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ABSTRACT 
We studied the surface modification of polyimide/multi-walled carbon nanotube (MWNT) composites resulting 
from plasma treatment. After NH3 plasma treatment, the surface properties of polyimide containing MWNT 
(U-CNT) or acid modified MWNTs (M-CNTs) were investigated using X-ray photoelectron spectroscopy (XPS), 
X-ray diffraction (XRD), contact angle and electrical measurements. The surface of polyimide/MWNT compos-
ites became more hydrophilic after the NH3 plasma treatment, which improved the surface electrical conductiv-
ity of polyimide/MWNT composites. The XRD results indicate that the formation of a MWNT network structure 
in the polyimide matrix impeded the motion of polyimide molecules. 
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1. Introduction 
Carbon nanotubes (CNTs) [1] have excellent strength, 
elastic modulus, electrical and thermal conductivity [2,3] 
because of their high aspect ratio (L/D). However, the 
application of CNT in composites is challenging because 
the intrinsic van der Waals interaction among CNTs cau- 
ses poor dispersion in organic polymer matrix [4,5]. 
There are two main approaches to improve CNTs disper- 
sibility in the polymer matrix: grafting functional groups 
[6,7] or non-convalently method [8,9]. Polyimide (PI), a 
well-known engineering plastic that demonstrates excel- 
lent chemical resistance and dielectric, mechanical, and 
thermal properties, has been extensively used in aero- 
space, microelectronic and optoelectronic industries. The 
reduction of PI electrical resistance reduces the build-up 
of electrostatic charges on a PI surface. By adding single- 
walled carbon or multi-wall carbon nanotubes (MWNTs) 
to PI composites, researchers have reported a reduction 
in surface resistance to approximately 106 - 108 Ω/cm2. 
The network-like structure of dispersed CNT reduces the  

amount of CNT required to improve the properties of 
polymer/MWNT nanocomposites. 

Plasma technology [10-12] has been widely used to 
activate the surface of films without changing their bulk 
structure. The plasma modification technology utilizes 
the ionized, molecules and radicals made by the electrical 
field to bombard and react with the surface of the sub-
strate [8,13]. Difference of ionized gases can be used to 
produce various types of plasma [14,15]. Valentini et al. 
investigated the fluorinated single-wall CNTs treated by 
plasma [16] and Xu et al. investigated the surface modi-
fication of multi-walled CNTs under oxygen plasma 
treatment [9]. Chen et al. reported that Ar/H2O surface- 
wave plasma can be used to modify the surface charac- 
teristics of CNTs and thus improve their dispersion abil- 
ity in water [17]. CNTs can be treated with plasma to en- 
hance their compatibility with the polyimide matrix [18, 
19]. In this study, we prepared PI/MWNT nanocompo- 
sites and applied various MWNT surface modifications 
to improve their dispersion in the PI matrix. The effect of 
plasma treatment on PI/MWNT nanocomposites [8,17, 
20] was investigated. *Corresponding author. 
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2. Experimental 
2.1. Materials 
Pristine MWNT 10 - 30 nm in diameter and 5 - 15 μm in 
length were fabricated using chemical vapor deposition 
(CVD) with 95% purity. 1-methyl-2-pyrrolodinone (NMP, 
Acros, 99%), sulfuric acid (H2SO4, Acros, 98%), nitric 
acid (HNO3, Acros, 65%), 3,3’,4,4’-biphenyl tetracarbo- 
xylic dianhydride (BPDA, Chriskev, 98%), and p-phe- 
nylenediamine (p-PDA, Acros, 99%) were used as re-
ceived without further purification. 

2.2. Preparation of Oxidized and Acid-Modified 
CNTs 

The pristine MWNTs were purified by oxidation in air, at 
550˚C for 45 min, to remove amorphous carbon and re-
sidual metal catalysts to produce the unmodified MWNTs 
(U-CNTs). U-CNTs were mixed with sulfuric and nitric 
acids (3:1 according to volume) by using ultra-sonication 
for 2 h. The dispersed mixture was then washed and fil-
tered with distilled water and methanol to produce 
acid-modified MWNTs (M-CNTs). 

2.3. Preparation of PI/MWNT Composites 
The U-CNTs or M-CNTs were added to NMP and ultra- 
sonicated for 6 h to obtain a uniformly dispersed MWNT 
suspension. Diamine p-PDA was then added to the solu- 
tion, and vigorously stirred in a flask. After 30 min, di- 
anhydride BPDA was added and reacted at room tem- 
perature under nitrogen for 4 h. The resulting PAA solu- 
tion had a 12% wt% solid content. The molar ratio of 
dianhydride and diamine was maintained at 1.02:1 to 
control the molecular weight. The PI/MWNT films were 
prepared by coating the PAA solution on glass for multi- 
step thermal curing (80˚C, 100˚C, 150˚C, 200˚C, 250˚C, 
300˚C, and 400˚C, each temperature maintained for 1 h). 

2.4. Plasma Treatment 
NH3 was the gas used for plasma treatment of PI/MWNT 
composites. The treatment powers were 30 W and 100 W 
at radio frequency of 13.56 MHz. The treatment time was 
5 minutes for all samples. Figure 1 shows the process 
scheme. 

2.5. Characterization 
Fourier transform infrared spectroscopy (FTIR) analysis 
was performed using a Perkin-Elmer FTIR system, and 
transmission electron microscopy (TEM) was performed 
using a JEOL-JEM-1230 transmission electron micro- 
scope. Contact angle analysis was performed using an 
FTA-1000 contact angle meter. The X-ray photoelectron 
spectroscopy (XPS) analysis of powdered MWNT sam- 

ples was performed using the ULVAC, PHI 5000 Ver- 
saProbe/scanning ESCA microprobe. The electrical pro- 
perties of the samples were measured using an ULTRA 
Mesoh-meter SM-8200, and tests were conducted at room 
temperature, and a voltage of 100 V. Scanning electron 
microscopy (SEM) was performed using a JEOL-5610 
scanning electron microscope. X-ray diffraction (XRD) 
analysis was performed using a RINT 2000 wide-angle 
goniometer. 

3. Results and Discussion 
As shown in Figure 2, the surfaces of modified MWNTs 
(M-CNTs) exhibited carboxyl acid and hydroxyl groups 
after the acid-treatment process. The FTIR spectra in this 
figure show absorption peaks at approximately 3400 
cm−1 for the -OH group and 1700 cm−1 for C=O group. 
Figure 3 shows TEM image of MWNTs that were treat- 
ed with mixed acid and MWNTs that were not. The 
mixed acidmodified MWNTs were thoroughly dispersed. 

Table 1 shows the angles at which the surfaces of the 
PI/MWNT films contact water at various NH3 plasma 
treatment powers. The PI film surface became hydropho-
bic when U-CNT and M-CNT were added, increasing  

 

 
Figure 1. Reaction scheme for preparing plasma-treated PI/ 
MWNT composites. 

 

 
Figure 2. FTIR spectra of unmodified and modified MWNT. 
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Figure 3. TEM image of unmodified and modified MWNT. 

 
Table 1. Contact angle results of PI/MWNT composites. 

 Contact angle 
Plasma power (NH3) No treatment 30 W 100 W 

Pure PI 64.9˚ 62.5˚ 61.9˚ 
PI/U-CNTs 1% 65.5˚ 62.7˚ 58.4˚ 
PI/M-CNTs 1% 68.2˚ 61.8˚ 56.2˚ 

 
the degree of the contact angle with water. As the NH3 
plasma treatment power increased from 30 W to 100 W, 
the surfaces of PI or PI/MWNT film became increasingly 
hydrophilic. As a result, the degree of the contact angle 
with water decreased. 

The XPS results suggest that the N and O atoms on the 
surface of PI/MWNT composites increased after NH3 
plasma treatment, which could cause the hydrophilic 
characteristic of PI/MWNT composites (Table 2). Fig-
ure 4 shows the XPS O 1s spectra of the PI and PI/U- 
CNT composite after the plasma treatment. The compo- 
nents at approximately 532 eV and 533 eV are attributed 
to the C=O and C-O groups. After the NH3 plasma 
treatment processes, the C=O intensity decreased and the 
C-O intensity increased, suggesting that the NH3 plasma 
treatment broke the C=O double bond. 

The high aspect ratio of the MWNTs substantially im- 
proved the electrical conductivity of the polymer matrix, 
enabling a reduction in surface electrostatic charge (ESC) 
build-up. Table 3 shows that the surface resistance of 
PI/MWNT composites gradually decreased as the MWNT 
content increased. The criterion for electrostatic charge 
mitigation (106 - 108 Ω/cm2) was met when PI was 
loaded with 2 wt% of U-CNTs. However, 2 wt% of M-  

Table 2. XPS results of PI/MWNT composites. 

Sample C (1S) 
a.t.% 

N (1S) 
a.t.% 

O (1S) 
a.t.% N/C (%) O/C (%) 

Pure PI 75.6 5.0 18.5 6.5 24.5 

PI/U-CNTs 1% 81.2 5.2 13.6 6.4 16.7 

PI/U-CNTs 1% 30 W 76.2 5.8 18.0 7.6 23.6 

PI/U-CNTs 1% 100 W 69.5 7.0 23.5 10.1 33.8 

PI/M-CNTs 1% 74.5 5.4 20.6 7.2 27.7 

PI/M-CNTs 1% 30 W 71.5 5.7 22.8 8.0 31.9 

PI/M-CNTs 1% 100 W 69.3 6.1 24.6 8.8 35.5 

 
Table 3. Electrical properties of PI/MWNT composites. 

 Surface resistance (Ω/cm2) 

Plasma power (NH3) No treatment 30 W 100 W 

Pure PI 2.1 × 1014 9.6 × 1013 5.7 × 1013 

PI/U-CNTs 0.5% 1.6 × 1011 7.0 × 109 2.0 × 1010 

PI/U-CNTs 1% 4.0 × 109 2.0 × 108 2.3 × 107 

PI/U-CNTs 2% 6.5 × 106 9.1 × 106 5.5 × 106 

PI/M-CNTs 0.5% 1.4 × 1013 2.2 × 1013 8.3 × 1012 

PI/M-CNTs 1% 8.9 × 1012 8.2 × 1012 3.0 × 1010 

PI/M-CNTs 2% 5.8 × 1010 1.2 × 1010 1.6 × 1010 

 
CNT is not sufficient for PI composites. This is primarily 
because the acid treatment reduces the length of CNTs. 
On the other hand, the electrostatic charge mitigation 
criterion can be met when PI is loaded with only 1 wt% 
of U-CNT, with subsequent 100 W NH3 plasma treat- 
ment to make the surface of PI/MWNT composites more 
hydrophilic. 

Figure 5 shows the surface morphology of the PI/ 
MWNT films after NH3 plasma treatment. The U-CNT 
and M-CNT were exposed outside the surface of PI film, 
which could form a conductive path that effectively re- 
duces the surface resistance of the PI/MWNT compos- 
ites. 

The 1 wt% U-CNTs formed a network structure in the 
PI matrix. As shown in Figure 6, the XRD results indi- 
cate that the motion of PI molecules was impeded for the 
crystallization of PI because of the formation of a net- 
work structure of 1 wt% U-CNTs in PI matrix. Therefore, 
100 W NH3 plasma treatment effectively reduced the 
surface resistance of 1 wt% PI/U-CNTs. 

4. Conclusions 
In conclusion, we fabricated a PI nanocomposite com-
posed of homogeneously dispersed MWNTs. The results 
show that the conductive paths could be formed in PI/ 
MWNT nanocomposites to reduce the surface resistance. 
With 100 W NH3 plasma treatment on the PI loaded only 
1 wt% of U-CNT, the surface resistance can be reduced 
to meet the electrostatic charge mitigation criterion. 

U-CNT

M-CNT
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Figure 4. XPS O 1s spectrum of PI and PI/U-CNT composite after plasma treatment processes. 

 

 
Figure 5. Top view SEM images (50,000×) of PI/MWNT 
composites after various plasma treatments. 

 
Figure 6. XRD spectrum of PI/MWNT composites after 
various plasma treatment processes. 
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