a) Typical dynamic sensing response curves of B-Au/WO3 and B-WO3 porous sensors towards ﬁve repeatable circles for 1 ppm NO2 gas and dry ambient air at
the operating temperature of 150 °C. (b) Typical response curve of one sensing circle. (c) Sensitivities and (d) response/recovery time for 1 ppm NO2 gas at operating
temperature of 75–300 °C.
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Table 1
Comparison of gas sensing characteristics of WO3-based NO2 gas sensors.
Composition

Working Temperature (°C)

Sensitivitya

Response Time (s)

Recovery Time (s)

Reference

Au/WO3
Au/WO3
RGO/WO3
C/WO3
Graphene/WO3
Graphene/WO3

150
150
25
25
250
300

96
40
< 10
< 10
25
60

9
> 100
> 100
50
20
> 20

16
> 1000
> 1000
400
50
> 50

This work
[25]
[26]
[44]
[4]
[31]

a

The sensitivity was normalized as response to 1 ppm NO2 gas by recalculating the corresponding data in references.

microstructure and Au NPs’ decoration, it is essential to simultaneously
compare ﬁve sensing ﬁlms with increased layers (WO3 or Au), i.e. ﬁlms
with structures of monolayer WO3 (‘W’), monolayer WO3 with surface
decorated Au NPs (‘W-A’), double layer WO3 (‘W-W’, or B-WO3), double
layer WO3 with interbedded Au NPs (‘W-A-W’), and bilayer Au NPs
decorated WO3 (‘W-A-W-A’, or B-Au/WO3).
The corresponding sensing response of the ﬁve sensors towards
1 ppm of NO2 at the operating temperature of 150 °C is illustrated in
Fig. 8a. The data demonstrates that the responses are obviously enhanced by increasing the WO3 layer or introducing Au NPs. For the ‘WA’ sensor, the sensor response is slightly improved versus the ‘W’ one
and weaker than the ‘W-W’ sensor; the response of the ‘W-A-W-A’ is
dramatically enhanced versus the ‘W-A-W’ one. As a result, the Au NPs
surface decoration improves the sensitivity towards NO2 gas. Taking the
B-WO3 (‘W-W’) as a counterpart, the response of sensor ‘W-A-W’ is increased by almost one order of magnitude, indicating that the interbedded Au NPs also play a crucial role in improving the sensing performances.
Fig. 8b illustrates the corresponding electrical resistance of ﬁve
sensors. First, it reveals a diminishing overall trend of ﬁlm resistance
with increasing ﬁlm layer of ‘W’ or’ A’, which can be ascribed to the
increase of ﬁlm thickness due to the parallel connection of diﬀerent
layers. Second, the eﬀect of the surface-decorated Au NPs can be acquired by comparing ‘W-A’ with ‘W’ and comparing ‘W-A-W-A’ with ‘WA-W’. The resistance of ‘W-A’ sensor was signiﬁcantly increased versus
‘W’. Similarly, the resistance of the ‘W-A-W-A’ sensor was greater than
the ‘W-A-W’. Accordingly, surface decoration of Au NPs will decrease
the conductance of the WO3 sensing ﬁlm probably due to formed surface electron depletion layer (EDL) around the Au NPs [45–47]. The
surface EDL eﬀect would be depressed for a thicker ﬁlm. This is consistent with the results that the resistance increase is relatively larger
for the ‘W-A’ (versus the ‘W’) than the ‘W-A-W-A’ one (versus the ‘W-AW’). Finally, the inter-bedded Au NPs act as conductive bulk dopants
and decrease the resistance of the entire sensing ﬁlm.

Fig. 6. Responses of B-Au/WO3 and B-WO3 sensing ﬁlms to diﬀerent NO2 gas
concentrations from 0.6 to 1.4 ppm at the operating temperature of 150 °C.
Inset is corresponding sensitivities as a function of the NO2 gas concentration.

3.3. Combined surface chemical and interbedded electronic sensitization
mechanism
The sensing principles of the chemiresistors are based on the variation of sensor resistance induced by changing the charge carriers,
which are dependent on the amount of chemisorbed species on the MOS
surface. For WO3, an n-type semiconducting metal oxide, the O2 molecules from the atmosphere are adsorbed onto the surface and subsequently transfer to O−, O2−, and O2− by capturing electrons from the
conduction band of WO3, as expressed by reactions of (1.1)–(1.3):

Fig. 7. Comparison of sensitivities of B-Au/WO3 and B-WO3 sensors to diﬀerent
kinds of analyte gases (50 ppm for SO2, CH4, C2H5OH, C3H6O, H2 and 1 ppm for
H2S) at the same power consumption (operating temperature of 150 °C).

were also performed for other oxidative and reductive gases. Fig. 7
compares the sensitivities for B-Au/WO3 and B-WO3 sensors towards
diﬀerent kinds of oxidative and reductive gases at the operating temperature of 150 °C. It indicates that the B-WO3 sensor has an obvious
response to NO2, C2H5OH, and C3H6O—especially to H2S (S = 16.0).
However, the B-Au/WO3 sensor response is dramatically enhanced for
NO2 detection (S = 96.0) and relatively suppressed for other gases, illustrating improved selectivity for NO2 gas.

(O2)g + e− ↔ (O2−)

ads

(1.1)

(O2-)ads + e- ↔ 2(O-) ads

(1.2)

2(O-)ads + 2e- ↔ 2(O2-) ads

(1.3)

in which the surface EDL is formed and conductivity is consequently
decreased [48]. Upon exposure to NO2, a more oxidizing gas than O2,
the chemisorption of NO2 molecules will further decrease the conductivity via electron-trapping eﬀect [49], which is realized by the

3.2.3. The eﬀect of the layered structure
Furthermore, to obtain further insights into the eﬀects of the ﬁlm’s
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Fig. 8. (a) Sensing response proﬁles on exposure of 1 ppm NO2 gas at the operating temperature of 150 °C. The ﬁve sensors are based on WO3 porous ﬁlm with diverse
layers and surface-decorated Au NPs, i.e. ‘W’, ‘W-A’, ‘W-W’, ‘W-A-W’ and ‘W-A-W-A’, where ‘W’ deﬁned as WO3 porous layer and ‘A’ for Au NPs. (b) Initial resistances
of ﬁve types of WO3-based sensors at the operating temperature of 150 °C. The resistances were calculated according to recorded output voltage of load resistor at
applied source voltage of 5.0 V.

transfer rate. This leads to a lower operating temperature and faster
response/recovery time [51–53]. And for inter-bedded electronic sensitization, the Au NPs can also act as bridges between the upper and
bottom WO3 layers. They introduce a promoted electrical parallel
connection (equivalent to parallel connection with a resistance Req) and
hence sharply improve the conductivity of the entire sensing ﬁlm (left
part of Fig. 9). Upon NO2 exposure, a larger resistance variation would
be achieved to induce improved sensing response.
The diﬀerent roles of surface and inter-bedded Au NPs can be veriﬁed from fact that Au NPs surface decoration signiﬁcantly improves
the resistance of the entire sensing ﬁlm (RWA > RW, RWAWA > RWAW),
while inter-bedded Au NPs decrease the corresponding resistance
(RWAW < RWW) as demonstrated in Fig. 8b.

following reactions:
(NO2)

g

+e

−

(NO2) g + e
(NO) g + e

↔

−

−

(NO2−) ads

(2.1)
−

↔ (NO) g + O

↔ (N2) g + O

−

(2.2)
(3)

To explain the enhanced NO2 sensing performance of B-Au/WO3
ﬁlm, we typically proposed combined mechanisms of both surface
chemical sensitization and interbedded electronic sensitization (Fig. 9).
These are predominantly associated with the Au NPs located on the
surface of the upper and bottom WO3 layer, respectively. For surface
chemical sensitization, the Au NPs on the upper layer surface will attract electrons from the WO3 to induce preferential chemisorption of
NO2 molecules onto the Au NPs and subsequently accelerate the reactions of (2) and (3) (right part of Fig. 9) [50]. The surface chemical
sensitization could account for the improved sensitivity and perfect
selectivity to NO2. Besides, the Schottky barriers formed at the Au/WO3
contacts can reduce the activation energy and accelerate the electron

4. Conclusion
In summary, we present the on-chip fabrication of bilayer Au NPdecorated WO3 nanoporous thin ﬁlms as a potential NO2 gas-sensing
layer. More speciﬁcally, this approach allows one-step direct

Fig. 9. Schematic illustrations of enhanced sensing mechanisms for B-Au/WO3 sensor. (a) Interbed electronic sensitization and (b) surface chemical sensitization.
Inset in (a) shows equivalent circuit for B-Au/WO3 sensor in measurement loop.
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integration of sensing layers onto sensor device substrates with controlled modulation of the ﬁlm’s microstructure or chemical composition—especially for facile tailoring of Au NPs decoration. Gas-sensing
tests showed that the Au NPs of B-Au/WO3 ﬁlm could both improve the
conductance of the sensing layer and enhance the selective adsorption/
desorption of NO2 molecules. This results in comprehensive improvements for NO2 gas-sensing performances. The proposed one-step approach is scalable to fabricate other MOS-based layers and decorate
normal metal NPs (such as Pt, Pd, and Ag). This is a versatile strategy
for construction of functional gas sensors, electrochromic windows, and
solar cell devices.
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