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Monoatomic nanowires in contact with an electrolyte can be charged by varying their potential with respect
to a reference electrode. The principal properties of such wires have been explored within a model in which
the wire is represented as jellium, and the electrolyte is treated on the Poisson-Boltzmann level. In addition,
ab initio calculations have been performed for the structure of monoatomic gold and silver wires. Due to the
cylindrical geometry the interfacial capacity is much larger than for a planar geometry, and mass transport is
enhanced. The work function is higher than for bulk electrodes, which entails a shift of the point of zero charge
to high potentials. This should make it possible to reach very high negative charge densities on electrochemical
nanowires. As a consequence, such wires may have different catalytic properties than bulk electrodes.
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I. INTRODUCTION

During the last decade, monoatomic metal wires have
been the subject of a vast amount of research. They exhibit
interesting mechanical, electrical and magnetic properties,
which have been investigated both theoretically and experi-
mentally; recent work has been reviewed in Refs. 1 and 2
where an extended list of references can be found.

The large majority of these investigations has been per-
formed in vacuum or air. Only little work has been done on
monoatomic wires in contact with an electrolyte solution.
This is a pity, because in an electrochemical environment the
potential of the wire can be controlled, so there is an extra
electrical variable. As a consequence, the wire can be
charged, the countercharge residing in the solution. As we
shall demonstrate in this work, the resulting charge densities
can be much higher than on flat electrodes, making it pos-
sible to study electrochemical processes in the presence of
very high fields.

Much of the pioneering experimental work on electro-
chemical monatomic wires has been performed by the group
of Tao and co-workers. In particular, this group has devised
convenient ways for the fabrication of such wires with the
aid of devices based on the scanning tunneling
microscope.3,4 If the metal, of which the wire is composed, is
soluble in the electrolyte solution, the thickness of the wire
can be controlled by stepping the potential into a region in
which deposition or dissolution of the wire occurs. If the
metal is insoluble the potential can be used to charge the
wire or to adsorb certain species from the solution.5,6 Such
changes have been found to have a pronounced effect on the
properties of the wires, in particular on their conductivity.

Thus, charged nanowires are a fascinating area of re-
search. But though there has been intensive theoretical re-
search on nanowires in general, the consequences of chang-
ing the potential and the charge of such wires within an
electrochemical environment have not been explored. Here
we embark on such an investigation.

Since this, to the best of our knowledge, is the first sys-
tematic theoretical exploration of electrochemical nanowires,

we will approach the topic from several directions, and con-
sider both the wire itself and the adjacent solution. Basic
properties of charged nanowires will be explored within the
jellium model, and the specific properties of gold and silver
wires will be calculated by ab initio methods. The distribu-
tion of the ions in the solution and its effect on the capacity
will be determined from the Poisson-Boltzmann equation.
Due to the cylindrical geometry, the capacity is greatly en-
hanced, and so is diffusion towards or away from the nano-
wire. We will conclude our investigations by some comments
on the energetics of the interface, and finally we discuss the
consequences of our findings for reactions and processes at
nanowires.

II. CHARGED JELLIUM WIRES

To a large extent, our understanding of the metal side of
electrochemical interfaces is based on the jellium model.7,8 It
describes the response of the electronic density to the double
layer field, explains why the interfacial capacity depends on
the nature of the metal, and predicts the correct order of
magnitude for the capacity of sp metals.9 So it is natural to
use the same model as a starting point to explore charged
nanowires.

Thus, we model the monoatomic wire as an infinite cylin-
drical jellium wire �see Fig. 1�. It is a well-known deficiency
of jellium that its surface energy becomes negative for high
electronic densities; therefore we have performed our calcu-
lations for a low density with a Wigner-Seitz radius of
rs=3 a.u., so that the surface has a positive energy of the
same order of magnitude as is found in low density metals.
The radius Rw of the corresponding monoatomic wire, which
we identify with the radius of the constant positive back-
ground charge, is not known a priori. If the jellium corre-
sponded to a monovalent metal with fcc or bcc structure, the
radius of a monoatomic wire, with an interatomic distance
equal to the shortest distance in the lattice, would be about
Rw=2.6 a.u., and the calculations that we show here have
been performed for this thickness.
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Because of the cylindrical symmetry, the electronic wave
functions for the wire take the form

��r,�,z� = ��r�exp�in��exp�ikz�, n � Z . �1�

For the given dimensions, there is only one solution for the
radial wave function ��r� with an energy below the Fermi
level, and only states with angular momentum quantum num-
ber n=0 contribute. States with wave numbers k ranging
from zero to an upper level kF are occupied, where kF must
be chosen such that the wire is uncharged or carries a spe-
cific charge. The radial wavefunction was obtained self-
consistently through an iterative procedure starting from an
approximate solution. There are no oscillations in the den-
sity, because there is only one radial wavefunction. Similar
calculations for jellium wires have been carried out by sev-
eral groups �e.g., Ref. 10�; the new feature in our work is the
charging of the wire.

The wire can be charged by making the total electronic
charge per length of the wire greater or lower than the posi-
tive background charge. Meaningful calculations can only be
performed for a system that is electrically neutral. The coun-
tercharge required for electroneutrality was placed on a con-
centric cylinder with a radius Rout=20 a.u., sufficiently large
that the electronic density vanishes there �see Fig. 1�. The
total energy of the system depends on the position of this
counter charge because of the classical electrostatic energy
stored in the space between the wire and the counter charge.
However, we are not interested in this electrostatic energy,
because in a real electrochemical system the space surround-
ing the wire is filled with a solution, whose properties we
will consider below. Therefore, for a given excess charge, we
have calculated the classical electrostatic energy stored in the
region between the radii Rw of the wire and Rout of the coun-
tercharge, and subtracted this energy from the total energy of
the system.

It is one of the conceptual advantages of jellium that its
surface is well defined by the edge of the positive back-
ground charge—in contrast, in a real metal there is some
arbitrariness in the choice of the surface. This makes it pos-
sible to calculate the surface energy fs of the jellium
wire—as discussed above, without the classical electrostatic
part outside the wire—as a function of the surface charge

density q, and compare it with the surface energy of flat,
semi-infinite jellium; Fig. 2 shows the results. As may be
expected, the surface energy of the wire is substantially
higher than that of flat jellium. The slope of the fs vs q curve
gives the energy required to take an electron out of the jel-
lium; this is the electrochemical potential �̃ of the electrons,
and it is therefore always positive. In particular, the slope at
q=0 gives the work function �. Of course, the work function
can also be directly obtained from the electronic density for
the uncharged systems, and the equality of the two values for
the work function obtained by these different procedures is a
useful check on the accuracy of the calculations. The work
functions of our monoatomic wire is lower than the value for
flat jellium: �=2.84 eV compared with �=3.47 eV for flat
jellium. This lowering of the work function is caused by the
zero-point energy that the radial part of the wave function
acquires due to the radial constraint. We shall see later, that
this is a specialty of jellium that is not found in gold and
silver wires.

Of particular interest is the response of the electronic den-
sity to an electric field, or to the presence of an excess
charge. Figure 3 shows the distribution of small excess
charges; just as in planar jellium,11 a large part resides in
front of the surface. A negative charge extends somewhat
further beyond the surface than a positive excess does, be-
cause it can simply be created by extending the electronic
tail further into the vacuum �or the solution�, while outside
the jellium edge a positive excess charge can only be formed
by a retraction of the electronic tail.

This distribution of the excess charge affects the capacity
of the interface. As was shown by Lang and Kohn,11 at pla-
nar surfaces, due to the spill-over of the electrons, the effec-
tive position of the image plane lies a certain distance xim in
front of the jellium edge. This is also the effective position of
the plate of a capacitor. On planar jellium, this distance is of
the order of 1–2 a.u., and is thus entirely negligible for nor-
mal, macroscopic capacitors. However, the electric double
layer at the interface between a metal and a concentrated
electrolyte solution can be viewed as a capacitor with an

FIG. 1. A charged jellium nanowire.

FIG. 2. Surface energy per unit area of a monoatomic jellium
wire as a function of the surface charge density q; the classical
electrostatic energy outside the wire has been subtracted. Upper
curve ��� Rw=2.6 a.u., bottom curve ��� flat semi-infinite jellium.
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effective plate separation of a few Å, and therefore even a
small effective shift of the metal surface is quite significant.

The concept of an image plane has to be modified for
cylindrical geometry. For this purpose we consider a classi-
cal cylindrical condenser with inner and outer radii Rin and
Rout; its inverse capacity per unit length is given by

1/C = 2 ln
Rout

Rin
. �2�

For a parallel plate capacitor, the inverse capacity is propor-
tional to the plate separation, and for a jellium plate this is
diminished by xim. For a jellium nanowire it is therefore
natural to define the shift dim of the effective radius through
the relation

1/Cj = 2 ln
Rout

Rw + dim
, �3�

where Cj is the capacity per length in our system consisting
of the jellium wire and the concentric counter charge. This
definition is independent of Rout as long as it is sufficiently
large, i.e., if it does not affect the electronic tail, since Rout
cancels in the difference 1/Cj −1/C. In atomic units, the ca-
pacity per unit length is dimensionless.

As is evident from Fig. 3, the electronic response of the
wire is nonlinear even at moderate charge densities, therefore
the capacity is a function of the surface charge density. This
is generally observed in electrochemical systems; the quan-
tity that is usually measured is the differential capacity at a
given potential or surface charge, which is easily obtained
from impedance spectroscopy. Therefore we understand the
capacity of Eq. �3� as the differential capacity Cj =dql /�V,
where ql is the charge per unit length, and �V the potential
drop between the two plates. In this way dim is defined as a
differential quantity as well. Of course, for a linear capacitor
the differential capacity equals the normal capacity ql /�V.
Henceforth we shall consider differential capacitances only.

The variation of the shift dim with the surface charge den-
sity can be seen in Fig. 4. It is higher at negative charge
densities, because the electrons extend further beyond the
jellium edge. For comparison we note that at a planar, un-

charged jellium surface of the same density the effective shift
of the image plane is about 1.3 a.u. and thus a little higher.

III. ab initio CALCULATIONS FOR GOLD AND
SILVER

Jellium is a good model to explore basic electronic ef-
fects, but it cannot provide quantitative results for sd or tran-
sition metals, which are commonly employed as materials
for electrochemical nanowires. We have therefore performed
ab initio calculations for the structure of monowires com-
posed of the metals gold and silver, using the SIESTA12,13

package; both these metals are popular electrode materials,
and monoatomic gold wires have in fact been studied experi-
mentally in electrochemical environments.4

Of particular interest is the equilibrium distance between
the atoms, and its possible variation with the charge. This
poses a principle problem, because, just as with jellium,
meaningful calculations can only be performed for neutral
systems, with the counter charge placed concentrically at a
certain distance from the wire. Therefore, the total energy,
which has to be minimized in order to determine the equilib-
rium distance, always contains the energy of the electric field
between the wire and the counter charge. In a real electro-
chemical system the counter charge resides on the ionic
space charge, which will be considered in the next section,
and the total system energy would include the energy stored
in this space-charge region. Fortunately, the variation of the
energy of the wire with the interatomic distance is solely
determined by the properties of the wire itself; the energy of
the electric field outside plays no role, as long as the coun-
tercharge is placed at a reasonable distance, i.e., less than
about 20 Å. For this reason it is also not important, if this
energy minimization with respect to the distance is made at
constant charge or at constant potential, a point that we will
discuss further below.

For both metals the equilibrium distance in the wire is
significantly lower than in the bulk system �see Fig. 5�,
where it is about 2.89 Å for both metals. Such a decrease of
the binding length in wires has been observed before.14 The

FIG. 3. Distribution of a small surface charge density at a nano-
wire of radius Rw=2.5 a.u. Full line: q=3.5�10−4 a.u., dashed line:
q=−3.5�10−4 a.u.

FIG. 4. Effective shift dim of the nanowire radius as a function
of the surface charge density.
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interatomic separation attains its minimum near zero charge;
due to Coulomb repulsion, it increases with the absolute
value of the charge.

There is a considerable change in the work functions of
the wires compared with the values for semi-infinite crystals.
We obtained �=6.79 eV for the gold wire and �=5.41 eV
for silver. For comparison: the value for Au�111� is
�=5.31 eV and for Ag�111� �=4.74 eV. This has signifi-
cant consequences for electrochemical experiments: the po-
tential, at which an electrode is uncharged �point of zero
charge� differs from the work function only by an additive
constant.15 Therefore, it will be shifted by a large amount
towards higher values.

IV. SPACE-CHARGE CAPACITY OF THE SOLUTION

In this section we consider a classical, perfectly conduct-
ing cylindrical wire of radius R in contact with an electrolyte
solution. An excess charge on the wire attracts ions of oppo-
site sign from the solution, and repels ions of the same sign.
This results in a space-charge region surrounding the wire,
whose total excess charge balances that of the wire. In a
simple model the ions can be regarded as point charges, and
the solvent as a dielectric continuum with a dielectric con-
stant �. The distribution of the particles is then governed by
a combination of Poisson’s equation with the Boltzmann dis-
tribution. This model is known as the Gouy-Chapman theory
in electrochemistry, as the Debye-Huckel theory in the physi-
cal chemistry of solutions, and in semiconductor physics the
same model is used to calculate the extension of space-
charge regions and the resulting capacity.

In order to be specific, we consider the case where the
solution contains two types of ions, cations and anions with
charge numbers ±z. Because of the cylindrical symmetry, the
electric potential ��r� is a function of the radial distance r
from the center of the wire; we set ��	�=0. The decay of
the potential is governed by the inverse Debye length:

= ��2z2e0

2n0� / ���0kBT��1/2, where n0 is the concentration of
the ions in the bulk of the solution, and the other symbols
have their usual meaning. It is convenient to introduce a
dimensionless potential and radius through

g��� =
ze0

kBT
����, � = 
r . �4�

The Poisson-Boltzmann equation then takes on the simple
form

d2g

d�2 +
1

�

dg

d�
= sinh g . �5�

For small excess charges sinh g can be expanded to first
order. The resulting linear Poisson-Boltzmann equation is of
the Bessel type and easily solved. The normalized potential
is proportional to the Bessel function K0���. The capacity of
the wire per unit area is given by

Cw = ��0

K1�
R�
K0�
R�

, �6�

where R is the radius of the wire. ��0
 is just the capacity for
a planar electrode, so the ratio of the two Bessel functions
gives the enhancement for a cylindrical symmetry. This en-
hancement factor can reach quite significant values, particu-
larly for thin wires and small inverse Debye lengths, i.e., for
low ionic concentrations �see Fig. 6�. To give some idea
about the magnitudes involved: For a 10−1 M solution of a
univalent aqueous electrolyte 
�10−1 Å−1, for a 10−3 M so-
lution 
�0.01 Å−1. The effective radius of the wire should
probably be taken about 3 Å larger than the physical radius,
since it is usually assumed that the ions are separated from
the electrode by their solvation shells, which comprises one
layer of water. So under normal experimental conditions we
may expect enhancements of the order of 1.5 to 10.

The nonlinear version of Eq. �5� is easily integrated nu-
merically; Fig. 7 shows some results calculated for R=5 Å.
As with planar electrodes, the capacity has its minimum at
zero charge. The large enhancement is also evident in the
nonlinear case, and it does not vary much with the charge
density.

The capacity calculated here has been for a perfect metal
conductor. In a real wire this capacity will be enhanced by

FIG. 5. Interatomic distance as a function of the excess charge
per atom. The upper curve is for silver, the lower for gold.

FIG. 6. Enhancement of the capacity per unit area compared
with planar geometry for the linear Poisson-Boltzmann equation.
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the shift of the effective surface dim derived above within the
jellium model.

V. LINE TENSION

Electrodes are surfaces of constant potential, and not of
constant charge. Therefore the correct thermodynamic poten-
tial is not the surface free energy but the surface tension
�.9,16 The latter is obtained from the free energy per unit area
fs through a Legendre transformation

� = fs − q�fs/�q = fs +
q

e0
�̃ = fs − q� , �7�

where �̃=−e0� is the electrochemical potential of the metal
electrons, and � is the electrode potential on the absolute
scale; the latter differs from the conventional hydrogen scale
by a constant, which is of the order of 4.5±0.2 V �see Ref.
9�. For a real wire, the surface area is not well defined, but
the energy per unit length is. Therefore it is more natural to
consider the corresponding quantities per unit length. So we
use the line tension �l, which is obtained from the free en-
ergy f l per unit length by the corresponding transformation

�l = f l − ql�f l/�ql = f l − ql� , �8�

where ql is the charge per unit length. �l is analogous to the
surface tension. The following relations hold:

��l/�� = − ql, �2�l/��2 = − C , �9�

where C is the capacity per unit length. These relations fol-
low directly from the transformation in Eq. �8�, and are the
one-dimensional analogs to the well-known relations for the
surface tension.9

The free energies in Eqs. �7� and �8� consist of the corre-
sponding energy of the wire and the free energy stored in the
space-charge region in the solution. In order to obtain some
idea about the line tension of nanowires we performed model

calculations for a gold wire, proceeding in the following
way: The ab initio calculations give the total electronic en-
ergy of the wire including the electrostatic energy stored out-
side. From this we subtracted the classical energy stored in
the field outside the wire, assuming that the radius of the
wire equals the crystallographic radius of a gold atom
�1.44 Å�, and added the free energy stored in the ionic space-
charge region. In this way we obtained the free energy per
length f l as a function of the charge ql, and from the trans-
formation �8� the line tension. Figure 8 shows some ex-
amples of the calculated dependence of the line tension of a
gold wire in contact with a solution as a function of the
electrode potential. Since the absolute value of the line ten-
sion of a solid wire cannot be measured, we have set the
value at the point of zero charge equal to zero. The line
tension shows the behavior familiar from the surface tension:
It attains its maximum at the pzc, and has roughly the form
of an inverted parabola. The main difference to normal elec-
trocapillary curves is the shift of the pzc to highly positive
values, and the greater curvature, which is caused by the
higher capacity. The curve calculated for an inverse Debye
length of 
=0.01 Å shows a smaller curvature because the
capacity is less, as discussed above.

VI. DIFFUSION AT A NANOWIRE

Diffusion towards small objects is greatly enhanced com-
pared to planar diffusion. In electrochemistry, this fact is
exploited in the technique of microelectrodes, which, as the
name suggests, operates on the micrometer scale. At mono-
atomic nanowires this enhancement is extreme.

In order to obtain a quantitative estimate for the diffusion
current, we consider the idealized case of a cylinder of radius
R embedded in an infinite electrolyte. The time-dependent
diffusion equation

�c

�t
= − D�c �10�

for a species with concentration c and diffusion coefficient D
is readily solved in cylindrical coordinates. To be specific,

FIG. 7. Differential interfacial capacity per unit area of a cylin-
drical wire with radius R=5 Å. �: 
=0.1 Å−1; �: 
=0.05 Å−1; �:
planar electrode with 
=0.1 Å−1, �: planar electrode with

=0.05 Å−1.

FIG. 8. Examples of the line tension for a gold monoatomic
wire as a function of the electrode potential; the latter is given on
the standard hydrogen scale �SHE� using a value of 4.5 V for the
vacuum scale �Ref. 9�. Full line: 
=0.1 Å, dashed line: 
=0.01 Å.
The value at the maximum �pzc� has been set to zero.
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we consider the case in which the species at first has a con-
stant concentration in the solution, i.e., c�r , t�=c0 for t
0.
At the time t=0 the electrode potential is stepped to a value
such that every molecule at the surface is immediately con-
sumed, i.e., c�R , t�=0 for t�0. The resulting concentration
profile c�r , t� is given in the book by Crank.17 The quantity
of interest to us is the current density towards the electrode

j = − D� �c�r,t�
�r

�
r=a

. �11�

Using the results from Ref. 17 we obtain

� �c�r,t�
�r

�
r=R

= −
2

��Dt
�

0

	

�e−x2 J1�xR̃�Y0�xR̃� − Y1�xR̃�J0�xR̃�

J0
2�xR̃� + Y0

2�xR̃�
dx ,

�12�

where R̃=R /�Dt is the ratio of the radius of the wire to the
diffusion length; the J and Y symbols denote the indicated
Bessel functions. At a planar electrode, the corresponding
gradient is

� �c�x,t�
�x

�
x=0

= − ��Dt�−1/2. �13�

The ratio of the gradients given by Eqs. �12� and �13� defines
the enhancement factor for transport to a nanowire. It is of

the order 1 / R̃, i.e., the ratio of the diffusion length to the
radius of the wire, and it therefore increases with time. Fig-
ure 9 shows some representative values for the time scale of

10−3 to 1 s that is typically covered in electrochemical ex-
periments. Enhancements of the order of 103−104 may be
expected over this range.

VII. DISCUSSION

From a practical point of view, our most important find-
ings are the large capacities of the wires, which makes it
possible to achieve very high fields, and the large rise of the
work function for gold and silver wires, which entails a con-
comitant shift of the potential of zero charge. This has far-
reaching consequences for the electrochemistry of such
wires. For example, on gold electrodes, the so-called double-
layer region, in which the electrode can be examined without
interference from oxygen or hydrogen evolution, is roughly
between −0.4 to 0.8 V vs SHE �standard hydrogen elec-
trode�. On bulk gold electrodes, the potential of zero charge
lies somewhere in the middle of this region, its exact value
depending on the crystal face. According to our calculations,
this is now shifted by more than one volt towards more posi-
tive potentials. This implies, that in the whole accessible re-
gion a gold monoatomic wire will be negatively charged, the
charge increasing dramatically towards negative potentials.

According to classical thermodynamic considerations,
electrochemical processes are governed by the electrode po-
tential only. However, in recent years it has transpired, that
the electric field plays a dominant role in many processes.
Examples include not only the obvious case of ionic adsorp-
tion, but also surface processes such as step bunching,18,19

surface reconstruction,20 and adatom diffusion.21 In addition,
it has been suggested that the hydrogen evolution reaction is
enhanced by a negative field, which turns the hydronium ion
into a favorable orientation with its protons directed towards
the metal.22 Nanowires offer the possibility, to investigate
such processes at ordinary potentials and very high negative
fields directed towards the wire.

As we pointed out in the introduction, so far only few
experiments have been performed on nanowires in ionic so-
lutions, so we cannot relate our results to experimental data.
However, we would like to suggest that the control of the
thickness of nanowires by metal deposition and dissolution,
as performed in the work of Tao et al.,5,6 only works because
of the special conditions encountered at the wires. Usually,
the spatial constraints in the region between an STM tip and
an electrode surface makes it very difficult to control metal
deposition and dissolution. However, the high fields at the
wire, combined with the rapid transport, favor reactions at
the wire over reactions at the neighboring flat surfaces. Fi-
nally, we suggest that the unusual, potential dependent con-
ductivities observed at gold nanowires may also be related to
the extremely high fields.

ACKNOWLEDGMENT

Financial support by the Deutsche Forschungsgemein-
schaft is gratefully acknowledged.

FIG. 9. Enhancement of the diffusion current towards a cylin-
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