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a b s t r a c t
We have fabricated the NO2 gas sensors by using reduced graphene oxide (RGO) functionalized with copper (Cu)
nanoparticles, revealing that the sensitivity was signiﬁcantly enhanced by the Cu functionalization. Transmission
electron microscopy indicated that the nanoparticles with a cubic Cu phase were attached on the surface of RGO.
Raman spectra revealed that the structural disorder of RGO was increased by the Cu-functionalization. We performed the NO2 gas sensing test, revealing that the sensor response of RGOs was increased by 326% by means
of the Cu-functionalization. We have discussed the associated mechanisms. In addition, we have ascribed the
functionalization-induced changes of response and recovery times to the increase of low-energy binding sites.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
In recent years, graphene has been intensively studied as a newgeneration solid state gas sensor [1]. There are several characteristics
of graphene, which lead to the ultimate limit of the gas sensitivity
and thus detecting individual molecules. First, graphene is a twodimensional material with its thickness being minimized, down to
the single layer, in which most carbon atoms will be exposed to the
atmosphere and the surface-to-volume ratio will be maximized. Second,
graphene exhibits extremely low Johnson noise and 1/f noise, precisely
detecting the very small changes by a few extra electrons [2–6]. Third,
its two-dimensional (2D) morphology allows making a single-crystal
device with ohmic electrical contacts. Up to the present, a variety of
graphene structures, including micromechanical exfoliated graphene
sheets, graphene prepared by chemical vapor deposition, and chemically
reduced graphene oxide (RGO), have been investigated for gas sensing
[7–11].
The sensing properties of pure graphene have been scrutinized for a
variety of gases, including NO2 [9], NH3 [12], CO2 [13], O2 [14], and H2
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[15]. However, the sensing behavior of RGOs was not fully understood.
In comparison to pure graphene, the RGOs are supposed to have several
advantages as gas sensors. First, the RGO is a low-cost form of graphene
[10]. Second, the RGO could be simply fabricated by reducing graphene
oxide, which can be efﬁciently produced on a large scale. Third, the pure
graphene has an inferior adsorption probability of detection gas, originating from the perfect crystallinity. The adsorption property of RGOs
will be superior, because the surface was modiﬁed or functionalized.
Up to the present, a variety of nanocomposites based on graphene or
RGO have been scrutinized for sensor applications. A variety of metals,
including platinum (Pt) [16], palladium (Pd) [17], and Pd–Pt [18] have
been studied. In addition, metal oxide nanoparticles such as WO3 [19]
and SnO2 [20,21] have been employed. In case of RGO–SnO2 nanocomposites, the enhancement of sensitivity is surmised to be due to larger
surface area, formation of p–n junction and depletion region, and generation of more active sites.
By the way, the catalytic effect of copper (Cu) with respect to sensing
behavior has been seldom studied. It has been reported that the addition of Cu metal on SnO2 pellets enhanced the sensing behavior to CO,
H2, and CH4 gas [22]. Cu doping of TiO2 increased the sensitivity towards
the detection of CO [23] and ethanol gas [24]. Also, the sensing behavior
and mechanisms of Cu/CuOx nanoarchitectures have been investigated
[25].
In this work, we have prepared composite nanowires, consisting of
RGOs and Cu nanoparticles. We have compared the characteristics of
Cu-functionalized RGOs with those of pristine ones, in terms of
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Fig. 1. Experimental procedures for the preparation of Cu-functionalized RGO.

structure, morphology, Raman, and gas sensing properties. As a sensing
gas, we have chosen NO2 gas. The detection of NO2 gas is of paramount
importance, because it forms the acid rain, photochemical smog, and

respiratory diseases [26–32]. In addition, NO2 sensor can be used to detect explosives, because NO2 is a decomposition product of many explosive formulations and improvised explosive devices [33].

Fig. 2. Schematic outline of the fabrication of the Cu-functionalized RGO.
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laser wavelength and the power density were set to 532 nm and
2.9 mW · cm−2, respectively.
For sensor measurement, ﬁlms were obtained by spraying the asprepared RGO–Cu suspension onto the quartz substrates, which were
put on a hot-plate at about 90 °C. The suspensions were composed of
(RGO–Cu + ethanol). Subsequently, the suspensions were sprayed
using the air-brush system with Ar as a carrier gas. Next, the products
were kept in vacuum dry oven at 90 °C for 5 h. Ni/Au double-layer
electrodes were sequentially sputtered onto the specimens with an
interdigital electrode mask. The base pressure of a vacuum chamber, in
which the sensor device resides, was set to ~6.67 Pa. Previously, a similar
experimental setup was reported [35–38]. With the measuremet temperature being 25 °C, the sensor response was determined via the following
formula: S = RNO2 / Rair, where Rair and RNO2 are resistances in air ambient
and NO2 gas, respectively. The response and recovery times were deﬁned
as the time taken to reach a 90%-change in the resistance upon the supply
or removal of the target gas, respectively [39].
3. Results and discussion
Fig. 3a, b, and c show the XRD patterns of Cu, as-synthesized RGO,
and Cu-functionalized RGO, respectively. Fig. 3a shows that the pattern
of pristine Cu is comprised of diffraction peaks of cubic Cu phase with a
lattice constant of a = 3.6150 Å (JCPDS card: No. 04-0836). The XRD
pattern of as-synthesized RGO indicates that the (002) diffraction line
was found at θ = 24.81° (Fig. 2b). The XRD patterns were normalized
with respect to Cu(111) in Fig. 3a, graphite(002) in Fig. 3b, and
Cu(111) peaks in Fig. 3c, respectively. In our preliminary experiment,
Fig. 3. XRD patterns of (a) Cu, (b) as-synthesized RGO, and (c) Cu-functionalized RGO.

2. Experimental
As source materials, graphite powder, H 2 SO 4 (98%), H 3 PO 4
(98%), KMnO4 (98%), H2O2 (30 wt.%), hydrazine monohydrate (98%),
dimethylformamide (99.8%) and boric acid (H3BO3) were used. GO was
synthesized from graphite powder via a modiﬁcation of Hummers and
Offeman's method [34]. The experimental procedure for the preparation
of RGO–Cu nanoparticles is outlined in Figs. 1 and 2. The GO suspension
was comprised of GO powders (150 mg) and DI water (500 ml). The
GO suspension was sonicated for 1 h. Subsequently, the GO solution
was mixed with copper acetate monohydrate (50 mg), 2 M-NaOH (ml),
and DI water (100 ml). The solution was maintained at 80 °C for 5 h.
Subsequently, low-speed centrifugation at 4000 rpm was ﬁrst used
to remove thick multilayer sheets until all the visible particles were removed (15–20 min). Then the supernatant was further centrifuged at
8000–12,000 rpm for 45 min to remove liquid solid solution, producing
the solid GO–CuOx nanoparticle composites. The high-speed centrifugation at 12,000 rpm was carried out for several times, ﬁnally reaching the
pH of 7. In order to remove all the moisture, the products were kept in
vacuum dry oven at 90 °C for 5 h. To obtain RGO–Cu nanoparticle
composites, the annealing reaction was carried out at 400 °C for 5 h in
(Ar + H2) ambient condition, in a horizontal tube furnace. Finally, the
system was naturally cooled down to room temperature at constant
(Ar + H2) ﬂow rate of 120 sccm.
The products were analyzed by using X-ray diffraction (XRD; D/MAX
Rint 2000 diffractometer model, Rigaku, Tokyo, Japan, CuKα radiation)
with an X-ray generator of 3 kW (Cu anode), ﬁeld-emission scanning
electron microscopy (FESEM, JSM-6700, JEOL Ltd., Tokyo, Japan,
30 kV), and transmission electron microscopy (TEM; a JEOL JEM-2010
transmission electron microscope, JEOL Ltd., Tokyo, Japan, 200 kV).
The powder X-ray diffractometer was set up in the Bragg–Brentano geometry, with a grazing angle of 0.5°. Raman spectra were acquired at
room temperature with a Jasco Laser Raman Spectrophotometer NRS3000 Series at Korean Basic Science Institute (KBSI). The excitation

Fig. 4. SEM images of (a) as-synthesized and (b) Cu-functionalized RGO.
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Fig. 5. (a,b) TEM images of Cu-functionalized RGO. (c) Lattice-resolved TEM image of Cu nanoparticles on RGO. (d) Corresponding SAED pattern.

the (002) diffraction line from the graphite was found at θ = 26.45°,
corresponding to the interlayer distance of 3.35 Å. Accordingly, it is
evident that the interlayer distance was changed from 3.35 Å in graphite
to 3.56 Å in as-synthesized RGO, owing to the slight oxidation and
interlamellar water content. On the other hand, Fig. 3c indicates that
the XRD pattern of Cu-functionalized RGO indicates that the (002) diffraction line was found at θ = 25.36°. The corresponding interlayer distance is estimated to be about 3.48 Å. In the course of fabricating Cufunctionalized RGO, the interlayer distance was decreased from 3.35 Å
in graphite to 3.48 Å. We surmise that the interlayer distance of the
Cu-functionalized RGO was slightly increased, owing to the slight oxidation and interlamellar water content. It is noteworthy that the interlayer
distance of Cu-functionalized RGO is slightly smaller than that of assynthesized RGO. We surmised that the Cu nanoparticles are attached
to the surfaces and sides of RGO sheets, suppressing the increase of
the interlayer distance.
Fig. 4a and b show the SEM images of as-synthesized and Cufunctionalized RGO, respectively. It is noteworthy that the Cufunctionalized RGO is comprised of particle-like structures on the
surface.
Fig. 5a and b show the low-magniﬁcation TEM images of the Cufunctionalized RGO. It is obvious that dark nanoparticles appear on the
surface of the RGO. Fig. 5c shows the lattice-resolved TEM image of a
dark nanoparticle. The observed lattice fringes correspond to the
(111) lattice planes of cubic Cu, with spacing of 0.21 nm. Since the
same lattice fringes were observed at different locations in an oriented
manner, we reveal that the Cu nanoparticles are polycrystalline,
consisting of several grains. Fig. 5d shows the associated SAED pattern.
It not only exhibits diffraction spots from RGO, but also shows the

Fig. 6. Raman spectra of (a) as-synthesized GO, (a) as-synthesized RGO, and (c) Cu-functionalized RGO.
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diffraction rings corresponding to (311), (222), and (331) planes of the
cubic Cu phase.
Fig. 6a, b, and c show the ﬁrst-order Raman spectra of as-synthesized
GO, as-synthesized RGO, and Cu-functionalized RGO. In our preliminary
experiments, the precursor graphite exhibited the in-phase vibration of
the graphite lattice (G band) at 1582 cm−1 as well as the (weak) disorder band caused by the graphite edges (D band) at approximately
1358 cm−1, exhibiting the intensity ratio of the D and G bands (I(D)/I(G))
to be about 0.10 [40]. It is revealed that the I(D)/I(G) values of assynthesized GO, as-synthesized RGO, and Cu-functionalized RGO are
0.92, 0.97, and 1.01, respectively. It is well-known that the increase of
the I(D)/I(G) value represents the increase of disorder in the structure. In
addition, by the reduction the GO became more disordered. Furthermore,
the functionalization process inevitably involves the thermal annealing
step, which will induce the disorder in RGO.
Also, it is observed that the frequencies of G bands of as-synthesized
GO, as-synthesized RGO, and Cu-functionalized RGO are 1597.7, 1596.3,
and 1595.6 cm−1, respectively. On the other hand, G band of pristine
graphite is located at a lower frequency in 1582 cm−1. The increase of
G-band-frequency indicates the destruction of conjugated system in
graphite due to oxidation. However, for RGO, the G band slightly
shifts back towards the position of the G band in graphite, being attributed to a self-healing by the reduction process. Furthermore, in
Cu-functionalized RGO, the G band further shifts back towards the
position of the G band in graphite.
Fig. 7a and b show the dynamic response curves at NO2 concentration of 100 ppm, for the sensors fabricated from as-synthesized and
Cu-functionalized RGO, respectively. For a precise comparison, we
have used exactly the same amount of RGO for both sensors. Since the
resistance was decreased and increased upon introducing and removing
the NO2 gas, respectively, the RGO sensors exhibit the p-type behavior,
irrespective of Cu-functionalization. From the measured resistance
values, we have estimated the sensor responses of the sensors. The sensor responses of as-synthesized and Cu-functionalized RGOs are calculated to be about 1.01 and 4.30, respectively. Accordingly, the sensor
response to NO2 gas was signiﬁcantly enhanced by means of the Cufunctionalization. We reveal that the response times of as-synthesized
and Cu-functionalized RGO are 929 and 1634 s, respectively. Also, the
recovery times of as-synthesized and Cu-functionalized RGOs are 4889
and 2616 s, respectively. Quang et al. investigated the NO2-sensing
properties of monolayer graphene at 100–200 °C [41]. The concentration of NO2 gas was set to 50–200 ppm. The sensor response was measured to be in the range of 0.83–0.95. Accordingly, in comparison to the
pure graphene sensor, we reveal that the sensor response of Cufunctionalized RGOs was very high (~4.3), even at room temperature.
Fig. 8 shows the schematics of the NO2 sensing mechanisms of RGOs
without and with the Cu-functionalization, respectively. For normal
RGOs, the sensing of NO2 gas will be accomplished by a variety of reac−
−
O
tions including NO2 + e− → NO−
2 [42,43], 2O + VO•• + e ↔ O , and
−
NO2 + e− → NO + O(ad) [44]. For pure graphene, it is known that
NO2 acted as an acceptor [1]. Since RGOs are graphene decorated with
electron-withdrawing oxygen functionalities, RGO possesses p-type
semiconductor characteristics [13,33]. With NO2 being an electronwithdrawing molecule, the incoming NO2 gas extracts electrons from
the RGO surface, which is p-typed. Accordingly, positive holes will be increased in the RGO, increasing the p-type conductivity and thereby decreasing the p-type resistivity. Subsequently, by introducing normal air,
the NO2 species remaining at the RGO surface will be eliminated by the
newly adsorbed air molecules and thereby desorbed from the RGO surface, ultimately resulting in the increase of the p-type resistivity.
There will be two possible mechanisms with respect to the enhancement of sensitivity by Cu-functionalization. First, the Cu sites will play a
role to adsorb NO2 molecules, with respect to the spillover effect. When
NO2 molecules are adsorbed on the ﬁlms, they are preferentially
adsorbed on the Cu sites to form bonds between them. Subsequently,
NO2 molecules migrate from Cu to the RGO sites. XRD and TEM analyses
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Fig. 7. Dynamic response curves at NO2 concentration of 100 ppm, for the sensors fabricated from (a) as-synthesized RGO and (b) Cu-functionalized RGO. (c) Graph showing the response times and recovery times for the sensors fabricated from as-synthesized RGO and
Cu-functionalized RGO.

coincidentally revealed that the nanoparticles are mainly comprised of
polycrystalline Cu.
Second, under the ﬂow of NO2 gas, we suppose that Cu/CuOx
nanoarchitectures will enhance the sensitivity (Fig. 8). With CuO and
CuO2 being the p-type semiconductors with narrow band gaps, Cu in
the Cu/CuOx nanoarchitectures is an excellent electron acceptor. With
the incoming NO2 gas, electrons will transfer from CuO to Cu2O, then
(from Cu2O) to Cu, ultimately generating a lot of holes on the surface
of CuO or Cu2O [25]. Since both CuOx and RGO are p-typed, electrons
will transfer from RGO to CuOx easily, contributing to the increase of
hole density in RGO. This will decrease the p-type resistivity in RGO,
contributing to the further enhancement of sensitivity. Although the
above two mechanisms can be contradictory, we speculate that at
least one mechanism will dominate the sensing behavior.
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Fig. 8. Schematics explaining the change in the NO2 sensing behavior without and with the Cu functionalization.

Fig. 7c reveals that the response and recovery times became longer
and shorter, respectively, by the Cu-metallization. We assume that
there are high-energy and low-energy binding sites on the RGO surfaces. One possibility is that the ratio of high-energy to low-energy
binding sites becomes decreased by the Cu-metallization. Accordingly,
the NO2 molecules will be hardly adsorbed but easily detached,
resulting in the decease and increase of recovery and response times, respectively. Another possibility is that the surface of Cu nanoparticles
preferentially provides low-energy binding sites, facilitating the inefﬁcient adsorption of NO2 species. However, these sites facilitate the
efﬁcient desorption of NO2 species, which coincides with the reduction
of recovery time by the Cu-metallization. For both pristine and Cufunctionalized RGOs, it is noteworthy that the recovery time is longer
than the response time. In other words, the desorption rate is smaller
than the adsorption rate. Yang et al. postulated that the slow desorption
rate compared with the fast adsorption rate can be explained by the existence of defective sites on the surface, in case of pristine graphene [38].
The adsorption energy of NO2 molecules on the defective sites is much
higher than that on the pristine sites in the graphene [45,46]. Accordingly, the slow desorption rate compared with the fast adsorption rate in

RGO of the present work can be related to the defective sites, which
are preferentially low-energy binding sites. Since the exact nature of
the defective sites is not clear, further detailed study will be necessary.
We have examined the reliability and stability of the developed sensor, revealing that the identical resistance curves have been repeated
several times (Fig. 9a). Furthermore, Fig. 9b indicates that the developed
sensor is selectively sensitive to NO2 gas, in comparison to other gases,
including H2S, NH3, C2H5OH, C7H8, (CH3)2O, and C6H6. Although the developed sensor will operate at room temperature, the sensor responses
at 100 °C and 200 °C are 112% and 115% of the value at room temperature, respectively.
4. Conclusion
In summary, we have reported a fabrication of Cu-functionalizedRGOs, exhibiting a drastic enhancement in sensitivity to NO2 gas.
For the purpose of fully understanding the characteristics of Cufunctionalized-RGO, we have carried out the comparative studies for
as-synthesized GO, as-synthesize RGO, and Cu-functionalized-RGO. XRD
investigation reveals that the interplanar spacing of Cu-functionalized-
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Fig. 9. Sensor performances of Cu-functionalized RGO sensor. (a) Dynamic response
curves at NO2 concentration of 100 ppm, at 25 °C. (b) Comparison of gas responses
among various gases, at concentration of 100 ppm and 25 °C. (c) Relative sensor responses
at NO2 concentration of 100 ppm, at 25, 100, and 200 °C.

RGO was reduced in comparison to that of pristine graphite, by the removal of oxygen. Raman spectra reveal that the I(D)/I(G) value of the Cufunctionalized RGO is higher than that of pristine graphene, resulting
from the increase of disorder in the structure. The sensor responses of
as-synthesized and Cu-functionalized RGOs are about 1.01 and 4.30, respectively, indicating the signiﬁcant enhancement of sensor response to
NO2 gas by means of the Cu-functionalization. We suppose that the
enhancement of sensor response results from the spillover effect or
developed Cu/CuOx nanoarchitectures. In addition, the response and recovery times were increased and decreased, respectively, by the Cufunctionalization, which is surmised to be related to the increase of the
ratio of low-energy to high-energy binding sites and/or possible generation of low-energy binding sites on the surface of Cu nanoparticles.
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