
Electrochemical Synthesis of Polyacrylonitrile (PAN)-Copper 
Composite Conductive Film 

JIANCUO TANG,',* XIANFENC CHU,' XIA CA0,3 and WENYUAN ZHAO' 

'Department of Applied Chemistry, College of Textile and Fashion, Qingdao University, Qingdao, 266071, 
People's Republic of China; 2Crystal Material Laboratory, Zhejiang University, Hangzhou, People's Republic of China; 
3Department of Polymer Material, Dalian Polytechnic University, Dalian, People's Republic of China 

SYNOPSIS 

Polyacrylonitrile-copper composite film was synthesized by electrochemical reduction of 
a swollen film made by blend solution of a polyacrylonitrile-copper(I1) ion which was 
coated on a electrode surface. The morphological structure of this composite film in the 
cross section was measured by a scanning electronic microscope and it showed three com- 
posite layers: a densely deposited layer, a transition layer, and an undeposited layer. The 
deposited layer consisted of the copper element and gave a high conductivity (10' S-em-'). 
In the transition layer, there was a great amount of a tree-shaped copper deposit, but no 
such deposit can be found in the undeposited layer. The experiment data showed that the 
conductivity of the film increases with increase of electrochemical reduction time and de- 
creases with increase of ratio of nitrile group to the copper(I1) ion. The viscosity of poly- 
acrylonitrile-copper(I1) ion solution is enhanced by a decrease of the ratio of the nitrile 
group to the copper(I1) ion. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Organic conductive polymers have attracted great 
attention not only for scientific reasons, but also for 
their huge potentialities of applications,'-3 such as 
in rechargeable batteries, electronic switching ele- 
ments, microwave transmission, reflection, absorp- 
tion, and shielding: radiation detectors, and sensors. 
Whether intrinsically conductive or in the composite 
f ~ r m , ~ , ~  conductive polymers have been a popular 
area of research and numerous articles about chem- 
ical, electrical, and mechanical properties of the 
conductive polymers have appeared re~ently.~-' ' On 
the other hand, the synthesis approaches were 
largely developed, especially in electrochemical 
syntheses."." 

Recently, polymer-metal complexes as conduc- 
tive polymers have attracted much interest in the 
world. El-Sobati and co-workers13 studied 2,2'-azo- 
bisisobutyronitrile (A1BN)-initiated polymerization 
of an acrylonitrile-metal complex salt in N,N-di- 
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methylformamide (DMF) with transition metals (as 
a catalyst) and obtained a polyacrylonitrile (PAN)- 
metal complex salt. Wu and co-workers'* heated 
PAN containing the copper(1) ion and confirmed 
the complex structure between PAN and the cop- 
per(1) ion. All research mentioned above concerned 
the complex of copper ions with PAN, but composite 
film of the copper element and PAN by an electro- 
chemical reaction has not been reported. 

The purpose of this study was to make PAN- 
copper( 0) electrically conductive composite film 
(ECCF) by an electrochemical reaction, to confirm 
the morphological structure of ECCF, and to deter- 
mine the electrochemical reaction conditions. 

EXPERIMENTAL 

Materials 

Commercial PAN (93% acrylonitrile, 6% methyl ac- 
rylate, and 1% itaconic acid, made by Zibo Synthetic 
Fiber Factory, China) was used without any puri- 
fication; reagent-grade N,N-dimethylformamide 
(DMF, Guangzhou Xinjing No. 2 Chemical Factory, 
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China) was used as a solvent without any purifica- 
tion; and reagent-grade copper chloride (Tianjin No. 
2 Chemical Factory) was dried a t  105°C overnight 
to eliminating absorbed and crystal water before use. 

Syntheses of Samples 

PAN and copper chloride were dissolved in DMF in 
a glass vessel which was equipped with a reflux ex- 
changer. The glass vessel was heated to 90 f 5°C 
and kept for 14 h. During the period of the heating 
process, the color of the mixture gradually changed 
from green to dark brown. After the PAN was grad- 
ually dissolved in DMF completely, the so-called 
PAN-copper(I1) blend solution (PCBS) was ob- 
tained. 

The PCBSs were coated on the surface of a rec- 
tangular carbon electrode (only on the front and 
three lateral surfaces). The films were dried in air 
a t  ambient temperature for 10-16 h. The films made 
by this method are semi-solidified films (SSF), whose 
thickness was limited to 700 pm. 

The electrochemical reactions were carried out in 
a single-compartment electroreactor (Fig. 1). The 
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Figure 1 Electrochemical reactor: (1) dc power (voltage 
from 0 to 100 V); (2) carbon electrode (cathode); ( 3 )  SSF; 
(4) copper electrode (anode); (5) electrochemical reactor. 

anode was a copper plate which has 4 cm length, 2.5 
cm width, and 0.5 cm thickness, and the cathode 
was the same-sized carbon plate with the SSF. Dis- 
tilled water was used as the medium in the reactor. 
A adjustable dc power supply unit was used to pro- 
vide the required direct current. The electrochemical 
reactions were started a t  25°C and continued for a 
designated time. After the reactions were finished, 
the films were stripped from the cathode plate care- 
fully and then rinsed with water and dried at  105°C 
for 4 h. The final films were defined as being elec- 
trically conductive composite film (ECCF). 

Measurements 

The rheological property of PCBS was determined 
by an NXS-11 rotating viscometer (Chengdu, 
China). The viscosity of the solutions was calculated 
according to the formula 

1 = ka 

where 9 is the apparent viscosity (Poise); K, the in- 
strumentai constant; and a, the value of the reading 
on the instrumental gauge a t  a certain shear rate 
D (s-'). 

The volumetric conductivity of ECCFs was mea- 
sured by a dc technique. The samples were trimmed 
into rectangular pieces ( 5  X 10 mm). The 5 mm- 
width copper probes were used as electrodes. The 
conductivity was calculated by the following for- 
mula: 

i 1  
V wb S cm-' = -.- 

where b is the thickness of ECCFs; w, the width of 
the probe; 1, the distance between two probes; i, the 
electrical current; and V, the voltage of the dc power. 

The morphological structure of ECCFs was mea- 
sured by a scanning electronic microscope, Cam- 
bridge Instrument S250MK IV. The films used in 
the test were broken into thin and long pieces and 
adhered to the sample frame. After coating with sil- 
ver, the films were observed. 

The complex structures of SSF and ECCF were 
measured by a Fourier transform infrared spec- 
trometer, Nicolet 750, U.S. The SSF and ECCF were 
dried a t  105°C for 4 h and then ground into powder; 
both the samples were measured in KBr pellets. 
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RESULTS AND DISCUSSION 

Influential Factors in Preparation of SSFs 

Preliminary experiment data showed that  the rheo- 
logical property of PCBSs had a great influence in 
obtaining the smooth SSF on the cathode plate. 
Figure 2 shows that the viscosity of the solutions 
decreases with increase of the shear rates and that 
the characteristic of shearing thinning is present. 
The viscosity of the blend solutions decreases with 
increases of the ratios of the nitrile group to the 
copper(I1) ion. A higher proportion of the copper(I1) 
ion to  PAN in the blend solution causes a worse 
rheological property of the solution. No difficulty 
was present when the ratio was from 3 : 1 to 1 : 1 
in making SSFs in our experiment conditions. 

It should be noticed that to prepare SSF suc- 
cessfully enough drying time of SSF in ambient 
temperature is very important to  prevent the cop- 
per(I1) ion to diffuse into the water in the initial 
insertion into the electroreactor. The morphological 
structural images of the ECCFs were confirmed by 
their scanning electronic micrographs (Fig. 3 and 
Table I). We can divide the cross section of the 
ECCFs into three parts: a densely deposited layer, 
a transition layer, and an undeposited layer. The 
thickness of the transition layer of ECCF B is 461 
p m  (64.8%) and that of ECCF A is 350 pm (50.2%). 
The thickness of the undeposited layer of ECCF B 
is 231 pm (32.4%) and that of ECCF A is 325 pm 
(46.9%). These results clearly show that drying time 
largely affects the ratio of thickness of transition 
layer to that of the undeposited layer. 
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Figure 2 Relationship between shear rate and viscosity 
of PAN-copper(I1) blend solution. Concentration of PAN 
to DMF in PCBS: 17% (wt); (0)  nitrile : Cu(I1) = 1 : 1 
(mole/mole); (0) nitrile : Cu(I1) = 2 : 1 (mole/mole); (0) 
nitrile : Cu(I1) = 3 : 1 (mole/mole); (m) no copper(I1) ion 
in solution (concentration 17% wt) of PAN in DMF. 

(2) 

Figure 3 SEM photographs of ECCFs. (1) ECCF A- 
concentration of PAN to DMF in PCBS: 17% (wt); ratio 
(mole/mole) of nitrile to copper(I1) in PCBS: 2 : 1; drying 
time of SSF: 16 h; current: 0.8 A; reaction time: 2 h. (2)  
ECCF B-concentration of PAN to DMF in PCBS: 17% 
(wt);  ratio of nitrile to copper(I1) in PCBS: 2 : 1; drying 
time of SSF: 10 h; current: 0.8 A; reaction time: 2 h. 

Influences of Electrochemical Reaction Conditions 
on Conductivity of ECCFs 

The conductivity of ECCFs obtained by this elec- 
trochemical method was influenced by various fac- 
tors such as current strength, ratio of nitrile groups 
to the copper(I1) ion, and time of the electrochemical 
reaction. The effect of the ratio of nitrile groups in 
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Table I Data of Morphological Structure of Composite Conductive Film 

PCBS ECCF 
SSF 

Concn of Ratio of ~ Deposited Layer Transition Layer Undeposited Layer 
PAN to Nitrile Drying Time 

DMF to a t  Ambient Thickness Proportion Thickness Proportion Thickness Proportion 
Sample (% wt) Cu(I1) Temp (h) (w) % ( r m )  9% (pm) 9% 

A 17 2:l 16 20 2.9 350 50.2 325 46.9 
B 17 2:l 10 20 2.8 461 64.8 231 32.4 

PAN to  the copper(I1) ion on the conductivity of 
ECCFs is shown in Figure 4. The conductivity de- 
creases with increase of the ratios of the nitrile group 
to the copper(I1) ion. When the ratio is more than 
3 : 1, conductivity is reduced to S cm-I. This 
means that only when the ratio of the nitrile group 
to the copper(I1) ion is less than 3 : 1 does the SSF 
have enough copper(I1) ion and the ECCF excellent 
conductivity. 

The effect of current strength on conductivity of 
ECCFs was studied a t  seven different current 
strengths and the result is shown in Figure 5. It was 
found that the values of the conductivity of the 
ECCFs first increases with increase of the electrical 
current when the current was relatively low, and it 
reaches maximum a t  0.5 A, and then it decreases 
until to 0.7 A, finally attaining the constant value 
of 2 S cm-I. Before the maximum, the higher current 
strength causes easier dispersion of the copper(I1) 
ion to the cathode (carbon electrode) and makes the 
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Figure 4 Effect of ratio of nitrile group to copper(I1) 
ion on conductivity of ECCF. Concentration of PAN to 
DMF in PCBS: 17%; drying time of SSF: 16 h; current: 
0.8 A; reaction time: 2 h. 

ECCFs have higher conductivity. After the maxi- 
mum, the higher current causes the temperature in 
the electroreactor to increase, and the phase sepa- 
ration (resulted in both the solvent of DMF in SSF 
to penetrate from the inner layer to the outer and 
finally into the bath and the water in the bath to 
penetrate into SSF from its outer layer to the inner 
one) is enhanced, so that the viscosity in the sur- 
facial skin in SSF is increased. The higher viscosity 
inhibited the dispersion of the copper(I1) ion. But 
it should be noticed that the difference of conduc- 
tivity of ECCFs is only 5 S cm-', therefore, it was 
not largely affected if the temperature was limited 
below 72°C. 

The conductivity of ECCFs as a function of the 
electrochemical reaction time in this experiment is 
depicted in Figure 6. The results show that the con- 
ductivity of the film increases with increase of the 
reaction time. This is easily understood because the 
process of the dispersion of the copper ion(I1) needs 
time to penetrate toward the cathode. 
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Figure 5 Effect of electrical current on conductivity of 
ECCF. Concentration of PAN to DMF in PCBS: 17%; 
drying time of SSF 16 h; ratio of nitrile group to copper(I1) 
ion: 2 : 1; reaction time: 2 h. 
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Figure 6 Effect of electrochemical reaction time on 
conductivity. Concentration of PAN to DMF in SSF: 15%; 
drying time of SSF: 16 h; ratio (mole/mole) of nitrile to 
copper(I1): 2 : 1; current: 0.8 A. 

Comparing Figure 6 with Figure 5, we can notice 
that the difference of conductivity between the two 
figures is of lo3 S cm-’ order. This indicates that 
the lower concentration (15% in Fig. 5 )  of PAN to 
DMF causes the SSF to have a higher swollen de- 
gree, so that the bulk viscosity in it is lower. After 
the cathode with SSF was inserted into the electro- 
reactor, the copper(I1) ion on the surface of SSF 
cannot be held and so diffuses into the bath. This 
reduces the copper(I1) concentration in SSF to a 
lower level. In our experiments, the green color of 
Cu2’ was found in the beginning of electrochemical 
reaction when SSF was prepared by the solution. 

Analysis of Morphological Structure of ECCFs 

From all considerations mentioned above, the details 
of the morphological structure can be analyzed fur- 
ther and the explanations can be given clearly. As 
shown in Figure 3(1), the picture of SEM has in- 
dicated that the ECCF includes three layers: a 
densely deposited layer, a transition layer, and an 
undeposited layer. The thickness of the densely de- 
posited layer is 20 pm; the transition layer, 350 pm; 
and the undeposited layer, 325 pm. Their dimen- 
sional proportion is 2.9 : 50.3 : 46.9. On the other 
hand, after ECCF was rinsed, dried, and cleaned, 
the side which had attached to the carbon electrode 
shows a brown copper color, but other side does not. 
This exhibits that  the deposited layer is composed 
of the copper element. 

This can be explained according to the following 
electrochemical reactions: Under the electrical field 
(Fig. l), the positive ion Cu2+ in SSF tends to  get 

through the film and reaches the cathode. The ther- 
modynamic principle of these reactions on the cath- 
ode can be given as the following formulas: 

Cu2+ + 2e = Cuo, AG? = -65648 J (1) 

(2) 

(3) 

Cu2+ + e = Cu+’, AG: = -15282 J 

Cu’+ + e = Cuo, AG; = -50365 J 

Because of the 1 AGY I > I AG! I > I AGq I in eqs. (1)- 
(3), it is difficult for the first reduced product Cu’+ 
to  be attained in the film and the main reactions on 
the cathode should be that Cu2+ is reduced to Cuo. 

In the transition layer (Fig. 7), we can see the 
growing image of the deposition. It is just like many 
“trees,” whose “trunks” were grown out of the 
densely deposited layer and “branches” out of the 
“trunks.” From the view of the deposited copper 
growth, it can be confirmed that in the process of 
the electrochemical reaction the closest copper ion 
Cu2’ can obtain electrons first, change to  copper 
Cu’, and then initiate the deposited sites (“tree 
root”) corresponding to the possibility principle. The 
depositing growth of these sites (“tree root”) along 
the thickness direction is equivalent to the extension 
of the electrode, and the grown electrodes (“tree 
trunk”) further accept the penetrating copper(I1) 
ion and reduce the ion into Cuo. With the developing 
of deposition (the extension of the electrode), the 
thickness of the transition layer increases. When 
this extension reaches the critical skin layer, the 
penetrating process cannot continue and the growth 
of the electrode (“tree trunk growth”) ceased. 

Figure 7 Morphological structure of transition layer of 
ECCF from SEM. Concentration of PAN to DMF in 
PCBS: 17% (wt); ratio (mole/mole) of nitrile group to 
copper(I1) ion: 2 : 1; drying time of SSF: 16 h; current: 0.8 
A; reaction time: 2 h. 
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The undeposited layer (Fig. 8) is the skin layer 
which was left due to the drying of SSF in ambient 
temperature and the phase separation caused by the 
dispersion processes of DMF out of SSF and water 
into SSF during the period of electroreaction. 

Chemical linkages Among the Components 
in SSF and ECCF 

The chemical linking situations among the nitrile 
groups, copper ion, and DMF were characterized by 
FTIR. The infrared spectra of the dried SSF and 
ECCF are shown in Figure 9. It can be seen from 
the graphs that 2339.5 and 2191.0 cm-' in Figure 
9(A) confirmed the presence of the complex between 
the - CEN and the copper(I1) ion in SSF.13~'4 But 
the two bands become extremely weak in ECCFs 
[Fig. 9(B)], indicating decreases of the complex in 
the electrochemical process. The changes of the 
2339.5 and 2191.0 cm-' bands before and after the 
electrochemical process indirectly imply that there 
is a copper element in ECCFs. 

But the new band obtained at 621 cm-' is the result 
of very complicated reduction byproducts in SSF under 
the high voltage drop (20-50 V). It may be converted 
from the reduction byproducts of - CEN and other 
groups, e.g., R- CH2 - NH2 - HC1.I5 The decrease of 
both 3446.6 and 3357.9 cm-' bands, the stretching 
vibration of carboxylic hydroxy ( - OH),15,16 may re- 
sult from the electrolysis of -OH. The exact infor- 
mation of band 621 cm-' needs further research be- 
cause of the complication of electroreduction in SSF. 

Figure 8 Morphological structure of undeposited layer 
of ECCF. Concentration of PAN to DMF in PCBS: 17% 
(wt); ratio (mole/mole) of nitrile group to copper(I1) ion: 
2 : 1; drying time of SSF: 16 h; current: 0.8 A; reaction 
time: 2 h. 
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Figure 9 FTIR spectra: (A) dried SSF-concentration 
of PAN to DMF: 17%; ratio (mole/mole) of nitrile to cop- 
per(I1) ion: 2 : 1; drying time of SSF: 16 h; dried a t  105°C 
for 4 h. (B) ECCF-concentration of PAN to DMF: 17%; 
ratio (mole/mole) of' nitrile to copper(I1) ion: 2 : 1; drying 
time of SSF: 16 h; current: 0.8 A; reaction time: 2 h; dried 
a t  105°C for 4 h. 

CONCLUSION 

To obtain the polyacrylonitrile-copper (0 )  compos- 
ite film, the electrochemical reactions used in this 
research provide a proper method. The morpholog- 
ical structure of ECCF includes three layers, of 
which the densely deposited layer is made up of the 
copper element and the part of transition layer con- 
sists of the copper element also. The conductivity 
of the final film is gained from the copper layer and 
the transition layer. The proper electrical current 
and electrochemical reaction time can enhance the 
conductivity of the final film while the ratio of nitrile 
to the copper( 11) ion should be lower than a critical 
value so as to give the final film the high conductiv- 
ity. The preparing conditions of the blend solution 
of the polyacrylonitrile-copper (11) ion and the 
manufacturing conditions of SSFs affect the con- 
ductivity and the morphological structure of the 
electrically conductive composite film. 
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