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a b s t r a c t

The a-Fe2O3/g-C3N4 nanocomposites were synthesized by a hydrothermal and pyrolysis method. The
structure and morphology of the nanocomposites were characterized by X-ray diffraction (XRD) and
scanning electron microscope (SEM) techniques, which indicates porous a-Fe2O3 nanotubes wrapped by
lamellar g-C3N4 structure. Due to the formation of heterojunctions, the a-Fe2O3/g-C3N4 nanocomposites
demonstrate a better gas sensing performance than the pure a-Fe2O3 and g-C3N4. The a-Fe2O3/g-C3N4

heterojunctional composites with g-C3N4 60% weight present a maximum gas-sensing response of 7.76
toward 100 ppm ethanol at the optimum operating temperature of 340 �C, which is about 3 and 7 times
higher than that of the pure a-Fe2O3 porous nanotubes and pure g-C3N4 nanopowders, respectively.
Furthermore, the a-Fe2O3/g-C3N4 nanocomposites exhibit excellent selectivity to ethanol gas, faster
response and recovery time than those of the pure a-Fe2O3 porous nanotubes and pure g-C3N4 powders.
The possible reason for the enhanced sensing performance obtained from the a-Fe2O3/g-C3N4 nano-
composites is attributed to the porous a-Fe2O3 nanotubes wrapped by lamellar g-C3N4 nanostructures
and the formation of heterojunction. The findings reported in this study will be useful to the design and
construction of metal oxide nanostructures based heterojunctional structures with enhanced gas sensing
performance.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

As the ever-growing awareness over environmental pollution
and occupational safety issues, gas sensors, which play an impor-
tant role in environmental monitoring, air-quality control, and
detection of explosives and toxic gases, have attracted more and
more research interest all over the world [1,2]. Semiconductor gas
sensors based on metal oxides such as a-Fe2O3 [3], ZnO [4], In2O3
[5], SnO2 [6], MoO3 [7] andWO3 [8] are the prime candidate for the
sensor array owing to their tunable dimension and structures,
simplicity in operation, low cost, and easy integration with elec-
tronic circuits [9]. Recently, nanocomposites have become a
research hotspot for the promising applications in high-
performance gas sensors. These nanocomposites have shown
enhanced properties and functionalities compared to their
Zhang), sjchen@cqu.edu.cn
individual metal oxide counterparts in gas-sensors due to the for-
mation of electric junctions at the interface of the heterostructure
and a more extended depletion layer [10e12].

Hematite (a-Fe2O3), an n-type semiconductor with a band-gap
(Eg) of 2.2 eV, is particularly attractive for gas-sensing applica-
tions due to its high chemical stability, low cost, low toxicity and
naturally abundant [13]. However, the efficiency of a-Fe2O3 is far
from satisfaction due to the low responses and selectivity. Coupling
a-Fe2O3 with other semiconductors to form heterostructure is an
effective way to improve the gas-sensing efficiency. The formation
of heterojunction can shorten the electron transport distance,
thereby leading to the enhancement of gas-sensing efficiency [14].
On the basis of this strategy, several a-F2O3-based binary oxide
composites such as In2O3/a-Fe2O3 [15], a-F2O3/NiO [16], SnO2/a-
F2O3 [17] and a-Fe2O3eZnOeAu [18], have been reported as effi-
cient gas sensors. It is found that the performances of these
nanocomposites are closely related to their host/guest
heterojunction system. For this reason, construction of a-Fe2O3
based heterostructure with novel guest material still has important
scientific and practical significance.
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Graphitic carbon nitride (g-C3N4), a two-dimensional (2D)
planar conjugation material, has large surface area and good
chemical stability [19], and most importantly, it can be easily
combined with other compounds by ultrasonic dispersion method,
deposition-precipitationmethod and so on. The g-C3N4 with a band
gap of 2.7 eV, is suitable to implement a host/guest n/n junction
architecture with a-Fe2O3 [20], and the conductive band of g-C3N4
is lower in energy than that of a-Fe2O3, allowing efficient electron
to transport across the host/guest interface. In addition, because of
its high nitrogen content, g-C3N4 can provide more active reaction
sites than the other CN materials [21,22], and its lamellar structure
benefits the transport of electron [23]. The a-Fe2O3/g-C3N4, nano-
composites have been used to supercapacitive [20], photocatalytic
degradation [24] and photoelectrochemical [25] research. Thus, the
combination of a-Fe2O3 and g-C3N4 is expected to be an efficient
gas-sensing system. However, to our best knowledge, the investi-
gation on a-Fe2O3/g-C3N4 nanocomposites for gas-sensing appli-
cation has not been reported to date.

In this work, we developed a simple hydrothermal and pyrolysis
method to prepare a-Fe2O3/g-C3N4 nanocomposites, which pre-
sented porous a-Fe2O3 nanotubes wrapped by lamellar g-C3N4

nanostructures. The resulting composites with different g-C3N4
mass content were used to fabricate gas sensors, aiming to
demonstrate the potential applications. It was found that the gas
sensor based on as-prepared a-Fe2O3/g-C3N4 heterostructural
nanocomposites showed a higher response to ethanol at 340 �C,
superior to the pure a-Fe2O3 and g-C3N4 individual structure. The
enhanced performance had been attributed to the novel porous
tubular structure as well as the change of the heterojunction barrier
at the different gas atmosphere [26e28].
2. Experimental

2.1. Chemicals and materials

Ferric nitrate nonahydrate (Fe(NO3)3$9H2O, 98.5%), melamine
(C3H6, 98.5%), potassium hydroxide (KOH, 85%), absolute ethanol
(C2H6O, 99.7%), and methanol (CH4O, 99.5%) are obtained from
Sinopharm Chemical Reagent Co., Ltd. All chemicals are of reagent
grade and are used without further purification.
2.2. Synthesis of a-Fe2O3 porous nanotubes

Hematite (a-Fe2O3) porous nanotubes (PNs) were synthesized
as follow. First, 0.01 M Fe (NO3)3$9H2O and 0.04 M KOH were dis-
solved in 10ml deionizedwater, respectively. The KOH solutionwas
then added into Fe(NO3)3$9H2O solution under stirring for 0.5 h.
The obtained homogeneous solution was transferred into a Teflon-
lined stainless-steel autoclave and kept at 100 �C for 6 h. Then the
autoclave was cooled to room temperature naturally. The resultant
precipitate was collected and washed by centrifugation with
ethanol and deionized water several times. Then the sample dried
at 60 �C in air. Finally, the a-Fe2O3 porous nanotubes were obtained
after annealing at 600 �C for 1 h in air.
2.3. Preparation of g-C3N4

Graphitic carbon nitride (g-C3N4) powder was prepared by
directly heating melamine at 550 �C in a muffle furnace for 4 h with
a heating rate of 10 �C min�1 under air condition. The product was
washed with ethanol and deionized water several times, and
collected by centrifugation, and finally dried at 60 �C in air.
2.4. Synthesis of a-Fe2O3/g-C3N4 composites

In a typical procedure, a certain amount of g-C3N4 was added
into 40 ml methanol in a beaker and ultrasonic bath for 3 h, then
adding the appropriate proportion of a-Fe2O3 into it, and ultra-
sound 15 min. Then magnetically stirred at 80 �C, until the vola-
tilization of methanol was finished, the dried product was
collected. After annealing at 300 �C for 1 h in air, the a-Fe2O3/g-
C3N4 nanocomposites were obtained. The specific process is shown
in Fig. 1.

In this experiment, the nanocomposites with different g-C3N4
mass fraction were synthesized for comparison. For example, the
nanocomposites, which was marked as CF-0.6, was synthesized
with 0.03 g g-C3N4 and 0.02 g a-Fe2O3. Therefore, mass fraction
70%, 50%, 40% were marked as CF-0.7, CF-0.5, CF-0.4, respectively.
The pure a-Fe2O3 and g-C3N4 were also synthesized by using the
same processes for comparison.

2.5. Microstructure characterization

The morphology and structure of the as-synthesized samples
were characterized by a field emission scanning electron micro-
scope (FE-SEM, TESCAN MARI3) and a X-ray diffractometer using
Cu Ka radiation with l ¼ 1.5406 Å. Specific surface data were
measured by nitrogen adsorption-desorption isotherms using a
Quantachrome NOVA 1000 system with all samples degassed at
100 �C prior to measurements.

2.6. Fabrication and measurement of the gas sensors

The gas sensors were fabricated usually by using a brush-
coating method. Simply: the samples were mixed with a small
amount of deionized water to form the pastes, which were then
brushed onto the surface of alumina electrodes to form thin films
(Measuring electrode is type II planar device structure, which is
13.4 mm in length, 7 mm in width, and 0.2 mm spacing in line
width). The as-obtained thin films were heated at 60 �C for several
hours in air before gas-sensing test. The gas-sensing properties
were tested using a commercial CGS-1TP gas-sensing analysis
system (Beijing Elite Tech Co., Ltd, China). The testing sensors were
placed into a closed chamber with a 20 L draught capacity. The
target gases (e.g., ethanol, methanol, acetone and ammonia) were
injected into the testing chamber by using a micro syringe. The
testing was operated at 260e380 �C with an ethanol concentration
range of 100e800 ppm. The sensitivity (S) of a gas sensor based on
an n-type semiconductor was defined as S]Ra/Rg, where Ra and
Rg were the resistances of the sensor in air and in the target gas,
respectively. The response (tres) and recovery (trecov) times were
defined as the time taken by the sensor to achieve 90% of the total
resistance change after the sensor was exposed to the target gas
and air, respectively.

3. Results and discussion

3.1. Structure and morphology

In order to reveal the crystalline and phase structures of the
prepared nanocomposites, XRD pattern of the pure g-C3N4, the
pure a-Fe2O3, and the a-Fe2O3/g-C3N4 nanocomposites were
measured and shown in Fig. 2. It can be seen that the g-C3N4

diffraction peaks are indexed to the hexagonal structure with the
lattice parameters of a ¼ 6.426 Å and c ¼ 2.459 Å, which is
consistent with the Joint Committee on Powder Diffraction Stan-
dards card (JCPDS, 50-1250). The diffraction peaks of the pristine a-
Fe2O3 are also matched well with that of standard XRD patterns of



Fig. 1. Flowchart for nanocomposite samples preparation.

Fig. 2. XRD patterns of (a) the pure g-C3N4, (b) the pure a-Fe2O3 porous nanotube, and
(c) the a-Fe2O3/g-C3N4 nanocomposites.
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the rhombohedral structure of a-Fe2O3 with lattice constants of
a ¼ 5.039 Å and c ¼ 13.77 Å (JCPDS card, no. 85-1327). Only
reflection peaks of the corresponding components can be seen in
the XRD patterns of the a-Fe2O3/g-C3N4 nanocomposites. No other
impurity peaks can be detected, which indicates the final synthetic
substance with high purity.

Fig. 3 shows the SEM image of a-Fe2O3, g-C3N4 and the a-Fe2O3/
g-C3N4 nanocomposites, respectively. The a-Fe2O3 are porous
tubular structures with a diameter of less than 100 nm. Such porous
tubular structures enhance the surface area to volume ratio of the
material and provide more active sites for gas molecules adsorbed
on the materials to improve sensing properties. SEM image of g-
C3N4 is shown in Fig. 3b, which demonstrates the lamellar structure
of g-C3N4. It can be seen that the typical layered platelet-like
morphology has been obtained, and its loose surface structure is
conducive to other substances adsorption. For the a-Fe2O3/g-C3N4
nanocomposites, as shown in Fig. 3c and Fig. 3d, a-Fe2O3 porous
nanotubes are wrapped by lamellar g-C3N4 structure, forming a
heterojunction between them.
3.2. Gas sensing properties

The specific BET surface area (SBET) of the prepared samples was
investigated using adsorption-desorption measurements. The
specific surface area (SBET) of g-C3N4, a-Fe2O3 and a-Fe2O3/g-C3N4
are 21.487, 24.146 and 24.365 m2/g, respectively. Due to its large
surface area and the unique structures of the porous a-Fe2O3
nanotubes wrapped by lamellar g-C3N4, the a-Fe2O3/g-C3N4 nano-
composites might be advantageous for gas sensing applications
[29]. Gas sensing properties based on a-Fe2O3/g-C3N4 nano-
composites are thus investigated, while the sensors made by pure
a-Fe2O3 nanotubes and pure lamellar g-C3N4 are prepared as well
for comparison.

The operating temperature is one of the key parameters of the
gas sensor, which can govern the mobility of electrons so that it
could highly influence the response of a gas sensor [30]. To deter-
mine the optimum operating temperature of the sensor, the
response of a-Fe2O3, g-C3N4 and a-Fe2O3/g-C3N4 (with different
mass fraction of composites) toward 100 ppm ethanol at the
operating temperature ranging from 260 �C to 380 �C were tested
and shown in Fig. 4 (The original data of the materials are shown in
http://www.sciencedirect.com/science/article/pii/
S0925838816302584 Fig. S1-S6 of Supplementary Material). It can
be found that the response of pure g-C3N4 is nearly unchangedwith
the temperature increasing, while pure a-Fe2O3 is achieved the
highest response of 2.6 at 320 �C. In contrast, the a-Fe2O3/g-C3N4
nanocomposites exhibit a rapid increase of response at different
temperatures. The maximum response values of 5.4, 6.83, 7.76 and
3.02 are obtained for the CF-0.4, CF-0.5, CF-0.6 and CF-0.7 com-
posites at 320 �C, 340 �C, 340 �C and 360 �C to 100 ppm ethanol,
respectively. Obviously, the CF-0.6 nanocomposites achieve the
highest response to ethanol at 340 �C, which is about 2.8 times of a-
Fe2O3 porous nanotube and 7.1 times of pure g-C3N4. An appro-
priate amount of g-C3N4 in the nanocomposites is conducive to the
dispersion of a-Fe2O3 porous nanotube and better heterojunctional
structures can be formed between the two materials. If the g-C3N4
content excesses a certain value in the nanocomposites, it is usually
bulk with small specific surface area and the active sites of
adsorption oxygen and testing gas reduce, causing the degradation
of gas sensor performance [23]. So, the optimum operating tem-
perature is 340 �C.

Selecting the optimal mass fraction CF-0.6, we carried out
comprehensive studies of the gas sensor properties. The responses
of pure g-C3N4, a-Fe2O3 porous nanotube and the a-Fe2O3/g-C3N4
nanocomposites exposed to different ethanol concentrations at
340 �C were measured and shown in Fig. 4b (The original data of
materials are shown in Figs. S7eS9 of Supplementary Material).
Though the pure g-C3N4 exhibits a relatively low response, similar
to pure a-Fe2O3 porous nanotube, the response of the nano-
composites increases with the concentration of ethanol increasing.
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Fig. 3. Typical SEM images of as-prepared (a) a-Fe2O3, (b) g-C3N4, (c) and (d) the a-Fe2O3/g-C3N4 nanocomposites.

Fig. 4. (a) Responses of different gas sensors to 100 ppm ethanol as a function of the operating temperature, (b) the responses of the pure g-C3N4, a-Fe2O3, and a-Fe2O3/g-C3N4

nanocomposites (CF-0.6) versus different ethanol concentrations operating at 340 �C.
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Moreover, the increase in the response depends on the gas con-
centrations near linearly in the range from 100 to 800 ppm for the
sensor, and the slope of nanocomposites is greater than that of pure
a-Fe2O3 porous nanotube. Obviously the sensor response has been
improved due to the formation of heterojunction between the
nanocomposites.

When the target gas is passed into or released, fast response and
recovery time of a gas sensor usually are required in the practical
application. Fig. 5a shows the dynamic response of the a-Fe2O3/g-
C3N4 nanocomposites when theywere exposed to 100 ppm ethanol
gas at 340 �C. The almost square response shape indicates that the
sensor responds rapidly to testing gas and achieves a near steady
state. Then the resistance of the sensor changes slowly due to the
analyze gas diffusing through the material and occupying the
remaining surface reaction sites. When the sensor is exposed to air
again, the resistance returns to near baseline level. The response
and recovery time of the a-Fe2O3/g-C3N4 nanocomposites are 7 s
and 30 s, respectively. They are shorter than the pure a-Fe2O3
porous nanotubes whose response and recovery time are 20 s and
33 s, as shown in the Fig. 5b. The rapid response of a-Fe2O3/g-C3N4
nanocomposites should be attributed to the hetero-
junctionstructures and large surface areas, providing efficient
diffusion paths and adsorption sites for gas molecules.

The selectivity and stability are another two important param-
eters of a gas sensor in practical application. Fig. 6a shows the
selectivity of the sensors based on lamellar g-C3N4, a-Fe2O3 porous
nanotubes and the a-Fe2O3/g-C3N4 nanocomposites (CF-0.6)
exposing to 100 ppm of several testing gases at 340 �C. In this test,
gases with similar physicochemical properties, including methanol,
ammonia, ethanol, and acetone, are selected for test. Obviously, the
composites have a better response to ethanol than the other three
gases, which is approximately 2.6e6.6 times higher than other
reductive gases. In comparison, the selectivity of the pure a-Fe2O3
and g-C3N4 sensors is not as satisfactory. The excellent selectivity to
ethanol is mainly due to the easier oxidation of hydroxyl group at
the optimum operating temperature, which brings about the



Fig. 5. Dynamic sensing response of a-Fe2O3/g-C3N4 nanocomposites (CF-0.6) and a-Fe2O3 nanotube to 100 ppm ethanol at 340 �C.

Fig. 6. (a) The selectivity of the sensors based on pure g-C3N4, a-Fe2O3 porous nanotube and the a-Fe2O3/g-C3N4 nanocomposites (CF-0.6) exposing to 100 ppm of various testing
gas at 340 �C; (b) the stability evaluation of a-Fe2O3/g-C3N4 nanocomposites (CF-0.6) to 100 ppm ethanol at 340 �C.
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increasing reaction between the ethanol and the absorbed oxygen
[31]. Further, Fig. 6b shows the stability evaluation of a-Fe2O3/g-
C3N4 nanocomposites (CF-0.6) to 100 ppm ethanol at 340 �C. It is
obvious that the sensor based on a-Fe2O3/g-C3N4 nanocomposites
exhibits excellent stability to 100 ppm ethanol gas at 340 �C during
the 14 days of testing period. Hence, the a-Fe2O3/g-C3N4 nano-
composites have good reproducibility and stability to detect the
ethanol gas.
3.3. Gas sensing mechanism

The enhanced performance observed from a-Fe2O3/g-C3N4
nanocomposites is likely to be the result of two factors. First, the a-
Fe2O3/g-C3N4 nanocomposites provide large surface areas and good
permeability. This means that more gas molecules can transfer to
the interaction region and improve the rate for charge carriers to
transverse the barriers [28]. Meanwhile, the effective and rapid gas
diffusion toward both the inner and surface regions can be easily
accomplished because of the porous nanotube and large lamellar
nanosheet structure. Therefore, a high response and a short
response time are obtained. Second, the formation of the hetero-
junction between a-Fe2O3 and g-C3N4 is the principal factor of the
enhanced response of nanocomposites.

The sensing mechanism of the n-type semiconductor can be
explained by the change in resistance of the sensor, with the
chemical adsorption and desorption of gas molecules. As sche-
matically in Fig. 7, when the n-type semiconductor is exposed to air,
oxygen molecules are adsorbed on the surfaces of the sensing
materials, which captures electrons from the conduction band to
form oxygen ions such as O2

�, O� and O2� [32]. With the
temperature increasing, the further reaction of the oxygen ions
with electrons will lead to the reduction of electron concentration,
and form electron depletion layers on the surface. The reactions are
as follows:

O2(gas) / O2(ads)

O2 ðadsÞ þ e� ¼ O�
2 ðadsÞ T< 100�C

O�
2 ðadsÞ þ e�¼ 2O�

2 ðadsÞ 100�C � T � 300�C

O�
ðadsÞþ e�¼ O�

2 ðadsÞ T> 300�C

When it reaches a certain temperature, the adsorption becomes
difficult, it will weaker than desorption. Thus, the point is the op-
timum operating temperature.

Since the n-type semiconductors electrical conductivity relies
on electrons, reducing the free charge carriers concentration will
lead to the upward of conduction band, and the resistance of the n-
type semiconductor will increase along with the depletion region
widening. When it is exposed to reducing gases, reducing gas will
react with these surface oxygen ions [33]. For example, ethanol
with oxygen ions reaction is as follows:

C2H5OH þ O�
2 ; O

�; O2�/CO2 þ H2O þ e�

Electrons will be released back to the conduction band of the n-
type semiconductor, then the increasing electron concentration
leads to the decrease of the semiconductor resistance.

Owing to the n-type conductivity of both a-Fe2O3 and g-C3N4,



Fig. 7. The schematic diagram of test gas reaction with the as-prepared nanocomposites and the changes of the energy band in different gases.
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when conduction band electrons react with oxygen molecules, the
formed electron depletion layer on the surface results in an in-
crease of the resistance (shown in Fig. 7). However, when it is
exposed to ethanol gas, reaction between the oxygen ions and gas
molecules will occur at the surface, which will lead to the release of
electrons captured in the oxygen ions back to the conduction band
of a-Fe2O3 and g-C3N4, thereby the carrier concentration increases
and resistance decreases. When the a-Fe2O3 and g-C3N4 compound
are combined, the heterojunction will form between the compos-
ites. Since the work function of a-Fe2O3 (Fa-Fe2O3 ¼ 5.8 eV) is larger
than g-C3N4 (Fg-C3N4 ¼ 4.3 eV), the electrons will inflow from the
conduction band of g-C3N4 to that of a-Fe2O3 and lead to conduc-
tion band bent upward until the Fermi level is equal and the po-
tential barrier becomes higher [25,28]. These heterojunction may
reduce hole-electron recombination at a certain extent [34] and
enable more electrons to migrate effectively from gas to the sur-
faces of the sensing materials when the composites are exposed to
the reducing gas. Consequently, the conductivity of the hetero-
structure can be greatly increased, which results in a higher
response.
4. Conclusions

In this work, a simple hydrothermal and pyrolysis method has
been successfully explored to synthesize a-Fe2O3/g-C3N4 nano-
composites. The as-synthesized a-Fe2O3 and g-C3N4 show porous
tubular and lamellar structures. The experimental results indicate
that the CF-0.6 nanocomposites show a good gas sensing response
to 100 ppm ethanol at the optimum operating temperature of
340 �C. Through the ethanol gas sensing test, the nanocomposites
exhibit a relatively high response, good sensitivity, better selec-
tivity, short response-recovery times and a nice stability. Therefore,
the a-Fe2O3/g-C3N4 nanocomposites are promising for the practice
of the detection of ethanol.
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