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ABSTRACT: Cobalt compound nanowires were dispersed in a
transparent nonconductive polymer film by merely stirring, and
the film’s transparency and electrical conductivity were exam-
ined. This composite film is a unique system in which the
average length of the nanowires exceeds the film’s thickness.
Even in such a system, a percolation threshold existed for the
electric conductivity in the direction of the film thickness, and
the value was 0.18 vol%. The electric conductivity value changed
from ~1 x 10~ "* S/cm to ~1 x 10~> S/cm when the volume
fraction exceeded the threshold. The electric conductivity

Polymer
nanocomposite

Electrosynthesis

apparently followed the percolation model until the volume fraction of the nanowires was about 0.45 vol %. The visible light
transmission and electric conductivity of the composite film of about 1 vol % nanowires were 92% and 5 x 10> S/cm, respectively.
Moreover, the electric conductivity in the direction parallel to the film surface did not depend on the amount of the dispersed
nanowires, and its value was about 1 X 10~ ** S/cm. Even in a weak magnetic field of about 100 mT, the nanowires were aligned in a
vertical and parallel direction to the film surface, and the electric conductivity of each aligned composite film was 2.0 x 10~ > S/cm
and 2.1 x 10~ '*S/cm. The relation between the average wire length and the electric conductivity was examined, and the effect of the

magnetic alignment on that relation was also examined.
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1. INTRODUCTION

Transparent conductive materials are essential for the screen
electrodes of flat-panel displays, such as liquid crystal devices
(LCD), plasma displays (PDP), electronic papers (e-paper), and
for the electrode materials of touch panels and solar cells. The
most commonly used material is indium-tin-oxide (ITO)."
Though this material has an extremely high transparency and
electrical conductivity, indium, which is one of the constituent
elements, is a rare metal, and its price is rapidly increasing
because of the problem of limited resourcing. Moreover, its
flexibility is insufficient because it is a ceramic, and therefore is
not suitable for the next-generation flexible element, which can
be freely rolled or bent.” >

The development of transparent conductive materials, which
satisfy the requirements, such as a high transparency and electrical
conductivity, flexibility, low material cost, low processing cost for
thin-film formation, and capability of manufacturing a large-area
sheet, is now being promoted.” For instance, the following
methods are being developed: dispersing carbon nanotubes in a
transparent nonconductive polymer," " dispersing metal nano-
wires in a transparent nonconductive polymer,'>'> developing a
transparent electric conductive polymer,"*"* forming a carbon
nanotube-only network,>® >* forming a metal nanowire-only
network,>>*¢ forming a metal nanomesh,””*® forming a graphene
network,””*° forming a graphene oxides-dispersed single-walled
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carbon nanotube network,*! forming ultrathin carbon coatings,32
forming a layer-by-layer assembly of single-walled carbon
nanotubes,®* and forming a nanocomposite of a conductive
polymer and metal oxide utilizing the corrosion reaction.***
However, none of these methods satisfy all the previously
mentioned requirements, thus the development of the materials
and film production process is currently being carried out.
Recently, our group reported a method for manufacturing a
large amount of cobalt compound nanowires (CCNWs) on the
electrode substrate without using a template only by carrying out
the electrolytic reduction of [Co(NH;)s] 3" in an aqueous solu-
tion under standard temperature and pressure.’*® The obtained
CCNW consisted of metallic cobalt, cobaltous hydroxide, and
cobalt oxide, and its average diameter was 190 nm and the average
length was 25 um (applied electric charge: 1.0 C/cm?).***” We
considered that a flexible sheet having a transparency and electric
conductivity could be easily obtained by dispersing these CCNWs
into a transparent nonconductive polymer solution and applying
the dispersion liquid. Moreover, because the CCNW is a magnetic
material, the CCNW can be aligned by applying a magnetic field.
For instance, the development of an application for ACF
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(Anisotropic Conductive Film), etc., can be expected. Recently, it
was found that the direction and position of a magnetic nanowire
can be controlled by applying a magnetic field.**~** Also being
studied is embedding nanowires into electronic devices such as
field-effect-transistors,>® UV sensors,>” and temperature and
humidity sensors** by a technique utilizing a magnetic field.
However, there are few examples of applications for transparent
conductive materials in which a metal nanowire is dispersed in a
polymer to the best of our knowledge excluding the reports on
Cu nanowires'> and Ni nanowires.'*** Moreover, there are few
examples of al'4g4ning the nanowires dispersed in a polymer by a
magnetic field.

This paper is the first report about the transparency and
electrical conductivity of a composite film, which was obtained by
preparing a CCNW dispersed polymethyl methacrylate solution
and bar-coating the solution over a glass substrate. Moreover, the
result of the alignment control of the CCNWs by application of a
magnetic field is also reported.

2. EXPERIMENTAL SECTION

Formation of CCNWSs. The CCNW used as a filler was prepared by
the electrolytic reduction of hexaamminecobalt(IIT) chloride according to
the method described in the literature.* It is already known that the as-
grown CCNW consists of cobaltous hydroxide, metallic cobalt, and a low
oxidation state cobalt compound according to the electrochemical
measurements and various microanalyses.***” An aqueous solution con-
taining 19 mM hexaamminecobalt(III)chloride and 0.1 M of Li,SO, was
used as the electrolyte. This aqueous solution was poured into a two-
compartment type three-electrode electrolytic cell. The working electrode
of the indium-tin-oxide (ITO) glass and the counter electrode of a
platinum plate were soaked in the main section of the electrolytic cell.
On the other hand, the agar bridge was placed in the other section, and it
was electrically connected to a saturated calomel (SCE, TOA Electoronics
HC-205C) reference electrode. The soaking area of the working electrode
in the electrolyte was 1.0 X 1.0 cm® The electrolytic cell was placed in a
thermostatted bath, and the electrolysis temperature was maintained at
18 °C. A grayish black thin film consisting of a large amount of CCNW
was obtained by applying a potential of —1.03 V vs SCE to the ITO
substrate using a potentiostat (HOKUTO DENKO, model HAB-151).
The applied quantity of electricity was 2.0 C/cm”. After the electrolysis,
the deposited film was removed from the sample solution, and then
washed with water in order to remove the cobalt complex and supporting
electrolyte.

Preparation of Composite Films. The CCNWs were mixed with
the polymer solution as follows: Polymethyl methacrylate (PMMA,
Acros Organics, average molecular weight 35000) was used as the
polymer. The PMMA solution was obtained by mixing PMMA with
methylethylketone (weight ratio = 1:10). The CCNWs, which were
carefully scraped from the ITO substrate, were added to the above-
mentioned polymer solution. The dispersed solution was then stirred for
tens of minutes using a stirrer. After the CCNW had been uniformly
dispersed, a part of the dispersed solution was removed, and applied to
the substrate by the bar-coating method. After its application, it was dried
for one hour at 60 °C, and the composite film was obtained. The typical
film thickness was S um. The thickness of the film was measured using a
surface profile measuring system (Sloan Co., model Dektak 3030). The
visible light transmittance and electric conductivity of the composite film
were measured. The visible light transmittance was measured by an
ultraviolet—visible spectrophotometer (HITACHI U-3000). The elec-
tric conductivity was measured in two directions; i.e., perpendicular to the
film surface (o)) and parallel to the film surface (0/,/). As for the
measurement in the direction of the film thickness, the composite film

was formed on a Cu substrate (lower electrode), and then a thin Au film
(upper electrode, 3 mm X 3 mm) was vacuum deposited by a vacuum
deposition method on the composite film in order to make a sandwich-
structured cell* The electric conductivity in the direction of the film
thickness was then measured by the four-terminal method according to
the method described in the literature.** The power source was a Kikusui
Electronics Co. model PAB70—1A. The electric current flowing at a
voltage of 0.8 V was measured by an electrometer (Advantest Co., model
R8240). The interelectrode voltage was measured by a digital multimeter
(Keithley, model 195A). As for the measurement in the direction parallel
to the film surface, a composite film was formed on a glass substrate, and
then a pair of comb-like structured Au electrodes was deposited in a
vacuum on the surface of the composite film in order to make a planar
cell. The details of the shape of the electrode, the interelectrode distance,
the length of the electrode, etc, were previously reported.** The
current—voltage characteristic was measured using the previously men-
tioned electrometer and power source, and the electric conductivity was
calculated. The morphology of the CCNW and the composite film was
observed using a scanning electron microscope (SEM, Topcon ABT-32),
an optical microscope (Saitoh Kougaku Co., model SKM-3100B-PC),
and a laser microscope (Keyence VK-9700 microscope).

Magnetic Alignment of CCNWs. As for the method of aligning
the CCNW in a given direction, the substrate was placed between two
ferrite magnet plates (flux density: 100 mT) immediately after the
composite film was formed on the substrate by the bar coating method
(before the solvent completely vaporized). The alignment control of the
CCNW was examined for the cases when the magnetic field was applied
in the directions perpendicular to the composite film surface and when it
was applied parallel to the surface. The flux density was checked using a
tesla meter (Kanetec Co., model TM-701).

3. RESULTS AND DISCUSSION

Dispersibility of CCNWs. Figure 1 shows the optical micro-
graph (a) and SEM image (b) of the CCNW deposit, which was
electrochemically formed on the ITO substrate by the method
described in the Experimental Section. A large amount of the
CCNW with an average diameter of 400 nm and an average
length of 45 um is coagulated to form a grayish black film (applied
electric charge: 2.0 C/cm”). Figure 2, part A, shows a micrograph
of the PMMA films, which contains the dispersed CCNW of
0.53% by weight (a), 1.86% (b), 3.61% (c), and 6.86% (d). Part B
shows a photograph of the PMMA film with each dispersion
amount (film thickness: S #m). The substrate is a glass plate.
Though it cannot be visually observed that the CCNWs are
included in the PMMA film, it can be observed using an optical
microscope that the nanowires of about 5 to 40 4m in length are
dispersed in the composite film. Because the average length of the
as-grown CCNW formed on the ITO is 45 um (Figure 1B), it is
presumed that the CCNWs were cut during the operation of
scraping them from the ITO or of dispersing them into the
PMMA solution. It can be seen from Figure 2A that there are two
cases for the state of the nanowire; one is that each nanowire
separately exists, and the other is that several nanowires exist in an
aggregation state. The CCNWs are easily dispersed into the
polymer solution by only stirring as described in the Experimental
Section. As for the reasons for the high dispersibility of the
CCNWs, it can be presumed that the main surface component of
the CCNWs is cobaltous hydroxide and a low-oxidation state
cobalt compound, and that it has a high chemical compatibility
with a general-purpose polymer having polar groups. Therefore,
there is no concern of strong flocculation, which is often observed
when using carbon nanotubes, etc,, and is a major concern in
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Figure 1. (a) Photograph and (b) SEM image of the cobalt compound
nanowires (CCNWs) prepared on the ITO by passing a charge (Q) of
2.0 C/cm?. Scale bars in parts a and b are 1 cm and 10 gm, respectively.

Haskino bahoratory, Liiida @irﬂ?y

Figure 2. (A) Optical micrographs of the PMMA composite films
containing (a) 0.53, (b) 1.86, (c) 3.61, and (d) 6.86 wt % CCNW. The
scale bar in panel a corresponds to 20 xm and is applied to panels b—d.
(B) Corresponding photographs of the composite films a—d in part A.
The films were formed on a glass plate. Scale bar: 1 cm.

forming a composite film; therefore, a special dispersing device
and process are unnecessary.

Characterization of Composite Films. Figure 3 shows the
results of the permeability measurement on the PMMA compo-
site film. Curve a indicates the visible light transmission of the

110 T T T T T

8

Transmittance (%)

40 50 60 700 80
Wavelength (nm)
Figure 3. Transmission spectra of the composite films (S um thick,

coated on a glass plate) containing (b) 0.74, (c) 3.04, and (d) 4.79 wt %
CCNW. (a) Spectrum of a PMMA single film.

PMMA-only film, which does not contain the CCNW, and this
value is almost 100%. Curve b, which indicates the visible light
transmission of the composite film containing 0.74 wt % CCNW
in the PMMA, exhibited a very high permeability of about 97%.
The visible-light transmission decreased as the weight fraction (x)
of the CCNWs increased. Even so, it can be seen that the
transmission exceeded 80% when x was ca. S wt %.

Next, the electric conductivity of the composite film in a
direction perpendicular to the film surface 0, and the one in a
parallel direction to the film surface 0/, was examined. Figure 4,
part A, shows the relation between o and x. The value of 0,
dramatically increased by 9 orders of magnitude even at a very
low percolation threshold of x = 5.3 X 102 (0.53 wt %). The
electric conductivity (o) of the polymer nanocomposite film in
which the nanowires were dispersed strongly depended on the
value of the volume fraction p and aspect ratio (length to
diameter) L/d of the nanowire. 0 is given by eq 1 according
to the percolation theory.

oL = 0oo(p—p.) (p = pc) (1)

where 0y is an extrapolation value to 100 vol % of the volume
fraction of the CCNWs, and it corresponds to the electric
conductivity of the CCNWs aggregate. p. is the percolation
threshold of the filler, and it is the volume fraction at the
transition from an insulator to a conductor. t is a critical
exponent. p. is expressed by the following eq 2 or 3 using L/d
according to the concept of the excluded volume.®

pe ~ 1/(2L/d) )

pe ~ 0.7/(L/d) (3)

To apply eq 1, the weight fraction x plotted on the X-axis in
Figure 4A is converted into a volume fraction p using eq 4,% and
the data were plotted again (curve a in Figure 4B). pccnw and
Prama indicate the densities of CCNW and PMMA, respec-
tively. The value of pccnw was set assuming that the CCNW
consists only of Co(OH),, and that its density was equal to that
of Co(OH), (3.597 g/cm?).*” As for the value of ppyva, the
value of 1.19 g/ cm® in the literature was used.”

XPpMmA
p= (4)
Pcenw + *2(Pevmia — Peenw)
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Figure 4. (A) Logarithm of 0, plotted as a function of the weight
fraction of CCNW, x, for the PMMA composite films. (B) Dependence of
the logarithm of (a) 0, and (b) 0/, on the volume fraction of CCNW, p.
(C) Plot of log 0 and log(p — p..) for the composite films with p above
the percolation threshold, p..

The value of 0, for the composite film dramatically increased by
9 orders of magnitude at the very low percolation threshold of
0.18 vol%. It is important to use a nanofiller having a low
percolation threshold from an engineering aspect because the
nanofiller is usually more expensive than the polymer matrix. The
value of p. = 0.18 vol % is almost equivalent to the percolation
threshold of the PMMA/carbon nanotube composite system,’
and it is expected that this nanocomposite has a high degree of
technological utility. However, we should note that space resolu-
tion is one of the key requirements for display applications. At
p =p. (see image a in Figure 2A), the composition uniformity can
be lost as the testing area becomes smaller than ca. 40 X 40 um”.
The maximum testing area, s, is nearly inversely progortional to
p:p =0.62% (image b in Figure 2A), s =22 X 22 um™; p = 1.22%
(image c in Figure 2A),s = 15 x 15 ,Ltmz; p =2.38% (image d in
Figure 2A),s=10 x 10 ﬂmz. Figure 4, part C, shows the relation
between log 0 and log(p — p.). The range in which the plot
bears a linear relationship, that is, the plot apparently obeys eq 1,
was limited to the low dispersion amount range of p — p. < 2.8 X
10>, The value of 0, obtained by extrapolating the line in this
range to p — p. = 1 was 59 S/cm. On the other hand, the electric
conductivity of a piece of CCNW was measured to be 6.7 x 10>
S/cm at a bias voltage of 0.80 V by the method cited in the
literature.*” This deviation implies that our PMMA composite
films, in which a wire length exceeds the film thickness, do not
strictly obey the percolation theory. Untereker et al.*® prepared
some polyurethane composite films containing conductive filler
particles and found that the maximum conductivity was only the
order of 1% of that of the bulk conductive materials. This was
interpreted to mean that the electric conductivity of the compo-
sites is intrinsically limited by the impedance of contact between
the filler particles. However, the maximum conductivity of our
PMMA composite films (see Figure 4A or curve a in Figure 4B)
was comparable to the conductivity of the single CCNW, 6.7 x
10~* S/cm. This inconsistency may be again explained by the
specific feature of the PMMA composite system, i.e., the number
of contact between the fillers in our system is likely much less
than that in the ordinary system which obeys the percolation
theory. The critical exponent t calculated from the inclination of
the linear plot was 1.7 &= 0.5, which was a value intermediate
between the ¢ value of the 2D system (¢=1.3) and the one for the
3D system (t=2).%®"* The mean values of d and L of the CCNW
were 400 nm and 22 ym, respectively. Consequently, the value of
pe calculated by eqs 2 and 3 are 9.1 x 10 > and 1.3 x 102,
respectively. The p. value of 1.8 x 10>, which was estimated
from Figure 4B, is considerably smaller than the expected values.
Since the mean length (22 #m) of the CCNW is greater than the
film thickness (5 ¢4m), we expected that there was no threshold p,.
in the change of 0, and that 0; monotonously increased along
with an increase in p. However, contrary to our expectations, the
existence of a threshold indicates that both surfaces of the film
cannot be electrically connected by only one CCNW piece. That
is, it indicates that more than at least two CCNW pieces were
required for the connection. When compared to a system having
the same aspect ratio and a shorter wire length compared to the
film thickness, it is easily imagined that p. become small in the
CCNW system having a wire length that exceeds the film
thickness. Furthermore, the cause of the low p. can be exlplained
by assuming a weak interaction between the CCNWs.>" When
such an interaction exists, it is expected that the spatial distribu-
tion of the nanowires does not become random during the
solvent evaporation process as the film dries. As a result, it is
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presumed that a conduction pass is formed with a lower disper-
sion concentration compared to the case when the CCNWs were
com;)letely distributed at random. In the region of p — p. > 2.8 X
10", the value of 0, deviated from the value expected fromeq 1,
and was almost saturated. The following two reasons can be
considered as the causes. The first reason is that an electric
conduction network in the high dispersion region is formed with
the CCNW bundles rather than an individual CCNW piece as
understood from the result shown in Figure 2A. That is, in this
case, since the newly added CCNWs do not effectively contribute
to the electric conduction, a lower electric conductivity than the
value expected from the extrapolated percolation fit will be
indicated. The second reason is that the electric conduction
may be inhibited by the presence of PMMA between the
electrode (Au layer) and CCNW. Kim et al.” found that though
a polymer-rich layer was formed on the surface of the film when
multilayer carbon nanotubes were dispersed into the PMMA
film, the electric conductivity was increased by 2 orders of
magnitude when the layer was mechanically scraped.

Though the value of the electric conductivity o, in the
direction of the film thickness of the PMMA-only film is 1.0 X
10~ "% S/cm as indicated in the plot (p = 0 wt %) of Figure 4B, the
conductivity 0/, in the direction parallel to the film surface was
7.0 X 10~ "° S/cm. The reason why the value of 0, was lower
than the value of 0 is that the effect of the interface resistance
between the electrode and film was included.*® Curve b in
Figure 4B shows the relation between 0,, and p, and it was
found that the value of 0/, did not depend on the value of p in the
examined range of p, and that it was about 1 x 10~ **S/cm. This
indicates that the composite film became an anisotropic conduc-
tion layer, which was nonconductive in the direction parallel to
the surface though it indicated a conductivity in the direction of
the film thickness in the range of p > 1.8 x 10~ >. As confirmed
from the optical micrograph shown in Figure 2A, the CCNWs
did not mutually come in contact, and the electrically conducting
path was not formed in a direction parallel to the film surface.

Alignment Control of CCNWs in a Magnetic Field. Because
the CCNW mainly consists of Co(OH), and Co that are
magnetic,’> the CCNW can be expected to have a magnetic
orientation effect. A magnetic field was then applied to the
composite film according to the Experimental Section. Figure S
shows laser microscope photographs of the composite film
surfaces: (a) the magnetic field was not applied, (b) the magnetic
field was applied perpendicular to the film surface, and (c) the
magnetic field was applied parallel to the film surface. The 3D
display corresponding to each photograph is indicated on the
right of each photograph. x and p of this composite film are 1.2 X
10~ " and 4.2 x 10" 7, respectively. When the magnetic field was
applied perpendicular to the film surface (b), the CCNW aligned
perpendicular to the film surface. Also, the length of the
protruding part was almost equal to the length (10—15 um),
which was obtained by subtracting the film thickness (S um)
from the length of the CCNW. When the magnetic field was not
applied (a), there were some slightly bloated portions on the
surface of the film, and the nanowires showed a tendency to be
obliquely aligned in the direction of the film thickness. However,
when the magnetic field was applied parallel to the film surface,
no bloated portion was observed, which suggested that the
nanowires were aligned parallel to the film surface. In order to
confirm this, the specimen, which was prepared by applying a
magnetic field parallel to the film surface, was observed using an
optical microscope. Figure 6 shows the optical micrograph of the

Figure 5. Laser microscopic surface images of random and aligned
PMMA composite films. (a) CCNWs are randomly distributed in the
film. The right-hand side image shows the corresponding 3D surface
morphology of the film. (b) CCNWs are aligned perpendicular to the film
surface. (c) CCNWs are aligned parallel to the film surface. The x and p
values of the films were 1.2 X 10 ' and 4.2 x 10™ %, respectively. The scale
bar in panel a corresponds to S0 #m and is applied to panels b and c.

composite films: (a) the magnetic field was applied in a direction
parallel to the direction in which the bar was dragged during the
production of the film (arrow in figure), and (b) the magnetic
field was applied perpendicular to the direction in which the bar
was dragged. The specimens in panels c and d were, respectively,
prepared by applying a magnetic field perpendicular to the film
surface, and without applying the magnetic field. The values of x
and p of the composite film were 1.2 x 10" and 4.2 x 107,
respectively. As can be seen from photographs a and b, the
direction of the long axis of the CCNW was along the direction of
the applied magnetic field, and did not depend on the direction in
which the bar was dragged. It was found that the CCNWs were
aligned parallel to the magnetic field since its length was 5—40 um.
Moreover, the results of images ¢ and d support the results of
Figure §, and it was cofirmed that the former was in a state of
perpendicular alignment, and that the latter was in a state of
nonalignment.

Next, the 0 values of the above-mentioned perpendicular
aligned film, parallel-aligned film, and nonaligned film were
measured, and these results are shown in Table 1. The values of x
and p of the PMMA composite film were 4.6 x 10> and 1.6 x
10" %, respectively. The o, value of the perpendicular aligned film
was about seven times that of the nonaligned film. The reason for
this may be explained by assuming that the CCNW, which had
not contributed to the electric conduction in the direction
perpendicular to the film surface, was able to contribute to the
electric conduction by the alignment effect of the magnetic field.
For instance, CCNWs, such as the one obliquely aligned in the
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Figure 6. Optical micrographs of the aligned and random state compo-
site films. (a, b) Surface images indicating the films prepared in a magnetic
field (100 mT) applied parallel and perpendicular to the bar coating
direction, respectively. (c) Image where the magnetic field was applied
perpendicular to the film surface. (d) Film prepared under no magnetic
field. The x and p values of the films were 1.2 x 10" and 42 x 1077
respectively. The arrow indicates the direction of the bar coating. The
scale bar in panel a corresponds to 20 um and is applied to panels b—d.

Table 1. Electric Conductivities (0,) of PMMA Composite
Films” Treated in and without a Magnetic Field”

film o, (S/cm)
vertically aligned composite film (in magnetic field) 20x 102
parallel-aligned composite film (in magnetic field) 21x10° "
nonaligned composite film (without magnetic field) 28x10°

“p=16x 10 *andx = 4.5 x 10> " 100 mT.

direction of the film thickness, but does not penetrate through
the upper surface and the lower side of the film, and the one
forming the bundle can be assumed. The value of o for the

100 T T T T T

102§
10*

10°

G, (S/cm)

10%k
10"f

10"k

1 0'14 1 Il Il 1 1

Q (Clem?)

Figure 7. Dependence of 0, on Q for the PMMA composite films
prepared under magnetic fields applied (a) perpendicular and (b)
parallel to the film surfaces. (c) Dependence of the films prepared under
no magnetic field. The values of x and p were 3.6 x 10 *and 1.2 x 10”2,
respectively.

parallel-aligned film was on the order of 1 x 10~ "%, which
indicated a nonconductivity. This is attributed to the decreased
probability of the continuous contact of wires in the direction
perpendicular to the film surface due to the alignment of the
wires in a direction parallel to the film surface. These results
indicate the possibility of controlling the electric conductivity
perpendicular to the film surface by application of a magnetic
field, and the development of an application for AFC can be
expected. White et al.>> presented a three-dimensional simula-
tion of electrical conductivity for networks containing conduc-
tive, finite-sized rods as a function of axial orientation. They
revealed that the simulated electrical conductivity displays a
maximum at slight uniaxial orientation, which is less pronounced
at higher volume fractions and aspect ratios of rods, and that the
electrical conductivity decreases as the rods become highly
aligned due to the decrease in the intersection probability of
adjacent rods. This is inconsistent with the result in Table 1 in
which o for the vertically aligned film is larger than that for the
nonaligned film. The inconsistency should be based on the
specific feature of the PMMA/CCNW composite system in
which much intersection of the CCNW is not necessary condi-
tion for the electrical conduction along the film thickness.

The average length L of the CCNWs dispersed in the PMMA
film was changed along with a change in the applied quantity of
the electricity Q during the electrosynthesis. The values of L at
Q =0.50, 1.0, 2.0, 3.0, and 4.0 C/em” were 11, 20, 22, 26, and
27 um, respectively. Figure 7 shows the relation between 0, and
Q of the nanocomposite film for (a) vertical alignment to the film
surface, (b) parallel alignment, and (c) nonalignment. The
p value of the PMMA composite film was selected as the constant
value of 1.2 x 10> When a treatment without the application
of a magnetic field was done (c), under the condition of Q =
0.50 C/cm” (L = 11 um), the electric conductivity in a direction
perpendicular to the film surface did not appear though the
average length of the long axis of the CCNW was about twice the
film thickness. This indicates that the value of p. of the CCNW at
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L =11 um is greater than 1.2 x 10~ . The electric conductivity
appeared in the range of Q = 1.0 C/cm” The electric con-
ductivity appeared under the condition of Q = 0.50 C/cm” (L =
11 um) when the CCNWs were aligned perpendicular to the film
surface (a). The reason for this is attributed to the disappearance
of the percolation threshold due to the penetration of a CCNW
piece through the film. When the CCNWs were aligned parallel
to the film surface, it was found that the electric conductivity did
not appear in the range of Q < 4.0 C/cm?, but if the value of Q
exceeded this range, the electric conductivity appeared. This is
attributed to the significant change in the shape of the CCNW at
Q = 40 C/cm” (see the Supporting Information).*” That is,
during the electrolytic treatment up to 2.0 C/cm?, the shape of
the CCNW was almost unchanged and only increased in length.
However, when Q exceeded 2.0 C/cm?, a needle-shaped struc-
ture appeared on the surface of the nanowire, and when Q
exceeded 4.0 C/cm?, the needles fused with one another and an
aggregate of nanowires was formed. It can be considered that this
aggregate penetrated through the film, and that the electric
conductivity appeared.

4. CONCLUSIONS

We presented the characterization results of transparent
electrically conductive polymer films in which CCNWs were
dispersed. The CCNWs having an average diameter of 400 nm,
average length of 22 um and electric conductivity of 6.7 x 10>
S/cm were dispersed in a PMMA solution by simply stirring, and
the CCNW dispersing polymer film of 5 um thickness was
successfully prepared on a substrate by the bar coating method.
The electric conductivity threshold existed though the average
length of the CCNW exceeded the film thickness. The volume
fraction of the CCNW at the threshold was 0.18 vol %. The
electric conductivity of $ x 10> S/cm and spectral transmit-
tance of 92% were achieved at a volume fraction of 1 vol %. The
CCNWs were aligned by applying a relatively weak magnetic
field (100 mT) using ferrite magnets. It was found that the
electric conductivity in a direction perpendicular to the film
surface depended on the alignment direction of the CCNWs and
increased in the following order: a film with the CCNWs aligned
parallel to the film surface < a film with nonaligned CCNWs < a
film with the CCNWs aligned perpendicular to the film surface.
The above-described low electric conduction percolation thresh-
old, high visible-light transmission, electric conductivity tunable
characteristic by the nanowire alignment, and flexible nature will
make the CCNW-dispersed transparent film attractive for use in
flexible electronics.
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© Supporting Information. SEM images of CCNWs pre-
pared by passing various amount of electricity. This material is
available free of charge via the Internet at http://pubs.acs.org.
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