
Sensors
DOI: 10.1002/anie.201204373

Room-Temperature Hydrogen Sensing with Heteronanostructures
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Hydrogen is used in many industrial processes and is regarded
as one of the most promising clean-energy carriers for future
applications in transportation and power generation.[1] How-
ever, it is also a highly flammable gas and explosive when
mixed with air at volume concentrations higher than about
4%; consequently, hydrogen manipulation requires constant
monitoring for leaks. There are several types of H2 sensors
commercially available or in development, but the prospect of
the widespread use of hydrogen as a fuel in the near future
would require sensors that are highly sensitive, accurate,
durable, small in size, and easy to fabricate, with short
response and recovery times and low power consumption.
None of the sensors presently available can fulfill all these
requirements simultaneously.[2,3]

Metal-oxide semiconductors, such as SnO2, are widely
used as sensing layers for the detection of gases, including
hydrogen, owing to their high sensitivity, fast response and
recovery, stability, small size, simplicity, low cost, and simple
interface electronics.[4,5] However, one significant disadvant-
age of sensors of this type is the high temperatures necessary
for their operation (usually well above 200 8C),[6] which

increase the power consumption of the device. Hence, if the
operating temperature of sensors based on semiconductor
metal oxides could be decreased considerably without com-
promising other important aspects of their performance, such
as sensitivity or response and recovery times, the potential of
these sensors for widespread application would be improved
significantly.

Different strategies have been employed to enhance the
performance of semiconductor metal oxides in H2 sensing,
including the fabrication of 1D nanostructures (i.e. nanotubes,
nanowires, and nanorods)[4, 7–11] and the combination of the
metal oxides with organic or carbon nanomaterials.[12–16] In
particular, the incorporation of carbon nanostructures, such
as carbon nanotubes (CNTs) or graphene, in H2-sensing
devices seems to be a promising approach, owing to the
unique electronic and structural properties of these materials.
Several different types of H2 sensors with enhanced perfor-
mance at low temperature have been reported previously,
including optical sensors[17] and field-effect-transistor devices,
such as those developed by Janata, Doll, Eisele, and co-
workers.[18, 19] However, in this study, we focused essentially on
resistive H2 sensors based on carbon nanostructures. Tin
oxide/carbon nanotube nanocomposites have performed well
in the past in terms of their operating temperature,[13, 14]

response times,[12, 14] or sensitivity.[12] The properties of gra-
phene have also been explored for the detection of hydro-
gen.[20–28] In addition to its high electronic conductivity,
graphene has a very large theoretical surface area (twice as
high as that of multiwalled carbon nanotubes) and shows
structural flexibility and low electrical noise as a result of its
crystal lattice and 2D nature: properties that are extremely
desirable for gas-sensing applications.[29] However, pure
graphene is not sensitive to hydrogen.[30] Therefore, most of
the resistive hydrogen sensors based on graphene that have
been reported so far consist of graphene layers functionalized
with Pd or Pt nanoparticles and films, as it is well-known that
these metals interact selectively with hydrogen molecules and
catalyze their dissociation.[20,31] The use of nanocomposites
based on metal oxides and graphene as hydrogen-sensing
layers is, on the other hand, relatively unexplored.

Herein, we report on the hydrogen-sensing performance
of nanostructures fabricated from reduced graphene oxide
(RGO), tin oxide, and platinum by simple, fast, and readily
scaled up microwave-assisted methods. The SnO2/RGO and
Pt–SnO2/RGO nanostructures showed enhanced sensing
performance relative to that of the corresponding pure and
binary systems as a consequence of synergistic effects
between the different components in the composites. In
particular, the Pt–SnO2/RGO sensor can detect H2 even at
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room temperature with high sensitivity. Furthermore, this
sensor is able to respond in 3–7 s and recover in 2–6 s,
depending on the hydrogen concentration.

Graphene oxide (GO) was prepared from graphite by
a modified Hummers method.[32] GO was first coated with
SnO2 nanoparticles in a microwave-assisted synthesis in
benzyl alcohol; SnCl4 was used as the metal-oxide precur-
sor.[33] Platinum nanoparticles were subsequently deposited
onto the SnO2/RGO structure by the reduction of [H2PtCl6] in
ethylene glycol at 140 8C for 5 min with the aid of microwave
radiation. The nominal weight percentage of the carbon, tin
oxide, and platinum components on the Pt–SnO2/RGO
nanocomposite was 24, 56, and 20%, respectively. Pure
SnO2 nanoparticles, GO reduced in benzyl alcohol (RGO),
and Pt/RGO were prepared according to procedures de-
scribed in the experimental section of the Supporting
Information.

To gain insight into the growth mechanism of the tin oxide
nanoparticles on the graphene oxide surface, we analyzed the
reaction solution by 13C and 1H NMR spectroscopy (see
Figure S1 in the Supporting Information). It was possible to
identify not only benzyl alcohol (dC = 65.33 ppm, -CH2-) but
also benzyl ether (dC = 72.07 ppm, -CH2-) in the final reaction
mixture. A similar result was obtained for the SnCl4/benzyl
alcohol system in the absence of the carbon support.[34]

Makowski et al.[34b] found that SnO2 nanoparticles prepared
from tin chloride in benzyl alcohol catalyzed the conversion
of benzyl alcohol into benzyl ether; benzyl chloride was an
intermediate of the reaction. Therefore, the growth of the
SnO2 nanoparticles on the RGO surface seems to proceed
through an alkyl halide elimination in which benzyl chloride
and HCl are also formed.[35] The particles then catalyze the
formation of benzyl ether from benzyl alcohol and benzyl
chloride.[34b]

The X-ray diffraction patterns of the sensing materials
investigated are shown in Figure S2 of the Supporting
Information. As expected, pristine GO exhibits a very intense
and broad reflection centered at 12.878 2q8. Relative to the
002 reflection of pure graphite, a significant shift towards
lower angles is observed. As reported in the JCPDS file #04-
014-0362, the 002 reflection appears at 26.375 2q8 ; thus, GO
sheets are considerably further apart from one another than
in crystalline graphite (d002 = 0.687 nm for GO and d002 =

0.335 nm for graphite). This effect is generally attributed to
the presence of superficial oxygen functional groups and H2O
molecules in between the GO layers.[36] On the other hand, in
the XRD pattern recorded for the RGO obtained after
treatment in benzyl alcohol, this peak is broader and appears
at 26.69 2q8 ; increased background intensity is also observed.
It was shown previously[33, 37] that alcohols act as reducing
agents of graphene oxide. The broad peak in the RGO pattern
indicates that GO was partially reduced by benzyl alcohol and
is significantly exfoliated.[36] Further evidence for the exfolia-
tion of the RGO was provided by the BET surface areas of
the final SnO2/RGO composites of around 130 m2 g�1, as
calculated from the nitrogen-adsorption isotherms (see Fig-
ure S3), and the absence of a reflection corresponding to the
stacking of GO in the powder XRD pattern. The XRD
patterns of tin oxide, SnO2/RGO, and Pt–SnO2/RGO exhibit

the typical peaks of the SnO2 cassiterite structure. The XRD
pattern of Pt–SnO2/RGO also shows the 111, 200, and 220
reflections of the face-centered-cubic platinum lattice and
thus confirm the presence of both nanoparticle types in this
heterostructure (see Figure S2). The sizes of the SnO2 and
platinum nanoparticles, as estimated on the basis of the
Scherrer equation, are 3–5 nm and 3 nm, respectively.

Figure 1 shows TEM and high-resolution TEM (HRTEM)
images of the SnO2 nanoparticles and SnO2/RGO hetero-
structure. The SnO2 nanoparticles synthesized in the absence

of GO are well-dispersed on the TEM grid and show
a homogeneous particle size of approximately 5 nm (Fig-
ure 1a), in agreement with our estimations based on the XRD
data. SnO2 nanoparticles of a similar size were formed at the
surface of the RGO (Figure 1b). They show well-defined
lattice fringes in the HRTEM image (Figure 1c). The power
spectrum (PS) of this HRTEM image shows sharp spots due
to the 5 nm SnO2 nanoparticles (Figure 1d). The first two
families of spots (two circles drawn) are due to the 110 and
101 reflections of the SnO2 cassiterite structure.

The TEM and HRTEM images of Pt–SnO2/RGO (Fig-
ure 2a,b) show an edge of an RGO sheet covered by a dense
monolayer of Pt and SnO2 nanoparticles. The nanoparticles
exhibit well-defined lattice fringes, which indicate their high
crystallinity. To assess the homogeneous distribution of the
metal oxide and metal nanoparticles, we subjected the
HRTEM images to Fourier filtering. The power spectrum
(PS) of the whole HRTEM image in Figure 2b shows the
typical reflections of SnO2 and Pt (Figure 2c). For example,
the spots marked with blue and yellow circles are the 110 and
101 reflections of SnO2, and the spots marked in red are due
to Pt 111. Fourier filtering of the HRTEM image selecting

Figure 1. a) TEM image of SnO2. b) TEM image of SnO2/RGO.
c) HRTEM image of SnO2/RGO. d) PS of the whole HRTEM image in
(c).
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only the 111 reflections of Pt or the 110 and 101 reflections of
SnO2 are shown in Figure 2e and f, respectively. The regions
in which lattice fringes are visible denote the position of
crystallographically well oriented Pt and SnO2 nanoparticles.
The results show that the two nanoparticles were distributed
homogeneously on the RGO support. For example, the PS of
the region marked in red in the HRTEM image is character-
istic of a single crystalline 3 nm Pt nanoparticle oriented along
the [110] direction (Figure 2d).

To assess the potential of the SnO2/RGO and Pt–SnO2/
RGO heterostructures for the fabrication of resistive hydro-
gen sensors, we investigated their H2-sensing properties at low
temperature (see Figure S4). Pt–SnO2/RGO was able to
detect the lower hydrogen concentration tested (0.5 %) with
good sensitivity even at room temperature (25 8C). However,
we set the operating temperature at 50 8C to avoid oscillations
of the sensor operating temperature during long-term experi-
ments. We found that the response of the sensors depended
almost linearly on the Pt loading (see Figure S5). Therefore,
we discuss herein only data related to the Pt–SnO2/RGO
sample containing 20 wt% Pt. For comparison, the sensing
properties of the pure and binary components prepared by

the same procedures (pure SnO2 nanoparticles, GO reduced
in benzyl alcohol, and Pt/RGO nanocomposite) were also
investigated.

Figure 3a,b shows the change in the resistance of the
SnO2/RGO and Pt–SnO2/RGO sensors when exposed to
different volume concentrations of H2 at 50 8C and the

Figure 2. a) TEM and b) HRTEM images of Pt–SnO2/RGO. c) PS of the
whole HRTEM image. d) PS of the region of the HRTEM image
indicated by the red circle. e) Fourier-filtered image acquired from the
HRTEM image by using the 111 reflections of Pt. f) Fourier-filtered
image acquired from the HRTEM image by using the 110 and 101
reflections of SnO2.

Figure 3. Hydrogen-sensing performance at 50 8C of the materials
investigated: a) variation in the resistance of the SnO2/RGO (solid
line) and Pt–SnO2/RGO sensors (dashed line) with pulses of hydrogen
at various concentrations (0.5, 1, 2, 3%); b) corresponding calibration
curves (& SnO2/RGO; * Pt–SnO2/RGO); c) comparison of the
response to 1% H2 in air of all sensors investigated.
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corresponding calibration curves; the responses to 1% H2 of
the different sensing materials investigated are compared in
Figure 3c. The pure SnO2 nanoparticles have an extremely
high resistance. In fact, at temperatures below 100 8C, the
resistance of pure SnO2 was above the detection limit of our
equipment (up to ca. 108 W), and consequently the response of
the SnO2 sensor at 50 8C could not be determined and is not
shown in Figure 3 c. The response of the bare RGO sensor to
1% H2 was relatively small (Figure 3c). It is well-documented
that pure graphene is not sensitive to hydrogen at low
temperatures owing to the small binding energy between the
hydrogen molecules and the graphene surface.[27, 28, 30] How-
ever, defects and functional groups present on the graphene
surface act as high-energy adsorption sites for the gas
molecules and can increase the sensitivity of the material.[25, 38]

Therefore, the response observed with the bare RGO can be
attributed to the residual amount of epoxide and carboxylic
groups that remain on the surface after reduction by benzyl
alcohol (see Figure S6 for the FTIR characterization of this
and the other sensors studied). Despite the presence of some
high-energy sites, the RGO sensitivity is still quite low, which
indicates that the overall interaction of the H2 molecules with
the RGO surface is very weak. These results confirm the
limitations of the pure components to act as hydrogen sensors
at near room temperature. As expected on the basis of
previous reports on the hydrogen-sensing performance of
graphene layers functionalized with metal nanoparti-
cles,[20, 23, 24,26] the sensitivity of the Pt/RGO sensor is higher
than that of the bare RGO. The increased response is
a consequence of the catalytic action of the Pt nanoparticles
in the dissociation of the hydrogen molecules.[23, 24] Never-
theless, this sensor is still less sensitive than the nanostruc-
tures containing SnO2, which show significantly higher
responses to 1% H2 at near room temperature.

Dispersion of the SnO2 nanoparticles on the RGO surface
led to a decrease in the resistance of the composite relative to
that of the pure SnO2 (see Figure S7). This result suggests that
the electrical conduction between SnO2 grains is favored by
the presence of the graphene sheets. As a consequence,
measurable changes in the resistance of the composite were
observed upon exposure to hydrogen gas at near room
temperature, whereas traditional SnO2-based sensors usually
operate at temperatures well above 200 8C.[6] On the other
hand, 1D SnO2 nanostructures have been shown to be
sensitive at room temperature; however, the response/recov-
ery time is in the range of 2–6 min.[11]

Of all the materials tested, Pt–SnO2/RGO exhibited the
best H2-sensing performance, with high responses to hydro-
gen concentrations between 0.5 and 3% (Figure 3a,b). The
sensor response clearly tracks the change in the H2 concen-
tration. Moreover, the responses are extremely fast, and the
sensor can fully recover in very short times after hydrogen
removal. Specifically, the response times, defined as the time
necessary to reach 90 % of the maximum response, range
between 3 and 7 s and decrease as the H2 concentration is
increased. The recovery times (time necessary for the
response to decrease by 90 % from its maximum value)
were in the range of 2–6 s and decreased as the H2 concen-
tration decreased. The sensor responses were stable and

reproducible for repeated testing cycles. The remarkably
higher response registered in the presence of platinum can be
attributed to the catalytic role of the Pt nanoparticles in
promoting the dissociation of molecular hydrogen at low
temperature on the sensing layer. Indeed, the doping of
semiconductor thin films with metals (Au, Pd, or Pt) that
promote the catalytic decomposition of hydrogen is a well-
known strategy for increasing the sensitivity of the films (a
discussion on the influence of the textural properties of the
composite materials on the sensing behavior is given in the
Supporting Information).[39]

We also evaluated the response of the sensors to some
reducing (CO, methane) and oxidizing (NO2) interferent
gases. Under the operative conditions adopted, all sensors
were almost insensitive to reducing gases (see Figure S8). A
strong cross-sensitivity to NO2 was instead registered for the
binary SnO2/RGO sensor. Interestingly, the presence of Pt in
the Pt–SnO2/RGO composite led to a decrease in the
response to NO2 but enhanced the response to hydrogen
and thus created a highly selective hydrogen sensor (the cross-
sensitivity to humidity is discussed in the Supporting Infor-
mation).

The Pt–SnO2/RGO sensor described herein, while still
highly sensitive to hydrogen concentrations of 3% and lower,
exhibited shorter response and recovery times than those
found for previously reported resistive hydrogen sensors
based on graphene (most of which consist of graphene-based
materials functionalized with Pd or Pt; see Table 1 in the
Supporting Information).[20,22–26, 40, 41] For example, most pre-
viously reported resistive graphene-based hydrogen sensors
have response times of several minutes.[20–25, 40, 41] The perfor-
mance of the Pt–SnO2/RGO nanostructure in hydrogen
sensing is also improved in terms of the operating temper-
ature,[12,42] sensitivity, and noise level,[13, 14,42–44] or response and
recovery times,[9, 13, 14,42–44] relative to that of nanostructures
based on SnO2 and carbon nanotubes or 1D metal oxides. We
attribute the unique properties of our sensor to the hetero-
junction formed between the n-type SnO2 and p-type reduced
graphene oxide in the heterostructure and the catalytic effect
of Pt in promoting the dissociation of H2 (see the complete
discussion on the sensing mechanism in the Supporting
Information). The catalytic role of Pt has also been assessed
on the basis of the results obtained for Pt–SnO2/RGO samples
with different platinum loadings (see Figure S5).

In conclusion, we have fabricated new hydrogen sensors
based on tin oxide/reduced graphene oxide and platinum/tin
oxide/reduced graphene oxide heteronanostructures by
extremely simple microwave-assisted routes. The sensors
showed improved performance at low temperature relative
to that of the corresponding pure and binary systems. In
particular, the Pt–SnO2/RGO sensor exhibited very high
responses to hydrogen at concentrations between 0.5 and 3%
in air at near room temperature, with response and recovery
times of 3–7 and 2–6 s, respectively. We suggest that the
sensing properties of the nanocomposites are related to the
heterojunction barrier formed at the SnO2/RGO heterostruc-
ture interface. The presence of Pt, which acts as a catalytic
promoter, further strongly increases the sensitivity of the
SnO2/RGO composite. Moreover, the approaches used to
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fabricate the sensors are extremely versatile and enable the
preparation of a wide variety of metal oxides or metal
nanoparticles, so that nanostructures based on different metal
oxides and metals can be explored for the production of
hydrogen sensors and for other applications in the field of
catalysis that are currently being investigated by our research
group.
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