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ARTICLE INFO ABSTRACT

Keywords: A thermocatalytic hydrogen (Hy) gas sensor based on pseudo-porous networks of cauliflower-like nanostructured
Pt black N Pt crystals (Pt black), as the catalytic material, has been fabricated through electrodeposition onto a strip-type
EMleE‘I"’JIrSOdeposmon suspended microheater (9 pm x 110 pm) for low power sensor operation (8 mW) and fast response speed

(1.8 s). The electroplating parameters (solution concentration, current strength, and time) have been tuned for
maximum sensitivity and an ionic solution of platinic acid with lead acetate has been used for high adhesion of
the catalytic layer. The high catalytic activity of the Pt black, small size of the device, and highly localized
electroplating method used allow for sensitive Hy detection: ~0.75% resistance change per %H; and an esti-
mated 75-ppm lower limit of detection. Additionally, the sensor shows high selectivity against other flammable
gases, while consuming much lower power than the commercial catalytic combustion based H sensors. The low
power consumption attained in this work is expected to help in the constant need for miniaturization of portable

Thermocatalytic gas sensor
Hydrogen sensor

devices using catalytic gas sensor for selective detection in industry and for personalized applications.

1. Introduction

Hydrogen (Hy) detection and monitoring is already viral for safety
and process controls in many industrial synthesis processes, mining and
semiconductor industries, nuclear reactors, etc. Moreover, the use of Hy
as a cleaner energy source, given that its combustion for energy con-
version only produces water as by product, has lead us to the advent of
the so-called hydrogen economy. In such an economy, portable Hy gas
sensors with low power consumption, high sensitivity, fast response, and
high selectivity are highly desirable due to the explosive nature of this
gas and the associated risks during production, storage, and trans-
portation. Common mechanisms for Hy gas sensing include chemo-
resistive and thermocatalytic gas sensors [1-11]. While chemoresistive
gas sensors respond to a broader range of gases, thermocatalytic gas
sensors provide more distinct responses to combustible gases [12]; thus,
future commercial, multi-transduction sensing of Hy for portable ap-
plications is highly desirable as Hj gas is commonly used in conjunction
with many combustible and noncombustible gases. However, while the
sizes of chemoresistive gas sensors have been greatly reduced for lower
power consumption [3,5,10], this remains a challenge for their
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thermocatalytic counterparts.

The most successful and common structure of thermocatalytic gas
sensors consists of two suspended, micromachined membranes of SiO5
or silicon nitride with embedded resistive temperature detectors (RTDs),
usually platinum (Pt). One of these membranes is coated with a catalytic
material, which promotes a local, combustive reaction upon contact
with the target combustible gas. By comparing the resistance of the RTDs
with and without the catalyst, the target gas can be sensed. Conventional
integration techniques of the catalytic layers for thermocatalytic sensors
involve methods such as drop casting, spin coating, and screen-printing,
which limit their miniaturization, reproducibility, and heterogeneous
integration for portable applications because they consume more power
[13-18]. Thin film deposition techniques and electrochemical routes are
amongst the most promising techniques to integrate high activity cata-
lytic layers onto microelectromechanical systems (MEMS) type plat-
forms for lower power consumption [17,19-21]. Electrodeposition
stands out as it allows for the integration of high surface area nano-
structures while being a technique that is highly localized, cheap and
capable for large-scale production [19,21]. Two previous research
works have synthesized nanostructured Pt for hydrogen sensing
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applications [20-21]; these devices are not based on the traditional
change in resistance of RTDs, but rather on the resonance frequency shift
of a quartz resonator [20] and the voltage generation from a thermo-
electric thin film [21]. Given their larger catalytically active areas and
additional circuitry needed, they operate at higher power (~400 mW for
ref. [20]) or need external heating sources [21]. From recent literature,
thermocatalytic gas sensors for hydrogen detection, based on RTDs,
have shown lower power consumption (in constant-voltage operation):
11 mW and 30 mW [22,23]; this range of power consumption is an
improvement from the power consumed by conventional pellistor-type
catalytic gas sensors, which operate above 100 mW. In spite of this
improvement, devices capable of operating at power levels lower than
11 mW are highly desirable for portable applications. To the best
knowledge of the authors, here we present the first report of a Hy
thermocatalytic gas sensor based on the localized deposition of a cata-
lytic material on a platform area of this small size (9 pm x 110 pm) and
the lowest power reported (8 mW) for similar thermocatalytic sensors
under constant voltage-mode operations. In principle, with the proper
platform/catalyst combination, reducing the size of the gas sensor re-
sults in lower power, higher sensitivity, and reduced risk of explosion.

The present work proposes a thermocatalytic H, gas sensor based on
the pseudo-porous networks of cauliflower-like nanostructured Pt
crystals (Pt black) as the catalytic material onto a strip-type microheater
(9 pm x 110 pm) for low power consumption (8 mW), short response
time, high sensitivity and selectivity. The Pt nanostructured catalyst in
this work is synthesized though a modified version of the original
electrodeposition method developed by Kohlraush et al. for planarized
Pt electrode [24], where the reduction of a Pt complex happens though
electroplating with Au working electrode and in the presence of lead
acetate for high adhesion of the layer and higher surface area.

2. Experimental
2.1. Description of the sensor and its sensing mechanism
A thermocatalytic gas sensor consists of an active device and a

reference device; the active device has a catalyst which combusts the
target gas while the reference device does not have the catalyst and only
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responds to thermal characteristics of the environment. Fig. 1 (a) shows
the layer-by-layer representation of the active device in this work. It
consists of a double anchored SiO5 beam with an embedded Pt resistive
temperature detector (RTD); on top of the SiO3 beam is the catalyst (Pt
black) and the Au electrode used for the synthesis of the catalyst. The
embedded RTD also serves as a microheater to raise the surface tem-
perature of the device to a temperature where the catalytic reaction can
occur. Fig. 1(b) shows an optical image of the constructed gas sensor,
showing both the active and reference devices; the only difference be-
tween the devices is the presence of the Pt black in the active device.

The sensing mechanism of the sensor is explained in more details in
Fig. 1 (c). On the active device, Hy undergoes a catalytic reaction with
oxygen (Oy) to form water (HoO) and heat is generated as a conse-
quence; this extra heat released increases the temperature of the
microheater and thus increases the resistance of the embedded RTD. On
the contrary, on the reference device, Hz cools down the device and its
resistance decreases. During operation, both devices can be in a
Wheatstone bridge configuration to obtain a single voltage output for
gas detection. As the voltage output can also be caused by thermal im-
balances between the devices (and not from combustion in the active
device), it is advantageous to study the changes in resistance of each
device.

At the atomic level, the catalytic combustion is a surface phenome-
non. As explained in Fig. S1 in the Supplementary Information, the
catalytic combustion of Hy on Pt can be explained with the conventional
Langmuir-Hinshelwood mechanism, whereby, both oxygen (O) and
hydrogen (H) are absorbed on the active sites of the catalyst’s surface
and eventually desorbed as HpO after the exothermic catalytic com-
bustion [25-26]. In more details, upon the gas/solid contact of the Oy
and Hy molecules with the Pt catalyst’s active cites, the catalyst disas-
sociates each molecule into their respective atoms (O and H), which are
subsequently absorbed on the surface of the catalyst. Finally, O and H go
through the catalytic combustion, producing HyO in form of gas, which
desorbs from the surface.

2.2. Platform fabrication

A 4-mask standard photolithography process was followed for the
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Fig. 1. (a) Depiction of the layers comprising the suspended platform and the integrated nanostructures on top. The SEM image of the synthesized Pt black is at a 45°
inclination and the scale bar is 500 nm. The Pt black is the catalyst in the local combustive reaction shown. (b) Optical image of the constructed device, showing the
active and reference devices; the only difference between the devices is the presence of the Pt black in the active device. (c) Schematic representation of the sensing
mechanism in the active device (top) and reference device (bottom) in constant-voltage operation; the resistance of the RTD in the active device increases due to the
catalyst-promoted local combustion while it decreases in the reference device from thermal cooling by the gas with high thermal conductivity.
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fabrication of the microheater platform. Fig. S2 in the Supplementary
Information explains the fabrication process of the platform. The di-
mensions of the suspended beams (9 pm x 110 pm) were previously
optimized to minimize heat dissipation to the environment, thus
providing higher sensitivity and lower power consumption [27]. First, a
1-pm SiO layer is deposited through plasma enhanced chemical vapor
deposition (CVD); on top of this layer, a Pt heater is deposited (though
electron beam evaporation) and patterned through a lift-off process
(Mask #1). The Pt film (200 nm) has a Ti adhesion layer of 20 nm
thickness. A second CVD layer (0.8 um) is deposited to encapsulate the
RTD. Then, contact pads to the RTD are patterned (Mask #2) on this top
SiOy layer with a photoresist and it is etched with a buffered oxide
etchant solution. To release stresses in this SiO5/Ti-Pt/SiO stack, the
wafer is subjected to a 300 °C annealing step for 1 hour. A gold electrode
(for the eventual electroplating) is deposited (through electron beam
evaporation) on the top SiO5 layer and patterned through lift-off (Mask
#3); this electrode is aligned to the embedded Pt RTD. The Au electrode
(100 nm) has an adhesion layer of Ti (20 nm).

A final photolithographic step (Mask #4) is followed to expose the
trench area around the beams (for its subsequent release) with a thick
(8 pm) AZ9260 photoresist (Microchemicals, Germany). Reactive ion
etching (RIE) is used to etch the SiOs in the trench area; subsequently,
the chips were diced into 1 cm x 1 cm chips. Then, xenon difluoride
(XeF2) gas is used to etch the Si in the trench area and thus release the
SiO4 beams. It is worthwhile to mention that the AZ9260 photoresist was
used for three steps in total: RIE of the SiOs, dicing of the chips, and Si
etching using XeF gas. Finally, the AZ9260 photoresist was removed by
immersing the chips in a tetramethylammonium hydroxide (TMAH)-
based photoresist remover (10%) at 60 °C for 1.25 hours.

2.3. Synthesis and characterization of the catalytic layer

To improve the adhesion of the catalyst to the electrode, the fabri-
cated MEMS platform was rinsed in ethanol and treated with O, plasma
(100 W, 10 min). An aqueous solution of chloroplatinic acid (3%,
Sigma-Aldrich, USA) and 0.005% lead acetate trihydrate (Sigma-
Aldrich, USA) was used as the electrolyte solution. An electrochemical
analyzer (CHI 6016D, CH Instruments), in a 3-electrode chemical cell
configuration, was used for the electrodeposition as shown in Fig. S3 of
the Supplementary Information. Here, an external Pt counter electrode
(a 500-pm wire) was used to apply the potential across the ionic solution
to the working electrode in a constant current mode for a total deposi-
tion period of 600 sec. Additionally, Ag/AgCl reference electrode with a
3.0 M KCl solution was used to accurately measure the applied potential
by the electrochemical analyzer. The detailed cathodic mechanism for
reduction of Pt in solution is presented in the Supplementary Informa-
tion. A low current density of 0.12 mA/cm? was maintained during the
electrodeposition process, which is smaller than the common values
used in the literature as this lower current yielded higher uniformity and
more cauliflower-like nanoscale branches, and thus, higher surface area
[24,28-29]. Fig. S4 in the Supplementary Information shows the typical
potential (against the Ag/AgCl electrode) of the constant current
deposition process. The morphology and crystalline structure of the
synthesized material were characterized using a field-emission scanning
electron Microscope (FE-SEM, S-4800 Hitachi, 15kV) and a
field-emission transmission electron microscope (300 kV FE-TEM, F30,
FEI).

2.4. Gas sensing setup

The response of the sensor was tested inside a stainless steel chamber
(~100 cm®) with inlet and outlet tubes for the flow of the different
gasses. Fig. S5 in the Supplementary Information shows a schematic
representation of the measurement setup. The reference and active de-
vices were connected with probes in the chamber and their resistance
changes were measured through LabVIEW® and a Keithley 2602A
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source meter at constant input voltages. Unless otherwise stated, each
device was operated at 8 mW. The nominal resistance of each device was
approximately 65 Q, with a variation of +/- 2 Q, depending on device-
to-device variations or contact resistances. We set the input voltage for
each device so that the operating power was 8 mW when the device was
exposed to air; thus, the typical input voltage was around 0.72 V for an
8-mW power consumption. The response of the sensor is expressed as
AR/R,x100 [%], which is defined as the ratio of the resistance change
(AR) of the active or reference RTD to the initial resistance value of each
device in air (R,). Given that 40-60% of the lower explosive limit (LEL)
of combustible gases are frequently used for gas detection, 1.6% Hy
(40% of its LEL) was tested as the highest concentration. The device was
tested at different power and humidity levels and operated for extended
period to test the stability of the catalyst. For the humidity test, a
saturated salt solution was used to inject humid air at the inlet of the gas
chamber by using an extra mass flow controller as shown in Fig. S5. In all
the experiments in this report, the total flow rate was kept constant at
500 sccm. Sensors integrated inside the gas chamber were used to
monitor the humidity and temperature during the tests.

In another experiment, various other gases/vapors were tested for
the selectivity characterization of our sensor; for Hy and CO, the device
was tested though the flow of the gases and synthetic air through the
chamber (at a constant flow rate of 500 sccm). Acetone, ethanol and
methanol were tested through static gas tests, at concentrations close to
their permissible exposure limit (PEL), by dropping the desired amount
of liquid until evaporation. While the above-mentioned tests were all
performed in a ~100-cm? stainless steel chamber, a smaller, 3D-printed
gas chamber, with a volume of 1.8 cm® was used to more accurately
measure the response speed of the sensor. All the gas tests were con-
ducted at room temperature with the actual temperature in the chamber
measured to be ~ 24 °C, and with changes less than 0.04 °C in a single
test.

3. Results and discussion
3.1. Characterization of catalytic layer

Fig. 2a and b show the FE-SEM images of the synthesized
cauliflower-like Pt nanostructures, displaying its pseudo-porous struc-
ture with interconnected sphere-like protrusions of approximately
40~110 nm. This structure is favored for gas sensing as it provides easy
gas diffusion and high thermal conductivity to the embedded RTD. The
SEM-EDS elemental mapping in Fig. 2c confirms the composition mostly
of Pt. The FE-TEM image in Fig. 2d shows its crystalline nature with an
inter-plane distance of 0.23 nm, corresponding to the (111) plane of a
face-centered cubic (FCC) structure [30]. Fig. S6 in the Supplementary
Information shows the EDS spectrum graph with the characteristic peaks
of Pt. The resulting catalytic layer does not show any visible cracks and
is highly adherent since no delamination was observed through repeated
gas tests at different power levels; this is in part attributed to the addi-
tion of lead acetate [24]. Good thermal coupling between the catalytic
layer and RTD is crucially important for the thermocatalytic gas sensors
and this can be enabled by electroplating that provides good adhesion
between deposited material and suspended microheater. Furthermore,
the addition of lead acetate (up to 0.005%) has been demonstrated to
form more nucleation sites during electrodeposition, which yields
higher surface area [24]. Generally, some amount of Pb remains present
in the deposited material from the diffusion-limited imprisonment of the
lead in the platinum lattice [24]; however, given the low concentration
of lead acetate used, very low amount of Pb remains (Fig. 2¢) and this
does not hinder the catalytic conversion of Hy by the deposited material.
In summary, cauliflower-like crystalline Pt nanostructures were suc-
cessfully synthesized by electrodeposition process on the suspended
microheater device.
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Fig. 2. (a) FE-SEM image of the active device, showing the pseudo-porous Pt nanostructures synthesized on the suspended microheater. (b) Magnified FE-SEM image
of the highlighted region in Fig. (a). (c) EDS elemental mapping of Fig. (a), confirming that the synthesized nanostructures are mostly Pt. (d) FE-TEM of the
nanostructured Pt; inset image shows d-spacing of ~0.23 nm, corresponding to a (111) FCC crystalline structure.

3.2. Calibration of the RTD

While all the gas tests were conducted at room temperature, the local
temperature on the surface of the microheater is approximately 220 °C
at the operating power of 8 mW. Fig. S7 in the Supplementary Infor-
mation shows the calibration of the heater to estimate this surface
temperature; this approach is similar to that reported in our previous
work [27]. This localized high temperature is needed to promote the
combustion of Hy on the surface of the catalyst; this temperature is
consistent with the local temperatures reported, between 100 °C and
400 °C, for the detection of Hy and other gases using thermocatalytic gas
sensors [31]. The embedded microheater is not only the heater but also
the RTD to detect the target gas. The derived relationship in Fig. S7: R
[Ohm] = 0.0366*T [°C] + 57.083 helps to estimate the temperature
changes induced during operation of the device based on the resistance
changes. It is important to note that because the embedded RTDs are
made out of Pt, and as this is a positive temperature coefficient material,
an increase in resistance in the presence of Hy implies combustion from
the extra heat generated during this reaction; conversely, a decrease in
resistance implies thermal cooling of the device.
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3.3. Sensing performance

A typical transient response of the constructed device to 1.6% Hy is
shown in Fig. 3 (a). Here, to demonstrate combustion as the transduction
mechanism in the active device, Hj is first introduced in a synthetic air
background (80% N> and 20% Os) and then introduced in a Ny back-
ground (without the Oy needed for combustion). As shown, the com-
bustion can be sustained in active device in the former case, as there is
an increase in its resistance (Region II) while combustion does not take
place in the latter case, as its resistance decreases due to thermal cooling
of Hy (Region IV). It is worth mentioning that a short transient increase
in the resistance of the active device is observed at the beginning and
end of region IV as some O is present in the chamber to promote a short-
lived combustion reaction for a few seconds. The resistance of the
reference device decreases because there is not any catalyst on the
reference device to promote combustion and because Hy has higher
thermal conductivity than that of air. From the previously derived
expression in Fig. S7, changes in temperature are proportional to the
changes in resistance (AT = 27.3 [°C/ Q] * AR); using this relation, we
have replotted Fig. 3(a) into the dual axis graph shown in Fig. 3(b),
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Fig. 3. (a) Transient responses of the reference and active devices to 1.6% H, in synthetic air background (region II) and in N, background (region IV). Local
combustion causes the resistance increase of the active device (Region II), but combustion does not occur in Region IV (due to the lack of O,). The resistance of the
reference device decreases due to the thermal cooling of H,. The insert shows optical images of the active and reference devices (scale bar is 0.5 pm magnification).
Each device is operated at 8 mW. (b) Resistance change of both devices (left axis) and temperature change (right axis) when exposed to 1.6 % H,.
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which relates temperature changes of each device from their baseline
resistance in air to the estimated temperature increase. As shown in
Fig. 3(b), the ~1.2% increase in resistance in the active device corre-
sponds to ~22 °C increase on its surface while the 0.1% decrease in
resistance in the reference device corresponds to ~1.7 °C decrease on its
surface.

The high resistance change in the active device of our sensor
(~1.2%) is indicative of the high catalytic activity and the high thermal
conductivity of the synthesized Pt nanostructures as well as the fast gas
diffusion through its catalytic surface. This percent change in resistance
is comparable to that of the commercial thermocatalytic gas sensors
[32-33], while consuming much lower power, an order of magnitude
lower. Additionally, the size of the catalytic area in this work is
110 pm x 9 pm (990 pm?), smaller than most thermocatalytic sensors
introduced in the recent literature (Table S1, Supplementary Informa-
tion). The small size of the suspended platform increases the sensitivity
of the sensor by minimizing conduction losses of the heat generated
during combustion while also reducing the power consumption and the
risk of explosion. Table S1 shows that electroplating of the catalytic
layer allows localized integration of the catalytic material in a smaller
area than generally achieved through drop casting; this contributes to
the lower power and smaller sensor size attained in this work when
compared to similar thermocatalytic Hy sensors (in Table S1).

We tested our sensor to different gas concentrations. The linearities
of both the active and reference devices to different gas concentrations
are demonstrated in Fig. 4. The linearity observed here is consistent with
that observed in most literature on combustible gases [13,15,22-23,34].
This linearity is favorable for gas sensing as it allows for accurate
measurement of the concentration of the target gas. Furthermore,
making use of this linearity, we have estimated the lower limit of
detection of the active device to 75 ppm, a very low value for this type of
sensors. The details for the estimation of the lower limit of detection is
presented in Fig. S8 in the Supplementary Information.

As shown in Figs. 3,4, when using our standard 100 cm®- gas
chamber, we obtain moderate rise and fall times (t19.99 %< 12 sec) for
gas concentrations above 0.5% Hy. However, the net response speed of
the sensor is thought to be faster as the measured response times herein
include the time of travel of the gases through the tubes and the time to
reach steady state partial pressure inside the chamber, which is ca. 12's
with a flow rate of 500 sccm. In order to clarify this, we have fabricated
a new gas sensing system with much smaller sensing chamber with a
total volume of 1.8 c¢m?® (Fig. 5(a)); the physical set up is shown in
Fig. S9. With this small chamber, we could obtain much faster response
and recovery of the sensor as shown in Fig. 5(b). The variations in the
response of the active device can be attributed to the fluctuations in the
0O, MFC, which takes approximate two seconds to stabilize the 100 sccm
O, that it must flow. The thermocatalytic gas sensor is very sensitive to
oxygen levels, as enough oxygen is needed for the combustive reaction
to take place. Despite these fluctuations, we can estimate the response
and fall times to be ca. 1.8 seconds from Fig. 5(b). This time is
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comparable to the short response times reported for thermocatalytic gas
sensors in literature while having a lower power consumption as
explained in Table S1 of the Supplementary Information.

To further characterize the device, the responses of the active and
reference devices for different input power levels was examined in Fig. 6
(a) and (b). This curve is unique to a specific sensor/gas combination,
and thus can be used to help to selectively identify the gas type and its
concentration [35]. As shown in these figures, increasing the input
power always results in an increase in resistance of the active device
(Fig. 6(a)), from the combustive reaction; in the contrary, increasing the
input power always results in a decrease in the resistance of the refer-
ence device (Fig. 6(b)), from the thermal cooling. If we plot the changes
in resistance versus power from figures Fig. 6(a) and (b), we see the
characteristic light-off temperature curve of a catalytic combustive re-
action in the active device (Fig. 6(c)) while we observed a linear trend in
the reference device (Fig. 6(d)) [19,22,35]. Among these power levels,
we used 8 mW for all the tests since it could provide sufficiently high
sensitivity and response speed. This power consumption of the sensor
(8 mW) is an order of magnitude lower than commercial thermocata-
lytic gas sensors (100-300 mW) and lower than most surveyed thermo-
catalytic sensors in the literature (Table S1, Supplementary
Information).

The effect of solution concentration and electrodeposition time on
the sensor response are presented in Table S2 of the Supplementary
Information. The optimized conditions that result in the highest re-
sponses (~1.2 % of resistance change to 1.6 % Hj) correspond to a so-
lution of 3 % platinic acid with 0.005 % lead acetate, a deposition time
of 10 min with a constant deposition current of 1 pA, corresponding to a
current density of 0.12 mA/cm?. The thickness of the electrodeposited
film based on the optimized parameters was measured to be ca. 3 pm
using a surface profilometer (Fig. S10, Supplementary Information). The
lateral growth of the Pt film is ~2-3 pm as can be seen from comparing
the SEM images in Table S2. Reducing the solution concentration less
than 3 %, results in lower sensor response as less ptVC1Z or PtClF are
available for the reduction on the cathode. On the contrary, increasing
the concentration above 3 % of platinic acid (e.g. 5 %) resulted in failure
of the device as the deposited amount of material (~5.4 pm) broke the 2
pm-thick beam from the stresses it induced.

The other parameter with significant influence on the response is
deposition time. Increasing the deposition time from 2.7 min to 10 min
showed a significant increase in the response as more material was
electroplated for 10 min. However, deposition for 15 min exhibited
almost similar response (1.22% of resistance change) as that of 10 min.
Pt group metals absorb hydrogen to form M-H bonds that can induce
significant stresses on the sensor material during operation. Pt is the
second to Pd in hydrogen adsorption capacity, thus the deposition time
was set as 10 min to avoid mechanical failure of the device during
operation due to excessive amount of deposited material [36].

The effect of ambient temperature changes on the response of the
sensor was explored by placing the chip on a small hotplate inside the
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Fig. 4. (a) Response of active and reference devices to different Ho concentrations. (b) The response of both devices show linear relations to the H, concentra-

tions tested.
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(@)

Fig. 5. (a) Cross-sectional view of the setup for the gas experiment with smaller, 3D-printed chamber (1.8 cm®) for more accurate measurement of the response and
fall times of the sensor. (b) Transient response of the sensor to 1.6% H, in a smaller 3D-printed chamber, showing response and fall times of 1.8 s (P=8 mW).
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Fig. 6. Resistance changes of the active (a) and reference (b) devices to increasing power levels. The active device shows a nonlinear response with increasing power
(c), consistent with the characteristic light-off curve of a catalytic reaction. (d) The reference device shows a linear response with increasing power from thermal
cooling. Both devices (on the same chip) were operated simultaneously during the gas test. All tests were conducted at room temperature (~24 °C).

test chamber. The response was tested at 25 °C, 40 °C, and 60 °C to 1%
H, at 8 mW. The temperature of the hotplate was controlled via a digital
temperature controller and the surface temperature of the chip on the
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hotplate was confirmed by using a thermocouple. As shown Fig. 7, the
temperature changes did not have a big effect on the response of the
active or reference devices, but it did have an effect on the shape of the
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Fig. 7. Effect of varying the temperature of chip by using a hotplate on (a) the active device and on (b) the reference device.
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response. This can be attributed to the cooling effect of the gas on chip
itself at higher temperatures.

The effect of humidity on both the reference and active devices are
shown in Fig. 8 (a-b). The active device (Fig. 8(a)) has a linear de-
pendency of its response to the humidity levels tested. The decrease in
response with increasing humidity levels may be attributed to increase
in thermal cooling from the accumulation of moisture onto the catalytic
area as a result of the exothermic reaction, which produced water as by-
product, and because of the very small thermal mass reported in this
work. Meanwhile, the reference device shows small increases in its
response due to the enhanced thermal cooling with increasing humidity
levels. In spite of the effects of humidity on the active device, which
decreases its response, the sensor signal under the different conditions is
stable and does not degrade over time, thus allowing for humidity
compensation with the use of a separate humidity sensor. Alternatively,
the effects of humidity on the active device may be compensated by
comparing the reference and active devices with external circuitry.

The sensor shows stable responses throughout all tests. Initially, to
stabilize the sensor response, it was subjected to an 8 -hs test to 1% H; as
shown in Fig. 9(a). In the beginning of the test, the sensor was exposed to
synthetic air for 5 minutes and hydrogen was introduced shortly after.
Initially, the smaller nanoparticles on the surface of the nanostructured
Pt black anneal and thus, the response gradually reduces as the catalyst
loses surface area; however, this stabilizes after some time. As shown in
Fig. 9(a), after proximately 5 hours, the sensor response stabilizes. As
shown in Fig. 3 through Fig. 8, we do not see any significant change in
the sensor response during each test. However, if we test our sensor to
extended, repeated cycles of 1.6% Hjy and synthetic air (20 minutes
exposure intervals), we may see a drop in the response over time; this is
shown in Fig. S11 in the supplementary information. This drop can be
attributed to the reduction of the native PtO5 on the surface of the Pt
nanostructures as explained in the reference by Gentry et al.’s work
[37]. Thus, although there may be small response differences from run
to run or during extended operation of the sensor, we consider them to
be relatively small, self-limited, and recoverable.

Fig. 9(b) illustrates the good selectivity of our sensor. The sensor
demonstrated high selectivity towards Hy against other flammable gases
(CO, acetone, ethanol, and methanol) with resistance changes greater
for Hy by more than 10 times as shown in Fig. 9(b). Here, the concen-
trations of the other flammable gases tested correspond to values close to
their PEL. The high selectivity of Hy of our device, similar to others in
literature [13,22,38], is due to the lower activation energy of Hy with
respect to other flammable gases when using Pt as catalyst. Part of the
reason for this smaller activation energy is that Hy oxidation shows an
autocatalytic effect, where the H>O produced further catalyzes the re-
action [37]. The absence of combustion for the other gases is confirmed,
as there is not any significant difference between the resistance changes
of the active and reference devices (different from the case of Hy). It is
worthwhile to mention that in Fig. 9 (b) there is negligible resistance
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changes in the reference and active devices for CO detection. This is
because the thermal conductivity of CO is similar to that of air. It is also
important to highlight that the thermal conductivities of acetone,
ethanol, and methanol are lower than that of air; thus, the resistance of
reference and active devices both increase in the presence of these gases.
However, the resistance of the active device does not increase signifi-
cantly with respect to the reference device, demonstrating little com-
bustion at these concentrations.

To further enhance the selectivity of the developed sensor, future
work aims at integrating other nanomaterials onto the low-power MEMS
gas sensor platform in this work. Specifically, other forms of high
catalytic-activity material such as Pd black and/or a combination of Pt
and Pd is envisioned for more selective detection of various combustible
gases [19]. Further, the detection of the various gases may be com-
plemented by chemoresistive-type semiconducting metal oxide sensors,
which can be easily integrated in the constructed platform [27].

4. Conclusion

The present research demonstrates the fabrication of a thermocata-
lytic Hy sensor based on the electrochemical synthesis of pseudo-porous
networks of cauliflower-like nanostructured Pt crystals in an area of
9 pm x 110 pm. Two identical suspended SiO3 beams with imbedded Pt
RTDs were micro-machined on a silicon substrate, where one of the
beams had the cauliflower-like nanostructured Pt crystals synthesized
through a top Au working electrode (the active device) and the other
was not electroplated (the reference device). Hydrogen could be accu-
rately detected as the resistance of the active device increased because of
the heat generated during the oxidation of Hy (promoted by the Pt
catalyst) while the resistance in the reference device decreased as the
thermal conductivity of Hj is higher than that of air.

A small power consumption of 8 mW was achieved during operation,
owing to the highly localized synthesis and high catalytic activity of the
nanostructured Pt, which in turn reduces the risk of explosion. This
catalytic area is smaller than other thermocatalytic devices in the
literature as they are mostly based on drop-casting techniques to inte-
grate the sensing layer to the sensor platform. By optimizing the elec-
trodeposition parameters (current, solution concentration, and
deposition time), the sensor attains a high sensitivity of 0.75% resistance
change per %Ho,, an estimated lower limit of detection of 75 ppm, and
rise and fall times of 1.8 s. Thus, the proposed sensor provides similar
sensitivity to commercial catalytic Hy sensors with an order of magni-
tude lower power. Given the small thermal mass of the device, high
response speed and high selectivity could be obtained against CO,
acetone, ethanol, and methanol in concentrations close to their PEL. The
improvement in attaining very low power consumption in this work is
expected to help in the constant need for miniaturization of portable
devices using catalytic gas sensor for selective detection in industry and
for personalized applications. Furthermore, the electrodeposition of
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Fig. 8. Effect of humidity on the response of the active device (a) and the reference device (b) at a constant-voltage operation. The inset in (a) shows a linear

relationship of the response of the active device to the different humidity levels.
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Fig. 9. (a) Sensor operation over time to 1% Hp; the sensor shows stable response after 5 hours operation. (b) Response of active and reference devices to CO,
acetone, ethanol, and methanol; the sensor shows greater selectivity towards H, in the reported concentrations.

pseudo-porous networks of cauliflower-like nanostructured Pt crystals
in this work opens the prospects to explore similar electroplating tech-
niques to incorporate other nanomaterials with high catalytic activities,
such as Pd nanostructures.
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