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ABSTRACT: The widespread use of H, gas as an energy carrier will necessitate the
development of inexpensive, easily manufactured sensors which reliably monitor gas
levels where H, is used, transported, and stored. Nanogap sensors transduce the volume
expansion which accompanies hydrogen uptake by palladium-based metal-hydrides into
an electrical signal through the closure of nanogaps which allows a previously
interrupted current to flow. While this break-junction design offers numerous
functionalities, limitations still exist in terms of fabricating nanogap sensors responsive
to a wide range of partial pressures. Here, we invoke a detection strategy where up to

H. Gas Sensor
100 ppm - 100%

10 000 nanogaps of various widths act in concert to provide an overall analog signal

which continuously varies as the H, partial pressure is varied from a hundred parts per million to 1 atm. The sensor is fabricated
by mechanically coupling an AuPd film to a support consisting of polyimide, an adhesive, and a steel backing which, when bent,
forms parallel cracks in the film which act as nanogaps. With characteristics that include room temperature detection, a high
sensitivity and selectivity toward H,, low-cost lithography-free fabrication, recyclability, low power consumption, simple circuitry,
and favorable aging characteristics, the device meets many of the criteria needed for practical H, sensing.
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D iatomic hydrogen is a colorless, odorless, and tasteless gas
which, when combined with air, poses a safety hazard due
to its wide flammability range (4—75%) where high burning
velocities and explosive tendencies compound the risks."” At
high concentrations it can also act as an asphyxiant. Its
importance stems primarily from its use as a reactant for the
chemical industry in the processing of ammonia, petrochem-
icals, and methanol. It also finds uses as an energy carrier, with
notable applications in fuel cell technologies and rocket
propulsion systems. With renewed emphasis being placed on
the production of H, through photocatalytic water splitting,”~”
the advancement of a hydrogen economy powered by sunlight
seems more probable. Moreover, H,, derived from renewable
sources of clean energy, also has the potential to act as a
feedstock for reactions which transform sequestered CO, back
into a useable fuel through catalytic hydrogenation,® "’
approach which not only yields fuels with a greater energy
density than H,, but also consumes a damaging greenhouse gas.
If such an energy infrastructure is to emerge then it will
inevitably be monitored by a network of sensing devices which
detect H, levels where it is used, transported, and stored.!' ™"
If, in this scenario, distributed H, power generation systems
become commonplace, then such point-of-use consumption
could eventually make H, sensors as ubiquitous as carbon
monoxide and smoke detectors.
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While numerous commercial H, sensors already exist, none
of them meet all of the performance criteria demanded by the
diverse range of existing and future applications.'® In response
to this unmet need a wide variety of sensors have been recently
prototyped which are reliant on nanostructured materials as the
active sensing element.'> Prominent examples include those
based on (i) the closure of nanogaps,“’w (ii) alterations to the
plasmonic resonance of noble metal nanostructures,*°~** (i)
resonant shifts in surface acoustic wave (SAW) devices,”> >
(iv) alterations to the optical or transport properties of
semiconductor oxide nanostructures,''® and (v) carbon-
based nanostructures (e.g, carbon nanotubes, graphene)
functionalized for H, detection.”®>* Of specific relevance to
this work is the nanogap strategy, which is reliant on the
volume expansion occurring when H, dissociation on the
surface of Pd leads to its rapid absorption. This sensing
strategy, devised by Penner and co-workers,'** demonstrated
a break-junction design whereby electrical contact between
adjacent mesoscopic Pd wires could be enabled or disabled
depending on whether these structures swelled in the presence
of H, to form a closed circuit or contracted when H, desorbed
to form an open circuit where the width of the nanogap
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determined the H, partial pressure needed to actuate the
device. These sensors were advantageous in that they showed
far greater sensitivity than conventional Pd-based sensors®’
which have a detection mechanism based on the dependency
between the PdH, resistance and its hydrogen content.

Since the initial nanogap device demonstration, significant
advancements have been made to this sensing platform. There
now exist numerous schemes for nanogap fabrication utilizing
both sophisticated lithographic methods® ™’ and routes
directed toward the advancement of the inexpensive
devices®*™* which are often preferred by sensor manufacturers.
Nanogap sensors can be operated as (i) an on—off switch
where the nanogap spacing is targeted toward a specific H,
concentration, (ii) a device sensitive to a broad range of H,
concentrations through the use of a percolative electrical
pathway between closely spaced nanostructures where the
ensemble becomes less resistive as more nanogaps close, or (iii)
a hybrid sensor reliant on using one of the aforementioned
nanogap sensing modes in combination with the conventional
Pd sensing strategy reliant on the PdH, resistance. While the
hybrid approach aims to increase the sensing range, its
effectiveness is limited by the fact that these two sensing
mechanisms act in opposition, with nanogaps decreasing the
overall resistance at higher H, concentrations and the PdH,
resistance increasing it. The hybrid strategy, therefore, utilizes
the PdH,, resistance as an effective means of detection once all
of the nanogaps have closed, but is otherwise deleterious to
sensor sensitivity. This work has also given rise to a number of
breakthroughs which have come to benefit the overall sensing
platform, most notable of which is the effectiveness of usin
polymeric materials such as polyimide (Kapton)*"* or
polydimethylsiloxane (PDMS)*** as a compliant elastomeric
substrate able to accommodate the local strains that occur as Pd
expands and contracts while maintaining the integrity of the
interface and, hence, allowing for atypical volume expansions’"
while inhibiting Pd delamination. Another advance of note is
the demonstration of sensor performance gains available when
using Pd alloys.*®

Despite the many successes, numerous challenges still remain
in terms of advancing nanogap sensors as a commercially viable
option for H, detection. Broad range detection, for example,
requires that a single sensor contain a continuum of nanogap
spacings which sequentially close as the H, concentration is
increased. Extending the low detection limit to smaller values
requires the formation of sub-20 nm gaps whose fabrication
presents technical challenges.'' Extending the high detection
limit faces hurdles in terms of providing a Pd—substrate
interface which resists delamination without excessively
frustrating the large volume expansions needed to close wide
nanogaps. Between these two extremes must exist a large
number of nanogaps with variable spacings able to provide an
overall signal which continuously varies between the low and
high detection limits. Here, we demonstrate that a simple
single-step bending deformation performed on an AuPd film
deposited on a mechanically compliant substrate induces up to
10 000 partial cracks which, when exposed to hydrogen, act as a
room temperature nanogap sensor able to reversibly detect H,
partial pressures in a range extending from a hundred parts per
million to 1 atm. With nanogap sensitivity at high H,
concentrations exceeding that obtainable through changes to
the AuPdH, resistance, the sensing strategy eliminates the need
for hybrid sensing modes and, hence, allows for a full-range
nanogap sensor reliant on a single sensing mechanism.
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B EXPERIMENTAL SECTION

Chemicals and Materials. The active sensing material was
derived from a AuysPd,s sputter target with 99.99% purity. It is
supported by various substrate and backing materials which include
Kapton tape (TapeCase Ltd.), cold-rolled low carbon steel foil, and
Teflon (polytetrafluoroethylene). Sensor performance was assessed
using ultrahigh purity H, and mixtures of H, and an inert carrier gas
(either N, or Ar depending on availability).

Hydrogen Gas Sensing. The electrical resistance of the sensor,
which functions as a two terminal ohmic device, was recorded at a
sampling rate of 60 s™' using a voltage divider circuit with a 1 V DC
bias. Prior to H, exposure, sensors were monitored to establish a stable
baseline resistance. For the recyclability and aging experiments the
sensors were housed in an airtight chamber through which H, and
inert carrier gases were flowed at a rate of 500 cm®/min. The volume
of the chamber is approximately 200 cm®. Experiments, which assessed
the sensor response as a function of H, concentration, were carried out
in a separate chamber which allowed all air to be evacuated prior to the
exposure of the sensor to H,/carrier gas mixtures. This chamber
allowed for the rapid exposure (~1 s) of the sensor to the gas test
mixture since the purging of air from the system was not involved and,
as a result, provided sensor response times closer to their intrinsic
values.

Instrumentation. Au,Pd, films were sputter deposited using a
Model 681 Gatan High Resolution Ion Beam Coater at a rate of 7 nm/
min in a vacuum chamber with a base pressure of 1 X 107 Torr.
Images were acquired with an FEI Quanta 450 FEG SEM
environmental scanning electron microscope using the secondary
electron detector. The electrical response of sensors was monitored
using LabVIEW System Design Software interfaced to a data
acquisition system (National Instruments).

B RESULTS AND DISCUSSION

Sensor Fabrication. The hydrogen gas sensor is a four
layer device consisting of an AuysPdys alloy thin film, a
polyimide substrate, an adhesive, and a steel backing. Figure 1
shows both a schematic representation of the process used to
fabricate the sensor as well as an image of the device. It begins
with the placement of a strip of Kapton tape consisting of a 60-
um-thick layer of polyimide backed with an adhesive onto a
steel foil substrate with dimensions of 25 X 5§ X 0.127 mm®
(Figure la). An AuPd film is then sputter deposited onto the
Kapton at room temperature through a shadow mask with a 25
X 3 mm” rectangular opening to a thickness of 90 nm (Figure
1b). The four layer structure is then bent around a metal rod
with a 1 mm radius of curvature (Figure 1c). The deformation
leads to the formation of cracks in the AuPd film which serve as
nanogaps responsive to H, exposure. When the mechanical
force is released the sensor retains a bent shape with an overall
height of approximately 10 mm. Electrical contacts are then
added to each end of the sensor to facilitate two-probe
resistance measurements (Figure 1d). The process is
straightforward, lithography-free, and can be carried out in
less than 15 min with material costs of less than 15 cents. The
simple inexpensive design and the ease of fabrication represent
key advantages of this approach.

The four layer sensor design is the product of earlier
prototypes which led to an understanding of the role which
each layer plays in both device fabrication and performance.
The AuPd alloy was chosen as the active H, sensing material
instead of elemental Pd since the latter is prone to (i)
delamination from the substrate material due to interfacial
strains resulting from the abrupt volume change which occurs
as it undergoes an a- to f-phase transition at low H,
concentrations™ and (ii) surface poisoning when exposed to
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Figure 1. Schematic showing the sensor fabrication process. The
process proceeds by (a) placing a strip of Kapton tape (i.e., polyimide
and an adhesive) onto a steel foil substrate, (b) sputter depositing an
AuPd strip onto the Kapton through a shadow mask, (c) inducing
nanogaps into the AuPd strip through a bending deformation around a
known radius of curvature, and (d) attaching electrical contacts to the
AuPd. (e) H, nanogap sensor shown next to a ruler with mm markings
for scale.

low concentrations of H,S and CO over extended time
intervals.””>" While the active AuPd layer is of obvious
importance to device operation, the polyimide, adhesive, and

steel layers derive significance beyond acting as a mere support
for the sensing element. When bent, the four layers which
comprise the sensor are mechanically coupled to one another.
During this process the steel is plastically deformed, the result
of which is an irreversible deformation that maintains nanogap
spacing and preserves the shape of the sensor. It also provides
an overall rigidity to the bent structure which leads to a sensor
which is more robust and comparatively insensitive to
vibrations. The Kapton tape acts as a flexible substrate able
to both electrically isolate the AuPd layer and diminish the
interfacial tensions occurring during both the bending
deformation and as the AuPd crystal structure undergoes
repeated expansion—contraction cycles due to H, absorption
and desorption.

Nanogap Formation and Characterization. Prior to
bending, a 90-nm-thick AuPd film has a near-featureless surface
and a resistance of approximately 30 Q. The bending
deformation results in an increase in the resistance of several
hundred ohms, a value which becomes the baseline resistance
(Ry) of the sensor. An examination of the AuPd surface
morphology reveals approximately 10 000 near-parallel cracks
running normal to the direction of net current flow. The
increased resistance, hence, originates from the meandering
path which the electrons must now travel in order to traverse
the length of the sensor. Figure 2a—c shows SEM images of
these cracks at various magnifications. The histogram in Figure
2d reveals crack lengths extending up to 450 pm with an
average center-to-center spacing of 10.3 ym. Important to note
is that, in no case, does a crack extend across the 3 mm width of
the sensor. Instead, each crack shows a fairly consistent width in
the range 30 to 200 nm (Figure 2d) along most of its length,
which then rapidly narrows to a point of closure followed by a
short length which is cracked, but where no discernible gap is
apparent (Figure 2c). Collectively, these features consist of a
continuum of nanogap spacings, each sensitive to a different H,
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Figure 2. SEM images showing (a) many parallel cracks/nanogaps in the AuPd film as well as high magnification images of (b) individual cracks, and
(c) points of crack termination. (d) Histograms showing the distribution of nanogap widths and lengths. Note that none of the cracks extend the
entire width of the AuPd film (i.e,, 3000 ym). (e) Schematic showing the stress distributions occurring when a bending moment (M) is applied to

the ends of a sample.
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Figure 3. (a) Room temperature electrical response of a nanogap sensor as the H, concentration is varied from 100 ppm to 100%. The two insets
show the response at the three lowest concentrations (left) and an expanded view indicating that H, gas was applied until the signal plateaus (right).
(b) Response of a nanogap sensor as it undergoes 20 consecutive H, on/off cycles at a concentration of 10%.

concentration where the smallest gaps form only near the point
of crack closure. The formation of these sub-20 nm nanogaps at
the crack tips is significant in that they facilitate the detection of
H, at low concentrations. Forming nanogaps on such small
length scales through other means is challenging and has stood
as a technological barrier to the development of nanogap
sensors with a low detection limit.""

Crack formation in the AuPd film results from the tensile
stresses originating from the bending deformation. When a
material is bent it leads to a stress distribution across its cross
section which varies from a maximum compressive stress at the
concave surface, to a point of zero stress at the neutral axis, and
then to a maximum tensile stress at the convex surface (Figure
2e). At the end of the process, the convex surface has
lengthened while the concave surface has shortened. While the
actual stress patterns occurring in the four layer device are
expected to deviate somewhat from this ideal one layer
scenario, they are likely dominated by the steel substrate which
is not only the thickest layer, but also has the highest yield
strength. When a bending moment (M) is applied, the steel will
first yield elastically, then plastically, until finally the force is
unloaded, the result of which is a partial springback due to
elastic strain recovery. A comparison of sensors formed with
and without the steel backing reveals that the backing also leads
to tensile stresses which crack the AuPd film in a more
controlled manner. For this case, nearly all of the cracks run
parallel to each other along the width of the sensing element
with few intersections. When the backing is absent, numerous
cracks run in random directions forming crisscross patterns
(Figure S1) which typically lead to a S-fold increase in the
sensor resistance and an overall reduction in sensor-to-sensor
reproducibility.

During the bending deformation the Kapton tape plays a
substantial role in that it significantly reduces the tensile stress
placed on the AuPd film. This is apparent when comparisons
are made to an identical film deposited on Teflon, a more rigid
polymer, which is then bent to the same radius of curvature; the
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result is cracking which is far more severe, with both wider gaps
and longer cracks (Figure S2). While it is difficult to separate
the exact roles of the upper polyimide layer and the underlying
adhesive in relieving the tensile stress, there is little doubt that
the adhesive lessens the tensile stress placed on the AuPd layer
during bending. If the ends of the Kapton tape were held rigidly
against the steel then, upon bending, the tape would have to
elongate in order to accommodate the estimated 190 um
increase in the length of the steel at its convex surface (Figure
S3). An examination of the Kapton after bending, however,
reveals that its length has increased by only 30 um, a result
which suggests that the tape adhesive slides along the steel
surface in order to partially release stress formed at the
adhesive—steel interface. The existence of this interfacial
slippage was confirmed by examining the position of the tape
relative to alignment markers before and after bending. With no
obvious loss of bonding between the adhesive and steel backing
resulting from this interfacial motion, the slippage plays a
positive role in that it safeguards against excessive and erratic
crack formation.

Sensor Operating Principle and Performance. The
sensor operates as a two-probe resistive device responsive to
reductions in the AuPd resistance as hydrogen uptake expands
the crystal structure and closes the nanogaps. The detection
mode, however, differs from standard break-junction nanogap
designs in that each nanogap has a range of widths extending
up to 200 nm where each width closes at a specific H,
concentration. It should be noted, however, that widest
portions of the nanogap may never close since the degree of
Pd swelling required is likely unattainable. The overall
detection mode is, hence, not restricted to a single on/off
sensing modality, but instead shows an overall resistance which
steadily falls as the H, concentration is increased. Similar to
other nanogap sensors, the uptake of hydrogen into AuPd also
results in changes to its resistivity which contribute to the
overall response of the detector. The effect on detector
performance is, however, slight since changes to the resistivity

DOI: 10.1021/acssensors.5b00102
ACS Sens. 2016, 1, 73-80



ACS Sensors

are small in comparison to those originating from the closure of
nanogaps. The performance of a detector reliant solely on
changes to the resistivity (i.e., without nanogaps) is shown in
Figure S4 for comparison.

Sensor performance was characterized as a function of H,
concentration expressed as a volumetric percentage (v/v %).
Figure 3a shows the electrical response of the sensor defined as
the percentage change in resistance normalized to the baseline
resistance (i.e., AR/R, X 100%) for H, concentrations in a
range extending from 100 ppm to 100%. With a clear
progression in the magnitude of the response as a function of
H, concentration the sensor demonstrates the ability to sense
H, levels over a wide range using the same principle of
detection, a capability which has not been previously
demonstrated for nanogap sensors. Particularly noteworthy is
the fact that the detector response does not saturate at high H,
concentrations. The detector response time does, however,
diminish as the H, concentration is lowered showing values of
1.5, 6, and 120 s for concentrations of 100%, 1%, and 100 ppm,
respectively. The sensor recovery time is considerably longer
(~400 s) and is not strongly dependent on the H,
concentration. The reversible gas sensing capabilities of the
sensors were also assessed. Figure 3b shows the time-
dependent response of a similar sensor as it is exposed to 20
consecutive 10% H, absorption and desorption cycles lasting 30
and 250 s, respectively. It exhibits excellent reversibility,
showing no indication of a deterioration in AR/R, values or
in the response and recovery times. Sensors do, however, show
an initial cycle (not shown) which is somewhat different from
subsequent cycles in that the sensor recovery is incomplete.
The lower resistance values (~5%) obtained after the first cycle
could be an indication that some degree of irreversible crack
healing occurs, where swelling caused by the retention of a
small quantities of hydrogen within the AuPd crystal structure
may be a contributing factor. The result suggests that precise
determination of the H, concentrations would require that the
detector be exposed to H, prior to use. The potential need for
such a sensor conditioning process has been reported
previously for other nanogap sensors.””***"** The sensitivity
of the sensor to changes in the ambient temperature was also
evaluated. It indicates that a 15 °C rise in temperature results in
a more than 50% decrease in the response and recovery times,
but where the AR/R, value and baseline resistance remain fairly
stable (Figure S5).

Sensor Durability. Basing a sensing strategy on cracks, a
feature which is nominally a material failure mode, raises
concerns regarding reliability and durability. While it may seem
that sensors formed in this manner are highly susceptible to
open circuit failures resulting from a single crack traversing the
entire length of the sensor, this is not the case. Of the
approximately 30 detectors of various configurations used over
the course of this study, none of them have ever shown an open
circuit, either after bending or upon repeated exposure to H,. In
fact, these sensors have proven quite robust. In order to further
assess this issue, the aging characteristics of a single sensor were
monitored over a 14 day period, where on each day the sensor
was exposed to H, gas at a 10% concentration. Between tests
the sensor was exposed to air. Figure 4 shows that the detector
response and its baseline resistance show excellent stability. In
addition, an examination of individual cracks before and after
20 on/oftf H, cycles at a 10% concentration shows no evidence
of crack propagation or alteration (Figure S). While it is
conceded that these aging tests are of short duration in
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Figure 4. Time dependence of the (a) sensor response and (b) its
baseline resistance monitored over a 14 day period where on each day
the sensor was exposed to H, at a 10% concentration. Note that the
sensor exhibits excellent aging characteristics over this time interval.

(a) Nanogaps before H; exposure

(b) Nanogaps after 20 on/off H; cycles

Figure S. SEM images of (a) nanogaps formed through a bending
deformation and (b) the same nanogaps after being exposed to 20 on/
off H, cycles with a 10% concentration. The near-identical patterns
indicate a high level of crack stability during H, absorption/desorption
cycles.

comparison to desirable sensor lifetimes, the results are
promising in terms of both maintaining sensor performance
and the integrity of the nanogaps.

Sensor durability is most likely due to a combination of stress
relieving mechanisms occurring both at the time of nanogap
formation and as the AuPd layer swells and contracts during H,
absorption—desorption cycles. During nanogap formation the
AuPd layer and Kapton tape are placed under tensile stress.
With the aforementioned slippage at the adhesive—steel
interface relieving much of the induced tensile stress, the
remaining stress must be accommodated through an elongation
of the polyimide which, in turn, cracks the AuPd film. An
estimation of this elongation, based on the nanogap size
distribution, yields a value of 30 um. It is, however, unclear how
much of this strain remains elastic, i.e, how much has been
accommodated by plastic deformation. Regardless, this
situation is not conducive to crack stability since it would
leave a stress concentration at the crack tip. It should, however,
be recognized that this stress concentration is offset by a small
contraction in the polyimide which occurs at the end of the
bending process when elastic strain is reduced as the bending
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force is unloaded and the steel undergoes a small recoil due to
elastic strain recovery. As this occurs, crack stability is assured
by relieving the stress concentration at the crack tip and a
partial closure of the crack. This explanation is consistent with
our observation that nanogaps appear closed at the cracks tips
without ever being exposed to H, (Figure S). The end result is
a stable crack tip since the stress concentration is well below
that needed for it to propagate. Crack propagation resulting
from H, absorption is also unlikely since it leads to compressive
forces which close the cracks. While compressive forces have
led to delamination or blistering in other Pd-based H,
sensors,”’ no such occurrences have been observed here, a
result which likely stems from the polyimide acting as a
compliant polymeric substrate able to effectively offset strains at
the incoherent AuPd/polyimide interface in a manner similar to
that demonstrated by Kiefer et al”"*® and Lee and co-
workers.**?

Overall Assessment of Sensor Characteristics. The
prototyped device capitalizes on recent advances in H, nanogap
sensors which demonstrate the utility of using both a compliant
polymeric substrate and Pd alloys as the sensing element. It
builds upon these breakthroughs by utilizing a bending
deformation to form a continuum of nanogaps which close
sequentially as the H, partial pressure is increased. In doing so,
existing hurdles which have impeded the advancement of this
sensing platform have been alleviated by (i) expanding the
overall range of H, detection to include concentrations ranging
from atmospheric pressure to a 100 ppm, (i) providing a
straightforward means to produce nanogaps with sub-20 nm
dimensions, and (jii) devising an inexpensive process for device
fabrication with minimal processing requirements. Other
advantages of the device include recyclability, high selectivity
toward H,, low power consumption, simple circuitry, short
wake-up times, and aging characteristics which, while not yet
fully validated, are encouraging.

While this sensing strategy shows significant promise, it is
not without its shortcomings. Even though each sensor is able
to detect H, gas over a wide range of concentrations, the
reproducibility in terms of fabricating sensors with near-
identical calibration curves is not yet achievable. A further
complication when precise readings are required is the need for
device conditioning with H, gas prior to use. These
disadvantages, however, lose significance for applications
where constraints on precision are relaxed. A further concern
is the substantial increase in response and recovery times which
occur as the H, concentration is lowered. It should be noted
that much faster response and recovery times are likely
attainable by reducing the AuPd film thickness’' or operating
the device at higher temperatures.””’ Polyimide, being a
thermosetting polymer, should be amenable to higher operating
temperatures.”’ It is also acknowledged that sensor perform-
ance, which was demonstrated using an inert carrier gas, may be
significantly altered when operated in air.”*>> Another potential
downside is the somewhat larger footprint which the three-
dimensional sensor has in comparison to the more compact
planar format of most nanogap sensors. It should, however, be
recognized that miniaturization of the sensing element is a
possibility and that the sensing element, even in its current
form, is still relatively small when compared to the size of a
typical hand-held sensing device. In general, the parameter
space for this detection strategy has not yet been fully explored
and, as such, is expected to offer significant improvements once
optimized.
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B CONCLUSION

We have demonstrated a two terminal resistive nanogap
sensing device able to operate at room temperature and sense
H, gas at concentrations ranging from 100 ppm to 1 atm. The
prototyped device derives novelty from a single-step bending
deformation which is used to define a continuum of nanogaps
which allows for a detection mode which is reliant on their
collective response. The devised detection strategy not only
advances a promising sensing platform toward full-range H,
detection, but also provides the impetus to adapt it to a growing
set of analytes which are amenable to nanogap sensing
technologies.
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