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Abstract. Enhanced gas sensing properties of hematite o-Fey O3 by loaded reduced graphene ox-
ides (RGO) have attracted considerable attention. In this study, RGO-loaded a-Fe; O3 nanofibers
were fabricated via the facile electrospinning technique followed by a calcination process. The
scanning electron microscopy (SEM) images presented RGO-loaded oi-Fe, O3 nanofibers with di-
ameters of 50-100 nm have typical spider nets-like morphologies. The X-ray diffraction (XRD)
patterns manifested the rhombohedral structure of the RGO-loaded o-FeyO3 nanofibers. The
energy-dispersive X-ray spectroscopy (EDS) results exhibited the existence of Fe, O, and C ele-
ments in the synthesized nanofibers. The gas sensing results also confirmed that the sensors based
on RGO-loaded o.-Fe, O3 nanofibers could be applied for detecting ethanol gas.
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1. Introduction

Nanofibers (NFs) are 1D nanostructures that are increasingly used in gas sensor applications
because of their unique properties such as porous structure and large specific surface area [1,2].
Different approaches including self-assembly, template synthesis, drawing, phase separation and
electrospinning have been reported for the fabrication of NFs [1,2]. Among them, electrospinning
believed to be the most adaptable cheap technique to synthesize NFs. The NF produced by elec-
trospinning has numerous remarkable advantages such as a high aspect ratio, and flexibility for
chemical/physical functionalization [2]. Thus, this technique has been widely used to synthesize
NFs for gas sensor applications [3].

Hematite (¢-Fe,03), a low-cost and non-toxic transition semiconductor metal oxide with
a band gap of 2.2 eV, is one the most stable candidate in the iron oxide family under air condi-
tions [4-6]. This material has gained increasing attention in the gas sensing field due to its ability
to detect various gases such as NO,, NH3, CO, H,S, C3H70H, C,HsOH, and CH30H [5]. Re-
cently, reduced graphene oxides (RGO), a type of graphene which is reduced from graphene oxides
produced from graphite by the Hummer method [7], have received worldwide attention thanks to
their exceptional physicochemical properties [8—10]. The combination between o-Fe,O3 and re-
duced graphene oxides (RGO) for gas sensor applications to enhance the gas sensing performance
through the formation of heterojunction is mentioned in many works [11-15]. For instance, Guo
et al. [11] reported that the response of 1 wt% RGO/a-Fe, O3 nanofiber to 100 ppm acetone at the
working temperature of 375°C is about 8.9 (4.5 times higher than that of pure o-Fe,03). Liang
and his coworkers [12] used a hydrothermal method to produce a composite of RGO/a-Fe, O3 par-
ticles to enhance the ethanol gas sensing properties of ¢-Fe,O3. Hu et al. [13] used quantum dots/
o-Fe, O3 composites to increase the gas-sensing response and the gas-sensing selectivity to TMA.
H. Zhang et al. [14] also reported that the RGO/a-Fe, O3 nanocomposite-based sensor exhibited a
high response of 3.86 to 5 ppm NO; at room temperature compared to pure RGO (1.38). B. Zhang
and his coworkers [15] showed that the composite containing 1.0 wt% RGO exhibited an enhanced
gas response of 13.9 to 100 ppm acetone at the operating temperature of 225°C, approximately
2.5-fold higher than that of pure a-Fe,Os3 (5.5). It is obvious that the nanocomposite of RGO and
a-Fe, O3 can significantly enhance the gas sensing properties. However, until now, research on the
ethanol gas sensor based on RGO-loaded ¢-Fe; O3 NFs has not gained much success yet although
Guo et al. [11] presented an enhanced response to ethanol of the sensor based on RGO-loaded
a-Fe; O3 NFs in selectivity section.

In this study, the RGO-loaded o-Fe,O3; NFs were synthesized by the electrospinning method.
Accordingly, the characterizations of as-prepared NFs were clearly analyzed. The ethanol gas
sensing properties of the sensor based on RGO-loaded a-Fe, O3 NFs were investigated in detail.

2. Experiment

The reduced graphene oxides (RGO) were obtained followed by the Hummers method, in
which the graphene oxides (GO) have been used as a source material [7]. As-synthesized RGO
was dispersed in deionized water (DI) for further use. Analytical reagent Fe(NO3). 9H,O and
PVA were completely dissolved in DI under magnetic stirring for 2 h. Then, a suitable amount
of RGO (the weight ratio of RGO/Fe,03 was 1 wt%) was added into the above-mixed solution,
followed by stirring for 22 h to obtain a homogeneous solution. RGO-loaded o-Fe,O3 NFs were
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fabricated by the electrospinning method, followed by aged at 600°C for 3 h in air, as reported in
our previous works [16-18].

The phase structure of RGO-loaded a-Fe,O3; NFs was characterized by X-ray diffrac-
tion (XRD, Bruker D5005). The crystallize size was calculated by the Scherrer formula, D =
0.94 /(B cosB), where A was the X-ray wavelength, 6 was the diffraction angle of the (104) planes
of the as-synthesized NFs and 8 was the full width at haft maximum (FWHM) of the observed
peak [17]. The morphologies of as-synthesized NFs were obtained by field emission scanning
electron microscope (FESEM, Hitachi S-4800). The elemental compositions of NFs were exam-
ined by energy dispersive X-ray spectroscopy (EDX, attached in FESEM). Raman spectra were
performed on a Raman spectrometer (LabRAM HR 800, Horiba-Jobin Yvon, France).

The gas sensing properties of the sensor based on RGO-loaded a-Fe;O3 NFs were mea-
sured by a flow-through technique [19-21]. The sensor response was defined as the ratio of the
sensor resistance S = Ra/Rg where Ra and Rg were sensor resistances in dry air and tested gas,
respectively. Response time (7,.;) and recovery time (7,.,) were estimated when sensor resistance
reached a 90% change of the initial value after exposing or removing tested gas.

3. Results and discussion

The morphologies of the RGO and RGO loaded- «-Fe,O3 NFs samples were shown in
Fig. 1. As seen in Fig. 1a, the graphene nanosheets were prepared because of the harsh oxidation in
Hummmer’s process. In Fig. 1b, RGO loaded- a-Fe,O3 NFs with a diameter of about 50-100 nm
were synthesized successfully by the electrospinning method. The rough surfaces’ NFs noticed
because the as-prepared NFs were composed of many nanograins. The insert of Fig.1b was a
FESEM image at low magnification. The RGO loaded-o-Fe, O3 NFs presented the typical spider-
net-like morphology of NF feature fabricated by electrospinning [18]. The NFs were uniform,
continuous, and well-dispersed on the electrode substrate.

Fig. 1. FESEM images of as-synthesized RGO (a) and RGO loaded-o-Fe, O3 nanofibers (b).

The elemental composition, and crystal properties of the RGO loaded-o-Fe, O3 NFs were
exhibited in Fig. 2. The as-spun fibers exhibited no diffraction peaks, this phenomenon explained
by their amorphous nature, whereas, the calcined NFs were shown to have the peaks of (012),
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Fig. 2. XRD patterns (a) and EDX spectrum (b) of RGO loaded a-Fe,O3 NFs.

(104), (110), (111), (024), (116), (018), (214) and (300) agreeing well with the standard values
of JCPDS ICDD card No. 33-0664 for the rhombohedral structure of hematite ¢¢-Fe,O3 (Fig. 2a).
There were no typical diffraction peaks of RGO in the XRD results of the mixture between o-
Fe, O3 and little content of RGO due to seriously broken and separated RGO nanosheets during
the preparation process, which was reported in other literatures [14, 15]. The nanograin size of
RGO-loaded a-Fe,O3 NFs calculated from the experimental XRD data was approximately 29
nm. The EDX spectrum in Fig. 2b showed the presence of Fe, O, and C elements from the RGO
loaded-a-Fe,O3 NFs. Si element came from Si/SiO; electrode substrate. The amount of Fe, and
C elements was quite small compared to that of Si element because the NFs dispersed across the
substrate with a low density as shown in Fig. 1b.

The gas sensing properties of the sensor based RGO-loaded a-Fe,O3 NF sensors were pre-
sented in Fig. 3. The transient response curve of the sensor to various ethanol gas concentrations
from 100 to 1000 ppm at different working temperatures of 300 — 400°C was presented in Fig. 3a.
The sensor based on RGO loaded a-Fe, O3 NFs exhibited a typical sensing behavior of n-type
semiconductor. When the sensor was introduced to reducing ethanol gas, the sensor resistance
decreased and then recovered to initial values after being refreshed with dry air and the tested gas
had been removed. The sensor response as a function of the ethanol gas concentrations at dif-
ferent working temperatures was also shown in Fig. 3b. The sensor response increased when the
gas concentrations and working temperatures increased from 100 to 1000 ppm and 300 to 400°C,
respectively. These results can be explained by the gas sensing mechanism of the sensor based
on NFs as mentioned in our reported works [22-24]. In brief, when the NFs were exposed to
the air, the NFs absorbed oxygen molecules to form negatively charged surface oxygen (O™) by
capturing free electrons from the conduction band of the NFs. Besides, the electron from RGO
(W = 5.2 eV) was transferred to a-Fe; O3 (W = 5.9 eV) as a resulting of the difference in the
work function [25,26]. Thus the resistance of the sensor was significantly increased as a result
of the RGO/a-Fe,; 03 heterojunction formation. When C,HsOH gas was introduced to NFs, the
reducing C,HsOH molecules interacted with the oxygens adsorbed in the following ways [12,24]:
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Fig. 3. Dynamic response (a), sensor response as a function of CoHsOH concentrations
(b) at different working temperature and response-recovery time at the working tempera-
ture of 400°C of the sensors based on RGO loaded ¢t-Fe,O3 NFs.

C>Hs50H(gas) + 60 (ads) = 2COs(gas) + 3H»O(gas) + 6e~. As a result, the depleted layer di-
minished, and the sensor resistances decreased accordingly. The sensor response increased with
increased gas concentrations and working temperatures because of the increased adsorption and
diffusion of C,HsOH gas on the surface and along the grain boundaries of the NFs. At the work-
ing temperature of 400°C, the sensor response increased from 2.8 to 7.0 when the ethanol gas
concentration increased from 100 to 1000 ppm. The gas sensing result to 100 ppm was quite
similar to that of the sensor based on RGO loaded a-Fe; O3 composite prepared by hydrothermal
method [25] and higher than that of the sensors based on pure «-Fe;O3 [27,28]. The response
time and recovery time of the sensor as a function of ethanol gas concentrations at the working
temperature of 400°C were shown in Fig. 3c. The response time of the sensor sharply decreased
from 21s to 6s with increased gas concentrations from 100 ppm to 1000 ppm while the recovery
time showed a reverse trend, from 72 s to 121 s. When C,;HsOH gas concentrations increased from
100 to 1000 ppm, the time for the total adsorption of C;HsOH gas on the active sites of the NFs
decreased, resulting in a reduction in the response time, whereas, the desorption time increased,

leading to increased recovery time.
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Depletion layer

Fig. 4. Schematic ofH;S sensing mechanisms of rGO/¢-Fe, O3 NFs in the air, and in
C,H50H gas.

4. Conclusion

The RGO loaded o-Fe, O3 NFs were successfully prepared by the electrospinning method.
The NFs with the rhombohedral crystal structure of the ¢t-Fe, O3 matrix were 50-100 nm in diam-
eter and consisted of many nanograins. The sensor based on RGO loaded o-Fe,O3 NFs showed a
high response to ethanol gas. The sensor response increased when the ethanol gas concentrations
and working temperatures increased. At the working temperature of 400°C, the sensor response,
response time, and recovery time to 1000 ppm ethanol were approximately 7, 6 s, and 121 s,
respectively.
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