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ABSTRACT

We propose a hydrogen detection method using a thin quartz resonator with a palladium thin film on its single side, which absorbs
hydrogen, resulting in the film expansion and geometry change of the resonator, shifting the resonant frequency. Because the resonator is
driven in a wireless manner, the other resonator side can remain electrodeless, enhancing the geometry change and then the detection
sensitivity. The detection limit is 1 ppm or less. We also investigate the reaction kinetics between palladium and hydrogen through the
temperature dependence of the reaction velocity constant, yielding the activation energy of 0.372 % 0.003 eV. This is close to the activation
energy for the hydrogen-atom transition from the surface to subsurface states, indicating that the adsorption reaction is dominated by the

transition rather than the bulk diffusion in palladium.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126135

Hydrogen has been considered as an ideal energy carrier because
of its high energy density and zero-emission property, and its concen-
tration monitoring is important to control the reactions. Reliable and
fast detection of hydrogen leakage remains a critical issue for safety in
advancing energy application of hydrogen.' Therefore, many types of
hydrogen sensors have been developed.”” A majority of existing
hydrogen sensors utilize palladium as the sensing material. Palladium
selectively absorbs hydrogen gas® and causes volume expansion
because hydrogen atoms occupy the interstitial sites. This mechanism
has been used for hydrogen detection through measuring the change
in resistance of semicontinuous palladium films'”'" and palladium
mesoscopic wire arrays,'~ surface stress,” and bending deformation"*
of cantilever, resonant frequency of a beam resonator,” and wave-
length of fiber Bragg gratings.”'” The limit of detectable hydrogen
concentration, however, ranges from several hundred parts per million
to a few percent in most previous studies. Although lower detection
limits of 25 ppm (Ref. 18) and 27 ppm (Ref. 19) have been achieved,
further sensitivity improvement is needed.

In this Letter, we propose an advanced hydrogen detection
method using wireless-electrodeless AT-cut quartz resonators.””' We
deposit a palladium thin film on one surface side of the quartz plate,
leaving the other surface uncoated. When the resonator is exposed to

hydrogen gas, bending of the resonator occurs because of the
palladium-film expansion, resulting in the change in its resonant fre-
quency. (The effect of the geometry change on resonant frequencies of
beam resonators has been reported.””*”) Because the expansion of the
palladium film highly depends on the hydrogen-gas concentration,
monitoring the frequency response can provide us with the concentra-
tion and also the kinetics of the binding reaction between palladium
and hydrogen. Acoustic methods were also previously proposed using
palladium and its alloy thin films attached on the propagation
paths.”* " Yamanaka et al,”>*® for example, developed the ball sur-
face-acoustic-wave sensor, achieving fast response time. However, the
existing acoustic methods detect the gas absorption through a change
in properties (mass density, elasticity, and anelasticity) of the propaga-
tion medium, which slightly affects the macroscopic acoustic response.
Therefore, ultrasensitive detection of hydrogen remains difficult. (The
detectable hydrogen concentration in acoustic methods was ~10 ppm
or higher.)

It is worth pointing out that our sensing mechanism is difficult to
be performed using conventional quartz-crystal-microbalance (QCM)
sensors, where palladium electrodes are required on both surfaces,
restricting the bending deformation of the quartz resonator.
Combined with the wireless-electrodeless QCM technology, highly
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sensitive detection of hydrogen with the concentration as low as
1 ppm is achieved. Moreover, interaction between hydrogen gas and
palladium is of fundamental importance for both industrial applica-
tions and basic research.”**” We investigate the kinetics of hydrogen
attachment on the palladium surface and its diffusion into the palla-
dium lattice through the subsurface region. We determined the activa-
tion energy of the adsorption reaction, which shows good agreement
with that of the surface-to-subsurface transition of the hydrogen atom.

Figure 1(a) shows the wireless-electrodeless quartz-resonator sen-
sor cell,””" in which an AT-cut quartz resonator is lightly sandwiched
by two silicon-rubber gaskets. Its shear vibration is driven by the line
antenna for excitation, and the resonator oscillation is detected by the
other antenna. The resonant frequency is monitored by the transmis-
sion coefficient (S12 parameter) using a vector network analyzer with
a power consumption of 10 dBm. The through-thickness shear-mode
fundamental resonant frequency is 64.5 MHz (26 um thick). The in-
plane dimensions are 2.5 mm x 1.7 mm. The thin films were deposited
using the radio frequency (RF) magnetron-sputtering method. We
deposited a 5-nm chromium thin film and then a 200-nm palladium
thin film on the resonator surface at 400 °C. The base pressure of the
chamber was ~1 x 107° Pa, and the argon pressure during deposition
was 0.8 Pa. We measured the film thickness by the X-ray total reflec-
tivity measurement,”” which allows determination of the film thickness
within 1% error. As shown in Fig. 1(b), we flow high purity
(99.9999%) nitrogen gas to the sensor cell as the carrier gas at a flow
rate of 100 ml/min. Then, a hydrogen gas sample diluted by the high-
purity nitrogen gas is injected, which is mixed with the carrier nitrogen
gas, entering the sensor cell at the intended concentration. In all
experiments, the exposure time to hydrogen gas is 140 s. The sensor
cell is placed on a heater to perform the measurements between 40
and 55 °C. Because the measurement at 55 °C showed the maximum
frequency response as will be shown, we principally performed the
hydrogen-gas-detection experiments at 55 °C. (Because higher temper-
ature caused damage in our sensor cell, we performed measurements
below 55 °C.)

Figure 2(a) shows the frequency changes observed for injections
of hydrogen gas with the concentration ranging from 1 to 250 ppm.
When the hydrogen gas arrives at the resonator surface, the resonance
frequency significantly decreases, and it recovers to the baseline by
replacing with the carrier nitrogen gas, releasing hydrogen atoms from
palladium. We repeated the experiment three times independently.

vector network analyzer

carrier N,

holder
antenna

sample
silicon
rubber

=l H,
resonator
antenna N,
holder sensor cell

diluting and pumping device exhaust gas

(b)

FIG. 1. (a) lllustration of the sensor cell. The AT-cut quartz resonator (red) is lightly
sandwiched by the silicon-rubber gaskets. (b) Appearance of the flow-injection
system for the hydrogen-gas sensing.
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FIG. 2. (a) Frequency response of the 64.5 MHz quartz resonator upon exposure
to hydrogen gas with various concentrations. Three repeated experimental results
are shown in different colors. The inset shows the enlarged frequency responses to
hydrogen gas with concentrations of 0, 1, and 5 ppm. (b) Frequency response
curves in the second experiment in (a). lllustrations near the surface for (i) before
injection and (ii) during the frequency change are shown.

The frequency shifts are reversible and highly reproducible. For a
clearer comparison, we plot the binding and dissociating curves of the
second experiment in Fig. 2(b), showing that the amount of the fre-
quency change increases as the hydrogen-gas concentration increases
and its limit of detection is 1 ppm or less.

One may attribute the frequency decrease in Fig. 2 to the mass
loading effect, which has been recognized as the principal mechanism
in QCM sensors.”” However, we find that the crystal curvature should
be the essential mechanism for the frequency decrease. In order to
confirm this, we fabricated another resonator where the palladium
films were deposited on both sides. (We needed to reduce the palla-
dium area on one side to maintain the electric disconnection between
the two sides.) In this case, the volume expansion of palladium on
both sides restricts the bending deformation of the resonator (although
bending deformation occurs because of the different palladium areas
on the two sides), whereas the mass loading effect could be enhanced.
Figure S1 compares the frequency changes observed with the two reso-
nators having the palladium film only on a single side and on both
sides. The frequency changes of the resonator with the palladium films
on both sides are nearly half those of the one-side resonator, which
cannot be explained by the mass loading effect because it should have
caused a larger frequency change.
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We then calculated the resonance frequency change caused by
the resonator curvature using the finite-element-method (FEM) calcu-
lation. (The calculation details are given in the supplementary
material.) Figure 3 shows the relationship between the curvature and
the fundamental through-thickness shear resonant frequency. For
isotropic materials (aluminum and isotropic quartz), the resonance
frequency is almost independent of the curvature. However, in the
AT-cut resonator, it significantly decreases with the increase in the
curvature because of crystal’s anisotropy. Also, an important finding is
that they show an approximately linear relationship as shown in the
inset in Fig. 3. The frequency change due to the geometry change can
be enhanced in the anisotropic material such as quartz crystals
(Fig. 3), and this effect is more significant than the stress effect.'”

The hydrogen absorption reaction involves three steps.3 >(35)
When the palladium-coated quartz resonator is exposed to hydrogen
gas, hydrogen molecules are attached and dissociated on the palladium
surface. The first reaction for attachment and dissociation is expected
to proceed in a short time because the binding state of the hydrogen
atom on palladium is sufficiently stable.”” (i) The hydrogen atoms
then penetrate from the surface to the subsurface region.”"” (iii) They
migrate inside the palladium lattice to cause the bulk diffusion. When
the hydrogen content, #, is small (=0.025 at 55°C), o palladium
hydride (PdH,,) is stably formed, resulting in the volume expansion,”””
causing the curvature of the resonator, and then decreasing the reso-
nant frequency. The hydrogen content at the saturation state in palla-
dium follows Sievert's law,” ny = /Py, /K,, where Py, is the
hydrogen-gas partial pressure in Torr and K; is Sievert’s constant (360
Torr"? at 323K).""" This equation estimates the maximum possible
hydrogen content of 0.001 at a hydrogen-gas concentration of 250
ppm, and this is much smaller than the critical content (0.025) for sta-
ble o palladium hydride, beyond which the f§ palladium hydride would
appear. Therefore, we consider that our experiments have been per-
formed under the o palladium hydride state. Along with the hydrogen
absorption reaction, the hydrogen discharge reaction proceeds as
follows: hydrogen atoms captured inside palladium immigrate to the
surface through the subsurface, they recombine into molecules, and
they are released from the palladium film. The hydrogen absorption
and discharge reactions thus proceed at the same time, and, in the
flow-injection system, which keeps the hydrogen-gas concentration
constant during the reactions, the reactions will follow the pseudo-
first-order reaction with the reaction-velocity constants k, and k, for

0 doooo'o 0 6
O aluminum b

—~ A j i
£ -1000 —oAToout quarty [
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FIG. 3. FEM calculation results of the frequency change for quartz and aluminum
resonators as a function of the resonator curvature. The inset shows the enlarge-
ment of the frequency change of the AT-cut-quartz resonator at low curvatures.

scitation.org/journal/apl

absorption and discharge reactions. In this case, the hydrogen content
n(t) in the palladium lattice changes with time ¢ exponentially:*>*’
n(t) = ngu{1 — exp[—(kaCp, + ka)t]}, where Cy, denotes the
hydrogen-gas concentration. (It should be noted that k, and k,; indeed
involve the multiple reaction mechanisms and they are apparent reac-
tion constants when we simply treat the reactions with single steps.)

The palladium-coated quartz resonator undergoes biaxial bend-
ing because of hydrogen absorption and expansion of the palladium
film. The linear expansion strain € is expressed by the hydrogen
atomic content as € = 0.026 - n(t) for o palladium hydride.* The
curvature of the resonator under the biaxial strain condition is pro-
portional to the film eigen strain,” and we find it is also approxi-
mately proportional to the frequency change (Fig. 3). Therefore, the
frequency change Af(t) is proportional to the hydrogen content,
yielding (Af(t)/fo) o< {1 — exp[—(kaCh, + kq)t] }, where f; denotes
the baseline resonance frequency.

Figure 4(a) enlarges the typical frequency response after the
arrival of the sample hydrogen gas. We first observe the steep fre-
quency drop and then the nearly linear frequency decrease. The first
steep drop will be attributed to the first hydrogen attachment on the
palladium surface as discussed above. However, a small frequency
drop is always observed even in the 0-ppm hydrogen gas (nitrogen
gas) injection as shown in Fig. 4(a), and a part of this drop is caused
by the baseline shift because of additional injection pressure.
Therefore, we focus on the frequency change after the drop. Because it
takes a long time for the frequency change to be saturated during the
hydrogen-gas flow, we use the initial frequency response for the analy-
sis by approximating the frequency change with a linear form,

Af(1)
o

where A is a constant. The sensitivity of our quartz resonator hydro-
gen sensor is thus defined as the slope of the frequency change after
the fast frequency drop [dashed line in Fig. 4(a)] because it is propor-
tional to the hydrogen-gas concentration Cy, [Eq. (1)]. Figure 4(b)
shows the relationship between the frequency slope and the
hydrogen-gas concentration, showing good correlation. The limit of

= —A(k,Cq, + ka) - t, (1)
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FIG. 4. (a) Frequency responses for injections of 0-ppm and 50-ppm hydrogen gas
samples and least-squares-fitted line (dashed line). (b) Relationship between the
frequency-change slope and the hydrogen concentration. The error bars indicate
the standard deviation of three repeated experiments.
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TABLE I. Performance comparison of typical hydrogen detection methods.

scitation.org/journal/apl

Sensing mechanism

Temperature (°C)

Detection limit Response time Recovery time

Resistance of the Pd thin film*
Frequency of the Pd-coated beam resonator'”
Conductance of Pd nanoclusters'®

25-100

Conductance of Pd nanowires'’
Attention of the surface acoustic wave'®
Pd-coated fiber Bragg grating"’ 75
Resistance of the Pd/Ag thin film*® 80-180
PANPs/Si02/Si MOS capacitor’
Pd/Si02/Si MOS capacitor”’
This work 55

Room temperature
Room temperature
Room temperature

Room temperature
Room temperature

600 ppm 200 s (100 °C) 200 s (100 °C)

<0.5% ~1s ~90 s

25 ppm 68 ms (2% H,)

27 ppm 5-30s ~20s

10 ppm 20s ~10 min

100 ppm <42s 166 s

100 ppm 108 s (0.01% H,) <120's
1% 1.2s 10s
1% 14s 14s

< 1ppm 3-100 s ~20 min

the detectable concentration is 1 ppm or less. As mentioned above,
this limit of detection is highly superior to those of existing methods
(=20 ppm), involving acoustic methods (= 10 ppm).

In our method, the hydrogen-gas concentration is evaluated
from the initial slope of the frequency decrease. The response time is
defined as the time needed for reliably determining the slope. It is
about 100 s for 1 ppm hydrogen gas. For a higher concentration
(250 ppm), the response time can be reduced to ~3 s. The time for
recovery is about 20 min when the frequency returns to 90% of the
baseline level. Table I compares the specifications for hydrogen-gas
detection in this work with those of previously reported methods.
Although the recovery time is not competitive, our method still shows
superior performance because of its comparable operating tempera-
ture and response time and much lower detection limit.

Another important subject is the evaluation of the effective acti-
vation energy of the hydrogen absorption reaction with palladium.
Owing to the linear relationship between the frequency change and
the reaction velocity constant k,, the activation energy can be obtained
by the Arrhenius plot. The energy barrier for the hydrogen-atom

= T T 71 ]

P 03726V ]
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FIG. 5. Temperature dependence of the sensitivity of the 64.5 MHz resonator with
various hydrogen-gas concentrations. The inset shows the Arrhenius plot, yielding
the activation energy. The error bars indicate the standard deviation of three
repeated experiments.

transition from the surface to the subsurface states and that for the
bulk diffusion for jumping lattice interstitial sites are different.”*"°
Here, we investigate the reaction kinetics by measuring the frequency
change to hydrogen with various concentrations at different tempera-
tures. The results are shown in Fig. S2. Figure 5 shows the relationship
between the hydrogen-gas concentration and the frequency slope at
different temperatures from which we extracted the temperature
dependence of k, The reaction constant k, is described by the
Arrhenius law,”' k, = Ag exp(—E/kgT), with E being the activation
energy, kp the Boltzmann constant, and A, the pre-exponential factor.
As shown in the inset of Fig. 5, the Arrhenius plot yields the activation
energy of 0.372 % 0.003 eV, which is significantly larger than that for
bulk diffusion (0.226 eV and 0.23 eV**). However, our value is close
to the activation energy for transition from surface to subsurface states
(0.40 eV™° and 0.43 eV™), indicating that the migration from the sur-
face to the subsurface is the rate-limiting process during hydrogen
absorption in our sensor system.

In summary, we proposed a highly sensitive hydrogen detection
method using a wireless-electrodeless quartz-crystal resonator. A
palladium film was deposited on a single side of the resonator as the
sensing material. We observed the resonance-frequency decrease in the
resonator and found that it arises from the geometry change induced
by the palladium-film expansion. This sensing system achieved a lower
detection limit of 1 ppm. We confirmed the nearly linear relationship
between the frequency change and the resonator curvature by the FEM
simulation. We then determined the activation energy of 0.372 eV for
the hydrogen adsorption reaction into palladium, which is close to the
activation energy for the surface-to-subsurface transition of the hydro-
gen atom. Our method thus demonstrates not only an important
hydrogen-sensor application but also a basic study on interaction
between hydrogen and palladium.

See the supplementary material for the comparison of frequency
changes of the resonators with palladium films on one side and on
both sides (Fig. S1), temperature dependence of the frequency
response (Fig. S2), and details for the FEM simulation.

This research was supported by the Development of Advanced
Measurement and Analysis Systems from the Japan Science and
Technology Agency (Project No. JPMJSN16B5).
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