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Graphene oxide for room temperature CO, H, and UV

sensing
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Improved Hummers technique employed for the synthesis of graphene oxide, the morphology, structure and composition
characterized by (TEM) and (SEM). The device sensor fabricated by dispersing graphene oxide on an interdigitated Au-
electrode for both gas and UV sensing. A graphene oxide gas sensor based on CO, H, and UV photodetector exhibited
excellent responsivity, fast response and recovery time. The gas sensor sensitivities were around 17.12% and 22.83% for
different gas (CO, Hz) concentrations at room temperature; as well the sensor resistance decreased in exposure to CO and
Ha, revealing p-type semiconducting behaviour of the graphene oxide as excellent materials.
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1. Introduction

Graphene Oxide (GO) is a single-atomic-layered
material made by the oxidation of graphite crystals
[1], It was one of the first commercial graphene
materials, due to the fact that it is both inexpensive
and one of the most popular products on the graphene
market. It will play an important role in the
development of the next generation of graphene
materials, thanks to its cost-effectiveness, carbon-
base, flexibility, and transparent electronics. It is the
strongest material available, with high transparency,
and it is a superior thermal and electrical conductor
[2-5]. Produce in bulk quantities it would be cost-
effective and advantageous both for industry and
commerce.

Graphene oxide is also characterized by low-
cost, high spread ability to convert to graphene, easy
access and the ability to disperse in deionized water
[6, 71.

The atom-thick two-dimensional conjugated
structures, high conductivity, and large specific
surface areas of the graphene materials have been
widely used for fabrication of gas sensors [8,9],
transparent conductive films [10], paper-like and
composite materials [11], energy-related materials
[12], antibacterial materials [13], biological, photonics
and optoelectronics and medical applications [14,15].

It is possible to deposit graphene oxide films
on any substrate, and then convert it into a conductor.
These coatings used in solar cells [16], electrode
materials [17], flexible electronics and chemical
sensors [18]. Graphene can be prepared by a number
of methods, such as micromechanical exfoliation [19],
epitaxial growth on silicon carbide [20], chemical
vapour deposition (CVD) [21], arc discharge method

[22], plasma enhanced chemical vapour deposition
techniques [23], graphite oxide reduction [24],,, etc.

Graphite oxide was first prepared by B. C. Brodie,
who treated it with a mixture of KCIO; and nitric acid
[25]. Later, Hummers and Offeman used a mixture of
sulfuric acid, sodium nitrate, and potassium
permanganate to oxidize graphite [26]. Recently,
many papers reporting the modification of the
Hummers methods have been published [27]. For
instance, Staudenmaier method of oxidation of
graphite by HNOs/H,SO, in 1:2 volume ratios, in the
presence of KCIO3, was carried out within 5 days.
Daniela C. Marcano and coworkers found that while
using NaNOs, one can improve the efficiency of the
oxidation process by increasing the amount of
KMnQ,, and perform the reaction in a 9:1 mixture of
H,S0,4/H3PO, [28, 29].

Recently, several approaches to fabricating
sensors based on graphene materials have been
reported; among them, the use of multilayer graphene
to act as a detector of NO, gas (Hong Kyw Choi and
co-workers) [30], NH; gas sensors based on
chemically reduced graphene oxide (Nantao Hu) [31],
edge-tailored graphene oxide nanosheet-based field-
effect transistors for fast and reversible electronic
detection of sulfur dioxide (Fangping Shen et al) [32],
two-beam-laser interference mediated reduction,
patterning and nanostructuring of graphene oxide for
the production of a flexible humidity sensing device
(Li Guo and co-workers) [33], hydrogen sensing using
Pd-functionalized multilayer graphene nanoribbon
networks (Jason L. Johnson) [34], graphene sheet for
Carbon dioxide gas sensor (Hyeun Joong Yoona) [35],
ultrahigh humidity sensitivity of graphene oxide
(Hengchang Bi) [36], Ultraviolet, visible, and near
infrared photoresponse  properties of  solution
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processed graphene oxide (Xiang Qi, et al.) [37],,,,
etc.

In this paper, we will report a study the graphene
oxide sensing response to (CO, H,) gases and 375 nm
UV light. The graphene oxide was prepared using the
Improved Hummers method and characterized by
Transmission Electron Microscopy (TEM) and
Scanning Electron Microscope (SEM).

The device was operated at room temperature for
detecting different gas concentrations (60, 120, 240,
480 and 960 ppm) of the (CO, H,) gases and 375 nm UV
light in a natural environment. This device showed
high responsiveness and sensitivity.

2. Experimental section
Synthesis of Graphene Oxide

Graphene oxide was synthesized using an
improved Hummer’s method. This method produces
graphene oxide from graphite powder. Graphene
oxide nanosheets were prepared from graphite flakes
using an improved Hummer’s method reported by
Marcano, et al. Briefly [29], 1 g of graphite flakes and
6 g of KMnO, were added into the 100ml mixture of
concentrated H,SO4/HsPO, (9:1). The resulting
mixture was stirred at 50°C for 12 h. Afterwards, the
reaction was then cooled overnight and poured onto
ice (around 200mL) with 30% H,O0, (1mL). The
resulting mixture was washed with HCI and H,O
respectively, followed by filtration and drying,
graphene oxide sheets were thus obtained [29].
Adding deionized water and subjecting it to ultrasonic
gives a stable aqueous dispersion of graphene oxide.
The resulting graphene oxide solution had a
concentration of 2 mg/ml.

Materials characterization

Transmission electron microscopy (TEM) was
used to establish the morphology and to evaluate
graphene oxide sheet size using (JEM 1011, operating
at 100 kV and 3000x magnification). High-resolution
scanning electron microscopy (SEM) also provided us
with evidence of graphene oxide thin sheets.

Device fabrication:

One of the advantages of the graphene oxide is its
easy dispersability in water and other organic solvents
due to the presence of the oxygen functionalities [37].
These advantages allow to easily fabricating the
device by dispersing graphene oxide uniformly on
interdigitated electrodes. We fabricated our device by
depositing the aqueous dispersion of graphene oxide
by drop-casting on to the interdigitated Au electrodes
with Alumina substrate (20um gap between Au
electrodes) as seen in Fig.1l, then drop-casting the

solution of graphene oxide and drying it at 80°C for 5
hours in the air.

3. Result and discussion

The electronics microscope image in Fig. 1 shows
the basics of the sensor device fabrication provided
with  Au interdigited electrodes placed upon
an alumina substrate and the the morphology of
graphene oxide (already been broken down into small
pieces) on the Au interdigitated electrode. The two-
dimensional structure of graphene oxide was
confirmed by the obtained TEM image see Fig. 2, and
the morphologies of the graphene oxide sheets were
observed under scanning electron microscope (SEM)
in Fig.3. This synthesis of GO may be significant for
appropriate purification and large-scale production of
GO as well as the construction of the sensor device, in
addition the aqueous dispersion of graphene oxide
exhibited brown which was more significant in
relatively low concentrations. Graphene oxide
materials are deposited on the patterned substrate by
80 uL drops-casting to make electrical contacts
between adjacent electrodes.

The thickness of the prepared aqueous dispersion
of GO sheets was measured from the height profile of
the Atomic force microscopy (AFM) image, Fig. 4, is
about 2 nm, which is consistent with the data reported
in the literature, indicating that the morphology of the
show the real aqueous dispersion of graphene.

The gas sensor experimental setup is shown in
Fig. 5. The gas sensor device was placed in the middle
of the crystal tube of a tubular furnace. The furnace
heating system fixed to the desired room temperature,
the mixing chamber kept at ambient temperature and
pressure. Their gas flow rates were controlled by Mass
Flow Controller (MFC) interfaced to the personal
computer equipped with LabVIEW software controls
all the operations related to the gas protocol and to
data acquisition. The measurement was displayed in a
LabVIEW graphical user interface (GUI) and recorded
as an MS Excel format.

The UV photodetector experimental setup, first
connect the sensor device with DC voltage bias from
the power supply, fixed UV LED above of the device
sensor inside the darkness chamber kept at ambient
temperature and pressure to verify the true test
conditions of the photodetection. The input of the UV
LED it is a square wave from signal generator and the
output of the sensor device connected with the Agilent
B1500A Semiconductor Device Analyzer to record
the output data in both MS Excel format and JPEG
figures.
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Fig. 1. The real image of the fabrication sensor device

The electrical measurement was performed by an
Agilent B1500A Semiconductor Device Analyzer at
room temperature and air atmosphere. The current-
voltage (I-V) characteristic was studied by measuring
the voltage with varying current at room temperature
(T~30°C) in order to see the electrical characteristics
of the sensor device. The current-voltage (I-V)
between the graphene oxide and Au electrode contacts
is shown in Fig.6. It demonstrates that the graphene
oxide devices exhibited a linear 1-V curve, which
implies an ohmic contact between graphene oxide
sheets and Au electrodes. As well the Fig. 7 shows the
dark current and photocurrent of the graphene oxide
ultraviolet photodetector under the illumination 375
nm light at room temperature. The dark current of the
graphene oxide ultraviolet detector is 50 pA under -5
V to 5 V bias and the light current is about 9 mA.
From the curves, we can clearly see that, upon the 375
nm UV illumination, the photodetector exhibited a
remarkable increase in the current which is indicated
that the obtained graphene oxide nanowires UV
photodetector has the characteristic good sensitivity
[38]. Both result of the 1-V curves in the dark and
under UV illumination are linear 1-V curves. The
linear relationship of the characteristics reveals that
the contact has good Ohmic character.

Fig. 2. TEM of the graphene oxide
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Fig. 7. 1-V curve of the sensor device based on the
graphene oxide in dark and under UV light

4. The gas sensing

The mechanism of graphene oxide production was
mainly the generation of oxygen containing groups on
graphene sheets, when electron-donating CO and H,
gas molecules are in the atmosphere around the sensor
the CO and H, molecules are adsorbed on the surface
of the graphene oxide sheet channel and donate
electrons to it. This process causes a quite significant
change in the electrical properties of the graphene
oxide. These strong adsorption effects stem from the
inherent properties of gas molecules and the bonding
characteristics between these molecules and the
graphene oxide leading to changes in the conductance
of graphene oxide.

The graphene oxide devices became highly
responsive to CO and H,, which was most likely due
to the recovery of many graphitic carbon atoms as
active sites for target gas adsorption. Possibly
vacancies or small holes on the graphene oxide sheets
these may also serve as adsorption sites for gaseous
molecules.

The typical dynamic responses (resistance versus
time) of the graphene oxide gas sensors to CO and H,
in the dry air at various CO and H, gas concentrations
(960, 480, 240, 120 and 60 ppm), measured at room
temperature are shown in Fig. 7 and Fig. 8
respectively. The sensor was periodically exposed to
clean dry air flow to record a base value of the sensor
conductance, different concentration (960, 480, 240,
120 and 60 ppm) from different gases were mixed
with air to register a sensing signal, and clean air flow
again to recover the device.

The sensitivity can be defined by

Rpir—R
(%) = —AIr__Gas  1q0y,
RAir

Where RAirand Rgas &€ the resistances of graphene
oxide in air and ambient gas, respectively. In this

experiment, the S under exposure of 960 ppm CO and
H, are 22.83% and 17.12%, respectively.

The sensor resistance increases in exposure to CO
and H,, revealing P-type semiconducting behaviour of
the graphene oxide gas sensors. The degree of the
resistance increase depends on the gas concentration.
The peak time for the higher resistance value became
shorter as the gas concentration dcreased. The
variation in resistance was measured upon the
exposure to the CO and H, concentrations ranging
from 60 to 960 ppm. The graphene oxide gas sensor
responded to 60 ppm of CO and H, at room
temperature with a high sensitivity and the sensitivity
start increase when we are increasing the gas
concentrations to 960 ppm.

It is well known that in the gas detectors based on
metal oxide semiconductors the operation of releasing
and trapping electrons from sensing layer is
responsible for the gas sensing behaviour.® In the
cases of CO and H, gases, the CO and H, gases react
with the oxygen species adsorbed on the active layer
surface of the sensors and releases electrons back
from the trapped states to the conduction band of
graphene oxide, leading to an increase in electron
density in the graphene oxide based active layer and a
decrease in sensor resistance. It is clear from the
figures (8 and 9) that the graphene oxide behaves as a
p-type semiconductor [39].

Upon the introduction of target gas (CO and H.,),
the sensor resistance went up, i.e., the conductance of
the sensor decreased; when the CO and H, flow was
turned off and the air flow restored, the device re-
established its conductance in about 2 min. Five
cycles were repeated in figures (8 and 9) and the
signal was fairly reproducible. The sensing signal
strength (proportional to the spike height with the
target gas (CO and H,) was dependent on the target
gas concentration as it decreased with increasing
target gas concentrations from 960, 480, 240, 120 and
60 ppm, assuming a linear relationship between
conductance change and target gas concentrations.
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Fig. 8. The Resistance response curve of the graphene
oxide gas sensor to various CO gas concentrations in
dry air at the room temperature
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Fig. 9. The Resistance response curve of the
graphene oxide gas sensor to various H,gas
concentrations in dry air at the room temperature

The response time, as conventionally defined [40].
The Response time is defined as a time taken to reach
90% of the saturation value of sensor response when
the sensor is exposed to the CO and H, was found to
be fast about 3 and 2 minutes respectively, alongside a
good sensing performance, with high sensitivity
depending on the gas concentration in the dry air
measured at room temperature [41]. A linear increase
in the sensor response with increasing gas
concentration is clearly seen for CO and H,. The
transient response was equilibrated also the base
resistance of the sensor is fully recoverable [42]. The
sensing performance of the devices reported here is
very encouraging for practical applications when
considering the simplicity and low cost to fabricate
these devices and the potential opportunities for
optimization. The sensing performance of the reported
device is attributed to the effective absorption of the
target gas (CO and H,) on the surface of p-type
graphene oxide. CO and H, are strong oxidizing and
reducing agent; therefore, electron transfer from
graphene oxide to adsorbed gas target leads to an
enriched hole concentration and enhanced electrical
conduction in the graphene oxide sheet. Further
investigation is needed to understand the mechanisms
associated with the recovery of graphene oxide from
(CO and H,) exposure and to find effective measures
to response and recovery time of graphene oxide can
be used practically for detecting repeatable target gas.
The initial resistance of the GO gas sensor in dry air
was about 5080 OHM at the room temperature,
whereas its resistance increased abruptly when it was
exposed to CO/H, gas. The resistance of the GO gas
sensor increased after each CO/H, gas injection cycle
and its response and recovery process can be
established. Recovery time is defined as a time taken
to drop back to 10% of the sanitation value of sensor
response when the sensor is placed in clean air (to
initial value) was found to be fast about 2 minutes for
both CO and Hs.

All of these sensing phenomena show five sensing
cycles, these sensing performance are superior to that
shown in Fig. 8 and Fig. 9, however, an unusual
resistance increase was observed at the beginning of

the (CO and H,) exposure in each cycle showing more
stable device with fast response and recovery time for
both CO and H, sensing performance.

The Fig 10 shows the relationship between CO/H,
concentrations and sensitivity observed for the gas
sensors at room temperatures. The sensitivity of the
sensors increased as CO/H, concentrations. These
concentrations were chosen to observe clearly the
different sensor response curves towards these two
types of gases. It is well known that the sensitivity of
the sensor based on sensing was mainly determined by
the interactions between the target gas and the sensing
surface. Furthermore, it can ensure that the surface
area of the sensing materials is greater, and the
stronger interaction and the higher response can be
expected. Thus, our GO based sensor demonstrated
good response to CO and H, at the room temperature.
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Fig. 10. Sensitivity of the sensor at room temperature for
various CO and H, gas concentrations

The graphene oxide sensor has higher responsibility and
sensitivity with faster response time and recovery time to
both CO and H, gas sensing [35].

5. The UV photodetection

The photocurrent was measured under a small
bias voltage Vs = 2V and 4V. The UV source was
turned on and off in 5 seconds. The plot is in the Fig.
11 shows a cycle of the UV being turned on and off to
demonstrate the reproducibility of the data with time,
sensitivity and the stability of the fabricated device.
Finally, the photonic characteristics of the graphene
oxide photodetectors were measured by detecting the
current change under illumination from 375 nm UV
light. Fig. 11 shows the conductance modulation of
air-exposed graphene oxide under UV illumination.
When the UV lamp was turned on, the current steeply
increased quickly due to the generation of a
photocurrent, but gradually decreased to the dark
current level with a few of seconds time constant
[43,44]. The current increase at the beginning of the
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illumination cycle is due to the electron hole pair
generated in the graphene oxide [45,46]. The gradual
decrease of the current under illumination is attributed
to the gradual shift of the charge neutrality level
caused by photodesorption and re-adsorption of
molecular species on the surface of graphene oxide.*®

A small response and recovery times shows good
photodetector. The Response time is defined as a time
taken to reach 90% of the saturation value of
resistance when the photodetector is exposed to the
UV. A small value of time implies a good UV
photodetector. Recovery time is defined as a time
taken to drop back to 10% of the sanitation value of
resistance when the photodetector is placed in clean
air (to initial value). This value also has to be small
for a good photodtector. The device responded to the
illumination as soon as the source was turned “ON”.
After turning off the light, the photocurrent decreases
with time. It can be seen that when the sensor
illuminated by the light source, the current increases
very fast until it reaches a steady state (4.5 mA at 2V
bias and about 9 mA at 4V) indicating fast response
time about 0.2 second and slowly recovers the dark
current (0.2 mA at 2V bias and 0.25 mA at 4V) when
the light is switched off indicating low recovery time
about 0.6 second comparing with the device response
time.
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Fig. 11. Time-dependent photoresponse of the graphene
oxide UV sensor at a bias voltage of (2V and 4V) under
375 nm UV illumination

The electrical conductance and  sensing
performance of the GO device has been studied in
comparison with other’s reported data in the room
temperature for UV detection and CO, H, gas sensing
[47-49]. Our device shows enhancement in electrical
conductance, gas responsibility and UV detection.
Thus, development of gas sensor and photodetector
with high sensitivity, short response time and low cost
is in great demand. One of the promising sensing
materials is graphene oxide because of its unique and
outstanding mechanical, thermal and electrical
properties. As well the GO device shown better

performance in case sensitivity, time response and
time recovery (about 70% and 0.2 second
respectively) in comparison with other’s reported data
(about 7% to 26%, 6 to 30 minutes and 16 to 35
minutes) for sensitivity, time response and time
recovery respectively [50, 51].

In the development of metal oxide gas and photo
sensing for a given application, numerous factors
affecting performance must be considered. Among
these are sensitivity, response time, stability and
environmental (e.g., temperature) effects. Some of
these concerns dictate the synthesis procedure, crystal
size and shape, fabrication procedure and establishing
optimal operating conditions. These criteria play an
important role in the design of a complete sensor
system.

The most of the sensor properties depends on the
equilibrium founded among the formation of oxygen
vacancies and their cancellation. When the surface
was activated with the gas molecules and light source
with enough energy, electron-holes pairs are
generated. Also UV light source generates more
charge carriers and assists to enhance interacting of
the surface of the sample with oxygen molecules
accelerating the reactions and the subsequently
formed chemical species adsorbed on the surface of
metal oxide semiconductorsfrom all these aspects it is
clear that UV irriditation can affect gas dedection in
metal oxide semiconductors [52-54]. It can enhance
the carrier generation and increasing the density of
free electron-hole couple. It is also responsible for the
photodissociation of the target gas and it enhances the
performance of the sensor at room temperature for
better future work [55].

6. Conclusion

Graphene oxide was prepared from the graphite as
starting material, using the improved hummer’s
method. We have developed high performance and
sensitive room temperature CO and H, gas sensors
based on graphene oxide. Graphene oxide adsorbed
with  molecules, exhibits excellent responsive
sensitivity and selectivity to CO and H, gases, as well
as excellent sensing performance of sensors, high
resistance change and fast response time. This
graphene oxide sensor, with low cost, low power and
easy fabrication, as well as scalable properties, shows
great potential for high-sensitivity detection of CO
and H, gas in a wide variety of concentrations of CO
and H, gases (60, 120, 480 and 960 ppm). The
fabricated photo detector showed a reproducible
photoresponse to UV light. The UV response and
recovery times (of 0.3 and 0.2 second respectively) of
graphene oxide sheet photodetector were measured
and the feasibility of the graphene oxide sheet based
on photodetectors was demonstrated. A sensing
mechanism is discussed based on the observed
experimental results. These findings also present a
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new strategy for improving the performance of
graphene oxide sensors, which is a significant step
toward the widespread usage of gas sensing
applications of graphene oxide, based chemical
sensors. Their high sensitivity, low operating
temperature and low electrical power consumption
may enable the construction of portable sensors. The
proposed model can help to better understand gas/UV
desorption and adsorption processes on the surface of
graphene oxide sheet, which play a central role in gas
sensing and photodetection.
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