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Reliable and sensitive gas sensors are essential for ensuring industrial safety and environmental monitoring. In
this study, a flexible carbon monoxide (CO) gas sensor based on titanium dioxide (TiO2) and reduced graphene
oxide (rGO) composite was developed for rapid and highly sensitive detection. The device was fabricated using
one-step femtosecond laser (Fs-laser) processing, which simultaneously reduced a TiO2/graphene oxide (GO)
thin film and patterned electrodes directly on a flexible substrate. Optimized laser parameters, including a
repetition rate of 100 kHz, a scanning speed of 50 mm/sec, and a fluence of 0.34 J/cm?, enabled efficient film
reduction and ensured reliable device performance. The sensor exhibited an initial response of 39.6% to CO gas
at room temperature (25 °C), which was further enhanced to a maximum response of 43.8% under ultraviolet
(UV) irradiation. Under 365 nm UV irradiation, the photocatalytic activity of TiOy induced a substantial
reduction in overall resistance, significantly improving the sensing capability. These findings demonstrate the
potential of TiO,/rGO composite in UV-enhanced flexible CO gas sensors, and provide a promising strategy to

improve sensitivity, selectivity, and stability in gas sensing applications.

1. Introduction

Environmental pollution has become an increasingly serious global
issue as industrialization and urban development accelerate. Among
various forms of pollution, air contamination caused by fossil fuel
combustion and industrial gas emissions has attracted significant
attention [1]. These harmful gases not only damage the natural
ecosystem, but also threaten human lives. Carbon monoxide (CO) is
known to be one of the colorless, odorless, and hazardous gas primarily
produced during the incomplete combustion of hydrocarbons [2,3]. CO
has a binding affinity for hemoglobin that is 230-270 times greater than
oxygen [4]. Upon inhalation, it readily replaces oxygen in hemoglobin,
significantly impairing the oxygen of the blood transport capacity. This
can lead to tissue and organ hypoxia, severe toxic effects, and, in
extreme cases, brain damage or death [5]. Thus, the device for CO
detection has become a major challenge for scientific researchers,
making the real-time monitoring of trace CO concentrations crucial for
ensuring safety.

* Corresponding authors.

To meet the demand for effective CO detection, numerous materials
have been investigated for gas sensing. Among these, graphene, a two-
dimensional carbon-based material, has garnered significant attention
due to its exceptional electrical properties and large surface area [6,7].
However, its low adsorption efficiency for gas molecules limits its
practical application in gas sensors. To address this limitation, reduced
graphene oxide (rGO), a derivative of graphene oxide (GO) obtained
through chemical or thermal reduction, has emerged as a promising
alternative. rGO not only exhibits lower electrical resistance and higher
sensitivity but also possesses enhanced semiconductor properties. The
oxygen functional groups present in rGO act as active binding sites for
gas molecules, significantly improving adsorption activity. Moreover,
rGO demonstrates high thermal stability, a large surface area, and
excellent mechanical strength, making it an ideal candidate for gas
sensing applications. In addition to carbon-based materials, nano-
structures, including semiconductor metal oxides (ZnO, TiO,) and metal
nanoparticles (Ag, Au), have also been widely studied for their effec-
tiveness in various sensing applications [8-12].
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The combination of rGO with metal oxides, such as titanium dioxide
(TiO3), further enhances gas sensor performance. TiOs, an n-type
semiconductor with a wide band gap (3.2 eV), is known for its chemical
stability and low cost but suffers from high charge carrier recombination
rates. Under ultraviolet (UV) irradiation, TiO, generates photoinduced
electron-hole pairs, which can interact with adsorbed gas molecules,
enhancing the response and sensitivity of the sensor [13]. When com-
bined with p-type rGO, a p-n junction is formed, which adjusts the space
charge layer at the interface, improving charge separation and transport.
The work function difference between TiO5 (4.20 eV) and rGO (4.60 eV)
facilitates electron transfer from TiO5 to rGO, enhancing conductivity
and sensitivity. Moreover, rGO provides a conductive network that ac-
celerates electron transfer, while TiO, serves as a reaction center for
adsorbed gases [14]. This synergistic effect enhances the gas sensing
capabilities of the composite, making it highly effective for detecting
gases such as CO.

In recent decades, laser processing has advanced rapidly, demon-
strating great potential for surface modification and the fabrication of
micro-nano structures [15,16]. Compared with continuous wavelength
(CW) laser and long pulse laser, femtosecond laser (Fs-laser) has
emerged as a critical ability in precision surface manufacturing due to its
ultra-short pulses, high peak power, and minimal thermal effect
[17-20]. Its minimal thermal effect can prevent heat accumulation,
allowing precise control over material structures and properties, while
its non-contact manufacturing process minimizes contamination and
preserves material integrity. In gas sensing applications, Fs-laser pro-
cessing can be used to reduce GO into rGO films [21,22]. While laser-
induced graphene (LIG) directly converted from polyimide (PI) or
other carbon precursors has emerged as a powerful platform for gas
sensors [23,24], such processes typically rely on the localized ablation
and carbonization of the substrate itself. In contrast, this study utilizes
the Fs-laser to precisely reduce a pre-coated TiO2/GO composite film.
Because the laser energy is primarily absorbed by the GO matrix to form
rGO, this one-step, non-contact and low-thermal-effect process patterns
the conductive electrode structures entirely within the composite layer,
without causing ablation or structural damage to the underlying flexible
substrate. Consequently, this methodology not only facilitates the syn-
ergistic integration of TiO; for UV-enhanced CO sensing but also offers
high versatility, as it can be applied to various heat-sensitive flexible
substrates without being limited to PI.

In this study, Fs-laser processing was employed to simultaneously
reduce GO to rGO and to directly pattern TiOo/rGO composite micro-
electrodes on a flexible PI substrate. A uniform TiO5/GO thin film was
first deposited by spin-coating, and the laser processing enabled precise
structural modification without significant substrate damage.
Leveraging the photocatalytic properties of TiO,, known for its high
catalytic activity and chemical stability [25], the sensing measurements
were conducted at room temperature (25 °C) under a controlled relative
humidity of 30% to minimize cross-interference caused by the compet-
itive adsorption of ambient water molecules. As extensively reported in
previous studies, traditional TiOs-based gas sensors typically require
elevated operating temperatures (e.g., 400-600 °C) to provide sufficient
thermal activation energy for effectively detecting CO gas [26]. How-
ever, this high-temperature requirement severely limits their integration
into heat-sensitive flexible platforms. To overcome this limitation, our
study utilized UV illumination at room temperature to generate photo-
generated charge carriers, effectively replacing the need for thermal
activation [27]. This room temperature operability provides a signifi-
cant advantage by substantially reducing power consumption and
ensuring safe integration into flexible platforms. The fabricated sensor
demonstrated a notable response of 20% to 150 ppm CO with a rapid
response time of less than 15 sec. Moreover, under 365 nm UV irradi-
ation, the synergistic photocatalytic activity of TiO, enhances the
sensing response. These findings demonstrate that Fs-laser processing
provides a simple and effective route for fabricating TiO2/rGO com-
posites with UV-enhanced gas sensing performance, offering a
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promising approach for flexible, high-performance CO sensors and next-
generation wearable or environmental monitoring devices.

2. Experimental

2.1. Fabrication of flexible TiO2/rGO composite sensor via femtosecond
laser processing

The procedure to prepare the TiO,/rGO composite electrode via FS-
laser processing was described as follows. In this study, rutile TiO2 (R-
900, Emperor Chemical Corporation, Taiwan), was selected as the base
material for the gas sensor. The coating solution was prepared by
dispersing TiO5 powder at concentrations of 2 wt%, 5 wt%, and 10 wt%
in 2.5 mg/ml GO solution (EW-GO-S, EWAY technology Corporation,
Taiwan) labeled as GT-2, GT-5, GT-10 (detailed values are listed in
Table S1). The mixture was thoroughly stirred to obtain a uniform TiOy/
GO composite solution

Fig. 1 shows the schematic of the fabrication process for the flexible
CO gas sensor. The PI substrate (PIF175, Mortech Corporation, Taiwan),
was cut to dimensions of 15 mm x 15 mm x 0.175 mm. It was thor-
oughly rinsed with deionized water (DI water) to remove impurities and
then dried to eliminate surface moisture. The TiO2/GO composite so-
lution was then evenly coated onto the PI substrate using spin coating
technology at a rotation speed of 2000 rpm and 30 sec. Finally, the
coated substrate was cured on a hot plate at 60 °C for 90 min to remove
residual solvent and ensure firm adhesion of the film to the substrate.

The high resistance of the TiO»/GO composite hindered practical
resistance measurements; thus, one-step Fs-laser processing was
employed to structurally modify the composite. The experimental setup
consisted of an Fs-laser source (Spirit HE 1040-30-SHG, Spectra Physics,
USA), integrated with an XY-axis scanner (intelliSCAN III 10, SCANLAB
GmbH, Germany). A 520 nm wavelength laser was used, with parame-
ters optimized at a scanning speed of 50 mm/sec and a fluence of 0.34 J/
cm?. The composite was scanned once by the laser at a repetition rate of
100 kHz, thereby reducing the GO in the TiO2/GO composite to rGO, as
shown in Fig. 1a. The laser induce TiO,/rGO composites were labeled as
rGT-2, rGT-5, and rGT-10, corresponding to the TiO, weight percent-
ages. Finally, the design of the ring electrode facilitated uniform 365 nm
UV illumination with an intensity of 6.96 mW/cm? (5H1U1, Yi-Lian
Electronics Technology Co., Ltd., Taiwan), thereby enhancing the per-
formance of the UV-assisted flexible CO gas sensor. The design of the
sensor electrode is illustrated in Fig. S1.

This study used a source measure unit to record the electrical
changes of the sensor under different concentrations of gas at a fre-
quency of every 0.1 sec. Gas sensing performance was evaluated in terms
of response and sensitivity. Among them, the gas response refers to the
gain between the input signal and the output signal of the probe system.
The equation used is shown in the following:

Response(%) = % x 100 D

a

where R, is the resistance in air and Ry is the resistance in the target gas.

It is defined as the ratio of the sensor resistance value in the air
environment to the sensor resistance value when gas is introduced. The
absolute value after subtracting the resistance value of the sensor in the
air environment (R,) from the resistance value in the gas (Ry) is divided
by Rq (Eq. (1). In this study, the reactivity of the sensor was evaluated
under ambient atmospheric conditions to simulate practical operation.
The tests were performed in a sealed transparent acrylic chamber with a
volume of 1 L, which allowed UV light to irradiate the sensor surface
during gas detection. To control the gas concentration, a static volu-
metric method was employed. Specifically, calculated volumes of CO gas
(99.9%, Air Products and Chemicals, Inc., Taiwan) were directly injec-
ted into the air-filled chamber to achieve the target parts per million
(ppm) levels. The target gas was allowed to diffuse and mix with the
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Fig. 1. (a) Schematic illustration of the fabrication process for the flexible CO gas sensor. (b) Schematic diagram of a room temperature flexible CO gas sensor.

ambient air within the sealed environment while the electrical response 30%, as shown in Fig. 1b.
was monitored. Furthermore, all sensing measurements were conducted
at room temperature (25 °C) under a controlled relative humidity of
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Fig. 2. (a) CO gas sensing mechanism, and (b) energy band diagram of the TiO,/rGO composite during gas sensing.
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2.2. Sensing mechanism

This study investigated the sensing of CO gas using a TiOy/rGO
composite sensor. While TiO; is widely known to respond to various
gases, CO was selected as a representative target gas due to its envi-
ronmental importance and its well-established interaction with metal
oxide-based sensing materials. In addition, previous studies have re-
ported that rGO-based materials exhibit high sensitivity to CO at room
temperature [28], making it suitable for evaluating the sensing perfor-
mance of TiO,/rGO composites. By integrating TiO with rGO, the
composite enables synergistic effects in charge transfer and surface
adsorption, leading to an enhanced sensing response toward CO. Based
on this synergistic interaction, the CO sensing process of our composite
can be described by four key reactions. Initially, the sensor was exposed
to air within a cavity, allowing oxygen molecules to absorb onto the
surface of the TiO2/rGO composite. When a voltage was applied to the
sensing structure, the surface of the sensor becames more electronega-
tive. The oxygen adsorbed by the sensor extracts electrons from it and
ionizes it into O~, 02~ (Eq. 2-3). Upon exposure to CO, the gas reacted
with these oxygen ions, removing them from the TiO5/rGO surface and
producing CO5 along with excess electrons. The COy gas and excess
electrons produced by chemical reactions will desorbed into the air.
Therefore, when the CO gas was turned on, a significant decrease in the
resistance value of the sensor was observed.

As illustrated in Fig. 2a, CO molecules react with pre-adsorbed ox-
ygen ions on the TiO2/rGO surface, forming COy through surface
oxidation. This process underlies the sensing mechanism of the TiOy/
rGO composite, where charge transfer and surface reactions govern the
resistance change during CO detection. As a result, the CO concentration
decreases while the CO5 concentration increases (Eq. 4-5) [27].

Os(gas) + 2" =20 44, @
1 o,

Eoz(gas) +2e =00y 3
CO(gas) + O 445y CO02gas) + €~ )
COgas) + O(Zt;d.s)_)COZ(ga_s) +2e” )

The primary reason for the resistance reduction in the CO gas sensor
was the increase in free electron concentration. CO underwent a redox
reaction with surface-adsorbed oxygen ions, releasing electrons back
into the conduction band of TiOs. This process increased the free elec-
tron concentration in the conduction band, thereby reducing the resis-
tance of TiO,, as electrons were the majority carriers in the n-type
semiconductor. Additionally, the reduction in surface-adsorbed oxygen
ions led to a shrinkage of the depletion region, further decreasing the
resistance. Simultaneously, the reaction between CO and oxygen ions
altered the charge distribution on the TiO, surface, reducing electron
trapping at the interface, which also contributed to the resistance
reduction [29], as illustrated in Fig. 2b. The magnitude of the work
function could influence the adsorption capacity of oxygen ions and the
efficiency of electron trapping. In this study, TiO5 had a smaller work
function compared to rGO. This allowed electrons to more easily transfer
from TiO, to surface-adsorbed oxygen molecules, forming more oxygen
ions and enhancing the sensitivity of the sensor. However, in the
mechanism where CO removed surface-adsorbed oxygen ions, the sur-
face redox reaction was the dominant factor, and the influence of the
work function was relatively secondary.

2.3. Characterization

The thickness of the sensing film was estimated to be approximately
20 pm using optical microscopy (OM, BX51, Olympus, Japan). Surface
morphology of the TiO2/GO and TiOy/rGO composite films before and
after femtosecond laser processing was observed by scanning electron
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microscopy (SEM, JSM-7600F, JEOL, Japan), while elemental compo-
sition and oxidation states were analyzed using energy-dispersive X-ray
spectroscopy (EDS, Oxford X-Max, Oxford Instruments, UK) equipped
with the SEM system. Crystal phase identification and changes induced
by laser reduction were investigated by X-ray diffraction (XRD, D8
Advance Plus, Bruker, USA) using Cu Kal radiation (A = 1.5406 .7\), with
the tube operated at 40 kV and 40 mA. The reduction degree of graphene
oxide and characteristic carbon vibrational modes were further
confirmed by micro-Raman identify spectrometer (MRI, MRI532S,
ProTrusTech, Taiwan) using a 532 nm excitation laser. Surface chemical
states and the reduction degree of graphene oxide were examined by X-
ray photoelectron spectroscopy (XPS, JPS-9030, JEOL, Japan), with all
binding energies calibrated to the adventitious C 1 s peak at 284.8 eV.
Functional groups in the composites were characterized by Fourier
transform infrared spectroscopy (FTIR, Bruker ALPHA FTIR spectrom-
eter, Bruker, Germany) in attenuated total reflectance (ATR) mode over
the wavenumber range of 400-4000 cm ™. Optical absorption proper-
ties were measured using an ultraviolet-visible-near infrared spectro-
photometer (UV-Vis, V670, Jasco, Japan) in the wavelength range of
200-800 nm. Electrical resistance and gas sensing performance were
recorded using a source measure unit (Keithley 2400, Keithley In-
struments, USA) with a data acquisition interval of 0.1 sec.

3. Results and discussion
3.1. Femtosecond laser induced reduction TiO2/rGO composite

This study used Fs-laser processing to induced the reduction of TiOy/
GO film into TiO2/rGO composite in a single process. As shown in
Fig. 3a, the sheet resistance of the 2 wt% TiO2/GO film continuously
decreased from 1.28 MQ to 592 kQ as the fluence was raised to 0.34 J/
cm?, indicating that a higher energy density promoted more complete
photothermal reduction and the formation of a conductive TiO2/rGO
composite. However, when the fluence exceeded 0.34 J/cm?, the resis-
tance began to rise, most likely owing to local overheating that induced
partial re-oxidation [30]. Hence, 0.34 J/cm? was identified as the op-
timum fluence for subsequent processing. At this optimum fluence, the
post-reduction resistance increased linearly with TiO, loading from 2 wt
% to 10 wt% (R% = 0.9048), as presented in Fig. 3b, confirming that
excessive TiOy content reduces the overall conductivity of the compos-
ite. The EDS analysis further verified the compositional changes after Fs-
laser reduction, as shown in Fig. 3¢ (Fig. S2, Table S2), revealing the
removal of oxygen species and the formation of TiO/rGO hetero-
structures (TiO2/rGO composite).

The surface morphology after Fs-laser processing was examined
using SEM. The micrographs shown in Fig. 3d reveal the initial GO film
surface before reduction, which appeared smooth and compact with a
dense sheet-like morphology. In addition, it was observed that the laser-
induced rGO morphology with a single scanning direction and varying
laser fluence to optimize the laser parameters to form significant rGO
surface. Here, the laser parameters of the study were fixed at a repetition
rate of 100 kHz and a scanning speed of 50 mm/sec. The effect of
changing fluence on the resistance value of the rGO film was discussed,
and the lowest resistance value measured was considered the optimal
laser fluence. It was worth mentioning that the resistance value de-
creases as the fluence increases, indicating that the laser induces the
formation of rGO on the surface of the GO film. The lowest resistance
value of 3.1 kQ was achieved at a fluence of 0.34 J/cm?, which was
identified as the optimal laser fluence for preparing rGO. Herein the
induced rGO film exhibits a layered structure as a result of the combined
photothermal and photochemical effects generated by Fs-laser irradia-
tion [31,32]. As seen in Fig. 3e, the SEM micrograph of the rGO film
clearly shows wrinkled, flaky, and porous surface morphologies. When
the laser fluence was further increased, the resistance began to rise.

Further morphological analyses of the TiO3/GO and TiOy/rGO
composites are presented in Fig. 3f and Fig. 3g, respectively. The TiOy/
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Fig. 3. (a) Variation of resistance with laser fluence for laser induced reduction GO film. (b) Resistance of TiO,/rGO composite with different concentrations at a
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GO composite film, (g) TiO2/rGO composite film. (h) Schematic illustration of GO wrapping TiO, before and layered TiO,/rGO composite after Fs-laser

induced reduction.

GO composite exhibited TiO2 nanoparticles uniformly embedded and
coated by the GO matrix, forming a continuous hybrid film. After laser
reduction, the TiO2/rGO composite showed a more distinct layered
structure, in which rGO sheets were interlaced with TiO, particles. The
SEM image in Fig. 3g clearly reveals that the TiO2 nanoparticles were
uniformly distributed and tightly anchored within the rGO network,
forming conductive pathways that facilitate efficient electron transport.
These features indicate the successful reduction and structural reorga-
nization of the composite. Such morphological observations are
consistent with the proposed structural evolution model illustrated in
Fig. 3h. The schematic shows the transformation from the initial GO-
encapsulated TiO, configuration to the layered TiO2/rGO composite
formed through Fs-laser-induced reduction. This hierarchical structure
enhances interfacial contact between TiO and rGO, providing

continuous charge transport channels that improve electrical conduc-
tivity and contribute to superior gas-sensing performance.

It is important to emphasize that a key advantage of the proposed Fs-
laser approach is its ability to fabricate sensing structures while mini-
mizing damage to the underlying flexible substrate. Unlike conventional
LIG processes that required the destructive ablation and carbonization of
the PI substrate itself, our process localized the photothermal and
photochemical effects primarily within the pre-coated TiO5/GO layer.
Furthermore, this maskless direct-writing process provided exceptional
versatility in electrode design. Because the conductive pathways were
directly drawn by the laser, sensing electrodes of any customized shape
or dimension could be effortlessly patterned without the constraints of
traditional photolithography or physical masks. More importantly, this
non-destructive nature eliminated the dependency on specific substrate
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materials such as PL. As a result, the process can be extended to a broader
range of flexible or heat-sensitive substrates. Consequently, this method
enables one-step material reduction and electrode patterning while
preserving the structural integrity of the underlying flexible substrate.

3.2. Phase and structural characterization of the composites

The XRD patterns of the TiO2/GO and laser-processed TiOy/rGO
composite films are presented in Fig. 4a. Both samples display the
characteristic signatures of the rutile TiO, phase (JCPDS No. 21-1276),
with intense diffraction peaks located at 20 = 27.4°, 36.1°, 41.2°, and
54.3°, corresponding to the (110), (101), (111), and (211) planes,
respectively [33,34]. This high crystallinity confirms that the femto-
second laser irradiation (0.34 J/cm?) preserved the structural integrity
of the TiO, lattice without inducing amorphization. Regarding the
carbonaceous component, the expected broad (002) peak of rGO is not
distinctly visible. This is attributed to the shielding effect of the adjacent,
high-intensity TiO2 (110) peak, as the atomic scattering factor of tita-
nium is significantly higher than that of carbon [35].

In this study, Raman spectroscopy was employed to corroborate the
phase composition and structural evolution of the composite induced by
femtosecond laser irradiation. The spectra provided critical insight into
the phonon vibrational dynamics of the TiO5 lattice and the reorgani-
zation of the carbon network, as shown in Fig. 4b. In the low-frequency
region (<800 cm’l), the characteristic phonon modes of the rutile TiOy
phase were clearly identified. The peaks located at approximately 143
em™Y, 447 em™!, and 612 ecm ™! corresponded to the Big, Eg, and A,
active modes, respectively [36]. In the pristine TiO2/GO spectrum, these
TiO4 signatures were relatively weak. This suppressed intensity was
attributed to the shielding effect of the thick, oxygen-rich GO layers
wrapping the nanoparticles and the associated fluorescence back-
ground. However, after laser treatment, the intensity of the TiO, peaks,
particularly the E; and A;; modes, was significantly enhanced. This
phenomenon was attributed to two concurrent processes: the laser-
induced removal of the amorphous oxygenated carbon overlay, and
the localized photothermal annealing. These processes improved the
crystallinity of the TiO, nanoparticles, thereby increasing their Raman
scattering cross-section.

In the high-frequency region, the structural quality of the carbon
network was evaluated through the D band (~1352 cm’l) and the G
band (~1596 cm™1). Physically, the G band corresponds to the in-plane
bond stretching motion of sp® carbon atoms, while the D band originates
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from the breathing mode of sp? rings, which is activated only in the
presence of defects. The intensity ratio of the D band to the G band (Ip/
Ig) served as a key metric for defect density and graphitic ordering. The
Ip/Ig ratio decreased from 1.05 in the precursor TiO2/GO film to 0.98 in
the laser-processed TiO3/rGO composite [37]. These results indicate
that the reduction in the Ip/Ig ratio provided direct evidence of a syn-
ergistic mechanism. The high-intensity Fs-laser triggered the multi-
photon reduction of oxygen-containing functional groups, while the
subsequent non-radiative relaxation generated localized heat that
annealed the carbon lattice. This process effectively healed the struc-
tural defects and partially restored the conjugated sp? graphitic network
[38]. Consequently, the Fs-laser processing not only reduced the GO, but
also reconstructed the conductive pathways essential for the perfor-
mance of the composite.

3.3. XPS analysis

XPS was performed to investigate the surface chemical states of the
Fs-laser-induced TiO,/rGO composite, as shown in Fig. S3. The C 1 s
spectrum of GT-5 exhibited a dominant sp?-C—=C/sp>-C-C component
accompanied by several oxygen-containing groups (C-O, C=O0, and
0-C=0) [39]. After Fs-laser induced, rGT-5 showed an increased spz-
C—C contribution and a pronounced decrease in oxygen-bonded com-
ponents [40,41], as shown in Fig. 5a, b. This variation indicates that the
laser treatment effectively removed oxygen-containing groups and
restored the conjugated carbon network, indicating successful reduction
of GO to rGO.

In the Ti 2p region, no obvious Ti signal was detected in GT-5, which
was likely due to the complete coverage of TiO5 nanoparticles by the GO
overlayer [42]. The thick GO film strongly attenuated the photoelec-
trons emitted from the underlying Ti atoms, resulting in the absence of
detectable Ti 2p peaks. After laser irradiation, weak but clear Ti 2p3/»
and Ti 2p;,» peaks appeared at approximately 458.5 eV in rGT-5, as
shown in Fig. 5c, d. The emergence of these signals suggests that the Fs-
laser locally thinned or ablated the GO layer and partially exposed the
buried TiO3 domains, allowing the Ti signal to be detected by XPS [43].

The O 1 s spectra further support this interpretation. GT-5 was
mainly composed of C=0/Ti-OH/defect-related oxygen species with
minor adsorbed oxygen [44]. After laser reduction, rGT-5 exhibited an
increased proportion of lattice/defect oxygen and a decrease in adsorbed
oxygen. These results imply that the Fs-laser removed surface adsorbates
and generated oxygen vacancies in the TiO; lattice [45]. The formation
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- T T T T T
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Fig. 4. (a) XRD pattern of the TiO,/GO composite ; (b) Raman spectra of the corresponding films, showing the characteristic TiO, modes and the D/G bands of the

carbon network.
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of oxygen defects and the exposure of TiO, domains are expected to
facilitate charge transfer across the TiOy/rGO interface, which can
contribute to the enhancement of gas sensing performance, as presented
in Fig. 5e-5f.

These findings demonstrate that Fs-laser processing not only pro-
motes GO reduction but also induces oxygen-deficient TiO domains,
providing favorable electronic and chemical conditions for improved CO
sensing performance. The detailed XPS quantitative results are sum-
marized in Table S3.

3.4. FTIR and UV-VIS analysis and bending test

This study used FTIR to analyze the material properties of composite.
All GT samples exhibited characteristic peaks corresponding to the C=C
skeletal vibration of the aromatic ring (~1600 cm’l), the C-O stretching
vibration of hydroxyl or epoxy groups (~1220 cm™!), and the Ti-O
stretching vibration of the TiO, phase (~750 cm™ ). After Fs-laser
induced, the samples (rGT-2, rGT-5, rGT-10) exhibited a noticeable
decrease in the intensity of the C-O peak and a relative enhancement of
the C=C peak [46]. This change indicates that oxygen-containing
groups on GO were removed and the conjugated sp? carbon network
was partially restored, confirming the laser-induced reduction of GO to
rGO. Meanwhile, the Ti-O vibration peak remained visible, suggesting
that the embedded TiO; structure was retained after laser processing
[47], as shown in Fig. 6a.

To evaluate the UV light absorption capability of the composite used
in this study, the absorption spectra were measured using UV-VIS. All
samples exhibited strong absorption in the UV region, which gradually
decreased toward the visible region. A distinct absorption edge was
observed at around 365 nm, corresponding to the bandgap transition of
TiO5. Compared with the samples before laser reduction, the Fs-laser
induce reduction samples (rGT-2, rGT-5, rGT-10) exhibited slightly
enhanced absorption in the visible region. This enhancement can be
attributed to the restoration of the sp?-conjugated domains and the
generation of oxygen vacancies, which introduce localized states within
the bandgap and improve light absorption [48]. These results indicate
that the Fs-laser not only reduced GO but also modulated the optical
properties of the TiO2/rGO composites, as shown in Fig. 6b.

To evaluate mechanical flexibility and durability under repeated
deformation, a bending test was performed on rGT-5. This test aimed to
determine whether sensing performance remains stable under me-
chanical stress, which is important for applications in wearable or
flexible electronics. rGT-5 was fixed at a 90° bending angle with a
bending radius of approximately 1 cm, and a pneumatic reciprocating
mechanism applied continuous bending cycles while electrical resis-
tance was monitored. After more than 50 cycles, resistance remained
below 40 kQ, indicating stable performance and no significant structural
damage, as shown in Fig. 6¢. These results confirm that bending defor-
mation does not affect function. The bending test setup of the flexible
TiO2/rGO composite CO gas sensor is shown in Fig. 6d. Variation of
resistance of the rGT-5 sensor under different bending angles (0°, 30°,
60°, and 90°). It was found that bending the sensor would reduce the
resistance stability. The resistance increased slightly with increasing
bending angle, showing a good linear correlation (R = 0.9766), as
shown in Fig. 6e. The gas response of the sensor to 150 ppm CO was
measured at 25 °C under different bending angles. Experimental results
showed that when the bending angle was 0°, the response value was
15.1%, while it further decreased to 8.2% at 90°. It was observed that at
smaller angles (such as 0° and 30°), the response was almost unaffected;
however, as the angle increased, the response showed a clear decreasing
trend. This decrease occurred because the effective surface area of the
sensing material on the flexible electrode was reduced during bending,
which lowered the ability to adsorb gas molecules and capture electrons,
leading to a lower sensing response, as shown in Fig. 6f. Consequently,
the study not only verifies the structural robustness under bending stress
but also highlights the potential of this approach for developing
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wearable gas sensors that maintain stable operation in dynamic envi-
ronments. Such characteristics are essential for future integration into
flexible electronics and real-time environmental monitoring systems.

3.5. CO gas sensing

The gas sensing characteristics of the TiO2/rGO composites were
further explored. Fig. 7 describes the gas sensors made with different
weight percentages of TiO, for different concentrations of CO gas
sensing. The sensing measurements were conducted at 25 °C under a
controlled relative humidity of 30%. This specific humidity level was
maintained to minimize potential interference from ambient moisture.
As reported in previous studies [49,50], humidity generally affects the
gas-sensing performance of metal oxide-based sensors. This behavior is
primarily attributed to the competitive adsorption between water mol-
ecules and the target gas (CO). Water molecules tend to occupy active
surface sites, thereby reducing the available adsorption sites for CO and
leading to a decreased sensing response. Therefore, a controlled hu-
midity condition (30% RH) was adopted to provide a consistent baseline
for evaluating the intrinsic sensing performance of the TiO/rGO com-
posite. When CO gas was passed through the sensor, the CO gas removed
oxygen ions from the TiO2/rGO composites. This causes the resistance of
the sensor to drop. Use rGT-2 sensor. The resistance before CO gas enters
was 592 kQ. When the rGT-2 sensor was placed in a 150 ppm CO gas
environment. The resistance drops sharply, with a response time of < 10
sec, and when the CO gas concentration continues to rise, the resistance
drops even more dramatically. The response reaches 29.1% at 500 ppm.

The resistance of rGT-5 was 988 kQ in air. The rGT-5 sensor has a
similar gas response to the rGT-2 sensor when different concentrations
of CO gas were introduced. The increase in resistance was due to the
decrease in the proportion of conductive rGO. If the TiO, ratio was
further increased to 10 wt%, the resistance of the rGT-10 sensor in air
increased significantly to 1182 kQ. Relatively, the CO gas sensing
response was also improved to 39.5% at 500 ppm (detailed values are
listed in Table 1), as shown in Fig. 7a. To investigate the role of UV
activation, the electrical and sensing characteristics were systematically
analyzed. As observed in the transient resistance measurements
(Fig. 7b), UV irradiation significantly reduced the baseline resistance of
the sensors. This phenomenon is attributed to the generation of electron-
hole pairs on the TiO5 surface, which increases carrier concentration and
effectively lowers the impedance to a measurable range suitable for
practical sensing circuits. Fig. 7c quantifies this photo-induced resis-
tance drop, defined as ARyy = Ry —Ron, under different UV wave-
lengths. The results indicate that the rGT-10 sensor exhibited the most
substantial resistance reduction, particularly under 365 nm excitation,
demonstrating the most effective charge transfer within the composite
network (detailed values are listed in Table 2). Regarding the gas
sensing performance, Fig. 7d presents the response as a function of CO
concentration. To evaluate the reproducibility of the sensors, each
concentration point was tested multiple times (n > 5). The small stan-
dard deviations demonstrate the excellent reproducibility of the fabri-
cated devices, which is inherently guaranteed by the highly precise and
programmable Fs-laser direct-writing process. It is noteworthy that
while the primary contribution of UV irradiation was the modulation of
baseline resistance, it provided only a moderate enhancement in sensi-
tivity rather than a drastic change. Specifically, the response of the rGT-
10 sensor towards 500 ppm CO increased from 39.6% (Without UV) to
43.8% (With 365 UV). This suggests that UV activation can establish a
low-resistance conduction path beneficial for signal acquisition without
altering the fundamental interaction mechanism between the sensor and
the target gas.

Given that the sensor operated at 25 °C, the influence of environ-
mental humidity was considered a critical factor for practical applica-
tions. The dynamic response of the rGT-5 sensor under varying relative
humidity (RH) levels ranging from 30% to 95%. A stepwise and
reversible decrease in resistance was observed as the RH increased
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incrementally to 30%, 45%, 66%, 75%, 85%, and 95%, as shown in
Fig. 7e. This trend was attributed to the ionic conduction facilitated by
physisorbed water molecules on the composite surface, which enhanced
charge transport. More critically, the capability of the sensor to detect
CO gas in high-humidity environments was evaluated. Although a slight
attenuation in response was observed due to the competitive adsorption
between water molecules and CO gas for surface active sites, the sensor
maintained a robust detection capability, as shown in Fig. 7f.

The sensing mechanism of the TiO/rGO composite under UV illu-
mination is illustrated in Fig. 7g. Under 365 nm UV light, TiO2 generates
photoinduced electron-hole pairs that participate in interfacial charge

10

Temperature (°C)

(h)

transfer processes, influencing the overall sensing behavior. Here,
adsorbed oxygen molecules captured electrons, forming reactive oxygen
ions (O™, O3z), which reduced the space charge layer (Eq. 6-7) [51].

TiO,/rGO + hv—TiOy(h™) + rGO(e ) (6)

1GO(e”) + 0,-rGO+ O, @

The photogenerated electrons migrate from the TiO, conduction
band to the rGO surface due to the work function difference between the
two materials, while the holes remain in TiO5 and participate in
oxidation reactions. Meanwhile, absorbed oxygen molecules on the
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Table 1
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Comparison of CO gas sensing responses of TiO2/rGO composites with different TiO, contents.

Composite composition UV (365 nm) Initial resistance (kQ) CO gas concentration (ppm) Final resistance (kQ) Response (%) Response time/Recovery time

rGT-2 off 592 150 497 15.8 3/4
300 447 24.5 5/4
500 420 29.1 7/8
on 497 150 412 17.1 3/4
300 372 25.1 5/5

500 338 31.9 6/8
rGT-5 off 988 150 832 16.0 3/4
300 715 27.6 5/4
500 654 33.8 7/8
on 745 150 610 18.1 5/5
300 531 28.7 5/4
500 484 35.0 7/7
rGT-10 off 1182 150 973 17.6 3/4
300 813 31.2 5/4
500 714 39.6 7/8
on 782 150 641 18 3/3
300 532 31.9 5/6
500 439 43.8 7/8

Table 2
Comparison of TiO2/rGO composites under UV irradiation.
Composite composition Initial resistance (kQ) UV wavelength (nm) Final resistance (kQ) ARyy(kQ) UV Response (%) Response time/Recovery time

rGT-2 592 365 497 95 16.0 6/8
385 541 47 7.9 9/7

405 554 38 6.4 11/6
1GT-5 988 365 745 243 24.6 6/9
385 863 125 12.7 8/8

405 890 98 9.9 11/7

rGT10 1182 365 782 400 33.8 4/10
385 937 245 20.7 6/8
405 980 202 17.0 9/8

composite surface capture the transferred electrons to form reactive
oxygen ions (O~ and O3), which modulate the surface charge layer and
influence the sensor resistance. The work function difference facilitated
electron transfer from TiO, to rGO, enhancing conductivity and
decreasing overall resistance. Under CO exposure, CO molecules react
with these oxygen ions, releasing trapped electrons back into the TiO2/
rGO network. This process increases the carrier concentration, reduces
the depletion region, and results in a decrease in overall resistance. The
synergistic effect of UV-induced charge separation in TiO5 and the high
conductivity of rGO enhances interfacial electron transfer, thereby
improving the CO sensing performance of the composite sensor.

To evaluate the effectiveness of the Fs-laser fabricated TiO5/rGO
sensor, its CO sensing performance was compared with previously re-
ported TiO»-based sensors. As summarized in Table 3, most TiO2-based
CO sensors reported in previous studies relied on high-temperature
operation to achieve moderate responses. Electrospun nanofibers [52],
sol-gel films [53], and sintered xerogels [54] exhibited responses of only

0.7-13% at operating temperatures between 300 and 600 °C. Structural
modifications, such as hollow hemispheres [55] and ZnO hybridization
[56], improved the sensing response but still required temperatures
above 250 °C and suffered from long recovery times (>70 s). In contrast,
the present TiOy/rGO composite sensor demonstrates a significant
response to CO at room temperature, indicating the effectiveness of the
Fs-laser fabricated flexible sensing platform. Room temperature strate-
gies, including Co304/Y203 or Mg doping [57,58] and MWCNT incor-
poration [61], have been developed to reduce power consumption;
however, these approaches often sacrifice mechanical flexibility or
involve complex, multi-step fabrication. By contrast, the Fs-laser
induced TiO2/rGO composite developed in this study achieved a
43.8% response with symmetric 5 sec/5 sec dynamics at room temper-
ature on a bendable PI substrate. This performance rivals that of Mg-
doped TiO3 thin films (63% at 25 °C) while being realized through an
one-step laser process. Furthermore, under 365 nm UV irradiation, the
overall resistance decreased, facilitating charge transfer and enhancing

Table 3

Comparison of the response characteristics of gas sensors reported in previous studies.
Material Gas Response (%) Response time/ Recovery time Operating temperature (°C) Fabrication Substrate material Reference
TiO, nanofiber (¢(e] 13 5/6 300 °C Electrospinning Silicon [52]
TiO, film coO 6.81 5/92 350 °C Sol-gel synthesis Silicon [53]
TiO, film Cco 0.74 20/70 600 °C Calcination and sintering Alumina [54]
TiO, HH CO 43.2 10/10 250 °C Templating and calcination Si0,/Si [55]
TiO, /ZnO cO 55.1 10/100~ 250 °C Thermal oxidation Alumina [56]
C0304/Ti05/Y,03 Cco 17.4 120/60 RT Reaction kettle Glass [571
Mg/TiOy Cco 63 41/22 RT Sol-gel synthesis Silicon [58]
Au/ TiOy CcO 6 5/8 325 °C Hydrothermal Al,O3 [59]
TiO, /CeOy Cco 40 2/6 300 °C Hydrothermal CeOHCO3 [60]
TiO2/MWCNT CO 15.8 4/16 350 °C Sol-gel synthesis Silicon [61]
TiO»/rGO co 43.8 <10/<10 RT Fs-laser PI This work

HH = hollow hemispheres, MWCNT = multiwalled carbon nanotubes, RT = room temperature (25 °C).
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sensing performance. These results indicate that rGO incorporation and
laser-assisted reduction effectively lowered the activation barrier for CO
chemisorption, while the synergistic photocatalytic effect of TiO, under
UV irradiation further improved sensitivity, enabling fast, low-power,
and flexible CO detection. Comparison with previously reported the
response and temperature of composite, as shown in Fig. 7h.

4. Conclusion

In summary, a room temperature flexible CO gas sensor based on a
TiO2/rGO composite was successfully fabricated via using a one-step
femtosecond (Fs) laser-induced and patterning process. The ultrafast
laser simultaneously reduced the TiOy/GO thin film and directly
patterned electrodes on a PI substrate under optimized parameters (100
KkHz repetition rate, 50 mm/sec scanning speed, and 0.34 J/cm? flu-
ence), achieving precise material modification with minimal substrate
damage. Consequently, the sensor exhibited a high response of 43.8%
toward 500 ppm CO with a rapid response time of less than 10 sec.
Under 365 nm UV irradiation, the photocatalytic activity of TiO; further
enhanced sensing performance by decreasing the overall resistance.
Moreover, the device maintained excellent mechanical stability,
showing consistent electrical characteristics with an average resistance
of 40 kQ after multiple bending cycles. The remarkable improvement in
gas sensing performance can be attributed to the synergistic effects of
rGO incorporation, laser-induced oxygen vacancies, and the photo-
catalytic properties of TiOy under UV light, which collectively facilitate
charge transfer and gas adsorption at the TiO2/rGO interface. Impor-
tantly, this room temperature operability successfully overcomes the
conventional high-temperature requirement of metal oxide sensors,
significantly reducing power consumption and greatly expanding its
application scope for wearable devices and multi-scenario deployments.
Therefore, this study demonstrates an effective one-step Fs-laser strategy
for fabricating UV-enhanced TiO5/rGO flexible gas sensors and provides
a promising route for developing high-performance, low-power, and
wearable sensing platforms for real-time environmental monitoring.
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