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Abstract
This study presents the design and fabrication of a ruthenium dioxide (RuO2) nanosheets-functionalized tin dioxide
(SnO2) thin-film gas sensor integrated with a microheater in a suspended membrane structure. The RuO2 nanosheets
are synthesized via an intercalation-driven exfoliation process and subsequently deposited onto a sputtered SnO2 thin
film. Due to the catalytic properties and high surface-to-volume ratio of RuO2 nanosheets, the functionalized sensor
demonstrates a 337% increase in response (Rair/Rgas) to 10 ppm ethanol compared to pristine SnO2 thin film. The
sensor achieves sensitive detection from a few parts-per-million (ppm) down to several parts-per-billion (ppb)
concentrations of ethanol. Evaluations under varied humidity conditions, as well as selectivity and 28-day stability tests,
demonstrate that the RuO2 nanosheets-functionalized sensor maintains reliable performance. These results highlight
its potential as a sensitive, selective, and low-power solution for ethanol gas detection. Furthermore, the sensor
successfully tracks breath alcohol concentration in real-time through controlled alcohol intake experiments,
demonstrating its feasibility for practical breath alcohol detection.

Introduction
The detection of volatile organic compounds (VOCs) in

daily life and industrial environments has garnered sig-
nificant attention over the past decades. VOCs include
benzene, toluene, ethylene, xylene (often referred to as
BTEX), formaldehyde, acetone, and ethanol, which are
known to have harmful effects on both the environment
and human health1–3. Among these, ethanol is a colorless
organic compound, commonly referred to as alcohol or
ethyl alcohol, that is widely utilized across various fields
such as chemical, food, industrial, medical, and agri-
cultural products4–6. Despite its broad applicability,
ethanol is highly flammable at elevated temperatures and

exhibits combustible characteristics upon exposure to
oxidants7,8. Furthermore, excessive exposure to ethanol
gas can adversely affect the neurovascular system, vision,
and respiratory system9. The U.S. Occupational Safety
and Health Administration recommends a maximum
ethanol exposure limit of 1000 ppm10. Therefore,
detecting ethanol gas is crucial not only for preventing
fires due to its volatility and flammability but also for
protecting individuals from harmful exposure. Addition-
ally, ethanol detection is important in applications such as
distinguishing food spoilage5,11 and monitoring drunk
driving incidents12,13.
One of the approaches to detect ethanol vapor is using

metal oxides as chemiresistive materials, owing to their
high sensitivity and cost-effectiveness14. Among various
metal oxides, tin dioxide(SnO2) stands out as a particu-
larly promising candidate due to its direct bandgap
(3.6 eV)15, high conductivity, chemical stability16,17, and
strong oxygen adsorption capability18, which facilitate
redox reactions with gaseous species in air. This makes
SnO2 not only suitable for gas sensor applications but also
valuable in other fields such as photocatalysts19, ion
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battery anodes20, photovoltaics21, and energy storage
devices22. Consequently, numerous SnO2-based gas sen-
sors have been developed in various nanostructured
morphologies, including thin films23–25, nano-
particles26–28, hollow and solid nanospheres29–31, nano-
wires32–34, and nanosheets35–37. However, despite these
extensive efforts, achieving high sensitivity and selectivity
for low-concentration ethanol remains an ongoing
challenge.
A promising strategy for enhancing gas sensor perfor-

mance involves forming heterojunctions using functio-
nalization materials5,10,24,30. Ruthenium dioxide (RuO2)
nanosheets, which have primarily been explored for
applications in oxygen evolution reaction (OER) cata-
lysts38,39 and supercapacitors40,41, remain underexplored
in the field of gas sensors. However, due to its OER cat-
alytic electrochemical behavior and high surface-to-
volume ratio38,39,42, we focused on its potential applica-
tion as a functionalization material for gas sensors.
Therefore, we aimed to present the characteristics of
RuO2 nanosheets as a catalyst in chemiresistive gas sen-
sors for the first time. We selected ethanol as the target
gas because RuO2 catalysts are known to be effective for
oxidizing ethanol even at ambient temperatures43.
Beyond its inherent catalytic properties, RuO2 provides

two critical sensitization effects for the SnO2 thin film:
electronic and chemical sensitization. First, for electronic
sensitization, the difference in Fermi energy levels
between SnO2 and RuO2 induces electron transfer from
SnO2 to RuO2, forming a thicker electron depletion layer
at the heterojunction interface44. This charge transfer,
confirmed by the higher baseline resistance of the func-
tionalized sensor in air, enables a more sensitive change in
resistance by maximizing the variation in the depletion
layer thickness when exposed to ethanol. Second, for
chemical sensitization, the exceptional OER catalytic
properties of RuO2 enhance surface reactions by facil-
itating electron transfer and improving the adsorption/
desorption of reactive oxygen species, which are critical to
the ethanol detection mechanism. Furthermore, RuO2

decoration can improve humidity resistance, stemming
from the direct formation of a hydrophobic layer or
accelerated dissociation of water molecules45. These
characteristics are particularly suitable for an ethanol
sensor intended for practical applications like monitoring
breath alcohol concentration. Consequently, RuO2

nanosheets hold significant potential to improve the
performance of ethanol gas sensors, particularly in
applications demanding high sensitivity and selectivity.
However, to the best of our knowledge, RuO2 nanosheets
have never been used as functionalization materials for
gas sensors.
Building upon our previous study that first reported the

functionalization of gas sensors using RuO2 nanosheets
46,

we fabricated a RuO2 nanosheets-functionalized SnO2

thin-film gas sensor integrated with a microheater in a
suspended structure. This approach demonstrated high
sensitivity, selectivity, reliability, miniaturization, low cost,
and low power operation for ethanol gas detection. Here,
we present the ethanol gas sensing characteristics of RuO2

nanosheets-functionalized SnO2 thin films. The RuO2

nanosheets enhance the sensitivity of SnO2 thin films
compared to pristine SnO2 thin films. Additionally, we
investigated the gas sensor’s response to ethanol as a
function of the operating temperature of a microheater.
The suspended structure of the sensor platform, which
incorporates a microheater, minimizes heat dissipation
and enables power consumption below 30mW during
continuous operation. The fabricated sensor demon-
strated sensitive detection of ethanol, ranging from a few
ppm to ppb levels under experimental conditions. We
further achieved a highly competitive limit of detection of
~ 5 ppb, positioning our work among the most sensitive
chemiresistive ethanol sensors reported to date. The
influence of humidity, selectivity, and long-term stability
were also examined. Additionally, the feasibility of this
sensor for real-time breath alcohol detection was also
demonstrated.

Results and discussion
Sensor platform design and RuO2 nanosheets
characterization
Figure 1a illustrates the schematic design of the fabri-

cated gas sensor platform (2.25 × 2.25 mm2). Figure 1b
presents an SEM image of the fabricated gas sensor, in
which the RuO2 nanosheets-functionalized SnO2 thin film
electrically bridges the initially insulated sensor electro-
des. This suspended structure minimized heat dissipation
to the substrate, enabling the sensor to operate at low
power. The synthetic route that yields the monolayer
RuO2 nanosheets is summarized in Fig. 2a. The effective
exfoliation into monolayered 2D RuO2 nanosheets was
confirmed by scanning transmission electron microscopy
image, which showed a 2D sheet-like morphology with
faint contrast (Fig. 2b). Furthermore, atomic force
microscopy revealed a very small sub-nanometer level
thickness and a much larger lateral size of several hundred
nanometers, as shown in Fig. 2c. Although the exfoliation
into monolayered RuO2 nanosheets prevented the
observation of well-defined X-ray diffraction peaks of
RuO2 phase, the retention of RuO2 lattice after the exfo-
liation process was evidenced by Ru K-edge extended
X-ray absorption fine structure (EXAFS) analysis showing
the typical Fourier-transformed (FT) feature of layered
RuO2 phase, see Fig. 2d47. Combined characterization
results clearly demonstrated that the monolayered RuO2

nanosheets were successfully synthesized. Details of sen-
sor fabrication, RuO2 synthesis and test conditions are
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provided in the “Experimental” section. With the platform
architecture established, we next evaluate its gas sensing
characteristics.

Comprehensive ethanol gas sensing characteristics
Figure 3a illustrates the sensor responses of SnO2 thin

films before and after RuO2 nanosheets functionalization.
The sensor response is defined as Rair/Rgas, where Rair and
Rgas represent the resistance in ambient air and during the
exposure to ethanol, respectively, recognizing that ethanol
behaves as a reducing gas. In this study, three different
sensors were tested to obtain error bars that indicate the
response variation. The average response of pristine SnO2

thin film to 10 ppm ethanol is 3.11. However, after RuO2

nanosheets functionalization, the average response to 10
ppm ethanol increased to 10.47. This result shows the
superiority of RuO2 nanosheets functionalization by
showing that it increased the sensor’s sensitivity to etha-
nol gas by more than three times compared to pristine
SnO2 thin films. This improvement was further validated
by examining the transient response upon exposure to 10
ppm ethanol before and after RuO2 nanosheets functio-
nalization, as depicted in Fig. 3b.
The transient response in Fig. 3b shows an incomplete

recovery curve. It should be noted that the measurement
for this initial test was concluded before the baseline was
fully restored due to a shorter set duration, not a funda-
mental limitation of the sensor. The sensor’s ability to
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fully recover was confirmed in a separate, extended
measurement (Fig. S1), which revealed a 90% recovery
time (t90) of 224.9 s. While complete, this natural recovery
process is relatively slow, which could limit applications
requiring rapid measurements.
To address this, we investigated a practical method to

accelerate recovery by applying a temporary overheating
pulse. A systematic study was conducted by applying a
2.8 V heating pulse (~345 °C) for various durations
immediately after ethanol exposure, with the detailed
results presented in Fig. S2. As summarized in Fig. S2c,
this method is highly effective, but a trade-off between
recovery speed and baseline stability was observed, as
longer pulses induced greater baseline noise due to likely
thermal degradation. A pulse duration of 30 s was iden-
tified as the optimal condition, dramatically reducing the
recovery time by ~60.8% (from 199.4 s to 78.1 s) without
excessively compromising baseline stability. This result
demonstrates a highly effective strategy for enhancing the
sensor’s dynamic performance for practical applications.
Following this, to ensure the practical applicability of

the sensor, evaluating the device-to-device reproducibility
is crucial, particularly as the RuO2 nanosheets were

deposited via manual drop-casting, a method that can
introduce variability. To address this, we fabricated five
independent sensors using the identical process and
measured their dynamic responses to 10 ppm ethanol, as
shown in Fig. S3. Despite the manual deposition, all five
sensors exhibit highly similar response levels and dynamic
behavior, visually confirming the reliability of our fabri-
cation method. To quantify this consistency, we analyzed
the baseline resistance in air (Rair) for the five functiona-
lized sensors, which yielded an average of 0.979MΩ with
a standard deviation of 0.069MΩ (a relative standard
deviation of ~7.1%). While manual drop-casting is a
source of minor variation, these results demonstrate
robust and acceptable reproducibility for practical use.
For future work, coating uniformity can be further
enhanced by employing advanced deposition techniques
such as dielectrophoretic alignment48, controlling the
drying environment49,50, or adjusting the Marangoni
force51, which will be subjects of our subsequent research.
Figure 3c presents the sensor response to 10 ppm

ethanol as a function of the applied heater voltage, which
dictates the average operating temperature. The tem-
perature values were obtained following the methodology
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detailed in our former work1, utilizing the same sensor
platform design and fabrication process. Consequently,
heater voltages of 1.1, 1.4, 1.7, 2.0, 2.2, 2.4, 2.6, and 2.8 V
correspond to average operating temperatures of 125, 170,
205, 250, 280, 290, 325, and 345 °C, respectively. As illu-
strated in Fig. 3c, the pristine SnO2 thin film demon-
strated an enhanced response at all applied heater
voltages after functionalization with RuO2 nanosheets.
Notably, the pristine SnO2 thin film exhibited its highest
response at 2.6 V (i.e., the operating temperature of
325 °C), whereas the RuO2 nanosheets-functionalized
SnO2 thin-film sensor showed its maximum response at
2.4 V—the optimal operating temperature of 290 °C. This
phenomenon of having an optimal operating temperature
is well-documented in metal oxide-based gas sensors,
where the desorption rate of adsorbed gas molecules
surpasses the adsorption rate as the temperature rises,
thus leading to an optimal operating temperature52. Fur-
thermore, the change in the optimal operating tempera-
ture brought about by RuO2 nanosheets functionalization
supports the idea that RuO2 nanosheets act as a chemical
sensitizer, promoting the reaction between oxygen ions
adsorbed on the SnO2 thin film and ethanol gas.
In addition to the operating temperature, the quantity of

the functionalization material is another critical para-
meter that significantly affects sensor performance. To
justify the amount of RuO2 used, we performed a sys-
tematic study on the effect of varying the RuO2 loading
levels, with the results presented in the Supplementary
Information, Fig. S4. We prepared sensors with one, two,
and three drop-casting cycles (corresponding to
approximately 2.1, 4.2, and 6.3 ng of RuO2). As shown in
Fig. S4a, the sensor response to 10 ppm ethanol was
measured across various operating temperatures for each
loading condition. The response peaks with two drop-
casting cycles, particularly at the optimal temperature of
290 °C. When the loading was further increased to three
cycles, the sensitivity began to decrease, confirming that
two drops is the optimal amount for maximizing the
sensor response. This decline is attributed to two primary
factors: excessive RuO2 nanosheets can lead to agglom-
eration, which reduces the effective surface area for gas
reactions, and an overly dense layer can act as a physical
barrier, hindering the diffusion of target gas molecules to
the sensing surface53,54.
Furthermore, we investigated the effect of RuO2 loading

on baseline stability (Fig. S4b). While the baseline resis-
tance (Rair) increases with higher loading, the baseline
stability degrades, as evidenced by larger noise fluctua-
tions. This can be attributed to two complementary fac-
tors. First, from an electrical perspective, a higher baseline
resistance leads to larger absolute resistance fluctuations
for a given level of inherent current noise55. Second, from
a material perspective, while RuO2 nanosheets create the

electron depletion layer that enhances sensitivity, their
high-surface-area nature also introduces a higher density
of electronically unstable surface sites (e.g., defects and
edges), which can increase baseline noise through
dynamic charge carrier fluctuations56. This creates a
beneficial trade-off between sensitivity and stability up to
the optimal loading point57. Beyond this point, however,
the relationship becomes detrimental; further increasing
the loading to three drops not only worsens baseline
stability but also decreases sensitivity due to overloading
effects like nanosheet agglomeration and gas diffusion
hindrance. Therefore, the two-drop condition represents
the true optimum, maximizing the catalytic benefits for
sensitivity without introducing the poor stability and
detrimental effects associated with overloading.
Figure 4a illustrates the transient response of the sensor

when exposed to ethanol concentrations ranging from 10
down to 1 ppm. Specifically, the measured responses at
10, 5, 2.5, and 1 ppm are 9.96, 7.99, 4.71, and 3.78,
respectively, confirming the expected trend of increasing
sensor response with higher concentrations. Figure 4b
displays the sensor’s behavior in the ppb range (20, 10,
and 5 ppb), where the responses are 1.046, 1.019, and
1.012, respectively. The inset in Fig. 4b provides an
enlarged view of the sensor’s response at 5 ppb ethanol.
To verify that the observable change at 5 ppb originated
from ethanol exposure rather than noise, the signal-to-
noise ratio (SNR) was calculated following the method
described in a previous work58. First, the electrical noise
(0.315%) was estimated from 100 points at baseline
resistance prior to ethanol introduction. Next, ΔR/Rb was
computed, where ΔR denotes the resistance change dur-
ing exposure, and Rb represents the baseline resistance.
Finally, the SNR was obtained by dividing ΔR/Rb by the
electrical noise, yielding 3.81 at 5 ppb ethanol. Although a
commonly accepted limit of detection corresponds to an
SNR of 3 or greater59, these observations remain sig-
nificant because the SNR value for 5 ppb ethanol exceeds
that threshold. Moreover, to the best of our knowledge,
there have been no prior reports of chemiresistive sensors
that detect ethanol at several ppb levels. To contextualize
our sensor’s performance within the current state-of-the-
art, we compare our findings with previously reported
chemiresistive ethanol sensors in Table S1 (SnO2-based)
and S2 (other material-based). As shown in Table S1, our
sensor’s measured limit of detection (LoD) of 5 ppb is
highly advantageous and represents one of the lowest
values reported for SnO2-based ethanol sensors.
While a few studies utilizing other materials have

reported even lower LoDs60–63 (Table S2), our approach
maintains significant practical advantages. For instance,
many of these sensors60–62 were not demonstrated with
an integrated microheater, which is crucial for achieving
low power consumption in portable, real-world
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applications. Another study63 reported a low LoD at room
temperature but exhibited a relatively small change in
resistance upon ethanol exposure. Therefore, our RuO2-
functionalized SnO2 thin-film sensor platform presents a
compelling and balanced alternative, offering a rare
combination of high sensitivity and a practical, low-power
integrated design suitable for real-world deployment.
Figure 5a presents the normalized response of the sensor

to 10 ppm ethanol under different humid environments. As
detailed in section “Mechanism interpretation of enhanced
sensing”, the relative humidity level was regulated using a
bubbler-based system, and the relative humidity (RH)
values and gases temperatures were monitored using a
digital hygrometer. When the relative humidity levels were
5.2, 15.7, 24.9, and 50.5%, the normalized response values
were 98.1, 91.0, 83.4, and 76.5%, respectively, indicating a
decline in sensor response with increasing humidity.
This trend of decreasing response with increasing

humidity is a well-known challenge in metal oxide-based
sensors. It is primarily attributed to water molecules
interfering with the sensing mechanism by lowering the
baseline resistance or hindering the essential chemisorp-
tion of oxygen on the sensor surface64. However, the
functionalization with RuO2 in our sensor helps to miti-
gate this effect. The RuO2 decoration can promote
humidity resistance by inducing the formation of a
hydrophobic layer or by accelerating the dissociation of
water molecules45. This improvement is evident when
comparing our device to pure SnO2-based sensors
reported elsewhere, which often exhibit a response
decrease of more than 50% at approximately 50% RH65–67.
In contrast, our sensor demonstrated a more robust
performance, with its response declining by only about
23.5% at 50.5% RH as shown in Fig. 5b.
Nevertheless, to further enhance the sensor’s reliability

for real-world applications where humidity varies, several

advanced strategies could be adopted in future work.
These include integrating a molecular sieve as a moisture
filter68, applying a nanoscale moisture-blocking CeO2

overlayer69, developing a humidity compensation
model70, or using UV illumination71. For immediate
practical implementation, it is advisable to calibrate the
sensor response by simultaneously monitoring humidity
with a dedicated sensor.
Figure 5b compares the sensor response at 10 ppm for

various gases, comparing both the pristine SnO2 thin film
and the RuO2 nanosheets-functionalized SnO2 thin film.
To quantify the sensor’s selectivity for ethanol, we adopt
the selectivity coefficient Sg/Si, where Sg and Si denote the
responses at the same concentration for the target gas and
the interfering gas, respectively72–74. In the pristine SnO2

thin film, the selectivity coefficients for ethanol against
reducing gases such as toluene, acetone, NH3, and CO are
calculated to be 1.330, 1.198, 1.502, and 2.455, respec-
tively. After functionalizing SnO2 thin film with RuO2

nanosheets, these values become 1.598, 2.629, 2.006, and
3.754, indicating enhanced selectivity toward ethanol.
This improvement is visually presented in Fig. 5b, where
the sensor exhibits a markedly stronger response to
ethanol than to other interfering gases. As mentioned in
the introduction, one reason for this improvement is that
ethanol readily adsorbs onto the oxygen vacancies of
RuO2, as observed in oxidation catalyst studies43,75,
undergoing relatively straightforward oxidation reactions
(e.g., forming acetaldehyde or acetic acid) and thus sup-
plying electrons. By contrast, gases such as toluene and
acetone have larger molecular sizes and more complex
oxidation pathways76, while ammonia (NH3) and carbon
monoxide (CO), despite their smaller size, can follow
various oxidation mechanisms that do not selectively
interact with RuO2, which is inferred from a prior study
on oxidation catalyst77.
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Accordingly, these results suggest that RuO2 nanosheets
function as chemical sensitizers, facilitating targeted
reactions between the adsorbed oxygen ions on the SnO2

surface and ethanol. Although the sensor also responds to
nitrogen dioxide (NO2), it can still be clearly distinguished
from reducing gases—including ethanol—because NO2, a
potent oxidizing gas, decreases the sensor’s resistance,
thereby yielding a response ratio below 1, as observed in
Fig. 5b.
While the functionalization with RuO2 nanosheets

demonstrated a clear enhancement in selectivity for
ethanol over the tested interfering gases, achieving high
specificity remains a critical challenge for deployment in
complex real-world environments. To address this lim-
itation, a promising future strategy involves developing a
sensor array combined with advanced signal processing.
This approach would utilize an array of sensors, each

employing the same SnO2 thin-film channel but functio-
nalized with different materials known to be effective for
ethanol detection, such as gold (Au)78, silver (Ag)79, or
lead oxide (PbO)80. Each target gas would then generate a
unique response pattern, or “fingerprint,” across the dif-
ferently functionalized sensors in the array. These com-
plex, high-dimensional signals could be analyzed using

pattern recognition algorithms to distinguish ethanol with
high accuracy. For this purpose, techniques such as
Principal Component Analysis81, or more advanced deep
learning models like Convolutional Neural Networks82

and Recurrent Neural Networks83, have proven effective.
This combination of a multi-sensor hardware platform
and sophisticated data analysis represents a robust path-
way to significantly improve selectivity for practical
applications.
To assess the long-term stability of the sensor, experi-

ments were conducted at predetermined intervals, and the
outcomes are illustrated in Fig. 5c. Although the response
to 10 ppm ethanol decreased slightly over time, the
average sensor response over a 28-day period remained at
9.59, with all data points falling within ±3.7% of this mean
value. Consequently, the sensor demonstrated robust
long-term stability.
In addition to long-term stability and device-to-device

reproducibility, the sensor’s operational repeatability
under frequent cycling is critical for continuous mon-
itoring applications. To evaluate this, we subjected the
sensor to 20 consecutive cycles of 10 ppm ethanol expo-
sure over 13.5 h (Fig. S5). The sensor exhibited excellent
repeatability, maintaining a highly stable baseline and
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consistent response amplitude across all cycles, with no
discernible signal drift. Quantitatively, the average
response over the 20 cycles was 9.738 with a standard
deviation of 0.046, corresponding to a relative standard
deviation of only 0.47%. This high repeatability, combined
with the robust 28-day stability shown in Fig. 5c, under-
scores the sensor’s reliability for practical, long-term
operation.
However, for applications requiring high-throughput

performance, the slow natural recovery time remains a
practical challenge. To address this, we propose a two-mode
operational strategy utilizing a thermal reset (or overheating)
pulse. This method involves operating in a “Sensing Mode”
at the optimal temperature (290 °C) for maximum sensitiv-
ity, followed by a brief “Recovery Mode” where a high-
temperature pulse is applied to accelerate the desorption of
residual molecules and rapidly reset the baseline. This
temperature-swing approach leverages the sensor’s high
sensitivity while overcoming the limitation of slow recovery.
We have experimentally validated this strategy and opti-
mized the overheating pulse conditions, with the results
presented in Supplementary Information (Fig. S2). This
protocol enables the sensor to be used in applications
requiring reliable, high-throughput performance.

Mechanism interpretation of enhanced sensing
To understand the sensing mechanism, we considered

the electronic interactions between SnO2 thin film and
RuO2 nanosheets.
The fundamental sensing principle of an n-type SnO2

semiconductor is based on the modulation of its surface
resistance by ambient oxygen54. When exposed to air,
oxygen molecules adsorb onto the SnO2 surface and
capture electrons from its conduction band, forming
negatively charged oxygen ions (e.g., O2

−, O−, O2−)79.
The specific reactions are temperature-dependent:

O2ðgasÞ þ e� ! O2�ðadsÞðT< 100�CÞ ð1Þ

O�
2 ðadsÞ þ e� ! 2O�ðadsÞð100�C<T< 300�CÞ ð2Þ

O�ðadsÞ þ e� ! O2�ðadsÞðT> 300�CÞ ð3Þ

Given our primary operating temperature of 290 °C,
singly ionized atomic oxygen, O− (ads), is the dominant
reactive species79. This electron capture process creates
an electron depletion layer on the SnO2 surface, as illu-
strated for the pristine film in Fig. 6b, thereby increasing
its baseline resistance. When exposed to ethanol
(C2H5OH), the gas molecules react with these surface
oxygen ions, releasing the trapped electrons back to
SnO2’s conduction band. This narrows the electron
depletion layer and decreases the sensor resistance84,
according to the overall reaction:

C2H5OHðgasÞ þ 6O�ðadsÞ ! 2CO2ðgasÞ þ 3H2OðgasÞ þ 6e�

ð4Þ

The superior performance of the RuO2-functionalized
sensor is rooted in the powerful synergy of chemical and
electronic sensitization.
First, chemical sensitization is driven by the potent

catalytic nature of the RuO2 nanosheets. Their high
surface-to-volume ratio provides an abundance of active
sites for reaction, and RuO2 is known to be an excellent
catalyst for ethanol oxidation43. This catalytic action is
further amplified by a “spill-over” effect, where partially
oxidized ethanol intermediates migrate from the RuO2

catalyst to the adjacent SnO2 surface, maximizing the
reaction efficiency85. This enhanced catalytic activity is
experimentally confirmed by the lower optimal operating
temperature of the functionalized sensor (Fig. 3c).
Second, electronic sensitization arises from the band

structure alignment at the RuO2/SnO2 heterojunction. As
shown in the band diagram in Fig. 6a, the work function
of RuO2 is greater than that of SnO2, which induces a
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spontaneous transfer of electrons from SnO2 to RuO2

until their Fermi levels align. This charge transfer sig-
nificantly expands the initial electron depletion layer at
the interface, as conceptually depicted in Fig. 6c. The
formation of this wider depletion layer is evidenced by the
higher baseline resistance of the functionalized sensor in
air (Fig. 3b). Consequently, the reaction with ethanol
causes a larger absolute change in the depletion layer
width, resulting in a greatly amplified electronic signal.
In summary, the combination of enhanced reaction

kinetics (chemical sensitization) and an amplified signal
transduction mechanism (electronic sensitization)
ensures that reaction (4) occurs more vigorously and is
detected more effectively, leading to the outstanding
sensitivity of the proposed sensor.

Real-time breath alcohol monitoring application
Accurately monitoring breath alcohol concentration

(BrAC) in real-time is essential for applications such as
alcohol metabolism assessment and drunk driving pre-
vention. To address this need, we tested an ethanol sensor
capable of real-time BrAC detection using the set-up
shown in Fig. 7a (protocol details in the “Experimental”
section). While the commercial breathalyzer uses a
bulkier electrochemical sensing module, our RuO2

nanosheets-functionalized SnO2 thin-film sensor offers a

more compact structure, lower power consumption, and
comparable performance under real-world conditions.
Initially, both the reference and sensor measurements

showed no significant response, as ethanol absorption
into the bloodstream required time. Around 20min after
the first intake, as alcohol metabolism commenced, BrAC
levels began to rise gradually with each beer intake. Since
exhaled breath ethanol originates from the bloodstream
via gas exchange in the lungs, BrAC is known to exhibit a
linear correlation with blood alcohol concentration
(BAC)86,87, making it a reliable non-invasive indicator of
BAC levels. As illustrated in Fig. 7b, exhaled ethanol levels
increased progressively with each beer intake. The
recorded signals demonstrated a strong correlation
between breath ethanol levels and cumulative alcohol
intake. Additionally, the system effectively captured
transient spikes in exhaled ethanol concentration, which
are typically attributed to residual alcohol evaporation
from the esophagus. The results demonstrated that the
sensor successfully distinguished between different BrAC
levels, supporting its potential use in breath monitoring
applications.
A key challenge for practical BrAC detection is ensuring

measurement reproducibility. The measured relative
humidity of exhaled breath, for instance, has been
reported to vary widely from 40% to over 90% depending
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Fig. 7 Real-time monitoring of exhaled breath ethanol concentration using the sensor. a Schematic illustration of the experimental setup. The
subject consumed 200 mL of beer every 10 min, with BrAC measurements taken prior to each intake. Breath ethanol concentration was measured
using two devices: a commercial breathalyzer (Alcoscan AL8800, Sentech Korea Corp.) as a reference, and the developed ethanol sensor integrated
with a measurement system. b BrAC response recorded over time. The developed ethanol sensor demonstrated a strong correlation with the
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exhibited a rapid response to alcohol intake, confirming its potential for real-time breath alcohol monitoring applications
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on the measurement conditions88. Significantly, this wide
variation was observed in a study using an open-ended
device where exhaled breath was allowed to mix with
ambient room air before reaching the sensor. This
demonstrates how the measurement setup itself can
introduce uncontrolled variables, leading to inconsistent
results.
In contrast, this issue can be effectively managed

through a standardized measurement protocol. In prac-
tical use, when a subject exhales immediately into a
mouthpiece, the breath reaching the sensor will have a
consistent relative humidity approaching 100%89–91. By
controlling the exhalation time—as was done in our 4-s
protocol—the measurement conditions for each test
become highly reproducible. This consistency ensures
that the observed trend is reliable, as the primary variable
becomes ethanol concentration rather than humidity
fluctuations. This suggests that while the absolute
response might be affected by humidity, the consistent
conditions during measurement will allow for accurate
tracking of changes in BrAC. Indeed, despite the high-
humidity environment, our sensor effectively captured the
increasing trend in BrAC, as shown in Fig. 7b. This suc-
cessful demonstration underscores its robustness and
practical usability for real-world breath monitoring
applications. The developed ethanol sensor exhibited high
sensitivity and a rapid response time, reinforcing its
potential for real-time alcohol metabolism tracking and
drunk driving prevention systems.

Conclusions
We have demonstrated an ethanol sensor based on

RuO2 nanosheets-functionalized SnO2 thin film as a
chemiresistive material. The sensor’s sensitivity to 10 ppm
ethanol increased by more than three times following
RuO2 nanosheets functionalization. We also established
that the optimal operating temperature of our sensor is
approximately 290 °C using a microheater. The suspended
structure of the heater, which minimizes heat loss to the
substrate, enabled continuous operation below 30mW at
this temperature. By examining concentrations from 10
ppm down to several ppb, our sensor achieved a sig-
nificant limit of detection (5 ppb) with an SNR value
above 3. In addition, the influence of relative humidity on
the sensor’s response was also investigated, confirming its
humidity-sensitive nature but demonstrating stable per-
formance under controlled conditions. The long-term
stability of the sensor was also confirmed through 28-day
tests, during which the response to 10 ppm ethanol
remained highly consistent. Furthermore, selectivity tests
against various gases, including NO2, toluene, acetone,
NH3, and CO, substantiated that RuO2 nanosheets act as
a chemical sensitizer, enhancing both sensitivity and
selectivity to ethanol while maintaining low power

consumption. To validate the sensor’s applicability, we
tested its performance in real-time breath alcohol mon-
itoring. Controlled alcohol intake experiments confirmed
a strong correlation between BrAC measurements and
commercial breathalyzers. Despite the high humidity in
exhaled breath affecting sensor response, the device suc-
cessfully tracked BrAC trends, demonstrating its potential
for breath alcohol monitoring and diagnostic applications.
These results highlight the potential of RuO2 nanosheets-
functionalized SnO2 thin-film sensors for portable, high-
performance ethanol monitoring, with applications
extending to safety, environmental, and industrial fields.

Materials and methods
Fabrication of sensor platform and deposition of sensing
materials
The platform was manufactured through a batch fab-

rication process, which included chemical vapor deposi-
tion, e-beam evaporation, inductively coupled plasma
etching, photolithography, and silicon wet-etching steps.
The suspended membrane was formed from silicon
nitride deposited on a silicon oxide layer. (Fig. S6) The
microheater and sensing electrodes were constructed
using 250 nm-thick platinum, arranged in a circular
membrane with a radius of 100 µm. The electrode pat-
terns had a width of 7 µm and a spacing of 5 µm. To
provide electrical isolation between the microheater and
the sensing material, a 200 nm-thick silicon oxide passi-
vation layer was deposited over the microheater electro-
des. After preparing the gas sensor platform, the sensing
materials were applied onto the sensor electrodes. First, a
50 nm SnO2 thin film was sputtered using a shadow mask.
Then, a colloidal suspension of monolayered RuO2

nanosheets was manually drop-cast onto the SnO2 thin
film by applying 0.7 μL, followed by drying in a convection
oven. Subsequently, and additional 0.7 μL was drop-cast
and dried under the same conditions.

Synthesis of RuO2 nanosheets
The functionalization material, i.e., the RuO2 nanosheet,

was synthesized by the previously reported intercalation-
driven exfoliation process of layered a-NaRuO2 material,
as illustrated in Fig. 2a92. Typically, the pristine layered
a-NaRuO2 was prepared by conventional solid-state
reaction at 900 °C for 12 h using Na2CO3, Ru metal, and
RuO2 precursors. The following soft-chemical oxidation
using a 1M Na2S2O8 solution caused partial removal of
Na ions, resulting in the increase in the average oxidation
state of Ru ions. Protonation of the Na0.2RuO2 material
was conducted by acid-treatment with a 1M HCl solution
for 3 days. The reaction of the protonated Na0.2RuO2

material with tetrabutylammonium hydroxide (TBA·OH)
solution for 10 days produced the colloidal suspension of
exfoliated RuO2 nanosheets. The obtained colloidal
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suspension of exfoliated RuO2 nanosheets after dilution
showed a mass concentration of ~3 µgmL-1.

Evaluation of gas sensor
To assess the ethanol sensing performance of the fab-

ricated sensor, the device was positioned inside a quartz
tube. A commercially available ethanol gas mixture (10
ppm ethanol in dry air, Dong-A Specialty Gases, Korea)
was used as the source gas. To generate target ethanol
concentrations ranging from 10 ppm to 5 ppb, this gas
was further diluted with dry air using two mass flow
controllers (MFCs). One MFC controlled the flow of the
10 ppm ethanol source gas, and the other regulated the
dilution air. By adjusting the flow rate ratio between the
two, we accurately controlled the ethanol concentration,
while maintaining the total gas flow at 500 sccm. For
generating ppb-level concentrations, a precision MFC
(maximum 5 sccm range) was used to allow fine control
down to 0.01 sccm. The microheater on the sensor plat-
form was powered using a direct current (DC) power
supply (E3647A, Agilent) at a constant voltage of 2.4 V
during sensor testing under ambient conditions. Different
voltages were applied to determine the optimal operating
temperature of the microheater experimentally. Because
directly measuring the local temperature of the suspended
microheater is challenging, we estimated the operating
temperature at each voltage using the same RTD-based
calibration method reported in our previous work1.
Especially, at 2.4 V, the calibrated temperature was
approximately 290 °C, with a corresponding power con-
sumption of 28.8 mW. Such low power consumption at a
high operating temperature can be credited to the sus-
pended structure of the sensor platform. To monitor the
sensor’s response, a voltage of 0.01 V was supplied using a
computer-controlled source meter (Keithley 2400), and
the corresponding current was measured simultaneously.
To evaluate the sensor’s response under different

humidity conditions, we used a humidity control setup in
which dry air was bubbled through deionized water using
a gas-washing bottle. The resulting humidified air stream
was then mixed with dry air using two additional MFCs to
achieve desired relative humidity (RH) levels. The RH and
temperature inside the quartz tube were continuously
monitored using a digital hygrometer probe (HQ210,
KIMO Instruments). All humidity tests were performed at
room temperature (21.2 ± 1.0 °C).

Breath alcohol monitoring protocol
The sensor was evaluated using a controlled drinking

experiment to validate its performance in practical sce-
narios. A healthy volunteer (male, 29 years old) consumed
200mL of beer with 5.3% alcohol by volume every 10min,
with BrAC measurements taken prior to each intake. The
breath alcohol test was conducted with informed consent,

and no human biological samples were collected.
According to institutional guidelines, this experiment did
not require IRB approval. Breath ethanol concentration
was measured using both a commercial breathalyzer
(Alcoscan AL8800, Sentech Korea Corp.) as a reference
and the developed ethanol sensor integrated with a
measurement system (Fig. 7a). During each measurement,
the subject exhaled for 4 s, following the same procedure
for both devices.
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