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a b s t r a c t
In the present study, we report a simple and reproducible method to improve the sensing performance
of a graphene gas sensor using ozone treatment and demonstrate it with nitrogen dioxide (NO2 ) gas. The
ozone-treated graphene (OTG) sensor demonstrated remarkable enhancement of the sensing performances such as percentage response, detection limit and response time. The percentage response of the
OTG sensor was twofold higher than that of a pristine graphene sensor when it was exposed to 200 ppm
concentration of NO2 at room temperature. It is noteworthy that signiﬁcant improvement was achieved
in the response time by a factor of 8. Extremely low parts-per-billion (ppb) concentrations were clearly
detectable, while the pristine graphene sensor could not detect NO2 molecules below 10 ppm concentration. The detection limit of the OTG sensor was estimated to be 1.3 ppb based on the signal to noise
ratio, which is the cutting-edge resolution. The present ozone treatment may provide an effective way
to improve the performance of the graphene-based sensor, given its simple process, practical usability
and cost effectiveness.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Graphene is a fascinating material for sensing due to its large
speciﬁc surface area for molecular adsorption and outstanding electrical properties such as low noise level and high carrier mobility
[1–9]. Gas sensing application of graphene utilizes a charge transfer
from adsorbed molecules to graphene or a local electrostatic gating
effect resulting in conductance change of graphene, which is quite
similar to other solid-state gas sensors [10,11]. However, graphene
has deﬁnite advantages over other sensing materials because it is
a perfectly two-dimensional atomic material, and therefore, has
maximum surface area with respect to its volume.
The gas reactivity of low dimensional carbon materials, such
as carbon nanotube and graphene, strongly depends on defect
density induced by functionalizing the surface with oxygen groups
[12,13], which plays an important role in the electrical response
for a gas molecule [13,14]. Therefore, controlled introduction of
oxygen functional groups is important to enhance the performance
of graphene-based sensors by increasing adsorbate binding energy
and charge transfer at the reactive sites. A method for optimization
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of the oxidation degree as well as homogeneous distribution of
oxygen groups on graphene surface remains to be fully established.
Various efforts have been devoted to improve the performance
of a graphene gas sensor by tailoring oxidation degree of graphene
based on reduction methods [4–7,15], decoration of inorganic
nanoparticles [8,16,17] and functionalization with organic polymers [18]. However, it is hard to obtain optimized degree of
graphene oxidation for a gas sensor by reduction methods. Moreover, it generally includes complex steps and time-consuming
processes. The cooperation with organic/inorganic substances may
provide additional sensing capabilities on a graphene gas sensor. However, the process frequently requires cumbersome surface
modiﬁcation and coating processes, which generally lead to a costly
way.
In the present study, we report a simple and reproducible
method to improve the sensing performance of a graphene gas
sensor using ozone treatment and demonstrate it with nitrogen dioxide (NO2 ) gas. The ozone treatment is a very practical
and effective way to enhance sensing characteristics of graphene
by introducing a proper amount of functional oxygen groups on
graphene. Furthermore, it enables us to provide uniform distribution of the oxygen groups not only on edges, but also on whole
surface of graphene [14].
The ozone-treated graphene (OTG) sensor demonstrated
remarkable enhancement of the sensing performances such as
percentage response, detection limit and response time. The
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percentage response of the OTG sensor was twofold higher than
that of a pristine graphene sensor when it was exposed to 200 ppm
concentration of NO2 at the room temperature. It is noteworthy
that signiﬁcant improvement was achieved in the response time by
a factor of 8. Extremely low parts-per-billion (ppb) concentrations
were clearly detectable, while the pristine graphene sensor could
not detect NO2 molecules below 10 ppm concentration. The detection limit of the OTG sensor was estimated to be 1.3 ppb based on
the signal to noise ratio, which is the cutting-edge resolution.
2. Experimental setup and fabrication
Graphene ﬁlms were grown on 25 m-thick copper (Cu) foils
(Alfa Aesar, item No. 13382) using CVD method [19]. The Cu foil
was annealed at 1000 ◦ C at low pressure with a H2 ﬂow of 6 sccm
for 30 min, and then graphene growth was carried out at 1000 ◦ C by
introducing CH4 :H2 (105:6 sccm) gases for 20 min. After the growth
process, the furnace was cooled to room temperature while the
CH4 :H2 ﬂow was maintained.
For a gas sensing tests, gold (Au) lead wires were attached to the
electrode of graphene sensor using silver (Ag) paste, and the fabricated sensor was placed in a quartz tube located inside a furnace
with a gas inlet and outlet. The sensor was exposed to dry air ﬂow
(500 sccm) for 10 min to record an initial sensor resistance, and then
the NO2 gas balanced with dry air were injected for 15 min to measure the sensing signal. To recover the sensor, dry air was supplied
into the tube for 30 min. The resistance changes were measured
using a multimeter (2000 multimeter, Keithley, USA).
The fabrication of the OTG gas sensor is schematically described
in Fig. 1(A). Single layer graphene was grown on a copper foil using
chemical vapor deposition (CVD) method. After the synthesis, one
side of the copper foil specimen was spin-coated with poly-methyl
methacrylate (PMMA) to mechanically support the graphene layer
during the transfer procedure to a substrate. The graphene layer
on the other side was removed by oxygen plasma treatment, and
then the specimen was cut into a piece with the dimension of
15 mm × 5 mm. The specimen was ﬂoated on the surface of iron
chloride aqueous solution to separate the graphene/PMMA layer
from the specimen by etching the copper foil, and then the ﬂoating
graphene/PMMA layer was subsequently transferred onto a silicon oxide substrate. The PMMA layer was removed by immersing
the substrate in chloroform. The thermally evaporated 100 nmthick gold (Au) electrode with the dimension of 10 mm × 2.5 mm
was deposited on both sides of the graphene ﬁlm by using shadow
mask as shown in Fig. 1(A). The 5 nm-thick chrome (Cr) layer was
deposited in advance to improve the adhesion and electrical contact
between the graphene and the Au electrode.
After fabricating the graphene sensor, Raman spectroscopy
analysis was performed to characterize the graphene ﬁlm as shown
in Fig. 1(B). It clearly indicates that the prepared graphene has
single layer with a 2D/G peak ratio of 3.3, having symmetric 2D
band centered at 2680 cm−1 with a full width at half maximum of
35 cm−1 [19,20]. The D band Raman intensity representing the disorder degree of graphene is negligible as shown in the ﬁgure. The
graphene specimen was then treated with ozone which was generated by ultraviolet (UV) lamp irradiation (254 nm with an intensity
of 20 mW/cm2 ) in ambient environment. It is well-known that
highly reactive ozone molecules can readily oxidize carbon materials [14,21]. The D band began to appear after the ozone treatment
for 60 s, and continuously increased with increasing ozone treatment time (see Fig. S1(A)). To quantify oxidation degree of the OTG,
the G/D band ratio and the sheet resistance changes were measured
with respect to the ozone treatment time as shown in Fig. 1(C). It
was observed that as the treatment time increased the G/D ratio
decreased, while the sheet resistance increased (see also Table S1).
Using the X-ray photoelectron spectroscopy (XPS) measurement of
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the carbon 1 s core level (shown in Fig. S1(B)), it was conﬁrmed that
the oxygen functional groups including ethers or epoxides and carbonyls with binding energies of 286.5 and 287.8 eV, respectively,
were effectively introduced by the ozone treatment.
3. Performance evaluation of the OTG sensor
We investigated the sensing performance of the OTG sensor for
NO2 gas in terms of percentage response, response time and recovery characteristics. Percentage response is deﬁned by the percentile
resistance change when the sensor is exposed to a gas as follows:
Percentage response =

R0 − Rg
× 100%
R0

(1)

where R0 and Rg are the resistances of the sensor before and after
the exposure to a gas, respectively. Response time is deﬁned as
the time required for the sensor to reach e−1 (∼36.8%) of the maximum resistance change after the sensor is exposed to gas molecules
[22]. The recovery characteristic, which is closely related to binding
afﬁnity of gas molecules, is evaluated as follows:
Recovery =

Ra − Rg
× 100%
R0 − Rg

(2)

where Ra is the resistance of the sensor exposed to air for a given
recovery time.
Fig. 2(A) shows the relative resistance changes of the graphene
sensors exposed to 200 ppm concentration of NO2 gas at room temperature. The sensors were prepared by treating the graphene with
ozone from 0 to 90 s, resulting in the different amount of oxygen
groups on graphene. It was reported that, upon NO2 molecular
adsorption, an electron charge transfer occurs from graphene to
a NO2 molecule due to its electron-withdrawing power [23]. Thus,
the accumulation of hole carrier lowered the graphene resistance
as shown in Fig. 2(A). After the gas was injected for 15 min, the
graphene sensor with the ozone treatment time of 70 s resulted
in the maximum percentile resistance change of 19.7%, which is
more than twofold higher than that of the pristine graphene sensor
(Fig. 2(B)). It is also noteworthy that the response time was signiﬁcantly improved by a factor of 8, compared to the pristine graphene
sensor as shown in the inset of Fig. 2(A). The oxygen groups might
be responsible for the improvements by providing favorable sites
on the graphene surface with a higher adsorption afﬁnity of NO2
molecules. However, when the ozone treatment time exceeded
70 s, the percentage response decreased due to a rapid increase
in initial resistance (R0 ), caused by an excessive oxidation of the
graphene. The recovery characteristics of the sensors were also
evaluated based on Eq. (2), and plotted with respect to the ozone
treatment time in Fig. 2(B). The recovery of the sensor continuously
decreased as the ozone treatment time increased. The results indicate that the desorption of NO2 gas molecule from the graphene
surface is obstructed due to the higher binding energy provided by
the oxygen groups, while the increased molecular afﬁnity improves
the percentage response by enhancing the charge transfer effect.
Since the optimized density of the oxygen functional groups on
graphene surface was able to improve gas sensing performance, following investigations were carried out using the graphene sensor
with the ozone treatment time of 70 s.
The detection limit of the OTG sensor was investigated by
decreasing the NO2 concentration from 200 ppm to 0.2 ppm at
room temperature. The relative resistance changes of the pristine
graphene and the OTG sensors were compared with each other in
Fig. 3. The pristine graphene sensor was not able to detect the NO2
concentration below 10 ppm while extremely low concentration
of ppb levels were clearly detectable using the OTG sensor with
low noise level. Though our experimental system allows the
lowest limit of the NO2 concentration of 200 ppb, the theoretical
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Fig. 1. (A) Schematic draw of the fabrication process for the ozone-treated graphene gas sensor. (B) Raman spectrum of the transferred graphene on a silicon oxide substrate
(C) The G/D ratio and the sheet resistance changes with respect to ozone treatment time.

detection limit of the OTG sensor based on the signal to noise ratio
is estimated at 1.3 ppb [7].
The inset of Fig. 3 shows the percentage response of the pristine
and the OTG sensors with respect to the NO2 concentration. The
correlation between the percentage response and the gas concentration can be understood with the Langmuir adsorption isotherm
theory [24]. When a gas molecule occupies a single site on a surface
and is not dissociated, the relationship between the surface fraction
occupied by adsorbates () and the pressure (P) or concentration of
gas molecules is expressed as:
=

K ·P
1+K ·P

(3)

where the equilibrium constant (K) is deﬁned by ka /kd , and ka and
kd denote the adsorption/desorption rate constants, respectively.
It is noteworthy that the percentage response of the OTG sensor
was improved compared to that of the pristine graphene sensor as
shown in the ﬁgure, which indicates the increase of the equilibrium
constant (K). The constant K can be increased by either decreasing
the temperature of sensing environment or increasing the binding
strength of molecular adsorption. Since all the sensors were tested
at the same temperature (i.e., room temperature), it conﬁrms that
the oxygen groups on the graphene introduced by the ozone treatment provide higher adsorption strength to the NO2 molecules, as
reported in literature [13,25].
The reproducible resistance change of the OTG sensor is shown
in Fig. 4. When the sensor was exposed to the 200 ppm NO2
ﬂow, the percentage response decreased to a saturated value of

∼17% after repeating the sensing cycle. However, the recovery
increased and reached to a saturated value of 87% as shown in
the inset. The NO2 molecules are adsorbed either on a low energy
binding site of graphene (i.e., sp2 -bonded carbon with a binding energy of 5–40 kJ/mol) or on a high energy binding site (i.e.,
the oxygen groups having a wide range of adsorption energy of
40–800 kJ/mol, depending on their chemical bond and binding
orientation) [4,26,27]. As the adsorption/desorption cycles were
repeated, the response on pure graphene was recoverable. However, the high energy binding sites became occupied tightly by the
NO2 molecules, resulted in non-recoverable response. The strongly
adsorbed molecules successively contribute to the reduction of
the initial resistance as shown in Fig. 4, and limit the percentage response by reducing accessible binding sites. However, the
saturated percentage response (∼17%) is still higher than that of
the pristine graphene sensor (∼9.1%), and thereby suggesting that
the charge transfer of the strongly adsorbed NO2 molecules signiﬁcantly improves the percentage response and response time
[28,29].
The sensor responses with respect to temperature were also
investigated (Fig. 5). It was observed that as the temperature
increased, the percentage response of the OTG sensor decreased,
while the recovery increased. Both the percentage response and
recovery dependencies on the temperature can be explained
by the equilibrium constant in Eq. (3). High temperature will
accelerate the desorption of NO2 gas molecules from the graphene
surface. It results in the increase of the desorption rate constant
(or improving the recovery characteristic), leading to the decrease
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Fig. 4. The reproducible resistance change of the OTG sensor with cyclic exposures
to 200 ppm NO2 gas at room temperature. The percentage response decreased to a
saturated value of ∼17% after repeating the sensing cycle. The recovery change of
the sensor is shown in the inset during the sensing cycles.

Fig. 2. Sensing performance of the graphene sensor with respect to the ozone treatment time. (A) The percentile resistance changes of the sensors when exposed to
200 ppm NO2 at room temperature. The NO2 gas balanced with dry air were injected
for 15 min to measure the sensing signal. To recover the sensor, dry air was supplied
into the tube for 30 min. The inset shows the response time with respect to ozone
treatment time. (B) The percentage response and recovery variations with respect
to the ozone treatment time.
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Fig. 5. The percentile resistance changes of the OTG sensor under a 200 ppm NO2
ﬂow at different operating temperatures ranging from 25 to 125 ◦ C. The percentage
response of the OTG sensor decreases as the operating temperature increases, while
the recovery increases, as shown in the inset.

of the equilibrium constant. Therefore, the percentage response of
the sensor decreases due to the reduction of the surface fraction
occupied by the NO2 molecules.
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Fig. 3. The percentile resistance changes of the OTG (red) and pristine graphene
(black) sensors. The NO2 concentration was modulated from 200 ppm to 200 ppb.
The inset shows the correlation between percentage response and concentrations,
which is in agreement with the Langmuir adsorption model. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of the article.)

In summary, we successfully fabricated the highly sensitive
graphene gas sensor using the ozone treatment. Optimized density of the oxygen functional groups can be readily introduced on
the graphene surface by controlling the ozone treatment time. The
sensor performances, such as percentage response, response time
and recovery were quantitatively evaluated and discussed. The OTG
sensor exhibited high percentage response to NO2 gas with concentrations as low as ppb level, and eightfold faster response time
than that of the pristine graphene sensor. The theoretical detection limit based on the signal to noise ratio was about 1.3 ppb.
The improvement of the sensor performances is attributed to the
oxygen groups on graphene introduced by ozone treatment, providing favorable gas adsorption sites with high binding energy. The
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correlation between percentage response and gas concentration
was in good agreement with the Langmuir adsorption isotherm
model. The present ozone treatment may provide an effective way
to improve the performance of the graphene based sensor, given
its simple process, practical usability and cost effectiveness.
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