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ABSTRACT: In this article, the micromorphological structure of polyacrylonitrile-copper
gradient composite film obtained from the electrochemical reduction of a swelling
cathode film was investigated with a scanning electronic microscope and a transmit-
tance electronic microscope. It was found that the micromorphological structure in
deposited phase is constructed with copper particles and sheaves of polyacrylonitrile
chains. The diameters of both the copper particles and the sheaves of macromolecules
are about 50 nm. Thus the idea of the interpenetration between polymeric matrix and
deposited metal is suggested. Under the enhanced power voltage and the reactor
temperature, the maximums of current in the loop of reaction system shift to lower
electrochemical reaction time. That means the higher value of them makes the higher
activity in the two aspects of ion move and ion reduction in swelling cathode film. The
dissolving experiment of gradient composite film showed that it does not dissolve in
N,N-dimethylformamide, and this further confirmed the interpenetration between the
polymer matrix and the deposited copper. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci
74: 1927–1932, 1999
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INTRODUCTION

Metal-filled polymers or polymer-based metal
composites have attracted much scientific atten-
tion in the world because of their wide applica-
tions to conductive, electronic, and optical mate-
rials,1,2 such as layered or multilayer composites
which can take on the good behavior of the

Schottky effect in electronic and optical fields.3 In
general, these composites, which not only have
the flexibility of polymers but also the functional
properties of metals and/or metal compounds, are
widely needed in many fields.

Research largely developed in recent years,4–8

and it focused on the understanding and control
of the morphological structures to obtain the de-
sired properties. In contrast to conventional sim-
ple mixing between polymer matrices and metal
powders, researchers have focused on two routes:
one is the morphological structure of gradient
distribution of metal component(s), and the other
is the nanoscale morphology of metal and/or
metal compound phase in polymer matrices.
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Our group has developed an electrochemical
method by which a swelling cathode film (SCF)
was reduced into a gradient composite film
(GCF).9,10 The effects of electrochemical condi-
tions on the electric conductivity and morpholog-
ical structures have been investigated in our pre-
vious work.9,10

In this article, we report our findings on micro-
morphological structure of GCF, and discuss the
relationship between micromorphology and elec-
trochemical conditions. These results will help us
to understand the principles for preparing GCF.

EXPERIMENTAL

Materials

A commercial polyacrylonitrile (PAN) copolymer
(93% acrylonitrile, 6% methyl acrylate, and 1%
itaconic acid, made by Zibo Synthetic Fiber Fac-
tory, Zibo, China) was used as the polymer
matrix, reagent-grade N,N-dimethylformamide
(DMF) (Guangzhou Xinjing No. 2 Chemical Fac-
tory, Guangzhou, China) was used as the solvent
for PAN, and reagent-grade copper chloride
(Tianjin No. 2 Chemical Factory, Tianjin, China)
was used as a copper ion resource. No reagents
and materials were pretreated before use.

Synthesis of the Samples

All samples were synthesized by the electrochem-
ical methods which were established in our pre-
vious articles.9,10 However, we have largely ame-
liorated the experimental plan and the major
electrochemical conditions.

The synthesis of the samples included three
steps. First, PAN and copper ions (Cu11) were
dissolved in DMF in the same vessel at 80 6 2°C
for at least 24 h. Second, the solution was coated
on a copperized column cathode and was predried
at ambient temperature for 24 h. The films ob-
tained were still swollen by DMF and allowed
copper ions to disperse under the proper poten-
tial. The films were called swelling cathode films
(SCF). Third, SCFs were reduced electrochemi-
cally under the proper electrochemical conditions.
The electrochemical reactions were started at the
designated temperature, 30 ; 60°C. The reaction
time was 3 h. In this study, the power voltage was
considerably decreased to less than 3.6 V which is
in the region of the voltage in common solution
electrochemical reactions.

Measurements

The morphological structure of GCF was mea-
sured by a scanning electronic microscope (SEM),
Cambridge Instrument S250MK III (Cambridge
Co., UK). The samples in the test were broken
into thin and long pieces, adhered to the sample
frame, and gilded. The photograph of the elec-
tronic energy spectrum of the components in the
cross-section of GCF was taken on the same SEM.

The constituent distribution of deposited cop-
per in the cross-section was confirmed by the elec-
tronic energy spectrum with the SEM. The sam-
ples were treated by the same method with SEM
tests. The benchmark is the vaporized gold. The
calculation of the copper content in different layer
was

C 5
A
B 3 100% (1)

where C is a relative percentage of deposited cop-
per relating to a location in the cross-section of
GCF, A the content of deposited metal (copper),
and B the content of gold.

The micromorphological structure (MPS) in the
cross-section of GCF was tested by a transmit-
tance electronic microscope (TEM) of JEM-2000
EX (Jeol Ltd., Tokyo, Japan). The samples were
observed and pictures were taken under TEM
after they were prepared by cutting GCF into
extremely thin chips on a microtome of Dupont
MT-6000 (Sorvall Instruments, Delaware, USA).
The electronic diffraction patterns were taken at
the same time on the TEM mentioned above.

Dissolving GCFs and SCFs

The dissolving experiments were performed as
follows. The weighed, ground, and mixed GCF
was added into 10 cuvettes which were put into a
bath at constant temperature 80 6 5°C. The bath
was heated at daytime, about 8 h. Every other day
(about 48 h) we took a cuvette out from the bath,
filtered the dissolved (or swollen) mass, and dried
the residues at 85°C in vacuum. After complete
drying, the residues were weighed separately.
The percentage of lost weight was calculated ac-
cording to the following equation:

W% 5
W0 2 W

W0
3 100% (2)
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where W% is the lost weight of GCF due to dis-
solving in DMF, W0 the initial weight of GCF
before dissolving, and W the weight after dissolv-
ing for the designated time.

Unelectrolyzed samples were prepared with
SCFs. The SCFs were not electrolyzed but im-
mersed in the electrochemical reactor for 3 h at
the same temperature. The parallel dissolving ex-
periments of unelectrolyzed SCFs were performed
under the same conditions for dissolving GCFs.

RESULTS AND DISCUSSION

MPS of GCF

In previous articles,9,10 we have presented our
research results on morphological structures of
GCFs made up of a polymer matrix and a depos-
ited copper phase. The basic construction form of
GCF is the three-layer morphology: the metal de-
posited layer, the transition layer, and the metal-
undeposited layer. We have suggested that depos-
ited phase, which is constructed of deposited layer
and transit layer.

In this article, we further investigate the dis-
tribution of metallic constituent in the cross-sec-
tion of GCF by electronic energy spectrum on
SEM. In the range of electronic scanning, the
copper peaks are clearly present (Fig. 1). This
confirms the presence of copper in the deposited
phase instrumentally. Corresponding to the de-
posited layer, transit layer, and undeposited
layer, the quantity of deposited copper relative to
that of gold which was vaporized in the pretreat-
ment was recorded by the same means (Table I).
The data confirm the decrease of deposited copper
from deposited layer to undeposited layer. This
gradient distribution accords with the results of
the SEM in our previous work.

In the experiment of TEM (Fig. 2), the dark
dendriform domains in the cross-section of GCF
were clearly seen. According to phase-contrast
(bright-field) and Z-contrast (dark-field) (Z is
atomic number) rules, the dark field is the depos-
ited phase. This confirmed that the constituent of
the deposited phase is an agglomeration of very
small particles that have diameters of only about
50 nm. On a black dot, an electronic diffraction

Figure 1 Photograph of an electronic energy spectrum on SEM. Conditions: predry-
ing time of SCF: 24 h; voltage of power: 2.4 V; temperature in electrochemical reactor:
30°C.
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test was done and the diffraction pattern of mul-
ticrystals was obtained (Fig. 3). These data
showed that the deposited phase was constructed
of nano copper particles. On the other hand, the
PAN matrix showed as the bright field which
consists of about 50-nm sheaves of macromolecu-
lar chains, and obviously they were embedded
with deposited metallic particles. About 100 mac-
romolecular chains were comprised in the

sheaves of macromolecular chains, according to
the diameter of helix structures of PAN mole-
cules.11

We deduce from the micromorphological struc-
ture above, that the PAN matrix should be welded
by the deposited phase; and thus GCF should
take on the properties of a thermosetting plastic
that does not dissolve in its solvents. The result of
dissolving experiments of GCF depicted in Figure

Table I The Percentage of Deposited Copper Distribution Along
the Cross-Section of GCF

Percentage of Elements (%)
Content of

Copper, C (%)aAu Cu Cl

In deposited layer 63.375 33.898 2.276 53.49
In transit layer 71.847 26.312 1.841 36.62
In undeposited layer 93.036 5.987 0.978 6.44

a The percentage of Cl is relatively low and it is neglected in the calculation according to Eq. (1).

Figure 2 Photograph of GCF on TEM. Conditions:
predrying time of SCF: 24 h; voltage of power: 2.4 V;
temperature in electrochemical reactor: 30°C.

Figure 3 Electronic diffraction pattern (the sample is
the same as in Figure 2).
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4 demonstrates that Figure 4(a) is the dissolving
curve of GCF, in which the percentage of lost
weight of GCF is nearly zero through the whole
period of dissolving time, 18 days. However, in
Figure 4(b), the lost weight curve increases lin-
early with the increase of dissolving time of SCF.
In 12 days, the lost weight of SCF reaches 23.5%
wt. This showed that SCFs can still dissolved in
solvent DMF but GCF cannot.

Electrochemical Mechanism for Forming MPS
of GCF

Figures 5 and 6 depict the relationship between
electrochemical conditions, such as power voltage
and temperature in the electroreactor, and elec-
trochemical reaction time.

Under constant electrical voltage, the change
of current with electrochemical reaction time in

the loop shows that there are two active periods of
ion dispersion (Fig. 5). The first one is near in the
15–20 min range and the second one is in the
100–120 min range. From the locations of the
peaks we find the tendency, that under higher
voltage, the peaks shift to the left.

Figure 4 The dissolving curves of GCF, (a) for GCF
and (b) for SCF.

Figure 5 The effect of different power voltages on
current. Conditions: predrying time of SCF: 24 h; tem-
peratures in electrochemical reactor: 30°C. ■, 2.0 V; E,
2.4 V.

Figure 6 The effect of different temperature in elec-
trochemical reactor on current. Conditions: predrying
time of SCF: 24 h; power voltage: 2.4 V. E, 40°C; h,
50°C; ■, 60°C.
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Under higher temperature in the electrochem-
ical reactor, we found higher current curves and
the tendency that, under higher temperature,
both peaks clearly shifted to the left. From 30°C
[Fig. 5 (E, 30°C)] to 50°C [Fig. 6 (E, 40°C; h,
50°C)], the first peak moved from 20 min to 5 min,
and the second peak from 100 min to 30 min. This
showed that the higher temperature gives higher
activity of ion dispersion in SCF, but at 60°C, only
the lower peak value was present. This result is
similar to that of a previous study on the change
of the deposited phase area.9 It is a very complex
process because of the effects of temperature,
function of water in electrolyte, solubility of cop-
per ion(II) at different temperatures, etc. Thus,
the details need further investigation.

As we pointed out in our previous article,9,10

ion movement in SCF is the premise of obtaining
the gradient deposition phase. In general, it
should have two basic cases: one is that the free
movement of ions occurred in the interspace of
macromolecules and the relative ions were not
limited by the interaction between ions and mac-
romolecules; and the other is that the movement
of coalescent ions occurred only by the change of
conformation of macromolecules.12 In the latter
case, these ions attached on the chains by com-
plex, hydrogen bonds, polar force, ion bonds,
and/or other intermolecular interactions. In SCF,
the degree of swelling by solvent is very low and
the major mode of ion movement should be the
latter one. Therefore, when we boosted the elec-
trochemical conditions such as power voltage and
temperature in the reactor, the ion move could be
enhanced. This shift effect of maximum in Fig-
ures 5 and 6 under the boosted electrochemical
conditions can be enough to show this.

Reduction of ions into metal comprises nucle-
ation and growth. The formation of undeposited
layer (Table I) indicates that nucleation is a
slower process than that of crystal growth. This
provides the opportunity for ions to come to the
cathode side and nucleate nearly in the interval of
about 50 nm, and the formed crystals in the scale
of 50 nm closely agglomerated in SCF (Fig. 2). In
the processes of nucleation and growth of the
nanoparticles the deposited phase is embedded
through the sheaves of macromolecules. There-

fore, the polymer-metal interpenetrated compos-
ite (PMIC) was formed.

CONCLUSIONS

On the basis of the previous work by our group,
we have investigated the MPS of GCF by TEM,
electronic energy spectrum on SEM, electronic
diffraction on TEM, etc. Evidence for a PMIC idea
was obtained. According to the relationship be-
tween the MPS and the changes of electrochemi-
cal conditions including power voltage and reac-
tor temperature, a possible forming mechanism of
PMIC is suggested. Because the preparation of
GCF was performed in the range of conventional
electrochemical conditions (the voltage is 2–3 V),
the data and the analyses have wide significance.
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