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a  b  s  t  r  a  c  t

We  have  fabricated  sensors  with  reduced  graphene  oxide  (RGO)  nanosheets  (NSs)-loaded  ZnO  nanofibers
(NFs)  via an  electrospinning  method.  The  RGO  NSs-loaded  ZnO  NFs  were  comprised  of  nanograins  with
an average  diameter  of  20 nm.  Transmission  electron  microscopy  and  X-ray  diffraction  both  revealed  the
presence  of RGO  NSs  in  the ZnO  NFs.  The  sensing  properties  of  RGO  NSs-loaded  ZnO  NFs  were  examined
after  exposure  to  various  gases,  including  O2, SO2, NO2, CO, C6H6, and C2H5OH.  The  sensor  responses
showed  a bell-shaped  behavior  with  respect  to the  weight  ratio  of  RGO  NSs.  It is  remarkable  that  our
sensors  exhibited  significantly  higher  responses  than  pure ZnO  NFs.  We  propose  a novel  hybrid  sensing
nO nanofiber
lectrospinning
hemical sensor

mechanism  for the  drastic  improvement  in the  sensing  behavior  that  is caused  by  loading  RGO  NSs  into
ZnO  NFs.  This  hybrid  sensing  mechanism  combines  the  resistance  modulation  of ZnO/ZnO  homointerfaces
and  RGO-NSs/ZnO  heterointerfaces  in  addition  to the radial  modulation  of  the  surface  depletion  layer  of
ZnO NFs.  In the heterointerfaces,  the  creation  of  local  heterojunctions  plays  a  significant  role  in raising
the  sensitivity  of  RGO-loaded  ZnO  NFs.
. Introduction

The sensing ability of materials can be greatly increased
y reducing their size down to the nanometer scale, presum-
bly through the preparation of nanodots, nanowires, nanofibers,
nd nanowebs [1]. However, nanofibers (NFs), which are one-
imensional nanostructures comprised of many nanograins, have
een identified as the most promising structure for the suc-
essful detection of analytes (even when the concentration is as
ow as ppb) among the various types of nanostructures [2]. The
xtraordinary sensing properties of NFs are primarily ascribed to
heir large surface to volume ratio as compared to other nano-
tructures. Due to the fact that they contain many small grains,

Fs possess large grain boundary areas. Consequently, a larger
mount of analytes can diffuse along the boundaries, resulting in
nhanced sensitivity. Many synthesis procedures for NFs have been
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investigated over the last few decades, but electrospun NFs are
dominant in chemical sensor applications because the processing
parameters and the characteristics (e.g., morphology, diameter,
aspect ratio, nature of the NFs, etc.) of the NFs can be easily
controlled; these variables heavily influence the chemical sensing
abilities. In addition, the electrospinning method is incredibly effec-
tive for low-cost mass production with the minimal usage of
materials, which makes it the most suitable method for industrial
applications on the commercial scale. For these reasons, elec-
trospun NFs have been employed in a diverse range of sensing
materials [3–14]. Possessing a wide bandgap (3.37 eV) with a large
exciton energy (60 meV) [15], ZnO NFs-based semiconductors are
one of the most promising sensing materials and have been exten-
sively studied for the past several years [16–18]. However, despite
their inherent advantageous characteristics, there is still room for
improvement. Because ZnO-based sensors are usually good for high
temperature environments, they oftentimes require more power,
which affects their long term stability. Further enhancement of
their sensing performance is strongly required.

In order to efficiently improve the sensitivity of nanostructured

gas sensors, researchers are currently pursuing synergistic effects
between different nanomaterials. Recently, the use of dopants
(including Au [19], Ag [20], Pt [21], and Pd [22]) and the cre-
ation of local p–n heterojunctions in n-type ZnO (by mixing with
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using accurate mass flow controllers. For oxidizing gases, the gas
500 Z.U. Abideen et al. / Sensors and

-type semiconductors such as BaTiO3–CuO–La2O3 [23], CuO [24],
nd graphene [25]) have significantly improved the sensing perfor-
ance of ZnO-based gas sensors. Additionally, chemically derived

raphene is expected to be a highly sensitive chemical sensor
ecause of its very high electron mobility [26,27]. Since it is an
xceptionally low-noise material, graphene sensors should be able
o detect individual gas molecules and are expected to exhibit
n excellent sensing behavior [28]. However, pure graphene faces
ifficulties in being employed as a practical sensor because its
dsorption of gas molecules is inefficient. In this regard, reduced
raphene oxide (RGO), which is graphene decorated with oxygen
unctional groups that provide an increased amount of adsorption
ites, is more beneficial for improving sensitivity [29]. A recent
tudy found that highly dispersed ZnO nanoparticles on a graphene
urface showed higher sensitivity toward 1000 ppm of acetylene
as [30]. However, for practical applications, more efficient sensors
hat can effectively detect very small traces of gases are required.
urthermore, properly optimizing the quantity of the RGO is crucial
n order to obtain the best sensing performance for small traces of
ases that also avoids overloading of the dopant and minimizes the
ost. To the best of the authors’ knowledge, no attempts have been
eported regarding the creation of local heterojunctions in n-ZnO
Fs with RGO.

Herein, we investigated the sensing properties of n-ZnO NFs
oped with RGO nanosheets (NSs). Our synthesis utilizes a very
imple and cost-effective electrospinning method. The present
GO-loaded ZnO NFs contain several characteristics that are favor-
ble for gas sensors. Not only do these sensors utilize the largest
rain boundary area provided by the electrospun NF structure, but
hey also consist of sensing materials (i.e., ZnO and RGO) with
nherently advantageous characteristics. Furthermore, these sen-
ors create local p–n heterojunctions at the heterointerfaces of
nO/RGO, achieving the best sensing performance at the optimal
mount of RGO for the detection of trace amounts (1, 2, and 5 ppm)
f different oxidizing and reducing gases. Detailed characterization
f RGO-loaded ZnO NFs is carried out to understand the interactions
etween RGO NSs and ZnO nanograins. The sensing characteris-
ics are examined as a function of the concentration of RGO NSs.
xperimental results indicate that the addition of RGO and the
reation of local p–n heterojunctions greatly improve the sensing
haracteristics of the ZnO NFs. This is a promising method to fabri-
ate practical sensors with high sensing capabilities. In this regard,
e explain the novel hybrid sensing mechanism of these com-
osite NFs, which enables their exceptionally high response to all
ases. The presented synthesis procedure, which is both simple
nd cost-effective, is beneficial for the practical fabrication of these
etectors.

. Experimental

.1. Materials

Zinc acetate ((CH3CO2)2Zn, Sigma Aldrich Corp.), reduced
raphene oxide, and polyvinyl alcohol (PVA, MW 80,000, Sigma
ldrich Corp.) were used as-received without any further
rocessing or refining. The preparation process of RGO solution is
escribed in detail in a previous report [31].

.2. Synthesis of NFs and sensing device fabrication

The procedure to synthesize RGO-loaded ZnO NFs is as fol-

ows: first an aqueous solution of PVA (10 wt%) was prepared,
n which PVA was dissolved in distilled water. After 4 h of con-
inuous stirring at 65–70 ◦C, the zinc acetate and RGO solution
as added to the PVA solution, subsequently being stirred for
ators B 221 (2015) 1499–1507

an additional 6 h at 70 ◦C. Since TEM investigation of RGO-loaded
ZnO NFs does not clearly show the individual image of RGO
nanosheests, we  estimated the sizes of RGO nanosheets in source
materials, from many TEM images. The average size was  mea-
sured to be about 75 nm,  which is smaller than the diameter
of ZnO NFs.

Next, this viscous solution was used to produce RGO-loaded ZnO
NFs by a conventional electrospinning method; the prepared vis-
cous solution was  loaded into a syringe equipped with a 21-guage
stainless steel needle with an inner diameter of 0.51 mm.  Applied
voltage, feed rate, and distance between the collector and the nee-
dle tip were set to 15 kV, 0.03 mL/h, and 20 cm,  respectively. The
voltage was applied to the needle tip, whereas the metal collec-
tor was grounded. NFs were deposited onto SiO2 substrates, with a
uniform distribution, as described in our previous reports [15,32]
and shown in Fig. 1a. All of the electrospinning experiments were
done at room temperature. Calcination of the NFs was carried out
in air for 5 h at 500 ◦C with a heating rate of 0.5 ◦C/min, to remove
the polymer solvents. In total, six sensor devices were fabricated
to investigate ZnO NFs containing different quantities of RGO NSs
(0.04, 0.11, 0.17, 0.44, 0.77, and 1.04 wt%). Since RGO is known to
be stable at temperatures in the range of −10 to 800 ◦C [33,34],
the RGO NS will not be decomposed during the calcination pro-
cess at 500 ◦C. Subsequently, for gas sensing measurements, Ti
(thickness: ∼50 nm)  and Pt (thickness: ∼200 nm)  were deposited
on the substrates via magnetron sputtering using interdigitated
electrodes.

2.3. Characterization and sensing measurements

The microstructural and morphological characteristics of RGO-
loaded ZnO NFs were investigated by field-emission scanning
electron microscopy (FE-SEM, Hitachi S-4200) and transmission
electron microscopy (TEM, Phillips CM-200). The structural phase
analysis was carried out using X-ray diffraction (XRD, Phillips X’pert
MRD). For SEM, the samples were cleaned by several steps, includ-
ing ultrasonic cleaning, blow-drying, and drying using oven or hot
plate. They were sputter-coated with Pt layer, in order to eliminate
the charge effect. For TEM, the samples were dispersed in acetone
ultrasonically. Subsequently, drops of the suspension were located
on the amorphous carbon films supported on copper grids. The
sample-comprising grids were dried in air. Raman spectra were
acquired at room temperature with a Raman microscope (LabRam
HR800 UV; Horiba Jobin-Yvon, France) at Korea Basic Science Insti-
tute (KBSI). The excitation light source was  a diode laser with a
wavelength of 514 nm.  The laser power incident on the sample sur-
face was 10% of 10 mW.  The Raman spectrum of RGO-loaded ZnO
NFs is shown in Supplementary Material (Fig. S1). The D and G peaks
of graphite, being originated from surface RGOs, were observed, in
addition to ZnO-related ones.

In order to fabricate the sensor device, we  have sputter-
deposited Pt (∼200 nm)  and Ti (∼50 nm)  sequentially, on the
specimens by means of using an interdigital electrode mask. The
I–V test showed pseudo-ohmic characteristics (Fig. S2). The sensing
performance of RGO-loaded ZnO NFs was  investigated for common
oxidizing (NO2, SO2, and O2) and reducing (CO, C6H6 (benzene), and
C2H5OH (ethanol)) gases using a custom-made gas-sensing system.
The gas sensing measurements were carried out at three different
temperatures (300 ◦C, 350 ◦C, and 400 ◦C), which were optimized in
our previous reports [32,35]. The gas concentration was controlled
response was  calculated by Rg/Ra, where Rg is the impedance of
the sensor in the applied target gas and Ra is the resistance in the
air or in the absence of the target gas. For reducing gases, the gas
response was  determined to be Ra/Rg.
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ig. 1. (a) Schematic illustration of the synthesis of RGO-loaded ZnO nanofibers via 

f  (b) 0.04, (c) 0.11, (d) 0.17, (e) 0.44, (f) 0.77, (g) 1.04.

. Results and discussion

The microstructures of the synthesized RGO-loaded ZnO NFs

re shown in Fig. 1b–g. The average diameter of the calcined NFs
s measured to be about 150 nm.  Because the sensing properties
f oxide-based semiconductor gas sensors are greatly affected by
he size of their nanograins [2], SEM images of RGO-loaded ZnO
spinning method. SEM images of calcined RGO-loaded ZnO NFs with a weight ratio

NFs were taken. These images clearly exhibit the existence of
nanograins. Fig. 1b–g reveals that the size of the nanograins and/or
the diameter of the NFs were not influenced as the amount of RGO

NSs was changed. The upper-right insets reveal that the NFs are
uniformly distributed on the substrates.

In order to investigate the configuration of RGO NSs and their
interactions with ZnO nanograins, we carried out a TEM analysis.
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ig. 2. TEM images showing microstructures of RGO-loaded ZnO NFs. (a) and (b) low
nO  NFs and RGO NSs.

ig. 2a shows a low-magnification TEM image of an RGO-loaded
nO NF. Fig. 2b is a magnified TEM image that shows an enlarged
mage of the dotted square in Fig. 2a. In Fig. 2c, the RGO NS can
e clearly observed. Also, the presence of nanograins in the TEM

mages indicates the polycrystalline nature of the ZnO. RGO NSs
ave been attached to the boundaries of the nanograins, likely cre-
ting local heterojunctions with the n-type ZnO nanograins. The
hase analysis of the synthesized NFs was performed by XRD and
upports the presence of RGO NSs in ZnO NFs, as shown in Fig. 2d
nd e. Fig. 2e shows the representative XRD patterns of monolithic
nO NFs, RGO-loaded ZnO NFs, and pure RGO NSs, respectively.
ll of the peaks of RGO-loaded ZnO NFs agree well with those of
onolithic ZnO NFs (JCPDS Card No. 891397). However, a broad

iffraction peak (d-spacing 3.7 Å at 2� = 24.0◦) of RGO NSs was  also
bserved in RGO-loaded ZnO NFs, as clearly depicted in Fig. 2d.
his broad diffraction peak of RGO is very close to the typical (002)
iffraction peak of graphite (d-spacing 3.35 Å at 2� = 26.6◦) [26,36].
rom these results, TEM and XRD analyses both confirm the pres-
nce of RGO NSs in RGO-loaded ZnO NFs.
The sensing properties of these RGO-loaded ZnO NFs were eval-
ated by exposing them to different oxidizing (NO2, SO2, and O2)
nd reducing (CO, C6H6, and C2H5OH) gases between 300 and
00 ◦C. The concentrations of the gases were set to 1, 2, and 5 ppm.
nification, (c) high magnification and (d)–(e) XRD patterns of ZnO NFs, RGO-loaded

Fig. 3a summarizes the sensor responses as the weight percent of
the RGO was varied between 0 and 1.04 wt%. The NO2 concentra-
tion was  set to 5 ppm and the sensing temperature ranged from
300 to 400 ◦C. The typical dynamic sensing curves for all of the sen-
sors to NO2 gas at 400 ◦C are shown in Supplementary material (Fig.
S3). Each sensor clearly showed an increase in resistance with the
introduction of NO2 gas. Upon the removal or stoppage of the gas,
the sensors again showed a decrease in their resistivity. This trend
of changing resistance can be defined in terms of the framework of
n-type semiconductors, in which the major charge carriers are elec-
trons. NO2 gas molecules adsorb onto the surfaces of the NFs, diffuse
and take electrons from the NFs, and then create electron-depleted
regions, eventually leading to the decrease in the conductivity of
the NFs. Likewise, emission of electrons occurs when the NO2 gas
is removed. However, the transfer of electrons and the formation
of anions (here NOx

− or oxygen anions in the presence of oxygen)
on the surface of the sensing material are significantly dependent
on the temperature and sensing material. All sensors containing
RGO NSs showed a higher response than pure ZnO NFs at all tem-

peratures. It is noteworthy that the best response was achieved at
400 ◦C. Fig. 3b shows the variation of sensor responses as the weight
percent of the RGO was  varied between 0 and 1.04 wt%  at an NO2
concentration and temperature of 5 ppm and 400 ◦C, respectively.
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ig. 3. (a) Response of all sensors to 5 ppm NO2 gas as a function of temperature
nd (b) response of all sensors to 5 ppm NO2 gas as a function of RGO concentration
wt%) at 400 ◦C.

he sensor containing 0.44 wt% RGO NSs showed a higher response
han the other sensors at all temperatures (Fig. 3a). The sensor
esponse decreased once the amount of RGO NSs increased above
.44 wt%, indicating that the amount of RGO NSs must be optimized

n order to achieve the best sensing properties. The upper-right
nset in Fig. 3b demonstrates the typical change in resistance of the
ensors upon the supply and stoppage of NO2 gas.

In order to further investigate the sensing properties, the
esponses of the sensors were measured against other oxidizing
ases, such as SO2 and O2, at 400 ◦C. The dynamic sensing curves
f oxidizing gases are shown in Fig. 4a. The data for the sensing
esponses are summarized in Fig. 4b. The responses to SO2 and
2 were significantly lower than the response to NO2, which is
ainly due to the higher reactivity of NO2 gas molecules to general

ensing materials as compared to SO2 and O2 [37]. For comparison,
he responses of pure ZnO NFs to the oxidizing gases are shown in
ig. 4c. Fig. 4b and c and Table S1 clearly reveal that the loading of
GO NSs into ZnO NFs significantly enhances the sensitivity of the
nO NFs. Close examination reveals that the incorporation of RGO
Ss significantly enhanced the sensing response to NO2 gas.

The sensor containing 0.44 wt% RGO NSs was  further exam-
ned with different reducing gases (CO, C6H6, and C2H5OH). These
ynamic sensing curves are shown in Fig. 5a, exhibiting typical
-type behavior. Upon introduction of the reducing gases, the resis-
ivity of the sensors decreased and then again increased to the
aximum level upon the removal of the gas. The sensing behav-
or of n-type semiconductors toward reducing analytes is exactly
pposite to that of the oxidizing analytes and can be defined by
he reduction–reoxidation mechanism [1]. The reducing gases react
Fig. 4. (a) The dynamic sensing curves 0.44 wt% RGO-loaded ZnO NFs for oxidizing
gases and (b) response of oxidizing gases as a function of gas concentration.

and partially reduce the oxide surface, leading to an increase in the
number of free electrons in the conduction band (i.e., a reduced
resistivity). Reoxidation of the surface occurs upon desorption or
removal of the reducing analyte, leading to an increase in the con-
ductivity. The responses of the reducing gases (and the results of
pure ZnO NFs) are summarized in Fig. 5b and Table S2 as a function
of gas concentration. Again, the responses of RGO-loaded ZnO NFs
were superior relative to the pure ZnO NFs, clearly demonstrating
the effectiveness of the RGO NSs. This improved performance may
be caused by the formation of local heterojunctions at the RGO/ZnO
interfaces.

In order to explain the operation of the sensing mechanisms in
RGO-loaded ZnO NFs that leads to their exceptionally high sensi-
tivity, several mechanisms must be considered. First, there is the
modulation of the resistance along the surface of the ZnO NFs. In
air ambient conditions, oxygen molecules adsorb, diffuse, and trap
electrons from the surface of ZnO NFs to form atomic and molec-
ular ions (O−, O2−, and O2

−) [38]. An electron-depleted region is
established within the Debye length underneath the surface due to
the extraction of electrons by these adsorbed ions. The width of the
depleted region increases or decreases as the chemisorbed oxygen
reacts with the oxidizing or reducing analytes, respectively.

For example, the interaction of reducing analytes (e.g., C2H5OH,

CO, and C6H6) has been proposed in the literature [1,35,39], as
follows:

C2H5OH(g) + O−
(ad) ↔ CH3CHO(g) + H2O(g) + e− (1)



1504 Z.U. Abideen et al. / Sensors and Actu

F
g
p

C

C

Z
g
o
a
fl
O
s
2
fl
d
b
d
Z
t
l
f
d

s
w
h
d

ig. 5. (a) The dynamic sensing curves of 0.44 wt% RGO-loaded ZnO NFs for reducing
ases and (b) comparison of the responses of 0.44 wt% RGO-loaded ZnO NFs with
ure ZnO NFs for reducing gases.

O(g) + O−
(ad) ↔ CO2(g) + e− (2)

6H6(g) + O−
(ad) ↔ CO2(g) + H2O(g) + 15e− (3)

Second, we will explain the sensing mechanism of monolithic
nO NFs, in regard to the ZnO/ZnO homointerfaces (Fig. 6a). The
as sensing properties of NFs are mainly related to the presence
f nanograins in the polycrystalline sensing materials. The bound-
ries between these nanograins act as potential barriers to the
ow of electrons. In air ambient, the adsorbed oxygen (such as
−) will be present at the grain boundaries of ZnO. The adsorbed

pecies extract electrons by the reactions such as the following:
O− + VO

.. + 2e− ↔ OO [40]. Accordingly, the potential barrier to the
ow of electrons will appear at the boundaries. Upon the intro-
uction of oxidizing and reducing gases, the potential barrier will
ecome higher and lower, respectively, thereby increasing and
ecreasing the resistance across the grain boundaries along the
nO NFs. The sensing enhancement with the ZnO/ZnO homoin-
erfaces can also be explained by the evolution of the depletion
ayer along the grain boundaries. The resistance modulation arises
rom nanograin boundaries, by the expansion or suppression of the
epletion layer.

Third, the RGO NSs-loaded ZnO NFs offer additional sources for

ensor enhancement, being compared to the pure ZnO NFs. We
ill explain the sensing mechanism, with respect to the ZnO/RGO
eterointerfaces (Fig. 6b). With a large amount of RGO NSs being
istributed in the ZnO NFs, no direct contact will take place between
ators B 221 (2015) 1499–1507

the neighboring RGO NSs. Since the adjacent NSs are not phys-
ically connected, the electrical conduction in the sensor devices
will mainly occur through the ZnO NFs, rather than discretely dis-
tributed RGO NSs. Fig. 6b indicates that a considerable amount of
local heterojunctions (i.e. ZnO/RGO composite system) exists in
RGO NS-loaded ZnO NFs.

It is possible that the ZnO/RGO interfaces as well as ZnO grain
boundaries will contribute to the enhancement of sensing behav-
ior. In the heterojunctions, the Fermi energy of ZnO is supposed
to be lower than that of RGO, with the work functions of n-ZnO
and RGO being about 5.20 and 4.75 eV, respectively (Fig. 6b). The
RGO will be regarded as a kind of metal-like material. In order to
equate the Fermi level, electrons will be transferred from RGO to n-
ZnO. Resulting from the charge transfer, the potential barrier will be
formed at heterojunctions, with the bending of the vacuum energy
level and the energy band. In the present case, in which the work
function of the metal is lower than that of the n-type semiconduc-
tor, the ohmic contact will be generated, becoming a non-rectifying
barrier to the flow of electrons. In spite of the non-rectifying nature,
the established potential barrier will affect the sensing behavior.

As a first possibility, the enlarged surface depletion region of ZnO
NFs will enhance the sensing behavior. Since ZnO becomes more n-
type than the original state, the energy barrier between ambient gas
and ZnO will be further reduced [41,42], presumably enlarging the
surface depletion region and thus reducing the conduction region
simultaneously. With the increased initial resistance, the modula-
tion of resistance by the sensing target gas will turn out to be a
higher sensitivity (Text S1 in Supplementary material).

As a second possibility, the electrical current across the ZnO/RGO
interfaces will provide additional modulation of resistance. In air
ambient, the adsorbed oxygen will be present not only at the grain
boundaries of ZnO, but also at the ZnO/RGO interfaces. The reduc-
ing gases will react with adsorbed oxygen such as O−, providing
electrons. The oxidizing gases will react with the adsorbed oxygen
or provide the adsorbed oxygen, ultimately taking out electrons.
The reducing and oxidizing gases will decrease and increase the
height of the potential barriers to the electrons, respectively. In air
ambient, the electron will easily flow from ZnO to RGO, because
there is no potential barrier from ZnO to RGO (Fig. 6b). For electri-
cal conduction through the sensor devices in terms of RGO NSs, the
electrons, which were penetrated into the RGO, need to be taken out
of the RGO NSs. However, the barrier height at the heterointerfaces
(i.e. 4.5 eV) will prevent the electrons from escaping to the outer
ZnO grains. Upon the introduction of oxidizing gas, the potential
barrier will be enhanced at the n-ZnO/RGO interfaces, increasing
the relative energy level of n-ZnO to RGO. Accordingly, the electron
flow of RGO to n-ZnO will become much more difficult, ultimately
increasing the resistance of the sensor. On the other hand, upon
the introduction of reducing gas, the energy level of n-ZnO will be
suppressed, reducing the relative energy level of n-ZnO to RGO.
Accordingly, the electron flow of RGO to n-ZnO will become easier,
ultimately decreasing the resistance of the sensor. The example of
the NO2 gas sensing is presented in Supplementary material (Text
S2).

As a third possibility, discretely distributed RGO NSs, which are
nanostructures with a higher surface accessibility [43], will exert
the spillover effect, playing a catalytic role in adsorption, dissoci-
ation, and transportation (to neighboring ZnO surface) of NO2 gas
molecules. A lot of defects and functional groups on the RGO sur-
face will provide adsorption sites for the gas molecules and will
increase the sensitivity [41].

Although graphene oxide (GO) contains saturated sp3 carbon

atoms bound to oxygen, which makes it an insulator, reduced
graphene oxide (RGO) still contains residual oxygen that is sp3

bonded to the carbon atoms [44]. It is commonly accepted that
the thermal annealing of GO or RGO will reduce the oxygen
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Fig. 6. Schematic illustration of sensing mechanism

unctional groups. Accordingly, by the heating at 350–400 ◦C dur-
ng the sensing tests, it is expected that the RGO embedded in
nO nanofibers will be further reduced by losing oxygen. Since
he currents in the sensing device mainly flow through continu-
us ZnO, the surface of RGOs, which is exposed to ambient, will
lay a catalytic role only.

Due to the resistance modulation caused by these sources,
GO-loaded n-ZnO NFs showed a larger change in their resistance
ompared to monolithic ZnO NFs. The resistance of the sensors
ncreased upon the addition of RGO and reached a maximum
t 0.44 wt%. At higher concentrations of RGO NSs, the resistance
ecreased. After this critical value, further additions of RGO NSs had
o substantial effect on the resistance change of the sensors. How-

ver, at this time, we cannot explain why further loading of RGO
Ss (above 0.44 wt%) unexpectedly decreases the sensing behavior.
n additional systematic study is currently underway to describe

his phenomenon in a following report.
 pure n-ZnO NFs and (b) RGO-ZnO heterojunctions.

Accordingly, we suggest that the combination of two sensing
mechanisms, being related to ZnO/ZnO homointerfaces and
RGO/ZnO heterointerfaces, is responsible for the enhancement of
the sensing capabilities of RGO-loaded ZnO NFs. Thus, we can safely
conclude that this hybrid sensing mechanism, which combines the
effects of radial resistance modulation, ZnO/ZnO grain boundary
modulation, and local heterojunctions (due to the presence of RGO
NSs), is primarily responsible for the enhancement of the sensitivity
of n-ZnO NFs.

Although the present sensor is comprised of RGO, this work
focused mainly on the ZnO NFs sensors, because main conduction
occurs through the continuous ZnO NFs, rather than discrete RGO
NSs. The role of RGO NSs in enhancing the sensitivity is mainly

related to the generation of ZnO/RGO heterojunctions and in addi-
tion, discrete RGO NFs will exert the spillover effect, playing a
catalytic role in adsorption, dissociation, and transportation (to
neighboring ZnO surface) of NO2 gas molecules. Accordingly, direct
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omparison between the present sensor and RGO or graphene-
ased sensors is meaningless. W.  Yuan et al. summarized the
ensing capabilities of graphene-based gas sensors [45]. Graphene
ensor has a particularly different application, from the conven-
ional semiconductor sensors, such as ZnO. Graphene has the
owest resistivity at room temperature among the substances and
mall amount of extra electrons can cause a noticeable change in
he conductance of graphene. Accordingly, it will be suitable for
ow temperature and extremely low-concentration operation. As
hown in Table 1 of Ref. [45], the actual sensitivity is relatively
ow, i.e. less than 2. It is noteworthy that the composite mate-
ials including graphene will attain the sensor responses higher
han 2. For example, highly aligned SnO2 nanorods on graphene
anosheets exhibited a sensor response of 2.1 for H2S gas [46]. Also,
ertically aligned ZnO nanorods and graphene hybrid structures
xhibited a sensor response of 2.1 for ethanol gas [47]. However, in
he present work, we embedded RGO NSs into ZnO NFs, assigning
nusual roles to the RGO NSs and attaining the very high sensor
esponse.

From Figs. 4 and 5 (Tables S1 and S2), we reveal that the sen-
or responses of RGO-loaded ZnO NFs to NO2, SO2, O2, CO, C6H6,
nd C2H5OH are 119.0, 65.7, 34.2, 22.6, 19.1, and 19.1, respec-
ively, at a gas concentration of 5 ppm. The RGO-loaded ZnO NFs
urned out to become an excellent gas sensor for main oxidant and
eductive gases. Further techniques including the functionalization
ill be necessary to enhance the sensor selectivity for a particular

as.
The response times of RGO-loaded ZnO NFs to NO2 gases are

74, 350, and 143 s at 1, 2, and 5 ppm, respectively (Table S1). The
ecovery times of RGO-loaded ZnO NFs to NO2 gases are 107, 188,
nd 259 s at 1, 2, and 5 ppm, respectively (Table S3). The initial
esistances of RGO-loaded ZnO NFs to NO2 gases are 3.39, 2.82,
nd 3.30 M� at 1, 2, and 5 ppm, respectively, exhibiting the stable
ensing behavior (Table S4). In addition, the long-term stability of
he RGO-loaded ZnO NFs was fine; after keeping in air ambient for 2

onths, no noticeable sensing difference was observed. The long-
erm stability of the RGO-loaded ZnO NFs is presented in Fig. S4.
fter 6 months, the sensor responses to CO gas were decreased by
8.0, 72.1, and 39.8%, respectively, at CO concentrations of 1, 2 and

 ppm. Further study will be necessary to improve the long-term
tability of the present sensor.

. Conclusion

We  have successfully prepared RGO-loaded ZnO NFs by an elec-
rospinning method. Microstructural investigation revealed that
he addition of RGO NSs does not affect the size of the ZnO
anograins or NFs. The XRD spectrum of RGO-loaded ZnO NFs
xhibits a very weak RGO (0 0 2) peak, as well as ZnO-related peaks.
e have performed sensing tests with a variety of gases, including

2, SO2, NO2, CO, C6H6, and C2H5OH, which show that our sensors
xhibit excellent sensing capabilities. The sensor response to 5 ppm
O2 gas was increased by the addition of RGO to ZnO NFs, reaching

 maximum and optimal value of 150 at an RGO concentration of
.44 wt% at 400 ◦C. Overall, the RGO-loaded ZnO NFs showed higher
ensitivity to different oxidizing and reducing gases compared to
onolithic ZnO NFs. We  ascribed this improvement in performance

o the hybrid sensing mechanism, which combines the effects of the
urface depletion layer of ZnO NFs (radial resistance modulation),
otential barriers at ZnO grain boundaries (ZnO/ZnO homointer-
aces), and RGO-NSs/ZnO heterointerfaces.
Due to the work function difference of RGO and ZnO, the poten-
ial barrier will be generated at the heterointerfaces. This novel
ybrid sensing mechanism is responsible for the outstanding sen-
itivity of RGO-loaded ZnO NFs.
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