Open Access Article. Published on 09 December 2025. Downloaded on 6/19/2026 7:56:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 48913

Received 5th November 2025
Accepted 29th November 2025

DOI: 10.1039/d5ra08502k

rsc.li/rsc-advances

Tailoring the ethanol selectivity of SnO,-based
MEMS gas sensors via WOz-loading in double-
pulse-driven mode
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Tao Ren,
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This work demonstrates a strategy to tailor the ethanol selectivity of SnO,-based MEMS gas sensors by
combining WO3 loading with a pulse-driven heating mode. This dynamic operating mode separates the
sensing signal, allowing for the distinction between an initial transient response in the target gas
atmosphere (Sp) and a total response (S;). WOsz-loaded SnO, nanoparticles (NPs) were synthesized via
hydrothermal treatment and impregnation methods. The optimal 1.5 mol% WOs-loaded SnO, (1.5-W-
Sn) exhibited highly dispersed WOz species and an enhanced specific surface area. At measurement
temperature of 350 °C, the 1.5-W-Sn sensor showed selectivity toward 10 ppm ethanol with an S, value
significantly higher than those for other VOCs. In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS)
adsorption at low-temperature. More critically, results of the temperature programmed reaction after

measurements confirmed that the 1.5-W-Sn sample enhanced ethanol

ethanol adsorption confirmed that WOs loading altered the ethanol reaction pathway, which was
evidenced by ethylene desorption. This altered pathway, coupled with the rapid combustion of its
byproducts during the measurement step is responsible for the high Sy value. The combination of pre-
adsorption and an altered reaction pathway, enables the sensor's marked selectivity to ethanol. These
findings underscore a powerful design strategy, where material properties and dynamic operation modes
are tailored the selective detection.

Introduction

The detection of volatile organic compounds (VOCs) is of
paramount importance in fields such as environmental moni-
toring, industrial safety, and public health.'® In this context,
chemiresistive gas sensors based on metal oxide semi-
conductors (MOS) have emerged as one of the most promising
technology platforms, owing to their advantages of high sensi-
tivity, fast response, and excellent stability. Among them, tin
dioxide (SnO,), a representative n-type semiconductor, has
demonstrated notable performance in detecting reducing
gases.® However, conventional MOS gas sensors face the
limitations of large size and high power consumption, which
limit their application in portable and Internet of Things (IoT)
devices. The advent of Micro-Electro-Mechanical Systems
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(MEMS) technology, which integrates microheaters and sensing
elements onto a silicon substrate, has drastically reduced the
device size and power consumption, providing the sensors with
a rapid thermal response.®'® This capability has transformed
sensor operation, turning the microheater from a passive heater
into an active modulator of gas-sensing physicochemical
processes. This has invigorated research along two key path-
ways: the development of advanced sensor driving strategies
and the material designs.

In the realm of sensor driving strategies, researchers have
exploited the capability of MEMS for rapid temperature control
to develop dynamic temperature modulation techniques.'***
Basic strategies, such as the pulse-driven mode, can effectively
amplify the sensing signal and enhance sensitivity by dividing
the sensing process into discrete temperature stages.™ Building
upon this concept, a more advanced double-pulse-driven (DP)
mode has been developed. This mode separates the sensing
process into three steps. First, a high-temperature preheating
step removes the adsorbates and increases the amount of
adsorbed oxygen ions (O°7) on the surface of the material. In
the following rest (heater-off) step, the target gas molecules are
adsorbed onto the surface and condensed in the sensing layer.
Next, during the measurement step, these adsorbates are
combusted rapidly upon heating, which generates a highly
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amplified signal. Consequently, this approach allows the signal
amplification to reach its theoretical maximum sensitivity, as
exemplified by the detection of toluene at the parts-per-trillion
(ppt) level.*” Nevertheless, the poor selectivity of pristine SnO,
remains a deep-rooted issue. Relying solely on the optimization
of the operation mode provides only limited improvement in
selectivity when discriminating between gas molecules with
similar functional groups or the same carbon number. This
constitutes a core challenge in the development of high-
performance sensors.

The receptor function plays a key role in the material design
of high-performance gas sensors, as its sensitization effect
mainly stems from chemical interactions between the sensing
material and gas molecules, such as redox, acid-base, and
catalytic properties.*'**® In our previous work on thick-film
sensors, we confirmed that loading the acidic receptor WO;
on the SnO, surface enhances selectivity for ethanol.* This
result was attributed to the acid-base and catalytic properties,
which alter the ethanol reaction pathway from dehydrogenation
to dehydration under high-temperature range, isothermal
heating condition. However, under the isothermal heating
mode, the selectivity is largely dominated by the surface reac-
tion, resulting in only a limited enhancement, typically a 2.3-
fold and 3.2-fold difference compared with acetone and acet-
aldehyde, respectively.’® This limitation suggests that strictly
focusing on steady-state surface reactions is insufficient for
further enhancing selectivity. The origin of selectivity is likely
governed not only by the steady-state reaction, but also by
processes that take place under non-equilibrium conditions,
such as the adsorption/desorption dynamic properties of
ethanol compared with interfering gases. Therefore, the pulse-
driven mode provides an ideal platform for investigating
whether selective detection of low concentration ethanol can be
achieved through the pre-adsorption and subsequent reaction
processes of the WO;-loaded SnO, surface.

In this work, we introduced WO; as a receptor on SnO,
surface and employed the double-pulse-driven mode to inves-
tigate its effect on selectivity. We demonstrated that WO,
enhances selectivity for alcohol detection by leveraging both its
surface acidity and its influence on the reaction pathway,
thereby achieving notably high ethanol sensing performance.
This study thus validates an effective design strategy in which by
a receptor with tailored surface properties is combined with an
operating mode that amplifies its effects, offering a clear
approach toward the development of highly selective sensors for
sensitive applications such as medical diagnostics.

Experimental
Materials synthesis

SnO, nanoparticles were synthesized via hydrothermal method
followed by calcination. A 1.0 M SnCl,-5H,0 (98%, Fujifilm
Wako Pure Chemical Corporation, Japan) solution was drop-
wise added under stirring to a 1.0 M NH,HCO; (99.0%, first
grade, Fujifilm Wako Pure Chemical Corporation, Japan) solu-
tion, resulting in the formation of a white stannic acid gel. After
centrifugation to remove Cl ions, the gel was dispersed into
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deionized water, and the pH was adjusted to 10.5 using
ammonia solution (28%, Fujifilm Wako Pure Chemical Corpo-
ration, Japan). The resulting suspension was transferred to
a stainless reaction vessel with a PTFE inner cylinder and sub-
jected to hydrothermal treatment at 200 °C for 10 h. The ob-
tained translucent sol was distilled at 60 °C and dried overnight.
The obtained powder was ball-milled for 5 h and subsequently
calcined at 600 °C for 3 h under an oxygen flow to prepare SnO,
nanoparticles. WO;-loaded SnO, nanoparticles were prepared
via an impregnation method followed by calcination. First, WO,
precursor was synthesized by an acidification process. A 0.5 M
(50 mL) aqueous solution of sodium tungstate dihydrate (Na,-
WO,-2H,0, 99.0-100.5%, Kishida Chemical Co., Ltd, Japan)
was added dropwise to 3.15 M (300 mL, pH of —0.8) H,SO,
(95%, Fujifilm Wako Pure Chemical Corporation, Japan) under
continuous stirring, leading to the formation of a yellow gel of
crystalline WO;-nH,O. The gel was aged at 30 °C for 24 h and
subsequently washed several times with distilled water by
centrifugation until the pH of the supernatant reached 5-6 to
remove residual Na ions. The obtained gel was dried at 80 °C to
yield a yellow powder, which was then mixed with deionized
water to obtain the WO; precursor. Then, 10 mL of this
precursor solution, containing the stoichiometric amount of
WO; for 1, 1.5, and 3 mol% relative to SnO,, was added drop-
wise to a suspension of SnO, powder (1 g) in deionized water (20
mL). The mixture was stirred for 24 h, centrifuged, and dried,
and the resulting powder was calcined at 500 °C under an O,
flow for 2 h to obtain WO;-loaded SnO, NPs. Hereafter, the neat
SnO, and the 1, 1.5, and 3 mol% WO;-loaded SnO, samples will
be referred to as SnO,, 1-W-Sn, 1.5-W-Sn, and 3-W-Sn,
respectively.

Characterization

The crystal structures of as-synthesized SnO, and WO;-loaded
SnO, materials were analyzed by X-ray diffraction (XRD; Mini-
Flex, Rigaku, Japan) using Cu Ko radiation (A = 0.15418 nm) at
40 kv and 30 mA over a 26 range of 20-80° with a scanning rate
of 2°-min~". The loading amount of WO; in WO;-loaded SnO,
materials was evaluated by wavelength-dispersive X-ray fluo-
rescence spectroscopy (WDX, Rigaku, ZSX Primus II, Japan).
The microstructures and elemental distributions of as-prepared
materials were examined by field-emission scanning electron
microscopy (FE-SEM; JSM-IT800SHL, JEOL, Japan) equipped
with an energy-dispersive X-ray (EDX) analyzer. STEM and EDX
analyses were carried out on a scanning transmission electron
microscope (JEM-ARM200F, JEOL, Japan) operated at an accel-
erating voltage of 200 kv, which was equipped with a silicon
drift detector for EDX measurements. The pore size distribution
and specific surface area were determined from N, adsorption—
desorption isotherms measured on a BELSORP-mini II analyzer
(Microtrac Bell, Japan), and calculated by Barrett-Joyner-
Halenda (BJH) method and Brunauer-Emmett-Teller (BET)
method, respectively.

In situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) measurements were performed on a Nicolet
iS50 FTIR spectrometer (Thermo Fisher Scientific, USA)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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equipped with a mercury-cadmium-telluride (MCT) detector
with a spectral resolution of 4 cm™". The sample powder (~20
mg) was placed in a ceramic sample holder within a reaction
chamber fitted with BaF, windows. The chamber was connected
to a gas flow system, maintaining a constant total flow rate of
100 mL min ™. First, the sample was pre-treated at 450 °C for
1 h in a flow of synthetic air to clean the surface. Subsequently,
the sample was cooled to 50 °C and held for 30 min in synthetic
air to stabilize, after which a background spectrum was recor-
ded. The gas atmosphere was then switched to 50 ppm ethanol
in synthetic air for 30 minutes. Finally, the temperature was
raised to 350 °C, and the entire procedure of in situ DRIFTS
measurement was repeated.

Temperature-Programmed Reaction (TPR) measurements
were used to analyze the gas adsorption and reaction charac-
teristics on the material surfaces. The experimental setup
included a gas mixing system, a reaction chamber, and
a quadrupole mass spectrometer (QMS; PrismaPlus QMG220,
PFEIFFER, Germany). First, the sample powders (SnO, and
WO;-loaded SnO,) were prepared by being pressed at 0.23 tonf
em™> for 5 minutes and then ground into 250-710 pm
agglomerates. For the ethanol-TPR procedure, 100 mg of the
prepared sample was placed in the reaction chamber. The
calculated space velocity was approximately 90 000 h™'. The
sample was initially preheated at 450 °C for 1 hour in a 21% O,/
Ar flow of 100 mL min~". After preheating, a 100 ppm ethanol/
21%0,/Ar mixture was introduced into the reaction chamber at
50 °C for 2 hours. The gas flow was then switched back to 21%
O,/Ar. In the final step, the samples were heated to 450 °C at
a rate of 5 °C min~" under flowing 21% O,/Ar. The emission of
ethanol and its oxidation products was monitored by a QMS
detector. The analysis focused on the signals for the following
mass-to-charge ratios (m/z): 44 (mainly assigned to CO, and
partially other byproducts of ethanol combustion), 29 (mainly
assigned to CH3CHO and partially C,H;OH), and 27 (mainly
assigned to C,H, and partially CH;CHO and C,H;OH).

Gas sensor fabrication and measurements

SnO, and WO;-loaded SnO, nanoparticles were each mixed with
glycerin at a mass ratio of 2:1 to prepare the corresponding
pastes, which were deposited onto microsensor device as the
sensing layers using a capillary-assisted micromanipulation
system, as described previously.”® The obtained devices were
then dried under vacuum at 180 °C for 2 h and subsequently
calcined in flowing synthetic air at 480 °C for 2 h using inte-
grated microheaters. The morphology and thickness of the
sensing layers on the microsensors were examined using a 3D
laser scanning confocal microscope (VK-X1000, KEYENCE,
Japan).

The electrical resistance of the MEMS-type sensors was
evaluated using a double-pulse-driven mode in an apparatus
consisting of a gas mixing system, a quartz-type sensing
chamber, and an operating system. During measurements, the
microheater was controlled to maintain a preheating tempera-
ture of 450 °C by applying a voltage of 1.9 V, while the
measurement temperatures were set to 350, 300, and 250 °C by
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applying voltages of 1.5, 1.3, and 1.1 V, respectively. The pre-
heating and measurement periods were 10 s each, while the rest
(heater-off) time was set to 30 s. This rest time was optimized
based on the results shown in Fig. S5. The electrical resistance
was recorded every 0.01 s. During each measurement cycle, the
resistance was defined as R, (electrical resistance in the
synthetic air atmosphere), R,; (at the beginning of the
measurement step in the target gas), and R, . (at the end of the
measurement step in the target gas), and three sensor response
parameters were defined as Se (Ra/Rg.e), Sp (Rg,e/Rg,i), and S; (Ra/
Ry ;). Schematic of heater voltage and temperature profiles
during double-pulse driven operation and the definition of the
sensor response is shown in Fig. S1. Standard gases of the target
analytes, including H,, CO, methanol, ethanol, acetaldehyde,
ethylene, acetone, and propanol, each with an initial concen-
tration of approximately 125 ppm in N,, were diluted in N, and
mixed with pure O, and N, under dry conditions to prepare test
gases containing 21% O,/N,. All sensing measurements were
repeated for at least 10 consecutive cycles for each gas
concentration and temperature condition. The sensor response
values reported in the figures were derived from the final stable
cycle of these measurements. The reproducibility of the sensor
response was verified by calculating the relative standard devi-
ation (RSD) based on consecutive stable cycles, ensuring the
validity of the presented data.

Results and discussion

Materials characteristics

The actual content of WO; in the WO;-loaded SnO, materials
was evaluated by WDX analysis based on the calibration using
the mixture of WO; and SnO, materials. For the samples
prepared with nominal WO; concentrations of 1, 1.5, and
3 mol%, the measured contents were found to be 0.81, 1.24, and
2.35 mol%, respectively. Fig. 1 displays the X-ray diffraction
(XRD) patterns of the neat SnO, and the WOs-loaded SnO,
samples. All patterns exhibited identical diffraction peaks,
which matched well with the tetragonal rutile structure of SnO,
(space group: P4,/mnm, ICSD: 92552), confirming that all as-
synthesized materials possessed the same SnO, crystal phase.
Furthermore, the average crystallite sizes were calculated using

Intensity (a.u.)

$n0, (ICSD:92552)

[5e g2
20 30 40 50 60 70 80
20/ degree

Fig. 1 XRD patterns of SnO,, 1-W-Sn, 1.5-W-Sn, and 3-W-Sn
samples.
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the Scherrer formula from the (110), (101), and (211) planes.
The sizes for neat SnO,, 1-W-Sn, 1.5-W-Sn, and 3-W-Sn were
determined to be approximately 16 nm. These results confirm
the nanostructure of the powders and indicate that the crys-
tallite size of SnO, remained largely unaffected by the WO,
loading. Notably, no characteristic diffraction peaks for WO;
were observed in any samples. The absence of the main
diffraction peaks for monoclinic WO3, such as the (002), (020),
and (200) planes typically found in the 26 range of 22-25°, is
likely attributed to the high dispersion or the small loading
amount of WO; particles on the surface of the SnO, nano-
particles. Although the low loading amount precluded the
detection of specific diffraction peaks, our previous XPS results
on identically prepared samples confirmed the presence of W°*
species, indicating that the loaded tungsten exists as highly
dispersed crystalline WO;.*

Fig. 2a and b show FE-SEM images of neat SnO, and 1.5-W-
Sn. The corresponding images for the 1-W-Sn and 3-W-Sn are
shown in Fig. S2. The SEM image of neat SnO, reveals a porous
structure composed of finely aggregated nanoparticles. The
presence of visible pores among the aggregates plays a crucial
role in promoting gas diffusion into the sensing layer. In the
case of 1.5-W-Sn, the morphology is highly similar to that of the
neat SnO,, maintaining the same fine particle size and loosely
packed, porous structure. Notably, no discrete and large parti-
cles corresponding to WO; are observed.

The elemental composition and spatial distribution were
further verified by EDX analysis. The elemental mapping images
for Sn (Fig. 2c) and W (Fig. 2d) reveal a uniform distribution of
both elements. This confirms that the tungsten species are
finely and homogeneously dispersed throughout the composite.
Complementing this spatial analysis, a comparison of the EDX
spectra was used to confirm the elemental composition. The
spectrum of the neat SnO, (Fig. 2e) shows only the characteristic

Fig. 2 Morphological and compositional analysis of the samples. (a
and b) FESEM images of SnO, and 1.5-W-Sn; (c and d) corresponding
EDX elemental mappings of Sn and W for the 1.5-W-Sn sample; (e and
f) EDX spectra of SnO, and 1.5-W-Sn, respectively; (g) TEM image of
1.5-W-Sn sample, and (h and i) its corresponding EDX elemental
mappings of Sn and W.
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peaks for Sn and O, confirming the purity of the base material.
In contrast, the spectrum of the 1.5-W-Sn sample (Fig. 2f)
clearly displays additional peaks corresponding to the tungsten
Mo emission at 1.774 keV, demonstrating the successful
loading of tungsten. The TEM image and corresponding EDX
maps of the 1.5-W-Sn sample (Fig. 2g-i) confirmed the high
dispersion of the WO;. As seen in the elemental maps for Sn
(Fig. 2h) and W (Fig. 2i), the tungsten species are uniformly
spread over the SnO, surface. This result is in agreement with
the XRD data and underscores the importance of such a well-
dispersed WO3;.

The N, adsorption-desorption isotherms and corresponding
BJH pore size distributions for neat SnO, and WO;-loaded SnO,
nanoparticles are illustrated in Fig. 3. The N, adsorption-
desorption isotherms for 1-W-Sn and 3-W-Sn are shown in
Fig. S3. As shown in Fig. 3a, both samples exhibit type IV
isotherms with a distinct hysteresis loop, characteristic of
mesoporous materials. At a relative pressure (p/p,) close to 1.0,
the WO;-loaded SnO, samples reach a higher adsorbed volume
compared to the neat SnO,, indicating the presence of macro-
pores formed by interparticle aggregation. Since the total
adsorption volume is directly related to the material's porosity,
this indicates that the introduction of WO; effectively increases
the total pore volume and specific surface area of the material.
The pore size distribution using the BJH method is illustrated in
Fig. 3b. The specific surface areas are 20.5, 24.7, 28.5, and 26.4
m”> ¢! for neat SnO,, 1-W-Sn, 1.5-W-Sn, and 3-W-Sn,
respectively. Correspondingly, their pore volumes are 0.117,
0.149, 0.163, and 0.138 cm® g~ . Notably, the specific surface
area and pore volume are observed to be larger than previously
reports, which may be attributed to the ball-milling process.
This enhancement occurs because ball-milling concurrently
reduces large secondary particles to increase surface area and
promotes their reassembly into loose agglomerates. For the
neat SnO,, the peak pore diameter is centered at approximately
35 nm. After the introduction of WO;3, the main pore diameter
for the composite samples shows a slight decrease to around
30 nm. Meanwhile, WO; loading increases the volume of larger
pores with diameters over 50 nm, which may facilitate the
effective penetration of gas molecules into the gas sensing
layer.”* However, considering Knudsen diffusion, such pore
structure modifications are not expected to significantly affect
the overall sensing performance under the pulse-driven mode,
which is instead primarily governed by surface properties.

100l (@) —e—ADS——DES  {5-W-Sn a
80 P
60 /]
?m 40 // ~
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2120 3
E 100 Sno, ;n
> @ y °
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20 e 3
0 OO OO N s
0.0 02 04 0.6 08 10 1 10 100
p/py dy/nm
Fig. 3 (a) N, adsorption—desorption isotherms and (b) BJH pore size

distribution of SNO, and WOz-loaded SnO, NPs.
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Overall, the 1.5-W-Sn composite exhibits the most developed
porous structure with the highest specific surface area and
largest pore volume, suggesting enhanced gas adsorption
capabilities.

Sensing properties

First, the physical morphology and film thickness of the fabri-
cated MEMS sensor devices are shown in Fig. S4. The results
confirm that all sensors exhibit a uniform and consistent
surface morphology, and the thickness of the sensing layer was
well controlled within the range of 25-30 um for all devices,
ensuring a reliable comparison of sensing performance. Gas
sensing performance was evaluated using a range of represen-
tative analytes, including typical gases such as H, and CO, and
a series of simple VOCs spanning different functional groups,
including alcohols (CH3OH, C,H;OH, C;H,OH), aldehydes
(CH3;CHO), ketones (CH3;COCHj;), and alkenes (C,H,). The
selectivity of the fabricated MEMS sensors was systematically
evaluated against 10 ppm of these gases, as shown in Fig. 4. In
addition, selectivity data for the neat SnO, and 1.5-W-Sn
sensors at 300 and 250 °C are provided in the SI (Fig. S6 and S7).
First, the selectivity of the sensor was assessed by the S. value
(Ra/Rge). This parameter reflects the sensor response at the
steady-state phase of the heating pulse, which is comparable to
the sensor response under isothermal conditions. As shown in
Fig. 4a, the neat SnO, sensor exhibited low and non-selective
responses to all target gases. For the 1.5-W-Sn sensor
(Fig. 4d), while an overall enhancement in response to most
gases was observed, it similarly failed to demonstrate the
selectivity toward a specific gas. This phenomenon can be
understood by considering the properties of the double-pulse-
driven mode, which includes adsorption and combustion fol-
lowed by a steady-state phase. The S. value, however, is deter-
mined only at the final point of this steady-state period. As
demonstrated by its massive transient S, value in Fig. 4e, the
1.5-W-Sn sensor possesses an extremely high combustion
activity. This intense catalytic activity means that during the
steady-state phase (where S, is measured), the surface reaction
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Fig.4 The sensor responses (Se, Sp and S)) of sensors containing (a—c)
SnO, and (d-f) 1.5-W-Sn to 10 ppm various target gases at
measurement temperature of 350 °C.
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rate is rapid that it becomes limited by the gas diffusion of gas
molecules into the sensing layer.>” This result clearly indicates
that the Se value is unsuitable for evaluating the selective
detection capabilities of the 1.5-W-Sn material under this
operating mode.

In contrast to the S, value, the S, value (Ryc/Rg;), which
represents the transient response originating from the initial
rapid combustion, reveals the enhanced performance of the
1.5-W-Sn sensor. The total response S; (R./Ry ;) then combines
these effects. As shown in Fig. 4b, the neat SnO, sensor
exhibited negligible S, value to all tested gases. However, the
1.5-W-Sn sensor (Fig. 4e) demonstrates a dramatic enhance-
ment in S}, value, particularly for alcohols. A distinct response
toward methanol (S, = 8.9), ethanol (S, = 44.3), and propanol
(Sp = 6.1) is observed, while other gases show minimal S, value.
This behaviour is directly related to the sensing mechanism of
the double-pulse-driven mode. The S, represents the initial,
rapid combustion of species that are pre-adsorbed and
condensed into the sensing layer during the low-temperature
rest step. Here, the higher S, values for alcohols indicate that
the 1.5-W-Sn surface possesses a strong and preferential
adsorption capability for molecules containing hydroxyl groups.
However, the higher S, value for ethanol compared to methanol
and propanol suggests an additional mechanism beyond the
gas adsorption affinity. This difference can be attributed to
a change in the reaction pathway, which is promoted by loading
the acidic WO;. At the high temperature of the measurement
pulse, these acidic sites are responsible for the dehydration of
the ethanol to ethylene.*®?* Critically, the S. value shown in
Fig. 4d indicates that the 1.5-W-Sn sensor exhibits a markedly
higher response to C,H, than neat SnO,. Therefore, the higher
S, for ethanol likely originates from a two-step reaction process
involving ethanol dehydration to ethylene followed by rapid
oxidation of the byproducts, resulting in a large transient
response. The absence of this reaction pathway for methanol
and propanol explains the pronounced selectivity of ethanol.
Moreover, this rapid combustion combined with the Se value,
determines the total S value (S; = S x S},). As shown in Fig. 4f,
the selectivity toward ethanol is further amplified in this value.
The 1.5-W-Sn sensor exhibits the most pronounced Si to
ethanol (S; = 273). This response is 13-fold higher than that of
acetone (S; = 21) and 30-fold higher than that of acetaldehyde
(Si = 9.2), demonstrating its excellent selectivity among the
tested gases. Therefore, by utilizing the double-pulse-driven
mode to leverage both the enhanced adsorption properties
and the change in reaction pathway, the 1.5-W-Sn material
successfully achieves selective detection of ethanol.

To further verify the sensor performance, the dynamic
response curves of the neat SnO, and 1.5-W-Sn sensors to
various concentrations of ethanol were recorded at 350, 300,
and 250 °C, as shown in Fig. S8. For a detailed investigation of
the processes occurring within a single cycle, the data from the
final measurement cycle of 10 ppm ethanol at 350 °C was
selected. The representative electrical resistance profiles for this
single cycle are presented and discussed below. Fig. S9 shows
the electric resistance curves in synthetic air and 10 ppm
ethanol/21%0,/N, during a pulse heating step at 350, 300 and
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250 °C under double-pulse-driven mode using (a—c) SnO,, (d-f)
1.5-W-Sn, respectively. In the target gas atmosphere, the
sensors show dramatically different behaviours, particularly at
the beginning of the heating pulse. As shown in Fig. S9a-c, the
neat SnO, sensor exhibits only a slight decrease in Rg; at the
beginning of the heating pulse, quickly reaching a steady-state
value (Ry) thereafter. In contrast, the 1.5-W-Sn sensor shows
a markedly different behaviour, exhibiting a profoundly low
initial resistance (R, ;) at the beginning of the pulse as shown in
Fig. S9d-f. This phenomenon can be attributed to its material
properties, the 1.5-W-Sn sample possesses the highest specific
surface area and largest pore volume. This enhanced porous
structure provides a greater number of adsorption sites, allow-
ing a significantly larger amount of ethanol molecules to
accumulate. Consequently, when the heating pulse is per-
formed, this large, pre-concentrated load of ethanol is instan-
taneously combusted, leading to the observed low R ;.
Following this initial transient combustion, the electrical
resistance of the 1.5-W-Sn sensor gradually increases before
stabilizing at the steady-state value (R, ). This behaviour arises
because the pre-adsorbed ethanol molecules have been
consumed, and the subsequent reaction becomes limited by the
diffusion of ethanol from the atmosphere. Under these condi-
tions, the oxygen species re-adsorb on the surface, capturing
electrons and thereby increasing the resistance.

The temperature dependence of the sensor performance for
both neat SnO, and 1.5-W-Sn was examined, and the results for
Se, Sp, and S; toward 10 ppm ethanol are summarized in Fig. 5.
For the Se value shown in Fig. 5a, both sensors exhibited
a similar trend which the response increased as the operating
temperature decreased. The 1.5-W-Sn sensor exhibited
a slightly lower Se than neat SnO, at 250 and 300 °C, but sur-
passed it at a higher temperature of 350 °C. The enhancement
observed at 350 °C is particularly significant, as it is consistent
with our previous findings in which a change in the reaction
pathway enabled selective ethanol detection."

In contrast, the S, (Fig. 5b) and S; value (Fig. 5c) clearly
demonstrate the pronounced influence of WO; loading under
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Fig.5 Temperature dependence of (a) Se, (b) Sp and (c) S; of SnO, and
1.5-W-Sn to 10 ppm ethanol.
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the double-pulse-mode. Across all tested temperatures, the 1.5-
W-Sn sensor displayed significantly higher S;, value and §; value
than the negligible response of neat SnO,. Crucially, the S,
value increased with temperature, reaching a maximum at 350 °©
C. Consequently, the total response S; value (the mathematical
product of S, and the S.) also peaked at this temperature. These
results indicate that the combined effect of enhanced adsorp-
tion and an altered reaction pathway is primarily responsible
for the highly selective ethanol detection. Furthermore, the
reproducibility of the sensor response was evaluated. As shown
in Fig. S10, the 1.5-W-Sn sensor exhibited excellent stability
over consecutive measurement cycles toward 10 ppm ethanol at
350 °C. The calculated RSD for S, and S; were 7.5% and 6.9%,
respectively, confirming the stability of the high selectivity ob-
tained in this dynamic operating mode.

In situ DRIFTS and ethanol-TPR results

To elucidate the surface processes of ethanol adsorption and
reaction, in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) measurements were performed. Fig. 6a
displays the spectra of neat SnO, and 1.5-W-Sn samples after
exposure to 50 ppm ethanol at 50 °C. This condition was
selected to reflect the adsorption behaviour during the rest step
of the gas sensor under pulse-driven mode. It should be noted
that the absorption bands observed in the 2200-2400 cm™*
range are assigned to residual atmospheric CO,, rather than
a reaction product, and thus do not affect the analysis of the
primary surface species. For the 1.5-W-Sn sample, the intro-
duction of ethanol led to the appearance of distinct absorption
bands characteristic of surface ethoxy species. Specifically, the
C-H stretching vibrations (v(CH3/CH,)) at 2977, 2937, and

1.5-W-Sn  Ethory species
—sno, CHy5.CH,

Absorbance (a.u.)

[\ N
JRVAV

3500 3000 2500 2000 1500
Wavenumbers / cm™!

1000 3000 2950 2900 2850
Wavenumbers / cm’

1.5-W-Sn
——sno,

(b)

Absorbance (a.u.)

B

3500 3000 2500 2000 1500 1000
Wavenumbers / cm™

Fig. 6 DRIFT spectra during 50 ppm ethanol exposure of SnO, and
1.5-W-Sn NPs at (a) 50 °C and (b) 350 °C in dry condition.
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2880 cm ™', C-H bending vibrations (§(CH3/CH,)) at 1456 and
1391 cm™ ", and C-O stretching vibrations (¥(C-0)) at 1045 and
1094 cm™".>**” While the neat SnO, sample exhibited similar
characteristic absorption features, the peak positions were
found to be slightly shifted compared to those of the 1.5-W-Sn
sample. This shift in vibrational frequencies can be attributed
to the surface acidity of WO;.?® In addition, a peak at 1279 cm ™"
corresponding to the O-H bending mode of molecular ethanol,
indicated that a portion of the ethanol is also physically
adsorbed.”

However, a critical comparison of the two spectra reveals
significant differences in surface reactivity. A minor but distinct
band at 2904 cm™ " is clearly visible on the 1.5-W-Sn sample.
This band is primarily assigned to surface ethoxide species,”
and its emergence, along with the overall intensification of
ethoxy-related bands, indicates a significantly higher accumu-
lation of chemisorbed ethanol species on the 1.5-W-Sn surface
compared to neat SnO,. Furthermore, previous studies have
also suggested that bands in this region can be associated with
acyl species,*® implying that the WO;-loaded surface may not
only enhance the accumulation of adsorption species but also
promote the initial activation of ethanol. Moreover, the more
pronounced negative band around 1612 cm™* observed on 1.5-
W-Sn may be attributed to a greater consumption of surface
hydroxyl groups,®?® possibly resulting from competitive
adsorption, in which ethanol molecules are adsorbed and
replace surface hydroxyls to form ethoxy species. While direct
quantitative comparison is complex, the fact that all bands
related to adsorbed species are substantially more pronounced
on the 1.5-W-Sn sample. Taken together, these features indi-
cate that the 1.5-W-Sn material possesses a significantly higher
capacity for both the adsorption and initial chemical activation
of ethanol molecules.

As the temperature was increased to 350 °C as shown in
Fig. 6b, a condition corresponding to the measurement pulse,
the spectra changed dramatically. The sharp absorption bands
of all adsorbed species completely disappeared from both
samples, confirming that all adsorbed species have undergone
complete oxidation. The remaining broad bands in the 1200-
1700 cm ™' region are likely attributable to stable surface
byproducts, such as carbonates.**** This high-temperature
behaviour is crucial for the double-pulse driven mode
measurement. The combined DRIFTS results provide
a comprehensive model for the enhanced sensing performance.
During the rest time, the 1.5-W-Sn surface demonstrates
enhanced adsorption capability and reactivity, enabling it to
accumulate a significantly larger number of ethanol-derived
species. During measurement phase, this larger amount of
adsorbate is rapidly and completely combusted. This enhanced
capacity for low-temperature accumulation and subsequent
high-temperature combustion is fundamental to the more
pronounced change in electrical resistance, thus resulting in
the higher S, value observed for the 1.5-W-Sn sensor.

The temperature-programmed reaction (TPR) results of
ethanol for SnO, and 1.5-W-Sn sample were conducted as
shown in Fig. 7. The neat SnO, exhibits only one peak (m/z 27,
Fig. 7c) assigned to acetaldehyde, and two distinct peaks (m/z
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Fig. 7 TPR spectra of SnO, and 1.5-W-Sn samples under 21% O,/Ar
after exposing 100 ppm ethanol during heating procedure from 50 °C
to 450 °C at mass-to-charge ratio of (a) 44, (b) 29, and (c) 27.

29, Fig. 7b) at 160 °C and 260 °C, which may be attributed to the
primary desorption of acetaldehyde and the desorption of re-
adsorbed byproducts, respectively. The peak at m/z 44 at 265 ©
C as shown in Fig. 7a, appearing at a similar temperature to the
acetaldehyde peak, indicates the further oxidation of these
intermediates to CO,.

In contrast, the 1.5-W-Sn sample displays a significantly
altered reaction profile. The introduction of WO; clearly sepa-
rated the reaction pathways of adsorbed gas species by
temperature. The profiles of m/z 44, 29, and 27 all exhibit their
initial peaks at 165 °C, corresponding to low-temperature
desorption primarily attributed to ethanol dehydrogenation,
leading to the desorption of acetaldehyde. Subsequently,
a broad peak at a higher temperature of around 230 °C distinct
from that of neat SnO, becomes evident in Fig. 7c. This indi-
cates the activation of the dehydration reaction, as confirmed by
the pronounced m/z 27 peak, which mainly corresponds to the
ethylene desorption. Correspondingly, the m/z 44 profile for the
1.5-W-Sn sample in Fig. 7a exhibits two major peaks, followed
by a broad shoulder that gradually decreases from 320 °C. The
second peak appearing at approximately 290 °C and charac-
teristic of CO, desorption, being significantly shifted to a higher
temperature compared with the peak of 265 °C observed for
neat SnO,.

Furthermore, the broad shoulder observed from 320 °C is
likely attributed to the combustion of ethylene, which is
generated from ethanol dehydration reaction. This indicates
that the complete oxidation of ethylene intermediates requires
higher thermal energy compared to the dehydrogenation
pathway on neat SnO,. However, this elevated activation barrier
does not hinder the sensing speed under the DP mode. Since
the measurement temperature was set to 350 °C, which is well
above the main reaction temperatures observed in TPR results,
the thermal energy provided during the heating pulse is suffi-
cient to instantly overcome this barrier. Consequently, the
accumulated ethanol species undergo rapid and effectively
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simultaneous combustion upon the rapid heating, resulting in
the high S, observed.

This TPR analysis provides strong evidence supporting the
proposed sensing mechanism. The higher S, value for ethanol
observed in the sensitivity can be rationalized by a two-step
reaction process. The TPR data in Fig. 7c confirms that the
1.5-W-Sn sample promotes the dehydration reaction of ethanol
to ethylene, activating a pathway that occurs minimally on neat
SnO,. Given that the 1.5-W-Sn sensor exhibits a strong Se
response to ethylene, this efficient dehydration pathway
explains the excellent S, value for ethanol. Furthermore, the
shift in the desorption peak temperature of the m/z 44 in Fig. 7a
indicates differences in the adsorption strength of intermediate
species. As shown in Fig. S8a-c, the lower R, ; might suggested
that most acetaldehyde generated through ethanol dehydroge-
nation desorbs rapidly from the surface without further oxida-
tion, while the subsequent oxidation of a small amount of
strongly adsorbed acetate species make a negligible contribu-
tion to the S value. In contrast, ethylene likely exhibits stronger
adsorption and undergoes oxidation at higher temperatures,
thereby playing a dominant role in the enhanced S, observed
for ethanol. Therefore, the enhanced acidic catalytic property of
the WO;-loaded surface is identified as the key factor respon-
sible for the selective ethanol detection.

From a theoretical perspective, the loading of WO; on SnO,
creates an n-n heterojunction at the interface. Although this
electronic interaction can modulate the carrier concentration,
the distinctive ethanol selectivity observed in the DP mode
cannot be attributed solely to these electronic effects. Instead,
the mechanism is primarily governed by surface kinetics and
reaction barriers representing chemical sensitization. Theoret-
ical studies have established that acidic oxides effectively lower
the activation energy for the dehydration of alcohols.”* In
contrast, the amphoteric SnO, surface favors the dehydroge-
nation pathway. This theoretical distinction aligns perfectly
with our TPR observations and confirms that the WO; loading
provides a kinetically favorable pathway for ethylene genera-
tion. This specific pathway triggers the higher S, value during
the heating pulse.

Conclusions

In this study, we demonstrated a strategy to enhance the
selectivity of SnO,-based MEMS gas sensors by loading the
acidic receptor WO; under a double-pulse-driven (DP) mode.
The optimized 1.5-W-Sn composite, featuring highly dispersed
WO; species and an increased surface area, achieved
a pronounced S, value of 44.3 to 10 ppm ethanol. This resulted
in a S; value approximately 30-fold higher than acetaldehyde,
and significantly greater than those of other interfering gases. In
situ DRIFTS revealed enhanced ethanol adsorption during the
low-temperature rest step. Ethanol-TPR results confirmed the
desorption of ethylene, indicating a change in reaction pathway
promoted by the loading of WO;. The followed combustion of
this ethylene byproduct during the heating pulse produces the
large and selective transient response. This work establishes
a generalizable approach in which material design and dynamic
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operation are synergistically optimized to control surface reac-
tions, offering a promising direction for developing selective
gas sensors. Future work will investigate the effect of humidity
on sensor performance to validate its practical applicability.
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