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Fabrication of stable Pd nanowire assisted by hydrogen in solution

Manabu Kiguchi and Kei Murakoshi?

Department of Chemistry, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan
(Received 9 February 2006; accepted 22 May 2006; published online 23 June 2006)

We have mechanically fabricated a Pd nanowire in solution under electrochemical potential control.
A clear feature appeared in the conductance histogram when the electrochemical potential of the Pd
wire was kept at the hydrogen evolution potential. Conductance traces showed the Pd wire was
stretched 0.4 nm in length just before breaking, suggesting that at least two Pd atoms might
contribute to the formation of the Pd wire. The results indicate that a certain atomic configuration
of the Pd nanowire is stabilized by hydrogen. We discuss the stabilization mechanism due to
changes in bond strengths caused by hydrogen adsorption or incorporation. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2216029]

Fabrication and characterization of metal atomic wires
have attracted attention due to their potential applications in
future electronic devices.' Recently, Ir, Pt, and Au mono-
atomic wires have been fabricated by pulling nanocontacts
using a scanning tunneling microscope (STM) or a mechani-
cally controllable break junction (MCBJ) in ultrahigh
vacuum (UHV) at low temperatures.l’3 In addition to meth-
ods in UHV, the electrochemical method has been recog-
nized as another powerful approach in the fabrication of
metal nanowires.*” Recently, we have demonstrated that Fe,
Co, and Ni metal nanowires were stabilized in solution at
room temperature via the hydrogen evolution reaction.®’
Furthermore, we observed results suggesting the formation
of a monoatomic Ni wire in solution, while monoatomic
wires of 3d and 4d metals have not been prepared in UHV
up to now.

In the present study, we have studied the hydrogen as-
sisted stabilization of the Pd (4d metal) nanowire in the fab-
rication of a monoatomic wire. A monoatomic Pd wire is
predicted to be ferromagnetic,9 and to test this hypothesis it
is useful to fabricate this wire. In addition to the stabilization
of the Pd nanowire by hydrogen, the interaction between
hydrogen and the Pd nanowire should be interesting. Since
the interaction between hydrogen and Pd is large, the nano-
wire of the palladium hydride formed in solution should have
electrical properties.10

In our study of the Pd nanowire, we have chosen to
measure the conductance. Electrical conductance through a
metal nanowire on an atomic scale is expressed by G
=2¢?/hST,;, where T; is the transmission probability of the
ith conductance channel, e is the electron charge, and 4 is
Planck’s constant.' Since conductance quantization depends
on the atomic structure of a nanowire and the inherent prop-
erties of metals, we can study the atomic and electronic
structures of metal nanowires by the conductance measure-
ments. We have already studied conductance quantization of
a Pd nanowire in solution.® The conductance histogram dis-
played a clear feature peak at 1G,, while conductance quan-
tization was not observed in UHV at room temperature.” At
low temperatures in UHYV, the appearance of the 1G, and
0.5G, features was reported in the conductance histogram for
Pd under hydrogen dosing.12 At the present stage, it is clear
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that hydrogen stabilizes the structure with a 1G,, or 0.5G in
both UHV and solution. However, there has been little dis-
cussion about the structure, that is, it is not clear whether the
conductance originates from the bridging hydrogen mol-
ecules or from the Pd nanostructure stabilized by hydrogen.

In the present study, we have investigated the mechani-
cal properties of the Pd nanowire under electrochemical po-
tential control. To obtain information about the structure of
the nanowire, we have analyzed each conductance trace, as
the conductance traces provide information about the nano-
wire such as wire length and thickness. Using the trace
analysis results, we discuss the formation mechanism of the
Pd monoatomic wire in solution.

The experimental design used in this study was the same
as described in our previous report.s_8 An electrochemical
scanning tunneling microscope (EC-STM) was used to fab-
ricate the Pd nanowire. The electrochemical potential ()
was controlled using a potentiostat (Pico-Stat, Molecular Im-
aging Co.) with a Ag/AgCl reference electrode. The electro-
Iyte consisted of 1 mM PdCl,, 2 mM HCI, and 0.05M
H,SO,. The Pd nanowire was prepared as follows. First, the
electrochemical potentials of both STM tip and substrate
were maintained at less than +450 mV where Pd bulk depo-
sition proceeds.13 After the sufficient deposition of Pd onto
the surfaces of the STM tip and the substrate, the tip was
pressed into the substrate and contacts were then pulled out.
During contact breaking, a Pd nanowire is formed between
the tip and substrate. Conductance was measured during the
breaking process under an applied bias of 20 mV between
the tip and substrate. Statistical data (conductance histo-
grams, etc.) were obtained for a large number (over 3000) of
individual conductance traces.

Figure 1(a) shows the cyclic voltammogram of the Au
electrode in solution. Pd deposition and hydrogen
adsorption/evolution proceeded when the electrochemical
potential of Au electrodes were maintained under more
negative conditions than ®y=450 mV and ®,=-200 mV,
respectively.n’15 Figures 1(b) and 1(c) show the conductance
histogram of the Pd nanowire at ®;=-250 mV and P,
=100 mV, respectively. There is no clear feature in the con-
ductance histogram at ®,=100 mV, suggesting that no pref-
erential atomic configurations were formed. The featureless
conductance histogram agreed with the previous results in
UHV at room temperature.11 When the electrochemical po-
tential of the nanowire was maintained under more negative
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FIG. 1. (a) Cyclic voltammogram observed in 1 mM PdCl,, 2 mM HCI, and
0.05M H,SO,. The conductance histograms at (b) ®,=-250 mV and (c)
$y=100 mV.

conditions (®,=-200 mV), a feature appeared near the unit
of the quantum conductance (~0.9G,). These results agree
with our previous results.®

Next, we analyzed the conductance traces to determine
the structure of the Pd nanowire. Figure 2 shows the typical
conductance traces at (a) ®y=100 mV and (b,c) Py=
—250 mV. As a general tendency, the conductance changed
in a stepwise fashion rather than continuously. At @,
=100 mV, the conductance values of the plateaus were non-
reproducible, resulting in featureless conductance histograms
[Fig. 1(c)]. On the other hand, the (0.6—1.2)G, plateau with
a stretched length ca. 0.5 nm appeared in the trace at ®y=
—250 mV, as shown in Fig. 2(b). These characteristic pla-
teaus were the origin of the feature at 0.9G, in the conduc-
tance histogram [Fig. 1(b)]. The value of 0.9G, may corre-
spond to that of a Pd monoatomic contact. This value is
comparable to previously documented estimations of clean
transition metal monoatomic contacts in UHV systems.1 The
length of the plateau also showed dependence on the electro-
chemical potential. To evaluate characteristics of the plateau
length quantitatively, we examined the distribution of lengths
for the last conductance plateau. For comparison, we exam-
ined the Pt nanowire under the hydrogen evolution, in which
a hydrogen molecule would bridge between Pt electrodes.
Smit et al. showed that the 1G,, feature appeared in the con-
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FIG. 2. Typical conductance traces of Pd nanowire at (a) ®,=100 mV and
[(b) and (c)] ®y=-250 mV.

ductance histogram under hydrogen dosing at low tempera-
tures in UHV.! By measuring the conductance and vibration
spectra, they showed that the 1G feature originated from a
single hydrogen molecule bridging Pt electrodes. In the
breaking trace, the 1G, plateau broke within 0.2 nm, which
is consistent with the small size of the hydrogen molecule.'®
The inset of Fig. 3(a) shows the conductance histogram of
the Pt nanowire under hydrogen evolution reaction in solu-
tion. A feature close to 1G appears in the histogram. The
feature appears to have originated from the bridging hydro-
gen molecule, although the situation in solution might be
different from that in UHV at low temperatures. Figure 3(a)
shows the distribution of lengths for the last conductance
plateau for Pt. The length of the last plateau was defined as
the distance between the points at which the conductance
dropped below 1.3G, and 0.7G,, respectively. These values
were fixed in the following analysis. The contact broke at a
short length of ~0.2 nm which is in agreement with previous
results.'®

Figure 3(b) shows the distribution of lengths for the last
conductance plateau for Pd at ®y=-250 mV. For compari-
son, we also show the distribution of the lengths for Pd at
®,=100 mV. While the contact broke within 0.2 nm at ®
=100 mV, the plateau was stretched 0.4 nm in length at
®y=-250 mV. If a hydrogen molecule bridges between the
Pd nanowire, the plateau length would be restricted to be
0.2 nm using the Pt results. The long plateau suggests that
the 1G feature did not originate from the hydrogen bridges.
Since the Pd—Pd distance is 0.27 nm for bulk Pd, the 0.4 nm
long 1G,, plateau corresponds to a monoatomic wire of about
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two Pd atoms. A hydrogen atom would adsorb on the surface
or be incorporated in the wire under the hydrogen evolution
reaction, and thus, a stable Pd nanowire would be formed in
solution.

The formation of a Pd monoatomic wire was also sup-
ported by the conductance trace. We occasionally observed
reversible transition of conductance between a 1G, and
0.6-0.7G, as seen Fig. 2(c). A similar reversible transition of
conductance was reported for Au monoatomic wires in the
presence of physically adsorbed hydrogen in UHV at low
temperatures (10—30 K)."™'® Similar behavior was also ob-
served for the Au monoatomic wire in solution under elec-
trochemical potential control."” The fractional conductance
and reversible transition are explained by the formation of a
dimerized structure in the Au monoatomic wire, and by the
dynamic structural transition between a dimerized wire and
an equal-spacing wire, respectively. The dimerization is a
characteristic of a monoatomic wire. Therefore, the revers-
ible transition of the conductance observed in the present
study may reflect a similar dynamic structural transition in
the Pd monoatomic wire. Present observations strongly sug-
gest that the Pd monoatomic wire was fabricated in solution
at room temperature under the hydrogen evolution reaction.
Hydrogen stabilized the specific structure of the Pd mono-
atomic wire in solution at room temperature, leading to the
characteristic conductance quantization behavior which has
not observed in UHV at room temperature. At the present
stage, it remains unclear whether hydrogen atom adsorbs on
the wire or incorporates in the wire. In situ point contact
spectroscopy should be indispensable to obtain an informa-
tion on the structure.'®

Adsorbed or incorporated hydrogen may play a decisive
role in improving the stability of Pd monoatomic wire in
solution. Generally, the bond strength between atoms in-
creases when the coordination number of neighboring atoms
becomes low.” Further increments in the stabilization be-
comes significant in 54 metals due to the relative effects of
the valence electron, leading to the formation of a very stable
nanowire of 5d metals. In the case of 3d and 4d metals, it is
known that stabilization of the bond strength due to changes
in the coordination number as well as from the relative effect
of electrons is not significant. These characteristics are key in
the difficulty of preparing 3d and 4d metal nanowires show-
ing stable conductance quantization. However, hydrogen
adsorption/incorporation in the Pd nanowire is expected to
change this situation. Adsorption of hydrogen to Pd proceeds
via electron transfer from Pd to hydrogen. % Since the top of
the 4d band of bulk Pd consists of states with antibonding
characteristics, a decrease in the occupancy of the antibond-
ing 4d band due to hydrogen adsorption would increase the
bond strength between Pd atoms. Thus, hydrogen adsorption/
incorporation may result in the stabilization of the Pd nano-
wire. This change in the electronic structure of the Pd nano-
wire under the hydrogen evolution reaction resulted in the
fabrication of the stable Pd nanowire with 0.9G,,. Significant
changes in the conductance value from 1.8G, clean Pd to
0.9G, hydrogen adsorption/incorporation Pd may also origi-
nate from this change in the electronic structure of the Pd
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nanowire. Finally, we briefly compare the present results
with that in UHV at low temperature. While the 1G, and
0.5G, features were reported in the conductance histogram
for Pd in UHV at low tempelrature,12 the 0.5G,, feature was
not observed in the conductance histogram under hydrogen
evolution reaction in solution. In UHV, a hydrogen molecule
is introduced to the Pd nanowire. On the other hand, in so-
lution under hydrogen evolution reaction, an atomic hydro-
gen is formed on the Pd surface as dominant intermediate of
the reaction.”’ The situation in solution, which is different
from that in UHV at low temperature, may lead to the ab-
sence of the structure of 0.5G, peak in the histogram.

In conclusion, we have observed conductance quantiza-
tion behavior of mechanically fabricated Pd nanowire under
electrochemical potential control. Under the hydrogen evolu-
tion reaction, a peak close to a 1G appeared in the conduc-
tance histogram, suggesting that a certain atomic arrange-
ment was maintained in solution. Relatively long 0.4 nm
stretch lengths and reversible conductance fluctuations dur-
ing stretching suggest the formation of a one-dimensional Pd
monoatomic wire in solution at room temperature.
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