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Taking advantage of ultraviolet (UV) irradiation to clean the surface and tuning the charge carriers of graphene,
n-doped graphene shows excellent hydrogen sensing capabilities. With assistance of a 265 nm UV light irradi-
ation, the response time of sensor reaches 3 s to 5 ppm hydrogen. And after being relented in ambient condition
for a year, it still maintains nearly identical performance. Furthermore, by adding PMMA layer as molecular
sieve, the sensor can effectively shield against humidity changes, exhibiting high selectivity towards hydrogen.

When the relative humidity varies within the range in 20-70 %, the sensor basically maintains similar response
performance. This work streamlines the preparation process of hydrogen sensors and introducing exceptional
selectivity with the help of a molecular sieve, facilitating the practical application of hydrogen sensors.

1. Introduction

Hydrogen is recognized as one of the most promising environment
friendly and renewable energy sources, with combustion yielding only
water as its by-product. It is increasingly regarded as the key alternative
to traditional fossil fuels, playing an ever-growing pivotal role in both
industrial production and daily life [1,2]. However, hydrogen poses
intrinsic challenges: it is extremely flammable, and when the volume
fraction exceeds 4 % in air, it can explode instantly with any sparks [3].
Additionally, it is colorless and odorless, which is hardly perceived upon
leakage [4]. Consequently, it is vital to have high-performance hydrogen
sensors for environmental hydrogen concentration monitoring which
can be used for almost all hydrogen usage related industry [5].

At present, the commercialized hydrogen sensors include resistive,
electrochemical, thermoelectric, and optical ones [6-9]. Among them,
resistive hydrogen sensors have made great progress benefiting their
high efficiency, low cost, and simplicity of signal processing [10].
Classical types of such sensors include metal oxide semiconductor
(MOS) hydrogen sensors and palladium based (Pd) hydrogen sensors
[11,12]. They still face some serious issues in use. For instance, most
MOS hydrogen sensors require high operating temperatures [13], and
most Pd-based hydrogen sensors suffer from poor long-term stability due
to significant volume expansion upon hydrogen absorption [14]. What’s

more, the response time of these two types of hydrogen sensors is rela-
tively long [15].

To resolve the issues in traditional hydrogen sensors, researchers
have experimented with fabricating hydrogen sensors using two-
dimensional materials [16,17]. Among these materials, graphene, with
its high specific surface area, excellent electrical conductivity (electron
mobility over 15000 em?V!s™! at room temperature) [18], and stable
mechanical and chemical properties, is considered as one of the most
promising gas sensing materials [19]. The interaction between intrinsic
graphene and hydrogen is relatively weak. Most of the graphene-based
hydrogen sensors reported rely on the modification using other mate-
rials to achieve hydrogen sensing [20,21]. Commonly used modification
materials include substances that interact strongly with hydrogen, such
as metal nanoparticles [22,23], metal oxide nanoparticles[24,25], and
conductive polymers [26]. Wang et al. decorated RGO with WOg3
nanosheets and Pb nanoparticles by microwave-assisted hydrothermal
method [27]. The sensor has a response of 94.6-0.05 % hydrogen with a
response time of 6 s at 100 °C. Duan et al. synthesized Pd-SnO2/RGO
ternary nanocomposites with porous structure by hydrothermal method
[28]. The sensor exhibited a response time of 25.8 s for 200 ppm
hydrogen and a response of 32.8 % at 360 °C. Although graphene
modified shows improved responsiveness to hydrogen, the device
fabrication process becomes overly complicated, and the modification
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increases the cost. Some of these sensors still require high temperature to
perform optimally in hydrogen sensitivity.

There are few reports of the use of graphene alone as hydrogen-
sensitive material. Although the response of graphene to hydrogen has
also been mentioned in some reports [29-31], their response was rather
low and responses speed were slow, serving merely as a reference for
performance enhancement. Previous reports have focused on modifying
graphene with specific materials to leverage the advantages of graphene
in hydrogen sensing. Recently, ultraviolet irradiation has emerged as an
effective strategy to enhance the sensitivity of MOS gas sensors [32,33].
Similarly, UV irradiation also significantly impacts graphene. It not only
alters the adsorbates on surface of graphene [34], but also enables
controlled and reversible modulation of its electronic states [35]. This
study endeavors to replace traditional modification methods with pho-
tonic activation, exploring the hydrogen sensitivity capabilities of
graphene.

Herein, single-layer graphene prepared by Chemical Vapor Deposi-
tion (CVD) without modification exhibits significant and rapid response
to hydrogen gas under the illumination with 265 nm UV lamp. Specif-
ically, when exposed to 40 ppm of hydrogen, the response time is only
10 seconds, with a response of 3.52 %. Additionally, the sensor still
maintains its original response performance after one year. Transferring
the PMMA hydrogen molecular sieve to the surface of the graphene
significantly enhances the device’s resistance to moisture. The simple
fabrication process and the ultimate selectivity demonstrated in this
work lay a solid foundation for the practical application of graphene-
based hydrogen sensors.

2. Experimental

To study the doping state of graphene under various conditions, the
hydrogen sensor uses a graphene field-effect transistor (GFET) structure.
No gate voltage is applied during the testing of hydrogen sensitivity. The
device fabrication process is illustrated in Fig. 1.

2.1. Fabrication of Hydrogen Sensors

Graphene is prepared using the atmospheric pressure chemical vapor
deposition method [36]. PMMA-supported graphene is obtained by wet
transfer for the preparation of sensors. As shown in Fig. 1 Process I, @ is
the copper foil, @ is the graphene grown on the copper foil, ® is the
spin-coated PMMA, and ® is the PMMA-supported graphene. The
source, drain, gate and gate dielectric layers are fabricated on silicon
wafers with oxide layers by microfabrication. The graphene is then
transferred to it, and the graphene is patterned to obtain GFET. As
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depicted in Fig. 1 Process II, ® is a silicon wafer with an oxide layer, ®
is the silicon wafer with source, drain, gate electrodes and alumina
dielectric layer, @ is the transfer of graphene onto the substrate, ® is the
completed GFET. Detailed preparation procedures and parameters can
be found in the supporting information.

Several studies have reported the relatively high diffusion rate of
hydrogen in PMMA layer [37]. To minimize the signal interference
caused by changes in air humidity on the hydrogen sensor, PMMA film is
selected to enhance the moisture resistance of the sensor. PMMA (Micro
Chem, 495A4, 6000 rpm) is spin-coated onto copper foil and baked at 70
°C for 10 minutes. The copper foil with PMMA was then placed in po-
tassium persulfate etchant until the copper was etched away, after which
the PMMA was transferred onto the fabricated device and baked at 70 °C
for 30 minutes. As shown in Fig. 1 Process III, ® is the copper foil, @ is
the spin coated PMMA on the copper foil, @ is the PMMA film, and ® is
the transfer of the PMMA film onto the GFET channel.

2.2. Sensing Test Equipment

The sensing tests were conducted in a home-built chamber, as
illustrated in Fig. 2. The interior of the chamber includes a UV lamp
(wavelength of 265 nm, with a fixed optical power density of 13 mW/
cm?) and a humidity sensor. There is a micropump at the exit of the
chamber. The gases used for testing include target gases, high-purity
nitrogen and air with adjustable humidity. The target gases were ob-
tained by diluting gas source cylinders, including 1000 ppm hydrogen,
10,000 ppm ammonia, 100 % methane, 10,000 ppm nitrogen dioxide
and 10,000 ppm carbon monoxide. The gases were then diluted to the
required test concentrations using flow meters. When studying the
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Fig. 2. Schematic diagram of gas sensing test device.
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Fig. 1. Schematic of the fabrication process for the graphene gas sensor.
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hydrogen sensitivity of bare graphene under UV irradiation, due to
significant fluctuations in laboratory air humidity across different sea-
sons and times, and considering the long duration of gas sensing tests
coupled with pure graphene’s susceptibility to environmental distur-
bances, we employ high-purity nitrogen as the carrier gas to ensure the
reliability of our tests. In subsequent tests with devices containing
PMMA layer, we used laboratory air with controlled humidity as the
carrier gas to test the humidity resistance of the devices. All hydrogen
sensing experiments were carried out at ambient laboratory temperature
(~20 °C) at a total gas flow rate of 1000 sccm.

The response of sensor is defined as the change in resistance of the
device before and after exposure to the gas with a specific concentration
of hydrogen [38]. The response of the device after hydrogen exposure is
calculated using Eq. (1):

RH—RO

0

Response ( % ) = x 100 (€D)]

Where Ry represents the initial resistance of the sensor in the carrier gas
(nitrogen or air). Ry represents the resistance of the sensor when it is
exposed to environmental with a specific concentration of hydrogen.
The response time is calculated based on the time it takes for the device
to reach 60 % of its maximum response after hydrogen introduction
[39]. The detection limit (LOD) of the sensor can be calculated using Eq.
(2):

LoD — 3 X RMSrie @
Sensitivity
Where RMS,,o;se represents the baseline noise level of the response before
hydrogen introduction [32].
The RMSpise is calculated using Eq. (3):

> (6 —a)

RMSnoise = N_1

(3)
Here a; represents the individual resistance measurements, a is the
average resistance, and N is the number of measurements.

3. Results and discussion
3.1. Structural characterization of sensor

Figs. 3(a) and 3(b) show the optical microscope and SEM images of
the graphene gas sensor, respectively. The graphene in the channel ap-
pears flat and uniform without wrinkles, making it suitable for subse-
quent characterization and gas sensing tests. Fig. 3(c) displays the
Raman characterization results of the graphene in the channel area.
Three distinct peaks were observed at 1346 cm™!, 1591 ecm ' and
2685 cm ™}, corresponding to D peak, G peak and 2D peak, respectively.
The area ratio of the D to G peak (Ip/Ig ratio) is commonly used to
evaluate the defects and doping in graphene, while, the area ratio of the
2D to G peak (Iop/Ig ratio) for the number of graphene layers [40]. In
Fig. 3(c), the Ip/Ig ratio is 0.14, and the Iop/Ig ratio is 3.72, with the 2D
peak half-width of 29.05 cm ™. This exhibits a minute contamination

(d)
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introduction during the device fabrication process and the single layer
CVD graphene in the device channel. It is critical for gaining high sensor
sensitivity since the carrier mobility in single-layer graphene is normally
higher than that in multi-layer graphene that makes the carrier transport
process more sensitive to impurities [41].

3.2. Electrical performance testing of sensor

Fig. 4 shows the I-V curves and transfer characteristic curves of the
GFET. The linear I-V curve in Fig. 4(a) indicates good ohmic contact
between graphene and the electrodes. Fig. 4(b) shows the transfer
characteristic curve of GFET, which is useful for analyzing the doping
characteristics of graphene under different environmental conditions.
Without UV irradiation and exposed to air, the electrical neutrality point
of graphene is at approximately 2.13 V, indicating p-type doping. Under
UV irradiation in a nitrogen atmosphere, the electrical neutrality point
shifts to around —3.74 V, indicating n-type doping. When the GFET is
covered with a PMMA layer and exposed to UV light in the air, the
neutrality point is near 1.49 V, still reflecting p-type doping.

The surface of graphene in air tends to adsorb water and oxygen
molecules, which act as electron acceptors, causing p-type doping of
graphene [42,43]. Under UV light irradiation in the air or nitrogen,
graphene generates electron-hole pairs. These holes then recombine (h™
+ 03 — 0y), leading to the desorption of gas molecules. The excess
photogenerated electrons result in n-type doping of graphene [35].
However, after the addition of a PMMA layer, the ester groups in PMMA,
being strong electron-withdrawing groups, may extract electrons from
graphene [44]. Moreover, the PMMA layer reduces the optical power
density of UV light on the graphene surface, affecting the generation of
electron-hole pairs, and ultimately restoring the graphene to a p-type
doped state.

3.3. Hj sensing properties

Response time and response are two key parameters for sensors
performance evaluation. Fig. 5(a) displays the response curve to 10 ppm
hydrogen with and without the UV light assistant. It is evident the
critical role of the UV light proper response of sensor to hydrogen. We
examined the effects of UV light at 405 nm and 265 nm on hydrogen
response at different optical power densities (Fig. S1). For 405 nm UV
light, there is no clear correlation with optical power density. For
265 nm UV light, as optical power density increases, response time de-
creases, but the response lessens. This phenomenon is that rising up the
fermi-level of P-doped graphene to the state of lower density position
due to its Dirac cone type linear dispersion relationship, consequently,
shorting response time with the same amount of hydrogen adsorption.
Additionally, UV irradiation causes local heating of the graphene that
can accelerate adsorption rate of hydrogen molecules, and further
shortening the response time. To optimize response and minimize en-
ergy use, we conducted sensitivity tests with 265 nm UV light at
13 mW/cm? optical power density.

Fig. 5(b) shows the test results for hydrogen concentrations of 5 ppm,
10 ppm, 20 ppm and 40 ppm. Since hydrogen acts as an electron donor,
when it adsorbs onto the surface of graphene, n-type doped graphene
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Fig. 3. (a) Light microscope image of GEFT. (b) SEM image of GFET. (c) Raman spectra of graphene at the channel.
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Fig. 4. (a) IV curves of GFET in air with and without UV irradiation. (b) The transfer characteristic curves of GFET in different environments (the black curve
indicates that there is no UV light irradiation in the air atmosphere, the red curve indicates the UV light irradiation in the nitrogen atmosphere, and the blue curve
indicates the GFET with PMMA protective layer in the air atmosphere and ultraviolet light irradiation).
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Fig. 5. (a) The response curves of the sensor to 10 ppm H; with the UV light turned on and off. (b) The response curves of the sensor to different concentrations of Hs.
(c) Changes in response and response time for different concentrations of H, during the initial test and after one month. (d) Continuous testing of thirty response
curves to 40 ppm Hj after one year. (e) The changes in the response characteristic curves and response for 40 ppm hydrogen measured during the initial test, one

month later, and one year later.

gains electrons, increasing the carrier concentration [45]. As a result,
the resistance of graphene decreases when hydrogen is introduced.
Moreover, as the concentration of hydrogen gas increases, the response
shows a monotonically increase. Multi-cycle tests (Fig. S2 and S3) show
consistent responses over continuous testing, indicating good
repeatability.

Fig. 5(c) compares the initial and one-month-later responses,
revealing minimal variation and confirming stability of graphene. Initial
responses were —0.73%, —1.27 %, —1.75%, and —-2.89 % for
increasing concentrations, with times of 3s, 3 s, 5, and 10 s respec-
tively. After one month, these changed to —0.85 %, —1.84 %, —2.77 %,
and —4.08 %, with times of 3s, 3s, 7s, and 12 s. This stability and
response enhancement relate to defect formation in graphene,
confirmed by increased Ip/Ig ratios in Raman spectroscopy (Fig. S4),
attributed to UV exposure and aging. These defects enhance gas mole-
cule adsorption and improve response [46], while slightly increasing
response time due to additional adsorption sites.

Subsequent tests examine the long-term stability of the sensor. Fig. 5

(d) shows thirty consistent response curves to 40 ppm H after one year,
with an average response time of 14 seconds and response of —4.43 %,
demonstrating the sensor’s repeatability and long-term stability. Fig. 5
(e) summarizes the changes in the response characteristic curves and
sensitivity for 40 ppm hydrogen measured during the initial test, after
one month, and after one year. The sensor shows a significant response
to 40 ppm hydrogen at all these time points, and the response tends to
increase over time. These data suggest that the sensor requires an aging
process to stabilize its performance during actual use.

In practical applications, the environmental temperature is often
variable. Therefore, we explored how changes in resistance due to
environmental temperature drift correspond to changes in hydrogen gas
concentration in the environment. We first assessed changes in the
baseline resistance of sensor across different temperatures, then tested
its resistance changes to hydrogen concentrations of 10 ppm, 20 ppm,
and 40 ppm at 20 °C, 40 °C, 60 °C, and 80 °C. Results are summarized in
Fig. 6(a) and (b), showing a mild temperature dependence in response.
The temperature coefficient of baseline resistance ar is
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Fig. 6. (a) The trend of baseline resistance changes of the bare graphene device with temperature variations and its linear fitting results. (b) The changes in resistance
of the bare graphene device at different temperatures for different concentrations of hydrogen and their fitting results.

ARy

=T (€3]

ar

where ARy is the variation of baseline resistance with the change of
temperature AT. When the measurement is conducted with hydrogen
atmosphere, the variation ratio of baseline resistance on hydrogen ay; is

s — ARy
H2 T A[H2]

()

where ARy is the resistance change after with the hydrogen concen-
tration variation of A[H2]. Hence, we can have

A[H2] _or

6
AT QH2 ( )

From Fig. 6(a), we obtain ar = —0.51 Q/°C. The values of ay, are
—1.29, —1.14, —0.98, and —0.79 Q/ppm at 20 °C, 40 °C, 60 °C, and 80
°C, respectively, according to the data shown in Fig. 6(b). Moreover, the
calculated values of % are 0.40, 0.45. 0.52, 0.65 ppm/°C at tem-
perature of 20 °C, 40 °C, 60 °C, and 80 °C, respectively.

Fig. 7(a) shows the response curves of the sensor to 5-200 ppm
hydrogen, and Fig. 7(b) fits the linear relationship between response and
concentration. Within 5-100 ppm, the correlation coefficient R? is 0.999
with a slope of 0.0579. By contrast, the slope is 0.0253 in the range of
100-200 ppm. The change in slope is due to the saturation that occurs in
most sensors at higher hydrogen concentrations [47]. From baseline
noise data, the noise level is calculated at 0.00529. Taking the linear fit
slope of 5-100 ppm from Fig. 7(a), the sensitivity at lower concentra-
tions is 0.0579 ppm'. Based on Eq. (2), the LOD is calculated as
0.27 ppm.

Table 1 summarizes the performance parameters of hydrogen sensors
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based on two-dimensional materials in recent years. Upon comparison,
the hydrogen sensor developed in this work demonstrates the advantage
of rapidly detecting extremely low concentrations of hydrogen at room
temperature and features a simple fabrication process.

3.4. Improved resistance to moisture and selectivity of sensor

Hydrogen sensors are mostly used in air, where the primary inter-
fering gas is water vapor. Although some graphene gas sensors can
operate at high humidity [61], most of them do not account for false
signals caused by humidity changes. Due to the relatively small kinetic
diameter of hydrogen molecules (0.289 nm) [62], which allows them to
pass through PMMA more easily than other gas molecules. Here, we
choose PMMA film as molecular sieve to enhance the selectivity of the
device towards hydrogen. In this experiment, the PMMA layer with a
thickness of 150 nm was selected as the molecular sieve, as detailed in
the supporting information Fig. S5 to Fig. S7.

Fig. 8(a) shows the response curves of the graphene gas sensor with
and without PMMA layer to humidity changes in the air. Fig. 8(b) shows
the response detail before and after the humidity changes. When the
relative humidity rises from 15 % to 75 %, the resistance of bare gra-
phene initially increases and then decreases. Initially, the graphene is n-
doped (Fig. S8), with electrons as the majority carriers. As the number of
water molecules in the environment increases, more water molecules
adsorb onto the graphene surface, capturing electrons and reducing the
majority carrier concentration in the graphene, thus increasing its
resistance[63]. As the water molecules continue to increase, the number
of electrons in the graphene decreases until holes become the majority
carriers. At this point, the graphene transitions from n-type doping to
p-type doping [64]. When additional water molecules adsorb, they
continue to capture electrons, increasing the hole concentration, which
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Fig. 7. (a) Response curves of the sensor to different concentrations of hydrogen. (b) Linear fit of response to hydrogen concentration.
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Table 1

Performance comparison of H, sensors based on two-dimensional materials.
material operating temperature response to [H;] response time measurement range ref
Au/GR 91 °C 5 % to 500 ppm 1s 1-1000 ppm [48]
Pt/rGO 50 °C 8-0.5% 63 s 0.3-3 % [49]
Pd-PANI-rGO RT 25-1 % 20s 0.01-2 % [50]
PdNPs/GR RT 20-1 % 30s 0.1-1 % [22]
Pd/GR RT 5.88-1% 180 s 1-4 % [31]
Pd/GR RT NR 18s 0.02-3 % [51]
Pd-Ag/GR 190 °C 5.89 % to 500 ppm 56s 100-5000 ppm [52]
Sn0,/GO 20-100 °C NR NR 20-100 ppm [53]
Au-ZnO/rGO RT 82 % to 500 ppm NR 30-500 ppm [54]
Pd-SnO,/GR 200 °C 13-2% 16s 2% [55]
Pd-ZnO/rGO 50 °C 35 % to 500 ppm NR 1 ppb-500 ppm [56]
Pd-WO,/GR RT NR 13s 0.05-5% [571
ZnFe,04-Pd/rGO 25-100 °C 11.43 % to 200 ppm 18s 50-1000 ppm [47]
Pd/SWCNT RT 21 % to 1000 ppm 62s 10-40000 ppm [58]
3D MoS, 28-150 °C 11-1% 14.3s 1% [59]
Pd/MoS; RT 35-1% 786 s 0.005-1 % [60]
SLG RT 3.52 % to 40 ppm 10s 5-200 ppm ™
SLG/PMMA RT 1.06 % to 100 ppm (rh=50 %) 17's 50-200 ppm ™

Notes: RT- room temperature. NR-not reported. TW-this work. GR-graphene. GO-graphene oxide. rGO-reduce graphene oxide. SLG-single layer graphene. ref-reference
number. SWCNT-single wall carbon nanotube. rh-relative humidity.
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Fig. 8. (a) Response of the bare graphene device with and without PMMA layer when the relative humidity in the air switches from 15 % to 75 %. (b) Detailed
responses of the two devices before and after the humidity change. (c) The response characteristic curves and response changes of the device with PMMA layer to
200 ppm hydrogen at different relative humidity levels under UV irradiation (13 mW/cm?). (d) At different hydrogen concentrations (50 ppm, 100 ppm, 200 ppm),
the response of device with PMMA layer varies with humidity.

leads to a decrease in resistance as the majority carrier concentration
increases. The response of the sensor without PMMA layer to this change
in humidity is as high as 44.05 %, while that of the sensor with the
PMMA layer does not exceed 0.6 %, demonstrating PMMA's significant

suppression of response to

water molecules and minimizing humidity

interference during operation.
Fig. 8(c) shows the response characteristic curves and response
changes of the device with a PMMA layer to 200 ppm hydrogen under



C. Tang et al.

different relative humidity levels. Fig. 8(d) shows that the response of
the device with a PMMA layer to hydrogen increases slightly as humidity
increases.

Furthermore, the cyclic stability test is still being conducted in the air
atmosphere with a relative humidity of 50 %. Fig. S9 shows the device
can maintain a relatively stable response during continuous testing. The
impact of adding a PMMA molecular sieve on graphene hydrogen sen-
sors includes: Firstly, the PMMA layer covers some graphene adsorption
sites, reducing hydrogen contact and sensor response. Secondly,
hydrogen must permeate through PMMA to reach the graphene, delay-
ing response time. Lastly, PMMA lowers the energy density of ultraviolet
light on graphene, reducing charge carriers and slowing response speed
and sensitivity. While the PMMA layer reduces some performance as-
pects, it enhances sensor reliability across varying humidity levels,
improving adaptability in complex environments.

As shown in Fig. 8(d), we have not completely eliminated the
interference caused by humidity changes. We explored how changes in
sensor signals due to environmental humidity shifts correspond to
changes induced by variations in environmental hydrogen concentra-
tions. Additionally, we have recorded the resistance changes to
hydrogen concentrations of 50 ppm, 100 ppm, and 200 ppm under
varying humidity, with these results summarized in Fig. 9. Furthermore,
several physical quantities are defined to describe "ppm Hy/%rh":

The change rate baseline resistance upon the relative humidity
variation in the absence of hydrogen a,; is

_ ARbase

Uy = Arh (7)

where ARy is the baseline resistance change and Arh is the variation of
relative humidity.

The rate of resistance change rate upon relative humidity under a
specific concentration of hydrogen ays is

_ ARp
~ A[H2]

(8

A2

where ARy is the resistance change with the hydrogen concentration
variation of A[H2].

Therefore,
A [H 2] Qrp
_ 9
Arh A ®

a is —0.41 Q/%rh extracted from Fig. 9(a). From Fig. 9(b) we can
have the values of ay, at rh=20 %, rh =30 %, rh =40 %, rh =50 %, rh
=60 % and rh =70 %are 0.18, 0.21, 0.27, 0.27, 0.30, and 0.31 Q/ppm,
respectively. From these, calculated the values of % are —2.28, —1.95,
-1.52, —1.52, —1.37, and —1.32 ppm/%rh at rh =20 %, rh =30 %, rh
=40 %, rh =50 %, rh =60 % and rh =70 %, respectively.

As depicted in Fig. 10, under ultraviolet light irradiation, the

~
=
~—

1605

1600 Slope = -0.41 (©/%rh )
1595

1590

Resistance(L2)

1585

1580

20 30 40 50 60 70

rh (%)

Sensors and Actuators: B. Chemical 424 (2025) 136889

response of sensor to 100 ppm NHs, 10 % CHy4, 10 ppm NO3, 50 ppm CO
and 100 ppm Hj is compared with and without PMMA layer. All target
gases are obtained by gas cylinders with specific concentrations and
diluting them with air to the desired concentration. The relative hu-
midity inside the chamber controlled at 30 % during testing. The results
show that the pure graphene sensors without a PMMA molecular sieve
exhibit high response to various gases. After the introduction of the
PMMA layer, a significant reduction in sensor response to NHg, CHy,
NO; and CO gases was observed. This indicates that the PMMA layer
effectively blocks the direct contact of these gas molecules with the
graphene. While the response to hydrogen also decreased, the response
to hydrogen is the most pronounced, suggesting that the fabricated
sensor possesses strong selectivity for hydrogen.

3.5. Gas sensing mechanism

We first discuss the impact of UV irradiation on the electronic states
of graphene and gas molecules adsorption. Kelvin Probe Force Micro-
scopy (KPFM) results in Fig. 11(a) show an increase in surface potential
and Fermi level of graphene upon UV exposure. Initially, graphene ex-
hibits p-type doping in air, as evidenced by the GFET transfer charac-
teristics in Fig. 4(b), due to electron transfer to adsorbed water vapor
and oxygen, making holes the primary charge carriers. UV irradiation
generates additional electron-hole pairs [65], leading to the desorption
of negatively charged species (such as H,O and O3) from the graphene
surface and raising its Fermi level [34]. Under nitrogen atmosphere and
UV irradiation at 13 mW/cm?, graphene exhibits n-type doping, as
confirmed in Fig. 4(b). Fig. 11(b) depicts the desorption of water and
oxygen under UV light. The triple effect of UV irradiation on graphene
sensors includes: First, UV light clears other adsorbed gases from the
graphene surface, restoring adsorption sites and cleaning the surface.
Second, UV-excited additional charge carriers enhance the sensor’s
performance [66]. Lastly, UV irradiation promotes hydrogen desorption
from the graphene surface, restoring the sensor to its initial state and
explaining the observed decrease in response with increased optical
power in Fig. S1(a).

The response of pristine graphene to gas molecules is typically
explained within the framework of non-covalent electron donor-
acceptor interactions [63]. Hydrogen, as an electron donor, increases
carrier concentration in n-doped graphene, reducing resistance [35], as
shown in Fig. 5. In Fig. 10(a), the response of UV-illuminated graphene
to both NHs and Hz is similar because both gases act as electron donors
when adsorbed onto the graphene surface. This electron donation alters
the charge distribution on the graphene, affecting its conductivity. Since
the graphene is not specifically modified, it is plausible that the sensor
exhibits comparable responses to both gases. To improve hydrogen
selectivity, we added a PMMA layer on the graphene surface. Graphene
with PMMA exhibits p-type doping in air, as shown in Fig. 4(b). Upon

(b) Linear Fit of rh =20%

70 Linear Fit of rh =30% 0.31
—~ Linear Fit of rh =40% 0.30
c 60 Linear Fit of rh =50%
‘q-: Linear Fit of rh =60%
@ 50 Linear Fit of rh =70%
! 0.21
-
a 40 0.18
5] Slope
[~ 30 (2/ppm)
<

20

10

50 100 150 200
Concentration (ppm)

w~
n
=

Fig. 9. (a) The trend of the baseline resistance of the device with PMMA layer as humidity changes and its linear fitting results. (b) The changes in resistance of the
device with PMMA layer at different humidity levels for various hydrogen concentrations and their fitting results.
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Fig. 11. (a) The surface potential of graphene changes before and after UV light irradiation. (b) Schematic illustration of the desorption of water and oxygen

molecules under UV light irradiation.

adsorption of hydrogen, the electron transfer from hydrogen molecules
to graphene leads to a decrease in carrier concentration, resulting in an
increase in resistance as depicted in Fig. 8(c).

Although PMMA serves as a physical barrier, it exhibits hygroscopic
properties. When certain organic materials absorb water molecules, they
form water bridges through double hydrogen bonding, resulting in
swelling [67,68]. This swelling increases the distance between PMMA
chains, leading to the formation of more micropores [69]. These mi-
cropores facilitate the diffusion of hydrogen molecules, allowing more
hydrogen to penetrate the PMMA layer and reach the graphene surface.
As shown in Fig. 8(d), the response of the device with the PMMA layer
increases with rising humidity.

4. Conclusion

Using UV light irradiation for a graphene-based hydrogen sensor, it
has exceptional sensing capability to low concentrations hydrogen. The
response time is 3-second to 5 ppm of hydrogen. After being relented
one year, the original response performance still maintained very well.
By adding PMMA as the molecular sieve, the sensor exhibits outstanding
resistance to moisture. This innovative design harnesses the unique
interactive effects of UV light on graphene, shifting away from con-
ventional material modifications to a more nuanced, light-based
manipulation. By doing so, it delves into the realm of graphene
inherent properties, tapping into its potential as a responsive material
for hydrogen detection under light-induced conditions. Future research
should explore novel protective coatings to enhance the lifespan and
durability of sensor, advancing graphene sensor technology for various
applications.
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