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a b s t r a c t

Low power catalytic hydrogen sensors are fabricated by functionalizing low power polysilicon
microheaters with platinum nanoparticle catalyst loaded in a high surface area graphene aerogel sup-
port. Fabrication and characterization of the polysilicon microheaters are described. The platinum
nanoparticle-loaded graphene aerogel is characterized by transmission electron microscopy, scanning
electron microscopy, and energy dispersive X-ray spectroscopy. The catalytic hydrogen sensors consume
eywords:
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latinum nanoparticles

as little as 2.2 mW of power, have sensitivity of 1.6%/10,000 ppm hydrogen, a t90 response and recovery
time of 0.97 s and 0.72 s, respectively, a lower detection limit of approximately 65 ppm, and negligible
cross sensitivity to methane, n-pentane, and diethylether.

© 2014 Elsevier B.V. All rights reserved.
ow power hydrogen sensing

. Introduction

Hydrogen is an important industrial gas used in a variety of
pplications, and has become especially popular as an alterna-
ive fuel for transportation. As hydrogen is odorless, colorless, and
ammable, it is critical to install hydrogen gas monitoring systems
hat can detect potentially explosive situations [1]. Several different
ensing schemes exploiting various chemical properties of hydro-
en have come under consideration and development [2], including
atalytic combustion sensors [3,4], thermal conductivity sensors
5,6], electrochemical sensors [7,8], semiconducting metal-oxide
ensors [9], and metallic resistors [10,11].
Catalytic combustion sensors are widely used in industry. How-
ver, the catalyst must be heated to high temperature in order to
romote hydrogen combustion, resulting in relatively high power
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el.: +1 510 642 8358.
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illi.mickelson@gmail.com, wmickelson@berkeley.edu (W. Mickelson).
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925-4005/© 2014 Elsevier B.V. All rights reserved.
consumption. These sensors consist of a Joule-heated platinum
wire coated with a catalyst-containing support material, typi-
cally a ceramic. The catalyst promotes combustion, generating
heat, causing the temperature of the Pt wire to increase. This
increase in temperature causes an increase in the resistance of
the Pt wire. The change in resistance is typically measured using a
Wheatstone bridge configuration with a reference element that is
identical minus the catalyst to offset atmospheric changes in tem-
perature or humidity. While these sensors are widely deployed,
their relatively high level of power consumption has impeded
their implementation as long-term, battery-powered monitors.
Advances in microelectromechanical systems (MEMS) technology
have allowed for decreased power consumption through device
miniaturization [3,12]. For a typical MEMS catalytic combustion
sensor, a microfabricated Pt or polysilicon heating element, or
microheater, is embedded in a thin silicon nitride membrane upon
which a catalyst layer is deposited. Due to scaling laws, the dras-
tic reduction in size of the microheater provides a corresponding

reduction in thermal response time. The short thermal response
time allows for rapid heating and cooling of the device, thereby
enabling low duty cycle operation and further reduction in power
consumption.

dx.doi.org/10.1016/j.snb.2014.09.057
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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Many of the reported microheater-based hydrogen gas sensors
se a catalyst layer of Pt or Pd nanoparticles dispersed in a porous
lumina or silica support [4,13,14]. Recent work by Brauns et al.
15] employs Pt nanoparticles stabilized with surfactant molecules
liminating the need for a porous ceramic support, thereby reduc-
ng the thermal mass (hence lowering the power consumption) and
ransferring heat more efficiently (leading to higher sensitivity and
aster response time). However, due to the thermal instability of
he surfactant, these sensors are not amenable to high temperature
pplication or operation.

Here we report the fabrication and characterization of a
atalytic hydrogen sensor using platinum (Pt) nanoparticle cat-
lyst embedded in graphene aerogel catalyst support. The Pt
anoparticle-loaded graphene aerogel is deposited on a low power
olysilicon-based microheater device, which is used to both heat
he catalyst and detect the heat output from the catalytic com-
ustion of hydrogen. The synthesis and characterization of the
raphene aerogel and platinum functionalization are described.
he measurement of the catalytic hydrogen sensor is described and
ptimized for sensitivity, selectivity, and stability.

. Experimental

.1. Microheater fabrication and characterization

Microheaters are fabricated using 4-mask surface micromachin-
ng process to create a polysilicon microheater embedded in a thin
ilicon nitride membrane, as shown schematically in Fig. 1. First, a
00 nm thick film of low-stress silicon nitride (LSN) is deposited on
silicon wafer by low-pressure chemical vapor deposition (LPCVD).
his is followed by deposition of 150 nm in situ doped polysilicon
nd 2 �m boron doped silicon dioxide. The wafers are then heated
o 1050 ◦C for film stress release, dopant diffusion, and dopant acti-
ation in the polysilicon layer. The oxide layer is then removed
n buffered hydrogen fluoride (BHF) etch bath. The microheater is
hen patterned into the polysilicon layer using photolithography
nd reactive ion etching. This is followed by another 100-nm-thick
SN layer deposition to encapsulate the polysilicon microheater.
ontact to the microheaters is made by patterning and removing
he upper LSN layer by reactive ion etching and subsequent depo-
ition of 10 nm of titanium and 90 nm of platinum. The wafers are
hen annealed in nitrogen environment at 350 ◦C for 1 h to release
t film stress. Finally, the wafers are patterned and KOH etched
rom the backside to remove the silicon under the microheaters
eaving only the thin silicon nitride membrane.

The wafer is then diced into 3.5 mm × 3.5 mm chips, which
ypically contain four individual microheaters per chip. The micro-
eaters used in this work are 10 �m wide, 100 �m long, and 100 nm
hick. Once individualized, the microheater chips are wire-bonded
nto a 14-pin cer-dip package for electrical characterization.

.2. Synthesis and characterization of Pt nanoparticle-loaded
raphene aerogel

Graphene aerogel is prepared using a precursor of graphene
xide prepared with Hummer’s method. Organic sol–gel chemistry
s used to cross-link the sheets and after supercritical drying, car-
onization is achieved though pyrolysis at 1050 ◦C under nitrogen
16,17]. To decorate with Pt nanoparticles, the graphene aerogels
re submerged in an aqueous solution of 0.5 M chloroplatinic acid.
he aerogels are then freeze dried to ensure even distribution of

he platinum salt. Finally, the platinum salt is reduced to platinum

etal by heating under hydrogen gas at 450 ◦C [18].
The loading and size distribution of the Pt nanoparti-

les deposited on the graphene aerogel is characterized using
d Actuators B 206 (2015) 399–406

transmission electron microscopy (TEM, JEOL 2010) and scanning
electron microscopy (SEM, FEI Sirion XL30). Energy dispersive X-ray
spectroscopy (EDAX) is used for elemental analysis.

2.3. Fabrication of gas sensor

The platinum nanoparticle-loaded graphene aerogel material is
sonicated into suspension and deposited from a solution of iso-
propyl alcohol. A 0.25 �L drop of 0.5 mg/mL solution is placed on
the microheater chip while the microheater is powered to 8 mW
(∼220 ◦C). Heating the microheater promotes solvent evaporation
and leads to material deposition at the center of the microheater.
The microheater heated at 8 mW for 3 h to ensure all the solvent is
evaporated.

2.4. Gas delivery

The microheater cer-dip package is placed within a gas flow
chamber with a volume of 1 cm3. The sensor is exposed to hydrogen
using a computer-controlled gas delivery system. A cylinder of 3%
hydrogen gas balanced in nitrogen is used (Praxair). For selectivity
tests, sensors are exposed to various concentrations of diethylether
(Praxair, 5000 ppm in N2,), n-pentane (Praxair, 5000 ppm in N2,),
and methane (Praxair, 5% in N2,) using the same gas delivery sys-
tem. Sensor testing is performed at a constant flow rate of 300 sccm.
Stream balance and purge is made up of house air that has passed
through pressure swing adsorption dryers to remove humidity
and an activated carbon scrubber to remove other contaminants.
Mass flow controllers (Bronkhorst) controlled by LabView are
used to dilute the gas mixture cylinder with clean air and deliver
these gases to the sensor chamber. Flow stream temperatures are
recorded and are within a few degrees of room temperature. In
all but one test, the gas mixture from the analyte gas cylinder is
mixed with clean air to attain the desired analyte concentration. In
these tests, the oxygen concentration in the gas steam is at least 12
times the stoichiometric concentration to oxidize the hydrogen to
form water. The exception is for the test performed in pure nitro-
gen to show the lack of catalytic response in the absence of oxygen
(Supplementary Figure S2).

2.5. Microheater sensor measurement

The measurement of the microheater sensor is performed using
a Keithley 2602 source-meter. The source-meter is controlled using
Zephyr [19], an open-source Java-based instrument and control
and measurement software suite. Zephyr is also used to acquire
data from the source-meter, the gas delivery system, such as flow
rates and concentrations, and any reference sensors, such as tem-
perature sensors. The microheater sensors are measured either
by continuously applying a bias voltage or by pulsing the heater
to a particular voltage for a specified amount of time. The cur-
rent through the microheater is recorded and its resistance, R, is
calculated. Sequences comprised of multiple voltage pulses are
used to quickly change the sensor temperature and these pulse
sequences are continually repeated after a specified period. The
sensor response is determined by the relative change in resistance,
�R/R0, which is defined as (R − R0)/R0, where R is the average resis-
tance during exposure to given hydrogen concentration and R0 is
the average resistance during zero hydrogen exposure.

3. Results and discussion
Polysilicon is chosen for the microheater element for its high
and tunable resistivity, compatibility with MEMS processing, and
its resistance to electromigration [20–22]. These properties allow
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Fig. 1. Schematic of the fabricated microheater device. (a) Top vie

ery small microheaters to be fabricated using a scalable pro-
ess with high power density yet minimal total power. Polysilicon
lso allows for multiple devices to be fabricated onto a single
illimeter-sized chip, which is exceedingly difficult to do with
etallic microheaters. While suspended beam geometry would

e the most thermally efficient microheater, since power lost to
he substrate would be lower, for ease of sensor fabrication we
hoose to employ thin, suspended silicon nitride membrane geom-
try, where the microheater is embedded within the membrane. In
ddition to being a robust heating element, the polysilicon micro-
eaters fabricated in this work have a modest and linear thermal
oefficient of resistance.

Fig. 2a shows a real-color optical image of a 3.5 mm × 3.5 mm
hip containing four microheater sensors. Each microheater device
as four electrical contacts: two for the microheater leads (source
nd drain) and two for optional electrical probing of the sensing
ayer (not used in this embodiment of the platform). Fig. 2b shows a
oomed-in view of a single microheater device showing the polysil-
con heater (p-Si, orange), the silicon nitride membrane (Si3N4,
reen) and the platinum sensor leads (Pt, yellow, not used in
his work). Fig. 2c shows the resistance of a microheater versus
issipated power from Joule heating. Typical room temperature
esistances of the microheaters are 1.6 k� ± 10%. The resistance
hows a linear relationship with dissipated power with a slope
f ∼8 �/mW. To estimate the temperature for a given power, the
icroheater is heated until there is a faint orange-red color that

s detectable by the human eye. Using reported sensitivity of the
uman eye (∼100 photons/s [23]) and geometrical considerations,
e estimate this temperature to be approximately 700 ◦C. Fitting

he emitted spectrum to a Planck distribution corroborates this
stimation giving a temperature of 682 ◦C. Further details on the
elationship between the microheater temperature and power will
e reported elsewhere.

The dissipated power necessary to bring the microheater to
00 ◦C is 25 mW ± 10%. In this temperature range, the heat lost
o radiation is negligible (�1 mW), so the temperature difference
etween the microheater and the surrounding air is linearly pro-
ortional to the dissipated power. Therefore, the effective thermal
oefficient of resistance (TCR) of these highly doped polysilicon
icroheaters is approximately 180 ppm/K. This TCR is exploited

o probe the temperature of the microheater-based sensor during
peration. The heat generated as hydrogen is catalytically oxidized
n the surface of the sensor increases the microheater temperature,
hich is detected by the change in the microheater resistance.

To incorporate this microheater device into a catalytic com-
ustion sensor, it must be mated with an appropriate catalyst
aterial. Graphene aerogel (Fig. 3a) is chosen as the catalyst sup-

ort since it provides a high surface area (>1000 m2/g) [16] onto
hich a catalyst material can be deposited, a high specific thermal
onductivity (∼5000 W/m-K in-plane for graphene [24]) to effi-
iently transfer heat to the microheater, and is stable below 500 ◦C
25] enabling high temperature operation. Platinum nanoparticles
re chosen as the catalyst material, due to their well-established
icroheater and (b) cross-sectional schematic of the microheater.

catalytic properties, high surface area, and use in nanomaterials-
based hydrogen sensors [26,27]. Embedding platinum nanoparti-
cles into the graphene aerogel provides a highly catalytically active
material, which can transfer heat with minimal additional mass and
is stable at elevated temperatures.

Fig. 3b shows a TEM image of graphene aerogel that has been
loaded with platinum nanoparticles (Pt NP). The average nanopar-
ticle size is 6.3 nm ± 3.3 nm, as determined by analysis of several
TEM images, The Pt NPs are crystalline, as shown in the inset of
Fig. 3b, and display a lattice spacing of 2.25 Å, consistent with
the Pt(1 1 1) crystal planes. Fig. 3c shows an SEM image of the
Pt NP-loaded graphene aerogel confirming a uniform loading of
platinum nanoparticles throughout the material. Energy dispersive
X-ray spectroscopy confirms that only carbon and Pt are present,
as shown in Fig. 3d.

The Pt NP-loaded graphene aerogel is deposited onto the micro-
heater device to complete the fabrication of the catalytic hydrogen
sensor and it is placed into the gas sensing setup for testing.
The sensor is exposed to hydrogen concentrations between 0 and
20,000 ppm during which the temperature of the microheater is
ramped between 25 and 430 ◦C. This is accomplished by apply-
ing a 9-level voltage pulse sequence with 500 ms at each voltage
ranging from 0.1 to 5.2 V. When the Pt NP-loaded graphene aero-
gel is heated in the presence of hydrogen, the hydrogen that is
adsorbed on the Pt-NPs reacts with adsorbed oxygen to form water
and heat. The heat generated from catalytically combusting the
hydrogen causes the temperature of the microheater to increase.
This increase in temperature causes an increase in the microheater
resistance.

Fig. 4 shows the resistance of the microheater (blue, solid line)
at a particular temperature level in the pulse sequence versus time
as the sensor is exposed to various concentrations of hydrogen
(black, dashed line). While data are collected for all 9 voltage lev-
els, only the 15 mW (430 ◦C) data set is shown for clarity. A stable,
reproducible response to hydrogen is observed during exposure to
hydrogen during the 70-min test.

To determine the optimum operation temperature, the sensor
response, i.e. �R/R0, is analyzed as a function of input power for the
various hydrogen concentrations. Fig. 5 shows the average sensor
response to 5000 ppm hydrogen versus power for all nine voltage
levels in the pulse sequence. The sensor response increases with
increasing heater power, and then plateaus above 11 mW (320 ◦C).
Similar results are seen at other hydrogen concentrations, up to
20,000 ppm. Since there is no benefit to increasing the tempera-
ture above 320 ◦C, further sensor characterization presented here
is performed at 11 mW (320 ◦C).

Maintaining the sensor at 11 mW not only decreases power con-
sumption, but also improves catalyst support lifetime. Graphene
has been shown to be stable up to 500 ◦C [25]. During exposure to

high concentrations of hydrogen, i.e. up to 20,000 ppm, the resis-
tance of the microheater can change by up to 4%, which would
correspond to an increase of over 200 ◦C. Therefore, by operating
the sensor at a baseline temperature of 320 ◦C, exposure of the
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Fig. 2. (a) Optical image of a 3.5 mm × 3.5 mm chip containing four microheaters. (b) Zoom-in of one microheater. Scale bar: 50 �m. Labels: Polysilicon (p-Si, orange), silicon
nitride membrane (Si3N4, green), Pt sensing leads (Pt, gold), silicon nitride on silicon substrate (Si, red) (c) Typical microheater resistance at different applied power values,
showing a good linear correlation. Since the power is directly proportional to temperature, there is also a linear correlation between heater resistance and temperature. (For
interpretation of the color information in this figure legend, the reader is referred to the web version of the article.)

F cles. (b
t t) TEM
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ig. 3. (a) TEM image of graphene aerogel prior to loading with platinum nanoparti
icles are supported on the lower-contrast nanoporous graphitic structure. (b, inse
ncluding some larger clusters. (d) EDAX spectrum confirming carbon and platinum

ensor to temperatures above 500 ◦C can be minimized and the

atalyst lifetime prolonged.

Fig. 6 shows the response of a microheater sensor that has
een functionalized with the Pt NP-loaded graphene aerogel (blue,

ig. 4. Resistance of the sensor (blue, solid line) for varying hydrogen concentration (bl
equence. (For interpretation of the color information in this figure legend, the reader is r
) TEM image of Pt nanoparticles dispersed on the graphene aerogel. Dark nanopar-
showing Pt (1 1 1) spacing of 2.25 Å. (c) SEM shows Pt loading over a large area,

he only elements present. Scale bars: (a and b) 20 nm; (c) 5 �m.

triangles) and with a bare graphene aerogel (burgundy, diamonds).

The response of the Pt NP-loaded graphene aerogel sensor shows
a nearly linear, positive dependence on hydrogen concentration,
whereas the bare graphene aerogel sensor shows only a slight

ack, dashed line) versus time for the 15 mW (430 ◦C) level of the nine-level pulse
eferred to the web version of the article.)
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Fig. 6. Relative response (�R/R0) of the microheater-based sensor versus hydrogen
concentration functionalized with Pt-loaded graphene aerogel (blue, triangles) and
bare graphene aerogel (burgundy, diamonds). Error bars are standard deviation of
response during 45 min of exposure at selected concentration and if error bars are
not seen, they are within the symbol. The microheater is at 11 mW (320 ◦C). The
solid line is fit to the first four data points in the plot and acts as a guide to the eye to

F
1

ig. 5. Relative sensor response (�R/R0) versus microheater power for 5000 ppm
ydrogen exposure. The error bars represent the standard deviation of the response
ver the duration of the test.

egative response. This negative response is due to the increase
n thermal conductivity of the hydrogen-containing flow stream,

hich causes the temperature of the microheater to decrease. Pt
P-loaded devices show a similar response when tested in inert
nvironments (See Supplementary Figure S2). This increase in ther-
al conductivity of the surrounding gas is also evident in the Pt
P-loaded sensor in Fig. 6, where at higher H2 concentrations the

esponse deviates below the expected extrapolation from lower
oncentrations, as shown by the solid line that is fit to the first 4
ata points in Fig. 6. Implementation of this sensor in a Wheat-
tone bridge configuration would compensate for this deviation
rom linearity.

In addition to sensitivity, response time and recovery time are
ritical metrics for hydrogen sensing. For applications where leak
etection is critical for safety, especially hydrogen generation or
torage in indoor spaces, a sensor response time of ∼1 s is required
1]. Fig. 7 shows the response and recovery of the sensor operating
n continuous heating mode at 11 mW (320 ◦C) for a hydrogen expo-

ure of 20,000 ppm. The response and recovery times to 90% of their
teady-state value (t90) are 0.98 s and 0.72 s, respectively. When the
ensors are operated in voltage pulsing mode, there is no measure-
ble effect on sensor response or recovery time, as it responds and

ig. 7. Sensor response to (left) and recovery from (right) exposure to 20,000 ppm hydr
50 ms.
show the deviation from linearity at high concentrations, due to the increase in the
thermal conductivity of the gas stream. (For interpretation of the color information
in this figure legend, the reader is referred to the web version of the article.)

recovers in one to two data points (1–2 s, see Supplementary Figure
S1).

The microheater sensors functionalized with Pt NP-loaded
graphene aerogel catalyst are also tested for selectivity. A com-
mon interfering gas for hydrogen sensing is methane. Sensitivity to
methane is tested for a range of concentrations up to 20,000 ppm.
Fig. 8 shows the sensor response versus concentration of methane
(green, diamonds) and hydrogen (blue, triangles) while heated to
11 mW. There is no measurable response to methane at this power.
In fact, detection of methane was not observed even up to 15 mW
(430 ◦C). This likely indicates that either this catalyst is not capa-

ble of catalytically combusting methane or that it requires a higher
temperature, in which case an alternative catalyst support with
higher thermal stability, such as boron-nitride aerogel [28], would
be required.

ogen. Microheater is powered continuously at 11 mW and data is collected every
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Fig. 8. Response to methane (green, diamonds) at several concentrations com-
pared to response to hydrogen (blue, triangles). Microheater is at 11 mW (320 ◦C).
Error bars are standard deviation of response of the fifteen 3-min exposures at that
concentration and if error bars are not seen, they are within the symbol. (For inter-
pretation of the color information in this figure legend, the reader is referred to the
web version of the article.)

Fig. 9. Average relative sensor response to 3000 ppm of diethylether and n-pentane
at 320 ◦C (red circles) and 430 ◦C (blue squares). Error bars are the standard devia-
tion of sensor response during 30 min of exposure. (For interpretation of the color
i
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Fig. 10. Relative sensor response versus hydrogen concentration for pulsed (green
diamonds) and continuous (blue squares) modes. Error bars are standard deviation
of all data points taken at a given hydrogen concentration during a 3 h test. Contin-
uous heating is to 11 mW (320 ◦C) and pulsed heating is 500 ms at 11 mW (320 ◦C)
every 2.5 s. (For interpretation of the color information in this figure legend, the
reader is referred to the web version of the article.)

Fig. 11. Sensor response (solid burgundy line) versus time during a 500 ppm hydro-
gen exposure (dashed black line). Microheater is pulsed for 500 ms at 11 mW (320 ◦C)
nformation in this figure legend, the reader is referred to the web version of the

rticle.)

The selectivity of the catalyst to hydrogen was also tested using
wo hydrocarbons with low auto-ignition temperatures, namely
iethylether (160 ◦C) and n-pentane: (260 ◦C). Fig. 9 shows the sen-
or response to 5000 ppm of these two gases at 320 ◦C and 430 ◦C.
t 320 ◦C, the response is extremely small (equivalent to <100 ppm
f hydrogen). At 430 ◦C, the sensor response is significantly larger,
ut still only equivalent to approximately 800 ppm hydrogen. Com-
lete combustion of these hydrocarbons would release more heat
er mole than hydrogen, so the small signal obtained shows that
t nanoparticles cannot effectively catalyze the combustion in this
emperature range. In addition, even though the microheater is
eated above the auto-ignition temperature of both gases, the small
hermal mass of the microheater prevents significant auto-ignition.
ther groups have noted that this feature in microheater-based

ombustible gas sensors may eliminate the need for bulky, expen-
ive explosion-proof housing, which limit sensor miniaturization
nd adversely affect sensor response times [29]. The improved
every 2.5 s. (For interpretation of the color information in this figure legend, the
reader is referred to the web version of the article.)

selectivity at 320 ◦C is an added justification for the optimized sen-
sor operating temperature.

Using a low duty cycle heat pulse measurement, where the
sensor is heated for only part of the time, decreases the power con-
sumption significantly. To ensure that this pulsing of the heater
does not affect the sensitivity of the sensor, the response measured
when pulsing the heater is compared to the response when contin-
uously heating the sensor. Fig. 10 shows the response of the sensor
versus hydrogen concentration when heated to 320 ◦C for 500 ms
every 2.5 s (blue squares) and when heated continuously at 320 ◦C.
The response difference between pulsed and continuous mode at
any concentration is <10%, and the overall linear calibration differs
by only 2%. Meanwhile, the power consumption drops 80% from

11 mW to 2.2 ◦mW. For the pulsed heating mode, the sensitivity
determined from a linear fit of the data in Fig. 9 is 1.6%/10,000 ppm
hydrogen. This corresponds to a sensitivity of 17 mV/10,000 ppm
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ydrogen if operated in a Wheatstone bridge configuration with a
eference sensor with resistance R0.This is comparable to many of
he commercially available sensors [15] with approximately 100
imes lower power consumption. In addition, over a 10-day test-
ng period with over 60 h of testing, the sensor displayed good
eproducibility with an average change in resistance (�R/R0) of
.015 ± 0.0015 during exposure to 10,000 ppm hydrogen.

Finally, the limit of detection of the Pt-NP loaded graphene
erogel-based sensors was determined. Fig. 11 shows the sensor
esponse to 500 ppm of hydrogen while operating in pulsed heat-
ng mode (500 ms at 320 ◦C every 2.5 s). The sensor response to
00 ppm of hydrogen is easily distinguishable with a signal to noise
atio of 20:1. As mentioned previously, although the sensor is only
eated for a fraction of the time, the response time is approxi-
ately the same as the continuously heated sensor (within one

ata point, data collected every 2.5 s). Concentrations lower than
00 ppm were not tested, due to dilution accuracy of the gas deliv-
ry system. However, using a signal to noise threshold of 3, the
ensor should be able to detect hydrogen down to 65 ppm.

. Conclusion

A low power catalytic hydrogen gas sensor has been devel-
ped using a micro-machined polysilicon heater functionalized
ith Pt nanoparticle-loaded graphene aerogel as the catalyst mate-

ial. The graphene aerogel provides a high surface area for platinum
anoparticle loading and high thermal conductivity for efficient
ransfer of heat generated from the catalytic combustion of hydro-
en. The Pt-NP loaded graphene aerogel are characterized using
EM, SEM, and EDAX confirming the homogeneous distribution of
mall (∼6 nm) Pt nanoparticles within the graphene aerogel. The
peration temperature of the sensors is optimized for sensitivity,
tability, and selectivity. Using a low duty cycle heat pulse mea-
urement, the power of the microheater functionalized with Pt
P-loaded graphene aerogel consumes as low as 2.2 mW of power
ithout compromising the sensor performance. The sensors have
sensitivity of 1.6%/10,000 ppm hydrogen with a t90 response and

ecovery time of 0.97 s and 0.72 s, respectively. The sensor shows
egligible cross sensitivity to other flammable gases, including
ethane, n-pentane, and diethylether. A lower detection limit of

pproximately 65 ppm is estimated.
Further investigations into various catalyst materials to tune

electivity and utilization of catalyst supports with higher ther-
al stability, such as BN aerogel [28], should result in detection

f other flammable gases, such as methane. Using the low power
icroheater platform reported here functionalized with various

atalysts and supports, a multi-analyte detection chip can be pro-
uced with a very small footprint, thereby enabling wireless battery
owered gas detectors at minimal cost for industrial and consumer
pplications.

cknowledgements

This work was supported in part by the National Science Foun-
ation under the Center of Integrated Nanomechanical Systems
Award #EEC-0832819), which provided for microheater design,
ensor characterization, and support for W.M. and A.Z, and under
he NSF Innovation Corps program (Award #1357682), which pro-
ided for microheater fabrication; by the Director, Office of Energy
esearch, Office of Basic Energy Sciences, Materials Sciences and
ngineering Division, of the U.S. Department of Energy under Con-

ract No. DE-AC02-05CH11231, which provided for TEM, SEM, and
lemental analysis; by the UC Lab Fees Research Program under
ward 12-LR-235323, which provided for graphene aerogel syn-
hesis; and by Lawrence Livermore National Laboratory under the

[

[

d Actuators B 206 (2015) 399–406 405

auspices of the U.S. Department of Energy under Contract DE-AC52-
07NA27344, through LDRD award 13-LW-099, which provided for
platinum nanoparticle synthesis. AHT is supported by the National
Science Foundation Graduate Research Fellowship under Grant No.
DGE 1106400. The authors would like to thank Peter Foller for his
mentorship in the NSF I-Corp program and Sergei Skarupo for his
assistance with sensor measurement software.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2014.09.057.

References

[1] W. Buttner, R. Burgree, M. Post, C. Rvkin, Summary and Findings from the
NREL/DOE Hydrogen Sensor Workshop (2011).

[2] T. Hübert, L. Boon-Brett, G. Black, U. Banach, Hydrogen sensors—a review, Sens.
Actuators B: Chem. 157 (2011) 329–352.

[3] M. Gall, The Si planar pellistor: a low-power pellistor sensor in Si thin-film
technology, Sens. Actuators B: Chem. 4 4 (1991) 533–538.

[4] E.-B. Lee, I.-S. Hwang, J.-H. Cha, H.-J. Lee, W.-B. Lee, J.J. Pak, J.-H. Lee, B.-K. Ju,
Micromachined catalytic combustible hydrogen gas sensor, Sens. Actuators B:
Chem. 153 (2011) 392–397.

[5] M. Kimura, N. Takshima, MEMS hydrogen gas sensor for the entire concentra-
tion range of hydrogen gas, Sens. Mater. 23 (2011) 419–434.

[6] I. Simon, M. Arndt, Thermal and gas-sensing properties of a micromachined
thermal conductivity sensor for the detection of hydrogen in automotive appli-
cations, Sens. Actuators A: Phys. 97–98 (2002) 104–108.

[7] G. Korotcenkov, S.D. Han, J.R. Stetter, Review of electrochemical hydrogen sen-
sors, Chem. Rev. 109 (2009) 1402–1433.

[8] J.R. Stetter, J. Li, Amperometric gas sensors: a review, Chem. Rev. 108 (2008)
352–366.

[9] V. Aroutiounian, Metal oxide hydrogen, oxygen, and carbon monoxide sensors
for hydrogen setups and cells, Int. J. Hydrogen Energy 32 (2007) 1145–1158.

10] S. Yu, U. Welp, L.Z. Hua, A. Rydh, W.K. Kwok, H.H. Wang, Fabrication of palladium
nanotubes and their application in hydrogen sensing, Chem. Mater. 17 (2005)
3445–3450.

11] M. Daugherty, D. Haberman, C. Salter, D. Benson, B. Hoffheins, Low cost hydro-
gen sensors for hydrogen fuel safety, Proc. U.S. DOE Hydrogen Prog. Rev.
937–941 (1999).

12] W. Mickelson, A. Sussman, A. Zettl, Low-power, fast, selective nanoparticle-
based hydrogen sulfide gas sensor, Appl. Phys. Lett. 100 (2012).

13] W. Shin, K. Tajima, Y. Choi, N. Izu, I. Matsubara, N. Murayama, Planar catalytic
combustor film for thermoelectric hydrogen sensor, Sens. Actuators B: Chem.
45 (2005) 5–460.

14] L.F. Houlet, W. Shin, K. Tajima, M. Nishibori, N. Izu, T. Itoh, I. Matsubara,
Thermopile sensor-devices for the catalytic detection of hydrogen gas, Sens.
Actuators B: Chem. 130 (2008) 200–206.

15] E. Brauns, E. Morsbach, G. Schnurpfeil, M. Bäumer, W. Lang, A miniaturized
catalytic gas sensor for hydrogen detection based on stabilized nanoparticles
as catalytic layer, Sens. Actuators B: Chem. 187 (2013) 420–425.

16] M.A. Worsley, S.O. Kucheyev, H.E. Mason, M.D. Merrill, B.P. Mayer, J. Lewicki,
C.A. Valdez, M.E. Suss, M. Stadermann, P.J. Pauzauskie, J.H. Satcher, J. Biener, T.F.
Baumann, Mechanically robust 3D graphene macroassembly with high surface
area, Chem. Commun. 48 (2012) 8428–8430.

17] M.A. Worsley, P.J. Pauzauskie, T.Y. Olson, J. Biener, J.H. Satcher, T.F. Baumann,
Synthesis of graphene aerogel with high electrical conductivity, J. Am. Chem.
Soc. 132 (2010) 14067–14069.

18] K. Kinoshita, K. Routsis, J.A.S. Bett, The thermal decomposition of platinum(II)
and (IV) complexes, Thermochim. Acta 10 (1974) 109–117.

19] S. Skarupo, EE-Eval. Eng. 46 44−+ (2007).
20] D.-D. Lee, W.-Y. Chung, M.-S. Choi, J.-M. Baek, Low-power micro gas sensor,

Sens. Actuators B: Chem. 33 (1996) 147–150.
21] I.A. Blech, Electromigration in thin aluminum films on titanium nitride, J. Appl.

Phys. 47 (1976) 1203–1208.
22] J.R. Black, Electromigration&#8212: a brief survey and some recent results, IEEE

Trans. Electron Devices 16 (1969) 338–347.
23] A. Rose, The sensitivity performance of the human eye on an absolute scale, J.

Opt. Soc. Am. 38 (1948) 196–208.
24] A.A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao, C.N. Lau,

Superior thermal conductivity of single-layer graphene, Nano Lett. 8 (2008)
902–907.

25] H.Y. Nan, Z.H. Ni, J. Wang, Z. Zafar, Z.X. Shi, Y.Y. Wang, The thermal stability
of graphene in air investigated by Raman spectroscopy, J. Raman Spectrosc. 44

(2013) 1018–1021.

26] A. Star, V. Joshi, S. Skarupo, D. Thomas, J.-C.P. Gabriel, Gas sensor array based on
metal-decorated carbon nanotubes, J. Phys. Chem. B 110 (2006) 21014–21020.

27] D.R. Kauffman, A. Star, Carbon nanotube gas and vapor sensors, Angew. Chem.
Int. Ed. 47 (2008) 6550–6570.

http://dx.doi.org/10.1016/j.snb.2014.09.057


4 ors an

[

[

B

A
t
S
C
H
i

J
h
i
n
d
a
t

Q
f
f
i
f
a

06 A. Harley-Trochimczyk et al. / Sens

28] M. Rousseas, A.P. Goldstein, W. Mickelson, M.A. Worsley, L. Woo, A. Zettl, Syn-
thesis of highly crystalline sp(2)-bonded boron nitride aerogels, Acs Nano 7
(2013) 8540–8546.

29] C. Dücso, M. Ádám, P. Fürjes, M. Hirschfelder, S. Kulinyi, I. Bársony, Explosion-
proof monitoring of hydrocarbons by mechanically stabilised, integrable
calorimetric microsensors, Sens. Actuators B: Chem. 95 (2003) 189–194.

iographies

nna Harley-Trochimczyk is a Ph.D. candidate and NSF graduate research fellow in
he Department of Chemical Engineering at the University of California Berkeley.
he graduated with a B.S. in chemical engineering from the University of Southern
alifornia. Her graduate research is focused on novel materials for chemical sensing.
er interest in technology commercialization led her to be the Entrepreneurial Lead

n the Fall 2013 NSF Innovation Corps Teams Program.

iyoung Chang studied in Yonsei University for his B.S. and M.S. degrees. He obtained
is Ph.D. from University of California, Berkeley in 2012 in mechanical engineer-

ng, where he developed in situ chemical doping and patterning of graphene using
ear-field electrospinning. He is currently working as a postdoctoral scholar in
epartment of physics at U.C. Berkeley. His research interests are focused on MEMS
nd NEMS for flexible electronics and processing 2-D materials for scalable elec-
ronics.

in Zhou obtained his B.S. and M.S. degrees in Precision Instruments and Technology

rom Tsinghua University, China, and his Ph.D. degree in mechanical engineering
rom University of California, Berkeley. He is currently a postdoctoral researcher
n Department of Physics at University of California, Berkeley. His research is
ocused on the applications of low-dimensional materials, including sensors and
ctuators.
d Actuators B 206 (2015) 399–406

Jeffrey Dong is currently completing his B.S. in electrical engineering and com-
puter science at the University of California, Berkeley. His research is focused on
the fabrication and testing of nanomaterials-based sensors.

Thang Pham received his B.S. in materials science and engineering from Hanoi Uni-
versity of Technology, Vietnam. He is currently a graduate student researcher in
Department of Physics at University of California, Berkeley. He works on carbon and
boron nitride-based nanostructures and their applications, including sensors.

Marcus A. Worsley graduated with a B.S. in chemical engineering at Michigan State
University in 2001. He received his M.S. (2003) and Ph.D. (2006) in chemical engi-
neering from Stanford University. He is currently a staff scientist in the Physical
and Life Sciences Division at Lawrence Livermore National Laboratories where his
research interests involve the development of novel nano materials for sensing,
catalysis, energy storage, and defense applications.

Roya Maboudian is a Professor of chemical engineering at the University of
California, Berkeley. She received her Ph.D. in applied physics from California
Institute of Technology. Her current research interests are in the areas of sur-
face/interfacial science and engineering of micro-/nanosystems, and thin-film
science and technology.

Alex Zettl is a Professor of physics the University of California, Berkeley and a Senior
Scientist at the Lawrence Berkeley National Laboratory. He received his Ph.D. in
experimental condensed matter physics from the University of California, Los Ange-
les. His research is focused on investigating electronic, magnetic and mechanical
properties of nanoscale materials.

William Mickelson received a B.A.S. from the University of California, Davis in

physics and chemistry. He received his Ph.D. in experimental condensed matter
physics from the University of California, Berkeley. He is currently the Executive
Director of the Center of Integrated Nanomechanical Systems at the University of
California, Berkeley. His research is focused on the synthesis and characterization
of novel nanoscale materials and their implementation in sensing applications.


	Catalytic hydrogen sensing using microheated platinum nanoparticle-loaded graphene aerogel
	1 Introduction
	2 Experimental
	2.1 Microheater fabrication and characterization
	2.2 Synthesis and characterization of Pt nanoparticle-loaded graphene aerogel
	2.3 Fabrication of gas sensor
	2.4 Gas delivery
	2.5 Microheater sensor measurement

	3 Results and discussion
	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References
	Biographies


