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Abstract
In the present paper, the effect of reduced graphene oxide (rGO) and carbon nanotubes (CNTs) on the gas-sensing proper-
ties of Co3O4 has been reported. The Co3O4/CNTs@rGO composite was synthesized using hydrothermal method. Samples 
were characterized by high resolution transmission electron microscope, Raman spectroscopy, Fourier transform infrared 
spectroscopy, differential thermal analysis, thermogravimetric analysis, Brunauer–Emmett–Teller surface area, and Bar-
rett–Joyner–Halenda pore size measurements. The X-ray diffraction measurements confirmed the formation of the Co3O4 
spinel structure. The Co3O4/CNTs@rGO exhibited mesoporous structure and high specific surface area of 92.9 m2/g. The 
gas-sensing properties of the synthesized composite are evaluated toward volatile organic compounds (VOCs). The gas-
sensing tests revealed that the prepared composite showed a remarkable response to ethanol at room temperature compared 
to other volatile organic compounds with fast response time. Due to the intriguing merits characteristics, Co3O4/CNTs@rGO 
composite could achieve remarkable sensitivity to VOCs especially ethanol, demonstrating great potential in next-generation 
room-temperature gas sensor based on P-type semiconductor.
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1  Introduction

Gas sensors are widely utilized in everyday life events 
including environmental pollutants monitoring, home secu-
rity, public health, and automotive gas emission [1–4]. The 
detection of harmful gases and particularly VOCs is becom-
ing a great challenge [5]; accordingly the new technologies 
must be utilized to develop fast response, selective and 

room-temperature operated gas sensors. Many trials were 
made to enhance the sensitivity of gas sensors which is a 
critical parameter to satisfy the needs of detection of toxic 
and harmful gases [6]. Recent research and development 
in nanotechnology enabled scientists to implement Co3O4 
nanostructure in various applications [7] including Li-ion 
battery [8], super capacitor [9, 10], catalytic oxidation, and 
seawater splitting electrode [11].

Currently a great attention is directed toward n-type semi-
conductor, while the gas-sensing properties of the p-type 
semiconductors acquired little attention in gas sensor appli-
cations, [12]. Among different p-types of semiconductor 
materials, nano-structured Co3O4 with different morpholo-
gies have been tested as VOCs sensor due to its high cata-
lytic activity and low fabrication cost [13–16], nevertheless 
the optimum working temperature still relatively high. The 
sensing mechanisms of metal oxide gas sensors rely on the 
adsorption/desorption processes which mainly occur on 
the outer layer and determine the response of the sensors. 
Since the sensitivity of the sensor depends on the shape, 
size and surface area, therefore 1-dimensional nano-struc-
tured materials with high aspect ratio are promising candi-
dates for gas sensor applications [17, 18]. Nanomaterials 
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and especially carbon nanomaterials (graphene and carbon 
nanotubes) possess amazing properties that enable them to 
be marvelous candidates for sensing applications especially 
when alloyed with other metal oxide semiconductor [19, 
20]. Carbon-based materials can form nanocomposites for 
several applications; the most recent of them are for sens-
ing properties owing to their unique surface properties [21]. 
Significant efforts have been devoted to utilize Co3O4/gra-
phene nanocomposite for energy storage applications like 
supercapacitor and Li-ion battery [22, 23]; however, little 
attention focused on gas sensor application.

The gas-sensing mechanism of the Co3O4 nanostructures 
was studied related to its microstructural factors such as spe-
cific surface area and pore size. Co3O4 and its compounds 
have porous form and modified surfaces that are important in 
adsorption and desorption processes encourage its applica-
tions in the field of gas sensors [3, 24].

To get a novel structure with enhanced sensitivity, Co3O4 
alloyed with rGO and CNTs was synthesized using hydro-
thermal method. In light of the above considerations, the 
present work aims to reduce the working temperature of 
Co3O4 and evaluates its response toward VOCs. Charac-
terizations like X-ray diffraction (XRD), Fourier transform 
infrared (FTIR), Raman, high resolution transmission elec-
tron microscope (HRTEM) and thermal analysis were used 
in this study to prove the successful synthesis of rGO/CNTs/
Co3O4 nanocomposite.

2 � Experimental

Cobalt nitrate hexahydrate was purchased from Alpha 
Chemka, Urea was obtained from El-Nasr pharmaceutical 
Co. Ammonium fluoride was purchased from Lobal Che-
mie. All chemicals were used as it is without any purifi-
cation or treatment. CNTs synthesized by floating-catalyst 
chemical vapor deposition method and functionalized with 

COOH group. GO was synthesized by modified Hummer 
method. All details concerning MWCNTs and GO synthe-
sizing were reported in our previous work [25, 26]. 2.91 g 
of Co(NO3)6H2O was dissolved in 50 ml distilled water for 
10 min using magnetic stirrer, subsequently 1.92 g of ammo-
nium fluoride was slowly added over 10 min. 75 mg of GO 
and 75 mg of MWCNTs was suspended in 50 ml H2O using 
ultrasonic waves for 30 min. The above two solutions were 
mixed for 2 h and aged for 24 h at room temperature. 5 g of 
urea in 20 ml H2O was added drop wise to the mixture over 
1 h. The overall resultant solution was transferred to 100 ml 
autoclave and kept at 120 °C for 24 h. The black precipitates 
were collected by filtration, washed several times and dried 
in air at 60 °C for 12 h. Finally, the black Co3O4 CNTs@rGO 
was obtained by calcination of the as-prepared precipitates 
at 300 °C for 1 h in air as shown in Fig. 1. The calcination 
temperature was decided based on thermogravimetric analy-
sis (TGA) measurement data.

3 � Characterization Techniques

•	 The microstructures were examined by a HRTEM (FEI 
Tecnai G2 F20) operated at 200 kV.

•	 The crystal structure was identified using Philips XRD 
diffractometer (PW3050/60) with Cu Kα radiation 
(λ = 0.15406 nm).

•	 Raman spectra was collected by (SENTERRA—Bruker, 
Germany) instrument with laser source (Nd:YAG) at 
wavelength 532 nm.

•	 The molecular structure was investigated by FTIR spec-
trophotometer Vertex 70, Bruker Optik, Germany.

•	 Thermal analysis including differential thermal analysis 
(DTA) and TGA was measured via STD Q-600 thermal 
analyzer under air atmosphere in the temperature range 
from room temperature (RT) up to 800 °C.

Fig. 1   Schematic representation 
of preparation process
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•	 Brunauer–Emmett–Teller (BET) surface area and Bar-
rett–Joyner–Halenda (BJH) pore diameter distribution 
were conducted using Quantachrome NOVA analyzer 
instrument.

4 � Results and Discussions

HRTEM was utilized to confirm the morphology of the 
resultant composite as shown in Fig. 2a, b, c. The HRTEM 
observations demonstrated that the resultant composite 
contains semispherical Co3O4 particles attached to both the 
CNTs and the rGO surfaces. The rGO sheets are densely 
covered by Co3O4 nanoparticles, while the CNTs are par-
tially loaded with Co3O4. The HRTEM image of Fig. 2a 
indicates that the crystalline semisphere of Co3O4 with an 
average size of about 9–15 nm covers the outer surface of 
the CNTs and the rGO. The selected area electron diffraction 

(SAED) pattern of Co3O4 nanoparticles is shown in Fig. 2d. 
The bright spots on concentric circles in the SAED con-
firmed the crystalline nature of Co3O4 nanoparticles.

XRD analysis was performed for the resultant phase iden-
tification as shown in Fig. 3. The diffraction peak at 25.29°, 
corresponds to (002) crystal planes of graphite, indicating 
the presence of rGO and CNTs. The interplanar spacing cor-
responding to the (002) peak of rGO (0.368 nm) is larger 
than that of standard graphite (0.335 nm) giving confirma-
tion that oxygen-containing functional groups had been gen-
erated, providing additional intercalation sites for adsorp-
tion of gas molecules and therefore promoting enhanced gas 
sensing performance [27].

The diffraction peaks at 31.3, 36.7, 44.8, 59.1, 65.1° can 
be indexed to (220), (311), (400), (511) and (440) (JCPDS 
No. 43-1003) indicating the formation of Co3O4 [28–30]. 
No other diffraction peaks belonging to any impurities were 
observed, indicating high purity of the composites.

Fig. 2   a, b, c The HRTEM of Co3O4/CNTs@rGO composite and d the SAED of Co3O4 nanoparticles
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Spectroscopic techniques including Raman and FTIR 
were used to ensure the crystal structure of the prepared 
composites. The structure of Co3O4 with Co2+ (3d7) and 
Co3+ (3d6) located at tetrahedral and octahedral sites, respec-
tively, belongs to the space group (Fd3m). The group theory 
predicts the following modes in the spinel structure:

where (R), (IR) and (in) represent Raman active vibra-
tions, infrared-active vibration and inactive modes, 
respectively.

The Raman spectra of the Co3O4/CNTs@rGO compos-
ite are shown in Fig. 4, in which the G\, G and D peaks 
were observed at 2680 cm−1, 1568 cm−1 and 1340 cm−1, 
which are associated with second-order process activated 

Γ = A1g(R) + Eg(R) + F1g(in) + 3F2g(R) + 2A2u(in) + 2Eu (in) + 4F1u(IR) + 2F2u(in),

by double resonance (DR) processes, sp2 hybridization of 
carbon atoms and disorder due to the defects induced on the 
sp2 hybridized sheet, respectively [23, 31, 32]. The Raman 
shifts at 663, 505, and 469 cm−1 correspond to A1g, F2g, 
and Eg vibration modes of Co3O4 respectively [30].

The FTIR spectra of Co3O4/CNTs@rGO are shown in 
Fig. 5 in the investigated region (4000–400 cm−1). The 
obtained spectra manifested the presence of two bands at 
566 cm−1 and 662 cm−1, corresponding to vibrations in the 
Co3+ and stretching vibrations in the Co2+ which confirm 
the formation of Co3O4 spinel oxide. In addition to Co3O4 
bands, FTIR also exhibits several characteristic bands of 
oxygen-containing groups. The band at 2361 cm−1 can be 
associated with the O–H stretch from strongly hydrogen-
bonded –COOH.

The band at 1558 cm−1 is related to the carboxylate anion 
stretch mode [33]. The band at 1340 cm−1 could be ascribed 
to C=O stretching vibrations [34]. It can be seen that the 
spectrum retains a broad band centered at 3400 cm−1, which 
is attributed to the residual O–H groups of rGO. These 
results confirmed the existence of CNTs, rGO as well as 
crystalized Co3O4 nanoparticles as confirmed by HRTEM 
and XRD measurements.

Thermal analysis in terms of DTA and TGA shown in 
Fig. 6 was conducted from RT up to 800 °C under air atmos-
phere. For DTA measurement, one exothermic peak rang-
ing from 427 to 537 °C with peak value at 500 °C could 
be attributed to the consumption of rGO and CNTs. It was 
observed that the oxidation temperature of CNTs shifted to 

Fig. 3   XRD of Co3O4/CNTs@rGO composite

Fig. 4   Raman spectrum of Co3O4/CNTs@rGO composite Fig. 5   FTIR spectrum of Co3O4/CNTs@rGO composite
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lower value, and this could be due to the initial temperature 
of the oxidative process of CNTs directly related to the pres-
ence of lattice defects arising from hydrothermal treatment; 
the less the defects, the higher the decomposition tempera-
ture [25]. The mass ratio of Co3O4 loaded on CNTs/rGO was 
estimated based on TGA measurement to be 34 wt%.

The specific surface area and pore size of Co3O4/CNTs@
rGO composite estimation using the N2 adsorption–desorp-
tion measurements was performed at a relative pressure of 
0.1–1.0 as depicted in Fig. 7. It was observed that according 
to IUPAC classification, the composite displayed type III 
isotherm with H3 adsorption hysteresis loop. The specific 
surface area of the Co3O4/CNTs@rGO composite was cal-
culated by BET method to be 92.88 m2/g while the corre-
sponding BJH pore-size was estimated by BJH to be 2 nm 
indicating the presence of a mesoporous structure [12, 35]. 
The mesoporous structures have been reported to show very 

high gas responses and rapid gas responding kinetics, which 
are attributed to their high surface area and well-defined 
porous architecture, respectively [36].

4.1 � Sensing Response

200 mg of the Co3O4 CNTs@rGO composite was suspended 
in 1 ml of distilled water and grounded in agate mortar for 
5 min in order to form a homogeneous past. Two copper 
wires were attached to the surface of the FTO substrate via 
two copper foils coated with conductive adhesive. A proper 
amount of the composite was applied onto an FTO substrate 
and conditioned at 80 °C for 4 h. The fabricated sensor was 
aged at 5V for 36 h before evolution to enhance its stability. 
The concentrations of VOCs were estimated based on the 
following formula:

where MW is the molecular weight of ethanol, D is the den-
sity, V is the chamber volume, and C is the concentration 
in ppm, The gas-sensing experiments were conducted by 
exposing the Co3O4 CNTs@rGO sensor to various concen-
trations of VOC gas.

The electrical resistance variation of the sensor are auto-
matically recorded using Keithley 6485 Picoammeter con-
nected to a computer via RS-232 interface. The normalized 
response (S) of the sensor is determined by

where Rg and R0 are the electrical resistance of the sensor at 
given concentration of VOC gas and air, respectively.

The response and recovery curves of Co3O4/CNTs@rGO 
sensor toward different VOCs (Ethanol, Methanol, Acetone, 
Toluene, and Heptane) at 50 ppm are shown in Fig. 8.

Although the higher response was noticed toward toluene 
but the fabricated sensor was tested toward ethanol. This is 
because ethanol is more widely used in different applica-
tions, and also the sensor responds rapidly to ethanol rather 
than toluene. In Fig. 9, the response to 50 ppm of ethanol gas 
is 1.36%, which is significantly higher than all of the other 
gases except toluene under the same concentration.

The response and recovery curves of the sensor based 
on Co3O4/CNTs@rGO as a function of ethanol gas con-
centration in the range of 10–150 ppm were investigated 
and represented in Fig. 10. The reproducibility of the sen-
sor of Fig. 11 was assessed for sequential four pulses of 
50 ppm ethanol, and the result indicating good reproduc-
ibility with less than 5% drift in response. The ethanol 
sensitivity as function of concentration is represented in 
Fig. 12. The obtained results demonstrated that the sensor 

(1)Vi =
CVMW

22.45D

(2)S =

(

Rg − R0

)

R0

× 100

Fig. 6   TGA and DTA thermogram of Co3O4/CNTs@rGO

Fig. 7   BET and BJH of Co3O4/CNTs@rGO



421Journal of Inorganic and Organometallic Polymers and Materials (2019) 29:416–422	

1 3

instantly reacted with ethanol gas and quickly recovered 
afterward to its initial value after ethanol obstruction. As 
a p-type metal oxide semiconductor, positive holes are 
the main charge carriers for Co3O4. When gas sensors 
based on Co3O4 are tested in air, oxygen molecules are 
adsorbed on the surface to form negatively charged ions 
leading to resistance reduction of gas sensors due to the 
hole accumulation. However, when the sensor is subjected 
to reductive gas such as ethanol, the surface oxygen spe-
cies react with the reductive gas, releasing the electrons 
back to Co3O4. These released electrons neutralize the 
holes in the Co3O4, and hence the resistance of gas sensors 
increases due to the decreased amount of positive holes. 

When the flow of reductive gas is interrupted, the oxygen 
molecules from surroundings are adsorbed on the surface 
of the Co3O4 again, and the resistance of sensors reaches 
its initial values. Owing to the large specific surface area 
and porous structure of Co3O4 CNTs@rGO, the ethanol 
gas molecules could be effortlessly diffused to the active 
sites at first glance and within the material through the 
mesoporous structure. In this work, the modified struc-
ture of Co3O4 CNTs@rGO can enhance the free electron 
exchange rate, lowering down the optimal working tem-
perature and accelerating the diffusion of ethanol through 
the surface of the material.

Fig. 8   Dynamic response of the Co3O4/CNTs@rGO sensor for VOCs

Fig. 9   The comparison of the sensitivities Co3O4/CNTs@rGO sensor 
during exposure to VOCs

Fig. 10   Dynamic response of the of Co3O4/CNTs@rGO sensor for 
ethanol

Fig. 11   Reproducibility of the Co3O4/CNTs@rGO sensor at 50 ppm 
ethanol
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5 � Conclusions

Both CNTs and the rGO, were loaded with Co3O4 
mesoporous nanoparticles via hydrothermal route. The 
HRTEM observations proved that the resultant composite 
contains semispherical Co3O4 particles attached to both the 
CNTs and the rGO surfaces. The XRD analysis indicated 
the formation of pure Co3O4 without any impurities. Spec-
troscopic techniques including Raman and FTIR assured the 
structure of Co3O4 with Co2+ (3d7) and Co3+ (3d6) located 
at tetrahedral and octahedral sites. The mesoporous structure 
of the resultant composite was explicated using BET and 
BJH measurements. The results of gas sensitivity measure-
ments revealed that the sensor responds to VOCs at room 
temperature and recovers to its initial value. The response of 
sensor to 50 ppm of ethanol gas concentration was estimated 
to be 1.36%, with fast recovery time.
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