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Graphene oxide sheets suspended in ethanol interact with excited CdS nanoparticles and contributed to photocatalytic reduction
by accepting electron from nanoparticle. The UV-Vis measurement showed that electrical absorbance of the CdS/graphene oxide
sheets increased by decreasing the irradiation time and after 2 h it remained constant which indicates the optimum reduction
time. Furthermore, the direct interaction between CdS nanoparticles and graphene sheets hinders the collapse of exfoliated sheets
of graphene. The 4-point probe measurement of nanocomposite with different ratios of graphene oxide in CdS solution after
irradiation shows that the conductivity of them increased by increasing the amount of GO, but further increasing causes incomplete
photo reduction process due to exorbitance increasing GO sheets which contribute to decreasing the conductivity. The CdS/RGO
composite material can be used as a gas sensor for CO

2
based on its electrocatalytic behavior. The low-cost and easy fabrication

sensor shows rapid response and high sensitivity. By varying the amount of GO the optimum concentration which shows high
sensitivity is found and its good performance comparedwith other is attributed to its higher conductivity due to complete reduction.
Moreover, the effects of thermal annealing on the conductivity of CdS/RGO film and the performance of devices are researched.

1. Introduction

Graphene is two-dimensional nanomaterial consisting of a
single layer of sp2 network of carbon atoms [1]. While the
thickness of a graphene sheet is on the order of a single atomic
unit, its lateral dimension can reach up to tens of microns.
Graphene derivatives like graphene oxide (GO) and reduced
graphene oxide (RGO, chemically modified graphene) have
attracted great interests in electronics, optoelectronics, dis-
play devices, and sensing devices due to their remarkably
high electron mobility, extremely large surface area, high
mechanical ability, and low fabrication cost [2–4]. Sensing
devices have been widely studied with great results because
graphene’s 2D crystal structure allows every carbon atom a
surface atom so that electron transport through graphene
can be highly sensitive to adsorbed molecules which can be

demonstrated down to a single molecular level [5]. Several
methods have been reported to produce graphene, such as
mechanical exfoliation [1], graphitization of SiC [6], CVD
(Chemical Vapor Deposition) growth on metal substrate [7],
and reduction of graphene oxide [8]. Most of graphene used
in electronic devices is produced with the last method of
GO reduction due to its easy synthesis method and low cost
material. The graphene in a graphene-based composite is
often prepared by the reduction of graphene oxide which
is commonly referred to as reduced graphene oxide (RGO).
Meanwhile, reduction of graphene oxide (GO) has been
widely used to produce graphene, such as the chemical
reduction of GO [9], thermal reduction of GO [10], flash
reduction of GO under N

2
atmosphere [11], direct laser

writing on GO sheets [12], and conductive atomic force
microscope tip-based electrochemical reduction of GO [13].
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However, all these methods have intrinsic outcome, like the
existence of toxic chemicals like hydrazine, requiring rapid
heating processes and high reaction temperatures, special
instruments, or expensive high-energy light sources, and so
forth, which limit their practical applications.

Photocatalytic reduction of GO has been recently proven
to be an effective method to produce graphene by Williams
and coworkers [14]. Compared to conventional chemical
reduction, the photoreduction of GO is “ecofriendly” and it
can be controlled easily via the irradiation properties, but it
requires semiconductor nanoparticles with large band gaps
such as TiO

2
and ZnO, used as photocatalysts, to absorb light

[15]. Also it recently reported a novelmethod for photoreduc-
tion of graphene oxide by Ag nanoparticles as a plasmonic
photocatalyst [15]. Semiconductor nanoparticles, especially
cadmium sulfide (CdS) nanoparticles, have been studied in
the last few years, due to their potential applications based
on size-tunable optical properties and high mobility [16–
19]. CdS has been generally considered as a strong candi-
date for high efficiency visible-light-driven photocatalysts.
A combination of graphene, exhibiting exceptionally high
carrier mobility, and CdS nanostructures with size-tunable
optical properties offers interesting optoelectronic applica-
tions [20–22]. Arising from the inhibited recombination rate
of electron-hole pairs in graphene-based composites, much
attention has been paid to the photocatalytic application
of CdS/RGO composites such as solar cells [20, 23, 24],
fuel cells [25, 26], light-emitting diodes [20], and lasers and
sensors [22, 23] which contribute to the improvement in their
performance by increasing carrier mobility.

Undoubtedly, the increased active surface areas and high
carrier mobility also make graphene-based nanocompos-
ites perfect materials for high-performance sensing devices
[27, 28]. In particular, the search for alternative low-cost
graphene-based biosensors to traditional noble metal-based
sensors is the beginning of this excellent topic [29]. For
example, CdS nanorods were immobilized on graphene to
construct a mediator-free H

2
O
2
sensor, with a detection

range of 0.1mM to 0.5mM. Even so, novel graphene-based
gas sensors are extremely desirable as they are low cost
and show rapid and highly sensitive response. To the best
of our knowledge, little attention has been paid to the
electrochemical application of CdS/RGO composites as high
performance gas sensors [30].

Carbon dioxide (CO
2
) is one of the most important

greenhouse gases which causes a phenomenon known as
global warming. Efforts are being done in order to monitor
and subsequently reduce CO

2
emission from the combustion

of fuel in vehicles and the burning of coal in industries.
Therefore, it is crucial to make low-cost, sensitive, adjustable
sensors that can be used to monitor the CO

2
concentration

in industrial exhaust gases [31]. Several research groups have
been attempting to make improvements in gas sensors, with
the aim of enhancing the sensing performance. For the
past several years, graphene-based composites have been
considered promising candidates for sensing materials that
can detect extremely low concentrations (ppb range) of gases
such as NO

2
, NH
3
, O
2
, H
2
, CO
2
, and CO [31–38]. The high

sensitivity of graphene-based gas sensors can be attributed

to the fantastic electrical properties, small size, high surface
area, and large gas-adsorption capacity of graphene-based
composite.

In previous work, the synthesis of ultra large graphene
oxide sheets based on a novel solution-phase method involv-
ing preexfoliation of graphite was reported [39]. In this
work, CdS nanoparticle and GO were synthesized separately
and CdS/RGO composites are fabricated through mixing
the solutions and the photoreduction of composite under
visible irradiation for 2 hours.Then considering the large spe-
cific area and high carrier mobility, CdS nanoparticle/RGO
composites are used to fabricate a sensing device for CO

2
.

For fabrication of the sensing devices, CdS/GO solution
after irradiation with various amounts (CdS/GO (1%), CdS
(3%), and CdS/GO (5%)) is drop-casted onto Al electrode
with silicon substrate for comparison and finding the opti-
mum one. Furthermore, we investigate the effect of thermal
annealing as a posttreatment of CdS/RGO films. Thermal
annealing is performed using an annealing oven with N

2

atmosphere at 300∘C. FTIR, Uv-Vis, XRD, and 4-point probe
are used to characterize the reduction of graphene oxide.The
gas sensors based on present CdS/RGO composite showed
capability of detecting CO

2
at a level of parts-per-million

(ppm) concentration with high sensitivity and fast response.

2. Experimental Details

2.1. Materials. Natural graphite flakes (∼325mesh, 99.8%)
were purchased from Alfa Aesar (America). Sulfuric acid
(H
2
SO
4
, 98%), phosphoric acid (H

3
PO
4
, 85%), potassium

permanganate (KMnO
4
, 99.5%), peroxide (H

2
O
2
, 30%),

hydrochloric acid (HCl, 36–38%), ethanol (99.7%), EDA
(99%), and Rhm B (AR) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Cadmium
nitrate (Cd (NO

3
)
2
⋅4H
2
O, 99%) was obtained from Jin Shan

Ting Xin Chemical Reagent.

2.2. Synthesis of Graphene Oxide. Graphene oxide was pre-
pared by amodifiedHummersmethod as reported previously
[40]. Briefly, concentrated H

2
SO
4
(69mL) was added to a

mixture of expanded graphite (3 g) and NaNO
3
(1.5 g), and

themixturewas cooled to 0∘C in an ice bath.Then 9 gKMnO
4

was slowly added to the mixture with stirring and cooling;
therefore, the temperature of the solution was kept below
20∘C, and the temperature was then increased up to 35∘C
while stirring for 30min. Then, 138mL of water was added
slowly, because exothermic process temperature reached
98∘C. External heating was also introduced to maintain the
reaction temperature at 98∘C for 15min; after that, the heat
was removed and the reaction was cooled using a water bath
for 10min. After that, an additional 420mL of distilled water
was added to the reaction vessel, followed by the addition
of 3mL of 30%H

2
O
2
. The solid product was separated by

centrifugation in high speed and washed repeatedly with 5%
HCl solution and distilled water. The synthesized graphite
oxide was dried in an air oven at 70∘C overnight. To prepare
graphene oxide, the synthesized graphite oxide was dispersed
in distilled water to make a yellow-brown dispersion, and
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Figure 1: Schematic steps of gas sensor fabrication.

the exfoliation of graphite oxide to make graphene oxide was
achieved by mild sonication in a bath sonicator for 30min.

2.3. Synthesis of CdS Nanoparticles. Nanoparticles of CdS
were synthesized in an aqueous medium through chemical
precipitation technique starting from cadmium sulfate and
thiourea, using triethanolamine as complexing agent. In
a typical procedure, aqueous solution of cadmium sulfate
(0.1M) was prepared. While stirring this solution, an appro-
priate quantity of triethanolamine was added to obtain a
stable Cd-TEA complex. The pH of the reaction mixture
was adjusted to about 10.5 using sodium hydroxide. Then
aqueous solution of thiourea was added to reaction mixture
and the reaction mixture was kept in an oil bath at a suitable
temperature. After 1 h, the precipitates were harvested by
centrifugation, washed several times using deionized water,
and then dried in oven at 70∘C for 12 h.

2.4. Visible Light-Assisted Reduction of Graphene Oxide in CdS
Suspension. In this work, we prepared a mixture of graphene
oxide and colloidal CdS nanoparticles. 14mg of graphene
oxide was dispersed in 7mL ethanol under ultrasonic dis-
solved (TECNO-GAZ, S.P.A, Italy) method for 40min to
form a graphene oxide solution. A homogeneous brown GO
solution was obtained, and no particle was observed. CdS
colloidal suspension (10mM) in ethanol was prepared for
comparison, and different amount of GO (CdS/GO-1 wt%,
CdS/GO-3wt%, CdS/GO-5wt%, and CdS/GO-50wt%) was
added to the solution, stirred, and sonicated for 60min to

produce dispersion of graphene oxide sheets coated with the
CdS nanoparticles. Visible irradiation of the CdS-graphene
oxide (CdS-GO) samples was performed using home-made
reactor equipped with a 300W halogen lamp. The samples
were subjected to visible irradiation for 2 hours.

2.5. Sensor Fabrication. Investigating the CO
2
gas sensing

properties of visible light-assisted photocatalytic reduction
of graphene oxide using CdS nanoparticles based sensor
(in-plane resistive) was fabricated via a two-step procedure.
The first step was to fabricate microscale Au electrodes and
deposition onto silicon substrate. By the PVD method Au
electrodes deposited onto silicon substrate. The thickness
of Au electrodes is about 200 nm and with 50𝜇m space of
each. The next step was the fabrication of the sensor using
CdS/GO nanocomposite as the CO

2
-sensing material, in

which drop-casting was adopted with the different solutions
(CdS/GO-1%, CdS/GO-3%, CdS/GO-5%, andCdS/GO-50%)
after irradiation activity. Figure 1 illustrates configuration of
the sensor with the CdS/GO composite. A drop of CdS/GO
solution was dripped on the Au electrodes through a pipette.
Then the sensor was backed for 30min in a furnace at 80∘C
in the nitrogen atmosphere. Moreover, in order to perform
thermal annealing process the films are exposed to 300∘C at
N
2
atmosphere.

2.6. Characterization of Materials. The crystallographic
structural analysis was carried out by X-ray diffraction
(XRD)method. PowderXRDpatternswere taken on a Philips
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Figure 2: Experimental setup for measurements performed using the CdS/RGO composite-based CO
2
gas sensor.

X’Pert Pro diffractometer using a Ni-filtered CuK𝛼 radiation
(𝜆 = 0.154056 nm) over the 2𝜃 range of 0∘ to 80∘ and using
35mA and 40 kV current. Fourier-transformed infrared
(FT-IR) spectroscopy (KBr) was collected using a Bruker,
IFS-66/S over the wavenumber range of 4000–400 cm−1.
For characterization of the GO, Raman spectra of the GO
were observed with a Nanofinder 30 (Tokyo Instruments
Co., Osaka, Japan). Scanning electron microscopy (SEM)
images were taken on leo 1455vp. Absorption spectra were
taken on a UV-Vis-spectrophotometer (Perkin-Elmer,
Lambda EZ201, USA). The conductivity of sensing layer was
measured for electrical characterization of the composite
films using a four-point probe. DekTak 8000 profilometer
was used to determine the thickness of nanocomposites. The
measurement of ionization potential and the electron affinity
of the CdS and GO was executed using a cyclic voltammetry
(CV, CH Instruments-611C) [39, 41].

2.7. Sensing Response Characterization. The CO
2

gas
response characteristics of the optimized CdS/RGO
composites were investigated by recording their electrical
responses upon exposure to flows of dry air and CO

2
gas at

room temperature. Gas flows containing controlled analyte
vapors were injected into the chamber by a mass flow
meter (Alicat scientific, Tucson, USA). Dry air was used
to flush the device between exposures to CO

2
-containing

gas flows (Figure 2). 𝐼-𝑉 measurements of sensor devices
were recorded with a Keithley (238 Hight Current Source
Measure Unit) multimeter and sensitivity was defined by the
following equation:

Sensitivity = normalized current =
𝐼air
𝐼gas
, (1)

where 𝐼gas is the current of the sensor when exposed to CO
2

gas and 𝐼air is the initial current of the sensingmaterials when
exposed to air dry at 0.2 applied voltage.

3. Results and Discussion

Raman spectra are commonly used to characterize graphene-
based materials. The Raman spectra of the graphitic systems
have two main peaks: the peak at ∼1575 cm−1 is the G-
band, which corresponds to the planar configuration of sp2
bonded carbon that constitutes graphene, and the peak at
∼1352 cm−1 is the D-band, representing structural disorders
defect that breaks the translational symmetry (like impurity,
functionalization, structural defect, etc.) [41, 42]. Figure 3
presents the micro-Raman spectra of GO which shows the
G-band and D-band of GO at approximately 1575 cm−1 and
1352 cm−1. The appearance of G peak of GO at a higher
regionwas ascribed to the extensive oxidation of graphite and
destruction of its periodic structure.

Figure 4(a) shows the SEM image of the primal sample
of CdS nanoparticle with flake layer structure. SEM of the
CdS clearly shows the formation of fine spherical particles of
CdS which the majority size of the CdS nanoparticles was in
the range of about 20 nm. The corresponding SEM image of
GO is presented in Figure 4(b). The GO sheets had a lateral
size predominantly on the order of 30–70𝜇m, with many
of them being even larger than 100 𝜇m and up to 300 𝜇m.
However, fragments of smaller GO sheets, typically 10–20𝜇m
in diameter, were also observed, which are thought to be
inevitable due to breakages during the exfoliation process.

Figure 5 shows the FT-IR spectra of GO (black one),
the powder of CdS (red one), the mixture of GO/CdS
(green one), and a RGO/CdS mixture reduced by visible
light (blue one) as produced using the reported method.
For GO, the characteristic peaks appear at 3422 cm−1 (O–
H stretching vibrations), 1743 cm−1 (stretching vibrations
from C=O), 1632 cm−1 (skeletal vibrations from unoxidized
graphitic domains), 1416 cm−1 (C–O carboxy), 1220 cm−1 (C–
O epoxy), and 1150 cm−1 (C–O stretching vibrations). In the
CdS spectrum, the peak at 3420 cm−1 is assigned to O–H
stretching of absorbed water on the surface of CdS. The
presence of water is confirmed by its bending vibration at
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Figure 4: SEM micrograph of as-prepared CdS nanoparticles (a)
and GO (b).

1625 cm−1. The peak at 1402 cm−1 and 665 cm−1 due to C–
S, Cd–S, and S–S was also detected from the FT-IR spectra.
Furthermore, as can be seen from green one the presence
of different types of oxygen functionalities in GO/CdS was
confirmed (such as O–H, C=O, and C–O). However, in the
FT-IR spectrum of CdS/RGO, the characteristic absorption
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Figure 5: The FTIR spectra of GO, CdS, CdS/GO, and CdS/RGO.

bands of C=O, C–O, and O–H decreased dramatically,
demonstrating that GO has been reduced.

Ethanol suspensions of GO and CdS nanoparticles were
exposed to visible light. The solutions were exposed to
nitrogen for approximately 15min.The air should be removed
from system since dissolved oxygen competes for the pho-
toinduced electron; thus, it can cause the reduction of GO
to be ineffective. As the CdS-GO suspension in ethanol was
irradiated with visible light, the change in color from yellow
to dark black was shown (Figure 6). This change in color is
very similar to the color change observed during the chemical
reduction of graphene oxide and it can be attributed to the
reduction of graphene oxide. As discussed earlier, this color
change is indicative of “partial restoration of the (conjugated)
𝜋 network” in the graphene sheets [43]. Also no such color
changes could be seen if we irradiate a graphene suspension
in ethanol without CdS which shows the vital effect of CdS in
reducing the solution.

Figure 6(a) shows the absorption changes seen during
the visible irradiation of a CdS-GO nanoparticle suspension,
respectively. The inset in Figure 6(b) shows the growth of
absorption at 300 nm. The shift in absorption occurs as a
consequence of the darkening of solution and is maximized
after approximately 120min of irradiation which shows the
finishing of reduction. It should be noted that a maximized
color change does not necessarily correspond to a complete
reduction. Additional exposure of UV light is crucial to
maximize the reduction of GO.

The photocatalytic properties of semiconducting CdS
particles are well known [30]. A similar reaction was previ-
ously reported for TiO

2
-graphene and ZnO-graphene com-

posites [43, 44]. The schematic of reaction is shown briefly
in Figure 7. GO sheet is covered with mostly epoxide (1,2-
ether) and OH groups on its sheets and thus can be treated
as a semiconductor with a large band gap. When CdS is
exposed to visible light, it absorbed visible light considerably.
Then, the photoinduced electron-hole pairs are generated
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which cause a great enhancement of the local electromagnetic
fields near the rough CdS surface by photoexcited metallic
“electrons” and “holes.” In the presence of ethanol the holes
are scavenged to produce ethoxy radicals, thus leaving the
electrons to accumulate within CdS particles (reaction (2)).
Consequently, these photoexcited electrons are injected into
the conduction band of GO, leading to the reduction of the
functional groups in GO as well as the oxidation of CdS
NP (reaction (3)). In fact, it was previously shown that the
electrons stored in CdS nanoparticles are readily scavenged
by carbon nanostructures such as fullerenes and carbon
nanotubes [14, 45, 46].Thework functionsGO is−4.8 eV.This

value and the conductive and valance band of CdS are listed
in the energy diagram shown in Figure 7. The energy barrier
between GO and CdS was about 1 eV. The work function of
GO is lower than the conductive band of CdS.Therefore, GO
acts as an electron acceptor in this system:

CdS + ℎV → CdS (ℎ + e)

Ethanol
→ CdS (e) + C

2
H
4
OH∙ +H+

(2)

CdS (e) + graphene oxide → CdS + graphene reduced
(3)
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Furthermore, the ethoxy radicals produced during the
hole oxidation step are also reductive in nature and thus
result in the reduction process [14]. No such reductive
radicals are produced in the absence of CdS. In the present
experiments graphene oxide, with its oxygen groups (epoxy
and carboxylate), readily interacts with CdS particles and
undergoes reduction under visible irradiation. Interactions
between the groups in CdS and the functional groups of GO
(hydroxyl, carboxyl, and epoxy groups) facilitated the basis
to obtain CdS-graphene composites. In addition, it enables
us to explore a photocatalytic reduction procedure to obtain
reduced graphene sheets in solution.

The crystallographic structural analysis was carried out
by X-ray diffraction (XRD) method. Powder XRD patterns
were taken on a Philips X’Pert Pro diffractometer using a Ni-
filtered CuK𝛼 radiation (𝜆 = 0.154056 nm) over the 2𝜃 range
of 0∘ to 80∘ and using 35mA and 40 kV current. The XRD
pattern of the precipitated GO was illustrated in Figure 8
(black curve). The XRD pattern of GO shows an intense and
sharp peak centered at 2𝜃 = 10.2∘, corresponding to a 𝑑-
spacing of about 8.78 Å according to Bragg’s law: 2𝑑 sin 𝜃 =
𝑛𝜆, where 𝑛 is an integer determined by the given order and 𝜆
is the wavelength.The increase in interplanar distance of GO
compared with the graphite is due to the existence of oxygen
functional groups and some other structural defects. The
XRD pattern of the precipitated nanoparticles was illustrated
in Figure 8 (red curve). The CdS sample shows four broad
diffraction peaks attributed to the hexagonal phase of the
CdS. These broad peaks even overlap with their neighbors,
indicating that the sizes of the particles are in nanorange and
are poorly crystallized. Moreover, Figure 8 (orange curve)
shows the XRD patterns of CdS/GO 1wt% before and after
reduction using visible-light irradiation. In GO the large
interlayer distance has been attributed to the formation
of hydroxyl, epoxy, and carboxyl groups. With reduction,
the interlayer distance is expected to contract due to the
removal of such functional groups. Using visible-assisted
light irradiation after 2 hours, the peak of the large interlayer
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distance is removed from 2𝜃 = 10.2; see Figure 8 (pink
curve). This shows that most of the functional groups in GO
were removed and it confirms that the graphene oxide was
reduced using CdS nanoparticle and visible-light irradiation.

In order to further study, UV-vis absorption spectra
were employed to investigate the optical properties of the
CdS/RGO composites. As shown in Figure 9, CdS nanopar-
ticles display a shoulder around 480 nm, indicating that the
band edge is about 2.58 eV, which is close to the band gap
energy of CdS crystal (2.42 eV). Compared with pure CdS, as
we expected, the CdS/RGO exhibits a CdS absorption peak
and enhanced absorption intensity especially in the visible-
light region with the increase of GO; their scattering also was
enhanced, which is due to the slope changes in the region
ranging from 600 nm to 800 nm.

In Figure 10 the 4-point probe conductivity measure-
ments of as-prepared films with different ratio of graphene
oxide in CdS solution, before and after UV-Vis photoreduc-
tion and annealing, are shown. The thickness of films was
approximately ∼10 𝜇m. As it can be seen from Figure 10,
the conductivity of CdS/GO composite (5 wt%) film before
visible-light irradiation is very low, though the conductivity
of films with 1 wt%, 3wt%, and 5wt% GO after reduction
considerably increased to 34, 22, and 12.8 S/cm, respectively.
This improvement in conductivity is attributed to the pho-
toreduction of GO by CdS. It is discussed before that this
resistance decrement is caused by elimination of hydroxyl
groups in GO structure [47]. Furthermore, as it can be
seen from Figure 10, by increasing the amount of GO up to
50% the conductivity of the films was decreased remarkably.
This decrement is attributed to incomplete photo reduction
process due to exorbitance increasing of GO sheets.The elec-
trons, which are released from the surface of nanoparticles of
CdS by irradiating visible light, are not enough to access all of
the GO sheets and consequently reduce them. Therefore the
CdS/GO ratio should be optimized in order to maximize the
conductivity of prepared films.
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Annealing is generally known as a method to increase
the conductivity of graphene films by further reduction of
GO sheets [48]. The effect of the annealing is shown in
Figure 10 (blue bar). As can be seen, annealing process leads
to conductivity improvement of prepared films. The oxygen-
containing functional groupswere removed during annealing
and caused decrease in the size of sp

2
domains which can be

further removed in this process [48].
Figure 11 shows the 𝐼-𝑉 measurement of sensors with

different ratio of graphene oxide in CdS solution, before
(CdS/GO) and after (CdS/RGO) irradiation, is in good
agreement with the 4-point probe observations. As it can be
seen from voltage-current index, resistance of sensor with
CdS/GO composite (5 wt%), before visible-light irradiation,
is about 1000KΩ at a constant voltage (0.2 V) (Figure 11)
which is much higher than the resistance of sensors after
photoreduction. This decrement verifies photo reduction

process. It is discussed before that this resistance decrement is
caused by elimination of oxygene groups inGOstructure.The
𝐼-𝑉 characteristic of a sensor in which CdS/RGO (5wt%),
CdS/RGO (3wt%), andCdS/RGO (1 wt%) are used as sensing
materials after irradiation indicates that the resistance of
sensors with this composite is about 210, 324, and 420KΩ,
respectively. But as it is shown in Figure 11, by increasing
the amount of GO up to 50% the resistance of the sensor
was increased remarkably (about 810 KΩ) which is attributed
to incomplete photo reduction process due to exorbitance
increasing GO sheets. The electrons which are released from
the surface of nanoparticles of CdS by irradiating visible light
are not enough to access all of theGO sheets and reduce them.
Therefore the CdS/GO ratio should be optimized so that the
maximum conductivity will be gained.

3.1. Effect of Annealing on Sensitivity of Gas Sensors. The sen-
sitivity (normalized current) of the sensors before and after
photoreduction and annealing plotted versus concentration
of CO

2
(ppm) is shown in Figure 12. As can be seen, by

annealing the sensitivity of sensors is increased considerably
which can contribute to the improvement in conductivity and
the feasibility of electron mobility in surface area.

3.2. Response of the Sensor with Optimized CdS/RGO
Nanocomposite. The 𝐼-𝑉 changes of the sensors with opti-
mized CdS/RGO thin film as sensing material were plotted
versus concentration of CO

2
(ppm) as shown in Figure 13.

According to 𝐼-𝑉 measurement, we find a response of
𝐼air/𝐼gas ∼ 2.32 at 1000 ppm CO

2
. Upon a 250 s exposure to

CO
2
gas, the sensors were found to exhibit a strong positive

vapor coefficient behavior by giving a large change in current,
followed by a recovery of over 250 s of purge with dry air.
The response time of CO

2
gas detection is about 10 s. The

response time is defined as the time taken for the relative
conductance change to reach 90% of the steady-state value.
The average recovery time is about 22 s. The short recovery
time can be attributed to the weak interaction between
the CO

2
gas molecules and graphene. The interaction of

graphene with CO
2
has many differences compared to the

interaction of graphene with other gases (such as NH
3
and

NO
2
), and therefore high-temperature annealing in vacuum

is not required to remove the adsorbed CO
2
gas molecules

[5].
Furthermore, as can be seen from Figure 13, the sensors

provide well sensitivity with high linearity and reversibility
and results show that using solution of CdS/GO (5wt%)
has more sensitivity due to its higher conductivity. Also the
sensitivity of the sensors depends on the gas concentrations
and improves by increasing the amount of gas concentrations
from 200 ppm to 1000 ppm. The CO

2
gas molecule adsorp-

tion on a graphene sheet can induce an increase in graphene
conductance. The CO

2
gas molecule plays a donor/acceptor

role on the graphene sheet. The graphene conductivity
changes indicate a carrier transfer between CO

2
gas and the

graphene sheet.Therefore, the physical adsorption of CO
2
gas

on the graphene sheet plays an important role on the sensing
mechanism.
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Figure 12: Sensitivity of gas sensors to various concentrations of
CO
2
and effect of annealing. (a) Before annealing and (b) after

annealing.

4. Conclusion

In summary, CdS/RGO composites were successfully fabri-
cated by a simple method. The electron transfer from excited
CdS nanoparticles toGO is effective in carrying out reduction
and decreasing the resistivity of chemically functionalized
graphene films. The photocatalytic method offers a new and
soft method of reduction as compared to the conventional
approach of using elevated temperatures or strong reducing
agents for reducing graphene oxide. In addition the binding
of the oxide particles keeps the exfoliated graphene sheets
from the collapse after the reduction step. Furthermore, our
investigation confirms that annealing was not effective to
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Figure 13: Sensitivity (a) and response (b) of gas sensors with
optimized CdS/RGO nanocomposites to various concentrations of
CO
2
.

remove oxygen groups which leads to conductivity improve-
ment and also increase of the sensor performance. The
promising application as a gas sensor for CO

2
was also

selected as a preliminary test of the electrocatalytic behavior
of CdS nanoparticle/RGO composites. These sensors are low
cost and show a rapid and highly sensitive response. In
addition, in order to further study we examine the effect of
GO concentration in reduction and device performance.
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