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Partial electrical potential distribution around
nanospheres in metallic nanostructured films*
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In light of the nanostructured surface model, where half-spherical nanoparticles grow out symmetrically from a

plane metallic film, the mathematical model for the partial electrical potential around nanospheres is developed when a

uniform external electric field is applied. On the basis of these models, the three-dimensional spatial distribution of the

partial electrical potential is obtained and given in the form of a curved surface using a numerical computation method.

Our results show that the electrical potential distribution around the nanospheres exhibits an obvious geometrical

symmetry. These results could serve as a reference for investigating many abnormal phenomena such as abnormal

infrared effects, which are found when CO molecules are adsorbed on the surface of nanostructured transition metals.
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1. Introduction

Nanostructured films of transition metals and al-
loys are widely used as nanosensors, nanoelectrodes
and electrocatalysts for direct fuel cells.* =4 The op-
tical properties of metallic nanostructured film ma-
terials have been an active research topic in re-
cent years.[>=19 Tt has been reported that when CO
molecules are adsorbed on a nanostructured tran-
sition metal surface, abnormal infrared absorption
behaviours can be observed. When the nanoparti-
cles grow to a certain size on the surfaces of some
nanostructured platinum-group metal films, enhanced
asymmetric line shapes of anti-absorption — rather
than Gaussian-type spectral line shapes — have been

1] some of which can be classified as Fano-

found,
like line shapes.!'>13] Tt is also observed that once the
nanoparticles agglomerate, the line shape exhibits en-
hanced anti-absorption with an increased bandwidth.
These anti-absorption phenomena are known as ab-
normal infrared effects (AIREs), and have been ob-
served in various platinum-group metals such as plat-
inum and rhodium.™ It is universally acknowledged
that the formation mechanism of AIREs is rather com-
plicated and that there is no mature reference the-
ory so far. The previous investigations pointed out
that the infrared spectral line shape is determined by

the molecular polarizability.['516] However, the molec-
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ular polarizability is related to the interactions be-
tween adsorbed molecules and the local electric field,
and between adsorbed molecules and the nanostruc-
tured metallic substrate.'8) Theoretically, the inter-
actions and then the molecular polarizability can be
obtained by computing the partial electrical poten-
tial around the nanoparticles that grow out from the
nanostructured film surface. On the other hand, when
the nanostructured film is used for nanosensors or na-
noelectrodes, the electrical potential around the na-
noelectrode is an important parameter, which is sig-
nificant for investigating electron mobility and charge
transport between the nanoparticles. In other words,
partial electrical potential plays an important role
in investigating the physical properties of the nanos-
tructured films. Based on the nanostructured surface
model, in which the metallic half-spherical nanopar-
ticle array (monolayer) grows out from a plane film
with a six-fold spatial symmetry, in the present paper
we develop a mathematical model for the partial elec-
trical potential around the nanospheres, so the three-
dimensional spatial distribution of the electrical po-
tential can be obtained and shown in the form of a

curved surface by a numerical computation method.
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2. Theoretical model

Consider a nanostructured film composed of an
array of half-spherical nanoparticles growing out from
a grounded metal plane in a two-dimensional hexag-
onal configuration. An external electric field, Ejy, is
applied in the direction normal to the film surface, as
shown in Fig. 1(a). If the number of nanoparticles
is large enough, it is reasonable to treat them in an
identical manner, since all the nanoparticles are elec-
trically equivalent to each other. In order to index
the position of each nanoparticle, for convenience we
use a non-orthogonal 27/3 coordinate system with its
origin fixed at the centre of one of the nanoparticles,
as shown in Fig. 1(b).

aadlo

metallic nanostructured film

Fig. 1.
nanospheres in a uniform external electric field, and (b)

(a) A metallic nanostructured film with the

a hexagonal array of nanospheres and the non-orthogonal
2m /3 coordinate system.

Obviously, the proposed problem is a three-
dimensional electrostatic problem with geometrical
symmetry. Since there is no free charge in the upper
space, the electrical potential distribution ¢ satisfies
the Laplace equation

V2 = 0. (1)

Equation (1) is restrained by the boundary condi-
tion that the nanostructured film is grounded, i.e. the
electrical potential equals zero for all the nanospheres.

If we use the spherical coordinate system, the electro-
static boundary condition is given by

= —FEgrcosf, (r — o), @)

0, (7” = Ro),

where Ry is the radius of the nanosphere and r is the
distance from the position of the field point to the
origin. Since the geometrical symmetry of the electri-
cal field distribution (assume in the z direction), the
electrical potential around the nanospheres can be ex-
pressed as

b
)= Z (aklrk—f—rklill ) P! (cosf) cos Iy, (3)

k.l

where ag; and by; are undetermined coefficients, and
P! is the associated Legendre polynomial. It should be
pointed out that we are concerned only with the elec-
trical potential around the nanospheres, and the elec-
trical field that exists far away from the nanospheres is
not taken into account. Therefore, a few lower order
terms of the linear superposition in Eq. (3) can ap-
proximate the solution of the partial electrical poten-
tial. And furthermore, in view of the six-fold symme-
try of the nanosphere array, the linear superposition
of the electrical potential distribution should also be
of six-fold symmetry. Then the approximate solution
can be expressed as

O emn
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where subscripts (m, n) represent the position of the
nanosphere, and 7., Omy, and @, denote the dis-
tance, the polar angle and the azimuthal angle with
respect to nanosphere (m, n), respectively, which can
be determined by spherical coordinates r, 6, ¢ and (m,
n) based on the geometrical relations. The Legendre
polynomials with even degrees are not taken into ac-
count due to the symmetry of the system. P$(cosf,,,)
is an associated Legendre polynomial. The sixth term
of expression (4) is taken into account due to the six-
fold symmetry of the nanosphere array. Numerical co-
efficients b;—b; are determined by the boundary condi-
tions for the contributions of terms 2-6 in expression
(4), respectively.
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3. Equipotential surface features

For the present numerical computation, we as-
sume that the radius of each nanosphere is Ry = 5 nm
(and 7.5 nm) and the distance between two adjacent
nanospheres is d = 15 nm. A total of 1141 identical
nanospheres in a two-dimensional hexagonal array are
considered, which correspond to subscripts (m, 1) max
= (20, 20) in Fig. 1(b). The external electric field is
Ey = 6 x 10° V/m, which is applied in the normal
direction of the nanostructured film. After numeri-
cal coefficients by—bs of expression (4) are determined
with boundary condition (2), the electrical potential
around the nanospheres can be obtained. According
to expressions (2) and (4), we obtain the numerical
coefficients b;—bs listed in Table 1.

Table 1. The b1—bs coefficients in expression (4).

Ro/nm d/nm by /1071 b2/1072 b3/1072 by/107% b5/1078
50 150 7.18 2.94  -3.67  4.52 9.12
75 150 7.05 286  -3.77  4.43 9.08
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Fig. 2.
for electrical potentials equaling;:
—0.05 V.

The top views of the equipotential surfaces
(a) —0.01 V and (b)

Since all nanospheres are electrically equivalent
to each other, the electrical potential can therefore
be computed by expression (4) for all space points

around any nanosphere. The top and bottom views
of the equipotential surfaces for two given electrical
potential values are shown in Figs. 2 and 3, respec-
tively, and are centred around the symmetrical axis of
a nanosphere. They exhibit partial electrical poten-
tial distribution around one nanosphere. From Figs. 2
and 3 we can clearly see that the shapes of the equipo-
tential surfaces are different for different electrical po-
tential values. The closer to the nanosphere they are,
the flatter they are. However, they are symmetrical
and hexagonal due to the symmetry of the array of
nanospheres. At the junction of the two nanospheres,
the equipotential surfaces become more crooked.
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Fig. 3. The bottom views of the equipotential surfaces
for electrical potentials equaling: (a) —0.01 V and (b)
—0.05 V.

4. Partial electrical potential dis-

tribution

Compared with the equipotential surfaces, partial
electrical potential distribution at space points around
any nanosphere should be more significant for the in-
vestigation of the nanostructured film. Figure 4 shows
the three-dimensional electrical potential distributions
in two given horizontal planes (z—y plane) above the
nanostructured film, which are centred around the
symmetrical axis of a nanosphere. From Fig. 4, we
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can see again that both electrical potential distribu-
tions exhibit six-fold symmetry.
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Fig. 4. Partial electrical potential distributions at hori-
zontal planes (a) 5.0 nm and (b) 3.0 nm above the nanos-
tructured film.

5. Conclusion

Metallic nanostructured films have been investi-
gated widely in many fields, such as scanning electron
microscopy, microelectrodes and nano spectroscopy.
The AIRE is a kind of abnormal phenomenon found
in surface physics. In order to theoretically under-
stand the formation mechanism of AIRE, equipoten-
tial surfaces for given electrical potential values and

partial electrical potential distributions around spher-

ical nanoparticles are obtained when an external elec-
tric field is applied to the nanostructured film formed
with a nanosphere array. Our computational results
show that electrical potential distribution exhibits an
obvious variation in a narrow range and an obvious
geometrical symmetry. These results are useful for
investigating various physical properties of nanostruc-
tured films, such as AIREs.
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