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The present study presents the fabrication and performance of plasma functionalized bucky paper rein-
forced phenylethynyl-terminated polyimide (PETI). Multi-wall carbon nanotubes in the form of bucky
papers are functionalized using He/O2 plasma, and the effect is revealed by XPS and wettability test,
showing improved hydrophilicity on the bucky paper surface. For the nanocomposites made with PETI,
the functionalized sample exhibits a 30% increase in tensile strength and 125% increase in tensile mod-
ulus compared with those of the untreated samples, indicating improved adhesion between the bucky
paper and PETI. The thermal properties of the composites are unchanged before and after the plasma
treatment. No substantial mass loss is observed below 500 �C in oxygen, indicating high temperature
resistance of the composite.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Much attention has been paid to macroscopic assemblies of car-
bon nanotubes (CNTs), in order to take full advantage of theoreti-
cally ultra-strong individual CNTs. CNTs in macroscopic scale
have potentials in functional applications, such as supercapacitor
[1,2], sensor and electrode [3,4], and structural applications [5]
when combined with traditional reinforcement fabrics. Bucky pa-
per, in the form of multiwall carbon nanotube (MWCNT) cake,
can be made in a large size suitable for macroscopic applications
[6]. However, the individual MWCNTs in a bucky paper are held to-
gether by Van der Waals forces, the weakest among all intermolec-
ular forces [7]. MWCNTs in a bucky paper reinforced composite are
impregnated in a matrix such that the mechanical properties of
MWCNTs can be utilized more efficiently [8]. For a MWCNT com-
posite, creating good interface between the MWCNTs and the poly-
mer matrix is critical for achieving effective load transfer [9]. Better
interface can be obtained through selectively functionalizing nano-
tube using acid chemically binding MWCNTs to polymers [10–12].
However, this will bring in impurities and cause defects in MWCNT
when strong acid is applied, such as H2SO4, HNO3, HCl [13]. In com-
parison, plasma treatments have been used as an environmentally
friendly means to treat various types of material surfaces without
altering their bulk properties [14,15]. In plasma treatments, ex-
ll rights reserved.
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cited radicals, electrons and ions break the chemical bonds and
create active groups for binding with polymers [16]. Different plas-
ma atmospheres can produce a wide range of functional groups
with high efficiency, meeting various demands in industrial appli-
cations [17]. Recently, studies have been carried out to plasma
functionalize CNTs or MWCNTs in different atmospheres and with
different parameters. Felten et al. [18] modified CNTs with radio-
frequency plasma in O2, NH3 and CF4 atmospheres. It was found
that, when the optimal values of the plasma parameters were ap-
plied, functional groups (hydroxide, carbonyl, carboxyl, amine,
fluorine, etc.) were created on the CNT surfaces while no damage
to the CNTs was observed. Chen et al. [19] functionalized MWCNTs
by microwave-excited surface wave oxygen plasma and found that
the Ar/O2 plasma treatment greatly enhanced the content of oxy-
gen, modified structural properties and improved the dispersion
of MWCNTs in aqueous solutions. More surface defects were in-
duced while the integrity of the nanotube patterns was not dam-
aged. Vohrer et al. modified CNTs and bucky papers using Ar/N2/
O2 plasma and found that the oxygen containing plasma atmo-
sphere improved the hydrophilicity of CNT surfaces [20].

Phenylethynyl-terminated polyimide (PETI) was firstly intro-
duced by Harris et al. [21]. This thermosetting polyimide has been
used for high-speed civil transportation (HSCTs) applications due
to its desirable properties [22]. PETI-5 was developed by NASA
Langley Research Center and was regarded as one of the best high
performance polymers for composite matrix [23]. Several research-
ers have worked on changing oligomers to improve the polymer
properties. Connell and coworkers developed two phenylethynyl
y paper and its composite with phenylethynyl-terminated polyimide. Com-
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terminated oligomers designated PETI-298 and PETI-330 as the
leading candidates for composite applications requiring high tem-
perature performance (i.e. P88 �C for 1000 h) [24]. Ogasawara
et al. synthesized Triple-A PI by replacing the symmetric 3,30,4,40-
biphenyltetracarboxylic dianhydride (s-BPDA) by asymmetric
2,3,30,40-biphenyltetracarboxylic dianhydride (a-BPDA) and fabri-
cated composites reinforced with MWCNTs. Their experimental re-
sults showed increased elastic modulus and yield strength, and the
glass transition temperature went up with incorporation of the
carbon nanotubes, suggesting that the MWCNTs were acting as
macroscopic crosslinks and further immobilized the polyimide
chains at elevated temperatures [25]. These studies focus on ran-
dom carbon nanotube reinforced polyimide composite by mixing
CNTs with polyimide similar to the process of making a regular
short fiber composite, which could not achieve a high volume frac-
tion of CNTs. However, a bucky paper, as an assembly of MWCNT,
could have much higher nanotube loading levels, up to 50% [26],
and great potential for composite property improvement [27]. Fu
et al. incorporated the bucky paper onto the surface of polyim-
ide/carbon fiber composites. The bucky paper/polyimide layer
worked as an excellent physical barrier, obstructing the flow of
heat and oxygen into the bulk of the composite [28].

Relatively few researchers have studied plasma modification of
carbon nanotubes for reinforcing polymer composites. Pötschke
et al. studied Ar/O2 plasma functionalized bucky paper and poly-
carbonate composites [29]. Tseng et al. and Chen et al. used plasma
modification for random CNTs to reinforce epoxy composites
[30,31]. They concluded that the modification increased both the
mechanical and electrical properties. However, little has been re-
ported in literature about plasma modification of CNTs or bucky
paper for PI matrix composites.

The aim of this paper is to investigate the effect of He/O2 plasma
functionalization of a MWCNT bucky paper on the mechanical
properties of its corresponding polyimide composite. The surface
chemical composition of the bucky paper before and after the plas-
ma treatment was determined by X-ray photoelectron spectrome-
try (XPS). The surface morphology and surface wettability of the
bucky paper were examined using scanning electron microscopy
(SEM) and static water contact angle measurement. The mechani-
cal properties of the bucky paper/PETI composite were also tested.
2. Experimental

2.1. Bucky paper production

MWCNTs was supplied by Tsinghua University (average diame-
ter of 20 nm, purity >90%, according to the supplier). The aspect ra-
tios of the individual MWCNT are in the range of 25–30. Following
the bucky paper preparation process described in literature [32],
150 mg MWCNT was dispersed utilizing ultrasonication under
53 KHz for 1.5 h in 150 ml methanol solution with 0.1% Trilton
X-100 (purchased from Sinopharm Chemical Reagent Co. Ltd.) as
the surfactant. The solution was vacuum-filtrated under 0–
0.1 MPa with a PTFE filter membrane (0.22 lm mean pore size)
and washed with methanol to remove the residual Trilton X-100.
The bucky paper (diameter 64 mm, thickness 70 lm) was peeled
off after drying under 120 �C for 1 h. The control and the plasma
treated samples were made under the same condition using the
same batch of MWCNTs to ensure a consistent volume fraction.
2.2. Plasma functionalization

An atmospheric pressure plasma jet (APPJ) Atomflo™-R (Surfx
Technologies, CA) was used to treat the bucky paper. A capacitively
coupled electrode design was employed in the device to produce
Please cite this article in press as: Jiang Q et al. Plasma functionalization of buck
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stable discharge with 13.56 MHz radio frequency power at atmo-
spheric pressure. It was reported that pure oxygen plasma created
the highest oxygen content but disrupted the CNT structure [20].
Therefore, this experiment adopted mixed gas of helium/oxygen
(100:1 ratio) at a flow rate of 20/0.2 l/min with a power of 40 W.
The samples were placed on a conveying belt moving at a speed
of 6 mm/s, and the distance between the sample and the nozzle
was 2–3 mm, which was the most effective distance according to
our previous studies [33]. Plasma treatment to a porous structure
could be effective both in interior and exterior surfaces [34]
depending on the penetration depth of the plasma in bucky paper
which was approximately 5 nm [20]. The samples were treated on
both sides for 1 lap (8s), keeping the inner graphite structure
undamaged [29].
2.3. Phenylethynyl-terminated polyimide synthesis

The oligomers used in this study were 4,40-oxydiphthalic anhy-
dride (ODPA), 4,40-methylenedianiline (MDA) obtained from
Shanghai Research Institute of Synthetic Resins, and 4-(Phenyleth-
ynyl)phthalic anhydride (PEPA) supplied by Changzhou Sunlight
Pharmaceutical Company. OPDA was dehydrated in vacuum oven
at 160 �C for 8 h to avoid degradation by water in synthesis. Meth-
anol, as the solvent, was dehydrated by molecular sieve before use.
The imide oligomer was prepared at a calculated molecular weight
of 1500 g/mole with a molar ratio of ODPA:MDA:PE-
PA = 1.78:2.78:2.00. The reaction is shown in Fig. 1. ODPA, MDA
and PEPA were extracted in methanol separately and then mixed
by stirring for 4 h, forming brown, viscous poly(amide) acid.
2.4. Composite preparation

The untreated and treated bucky papers were mixed with poly
(amide) acid at 80 �C using vacuum filtration method. Therefore
the infiltration of poly(amide) acid into the bucky papers was im-
proved compared with the traditional cast method. The obtained
prepregs were put into molds, pressed under 1 kPa and heated in
a vacuum oven following a stepwise program (Fig. 2) to remove
residual solvent and compact the composite structure.
2.5. Scanning electron microscopy analysis

The morphological structures of the bucky papers and compos-
ites were inspected using a scanning electron microscope (Hitachi
S-4800). Different resolutions were chosen to observe the mor-
phology change after the plasma treatment.
2.6. Surface wettability analysis

Wettability measurement was performed using Video-Based
Optical Contact Angle Meter (Dataphysics, OCA15EC). Distilled
water was used as the liquid for the static water contact angle
measurement.
2.7. X-ray photoelectron spectroscopy analysis

The surface chemical compositions of plasma-treated and un-
treated bucky papers were analyzed using an XPS system (Thermo
ESCALAB 250) equipped with a Mg Ka X-ray source with pass en-
ergy of 1253.6 eV. The analysis was carried out under 10�9–
10�10 Torr with power of 300 W. Photo emitted electrons were col-
lected at a take-off angle of 45� and the deconvolution analysis of
C1s peaks was carried out using XPS Peak software.
y paper and its composite with phenylethynyl-terminated polyimide. Com-
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Fig. 1. Synthetic scheme of the imide oligomers from the reaction ODPA, MDA and PEPA.
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2.8. Mechanical property test

Stress–strain behavior of the composites was tested using a ten-
sile testing machine (Shimazu EZ-S). The crosshead speed and the
gauge length were 0.5 mm/min and 6 mm, respectively. The sam-
ples were cut into strips with a dimension of 0.3 mm wide and
10 mm long.
2.9. Thermogravimetric analysis

Thermo-stability of the bucky paper/PETI composites was as-
sessed by Thermogravimetric analysis (NETZSCH, TG209 F1). The
tests were run from 25 to 900 �C at 15 �C/min in air. The specimens
were tested in air in order to simulate the application conditions in
real world applications.
Fig. 2. Hot-pressing stage of bucky paper/pheny
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3. Results and discussion

3.1. Surface morphology of bucky paper

SEM images of the untreated bucky paper (a) and the plasma
treated bucky paper and (b) are shown in Fig. 3. The uniform dis-
persion was observed in these images, because systematic studies
were carried out on solvent and dispersant concentration in our
previous work and optimal parameters were used in this study.
It is interesting to find that there was no significant difference be-
tween the plasma treated and the control samples except the areas
shown in circles where the carbon nanotubes were ‘‘cut’’ by plasma
and more ends showed up. But this ‘‘cutting’’ effect may not signif-
icantly influence the bucky paper property since all ‘‘cutting’’ could
only happen on the surface. Unlike the acid treatment which could
damage the CNTs [35], the integrity of MWCNT bundles in bulk of
lethynyl-terminated polyimide composite.

y paper and its composite with phenylethynyl-terminated polyimide. Com-
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Fig. 3. SEM images of untreated (A) and plasma treated and (B) buckypaper.

Fig. 4. XPS C1s spectrum of untreated (A) and oxygen plasma-treated and (B) bucky
paper.
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the bucky paper was maintained after the plasma treatment. Be-
sides, the surface ends could increase the mechanical interlocking
between the bucky paper and the polymer after composite was
made, which was called nanomechanical interlocking [36], thus
improving the mechanical properties of the composite.

3.2. Surface chemical composition and wettability change

XPS analysis was conducted to identify the surface chemical
composition changes of the bucky paper after plasma functionali-
zation. The C1s spectra were deconvoluted into five characteristic
Gaussian peaks (Fig. 4), including sp2-hybridized graphite-like car-
bon atoms (284.1 ± 0.2 eV), sp3-hybridized graphite-like carbon
atoms (285.1 ± 0.2 eV), CAO (286.2 ± 0.2 eV), C@O (287.2 ± 0.2 eV)
and OAC@O (288.9 ± 0.2 eV) [19]. The CAO, C@O and OAC@O
groups observed on the bucky paper surface were likely resulted
from plasma induced oxidation as well as surface contamination
or impurities. As shown in Table 1, C@C, C@O and O@CAO ratios
slightly decreased after plasma treatment, while CAC and CAO in-
creased somewhat. This indicates that the graphene structure on
the surface of the MWCNT was partially disrupted after the plasma
treatment since C@C should only exist in the graphene structure.
Table 1
Relative percentage of five components of carbon atoms and calculated ratio of carbon an

C@C (%) CAC (%) CAO

Untreated 33.77 35.72 6.92
Plasma-treated 32.91 36.41 8.33

Please cite this article in press as: Jiang Q et al. Plasma functionalization of buck
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Felten et al. theoretically calculated the bonding energies of the
functional groups identified by XPS as shown in the following
sequence: CNTAOH (116 kcal/mol) > CNTACOOH (80 kcal/
mol) > CNT@O (70 kcal/mol) > CNT@C@O (�36 kcal/mol) [37].
Therefore in this study, CNTAOH should less likely to be degraded
by the plasma than CNTACOOH and CNT@O, which explained why
the number of C@O and O@CAO decreased whereas CAO in-
creased. In oxygen plasma atmosphere, free radicals were also cre-
ated on the surface of the bucky paper, promoting the reaction
with polyimide. The 20% increase of CAO fraction should lead to
an improved hydrophilicity of the MWCNT since CNTAOH is a
more hydrophilic side group than C@O and O@CAO.

In order to determine how much the plasma treatment trans-
formed hydrophobic surfaces to hydrophilic surfaces for the bucky
paper, the water contact angle tests were performed and the re-
sults are shown in Fig. 5. Water contact angles decreased from
125.4� for the control to 34.9� for the plasma treated sample. It
gives us a clear evidence of wettability change, which is due to
d oxygen atoms.

(%) C@O (%) O@CAO (%) [C]/[O]

6.89 16.70 8.16
6.08 16.27 5.40

y paper and its composite with phenylethynyl-terminated polyimide. Com-
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Fig. 5. Contact angle measurement of bucky before (A) and after (B) oxygen
plasma treatment.

Fig. 6. Stress–strain curve of bucky paper/PETI composite (a) untreated and (b)
plasma treated.
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more CAO groups induced by the plasma treatment. The increased
CAO group should make the resin infusion easier and fiber/resin
interface stronger, resulting in improved mechanical and physical
properties of the composites.
Fig. 7. Cross section of bucky paper/phenylethynyl-terminated polyimide. Resin
rich areas are found on both sides of composite.
3.3. Composite mechanical properties

Typical stress–strain curves of the control and the plasma-mod-
ified bucky paper/PETI composites are shown in Fig. 6. The un-
treated bucky paper/PETI exhibited a failure stress of 208 MPa
and an elastic modulus of 17.6 GPa. After the plasma functionaliza-
tion, the failure stress and the elastic modulus increased to
271 MPa and 39.6 GPa, rising 30% and 125% respectively. The
strength and failure strain of the pure PETI were around 100 MPa
and 8%, respectively as reported by Bryant et al. [38] and Ogasa-
Please cite this article in press as: Jiang Q et al. Plasma functionalization of buck
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wara et al. [25]. It indicates that carbon nanotube more effectively
reinforced the matrix and increased the mechanical properties.
Qian et al. estimated the elastic modulus of MWCNT/PS composite
using an in-plane randomly oriented discontinuous fiber lamina
model [39]. Ogasawara et al. chose three-dimensional analysis
based on Eshelby–Mori–Tanaka theory [40], taking into account
the effect of three-dimensional random orientation and entangled
distribution of nanotubes [25]. According to the latter model, the
estimated elastic modulus should be around 38 GPa [25], close to
the plasma functionalized sample in this study. That indicates that
the modulus of composite without plasma functionalization was
far below the estimated value, resulting from the poor stress trans-
fer between the matrix and the MWCNTs. Comparing the two sam-
ples before and after the plasma functionalization, a significant
increase in elastic modulus was obtained. This improvement may
be attributed to the increased interfacial adhesion between the
MWCNTs and PETI due to the increased number of CAO groups
on the MWCNTs [30].

The SEM images of fractured composite surfaces are shown in
Figs. 7 and 8. The improved infiltration and thus adhesion between
bucky paper and phenylethynyl-terminated polyimide was ob-
served. Fig. 7 gives the cross section of the bucky paper/phenyleth-
ynyl-terminated polyimide. Resin rich areas were found on both
sides of composite. While in the tube rich region, the MWCNT
y paper and its composite with phenylethynyl-terminated polyimide. Com-

http://dx.doi.org/10.1016/j.compositesb.2012.06.017


Fig. 8. Fracture surface of bucky paper/PETI composite before (A) and after and (B)
plasma functionalization, indicating the adhesion improvement.

Fig. 9. Thermogravimetric analysis curve of bucky paper/PETI composite: (a) un-
modified and (b) plasma modified.
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volume fraction was about 25%, the overall volume fraction of the
composite could be around 10% due to the existence of the resin
rich regions. Fig. 8 provides the magnified view of the MWCNT rich
regions of the fractured composite surfaces. As shown in Fig. 8a, for
the control sample, long and free nanotube ends are manifested,
indicating MWCNTs were pulled out easily during the tensile test
because of the poor adhesion. In contrast, as shown in Fig. 8b, after
plasma functionalization, the broken nanotube ends in the frac-
tured composite surface became shorter, implying an improved
bonding between the MWCNTs and the resin.
3.4. Thermal properties

As shown in Fig. 9, the TGA curve for the composite made of
plasma functionalized bucky paper was not significantly different
from that of the control sample. There was almost no weight loss
before 500 �C even in air, indicating high temperature resistance
of the composites. The subtle decrease of mass percentage (seen
in the dashed frame) from 200 �C to 600 �C reflects the increase
of oxygen-containing groups. According to the literature [41], oxy-
gen-containing groups are stable under 200 �C, irrespective of the
functionalizing methods applied. In decomposition above 200 �C,
CO2 and H2O were produced at low temperatures and H2 and CO
were generated at high temperatures [41]. Nevertheless, this slight
reduction of mass may not significantly influence the thermal
property of the composite. In other words, the heat resistance of
the composite was maintained after plasma functionalization of
the bucky paper.
Please cite this article in press as: Jiang Q et al. Plasma functionalization of buck
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4. Conclusion

Plasma functionalization was applied successfully on bucky pa-
per to modify the surface composition. The bucky paper/PETI com-
posites were well infiltrated when using vacuum filtration method.
After plasma treatment, the hydrophilic groups on the bucky paper
were increased, resulting in a more hydrophilic surface. The nano-
mechanical interlocking mechanism takes effect during tensile
loading. The combination of the above two effects were beneficial
to the improvement of mechanical properties between MWCNTs
and PETI. Thermal gravimetric analysis showed high temperature
resistance of bucky paper/PETI composites regardless plasma func-
tionalization of the bucky paper.
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