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Au decoration of graphene microchannel for self-activated
chemoresistive flexible gas sensors with substantially enhanced
response to hydrogen
Yeonhoo Kim,ab Yong Seok Choi,c Seo Yun Park,a Taehoon Kim,a Seung-Pyo Hong,a Tae Hyung Lee,a
Cheon Woo Moon,d Jong-Heun Lee,e Donghwa Lee,*f Byung Hee Hong,*c and Ho Won Jang*a
Graphene is one of the most promising materials for high performance gas sensors due to unique properties like high
sensitivity at room temperature, transparency, and flexibility. However, low selectivity and irreversible behavior of graphene
based gas sensors are major problems. Here, we present unprecedented room temperature hydrogen detection of Au
nanoclusters supported on self-activated graphene. Comparing to pristine graphene sensors, the Au-decorated graphene
sensors exhibit highly improved gas sensing properties upon exposure to various gases. Particularly, unexpectedly
substantial enhancement in H2 detection is found, which has never been reported for Au decoration on any type of
chemoresistive materials. Density-functional theory calculations reveal that Au nanoclusters on graphene contribute to the
adsorption of H atoms, whereas the surface of Au and graphene does not bind with H atoms individually. The discovery of
such a new functionality in the existing material platform holds the key to diverse research areas based on metal
nanocluster/graphene heterostructures.

Introduction,
Internet of Everything (IoE) refers to billions of objects having
intelligent connections with processed data. Sensors hold the
key to the IoE as they detect, and assess the internal and
external states of objects. Particularly, gas sensors contribute
greatly to make people’s lives better via transmitting
information about gas species in ambient air.1-4 Graphene is
being extensively studied for gas sensing applications due to its
high sensitivity at room temperature, transparency, flexibility,
and low electrical noise level.5-12 However, graphene has also
drawbacks such as low selectivity and irreversible sensing
behaviors. To overcome the drawbacks, chemoresistive sensing
properties of graphene have been modified by diverse
approaches such as introducing extrinsic defects,
functionalization, and noble metal decoration.10-21
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Hydrogen is a new clean energy source alternative to petroleum
so that explosive nature of hydrogen becomes a primary
concern for the practical use in energy conversion and storage
systems. Hence, detection of hydrogen molecules in ambient
atmosphere has become significantly important. Decoration of
platinum and palladium nanoparticles is renowned for
detection of hydrogen molecules since the catalytic
nanoparticles accelerate the reaction through dissociation of
hydrogen molecules into hydrogen atoms.20-31 On the contrary,
gold as bulk is the least active noble metal towards atoms and
molecules.32 As noble metal/semiconductor heterostructure is
ideal for enhancing catalytic activity, Au nanoparticles smaller
than 10 nm supported on metal oxide and graphene based
materials have been mainly explored to enhance the catalytic
effects of Au in diverse fields such as selective oxidation and
surface modification.33-40 Despite the efforts, improvement of
hydrogen sensing performances using Au nanoclusters (NCs)
has never been reported. Scientific advances in modern science
have occurred through rediscovering a new functionality of
existing materials because discovery of new functionality in
existing materials is as influential as finding new materials.

Experimental
Graphene synthesis and multiple stacking process
Graphene film was synthesized using a conventional chemical
vapor deposition method using a high purity copper foil
(99.99%) at 1000 °C with hydrocarbon source (CH4, 60 sccm) and
hydrogen (H2, 7 sccm). As grown graphene/Cu film was coated
with PMMA and the graphene on the other side was removed
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by oxygen plasma using the reactive ion etcher. The Cu foil was
etched by ammonium persulfate solution, and transferred to
graphene/Cu foil to obtain multiple stacked graphene. Finally,
PMMA supporting polymer on the graphene was removed by
acetone treatment.
Graphene patterning and transferring process
3LG on the Cu foil was patterned by photolithography and O2
plasma treatment (9 sec) with 50 W plasma power. Additional
PMMA layer was coated on top of the patterned graphene to
transfer the sample on a desired substrate. The patterned
graphene with polymer was transferred onto a transparent PI
film and the sample was soaked in acetone to remove the
supporting polymer (PMMA and PR) layers.
Sensor measurements
The gas sensing properties of the fabricated sensors were
measured without external heating. As the flow gas was
changed from dry air to a calibrated test gas (balanced with dry
air, Sinjin Gases), the variation in sensor resistance was
monitored using a source measurement unit (Keithley 2365B).
A constant flow rate of 1000 sccm was used for dry air and the
test gas. The sensor resistance was measured under a DC bias
voltage of 1–60 V. The response of the sensors (∆R/R0) was
accurately determined by measuring the baseline resistances of
the sensors in dry air and the fully saturated resistances after
exposure to the test gas. Gas flow was controlled using mass
flow controllers, and all measurements were recorded to a
computer over a GPIB interface. The current–voltage
characteristics of the fabricated sensors were measured to
check the contribution of the contact resistance to the overall
performance.
Calculations
First-principles density functional theory (DFT) calculations
were performed with projector augmented wave (PAW)
method and the generalized gradient approximation of Perdew,
Burke, and Ernzerhof (PBE) for the exchange-correlation
potential and implemented in Vienna Ab-initio Simulation
Package (VASP) code.41, 42 The conventional DFT energy is
corrected by Grimme’s method (D3) in order to describe van der

Waals interaction properly. Monkhorst-Pack k-point sampling
with a grid of 4×4×1 was used for the Brillouin zone
integration.43 An energy cutoff of 500 eV was used for the planewave representation of the wavefunctions, and atomic
structures were relaxed until all the Hellman-Feynman forces
were <0.01 eV/Å. The graphene was constructed by 60 carbon
atoms (5 × 3 rectangular supercell). For Au nanocluster,
previously

reported

constructed by 20

pyramidal

atoms.44

shape

nanocluster

was

More than 15 Å of vacuum space

was employed along the perpendicular direction to prevent
artificial interaction between the periodic images.

Results and discussion,
Three layer graphene (3LG) was grown on a Cu foil using
chemical vapor deposition (CVD) method. The 3LG was
micropatterned directly on the Cu foil because of difficulties in
patterning on a flexible polymer substrate. (Fig. S1†)
Polymethylmethacrylate (PMMA) was coated on top of the
patterned 3LG to transfer the sample on a target substrate. Cu
foil was etched using ammonium persulfate. The patterned 3LG
with PMMA was transferred on a polyimide (PI) substrate (Fig.
1a). PI substrates are employed to design transparent, flexible,
and thermally stable devices. After fabrication of pristine 3LG
devices, 1 nm Au thin film was deposited on the patterned
graphene. The deposited Au film was agglomerated as a DC bias
voltage of 60 V was applied in the micropatterned graphene
layer (Fig. 1b). Additional experimental details can be found in
our previous report.45 The key idea of this work is inducing
current crowding in the micropatterned electrical channel of
3LG so that Au thin film changed into Au NCs which improve the
gas sensing properties of graphene based gas sensors. Selfactivation induced in the graphene channel is same as Joule
heating effect in micro heaters. Fig. 1c shows optical images of
entirely transparent and flexible device.
In order to confirm the self-activation effect on Au layer, the
devices were observed by optical microscope (OM) and
scanning electron microscope (SEM). Fig. 2a shows the final
devices of the pristine sensor (left upper corner), the Au-

Fig. 1 Fabrication procedure of (a) pristine and (b) Au-decorated sensors. After self-activation Au thin film becomes NCs due to the heat induced by the self-activation. (c)
Photographic image of the final device.
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Fig. 3 (a-b) TEM images of the Au NCs on graphene sensing layer. Upper inset
shows the fast Fourier transform image of a Au cluster.

Fig. 2 (a) Photographic images of pristine, Au-decorated sensors, and the Au-decorated
sensor on a nickel coin. (b) Raman analysis of the sensors. OM and SEM images of the Au
decoration on graphene sensing layer (c,e) before and (d,f) after self-activation.

decorated sensor and the Au-decorated sensor on a nickel coin
(right upper corner). The pristine and Au-decorated sensors
were characterized by Raman spectroscopy. High-quality 3LG is
confirmed by the low-intensity D peak at 1350 cm-1 in Fig. 2b
which indicates the low-defect density of the 3LG. Graphene
possessing many defect sites leads to a slow gas reaction
because the defects are high-energy binding sites.46 On the
contrary, graphene with low-defect density results in rapid
gas sensing behaviors. Hence, high performance gas sensing
properties are expected for the prepared 3LG gas sensors by the
absence of a D-band.19 Since the both sensor electrode and the
sensing layer are comprised of only graphene, linear current‒
voltage (I‒V) characteristics are demonstrated as shown in Fig.
S2†. Ohmic behavior plays a key role in sensing applications
because linear resistance change in air and target gases is one
of the most important elements verifying reliability of the
sensor. Before the self-activation, the color of Au thin film was
purple as shown in Fig. 2c. After the self-activation, however,
the color of Au thin film became bright purple because the heat
from current crowding on 3LG path changed the Au thin film
into Au NCs (Fig. 2d). In order to verify the agglomeration
directly, we observed the top-view of an identical device before
and after the self-activation by SEM analysis. A clear difference
is verified by the SEM analysis that Au thin film is transformed
to the NCs after self-activation (Fig. 2e, f). TEM images were
taken at different magnifications in Fig. 3 (Fig. S3†). The Au NCs
showed a range of particle sizes from ~5 to 15 nm. The upper
inset in Fig. 3b is the fast Fourier transform image of a Au NC.
We have measured the sensing behaviors of the Au-decorated
and pristine sensors (Fig. 4a). The devices were exposed to H2
gas at room temperature. Response is defined here as (Rgas-

Rair)/Rair × 100, where Rair and Rgas are the resistance of the
sensor in dry air and the resistance of the sensor upon exposure
to the test gases, respectively. The response of Au-decorated
sensor was at 0.98% at 1 V and 5.46% at 60 V, respectively. The
pristine sensor exhibited response of 0.09% at 60 V. The
response to H2 gas was increased for ~60 times after Au
decoration. Such an enhancement of H2 detection ability by
using Au decoration on graphene has never been reported yet.
To verify the voltage-dependent self-activation for both sensors,
an infrared camera (FLIR SC660) was used to obtain
thermographic images (Fig. 4b). Temperatures of both pristine
and Au-decorated sensors gradually increased as the applied
bias voltage increases. For the Au-decorated sensor,
temperature of active region was measured to 91.0 °C whereas
temperature of pristine sensor was near 120 °C. Also, rate of
temperature increase of the Au-decorated sensor was slightly
lower than that of the pristine sensor. A plausible scenario to
understand this result is that the heat from self-activation is
dispersed onto the Au NCs. Although external heaters are
exploited and the temperatures were elevated over ~150 °C for
overcoming the irreversible gas sensing behaviors of graphenebased gas sensors in previous studies, baselines of the sensors
were not fully recovered.9 In case of the Au-decorated sensor,
the baseline of sensing curve was fully recovered after exposure
to H2 gas even at ~90 °C.
To check the selectivity of the Au-decorated sensor, we
measured sensing properties of the sensor to various gases. Fig.
5a shows sensing curves of the Au-decorated sensor upon
exposure to 5 ppm H2S, NH3, 50 ppm C2H5OH, and 500 ppm H2
under the self-activation state. The sensing curves of the Audecorated sensor to the gas species are displayed in Fig. S4†.
Each response to the gas is highly improved as the applied

Fig. 4 (a) Dynamic sensing transient of Au-decorated and pristine sensors under
different bias voltages. (b) Thermographic images and thermal characteristics of Audecorated and pristine sensors.
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Fig. 5 (a) Response curves of the decorated graphene sensor to H2, H2S, C2H5OH, and NH3. (b) Responses of the decorated graphene sensor to 500 ppm H2, 5 ppm
H2S, NH3, NO2, and 50 ppm C2H5OH under 1 and 60 V at room temperature. (c) Response and (d) recovery t50 of the decorated graphene sensor to different gases.

voltage is increased up to 60 V. The comparison of sensing
curves at applied bias voltages of 1 and 60 V are presented in
Fig. S5†. One of the major drawbacks of gas sensors based on
graphene is low selectivity that most gas sensors exhibit higher
responses to NO2 and NH3 as shown in previous studies.5, 7, 9, 4749 In this work, the response to H gas is much increased with
2
the self-activated Au decoration, whereas the pristine sensor
shows extremely low responses of approximately 0.1% and
irreversible sensing behaviors upon exposure to all the different
target gases (Fig. S6†). Especially, remarkable enhancement is
noticeable for H2 gas by the transformation of the Au thin film
into the NCs (Fig. 5b). In Fig. 5c, d, response and recovery time
(response t50 and recovery t50 are the time for the sensor's
resistance to reach 50% of its steady state value in the gas
response and the recovery to original state, respectively) were
measured at 1 and 60 V upon exposure to all the gases. For H2
gas, the response time decreased from 374 to 16 s and the
recovery time decreased from infinite time to 274 s as the
applied voltage changed from 1 to 60 V.
In order to demonstrate if the Au NCs enhance H2 sensing
properties uniquely on the graphene layers, sensing properties
of SnO2 thin film, the representative metal oxide gas sensing
material, and the film with Au NCs were measured upon
exposure to H2, H2S, C2H5OH, NH3, and NO2 at 300 °C (Fig. 6a, b).

The self-activated graphene showed 48.8 times higher response
after formation of Au NCs while the SnO2 thin film exhibited only
1.22 times higher response after the Au decoration. Each
sensing curve of SnO2 and Au/SnO2 to the gases is shown in Fig.
S7 and S8†. Because Au/graphene heterostructures have never
been explored for enhancing the reaction to hydrogen, the
result has a great potential for further researches related to
noble metal/graphene heterostructures.
To check for the linearity of responses with H2 concentrations,
the Au-decorated sensor was exposed to a wide range of H2
concentrations from 1 to 1000 ppm (Fig. 7). The responses are
exponentially increased from 50 to 1000 ppm (Fig. 7a, b).
Differently from high concentration of H2, the sensor exhibited
linear responses at low concentration from 1 to 5 ppm as shown
in Fig. 7c, d. The responses of the sensor are 0.17, 0.30, 0.42,
0.53, and 0.64 to 1, 2, 3, 4, and 5 ppm of H2. The responses as a
function of H2 concentration exhibited a good linearity with the
linear regression values, r2, of 0.9965. The theoretical detection
limit was calculated to be 10.15 ppb.50, 51 Also, Long-term
stability is one of the important properties for gas sensing
applications so that the device was exposed to seven
consecutive pulses of 500 ppm H2 balanced with dry air (Fig. 7e).
The device exhibited long term operation during more than ~11
hrs. In addition, in order to investigate the influence of humidity,

Fig. 6 Comparison of response ratio between (a) pristine graphene and Au-decorated graphene under the self-activation state and (b) pristine SnO2 and Au-decorated SnO2
at 300 °C. Insets exhibit the sensing response of the sensors to different gases.
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Fig. 7 Response curves and the fitting analysis of the responses of the Au-decorated
sensor to different H2 concentration ranges (a-b) from 50 to 1000 ppm, and (c-d) from
1 to 5 ppm, respectively. (e) Response curves of the Au-decorated sensor to seven
pulses of 500 ppm of H2. (f) Response curves upon exposure to 500 ppm of H2 in dry
and wet air.

the sensor was measured to 500 ppm of H2 in wet air (50%
relative humidity). Even if the response was slightly degraded,
the sensor still displayed the reliable operation in humid
atmosphere (Fig. 7f). The low detection limit, long term stability
and the endurance to humidity extensively broadens the
potential of the Au-decorated sensors for practical use.

We have performed DFT calculations on various geometries to
understand the enhanced sensing capability of hydrogen on
graphene-supported Au NC. We first look at the adsorption
energy of hydrogen on Au(111), Au(110), Au(100) surfaces and
graphene to identify the energetically favorable surfaces for
hydrogen sensing. Fig. 8a presents the adsorption energies of
hydrogen molecule (H2) and two hydrogen atoms (2H); the
adsorption energy is determined from the energy of adsorbed
system minus the energy of pristine surface and H2. Positive
(negative) adsorption energy indicates that the adsorption is
energetically favorable (unfavorable) on the surface. Our DFT
study predicts that the adsorption energy of H2 is only 0.09 eV
for all three surfaces and so H2 is weakly bound on Au surfaces.
Likewise, the hydrogen chemisorption is also unlikely on Au
surfaces. The adsorption energies of 2H are −0.13, 0.12 and 0.26
eV on Au(111), Au(110) and Au(100) surfaces, respectively. Thus,
hydrogen dissociation is energetically not favorable on Au(111)
while 2H can weakly chemisorb on Au(110) surface (Fig. 8a, left
side). Although hydrogen chemisorption is favorable on Au(100)
surface, it is unlikely occur since Au(100) surface is energetically
less stable than other Au surfaces. We also look at the
adsorption of hydrogen on graphene and find that the hydrogen
adsorption is not energetically favorable on bare graphene
surface; the adsorption energies of H2 and 2H are 0.04 and
−2.87 eV on graphene surface. In conclusion, our DFT study
predicts that hydrogens are unlikely to bond to Au surfaces and
graphene, individually.
Since bare Au or graphene surface is not strongly bound with
hydrogen, we further look at the interface between Au NC and
graphene. For the study, a twenty atom Au NC is considered
since it can successfully reproduce edge and vertex sites of Au
NC. As we are interested in identifying the effect of Au NC and
Au/graphene interface on hydrogen adsorption, the interface
structure between Au NC and graphene is designed. Accordingly,
four different adsorption sites, edge, interface edge, vertex, and
interface vertex, are available. Before the adsorption of

Fig. 8 (a) Binding energies of H2 molecules and 2H atoms on Au(111), (110), and (100) surfaces and four different adsorption sites on Au NCs supported on graphene, edge, interface
edge (edge-i), vertex and interface vertex (vertex-i) sites. (b) Variation of charge density after 2H adsorption; blue and red colors show the regions where charge density is increased
and decreased the adsorption. Ball and stick models of (c) Au NC supported on graphene before adsorption of 2H and with different adsorption sites of 2H, (d) edge, (e) interface
edge and (f) vertex and (g) interface vertex site, respectively.
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hydrogen atoms and after the adsorption on different sites are
displayed in Fig. 8c-g. Right panel of Fig. 8a shows the
adsorption energies of hydrogen at the four different
adsorption sites. In case of physisorption of H2 on Au NC surface
or interface, H2 binds weakly at Au NC surface or interface; the
adsorption energies of H2 are only 0.06 ~ 0.12 eV at the four
different sites. Thus, the adsorption of H2 at the Au NC surfaces
is not much different from the energies on the bulk Au surfaces.
On the other hand, the adsorption of 2H is notably varied
depending on adsorption sites. As can be seen from Fig. 8a, Au
atoms at edge sites do not strongly bind with 2H; the adsorption
energy of 2H is −0.32 and 0.05 eV at edge and interface edge,
respectively. Although chemisorption energy increases at
interface edge, it is still not high enough to induce strong
chemisorption. On the other hand, hydrogen atom binds
strongly with Au at vertex sites; the adsorption energies of 2H
on vertex sites are 0.31 and 0.39 eV at vertex and interface
vertex sites. The increase in binding energy at interface is the
result of additional Van der Waals interaction of hydrogen with
graphene. Thus, vertex and interface vertex sites play a major
role for the enhanced hydrogen detection. The increased
binding energy at vertex site can be easily understood since Au
atom has the least coordination at vertex site. Fig. 8b shows the
variation in the electron charge density of vertex site by
adsorption of 2H. The blue and red isosurfaces indicate the
regions where the charge density increased or decreased by
adsorption of 2H. The variation of charge density after 2H
adsorption from a different angle are displayed in Supporting
Information Fig. S9†.
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