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When Pd nanoparticles dispersed on a glass substrate with nanometer order gaps
are exposed to Hy gas, H atoms are adsorbed on the nanoparticle surface, and the
electrical resistance between the nanoparticles increases because of the tunneling
current suppression. In contrast, when Au nanoparticles are exposed to Hy gas, the
resistance remains unchanged because H atoms are not adsorbed on the Au surface.
Considering these behaviors, the change ratio of the electrical resistance is expected
to be smaller when the surface of Pd nanoparticles is partially covered with Au.
However, the experimental results show the opposite resistance change. Density
functional theory simulation indicates that H atoms are adsorbed and absorbed on
the pure Pd surface, but H atoms are adsorbed and tend to remain on the partially
covered Pd surface. These results indicate that the decrease in the resistance due to
the gap narrowing by hydrogen absorption occurs in Pd nanoparticles, but it does
not occur in Au/Pd nanoparticles, resulting in a larger resistivity increase compared
with the Pd nanoparticles. This result implies that in certain cases, the low reactivity

of Au to Hy contributes to the enhancement of the electrical resistance response.
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When Pd is exposed to an atmosphere including Hy gas, it adsorbs and absorbs the H
atoms. Adsorption and absorption change the physical properties of Pd, and it has been
applied to hydrogen-gas sensors.! One of the representative sensing mechanisms is the
measurement of the electrical resistance change of Pd nanostructures; (i) the resistance
of Pd increases because of Hy absorption, (ii) the resistance decreases with contact of Pd
nanostructures because of the volume increment by Hy absorption, and (iii) tunneling cur-
rent is suppressed by Hy adsorption on the surface of noncontacting Pd nanostructures.* 1%
Because Pd-based alloys sometimes show properties superior to those of Pd, these alloys
are also applied for such Hy-gas sensors.!'™® Under these circumstances, in this study, we
observed that resistance change in the tunneling-current based sensor is enhanced by using
Pd nanoparticles partially coated with Au.

Several studies have demonstrated the unique properties of Au nanoparticles and alloys.
When Au becomes nanoparticles with a diameter of a few nanometers or is attached as
nanoparticles on the surface of oxides, it exhibits catalytic reactions with Hy.'*15 For the
response to Hy gas, hysteresis disappears in plasmonic optical sensors using Pd-Au alloy
nanoparticles'®, and the Hy absorption rate increases when one atomic layer of Au is formed
on the Pd (110) surface.!” However, in general, Au shows low reactivity with Ha; no dis-
sociative Hy adsorption occurs over the smooth surfaces of Au at temperatures below 473
K 14

In this study, we performed Hs-gas sensing using nanogap nanoparticles and evaluated
the effect of Au coating on Pd nanoparticles. This sensor is based on the tunneling-current
change by Hy adsorption. The main result of this study is that while Au on Pd nanoparticles
exhibits an inherently low reactivity (H, adsorption and absorption are less favorable), it
improves the performance of the tunneling-current based sensor. A feature that appears to
be a disadvantage of Au works as an advantage in this sensor. We performed experiments
on the Hs-gas detection. The experimental results were energetically analyzed using the
density functional theory (DFT) simulations, and the effectiveness of Au coating on Pd
nanoparticles was discussed.

The tunneling-current based sensor comprises Pd nanoparticles dispersed on a glass sub-
strate. The nanoparticles are isolated on the substrate, and the gap size, the distance
between the nanoparticles, is sufficiently small for the tunneling current to occur. Such

nanoparticles are called nanogap nanoparticles. Nanogap nanoparticles can be synthesized
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by sputtering. When metal is sputtered on a substrate, isolated nanoparticles are formed,
and a continuous film is formed after they grow. Nanogap nanoparticles are obtained by
interrupting the sputtering process immediately before the nanoparticles contact. However,
detecting the moment at which nanoparticles are in contact is quite difficult. We addressed

18,19

this issue by developing the resistive spectroscopy and synthesized nanogap nanoparticles

with different gap sizes.

Using resistive spectroscopy, nanogap Pd, Au, and Pd with Au coating (Au/Pd) nanopar-
ticles were synthesized at room temperature on a glass substrate of 0.1-mm thickness with
changing the gap size. In the sputtering, background pressure was less than 5.0 x 10~* Pa,
and Ar pressure was 0.8 Pa. The sputtering rates of Pd and Au were 0.016 and 0.02 nm/s,
respectively. Pd and Au nanoparticles were synthesized by sputtering Pd and Au, respec-
tively. Nanogap Au/Pd nanoparticles were synthesized by sputtering Au after synthesizing
nanogap Pd nanoparticles, in which the thickness of Au was about 0.2 nm. The height of
the nanoparticles ranges from 2.1 to 9.8 nm, which was calculated from the deposition rate
and time. In face-centered-cubic (FCC) metal nanoparticles, (111) plane tends to appear on
the nanoparticle surface because of its lower surface energy than other planes.?’ Assuming
that the (111) plane of Au appears on the surface of the Au/Pd nanoparticles, the thickness
of the sputtered Au becomes less than the interatomic distance, approximately 0.235 nm,
and the surface of Pd nanoparticles is partially covered with Au.

In Hs-gas detection experiments, the electrical resistance on the substrate surface was
measured using contact probes in the gas-flow cell. The measurement setup is described

elsewhere!%:2!

. Ny gas flows into the cell as a carrier gas at a rate of 117 mL/min. Then,
1000-ppm Hy gas in Ny gas is added into the carrier gas at a rate of 13 mL/min, and H,
gas of 100 ppm is detected by the nanoparticles. The flow path of the experimental system
is evacuated before the hydrogen detection experiment to prevent the inclusion of impurity
gases. The experiment was conducted at room temperature. Figure 1 shows the representa-
tive resistance change AR measured during the Ho-gas flow for 231 s. In Pd nanoparticles,
when the initial resistance Ry, the resistance just before the Hy-gas flow starts, is relatively
high (~M£), the resistance increases. This is because the Hy adsorption on Pd nanopar-
ticle surface suppresses the tunneling current between isolated Pd nanoparticles. However,
the resistance decreases when the initial resistance is lower (~k). This is because Pd

nanoparticles are expanded by volume increment by Hs absorption, which makes gaps be-
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FIG. 1. Resistance change during Ho-gas flow for 231 s at 100 ppm. Dashed lines represent the
time when the flow is initiated and interrupted. There is a time lag after initiating the flow. The

numbers in parentheses represent the initial resistance Ry, and the dots denote the response time.

tween nanoparticles narrower and close, decreasing the resistance. Similar resistance changes
were observed in Au/Pd nanoparticles. In contrast, the resistance of Au nanoparticles was
unchanged by the Ho-gas flow.

Considering that H, is absorbed after it is adsorbed on the nanoparticle surface, the
resistance was expected to initially increase during the Ho-gas flow; however, this was not
observed on Pd and Au/Pd nanoparticles. We have previously performed hydrogen gas
detection experiments on nanogap Pd nanoparticles with different gap sizes and observed
that the behavior of the electrical resistance change varies with gap size'®. For nanoparticles
with sufficiently large gap size (higher Ry), the electrical resistance increases as seen on
Pd (4.67 M). This result indicates that hydrogen adsorbs on the nanoparticle surface,
causing the electrical resistance to increase. On the other hand, when the nanogap becomes
smaller, the electrical resistance first increased slightly, then decreased temporarily, and
then increased again as seen on Pd (1.79 M£). Since the decrease is thought to be caused
by the nanogap closing, this result suggests that hydrogen absorption occurs immediately
after hydrogen flow. The increase in electrical resistance after the decrease suggests that

hydrogen adsorption on the nanoparticle surface continues even after the nanogaps close.
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Thus, hydrogen absorption does not necessarily occur after the surface is fully covered with
hydrogen. The reason for the lack of a decrease in Pd (4.67 M) is that the initial gap
size was large, and the gap size was not reduced enough by hydrogen absorption to close
the nanogap, so the rate of decrease in the electrical resistance was small. As the nanogap
becomes even smaller, the decrease in electrical resistance due to gap closure becomes more
pronounced, and no increase in electrical resistance is observed as seen on Pd (27.6 k().
Thus, it is expected that hydrogen adsorption and absorption occur simultaneously in the
nanogap Pd nanoparticles, and depending on the size of the nanogap, the electrical resistance
does not necessarily increase first.

Figure 2 shows the relationship between the initial resistance and the change ratio of the
resistance after the Ho-gas flow for 231 s. As shown in the figure, the resistance change
of Pd and Au/Pd nanoparticles depends on the initial resistance. The resistance change
varies from increase to decrease as R decreases (1/Ry increases). In contrast, the resistance
of Au nanoparticles remains almost unchanged by the Hy-gas flow, confirming that Au is
less reactive with Hy gas. Considering the difference between Pd and Au/Pd, no significant
difference in the resistance change was observed for the gap-closing type response (1/Ry =
107% ~ 107* 1/Q). However, the resistance changes are larger than those of the gap-
closing type response for the tunneling-current type response (1/Ry = 1077 ~ 1076 1/Q),
and the resistance change of Au/Pd nanoparticles is larger than that of Pd nanoparticles.
Considering that Au is less reactive with Hs, sputtering of Au on Pd nanoparticles should
have reduced the resistance change. However, it was not observed.

To understand the mechanism of the larger resistance change of Au/Pd than Pd, DFT
atomistic simulation was performed. Considering that the resistance change is attributed to
H, adsorption/absorption to the nanoparticles, we calculated the adsorption and absorption
energy (WAPS and WAPS) for Pd, Au and Au/Pd nanoparticles through (111) surface using

the following equation,

1 ON/BEN En
WADS/ARS = Ny (Esurfécg — Epux — Nn 22 . (1)
2
ON/BEN . . . .
E e is the potential energy of the atomic model with (111) surface and H atoms

on/beneath the surface for the calculation of adsorption/absorption energy. Epyy is the
potential energy of the bulk model and Ey, is the potential energy of a single Hy molecule.

Ny is the number of H atoms in the above atomic model with (111) surface and H atoms. All

5
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FIG. 2. Resistance change after Hy-gas flow for 231 s. Ha-gas concentration is 100 ppm.

these potential energies were calculated using the DFT simulation. Figure 3 shows the FCC

ON/BEN
E (24 atoms, 12 (111) layers).

atomic models with (111) surface used for calculating E_ .

Referring to the stable positions of the H atoms of previous studies'”??, two H atoms were
placed at the position X on a (111) surface shown in Fig. 3 for calculating EQY, ., describing
the fully covered surface by the hydrogen atoms, and one hydrogen atom was placed at the

EBEN

surface- 1O Mmimic

tetragonal site beneath the surface (position Y in Fig. 3) for calculating
the mixed surface of Au/Pd, we replaced a Pd atom in the (111) surface with an Au atom in
the atomic model shown in Fig. 3 for Au/Pd case. To calculate Epyy, an FCC bulk model
was prepared by removing the (111) surface from the atomic model shown in Fig. 3. To
calculate Fy,, a Hy molecule was placed in a large supercell 5 x 5 x 5 nm, mimicking the
vacuum around it. Thus, the reference of the hydrogen state for WAPS/ABS calculation is
Hs molecules. Although there is a previous study that considered the reference as the ionic
state?, we think our choice is reasonable for the present situation; the hydrogens will be gas
molecule state in the air in our experiment. After structural relaxation (the atomic positions
and cell shape) of each atomic model, we calculated the potential energies and 1W/APS/ABS
were derived for Pd, Au and Au/Pd cases. DFT atomistic simulations were performed us-
ing the Vienna Ab initio Simulation Package?!. The electron—ion interaction was described
using the projector-augmented wave method?®. The exchange-correlation between electrons
was treated using the Perdew-Burke-Ernzerhof generalized gradient approximation®®, with

an energy cutoff of 520 eV for the plane-wave basis set. The energy convergence criteria

for the electronic and ionic structure relaxations were set as 1.0 x 107% and 1.0 x 1073 eV,
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FIG. 3. Atomic models used for DFT atomistic simulation to calculate EON/ BEN " The black lines

surface
indicate the supercell. H atoms were put at X (black triangles) and Y (red circles) position for
Escl)fr\jface and nggce calculations, respectively. The atomic structures were visualized using the

OVITO software?7.

respectively. A 10 x 10 x 1 k-point mesh was used for the atomic model shown in Fig. 3

and the bulk model. A 1 x 1 x 1 k-point mesh was used for the Ey, calculation.

Table I shows the adsorption and absorption energies of a single H atom on (111) surfaces
of Pd, Au/Pd, and Au. The adsorption energy on Pd and Au/Pd shows a negative value,
indicating that dissociated H atoms can be adsorbed on their surfaces. In contrast, the
adsorption energy on Au shows a positive value, indicating that H atoms cannot be adsorbed
on the Au surface. Because the tunneling current is affected by the surface condition of
the nanoparticles, no response to the Hs-gas flow of the nanogap Au nanoparticles can
be explained by the positive adsorption energy on the Au surface. The results show that
the adsorption energy of Pd is lower than that of Au/Pd. This means that the resistivity
change of Pd nanoparticles would be larger than that of Au/Pd nanoparticles. However, the
experimental results show the opposite behavior. Note that we also calculated the adsorption
energy using the same atomic model but with only one hydrogen atom on the surface to
investigate the effect of coverage. As a result, -0.49, -0.27 and 0.21 eV /atom for Pd, Au/Pd

and Au cases were calculated. Although the value of adsorption energy decreases for all
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TABLE 1. The calculated values of the adsorption and absorption energy WAPS/ABS (eV/atom).

WADS WABS
Pd -0.46 -0.150
Au/Pd -0.075 0.010
Au 0.29 (>0)

cases from those on Table I, the signs of adsorption energies do not change. Thus, we think
the discussion will not change with respect to the coverage.

Next, we focus on the absorption energy. During the structural relaxation in the DFT
simulation, an H atom diffused onto the Au surface, and the absorption energy could not
be calculated for Au, indicating that H atoms are not absorbed by Au. Regarding Pd,
the absorption energy shows the negative value, and H atoms are absorbed by Pd. Mean-
while, absorption energy of Au/Pd showed a positive value, indicating that H atoms tend
to remain on the surface of Au/Pd nanoparticles. Activation energy of the hydrogen atom
intrusion through the surface was also calculated for Pd and Au/Pd nanoparticles, and it
was estimated to be 0.43 and 0.53 eV, respectively. Larger activation energy for Au/Pd also
supports the view that H atoms tend to remain on the surface for Au/Pd nanoparticles.
(Detail of the activation energy calculation is described in the supplementary material.)

From these calculations, the resistance change of Au/Pd nanoparticles is supposed to
originate from the suppression of the tunneling current by the hydrogen adsorption. On the
other hand, the resistance change of Pd nanoparticles is supposed to be affected by the gap
narrowing by the hydrogen absorption in addition to the suppression of the tunneling current
by the hydrogen adsorption. As the result, the resistance increment in Au/Pd nanoparticles
tends to be larger than that in Pd nanoparticles. Considering that the adsorption energy
of Pd is lower than that of Au/Pd, the adsorption rate of H atoms will be faster on Pd
nanoparticles. As shown in Fig. 1, the response time, the time to reach 90% of the maximum
resistance change, of Pd nanoparticles is smaller than that of Au/Pt, confirming the validity
of the above interpretation.

In summary, we investigated the resistance change of nanogap Pd, Au, and Au/Pd
nanoparticles under the Ho-gas flow. Since the resistance of Au remains unchanged by the

Hj-gas flow, the response of Au/Pd nanoparticle was expected to be smaller than that of

8



AlIP
Publishing

2

Pd nanoparticles because the addition of Au on the Pd nanoparticle suppresses the adsorp-
tion of Hy on nanoparticle surface. However, the resistance change of Au/Pd nanoparticle
was larger than that of Pd nanoparticle. The DFT atomistic simulation shows that this is
because on Au/Pd nanoparticle H atoms tend to remain on the nanoparticle surface, which
suppresses the gap narrowing by hydrogen absorption, although H atoms tend to diffuse into
pure Pd nanoparticles, causing the gap narrowing. This study demonstrates that adding
less reactive material onto the nanoparticle surface does not necessarily suppress the sensing

performance but may to improve it.

SUPPLEMENTARY MATERIAL

See the supplementary material for the calculation of the activation energy of the hydro-

gen atom intrusion through the surface of Pd and Au/Pd nanoparticles.
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