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ABSTRACT: We report the properties of a hydrogen (H2)
gas sensor based on platinum (Pt)-coated carbon nanotubes
(CNTs) in this paper. To fabricate the Pt−CNT composite
sensor, a highly aligned CNT sheet was prepared on a glass
substrate from a spin-capable CNT forest, followed by
electrobeam (e-beam) deposition of Pt layers onto the CNT
sheet. To investigate the effect of Pt on the response of the
sensor, Pt layers of different thicknesses were deposited on the
CNT sheets. A Pt thickness of 6 nm yielded the highest
response for H2 detection, whereas Pt layers thinner or thicker
than 6 nm led to a reduction of the surface area for gas
adsorption and, consequently, decreased response. The Pt−CNT composite sensor detects H2 concentrations of 3−33% at room
temperature and shows reproducible behavior with fast response and recovery times.
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1. INTRODUCTION

Considerable research has been focused on the development of
hydrogen (H2)-based energy storage to overcome environ-
mental problems associated with fossil energy sources, such as
air pollution, global warming, and exhaustion of the Earth’s
resources.1 H2 is a clean, efficient, and renewable energy source
that will be extensively used in the future for power generation
and in the automotive and energy-storage industries. However,
safety issues involving H2 gas such as a wide explosive
concentration range (4−75%), low ignition energy (0.02 mJ),
and high flame propagation velocity are major challenges in the
development of H2-based applications. Moreover, the human
senses do not detect H2 gas because it is colorless, odorless, and
tasteless.1,2 Therefore, early detection of H2 leakage and
accurate monitoring are very important in ensuring safety at
H2-based facilities.
Diverse chemical sensors have been reported and are

typically classified into eight types according to the sensing
mechanism:3 catalytic, thermal-conductivity-based, electro-
chemical-resistance-based, work-function-based, mechanical,
optical, and acoustic. Recently, resistance-based sensors have
been widely used for gas sensors because of their straightfor-
ward measurement principle (resistance change), simple
structure, and low-cost fabrication process for commercializa-
tion.3−5 Resistance-based sensors have been developed using
semiconducting metal oxides that normally operate at elevated
temperatures. This requires high power consumption and
creates an elevated risk of explosion. Consequently, there has
been extensive research on sensing materials for gas detection
that operate at lower temperatures.6,7

Over the past decade, carbon nanotube (CNT)-based gas
sensors have been extensively investigated for real-time
chemical sensor applications in monitoring and detecting
many gases of interest in environmental pollution, chemical
processes, and medical fields.8 Unlike classical semiconducting
metal oxide gas sensors requiring high operating temperatures
(>300 °C), CNT-based gas sensors are capable of room
temperature detection of hazardous gases such as ammonia
(NH3) and nitrogen dioxide (NO2).

9 It is well-known that
adsorption/desorption of electron-donating or -withdrawing
gas molecules on the CNT surface can transfer electrons
because of the difference in the electronic potential between the
two materials. This process causes a change in the resistance of
the CNT, which is measured as the sensor’s response.9,10

However, prior works have demonstrated that CNT-based gas
sensors do not detect H2 at room temperature because of both
weak adsorption and high activation energy in the interaction
between H2 molecules and CNT.11,12

To improve the room-temperature-sensing performance,
great effort has been devoted to CNT-based gas sensors. For
instance, appropriate post-treatments of the CNTs by chemical
modification or ultraviolet (UV) treatment improved the
performance of gas sensors.13−15 In particular, thermal
annealing not only leads to high gas response and fast response
time but also alleviates recovery issues if the resistance of a
CNT-based gas sensor does not return to its initial values
during desorption.16,17

Received: September 24, 2014
Accepted: January 26, 2015
Published: January 26, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 3050 DOI: 10.1021/am506578j
ACS Appl. Mater. Interfaces 2015, 7, 3050−3057

www.acsami.org
http://dx.doi.org/10.1021/am506578j


Besides post-treatments, synthesizing CNTs coated with
various dopants, either noble metals or metal oxides, stands out
as a promising alternative approach that shows enhanced
response and selectivity to different gases. These properties
result from the catalytic activity of noble metals18−21 or the
formation of a p−n junction between semiconducting metal
oxides and the CNT.22,23 Notably, noble metals such as gold
(Au), platinum (Pt), and palladium (Pd) are extensively used to
enhance the detection of specific gases. It is well-known that Pt
is a stable and effective catalyst that can significantly increase
the reaction capability for H2 molecules by chemical
sensitization via a “spillover” effect.10,20,21,24−27 It can be
effectively employed to enhance the response and selectivity as
well as to provide fast response and recovery times.
Although previous studies demonstrated high-performance

H2 sensors based on Pt−CNT hybrid composites,28,29 there has
been little research reported on the detection of H2 gas using
highly aligned and uniformly distributed CNT sheets.30,31 The
use of highly aligned CNT, namely, spin-capable CNT, has
been greatly beneficial for carrier transport during the
adsorption/desorption process and for providing a large surface
area of CNT.32−34 In addition, high density and large contact
area between individual CNTs helps to maximize access to
individual CNTs and provide stable electrical contacts for a Pt−
CNT composite. Because it is the basic platform in the sensor
structure, the incorporation of uniformly distributed CNTs into
the sensor is a highly critical step to achieve repeatable and
reliable performance of the sensor.35 Therefore, the use of

highly aligned, well-distributed CNTs is an important factor in
determining the response of CNT-based sensors.
In order to use an as-grown CNT forest as a sensor platform,

the CNT forest must be transferred from an initial substrate
(usually silicon) to the main sensor’s body. There are several
techniques to manipulate the CNTs, such as filtration,
dielectrophoresis, spraying, inkjet printing, and dry spinning
for the transfer, separation, alignment, and positioning of CNT
into the main body.36−39 Researchers have selected among
these preparation processes by considering the advantages and
disadvantages for their own applications. Among these
fabrication methods, the dry-spinning technique holds more
advantages because it uses a spin-capable CNT. This is a special
kind of vertically aligned CNT forest having a higher surface
density and better alignment of CNTs than the ordinary
form.40−42 The spin-capable CNTs stand straight and have few
defects in their structure. This improved directional alignment
and smaller number of defects with spin-capable CNTs in
sensors has led to better performance than with nonaligned,
randomly distributed CNTs.
In this study, a comparison between Pt−CNT and CNT

sensors examined the effect of Pt layers on their performance.
The experimental results show that the Pt−CNT sensor is
more sensitive to H2 gas at room temperature, with a faster
response time, than the CNT sensor. We further investigated
possible sensing mechanisms and the effect of recovery issues
after exposure to 3−33% of H2 in air.

Figure 1. SEM images and pictures of (a) a spin-capable CNT forest, (b and c) CNT sheets pulled from the CNT forest, and (d) a fabricated sensor.
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2. EXPERIMENTAL DETAILS
2.1. Sensor Fabrication. Our previous experiments produced

transparent conductive CNT sheets by using a simple CNT spinning
method.43−45 A 5−6-nm-thick iron film was deposited on a 330-μm-
thick p-type silicon wafer using electrobeam (e-beam) evaporation.
The thickness was monitored by a quartz-crystal sensor fixed inside the
e-beam evaporation chamber. Catalyst annealing and CNT growth
were performed in a vertical-cylinder chamber at atmospheric pressure.
Flow rates of helium (He; 5 slm), C2H2 (100 sccm), and H2 (100
sccm) were controlled by electronic mass-flow controllers (MFCs).
After purging with He for 10 min, the chamber was heated to 780 °C
within 15 min (ramping rate: 50 °C/min), after which the growth of
CNTs was carried out at 780 °C by adding acetylene gas to the flow
for 5 min. Then, the C2H2 and H2 gas flows were ended, and the
sample was rapidly cooled. As shown in Figure 1, a superaligned CNT
film is continuously drawn from the CNT forest. The dimension of the
sensor was 1.2 × 1.7 cm2, and copper tape was attached at either end
of the CNT sheet on the substrate in order to be used as an electrode.
Specimens were fabricated by depositing different thicknesses of Pt
layers, using e-beam evaporation, having various thicknesses from 2 to
8 nm over the entire surface of the CNTs.
2.2. Sensor Measurements. The sensing measurements were

conducted in a conventional gas-flow apparatus, consisting of a
chamber with separated gas inlet and outlet. Air and H2 were used as
the carrier and test gases, respectively. The two gases arriving from
separate lines were mixed and fed into the chamber through the gas-
inlet line. MFCs were used to control the flow rates of air and H2, and
the flow rate of the gas mixture was set to 100 sccm. The variation in
the electrical resistance of the sensors with time and concentration was
measured by a Keithley 2400 sourcemeter.

3. RESULTS AND DISCUSSION

3.1. Gas-Sensing Properties. The CNT with 6 nm Pt
thickness and CNT sensors were placed in the gas-flow
chamber and exposed to a 3−33% H2 gas-in-air atmosphere at
room temperature. The percentage response change was
defined from the resistance difference before and after
adsorption of H2 molecules, divided by the initial resistance
in air. The response equation is

= − ×R R Rresponse (%) [( )/ ] 1000 0 (1)

where R and R0 are the sensor resistances upon exposure to the
H2−air mixture and air, respectively. Figure 2 shows the
responses of the CNT sensors with and without Pt at room
temperature. It is clear that the electrical resistance of both
sensors increases with the introduction of H2 gas, and higher

concentrations of H2 gas further increase the electrical
resistance of the sensors; however, the Pt−CNT sensor exhibits
much higher response compared to the CNT sensor. As
expected, the CNT sensor without Pt shows much lower
response at room temperature, owing to the large activation
energy and poor adsorption of H2 molecules.

11,12,33,34

The enhanced H2 gas response of Pt−CNT is strongly
related to chemical sensitization via a “spillover” effect at the
surface of the Pt layers, producing dissociation of gas molecules
(e.g., H2) into gas atoms (H

+), with the reaction occurring even
at room temperature.21,24,46,47 The resulting H+ atom dissolves
readily into a Pt layer, lowering its work function, which, in
turn, results in electron transfer from the Pt layer to the CNT.
In the case of electron-withdrawing-induced catalytic spillover
(e.g., oxidizing gases, O2, NO, NO2), the energy levels are likely
acceptor-gap states, while for electron-donating-induced spill-
over (e.g., reducing gases, H2, NH3, CO), these energy levels
are likely donor-gap states. In the acceptor-gap states, electrons
can move from p-type CNTs to the energy states and the
number of majority carriers (holes) is increased, leading to
decreased resistance of the CNTs. In the donor-gap states, on
the other hand, electrons can be transferred from the energy
state to a conduction band of the p-type CNT, followed by
recombination between majority hole carriers and transferred
electrons, decreasing the free net (hole) charge density.46,47

This process results in increased resistance of the CNTs. These
sensing mechanisms were proposed by Kong et al.48 Our results
are therefore in agreement with prior work.28,29,46,47

The response time is usually defined as the time to reach
90% of the total change of the electrical resistance upon
exposure to gas. As shown in Figure 3, a fast response time of

∼10 s was measured when H2 was injected, with an
instantaneous decay (20 s) in the resistance after its removal.
These measured response and recovery times are much faster
than those of previously reported metal-oxide-based gas sensors
(a few minutes).49−53 The Pt−CNT sensor also shows higher
response compared with prior works.50−53 The fast response
and recovery times resulted from highly conductive CNTs
being used as the basic supporting body as well as from the
superior catalytic effect of Pt layers. Dang and co-workers
reported that the added CNT acts as a conducting wire and
increases the electrical conductivity of the sensing materials, in

Figure 2. Response of the gas sensor as a function of the H2
concentrations, showing the effect of the addition of Pt layers.

Figure 3. Response of the gas sensor with Pt−CNT as a function of
time with respect to H2 concentrations.
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which the CNT composites have a one-dimensional nature.54,55

The CNTs play a role as both a carrier collector and a
conducting channel in the sensor, and Pt layers have high
solubility for the H+ atoms, giving both rapid charge migration
and high response. Moreover, a Pt−CNT sensor with a wide
range of gas detections (1−45%) can be commercially utilized
because H2 concentrations in excess of 4% under ordinary
atmospheric conditions become potentially explosive.56−59

In addition, it is well-known that the alignment, surface area,
distribution, and density of CNTs greatly influence the
performance of CNT-based sensors.35,60 A CNT sensor is
fabricated by putting together hundreds of thousands of
individual CNTs, and their assembly in the sensor is sustained
by van der Waals forces.61,62 The surface morphology of a CNT
sensor is highly dependent on the density of the as-grown CNT
forest, the transfer method, and defects of the CNTs, which can
influence electrical charge transport during the sensing
process.40−42 Therefore, the alignment, surface area, distribu-
tion, and density of CNTs are critical factors in determining the
response of a CNT-based sensor.
In order to investigate the effect of the surface morphology

on the CNT sensor performance, two sensors were fabricated
using different methods for transferring the CNTs to the
substrates. The two methods were dry spinning and imprinting
(after that, 6 nm Pt layers were deposited on both CNT films);
SEM images of dry-spun and imprinted CNT films show
different surface morphologies. Figure 4a shows that the dry-

spun CNT film exhibits a highly ordered alignment and
uniform distribution. On the other hand, the imprinted film in
Figure 4b shows random disorder and poorly aligned CNTs. As
seen in Figure 4c, much higher response was observed with a
dry-spun CNT film than an imprinted film (35 and 60 s for
response and recovery times, respectively). The increased
response was due to the fact that a dry-spun CNT offered larger

surface area for gas adsorption and its uniformly aligned parallel
CNTs served as a highly conductive electron pathway during
the sensing process. In other words, the large surface area,
aligned CNTs, and uniform distribution in the sensor result in
efficient electron percolation between the Pt−CNT and H2
molecules, thereby improving the sensor performance.35

In addition, further experiments were conducted to
investigate the correlation of the structural morphology with
a sensor’s response. Four types of samples fabricated with
different thicknesses of Pt layers (2, 4, 6, and 8 nm) were
prepared on the surface of a CNT sheet using e-beam
evaporation (Figure 5). The thickness was controlled by a
quartz-crystal sensor fixed inside the e-beam evaporation
chamber. The response of the sensors in terms of different
loading of Pt layers is plotted versus the H2 concentration in
Figure 6. The response increases with increasing thickness, up
to 6 nm. However, the response decreased for thickness further
increased to 8 nm.
Two mechanisms, structure and catalytic effects, can be used

to interpret this enhancement. First, thicker Pt layers (up to 6
nm) result in increasing surface area for the interaction between
Pt−CNT and H2 molecules, providing more active sites and
facilitating gas diffusion (called the “structure effect”), which
could enhance the response of the sensor.22,33,34 Therefore,
increased surface area of Pt on the CNT sheet is the first main
reason for this improvement. Second, the outermost Pt atoms
on the surface of the Pt layer are expected to have more
catalytic behavior because of their low activation energy; this
behavior increases stepwise with increasing Pt layers, eventually
reaching its peak at an optimal layer thickness.46,47 Penza et al.
mentioned that the activation energy (energy levels of the gap
states) between the Pt−CNT and gas molecules depends on
the catalyst used, its particle size, and molecular fragments
dissolved.60 Rothschild and Komem also discussed the effect of
the grain size on the response of nanocrystalline metal oxide
gas sensors and found that the response of the gas sensor was
greatly influenced by the size of the nanocrystals.63 In our case,
6 nm of Pt layers on the CNT film shows the most active
catalytic behavior. Therefore, the surface and structural
morphologies of sensing materials have a significant effect on
their catalytic properties and on the response of the Pt−CNT
sensor.
On the other hand, recovery is a main issue for CNT-based

sensors, in the loss of its initial resistance value and the long
time returning to the initial resistance after gas flow ends.64−66

However, it was observed that the resistance of the sensor
completely returned to its initial value during desorption,
without any additional treatment (Figure 3). This result is likely
related to the interactions between the Pt layers on CNTs and
gas molecules. The recovery of the gas sensor mainly involves
three steps: desorption and diffusion of the target gas from the
surface of the sensing material, readsorption of oxygen from air,
and dissociation of oxygen at the surface of the sensing
material.22,46 These steps might be highly affected by the
surface morphology of the sensing material. As mentioned,
upon exposure to H2, Pt layers initially absorb the H2 molecules
on their surface, a process known as molecular physisorption,
and then H2 molecules are separated into H

+ atoms at the outer
surface of the Pt layers, a process known as molecular
chemisorption. Without Pt layers in the sensor configuration,
the activation energy between the CNTs and H2 molecules is
large, requiring higher energy and/or a longer time to detach
from the CNTs. Some researchers have made efforts to

Figure 4. Surface morphologies of (a) dry-spun and (b) imprinted
CNT films. Also shown are (c) responses of the sensors against the H2
concentration.
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accelerate the recovery response of CNT sensors by lowering
the activation energy by means such as UV-light-induced
photodesorption or with high-vacuum conditions.67−69 Pt is a
well-known electrocatalyst for splitting off H+ atoms and has
lower activation energy for H2 compared to CNTs, facilitating
desorption of H2 molecules even at room temperature.
The repeatability and reliability of sensors are two important

factors for evaluating the performance, especially for CNT-
based sensors, because they often exhibit response variation
under test cycling due to modification of their surface
morphology. As mentioned, many CNT-based sensors exhibit
imperfect recovery to their initial resistance after the flow of H2

ends. The response fluctuation may be related to irreversible
deterioration of the CNT structure or redistribution of CNTs
because of their low density in the sensor. The performance of
a commercially viable sensor should be repeatable and
reliable.70 In order to examine the repeatability and reliability
of the Pt−CNT sensor, multiple tests were performed at 23%
H2 concentration. Figure 7 demonstrated that repeatable and
reliable behaviors were observed, with only minor hysteresis.
This repeatability of the sensor was attributed to strong

Figure 5. Surface morphology and microstructure of the gas sensor with Pt−CNT. SEM and TEM (inset) images of Pt composites deposited for (a)
2, (b) 4, (c) 6, and (d) 8 nm.

Figure 6. Responses of Pt−CNT composites as a function of the H2
concentration for different Pt thicknesses.
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interaction between the CNT film and Pt layers, which provides
stable electrical contacts for the composites.

4. CONCLUSION
In summary, Pt−CNT composite sensors for H2 gas sensing
have been prepared using spin-capable CNT, coated with Pt
layers as a highly sensitive noble metal. Decoration of the CNT
film with Pt layers, prepared by an e-beam process, significantly
enhanced the gas response at room temperature. The gas
response of the Pt−CNT sensors depended on the thickness of
the Pt coating layer, which was studied in the range 2−8 nm.
The highest response to H2 gas was found for a CNT film
decorated with 6 nm of Pt nanoparticles, and much-reduced
response was measured with a CNT sensor without Pt layers.
Structural and catalytic mechanisms were suggested to explain
the enhanced response of the Pt−CNT sensor over the CNT
sensor. A comparison of the sensors fabricated with spin-coated
and imprinted CNTs shows that highly ordered CNTs and
uniformly distributed CNT films are beneficial for electrical
charge transport during the sensing process. This Pt−CNT
sensor can be a very useful gas sensor with high response,
repeatability, and reliability for monitoring H2 leakage in H2-
based facilities.
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