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A B S T R A C T

Carbon nanotube yarn and sheet were activated using radio frequency, atmospheric pres-

sure, helium and oxygen plasmas. The nanotubes were exposed to the plasma afterglow,

which contained 8.0 · 1016 cm�3 ground state O atoms, 8.0 · 1016 cm�3 metastable O2

(1Dg), and 1.0 · 1016 cm�3 ozone. X-ray photoelectron spectroscopy and infrared spectros-

copy revealed that 30 s of plasma treatment converted 25.2% of the carbon atoms on the

CNT surface to oxidized species, producing 17.0% alcohols, 5.9% carbonyls, and 2.3% car-

boxylic acids. The electrical resistivity increased linearly with the extent of oxidation of

the CNT from 4 to 9 · 10�6 X m. On the other hand, the tensile strength of the yarn was

decreased by only 27% following plasma oxidation.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The characterization of the multiwall carbon nanotubes

(CNTs) by Iijima in 1991 [1] initiated a two-decades long re-

search effort to exploit the mechanical, electrical, and ther-

mal properties of these materials. One of the proposed uses

of carbon nanotubes is to serve as a reinforcement material

in composites. The ability of the nanotubes to improve com-

posite properties depends heavily on their compatibility with

the polymer matrix. Carbon nanotubes tend to agglomerate,

and are difficult to disperse in organic or inorganic solvents

[2]. Thus, one of the challenges in fabricating carbon nano-

tube reinforced composites is to uniformly distribute a high

percentage of the nanotubes in the resin. In more recent

years, the production of nanotube fibers, yarn and sheet,

has provided a means of making large-scale structures out
er Ltd. All rights reserved
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of CNT reinforced composites. However, the carbon nanotube

yarns and sheets exhibit tensile strengths well below their

theoretical limits, i.e., in the range of 1.0–2.0 GPa, due to fiber

pull out within the nanotube bundles [3]. To overcome this

problem, methods are being developed to crosslink together

the CNT with resins.

Currently, the standard approach to activate carbon nano-

tubes for chemical coupling is to immerse them in an acid

solution at elevated temperature for several hours [4]. Acids

commonly used to treat nanotubes include nitric acid, sulfu-

ric acid, piranha solution, or a mixture of nitric and sulfuric

acids. This treatment inserts hydroxyl (–OH) and carboxylic

acid (–COOH) groups onto the nanotube surface, which en-

ables it to form covalent bonds with polymers. The harsh

reaction conditions in the acid bath convert a large fraction

of the sp2 carbon atoms into ketones and carboxylic acids
.

http://dx.doi.org/10.1016/j.carbon.2013.01.010
mailto:rhicks@ucla.edu
http://dx.doi.org/10.1016/j.carbon.2013.01.010
http://dx.doi.org/10.1016/j.carbon.2013.01.010
http://dx.doi.org/10.1016/j.carbon.2013.01.010
www.sciencedirect.com
http://www.elsevier.com/locate/carbon


12 C A R B O N 5 7 ( 2 0 1 3 ) 1 1 – 2 1
through ring opening reactions. This can lead to structural

damage of the CNT and reduces the tensile strength of yarns

and sheets [5]. Alternatively, the carbon nanotubes may be

activated under more mild conditions using plasma chemis-

try [6].

Plasma treatment of carbon nanotubes has been per-

formed under vacuum and at atmospheric pressure. The

length of nanotubes exposure to vacuum plasma can vary

from 5 to 1800 s, and up to 25% of the carbon atoms are oxi-

dized [7–11]. By comparison, atmospheric pressure plasmas

are more suitable for continuous processing of CNT. Previous

work on treating nanotubes includes: arc-like discharges

[12,13], dielectric barrier discharges [5,14,15], and radio fre-

quency (RF) argon and oxygen plasma [16–18]. The plasma

treatment time of CNTs at atmospheric pressure ranges from

3 to 120 s. Up to 9.0 atom% oxidized carbon groups have been

generated.

In this work, we report on the activation of carbon nano-

tube yarn and sheet using a radio frequency (RF), atmospheric

pressure (AP), helium and oxygen plasma. Changes in the

chemical properties of the CNT have been analyzed by water

contact angle measurements (WCA), X-ray photoelectron

spectroscopy (XPS), Fourier transform infrared spectroscopy

(FT-IR), and scanning electron microscopy (SEM). In addition,

the mechanical and electrical properties of the nanotube yarn

were measured using a microforce tensile machine and a

multimeter. It was found that a maximum of 25% of the ex-

posed carbon atoms on the CNT were oxidized by the plasma

over an exposure time of 30 s, which is a significantly higher

level of activation. This doubled the electrical resistivity,

while decreasing the yarn tensile strength from about 550 to

404 MPa.
2. Experimental methods

2.1. Materials

Both the carbon nanotube yarn and sheet used in this work

were acquired from Nanocomp Inc. The nanotubes were

grown by chemical vapor deposition and were spun into a

yarn or compressed into a sheet after exiting the furnace.

The average diameter of a yarn ranged from 35 to 45 lm,

whereas the thickness of the sheets was approximately

20 lm. Tensile strength and electrical resistivity measure-

ments were performed using the yarn, conversely, the surface

characterization by XPS, FT-IR, and SEM was performed on

the sheet.

2.2. Plasma treatment

An AtomfloTM 400L2 from Surfx� Technologies LLC was used in

this work. The 2-inch wide linear plasma source was powered

by an RF generator with a matching network operating at

27.12 MHz. The plasma was fed with 30.0 L/min of industrial

grade helium (99.995%) and 0.5 L/min of ultrahigh-purity oxy-

gen (99.999%) at 1 atm, and it was operated with 150 W of ap-

plied power. An XYZ robot, RB300-XY from Surfx�

Technologies LLC, was used to accurately and reproducibly

translate the plasma source over the samples.
Prior to plasma treatment, the nanotube yarn was cut into

4.0 or 10.0 cm segments, while the sheet was cut into squares

with dimensions of 1.0 · 1.0 or 2.0 · 2.0 cm2. The samples

were fixed to a stage during the experiment, and the plasma

device was adjusted to a 5.0 mm vertical distance from the

sample. The plasma device was then scanned over the sample

at 200 or 20 mm/s depending on the desired exposure time.

The exposure time under the plasma was calculated by divid-

ing the effective plasma beam width, L, by the scan speed,

and then multiplying by the number of scans. For the linear

beam plasma, the effective width was L = 2.1 cm [19].

2.3. Surface characterization

The water contact angle (WCA) on a carbon nanotube sheet

was measured using a Krüss EasyDrop goniometer. To make

the measurement, a 2 lL water droplet was brought into con-

tact with the sample surface. The shape of the water droplet

was captured by a digital camera, and a software program

quickly calculated the contact angle. Six measurements were

made for each sample, and the average contact angle was

reported.

The surface composition of carbon nanotube sheet before

and after the plasma treatment was analyzed by X-ray photo-

electron spectroscopy (XPS). The 1.0 · 1.0 cm2 square sheets

were mounted on a molybdenum sample holder and loaded

onto the stage in the ultrahigh vacuum chamber. Core-level

photoemission spectra of C 1s and O 1s lines were collected

with a PHI 3057 spectrometer using Mg Ka X-rays source at

1253.6 eV. All XPS spectra were taken in small-area mode with

a 7� acceptance angle and 23.5 eV passing energy. The detec-

tion angle with respect to the surface normal was 25�. The

resolution of the source + analyzer is 1.4 eV. The collected

spectra data were analyzed using XPS Peaks version 4.1. The

background contribution to signal intensity was removed

via method proposed by Tougaard and Jansson [20]. The sur-

face atomic composition was calculated by integrating the

area under the carbon 1s and oxygen 1s photoemission peaks

and divide the results by their respective sensitivity factor,

0.30 and 0.71, respectively [21].

Fourier transform infrared spectroscopy was used to iden-

tify the functional groups that were formed on the carbon

nanotube surface by plasma treatment. The FTS-50A spec-

trometer used in these experiments was manufactured by

Bio-Rad, and it was equipped with a mercury cadmium tellu-

ride (MCT) detector. For these measurements, the CNT sheet

was cut into a 2.0 · 2.0 cm2 square and fixed over a 13.0 mm

circular opening on a stainless steel slide. The sample thick-

ness was reduced through layer by layer removal with Kap-

ton� tape until the light throughput across the sample

became measureable by the detector. The spectra were col-

lected at 8 cm�1 resolution with signal-averaging over 2048

scans. A single beam spectrum of the pristine sheet was ta-

ken first. Subsequently, the sheet was exposed to the plasma

while remaining attached to the slide. A single beam spec-

trum was collected after each iteration of plasma treatment.

Absorbance spectra were calculated of the treated samples,

using the untreated sample as the background reference.

The surface topography of the carbon nanotube sheet be-

fore and after plasma treatment was obtained using a Nova
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600 NanoLab DualBeamTM SEM/FIB from FEI CompanyTM. The

control and plasma-activated samples were examined at a

magnification of 19,000· to determine the effect of the plasma

process on the surface of the nanotube sheet. More detailed

scans of the samples were taken at approximately 150,000·
to observe changes in individual fibers.

2.4. Dispersion in resin

Three pieces of CNTyarn from the same spool were dispersed

in 3 ml of dicyclopentadiene (DCPD) monomer. The yarn sam-

ples were given three different treatments: (1) exposure to the

plasma operated at conditions described in the first para-

graph of Section 2.2, with a 20 mm/s scan speed for 30 s; (2)

immersion in a solution of 3 ml of DCPD monomer with

0.15 ml of [(5-bicyclo[2.2.1]hept-2-enyl)ethyl]trimethoxysilane

coupling agent; and (3) plasma activation followed by immer-

sion in the coupling agent. Following these processes, the

samples were immersed in DCPD monomer and placed in

an ultrasonic bath for 30 min. The amount of dispersion of

the CNTs into the resin was observed visually.

2.5. Electrical resistivity

The electrical resistivity of the CNTyarn was measured by lay-

ing a 40-mm sample flat on an insulating glass slide. The two

ends of the yarn were glued to the slide using electrically con-

ductive silver paste. A small square of molybdenum (Mo) foil

was pressed against the silver paste at each end of the yarn in

order to improve the sample’s contact to the electrical probes.

Electrical measurements were taken by contacting the probe

tips of a Fluke 114 multimeter to the molybdenum contacts.

2.6. Tensile testing

The mechanical strength of the CNT yarn was characterized

by longitudinal tension. The tensile test was carried out

according to ASTM D 3822-07 [22], in which A MTS Tytron

250 microforce testing system with 50 N load cell was used.

During the test, the displacement control was set to a cross-

head speed of 5 mm/min. Sample CNT yarns were first

mounted on paper frames with 10 mm gauge length using

cyanoacrylate glue. The diameter of each yarn was measured

at nine locations under optical microscope. The average of the

nine measurements was used to calculate the apparent cross-

sectional area and subsequently to calculate the tensile

strength of the yarns. The measurements were performed at

room temperature. At least five samples were tested after

each treatment time. The average and standard deviation of

the tensile strength were reported.
3. Results

3.1. Surface energy

Pictures of the contact angle between the water droplet and

the nanotube sheet before and after plasma treatment are

shown in Fig. 1. Prior to plasma treatment, the carbon nano-

tube sheet has a low surface energy, making it hydrophobic
with a WCA of 120�. Exposing the CNT to the plasma for 10

s reduces the contact angle between the water droplet and

the surface to <5�, i.e. it becomes superhydrophilic. Even with

plasma exposure only on the top side of the CNT sheet, one

finds that the WCA on the backside of the CNT sheet has fall-

en to 30� after a 30 s of plasma exposure.

The dependence of the water contact angle on the plasma

exposure time is shown in Fig. 2. Here, the solid squares rep-

resent measurements that were obtained from the front sur-

face of the sample, whereas the open circles represent

measurements that were obtained from the back. The water

contact angle on the front side follows an exponential decay

with exposure time to a final value <5� after 5 s. The contact

angle as a function of the exposure time t was fitted with

the following equation:

WCAðtÞ ¼WCAMax þ ½ðWCAo �WCAMaxÞ expð�kWCAtÞ�; ð1Þ

where the WCAo is the initial contact angle, WCAMax is the fi-

nal contact angle, and kWCA is the first-order rate constant for

the reduction of the water contact angle. The solid line in

Fig. 1 represents the best fit of Eq. (1) to the contact angle

measured on the front surface of the sheet. A first order rate

constant of 3.1 s�1 was calculated from the fitted line.

The contact angle values on the back surface of the CNT as

a function of plasma exposure time are also presented in

Fig. 2. For the first 5 s of the plasma exposure, the WCA on

the backside is 125�. After 5 s, the contact angle starts drop-

ping with exposure time at a linear rate, so that after 30 s, it

has fallen to 30�. Measurements beyond 30 s were not taken.

The delay in the response of the water contact angle on the

back surface of the CNT is likely due to the fact that sites

for adsorption of the reactive species on the front side must

first be consumed before reaction can begin on the back. Note

that the front side WCA reaches its final minimum value after

only 5 s.

3.2. Surface composition

Shown in Fig. 3 are the XPS survey spectra of the CNT sheet

before and after its exposure to the atmospheric pressure he-

lium and oxygen plasma. There are two dominant photo-

emission peaks present in the spectra, which correspond to

photoelectrons ejected from C 1s and O 1s core orbitals at

285 and 520 eV, respectively [21]. Prior to the plasma treat-

ment, the intensity of O 1s peak on the CNTs is negligible.

The appearance of O 1s peak on the CNTs with plasma expo-

sure time is clearly evident. A photoemission peak close to

411 eV is observed on some of the spectra, which is assigned

to the molybdenum 3p orbital [21]. This feature is due to the

Mo sample holder and may be neglected.

The C 1s photoemission spectrum of the as-received sam-

ple is shown in Fig. 4(a). The spectrum is deconvoluted into

two peaks, which are assigned to sp2–sp3 carbon (peak No.

1) and p–p* interactions (peak No. 5), respectively. No oxidized

carbon groups are assigned to this spectrum, because the O 1s

emission in Fig. 3 indicates that the oxygen concentration on

the untreated surface is below 2%. The sp2–sp3 carbon atoms

are assigned to a single peak since the difference in their

binding energies is less than the resolution of the spectrome-

ter. To deconvolute this spectrum, the center of peak 5 is fixed



Fig. 1 – Water contact angles recorded on (a) as-received CNT sheet, (b) front side of CNT sheet after 10 s of plasma treatment,

and (c) back side of CNT sheet after 30 s of plasma treatment.
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Fig. 2 – Dependence of water contact angle on plasma

exposure time on the front and back side of the carbon

nanotube sheet.
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Fig. 3 – XPS survey spectra of the CNT as a function of

plasma exposure time.
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to 291.8 eV in the data analysis program, and the peak is ad-

justed using the software until it fits the geometry of the high

energy tail. The remainder of the spectrum is assigned to the

sp2–sp3 carbons centered at 284.6 eV (peak No. 1). Analogous

to highly ordered pyrolytic graphite, the sp2–sp3 peak is asym-

metric with a long tail on the high energy side [24]. The asym-

metric peak shape has been explained by Ago and Van

Attekum as arising from many-body interactions of the con-

duction electrons induced by low energy electron–hole excita-

tion [24,25].
An example of carbon 1s emission from the plasma-acti-

vated CNT is shown in Fig. 4(b). This spectrum has been

deconvoluted into five peaks. Peak 1 centered at 284.6 eV

and peak 5 centered at 291.8 eV are assigned to the sp2–sp3

carbon atoms and the p–p* interactions, as in Fig. 4(a). Peaks

2 through 4, located at 286.3, 287.9, and 289.0 eV, are assigned

to alcohols (–OH), ketones (C@O), and carboxylic acids (HO–

C@O), respectively. Peaks 1 and 5 are generated by fitting the

corresponding peaks from the control sample (a) into the

spectrum of the plasma-activated sample (b), maintaining

the same positions and numerical multiplier for both fea-

tures. Next, peaks 2, 3 and 4 are deconvoluted into the alco-

hol, ketone, and carboxylic acid groups. Here the center of

the alcohol, ketone, and carboxylic acid peaks are fixed at

1.7, 3.3, and 4.4 eV from the apex of peak 1 in accordance with

previously published results [21,25].

The distribution of oxidized carbon atoms at different

plasma exposure times is listed in Table 1. The untreated

CNT sheet received from Nanocomp Inc. contains greater

than 98.0% sp2–sp3 carbon and less than 2.0% oxidized car-

bon. The amount of sp2–sp3 carbon decreases to 84.3% after

2 s of treatment. The oxidized carbon atoms are distributed

as following: 10.7% hydroxyl groups, 2.6% ketones, and 2.4%

carboxylic acids. The amount of oxidized carbon increases

with plasma exposure time, which causes the fraction of

bound alcohol and ketones to rise to 17.0 and 5.9%, respec-

tively, after 30 s of treatment. Conversely, the fraction of car-

bons associated with carboxylic acid groups remains constant

with exposure time at about 2.5%.

The oxygen-to-carbon ratio is plotted against the plasma

exposure time in Fig. 5. This ratio was calculated using two

methods. First, the amount of oxygen and carbon were ob-

tained by integrating the areas under the O 1s and C 1s pho-

toemission peaks and dividing these areas by the

corresponding sensitivity factor. Secondly, the oxygen com-

position was calculated by summing the area under the oxi-

dized C 1s constituents, and dividing this sum by the area

under the entire C 1s band. Good agreement between the

atomic ratios calculated by the two methods supports the

method chosen to deconvolute the C 1s spectrum shown in

Fig. 4(b).

The dependence of oxygen to carbon ratio on the plasma

exposure time, t, follows an exponential function represented

by the following equation:

O=CðtÞ ¼ O=Co þ ðO=CMax �O=CoÞ½1� expð�kO=CtÞ�; ð2Þ

where O/Co is the oxygen to carbon ratio prior to plasma

exposure, O/CMax is the oxygen to carbon ratio when the value



Fig. 4 – The C 1s photoemission spectrum of CNT sheet: (a) untreated, and (b) 30 s of plasma activation.

Table 1 – Carbon distribution on the surface of plasma
treated carbon nanotube sheets.

Functional groups 0 s 2 s 10 s 30 s 60 s

sp2 & sp3 >98 84.3 80.1 74.8 71.7
C–O <2 10.7 14.9 17.0 18.5
C@O – 2.6 2.3 5.9 7.7
O–C@O – 2.4 2.7 2.3 2.0

Fig. 5 – The oxygen to carbon ratio as a function of plasma

exposure time (solid circles from O 1s peak intensity; and

open triangles from C 1s peak intensity of oxidized carbon

atoms).

Fig. 6 – Infrared single beam spectra of CNT sheet following

plasma exposures for 0.0 ( ), 0.5 ( ), 5.0 ( ), and 30.0

(jjjj) s.
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is saturated, and the kO/C is the first order rate constant for

the oxidation of the carbon atoms. The solid and dashed lines

in Fig. 5 represent the best fit of Eq. (2) for the oxygen to car-

bon ratio calculated via the two methods. The kO/C calculated

from the two best fit lines were 0.27 and 0.17 s�1, respectively.

These values are an order of magnitude lower than the rate

constant for the reduction of the water contact angle (3.1 s�1).

Single-beam infrared spectra of the CNT sheet are plotted

in Fig. 6 as a function of plasma exposure time from 0 to 30 s.

There are three easily identifiable trends in the spectra. The

light throughput between 400 and 1200 cm�1 decreased

strongly with treatment time, while the light throughput be-

tween 1200 and 5000 cm�1 increased. In addition, a split posi-

tive and negative peak close to 1500 cm�1 grows in intensity

as the CNT is exposed to the plasma. These trends are due
to oxidation of the C@C double bonds on the nanotube, which

breaks the conjugated ring structure, as discussed later.

The absorbance spectra of the carbon nanotube sheets are

plotted in Fig. 7. Fig. 7(a) shows the spectra between 1400 and

1800 cm�1, with baseline correction by forcing three points at

1500, 1620 and 1800 cm�1 to zero intensity. Fig. 7(b) shows the

spectra between 2800 and 4000 cm�1 with baseline correction

at 2800 and 4000 cm�1. Positive peak at 1565 cm�1 (No. 1) is as-

signed to the C@C stretch of a non-conjugated olefin [6,26,27],

whereas the negative peak at 1590 cm�1 (No. 2) is assigned to

the C@C stretch of conjugated aromatic species [28,29]. The

presence of the two peaks demonstrates that exposing the

carbon nanotube to the helium and oxygen plasma converts

a fraction of the C@C double bonds into C–C single bonds.

Note, according to the deconvoluted XPS result, C@O

stretches associated with ketones and carboxylic acid should

have appeared between 1680 and 1710 cm�1 [6,30], however

they are not observed. This may be due to insufficient sig-

nal-to-noise ratio for absorption by carbonyl and carboxyl

groups in the transmission mode. The narrow peak at

3150 cm�1 (No. 3) is due to the stretching vibrations of isolated

hydrogen groups. By contrast, the broad band from 3000 to

4000 cm�1 is assigned to the O–H stretching vibration of

hydrogen-bonded hydroxyl groups [6,31,32]. The infrared

absorption spectra indicate that hydroxyl groups are the

dominant oxygenated species formed on the CNT after expo-

sure to the atmospheric pressure helium and oxygen plasma.

These findings are in agreement with the XPS results.



Fig. 7 – Infrared absorbance spectra of CNT as a function of exposure time to the plasma for 0.0, 0.5, 5.0, and 30.0 s.
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3.3. Dispersion in resin

The dispersion of the CNT yarns in dicyclopentadiene mono-

mer is shown in Fig. 8. Fig. 8(a) shows that CNTs exposed to

the plasma without the coupling agent do not disperse into

the resin, because the liquid remains clear. Fig. 8(b) shows

that CNTs exposed to [(5-bicyclo[2.2.1]hept-2-enyl)ethyl]tri-

methoxysilane coupling agent without exposure to the plas-

ma do not disperse in this resin. By contrast, it is observed

in Fig. 8(c) that CNTs which are first exposed to the plasma

then treated with the coupling agent disperse in the resin,

yielding a dark yellow suspension. This proves that exposing

carbon nanotubes to the atmospheric pressure, helium and

oxygen plasma activates them for reaction with the coupling

agent and dispersion into the DCPD resin. Only a combined

treatment by the plasma and the coupling agent was able to

disperse the CNTs into the resin.

3.4. Surface morphology

Shown in Fig. 9(a) through (d) are scanning electron micro-

graphs of the control sample and the sampled treated with

the plasma for 30 s at 19,000· to 170,000·. Note that the fi-

brous strands in the images are bundles of CNT, each of
Fig. 8 – CNT yarns exposed to (a) plasma only, (b) coupling

agent only; and (c) plasma then coupling agent. A combined

treatment by the plasma and the coupling agent is required

to disperse the CNTs into the resin.
which contains approximately 20 individual nanotubes. Prior

to plasma treatment, the nanotube bundles were held to-

gether in a densely knitted mesh by van der Waals forces.

Exposing the sample to the atmospheric pressure plasma

led to the breakdown of the conjugated aromatic structure,

which weakens the van der Waals interactions that hold the

nanotube bundles together. As a result, the packing density

of the bundles in image (c) is lower than that recorded in im-

age (a). The plasma may also etch away amorphous carbon

coating the CNT. The samples were further inspected at

150,000 and 170,000· magnifications, respectively. Image (b)

shows that 200 nm amorphous carbon agglomerates are

imbedded in the bundles of untreated CNT. Image (d) shows

that plasma removes large amorphous agglomerates and

leaves behind small clusters on the bundle surface. These

clusters are most likely low-molecular-weight carbon materi-

als that are byproducts of the oxidation process [19]. It is un-

clear whether these clusters are formed from CNT or from

amorphous carbon imbedded in the bundles.

The interaction between the plasma and the nanotubes

occurs on the surface of the bundles. Presently, there is no

evidence showing that the plasma has penetrated into the

bundles. Using the Brunauer, Emmett, and Teller’s (BET)

adsorption method, an average diameter of 9.4 nm was mea-

sured for the pores inside of the CNT bundles. The small pore

diameter will likely limit the depth of penetration of the reac-

tive species into the bundles. In comparison the average

diameter of the interspatial voids in the nanotube yarn and

sheet is approximately 0.2 lm, which should be sufficient

for reactive species to travel from one surface of the sheet

to the other. This explains why the water contact angle on

the back surface of the nanotube sheet falls after plasma

exposures greater than 5 s.

3.5. Mechanical and electrical properties

The electrical resistivity of the carbon nanotube yarn is plot-

ted as a function of plasma treatment time in Fig. 10(a). The

resistivity of the untreated sample is 4.4 · 10�6 O m, which

is two orders of magnitude higher than the electrical resistiv-

ity of graphene sheet [33]. The resistivity of the CNT yarn in-

creases with exposure to the atmospheric pressure helium

and oxygen plasma. After 2, 10, and 60 s treatment, the yarn

rises to 6.3, 7.9, and 9.5 · 10�6 O m, respectively. After about

20 s, the yarn resistivity approaches the saturation value of

9.5 · 10�6 O m. This value is lower than the resistivity of
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Fig. 9 – Scanning electron micrograph of CNT sheet before plasma treatment, (a) 15,000· and (b) 150,000·; and after exposure

to plasma for 30 s (c) 19,000· and (d) 170,000·.

Fig. 10 – The electrical resistivity of the CNT yarn as a function of (a) the plasma exposure time, and (b) the oxygen to carbon

ratio on the surface of the nanotubes.
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carbon fibers commonly used in composites, such as T700

with a resistivity of 1.6 · 10�5 O m.1 The dependence of the

resistivity on plasma exposure time t follows an exponential

curve given by:

RðtÞ ¼ Ro þ ðRMax � RoÞ½1� expð�kRtÞ�; ð3Þ

where Ro is the sample resistivity before plasma exposure,

RMax is the saturated resistivity value, and kR is the first-order

rate constant for the change in the resistivity with exposure

time. The best fit of Eq. (3) is plotted in Fig. 10(a) as a solid line,

and the rate constant, kR, is 0.12 s�1. This rate constant is
1 Toray Carbon Fiber America, Inc. ‘‘T700S datasheet’’ <http://www.
close to the first order rate for the oxidation of carbon atoms

kO=C (0.22 s�1). In Fig. 10(b), the resistivity is plotted against the

oxygen-to-carbon ratio measured by XPS. A linear relation-

ship is observed, confirming that the change in electrical

resistivity is due to oxidation of the CNT.

The tensile strength of the nanotube yarn was also mea-

sured as a function of the exposure time under the helium

and oxygen plasma. This result is plotted in Fig. 11. For expo-

sure times ranging from 0 to 12 s, the average tensile strength

of the yarn dropped approximately 27% from 553.1 to

403.8 MPa. The average tensile strength as a function of the
toraycfa.com/pdfs/T700SDataSheet.pdf>.

http://www.toraycfa.com/pdfs/T700SDataSheet.pdf


Fig. 11 – The tensile strength of CNTyarn as a function of the

plasma exposure time.

18 C A R B O N 5 7 ( 2 0 1 3 ) 1 1 – 2 1
exposure time has been fitted with a line, yielding a slope of

11.8 MPa/s. It is speculated that plasma activation reduces

the tensile strength of the yarn primarily by weakening the

van der Waals forces that hold the nanotube bundles to-

gether, rather than damaging the nanotube themselves.

4. Discussion

The radio frequency, atmospheric pressure, helium and oxy-

gen plasma utilized in this work has been demonstrated to

be an effective method for activating aromatic polymers

[19,34–36]. The detailed plasma chemistry has been studied

by Jeong et al. [37], and Gonzalez et al. [36]. The plasma was

reported to have an electron density ranging from 1011 to

1012 cm�3 at an average electron temperature of 1.5 eV. Inter-

action of the energetic free electrons with approximately

3.3 · 1017 cm�3 of molecular oxygen in helium generates

approximately 8.0 · 1016 cm�3 ground state O (3P),

8.0 · 1016 cm�3 metastable O2 (1Dg), 2.0 · 1015 metastable O2

(1
P

g
+), and 2.9 · 1015 O3. Predicted profiles of these species

in the exit beam from the plasma source are presented in

Fig. 12 [36]. The concentration of charged species may be ne-

glected due to the high recombination rate for ions and elec-
Fig. 12 – Dependence of the concentration of neutral species

on distance from the atmospheric RF plasma exit at 200 W

power, 40 L/min He, and 0.8 L/min O2 [36].
trons, and the lack of any source for ionization downstream

of the electrodes [37].

Other ionized gas systems that have been used to func-

tionalize carbon nanotubes include vacuum plasmas, arc-like

discharges, dielectric barrier discharges, and radio frequency

argon and oxygen plasma. The estimated concentrations of

atomic oxygen, [O], and ozone, [O3], produced in these differ-

ent discharges are shown in Table 2 [38–48]. The estimated

oxygen atom concentration in the vacuum plasma is approx-

imately 1.0 · 1014 cm�3, and the concentration of ozone is be-

low 1.0 · 1010 cm�3 [45–47]. The reactive species concentration

of the arc discharge is estimated for inside the arc, where the

atomic oxygen concentration can be as high as 10% by vol-

ume of the gas, while the ozone concentration is below

1.0 · 1010 cm�3 [45]. Note that the temperature of the arc,

which is several thousand degrees Celsius, renders it unsuit-

able to treat the CNT directly. Instead, the discharge is cooled

by blowing air at high velocity through the arc. This decreases

the concentration of the reactive species in the afterglow by

several orders of magnitude. To the author’s knowledge, no

published estimates are available for the atomic oxygen and

ozone concentration in the afterglow of an arc discharge fed

with air. Estimates of the oxygen atom concentration in

dielectric barrier discharges ranges from 1.0 · 1011 to

1.0 · 1014 cm�3 [39,48]. However, the ozone concentration pro-

duced by the DBD can be as high as 1.0 · 1018 cm�3. This is be-

cause conditions within this device (i.e., high density plasma

streamers dispersed throughout the air) are favorable towards

ozone generation from atomic and molecular oxygen

[39,45,48]. The concentration of reactive species in the atmo-

spheric pressure, RF, argon and oxygen plasma has not been

published in previous work. We believe that the properties

of the argon and oxygen plasma should be similar to the plas-

ma used in this work, if operated at similar conditions.

Listed in Table 3 is the extent of oxidation for carbon nano-

tubes that are treated by different processes. Chen et al. [7] re-

ported on vacuum plasma oxidation of CNT. Their plasma

was operated at 100 W in 200 mTorr of oxygen. It oxidized

up to 23.3% of the carbon atoms on the CNT surface after a

20 min treatment. About 75% of the bound oxygen was attrib-

uted to hydroxyl groups with the remainder split between car-

bonyl groups and carboxylic acid groups. Similarly, Chen et al.

[8] and Wang et al. [9] oxidized carbon nanotubes using

microwave vacuum plasma that operated at 700 W. Treatment

times ranged from 5 to 15 min. It was found that conversion

into hydroxyls dominated at lower exposure times, while car-

boxylic acids were the main product after 10 min.

Kolacyk et al. [12] used an arc-like discharge to functional-

ize the CNT at temperatures in the afterglow from 400 to

900 �C. In their study, the nanotubes were dispersed in dis-

tilled water and then injected into the plasma through a neb-

ulizer. After the CNT spent approximately 3 s in the plasma,

6.9% of the nanotube surface became oxidized, with a hydro-

xyl to carboxyl ratio of 3.2 [12,13]. The oxidation of carbon

nanotubes by atmospheric pressure dielectric barrier dis-

charge was reported by Okpalugo et al. [14]. Prior to the pro-

cess, the samples were first dispersed in methanol, and

then deposited on gold or silicon substrates as a thin film

by the drop-dry technique. Subsequently, the CNT film was

exposed to the atmospheric pressure air plasma for 4 s at



Table 2 – Atomic oxygen and ozone concentrations reported for the plasma systems used to treat carbon nanotubes.

Systems Gas feed [O] (cm�3) [O3] (cm�3) Ref.

Vacuum Oxygen 1014 <1010 [7,45–47]
Arc discharge Air �1018a <1010 [38,39,45]
Dielectric barrier Air 1012–1014 1016–1018 [38–40,42,45]
Atmospheric RF plasma 1.5% O2 in He 1016–1017 1015–1016 [36,37,41,44,45]

a Atomic oxygen concentration of the arc discharge is estimated for inside of the arc.

Table 3 – Effect of treatment method and time on the extent of oxidation and distribution of oxidized species on the surface of
nanotubes.

Treatment method Time %Oxidized carbon %C–OH %C@O %O–C@O Ref.

Vacuum plasma 2–30 min 24.3 18.2 4.0 2.1 [7–9]
Arc-like discharge 3 s 6.9 5.3 – 1.6 [12,13]
Dielectric barrier discharge 4 s 8.2 6.6 – 1.6 [5,14,15,49]
Atmospheric Ar/O2 plasma 2–3 min 8.5 – – – [16–18]
Atmospheric He/O2 plasma 30 s 25.2 17.0 5.9 2.3 This work
Acid bath 1–24 h 23.0 9.8 6.8 6.4 [5,23,27]

Fig. 13 – A proposed mechanism for the oxidation of carbon

nanotubes by exposure to the atmospheric pressure, helium

and oxygen plasma.
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500 W of delivered power. Approximately 8% of carbon atoms

on the surface of the film were oxidized, with 80% of these

forming hydroxyl groups.

Charlier et al., Demoisson et al., and Claessens et al. have

reported on the oxidation of carbon nanotubes using a radio

frequency, argon and oxygen plasma. Claessens report that

exposing CNT to the plasma operated at 80 W and 0.07 vol.%

oxygen flow for 3 min converted 8.5% of the sp2–sp3 carbons

into oxidized functional groups. The distribution of the oxi-

dized carbons, however, was not reported. With the RF, AP, he-

lium and oxygen plasma investigated herein, the rate of

oxidation is faster compared to the other plasma systems.

As shown in Fig. 5, only 10 s exposure is needed to oxidize

20% of surface carbon atoms, and 25% are oxidized after

30 s. The distribution of oxidized species is same as in other

studies, with �70% of the oxidized carbon atoms appearing

as alcohols (C–OH).

Carbon nanotubes have also been oxidized by immersion

in strong acid [15,22]. This process takes from 1 to 24 h. The

degree of oxidation is 20–25%, similar to that obtained with

plasmas, but requires hours instead of seconds to complete.

The distribution of oxygen containing functional groups pro-

duced by acid treatment is shown in Table 3. Compared to

plasma, fewer hydroxyl groups and more carbonyls and car-

boxylic acids are formed.

A mechanism is proposed in Fig. 13 for the activation of

carbon nanotubes by atomic oxygen. Since the atomic oxygen

concentration in the afterglow of the radio frequency helium

and oxygen plasma is 8 times higher than that of ozone, reac-

tion by ozone is neglected. In the first step, atomic oxygen is

inserted into the aromatic double bond forming a three-mem-

ber epoxy ring. This is analogous to the mechanism observed

for the oxidation of graphite with O atoms [50,51]. The strain

in the epoxy group is relieved in step (2) when a water mole-

cule from ambient air reacts with the epoxy group, opening

the ring and inserting a diol across the original C@C double

bond. Although some authors have suggested that the hydro-

xyl groups can undergo further oxidation to produce carbonyl
or carboxylic acid groups [8], the data obtained in the present

study indicates that this reaction does not occur to a large ex-

tent during plasma activation.

The presence of hydroxyl groups on the nanotube surface

is verified by results shown in Fig. 8, since [(5-bicy-

clo[2.2.1]hept-2-enyl)ethyl]trimethoxysilane coupling agents

react readily to hydroxyl groups only. Functionalizing carbon

nanotubes with hydroxyl groups should make it possible to

attach other molecules, e.g. polymers, to the CNT surface,

while keep the structure relatively intact. However, this ap-

proach is not without potential drawbacks, such as increased

resistivity (Fig. 10) and decreased yarn strength (Fig. 11).

5. Summary

A radio frequency, atmospheric pressure, helium and oxygen

plasma was used to functionalize carbon nanotube yarn and

sheet. Exposing the CNT to the plasma for 10 s converted

20% of the carbon atoms on the surface of the nanotube bun-

dles into oxidized species, of which 75% were hydroxyl
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groups. The electrical resistivity of the nanotube yarn in-

creased in direct proportion to the extent of oxidation. A

small reduction in the tensile strength of the yarn was ob-

served following the treatment as well.
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