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rGO-Based Memristive Sensor for Rapid
Hydrogen Detection at Room Temperature

Nada Abuhamra , Heba Abunahla, Ashraf Ali, Waqas Waheed, Saleh T. Mahmoud ,
Anas Alazzam , and Baker Mohammad , Senior Member, IEEE

Abstract—In recent years, there has been a growing inter-
est in investigating the potential of emerging memristor (MR)
devices for gas sensing applications, particularly at room
temperature. This article reports on a planar Au/reduced
graphene oxide (rGO)/Au memristive hydrogen sensor, fab-
ricated on a cost-effective cyclic olefin copolymer (COC)
substrate, and utilizing the rGO green carbon material as
its active sensing element. The sensor’s performance is
evaluated using two different testing modes: conventional
chemiresistive testing under a constant voltage bias (CVB)
and voltage pulse (VP) modes. The CVB mode demonstrates
high repeatability, selectivity, response time, and recovery
time, indicating the sensor’s reliable gas sensing capabilities.
In addition, the VP mode significantly enhances the sensor’s
relative percentage response, indicating its potential for improved gas sensing performance. To optimize the sensor’s
response, the impact of hydrogen exposure on the MR resistive switching is studied, revealing that the effect is
contingent on the VP amplitude. Specifically, gas-enhanced resistive switching is achieved at lower voltage levels,
whereas at higher voltage levels, gas exposure slows down the rate of resistive switching. Consequently, voltage-pulse
testing is conducted at two voltage magnitudes, low (2.5 V) and high (4.5 V), and the sensor’s response is enhanced from
0.5% under CVB mode to 786% under VP mode.

Index Terms— Gas sensing, hydrogen sensor, memristor (MR), reduced graphene oxide (rGO).

I. INTRODUCTION

GAS sensing has been a popular topic among the research
community, thanks to its wide range of applications

in the areas of environmental studies [1], [2], automotive
industries [3], [4], indoor air quality supervision [5], [6],
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and industrial production [7], [8]. Gas sensing methods can
be classified into two categories [9]: 1) electrical variations
and 2) other variations. The first category (electrical proper-
ties variation) includes metal–oxide–semiconductors (MOSs),
polymers, carbon nanotubes (CNTs), and moisture-absorbing
materials, all of which inherit a change in electrical properties
upon exposure to the target gas. The second category (non-
electrical variation) includes all the other gas sensing methods
like optic, acoustic, calorimetric, and gas chromatography
methods [10].

Reliable gas sensors are needed to precisely detect haz-
ardous gases, such as NO2, H2S, CO, H2, and NH3. Ideal
sensors are expected to have high sensitivity, fast response
and recovery times, and good selectivity. Different gas sens-
ing methods have different performance indicators; however,
they all share the following evaluation metrics [9]: selec-
tivity, sensitivity, response time, recovery time, reversibility,
and adsorptive capacity. Other parameters, such as power
consumption, weight, size, footprint, fabrication cost, and
complexity, are also used to evaluate the overall effectiveness
of a gas sensor.

Emerging memristor (MR) devices have been recently
explored as a potential candidate for low-power gas sensors
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to operate at room temperature [11], [12], [13], [14], [15],
[16], [17]. This can be achieved by careful selection of the
active sensing layer (typically MOS), along with the device’s
structure within specific geometries. Moreover, MR devices
can form comprehensive systems that are capable of comput-
ing, storing, and sensing.

As the name MR implies, MR devices combine the func-
tionality of memories and resistors. To elaborate, the resistance
of the MR depends on the applied voltage and the current
passing through the device, as well as the device’s history
or previous state [18]. Such characteristics make MR devices
suitable for a wide range of applications, including resistive
random access memories [19], transistors [20], artificial neural
networks (ANNs) [21], biosensing [22], radiation sensing [23],
[24], and gas sensing [11].

To use MR device for gas sensing, the active (sensing) layer
must be at least partially exposed to the surrounding air in
order for the surface oxidation to take place, affecting the
potential barrier and depletion region and therefore allowing
for the resistance to change upon exposure to the target gas.
The variation in the resistance of MR device occurs due to
resistive switching, which is facilitated by the formation and
rupturing of conductive filaments in the switching layer that
form a low-resistance path for the current to flow between the
two electrodes. The resistive switching in MR happens under
an applied external electric field, which affects the distribu-
tion of oxygen vacancies in valence change memory (VCM)
devices and facilitates the ion migration in electrochemical
metallization memory (ECM) devices [25]. Having one or
more fully formed conductive channels sets the device to a
low resistance state (LRS), while rupturing these paths resets
the device to a high resistance state (HRS). When MR is
exposed to an oxidizing/reducing gas, the stoichiometry of the
active layer is changed due to the gas adsorption, affecting the
conductive filaments and therefore the resistance of the device.

Different MR-based gas sensors have been reported in the
literature [11], [12], [13], [14], [15], [16], [17], [26]. These MR
sensors are fabricated with different oxide sensing materials:
TiO2 [11], [12], [13], [26], SnO2 [15], [17], HfO2 [15], Ta2O5
[15], CuO [16], [27], and Zr3N4 [14], for the detection of
the H2 [11], [12], [26], C2H6 [15], NO [14], [15], [26],
O2 [16], [27], NH3 [13], and C3H8O [17] gases. Employing
different sensing materials in a memristive structure allows
the sensors to operate effectively at room temperature, which
is a challenge often associated with most MOS-based gas
sensors [9].

Another hurdle for MOS-based gas sensors is the long
recovery time, which worsens as the target gas concentration
increases since more gas molecules need to desorb from the
oxide to achieve recovery. To overcome the slow recovery
time, Lee et al. proposed the application of an external voltage
bias or voltage pulse (VP) across the MR sensor [15]. This
enhanced recovery mode improved the recovery time of their
SnO2-based MR H2 sensor from 700 to 27 s with the help
of a voltage bias, and to 90 ns with the help of an applied
VP. The enhanced recovery mode was also tested in [14]. For
their Zr3N4-based MR NO sensor, where the application of an
external VP reduced the recovery time to 1 s.

Vidiš et al. [11] proposed the gasistor (gas-triggered switch)
application of MR gas sensors. To operate their TiO2-based
MR H2 gas sensor as a gasistor, the sensor was exposed to
a constant flow of 10 000 ppm of H2 gas while biased with
a constant current bias. During hydrogen gas exposure, the
voltage induced by the current source was lower than the MR’s
Vset, and the resistance of the MR was constant. Upon shutting-
off the H2 gas flow, the device recovered to its initial resistance
state. In other words, the resistance of the device is increased,
and therefore, the voltage induced by the current source is
increased and surpassed Vset. Therefore, the MR switched
from the HRS to LRS as a response to the applied voltage
by the current source, which increased due to the absence
of the H2 gas. Qiu et al. [13] also tested the gas-triggered
switch functionality with their TiO2-based MR NH3 sensor.
The gasistor functionality was realized by maintaining the flow
of NH3 gas at a constant concentration under a constant current
bias. The flow of gas was then shut-off which triggered the MR
to switch from the HRS to LRS thanks to the higher induced
voltage by the current source.

This article aims to advance gas sensing technology using
MR sensors. Specifically, the proposed MR-based sensor
targets the highly flammable H2 gas at room temperature.
The active material used in this work is a sustainable
2-D carbonaceous material: reduced graphene oxide (rGO).
Other carbonaceous materials have been studied for room-
temperature gas sensing, such as graphene, CNTs, and
activated carbon (AC) beads [28], [29]. Different low-
dimensional nanomaterials have been reported for various
sensing applications, such as pressure sensing [30], [31],
humidity sensing [32], [33], and gas sensing [34], [35], all
thanks to their intrinsic characteristics, such as the high surface
area, tunable electrical conductivity, surface functionalization,
and chemical sensitivity.

The rest of this article is organized as follows. Section II
provides a detailed description of the fabrication process,
material characterization, and electrical characterization of
a new deployment of rGO-based MR device for H2 gas
sensing. Next in Section III, this article presents the testing
results of the proposed rGO-based MR sensor for H2 gas at
room temperature under two modes of operation, demonstrat-
ing the sensor’s selectivity, repeatability, and fast response.
In Section IV, the possible sensing mechanism is explained.
Finally, Section V concludes this article by summarizing the
key findings and highlighting the significance of the research
in the field of gas sensing using MR technology.

II. PROPOSED DEVICE FABRICATION AND ELECTRICAL
CHARACTERIZATION

To be able to use graphene oxide (GO) for gas sensing,
the film must be electrically conductive enough, which in
the case of rGO is achieved via reduction of GO. It should
also be kept in mind that the device must fully recover to
its LRS before each test to get reproducible results [36].
When it comes to the MR device structure, the planar option
makes the most sense for sensing applications as the active
sensing layer has a relatively large surface area that allows for
the direct interaction between the gas and the sensing layer.
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Fig. 1. Proposed planar Au/rGO/Au memristive hydrogen sensor on a COC wafer. (a) Fabrication steps schematic. (b) Photograph for the fabricated
devices. (c) SEM image of a single fabricated device. (d) SEM-EDX image of rGO flakes, with carbon/oxygen ratio of 33. (e) FTIR absorbance
spectrum of rGO.

The stacked MR device architecture has been studied for gas
sensing applications and has shown the ability to operate at
room temperature within specific geometries as reported in
[11]. However, due to the potential advantages of having a
larger specific surface area in contact with the gas, this study
focuses on exploring the gas sensing capabilities of the planar
MR device architecture at room temperature.

Furthermore, the sensor proposed in this work has inert
gold (Au) electrodes with a film of rGO as the sensing
material. RGO is deployed as the sensing element in the
proposed memristive sensor to overcome the high temperature
requirement. The Au/rGO/Au architecture was realized before
in the literature [37] and studied for the multiply accumulate
(MAC) operation that is crucial for artificial neural networks
(ANNs) as the device is capable of analog switching and
mimics the functionality of a synapse. Moreover, one of the
proposed applications for these NeuroMem devices was gas
sensing as the rGO has a large surface area. Thus, in the scope
of this work, the planar Au/rGO/Au system is studied for room
temperature H2 gas.

The planar architecture of the device with the same elec-
trode material reduces the fabrication steps when compared
with stacked devices or even other planar devices with two
different electrode materials. This reduces the fabrication
complexity and, therefore, the fabrication cost. Moreover,
the utilization of a cyclic olefin copolymer (COC) substrate
provides a cost-effective medium that allows for improved
wettability when treated with oxygen plasma, enhancing the
adhesion of GO to the substrate [38]. These devices are
fabricated by a standard microfabrication process, where
the rGO films, deposited between the two Au electrodes,
are synthesized from an aqueous solution of GO and
ethanol.

The fabrication process starts with cleaning a COC wafer
with ethanol and isopropanol, drying it with compressed air,
and then baking it. After that, the COC wafer undergoes
surface activation with oxygen plasma for 5 min to enhance the
adhesion of GO on the substrate [39]. Next, the prepared GO
solution is spin coated on the wafer at a speed of 1000 r/min.
The wafer is then baked on a hot plate at 70 ◦C for 2 min to
dry the GO layer by evaporating the solvents. The GO spin-
coating and baking is repeated four times to get the required
GO layer thickness. The GO layer is then reduced to rGO by
submerging the wafer in Hydriodic acid for 10 min. The effect
of reduction time on the film’s electrical resistivity has been
discussed in our previous work [40]. Next, a thin gold film
(40 nm) is deposited on the wafer using a thermal evaporator
at 1E − 7 mbar pressure with a tooling factor of 100% and a
sensor rate of 0.25 Å/s. After the gold deposition, a photoresist
primer, hexamethyldisilazane (HMDS), is spin-coated on the
wafer at 4000 r/min, followed by the spin-coating of a positive
photoresist (Microposit S1813) on the wafer at 4000 r/min.
The wafer is then baked at 70 ◦C for 3–5 min to evaporate
the solvents from the photoresist. Next, the (3 × 3 mm)
gold electrodes patterning with a gap of 50 µm is done by
photolithography using KLOE 650 maskless photolithography
system. After UV exposure, the photoresist is developed for
1 min in MF319 developer and the wafer is then rinsed
with water. After the photoresist development, a gold etchant
is used to remove exposed metal areas. Finally, acetone is
used to strip-off the remaining (unexposed) photoresist leaving
underneath it the protected gold electrodes. A schematic of the
fabrication steps is shown in Fig. 1(a). Device image, SEM
image, and SEM-EDX analysis of GO flakes are shown in
Fig. 1(b)–(d). The obtained carbon/oxygen ratio reflects the
partial reduction of GO. The absorbance spectrum obtained
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Fig. 2. Fabricated memristor’s I–V characteristics with a voltage step
of 0.5 V.

from Fourier transform infrared (FTIR) analysis in Fig. 1(e)
supports the SEM-EDX results. To elaborate, missing oxygen-
functional groups’ peaks, such as the broad peak between
3000 and 3600 cm−1 corresponding to O–H vibration, indi-
cate the effective reduction of GO [41]. Moreover, peaks
at 2941 and 2864 cm−1 are due to CH2 asymmetric and
symmetric stretching of GO [42], and the peak at 1450 cm−1

corresponds to C–H bending mode [43].
The detailed electrical characterization of the Au/rGO/Au

MR devices was done in our previous work [37]. The device
shows its analog switching capability, where the new state
written on the device is a function of the applied voltage
as well as the previous state. Moreover, the device shows
unipolar switching depicted by the symmetric I –V charac-
teristics obtained for the same voltage magnitude at opposite
polarities. It is worth mentioning that these devices are found
in the LRS in their pristine state and are switched to higher
resistance states with the application of a voltage bias. The
higher the supplied voltage level, the higher the resistance
state written on the device, and the higher the required voltage
for the next write operation. Fig. 2 shows 13 voltage sweeps
across a pristine Au/rGO/Au device, with a voltage step of
0.5 V, highlighting the device’s capability of writing multiple
resistance states. This behavior is explained by the Joule
heating phenomena, where a specific heating power is to be
reached for the resistive switching to occur. With increased
resistance, the current is reduced; therefore, a higher voltage
is required to reach the heating power that switches the device
to a new resistance state [37].

III. GAS SENSING EXPERIMENTS AND DISCUSSION

To study the sensor’s response to hydrogen gas exposure,
several gas sensing tests were carried out at room temperature
and 0% relative humidity (RH) using the setup shown in
Fig. 3, where the flow of gas is controlled by a mass flow
controller (MFC) and measurements are recorded using a
Keithley source meter. For real-time gas monitoring, a portable
platform similar to the one developed in [44] can be utilized to
measure the sensor signal. The proposed sensor is tested under
two different operation modes: conventional chemiresistive

Fig. 3. Schematic of the gas sensing experimental setup.

testing under a constant voltage bias (CVB) and VP mode.
Since the synthesized devices are symmetric, either one of
the electrodes is connected to the voltage bias, and the other
is grounded, as shown in Fig. 4(a). Prior to gas sensing
tests, device stability is assessed in normal air atmosphere
at room temperature under the application of the bias volt-
age. Long-term stability testing is demonstrated over a 72-h
period, confirming the device’s long-term stability as plotted
in Fig. 4(a).

A. CVB Mode Results
The results provided in Fig. 4(b) show the sensor’s resis-

tance versus time for two separate gas sensing runs under the
voltage bias of 0.7 and 1.3 V. Each test sequence starts with
315 s of nitrogen flushing at 200 standard cubic centimeters
per minute (SCCM), after which, 1000 ppm of hydrogen
is introduced to the chamber for 180 s. The chamber is
then rinsed again with 200 SCCM of nitrogen for 300 s,
and the hydrogen sequence is repeated and followed by a
5-min nitrogen flush. The sensor shows a rapid response to
the hydrogen gas depicted by the rapid increase in sensor
resistance. It is worth noting that the response of the sensor
is higher under the 1.3-V bias compared with the 0.7-V bias.
Thus, to study the effect of the voltage bias on the device’s
sensing performance, the same testing sequence is repeated
on the same device at different bias voltages in the range of
(0.5–1.2) V, and the response is found to be highly repeatable
with a distinct profile as shown in Fig. 4(c) and (d). The trend
shows a positive relation between the bias voltage and the
sensor response, where increasing the bias voltage by 2.4 times
(0.5–1.2 V) increased the relative percentage response by
2.5 times (0.19%–0.48%). This result suggests that the sensor’s
response is due to the synergistic effect of the gas interaction
with the oxide layer and the applied voltage across the device.
The changes in resistance show resistive switching to a higher
resistance value as a response to the hydrogen gas exposure.
Moreover, the resistance plot of the sensor portrays its ability
to recover to its initial state, which is not possible when
switched electrically. Fig. 4(e) shows the sensor’s relative per-
centage response [(Rair − Rgas)/(Rair) × 100] toward different
concentrations of H2 at room temperature.

To study the effect of the rGO layer width on the perfor-
mance of the sensors, three device variations are fabricated
with rGO widths of 50, 100, and 150 µm. All three device
variations show the same electrical characteristics with slight
variations. To elaborate, these devices are found in the LRS
state in their pristine state and with a large enough applied
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Fig. 4. (a) Long-term stability test, (b) sensor response to 1000 ppm of hydrogen at room temperature and 0% RH, (c) and (d) effect of bias voltage
on the sensor response to 1000 ppm of hydrogen, (e) response of sensor to different concentrations of hydrogen, and (f) effect of rGO layer width
on response and recovery times of sensors toward 1000 ppm of hydrogen. All tests were conducted at room temperature and 0% RH.

voltage, and the devices switch to a higher resistance state until
they reach the HRS. The voltage required to trigger resistive
switching is proportional to the width of the rGO layer, where
the minimum trigger voltage for the 50, 100, and 150-µm
MRs is found to be 2, 2.5, and 3.5 V, respectively. Moreover,
the I –V curves of all three devices show pinched hysteresis,
a fingerprint of MRs that highlights both their memory and
resistive behavior. While no correlation is found between the
sensor’s relative percentage response and the width of the rGO
layer, the response and recovery times increase as the width
of the sensing layer increases, as shown in Fig. 4(f).

To ensure the sensor’s selectivity toward hydrogen gas, the
resistance of the device is monitored, and the response is
calculated toward 1000 ppm of five gases, namely, H2, H2S,
CO2, CO, and C2H4. Each test is repeated for 2 cycles of 3-min
gas exposure. Fig. 5 shows the comparison of the response
of the sensor toward 1000 ppm of multiple gases at room
temperature and 0% RH. Not only the sensor found to be
highly selective toward hydrogen, but the immediate sensor
response and recovery are also only evident for the H2 gas.

B. PV Mode Results
To study the effect of hydrogen exposure on the MR’s

resistive switching, a voltage sweeping test is carried out on
two 50-µm devices, a control device (normal atmosphere) and
a sense device (1000 ppm of H2). The 11 I –V curves are
acquired from both devices at room temperature starting at
0.5 V with a step of 0.5 V between each two consecutive
sweeps as plotted in Fig. 6(a). The first two sweeps show
pure ohmic behavior for both devices. The next sweeps show
nonlinearity, where the resistance of both devices decreases by
6.9% in the third sweep and by 12.6% in the fourth sweep.
The fifth sweep (0–2.5 V) is where the difference between
the two devices becomes visible. The sense device shows its

Fig. 5. Selectivity test data on MR hydrogen sensor toward 1000 ppm
of H2, H2S, CO2, CO, and C2H4 at room temperature and 0% RH.

first resistive switch from 34.47 to 44.48 �, while the control
device shows nonlinearity without signs of resistive switching.
In the sixth sweep, where the switching voltage is surpassed,
both devices switch to a higher resistance state. After that
sweep, the control device switches to higher resistance states
at a much higher rate compared with that of the sense device.
After the seventh sweep, the control device shows no further
switching, which means that any variations in the control
device’s resistance is completely due to the nonlinearity of
the device and not due to triggered resistive switching.
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Fig. 6. (a) I–V characteristics of control (normal atmosphere) and sense (1000-ppm H2) devices. Resistance of control device in nitrogen
atmosphere after the application of 2.5-V pulses in (b) nitrogen atmosphere and (c) 1000 ppm of hydrogen, (d) difference in resistance between
control device in nitrogen and sense device in 1000 ppm of hydrogen after the application of a 2.5-V pulse, and (e) resistance of a control device
and two sensors after the application of seven 4.5-V pulses. All data were acquired at room temperature and 0% RH.

Fig. 7. Possible sensing mechanism.

By conducting the sweep test, it can be concluded that the
overall effect of the H2 gas exposure on the resistive switching
of the MR-based sensor is divided into three regions: 1) before
trigger voltage (0–2 V); 2) after trigger voltage (2–4 V);
and 3) after switch-off voltage (4–5.5 V). In the first voltage
region, where the trigger voltage is not yet reached, the sense
device shows higher resistance readings and advanced resistive
switching. In the second voltage region, where the trigger
voltage is reached as evident by the resistive switching of
the control device, the sense device shows denoted switching
compared with the control device. In the third and final voltage
region, where the switch off voltage is surpassed, the sense
device is still capable of resistive switching as evident in
the last three sweeps, while the control device is not. Thus,
it is concluded that the hydrogen gas exposure advances the
resistive switching, as evident by the lower trigger voltage,
and slows down the switching rate, as evident by the lower
change in resistance.

The next gas sensing test is designed to take advantage of
the voltage-enhanced resistive switching in voltage region 1
(below trigger voltage). First, the stability of the control device
is tested in nitrogen atmosphere and then in 1000-ppm H2,
as illustrated in Fig. 6(b) and (c). Next, a 3-s VP of 2.5 V is
applied across two fresh devices, a control and a sense device.
As expected from the sweep test, the sense device switched to
a higher resistance state (270 �) compared with the control
device (140 �) as plotted in Fig. 6(d). This sensing approach

TABLE I
PERFORMANCE COMPARISON OF RGO-BASED HYDROGEN SENSORS

enhances the sensor response to 1000 ppm of hydrogen at RT
and 0% RH from 0.48% at a CVB of 1.2 V to 785.75% with a
VP of 2.5 V for 3 s. The drawback with this method, however,
is that the sensing is not reversible, and therefore, the device
under this operation mode is considered a single-use device.
However, considering the simple fabrication process, compact
device size, and cost-effectiveness of rGO, an array of sensors
can be fabricated such that the number of devices depicts the
number of possible sensing instances.

The enhanced response captured from the VP mode suggests
that this mode of operation is worth exploring even if it yields
single-use sensors. Accordingly, the next gas sensing test is
conducted using the VP mode in the second voltage region
(4.5 V), where the resistance of the sense device is expected
to be lower than that of the control device because of the
slower switching rate caused by hydrogen exposure. Multiple
3-s VPs are applied across fresh 100-µm devices, and the
resistance after each pulse is recorded and plotted in Fig. 6(e).
As expected, the control device switched to a higher resistance
state is compared with the sense devices. It is worth noting
that even though it took the devices 3–4 pulses to saturate, the
measurements from the control device, even before saturation,
were considerably higher than those of the sense devices,
hence, the detection of gas is possible after the very first VP.
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TABLE II
PERFORMANCE COMPARISON OF MR-BASED HYDROGEN SENSORS

C. Sensor Performance Comparison
To demonstrate the satisfactory performance of the proposed

Au/rGO/Au MR-based H2 sensor, the device performance is
compared with other rGO-based H2 sensors in Table I. The
general trend in the transient response versus concentration for
all gas sensors is that the response time is quicker for higher
concentrations, and that the recovery time is slower. This is
because with higher concentrations, more time is required
for the gas molecules to desorb from the sensing material to
achieve recovery. Moreover, rGO-based H2 sensors typically
do not operate effectively at room temperature as evident from
Table I. Thus, integrating rGO as the sensing material in an
MR structure facilitated its room temperature operation in
the proposed sensor device. The references in Table I show
that, generally, for lower concentrations of hydrogen gas,
the operating temperatures of the sensors must be elevated,
while for higher concentrations of hydrogen, a relatively lower
operating temperature is sufficient for sensing. Compared with
other rGO-based hydrogen sensors, both the response and
recovery of the proposed sensor are among the highest (2 and
8 s, respectively).

The proposed sensor’s performance is also compared to
other MR-based H2 sensors in Table II. All the other reported
sensors [11], [12], [26] used TiO2 as the sensing element,
and Pt or TiN as electrode materials. Interestingly, all the
reported MR-based H2 sensors, including the one proposed
in this work, report sensing at room temperature, which
highlights one of the potential benefits of deploying sensi-
tive semiconductors in memristive gas sensors to overcome
high-operating temperature requirements. Compared with the
references in Table II, the reported Au/rGO/Au sensor exhibits
quick response/recovery times and demonstrates excellent
selectivity toward H2 compared with other gases.

IV. GAS SENSING MECHANISM

Gas sensing using semiconductive materials is carried out
in two stages, the first of which is through redox reactions,
where target gas molecules react with the negative adsorbed
oxygen ions. This reaction is then transduced into an electrical
variation in the sensor’s resistivity [45]. In the proposed
Au/rGO/Au device, the electrical resistance of the sensor
increases upon exposure to the target gas (hydrogen), showing
p-type behavior from the rGO sensing layer. A possible
explanation for this phenomenon is due to the redox reactions
between the hydrogen molecules and the rGO sensing layer.

Hydrogen is a reducing gas, which means that it interacts
with the rGO film by capturing the negative adsorbed oxygen
species. This reaction results in releasing the electrons trapped
by the oxygen anions back into the p-type semiconductor,
which results in increasing the potential barrier and therefore
increasing the electrical resistance. This increase in resistance
writes the MR to a new HRS. SEM-EDX analysis performed
on the device in PV mode prior to and after exposure to
H2 revealed the decrease in oxygen content after exposure to
H2S, supporting this sensing mechanism. After exposure to the
hydrogen gas, the resistance of the device is reduced back to its
initial resistance state, which can be understood by the absence
(desorption) of hydrogen gas, and the presence of oxygen in
the surrounding air. The interaction between hydrogen and
rGO can be summarized by the chemical equations in Fig. 7
[35], [46]. The first step includes the formation of negatively
charged adsorbed oxygen species (O−

2 ads) on the surface of
rGO. The adsorption occurs by oxygen molecules capturing
electrons from the rGO surface. The second step shows the
adsorption of hydrogen gas molecules on the surface of rGO.
This step could rupture the conductive filaments of MR [14].
The final step involves the chemical reaction between the
adsorbed hydrogen molecules and the adsorbed oxygen anions
to form water vapor and release some of the captured electrons
back into the material. These chemical reactions change the
stoichiometry of the rGO layer, which translates into electrical
resistance changes that are evident upon exposure to the target
gas.

V. CONCLUSION

This work presents a novel approach to gas sensing by
investigating the potential of planar memristive devices as
H2 gas sensors, using a planar rGO-based MR sensor. The
novelty of this work lies in its high sensitivity and selectivity,
as well as the use of simple fabrication processes. Upon test-
ing the fabricated devices in the conventional chemiresistive
testing scheme under the CVB mode, the devices showed
stability, selectivity toward hydrogen, high repeatability, quick
response and recovery times, and operation at room tem-
perature. Although the response of the proposed sensor was
highly repeatable, it was initially relatively low. To optimize
the sensor’s response, the memristive nature of the fabricated
devices was leveraged. Instead of applying a small CVB, a VP
was repeatedly applied across the device to take advantage
of the MR’s resistive switching capability. Specifically, much
higher responses were observed upon testing the fabricated

Authorized licensed use limited to: TU Delft Library. Downloaded on January 03,2024 at 08:56:44 UTC from IEEE Xplore.  Restrictions apply. 



30100 IEEE SENSORS JOURNAL, VOL. 23, NO. 24, 15 DECEMBER 2023

devices under the VP mode due to the gas-enhanced/gas-
denoted resistive switching. One drawback of the VP operation
mode, however, is the single-use nature of the devices and
the need for a control device. Nonetheless, these results
demonstrate the potential for improving the performance of
memristive-based gas sensors using pulse voltage techniques.
With the proper design of the MR-based sensor and careful
selection of the sensing layer, the proposed MR sensor has
outperformed other rGO-based H2 sensors by achieving H2
gas sensing at room temperature. While MR is a relatively
new technology for gas sensing, with its promising sensing
capabilities, it might take the lead in the future of gas sensing.
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