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In this work, in order to enhance the performance of graphene gas sensors, graphene and metal oxide

nanoparticles (NPs) are combined to be utilized for high selectivity and fast response gas detection.

Whether at the relatively optimal temperature or even room temperature, our gas sensors based on gra-

phene transistors, decorated with SnO2 NPs, exhibit fast response and short recovery times (∼1 seconds)

at 50 °C when the hydrogen concentration is 100 ppm. Specifically, X-ray photoelectron spectroscopy

and conductive atomic force microscopy are employed to explore the interface properties between gra-

phene and SnO2 NPs. Through the complimentary characterization, a mechanism based on charge trans-

fer and band alignment is elucidated to explain the physical originality of these graphene gas sensors:

high carrier mobility of graphene and small energy barrier between graphene and SnO2 NPs have ensured

a fast response and a high sensitivity and selectivity of the devices. Generally, these gas sensors will facili-

tate the rapid development of next-generation hydrogen gas detection.

1. Introduction

Gas sensors play an increasingly important role in our modern
society, particularly for industrial production and public
security.1–4 Among many different gases, the rapid detection of
dangerous gases such as hydrogen is technologically essential
as these gases are typically colorless, odorless, and highly
explosive in a wide range. In this regard, various kinds of gas
sensors have been extensively explored and developed, includ-
ing solid electrolyte gas sensors,5 metal oxide gas sensors,6–8

electrochemical gas sensors9 and graphene-based gas
sensors.10–12 It is noted that metal oxides represent an appeal-
ing class of materials owing to their high sensitivity to most
gases, low cost, and simple fabrication techniques.4 As early as
1962, gas sensors based on metal oxide were demonstrated by
Seiyama.12 Later, different metal oxides involving CeO2, ZnO,
SnO2, and CuO were reported as the active materials for hydro-
gen detection.3,6,7,13 The working principle of such gas sensors
is based on the conductivity change when metal oxides are sur-
rounded by hydrogen.14 Moreover, the recent advent of nano-
technology provides a further impetus to the development of

metal oxide-based gas sensors,3,6–8 and the previously domi-
nant metal oxide thin films have now been substituted by
nanowires,3,6 nanoflakes,15 or nanoparticles,16,17 since the
unique characteristic of larger surface-to-volume ratio in these
nanostructures would greatly improve the sensor response
speed accordingly. For instance, Yamazoe showed that the
metal oxide particles with a smaller crystallite size gave con-
siderable improvement to the sensor performance.18 Even so,
there are still some unresolved issues for these metal oxide gas
sensors such as the relatively high operating temperatures
(usually over 200 °C) as well as the long response and recovery
times.19 The high operating temperatures would impose a sub-
stantial safety risk during the gas detection and put a note-
worthy restriction on practical utilization of these sensors due
to their corresponding energy consumption, being inconsist-
ent with the green energy concept. Also, a fast response speed
is necessary such that the users can receive an advance
warning when the dangerous gas is detected. In addition,
depletion layers generally appear around the metal oxide NPs
which will induce a large energy barrier for electrons transfer-
ring from grain to grain, and in some cases, the depletion
layer may even slow down the response of the devices.20 All
these problems indicate that the metal oxide-based gas
sensors need further optimization in order to meet the
current needs.

At the same time, graphene-based gas sensors are also
widely investigated.21,22 Since its discovery in 2004, graphene
has attracted significant attention in many technological
aspects because of its excellent properties: large surface area,
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high mobility, chemical stability, etc.21–23 It is hoped that the
excellent device performance of graphene can significantly
overcome the shortcomings of existing gas sensors. Till now,
several types of graphene materials have been utilized in the
hydrogen gas sensors, including exfoliated graphene, chemical
vapor deposition (CVD) graphene and reduced graphene oxide
(RGO).10,11,22 However, for the lack of dangling bonds, few
molecules are adsorbed on the surface of exfoliated graphene
and CVD graphene.24 As to the RGO, its advantages mainly
include a number of dangling bonds and low-cost synthesis on
a large scale,25,26 but the relatively low mobility would limit its
performance in rapid detection.26

Herein, we present a facile and rational design to achieve
fast-response hydrogen gas sensors by combining graphene
with metal oxide NPs. Through such an approach, metal oxide
NPs act as active elements for gas detection while graphene is
used for the subsequent electron transfer facilitation for per-
formance enhancement. The key is that once hydrogen is
detected, electrons acquired from NPs could transfer to the
underlying graphene quickly. But, the Schottky barrier origi-
nated from different work functions of metal oxide NPs and
graphene would lead to an obstacle for electron transfer as
soon as they are in contact, while the work function of metal
oxide NPs matches that of graphene, and this Schottky barrier
would become insignificant. This way, it will be easy for elec-
trons to pass through the barrier, and hence will lead to the
high sensitivity and fast response in gas sensing. In this work,
three typical metal oxide NPs (SnO2, CuO and ZnO) are
employed as the representative hydrogen gas active materials.
Notably, it is confirmed that our scheme can reasonably modu-
late the Schottky barrier to achieve high sensitivity and fast
response for hydrogen gas detection even at room temperature
(RT). Besides, sensor arrays built on the CVD graphene with
consistent and excellent performance further indicate their
technological potency for large-scale applications. At the end,
through the detailed characterization, we discuss and verify
the physical mechanism of our gas sensors which illustrates
the operability at RT and the capability of rapid response in
hydrogen detection.

2. Results and discussion
2.1. Device schematic and electrical properties

Graphene was obtained by the mechanical exfoliation method
and then was transferred to the SiO2/Si substrate. The samples
were heated to 200 °C under air for 10 minutes to ensure the
formation of metal oxide NPs after the metal film deposition.
The source and drain electrodes were defined by electron
beam lithography (JEOL 6510 with NPGS System), followed by
the 10 nm/40 nm Cr/Au deposition and lift-off process. The
channel length was 3 µm. The overall design concept is illus-
trated in Fig. 1. In detail, the single layer exfoliated high
quality graphene demonstrates the superior carrier mobility;
however, due to the absence of dangling bonds, these devices
exhibit no obvious sensitivity to the hydrogen gas (Fig. 1a).24

For example, in Fig. S1,† transfer curves of the representative
graphene FET are given under different types of atmosphere
(air, H2 and vacuum); it is obvious that no significant change
is observed when the external environment changes. After
decorated with metal oxide NPs, the graphene FET can provide
abundant dangling bonds via the NPs. With the extraordinary
surface-to-volume ratio, these metal oxide NPs on graphene
can now well connect with gas molecules in the surrounding
and then interact with them efficiently owing to the grain
boundaries and unsaturated bonds (Fig. 1b); as a result, the
graphene FET would yield excellent sensitivity to hydrogen
gas, which will be discussed thoroughly in the following
session. Basic electrical properties of both graphene FET and
graphene FETs decorated with metal oxide NPs are shown in
Fig. 1c. It is clear that the undecorated FET has a symmetrical
transfer curve while the transfer curves of decorated FETs are
asymmetric. We have also found that there is a significant
reduction in the channel current after the deposition of metal
oxide NPs. This current degradation may be attributed to the
charged impurity scattering associated with the metal oxide
layer. Similar impact of the oxide environment on electrical
properties of graphene devices have been observed pre-
viously.27,28 More importantly, as seen in scanning electron
microscopy (SEM) image of our gas sensor (Fig. 1c, inset), the
graphene sheet covered with metal oxide NPs is open-and-shut
together with source and drain electrodes. In any case, the
decorated graphene with the robust framework here still main-
tains its excellent performance.

2.2 Morphology characterization

In our devices, dispersive NPs are important for the gas detec-
tion in which they are responsible for yielding a fast response
and high gas sensitivity as compared with the conventional
sensors. The appropriate spacing among NPs (i.e. suitable par-
ticle distribution) ensures that hydrogen molecules can be
adsorbed, thereby transferring electrons well to NPs, moreover
the high surface-to-volume ratio of NPs would further enhance
the performance in gas detection.17 SEM (Hitachi S-4800) was
performed to survey the surface morphology of gas sensors
after the deposition of metal films followed by oxidation pro-
cedures under air. As illustrated in Fig. 2a–c, there is a highly
visible boundary between the region with and without gra-
phene. It is clearly observed that NPs are distributed uniformly
on the graphene sheet and the spacing among NPs on gra-
phene is larger than that on the SiO2/Si substrate with respect
to all kinds of metal oxide NPs. Atomic force microscopy
(AFM, Bruker MultiMode 8) was also completed to meticu-
lously study the surface topography on a small scale (Fig. 2a–c
inset). In the insets, SnO2 NPs seem to be more compact than
ZnO NPs without losing much gap, which results in having
more gas molecules adsorbed on SnO2 NPs, and hence yield
better performance in gas detection. For CuO NPs, the particle
size is bigger than that of SnO2 and ZnO NPs. In order to accu-
rately observe and verify the differences in the distribution of
these three particle types, the detailed particle size and height
profile are assessed and given in Fig. 2d–f, with the black lines
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in Fig. 2a–c insets indicating the corresponding measurement
position. After annealing, the metal films (about 2 nm in the
nominal thickness) become metal oxide NPs due to crystalliza-
tion and aggregation. SnO2 NPs are distributed uniformly and
densely while ZnO NPs also have an even distribution with a
larger spacing. On the other hand, the spacing is smaller
among CuO NPs (Fig. 2e). The large area AFM characterization
is well performed indicating the same consistent trend and
depicted in ESI Fig. S2.† From the morphology characteriz-
ation, SnO2 NPs are considered to have more advantages in
gas sensing among the three types of metal oxide NPs.

2.3. Electrical characterization

In order to fully understand the sensor operation, the working
phenomenon of our gas sensors based on metal oxide must be
assessed and described. It is well-known that oxidizing (redu-
cing) gases can be typically used as the electron acceptor
(donor) and thus change the conductance of graphene FETs

decorated with metal oxide NPs. When an oxidizing gas (e.g.,
O2) is introduced to the sensor, the following reaction will be
triggered:

O2 þ e� ! 2O� ð1Þ

Here, O2 serves as charge accepting molecules and acquires
electrons from the surface of metal oxide NPs, leading to a
reduction of electron concentration and then lowering the con-
ductance of the graphene FET accordingly. Conversely, if the
sensor is exposed to reducing gas (e.g., H2), the following reac-
tion will occur:

H2 þ O� ! H2Oþ e� ð2Þ

In this case, H2 will react with the adsorbed oxygen ions on
the surface of metal oxide NPs, and thus the electron concen-
tration of graphene FET increases and enlarges the channel
current. Hence, the graphene FET output current can act as
the gas sensor output signal in the presence of different types
of target gas atmospheres.29,30

The electrical characterization of the fabricated devices
were characterized by Agilent 4155C semiconductor parameter
analyzer with the Lake Shore TTPX Probe Station. Fig. 3a–c
give the transfer curves of graphene FETs decorated with SnO2,
CuO, ZnO NPs, respectively. The metal films are all 2 nm in
thickness before annealing. In Fig. 3a, the graphene FET deco-
rated with SnO2 NPs shows an excellent current modulation to
the hydrogen gas, particularly in the region of positive gate
bias (i.e. n-type branch). Again, when the gas sensor is exposed
to hydrogen, the reaction of eqn (2) would be triggered. The
electrons released by oxygen ions are then transferred to the
underlying graphene channel such that the electron concen-
tration is enlarged and the channel output current is increased
accordingly. In other words, electrons are the majority carriers
when graphene FETs operate at the n-type branch and the
channel output current would become larger due to additional
electrons released from oxygen ions. In the region of negative
gate bias (i.e. p-type branch), it displays a small decrease in the
current, which can be explained by the fact that the electrons
released by oxygen ions cannot participate in the charge trans-

Fig. 1 (a) The schematic of graphene transistor without obvious sensitivity to hydrogen. (b) The schematic of graphene FET decorated by metal
oxide NPs with obvious sensitivity to hydrogen. (c) The electrical characteristics of graphene FET and graphene transistors decorated with different
metal oxide NPs. The inset is the top view SEM image of the decorated graphene gas sensor.

Fig. 2 Surface morphology after the different metal oxide NPs depo-
sition: (a) SnO2, (b) CuO, and (c) ZnO. The particle size or height profile
of different decoration: (d) SnO2, (e) CuO, and (f ) ZnO, with the lateral
measured range of 300 nm indicated in the black colored lines in the
insets of a–c.
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fer process where the holes are the majority carriers there. In
Fig. 3b and c, this phenomenon is consistent and can be
observed again. Among different types of NPs, the graphene
FET decorated with SnO2 NPs demonstrates the best sensitivity
to hydrogen with a large current modulation at the n-type
branch. Moreover, gas sensors decorated with SnO2 NPs shows
the good adsorption/desorption characteristics: after measure-
ment and hydrogen is pumped out, the current reverts back to
its baseline quickly. For the cases of CuO and ZnO NPs, no sig-
nificant change in transfer behaviors (i.e. Ids–Vg) suggests that
they are quite insensitive to the hydrogen gas here. In Fig. 3d–
f, a series of output behaviors (i.e. Ids–Vds) are given based on
Fig. 3a. It is clear that there is a good match between Ids–Vds
curves and Ids–Vg curves with Fig. 3d corresponding to Fig. 3a
when the back gate bias is fixed at −80 V. Fig. 3e and f are
achieved in a similar way. Actually, we have also tried different
metal oxide NPs in different thickness for exploring the best
performance of our gas sensors. Fig. S3† shows the transfer
curves of graphene FETs decorated with SnO2, CuO, ZnO NPs
of different thickness (1 and 3 nm thick metal films before
annealing). From the comprehensive and systematic data, we
find that the graphene FETs decorated with SnO2 NPs (2 nm
thick Sn film in the nominal thickness before annealing) show
the largest current modulation to hydrogen.

In addition, gas response to three kinds of reducing gas was
tested in this study to illustrate the selectivity of the graphene
FET decorated with SnO2, such as CO, NO, H2. As shown in
Fig. S4,† the channel current has no remarkable change when
the gas sensor is surrounded by CO and NO and it is obvious
that the decorated graphene FET shows a high sensitivity to H2

in the n-type branch. So, we have obtained a desired gas
sensor which has an ideal selectivity to H2. The selectivity of
the sensor can be explained by several factors such as electron
affinity, catalytic efficiency, and adsorption properties.
Obviously, if the electron affinity of target gas molecules is

smaller, the energy required for gas sensing reaction will
reduce and the sensitivity to this gas should be higher. Simi-
larly, when the catalytic efficiency of surface oxygen is higher
and the amount of gas adsorption on the sensing material is
larger, the decorated graphene FET also shows a higher sensi-
tivity to the target gas.14,31,32 All these suggest that SnO2 NPs
can serve as a good gas sensing medium for hydrogen gas
detection with the assistance of graphene.

2.4 Hydrogen sensing response

Sensitivity is an important parameter for high performance
gas sensors and the detailed sensitivity study of our sensors
will be discussed in the following section. The sensitivity test
is conducted in a closed environment. Here, the sensitivity is
defined as S = Ig/Ia, where Ig and Ia are the output currents
acquired in the target gas and in the air stream, respectively.
For conventional gas sensors based on metal oxide films, the
operating temperatures may be up to 400 °C (usually higher
than 200 °C).19 Fig. 4a gives the relationship between the
sensor sensitivity and operating temperature. Obviously, the
relationship between gas sensitivity and operating temperature
presents an ascending and then descending trend when the
concentration of H2 is fixed at 10 ppm in air. This phenom-
enon may be attributed to several reasons: first, a thin layer of
adsorbed water molecules due to the humidity is likely to exist
and cover the SnO2 NPs surface and, to a certain extent, hinder
the reaction between hydrogen gas molecules and oxygen
ions.33 Subsequently, raising the temperature within a certain
range can help release the adsorbed humidity and thus
enhance the response to H2. Next, the reaction aimed at trans-
ferring electrons to graphene FETs may become more active at
a relatively higher temperature, and hence improving the sen-
sitivity of the gas sensor. Finally, the number of adsorbed
oxygen ions on SnO2 NPs would decrease to some extent when
the temperature is rising.34 This way, the electron transfer
between hydrogen gas molecules and SnO2 NPs would become
inactive as the number of adsorbed oxygen ions decreases;
therefore, the sensitivity of graphene FETs decorated with
SnO2 NPs will get degraded gradually. According to Fig. 4a, we
believe that 50 °C is a relatively optimal temperature consider-
ing the parameter of sensitivity. Fig. 4b plots the real-time
dynamic response of the SnO2/graphene FET gas sensor
exposed to H2/air mixed gas at Vds = 1 V and Vg = 80 V. The
dynamic response to H2 was conducted in a home-made gas
sensing system based on Agilent 2902 source meter. Five suc-
cessive ON/OFF cycles are successfully achieved corresponding
to five different H2 concentrations ranging from 1 ppm to
100 ppm, respectively. Importantly, the sensing behavior is
reproducible, and as expected, increasing H2 concentration
leads to an increasing output current which subsequently
enhances the sensitivity. It should be highlighted that the
efficient detection of hydrogen concentrations down to 1 ppm
indicates that our sensor is very suitable for perceiving H2 at
low levels.

Furthermore, the corresponding dynamic response in
100 ppm H2 is also depicted in Fig. 4c. The largest sensitivity

Fig. 3 Ids–Vg curves of graphene transistors decorated with different
metal oxide NPs: (a) SnO2, (b) CuO, (c) ZnO. Corresponding Ids–Vds

characteristics of the graphene transistor decorated by SnO2 NPs: (d) Vg

= −80 V, (e) Vg = 0 V, (f ) Vg = 80 V. All tests are carried out under
different conditions: air, H2 and vacuum.
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of nearly 6 is observed when the temperature is 50 °C (∼3 at
RT), in which it is a respectable value due to the efficient elec-
tron transfer between SnO2 NPs and graphene. Other impor-
tant parameters including response and recovery times are
also investigated. The response time is defined as the time
needed for the current to increase by 63.2% from its base line
in air to the maximum value in 100 ppm H2, and the recovery
time is the time required for the current to decrease by 63.2%
from the maximum value in 100 ppm H2 to the base value in
air.35 In our work, the response and recovery times are,
respectively, determined as 1.1 s and 1.1 s (1.2 s and 1.6 s at
RT). The response and recovery times obtained at 50 °C are
both slightly shorter than those at RT, which is probably due
to the faster processing rate at the higher temperature. Expli-
citly, the sensing process involves both the diffusion of H2 and
the redox reaction,36 where the rapid response here indicates
that the diffusion and redox reaction processes can be quickly
completed in our devices. Compared to other gas sensors
whose response time need a few minutes, our gas sensors
based on graphene transistors decorated with SnO2 NP make
an encouraging progress.1,2,16

In order to study the practicability of our design concept for
large-scale applications, CVD graphene is employed for fabri-
cating this new kind of gas sensor (Fig. 4d). Regarding the
detailed fabrication processes, there are some differences that
the CVD graphene has to be patterned into neat strips with
photolithography followed by O2 plasma etching before the
SnO2 NPs deposition. Then, interdigital electrodes are defined
on top of the graphene strips,37 with the top view of devices
illustrated in Fig. 4d. The inset shows the corresponding 3 × 2

arrays. The electrical characterization have been performed
and presented in Fig. 4e and f; like those in Fig. 3a–f, the gas
sensor arrays based on CVD graphene demonstrate excellent
properties consistent with those shown by gas sensors using
exfoliated graphene. The excellent performance of our devices
suggests a great potential for industrial utilizations where the
rapid detection at low temperature and low H2 concentration
is required.

2.5 Physical mechanism

Moreover, we have utilized systematic methods in order to
investigate the physical mechanism of our high-performance
gas sensors. Notably, all graphene samples studied here are
synthesized with the CVD method. In previous statements of
about the sensor operation (i.e. working phenomenon), we
believe that the excellent sensor performance of SnO2 deco-
rated graphene FETs is rooted in the superior matching of
energy barrier between graphene and metal oxide NPs when
they are in contact. Therefore, conductive atomic force
microscopy (CAFM) is employed to explore the carrier trans-
port between SnO2/Graphene (SnO2/Gra). In Fig. 5a, two
images are acquired with the left one reflecting the topo-
graphic information of graphene surface decorated with SnO2

NPs, while the right one revealing the conductivity difference
on the same graphene surface. In other words, all these yield
the spatial mapping of the energy barrier height difference on
the decorated graphene surface.38 From Fig. 5a, we can clearly
see that the larger current passes through the region where
there are voids (marked by black circles), and hence the
barrier is smaller. Then, in order to compare the barrier

Fig. 4 (a) The sensitivity of the gas sensor decorated with SnO2 NPs at various temperatures. (b) Real-time dynamic response of gas sensors deco-
rated with SnO2 NPs exposed to different H2 concentrations at different operation temperatures. (c) The response and recovery times of the sensor
exposed to the 100 ppm H2 concentration. (d) Top view optical images of the gas sensor arrays. The graphene used here is grown from the CVD
method. (e–f ) Corresponding Ids–Vg and Ids–Vds curves of the fabricated gas sensor arrays at room temperature.
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heights between graphene and different NPs (i.e. SnO2, CuO
and ZnO), I–V characterization is performed and shown in
Fig. 5b. Each curve in Fig. 5b is achieved with the scan probe
staying on one nanoparticle under the CAFM mode. From the
obtained results, the barrier height among all NPs can be com-
pared indirectly through the current: it gives the minimum
barrier for the SnO2/Gra contact since the corresponding
current yields the maximum value there. On the other hand,
the valence band spectrum of SnO2/Gra interface is also
surveyed by X-ray photoelectron spectroscopy (Thermo
ESCALAB-250) as illustrated in Fig. 5c. Meanwhile, we also
confirm that the Sn metal is completely oxidized after anneal-
ing, and the data is shown in ESI Fig. S5.† In particular,
valence band spectra mainly show the information of elec-
tronic states near the Fermi level.39 The change of valence
band maximum before and after the SnO2 NP deposition can
be contrasted concisely. The energy difference between the
Fermi level and the valence band maximum is 3.2 eV before
the SnO2 NP deposition, and then it becomes 3.4 eV after the
SnO2 NP deposition. For a good understanding of the valence
band maximum change, the energy band diagram is schemati-
cally shown in Fig. 5c. The band gap of SnO2 NPs is invariant
such that the Fermi level shift would lead to the valence band
maximum change. Comparing the work functions of graphene
and SnO2 NPs, it can be seen that the former one is smaller
and the electrons can flow easily to SnO2 NPs from graphene,
resulting in the Fermi level shift after the SnO2 NP deposition.
After the Fermi level is aligned, the Schottky barrier between

graphene and SnO2 NPs is only 0.2 eV without considering
other factors. In operation, the electrons can now pass through
the barrier efficiently at the n-type branch. The same methods
are also employed to analyze the CuO/Gra and ZnO/Gra
contact, the characterization results are presented in Fig. S6.†
From the band diagrams of CuO/Gra and ZnO/Gra interfaces,
the energy barriers of CuO/Gra and ZnO/Gra interfaces are
about 0.9 and 0.8 eV, respectively, which are much larger than
that of SnO2/Gra interface. Moreover, CuO is a p-type semicon-
ductor; therefore, the graphene FETs decorated with CuO NPs
show minimum sensitivity to hydrogen. In any case, benefit-
ting from such a small barrier, we can obtain a fast response
and high sensitivity in our SnO2 decorated graphene gas
sensors among three kinds of NPs.

3. Conclusion

In summary, we have fabricated a new type of gas sensor
based on graphene transistors decorated with SnO2 NPs. The
new gas sensors can detect low-level H2 at around room temp-
erature. Importantly, the gas sensor exhibits a fast response
time of 1.1 s and a high selectivity to hydrogen with a simple
but reliable fabrication process. In addition, gas sensor arrays
built on the CVD grown graphene are also developed with the
consistent and excellent sensor performance. The CAFM and
valence band characteristics of the SnO2/Gra interface further
illustrate and confirm that the small energy barrier plays a key
role in the fast-response gas detection. Besides, uniformly dis-
persed metal oxide NPs together with high-mobility graphene
also offer effective assistance for hydrogen gas sensing. As a
result, all the excellent performance illustrates the bright pros-
pects of our new approach in the development of next-gene-
ration efficient hydrogen gas detection.
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