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The porous flake-like Co304 and Co304/graphene hybrids with different graphene contents were prepared
through a facile two-step method. The field emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM) characterizations proved the tight adherence of graphene sheets to
the surface of porous Co3 04 slices. Gas sensors based on the as-synthesized products were then fabricated
to explore their potential applications. The results indicated that the optimal hybrid exhibited a response
of 26.8% to 5 ppm of NO, at room temperature (RT), which was 2.27 times higher than that of undoped

g?évggergsémphene oxide Co304 (100 °C). The hybrid sensor also showed fast response, excellent selectivity, long-term stability and
C0504 extremely low detection limit toward NO, at RT. The significantly enhanced sensing properties to NO,
Room temperature could be attributed to larger specific surface area, more chemisorbed oxygen species and the coupling
Gas sensor effect between Co304 and graphene in the hybrid. As we all know, as a typical p-type semiconductor, the

NO, gas-sensing properties of Co304 toward oxidizing gases including NO, was rarely reported. We believe
that our work could pave the way for the future design of Co304-based gas sensors for oxidizing gases

detection at low or even room temperature.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

For a long time, gas sensors continuously get the attention of
researchers due to their extensive applications in environmental
monitoring, disease diagnosis and industrial process control. Up
to now, various kinds of metal oxides, including n-type ZnO [1,2],
a-Fe, 03 [3,4], SnO, [5,6], Iny03 [7,8], W03 [9,10] and p-type CuO
[11,12],NiO[13,14],Cry,03 [15,16], Co304 [17,18] have been exten-
sively investigated as gas-sensing materials owing to their superior
stability, low cost, and simplicity in preparation.

Generally, in n-type metal oxide, the adsorption of oxygen
which extracts electrons will induce the generation of electron
depletion layer (EDL) near the grain surface. The gas responses
of n-type metal oxides are determined by the thickness of EDL
and chemoresistive variation at the inter-particle contacts. There-
fore, the gas response increases considerably when the particle
size becomes comparable to, or even smaller than twice of the
EDL thickness [1,19-21]. On the contrary, in p-type metal oxide,
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correspondingly, hole accumulation layer (HAL) is built in virtue
of the ionized adsorption of oxygen near the surfaces of primary
particles. However, the p-type conduction occurs mainly along the
semiconducting shell layers. As a result, the variation of hole con-
centration by interaction with target gases usually leads to limited
gas response [22-25]. As reported, the response of a p-type metal
oxide based gas sensor to a given gas equals the square root of
that of an n-type metal oxide based gas sensor to the same gas
under the premise of the identical morphological configurations
and others [24,25]. That is why p-type metal oxide based gas sen-
sors were less investigated compared to n-type counterparts for
quite some time. Nevertheless, p-type metal oxides are still con-
sidered as potential materials for new chemoresistive gas sensors
due to their unique merits and it also appears more meaningful to
explore high-performance gas sensors based on p-type semicon-
ductors.

Cobalt (I, IIT) oxide (Co3 04 ), with a typical cubic spinel structure,
is composed of a face-centered cubic arrangement of component
ions, where Co2* and Co3* ions occupy one-eighth of the tetrahedral
sites and half of the octahedral sites, respectively [26]. As the most
representative p-type semiconductor, Co304 has been extensively
applied in various fields including catalysis [27-29], energy storage
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[30], gas sensors [26,31-33] and supercapacitors [34]. With respect
to gas sensors, Co304 has been found to be selectively sensitive to
CO and volatile organic compounds (VOCs) on account of its good
catalysis for CO combustion [27,28] and selective oxidation of VOCs
[28]. In fact, the existing Co304 based gas sensors usually operate
at an elevated temperature above 200°C [35], which goes against
the energy-saving principle of practical application. Moreover, the
detection gases of Co304 sensors highly centralize limited kinds
of reducing gases. Scarcely any literatures report its gas-sensing
properties to oxidizing gases such as NO; and Os. In particular, NO5,
as a most common hazardous gas, has given rise to many serious
problems such as acid rain, photo-chemical smog and respiratory
diseases. Therefore, we consider it very essential to explore Co304
based gas sensors with much broader detection range and lower
operating temperature.

Recently, graphene has been considered as an ideal candi-
date in developing room-temperature NO, gas sensors due to its
intrinsic large surface area, high electron mobility and excellent
conductivity under ambient conditions [36,37]. Graphene oxide
(GO) and reduced graphene oxide (rGO), two most important
derivatives of graphene, are more practically applied to realize
room-temperature gas-sensing in view of their cost-effective mass
production and the introduced oxygen functional groups and sur-
face defects, which act as active sites for interaction with gas
molecules [38,39]. For example, a novel 3D graphene aerogel-ZnO
hybrid was reported by Liu et al. [40], which showed a response
of 8% to 50ppm of NO, at RT. Dong et al. [41] prepared the
nanosphere-like a-Fe,03 modified rGO nanosheets by a simple
hydrothermal method, which exhibited a response of 150.63% to
90 ppm of NO, at RT.

In this work, the porous Co304 slices were successfully synthe-
sized. Moreover, different amount of rGO was doped to Co304 to
obtain a series of Co304/rGO hybrids. Characterizations such as X-
ray diffraction (XRD), field emission scanning electron microscopy
(FESEM) and X-ray photoelectron spectroscopy (XPS) were then
carried out, proving the successful binding of two individual com-
ponents. At last, gas sensors were fabricated to test their potential

applications. Inspiringly, through the doping of rGO, the hybrid sen-
sors exhibited an enhanced response to NO, at lower temperature
or even RT compared with undoped Co304. The optimal hybrid
showed a high response of 26.8% to 5ppm of NO, at RT, which
was 2.27 times higher than that of undoped sensor. It also dis-
played fast response, excellent selectivity, long-term stability and
low detection limit toward NO, at RT.

2. Experimental
2.1. Synthesis of materials

All the chemical reagents were of analytical grade (Beijing
Chemical Co., Ltd.) and used as received without further purifica-
tion. Graphene oxide (GO) was synthesized from natural graphite
powder by a modified Hummers method.

A typical process for the synthesis of Co304/rGO hybrid was
illustrated in Scheme 1 and described as follows: Porous Co304
was obtained by a hydrothermal treatment. In a typical procedure,
3 mmol of Co (NO3),-6H,0 was added to 30 mL of deionized water
with constant stirring of 30 min to form a homogeneous solution.
Then 9 mmol of CO (NH;), was added into the above solution and
stirred for another 30 min to mix evenly. At last, the solution was
transferred into a 50 mL of Teflon-lined stainless-steel autoclave
and the reaction system was kept at 160°C for 16 h. After being
cooled to RT, the resulting precipitate was collected by centrifu-
gation, washed with DI water and absolute ethanol several times.
We then froze the product at —40°C for 12 h and freeze-drying to
obtain the rosy powder. After that, the powder was annealed at
600 °C for 2 h with a heating rate of 5°Cmin~1. At last, black Co304
was obtained.

A typical process for the synthesis of the Co304/rGO hybrid was
followed by further treatment. In a typical procedure, 20 mg of the
as-prepared black Co304 powder was added to 20 mL of deionized
water under vigorous stirring for 1 h to form a homogeneous solu-
tion. Then, 200 p.L of GO solution (1 mg/mL) was added slowly to the
above solution using a pipette and continuously stirred overnight
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Scheme 1. Schematic illustration of the preparation of porous Co30;4 slices/reduced graphene oxide hybrid.
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to ensure sufficient binding of graphene sheets and Co304. After-
wards, 200 L of NoHy-H,0 (80%) was added slowly to the mixed
solution. At last, the prepared solution was heated in water bath
at 90°C for 5 h. After being cooled to RT, the resulting precipitate
was collected by centrifugation, washed with DI water and absolute
ethanol several times. We then froze the product at —40°C for 12 h
and freeze-drying to obtain the gloss black powder. After that, the
powder was annealed at 500 °C for 1 h under inert atmosphere with
a heating rate of 5°Cmin~". Similarly, the hybrids containing other
GO amount (500 and 1000 w.L of GO solution, 200 L of NyH4-H,0)
were synthesized using the same procedure, respectively .

The theoretical weight percents of graphene in the as-prepared
hybrids were calculated to be 1.0%, 2.4% and 4.7%, respectively. For
convenience, hereafter, the hybrids containing 1.0wt.%, 2.4wt.%
and 4.7 wt.% of graphene will be labeled simply as 1.0% rGO-Co30y4,
2.4% rGO-Co304 and 4.7% rGO-Co304 throughout the text. More-
over, reduced graphene oxide (rGO) will be called graphene for
short. It should also be specially mentioned that 2.4% rGO-Co304
was found to be most optimal for NO, gas sensing applications with
regard to sensor response, working temperature, response time
and selectivity. Thus, most of the material characterizations of the
hybrids were based on 2.4% rGO-Co304 thereinafter.

2.2. Characterization

X-ray powder diffraction (XRD) analysis was performed on a
Rigaku D/max-2550 X-ray diffractometer with high-intensity Cu
Ko radiation (A =0.154 nm) in the range of 10-75° (20). The energy
dispersive X-ray spectrometry (EDS) data and field emission scan-
ning electron microscopy (FESEM) images were obtained on a
JEOL JSM-7500F microscope operating at 15 kV. Transmission elec-
tron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) were obtained on a JEOL JEM-2100F micro-
scope with accelerating voltage of 200kV. Raman spectroscopy
analysis was conducted on a RENISHAW INVIA Micro-Raman spec-
trometer. The X-ray photoelectron spectroscopy (XPS) data were
recorded on a PREVAC XPS system. The specific surface area was
estimated by the Brunauer-Emmett-Teller (BET) equation based
on the nitrogen adsorption isotherm, which was measured with a
Micromeritics Gemini VII apparatus (Surface Area and Porosity Sys-
tem) with prior degassing of the product under vacuum at 120°C
overnight.

2.3. Fabrication and measurement of the gas sensor

The sensor fabrication process is described in detail as follows.
An appropriate amount of as-prepared powder was mixed with DI
water to form a homogeneous paste, and then the paste was coated
on an alumina ceramic tube (4 mm in length, 1.2 mm in external
diameter, and 0.8 mm in internal diameter), on which a pair of Au
electrodes was installed at each end and each electrode was con-
nected with a pair of Pt wires, to form a thick sensing film. After
drying in air at RT, the device was then annealed at 200 °C for 2 h to
remove the residual water and improve its stability. Then, a Ni-Cr
alloy coil was inserted into the alumina ceramic tube as a heater.
The operating temperature was controlled by adjusting the heating
current that passed through the heater. Finally, the sensor was con-
structed by connecting the corresponding junctions to the socket
of sensor.

The gas-sensing behavior was estimated by a RQ-2 gas-sensing
characterization system under laboratory conditions (30% RH,
25°C).The sensor was placed into an airtight chamber filled with air
at the beginning, and then a calculated amount of the test gas was
injected into another airtight chamber using an injector. Soon after-
ward, the sensor was put into this airtight chamber to react with
the test gas molecules. After the resistance of the sensor keeping

constant for a period of time, the sensor was transferred back into
the original airtight chamber filled with air and began to recover.
The response of the sensor (P-type) in this work was defined as
(Ra —Rg)/Ra to both reducing gases and oxidizing gases. Here, Ra
and Rg were the electrical resistance of the gas sensor in air or in
the presence of test gases. Moreover, the time taken by 90% resis-
tance variation was defined as the response time or recovery time
(Tres OT Trecov)-

3. Results and discussion
3.1. Structural and morphological characteristics

The structures of all the as-prepared samples were first char-
acterized using XRD, which provided insight into their chemical
essence and crystallinity. As shown in Fig. 1 for undoped Co3 0y, its
XRD pattern exhibited very sharp diffraction peaks, indicating the
high crystallinity, and all of the recorded diffraction peaks could
be well-assigned to the cubic Co304 phase with lattice constant
of a=8.08 A, which was in good accordance with those from the
standard JCPDS Card No. 9-418. Obviously, the doping of graphene
didn’t deteriorate the original crystal structure of Co304 since all
the diffraction peaks in the hybrids existed at almost the same 26
position as that for undoped Co304. We didn’t see obvious damp-
ing of the peak intensity, indicating Co304 maintained the good
crystallinity in the hybrids. With the increase of graphene doping
amount, the characteristic broad diffraction peak between 23° and
26°, which corresponded to the (002) plane of rGO [42], could also
be faintly observed.

The morphologies and microstructures of the unsintered inter-
mediate, undoped Co304, and 2.4% rGO-Co304 were analyzed by
FESEM and EDS, images of which were shown in Fig. 2. Before sinter-
ing, the intermediate exhibited a flake-like morphology, stacking
together. In its magnified image (Fig. 2(b)), the flakes of intermedi-
ate displayed a very smooth surface. After sintering, however, the
randomly stacking Co304 slices with a porous structure could be
seen from Fig. 2(c). In Fig. 2(d), we definitely affirmed this structure,
which was beneficial to gas sensing performance by increasing the
surface reactive sites and facilitating the diffusion of target gases.
We speculated that the holes might generate along with the dehy-
dration and shrink process during the high-temperature sintering.
In 2.4% rGO-Co3 04, as Fig. 2(e) showed, porous Co304 slices mixed
evenly with a mass of graphene sheets. In Fig. 2(f), the graphene
sheets revealed a crumpled, rippled morphology, adhering to the
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Fig. 2. (a, b) Low- and high-magnification FESEM images of unsintered intermediate. (c, d) Low- and high-magnification FESEM images of undoped Co304. (e, f) Low- and
high-magnification FESEM images of 2.4% rGO-Co304. (g-i) EDS elemental mapping images of 2.4% rGO-Co304.

Fig. 3. (a, d) Panoramic TEM images of 2.4% rGO-Co304. (b, e) Magnified images of the marked regions in (a) and (d), respectively. (c) Magnified image of the marked region

in (b). (f, g) HRTEM images of the marked regions in (e) and (c), respectively.

surface of porous Co304 slices tightly. In addition, graphene in
Fig. 2(f) combined with Co30, slices in many forms, such as glu-
ing, overlapping and encapsulating, which indicated the successful
doping of graphene to form Co304/graphene hybrid. At last, the EDS
elemental mapping images of 2.4% rGO-Co304 was provided to con-
firm its composition and the spatial distribution of the elements.
Obviously, as shown in Fig. 2(g)-(i), Co, O and C were expectedly
detected as the three main elements existing in the hybrid. It was

also worth mentioning that C element distributed uniformly in the
hybrid, which corresponded to the observation in Fig. 2(e).

In order to acquire more-detailed structural and crystalline
information of the as-prepared samples, TEM and corresponding
HRTEM were also carried out. Two panoramic regions were selected
randomly, shown in Fig. 3(a) and (d). In Fig. 3(a), a large piece
of graphene wrapped some fragmental Co304 particles, exhibiting
a very tight combination, which kept accordance with the above
FESEM observations (Fig. 2(f)). The graphene sheet here was trans-
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Fig. 4. Raman spectra of GO and 2.4% rGO-Co304.

parent, frizzy, and quite plicated, indicating its extreme thinness
and the successful intercalation by Co30,4 particles. Similarly, in
Fig. 3(d), the uniform mixture of graphene and Co304 could be
observed. However, unlike the broken fragments in Fig. 3(a), the
selected hybrid in Fig. 3(d) was comparatively intact. The graphene
sheets covered or attached the surface of porous Co304 slice. We
could catch sight of the permeable holes distributing in Co304
surface, corresponding to Fig. 2(d). As shown in Fig. 3(c), Co304
grains with a well crystalline texture were surrounded by graphene
sheets, which displayed a characteristic curving lattice-fringed
structure. Analogously, in Fig. 3(e), we could also see the clear curv-
ing lattice fringe of graphene. The HRTEM images of Fig. 3(f) and (g),
which corresponded to the marked areas in Fig. 3(e) and (c), showed
the fringe spacing of 0.232 and 0.245 nm, respectively, agreeing
well with the spacing of the (222) and (311) lattice planes of the
cubic Co304 phase.

Fig. 4 showed the Raman spectra of undoped Co304 and 2.4%
rGO-Co304. We could see two common peaks in both spectra,
namely the D band and G band, which were characteristic peaks
of carbon materials [43]. The G band was characteristic of pris-
tine graphene. Differently, the D band was usually assigned to local
defects and disorders especially at the edges of graphite platelets
[43]. In the spectra of 2.4% rGO-Co30y4, the G band (~1584cm™1)
was much closer to graphite (~1580cm~1) compared with GO
spectra (~1591cm~1). The red shift of the G band of 2.4% rGO-
Co304 indicated the restoration of the conjugated 1 systems during
the hydrothermal reaction, namely the successful reduction of GO.
Moreover, the increased Ip/I; intensity ratio of 2.4% rGO-Co304
(~1.17) compared with that of GO (~0.91) demonstrated a decrease
in the average size of the sp? domains after reduction of GO, which
generated a stronger D band signal.

The elemental compositions and chemical states of undoped
Co304 and 2.4% rGO-Co304 were further determined using XPS
spectra as shown in Fig. 5. The sharp peaks in the full scan spec-

Table 1
Fitting results of O 1s XPS spectra of undoped Co304 and 2.4% rGO-Co304.

tra revealed the presence of carbon, oxygen and cobalt elements
in 2.4% rGO-Co304 (Fig. 5(a)). To further understand the electronic
states of the elements, high-resolution spectra were recorded. The
core level spectrum of Co 2p were analyzed using peak fit and
deconvolution. As shown in Fig. 5(b), the high resolution spec-
trum of Co 2p exhibited two characteristic peaks and corresponding
satellite peaks. The two major characteristic peaks with binding
energies at 779.7 and 794.8 eV corresponded to Co 2p3; and Co
2p1 2, respectively [44,45]. The energy gap between the two peaks
was about 15.1 eV (spin orbit splitting), indicating the existence of
both Co?*/Co3* species [46], which was also embodied clearly in
Fig. 5(b). The presence of the two shakeup satellite peaks located
above the two main peaks (789.4 and 804.2 eV) further confirmed
the formation of Co304 crystal phase [47].

A deconvoluted C 1s core level spectrum usually provides evi-
dence for the removal of the oxygen groups and the formation of
graphene. As shown in Fig. 5(c), five different peaks centered at
284.6, 285.6, 286.7, 288.0 and 289.0 eV were observed in the C 1s
deconvolution spectrum of GO, corresponding to C=C/C—C in aro-
matic rings, C—OH (hydroxyl groups), C—0—C (epoxy groups), C=0
(carbonyl groups), and O—C=0 (carboxyl groups), respectively [41].
For 2.4% rGO-Co304 (Fig. 5(d)), the intensities of most C 1s peaks,
especially the peak assigned to C—O—C (epoxy groups), decreased
a lot, indicating considerable de-oxygenation during the reduction
process.

The ability of the sensing materials to absorb and ionize oxygen
species was fundamental to the performances of gas sensors. To
verify the status of oxygen species of the as-prepared products, a
deconvoluted O 1s core level spectrum of undoped Co304 and 2.4%
rGO-Co304 were also conducted. The high resolution XPS spectra of
0O 1sinFig. 5(e) and (f) could be classified to three Gaussian function
peaks, which corresponded to three kinds of oxygen species on the
materials’ surface. The first peak was O component, attributed to
the lattice oxygen species (Co—0). The second peak was Oy compo-
nent in oxygen vacancy regions, and the third peak (O¢c component)
was identified to chemisorbed and dissociated oxygen species [48].
It's worth noting that the same component peak in Co304 and
2.4% rGO-Co304 located at a different binding energy, indicating
an interaction between graphene and Co304 and the close bonding
between them. We also listed the center positions and the rela-
tive percentages of each peak in Table 1. By contrast, obviously,
the percentage of O component of 2.4% rGO-Co30,4 decreased
dramatically compared with undoped Co304. Consequentially, Oy
and O¢c components occupied a higher percentage in the case of
2.4% rGO-Co304. Generally, as we know, O was attributed to the
oxygen ions in the crystal lattice which was thought to be very sta-
ble and had no contribution to the gas response. The increase of
Oy component indicated more defects and active sites existing in
2.4% rGO-Co304, which was advantageous for the gas adsorption
and reaction. The increase of O¢ component in 2.4% rGO-Co304
meant that more surface chemisorbed oxygen species could par-
ticipate in the surface oxidation-reduction reactions, thus causing
a larger change in sensor resistance. Therefore, through the doping
of graphene, the hybrid had more defects and possessed a stronger
ability for adsorbing the ionized oxygen species, also contribut-

Materials Oxygen species

Binding energy (eV) Relative percentage (%)

0.(Co—0)
Oy(vacancy)
Oc(chemisorbed)

undoped Co304

2.4% rGO-Co304 0.(Co—0)
Oy(vacancy)

Oc(chemisorbed)

529.5 71.23
530.74 20.61
532.03 8.16

529.7 43.72
530.99 24.73
532.38 31.55
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ing to its probable high-performance gas-sensing properties when
used as gas-sensing materials.

As we know, the specific surface area is one of the most sig-
nificant parameters for gas sensing materials. On account of the
intrinsic high specific surface area of graphene, deservedly, we
can speculate that the doping of graphene to Co304 may lead to
a hybrid with higher specific surface area. The BET surface area
of the as-prepared samples were investigated based on nitrogen
adsorption-desorption isotherms, as shown in Fig. S1 in Supple-
mentary Material. The BET surface areas of undoped Co304, 1.0%

rGO-Co304, 2.4% rGO-Co304 and 4.7% rGO-Co304 were calculated
tobe 9.93,15.96, 18.03 and 20.64 m2 g~ !, respectively. On the basis
of above results, although very little concentration, the doping of
graphene still increased the specific surface area of Co304 a lot.

Based on above results, more chemical adsorbed oxygen and
higher specific surface area observed in hybrids with doping of
graphene, we could affirm it was beneficial to enhance gas sens-
ing properties owing to the elevated active sites when exposed to

the target gas atmosphere.
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3.2. Gas-sensing performances

We first tested the resistance variation of undoped Co304 and
all the as-prepared hybrids with temperature increasing. As shown
in Fig. 6, the resistances of all the samples decreased sharply versus
temperature increase. The resistance of undoped Co304 below 60 °C
was not provided because it was over the measuring range of
the instrument (1 GS2). In addition, the resistances of the hybrids
were much lower than undoped Co304 by orders of magnitude and
that under the same temperature, the larger the graphene doping
amount, the smaller the hybrid’s resistance was. This was probably
given rise to by the excellent electrical conductivity of graphene.
Therefore, the doping of graphene could greatly improve the elec-
trical properties of Co304 and lower its resistance to a large extent,
making the room-temperature detection of the target gas possible.

To explore the advantages of graphene-doping hybrids, all the
as-prepared products were used as gas-sensing materials to study
their properties. For metal oxide based gas sensors, both the oper-
ating temperature and dopant amount have great influences on
their gas sensing properties. Fig. 7 showed the responses of the
gas sensors based on undoped Co304 and all the prepared hybrids
to 5 ppm of NO, measured at the temperature range of 25-150°C
aiming to determine the optimum operating temperature and the
optimum graphene doping amount. Obviously, the NO, responses

of undoped Co304 and 1.0% rGO-Co304 exhibited a common “vol-
cano” shape. Differently, the NO, responses of 2.4% rGO-Co304 and
4.7% rGO-Co304 exhibited a distinct feature, decreasing with tem-
perature increase and seemingly more suitable for low temperature
detection. The sensor based on undoped Co304 had a response of
11.8% to 5ppm of NO, and the maximum response appeared at
100°C, while the sensors based on 1.0% rGO-Co304 and 2.4% rGO-
Co304 showed enhanced responses of 19.5% and 26.8% to 5 ppm
of NO, at much lower optimum operating temperature of 65 and
25°C, respectively. Though the optimal working temperature of
4.7% rGO-Co304 was also RT, its response to NO, was even slightly
lower than undoped Co304. Therefore, based on the above analy-
sis, we concluded that the appropriate graphene doping amount
could greatly reduce the optimal working temperature of Co304
and enhance its response to NO, at the same time. Nevertheless, it’s
not that the more graphene doping amount the better. This could
be partially attributed to the excessive coverage of the Co304 sur-
face caused by graphene, which would decrease the utility factor
of the sensing body. Accordingly, among the as-synthesized prod-
ucts, taking both gas response and optimal working temperature
for consideration, 2.4 wt.% of graphene was considered as the opti-
mum doping amount and thus the hybrid of 2.4% rGO-Co304 was
chosen to further investigate other gas-sensing properties.

In order to observe the impact of graphene doping on the
response-recovery properties, we listed the response transients of
the sensors based on the as-obtained samples to 5ppm of NO,
at their respective optimal working temperature. As shown in
Fig. 8(a)-(d), identically, for all the four sensors, the resistance
decreased upon exposure to oxidizing NO,, which was consistent
with the p-type gas sensing behavior of both Co304 and rGO. Specif-
ically, the undoped Co304 sensor exhibited a short response time of
3.5min and the resistance of the sensor could even recover to the
initial value within 1 min. The fast response and recovery speed
of the undoped Co304 sensor could be attributed to the following
factors. Firstly, the porous structure of Co30y4 slices was very advan-
tageous to the adsorption, diffusion and desorption process of NO,
molecules. Secondly, the high working temperature (100°C) also
played a key role. After the doping of graphene, the response time
for 1.0% rG0O-Co30y4, 2.4% rGO-Co304 and 4.7% rGO-Co304 was 4.5,
1.5and 2.2 min, respectively. When the doping amount of graphene
was low, 1.0% rGO-Co304 for example, its promotion effect to the
sensor’s response speed (excellent mobility of charge carriers in
graphene) couldn’t counteract the adverse impact of the decrease
of working temperature (from 100 to 65 °C). Therefore, its response
time was longer. When the doping amount was high, though under
RT, the 2.4% rGO-Co304 and 4.7% rGO-Co304 sensors displayed a
much faster response speed. It's also worth mentioning that the
2.4% 1GO-Co304 sensor not only responded the fastest but also
had the highest response to NO, among the four sensors, which
further indicated the importance of the appropriate graphene dop-
ing amount. However, though having a faster response speed, the
sensors based on the hybrids all exhibited a very long desorption
process of NO,. The long recovery of graphene-containing sensors
to NO, gas had been reported extensively [49-53], which might be
attributed to close bonding of the NO, molecules with the residual
oxygen functional groups existing on rGO surface [38].

It could be observed in Fig. 9(a) and (b) that the sensor response
increased with the increase of NO, concentration. When stacking
the individual response-recovery curve together in a commonable
abscissa, as shown in Fig. 9(c) and (d), we found that the sensor
responded faster to a higher NO, concentration. Fig. 9(e) showed
the sensor response vs NO, concentration at RT. We noticed that
the response of the 2.4% rGO-Co304 sensor to 50 ppb of NO, could
still reach 3.3%, which indicated the extremely low detection limit
of the sensor.
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on undoped Co304 could exhibit visible responses to 100 ppm of
VOCs at 100°C (no obvious responses to VOCs of 5ppm). How-
ever, at RT, the 2.4% rG0O-Co3 04 sensor didn’t show any responses to
VOCs, probably due to the required high activation energy barrier of
the reactions between VOCs and semiconductor’s surface. Based on
the results, the doping of graphene greatly promoted the tenden-
tious response of NO, and thus the sensor based on 2.4% rGO-Co304
exhibited a much better selectivity toward NO, compared with the
undoped Co304 sensor.

The response of 2.4% rGO-Co304 sensor to NO, gas with the
presence of moisture was also recorded and shown in Fig. 11. The
relative humidity (RH) range we adopted was 30%-100% and we
defined the sensor response at 30% (26.8%) as the standard value
(100%). As we can see, the moisture was disadvantageous to the
sensor response and it attenuated more than 50% of its initial value
when the relative humidity reached 100%.

0 2 4 6 8 10 12 14 16 18 20
Time (day)

Fig. 12. (a, b) Repeatability and (c) long-term stability of the gas sensor based on
2.4% rGO-Co304 at RT.

It is well-known that the repeatability and long-term stability
are vitally important parameters for sensor devices from the per-
spective of practical application. As illustrated in Fig. 12(a) and (b),
for the 2.4% rGO-Co304 sensor, its continuous response-recovery
curves of resistance and response variations to 5 ppm of NO, at RT
maintained the initial amplitude without a clear attenuation upon 5
cycles, which revealed the sensor’s stable and repeatable character.
In addition, the continuous measurement of the response values of
the 2.4% rGO-Co304 sensor to 5 ppm of NO; at RT and also its resis-
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Table 2

Comparison of NO, sensing performances of the current work with other reported literatures.
Materials Conc. (ppm) Temp. (°C) Response Tres.[Trecov. (MiN) Detection limit (ppm) Ref.
SnS, 10 120 36.337 2.83/2.33 0.6 [54]
MoS, 1 200 5.8° 41/39 0.02 [55]
MoS, 100 RT (UV) 35.16%> 0.48/5.83 5 [56]
ZnO 40 290 264° 0.12/0.58 25 [57]
ZnO/CNT 1000 150 9.7 1.17/1.67 50 [58]
WO; 1 300 53.9% -[- 0.5 [59]
PdO-Co304 20 100 44.11%¢ -[- 1 [60]
Au/CuO 5 300 90%° -/- 1 [61]
rGO 100 RT 1414 15/35 - [50]
ZnO/rGO 50 RT 8%P 2.2[2.73 10 [40]
a-Fe;03/rGO 90 RT 150.63%¢ -[- 0.18 [41]
Fe304/rGO 400 RT 24.2%¢ 4.58/12.3 30 [42]
Co304/rGO 60 RT 80%° -/~ - [52]
WO0;/rGO 56 RT 40.8%¢ -[- 7 [62]
Sn0,/rGO 50 RT 6.5% 3.17/3.73 10 [63]
2.4% rGO-Co304 5 RT 26.8%¢ 1.5/40 0.05 This work

Conc.: Gas concentration; Temp.: Operating temperature; Tres [Trecov.: RESpONSe/recovery time.
2 Rg/Ra.
® (Rg—Ra)[Ra.
¢ (Ra—Rg)/R.
4 (Gg — Ga)/Ga.
¢ (

Ig —1a)/la.

tance in air atmosphere (R;) for 20 days in Fig. 12(c) further verified
its excellent long-term stability.

In addition, a comparison between the sensing performances
of the sensor fabricated in our work and literature reports
[40-42,50,52,54-63] were summarized in Table 2. Through com-
parison with different kinds of sensing materials selective to NO,,
we are conscious of both the superiority and inferiority of the pre-
pared rGO-Co304 hybrid in the present work. As we can see, for
single metal sulfides and oxides or their composites with noble
metals, they can exhibit much elevated response at high operating
temperature, accompanied by fast response and recovery process.
For rGO based materials, they can generally exhibit response to NO,
at low or even room temperature. However, the responses are gen-
erally very low and they can only detect high concentration of NO5.
Accordingly, the low working temperature and detection limit in
the present work are satisfying. In the future work, we will focus on
solving the long response and recovery time in rGO-based sensing
materials when detecting NO, at low or even room temperature.

3.3. Gas-sensing mechanism

Generally, for p-type semiconductor oxides, Co304 for example,
the accepted gas-sensing mechanism can be described as follows.
It involves resistance changes induced by the chemisorption of
oxygen adions and reactions of the gas molecules on the surface
of the sensing materials. In general, when exposed to air, oxygen
molecules will be adsorbed onto the surfaces of as-obtained Co304
and ionize into species such as O, ~ (below 100°C), 0~ (100-300°C)
and 02~ (above 300°C) [64] by transferring holes to the valence
band of the p-type semiconductor, thus increasing the hole con-
centration and decreasing the sensor resistance. The adsorption of
the oxygen molecules will cause the formation of the hole accu-
mulation layer (HAL) on the surface of Co304. Upon exposure to
oxidizing NO, gas at low or even RT, due to its high electron affin-
ity, NO, molecules could be directly adsorbed onto the surface of
Co304 by extracting electrons from the conduction band (Eq.(1)). In
addition, NO, molecules could react with the chemisorbed O, on
the surface forming adsorbed NO3 ™~ (,45) (Eq. (2)), which will cause
the increase of the accumulation width and lower the resistance of
the sensor [65].

NOZ(gas) +e — N027(ads); (1)

2NOy(gas) + 027 (ads) + €~ — 2ZNO3 ™ (aqs). (2)

When Co304 was doped by p-type rGO, isotype p-p heteroin-
terfaces between p-type Co304 and p-type rGO with different
work functions would generate. In general, heterojunctions formed
in sensing materials could account for the enhancement of gas
response by promoting the adsorption of target gases (chemical
sensitization) or resistance modulation (electronic sensitization)
[66]. Different from p-n heterojunctions, where recombination
between majority charge carriers occurs and the total number of
charge carriers is decreased, isotype heterojunctions can result in
spatially separated charge carriers with the total number of charge
carriers unchanged.

The work function (®) of Co304 was reported as 6.1eV [67].
For rGO, due to different kinds of functional groups on its surface,
its work function varied from 4.2-6.8 eV [68]. Combined with the
much decreased resistance values of obtained rGO-Co304 hybrids
in this work, we speculated that ®,¢o exceeded P cy304. As a result,
electrons would flow from Co304 to rGO until the fermi energy
levels of the two materials became the same across the hetero-
junctions, which caused a thicker HAL around the surface of Co304
and the trapping of electrons in isolated rGO sheets [69]. More-
over, the conductivity of rGO is much better than that of Co304.
Thus, the increase of rGO concentration could cause a decrease in
the conductivity of rGO-Co304 hybrids both by establishing p-p
heterojunctions and by increasing the portion of the conductive
phase.

The spatially separated charge carriers caused by p-p het-
erojunctions would lead to additional modulation of the total
resistance of the sensor, thus the enhanced sensing response. In
the hybrid, vacancies, defects and oxygen functional groups on rGO
plane could act as active sites for interaction with NO, molecules
[38]. Therefore, NO, molecules could react with chemisorbed oxy-
gen species not only on Co304 surface but only on the plain of rGO
sheets. As aresult, the trapped electrons that were transferred from
Co304 and stored in the rGO sheets were withdrawn upon exposure
to oxidizing NO,, thereby restoring the hole concentration of the
hybrid and decreasing its resistance. Moreover, the increase of O¢
component in the hybrid indicated that more surface chemisorbed
oxygen species could participate in the surface oxidation-reduction
reactions. As a result, more electrons would be extracted by NO,
molecules, further inducing the increase of hole concentration and
larger sensor response.
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Furthermore, the synergetic coupling effect between Co304
and graphene were often mentioned when involving their hybrids
[52,70]. As mentioned in Fig. 5, the different peak positions of oxy-
gen species of Co304 and 2.4% rGO-Co304 had proved the successful
formation of interfacial Co—O—C bonding in the hybrid. Co cations
in Co304 were electrostatically attracted by originally covalently
bonded oxygen atoms in oxygen-containing groups of graphene
matrix. Due to the large electronegativity of oxygen atoms, the gen-
erated coupling Co-O bonding became more ionic. As a result, the
Co3* or Co?* centers would serve as the extra activity sites for NO,
molecules. Then, electrons could be extracted indirectly from the
p-type graphene through the bridging oxygen ions, leading to the
extra increase of hole concentration of the hybrid and enhanced
sensor response.

However, as mentioned above, it’s not that the more graphene
doping amount the better. We can see that the resistance of 4.7%
rGO-Co304 (Fig. 6) was decreased dramatically to only 8.06 k2 at
RT, very close to a conductor. The much lower resistance would
greatly suppress the resistance modulation. Moreover, too much
rGO sheets would also cover the active sites on Co304 surface and
decrease the utility factor of the sensing body.

The sensor based on 2.4% rGO-Co304 hybrid in this work also
exhibited excellent tendentious selectivity toward NO,, which
couldn’t be interpreted through increased chemisorbed oxygen
species or the formation of isotype p-p heterojunctions. Generally
speaking, the selectivity of the sensor is influenced by several fac-
tors such as the LUMO (lowest unoccupied molecule orbit) energy
of gas molecules, the amount of gas adsorption on the sensing mate-
rial, and the different operating temperature [71,72]. Customarily,
VOCs, like acetone and ethanol, need high temperature to react
with the chemisorbed oxygen species and exhibit responses. In this
work, the doping of graphene promoted the oriented adsorption of
NO, molecules and decreased the optimal working temperature of
NO, sharply. At such low temperature, the hybrid couldn’t exhibit
response to all VOCs. For other gases such as Cl,, SO,, and NHjs,
their responses were also suppressed a lot compared with those
at their respective optimal working temperature. As a result, the
sensor based on 2.4% rGO-Co304 in this work exhibited excellent
selectivity to NO, at room temperature.

4. Conclusions

We have successfully synthesized a series of porous Co304
slices/graphene hybrids through a facile two-step method. More-
over, we have explored the effect of graphene doping on the sensing
performances in detail. We found that the hybrid with different
doping amount of graphene possessed different sensing perfor-
mances. Among them, 2.4% rGO-Co304 behaved the best, which
exhibited a high response, fast response speed, excellent selectiv-
ity and long-term stability at RT. We attribute the enhanced gas
sensing performance mainly to the larger surface area, enhanced O¢
and Oy percentages and the coupling effect between the Co304 and
graphene. Therefore, we can confirm that the doping of graphene
is a promising strategy for realizing the detection of the Co304-
based gas sensors to oxidizing gases such as NO,. We believe our
work can pave the way for other researchers to explore more high-
performance Co304-based gas sensors toward NO, in the future.
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