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ABSTRACT

Chemiresistive sensors based on graphene derivatives and metal oxides continue to attract attention, yet achieving rapid and
selective room-temperature detection remains challenging due to sluggish surface kinetics and limited understanding of interfacial
interactions. Here, we report a Bi,MoO,/reduced graphene oxide (rGO) heterostructure synthesized via hydrothermal synthesis
and integrated onto interdigitated electrodes via blade coating. The device delivers outstanding ethanol sensing at 27°C, exhibiting
a ~16-fold enhancement over pristine Bi,MoO, at 100 ppm, rapid 13/18 s response-recovery dynamics, a detection limit of 1.6 ppm,
and excellent reproducibility and long-term stability. A portable prototype module incorporating this sensor further demonstrates
reliable real-time ethanol monitoring, highlighting its practical applicability for environmental and breath analysis. To elucidate
the origin of the unusual sensing behavior, we combine density functional theory (DFT) calculations with COMSOL-based
kinetic modeling. Despite its lowest adsorption energy among the tested analytes, ethanol induces the largest conduction-
band perturbation at the interface, whereas kinetic simulations reveal that weak adsorption accelerates adsorption-desorption
turnover, thereby enabling frequent charge-transfer events within the sensing timescale. This cooperative interplay between weak
binding and dynamic interfacial modulation explains the exceptional selectivity and ultrafast response. These results establish
Bi,M00,/rGO as a mechanism-guided platform for high-performance room-temperature gas sensing device development.

monitoring, traffic safety, and cosmetics manufacturing [3, 4].
However, research has indicated that prolonged exposure to

1 | Introduction

As humanity advances, industrialization speeds up, increasing
the amount of volatile organic compounds (VOCs) released into
the environment. Exposure to several VOCs can cause fatalities
as well as major health harm [1, 2]. A common volatile organic
compound, ethanol is widely used in a range of industries,
including medicine, chemistry, food production, environmental

ethanol at levels below 25 parts per million can damage the
human central nervous system, resulting in headaches [5]. Fur-
thermore, ethanol will result in catastrophic losses in the case of
an open flame because it is a volatile and combustible gas. Ethanol
isvolatile and explosive, and it is classified as a Class A hazardous
product [1, 6]. Ethanol has an explosive range of 3.3%-19%. It may
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be lit by electric sparks, electrostatic discharge, and human body
fire, and its minimal ignition energy is about 0.63 Mj [7]. Thus, it
is crucial to keep track of ethanol gas at low concentrations with
high sensitivity and accuracy in order to safeguard public health
and prevent safety incidents. Thus, real-time trace ethanol gas
analysis has emerged as a successful strategy to prevent fire, poi-
soning, and other dangers [8]. Recent advancements of ethanol
sensors that operate at room-temperature have demonstrated the
potential for use in numerous domains. Based on their various
operating principles, the gas sensors employed for detecting
ethanol gas may be classified as electrochemical, thermoelectric,
semiconductor, acoustic, and optical. Amongst, the MOS gas
sensor has emerged as a hotspot for gas sensor research because
of its easy manufacturing, affordability, mobility, and capacity to
conduct online monitoring [9].

Reduced graphene oxide (rGO) is a 2D material with a honey-
comb structure, known for its high electron transport efficiency,
large surface area, photogenerated electron activity, and excep-
tional thermal and electrical properties [10, 11]. It also offers
excellent carrier mobility and can be manufactured on a large
scale. When combined with other materials, rGO is a perfect sup-
port material that may be used for a variety of purposes, including
energy storage, photoconductive switching, bioimaging, and gas
sensing [12, 13]. Regardless of orientation or adsorption sites, rtGO
hashigher gas adsorption energy than graphene and promotes gas
molecule adsorption. Because of this, rGO flakes have drawn a lot
of attention as potentially useful parts for gas sensors [14].

Bi,MoO,, a well-known perovskite-type composite oxide with
exceptional electrochemical characteristics, is a topic of great
interest in several fields, including high-performance capacitors
and photocatalysis [15]. Its structure consists of alternating
[Bi,0,]*" layers and [MoO,]*~ octahedra, which create stable
and open interlayer channels that are ideal for effective charge
separation and transfer [4, 16]. Bi,MoO,, which has a bandgap
between 2.6 and 2.8 eV, is thought to be a promising material for
a number of uses. Its promise in visible light-driven self-cleaning
surfaces, photoelectrochemical systems, luminescent materials,
photocatalysis, and gas sensing technologies has garnered signif-
icant attention during the past few decades [17].

This work presents the hydrothermally generated Bi,MoO./rGO
material for ethanol sensing, which is its first use in gas sensor
research. When compared to pure Bi,MoOg, the addition of rGO
greatly improves ethanol selectivity, response/recovery times, and
charge-transfer. Unlike conventional metal oxide sensors, which
function at elevated temperatures, the Bi,MoO,/rGO composite
demonstrates efficient ethanol detection at 27°C, making it
energy-efficient and highly responsive.

2 | Experimental
2.1 | Preparation of Bi,Mo0Og

The hydrothermal process was used to synthesize Bi,MoOj.
Initially, 1.214 g of sodium molybdate (Na,Mo00O,.2H,0, Thomas
Baker, minimum assay 98%) and 2.43 g of bismuth nitrate
(Bi(NO;);.5H,0, Thomas Baker, minimum assay 98%) were
blended with 7.3 mL of ethanediol and 3.64 mL of DI, and

each was stirred individually for 30 min at 55°C. After that,
they were both combined and stirred for about an hour at
55°C. After that, the mixture was autoclaved at 150°C for 15
h. The product was then centrifuged, cleaned with DI, and
evaporated within the vacuum chamber for roughly 48 h to obtain
Bi,MoO.

2.2 | Preparation of Bi,MoO4/rGO

While 2 wt.% of rGO (Purchased from Techinstro) was being
sonicated for 30 min, 2 g of Bi,MoO, were combined with
DI and thoroughly agitated. Following the mixing of both, the
mixture was swirled for 1 h. After that, the prepared solution was
heated in a vacuum chamber for roughly 24 h in order to create
the Bi,MoO,/rGO composite. Figure S1 depicts the synthesis
process.

2.3 | Gas Sensing Setup

A precise experimental design adds important knowledge to the
field of gas sensing. The sensing configuration employed in this
investigation is shown in Figure S2. A sturdy design for useful
and precise measurement is part of the setup. The highly pure
gas cylinders of 100 ppm (Ethanol, NO,, NH;, Acetone, Methanol,
TEA, petroleum) were taken from Sigma Gases, India. The setup
used for the experiment consists of a 3 mL gas detection chamber
where aregulated volume of ethanol is purged using conventional
instruments and accurate measurements to track the gas level.
Two Mass Flow Controllers (MFCs, MF-3000) were used for
ethanol gas (100 ppm) and zero air in order to balance the
concentration of gases. The resulting mixture was then placed in
a gas sensor chamber with the appropriate concentration of gas.
Additionally, a gas flow capacity of 100 SCCM was established.
Furthermore, an IDE (interdigitated electrodes) with cutting-
edge sensing components was positioned in the chamber to
monitor as well as assess the gas interactions. A Keithley 2450
source meter is part of the gas sensing system, which allows for
the real-time monitoring of sensor response to changes in ethanol
levels. Every measurement is carried out in a controlled setting
with a temperature of 27°C. The sensor response for reducing gas
(like ethanol) and for oxidizing gas measurement is obtained by
using Equations (1) and (2), respectively [18, 19]:

R
Response (Reducinggas) = R—“ @
g

R
Response (Oxidisinggas) = R—g 2

a

where, R, Rg represents initial resistance and the resistance after
gas exposure of the sensor.

2.4 | Fabrication of Sensor
The sensor was eventually fabricated using the synthesized

material. Distilled water was used to create a slurry using
Bi,M0O;/rGO nanoparticles. Applying the blade coating
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approach, the obtained slurry was then placed over a gold IDE.
The deposited film was then employed for ethanol detection after
being dried for 2 h at 70°C using a vacuum chamber.

The fabricated sensor was evaluated for breath detection by
exposing it to human exhaled breath. The exhaled-breath mea-
surement was conducted with a volunteer participant who
provided informed consent prior to the experiment.

2.5 | Density Functional Theory Calculations

In this study, density functional theory (DFT) calculations were
performed using the Vienna Ab initio Simulation Package (VASP)
[20]. We used the Projector Augmented-Wave (PAW) method and
Perdew-Burke-Ernzerhof (PBE) functional [21]. To accurately
consider long-range van der Waals interactions, van der Waals
corrections were applied using the DFT-D4 method [22]. The
plane wave energy cutoff was set to 600 eV, and a (1 x 1 x 1) k-point
grid was applied for Brillouin zone integration. Optimization of
atomic geometry was performed until each force was less than
0.02 eV/A, and the energy convergence criterion was set to 1077
or 1078 eV, depending on the system.

2.6 | COMSOL

Numerical simulations were performed using COMSOL Mul-
tiphysics (version 6.1) to investigate the adsorption-desorption
kinetics and resistance response of the Bi,MoO¢/rGO het-
erostructure. The Chemical Reaction Engineering Module was
employed with the Transport of Diluted Species physics interface,
coupled to a user-defined surface reaction model to capture
Langmuir-type adsorption behavior.

2.6.1 | Surface Coverage 6(t)

Surface coverage 6(t) of ethanol and acetone molecules on the
Bi,M00O,/rGO interface using a classical Langmuir adsorption-
desorption framework by COMSOL. In this model, the fractional
surface coverage is described by

Kadcc
—[1— — (KaasC + Kges) t 3
Kads +Kdes [ exp( ( adsC T+ dcs) ] ( )

o(t) =
where K, 4 and K, represent the adsorption and desorption rate
constants, respectively, and C is the analyte concentration. The
equilibrium coverage is therefore determined by

Kadsc

9 = ————--
o KadsC+Kdes

4)

2.6.2 | Geometry and Domain

The simulation domain was constructed as a 2D rectangular
cross-section (length: 10 um, thickness: 0.5 um), representing the
rGO sensing layer exposed to the analyte gas phase. The gas
reservoir was modeled as a 10 pm X 5 pm rectangular domain
above the sensing layer. The bottom boundary of the rGO domain

was fixed as impermeable to simulate the underlying Bi,MoOq
support.

2.6.3 | Governing Equations

The gas-phase transport was described by the diffusion equation:

acC

— =DVC 5

3 6)
where C is the analyte concentration (mol-m~), and D is the
diffusion coefficient (set to 1.5 x 107> m?-s7! for ethanol and 1.3
x 10~ m?-s~! for methanol, consistent with literature values).

At the gas-sensor interface, surface coverage 6(t) was defined by
the Langmuir adsorption-desorption equation:

do
E = Kadsc (1 - 6) - Kdese (6)
2.6.4 | Parameterization

The adsorption and desorption constants were parameterized
based on DFT adsorption energies. For ethanol (—0.402 eV), a
relatively fast adsorption (K,4 = 8.0 X 10~* m3-mol~'-s™!) and fast
desorption (K4 = 5.0 X 1073 s7!) were chosen to reflect weak
binding. For methanol (—0.485 eV), slower adsorption (K 4 = 3.0
x10™* m*-mol~'-s™!) and slower desorption (Kge, =1.5x 1073 s71)
were selected to reflect stronger binding and reduced turnover.
The inlet concentration was fixed at 50 ppm (2.05 X 107> mol-m~3)
for both analytes.

2.6.5 | Boundary Conditions and Solver Settings

* Top boundary: constant analyte concentration (C = C,,).
* Side boundaries: no flux (dC/on = 0).

* Bottom boundary: impermeable (no analyte penetration into
Bi,MoOy).

* Gas-rGO interface: coupled adsorption-desorption boundary
condition described above.

The simulations were solved using a time-dependent solver (BDF
scheme) with a maximum time step of 0.1 s. Total simulation
time was 100 s to capture both the adsorption (response) and
desorption (recovery) phases.

2.6.6 | Sensor Response Mapping

The normalized resistance change was calculated as:
AR
OETEI0 ™
0

where 7 is the charge-transfer efficiency factor determined from
DFT-calculated CBM shifts (_ethanol = 1.5, 7_methanol = 0.8).
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FIGURE 1 | (a) HRTEM image, (b) d-spacing of Bi;M0oOg/rGO, (c) XRD pattern of Bi;MoOg and Bi;MoOg/rGO.

3 | Results and Discussion
3.1 | Structural and Morphological Investigation

To learn further regarding the crystalline and phase development
of the manufactured materials, X-ray diffraction (XRD) was
carried out to determine the chemical structure of Bi,MoO,
and Bi,MoO4/rGO employing an X-ray diffractometer (using
CuKa radiation), as illustrated in Figure 1c. Bi,M0O,’s prominent
diffraction peak indicates that it is a highly crystalline substance.
The peaks corresponding to the (020), (131), (002), (220), (202),
(113), (431), and (391) match with the orthorhombic phase of
Bi,MoO, (Jcpds number: 01-072-1524) [23, 24]. As rGO has low
crystallinity, no authentic peaks were observed in the XRD
pattern; also, the lower concentration of rGO doesn’t influence
the orientation of Bi,MoOq [25].

FESEM has been employed to validate the surface morphology
of bare Bi,MoO, and Bi,MoO./rGO as represented in Figure
S3. From Figure S3a, it has been clearly observed that Bi,MoOg
exhibits an agglomerated 3D nano-spherical-like structure cor-
responding to the Orthorhombic Crystal system. When rGO
has been introduced, non-uniform folded nanosheets have been
observed between the Bi,MoO, nanosphere [26, 27], which can
be depicted from Figure S3b. Additionally, Energy Dispersive X-
ray (EDX) spectroscopy was performed to monitor the elemental
composition and mapping over the scanned regions. Figure S3c
presents the EDX spectrum of bare Bi,MoOQg, revealing elemental
concentrations of 24.23 wt.% oxygen (O), 21.55 wt.% molybdenum
(Mo), and 54.22 wt.% bismuth (Bi). In contrast, Figure S3d reveals
the EDX spectrum of the Bi,MoO,/rGO composite, indicating
the presence of 19.13 wt.% carbon (C), 24.46 wt.% O, 16.19
wt.% Mo, and 40.22 wt.% Bi. Furthermore, the figure includes
the combined electron image along with color-coded elemental
maps, clearly illustrating the distribution of individual elements
in both Bi,M0oO4 and Bi,M0oO,/rGO samples.

Bi,M00O,/rGO heterostructure was thoroughly analyzed for
its structural and morphological characteristics using a high-
resolution transmission electron microscope (HR-TEM). The
HRTEM image clearly shows the interface between Bi,MoO,
and rGO, demonstrating that Bi,MoOjy is loaded onto rGO sheet

to produce a heterostructure (Figure 1a). The sensor’s efficacy
is improved by this interfacial heterojunction, leading to more
convenient for charges to transit through the heterojunction. The
characteristic lattice fringes linked to Bi,MoO,/rGO heterostruc-
tures is illustrated in Figure 1b. According to this, the d-spacing
of 0.31 and 0.36 nm denote (131) of Bi,MoOq [28] and (002) of rGO
[29], respectively, and it is also prominently illustrated in the inset
of Figure 1b.

XPS examinations were conducted to have a better understanding
of the material’s composition and valence state. The XPS of
Bi,MoOg and Bi,MoO¢/rGO, respectively, together with their
peak deconvolutions, are displayed in Figure 2. The spectra
of every element, including Bi, Mo, O, and C, are displayed
in Figure 2a,e. The Bi 4f spectra of bare Bi,MoO,, shown in
Figure 2b, display characteristic binding energies corresponding
to Bi**, specifically Bi 4f,, and Bi 4f;,. Additional peaks are
observed at 159.02, 160.05, 164.31, and 165.41 eV. In comparison,
the Bi 4f spectrum of the Bi,MoO,/rGO composite (Figure 2f)
shows shifted peaks at 158.57, 159.07, 163.96, and 165.11 eV. This
shift indicates electron transfer to the surface, attributed to the
formation of Bi®~* [30, 31]species due to an increase in oxygen
vacancies around Bi** sites during the incorporation of rGO. Gas-
sensing efficiency is increased when Bi®* is present because
it inhibits electron-hole recombination. Mo 3ds;, and Mo 3d;,
states of Mo®* are represented by peaks at 231.77, 232.92, 235.05,
and 236.12 eV in the Mo 3d spectra for Bi,MoO, (Figure 2c) [32].
These peaks are slightly displaced at 231.72, 232.92, 234.92, and
236.15 eV in the Bi,M00O,/rGO composite (Figure 2h), indicating
interactions between Mo and rGO. Three peaks can be seen in the
O 1s spectra of pure Bi,MoO, (Figure 2d), with lattice oxygen at
531.01 eV, vacancy oxygen at 532.09 eV, and chemisorbed oxygen at
533.41 eV. The performance of gas sensing is greatly improved by
these vacancies. Additionally, the presence of carbon species from
rGO is confirmed by the two conspicuous peaks in the C 1s spectra
of Bi,M0O,/rGO (Figure 2i) at 284.86 and 286.24 eV [33]. All
things considered, the observed changes in binding energies for
every element point to the development of heterojunction inter-
faces between rGO and Bi,MoO,. The composite’s ability to detect
ethanol gas is greatly improved by this heterostructure, which
promotes electron transport from rGO to Bi,MoO, increasing
electron density and carrier concentration.
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FIGURE 2 | (a,)Full XPS and high-resolution spectrum of (b,f) Bi 4f, (d,g) O 1s, (c,h) Mo 3d, and (i) Cl1s of Bi;M0Og & Bi,M0Q4/rGO, respectively.

3.2 | Gas Sensing Study

The manufactured sensor’s performance in the presence
of ethanol gas at a temperature of 27°C was evaluated.
As mentioned in the previous section, the composite of
Bi,M0O,/rGO exhibits superior sensing performance despite
bare Bi,MoO, (Figure 3b,c). This is because of its higher porosity
and excellent selectivity. Rapid electron transport and gas
adsorption are made possible by pristine rGO’s huge specific
surface area, plentiful adsorption sites, and highly conductive
network. However, because there are fewer active catalytic
sites and less charge carrier concentration modification when
exposed to ethanol, isolated rGO has a relatively reduced sensing
response and selectivity [34, 35]. On the other hand, through
synergistic effects such as enhanced charge separation, efficient
interfacial electron transfer, increased active adsorption sites,
and heterointerface-induced modulation of carrier transport,
the formation of the Bi,MoO./rGO heterostructure greatly
improves the sensing performance. In comparison to pure rGO,

Bi,MoO, alone, the close interfacial contact between Bi,MoO
and rGO facilitates faster charge-transfer kinetics and stronger
interaction with ethanol molecules, leading to higher selectivity,
enhanced response, and faster response/recovery characteristics.
The manufactured sensor exhibits n-type sensor behavior while
contacted with ethanol; its resistance capacity drops rapidly and
returns to its starting state when reintroduced to air.

When ethanol (reducing gas) is present, the active chemisorbed
oxygen combines with the ethanol molecule and returns elec-
trons to the surface of the nanoparticle’s conduction band.
The resistance of the sensor will consequently decrease as the
carrier concentration increases [36, 37]. Initially, for the pristine
Bi,MoO, and rGO, the responses to ethanol gas at 100 ppm were
found to be 14.2 (R,/R, = 14.2), 8.7, respectively (depicted in
Figure 3a,b), and for Bi,M0O./rGO, the response dynamically
increases to 233.7 (Figure 3c). Additionally, the sensor provides
a fast response time (7., = 13 s) and a quick recovery time
(Tree = 18 s), which is significantly improved compared to pure
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FIGURE 3 | (a-c) Response and recovery time of rGO, Bi,M0oOs_ Bi,M00O4/rGO, respectively at 100 ppm, (d) repeatability of the Bi,M0Og/rGO
sensor at 100 ppm of ethanol gas (e) performance of Bi,MoO4/rGO based sensor at different ppm levels of ethanol gas; (f) LOD of Bi,M0O¢/rGO sensor.

Bi,M0Og (T,es = 31'S, Tree = 37 8) and 1GO (T = 14 S, Tpee =
31 s). As repeatability is one of the major factors of any sensor,
the Bi,MoO/rGO sensor was tested repeatedly in 100 ppm of
ethanol gas, which shows excellent stability and recyclability
(Figure 3d). The fabricated sensor was tested up to 100 to 3 ppm
experimentally by varying the ethanol concentration as depicted
in Figure 3e. The developed sensor exhibits a low LOD (Limit of
detection), specifically 1.6 ppm (Figure 3f), with curve fitting of
the sensor response to concentration yielding an R? value of 0.99.
The LOD value was derived from the fitting/extrapolation of the
concentration-response calibration curve. A linear fitting model
was used to fit the sensor response values measured at various
ethanol concentrations, and the standard relation was used to get
the LOD:

30
LOD = — ®

where S is the slope of the linear fitted calibration curve, and o is
the standard deviation.

The selectivity of any sensor is its salient feature, which is
determined by the sensor’s behavior with gas interaction. The
fabricated sensor was pursued into different gas atmospheres,
including NH,, acetone, triethylamine (TEA), methanol, NO,
and petroleum at 100 ppm. In comparison to other gases, the
sensor responded best to ethanol gas as shown in Figure 4a. First,
ethanol has a low diffusion rate, which suggests the ethanol gas
may be easily absorbed on the surface of Bi,MoO,/rGO material.
In addition, ethanol has a longer alkyl chain length, so through-
out the period, the adsorbed oxygen atom encounters alcohols
with a higher alkyl chain length, the carrier concentration will

rise [38]. Finally, the activation energy of ethanol is lower than
that of other gases [39]. Figure 4b displays a graph that illustrates
how humidity affects sensor response under 0%-90% relative
humidity range. A humidity monitor was used to measure the
artificially produced humid atmosphere in the gas sensing cham-
ber. It is evident from the study’s findings that sensor sensitivity
progressively decreases with increasing humidity. In a highly
humid environment, adsorption of water molecules reduces the
chemisorption of oxygen species over material surfaces, which
in turn reduces sensor response. Furthermore, the adsorption
of ethanol molecules is inhibited by excessive humidity, which
reduces the sensor’s responsiveness [40, 41]. Additionally, as
shown in Figure 4c, long-term stability tests were carried out
using ethanol gas at 100 ppm. Following 45 days of testing,
the findings of the experiment indicate that the Bi,MoO,/rGO
sensor had an average response of 234.6, showing minor response
modifications over time and offering compelling proof for its
exceptional durability. Again, to confirm the repeatability and
dependability of the sensor performance, five independently
constructed Bi,MoO,/rGO sensor devices were used to assess the
reported sensing response of 233.7 toward 100 ppm ethanol as
well as the fast response/recovery characteristics. The relative
standard deviation (RSD) of the sensor response was 0.73%
(Figure 4d), indicating strong fabrication consistency and excel-
lent reproducibility. A comparative study of different materials for
Ethanol sensing is given in Table 1.

Figure 5 integrates the DFT calculations and COMSOL kinetic
simulations to clarify the sensing behavior of the Bi,MoO;/rGO
heterostructure. The atomistic model (Figure 5a) was con-
structed by combining oxygen-functionalized rGO (~5 at.%) with
orthorhombic Bi,MoQg, applying a moderate biaxial strain (<
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TABLE 1 | Comparative study of different materials for Ethanol sensing.
Gas Operating Response

S. No. Materials concentration temperature (°C) Res/Rec (s) (R,/Ry) Refs.
1 Bi,MoO, Nanosheets 100 ppm 275 — 5.55 [53]
2 Bi,WO, 50 ppm 290 7/14 60.8 [54]
3 Bi-doped rGO/Co;0, 100 ppm 120 89/75 150 [55]
4 a-Bi,Mo;0,,/Co;0, 100 ppm 170 — 30.25 [56]
5 Zn,Sn0,/rGO 100 ppm 275 11/18 38 [57]
6 CuO/rGO nanosheets 100 ppm 175 328/446 10.54 [58]
7 ZnFe,0,NSs/rGO 100 ppm 210 14/37 415 [59]
8 Bi,M0O;/rGO 100 ppm 27 13/18 233.7 This work

4%) to achieve lattice commensurability. The projected density
of states of the pristine interface (Figure 5b) shows nearly flat
band alignment with only ~1 meV offset at the CBM, confirming
that the heterointerface itself does not induce electronic pertur-
bation in the absence of analytes. Calculated adsorption energies
(Figure 5c) follow the order acetone (—0.512 eV) > methanol
(—0.485 eV) > ethanol (—0.402 eV), highlighting that ethanol
interacts most weakly with the rGO surface. Nevertheless, the
CBM shifts induced by adsorption (Figure 5d,e,f) show the oppo-
site trend: ethanol produces the largest negative ACBM (-12.3
meV), while methanol induces a smaller shift (—9.0 meV), and
acetone produces a positive shift (+15.9 meV). Unlike methanol
and ethanol, which both act as electron donors to the rGO
conduction network, acetone withdraws electrons and drives the
CBM upward, thereby suppressing conduction and weakening
the resistance response despite its stronger binding. It should
be noted that a lower adsorption energy does not necessarily
imply a weaker chemiresistive response, particularly under room-
temperature dynamic sensing conditions. In chemiresistive gas

sensors, the response and recovery characteristics are strongly
affected not only by equilibrium adsorption strength but also
by adsorption-desorption kinetics and surface charge-transfer-
induced conductance modulation [42-44]. In this context, weakly
adsorbed ethanol can undergo rapid adsorption-desorption
turnover, enabling frequent charge-transfer events within the
sensing timescale. Moreover, despite its weak binding, ethanol
induces the most pronounced conduction-band perturbation at
the Bi,MoO,/rGO interface, as revealed by the DFT calculations.
Therefore, the exceptional ethanol response arises from the
combined effect of fast adsorption—desorption kinetics and large
interfacial electronic modulation, rather than from adsorption
strength alone [45-48].

To further connect adsorption energetics with device-level sens-
ing behavior, COMSOL simulations were carried out using a
Langmuir adsorption-desorption framework. The time evolution
of surface coverage 6(t) for methanol and ethanol is shown in
Figure 5g. Because of its poor binding and quick desorption
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FIGURE 5 | (a)Computational model of the Bi,MoOg/rGO heterostructure used in DFT simulations. The rGO lattice (oxygen content ~/5 at.%) was

strained to achieve commensurate matching with orthorhombic Bi,MoOg. (b) Projected density of states (PDOS) of the pristine interface shows nearly
flat CBM alignment (~1 meV), indicating minimal electronic perturbation in the absence of analytes. (c) Calculated adsorption energies of representative
analytes, showing strongest binding for acetone (—0.512 eV) and weakest binding for ethanol (—0.402 eV). (d-f) CBM shifts induced by gas adsorption:
ethanol produces the largest negative shift (—12.3 meV), methanol induces a smaller negative shift (—9.0 meV), while acetone drives a positive shift
(+15.9 meV), consistent with its electron-withdrawing nature. (g) Comparison of adsorption-desorption kinetics obtained from COMSOL simulations,
where ethanol rapidly reaches saturation while methanol approaches equilibrium more slowly. (h,i) Heatmap representations of simulated response
intensity (6 X n) during gas exposure (0-50 s) and recovery (50-100 s). The black line indicates the actual surface coverage trajectory 6(t) obtained from
Langmuir adsorption-desorption kinetics. For methanol (h), stronger binding results in a slower approach to equilibrium during exposure and more
gradual desorption during recovery, yielding a weaker but more persistent response. In contrast, ethanol (i) exhibits weak binding and a high desorption
rate, leading to rapid saturation and fast decay, which produces a stronger but more transient response. White regions correspond to inaccessible states

beyond the instantaneous coverage 6(t).

kinetics, ethanol quickly saturates to complete coverage in tens
of seconds, but methanol takes a significantly longer time to
reach equilibrium because of its stronger surface interaction.
This kinetic difference explains how ethanol molecules can
dynamically go through several cycles of adsorption and des-
orption within the sensing period, increasing the frequency of
charge-transfer events.

The dynamic adsorption—-desorption simulations shed more light
on how the Bi,MoO4/rGO heterostructure’s sensing response
is simultaneously determined by binding strength and charge-
transfer efficiency. The simulated heatmap for methanol is shown
in Figure 5h. Because of its lower desorption rate and stronger

binding energy, the surface coverage 6(t) increases gradually
across the exposure time (0-50 s). Methanol slowly desorbs even
after the gas source is cut off, which slows down the recovery
process. As a result of limited carrier modulation and slow
kinetics, the effective response intensity is still comparatively
weak but more persistent.

Ethanol, on the other hand, shows a completely different dynamic
behavior (Figure 5i). Rapid saturation of accessible surface sites
during exposure is made possible by its lower adsorption energy
and higher desorption rate, which are followed by rapid des-
orption after the gas flow is stopped (50-100 s). In line with
the experimentally observed steep rise and quick recovery in
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FIGURE 6 | Comparative (a)EIS and (b) EPR study of the sensor.

resistance transients, this dynamic turnover generates a stronger
but more fleeting reaction. Crucially, these heatmaps highlight
that the sensing signal results from the interaction of adsorption
kinetics and charge-transfer efficiency rather than being solely
controlled by equilibrium surface coverage. Despite its weaker
binding, ethanol frequently interacts with the rGO conduction
network, effectively donating charge during each adsorption-
desorption cycle, whereas methanol stabilizes on the surface with
minimal disturbance of the conduction band. This explains why
ethanol produces the largest resistance response experimentally,
even though its static binding energy is the smallest among the
studied analytes.

At room-temperature, the chemisorption of oxygen into O~
species is energetically suppressed. Therefore, conventional sens-
ing pathways dominated by oxygen redox reactions are negli-
gible under low-temperature, low-ppm conditions. Instead, the
response is governed by direct interactions between the analyte
and the sensing surface. For ethanol, weak binding facilitates
high surface mobility and rapid adsorption-desorption dynamics
[49, 50]. Ethanol molecules can transiently occupy multiple sp?
domains and shallow states, enabling efficient charge-transfer
despite weaker static adsorption [51]. This dynamic sampling
mechanism amplifies electron donation into the rGO-Bi,MoOjy
system, leading to the largest experimental resistance modula-
tion, in line with prior reports on low-temperature rGO-based
Sensors.

In order to acquire a better understanding of the electrical con-
ductivity of Bi,MoO./rGO sample in the absence and presence
of ethanol gas, an impedance study was conducted. The EIS
(Electrochemical Impedance Spectroscopy) measurements were
performed using a Keysight impedance analyzer by applying
a small AC voltage perturbation over a broad frequency range
(20 Hz-10 MHz) under ambient conditions. The impedance
response of the sensing material was recorded both in the absence
and in the presence of 100 ppm ethanol gas to evaluate the
effect of gas exposure on the electrical transport properties of
the sensor. The real and imaginary components of impedance
obtained from the measurements were used to construct Nyquist
plots, which were further analyzed to investigate the charge-

(b) o — Bi MoO,

= Bi MoO /rGO

Bi MoO /rGO

in presence of ethanol

Intensity (a.u.)

200 300 400 500
Magnetic Field (mT)

transfer resistance, interfacial electron transport behavior, and
gas-induced modulation of carrier dynamics in the sensing mate-
rial. It is found that the diameter of the arc radius of Bi,MoO/rGO
in presence of ethanol is smaller than that in the absence of
ethanol gas (Figure 6a), suggesting less resistance, because the
induced oxygen vacancies function as n-type carrier dopants to
enhance the conductivity [52]. Additionally, the two curves
that exhibit a comparable structure when the ethanol gas is
absent and after it is removed reflect a favorable recovery state.
Figure 6b provides the EPR spectra of Bi,MoO;, Bi,M0oO,/rGO,
and Bi,MoO./rGO in the presence of ethanol gas. Samples display
a Lorentz line (g = 2.12) as illustrated in Figure 6b. Here, the
signal intensity of the Bi,MoO,/rGO composite is significantly
higher than that of pure Bi,MoOg, which can be attributed to
the interaction among carbon-inherited spin species, r-electrons
in condensed sp? domains of rGO sheets. In presence of ethanol
gas, the intensity is low due to the transfer of electrons into the
vacancies.

3.3 | Application

Because of their quick reaction time, selectivity, and versatility,
ethanol sensors have garnered a lot of attention. These include
industrial safety systems where ethanol vapor detection is crucial
for preventing fire hazards, the food and beverage industry for
managing fermentation processes, the automotive industry for
monitoring ethanol-blended fuels, and environmental monitor-
ing for identifying volatile organic compounds. Ethanol sensors
are also crucial for healthcare and law enforcement, especially in
breathalyzers that are used for non-invasive alcohol detection and
assessment of drunk driving.

Breath alcohol detection is the subject of the current study
since it is crucial for preserving public safety and may find
utility in personal alcohol monitoring devices. This led to the
development and evaluation of the first ethanol sensor based on a
Bi,Mo0O,/rGO nanocomposite. The sensor showed good selectiv-
ity, high sensitivity, and fast response-recovery behavior at 27°C.
To mimic the real intoxication profiles shown in Figure 4e, we
applied controlled ethanol exposures spanning sober to heavily
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intoxicated states under saturated relative humidity conditions
characteristic of human breath. As a result of the analysis and
mapping of these levels onto a five-stage drunkenness scale, the
sensor can be used to estimate levels of intoxication in addition
to detection. The developed sensing system was tested in a con-
trolled environment simulating alcoholic beverage exposure to
evaluate its selectivity toward ethanol. Real-time detection results
were displayed on a mobile interface (Thingspeak), as illustrated
in Figure 4f. The results demonstrate the strong potential of
Bi,MoO,/rGO-based sensors for integration into breathalyzers
and smart alcohol detection systems.

4 | Conclusion

When rGO is used instead of pure Bi,MoO4, it greatly improves
ethanol selectivity, decreases response/recovery times, and
increases charge transport. Because the Bi,MoO,/rGO composite
exhibits effective ethanol detection at 27°C, it is both extremely
sensitive and energy-efficient in contrast to traditional metal
oxide sensors that function at high temperatures. The sensor
has a remarkable 16-times sensing response at approximately
100 ppm. It showed an 18 s recovery time, a 13 s reaction
time, and a 1.6 ppm detection limit. The interaction between
ethanol and Bi,M0O,/rGO nanocomposites was analyzed using
DFT and COMSOL. These features are crucial for practical
environmental monitoring and industrial safety applications
since the sensor can successfully distinguish ethanol vapor from
other interfering gases. The sensor’s long-term stability and
repeatability have already been verified, making it an excel-
lent choice for trustworthy ethanol gas detection. The results
demonstrate how well-suited Bi,MoO;/rGO based sensors are
for integration into breathalyzers and intelligent alcohol detec-
tion systems. The sensor was also used to detect alcohol in
breath.
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