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a  b  s  t  r  a  c  t

The  characteristics  of  hydrogen  detection  using  epitaxial  graphene  covered  with  platinum  are
reported.  The  multi-layered  graphene  was  grown  by chemical  vapor  deposition  (CVD)  on  a  Si-
polar  4H-SiC  substrate.  Surface  morphology  was  characterized  by  scanning  electron  and  atomic  force
microscopy.  Current–voltage  measurements  and  real-time  monitoring  of the  current  flow  through  the
graphene/platinum  device  were  used  to  confirm  the response  to  hydrogen  gas.  The  background  temper-
eywords:
pitaxial graphene
VD graphene
ydrogen sensor
latinum

ature  was  varied  from  room  temperature  to 175 ◦C  in  order  to  measure  the  activation  energy  of  hydrogen
detection.

Published by Elsevier B.V.
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. Introduction

Graphene is a sheet of carbon atoms arranged in a honeycomb
attice via sp2 bonds. Due to the delocalized pi(�)  bonds of this
rystal structure, charge carriers in graphene have zero rest mass
nd have mobility approximately three one thousandths of the
peed of light [1,2]. The excellent crystal and electrical properties
f graphene have produced an explosive interest in this material
or numerous applications in recent years [3].  One of the promising
reas that graphene can be used is in gas sensing. The two dimen-
ional structure of graphene enables all carbon atoms to be exposed
o the ambient. High surface-to-volume ratio combined with high
onductivity translates into easy detection of molecular disruption
n a sheet of graphene [4].Numerous research groups have reported
he use of graphene and related graphitic materials for the detec-
ion of gases and vapors. Hydrazine-reduced graphene oxide was
sed to detect H2 and CO by Arsat et al. [5];  NO2 NH3, and dinitro-
oluene by Fowler et al. [6];  HCN, chloroethylethyl sulfide (CEES),
imethylmethylphosphonate (DMMP), and DNT by Robinson et al.
7]. Using mechanically exfoliated graphene, Dan et al. [8] detected

2O, NH3, octanoic acid, and trimethylamine, while Schedin et al.

9] studied the detection of NO2, H2O, I2, NH3, CO, and ethanol. Jung
t al. [10] and Lu et al. [11] focused on the detection of H2O vapors,

∗ Corresponding author. Tel.: +1 352 392 4727; fax: +1 352 392 9513.
E-mail address: ren@che.ufl.edu (F. Ren).

925-4005/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.snb.2011.05.007
and NO2 respectively, by measuring changes in electrical resis-
tance of reduced graphene oxide. Lastly, Al-Mashat et al. [12] used
chemically synthesized-graphene/polyaniline nano-composite to
detect hydrogen gas. To the author’s knowledge, this is the first
paper describing gas detection using epitaxial graphene. Reduced
graphene oxide has residual epoxide and carboxylic groups that
promote holes into the conduction band as stated in the study
by Schedin et al. [9].  This was also confirmed by X-ray photoelec-
tron spectroscopy results [13,14]. Epitaxial graphene does not have
these functional groups on the surface [15], so different gas detec-
tion characteristics are expected.

H2 is widely used in industrial applications such as fossil
fuel production, metal refining, and hydrochloric acid production.
In recent years, applications have emerged in next-generation,
hydrogen-based zero carbon emission vehicle technologies. How-
ever, safety is a key concern when working with hydrogen. Since
hydrogen is subject to explosion risk at concentrations above 4%
by volume, it is vital to monitor hydrogen levels and shut down
equipment accordingly. The demand for hydrogen sensors with fast
response, large detection range, and capability to be deployed in
city-scale networks will continue to rise. There are many published
results of hydrogen sensors based on splitting of the H2 molecule in
the presence of a catalytic metal such as Pt or Pd [16–20].  Integrat-
ing these catalytic metals on graphene is an attractive approach for

detecting hydrogen.

In this paper, the response of epitaxial graphene grown on SiC
exposed to hydrogen gas is reported. Graphene covered with a thin
film of Pt showed reduced resistance in response to the exposure

dx.doi.org/10.1016/j.snb.2011.05.007
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:ren@che.ufl.edu
dx.doi.org/10.1016/j.snb.2011.05.007
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o 1% hydrogen at various temperatures. From an Arrhenius plot,
he activation energy of the resistance change was  calculated.

. Materials and methods

Epitaxial graphene layers were grown on a Si-polarity 4H-
iC(0 0 0 1) semi-insulating sample which was  placed in a
ommercially available horizontal chemical vapor deposition
CVD) hot-wall reactor (Aixtron VP508), inductively heated by
n rf generator [21]. In situ etching of substrate in the mixture
H2–C3H8) was performed prior to growth at 1600 ◦C temperature
ange under 100 mbar in order to obtain mono-atomic terraces on
he substrate surface. Then, epitaxial graphene was  formed by CVD
echnique on SiC sample using propane gas as the carbon precur-
or. The growth description as well as characterization results of the
raphene including Raman, ARPES, STM methods were published
n details previously [22]. The deposition resulted in 2–3 carbon
tom layers on the SiC substrate, confirmed by ellipsometry [23].
he conductivity of the graphene layer measured by single post-
ielectric resonators [24] was approximately 5 × 105–5 × 106 S/m.
ig. 1(a) shows an AFM image of the surface of the bare graphene
ample. The surface root mean square roughness measured was
.827 Å. Metal contacts composed of Ti/Au (10 nm/200 nm)  were
eposited in an e-beam evaporator through a hexagonally shaped
EM grid (Ted Pella). The side of each hexagon was 160 �m long and
ach hexagon was separated by a 10 �m gap. Fig. 1(b) is an optical
icroscope image of the sample after the metal contact deposi-

ion. After the contacts were formed, a 5 nm Pt film was deposited
o function as a catalyst layer. The sheet resistance of the Pt film
as found to be 1000 �/square by using a four point probe, which
as obtained by loading a glass slice with the same Pt deposition

f the real sample. This Ti/Au hexagon pattern and Pt coatings were
lso deposited on glass slides, so we could measure the responses of
ydrogen detection platinum films alone. The graphene device was
hen mounted on a TO header and wire-bonded for electrical con-
ections. The gas sensing experiments were performed in a sealed
uartz tube that has electrical feed-through connections to an HP
145B parameter analyzer. The resistance change of the sensor was

easured upon exposure to nitrogen and 1% hydrogen gases in N2
hile a constant bias was applied. A tube-furnace was  installed

round the quartz tube to modulate the background temperature
uring measurements. Gas flows into the tube were controlled by
ass flow controllers.

Fig. 1. (a) AFM image of the graphene sample and (b) op
Fig. 2. I–V characteristics of graphene before and after Pt deposition.

3. Results and discussion

Current–voltage (I–V) characteristics measured before and after
Pt deposition are plotted in Fig. 2. The device showed Ohmic  char-
acteristics, indicating that contact resistance is not a dominant
factor. In comparison, previous reports of hydrogen sensors that
were based on Pt deposited on SiC showed Schottky characteristics
[25]. Interestingly, the conductivity of the device increased signif-
icantly after Pt was  deposited on the graphene surface. The sheet
resistance of the deposited Pt film suggests that the conductance
of the deposited Pt film is negligible compared to the conductivity
of graphene. Therefore, the conductance increase of the graphene
device could be a result of doping. Giovannetti et al. [26] used den-
sity functional theory calculations to study the doping of graphene
resulting from adsorption of metals such as Al, Co, Ni, Cu, Pd, Ag,
Au, and Pt. In the case of Pt/graphene interfaces, the weak interac-
tion preserves the electronic structure of graphene. However, the
Fermi-level of graphene is shifted downwards in order to reach
equilibrium with Pt. This means that holes from the metal are
donated to the graphene, resulting in p-type doping of graphene

[26].

In order to accurately estimate the hydrogen detection sensi-
tivity of the Pt coated graphene, the contribution of the hydrogen

tical microscope image of the graphene/Pt device.
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perature is illustrated in Fig. 5. Initially, the chamber is purged with
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t  and reference sensor by depositing Pt on a glass slice during the exposure of the
ensors to 1% hydrogen at 175 ◦C.

etection from the Pt film itself needed to be excluded. Fig. 3 shows
 comparison of resistance changes that occurred after exposure to
% hydrogen for Pt on graphene and Pt on glass. The measurements
ere conducted at 175 ◦C under 0.025 V bias. The Pt integrated
ith graphene had a higher sensitivity towards hydrogen. This

esult proves that the integration of Pt with graphene enhances
he hydrogen sensitivity than bare Pt.

Fig. 4(top) shows the resistance change of the device due to 1%
ydrogen at varying background temperatures. The results indi-
ated that exposure to hydrogen decreased the resistance of the
evice. Dissociated hydrogen atoms will accumulate at the surface
f Pt and diffuse into the graphene/Pt boundary. According to a
ecent review of gas adsorption on graphene by Wehling et al. [27],
ydrogen atoms form covalent bonds with graphene. Graphane,
hich is the hydrogenated form of graphene, will have an increased
ork function of  ̊ = 4.97, which is 0.2 eV larger than graphene

28]. Possibly the separation distance increase between graphene
nd Pt can also cause the Fermi-level shift to become larger [26].
herefore, the free carrier concentrations will increase, raising the
onductance of the graphene/Pt device. Results from the work done
y Shafiei et al. [29], who used a Schottky diode composed of SiC
nd reduced graphite oxide to detect hydrogen also supports this
ydrogen transport mechanism. Hydrogen adsorbed on Pt can form
latinum hydride which has a lower work function than Pt [30]. This
an possibly reduce the overall conductance change due to hydro-
en but is not sufficient to overcome the effects at the graphene/Pt
oundary. Further studies are needed to investigate the hydrogen
etection response with bare graphene.

The Arrhenius plot shown in Fig. 4(bottom) was  used to investi-
ate the activation energy, Ea of hydrogen detection. There were
hree Ea observed depending on the background temperature:
.832 eV for 30–60 ◦C, 0.396 eV for 60–100 ◦C, and 0.057 eV for
00–170 ◦C. Hydrogen to graphene binding energies have been
ublished in literature and range from 0.43 eV to 1.44 eV with the
ajority of the values in between 0.6 eV and 0.85 eV [31]. For lower

emperatures, 30–60 ◦C, the activation energy is within the range of
ublished values. However, Ea becomes reduced at higher temper-
tures. One possibility for the reduced activation energy at higher
emperatures is desorption of hydrogen from graphene. According
o the work published by Ryu et al. [32], chemisorbed hydrogen can

e detached from graphene by thermal annealing at 100–200 ◦C.
s temperature increases, the number desorbing hydrogen atoms
ould grow to become similar to the number of adsorbing hydrogen.
Fig. 4. (Top) Resistance change of sensor at various temperatures. (Bottom) Arrhe-
nius plot showing the graphene sensor activation energy for the sensor response to
1%  hydrogen.

Therefore, there is a reduced improvement of hydrogen sensitivity
Time (s)

Fig. 5. Current vs. time measurement of the device showing response to 1% hydro-
gen at 0.05 V constant bias.
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ure nitrogen until at 700 s, 1% hydrogen gas began flowing into the
as testing system. The sensor immediately shows a response and
he current continues to increase until equilibrium was reached.
t 1400 s, the hydrogen feed was cut off, and pure nitrogen was
owed through the quartz tube again. Immediately following the
nd of hydrogen gas flow, the current started decreasing until it
nally reached back to the initial current level. This process was
epeated two more times to test the repeatability of the sensor. All
hree peaks due to hydrogen gas have similar heights and response
ime.

. Conclusion

In conclusion, epitaxial graphene deposited by CVD on SiC was
oated with platinum to detect hydrogen gas. I–V comparisons
howed that platinum acted as a dopant and increased the con-
uctance of graphene. Gas testing results showed that exposure to
ydrogen decreased the resistance of the graphene/Pt and three
ctivation energies were observed depending on the temperature
ange. Real-time measurement of the sensor suggests that it has
obust and repeatable response to hydrogen.
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