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ABSTRACT: The development of low-power, environmentally
friendly gas sensors is critical for next-generation safety and
environmental monitoring, yet it is constrained by energy-intensive
operation and unsustainable fabrication processes. We present a one-
step laser-induced method to fabricate a wood-based resistive
methane sensor, where laser irradiation directly converts a natural
wood precursor into a 3D conductive laser-induced graphene (LIG)
network decorated with in situ-formed SnO,—NiO heterojunction
nanoparticles. This integrated SnO,—NiO/LIG nanocomposite
features a hierarchical, porous, polycrystalline structure, as
characterized by SEM, TEM, Raman, XRD, and XPS. The sensor
operates at ambient temperature, has a response time of 50 s,
achieves a low theoretical detection limit of 7 ppm, and maintains
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robust performance under varying humidity of <70%. The sensing superiority is attributed to synergistic effects at the n-SnO,/p-
NiO heterointerface within the conductive graphene matrix, which facilitates efficient charge separation and transfer upon gas

exposure, validated by density functional theory (DFT) calculations.

This direct laser-engraving, solvent free approach using wood

establishes a new paradigm for designing sustainable, cost-effective, and eco-friendly, high-performance nanoarchitecture gas sensors.

1. INTRODUCTION

Methane (CH,) is a potent greenhouse gas with a global
warming potential 25 times greater than carbon dioxide (CO,)
over a 100-year tlme frame, and it contributes significantly to
climate change."” Beyond its environmental impact, CH,
poses severe explosion risk in confined spaces (e.g, coal
mines, oil/gas facilities, and biogas plants) where concen-
trations of 5—15% by volume can lead to catastrophic
accidents.” Consequently, reliable CH, detection is crucial
for industrial safety, environmental monitoring, and occupa-
tional health.* However, detecting trace amounts of CH,
remains challenging owing to its nonpolar molecular structure
and high C—H bond dissociation energy (439 kJ/mol), which
limit its interaction with sensing materials.’

Current CH, detection technologies, including laser-
spectroscopic hollow optical sensors, and electrochemical
sensors, offer high accuracy but suffer from critical drawbacks
such as high power consumption (>1 W), slow response/
recovery times (min to hours), limited stability, and
portability.”” These constraints are particularly problematic
for applications in wearable electronics and sensor networks,
where energy efficiency and miniaturization are crucial for
personalized health and real-time environmental monitoring.”
Solid-state gas sensors based on metal oxide semiconductors
(MOS), such as tin oxide (SnO,), nickel oxide (NiO), and
zinc oxide (ZnO), provide a low-cost and scalable alter-
native.”'? However, conventional MOS gas sensors require
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elevated operating temperatures (140—300 °C) to activate
surface redox reaction, leading to excessive energy con-
sumption, long-term drift, and poor stability for real-time
detection.'”""

To address these limitations, carbon-based hybrid nanoma-
terials, such as graphene and reduced graphene oxide (rGO),
have been explored for their high surface area and excellent
charge-carrier mobility, which leverage synergistic effects to
enhance sensitivity for CH, gas.">"? The formation of a p—n
junction and defect mediated gas adsorption mechanism can
enhance sensor response. For example, the nanocomposite
$n0,/rGO" or SnO,@rGO1%"® exhibits a response of 47.6%
to 1000 ppm methane at 150 °C with a response/recovery
time of 61 s/5 min, and SnO, decorated NiO'® porous
nanosheets sensor demonstrates excellent CH, sensing
performance, exhibiting a high response at an optimal
temperature of 330 °C. The combination of the large specific
surface area and high conductivity of carbon nanomaterials
facilitates the adsorption of gas molecules, thereby increasing
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Figure 1. Schematic setup for SnO,—NiO/LIG fabrication on the wood surface.

conductivity.'” Despite these improvements, two critical
challenges remain unresolved: (1) Fundamental reliance on
high operating temperature, which limit energy efficiency, (2)
Expensive graphene fabrication methods, such as CVD,
epitaxial, or rGO produced via chemical methods, which
involve toxic reagents and generate hazardous chemical waste,
raising environmental sustainability and scalability concerns.'®

In 2014, Tour et al. first reported the fabrication of high-
quality patterned graphene by laser induction on polyimide
(PI) films, offering a rapid, solvent-free, and scalable alternative
to rGO." This technique enables the synthesis of porous 3D
graphene via laser irradiation of carbon-rich precursors (e.g.,
polyimide, polymers). The resulting multilayer formation has
emerged as a crucial design principle for optimizing charge-
transfer pathways, thereby improving overall sensing perform-
ance.”””" However, the nonbiodegradable nature of synthetic
substrates like PI and PET undermines environmental
sustainability. This results in poor adhesion, mechanical
failures, and increased electronic waste.”> To overcome this
limitation, researchers have successfully explored lignin-rich
biomass, particularly wood, as an alternative precursor offering
high surface area, tunable conductivity, and porous structure
that provides abundant active sites.”>”>° While laser-induced
graphene (LIG) exhibits promising sensing performance for
NO,”” and NH,,*® its inherent sensitivity to nonpolar, inert
gases such as CH, is limited. Dosi et al. partially addressed this
by functionalizing LIG with Pd nanoparticles for electro-
chemical CH, sensors.”” Despite significant progress, a critical
research gap persists: (1) there is no demonstrated strategy
that simultaneously achieves a one-step, low-cost fabrication
avoiding complex energy-intensive procedures without toxic
chemicals or noble metals, (2) Sustainable, high surface area
natural substrate, and (3) High sensitivity at room temperature
to nonpolar CH, molecules. Recent advances in chemiresistive
sensing suggest that 3D-SnO, nanostructures offer high surface
area and a wide band gap, for gas absorption and desorption,*’
while the integration of catalytic p-type NiO creates
heterojunctions and heterointerface engineering by creating
an internal electric field that promotes electron—hole
separation to facilitate charge transfer and selective gas
detection.”"** Even though SnO,—NiO heterojunctions have
been studied to enhance gas sensing through modulation of
depletion layers and Schottky barriers, their integration with
3D conductive scaffolds like wood-derived LIG for room-

temperature CH,, sensing via chemiresistive mechanisms has
not been reported previously.

This work aims to bridge this gap by developing a room-
temperature CH, sensor based on a one-step synthesis of
wood-derived LIG substrate impregnated with a SnO,—NiO
heterojunction. The synergistic interaction between the porous
3D conductive network and the optimized SnO,—NiO
interface enhances CH, adsorption and charge transfer without
external heating. First-principles DFT calculations confirm
enhanced CH, adsorption energy at the heterojunction
interface and the associated enhancement of charge transfer,
providing a fundamental understanding of the sensitivity
improvement. Through systematic optimization, the sensor
achieves a low detection limit of 7 ppm, high selectivity against
interfering gases, and excellent long-term stability, demonstrat-
ing a one-step, sustainable, low-cost, and practical strategy for
ambient methane detection.

2. EXPERIMENTAL SECTION

2.1. Materials

Nickel nitrate, hexahydrate (Ni (NO;),-6H,0, 98%) and Tin
chloride, dihydrate (SnCl,-2H,0, 98%) were provided by Beijing
InnoChem Science & Technology Co, Ltd.,, and Tianjin Heowns
Biochemical Technology Co, Ltd., respectively. A CH, gas cylinder
was purchased from Tianjin Boliming Technology Co., Ltd.

2.2. Characterization

The surface morphology of the samples was characterized by scanning
electron microscopy (SEM, Hitachi, SU-3500) and Transmission
electron microscopy (JEOL JEM-200). Energy-dispersive X-ray
spectroscopy (EDS, IXRF system, SU-3500) was used to characterize
the elements and their distributions. The Raman spectra were
obtained using a Raman spectrometer (ANDOR-MARZHAUSER)
with a 532 nm laser. The X-ray photoelectron spectroscopy (XPS,
Thermo Scientific) was used to analyze surficial constituents. The
binding energies were extracted from the calibrated C 1s line at 284.6
eV. X-ray diffraction (XRD, Dandong Tongda Technology, TD-3500)
was used to analyze the crystallinity and lattice constants of the
composite.

2.3. Fabrication of Gas Sensors

As shown in Figure 1, MO NPs/LIG (metal oxide nanoparticles/
laser-induced graphene) were fabricated using a one-step laser
induction process under ambient conditions. Basswood was cut into
3 X 3 X 1.5 mm® thin slices, cleaned in ultrapure water for 30 min,
and soaked in a solution mixture of 1.5 g of nickel nitrate hexahydrate
and 2.25 g of tin chloride dihydrate in 10 mL of deionized water for
24 h. Then take it out, rinse it with deionized water to wash off excess
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Figure 2. (a) SEM image of Wood-based metal oxide laser-induced graphene composite, (al) SnO,/LIG; (a2) SnO,—NiO/LIG, (b) energy
dispersive spectroscopy (EDS) mapping (C), (Sn), (Ni), and (O), (c) XRD pattern of SnO,—NiO/LIG, and (d) (d1-d4) TEM, HRTEM and

SAED pattern of SnO,—NiO/LIG composite.

metal salts, and dry it in an oven at 80 °C for 12 h. The basswood
slices were scribed with a 1064 nm CO, laser over a 1 X 2 mm area to
convert lignocellulose to graphene and oxidized metal ions to metal
oxides. As a natural material, basswood is a good candidate for
hybridization with other inorganic structures and for conversion to
graphene due to its high lignocellulose content.® The laser
parameters were then adjusted to optimize the structure for a
uniform distribution of SnO,—NiO nanoparticles and improved
graphene quality. The laser scanning speed was set to 1500 mm/s,
and S laser scans were performed with varying powers (0.09 W, 0.15
W, 0.24 W, 030 W and 0.4S5 W, respectively). The synthesized
composite was attached to a printed circuit board (PCB) using
polyimide tape, and conductive silver paste was applied to both sides
to make the final CH, gas sensor device.

2.4, Testing of Gas Sensors

The prepared sensor was placed in a custom-built gas-sensing
measurement system, as schematically illustrated in Figure S1. To
quantify its performance, we define responsivity (R,) as in eq 1.

R, - R,
R,= ——=% x 100%
R, (1)

where R, is the resistance corresponding to the maximum resistance
change after exposure to the target gas, and R, is the initial resistance.
Response Time (R;) can be defined as the time required for the
resistance of the sensor to reach 60% of its change after exposure to
the target gas. The theoretical limit of detection (LOD) is calculated
using the equation.*

3 X Rl ISnoise
LOD = ——————
Sensitivity 2)

where RMS ;. refers to the root-mean-square of baseline noise levels
measured before CH, exposure and RMS, ;.. was calculated using the
baseline Figure SS and eq S1 in the Supporting Information.

2.5. Theoretical Metrics

Theoretical simulations were conducted using the Vienna Ab initio
Simulation Package (VASP S.4.1). The projector-augmented wave
method was employed to describe the ion-electron interactions with a
cutoff energy of 450 eV. The generalized gradient approximation
(GGA) with the PBE exchange-correlation functional was used to
treat the electronic exchange correlation interactions. A vacuum layer
of 15 A was set up to avoid interactions between periodic structures.
The Brillouin zones were sampled with 2 X 2 X 1 and 4 X 4 X 1
Monkhorst—Pack meshes for geometry optimization and electronic
structure calculations, respectively. Convergence criteria were defined
as 1076 eV for electronic self-consistent loops and 0.02 eV/A for ionic
relaxation. The DFT + U correction was considered for the
calculations in this study. The chosen values of the Hubbard
correction U were 10, 5, 5, S eV for C, Ni, Sn, and O, respectively.
The dispersion corrections in Grimme’s scheme (DFT-D3) scheme
were applied to describe van der Waals interactions. The charge
transfer analysis was performed by the Hirshfeld charge group
method.

3. RESULTS AND DISCUSSION

3.1. Device Structure and Characterization

Figure 2(al-a2) illustrates the SEM image of SnO,/LIG and
Sn0,—NiO/LIG composites synthesized by laser irradiation
from the basswood substrate pretreated with metal salt
solution. After laser irradiation, a three-dimensional porous
carbon skeleton with a high abundance of uniformly dispersed
nanoparticles forms on the surface. The elemental mapping
analysis shown in Figure 2b confirms that C, Sn, Ni, and O are
uniformly distributed within the detected region, corroborating
the SEM findings and indicating the homogeneous incorpo-
ration of Sn and Ni nanoparticles into the graphene structure.
In Figure 2, the diffraction peaks from XRD analysis at 26.85,
29.74, 33.3S, 38.84, and 51.63° correspond to (110), (113),
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Figure 3. XPS spectra of wood-based SnO,/LIG, SnO,—NiO/LIG composites (a) C 1s, (b) O 1s, (c) Sn 3d, and (d) Ni 2p spectra of SnO,—NiO/

LIG.

(101), (200), and (211) of SnO, nanoparticles.”* The
emissions of all the reflection planes were attributed to the
tetragonal rutile structure. The diffraction peaks at 37.24,
43.27, and 62.86°, corresponding to the (111), (200), and
(220) crystal planes, can be indexed to nickel oxide
nanoparticles (JCPDS 71-1179). In addition, the diffraction
peak at 26.8° corresponds to (002) of graphite (JCPDS 75-
16210).

Figure 2d presents the comprehensive microstructural
characterization of the synthesized SnO,—NiO/LIG nano-
composite. The low and high-magnification TEM images in
Figure 2d(d1,d2) reveal the successful formation of well-
dispersed spherical NiO and SnO, nanoparticles uniformly
anchored on the LIG substrate. The HRTEM image in Figure
2d(d3) shows distinct lattice fringes with interplanar spacings
of 0.264 and 0.20 nm, corresponding to the (101) plane of
rutile SnO, and the (200) plane of cubic NiO, respectively.
The crystallinity and phase composition are further confirmed
by the SAED pattern in Figure 2d(d4). The concentric
diffraction rings are indexed to the (110), (101), and (211)
planes of SnO,, along with the (200) and (220) planes of NiO.
These observations are consistent with the XRD results of
JCPDS No. 41-1445 and JCPDS No. 71-1179. The presence of
these distinct rings confirms the polycrystalline nature of the
composite material. Notably, the established heterointerface
network among NiO, SnO,, and graphene is expected to
enhance charge carrier transfer kinetics by generating abundant
active sites and interfacial electric fields.

To analyze the surface chemical state of SnO,/LIG and
SnO,—NiO/LIG composite in detail, X-ray photoelectron
spectroscopy (XPS) measurements were conducted. The fine
spectra of C, O, Sn, and Ni elements are shown in Figure 3. C

24337

1s in Figure 3a C 1s consists of four peaks, with binding
energies of 284.04, 284.98, 285.84, and 287.84 eV, respectively,
corresponding to C=C sp* bond, C—C sp* bond, C—OH
bond, and C=0 bond.>*”*° The prominent peak at 284.04 eV
indicates a high degree of graphitization in the carbon
framework, which aligns with Raman spectroscopy results.
The peak at 284.98 eV indicates structural defects or
amorphous carbon regions, corresponding to the porous
carbon structure observed by SEM. Peaks at 285.84 and
287.84 eV are attributed to oxygen-containing functional
groups (C—OH and C=0), arising from residual oxidation
groups formed during the laser-induction process. Figure 3b
shows the O 1s spectra of the two samples with SnO,/LIG and
SnO,—NiO/LIG. Both the O 1s spectra are fitted into three
peaks. The binding energies at about 530.3, 531.0S, and 532.75
eV of pure SnO,/LIG and SnO,—NiO/LIG with binding
energies at 528.22 eV for Ni—O—S8n,”” 530.3, 531.8, and 533.5
eV corresponds to the lattice oxygen(O,), oxygen vacancies
(0,), and chemisorbed oxygen species (O.) or OH species,
respectively. In contrast, the peaks at 531.8 and 533.5 eV of
SnO,—NiO/LIG exhibit a little chemical shift in binding
energies as compared to SnO,/LIG. Notably, the O, and O,
levels in SnO,—NiO/LIG are higher than in pure SnO,/LIG,
likely due to lattice oxygen transfer from the interaction
between NiO and SnO,. These surface oxygen vacancies (O,)
and lattice oxygen (O.) are crucial for gas adsorption,
providing more active sites for electron transfer during redox
reactions, which enhance the gas-sensing performance.'®*"
Subsequently, the Sn 3d high-resolution XPS spectra of SnO,/
LIG and SnO,—NiO/LIG are carried out as shown in Figure
3¢, which exhibits two characteristic peaks corresponding to Sn
3ds/, and Sn 3d;), orbitals at 486.8 and 495.5 eV with a
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Figure 4. SEM images of wood-based SnO,—NiO/LIG composites prepared by laser power of (a) 0.09 W, (b) 0.15 W, (c) 0.24 W, (d) 0.30 W,
and (e) 0.45 W, with insets showing higher magnification images (scale bar = 2 ym) using 1064 nm laser wavelength at 1500 mm/s scanning speed
and S number of laser scans. (f) Raman spectra of wood-based SnO,—NiO/LIG composites prepared at 1064 nm wavelength under different laser

powers, and (g) Ip/Ig and Lp/I; ratio.

binding energy difference of 0.2 eV.>" These results confirm a
change in the oxidation state of Sn from Sn** to Sn** during
laser irradiation. The Ni 2p spectrum shown in Figure 3d
exhibits four primary peaks at 853.85 eV (Ni** 2p;,), 870.32
eV (Ni** 2p,,,), 861.35 €V, and 874.79 €V, showing the
presence of Ni(II) satellite peaks, suggesting Ni primarily exists
in the composite as NiO.” These characterization results
conclusively confirm the successful synthesis of a SnO,—NiO/
LIG heterojunction composite via a facile, one-step laser-
induced method using a metal salt-impregnated wood
substrate.

The laser processing structure relationship of the SnO,—
NiO/LIG is systematically investigated by varying key laser
processing parameters, such as laser power at a constant
scanning speed of 1500 mm/s and § laser scans. Laser power
significantly influences the morphology of the wood-derived
S$n0,—NiO/LIG nanocomposites, as shown by SEM analysis
in Figure 4. At the lowest power of 0.09 W, Figure 4a, the
photon energy is too weak for complete carbonization,
resulting in irregular, shallow pores and a loosely connected
carbonaceous structure. This under-processed matrix lacks
anchoring sites, resulting in a sparse, uneven distribution of
SnO,—NiO nanoparticles. The sensor has a limited active
surface area and poor gas accessibility, resulting in a small CH,
response. Increasing the power to 0.15 W, in Figure 4b,
improved irradiation, creating a better-developed porous,
foam-like network with more uniform, though moderate,
nanoparticle coverage. This increased the number of active
sites for gas adsorption, and the response to CH, also
increased. Optimal morphology appears at intermediate
powers of 0.24 and 0.3 W, as shown in Figure 4c,d. Here,

the energy input was sufficient for efficient pyrolysis,
converting wood into a well-defined, three-dimensional
honeycomb-like porous network of graphene. This structure
provides a high density of uniform anchoring sites, promoting
a dense and even dispersion of SnO,—NiO nanoparticles. This
ideal balance of high porosity for rapid gas diffusion, electrical
conductivity, and maximum active surface area from both the
LIG and the well-dispersed nanoparticles correlates directly
with the improved CH, sensing performance observed at these
power levels. Conversely, at an excessive power of 0.45 W in
Figure 4e, localized overheating degrades the LIG framework.
The porous network collapses, and the SnO,—NiO nano-
particles get agglomerated,” greatly reducing the active surface
area and weakening the structural integrity necessary for gas
adsorption. This morphological degradation explains the
subsequent decline in sensor performance at high laser powers.
In summary, the carbonaceous morphology evolves from
incomplete porous sheets with sparse, nonuniform distribution
of Sn0,—NiO nanoparticles at low laser power, to an optimal
honeycomb network with uniform, well-dispersed nano-
particles at intermediate power, before deteriorating into
compact, collapsed structures with agglomerated NPs at
excessive power. This morphological progression directly
dictates the CH, sensing properties, with intermediate powers
favoring the ideal structure for high-performance detection.*!

The vibrational and structural characteristics of wood-based
Sn0O,—NiO/LIG composites were evaluated via Raman
spectroscopy. As shown in Figure 4f, the spectra exhibit
three characteristic peaks of graphitic carbon: the D-band
(1342.70 cm™) associated with structural defects, the G-band
(1572.77 em™) representing the E,, phonon mode of sp*

https://doi.org/10.1021/acsomega.5c13608
ACS Omega 2026, 11, 2433424345


https://pubs.acs.org/doi/10.1021/acsomega.5c13608?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c13608?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c13608?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c13608?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c13608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

(=2

N

Response Time (s)

ACS Omega
(a)
Gas In
ol P
S|
2
< —0.09 W
-12F —0.15W
0.24 W
16} —0.3W
~Air —045W
220 " 1 L 1 L
0 200 400 600 800
(c) Time (s)
20
—s— Responsivity
—s=—Response Time
16} Linear Fitting curve
S 12}
so
2 8
4}
y=-0.14+0.00239x
0 R’:l().9931 . ) )
0 1000 2000 3000 4000 5000

CH, concentration (ppm)

5000

FPPM CH,
0 1000 2000 3000
Time (s)

4000 5000

[ Sn0,-NiO/LIG 1
[ I S0, NiO/LIG 2
[ [T sn0,-NiO/LIG 3
[ | Mean responsivity

[ ST N

AR/R ¢ (%)
e e
[(—)

S N A X

500 1000 2000 3000 5000
Concentration (ppm)

250

Figure S. Performance characterization of the SnO,—NiO/LIG-based gas sensor, (a) response curve of SnO,—NiO/LIG samples prepared at
different laser power to 0.5% of methane, (b) dynamic response curve to methane from 250 to S000 ppm at room temperature, (c) the
corresponding calibration curve with a linear fitting for responsivity and response time, (d) repeatability test of for multiple SnO,—NiO/LIG

samples.

hybridized carbon, and the 2D-band (2676.76 cm™") which is
the second-order overtone of the D-band indicative of the
successful formation of a 3D porous graphene structure.””** A
quantitative analysis of peak intensity ratios (Ip/Ig) reveals a
strong dependence of the microstructural quality on the
incident laser power. As shown in Figure 4g low power range
(0.09 to 0.3W), the Ip,/I; value decreased notably from 1.5 to
0.8, indicating a reduction in lattice defects and an increase in
graphitization. This trend explains that the photothermal
energy provided was sufficient to facilitate defect healing and
the formation of distinct, high-quality graphene layers. At the
0.3W threshold, the material achieves an optimal balance,
characterized by a stabilized low I,/I; ratio (0.85) and a
relatively high I,,/I; ratio (1.48), confirming the preservation
of high crystallinity and a layered graphene framework.
Increasing the power to 0.45 W results in a sharp increase in
the Ip/Ig ratio (1.55), reflecting substantial structural disorder.
Simultaneously, the I,/I; ratio decreases significantly,
indicating a loss of graphene crystallinity, likely due to
photothermal ablation from excessive laser energy. Eventually,
the laser power of 0.3 W is identified as the optimal processing
parameter. It balances the formation of a porous graphene
structure with controlled defects and a uniform dispersion of
SnO,—NiO nanoparticles. This optimized microstructure
provides a high-conductivity backbone and abundant active
sites, serving as the foundation for the enhanced gas-sensing
performance observed in this study."*

3.2. Gas Sensing Measurements

The following gas-sensing tests were carried out at room
temperature (23 °C), and 40% relative humidity unless
otherwise specified. The experimental setup used for testing
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is shown in Figure S1. The gas sensor based on SnO,—NiO/
LIG exhibits a larger and yet more stable response than those
based on SnO,/LIG in Figure S2, due to the heterojunction
formation. It is observed that all gas sensors exhibit increased
responsivity upon exposure to 5000 ppm of CH, (0—300 s),
and subsequently recover to their baseline when switched back
to air (after 300 s). Varying the SnO,—NiO concentration
further yields an optimized concentration value that enhances
the response to methane gas, as shown in the SEM images in
Figure S3 and in the gas-sensing response test in Figure S4.

The effect of laser irradiation power (0.09—0.45 W) on the
methane-sensing capabilities of SnO,—NiO/LIG nanocompo-
site was evaluated to determine the optimal response. As
shown in Figure Sa, the sensor fabricated at 0.3 W exhibits the
highest responsivity of 18% for 0.5% of CH, among all
samples. This superior performance is intrinsically linked to the
optimized microstructural evolution of the sensing layer. SEM
analysis in Figure 4d shows that the 0.3 W SnO,—NiO/LIG
sample exhibits a very uniform distribution of SnO, and NiO
nanoparticles throughout the 3D porous graphene framework.
Furthermore, Raman spectra in Figure 4f confirm that the
sample prepared at this power produces high-quality graphene
with an L/Ig ratio of 1.48, and a defect-enriched structure
(Ip/Ig = 0.85), providing the necessary active sites for gas—
solid interactions.

Figure Sb shows the SnO,—NiO/LIG sensor’s response to
CH, from 250 to 5000 ppm, with the blue shaded region
indicating exposure to the target gas. The response rises
quickly, peaks around 5 min, then gradually recovers after the
gas flow is stopped. Response amplitude was calculated with eq
1. To quantitatively evaluate the sensor’s responsivity and
response time at different concentrations, the relevant
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Figure 6. Performance characterization of the SnO,—NiO/LIG gas sensor, (a) selectivity test of the gas sensor to methane over the other
interfering gases, (b) response of the SnO,—NiO/LIG sensor at different relative humidity, (c) repeatability test of the gas sensor over 15
consecutive cycles, and (d) long-term stability of the gas sensor to 3000 ppm of methane over 30 days.

parameters extracted from Figure Sb are plotted in Figure Sc.
The responsivity increases from 0.5 to 18% as the CH,
concentration rises from 250 to 5000 ppm, indicating that
the response to the gas analyte is directly proportional to the
gas concentration. The sensor’s response decreases because
fewer gas molecules at lower concentrations are available to
adsorb on the sensor’s active surface. As the gas adsorption is
concentration-dependent. Therefore, at low concentrations,
the adsorption rate was slow, leading to less interaction and a
low response. Simultaneously, the response time of the sensor
decreases from 71 to 50 s as CH, concentration increases,
becoming relatively stable above 1000 ppm. The shortened
response time at higher concentrations was due to enhanced
adsorption dynamics and electron-transfer processes.” Addi-
tionally, Figure Sc includes a linear fitting for responsivity
versus CH, concentration at low concentrations (250 ppm-
1000 ppm). The obtained calibration curve gave a slope of
0.00239, has a linear regression coefficient (R*) value of 0.993,
leading to the calculated theoretical limit of detection (LOD)
of 7 ppm using eq 2 with baseline calculation as shown in
Figure SS. The LOD was significantly lower than the threshold
limit of (5%) for CH,* thus enabling precise trace-level
detection and early warning capability. To ensure the scientific
reliability of these results, the repeatability of the fabrication
process was verified using three independent SnO,—NiO/LIG
samples prepared with identical parameters. As shown in
Figure 5d the sensors exhibit remarkable consistency. The low
standard deviation across the replicates, represented by a mean
responsivity of 17.94 + 0.32% at 5000 ppm, confirms that the
one-step laser induction method is highly reproducible and the
resulting p-n heterojunction provides stable electronic
modulation for gas sensing.

The cross-sensitivity of the SnO,—NiO/LIG sensor was
evaluated against various interfering gases Figure 6a. The
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Sn0O,—NiO/LIG gas sensor exhibits a response of 4.57% to
2000 ppm of CH,, demonstrating good selectivity against
interfering gases. For comparison, the sensor shows only
minimal responses of 0.39% to 500 ppm of CO, 0.20% to 1
ppm of NO,, and 0.6 to 1% C;Hj (different concentrations for
these gases reflect varied detection thresholds in practical
applications).”” This pronounced selectivity toward CH, is
attributed to the optimized electronic properties of the SnO,—
NiO heterojunction. The established interfacial energy levels
facilitate efficient charge transfer, specifically with CH,
molecules, via favorable physisorption interactions at room
temperature. To validate the sensor’s performance under
realistic environmental conditions, we assessed its humidity
resistance, cyclic stability, and long-term stability, as shown in
Figure 6b—d, respectively. The sensor’s response to 2000 ppm
of CH, under varying humidity levels (20—70% RH) is shown
in Figure 6b. The response increases progressively from
approximately 3 to 16.5% as relative humidity rises. This
enhancement can be attributed to a synergistic effect between
water vapor and methane adsorption. At room temperature,
physiosorbed H,O molecules act as electron donors, which
lowers the baseline resistance of the p-n heterojunction.
Furthermore, a physiosorbed water layer promotes protonic
conduction across the porous LIG framework via the
Grotthuss mechanism, enhancing charge transfer and amplify-
ing the measured response to CH,."® To maintain good
linearity, a humidity sensor could be incorporated to calibrate
and improve accuracy under practical operating conditions.
Figure 6¢ shows the sensor’s repeatability over 15 consecutive
ON-OFF cycles of exposure to 1000 ppm of CH, gas. During
repeated testing, the response showed excellent cyclic
reproducibility with no significant drift. The long-term stability
of the sensor was evaluated over a 30-day period, with
measurements recorded every 7 days, as shown in Figure 6d.
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Figure 7. Structural models of CH, adsorption on (a) SnO, (101)/graphene, and (b) SnO, (101)-NiO (200)/graphene surface; charge density
difference diagrams of CH, adsorption on (c) SnO,(101)/graphene surface, and (d) SnO, (101)-NiO (200)/graphene surface.

The results demonstrate excellent operational stability, with
the sensor retaining over 98% of its initial response without
significant fluctuation or degradation throughout the testing
period. This durability is attributed to the robust chemical and
mechanical integration of the SnO,—NiO heterojunction
within the porous, wood-derived LIG matrix. The three-
dimensional framework prevents material degradation and
ensures consistent electronic transport pathways over extended
periods.

3.2.1. DFT+U Analysis. Gas sensing measurements
demonstrate that the SnO,—NiO/LIG sensor exhibits a
significantly enhanced response to CH, compared to the
individual SnO,/LIG sample, as shown in Figure S2. To
elucidate the physical basis for this improvement, critical
parameters, including adsorption energy and charge density
distribution, were calculated using (DFT+U). Our computa-
tional findings suggest that the synergistic interaction between
SnO, and NiO on the graphene surface is the primary driver
for the sensing enhancement.

To determine how SnO,—NiO/graphene composite enhan-
ces the sensor response as compared to SnO,/graphene, it is
possible to calculate the adsorption energy, which allows for
the determination of the interaction strength between CH,
molecules and the SnO,—NiO decorated graphene surface. A
more negative adsorption energy indicates a stronger binding
between the molecules and the surface, resulting in a more
stable adsorption configuration.” DFT+U calculations were
performed to study CH, adsorption on the SnO, (101)/
graphene and the SnO, (101)-NiO (200)/graphene, as shown
in Figure 7a,)b. The SnO, (101) and NiO (200) crystal planes,
which are most prominent in the composite’s XRD and TEM
results (Figure 2c,d) and the most stable, were selected for this
study. The optimized adsorption structures are shown in
Figure 7, with the corresponding adsorption energies listed in
Table 1. For SnO, (101)/graphene, we consider the
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Table 1. Adsorption Energies of the CH, Molecule on SnO,
(101)/Graphene, and SnO, (101)-NiO (200)/Graphene
Surfaces

adsorption energy charge transfer
surface model (eV) (e

SnO, (101)/ graphene —0.641 —0.182

$n0, (101)-NiO (200)/ —3.285 —0.393
graphene

adsorption of CH, at the top of Sn, as well as the hollow
position of Sn and the top position of O, and it is found that
the adsorption structure of CH, binding to the top of Sn is the
most stable, with an adsorption energy of —0.641 eV. Notably,
the SnO,—NiO/graphene had the highest adsorption energy of
—3.285 eV, much higher than that of the individual
components. These findings confirm that the NiO-SnO,
heterostructure on graphene provides the most energetically
favorable environment for CH, adsorption, suggesting the
potential for faster, more sensitive CH, detection. Bader charge
analysis was used to further clarify the adsorption mechanism,
as shown in Figure 7¢,d. The net charge transfers from SnO,/
graphene, and SnO,—NiO/graphene to CH, were calculated as
—0.182 and —0.393 electrons, respectively. Therefore, the
Sn0,—NiO/graphene heterostructure combines high adsorp-
tion energy with significant charge transfer, indicating that the
heterointerface plays a vital role in CH, gas adsorption and
thereby enhances the response.

3.2.2. Gas Sensing Mechanism. The SnO,—NiO/LIG
composite exhibits exceptional methane sensing properties at
room temperature, which can be attributed to three primary
factors.

First, the sensing mechanism is rooted in a surface-mediated
redox reaction.”’ As illustrated in Figure 8, the interaction
between the composite and the surrounding gas occurs in two
stages. In ambient air, oxygen molecules adsorb onto the SnO,
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Figure 8. Schematics of the gas sensing mechanism of SnO,—NiO/LIG CH, gas sensor.

Table 2. Comparison of the Developed Sensor’s CH, Gas Performance with Values Reported in the Literatures

sensing material techniques concentration (ppm)

Sn0,/rGO hydrothermal 1000—10,000
Pd-Sn0O,/rGO hydrothermal 800—10,000
SnO,@rGO hydrothermal 1000—10,000
Sn0,(QDs) precipitation 400—5000
SnO,@rGO-PANI chemical-polymerization 100—10,000
NiO/ZnO microsphere hydrothermal 100—1000
NiO/RGO hydrothermal 100—1000
Sn0O,/NiO calcination 500—-7000
VO, hydrothermal 1000—5000
PbS cqp chemical method 5000-70,000
SnO,-NiO/LIG laser induction 250—-5000

temperature (°C)  response/recovery time LOD ref
150 369 s/- - 12
RT S min/7 min - 49
150 61 s/330 s - 15
200 1 min/1 min - S0
RT 360 /1150 s <100 ppm 51
RT (UV light) 325/180 s 4 ppm 39
260 - - 52
330 28 s/44 s - 16
S0 35 s/- - 53
RT 15 /300 s - 54
RT 50 s/300 s 7 ppm this work

and NiO surfaces and are converted into ionosorbed oxygen
species (O,7) by capturing free electrons from the semi-
conductor conduction bands.”" This electron-trapping process
is described by eq 3 and 4. The experimental existence of these
active sites is confirmed by XPS O 1s analysis Figure 4b, where
the prominent peaks corresponding to chemisorbed oxygen
(O.) and oxygen vacancy (O,) indicate the availability of
energy states that facilitate room-temperature gas interaction.

Ol(gas) - OZ(ads) (3)
Ol(ads) +e - O;(ads) (4)
CH, + 20,- —» CO, + 2H,0 + 2¢ (5)

When the sensor is exposed to methane, these oxygen anions
react with the target gas molecules, triggering the release of
trapped electrons back into the system as shown in eq S. This
injection of electrons reduces the hole concentration in the p-
type NiO and narrows the depletion width in the n-type SnO,,
leading to a measurable change in resistance as shown in
Figure 8.

Second, the formation of internal SnO,—NiO/LIG hetero-
structures is fundamental to the enhanced performance. The
contact between SnO, and NiO creates a p-n heterojunction
that serves as a highly sensitive transducer. Figure S6 shows the
current—voltage (I—V) characteristics of the materials. In
contrast to the linear, ohmic behavior observed in the
individual SnO,/LIG and NiO/LIG samples, the SnO,—
NiO/LIG composite exhibits clear nonlinear rectification. This
confirms the presence of a built-in potential barrier that
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amplifies the electrical response upon gas adsorption, as
reflected in the response and recovery dynamics shown in
Figure Sb.

Furthermore, LIG substrate provides a highly conductive,
porous 3D framework with a large specific surface area,
facilitating rapid gas diffusion and electron transport.” Its
abundant defect sites further promote charge transfer between
SnO,—NiO nanoparticles and the LIG network, ensuring fast
response and recovery at room temperature.

This work shows that our developed SnO,—NiO/LIG
sensor can meet the requirement for fast detection of CH,
gas at RT, which can greatly reduce power consumption,
simplify the process of sensor preparation, and contribute to
the development and application of miniaturized, high-end gas
sensors as compared to earlier reported work in Table 2.
Meanwhile, given its sustainable, simple synthesis routes,
Sn0,—NiO/LIG has broad application prospects for CH, gas
sensors in industries and environmental monitoring.

4. CONCLUSION

In conclusion, this study establishes a sustainable, one-step
laser-fabrication strategy for a wood-based SnO,—NiO/LIG
methane sensor, bridging eco-friendly manufacturing with
high-performance gas sensing. We engineered an optimized
SnO,—NiO/LIG composite by tuning the laser parameters,
resulting in a uniform nanoparticle distribution and a defect-
enriched graphene lattice. This SnO,—NiO/LIG exhibits
excellent responsivity supported by both DFT calculations
and experimental evidence of robust p-n heterojunction
formation. Beyond technical performance, the theoretical
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LOD of 7 ppm, 30-day stability, and moisture resilience of
(<70% RH) validate the device’s readiness for practical
industrial safety monitoring. Future efforts will focus on the
scalability of this approach, enabling the fabrication of
integrated sensing arrays for simultaneous detection of
multiple gases, and on implementing machine-learning-assisted
pattern recognition for complex environments, paving the way
for the next generation of green and intelligent environmental
sensing technologies.
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