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This work presents the noncontact immobilization of Ti3C2Tx MXene on a planar microwave resonator sensor via
a polyimide film to enhance the gas detection sensitivity, enabling the characterization of the part per million-
level of acetone gas. Sandwiching a polyimide (PI) film confined an intense electromagnetic field between the
resonator’s interdigital capacitor structure and the MXene layer, maintaining a significant interaction between
the acetone gas molecules and the resonator’s EM field via the MXene layer. Therefore, contactless immobili-
zation of the MXene layer enhanced the acetone gas detection sensitivity by 110% compared to the resonator gas
sensor with MXene deposited directly on the resonator surface. As a proof of concept, two sensor prototypes were
implemented using resonators with layers of PI film and MXene and resonators with MXene only and were
applied to detect a wide range of acetone gas concentrations. Immobilizing the layers of PI film and MXene on the
microwave resonator achieved a linear correlation between the resonant frequency and acetone gas concen-
tration with high sensitivity (17.85 kHz/ppm, a fast response time (60 s), and recovery time (85 s).

cost, ease of implementation, small footprint, and robustness [11-13].
However, the sensitivity of planar microwave resonator-based gas sen-

1. Introduction

Detection and characterization of gases based on their electrical
properties (relative permittivity and conductivity) using microwave-
based sensors have captured growing attention, mainly because of
their room temperature operation and multi-parameter detection [1-3].
In addition, their applicability in harsh and hazardous environments
enabled by the wireless and contactless operation has rendered them the
gas sensing technology of incremental interest for numerous potential
applications, such as personalized exposure assessment for safety in
industries, food quality monitoring, and environmental quality control
[4-10]. Among different types of microwave gas sensors, planar mi-
crowave resonator-based gas sensors are more attractive due to their low

sors is an essential parameter that still poses significant challenges in
using these gas sensors for monitoring low-concentration gases,
including volatile organic compounds (VOCs). Some applications that
require detecting low concentrations of VOCs, for example, include
detecting acetone gas for diabetes monitoring [14] and analyzing heart
failure severity [15].

Planar microwave resonator gas sensors consist of engineered ge-
ometries of metal microstrip lines on a dielectric substrate and a gas-
sensitive material as the interface to target a specific gas. Following
the method mentioned, Rydosz et al. investigated the potential of an
interdigital capacitor-based microwave resonator sensor immobilized
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with comb copolymer phthalocyanine (Pc) to detect different VOCs
(acetone, ethanol, and methanol) [16]. The presented sensor could
detect acetone ranging from 5 ppm to 200 ppm using the shift in reso-
nant frequency at room temperature. Integrating a planar microwave
resonator with the nanocomposite of graphene oxide (GO)-polyaniline
(PANI), Javadian-Saraf et al. developed an ammonia gas sensor. Using
this method, ammonia gas, ranging from 1 ppm to 250 ppm, was
detected with a response time of 150 s and sensitivity of up to 0.03
dB/ppm, exploiting the change in the sensor’s resonant amplitude [17].
Among various resonator configurations, electric inductor-capacitor
(ELC) resonators are amongst the most widely investigated resonator
structures to implement microwave sensors with a simple layout, small
footprint, and moderate sensitivity for detecting and characterizing
materials in solid, liquid, and gas phases [18-23]. Yu et al. developed a
humidity sensor by immobilizing a microfabricated LC resonator on
gallium arsenide with carbon dot-decorated porous Co304 [24]. Using a
thin layer of polydimethylsiloxane (PDMS) layer as an interface, Zarifi
et al. demonstrated the potential of a split-ring resonator (SRR) sensor,
equivalently an ELC resonator, to detect acetone gas [25]. Gas
absorption-based swelling and change in permittivity of the PDMS layer
enabled the developed sensor to detect acetone gas with a concentration
ranging from 0% to 26.5% using the shift in resonant frequency. A dif-
ferential sensor consisting of PDMS-coated SRR in a power splitter/-
combiner configuration was introduced by Mohammadi et al. to detect
VOC gases, including acetone (387-31024 ppm), ethanol, methanol, and
isopropyl alcohol [26]. Thus, the literature review shows the continuous
efforts toward implementing microwave resonator gas sensors for the
sensitive detection of acetone gas. However, detecting and distinguish-
ing low-concentration acetone gas is still challenging, urging the
development of a microwave resonator gas sensor featuring high
sensitivity to enhance the frontier of microwave detection in monitoring
low-concentration acetone gas for various applications.

MXene, a growing family of two-dimensional (2D) materials, has
recently received significant attention from researchers for numerous
potential applications, including energy storage [27], electromagnetic
interference (EMI) shielding [28], catalysis [29], and biosensors [30].
Among different types of MXenes reported to date, titanium carbide
(TizC2Ty) has been most widely investigated, mainly due to its high
conductivity (up to 10,000 S cm™ 1), excellent flexibility, and superior
mechanical strength [31,32]. Besides, Ti3CoTx MXene offers the flexi-
bility to terminate its surface with functional groups, such as oxygen
(-0), hydroxyl (-OH), and fluorine (-F), which make it a potential
candidate for gas sensing applications [33]. In an overview of the recent
progress in the synthesis and applications of MXene, Khan et al. reported
that MXene has recently gained incremental attention in humidity and
gas sensing applications [34]. Based on a chemoresistive gas sensor,
Simonenko et al. investigated the gas-sensing characteristics of titanium
carbide MXenes, demonstrating their high sensitivity and selective
performance [35]. Using Ti3CoTx MXene as an interface material, Lee
et al. demonstrated the potential of an interdigital capacitor sensor to
detect VOC gases (ethanol, methanol, acetone, and ammonia) at room
temperature [36]. In work on a chemiresistive sensor employing TizCoTyx
MXene as a metallic channel, Kim et al. demonstrated the detection of
VOC gases as low as 50 parts per billion [37]. Kasra et al. used a Ti3CoTx
MXene membrane to develop a 1.834 GHz patch antenna, which was
further used as a sensing and radiating element to implement a wireless
gas sensor. The MXene antenna sensor could detect acetone gas with a
concentration ranging from 0.8% to 8% with a fast response time of 23 s,
where the results were monitored wirelessly using another antenna from
a distance of 1.5 m [38]. Despite the potential of MXenes in acetone gas
sensing shown by previous studies, their feasibility as interface material
has not been investigated yet to implement a high-sensitivity micro-
wave-based acetone gas sensor. A challenge associated with MXene as
gas-sensitive interface material lies in their high conductivity and elec-
tromagnetic (EM) loss, which adversely impacts the quality factor of a
microwave resonator; and the resulting sensitivity to detect gas.
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This work presents a planar microwave resonator sensor immobi-
lized with MXene for sensitivity-enhanced detection and characteriza-
tion of acetone gas. MXene was strategically immobilized on the
resonator surface via polyimide substrate, minimizing the impact of EM
loss of MXene, consequently enhancing the sensitivity to detect acetone
gas significantly. The developed MXene-based microwave resonator gas
sensor was used to detect a physiologically relevant range of acetone gas
concentrations (1-500 ppm).

2. Experimental section
2.1. Materials

Ti3AlCy powder (Shandong Kaiene Ceramics, China), HCl (12 M,
Sinopharm, China), and LiF (Aladdin Shanghai, China) of analytical
grade were used in this work. In addition, distilled water was used
throughout the experiment to synthesize MXene.

2.2. Preparation of multilayer TisCoT,, MXene

MXene with different terminations was synthesized from MAX phase
materials with the chemical formula of Ti3AlC, by minimal intensive
layer delamination (MILD). Fig. 1(a) depicts the schematics of TizCaTx
MXene preparation. The etching solution was typically prepared by
dissolving 4 g LiF (Aladdin Shanghai, China) into 45 mL HCI (12 M,
Sinopharm, China). Then, 2 g Ti3AlCy powder (Shandong Kaiene Ce-
ramics, China) was slowly added to the etching solution and continu-
ously stirred by magnetons at 45 °C for 24 h. After etching, the
precipitate was washed with deionized water until the supernatant
showed neutral pH. The prepared multilayer TizCyTx was then dispersed
in 20% LiCl solution, followed by 4 h of stirring for complete mixing.
The mixture was finally centrifuged for 5 min at 3500 rpm until the
supernatant turned black for spraying purposes.

2.3. MXene-based microwave gas sensor fabrication and measurement

An ELC resonator structure was used to implement the MXene-based
microwave gas sensor. Fig. 2(a) presents the schematic of the proposed
ELC resonator where the inductor was implemented using the outer
square ring, and the capacitor was patterned using an interdigital
structure. Owing to the confinement of an intense EM field, the inter-
digital capacitor was the core of the proposed resonator sensor, where
the MXene layer was deposited as a gas-sensitive interface (See Fig. S1).
MXene was functionalized on the resonator’s interdigital structure using
two approaches, as illustrated in Fig. 2. First, the TizCoTy MXene was
deposited directly on the interdigital structure of the proposed reso-
nator, as shown in Fig. 2(d) and 2 (e). Initially, the PI tape was used to
cover the resonator, exposing only the interdigital structure, where
MXene was spray-coated, and the resulting sensor was allowed to dry in
a vacuum chamber at room temperature for 12 h. Under similar condi-
tions in the second approach, a PI tape was also placed over the inter-
digital digital structure, which was followed by the spray coating of
Mxene. The sensitivity of the designed sensor with the MXene-PI layer
(0.01538 GHz/¢;) was 1.4 times more sensitive than the sensor with just
MXene (0.00281 GHz/,), thereby validating the proposed concept.

Custom-designed stainless steel gas chamber, operable in a static
mode, was used to perform gas sensing experiment, evaluating the
acetone gas detection characteristics of the developed MXene micro-
wave sensor. The fabricated gas sensor was placed inside the sample
holder and connected with a Keysight Technologies vector network
analyzer (VNA) (N9916A) to measure the sensor’s insertion loss (see
Supplementary Fig. S2). Next, the chamber door was sealed, followed by
the constant flow of clean air, maintaining an atmospheric pressure. The
resonant frequency and amplitude were measured and used as the
baseline sensing parameters. The microwave gas sensing system was
used in a static mode, where a gas sample was confined within a sealed
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Fig. 1. (a) Synthesis of Ti3C,Tx MXene and its deposition on the resonator surface using spray coating and (b) dimensions of the proposed microwave sensor in mm.
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Fig. 2. (a) The proposed microwave resonator ground plane, (b) PI tape on the whole microwave resonator to avoid MXene film again from the zone around the
interdigital fingers and place MXene on the sensing zone with a particular gap via PI tape (thickness 0.04 mm), (c) removing PI tape carefully around the sensing zone
after placing MXene film on the interdigital fingers, (d) PI tape around the interdigital fingers to avoid extra sensing MXene film from it, and (e) placing sensing
MXene film on the interdigital fingers and removing the PI tape around the interdigital fingers carefully so that the below copper layer is not damaged,.

chamber. To generate gas vapor at a precise concentration, a calculated
amount of liquid acetone was injected into a plate inside the chamber
using a microliter syringe, which was then turned into vapors and
distributed uniformly by switching on a fan for 5 min. The gas chamber
was equipped with a standardized temperature sensor (XC-24-K-12,
Omega) and humidity sensor (HIH-4000, Honeywell). Additionally, a
humid-temp RS 232 m was utilized to continuously monitor the tem-
perature and humidity levels. The temperature was monitored

throughout the experiment and compared to the sensor response, which
remained constant and slightly impacted the sensor response. Before the
next test, the vacuum pump was additionally used to release the loaded
gas and reestablish the natural environment. A computer was connected
to the gas chamber controller and VNA to compare, evaluate, and store
sensor data. Furthermore, an I-V characteristic of the designed resonator
was investigated by supplying varying levels of DC supply (MT-152D) to
an interdigital capacitor with a coated layer of MXene and measuring
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the resulting current flow (a digital multimeter, 3803). The measured
data is then plotted on a graph to obtain the I-V curve, demonstrating the
performance of a designed resonator for bare and under 100 ppm
acetone gas exposure.

3. Results and Discussion
3.1. Morphological and structural characterization of MXene nanosheets

The TizCyTx MXene film Fourier transform infrared (FTIR) spectrum
and X-ray diffraction ((XRD) Model D8X-Ray Diffractometer) patterns
were detailed using Cu Ka radiation through a diffractometer (Fig. 3(a)
and (b)). The scanning electron microscopic ((SEM) Model JEOL) graphs
examined the sample’s microstructure (Fig. 3(d) and 3 (e)). Fig. 3(d)
illustrates the top view morphology of the Ti3CyTx MXene film with two
different magnifications exhibiting a smooth surface with small mini
ripples without any clear cracks. As the SEM picture illustrates the
Mzxene layer’s cross-section in Fig. 3(f), the deposited MXene layer was
10 um thick. Additionally, the DC electrical conductivity of TigCyTx
MXene film, as measured by a low resistivity meter, was 2448.13 S/cm,
significantly higher than graphene and other carbon nanotubes (see
Supplementary Table S1).

For the gas-sensing performance of TizCyTx MXene, various func-
tional groups are investigated due to their diverse adsorption energy
against acetone gas molecules. The Density Function Theory (DFT)
calculations are performed using theoretical models of TizCyTx MXene
with three different functional groups (Tx = OH, O, F). Fig. 4(a) depicts
the most stable configuration of the acetone molecule being adsorbed on
the surface of OH-, O-, and F-terminated Ti3C; MXene. It is found that
the adsorption energies of TizCo(OH),, Ti3C202, and TizCoF; for acetone
molecules are — 1.33 eV, — 0.70 eV, and — 0.51 eV, respectively. This
analysis indicates that the Ti3Co(OH) possesses the highest binding
energy for the acetone than other terminated MXenes. As per the
experimental design, the binding energies between the TizC,Ty against
the methanol, ethanol, and acetone gases were further investigated and
compared. The schematic of the most favorable fully relaxed configu-
ration of gases (methanol and ethanol) on the Ti3CyTy is presented in
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Fig. 4(b) and (c) and Supplementary Fig. S3 and S4. Negative adsorption
energy indicates that the adsorption process is the most energetically
favorable from the experimental point of view, and the Ti3gC2(OH), has
the strongest binding energy for gases compared to its counterparts, i.e.,
Ti3C20, and TizCyFo as shown in Fig. 5. Therefore, a microwave sensor
using OH-terminated MXene was developed for experimental investi-
gation. The theoretical model of Ti3CyTyx (OH termination) depicts that
the adsorption energy for acetone is very high at 1.33 eV, which makes it
difficult for the molecules to desorb at room temperature. The findings
are compared with other studies that report lower values for similar
analytes [39-41].

3.2. Effect of gas concentration on sensor response

The proposed MXene-based microwave sensor is more sensitive to-
ward acetone than other VOCs due to the lower bond length and the high
negative binding energy between the gas molecule and sensing film. The
acetone gas with different concentrations was exposed to TizCoTy film-
based microwave resonator at room temperature (RT) in a gas cham-
ber (Fig. S2). The variation in the concentration of acetone gas is spotted
through a significant alteration in the resonance frequency and ampli-
tude of the designed sensor (Fig. 6). The sensitivity of sandwiching a PI
tape between the sensing interface material and microwave resonator is
enhanced more towards acetone gas than employing sensing film over
the resonator. The high sensitivity of the indirect deposition of MXene-
based resonator towards acetone gas is due to increased field distribu-
tion of the ELC structure and the gas detection sensitivity, which is the
ratio of the alteration in resonant frequency caused by gas interaction to
the resonant frequency (Afg/fr). As a result, the ratio of capacitance
change to net capacitance (ACg/Cg) increases dramatically, resulting in
a more significant variation in the resonator’s resonance frequency and
amplitude.

Multi-parametric alterations in frequency shift, amplitude shift, and
bandwidth broaden and loaded Q-factor is applied to estimate the
sensitivity analysis of the developed MXene-based microwave sensor for
monitoring low acetone gas concentration. Therefore, the precision of
the detection method is improved by evaluating the statistical

Transmittance
Intensity (a.u.)

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3. (a) FTIR spectrum of Ti3C,Ty MXene, (b) XRD pattern of TizC,Tx Mxene, (c) MXene-film prepared, (d) SEM micrographs of MAX, (e) TizC>Ty MXene top view

morphology, and (f) cross-section of Ti3C,Tx MXene.
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Fig. 4. Side and top schematics of the most stable configuration of (a) acetone absorbed on the TizCo(OH),, TizC202, and TizCyFs, (b) methanol, and (c) ethanol, on

the TizCo(OH), MXene.
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Fig. 5. Adsorption energies of acetone, methanol and ethanol on the surface of
TizCyTy (Tx = OH, O, and F) MXene.

assessment of the sensitivity parameters individually. The applied linear
regression strongly correlates with frequency shift and acetone gas
concentration, with r? = 0.97 (r = correlation coefficient), as shown in
Fig. 7(a). Similarly, the conductivity and impedance mismatching losses
of the ELC resonator structure can be determined by examining the wave
amplitude reduction as a function of acetone gas concentration. Fig. 7(b)
shows a linear regression plot of amplitude change versus acetone gas
concentration, indicating a strong correlation 2 = 0.93 between wave
amplitude reduction and acetone gas concentration.

Further, the bandwidth and Q factor (energy storage characteristics)
have been studied to investigate the effect of acetone gas concentration
on the proposed device’s electric-field storage capability. With a limited
3 dB bandwidth and a constant phase near resonance, the low 3 dB
bandwidth demonstrates outstanding frequency selection [42]. The ELC
resonator structure’s narrow bandwidth makes it more sensitive to tiny
changes in energy loss in the sensing material. When a single gas
molecule contacts MXene film, these energy losses cause phase

resonance and electric field capacity to be disrupted, resulting in a shift
in device sensitivity. As illustrated in Fig. 7(c), the computed linear
regression demonstrates a good correlation of r2 = 0.95 between wave
bandwidth and acetone gas concentration. The sensing material’s
permittivity, shape, and volume on top of the ELC resonator structure
influence the Q-factor shift [43]. The volume of the sensing material is
fixed in the proposed device; the only parameter that can alter the
Q-factor and exhibit device sensitivity is the permittivity of the sensing
material. The high Q-factor causes a perturbation in the sensing zone
due to existing acetone gas molecules interacting, resulting in a deflec-
tion in the Q-factor and showing in device sensitivity [44]. However,
while a high Q-factor improves the microwave sensor’s sensitivity, ac-
curacy, and resolution, it also diminishes as the dielectric constant of the
sensing material changes, limiting the microwave device’s test range
[45]. As the concentration of acetone gas increases, the Q-factor value in
the suggested microwave sensor alters, as illustrated in Fig. 7(d). The
presented linear regression reveals the strong correlation r2 = 0.98 be-
tween the Q-factor value and acetone gas concentration.

3.3. Gas sensing performance of MXene-based microwave sensor

The interaction capability of acetone gas molecules with the MXene
sensing film determines the developed sensor’s response and recovery
time. The sensor’s response and recovery time are determined by the
attachment and release of acetone gas ions, respectively. Furthermore,
the MXene film was deposited directly and indirectly (through PI tape)
on the enhanced electric field zone, resulting in dielectric losses, local-
ized thermal agitation, and a short molecular separation time [46]. At
microwave frequency, the interaction between heat dissipation factors
and enhanced electric field can be represented as [47]:

Hy=2x 7 X[ x & % tan (8) x E2, @
where Hgy is the heat dissipation factor, € is free space permittivity
(8.54 x 107'2 F/m?) and Erp; is indicated by the root-mean-squared
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value of the electric field in the sensing zone. Fig. 8(a) depicts the
measurement response and recovery time of the designed MXene sensor.
The response and recovery times for the developed MXene-based
interdigital microwave sensor are estimated to be 60 and 85s,
respectively.

The repeatability test is essential for analyzing the sensor’s behavior
in multiple assessments of identical samples in the same environment.
The high repeatability suggests that the sensor offers significant accu-
racy and resolution. As shown in Fig. 8(b), the developed MXene-based
interdigital microwave sensor has experimented with quadruplicate
samples of 250 ppm acetone gas concentration injected in the measuring
chamber at various time intervals under RT. The measurement findings
show that the output results are the same for each sample, indicating a
significant level of repeatability. At 250 ppm, the maximum relative
standard deviation (RSD) of 0.01% demonstrates good reproducibility in
all analyzed specimens. The stability parameter must be investigated
before implementing the gas sensor in practical uses [48]. The reported
MXene-based microwave gas sensor was tested for seven days at
250 ppm acetone gas concentration in the same environment. Fig. 8(c)
depicts the measurement result, which shows that the tested gadget had
correlated sensing output for all seven days. The optimum RSD is 0.01%
at an acetone gas concentration of 250 ppm, indicating exceptional
lengthy stability.

In a gas sensing application, selectivity is an essential parameter,
which is described as the ability of a gas sensor to respond to the tar-
geted gas molecule in the presence of different gases. The term selec-
tivity coefficient (K) of the designed sensor can be calculated as [49]:

K= SACEtone (2)

Svoc

SAcetone 1S the response of the designed sensor towards acetone gas in
the existence of other VOCs gases (Syoc). The variation in the resonance
frequency and amplitude of the Ti3CyTy film-based microwave sensor is
observed under the contact of 250 ppm of acetone methanol, ethanol,
xylene, and toluene, as shown in Fig. 8(d). The designed sensor is more

sensitive to the acetone gas due to more negative adsorption energies
and a small bond length between the molecule and sensing layer than
other VOC gases. The binding energies between the TizCyTx against the
methanol, ethanol, and acetone gases were further investigated and
compared, which depicts that the MXene with OH termination is more
sensitive towards acetone due to lower bond length and further the
experimental results also indicated that the selectivity of the designed
sensor towards 250 ppm acetone concentration is high as compared to
other gases as shown in Fig. 8(d). The selectivity of VOCs for the
designed sensors is in the order of acetone > methanol > ethanol which
is consistent with the theoretically predicted binding energies of these
VOCs. Furthermore, the humidity impact on the designed sensor fre-
quency and amplitude shift is illustrated in Fig. 8(e) and (f). The sensor
can still detect acetone gas even though greater humidity values would
produce a slight reduction in the gas response. In Table 1, a comparison
is made between the proposed interdigital MXene-based resonators with
other reported gas sensors based on microwave technology. This study
demonstrates that incorporating a PI film produced a strong EM field
between the interdigital capacitor structure of the resonator and the
MXene layer, leading to a substantial interaction between the resona-
tor’s EM field and acetone gas molecules through the MXene layer. The
designed microwave gas sensor based on MXene exhibits twice as high
sensitivity as the one without PI tape, enabling it to detect acetone gas
concentration more accurately. The limit of detection of the immobi-
lized MXene-based microwave sensor with PI tape is 0.923 ppm.

4. Mechanism of Gas Sensing and Microwave Response

The high-sensitivity planar microwave resonator gas sensor operates
based on the enhanced interaction between the resonator’s EM field and
the surrounding target gas via the immobilized TizCoTx MXene. Immo-
bilizing an MXene layer in the resonator structure offers an effective
wide open area with high-density active sites for absorbing target gas
molecules, thereby enhancing the interaction between the resonator’s
EM field and target gas. However, a challenge with a conductive MXene
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Fig. 7. Linear regression plot of a designed MXene-based microwave sensor with PI tape for (a) frequency shift, (b) amplitude shift, (c) bandwidth (BW), and (d) Q-
factor as per logarithmic scale of the MXene-based microwave sensor for indirect deposition concerned with different acetone concentrations.

layer immobilized directly on the resonator surface lies in the impact of
its EM loss on the resonant profile, adversely affecting the gas detection
sensitivity. To overcome this challenge, the MXene layer was first
deposited on a PI film, which was later attached to the resonator’s
surface. Sandwiching a PI film confined an intense EM field between the
resonator’s IDC metal lines and MXene, which significantly enhanced
the interaction of the field with the target gas. The interaction between
the resonator’s EM field and the target gas via the MXene layer alters the
resonator’s spectral parameters, such as resonant frequency, resonant
amplitude, and quality factor. These parameters, which correlate with
the relative permittivity and EM loss of the MXene layer interacting with
gases, can be used to detect and characterize the target gas. A circuit
model was implemented in Advanced Design System by Keysight to
analyze the sensitivity-enhanced gas detection performance of the
sensor, as shown in Supplementary Fig. S5. The values of circuit model
components in the resonator structure with immobilized MXene layer
were calculated using the following equations:

w

w
Lid Y
+ } for h s

_ 6o,
=" 4h

Vo

Lg

{Sh 3)

w
where Ly represents the microstrip line inductance of the resonator’s

outer ring, [ and w represent the length and the width of the microstrip
line, respectively, and h is the height of the substrate.

E0Esub K(l 7](2)
K(k)

ot

Cine = (Csup + Cp)(N — 1)L = +— (N-1)L

(€3]

where Cp and Cg,p, are the capacitances due to the electric flux passing
between the IDC fingers directly and via the underlying substrate. N is
the number of coupled fingers in IDC, and L is the coupled length of the
fingers. ¢y is the absolute permittivity of air, and &gy (=3.5) is the
relative permittivity of the RF-35 substrate. k and K(k) are the elliptical
integrals of the first kind. Cyix [= eoepi(ab/tpr)] is the capacitance due to
the flux passing between the IDC fingers and MXene layer through the PI
film, where ep; (= 2.7) and tp; (= 40 um) are the dielectric constant and
thickness of the PI film, respectively, and ep; (= 2.7) is the relative
permittivity of the PI film.

The resonator’s inductance and capacitance values were calculated
using the abovementioned equations. According to Egs. (3) and (4), the
total capacitance (Cipc) and inductance (Lg) of the interdigital structure
were estimated as 10 pF and 0.51 nH, respectively. Using the values of
inductance and capacitance, the resonant frequency (fg) of the resonator
sensor with the immobilized MXene layer can be calculated using the
following equation:

1 1

fr = = 5
R 271v/LrCr 2n\/L [ )
R

CipcCux
Cipc+Cnmx

where Cp is the net capacitance of the resonator sensor. As Eq. (5) in-
dicates, immobilizing the MXene layer on the resonator sensor via a
sandwiched PI film decreases the net capacitance of the resonator.
Consequently, the gas detection sensitivity (S), which is the ratio of the
change in the sensor’s resonant frequency due to exposure to gas and the
bare resonant frequency (Afr/fr), and therefore, the ratio of the change
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based microwave sensor towards 250 ppm acetone gas concentrations, (e) frequency and (f) amplitude shift response of the sensor to 250 ppm acetone gas under

different relative humidity at 20 & 1 °C.

in capacitance and the net capacitance (ACgr/Cg), increases significantly.
Furthermore, the sensitivity of the proposed sensor with the MXene
layer deposited directly on the resonator surface and with the MXene
layer deposited on the PI substrate and attached to the resonator surface
was determined. The MXene layer interacting with gas was modeled
with relative permittivity ranging from 1 to 10 by carefully choosing the
values of Cyx. As Fig. S6 presents, the sensitivity (the slope of the
resonant frequency versus relative permittivity plot) of the MXene-PI
layer-immobilized resonator sensor (0.01538 GHz/e;) was 1.4 times
the sensitivity with the MXene-deposited resonator sensor

(0.00281 GHz/¢,), thereby validating the proposed concept.

Gas adsorption is the primary cause of changes in conductivity
observed in the sensing layers. This phenomenon induces local de-
formations in the MXene material, which alters bond lengths and
modulates electrical conductivity [54]. It is well-known that gas mole-
cules can interact with the surface of materials, causing changes in the
electronic structure and properties of the material. In the case of MXene,
gas adsorption-induced deformations lead to changes in the effective
charge carrier concentration, band structure, and bandgap of the ma-
terial. These changes subsequently affect the material’s electrical
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Table 1
Comparison of the performance of the proposed MXene-based interdigital sensor
with various reported microwave gas sensors.

Gas-Sensitive Sensor Sensitivity Detection Ref
Material Structure Range
PIn/APS Substrate 3.35 kHz/ 5-500 ppm [3]
integrated ppm
waveguide
Poly copolymer films Coplanar 0.104 kHz/ 700-2000 ppm [13]
waveguide ppm
Phthalocyanine (Pc) Interdigital 14 MHz/ppm 5-25 ppm [16]
Polydimethylsiloxane  Split ring 0.194 kHz/ 387-1935 ppm [26]
resonator ppm
MXene Planar 0.7 MHz/ppt 0.00008%— [38]
antenna 0.0008%
PEDOT: PSS Differential 2.153 kHz/ 500-1300 ppm [50]
capacitive ppm
Carbon nanotubes Interdigital 648.1 Hz/ 625-5000 ppm [51]
ppm
P25DMA polymer Resonant 2.33 mdB/ 625-5000 ppm [52]
cavity ppm
Reduced graphene Split ring 0.9 MHz/ 100-400 ppm [53]
oxide resonator ppm
MXene Planar 17.85 kHz/ 1-500 ppm This
interdigital ppm (MXene work
via PI film)
and
8.23 kHz/
ppm (MXene
without PI
film)

conductivity. Our findings provide insight into the fundamental mech-
anisms governing the electrical response of MXene-based gas sensors,
which is significant for developing high-performance gas sensing de-
vices. The behavior of acetone gas molecules adsorbing onto the MXene
film alters the resistivity of the sensing interface material. The change in
resistivity of a sensing film is detected through a change in the resonant
frequency and amplitude of the sensor response of a microwave reso-
nator, which is used to monitor the existence of acetone gas. The change
in frequency that occurs during each adsorption sequence is directly
related to the sensing mechanism of the Ti3CpTy MXene [36]. This
mechanism involves the adsorption of gas molecules by the functional
groups and structural defects present in the MXene. Consequently, the
frequency shift observed is directly related to this mechanism, as it is
affected by the interaction between the MXene and the gas molecules.
Therefore, by monitoring the frequency shift during adsorption, it is
possible to gain insight into the sensing mechanism of the Ti3CoTx
MXene, which has potential applications in gas sensing technology.
The electrical characteristics of immobilized MXene nanocomposites
on the interdigital structure of the designed sensor are characterized and
observed via current-voltage (I-V) response, as shown in Fig. S7. The I-V
response of the MXene-based microwave sensor exhibited an ohmic
resistance type electrical behavior. A linear electrical response is
examined for the designed sensor, and the current remains constant
regardless of the applied voltage for a bare sensor. Similarly, the
designed sensor response was examined upon exposure to 100 ppm
acetone gas, and the variation in the resistance decreased in contrast to
the bare sensor concerned with applied voltage. Thus, the resistance
changes when the MXene is exposed to acetone gas concentration and is
exhibited through the designed sensor’s transmission coefficient (dB).

5. Conclusion

To sum up, this work investigated the potential of MXene as a gas-
sensitive interface in a planar microwave resonator sensor for detect-
ing acetone gas with high sensitivity, selectivity, linearity and good
humidity resistance at room temperature (20 + 1 °C, 20 + 2%RH). In
contrast to the conventional approach to implement microwave gas

Sensors and Actuators: B. Chemical 392 (2023) 134048

sensors, where gas-sensitive material is immobilized directly on the
resonator surface, noncontact immobilization of MXene on the resonator
surface via a PI substrate was proposed to enhance the sensitivity to
detect acetone gas significantly. Embedding a PI film between MXene
and the resonator sensor enhanced the acetone gas detection sensitivity
by confining the EM field. The resonant frequency and amplitude are the
main sensing parameters for detecting acetone gas concentrations
ranging from 500 to 1 ppm. The DFT calculation is employed for
investigating the performance of the sensing interface material, which
exhibits that the Ti3CyTx (Tx = OH) layer is more sensitive toward
monitoring low-concentration acetone gas. The high sensitivity of the
designed sensor towards monitoring low concentrations of acetone gas is
due to more negative binding energy, indicating a small bond length
between the acetone gas molecule and sensing interface film compared
with Ti3CyTx (Tx = O and F). The measurement results show that the
proposed MXene-based microwave interdigital sensor has great poten-
tial for monitoring acetone gas. In the future, the emphasis would be on
improving the sensing parameter by upgrading the sensing interface
material and design layout and replacing PI tape with another nano-
material to enhance further the sensitivity and selectivity of the
designed sensor suitable for biomedical and industry-related
technologies.

Supporting Information

The supporting information contains detailed information on the
experimental method, which includes materials and instruments, mi-
crowave sensor design, and measurement setup. Additionally, the fig-
ures conclude the proposed interdigital structure with dimension
marker and electric field distribution, resonating frequency comparison
with/without PI tape deposition of MXene, electric field distribution and
2-D schematic of the VOC gas chamber. The supporting information file
is available free of charge.
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