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ABSTRACT: Surface graft polymerization on multiwalled carbon
nanotubes (MWCNTs) with several grafting mechanisms is
nowadays a demanding field of nanocomposites in order to
enhance the load carrying capacity, thus improving the overall
performance of the composites. Here, we demonstrate the covalent
grafting of a sulfonic acid terminated monomer, 2-acrylamido-2-
methylpropane sulfonic acid onto sidewalls of MWCNTs via a
comparative study between oxygen plasma induced grafting (OPIG), nitrogen plasma induced grafting (NPIG), and nitrogen +
oxygen plasma induced grafting (NOPIG) with the aim to identify the most effective process for the preparation of polymer
encapsulated carbon nanotubes. From the detail surface analysis, it has been noticed that NOPIG offered much better surface
grafting than that of the OPIG and NPIG. The transmission electron microscopy (TEM) images showed that MWCNTs
modified by NOPIG possess much thicker and uniform polymer coatings throughout. From thermogravimetric analysis (TGA),
the grafting degree was found to be ∼80 wt % for the NOPIG sample.
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■ INTRODUCTION

Since first reported by Iijima in 1991,1 carbon nanotubes
(CNTs) have received immense scientific and technological
interest in a wide range of applications such as photovoltaic
devices,2,3 superconductors,4 gas storage media,5 lithium
batteries,6,7 electromechanical capacitors,8 high performance
polymer composites,9−14 biomaterials, and drug delivery
vehicles,15,16 owing to their excellent intrinsic properties such
as high elastic modulus, high tensile strength, good elongation
at break, large aspect ratio, high thermal stability, and excellent
conductivity. Despite the above mentioned advantages, in most
of the cases it has been noticed that the raw CNT surfaces were
subjected to undergo various modification with different
functional groups before being considered. The explanation
behind this is to reduce the tendency of formation of
agglomeration due to high surface energy, high aspect ratio,
and strong van der Waals force in raw CNTs, which hinders
homogenous dispersion of the same in a polymer matrix.
Moreover, the raw CNTs are insoluble in most commonly used
organic solvents due to their hydrophobic, nonreactive surface
properties. Therefore, surface functionalization of CNTs has
been extensively studied to tailor the physical properties of
CNTs and hence, to improve the interactions between CNTs
and polymer matrices, or solvents and thus expand their
application into more advanced fields. In this regard, several
strategies including acid treatment, fluorination, polymer
wrapping, mechano-chemical treatment, and plasma treatment
have been studied.17−22 Among those, the acid treatment
process has gained much attention as it facilitates the chemical
reactivity of the graphene structure by carboxylic acid

functionalisation as well as purifies the CNT structure. These
acid groups can exfoliate the CNT bundles, thus improving the
solubility in polar medium. However, this acid treatment causes
severe damage to the tip and sidewalls of the nanotubes, and
can even break the CNTs into shorter tubes23 due to the
vigorous reaction pattern. As a result, the acid treated
nanotubes exhibit significant loss in conductivity and
reinforcing capabilities. Moreover, it produces huge amounts
of acid wastes that are environmentally hazardous.
In recent years, a great deal of research has been devoted to

the surface modification of CNTs by plasma treatment,24−27

although it was invented mainly for the purpose of polymer
surface modification to improve the polymer surface hydro-
philicity, biocompatibility, and adhesion strength. The reasons
behind using the plasma treatment are such that it is a simple,
fast, uniform, and environmentally safe process, as no
hazardous chemical is utilized. Using this process, a wide
range of functional groups can be inserted to the CNTs by
variation of the process gas and plasma parameters, which in
turn can act as active sites for further functionalization by other
molecules. The major advantage of plasma treatment is that it
only modifies the surface properties of the nanotubes without
affecting the bulk properties. Therefore, plasma functionaliza-
tion induces less damage to the structure of the nanotubes as
compared to the acid treatments. Some previous studies have
shown that polymer coated CNTs exhibited much higher stable
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aqueous dispersion than the direct introduction of the
functional groups on it.28,29 On the basis of this fact, lots of
methodologies such as acid treated grafting,30,31 chemical
grafting,32,33 radiation induced grafting,34 atom transfer radical
polymerization (ATRP),35 living anionic polymerization,36 and
ring-opening polymerization37 have been employed in last few
years for covalent grafting of hydrophilic monomers on the
surface of CNTs. However, currently the green chemistry
techniques have earned great interest to modify surfaces under
eco-friendly, safe, and mild conditions with low energy
consumption. In this regard, plasma induced grafting has
become a major interest of research to modify the CNT
surfaces by fast, safe, low cost, and more controllable ways.
Therefore, in the current communication, we present three

facile methodologies for the graft polymerization of hydrophilic
monomer onto the pristine MWCNTs by means of oxygen
plasma induced grafting (OPIG), nitrogen plasma induced
grafting (NPIG), and nitrogen + oxygen plasma induced
grafting (NOPIG) to identify the most effective grafting
process. The radio frequency plasma process was used as it is a
versatile process for the surface treatment of polymers. The 2-
acrylamido-2-methylpropane sulfonic acid (AMPS) monomer
has been chosen for the grafting as it is hydrophilic,
biocompatible, and water-soluble. Moreover, due to the
presence of −SO3H group in AMPS, we hypothesize that
polyAMPS grafted MWCNTs (PAMPS-g-MWCNTs) can be
used in a wide range of applications including humidity sensors,
chemical sensors, proton exchange membranes, drug delivery,
and bio-nanocomposites.

■ EXPERIMENTAL METHODS
Materials and Reagents. MWCNTs with an outer diameter of

less than 8 nm, a length of 10−30 μm, and a purity over 95% were
purchased from Cheap Tubes and used as received. The monomer,
acrylamido-2-methylpropane sulfonic acid (AMPS, 99% purity), and
solvents such as acetone, methanol, toluene, and N,N-dimethyl
formamide (DMF, 99.8%) were all purchased from Sigma Aldrich,
Singapore (ACS grade).
Plasma Treatment of MWCNTs. The plasma excitations of

MWCNTs were performed using a low pressure plasma source with a
radio frequency (rf) of 13.56 MHz. The plasma chamber contains four
separate aluminum shelves where the samples to be treated were kept.
The system was equipped with two mass flow controllers (MFCs).
Prior to plasma treatment, raw MWCNTs were pretreated by
dispersing it into DMF solution and irradiated with a 20 kHz
ultraprobe sonicator for 10 min. After the solution was vacuum dried
(12 h), the MWCNTs were subjected to the oxygen (O2-MWCNTs),
nitrogen (N2-MWCNTs), and nitrogen + oxygen plasma (N2+O2-
MWCNTs) treatments. This was done to separate the nanotubes from
their intrinsic large aggregations by destroying the van der Walls
forces. For each plasma treatment, ∼60 mg of MWCNTs was
separately exposed to the O2, N2, and N2 + O2 plasmas for 5 min at a
plasma power of 300 W. For O2 and N2 plasmas, the flow rate was set
to 75 sccm and for the N2 + O2 plasma it was 50 and 25 sccm,
respectively. After the plasma treatments, the treated MWCNTs were
air exposed for 30 min.
Preparation of Plasma Induced Grafting (PAMPS-g-

MWCNTs). For the preparation of plasma induced grafting sample,
the three plasma treated CNTs were transferred into three separate
round bottom flasks containing the monomer solution (20 wt %) and
were degassed by continuous nitrogen bubbling with constant stirring.
The graft polymerization was performed by heating the mixture for 8 h
under continuous stirring at 70 °C. Next, the grafted MWCNTs were
thoroughly washed by deionized water and acetone mixture to remove
the homopolymer and unreacted residuals. Then, the purified PAMPS-

g-MWCNTs were dried in vacuum oven at 80 °C overnight and stored
in small glass bottles with proper labeling.

Characterizations. The chemical compositions of the raw, plasma
treated, and monomer grafted MWCNTs were determined using a
Perkin-Elmer GX Fourier transform infrared spectroscope (FTIR) in
transmission mode using potassium bromide (KBr) pellets at 32 scans
and resolution of 4 cm−1.

X-ray photoelectron spectroscopy (XPS) with monochromatic Al
Kα as an X-ray excitation source operating at 15 kV and 10 mA was
used to determine the elemental compositions on the CNT surfaces. A
step-scan interval of 1 eV was used for wide scans, and 0.1 eV for high
resolution scans; the acquisition times were 60 s for both resolutions.
Binding energies were referenced to the saturated hydrocarbon peak at
285 eV.

Raman spectroscopy was carried out on a WITec CRM200
Confocal Raman microscope (488 nm laser) to investigate the
structural changes of MWCNTs.

Thermogravimetric analysis (TGA) was conducted using a Perkin-
Elmer TA Q500 instrument from 30 to 800 °C at a heating rate of 10
°C min−1 under nitrogen gas flow.

Transmission electron microscopy (TEM) observations were
performed on a JEM-2100F electron microscope.

The dispersion stability of raw and all the modified CNTs were
determined by dispersion of nanotube powders in methanol using an
ultrasonic bath for 1 h. In each case, 25 mg of CNTs was added into 5
mL of methanol. Then, the MWCNTs/methanol solutions were left to
stand at room temperature and images were captured at fixed time
intervals.

■ RESULTS AND DISCUSSION

It is well-accepted that plasma methods are quite complex, and
the mechanism is still ambiguous.38 However, some literature
has shown that, during plasma treatment, numerous active
radicals are generated on the polymer surfaces depending on
the reactive gas flow.38,39 Later, most of these radicals were
converted into peroxide, hydroperoxides, and other active
species in the presence of oxygen in the plasma or the exposure
of air after plasma treatment in inert gases such as argon and
nitrogen. These peroxide radicals that formed are believed to be
stable at room temperature.28 These peroxides, in presence of
heat, decompose into free active radicals that initiate the
polymerization of various monomers such as vinyl, acryl, and
also result in cross-linking of polymer coatings.
The evidence of polymer grafting onto the surface of the

MWCNTs was confirmed by comparing the FTIR spectra of
the raw, AMPS, and three differently modified MWCNT
samples (Figure 1). It can be seen from Figure 1a that the raw
MWCNTs exhibited two weak absorption peaks at 1588 and
3444 cm−1 due to CC and OH groups,30,33 respectively. The
presence of the hydroxyl (−OH) group in the raw MWCNTs
could be assumed to be the results of mild surface oxidation
during the purification when manufactured. Compared with the
raw MWCNTs, the polymer grafted MWCNTs (PAMPS-g-
MWCNTs) showed (Figure 1b−d) some new and distinctive
peaks within the same wavenumber region. For any PAMPS-g-
MWCNTs, the broad absorption band at 3440 cm−1 was due to
the overlapped band of −NH and −OH stretching vibrations.
The characteristic peaks at 1667 and 1553 cm−1 were assigned
to the CO stretching (amide I band) and NH bending
(amide II band),40 respectively. In addition, the new peaks at
around 1372 and 1028 cm−1 were attributed to the character-
istic stretching vibrations of the −SO3 group.41 The peaks
present at 3039 and 2986 cm−1 corresponded to the CH
stretching frequency of −CH3 and −CH2 bonds. It is also
apparent from Figure 1b−d that among the three grafted
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MWCNTs samples, NOPIG-PAMPS-g-MWCNTs (Figure 1d)
had the highest FTIR peak intensities for the carbonyl, amide,
and SO3 groups. Because the intensity of the peak increases
with increasing the grafting yield/degree, it can be assumed that
NOPIG is the more effective surface grafting technique than
that of OPIG and NPIG.
Figure 2 shows the Raman spectra of the raw MWCNTs

(Figure 2a), O2-MWCNTs (Figure 2b), N2-MWCNTs (Figure
2c), N2+O2-MWCNTs (Figure 2d), and three different
PAMPS-g-MWCNTs (Figure 2e−g). As can be seen, there
are three distinct peaks in all spectra. The peaks appeared at
approximately 1351 and 1576 cm‑1 denoted as the D and G
bands,26,28 respectively. The D band is assigned to the A1g

breathing mode. This mode is generally attributed to the
defects in the curved graphite sheet, sp3 carbon (CC),
amorphous carbon, or other impurities.42 The G band is
associated with the E2g in-plane stretching vibration mode in
the basal plane of graphite, which indicates the presence of
crystalline graphitic carbon (CC) in CNTs samples.28

Another characteristic peak at the higher frequency side of
2677 cm−1 is the second harmonic of the D band, referred to as
D*, and is independent of the defect concentration. The ratio
of intensity of the D and G bands, (ID/IG), was calculated to
determine the relative extent of structural defects in the
MWCNTs due to surface modification. In the raw MWCNTs,
the value was estimated to be 0.21. However, this value
increased to 0.41, 0.38, and 0.54 for the O2-MWCNTs, N2-
MWCNTs and N2+O2-MWCNTs, respectively. The enhance-
ment of ID/IG values clearly indicates the formation of more
defects in the CNTs crystal structure by destruction of the C
C bonds and an increase of the sp3 contents (keto, hydroxyl,
and carboxyl groups). The ID/IG ratio for PAMPS-g-MWCNTs
formed by OPIG, NPIG, and NOPIG processes were found to
be 0.71, 0.67, and 0.87, respectively. Moreover, both the G and
D bands shifted to the higher wavenumbers (called blue shift),
especially the G band after being coated with the polymer layer.
This blue shifting ensures the covalent attachment of PAMPS
onto the surface of the MWCNTs.
The details of the changes in surface chemical structure of

the modified MWCNTs were further ascertained by XPS study.
Figure 3 compares the XPS survey spectra of raw MWCNTs,

O2-MWCNTs, N2-MWCNTs, N2+O2-MWCNTs, and their
corresponding PAMPS-g-MWCNTs samples. The XPS spec-
trum of the raw MWCNTs (Figure 3a) had a strong peak at
284.8 eV and a small peak at 532 eV, assigned to C1s and O1s
(may be due to oxidation or contamination of the raw
MWCNTs), respectively. Although, after plasma treatments,
the height of the O1s peaks (Figure 3b−d) increased
significantly, indicating a higher concentration of oxygen
introduced on the surface of CNTs during the mechanism. In
case of N2-MWCNTs and N2+O2-MWCNTs, a clear N1s peak

Figure 1. ATR-FTIR spectra of (a) raw MWCNTs, (b) NPIG-
PAMPS-g-MWCNTs, (c) OPIG-PAMPS-g-MWCNTs, (d) NOPIG-
PAMPS-g-MWCNTs, and (e) PAMPS.

Figure 2. Raman spectra of (a) raw MWCNTs, (b) O2-MWCNTs, (c)
N2-MWCNTs, (d) N2+O2-MWCNTs, (e) OPIG-PAMPS-g-
MWCNTs, (f) NPIG-PAMPS-g-MWCNTs, and (g) NOPIG-
PAMPS-g-MWCNTs.

Figure 3. XPS survey spectra of (a) raw MWCNTs, (b) O2-
MWCNTs, (c) N2-MWCNTs, (d) N2+O2-MWCNTs, (e) OPIG-
PAMPS-g-MWCNTs, (f) NPIG-PAMPS-g-MWCNTs, and (g)
NOPIG-PAMPS-g-MWCNTs.
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was detected at 400 eV, which corresponds to the presence of
nitrogenated functional groups on the nanotubes surfaces too.
The detailed elemental analysis (Table 1) showed that N2+O2-
MWCNTs contained 16.88% of atomic oxygen (O/C = 0.22)
and 4.67% (N/C = 0.06) atomic nitrogen on its surfaces, the
sum of which is even higher than the amount of oxygen and
nitrogen atoms in the O2-MWCNTs and N2-MWCNTs
themselves. It can also be seen from Table 1 data that that
the graphitic-like carbon component (sp2 CC) decreased
greatly after the plasma treatment whereas the sp3-hybridized
carbon (CC) as well as the CO/CN, CO, and O
CO/NCO components increased significantly. This
clearly suggests that the surface oxidation of MWCNTs by
plasma treatments took place at the expense of CC bonds. In
case of PAMPS-g-MWCNTs (Figure 3e−g) samples, the
appearances of new peaks at 399 (N1s), 230 (S2s), and 168
eV (S2p) attributed to the successful grafting of PAMPS onto
the surface of MWCNTs. Nevertheless, the highest intensity of
O1s and N1s peaks was observed for the NOPIG-PAMPS-g-
MWCNTs (Figure 3g), and is in good agreement with the
results of FTIR. From Table 1, it can also be seen that NOPIG-
PAMPS-g-MWCNTs had the highest percentages among the
three PAMPS-g-MWCNT samples, i.e., 24.97%, 5.55%, and
5.66% in atomic oxygen, nitrogen, and sulfur, respectively.
These results clearly demonstrate that NOPIG is a more
effective method toward a higher degree of surface grafting to
the MWCNTs as compared to the OPIG and NPIG grafting
methods.
The C1s, O1s, and N1s core level spectra for the raw

MWCNT and various grafted MWCNTs are presented in
Figure 4. Deconvolution of the C1s peak of the raw MWCNTs
(Figure 4i) at 284.6 eV (C1) was attributed to the graphitic
structure (CC).26 The peak that appeared at 285.4 eV (C2)
was related to sp3-hybridized carbon atoms (CC).26 Peaks at
286.4 (C3), 287.4 (C4), and 288.8 eV (C5) correspond to C
atoms attached to different oxygen containing components
such as alcohols, ethers, ketones, aldehydes, esters, carboxylic
acid, etc.26,42,43 The last peak at 291.1 eV (C6) was assigned to
the π−π transition levels.26,42 Figure 4iv,vii,x demonstrates the
high resolution XPS C1s spectra of the PAMPS-g-MWCNTs
prepared by OPIG, NPIG, and NOPIG, respectively. As can be
seen, after grafting irrespective of the processes, the intensity of
the hydrophilic groups (C3, C4, and C5) was higher than the
raw MWCNTs and the width of the peaks were even broader.
It can also be shown from Figure 4ii that the O1s peak for the
raw MWCNTs is very weak and deconvolved into two peaks,
whereas all the PAMPS-g-MWCNTs samples had three
deconvoluted O1s peaks (Figure 4v,viii,xi). The peaks at
531.8, 532.9, and 534.3 eV were attributed to the hydroxyl,
ketone, and carboxyl/sulfonic groups, respectively. The N1s
spectra for the PAMPS-g-MWCNTs are shown in Figure
4vi,ix,xii, correspondingly. The peak fitting of N1s results
showed two components at a binding energy of 399.7 and
401.8 eV, corresponding to the CN and NCO
functional groups43,44 generated from PAMPS. However, the
relative intensity of the O1s and N1s peaks were found to be
much stronger in NOPIG-PAMPS-g-MWCNTs than that of
the other two grafted MWCNTs, suggesting more profound
grafting of PAMPS on the surface of MWCNTs by the N2 + O2
plasma treatment process. It must be noted that even if we
increase the exposure time for O2 and N2 plasma processes,
they cannot compete with the NOPIG process, and thus a
significant difference in the grafting values was noticed. The T
ab
le

1.
X
P
S
R
es
ul
ts

of
th
e
D
ec
on

vo
lu
te
d
C
1s

P
ea
k
an
d
A
to
m
ic

C
on

ce
nt
ra
ti
on

s
of

M
W
C
N
T
s
be
fo
re

an
d
af
te
r
Su
rf
ac
e
M
od

ifi
ca
ti
on

co
nc
en
tr
at
io
ns

of
ch
em

ic
al
sp
ec
ie
s
(%

)
el
em

en
t
ra
tio

(C
1)

28
4.
6
eV

(C
2)
28
5.
4
eV

(C
3)
28
6.
4
eV

(C
4)
28
7.
4
eV

(C
5)
28
8.
8
eV

(C
6)

29
1.
1
eV

C
O

N
S

O
/C

sa
m
pl
es

−
C

C

−
C

C

−
C

O
/C


N

−
C

O

O

C

O
/N


C

O

π−
π*

ra
w
M
W
C
N
T
s

76
.4
1
(±

3.
1)

8.
0
(±

2.
0)

4.
76

(±
0.
9)

3.
64

(±
0.
6)

3.
49

(±
0.
5)

3.
70

(±
0.
5)

96
.8
7
(±

0.
4)

3.
13

(±
0.
3)

0.
03

O
2-
M
W
C
N
T
s

54
.8
6
(±

2.
8)

16
.2
3
(±

2.
1)

12
.1
6
(±

1.
8)

7.
72

(±
1.
3)

5.
86

(±
1.
0)

3.
17

(±
0.
6)

81
.4
5
(±

0.
7)

18
.5
5
(±

0.
5)

0.
23

N
2-
M
W
C
N
T
s

60
.2
6
(±

2.
7)

12
.0
4
(±

1.
8)

9.
98

(±
1.
3)

6.
88

(±
1.
2)

5.
57

(±
1.
3)

5.
27

(±
0.
8)

82
.5
5
(±

0.
9)

12
.6
1
(±

0.
7)

4.
84

(±
0.
3)

0.
15

(N
2+
O

2)
-M

W
C
N
T
s

53
.2
2
(±

2.
5)

16
.9
4
(±

1.
7)

12
.6
1
(±

1.
3)

7.
99

(±
1.
1)

6.
12

(±
0.
7)

3.
12

(±
0.
7)

78
.4
5
(±

0.
5)

16
.8
8
(±

0.
5)

4.
67

(±
0.
4)

0.
22

O
PI
G

-P
A
M
PS

-g
-M

W
C
N
T
s

47
.0
(±

2.
2)

23
.4
0
(±

1.
9)

13
.2
5
(±

1.
6)

8.
70

(±
1.
5)

5.
58

(±
0.
5)

2.
07

(±
0.
2)

67
.7
7
(±

1.
8)

22
.1
7
(±

1.
3)

4.
88

(±
0.
7)

5.
18

(±
0.
5)

0.
33

N
PI
G
-P
A
M
PS

-g
-M

W
C
N
T
s

47
.8
7
(±

1.
7)

23
.0
2
(±

1.
6)

12
.5
0
(±

1.
0)

8.
55

(±
1.
4)

5.
59

(±
1.
0)

2.
47

(±
0.
4)

69
.7
6
(±

2.
0)

20
.5
4
(±

1.
4)

4.
70

(±
0.
6)

5.
0
(±

0.
4)

0.
29

N
O
PI
G
-P
A
M
PS

-g
-M

W
C
N
T
s

39
.8
3
(±

1.
9)

24
.6
6
(±

1.
5)

15
.5
3
(±

1.
1)

10
.6
5
(±

0.
9)

7.
23

(±
0.
8)

2.
10

(±
0.
4)

63
.8
2
(±

1.
5)

24
.9
7
(±

0.
9)

5.
55

(±
0.
5)

5.
66

(±
0.
4)

0.
39

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am404768v | ACS Appl. Mater. Interfaces 2014, 6, 664−670667



NOPIG process is furnished with a mixture of two high polar
gasses, i.e., O2 and N2, which provides more effective and
vigorous surface treatments than that of individual OPIG and
NPIG, which contain only one type of gas.
Figure 5 shows the TGA thermograms of the various

PAMPS-g-MWCNTs. As can be seen from Figure 5a, the raw
MWCNTs are very stable and do not show any significant
decomposition in the temperature range 30−750 °C. The slight
decomposition between 300−800 °C may be due to the
presence of functional groups (formed during purification) or
moisture present in the tubes. On the other hand, the polymer
grafted MWCNTs (Figure 5b−d) exhibited less thermal
stability and rapid mass loss profiles by multiple decomposition
stages at low temperature. These can be attributed due to the
weight loss of absorbed water, decomposition of surface grafted
PAMPS, and some residual oxygenated and nitrogenated
groups that did not react with AMPS. It is also apparent that
compared to OPIG-g-MWCNTs (Figure 5b) and NPIG-g-
MWCNTs (Figure 5c) samples, the weight loss is faster and
more prominent for NOPIG-g-MWCNTs (Figure 5d),
indicating a higher amount of polymer grafting on its surfaces.
This once again confirmed that the mixture of nitrogen and
oxygen gas plasma treatment is a highly effective method in the

surface oxidation of MWCNTs. The DTG curve of NOPIG-
PGMA-g-MWCNTs shows a higher value of peak temperature
of thermal degradation at around 308 °C. According to the
TGA curves, the weight percentage of grafted PAMPS on the
surface of MWCNTs was estimated to be 80%, 74%, and 71%
for the NOPIG-PAMPS-g-MWCNTs, OPIG-PAMPS-g-
MWCNTs, and NPIG-PAMPS-g-MWCNTs, respectively.
The presence of a grafted polymer on the surface of

MWCNTs can be visualized through HR-TEM analysis. Figure
6a−d shows the TEM images of the raw OPIG-PAMPS-g-
MWCNTs, NPIG-PAMPS-g-MWCNTs, and NOPIG-PAMPS-
g-MWCNTs, respectively. It can be seen that the surface of raw
MWCNTs is smooth and tidy (Figure 6a) due to the perfect
lattice structure. In contrast, the polymer coated MWCNTs
showed some roughness on the surfaces, caused by the grafting
of polymer chains, which can be seen clearly in Figure 6b−d.
The average thickness of the encapsulated polymer layers was
found to be approximately 5−7, 4−6, and 8−11 nm for OPIG,
NPIG, and NOPIG processes, respectively. These variations in
polymer thickness for the above mentioned processes can be
explained due to the uneven surface defects that occurred,
which in turn act as nucleating sites for the polymerization of
AMPS molecules during different ways of grafting treatments.

Figure 4. High resolution C1s, O1s, and N1s XPS spectra of (i−iii) raw MWCNTs, (iv−vi) OPIG-PAMPS-g-MWCNTs, (vii−ix) NPIG-PAMPS-g-
MWCNTs, and (x−xii) NOPIG-PAMPS-g-MWCNTs.
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These results confirmed that covalent functionalization of
MWCNTs by the NOPIG process is indeed a profound and
efficient surface modification method.
Figure 7 shows the digital photographs of the raw and three

grafted MWCNTs dispersed in methanol after being left for 30

min to 3 days at room temperature. It was observed that the
raw MWCNTs aggregate and precipitate completely within 20
min after sonication, due to inert (hydrophobic) surfaces. On
the other hand, when the PAMPS chains were attached to the
wall of the MWCNTs, the dispersion of the PAMPS-g-
MWCNTs (Figure 7b−d) in the methanol become extremely
stable, and due to the chemical affinity between the polar
groups and the organic solvent, the resulting solutions
remained black suspensions even after 3 days. However, within
the three grafted MWCNTs, it can be noticed even with
unaided eyes that NOPIG-PAMPS-g-MWCNTs sustained the
dispersion stability much higher. On the basis of the above
findings, it can be inferred that a combination of oxygen and
nitrogen functional groups present on the modified carbon
nanotubes renders better surface grafting and dispersibility than
that of oxygenated or nitrogenated functional groups
individually. This may be due to the combined effects of the
two polar and more reactive gasses that render more aggressive
surface oxidation property than the individual ones.

■ CONCLUSIONS

In summary, we have demonstrated a facile and effective
method for the grafting of MWCNTs with PAMPS via a
comparative study between oxygen plasma induced grafting
(OPIG), nitrogen plasma induced grafting (NPIG), and
nitrogen + oxygen plasma induced grafting (NOPIG)
techniques. FTIR, XPS, and Raman data proved that the
surface grafting of MWCNTs was successful. However, of the
three grafting techniques studied, the NOPIG executed better
polymer grafting and higher functionalities. The TEM images
showed that all the grafted MWCNTs were covered by a thick
layer of polymer around the surface. Nevertheless, thicker and
uniform polymer layers were found on the NOPIG-PAMPS-g-
MWCNTs. These results demonstrated that a mixture of
nitrogen and oxygen plasma induced grafting is a very effective
technique for improving the grafting degree and dispersion
stability of CNTs. Using this methodology, a large variation of
monomers can be covalently attached onto the CNTs surface
with higher grafting degree. Also, due to simple, convenient,
and inexpensive processes, we believe that this approach can be
utilized for mass production of polymer encapsulated CNTs
and can find applications in diverse biological and other
industrial fields.

Figure 5. TGA thermograms of (a) raw MWCNTs, (b) OPIG-
PAMPS-g-MWCNTs, (c) NPIG-PAMPS-g-MWCNTs, and (d)
NOPIG-PAMPS-g-MWCNTs.

Figure 6. HRTEM images of (a) raw MWCNTs, (b) OPIG-PAMPS-
g-MWCNTs, (c) NPIG-PAMPS-g-MWCNTs, and (d) NOPIG-
PAMPS-g-MWCNTs. Arrows show the polymer layers wrapped on
the nanotubes. The big image at the center shows the high magnified
NOPIG-AMPS-g-MWCNTs for better clarity.

Figure 7. Digital photographs of (a) raw MWCNTs, (b) NPIG-
PAMPS-g-MWCNTs, (c) OPIG-PAMPS-g-MWCNTs, (d) and
NOPIG-PAMPS-g-MWCNTs after dispersion in methanol.
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