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Sensing nature’s alarm: SnO,/MXene gas sensor
unveils methyl jasmonate signatures of plant
insect stress+
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The incorporation of artificial intelligence into agriculture presents challenges, particularly due to hard-
ware limitations, especially in sensors. Currently, pest detection relies heavily on manual scouting by
humans. Therefore, the objective of this study is to create a chemoresistive sensor that enables early
identification of the characteristic volatile compound, viz., methyl jasmonate, released during pest infesta-
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tions. Given the lower reactivity of esters, we have fine-tuned a composite consisting of SnO, nano-
particles and 2D-MXene sheets to enhance adsorption and selective oxidation, resulting in heightened
sensitivity. The optimized composite demonstrated a notable response even at concentrations as low as
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1. Introduction

The indiscriminate use of pesticides in agriculture has led to a
significant impact on human health." This problem worsens
with the worldwide population increase, which directly fuels
the demand for food production, and as a result pesticide use
increases.> Early prediction of the damage caused to crops
using a real-time sensor incorporated with Internet of Things
(IoT) technology will facilitate pest management at the right
time, avoiding economic losses. Therefore, in recent times,
several initiatives have emerged to create sensors aimed at
identifying different stresses in plants by leveraging the
unique signatures of volatile organic compounds (VOCs),
drawing inspiration from health science.>” Detecting VOCs
under ambient circumstances is time-consuming as it
depends on methods like gas chromatography, mass spec-
trometry, and fluorescence spectroscopy, which need sophisti-
cated pre-concentration steps.®'® Chemoresistive sensors
present a potential remedy for this concern, as their function
is based on the alteration of their electrical resistance upon
exposure to specific gases or chemicals in their environment.
Among various n-type semiconducting metal oxides, SnO,
stands out as a preferred choice for gas sensor applications
due to its broad band-gap of 3.6 eV at 27 °C."***
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120 ppb, successfully confirming pest infestations in tomato crops.

Furthermore, two-dimensional (2D) nanomaterials are
drawing considerable interest owing to their distinct micro-
structure, electrical properties, quantum optics, spillover
effect, and outstanding gas adsorption capabilities, with
MXenes emerging as a standout choice among them.'>™*® The
abundance of active sites, commendable conductivity, custo-
mizable surface chemistry, and remarkable stability make
MXenes highly appealing for applications in gas sensing.'®*°
However, other materials such as porous MOFs typically have
very low electrical conductivity, which is partly due to the insu-
lating nature of the organic ligands and the lack of overlap
between their p orbitals and the d orbitals of metal ions,
making them inappropriate candidates for gas sensing
materials.*!??

MXene-based chemoresistive sensors exhibited a strong
reactivity to vapors of acetone, ethanol, ammonia, and propa-
nal. The exceptional signal-to-noise ratio (S/N) observed in
MXene-based sensors underscores their distinct advantage
over other 2D materials, making them an outstanding option
for detecting volatile organic compounds (VOCs) at concen-
trations as low as parts per billion (ppb).>* Similar to other 2D
nanomaterials, MXenes also face problems such as low selecti-
vity, poor as well as delayed sensor response, instability,
etc.**?® The incorporation of a heterojunction between a
p-type MXene and n-type SnO, can address the limitations of
2D material-based gas sensors by improving charge separation
and catalytic activity.””>°

Plants protect themselves against herbivory by deploying a
wide array of chemical defences. Methyl jasmonate (MeJA) is
an odorous volatile ester crucial for phyto-defence systems that
protect crops against herbivory by inducing the production of
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downstream toxic compounds.*** Me]JA triggers the release
cascade of other terpenes; hence, MeJA is emitted in signifi-
cantly higher quantities than the previously targeted
B-myrcene reported in previous studies.’*” Injury to leaf
tissues triggers the activation of the octadecanoid/lipoxygenase
(LOX) pathway in the chloroplast, which oxidizes linolenic
acid, an unsaturated fatty acid in the membrane, to 13-hydro-
peroxylinolenic acid. This activation leads to the buildup of
12-oxyphytodienoic acid and 7-isojasmonic acid. Subsequently,
Me]JA is synthesized in the cytoplasm through the esterifica-
tion by JA methyltransferases (JMT).**3874°

In this study, we have created a gas sensor using a compo-
site of a metal oxide embedded in a 2D-MXene for the identifi-
cation of the stress-induced signature molecule MeJA. Me]JA is
released by plants in response to insect stress and possesses
multiple oxidation sites. The integration of a p-n junction is
anticipated to enhance the sensor’s response, selectivity, as
well as response and recovery times.

2. Results and discussion
2.1 Characterization of the synthesized nanomaterials

The synthesized SnO,, MXene and SnO,/MXene nanocomposite
were characterized using spectroscopy techniques such as UV
absorption, XRD and Raman spectroscopy. In Fig. 1a, the SnO,
absorbance spectra show two maxima around 240 and 300 nm
that are caused by the valence band (VB) and conduction band
(CB) transitions. They could be associated with the Sn**/Sn**
intervalence charge transfer and surface Sn** species.*’ The
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Fig. 1 Characterization of the SnO,, MXene and SnO,/MXene nano-
composite. (a) UV-Vis spectra, (b) Raman spectra, (c) XRD spectra and
(d) XPS survey spectra of the SnO, MXene and SnO,/MXene
nanocomposite.
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MXene spectra show two peak maxima around 225 and 275 nm,
which might be due to the band gap energy and inter-band
transitions.*” In the SnO,/MXene spectra, the SnO, peak shifted
from 300 nm to 310 nm, which may be due to the formation of
a heterojunction between SnO, and the MXene. There was no
separate peak observed for the MXene, which may be due to the
lower concentration.

The Raman spectra of SnO, shows the rutile structure of
SnO, corresponding to 2 SnO, molecules per unit cell and 15
optical phonons.** A smaller broad peak around 470 to
520 cm™, an intense peak around 625 cm~' and a broader
peak 750 to 775 cm ™' confirm the rutile tetragonal structure of
Sn0,. The peak near 670-690 cm™ ' suggests that size
reduction and disorder in nanoparticles activate some IR
modes. Raman spectra of the MXene shows peaks around 150
and 260 cm™", attributed to the collective vibration of two tita-
nium layers and carbon; the peaks around 390 and 590 cm™*
can be attributed to surface group vibrations.** Broad peaks
around 1340 and 1575 cm™" represent the D and G peaks of
carbon, indicating the presence of sp> carbon and its defects.
Furthermore, in the SnO,/MXene spectra, the peak near
140 cm™" can be attributed to Ti in the sample, and is shifted
towards a lower wavenumber compared to that for the pristine
MXene. This shift can be due to the formation of oxygen
vacancies in the structure, which will be highly favourable for
sensing volatile compounds (Fig. 1b).*>*¢

XRD analysis confirmed that the SnO, nanoparticles have a
rutile tetragonal structure, which matched with JCPDA file 41-
1445. In the MXene spectra, the 61° peak was absent, which
indicates that the delaminated Ti;C,T, sheets were stacked pla-
narly and that the aluminium was completely eliminated.*”
Furthermore, the peak around 9.6° confirms the successful
synthesis of MXene sheets. However, in the SnO,/MXene com-
posite, no separate peak was observed for the MXene, which
indicates that the MXene does not form any cluster but dis-
perses well forming a huge number of Schottky barriers that
may favor VOC detection at low concentrations (Fig. 1c).**

Furthermore, for the confirmation of elements and their
oxidation state, XPS was performed as shown in ESI Fig. S1a,
where two peaks at 486 eV and 495 eV in the SnO, Sn 3d spec-
trum correspond to Sn 3ds,, and Sn 3dj),, respectively. Both
peaks could be further deconvolved into four peaks, represent-
ing Sn*>" and Sn**. Fig. S2bf shows the O 1s spectrum of the
MXene. The peaks of the oxygen at 529 and 530 eV were attrib-
uted to the lattice and adsorbed oxygen. Fig. S2at shows the
deconvoluted spectra of Ti 2p, where the 2p;3,, and 2p,, pair of
peaks that are present at around 458 and 464 eV are attributed
to the Ti'" 2p;, and Ti'*" 2ps, bonds of the MXene. In
Fig. S2c,t the C 1s peak is further deconvoluted into four
peaks, ascribed to C-Ti, C-C, CH,/CO, and —-COO. In the SnO,/
MXene spectra, all of the Sn 3d peaks moved to higher binding
energies (Fig. S3a and ct). The peak of the oxygen in the SnO,/
MXene nanocomposite shifted to a higher energy. The inten-
sity of the Ti 2p peak from SnO,/MXene at 454 eV increased
compared to that of the MXene (Fig. S3b¥). Additionally, a new
peak appeared at 461 eV, which indicates the formation of a

This journal is © The Royal Society of Chemistry 2024
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nano-heterojunction between SnO, and the MXene. The hydro-
thermal reaction causes the C-Ti peak in the C 1s spectra of
SnO,/MXene to weaken.**49%°

Following the confirmation of the materials through
various spectroscopy techniques, the morphologies of the
samples were analyzed using SEM and AFM. The MAX phase
after HF etching confirms successful aluminium removal, and
the layers are clearly separated from each other. Similar sheets
were also observed in the AFM image (ESI Fig. S41). In SnO,/
MXene, the MXene sheets are not clearly visible due to the
lower concentration (Fig. 2a-c). The transmission electron
micrograph (TEM) of SnO, samples shows particles <5 nm in
size, which is less than twice the Debye length (Fig. 2d-f). The
high-resolution transmission electron microscopy (HRTEM)
images reveal the “d” spacing to be 0.34 nm and 0.26 nm,
which correspond to the 110 plane of SnO, nanoparticles and
the 006 plane of the MXene, respectively (Fig. 2d and e inset).

2.2 Gas sensor optimization

Following the material confirmation through the above charac-
terization, the synthesized material (~5 mg) was dropcasted on
sensor electrodes, with reference to our previous
optimization.’™* To obtain maximum sensitivity, an electrode
having a 200 pm interdigit gap and a platinum heating elec-
trode at the back for temperature control have been used.
Following this, the electrodes were stabilized thermally in a
furnace at ~#500 °C for ~5 hours. The SEM image of the coated
electrode is shown in ESI Fig. S5.F

Finding an optimum working temperature is a very crucial
step, as the increase in the surface potential barrier of semi-
conducting metal oxides, due to the extraction of electrons by
the volatile environment, can be overcome by the heating-
assisted electron density. This phenomenon enhanced elec-
tron tunnelling through the barrier, promoting reactions with
adsorbed molecules in a reversible chemisorption fashion that
influences sensor performance.”® As the temperature was
increased from 50 °C to 175 °C with a gradient of 25 °C using
a DC power source, the SnO, and MXene gave the maximum

Fig. 2 Scanning electron microscopy images of the (a) MXene, (b) SnO,
and (c) SnO,/MXene nanocomposite. Transmission electron microscopy
images of (d) MXene, (e) SnO, and (f) SnO,/MXene.
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response at 125 °C and 50 °C, respectively. In case of SnO,, at
50 °C the response was close to negligible; hence, it could not
be recorded. However, the MXene, which is widely used as a
room-temperature sensor because of its high conductivity and
large number of active sites, was able to show a maximum
response at 50 °C (Fig. 3a and b and ESI Fig. S71).**
Interestingly, the SnO,/MXene nanocomposite shows signifi-
cantly enhanced response at 125 °C, which is approximately 10
times and 5 times greater than the maximum response
recorded from SnO, and the MXene, respectively.

In the nanocomposite, an increase in the barrier due to the
heterojunction may have favoured an increase in response
with an increase in temperature up to 125 °C. On the other
hand, highly rapid atomic species desorption at high tempera-
tures or the decomposition of the molecules may have caused
a decline in response with further increase in temperature.”*

In order to check the repeatability of the sensor, the
response of the electrode was recorded for 20 on/off cycles for
MeJA. In this attempt, the sensor showed high repeatability
with very quick response and recovery times (Fig. 3c and d).
This indicates that these nanostructures remain stable for a
long time under these working conditions, as the temperature
is much below their decomposition temperature.

2.3 Selectivity and stability of the sensor

Selectivity of a sensor is crucial to avoid the crosstalk from
multiple stress signature molecules, which could provide false
information. In this study, we checked the MeJA selectivity of
the SnO,/MXene gas sensor in the presence of f-ionone,
f-caryophyllene, and p-myrcene. We found that the SnO,/
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Fig. 3 Characterization of the sensor. (a and b) The effect of tempera-
ture and the highest response achieved with SnO,, MXene, and the
SnO,/MXene sensor. (c) Reproducibility of the SnO,/MXene sensor for
MeJA. (d) Response and recovery times of the SnO,/MXene sensor in
the presence of MeJA. Experiments were conducted in triplicate; the
SnO,/MXene sensor was compared with SnO, and MXene sensors and
the results are given as mean + SD. Statistical significance is shown by
***p < 0.001.
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Fig. 4 (a and b) Selectivity of the SnO,/MXene sensor for MeJA against
different analytes with a concentration gradient. The stability of the
sensor (c) under different RHs (d) for continuous 12 weeks. Three inde-
pendent experiments were conducted, and the response obtained with
methyl jasmonate was compared with those of p-ionone,
p-caryophyllene, and fB-myrcene. Results are given as mean + SD.
Statistical significance is shown by ***p < 0.001.

MXene-based gas sensor shows the highest response for MeJA
at 125 °C and a negligible response to other analytes (Fig. 4a
and ESI Fig. S8f). Furthermore, the limits of detection and
sensor response at varying concentrations were examined. It
was found that the sensor based on SnO,/MXene can clearly
distinguish between MeJA and other analytes at >120 ppb
(Fig. 4b). The linear plot and R*> of the SnO,/MXene sensor
response to a proportional change in concentration are given
in ESI Fig. $10.}
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Humidity is a real challenge for gas sensors because water
vapor adsorbed on the surface will result in a decreased sensor
response. Hence, the sensor was examined for its response in
dry air to 80% RH, with 20% gradient. Compared to 60%
humidity, at which all the above optimizations were carried
out, lower humidity caused a higher response and higher
humidity caused a lower response. Thus, the response was
found to be inversely proportional to humidity. 80% humidity
is limited to very sparse locations, and hence ignoring it
causes the response to have only a +7% deviation, which can
be corrected using humidity data. Furthermore, long-term
stability was also checked and it was found that the sensor
gave almost similar responses for up to 12 weeks with a stable
baseline (Fig. 4c and d).

2.4 Real-time experiment

Tuta absoluta, commonly known as the tomato leaf miner, is a
major pest of tomato plants that causes a huge yield loss as it
damages both leaves and fruits. For real-time detection,
tomato plants were incubated in two separate glass jars: one
for the control plant and another for the treatment plant (a
digital image of the infected plant with Tuta absoluta is pro-
vided in ESI Fig. S127%). The volatile compounds released from
the T. absoluta infested plant were collected using a carbotrap,
the eluate was concentrated and the compounds were deter-
mined using GC-MS (Fig. 5a, ESI Fig. S11}). The air samples
from both control and treated plants (Fig. 5b) were exposed to
the gas sensor, and it was observed that the treated plant gave
a 10 times higher response than the control plant at 36 hours.
In the control plant, the highest response was achieved at
12 hours and afterwards it started to decline, but in case of the
treated plant, the response slowly increased up to 36 hours,
and after that, it started to decline (Fig. 5¢ and d).
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Fig. 5 (a) GC-MS chromatogram obtained from the head-space volatiles of the tomato plant infested with Tuta-absoluta. (b) Photographs of the
incubated control and treated plants. Sensor response to the (c) control plant and (d) treated plant at different time periods. (e) Energy diagram of
the SnO,/MXene nanocomposite. (f) FTIR spectra of MeJA before and after exposure to the electrode.
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2.5 Mechanism and reason behind selectivity

SnO, aids in detecting volatile organic compounds (VOCs),
and the metallic MXene will aid in the adsorption of analytes
in the heterojunction’s interface region. Furthermore, the pres-
ence of the semiconducting p-type MXene with the n-type
SnO, together results in a p-n junction barrier that holds
more electrons and improves the sensitivity to the incidence of
reducing gas. The SnO, and MXene have work functions of 4.5
eV and 3.9 eV, respectively, which cause discrepancy in the
Fermi level as depicted in Fig. 5e. The difference in the Fermi
level will lead to the movement of electrons from the MXene to
SnO, until the Fermi level equilibrates, causing band bending,
which contributes to better sensitivity.”> Oxygen from the open
environment will adsorb onto the sensor surface, which will
capture free electrons from the conduction band of SnO, and
increase the resistance. MeJA, with its numerous oxidation
sites, will consume the adsorbed oxygen, releasing electrons
that influence the electron depletion layer and reduce electri-
cal resistance. Upon re-exposure to regular air, oxygen will
once again adsorb onto the surface, capturing free electrons
and increasing resistance.

The SnO,/MXene-based gas sensor has demonstrated good
selectivity toward MeJA. The selective catalytic oxidation of
MeJA may result from the high catalytic activity of Ti at the
optimum temperature, which may not be advantageous for
other analytes.”® The adsorption of a functional group is
another important aspect. MeJA contains an ester group,
which promotes a higher degree of physisorption on the
surface.’® Such functional groups are absent in p-myrcene,
B-caryophyllene, and p-ionone, which may have led to a weak
interaction and a decreased sensor response.’” >’

Furthermore, FTIR analysis of the adsorbed volatile pro-
ducts eluted from the carbotrap X placed at the outlet of the
chamber was performed in the presence and absence of the
electrode (Fig. 5f). The peak at 2970-2830 cm™" corresponds to
the asymmetrical and symmetrical stretching vibrations of
CH, groups, which appeared in the samples not exposed to
the electrode. This peak shifted to a higher wavenumber in the
sample exposed to the electrode, due to its oxidation. Another
peak around 1740 cm™, corresponding to the ©(C=0) stretch-
ing vibration of the esters in the MeJA spectra, completely dis-
appeared due to the oxidation of MeJA.®*™>

3. Conclusions

A hybrid composite comprising nanoparticles of SnO,/MXene
was synthesized and assessed for its efficacy in sensing the
phyto-volatile MeJA. The advantage of high sensitivity, coupled
with excellent selectivity against other phyto-volatiles, was rea-
lized by elevating the working temperature to 125 °C with an
optimized MXene concentration of 1%. The formation of a het-
erojunction between the MXene and SnO, facilitated the
accumulation of more electrons, enhancing sensitivity and
yielding a response to a minimal concentration of 120 ppb.
Furthermore, the ability of the MXene to adsorb esters comp-
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lements the heterojunction in terms of sensitivity and selective
oxidation. The stability of the transducer was confirmed
through multiple on/off cycles over several months and ulti-
mately validated in the detection of pest-infested tomato crops.
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