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ABSTRACT: Hollow, microrod-like Pt nanostructures are locally
synthesized on a small, suspended microheater platform (9 μm ×
110 μm) as the catalytic layer of a low-power hydrogen (H2)
catalytic combustion sensor. The Pt nanostructures are synthesized
via two successive Joule heating-assisted chemical reactions.
During operation, H2 locally combusts on the surface of the Pt
nanostructures and transfers heat to the microheater, which in turn
changes its resistance. Because of the highly localized Pt
nanostructures and the suspended microheater, the sensor exhibits
high sensitivity (ΔR/R0 ∼ 0.46% per percent of H2), fast response
and recovery speeds (<12 s), and low-power consumption (4
mW).

KEYWORDS: Pt nanostructures, Pt catalyst, Hydrogen sensor, catalytic combustion, low power gas sensor, micromachined pellistor,
MEMS, microheater

The detection of hydrogen (H2) gas, as a clean energy
source, has become increasingly important as this

odorless gas poses safety risks because of its explosive nature;
it has a wide flammability range (4−75%) and requires a low
ignition energy to combust. Chemiresistive gas sensors,
operating based on the resistance changes of wide range of
novel, nanostructured materials have been commonly used for
the H2 detection.1−8 Also, catalytic combustion type gas
sensors have been often used for the detection of combustible/
flammable gases, like H2 and CH4, because of their good
sensitivity toward combustible gases and low cost. However,
the major drawback of catalytic combustion type gas sensors is
that they operate at higher power levels, which limits their use
in portable devices for mobile applications. With time, the
conventional catalytic bead sensor evolved into MEMS-type
catalytic combustion type sensors to reduce the power
consumption of these sensors from several hundred mW to
lower than 50 mW.9−18 This modern MEMS-type catalytic
combustion type sensor consists of an embedded microheater,
usually made out of Pt, embedded in a suspended silicon
dioxide or silicon nitride membrane. In general, on top of the
membrane, a porous γ-Al2O3 layer (loaded with 5−30 wt % Pt
or Pd) is drop-casted, which serves as a catalyst for the
combustion of the target combustible gas and allows for the
detection of the gas from the catalyst-promoted combus-
tion.11,12,18 Most of the limitations in reducing the power
consumption of these devices arise from the large sizes of the
typical γ-Al2O3 catalytic layers; previous research has

exemplified the thermal, adhesion, and sensitivity issues of
these conventional layers.9

Research has taken several routes to reduce the power
consumption of modern MEMS-type catalytic combustion
type sensors while attaining high sensitivity, fast response, and
high selectivity. Particularly, researchers have focused on the
development of microheater platforms that provide enough
heat in a small area efficiently,10,12 the syntheses of new
catalytic layers that provide high catalytic responses,9,10,13−16

and different integration methods (e.g., anodization,9 electro-
deposition,10 screen printing,16 and film deposition17,18) of the
catalytic layer onto the microheater platform with good
thermal contact and good overall response. While these studies
have been successful in reducing the power consumption, a
novel approach that combines all of these routes is needed to
push the boundaries in attaining lower power consumption
and superior performance of the devices. In-situ local
integration methods through Joule heating has shown promise
in this respect in chemiresistive devices.19,20 Consistent with
this idea, we have taken a three-pronged approach, which
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includes a small, suspended microheater platform, highly
catalytic nanomaterials, and local Joule heating for in situ
hydrothermal integration of the catalytic nanomaterials onto
the platform.
Specifically, in this Letter, we report the use of hollow,

microrod-like Pt nanostructures (i.e., 70−80 wt % Pt) as a
novel nanocatalyst, locally synthesized onto a small (9 μm ×
110 μm) strip-type SiO2 beam with an embedded Pt
microheater for low-power H2 detection. Here, the embedded
microheater serves as a resistive temperature detector (RTD),
which increases its resistance when H2 combusts locally on the
surface of the catalytic layer. To grow the Pt nanostructures,
sputtered SnO2 nanoparticles are used as seeds for the local
hydrothermal growth of ZnO microrods through in situ Joule
heating; this is an adaptation of the bulk synthesis of ZnO one-
dimensional structures in the reference.21 These microrods
serve as scaffolds for the synthesis of the Pt nanostructures
through a second hydrothermal process.22 Before sputtering
the SnO2, a TiO2 adhesion layer is deposited on the strip-type
microheater to ensure good reliability and thermal contact of
the catalytic layer.23 Therefore, the high gas-sensing perform-
ance with low power consumption of the sensor, using these
nanostructures with high catalytic activities, is demonstrated
for H2 sensing.
The fabricated catalytic combustion sensor consists of a

strip-type, suspended SiO2 beam with an embedded Pt
microheater and Pt nanostructures on its surface as a catalytic
layer; this is illustrated in Figure 1a. Figure 1b shows a

schematic representation of the catalyst-promoted reaction of
H2 on the surface of the catalyst, which releases heat and
increases the resistance of the embedded RTD by temperature
rise. Figure 1c shows an optical image of the constructed
device with the catalytic layer (right) and an additional,
identical SiO2 beam without the catalytic layer (left); they are
referred to as the active device and the reference device,
respectively. The reference device, separated from the active
device by a distance of 400 μm to avoid thermal crosstalk,

helps demonstrate the presence of the gas as its resistance, in
contrast to the active device, decreases from the thermal
cooling effect of the gas with a high thermal conductivity.
The fabrication of the platform follows standard photolitho-

graphic steps; the detailed description of the process is given in
Figure S1. As both active and reference devices are suspended,
they have greater thermal isolation from the substrate, thus
minimizing heat loss and effectively reducing the power
needed. This platform is a modified version of the platform in
previous work used for chemiresistive-type gas sensors.24,25

To locally integrate the Pt nanostructures onto the platform,
as shown in Figure 2a, three steps were followed: sputtering of

SnO2 nanoparticle seeds, hydrothermal growth of ZnO
microrods, and conversion of these ZnO microrods into
pseudoporous Pt nanostructures through the reduction of a
metal salt. In short, after sputtering the SnO2 seeds, Joule
heating is applied to the microheater while it is submerged in a
ZnO precursor using a polydimethylsiloxane (PDMS) well; the
applied Joule heating promotes the growth of the ZnO
microrods.24,26 For the final step, the precursor solution is
changed to an aqueous solution of potassium tetrachlorocla-
tinate (mixed with a reducing agent) and Joule heating is
applied to obtain the Pt nanostructures.22 The input power for
both hydrothermal processes is 50 mW; at this power, the
surface of the device is a few degrees below 100 °C, a
temperature needed for both hydrothermal processes. This
process for the integration of the nanostructures is illustrated
and explained in detail in Figure S2. The resulting Pt
nanostructures are composed of hollow microrod-like
structures with a rough surface resembling interconnected
nanoparticles with diameters mostly between 30 and 80 nm
(Figure S3).
Figure 2b shows the morphological and elemental changes

in the final hydrothermal step. Here, ZnO is etched away
slowly as the Pt gets reduced on the surface, promoted by the
Joule heating. This mechanism has been previously explained
in literature.22 The final morphology shows hollow microrod-
like structures with a pseudoporous nature. This structure is

Figure 1. (a) Schematic representation of the low-power microheater
platform with the integrated Pt nanostructures as the catalytic layer.
(b) Scanning electron microscope (SEM) image of the Pt
nanostructures alongside the catalyst-promoted combustion of H2;
the heat generated by this reaction is transferred to the underlying
RTD, which changes its resistance by temperature rise. The scale bar
is 500 nm. (c) Optical image of the reference and active devices. (d)
SEM image of the synthesized nanostructures on the microheater
platform (at a 45°-tilt angle).

Figure 2. (a) Schematic representation of the integration of the Pt
nanostructures (for the active device) onto the suspended micro-
heater, based on a sputtering step and two sequential hydrothermal
steps. (b) Morphological and elemental changes of the ZnO
microrods into Pt nanostructures, as a function of synthesis time
(in the final hydrothermal process with the Pt precursor); the scale
bar is 500 nm. (c) EDS mapping of the suspended beam with the
integrated Pt nanostructures. The scale bar is 5 μm.
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especially beneficial for gas sensing applications because of its
increased surface area and easy gas diffusion. The final
composition of the catalytic layer is mostly Pt as shown in
Figure 2b and c from energy-dispersive X-ray spectroscopy
(EDS) analysis. To investigate the atomic arrangement and
elemental composition of the fabricated Pt nanostructures, a
bulk process, using similar parameters to the in situ integration,
was used for the transmission electron microscopy (TEM) and
EDS analysis. Figure S4 shows the composition of a ZnO
microrod-like structure converted to Pt nanostructures with a
uniform Pt composition and a polycrystalline structure.
The proposed local hydrothermal synthesis of the Pt

nanostructures in this work is comparable with the wafer-
scale integration, for potential mass production, through the
use of individual polymeric wells or polymeric microchannels
connected to wells to guide and to contain different precursor
solutions. The wafer-scale, parallel integration of ZnO
nanowires has been demonstrated in the past with similar
results between samples.27 A more refined approach for greater
throughput involves the use of polymeric microchannels
connected to wells.28 With the latter approach, sequential
and parallel hydrothermal syntheses can be performed; thus,
this method can be used to synthesize not only Pt but also Pd
and other catalytic materials simultaneously.
As the constructed device relies on the transfer of heat to the

underlying RTD to sense the presence of the gas, it is
important to estimate both the temperature at which the
device operates at and the heat that is produced during the
local combustion of H2. To do this, we used infrared
microthermography, following the technique reported in the
ref 29; Figure S5 explains the procedure for the temperature
measurement. Specifically, an infrared (IR) camera was used to
measure the irradiated energy off the beam when an increasing
amount of Joule heating power is applied. In a separate step,
this energy could be related to the actual temperature reading
following a calibration step with a high-emissivity paint. Figure
3a shows the measured temperature with an increasing power.
The top horizontal axis reads the corresponding resistance
value at a given power. The linear fit between resistance (R)
and power (P) is plotted in Figure S6. The linear fit shown in
Figure 3a between the temperature and resistance readily
relates the changes in resistance to the changes in temperature.
The data plotted in this figure corresponds to the average
temperature measured for a total of 3 devices. The standard
deviation error bars shown, are small (a few °C), and may not
be visible on the graph due to the other data points. As there
may be some nominal differences of a few ohms between
devices, this equation is meant to relate the changes in
temperature to the changes in resistance (ΔT = 21.218*ΔR).
The device is operated at 4 mW for reasons that will be
explained later. The IR temperature profile (top view) of a
microheater, operated at 4 mW, is shown in the inset of Figure
3a.
The device was exposed to various concentrations of H2 up

to 1.6%, which is 40% of its lower explosive limit (LEL). This
concentration is commonly used to trigger alarms for high
levels of H2. The schematic representation of the gas sensing
setup is shown in Figure S7. The changes in resistance to the
various concentrations is shown in Figure 3b. The resistance of
active device increases, due to the generated heat during the
local catalytic combustion, while the resistance of the reference
device decreases because of the enhanced thermal cooling by
H2 with higher thermal conductivity than air by ∼7 times. It is

noteworthy to mention that, in Figure 3b, we plot the changes
in resistance values (ΔR), which can be directly related to the
temperature changes in the right y axis. The response of the
device is ΔR/R0 ∼ 0.46% per percent of H2, which
corresponds to approximately 6 °C increase in the temper-
ature. For 1% H2, the 90% response and recovery times for the
active device are, 11 and 10 s, respectively; for the reference
device, these times are 10 (response) and 9.5 s (recovery).
This speed, however, is thought to be influenced by the
transient time of the gas from the mass flow controller to the
chamber, as the chamber takes approximately 12 s to fill at a
flow rate of 500 sccm. Most importantly, to the best of our
knowledge, the proposed sensor is the lowest power under
constant voltage operations for a catalytic combustion H2 gas
sensor developed to date.11,14 We attribute this to the high
catalytic activity of the catalytic layer, highly localized synthesis
of catalytic Pt nanostructures, and suspended microheater
structure. We have also included the real time, transient
resistance of both devices in Figure S8a, along with the H2
concentration versus response of the sensor Figure S8b. From
this figure, we can see a high degree of linearity of the sensor
which may serve for accurate estimation of target gas
concentration during the sensor operation. This linear
behavior is consistent with the reports on other catalytic gas
sensors for various combustible gases.9,11,13,14,16 Specifically,
we expect a linear response from our sensor with respect to the
concentrations up to 100% of the LEL of H2. This is because

Figure 3. (a) Temperature of the surface of the microheater as a
function of Joule-heating power, obtained through infrared micro
thermography. As the power is increased, the resistance of the
microheater increases (top x-axis). The linear fit relates the measured
temperature changes to resistance changes. The inset shows the top,
thermal distribution of the surface temperature of the microheater at 4
mW; the scale bar is 50 μm. (b) Resistance changes of the active and
reference devices to various H2 concentrations. The right y-axis
displays the corresponding temperature increases produced during the
combustive reaction.
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our Pt microheater (our RTD) translates temperature
increases linearly to resistance changes, and because our
sensor is operated in the diffusion-limited region. Catalytic
combustion gas sensors are operated in the diffusion-limited
region by raising the temperature of the catalyst to a point
where there are not significant changes of the output with
temperature for a given gas concentration;30 this is explained
further in Figure 4.

For a catalytic combustion type gas sensor, when we vary the
input power in the presence of the target combustible gas, we
may see how the response changes with increasing power. If
the activity of the catalyst is high and good thermal contact is
ensured, the response saturates at a certain power (Figure 4a).
For maximum response and lowest power, we want to operate
our sensor at this power level; this is ∼4 mW for our sensor.
Furthermore, the power versus response plot is a characteristic
of a certain gas at a certain concentration that may help the
identification of the gas; this is plotted in Figure 4b. The data
shown in Figure 4b corresponds to the average response of the
same reference and active devices shown in Figure 4a. This
graph also shows that, after saturation, the response of the
sensor starts decreasing slightly (after ∼6 mW). This behavior
is commonly observed in catalytic gas sensors, as the
absorption of oxygen on the catalyst decreases after a certain
temperature.14,16

Additionally, we conducted further gas tests for humidity
influences, repeatability, and selectivity (to H2) of our sensor.

Figure S9 shows the influence of different humidity levels to
the response of our sensor. The reference device does not
experience significant changes to humidity while the active
device decreases linearly with increasing humidity levels; this
variation with humidity may be compensated with the aid of an
external humidity sensor. In another experiment (Figure S10),
we tested the repeatability of the active device to repeated
cycles of high concentration H2 (1.6% H2). The sensor shows a
very stable response with minimal drift. Finally, in Figure S11,
we explored the response of our sensor, not only to H2 but also
to other flammable/toxic gases (160 ppm of CO and 0.1%
Acetone); these are concentrations close to the permissible
exposure limits (PEL) of each gas/vapor. As previously
explained, for the detection of gases through catalytic
combustion, distinctive responses between the active and
reference devices ought to be observed. For CO, the changes
in the resistances of both the reference and active devices of
our sensor are very small, indicating the absence of combustion
or even significant thermal cooling (or heating). When exposed
to acetone, both the active and reference devices show
resistance increase (i.e., temperature increase) because of the
low thermal conductivity of the acetone. Therefore, the
selectivity of our sensor can be realized by analyzing the
response patterns of active and reference devices by signal
processing techniques such as machine learning. Also, if both
the reference and active devices are arranged in a Wheatstone
bridge configuration, only H2 would show a signal voltage
output. This selectivity of H2 catalytic combustion type gas
sensors against other flammable/toxic gases, with higher
molecular weights, have been previously reported as H2 is
easier to catalytically combust at lower temperature
ranges.11,14,31 Thus, the selective detection of our catalytic
combustion type gas sensor has been demonstrated for H2
detection.
In summary, we have presented in this work the local

hydrothermal synthesis of hollow, microrod-like Pt nanostruc-
tures as a new integration method for the catalytic layer of a
low-power catalytic combustion type H2 sensor. The Pt
nanostructures are integrated onto a suspended MEMS
microheater following a two-step local hydrothermal process
through Joule heating. In the first step, ZnO microrods are
locally grown on the surface of the microheater; in the second
step, the microrods are converted into hollow microrod-like Pt
nanostructures, with increased surface area, through the
reduction of a Pt salt on the surface of the ZnO microrod
scaffolds, which are simultaneously dissolved in the synthesis
process. The highly localized integration allowed for the
operation of our H2 sensor at a very low power (4 mW) and
allowed for our sensor to perform at fast response and recovery
speeds (<12 s) with good sensitivity (ΔR/R0 ∼ 0.46% per
percent of H2) and with high selectivity. Given these
characteristics and the increasing need to monitor combustible
gases for industrial and personalized applications, the current
device demonstrates its potential for battery-driven applica-
tions, especially in the advent of the Internet of things (IoT)
era. To our knowledge, this constitutes the lowest constant-
power for a catalytic combustion H2 gas sensor. This is
significant given that there is a consistent trend in the reference
literature where smaller active areas is related to lower
operating power for the different sensors;9−18 thus, we expect
the proposed method in this work presents a new approach for
the integration of catalytic layers that may contribute to even
lower power. Furthermore, our future work will include the

Figure 4. (a) Response of the active and reference devices to 1% H2
as a function of power. (b) Reference device exhibits linear decreases
in resistance from thermal cooling while the active device shows the
catalytic light-off curve of a combustive reaction. This curve is
characteristic of a gas/concentration/device system; thus, it may be
utilized for identification of the gas. As the response saturates after 4
mW, this power is used for all the tests in this report.
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synthesis of other noble catalytic materials and porous
nanostructures for multiplexed gas sensing, the reduction in
size of the platform and of the integrated catalytic
nanostructures, and the application of pulsed heating for
lower power consumption.
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