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Ternary nanocomposites containing reduced graphene oxide (rGO) and metal
(Pt or Pd)-coloaded SnO2 nanofibers (NFs) have been successfully synthesized
by an electrospinning method. Transmission electron microscopy and fieldemission scanning electron microscopy analyses revealed the NF morphology
of the synthesized products. The gas sensing properties of the synthesized
materials towards 1 ppm and 5 ppm C6H6, C7H8, and CO were tested,
demonstrating enhanced sensing capability of the rGO/metal (Pt or Pd)-coloaded SnO2 NF sensor compared with that of pristine or rGO-loaded SnO2 NF
sensors. Furthermore, selective sensing towards either C6H6 or C7H8 can be
achieved by using Pd or Pt loading, respectively. The high specific surface area
due to the existence of nanograins and p-rGO/n-SnO2 heterojunctions in the
NFs, nanoheterojunctions between the noble metals and SnO2, as well as a
sensitizing effect of Pt and Pd were responsible for the enhanced sensing
response of the rGO/metal-coloaded SnO2 NF sensors. The obtained results
demonstrate the promotional effect of coloading, as well as selectivity tuning
by proper choice of a noble metal, being extendable to other gas sensing
materials.
Key words: Nanofiber, reduced graphene oxide, SnO2, coloading, noble
metal, gas sensor

INTRODUCTION
Metal-oxide-based gas sensors are commonly used
for detection of toxic gases owing to their good
thermal and physical/chemical stabilities and ability to detect very low gas concentrations.1 Among
the different metal oxides, SnO2, which is an n-type
semiconductor (Eg = 3.62 eV), has received increasing attention for use in gas detection applications in
comparison with other metal oxides,2 due in particular to its strong response to various hazardous
gases.3,4 However, high working temperature, long
recovery time, and poor selectivity have limited its
application.5 It is well known that use of synergistic
(Received October 19, 2016; accepted January 7, 2017;
published online February 21, 2017)

effects between different materials is a promising
approach to enhance the gas sensing characteristics
of materials such as SnO2. Different strategies such
as doping,6 decoration with various noble metals,7
heterojunction formation with p-type semiconductors,8 and incorporation of carbon nanotubes,9
graphene or reduced graphene oxide (rGO)10 can
be used for such enhancement of gas sensing
properties.
Among these strategies, ternary nanocomposites
such as rGO/metal/metal oxide prepared by rGO/
metal coloading on the surface of SnO2 are promising structures for gas sensing applications. In
addition to the high intrinsic sensitivity of metal
oxides to various gases, the oxygen functional
groups of rGO, which is a derivative of graphene,
are beneficial for gas adsorption.10 Moreover,
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nanoparticles (NPs) of noble metals such as Au,11,12
Pt,13,14 Pd,15,16 Ru,17 and Ag18,19 are efficient sensitizers to enhance the characteristics of metaloxide-based gas sensors.20,21 Amongst the noble
metals, Pt and Pd are of great interest because of
their high catalytic activity,22–24 high melting point,
good resistance to corrosion and oxidation, very
high electrical conductivity, and high work function.
Therefore, they are commonly used to enhance the
properties of gas sensors based on metal oxides.25
For example, Su et al. reported enhanced detection
of NH3 using rGO/Pd/SnO2 sensors,26 and a new H2
gas sensor based on Pt/rGO/TiO2 hybrids was
reported recently.27
Electrospinning is one of the most simple, costeffective, and efficient methods for fabrication of
long nanofibers (NFs) with very high surface area,
which is beneficial for gas sensing applications. In
comparison with other synthesis routes, it has much
simpler apparatus and inexpensive precursors,
along with excellent control over process
variables.28
Metal oxide NFs are among the most promising
morphologies for gas sensing applications due to the
high surface area and presence of nanosized grains.
The high sensitivity of metal oxide NFs is due to the
presence of grain boundaries formed at nanograin
interfaces, which exhibit large variation in resistance during injection and removal of target
gases.29 We report herein the gas sensing properties
of rGO/metal (Pd or Pt)-coloaded SnO2 NFs synthesized by an electrospinning method. Their gas
sensing properties were measured and compared
with those of pristine SnO2 NFs and rGO-loaded
SnO2 NFs. The sensing results show that the rGO/
metal-coloaded SnO2 NFs have better response than
the rGO-loaded NFs or pristine SnO2 NFs. Sensing
mechanisms are suggested based on synergistic
effects between rGO and the metal NPs.

washed with DI water and methanol until the
solution pH reached 7 to yield pure rGO powder.

EXPERIMENTAL PROCEDURES

Bilayer Ti/Au electrodes with thicknesses of
50 nm and 200 nm were sequentially sputterdeposited onto NFs using an interdigitated electrode mask. The sensing capability of the sensors
was investigated at an optimal working temperature using a gas dilution and sensing system. The
concentration of target gas in the sensing measurement chamber was precisely controlled by adjusting
the mixing ratio between the target gas and dry air
using accurate mass flow controllers (total flow
rate = 500 sccm). To evaluate the selective sensing
properties, the responses to typical reducing gases
such as CO, toluene (C7H8), and benzene (C6H6)
were tested. The response (R) was calculated as
R = Ra/Rg, where Ra and Rg are the resistances in
the presence of air and target gas, respectively.

Materials
Tin(II) chloride (SnCl2Æ2H2O), graphene oxide
(GO), dimethylformamide (DMF), and polyvinyl
acetate (PVAc) were purchased from Sigma-Aldrich.
Hydrazine monohydrate (N2H4ÆH2O), PdCl2, and
H2PtCl6ÆnH2O were purchased from Kojima Chemical. Ethanol, 2-propanol, acetone, and deionized
(DI) water were used as solvents and washing
agents. All starting materials were used as received
without additional purification.
Preparation of rGO
The preparation process for rGO solution has
been reported elsewhere.30 Briefly, 10 mL hydrazine monohydrate was mixed into GO suspension,
followed by heating at 150°C for 24 h to reduce the
GO. The products were then separated by centrifugation at 12,000 rpm for 45 min. Finally, they were

Preparation of rGO/Metal-Coloaded SnO2 NFs
For synthesis of rGO/metal-coloaded SnO2 NFs, a
combination of sol–gel and electrospinning methods
was used. First, aqueous solution of PVAc was
prepared by dissolving PVAc in ethanol/DMF solution under constant stirring for 4 h. Then, 1 g
SnCl2Æ2H2O was added to the prepared PVAc solution, followed by stirring for 10 h. Subsequently,
aqueous solutions of Pd2+ or Pt2+ were prepared
separately by dissolving 0.0007 g PdCl2 or
H2PtCl6ÆnH2O in acetone/2-propanol and DI water/
2-propanol solution, respectively, followed by constant stirring for 1 h. Then, the solutions were
exposed to ultraviolet (UV) radiation for 1 min. This
led to growth of Pd and Pt NPs in solution.
Afterwards, the prepared Pd and Pt NP suspensions
and 0.44 wt.% rGO (according to the results of a
previous study10) were mixed with PVAc/
SnCl2Æ2H2O solution. After stirring for 1 h, viscous
PVAc/SnCl2Æ2H2O solution containing Pd or Pt NPs
and rGO was obtained.
The NF synthesis procedure by electrospinning
has been reported elsewhere.31 The prepared precursor solution was inserted into a syringe with
inner diameter of 0.51 mm. The composite NFs were
electrospun by applying 15 kV using a power supply
with separation of 20 cm between the needle tip and
ground plate. The solution feeding rate was
0.03 mL/h. NFs were thus electrospun onto SiO2grown Si wafers placed on a metal collector. Finally,
the as-spun NFs were calcined at 600°C for 30 min
in air at heating rate of 2°C/min. A schematic of the
rGO/metal-coloaded SnO2 NF synthesis is shown in
Fig. 1.
Gas Sensing Tests

Material Characterization
The morphology and microstructure of the synthesized products were studied using field-emission
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Fig. 1. Schematics of (a) rGO/metal (Pt or Pd)-coloaded SnO2 NFs and (b) NF preparation by electrospinning followed by high-temperature
calcination.

scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). Compositional
analysis was carried out by energy-dispersive x-ray
spectroscopy (EDS) incorporated in TEM. X-ray
diffraction (XRD) analysis using Cu Ka radiation
(k = 0.1540 nm) was used to study the crystallinity
and phase formation of the synthesized NFs.
RESULTS AND DISCUSSION
Figure 2a shows a low-magnification FE-SEM
image of rGO/Pd-coloaded SnO2 NFs. The NFs are
continuous and long, indicating successful synthesis. To gain further insight into their structure, a
high-magnification FE-SEM image was obtained
(Fig. 2b), revealing presence of Pd NPs dispersed on
the NF surface. The size of the Pd NPs was
100 nm to 200 nm. Figure 2c shows the EDS
analysis results, with peaks attributed to Sn, O, C,
and Pd; the quantitative analysis results in the
corresponding table indicate Pd loading of
0.31 wt.% for this product. Figure 2d shows a lowmagnification FE-SEM micrograph of rGO/Pt
coloaded over continuous and long SnO2 NFs. A
high-magnification FE-SEM image is shown in
Fig. 2e, revealing presence of dispersed Pt NPs,
similar to Pd, with size of 50 nm to 200 nm.
Figure 2f shows the EDS analysis results, with Sn,
O, C, and Pt elemental peaks clearly observed; the
quantitative analysis results in the corresponding
table indicate Pt loading of 1.45 wt.% for this

product. Overall, successful synthesis of one-dimensional NFs coloaded with rGO/metal was
demonstrated.
To further clarify the formation of SnO2 phase,
XRD analysis was performed. Figure 3a shows a
typical XRD pattern of rGO/Pd-coloaded SnO2 NFs.
As shown, the peaks can be indexed to crystalline
SnO2 phase [Joint Committee on Powder Diffraction
Standards (JCPDS) card no. 88-0287] and facecentered cubic Pd (JCPDS card no. 87-0641). Figure 3b shows the XRD pattern of rGO/Pt-coloaded
SnO2 NFs, revealing formation of crystalline SnO2
and Pt (JCPDS card no. 87-0647).32 The crystalline
sizes of SnO2, Pt, and Pd were calculated using the
Scherrer formula,20 D = 0.9[k/(bcos h)], where D is
the crystalline size, k (=0.154 nm) is the x-ray
wavelength used, and b is the full-width at halfmaximum of the diffraction peak at 2h. The calculated crystalline size values for SnO2, Pt, and Pd
were
10.24 nm,
14.72 nm,
and
20.17 nm,
respectively.
Figure 4a-2 to a-5 shows the results of EDS
mapping analysis of the rGO/Pd-coloaded SnO2
NFs. As can be seen, Sn, O, C, and Pd elements
coexist in the NFs. However, the concentrations of C
and Pd elements are much lower than those of Sn
and O because rGO and Pd were loaded into SnO2
NFs. It should be noted that the Pd NPs were
distributed considerably on the NF surface, which is
advantageous for sensing applications. Figure 4b
shows an individual rGO/Pd-coloaded SnO2 NF,
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Fig. 2. rGO/Pd-coloaded SnO2 NFs: (a) low- and (b) high-magnification FE-SEM images, and (c) EDS analysis. rGO/Pt-coloaded SnO2 NFs: (d)
low- and (e) high-magnification FE-SEM images, and (f) EDS analysis.

with rough, grainy surface due to formation of SnO2
nanograins. Figure 4c shows a high-magnification
TEM image, where rGO nanosheets (NSs) are
clearly seen on the surface of an SnO2 NF. A highresolution TEM (HR-TEM) image of rGO/Pdcoloaded SnO2 NFs is presented in Fig. 4d, where
the spacings between two parallel fringes of

0.22 nm and 0.33 nm can be attributed to (111)
planes of cubic Pd and (110) planes of SnO2,
respectively.32 Figure 4e shows an HR-TEM image
of rGO/Pt-coloaded SnO2 NFs, where the spacings
between two parallel fringes of 0.33 nm and
0.23 nm can be indexed to (110) and (111) planes
of crystalline SnO2 and Pd, respectively.32 The
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Fig. 3. XRD patterns of (a) rGO/Pt-coloaded SnO2 NFs and (b) rGO/
Pd-coloaded SnO2 NFs.

results of EDS mapping analysis for rGO/Ptcoloaded SnO2 NFs are shown in Fig. 4f-1 to f-4,
demonstrating the presence of Sn, O, C, and Pt
elements in the NFs.
Figure 5a shows the normalized dynamic resistance curves for pristine SnO2 NFs, rGO-loaded
SnO2 NFs, and rGO/Pd-coloaded SnO2 NFs towards
1 ppm and 5 ppm C6H6 at an optimal working
temperature of 200°C, according to preliminary tests.
Upon exposure to C6H6, the resistance of all sensors
decreased, indicating n-type behavior originating
from the oxygen deficiency of n-type SnO2, the main
constituent of the sensors. All the sensors showed
reversibility, since their resistance returned to the
initial value after air injection. The corresponding
calibration curves are shown in Fig. 5b. It can be
observed that the response of the rGO/Pd-coloaded
SnO2 NF sensor was stronger than those of the other
sensors; For example, for 1 ppm C6H6, the sensor
response (Ra/Rg) of pristine SnO2 NFs, rGO-loaded
SnO2 NFs, and rGO/Pd-coloaded SnO2 NFs was 1.6,
3.3, and 8.3, respectively, indicating the significant
role of Pd in enhancing the response to C6H6.
Figure 5c shows the normalized dynamic resistance
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curves for pristine SnO2 NFs, rGO-loaded SnO2 NFs,
and rGO/Pt-coloaded SnO2 NFs towards 1 ppm and
5 ppm C7H8 at 200°C; the corresponding calibration
curves are presented in Fig. 5d. For 5 ppm C7H8, the
response of the pristine SnO2 NF sensor increased
from 2.3 to 4.0 after rGO loading, and to 16.0 after
rGO/Pt coloading. Hence, the response of pristine
SnO2 NFs increased almost seven times after the
modifications.
Gas sensors based on SnO2 usually show strong
responses to various gases; such poor selectivity
usually hinders practical application of these
devices when exposed to different gases under the
same conditions. Figure 6a shows the response of
the rGO/Pd-coloaded SnO2 NF sensor to 1 ppm and
5 ppm CO, C6H6, and C7H8 gases at 200°C. As
shown in Fig. 6b, the sensor shows the highest
response to C6H6 compared with the other tested
gases. It particular, the response to 5 ppm C6H6 is
12.3, much higher than those to C7H8 or CO.
Therefore, it is reasonable to say that the rGO/Pdcoloaded SnO2 NF sensor shows the highest
response to and good selectivity for C6H6. Figure 6c
shows the response of the rGO/Pt-coloaded SnO2 NF
sensor to 1 ppm and 5 ppm CO, C6H6, and C7H8
gases. As shown in the corresponding calibration
curves (Fig. 6d), the rGO/Pt-coloaded SnO2 NF
sensor showed the highest response to C7H8 compared with the other tested gases. The response to
C7H8 was 255.5% and 332.43% higher than those to
C6H6 and CO, respectively. Accordingly, it is evident that a high response to C7H8 can be achieved
by using Pt loading.
The gas sensing mechanism in metal-oxide-based
gas sensors is based on resistance changes due to
adsorption and desorption of gases. Oxygen can be
physisorbed and chemisorbed onto the SnO2 surface. At elevated temperatures, such as 200°C,
chemisorption predominates, and when pristine
SnO2 sensors are exposed to air at high temperatures, oxygen molecules are chemisorbed onto the
SnO2 surface; by capturing electrons from the SnO2
conduction band, reactive oxygen species such as
O, O2, and O
2 are formed. Formation of such
oxygen adsorbates will create a depletion layer on
each SnO2 NF surface. Thus, in air, the electrical
resistance of the pristine SnO2 NF sensor
increases.3 In the presence of reducing gases such
as C6H6 and C7H8, the width of the depletion layer
decreases because the chemisorbed oxygen species
react with the reducing gases and transfer electrons
back to the surface of the sensor33:
C6 H6 þ 15O ! 6CO2 þ 3H2 O þ 15e

ð1Þ

C7 H8 þ 18O ! 7CO2 þ 4H2 O þ 18e

ð2Þ

Due to the presence of many nanograins in the
polycrystalline SnO2 NFs, the SnO2/SnO2 interfaces
must also be considered. A potential barrier to
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Fig. 4. (a-1) to (a-5) Results of EDS mapping analysis for rGO/Pd-coloaded SnO2 NFs. (b) TEM image of rGO/Pd-coloaded SnO2 NF. (c) Highmagnification TEM image of rGO/Pd-coloaded SnO2 NFs, showing rGO nanosheets. (d) HR-TEM image of rGO/Pd-coloaded SnO2 NF, showing
lattice spacings of Pd and SnO2. (e) HR-TEM image of rGO/Pt-coloaded SnO2 NF, showing lattice spacings of Pt and SnO2. (f-1) to (f-4) Results
of EDS mapping analysis of rGO/Pt-coloaded SnO2 NFs.

electron flow will form at these boundaries, due to
abstraction of electrons by oxygen species in air.
After injection of reducing gas, this potential barrier
height will decrease, so the overall resistance across
the grain boundaries along the SnO2 NFs will
decrease accordingly (Fig. 7a).10 This resistance
modulation is the general sensing mechanism operating in polycrystalline metal-oxide sensor materials.
For the rGO-loaded SnO2 NF sensor, which
exhibited higher responses compared with pristine
SnO2 NFs, an additional mechanism must be

considered. In fact, rGO-loaded SnO2 NFs contain
local p–n heterojunctions at the n-SnO2/p-rGO
interfaces, which are very important for achieving
high sensing performance. The presence of local p–n
heterojunctions in rGO-loaded SnO2 NFs greatly
enhances the sensing properties compared with the
case of pristine SnO2 NFs, where there are no local
p–n heterojunctions. Due to the discrete distribution of the loaded rGO NSs, the main conduction by
electron flow takes place along the continuously
connected SnO2 nanograins in the rGO-loaded SnO2
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Fig. 5. (a) Normalized dynamic resistances and (b) corresponding
gas responses for pristine SnO2 NFs, rGO-loaded SnO2 NFs, and
rGO/Pd-coloaded SnO2 NFs in presence of 1 ppm and 5 ppm C6H6
at 200°C. (c) Normalized dynamic resistances and (d) corresponding
gas responses for pristine SnO2 NFs, rGO-loaded SnO2 NFs, and
rGO/Pt-coloaded SnO2 NFs in presence of 1 ppm and 5 ppm C7H8
at 200°C.

NFs. Figure 7b schematically illustrates the considerable amount of local SnO2/rGO heterojunctions
that exist in the rGO-loaded SnO2 NFs. At the
heterojunctions, as the work functions of SnO2 and
rGO are 4.55 eV and 4.75 eV, respectively,10
electrons are transferred from SnO2 to rGO, as
shown schematically in Fig. 8. In other words,
loaded p-RGO NSs receive electrons from neighboring SnO2 nanograins, acting as an electron absorption body. This increases the local resistive space
inside the NFs, eventually causing the SnO2 NFs to
become less conductive and generally intensifying
their resistance modulation; that is, fewer charge
carriers in chemiresistive-type sensing materials
result in greater resistance variation during extraction and recovery of charge carriers during adsorption and desorption of gaseous species. In addition,
the potential barrier established at the p–n heterojunctions, as shown in Fig. 8, can be changed by
adsorption or desorption of gas molecules. This can
be another source of additional modulation of the
total resistance of the NFs.
In this work, the rGO-loaded and rGO/metalcoloaded SnO2 NF sensors were tested at a high
temperature of 200°C, so one must also consider the
possibility of destruction of the p–n or nano-
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Fig. 6. (a) Normalized dynamic resistances and (b) corresponding
gas responses for rGO/Pd-coloaded SnO2 NFs towards 1 ppm and
5 ppm CO, C6H6, and C7H8 gases at 200°C. (c) Normalized dynamic
resistances and (d) corresponding gas responses for rGO/Pt-coloaded SnO2 NFs towards 1 ppm and 5 ppm CO, C6H6, and C7H8
gases at 200°C.

Schottky junctions. However, according to our previous study,10 the rGO NSs were stable up to 400°C.
Accordingly, it is reasonable to conclude that the p–
n or nano-Schottky junctions in the NF sensors
remain stable at the sensor operating temperature.
Furthermore, in literature, there are some reports
that mention enhanced gas sensing of rGO-based
nanocomposites at high temperatures;34,35 For
example, Chang et al.36 attributed the enhanced
sensing characteristics of rGO/SnO2 sensors at
300°C to the existence of p–n heterojunctions, and
Inyawilert et al.37 reported increased gas sensing
properties of rGO/In-doped SnO2 at 300°C to 350°C,
which was attributed to formation of p–n
heterojunctions.
For rGO/metal-coloaded SnO2 NFs, in addition to
the above-mentioned mechanisms, the effect of the
noble metal must be considered as well. For noblemetal-loaded metal oxides, there are two types of
sensitization: chemical and electronic.32 In chemical
sensitization, target gas molecules adsorb onto the
sensor surface, where they are dissociated or activated by the noble metal. Dissociated molecules at
the sensor surface react with oxygen species on the
surface of the metal oxide, resulting in variations of
the electrical resistance at the sensor surface.38
This effect is observed for both Pd and Pt NPs due to
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Fig. 7. Schematic illustrations of gas sensing mechanisms operating in (a) pristine SnO2 NF and (b) rGO/metal (Pt or Pd)-coloaded SnO2 NF
sensors.

their catalytic activities.4 In electronic sensitization,
the noble metal interacts electronically with the
metal oxide as an electron donor or acceptor. The
resulting variation in the electronic state of the
noble metal changes the surface conductivity.38
Such a mechanism already exists for the Pd–SnO2
system because of the easy transformation of PdO to
Pd under a reducing gas atmosphere,39 but for the
Pt–SnO2 system, it is generally assumed that
chemical sensitization is dominant because of the
very high catalytic capability and chemical stability
of Pt.38
Nano-Schottky junctions can act as sensitizers
and are usually formed between noble metals and
metal oxides. Since the work functions of Pd
(5.12 eV40) and Pt (5.32 eV41) are higher than that
of SnO2 (4.55 eV), electrons are transferred from
SnO2 to the Pt and Pd NPs (Fig. 8a and b), leading
to expansion of the electron depletion layers on the
SnO2 NF surface. The barriers created at such
nano-Schottky junctions could be another reason for
the resistance variation, because the barrier height

can be modulated by adsorption and desorption of
gas molecules.
We now explain the effect of Pt and Pd on the
selectivity towards C7H8 and C6H6, respectively.
Even though the Pt or Pd NPs were not completely
localized at the surfaces, due to the very small
diameter of the NFs and the observed enhanced
sensing behavior of the metal-loaded NF sensors, it
can be supposed that a substantial amount of Pt and
Pd NPs were distributed on the surface of NFs. In
general, finer metal NPs may lead to superior
sensing properties. The effect of particle size needs
to be studied in further work. Concerning the effect
of Pt on the increased response to C7H8, several
issues must be considered. It has been reported42,43
that such sensor enhancement is partially due to H2
dissociation. Although there are no H2 molecules in
CO, three and four H2 molecules can be generated
from C6H6 and C7H8, respectively. Accordingly,
C7H8 can provide a greater amount of H2 molecules.
Therefore, Pt can dissociate C7H8 more effectively
than other gases. Furthermore, C7H8 adsorbs via its
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Fig. 8. Energy band structures for rGO, SnO2, and (a) Pd and (b) Pt before and after contact with air.

methyl group (–CH3). Even though adsorption of
C7H8 onto the Pt surface is difficult due to steric
repulsion between the –CH3 group of C7H8 and the
Pt surface, from the point of view of electronic
effects, adsorption of C7H8 onto the Pt surface is
more favorable.42,43 Therefore, a lower C7H8 adsorption barrier is expected.
Similarly, Orozco et al.43 reported that the
amount of C7H8 adsorbed and retained on Pt
surfaces was greater than that of C6H6. They
suggested that the amount of Pt surface which is
available to form strong bonding with C7H8 is
higher relative to C6H6 due to the presence of the
–CH3 ring in C7H8. This is mainly related to the
electron-releasing effect of the –CH3 in C6H7, where
some interaction of aromatic p-electrons with the Pt
surface may occur, resulting in increased toluene
adsorption on the Pt surface.
However, in the Pt-loaded sensor, the response to
C6H6 was not as high as that to C7H8. In fact, C6H6
needs to be dehydrogenated and decomposed into
C6Hx species.44 However, from the thermodynamic
and kinetic points of view, it has been shown that
dehydrogenation of C6H6 is not possible on a Pt
surface.45 In other words, since the adsorption
energy of C6H6/Pd (1.35 eV) is lower than that of
C6H6/Pt (1.49 eV), the Pd NPs may exhibit higher
catalytic activity for C6H6 decomposition based on
the volcano theory. According to this theory, catalytic efficiency decreases in cases of strong or weak
bonding between the surface and gas molecules,32
whereas for moderate bonding strength, the molecules adsorb on the surface but are flexible enough

to move around and form transition states.32
Although the adsorption energy of C6H6/Pd is
slightly lower than that of C6H6/Pt, C6H6 can easily
desorb from the Pt surface at the sensing temperature.32 Accordingly, it is reasonable to expect that
higher sensor response to C6H6 can be obtained
using Pd compared with Pt NPs. Also, the reported
reaction barriers for CO + O = CO2 are 0.87 eV and
1.20 eV for Pd and Pt, respectively.46 Therefore, the
higher response to CO with the Pd-loaded sensor,
compared with the Pt-loaded one, can be attributed
to the lower reaction barrier on the Pd NP surface.
Morin et al.47 reported that the better adsorption of
C6H6 onto Pd can be explained by considering the
interaction energies between the p electrons of the
aromatic molecule and the d-band of the metals.
They reported that the d-band of the Pd surface was
narrow (5 eV) with average energy of 6.36 eV,
whereas the d-band of Pt was larger (6.5 eV) with
lower average energy of 7.22 eV. The best geometry for adsorption of C6H6 on Pt has interaction
energy of 0.90 eV. On the other hand, on Pd, the
interaction energy is 1.19 eV. Therefore, the
chemisorption strength of C6H6 onto Pd is stronger
than onto Pt surfaces. For C6H6, possible dissociation reactions on the Pd surface can be written as
follows48:
C6 H6 ðgÞ ! C6 H6 ðadsorbedÞ

ð3Þ

C6 H6 ðaÞ ! C4 H4 ðaÞ þ C2 H2 ðaÞ

ð4Þ

C4 H4 ! 2C2 H2

ð5Þ
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Possible C7H8 dissociation reactions on Pt surfaces can be written as follows:
C7 H8 ðgÞ ! C7 H8 ðadsorbedÞ

ð6Þ

C7 H8 ðaÞ ! CH3 ðaÞ þ C6 H5 ðaÞðphenyl radicalÞ ð7Þ
Some literature studies27,49,50 on sensing using
rGO-metal/metal oxides also support the aforementioned mechanisms; For example, Russo et al.49
reported H2 sensors based on Pt-SnO2/rGO heteronanostructures. The sensors showed improved performance relative to SnO2 and rGO/SnO2 sensors,
which was related to heterojunction barriers formed
at SnO2/rGO heterostructure interfaces and the
presence of Pt, which acted as a catalytic promoter
towards H2. Esfandiar et al.27 reported the H2
sensing characteristics of rGO/Pd- and Pt-decorated
TiO2 NPs. The Pd/TiO2/rGO sensors showed better
sensing characteristics compared with the Pt/TiO2/
rGO sensors. In both sensors, the rGO sheets acted
as scaffolds, facilitated gas diffusion, and provided
new channels for electrical current. Possible causes
of the enhanced sensitivity in Pd/TiO2/rGO were
mentioned to be the greater rate of spillover effect
and dissociation of H2 molecules on Pd. Leonardi
and coworkers50 reported a Pt–TiO2/rGO composite
sensor for H2O2 detection. That ternary structure
showed enhanced sensitivity, owing to formation of
triple-junction points, high surface area, uniform Pt
dispersion, and good electrical conductivity. In
addition, use of metal/metal oxides has also been
reported in literature,51 where the enhanced gas
sensing was mainly attributed to the presence of
noble metals; For example, Doborokhotova et al.51
reported chemical sensors based on SiO2 nanosprings coated with ZnO and Pd NPs. The enhanced
sensing properties were ascribed to dissociative
adsorption of O2 on Pd NPs, which enhanced the
oxidation of gases, changed the width of the depletion layer or Schottky heterojunctions, and resulted
in a unique surface chemistry on the ZnO NPs.
It is noteworthy that, in the sensing mechanism,
the role of the electrodes was not considered,
because the structure and electrode materials used
in the devices were the same for all the tested
sensors. Also, Montmeat et al.52 discussed that,
even though there is a depletion layer in a region
near the electrodes, especially at the three-boundary point of the electrode, metal oxide, and gas, its
contribution to the overall sensing mechanism is
negligible in comparison with other effects.
Table S1 (Supplementary Electronic Material)42–62 compares the C7H8 sensing characteristics
of some metal-oxide-based sensors with the sensor
reported herein. It is clearly seen that the present
rGO/Pt-coloaded SnO2 NF sensor showed a high
response to C7H8 at a reasonably low temperature.
Unlike C7H8, only a few C6H6 sensors have been
reported. Table S2 (Electronic Supplementary

Material)63–69 compares the C6H6 sensing characteristics of some metal-oxide-based sensors with the
sensor reported herein. Similar to the C6H6 case,
the response of the rGO/Pd-coloaded SnO2 NF
sensor to C6H6 is the best ever reported. The
degrees of electronic and chemical sensitization of
the Pt or Pd NPs are likely to depend on the barrier
height of the p–n junctions and their specific
interaction capability with gaseous molecules.
Therefore, at present, it is not possible to clarify
which type of sensitization contributes dominantly
to the sensing improvement for the specific gases by
each type of metal NP. Further research on this
aspect must be performed in the future.
CONCLUSIONS
rGO/metal (Pt or Pd)-coloaded SnO2 NFs were
successfully synthesized by an electrospinning
method, an approach that can be extended to
synthesis of other similar materials. TEM/FE-SEM
and EDS studies revealed the NF morphology of the
synthesized products with the desired composition.
The gas sensing properties of pristine, rGO-loaded,
and rGO/metal (Pd or Pt)-coloaded SnO2 NFs were
compared. The high specific surface area due to the
presence of nanograins, p–n junctions between rGO
and SnO2 in NFs, nano-Schottky barriers between
Pd and SnO2 and Pt and SnO2, as well as a
sensitizing effect of Pt and Pd were responsible for
the enhanced sensing responses of the rGO/metal
(Pd or Pt)-coloaded SnO2 NF sensors. In addition, it
was shown that the selectivity of the fabricated
sensors towards either C7H8 or C6H6 could be tuned
by loading with either Pt or Pd, respectively,
because they have different catalytic activities
towards C7H8 and C6H6. The obtained results show
a promising effect of Pt and Pd NPs to obtain
selectivity to a particular gas while demonstrating
high sensitivity. The reversible response and good
selectivity of the reported sensors indicate their
potential for use in practical applications.
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