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ABSTRACT: Multifunctional graphene magnetic/hydrogen sensors are
constructed for the first time through a simple microfabrication process. The
as-fabricated graphene sensor may act as excellent Hall magnetic detector,
demonstrating small linearity error within 2% and high magnetic resolution up
to 7 mG/Hz0.5. Meanwhile the same graphene sensor is also demonstrated as
high-performance hydrogen sensor with high gas response, excellent linearity,
and great repeatability and selectivity. In particular, the graphene sensor exhibits
high hydrogen response up to 32.5% when exposed to 1000 ppm hydrogen,
outperforming most graphene-based hydrogen sensors. In addition the
hydrogen-sensing mechanism of Pd-decorated graphene is systematically
explored through investigating its transfer characteristics during gas detection.
Our work demonstrates that graphene is a terrific material for multifunctional
sensing, which may in principle reduce the complexity of manufacturing process,
lower the number of sensors required in the sensing systems, and potentially
derive new and more powerful functions.
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1. INTRODUCTION

Electric sensors, which transfer external mechanical, magnetic,
thermal, optical, or chemical stimuli to electrical signals, are
routinely used everywhere, providing instrumentation for the
monitoring of the state of the environment, security, supporting
regulation of different processes, etc.1 To provide more
powerful electrical sensing systems, increasing types of sensors
are required to provide comprehensive detection of external
physical parameters, which inevitably increases the complexity
of the systems. An efficient method to reduce the complexity
without reducing functions is to adopt multifunctional sensors
that can realize different functionalities with individual sensors.
However, multifunctional sensors are seldom realized and used
since it is a challenge to give consideration to different
functions and to avoid the cross-talk among multifunctions.
Graphene is a promising material to construct high-

performance electric sensors owing to its ultrathin body, high
mobiltiy, maximum surface-to-volume ratio, high conductivity,
low noise, and low defect density.2−4 Since graphene is sensitive
to magnetic field, gas, light, strain, and pressure, numerous
sensors based on graphene channel have been demonstrated,
including magnetic field sensors, gas sensors, optical sensors,
pressure sensors, and biosensors.5−18 In some favorable cases,
graphene sensors have been shown to ourperform conventional
sensors. For example graphene Hall elements (GHEs) for
magnetic detection already outperform most conventional Hall
sensors made from III−V compounds in many ways due to
their high mobility, atomic thinness, and easy fabrication

process.5−12 Moreover profiting from the maximum surface-to-
volume ratio and low noise, graphene is an ideal channel
material for resistive gas/vapor sensors with high sensitivity and
resolution.13,14 Although many high-performance graphene
sensors have been realized, all functions have already been
realized using other semiconductors. In fact designing unique
and irreplaceable sensors utilizing the unique properties of
graphene is highly desirable to promote the applications of
graphene sensors.
Here we reconsider the main properties of graphene on

sensor applications and try to realize unique graphene sensors.
Since graphene is sensitive to many kinds of stimulations, the
main advantages of graphene-based sensors over conventional
sensors are their multifunctionalities.2 In other words, a single
graphene device may in principle accomplish several sensing
functions. Compared with fabricating several isolated sensors
and integrating them together, the complexity of manufacturing
a single multifunctional sensor is projected to be much lower.
In this work, multifunctional graphene sensors are first

demonstrated for magnetic and hydrogen detection, which are
two of the most widely used sensing tasks in practical
applications. The fabrication processes are illustrated in Figure
1. Graphene sample is first transferred on SiO2/Si substrate,
which is then tailored into a cross-shaped channel and used to
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construct Hall sensors. The graphene channel is then decorated
using Pd nanoparticles to increase its sensitivity for hydrogen
sensing. The as-fabricated graphene sensor exhibits high
performance as Hall sensor, including excellent linearity and
high resolution, and is also demonstrated as excellent hydrogen
detector. The graphene sensor shows high hydrogen response
ranging from 2.5% at 25 ppm to 32.5% at 1000 ppm hydrogen
concentration owing to the very high carrier mobility in the
graphene channel. The applications of multifunctional graphene
sensors may in principle reduce the complexity of manufactur-
ing process, lower the number of sensors required in the
sensing systems, and potentially derive new and more powerful
functions.

2. RESULTS AND DISCUSSION

As illustrated in Figure 1, the multifunctional graphene sensors
were constructed through microfabrication process based on
chemical vapor deposition (CVD)-derived graphene. Note that
no additional processes were introduced into the fabrication
procedure when compared with that of GHEs,5,6,8,9 and the
whole process is easy and compatible with silicon technology.8

Figure 2a shows an optical image of a typical as-fabricated
graphene sensor, in which the graphene channel was patterned
into a cross-shape with a length-width ratio of 1.67 (100/60
μm). To make the device sensitive to hydrogen, the horizontal
graphene channel is decorated with 1 nm thick Pd layer. The
transfer characteristics shown in Figure 2b characterize the
electric property of the graphene channel. The blue and red
lines denote the transfer characteristics of the horizontal
graphene channel before and after Pd decoration of the
channel, respectively. It is clear that the pristine graphene
channel demonstrates ambipolar conductivity with a Dirac
point voltage of 8 V and on/off ratio of 10. On the contrary,
Pd-decorated graphene exhibits monotonic and approximately
linear transfer characteristic, and no exact Dirac point is
observed within the gate voltage range used in this work. This is
attributed to the heavy p-doping effect from Pd to the graphene
channel, which significantly suppresses the electron conduction

branch of the graphene channel.19,20 The carrier mobility of the
pristine graphene channel is extracted to be 5000 cm2/(V s)
through peak transconductance method,7 and the high quality
of the pristine graphene is also verified by Raman spectrum
(inset of Figure 2b) with a 2D/G peak ratio of 2.9. Obviously
Pd decoration introduces extra carrier scattering and thus leads
to degraded mobility, which is extracted to be 800 cm2/(V s).
While Pd decoration significantly reduces the sensitivity of
graphene Hall sensors, the sensors are still good ones, providing
the necessary platform for constructing high-performance H2
sensors.
Magnetic response of the multifunctional graphene sensor is

first measured on a Hall probe station at room temperature and
in air. A constant current or voltage bias was applied at the
horizontal graphene channel, and an external magnetic field is
applied normal to the sensor, which leads to a voltage between
the vertical electrodes due to Hall effect. Before the decoration
of Pd, the magnetic field-dependent Hall voltages in current (IC
= 0.1 mA) and voltage (VC = 1 V) modes are presented in
Figure 2c, in which Hall voltage increases linearly with magnetic
field in both current (blue) and voltage (red) mode. In current
mode the absolute sensitivity (SA) of the graphene Hall sensor
is 0.05 V/T, and the current-related sensitivity (SI) is 500 V/
AT. The corresponding carrier density is derived to be 1.25 ×
1012/cm2. In voltage mode SA is 0.17 V/T, and voltage-related
sensitivity (SV) is calculated to be 0.17/T. The corresponding
Hall mobility is 2833 cm2/(V s). The inset of Figure 2c shows
that the linearity error of the graphene Hall sensor is within 4%
in current mode while within 12% in voltage mode from 1 to 5
kG. After Pd was deposited onto the horizontal graphene
channel (marked in Figure 2a with blue dash line), the
magnetic response results are plotted in Figure 2d. The Hall
voltage of the graphene sensor increases with magnetic field in
both current and voltage modes with small linearity error of less
than 2% as shown in the inset of Figure 2d. However, the
sensitivity of the graphene Hall sensor declines significantly
with SA of 0.17 V/T in current mode and 0.06 V/T in voltage
mode. In this case, SI and SV decrease to 170 V/AT and 0.06/T,

Figure 1. Fabrication process flow of the multifunctional graphene sensors. (1) The graphene is transferred onto the SiO2/Si substrate by using a
bubbling method, which is patterned by (2) electron beam lithography (BEL) and reactive ion etching (RIE). (3) Contacts to the graphene channel
are fabricated using electron beam evaporation (EBE) and standard lift-off process. (4) The hydrogen-sensitive region is defined and fabricated by
EBL and EBE of Pd particles.
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respectively, which are about one-third compared with those of
the pristine graphene based Hall sensor. The significant
degradation on sensitivity after depositing Pd film is originated
from the additional charge carrier density and scatterings
induced by Pd decoration, since the carrier density n2D and Hall
mobility are 3.67 × 1012/cm2 and 1000 cm2/(V s), respectively.
However, the degraded SI and SV of the Pd-decorated graphene
Hall sensor are still comparable with those of typical silicon-
based Hall sensors, that is, 100 V/AT and 0.07/T.21 In fact the
main performance metrics including sensitivity and linearity of
the graphene Hall sensors are strongly dependent on the
definition of Pd-decorated region (Figure S1, Supporting
Information), and the structure we used here is an optimized
one. In addition, we studied the effect of the thickness of Pd

layer to the performance of sensors. We deposited 1 nm Pd
additionally on Pd-decorated graphene channel, which means
that the graphene sensor was decorated by 2 nm Pd totally
(Figure S2, Supporting Information). The results show that
increasing Pd thickness leads to a slight increase in H2
sensitivity but a severe decline in magnetic sensitivity. In
other words, the 1 nm Pd we used in this work is also an
optimal value.
Magnetic resolution Bmin is another key parameter to

benchmark the measuring accuracy of Hall sensors, and is
determined by the ratio of electric noise voltage (NV) and
sensitivity SA,

5,9 that is

= =B N S P S/ /min V A V
0.5

A (1)

Figure 2. Characterization of the graphene sensors for magnetic detection at room temperature. (a) Optical image of the completed sensors. The dot
lines denote the boundaries of graphene channel. The horizontal channel surrounded by blue dot line is covered by 1 nm Pd nanoparticles, while the
rest of the channel is pristine graphene. (b) Transfer curves of the horizontal graphene channel before and after Pd decoration. The gate voltage is
applied at the silicon substrate. (inset) Raman spectrum of pristine graphene channel with an excitation laser wavelength of 633 nm. (c) Magnetic
response of the graphene sensors working under constant current and voltage excitation before Pd decoration. (inset) The linearity error of pristine
graphene Hall sensors. (d) Magnetic response of the graphene sensors after Pd decoration. (inset) The linearity error of Pd-decorated graphene Hall
sensors. (e) Low-frequency noise power spectral density and (f) magnetic resolution of the Pd-decorated graphene Hall sensors. The blue, red, and
green lines are obtained with voltage biases of 1, 3, and 5 V, respectively.
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where Pv is the noise power spectral density of the graphene
Hall sensor. Pv versus frequency f of the Pd-decorated graphene
Hall sensors is measured through schematic of Figure S3 in
Supporting Information, and the results are shown in Figure 2e.
It is found that the noise follows a clear 1/f trend from 30 to 3
kHz, which testifies that flicker noise is the dominant noise
source of our graphene devices at low frequency. The
corresponding Bmin of the Hall sensor is derived according to
eq 1 and plotted in Figure 2f, showing clearly a 1/f 0.5 trend but
no dependence on bias voltage, and decreasing from 70 mG/
Hz0.5at 30 Hz to 7 mG/Hz0.5 at 3 kHz. Note that such a high-
resolution Bmin is on the same order of magnitude with the best
Hall sensors made from 2DEG, III−V compounds, and
graphene.5,9 Therefore, the Pd-decorated graphene Hall sensor
discussed above is still among high-performance Hall sensors
even after sacrificing performance for detecting hydrogen.
Since hydrogen is flammable and explosive, safety is vital in

nearly all applications of hydrogen technology, for example, fuel
cell, hydrogen storage, scientific research, and industrial
production. At present, the most widely used hydrogen sensors
are made from metal oxide, which requires high-temperature
process (usually above 500 °C) and additional signal collection
circuits.22,23 Previous works have proven that pristine graphene
is not sensitive to hydrogen19,24 and thus cannot be used for
fabricating hydrogen sensors directly. Nevertheless, the
situation becomes different when Pd decoration is introduced.
Pd nanoparticles are effective catalysts of hydrogen molecular
adsorption and dissociation.25,26 Various nano materials, such
as graphene,19,20,27 carbon nanotube,28 nanowire,29 and
graphene network,30 have been successfully fabricated into
hydrogen sensors with the assist of Pd nanoparticles. Pd
exhibits high sensitivity and selectivity in hydrogen sens-

ing,28−30 so it is also employed here as our hydrogen detection
catalytic.
The horizontal graphene channel decorated with Pd

nanoparticles (shown in Figure 2a) was used to perform the
hydrogen sensing test, and the sensor was wire-bonded to a
printed circuit board (PCB) and placed into a gas chamber
(Figure S4, Supporting Information). Figure 3a illustrates the
schematic of the hydrogen sensing test, and the two-terminal
dynamic resistance of the graphene device was measured as a
resistive gas sensor. To ensure the existence of Pd particles, the
horizontal channel of the graphene device was measured
through atomic force microscopy (AFM) as shown in Figure
3b. The Pd particles in the graphene-based hydrogen sensor as
shown in Figure 3c are expected to perform two main
functions. On the one hand, Pd particles accept electrons from
graphene and lead to p-type doping of the graphene channel
owing to the higher work function of Pd than that of graphene.
On the other hand, Pd particles can act as an efficient catalytic
for decomposing and adsorbing H2 at graphene surface.
Gas response (GR) of a gas sensor is defined as the

percentile resistance change when the sensor is exposed to the
targeted gas,19,20 that is

= − ×R R RGR ( )/ 100%t 0 0 (2)

where Rt is the real-time resistance and R0 is the initial
resistance of the sensor at time t = 0. We first consider the
effect of Pd particles in hydrogen sensing. Figure 4a contrasts
the dynamic gas response of the graphene sensor before and
after Pd decoration. The sensors were exposed to 750 sccm
pure nitrogen for 10 min before the test to stabilize the initial
resistance of the sensors. At time A, the sensors were exposed
to 500 ppm hydrogen. After 10 min, hydrogen was shut off at
time B, and the sensors recovered spontaneously in air. The

Figure 3. Multifunctional graphene sensors for H2 detection. (a) Gas detection schematics of the graphene sensors. (b) Atomic-force-microscopic
image of graphene channel covered with Pd nanoparticles. (c) Schematic diagram of interaction between graphene and Pd nanoparticles.
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pristine graphene-based device demonstrates weak response
within 1% toward hydrogen. This is because hydrogen atoms
only show little adsorption to pristine graphene.24 By contrast,
the resistance of the Pd-decorated graphene sensor increases
greatly and follows an approximately linear relationship with
time, reaching a gas response of 19.5% after 10 min. After
hydrogen is shut off at time B, it takes about 20 min for the
sensors to basically recover to the initial resistance at time C.
This comparative test confirms that Pd nanoparticles sitting on
the graphene channel play a decisive role in hydrogen sensing.
It is well-known that some electrons in the graphene channel
are transferred to Pd nanoparticles on graphene owing to the
work function difference between Pd and graphene. When
hydrogen is introduced into the chamber, some hydrogen
molecules decompose into hydrogen atoms and spill over to

graphene lattice due to the catalysis of Pd.25,26 A chemical
reaction occurs on the surface of Pd-decorated graphene20

+ =Pd H PdHxx (3)

Since the work function of PdHx is lower than that of Pd, the
formation of PdHx decreases the transferred amount of
electrons from graphene to Pd, which is dependent on the
density of H atoms on the graphene.19,20 The H2-induced hole
density decrease in the Pd/graphene channel is further verified
via measuring transfer characteristics of the graphene channel as
shown in Figure 4b. The transfer characteristics of the graphene
channel were tested at times A, B, and C in Figure 4a through
using Si substrate as the back gate. Obviously, the main effect of
H2 is to shift the whole transfer characteristic toward negative
Vgs direction with negligible shape change, which indicates that

Figure 4. Characterization of the graphene sensors for gas detection. (a) Dynamic percentile resistance change before and after Pd decoration. The
sensor is exposed to 500 ppm hydrogen for 10 min and then recovered in the air for 20 min. (b) Transfer characteristics of graphene sensors
measured at three points in time A, B, and C in (a). The inset shows time-dependent ΔV during hydrogen sensing. (c) Repeatability test of graphene
hydrogen sensors during four cycles of 500 ppm hydrogen on and off. (d) Dynamic percentile resistance change of the graphene sensors when
exposed to hydrogen from 25 to 1000 ppm. (e) Gas response comparison of several graphene-based hydrogen sensors within similar hydrogen
concentration range. (f) Selectivity test of the graphene hydrogen sensors when exposed to 1000 ppm carbon dioxide (CO2), 1000 ppm methane
(CH4), and 1% oxygen (O2).
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hydrogen leads to decrease of hole density of the Pd/graphene
channel without introducing additional scattering. In previously
reported graphene hydrogen sensors, Pd nanoparticles were
deposited onto the surface of the whole graphene sample
directly,19,20,27 which resulted in serious problems, such as
current leakage, making it difficult to quantitatively describe the
transfer characteristics of the graphene channel after Pd
decoration. Carrier mobility and transfer characteristics are
thus difficult to obtain for analysis.19,20,27,31−33 In this work, we
added an additional EBL process to define the Pd deposition
region, which effectively avoids current leakage and paves the
way for exploring hydrogen sensing mechanism quantitatively.
Experimentally the transconductance of a graphene FET can be
obtained from its transfer characteristic using the relation7

μ=
∂
∂

=g
I
V

V
q

C
W
Lm

ds

gs
ds

ox (4)

in which μ is the carrier mobility, Vds is the voltage bias between
the drain and source, q is the electron charge, Cox is the
capacitance of the gate oxide, and W/L is the width-to-length
ratio of the graphene channel. Since the graphene device here
shows approximately linear transfer characteristics, the
tranconductance can be estimated as (Figure 4b)
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in which ΔI is the current change at zero gate voltage, and ΔV
is the horizontal gate voltage shift during hydrogen sensing
(marked by green arrows in Figure 4b). The negative shift of
the transfer characteristic is caused by the hydrogen-induced
hole density decrease, which can be estimated by

Δ =
Δ

V
nq

Cox (6)

where Δn is the hole density change during hydrogen sensing.
By combining eqs 4, 5, and 6, Rt can be derived as

μ
=

− Δ
R

R
k n1t

0

(7)

with k = ((R0Vdsq
2W)/(Cox

2VCL)) being a constant for a fixed
device geometry. Substituting eq 7 into eq 2, the gas response
can be written as

μ
μ

= Δ
− Δ

×k n
k n

GR
1

100%
(8)

Since Δn is small at the beginning of hydrogen sensing, kμΔn is
thus far less than 1.Then eq 8 can be approximated as

μ≈ Δ ×k nGR 100% (9)

Equation 9 clearly shows that the gas response is dominated
by carrier mobility and the hydrogen-induced change in carrier
density in the graphene channel. Compared with other
materials for H2 sensing, graphene has higher carrier mobility,
which should lead to higher gas response in principle.
Furthermore, as indicated by the inset of Figure 4b, ΔV
increases linearly with hydrogen response time. Equation 6
then suggests that the change of carrier density Δn also
increases linearly with time. Assuming that the rate of hydrogen
adsorption and dissociation are constant, the gas response then
increases linearly with time as suggested by eq 9, which is
consistent with our test results shown in Figure 4a. After 20

min of the recovering process, the transfer characteristic
basically coincides with the initial one (Figure 4b), indicating
that our graphene sensor is restorable and unharmed during the
hydrogen test. It is mentionable that the obtained gas response
in this work refers to the percentile resistance change at 10 min.
As a matter of fact, the response of our graphene sensors would
increase continuously if we extend the response time (Figure
S5, Supporting Information).
Figure 4c demonstrates multiple cycles of gas response to

500 ppm hydrogen. The gas responses are found to be between
19.5% and 25%, suggesting that our graphene sensors are highly
repeatable and reliable when used for hydrogen sensing. Figure
4d shows the gas response of our graphene sensor to hydrogen
concentration ranged from 25 to 1000 ppm, demonstrating the
gas response increases with hydrogen concentration. The
sensor exhibits a detectable response at ∼2.5% (after 10 min
since H2 on) even at low hydrogen concentration of 25 ppm,
and the gas response rises to as high as 32.5% at hydrogen
concentration of 1000 ppm. To benchmark the performance of
our hydrogen sensor, we compare the gas response of several
types of graphene-based hydrogen sensors (Figure
4e).19,20,27,31−33 The excellent high hydrogen response of our
graphene sensors is mainly originated from the high mobility of
graphene and well-designed Pd decoration region on the
graphene channel. Moreover, our graphene sensors present
better linearity on gas response-H2 concentration relation than
other published sensors. Finally the gas response of our sensor
is unsaturated with hydrogen concentration even when the
concentration reaches 1000 ppm. In contrast, most of the
earlier reported graphene hydrogen sensors suffer from gas
response saturation at high hydrogen concentration, while the
saturation limits the effective measuring range of the sensor.
In addition to the gas response, selectivity is also important

for gas sensing. To study the selectivity of our graphene
hydrogen sensors, control experiments were conducted to
measure the gas response toward 1000 ppm carbon dioxide
(CO2), 1000 ppm methane (CH4), and 1% oxygen (O2)
(Figure 4f). The response time was also set as 10 min for
consistency. CO2 induced gas response is within 3%, while O2-
and CH4-induced responses are negligible (within 0.5%).
Obviously, our graphene-based sensors are hardly sensitive to
these interference gases and can provide excellent selectivity for
hydrogen detection.
The two-in-one graphene Hall and hydrogen sensors may in

principle provide more powerful functions than either Hall or
hydrogen sensors. For example, the multifunctional sensor can
be designed as a smart sensor to monitor the concentration and
position of hydrogen leakage. Graphene-based sensors work as
hydrogen detectors to monitor the dynamic hydrogen
concentration. Once hydrogen concentration exceeds a critical
value, the resistance of the sensor will increase and pass the
target value. Then graphene devices may be switched
automatically to Hall sensing mode. Hall devices can be used
as position sensors to locate the hydrogen leakage point
automatically.34,35 To implement this idea, a benchmark
magnet may be placed at a fixed position. By measuring the
output Hall voltage, the magnetic field normal to the Hall
sensors can be derived. On the basis of the obtained magnetic
field, we can calculate the exact location of graphene device.
Consequently, the position of the hydrogen leakage can be
determined accurately. More specific descriptions of the
application are made in Figure S6 in Supporting Information.
Since the combination of magnetic and hydrogen sensing is
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novel, more potential applications may be available in the
future.

3. CONCLUSIONS
In conclusion, multifunctional graphene magnetic/hydrogen
sensors are constructed for the first time through a simple
microfabrication process. The as-fabricated graphene sensor
may act as excellent Hall magnetic detector, demonstrating
small linearity error within 2% and high magnetic resolution up
to 7 mG/Hz0.5. Meanwhile the same graphene sensor is also
demonstrated as high-performance hydrogen sensor with high
gas response, excellent linearity, and great repeatability and
selectivity. In particular, the graphene sensor exhibits high
hydrogen response up to 32.5% when exposed to 1000 ppm
hydrogen, outperforming most graphene-based hydrogen
sensors. In addition the hydrogen sensing mechanism of Pd-
decorated graphene is systematically explored through inves-
tigating its transfer characteristics during gas detection. Our
work demonstrates that graphene is a terrific material for
multifunctional sensing.
Methods. Fabrication of Multifunctional Graphene

Sensors. Graphene samples were synthesized on Pt foil
following the CVD method, and a bubbling method was
utilized to transfer graphene onto the SiO2 (285 nm)/Si
substrate.36 Before the transfer, the substrate was modified by
3-aminopropyltriethoxysilane to reinforce the adhesion be-
tween graphene and the substrate.7 EBL based on poly(methyl
methacrylate) was used to pattern the cross-shaped graphene
channel. The redundant graphene was removed by oxygen
plasma etching process. The second EBL process was
performed to form the electrodes pattern, followed by eletron
beam evaporation (EBE, Ti/Au 5/70 nm) and a standard lift-
off process in acetone. Another EBL process was utilized to
pattern the horizonal channel of graphene sensors. Afterward, 1
nm thickness of Pd nanoparticles was deposited on the
graphene sensors by EBE, followed by another lift-off process.
Measurement of Noise. Low-frequency noise of our

graphene Hall sensors was measured in accordance with the
method we utilized in our previous work.9 A constant voltage
was applied at the horizontal graphene channel; the noise
voltage between the vertical electrodes was sent into a low-
noise preamplifier SR560. The amplification was set as 100, and
the amplified noise signals were acquired through Agilent
spectrum analyzer N9020 (Supporting Information, Figure S3).
Gas Detection Test of the Graphene Sensors. The as-

fabricated graphene sensors were bonded on a designed printed
circuit borad (PCB) through gold wires. The sensors were
placed in a sealed chamber with a gas inlet and outlet
(Supporting Information, Figure S4). Dupont lines were
welded on PCB to connect the graphene sensors and testing
system. Hydrogen was diluted with nitrogen, and the
concentration was controlled by adjusting the flow rate of the
gases. Before turning on testing gas, the sensors were exposed
to 750 sccm pure nitrogen for 10 min to stabilize the initial
resistance. Hydrogen diluted with nitrogen (750 sccm overall)
was then introduced into the chamber to test the dynamic gas
response. The response time was set as 10 min; after that time
the hydrogen was turned off, and the graphene sensor was let to
recover in air. One volt of constant voltage bias was applied at
the Pd-decorated graphene channel by Keithley 4200, and
dynamic current was measured to characterize the resistance
change of the sensor. The sampling time interval was set as 1 s,
and all gas sensing tests were performed at room temperature.
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