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We developed a hydrogen sensor of reduced graphene oxide-loaded
ZnO nanofibers. An extremely high response of about 866 at a low
concentration of 100 ppb was obtained. The combined eﬀect of the
presence of rGO nanosheets and hydrogen-induced metallization of
ZnO played a crucial role in enhancing the detection behavior.

Hydrogen (H2) is a clean, eﬃcient, and promising candidate for
renewable energy sources that will overcome current challenges
such as air pollution, global warming, and the global energy
crisis. In this growing hydrogen economy, safety challenges
involving hydrogen gas production, transportation, and storage
require highly eﬃcient, early and accurate detection of escaped
or leaked H2 gas. Therefore, rapid detection of H2 gas at very
low concentration is crucial to ensure safety at hydrogen
facilities and during storage and usage.1–3
One-dimensional (1D) electrospun nanofibers (NFs) are
renowned for their potential applications in chemical sensors mainly
due to their large surface-to-volume ratios,4 small dimensions
compared to the Debye length, and web-like structures with a
large number of nanograins exposed to the analyte gas. In
addition, electrospun NFs can be easily produced on a large
commercial scale at low cost due to the facile electrospinning
process, with possible functionalization of their surfaces with
target-specific receptor species and possible surface deposition
of a catalyst to promote or inhibit specific reactions.5
Zinc oxide (ZnO) is one of the most common metal oxides
that has been widely employed in chemical sensors because of
its many appealing properties such as good conductivity,6 low
toxicity,7 and good thermal stability.6,7 More importantly, ZnObased gas sensors have excellent selectivity to toxic, flammable,
and explosive gases, particularly ethanol8 and hydrogen.9 In order
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to achieve the highest sensitivity and selectivity of ZnO, many
eﬀorts have been made using a variety of strategies, including
addition of noble metals or oxide catalysts and manipulation of
composition and operating temperature.10
Alternatively, graphene, a one-atom layer of sp2-bonded
carbon atoms, has recently been introduced as a promising
sensor material due to its excellent electrical, thermal, and
mechanical properties with a high surface area (2600 m2 g 1).11
The high charge mobility enables the detection of single
molecules of gaseous analytes, with great potential to achieve
ultra-high sensitivity.12 Because pure graphene does not exhibit
acceptable sensitivity to gas,13 chemically reduced graphene
oxide (rGO) has been used due to its reported high sensitivity to
gas molecules such as NO2,12 NH3,14 and H2,15,16 presumably
due to good adsorption sites.
With the expectation of better sensitivity due to the addition
of rGO in metal oxide semiconductor-based gas sensors, we
report a highly sensitive and selective H2 sensor of rGO and
ZnO nanofibers fabricated using a low-cost and versatile electrospinning process. To our knowledge, there have been no reports
demonstrating the incorporation of rGO in electrospun ZnO
NFs. The sensing results were characterized as a function of
H2 concentration and operating temperature. Furthermore, we
compared the sensing behavior of rGO/SnO2-based NFs to that
of rGO/ZnO-based NFs. SnO2 is widely known as one of the most
useful and studied sensing materials to detect dangerous gases
such as H2.17,18 With low-cost and simple fabrication of various
kinds of nanostructures, SnO2 can have a lot of room for further
enhancement of sensing capabilities. The results show that the
rGO/ZnO-based composite NF is a promising material system
for the rapid and selective detection of H2 gas. Experimental
procedures are described in the ESI† (Text S1 and Fig. S1).19,20
The microstructure and morphology of NFs were analyzed
using FE-SEM and TEM (Fig. 1). Fig. 1a and b demonstrate that
calcination did not significantly change the morphology of the
NFs. After calcination at 600 1C for 0.5 h in air at a heating rate of
0.5 1C min 1, the synthesized NFs exhibited a regular structure
with an average diameter of 190 nm and were composed of a large
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Fig. 2 Sensor responses of rGO/SnO2 and rGO/ZnO composite NFs at
300, 350, 400, and 450 1C, depending on the H2 concentration in the
range of 0.1–10 ppm (open circles: rGO-loaded SnO2 composite NFs;
filled circles: rGO-loaded ZnO NFs).

Fig. 1 SEM images of (a) as-spun and (b) calcined rGO-loaded ZnO composite
NFs (Insets: low-magnification plane-view images). (c) Low-magnification TEM
image of a calcined rGO-loaded ZnO composite NF. (d and e) TEM images of
an enlarged surface region of (c). (f) Associated SAED pattern.

number of nanograins with an average size of 30 nm (Fig. 1b). The
NFs and nanograins were uniform in size and shape. It is well
known that the evolution of nanograins and the change in size
modify the sensing properties of the NFs. The inset figure depicts
the low-resolution SEM micrograph showing uniform and random
distribution of the composite NFs on the Si/SiO2 substrates.
The polycrystalline nature of the composite NFs in the
presence of nanograins was confirmed by TEM examination
(Fig. 1c–e) and was in good agreement with the SEM micrographs
(Fig. 1b). Fig. 1e shows the magnified high-resolution TEM
(HR-TEM) image of an enlarged surface region of an rGO-loaded
ZnO composite NF. Several amorphous rGO nanosheets were
observed on the surfaces of the nanograins, likely creating local
heterojunctions with n-ZnO nanograins. The inter-planar
distances of ZnO NFs were approximately 0.24 and 0.26 nm,
respectively, which correspond to the (101) and (002) planes of
the hexagonal ZnO phase (Fig. 1e). All the diffraction ring
patterns were indexed to a hexagonal ZnO structure (JCPDS
Card No. 89-1397) (Fig. 1f). The microstructure and morphology
of rGO-loaded SnO2 NFs were investigated by using FE-SEM and
TEM (Fig. S2 and Text S2 in the ESI†).
In order to characterize the performance of the sensors
composed of rGO-loaded ZnO composite NFs or rGO-loaded
SnO2 composite NFs, the sensors were exposed to a range of H2
gas concentrations (100 ppb, 1 ppm, 5 ppm and 10 ppm) at
various temperatures. Fig. 2, in conjunction with Fig. S3 (ESI†),
summarizes the typical dynamic resistance curves and sensor
responses of rGO/SnO2 and rGO/ZnO composite NFs at 300,
350, 400, and 450 1C. The sensing behavior of both sensors was
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similar to that of a typical n-type oxide semiconductor (i.e., a
decrease in resistance by a reducing gas) (Fig. S3, ESI†). The
responses of both sensors monotonically increased with
increasing H2 gas concentration and temperature. Notably,
rGO-loaded ZnO NFs exhibited greater responses than the
rGO-loaded SnO2 NFs at all temperatures, even to a trace
amount of H2 (100 ppb). The sensor responses of rGO-loaded
SnO2 NFs and rGO-loaded ZnO NFs were 74.8 and 2524.0,
respectively, to 10 ppm of H2 gas at 400 1C (Fig. 2 and Table S1
(ESI†)). Also, the rGO-loaded ZnO NFs were found to be extremely
selectively sensitive to H2 gas, in comparison to other gases,
including NO2, SO2, O2, CO, C6H6, and C2H5OH (Table S2 in the
ESI†), demonstrating their potential use in the selective detection
of H2 in a harsh environment.
Fig. 3 shows the change in sensor responses of rGO-loaded
SnO2 NFs and rGO-loaded ZnO NFs with varying sensing
temperatures in the range of 300–450 1C at a H2 concentration
of 10 ppm. The sensor responses of rGO-loaded ZnO NFs were
1007.5, 1731.6, 2524.0, and 2028.0 at 300, 350, 400, and 450 1C,
respectively, whereas those of rGO-loaded SnO2 NFs were 42.0,
47.8, 74.8, and 41.8, indicating that rGO-loaded ZnO NFs have
significantly higher sensitivities than rGO-loaded SnO2 NFs. In
addition, the additional increase in the sensor response of rGOloaded ZnO NFs with increasing temperature will be associated

Fig. 3 Change in the sensor responses of rGO/SnO2 and rGO/ZnO
composite NFs upon varying the temperature from 300 to 450 1C at a
H2 concentration of 10 ppm.
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with the enhancement of ZnO metallization at a higher temperature
(Text S3 in the ESI†). The sensor response curves exhibited a
bell-shaped behavior, with the maximum value at 400 1C. The
possible reasons for the bell-shaped behavior are summarized
in Text S4 (ESI†).
The sensor responses of rGO-loaded ZnO NFs were compared
to those of rGO-loaded SnO2, pure SnO2, and pure ZnO NFs with
respect to H2 gas, wherein the H2 concentration was fixed at
10 ppm (Fig. S4, ESI†). Not only the use of ZnO but also the
introduction of rGO played crucial roles in enhancing the
sensing behavior.
The main sensing mechanisms in ZnO NFs are schematically
outlined in Fig. S5 (ESI†). First, there is resistance modulation
due to the change in the radial thickness of the electrondepletion layer, underneath the surface. The depletion layer
will be contracted and expanded, by the introduction and
removal of H2 gas, respectively. Second, excellent gas sensing
characteristics of NFs were ascribed to the presence of grain
boundaries, establishing the potential barriers and thus upward
band bending at the grain boundaries in ambient air.21 Upon
introduction of target gas, H2 molecules adsorb and react with
chemisorbed oxygen in the ZnO grain boundaries, reducing the
potential barriers and thus increasing the conductivity. While
the resistance modulation through the introduction/removal of
a target gas is a generally accepted mechanism for metal oxide
NF-based gas sensors, the exceptionally high responses of the
present NFs to H2 gas indicate additional resistance modulation.
Several studies have reported the creation of heterointerfaces
between a metal oxide and graphene19,22,23 for improving the
sensing properties. Similarly, compared to pure SnO2 NFs, the
sensing responses of rGO-loaded SnO2 NFs were significantly
enhanced due to the presence of rGO.9
Additionally, the superior response of rGO-loaded ZnO NFs
with respect to that of rGO-loaded SnO2, in conjunction with
the observation that pure ZnO NFs exhibit a superior sensor
response to pure SnO2 NFs, suggests that the interaction of H2
with rGO-loaded ZnO noticeably aﬀects the sensing behavior.
Since the introduction of H2 gas inevitably generates a metallic
Zn layer along the rGO/ZnO heterojunctions (Text S5 in the
ESI†), the energy band diagrams involving three phases should
be considered (Fig. 4). From the diﬀerences in work functions,
at equilibrium, the potential barriers will be generated not only
at the rGO/Zn interfaces but also at the Zn/ZnO interfaces. First,
the n-ZnO will become more n-type, by the transfer of electrons
from metallic Zn. With the enlarged ZnO depletion region on
the NF surface, the introduction/removal of H2 will generate the
relatively larger resistance modulation. Second, in ambient H2,
the potential barrier of rGO/Zn prevents the electron flow into
rGO. Accordingly, the electrons in the ZnO region of sensor
devices will not be lost to the rGO region. This will further
decrease the resistance, which will be induced by the introduction
of H2 gas. Third, the rGO NSs will exert the spillover eﬀect,
enhancing the sensing behavior. The mechanisms involved in
the improvement of sensing abilities of these sensors with
respect to the ZnO/rGO heterointerfaces are described in more
detail in Text S5 (ESI†). Based on our results, the extraordinary
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Fig. 4 Schematic illustration of the sensing mechanisms in which the
surface of the ZnO nanograin is metallized.

improvement in the sensing properties of rGO-loaded ZnO NFs
for H2 is primarily due to the surface metallization eﬀect
(occurring in a H2 atmosphere) combined with the creation of
local heterojunctions. The possible reason for the strikingly
superior response of rGO-loaded ZnO NFs in comparison to
that of rGO-loaded SnO2 is explained in detail in Text S6 (ESI†).
A comparison of ZnO-based H2 sensors to findings of previous
studies is shown in Table S3 in the ESI.† Although extraordinarily
high sensor responses were observed from sensors consisting
of SnO2 thin films,24,25 the H2 concentration was in the range
of 800–1000 ppm. Despite the importance of hydrogen sensor
operation at low concentrations, there have been few studies on
such sensors. The Bi2S3 nanowire-based sensors exhibited a
room-temperature sensor response of 1.22 at 10 ppm.26 B. Wang
et al. reported a sensor response o0.5 at 10 ppm using SnO2
nanowires.27 We recently developed a ZnO NF sensor, showing a
H2 detection response of 63.8 at a very low concentration of
0.1 ppm. This striking enhancement in H2 sensitivity was
ascribed to the hydrogen-induced metallization on the surface
of ZnO nanograins.9
This work presents the highest response to date to a very
small concentration of H2 with short recovery times. Experimental
results suggest that rGO-loaded ZnO-based gas sensors can be
applied when very low H2 detection is required due to the combined
eﬀect of p-rGO and the semiconductor-to-metal transition eﬀect of
ZnO in a H2 atmosphere. However, better responses with more
rapid responses and recovery times at a relatively low temperature
can be obtained by tuning the heterointerfaces between p-rGO and
n-ZnO nanograins and through functionalization or electronic
sensitization with palladium or platinum nanoparticles. This study
is in progress and will be presented in the following reports.
In summary, uniformly-distributed rGO-loaded NFs with
average diameters of 190 nm were synthesized through a
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low-cost electrospinning process. These rGO-loaded NFs had a
polycrystalline nature due to the presence of a large number of
nanograins, which were responsible for the additional resistance
modulation at grain boundaries. The rGO nanosheets attached to
the NFs greatly enhanced the sensing properties of the NFs by
creating local heterointerfaces with the n-type nanograins and
acted as electron acceptors. At 10 ppm, the rGO-loaded ZnO NFs
exhibited a sensor response of approximately 2524. The rGOloaded ZnO NFs exhibited excellent sensor responses (865.9) to
a very low concentration of H2 gas (100 ppb). These enhanced
and extraordinary improvements in the sensing properties of
rGO-loaded ZnO NFs were attributed to the combined eﬀect of
(i) the presence of rGO nanosheets and (ii) semiconductor-tometal transition in a H2 atmosphere. The present study provides
a powerful insight into the enhancement of sensing abilities
and selectivities due to the incorporation of rGO nanosheets
and ZnO-based gas sensors for detecting trace amounts of H2.
This work was supported by a National Research Foundation
of Korea (NRF) grant funded by the Ministry of Education, Science
and Technology (MEST) of Korea (no. 2012R1A2A2A01013899) and
the International Research & Development Program of NRF
funded by MEST (no. 2013K1A3A1A21000149).
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Text S1.

Experimental Methods

Materials
Zinc acetate ((CH3CO2)2Zn), reduced graphene oxide (rGO), polyvinyl alcohol (MW
80,000), tin(II) chloride dihydrate, polyvinylpyrrolidone (MW 13,00,000), ethanol
(anhydrous, 99.5%), and dimethylformamide (DMF, anhydrous, 99.8%) were obtained
from Sigma Aldrich Corp. and were used as received without any further processing or
refining.

Preparation of rGO nanosheets
Graphite powder, H2SO4 (98%), H3PO4 (98%), KMnO4 (98%) and H2O2 (30 wt%),
Hydrazine monohydrate (98%), N,N-Dimethylformamide (DMF, 99.8%) were obtained
from commercial resources and used as received. GO was synthesized from graphite
powder via a modification of Hummers and Offeman’s method from graphite powders.1
In a typical reaction, 5g of graphite, 60 mL of H3PO4, and 180 mL of H2SO4 were
stirred together with a Teflon-coated magnetic stirring in an ice bath. Next, 60 g of
KMnO4 was slowly added while the temperature was maintained at 0 oC. Once mixed,
the solution is transferred to a 35 ± 5 oC water bath and stirred for 3 h, forming a thick
paste. Next, distilled water (450 mL) was slowly dropped into the resulting paste to
dilute the mixture, and then the solution was stirred for 1 h while the temperature was
raised to 90 ± 5 oC. Finally, 800 mL of distilled water was added, followed by the slow
2

addition of 60 mL H2O2 (30%), turning the color of the solution from dark brown to
yellow. During this final step, H2O2 (30%) reduced the residual permanganate and
manganese dioxide to colorless soluble manganese sulfate. The GO deposit was
collected from the GO suspension by high speed centrifugation at 15000 rpm for 30 min.
The obtained GO was then washed with 1000 mL of HCl (5%), and repeatedly washed
with distilled water until the pH = 7. To obtain uniform GO, a low-speed centrifugation
at 3000 rpm was first used to remove thick multilayer sheets until all the visible
particles were removed (3-5 min). Then the supernatant was further centrifuged at
10000 rpm for 30 min to remove small GO pieces and water-soluble byproduct. The
final sediment was redispersed in 500 ml of DMF with mild sonication, resulting in a
solution of exfoliated GO. In general, for chemically reduced GO (rGO), 500 ml of
exfoliated GO was stirred for 30 min, and 10 ml of hydrazine monohydrate was added.
The mixtures were heated at 150 ± 5 oC using an oil bath for 24 h; a black solid
precipitated from the reaction mixtures. Products were collected by centrifugation at
12000 rpm for 45 min and washed with DI water and methanol until the pH = 7. Next,
the obtained rGO was dried and stored in a vacuum oven at 60oC until use .

3

Synthesis of rGO-loaded ZnO and rGO-loaded SnO2 composite NFs
The preparation of the precursor solution used to fabricate rGO-loaded ZnO composite
NFs was prepared by dissolving 10 wt% polyvinyl alcohol in distilled water, and the
mixture was constantly stirred for 4h at 70ºC. Then, 1 g of zinc acetate and a 0.44 wt%
rGO solution were added to the mixture and continuously stirred for 6h at 70ºC. The
precursor solution used to synthesize rGO-loaded SnO2 was prepared by mixing 8 wt%
polyvinylpyrrolidone into a 1:1 solvent mixture of DMF and ethanol under constant
stirring for 4h at room temperature. Then, 1.75 g of SnCl2.2H2O and a 0.44 wt% rGO
solution were added to the mixture and constantly stirred for 12h at room temperature.
The amount of rGO loaded in both SnO2 and ZnO NFs was maintained at 0.44 wt%,
which was previously determined to be optimal.2
The prepared Zn and Sn precursor solutions were used for electrospinning by loading
into syringes with needles of an inner diameter of 0.51 mm. The distance between the
tip of the needle and the collector was fixed at 20 cm. The feed rates of the solutions
were set to 0.05 ml/h using an accurate syringe pump. As-spun NFs collected over a Si
wafer with a 250-nm-thick SiO2 layer were subsequently heated at 600ºC in air for 30
min at a heating rate of 0.5ºC/min to remove the polymer solvents. All experiments
were performed at room temperature. Details of the processes used to synthesize the
electrospun NFs can be found in our earlier reports.3,4

4

Characterization and sensing measurements
The morphology and microstructure of the synthesized NFs were examined using
field-emission scanning electron microscopy (FE-SEM, Hitachi S-4200) and
transmission electron microscopy (TEM, Philips CM-200), respectively. Raman and
XPS analyses were performed to reveal the incorporation of the rGO nanosheets. The
Raman spectra were acquired using a Jasco laser Raman spectrophotometer NRS-3000
series, with an excitation laser wavelength of 532 nm at a power density of 2.9
mW·cm-2. Micro-Raman spectra were obtained using a Raman microscope (LabRam
HR800 UV; Horiba Jobin-Yvon, France) at the Korea Basic Science Institute (KBSI),
scanning from 85 to 3000 cm-1 at room temperature in open air. A diode laser with a
wavelength of 514 nm was used for Raman excitation. The Raman spectrum of
rGO-loaded ZnO NFs is presented in the Supporting Information (Fig. S1). The A1(TO),
E2(high), and A1(LO)/E1(LO) peaks of ZnO were observed at 365, 445, and 559 cm-1,
respectively.5 The D and G bands of rGO were observed at 1384 and 1601 cm-1,
respectively. XPS was performed using a VG Multilab ESCA 2000 system, in which a
monochromatized AlKα X-ray source (hν = 1486.6 eV) was used.
In order to evaluate the sensing properties of the synthesized NFs, Ti (thickness: ~50
nm) and Pt (thickness: ~200 nm) were sequentially deposited on the substrates via
magnetron sputtering using interdigital electrodes. A custom-made gas dilution and
sensing system was used to measure the sensor responses to a range of concentrations of
hydrogen gas (0.1 – 10 ppm) at 300, 350, 400 and 450ºC. A known amount of
5

high-purity hydrogen gas (>99.999%) was transferred from the storage cylinder to the
sensing chamber, and the desired concentration was obtained by diluting with N2 gas
and controlling the conductance change of the sensors in the absence and presence of
hydrogen, where Ra is the resistance in the absence and Rg is the resistance in the
presence of hydrogen. The response and recovery times were calculated by measuring
the times needed to reach a 90% change in the resistance on the supply or removal of
hydrogen.

6

Text S2.

We investigated the microstructure and morphology of rGO-loaded SnO2 NFs by using
FE-SEM and TEM (Fig. S2). The calcination did not significantly change the
morphology of the NFs (Fig. S2a and S2b). By means of calcination at 600ºC for 0.5 h in
air at a heating rate of 0.5ºC/min, the NFs exhibited a large number of nanograins with an
average size of 35 nm (Fig S2b). It is noteworthy that the grains in NFs were uniform in
size and shape. The inset figures of Figs. S2a and S2b show the low-resolution SEM
micrograph, revealing the relatively uniform distribution of the straight-line NFs on the
Si/SiO2 substrates. Fig. S2c, which corresponds to a low-magnification TEM image,
confirms the polycrystalline nature of the rGO-loaded SnO2 NFs with the presence of
nanograins, agreeing with SEM micrographs (Fig. S2b). Fig. S2d shows the
lattice-resolved TEM image of the surface region of the rGO-loaded SnO2 NF in Fig.
S2c. Besides the crystalline SnO2 structure, amorphous rGO nanosheet was observed on
the surfaces of the nanograins, generating local heterojunctions with n-SnO2 nanograins.
The inter-planar distance of the NF was approximately 0.26 nm, corresponding to the
(101) plane of the tetragonal SnO2 phase (Fig. S2d). The diffraction ring patterns were
indexed to (110), (101), (200), and (211) planes of a tetragonal SnO2 structure (JCPDS
Card No. 41-1445) (Fig. S2e). Figs. S2f and S2g exhibit the EDX spectra taken from the
(f) and (g) positions in Fig. S2d, respectively. It is revealed that the position (f), which
7

has the rGO NSs on the surface, exhibits the much higher atomic ratio of C/Sn, than the
position (g).

Text S3.

Alternatively, it is expected that the metallization of ZnO will be dependent on the
sensing temperature, with hydrogen atoms inducing metallization of ZnO even at room
temperature.6,7 First, the diffusion coefficient of interstitial hydrogen DH in ZnO is
known to increase drastically by increasing the temperature from RT to 800 K.8,9
Accordingly, the amount of H-loading on the ZnO surface will increase by increasing
the sensing temperature.8,9 Second, the associated metallization reactions are
thermodynamically favorable at higher temperatures.
ZnO(s) + H2(g) → Zn(s) + H2O(g)

(1)

With adopting the standard free energy as ΔG° = 130,415-119.353T (kJ/mol),10 those at
300, 350, and 400 ºC are calculated to be about 62.01, 56.04, and 50.07 kJ/mol,
respectively.
In addition, it is possible that hydrogen adsorbed on Zn-polar surface is so reactive that
it is able to reducing ZnO to metallic Zn, forming and desorbing OH groups by the
following equation:11
8

ZnO(s) + H(g) → OH(g) + Zn(s)

(2)

With adopting the standard free energy as ΔG° = 171,448-66.984T (kJ/mol),10 those at
300, 350, and 400 ºC are calculated to be about 133.06, 129.71, and 126.36 kJ/mol,
respectively. Although the present sensing is not in its standard condition, the Zn
metallization will be thermodynamically favorable at higher temperature.

Figure 3 in the manuscript text reveals that an increase in temperature from 300 to 400
ºC increased the sensor response of rGO-laoded ZnO NFs by approximately 150%,
whereas that of rGO-laoded SnO2 NFs was increased by approximately 87.5%.
Accordingly, the additional increase in the sensor response of rGO-loaded ZnO NFs
with increasing temperature is associated with the observation that ZnO metallization is
enhanced at high temperature.

9

Text S4.

It has been revealed that the maximum sensing temperature of metal oxides such as
SnO2 and ZnO can be varied over large temperature range, depending on many factors,
which are not yet clearly known. There are several factors which affect the hydrogen
sensing behavior. First, the redox reaction, in which the hydrogen molecules will react
with the adsorbed oxygen species, is exothermic and will be activated or enhanced at
higher temperature. Second, the adsorption and desorption of hydrogen will be
important. At higher temperature, the adsorption of hydrogen will be suppressed and
may be desorbed prior to the redox reaction, contributing to the depression of hydrogen
sensing at higher temperature. Third, in case of ZnO sensor, hydrogen-induced
metallization will affect the sensing behavior. The Zn metallization will be
thermodynamically favorable at higher temperature. Accordingly, with the adsorption
being suppressed at higher temperature, it is expected that the temperature-dependent
sensing exhibits the bell-shaped behavior.

10

Text S5.

In Fig. 4 of the manuscript, it is depicted that a large amount of rGO NSs is discretely
distributed in the ZnO NFs, without a direct contact between adjacent rGO NSs. With
the assumption that there is no H2 gas, since the work functions of n-ZnO and rGO were
about 5.20 and 4.75 eV, respectively (Fig. 4 in the manuscript), the electrons will flow
from metallic rGO to n-ZnO, ultimately equating the Fermi level of two components.
Accordingly, at equilibrium, the potential barrier (~0.45 eV) will be formed when the
rGO contacts the n-ZnO. It has been widely accepted that the presence of hydrogen on a
ZnO surface noticeably enhances its electrical conductivity.12,13 Surface hydrogen atoms
are very shallow donors, forming strong bonds with surface O ions rather than
incorporating into bulk ZnO.14 These characteristics contribute to the surface
metallization of ZnO. Among the several mechanisms regarding hydrogen-induced
metallization15-19, the “reduction” mechanism, also referred to as “semiconductor to
metallic transition” or “surface metallization effect,” has been regarded as the most
likely and explains the high sensitivity and selectivity to hydrogen in the case of pure
ZnO NFs at high temperatures.21 Hydrogen-induced metallicity has been observed on a
variety of surfaces, including ZnO (100),13,18,20 ZnO (0001),15 and ZnO (21̅1̅0).17 The
delocalization of charge between Zn and O-H bonds induces metallization of surface Zn
atoms.21 The surface state of ZnO before and after H2 exposure was investigated using
XPS in our previous work,21 confirming the transformation of the ZnO surface to
metallic Zn. Since the introduction of H2 gas inevitably generates metallic Zn layer
along the rGO/ZnO heterojunctions, the energy band diagrams involving three phases
should be considered (Fig. 4 in the manuscript). With the work functions of rGO, Zn,
and ZnO being 4.75, 4.33, and 5.20 eV, respectively, at equilibrium, the potential
barriers not only at the rGO/Zn interfaces but also at the Zn/ZnO interfaces will be
generated.
11

One possibility is that the n-ZnO will become more n-type, by the transfer of electrons
from rGO. The above speculation is based on the assumption that the Zn metallic layer
will not be generated. However, in reality, the metallic Zn layer will be provided upon
the introduction of H2 gas. In this case, n-ZnO will become much more n-type, by the
transfer of electrons from metallic Zn. In this case, the adsorbed oxygen from ambient
atmosphere will more efficiently extract electrons from ZnO, enlarging the depletion
region and thus decreasing the conduction region.22,23 The hydrogen molecules will
react with the adsorbed oxygen species. The released electrons will reduce the thickness
of the depletion region, and decrease the resistance of the semiconductors. Upon
introduction and removal of H2 gas, the conduction region will be increased and
decreased, respectively (i.e. depletion region will be decreased and increased,
respectively). Since the original volume of the conduction layer in ZnO NFs is larger by
the ZnO/rGO heterointerfaces, the relative change of the resistance by the H2 gas will be
larger, resulting in the higher sensitivity. The second possibility is associated with the
electron flow of ZnO through the rGO NSs, ultimately providing additional modulation
of resistance. With the neighboring NSs being disconnected, the electrical conduction
will mainly occur through the ZnO NFs. In air ambient, the equilibrium energy band of
ZnO is 0.45 eV higher than that of rGO, facilitating easy flow of electrons from ZnO to
rGO. For the realization of electrical conduction through the rGO NSs, the electrons,
which were penetrated from the ZnO into the rGO, should be taken out of the rGO NSs.
In air ambient, however, the reverse flow from rGO to n-ZnO is not efficient and
electrons in rGO cannot easily escape out to the neighboring ZnO grains, owing to the
barrier height (i.e. 0.45 eV). On the other hand, in H2 ambient, the potential barrier of
rGO/Zn will be established, preventing the electron flow into rGO. Accordingly, the
electrons in sensor devices will be less lost to the rGO region. This will add to decrease
of resistance by H2 gas. As a third possibility, the rGO NSs will exert the spillover effect.
The discretely distributed rGO NSs being attached to the surfaces of the NFs are
nanostructures with a higher surface accessibility.24 The NSs will exert a catalytic
function in the adsorption, dissociation and migration of H2 gas molecules. It is possible
that the defects and functional groups on the rGO surface provide adsorption sites for
the gas molecules and will increase the sensitivity.22
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Text S6.

1) Sensing mechanisms of rGO-loaded SnO2 NFs
In normal air ambient, the SnO2 NFs have an electron-depletion layer underneath the
surface, because adsorbed oxygen species extract electrons from the conduction band of
n-type SnO2. The electron-depletion layer will be reduced by the introduction of H2 gas.
There is a resistance modulation due to the change of the radial thickness of the
electron-depletion layer. In addition, although it is possible that neighbouring individual
NFs in their networked configuration will physically contact, providing further
resistance modulation, it is reasonable to assume that the contribution of this type of
resistance is negligible in comparison to other sources of resistance. Second, there is a
resistance modulation due to the change of the height of the potential barrier at
nanograin boundaries, usually operating in polycrystalline sensor materials. In the case
of n-type semiconductors, oxygen species in air diffuse along the grain boundaries and
build up upward band bending, becoming a barrier to electron transport. The potential
barrier increases by introduction of oxidizing gas molecules in air ambient. The
potential barrier will decrease by outdiffusion of pre-adsorbed oxygen species under a
H2 gas environment. In addition, the sensing mechanism associated with rGO
NS-loaded SnO2 NFs needs to be considered. A lot of heterojunctions are generated in
rGO NS-loaded SnO2 NFs. Because the loaded rGO NSs have a discrete configuration,
main conduction will occur along continuous SnO2 NFs, rather than along discrete rGO
NSs. Since the work function of rGO is larger than that of SnO2, at equilibrium, in order
to align the Fermi level, electrons will flow from SnO2 to rGO. Not only the developed
barrier adds the additional modulation of total resistance of NFs by adsorption and
desorption of H2 molecules, but also the heterojunction will expand the depleted space
in NFs. These potential barriers decrease or increase in height due to adsorption or
desorption of hydrogen molecules, respectively, resulting in additional modulation of
the resistance of NFs. The electron depletion layer is generated at the SnO2 side of the
heterojunctions. In case of reducing gas, the reducing gas reacts with the adsorbed
oxygen (O-) on the SnO2 NF surface, subsequently providing electrons to the NFs.
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Accordingly, the depletion region will be reduced. The sensors response of reducing gas
to n-type semiconductor will be defined as S = Ra/Rg (Ra: initial ambient resistance; Rg;
resistance with the introduction of reducing gas). With the existence of a lot of
SnO2/rGO heterojunctions, the initial resistance (Ra) will be considerably increased.
With the increased initial resistance, the modulation of resistance by the sensing target
gas will turn out to be a higher sensitivity. Also, discrete rGO NSs on the surface will
play a catalytic role, enhancing the adsorption, dissociation, and transport (to
neighbouring SnO2 surface) of H2 gas.

2) Sensing mechanisms of rGO-loaded ZnO NFs (Same as Text S5)
Being similar to the rGO-loaded SnO2 NFs, the rGO-loaded ZnO NFs will exhibit the
resistance modulation, not only due to the change of the radial thickness of the
electron-depletion layer, but also due to the change of the height of the potential barrier
at nanograin boundaries. In Fig. 4 of the manuscript, it is depicted that a large amount of
rGO NSs is descretly distributed in the ZnO NFs, without a direct contact between
adjacent rGO NSs. In air ambient, in Fig. 4 of the manuscript, it is depicted that a large
amount of rGO NSs is discretly distributed in the ZnO NFs, without a direct contact
between adjacent rGO NSs. Since the work functions of n-ZnO and rGO were about
5.20 and 4.75 eV, respectively (Fig. 4 in the manuscript), the electrons will flow from
metallic rGO to n-ZnO, ultimately equating the Fermi level of two components.
Accordingly, at equilibrium, the potential barrier (~0.45 eV) will be formed when the
rGO contacts the n-ZnO. It has been widely accepted that the presence of hydrogen on a
ZnO surface noticeably enhances its electrical conductivity.12,13 Surface hydrogen atoms
are very shallow donors, forming strong bonds with surface O ions rather than
incorporating into bulk ZnO.14 These characteristics contribute to the surface
metallization of ZnO. Among the several mechanisms regarding hydrogen-induced
metallization15-19, the “reduction” mechanism, also referred to as “semiconductor to
metallic transition” or “surface metallization effect,” has been regarded as the most
likely and explains the high sensitivity and selectivity to hydrogen in the case of pure
14

ZnO NFs at high temperatures.21 Hydrogen-induced metallicity has been observed on a
variety of surfaces, including ZnO (100),13,18,20 ZnO (0001),15 and ZnO (21̅1̅0).17 The
delocalization of charge between Zn and O-H bonds induces metallization of surface Zn
atoms.21 The surface state of ZnO before and after H2 exposure was investigated using
XPS in our previous work,21 confirming the transformation of the ZnO surface to
metallic Zn. Since the introduction of H2 gas inevitably generates metallic Zn layer
along the rGO/ZnO heterojunctions, the energy band diagrams involving three phases
should be considered (Fig. 4 in the manuscript). With the work functions of rGO, Zn,
and ZnO being 4.75, 4.33, and 5.20 eV, respectively, at equilibrium, the potential
barriers not only at the rGO/Zn interfaces but also at the Zn/ZnO interfaces will be
generated. One possibility is that the n-ZnO will become more n-type, by the transfer of
electrons from rGO. The above speculation is based on the assumption that the Zn
metallic layer will not be generated. However, in reality, the metallic Zn layer will be
provided upon the introduction of H2 gas. In this case, n-ZnO will become much more
n-type, by the transfer of electrons from metallic Zn. In this case, the adsorbed oxygen
from ambient will more efficiently extract electrons from ZnO, enlarging the depletion
region and thus decreasing the conduction region.22,23 The hydrogen molecules will
react with the adsorbed oxygen species. The released electrons will reduce the thickness
of the depletion region, and decrease the resistance of the semiconductors. Upon
introduction and removal of H2 gas, the conduction region will be increased and
decreased, respectively (i.e. depletion region will be decreased and increased,
respectively). Since the original volume of the conduction layer in ZnO NFs is larger by
the ZnO/rGO heterointerfaces, the relative change of the resistance by the H2 gas will be
larger, resulting in the higher sensitivity. The second possibility is associated with the
electron flow of ZnO through the rGO NSs, ultimately providing additional modulation
of resistance. With the neighboring NSs being disconnected, the electrical conduction
will mainly occur through the ZnO NFs. In air ambient, the equilibrium energy band of
ZnO is 0.45 eV higher than that of rGO, facilitating easy flow of electrons from ZnO to
rGO. For the realization of electrical conduction through the rGO NSs, the electrons,
which were penetrated from the ZnO into the rGO, should be taken out of the rGO NSs.
In air ambient, however, the reverse flow from rGO to n-ZnO is not efficient and
electrons in rGO cannot easily escape out to the neighboring ZnO grains, owing to the
barrier height (i.e. 0.45 eV). On the other hand, in H2 ambient, the potential barrier of
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rGO/Zn will be established, preventing the electron flow into rGO. Accordingly, the
electrons in sensor devices will be less lost to the rGO region. This will add to decrease
of resistance by H2 gas. As a third possibility, the rGO NSs will exert the spillover effect.
The discretely distributed rGO NSs being attached to the surfaces of the NFs are
nanostructures with a higher surface accessibility.24 The NSs will exert a catalytic
function in the adsorption, dissociation and migration of H2 gas molecules. It is possible
that the defects and functional groups on the rGO surface provide adsorption sites for
the gas molecules and will increase the sensitivity.22

3) Comparison between the sensing mechanisms of rGO-loaded SnO2 NFs
and rGO-loaded ZnO NFs

rGO-loaded
SnO2 NFs

rGO-loaded
ZnO NFs

Mechanism 1
SnO2
NF
surface
depletion
region
ZnO
NF
surface
depletion
region

Mechanism 2
Potential barrier
at
SnO2-SnO2
homointerfaces

Mechanism 3
Mechanism 4
Potential barrier Spillover effect
at
SnO2-rGO by rGO NSs
heterointerfaces

Potential barrier Potential barrier Spillover effect
at
ZnO-ZnO at
ZnO-rGO by rGO NSs
homointerfaces
heterointerfaces
+
Zn
metallization

Accordingly, rGO-loaded SnO2 NFs and rGO-loaded ZnO NFs commonly exhibit the sensor
mechanisms based on NF surface depletion region, potential barrier at semiconductor
homointerfaces, and spillover effects by rGO NSs. However, in the mechanism with respect to
the semiconductor/rGO interfaces, the rGO-loaded ZnO NFs additionally have a surface
metallization effect of ZnO grain boundaries. We thereby surmise that the surface metallization
effect of ZnO grain boundaries is a main factor for the superior sensor behavior of rGO-loaded
ZnO NFs to rGO-loaded SnO2 NFs .
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Fig. S1. Raman spectrum of rGO-loaded ZnO NFs.
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Fig. S2. SEM images of (a) as-spun and (b) calcined rGO-loaded SnO2 NFs. (c)
Low-magnification TEM image of a calcined rGO-loaded SnO2 NFs. (d) TEM image of
an enlarged surface region of (c). (e) Associated SAED pattern. (f,g) EDX spectra taken
from the positions (f) and (g) in (d).
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Fig. S3. Dynamic resistance curves of rGO/SnO2 and rGO/ZnO composite NFs at (a)
300, (b) 350, (c) 400, and (d) 450oC (open circles: rGO-loaded SnO2 composite NFs;
filled circles: rGO-loaded ZnO NFs). The H2 concentrations were set to 0.1, 1, 5, and 10
ppm, respectively.
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Fig. S4. Sensor responses of pure SnO2 NFs, pure ZnO NFs, rGO-loaded SnO2 NFs and
rGO-loaded ZnO NFs at temperatures of 300-400ºC and at the H2 concentration of 10
ppm.
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Fig. S5. Schematic diagram of sensing mechanisms in regard to pure ZnO NFs.
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Table S1. Sensor responses of rGO-loaded SnO2 NFs and rGO-loaded ZnO NFs at temperatures and H2
concentrations in the range of 300-450 ºC and 100ppb-10 ppm, respectively.

H2 concentration

Response(Ra/Rg)
rGO/SnO2 composite NFs

rGO/ZnO composite NFs

300°C

350°C

400°C

450°C

300°C

350°C

400°C

450°C

100 ppb

12.1

13.0

16.5

12.9

422.9

485.3

865.9

581.0

1 ppm

17.1

17.0

24.0

17.2

721.3

1019.3

1415.4

957.9

5 ppm

23.2

24.2

38.7

27.2

852.6

1593.2

2010.3

1657.4

10 ppm

42.0

47.8

74.8

41.8

1007.5

1731.6

2524.0

2028.0
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Table S2. Sensor responses of rGO-loaded ZnO NFs at 400°C to various gases.
Response (Ra/Rg or Rg/Ra)
0.44 wt% rGO-loaded ZnO NFs
1 ppm

2 ppm

5 ppm

NO2

91.5

110.0

119.0

SO2
O2
CO
C6H6
C2H5OH

49.7
23.2
7.7
14.4
14.9

59.5
28.8
9.7
15.7
15.8

65.7
34.2
22.6
19.1
19.1

H2

1415.4

2010.3

2524.0
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Table S3. Comparison of some recently developed highly sensitive and selective
hydrogen sensors.

Temperature
(ºC)

Response
(Ra/Rg or
Rg/Ra)

Response
time (90%
change in
the original
resistance)

Recovery
time (90%
change in
the original
resistance)

Ref

200

200

8.5*

0.7 min

9 min

[25]

2000

RT

≅ 98* %

1.67 min

7.83 min

[26]

Nanoporous TiO2
thin films

50

500

50*

5-10 sec
(50%)

≤ 5 sec
(50%)

[27]

Cadmium-doped
ZnO
nanowires
(NWs)

100

RT

≅ 280* %

14 sec
(36.8%)

11 sec
(36.8%)

[28]

ZnO nanorods

150

200

≅ 3200* %

-

-

[29]

ZnO nanorods

1000

325

≅ 200* %

-

-

[30]

Pd-decorated SnO2
nanowires

10,000

RT

~1.2 x
5
10 * %

~2 sec
(36.8 %)

Aluminum doped
porous TiO2

1000

300

98.7* %

211 sec
(63%)

-

[32]

10,000

RT

11.52%
increase in
electrical
resistance

19 sec

424 sec

[33]

1000

350

3040

2 sec

12 sec

[34]

SnO2 thin films

800

350

1142

-

-

[35]

ZnO nanowire

10

RT

0.020*

3 sec

2 sec

[36]

Undoped titania
nanotubes

1000

RT

5x
10
10 * %

-

-

[37]

Polymer
membrane-coated
palladium
NP/single layer
graphene hybrid

2% in N2

RT

66.37* %

1.81 min

5.52 min

[38]

Nanocomposite
NiO:Au thin films

2000

167

~11

-

-

[39]

ZnO nanofibers

100 ppb (0.1
ppm)

300

63.8

-

-

[4]

Bi2S3 nanowires

10

RT

1.22

-

-

[40]

SnO2 nanowires

10

300

< 0.5

-

-

[41]

rGO nanosheets
loaded ZnO
nanofibers

100 ppb (0.1
ppm)

400

866

3.5 min

3.9 min

This
work

Material type

Platinum-activated
tungsten oxide
(Pt-WO3) films
Pt/Nb2O5
nanowires

Suspended,
functionalized
single tungsten
nanowire
Ultrasonically
sprayed SnO2 thin
films

H2
Concentration
(ppm)

24

[31]

rGO nanosheets
loaded ZnO
nanofibers
*

10

300
400

1007.5
2524

ΔR/R, where ΔR = Rg – Ra or Ra – Rg and R = Ra

25

3.4 min
0.9 min

3.0 min
3.5 min

This
work
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