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ABSTRACT: The surface structural characteristics of Fe quantum wires prepared by two electrochemical methods in
solution were studied by their conductance changes caused by the interactions between the quantum wires and specific
molecules. Once ascorbic acid was added into the solution, the conductance of the Fe junction decreased to a lower value
while for the dopamine adsorption, the conductance showed no obvious change. We proposed that there were some
iron(II) ions on the surface of atomic-scale Fe junction, not iron(III) ions, and these iron(II) ions played a significant role
for the conductance change. This mechanism was further enhanced by the following two experiments. When exposing
the quantum wire to sodium borohydride, the conductance increased to a higher value, and the conductance increase
was also observed with an electrochemical reduction process, which provided additional evidence for the proposed

mechanism.
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INTRODUCTION

When the size of the materials and device is reduced
to nanometer scale, many novel quantum phenom-
ena will appear, which will bring many new and
important applications [1-3]. A typical case is the
quantum conductance behavior of the atomically
thin metal junction, which has been verified with
a large number of theoretical and experimental
studies in the past decades [4-6]. If the width of
a metal wire reaches its Fermi wavelength scale,
the conductance will not change continuously with
the diameter, and it will be quantized by G =
G, Z?zl T, where G, = 2e%/h (e and h represent,
respectively, the electron charge and Planck’s con-
stant, so Gy ~1/12.9 k), and T; represents the
transmission coefficient for each quantum mode.
For ideal metal wires like Au and Ag, the value of T;
is approximately equal to 1, and thus the electrical
conductance passing through the atomically thin
metal junction is given by G = NG, where N is an
integer. Thus, it shows an integer multiple change
of Gy, quantum conductance. The atomically thin
metal wire (junction) is also known as a metal
quantum wire. Because the width of the wires
could be compared with the Fermi wavelength of
conducting electrons in the metals, they will have
many novel properties different from their bulk

materials such as photic, electrical, magnetic and
surface properties.

Although the metal quantum wires have re-
ceived much attention for the last decades due to
their potential applications in nanoelectronics and
chemical sensing [7-9], few studies have been re-
ported on the surface microstructures of this novel
nanostructured material, especially in aqueous so-
lution. Because the cross section of a metal junction
is composed of only a few atoms and most atoms
are located on the surface of the junction, distinctive
characteristics unlike those of bulk form can be
expected. Moreover, understanding the interfacial
properties of molecules in molecular electronics is
an important task. Therefore, exploring the surface
microstructural characteristics of the atomically thin
quantum wires and understanding their surface and
interface behaviors are very meaningful in many
scientific fields such as surface and interface science,
nanoelectronics and sensing.

Our group [10] has previously studied the inter-
actions between silver quantum wires prepared by
an electrochemical method and ammonia molecules
in aqueous solution. Based on the conductance
change of the atomic scale silver junction, we pro-
posed that there were some silver ions on the surface
of silver quantum wires. Today, as an important

www.scienceasia.org


http://dx.doi.org/10.2306/scienceasia1513-1874.2020.093
http://www.scienceasia.org/
mailto:xddong@hbu.edu.cn
www.scienceasia.org

692

member of one-dimensional magnetic materials, the
iron-based nanostructured materials not only show
the superior magnetic properties, but also draw ex-
tensive attention in biomedical applications owing
to the wide application prospects in medical diagno-
sis and treatment, resulting from the high saturation
magnetism and superior biocompatibility [11-13].
In this full paper, the surface microstructure charac-
teristics of Fe quantum wires are studied in an aque-
ous environment, and the interaction mechanism
between Fe quantum wires and specific molecules
is discussed.

MATERIALS AND METHODS
Materials

The Au wire was purchased from Sino-platinum
Metals, China, and the Fe wire was purchased from
Shenglong Metals, China. The chemicals used were
purchased from Sigma-Aldrich, USA, and the ul-
trapure water (18.2 MQ.cm) was provided with a
Millipore system.

Methods

The device in the present experiment was similar to
that in the previous studies from our group [14].
The central section was a self-made electrochemical
control unit, which could achieve different functions
through programming. A signal generator was used
to provide alternating current monitoring signals.
The platinum plate and Ag/AgCl electrodes were
used as counter and reference electrodes, respec-
tively. The fine Fe wire (100 microns in diameter)
served as working electrode, on which iron atoms
were corroded or deposited.

A key task of the present experiment is to fab-
ricate the atomic-scale Fe junction with quantum
conductance. We fabricated such nanostructured
materials using two different electrochemical strate-
gies which had been described previously by our
group [15,16]. The first one was a directly elec-
trochemical corrosion and deposition process [15].
Briefly, the working electrode was first replaced with
a fine Au wire (25 microns in diameter), then it was
covered with AB glue on the slide except the middle
part (1 micron in width) was exposed for corrosion.
The potential was set at 0.95 V for corrosion, and
an alternating current voltage was simultaneously
applied to the wire for monitoring the whole pro-
cess. With an automatic electrochemical corrosion
process, a um-scale Au gap was first formed under
the electrolyte solution of 0.5 M KCIl. The solution
was then replaced with 10 mM FeCl, solution. By
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fine-tuning the electrochemical deposition process
and its opposite corrosion process, the stepped con-
ductivity change would be clearly shown. This
indicated that the junction formed between two
gold wires was composed of several Fe atoms, and
these atoms were assembled layer by layer with an
atomic level. Once the monitoring current reached
the set point, the program would automatically cut
off the etching/depositon potential, and the atomic-
scale Fe junction with the preset conductance would
be obtained. For avoiding the interference coming
from other ions in the solution, the prepared Fe
junction must be transferred to ultra-pure water.
Another electrochemical method for prepar-
ing an atomic-scale Fe contact was using a self-
terminating electrochemical experiment scheme un-
der the controlling of an external resistance [16].
Briefly, two opposite Fe microelectrodes separated
with a micron-scale gap were first formed by cutting
the thin Fe wire (100 microns in diameter) which
had been glued and insulated with the AB glue
on the glass slide. Then, the slide was put into
an electrochemical cell containing only pure water.
The two Fe microelectrodes formed and an external
resistor were placed in series to construct a voltage
distribution circuit. The three-electrode electro-
chemical system was converted into a two-electrode
scheme by connecting the reference and counter
electrodes. Then, a bias voltage (~1 V) was applied
to the two ends of the circuit. By adjusting the value
of external resistance, the atomic-scale Fe junctions
with preset conductance values would be obtained.
Compared with the first approach, the second one
was simpler and easier to control. Moreover, with
a pure water environment of the fabrication, the
second method avoided the interference of other
ions and was more suitable for in-situ experiments.
As described above, the prepared Fe junction
would be kept in ultra-pure water. A two-electrode
electrochemical scheme would be used to measure
conductivity changes, and the voltage was set at
10 mV. Once a stable baseline was obtained, the
water in the cell was replaced with sample solution
of specific concentration, and the following current
changes were monitored and recorded continuously
by a programmed notebook (current-time curve).

RESULTS AND DISCUSSION

Interactions of ascorbic acid molecules with Fe
quantum wire

The purpose of the previous efforts to fabricate
atomic-scale junctions was to study the surface
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Fig. 1 The conductance response of an atomic-scale Fe
junction upon exposure to 10 mM ascorbic acid. The
arrow showed the addition of ascorbic acid sample.

properties of the novel nanostructures, so the quan-
tum wire was tested by exposure to the specific
molecules. Fig. 1 indicated the conductance change
of a representative atomic-scale Fe junction upon
exposure to 10 mM ascorbic acid sample. The cur-
rent flowing through the quantum wire decreased
rapidly and then remained constant at a lower
value. With lower concentrations, the currents
often showed a slower decline process, which in-
dicated a typical process of diffusion control. It
must be mentioned that sometimes when we ob-
served upon introduction of ascorbic acid into the
cell, the current would drop to zero, showing the
breakdown of the quantum wire, which occurred
especially for higher concentration solutions. We
attributed this phenomenon to the following two
reasons. On the one hand, diffusion and adsorption
of several molecules onto quantum wires are not
easy to control with the present experiment. On the
other hand, with an atomic level study, the atomic
configuration changes of the quantum wire upon
adsorption of sample molecules would not always
be consistent with macro expectations that had also
been found by other groups [17, 18].

Conductance mechanism

The behavior of the conductance change with time
upon introduction of ascorbic acid was worthy of
comment. Although up to now, the research on
quantum elastic regime was not perfect, it was
generally believed that the decrease in conductiv-
ity might be due to the interfacial adsorbate scat-
tering for the conductive electrons in the quan-
tum wire [19,20]. Furthermore, the change of
conductance produced by adsorption depended on
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the binding force of molecules on quantum wires
[21,22]. The above experiments showed that upon
exposing the quantum wire to ascorbic acid, the con-
ductance often had a big drop (>50%), even to zero,
which indicated that there was a strong interaction
between ascorbic acid and Fe quantum wire. In the
previous studies of our group on surface structure
of atomic-scale Ag junction in solution [10], we
believed that there were some Ag ions in the surface
microstructures of Ag quantum wires and these Ag
ions brought about many novel surface phenomena
of Ag quantum wire. As we had known, iron was a
more active metal than silver, so we assumed that,
like Ag quantum wires, there were also some metal
ions in the surface microstructure of atomic-scale Fe
junction in aqueous solution. The following studies
focused on whether these metal ions are iron(II)
or iron(Ill) ions. Because ascorbic acid was well
known for its reducing ability, it was able to easily
reduce Fe3* to Fe?* [23]. For a metal quantum
wire, this surface reduction process was equivalent
to a charge injection process. If these metal ions
on the surface of Fe quantum wire were iron(III)
ions, the process of conductance increasing should
be observed. But as shown in Fig. 1, the observed
results were contrary, which indicated that it was
not reasonable to assume the existence of iron(III)
ions in the surface microstructures of atomic-scale
Fe junction. Furthermore, the previous study by
Jacobsen and Scheers et al showed that the ascorbic
acid could form a complex with iron(Il) ions and
the complexation ability of ascorbic acid towards
Fe?" was strong [23, 24], which indicated that there
might be iron(II) ions on the surface of the Fe quan-
tum wire and the interactions between these iron(II)
ions and ascorbic acid resulted in a great change
in the conductance of the atomic-scale Fe junction.
We also noticed another work done by Xu and co-
workers [25], who studied the interactions between
dopamine and iron(IIl) ions with a microcantilever
and observed the dopamine and iron(III) ions inter-
acted strongly, but not with iron(II) ions. Therefore,
we studied the effect of dopamine adsorption on the
conductivity of Fe quantum wire. Fig. 2a showed
the conductance of the Fe junction does not change
significantly upon the addition of dopamine. In
addition, the adsorption showed no obvious con-
centration dependence. This further indicated that
the metal ions in the surface microstructure of the
atomic-scale Fe junction are not iron(III) ions.

In order to study this problem in more detail,
two further experiments were carried out. The
first one was studying the effect of adsorption on
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Fig. 2 Representative conductance response of a Fe quantum wire when it interacted with dopamine (a) and sodium

borohydride (b). (c) Representative response of AC monitoring current versus time when the equilibrium potential
(~—0.9V) applied to the Fe quantum wire was converted to the reduction potential (~ —1.3 V). (d) I-V characteristics
of a Fe quantum wire before and after it was electrochemically reduced.

conductance of Fe junction by substituting ascorbic
acid with sodium borohydride. The sodium boro-
hydride was chosen because it was a good chemi-
cal reducing agent and was widely used to reduce
the iron(II) ions to prepare Fe nanoparticles and
nanochains [26-28]. Fig. 2b showed the addition
of sodium borohydride resulted in a significant con-
ductance increasing process. The concentration de-
pendence of the conductance changing for the quan-
tum wire in sodium borohydride solution is similar
to that of ascorbic acid. With a lower concentration,
the conductance showed a slower changing process,
but the relative change (AG/G) showed no obvious
dependence on the concentration. This might be
due to the reduction of iron(II) ions in the surface
microstructure of Fe quantum wires to Fe atoms,
which increased the conductivity. The second one
was conducting an electrochemical reduction pro-
cess. The fabricated Fe quantum wires were used
as working electrodes in electrochemical cell, in
which a Pt slice and an Ag/AgCl electrode were used
as counter and reference electrodes, respectively,
and only the pure water was used as electrolyte.
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An alternating current (AC) generator was used to
generate AC signal (~13 mV, 10 Hz), which was
used to monitor the conductance changing of the
Fe quantum wire. To avoid short circuit damage
to signal source, an additional resistance(1 k2) was
connected to the circuit. The equilibrium potential
(~ —0.9 V) was initially applied to the Fe quantum
wire for forming a steady baseline. It was then
converted to the reduction potential (~ —1.3 V).
During the process, the current could be observed
to rise and stabilize at a higher value (Fig. 2c). This
might be due to the electro-reduction of iron(II)
ions to Fe atoms on the surface of Fe quantum wire,
which increased the conductivity of Fe quantum
wire. Fig. 2d showed the I-V curves of Fe quantum
wires before and after electroreduction. In contrast,
we repeated the above two experiments with a thin
bulk Fe wire (100 pm in diameter) instead of the
Fe quantum wire. No current changes had been
observed, which illustrated the unique properties of
the Fe quantum wire different from the bulk one.
The above experimental data further supported the
mechanism we had proposed.
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CONCLUSION

To summarize, we had investigated the surface
structural characteristics of Fe quantum wires in so-
lution through the conductivity changes of atomic-
scale Fe junction caused by their interaction with
specific molecules. The conductivity of Fe junction
revealed a decreasing process and almost no signifi-
cant change when it was exposed to ascorbic acid
and dopamine molecules, respectively. Based on
the above experimental data and relevant results
from literature reports, we thought there were some
iron(II) ions in the surface microstructure of a newly
fabricated Fe quantum wire, not iron(III) ions. This
view was further confirmed by two other experi-
ments. The first one was that when the Fe quantum
wire interacted with the chemical reductant sodium
borohydride, the conductance showed a process of
increasing to a stable value. The second one was
that when the equilibrium potential applied to the
Fe quantum wire was converted to the reduction
potential, the conductance of the Fe quantum wire
showed a similar process as that of the previous
experiment. This study enabled us to better un-
derstand the surface microstructure characteristics
of the magnetic material Fe quantum wires in so-
lution and was meaningful for materials science,
life science and chemical and biological sensing
applications.
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