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Abstract In this study, multifunctionalized multi-walled
carbon nanotubes (MWCNTSs) were functionalized through
a novel three-step oxidation approach assisted by ultra-
sonication. We chose an oxidation system with three oxi-
dation agents, concentrated sulfuric acid, potassium
permanganate, and hydrogen peroxide. In comparison to
non-ultrasonic processes, the effect of our ultrasound-as-
sisted process on the carboxyl and hydroxyl content of the
modified MWCNTs (m-MWCNTs-2) was discussed using
Fourier transform infrared spectroscopy and X-ray photo-
electron spectroscopy. The results verified that the ultra-
sound-assisted oxidation process is much more effective
than those without ultrasonication; a higher hydroxyl
content of 11.88 at.% and a carboxyl content of 8.82 at.%
in the m-MWCNTs-2 were estimated. A Raman spectrum
showed an increased value of Ip/lg, which proved the
presence of defect sites or the functional groups on the
surface of the MWCNTs. Thermogravimetric analysis was
found to semiquantitatively evaluate the amount of car-
boxyl and hydroxyl groups in the MWCNTs. A better
dispersion of the m-MWCNTs-2 in ethanol or water was
expected from a photograph, a particle size analysis, and
field emission scanning electron microscopy. High-resolu-
tion transmission electron microscopy revealed that the
diameter of the m-MWCNTs-2 was reduced to a lesser
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degree using the ultrasonication assistance than of those
generated without ultrasonication.

Introduction

Carbon nanotubes (CNTs) have found many applications in
areas, such as tissue engineering [1], gas separation
membrane [2], and polymer composites [3], due to their
extraordinary thermal [4], mechanical [5], and electrical
properties [6]. However, the applications of CNTs in dif-
ferent fields have been limited by the strong intrinsic van
der Waals force between the CNTSs, which results in self-
aggregation and the formation of the bundles or agglom-
erates of the nanotubes in liquid media or in a polymer
matrix. To efficiently maintain and transfer their unique
properties into different materials and to actualize the
potential applications using CNTs, many efforts have been
focused on improving the dispersion of CNTs in solvents
and the interfacial interaction of CNTs with other com-
pounds [7]. To achieve this purpose, several processes,
including mechanical dispersion (ultrasonication, ball
milling, extrusion etc.) [8] and surface modifications of
CNTs [9], were explored.

Chemical modification processes with different oxidiz-
ing acids or oxidants are most prevalent due to their effi-
ciency in decorating the CNT surface with the desired
functional groups and altering the surface composition. The
introduction of functional groups, either hydroxyl (-OH) or
carboxyl (-COOH) groups, into CNTs can improve not
only the CNT dispersibility in various solvents but also the
interaction with other compounds, such as polymers [10].
The chemical oxidation of CNTs with different oxidizing
agents, such as H,SO,4, HNO3, H,0,, O, and potassium
permanganate (KMnO,), has been reported [11]. The
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application of H,SO4, HNO3; and KMnO, can introduce
carboxyl groups into nanotubes, whereas mild oxidants,
such as H,O, and O3, tend to generate hydroxyl groups. A
combination of two oxidizing agents may result in two
functional groups presenting simultaneously on the CNTs.
Multifunctional CNTs commonly contain two or three
different functional groups, thus possessing higher chemi-
cal reactivity and selectivity, which are considered to be a
major advantage over other functionalized CNTs [9].
Alternative methods for the oxidation of graphene provide
another possibility to realize oxidation of CNTs. Multi-
walled nanotubes and graphene are composed of sp*-hy-
bridized carbons, and both can be easily oxidized at the
defects at the ends. The most commonly used oxidation
process for graphene is the Hummers’ method, and the
corresponding mechanisms of this method have been dis-
cussed in the literature [12]. In fact, different modified
Hummers method has been also widely applied for
unzipping CNTs with well-established oxidation mecha-
nisms [13].

Mechanical mixing can improve the dispersion of
CNTs in solvents, but some damage to the CNTs and
reductions in their length can hardly be avoided. UV
treatment [14], plasma treatment [15], and microwave
irradiation [16] have been utilized either for incorporation
of surface oxygen or for the attachment of diverse func-
tional groups to the CNTs. During the oxidation process,
mechanical mixing, such as the conventional reflux
method, was generally utilized. Compared with the reflux
method, the use of ultrasonication [17] for the function-
alization of CNTs may lead to a higher content of car-
boxyl, carbonyl, and hydroxyl groups on the MWCNT
surfaces because the sonication process may create more
surface area and defect sites for the attachment of func-
tional groups. Saleh et al. [18] have successfully debun-
dled carbon nanotubes with ultrasonication probe, and the
debundled carbon nanotubes were shortened, and the
structure integrity of the tubes was destroyed. Hennrich
et al. [19] proposed the mechanism of cavitation-induced
scission of single-walled carbon nanotubes. A mild acid
oxidation with ultrasound (100 w, 42 kHz) reported by
Avilés et al. [20] was found to well purify the tubes. With
acoustic cavitations, a high content of hydroxyl groups on
the multifunctional MWCNTs was obtained using an
H,O, solution as the oxidation system [8]. The irradiation
of liquid from ultrasound waves leads to the growth and
collapse of micro bubbles to produce local high temper-
atures and pressures. This energy promotes the dis-
persibility of the MWCNTSs, creating larger surface areas
and more defect sites for a rapid reaction [21]. To the best
of our knowledge, the multifunctionalization of the
MWCNTs with a higher content of carboxyl and hydroxyl
groups has rarely been reported.
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To obtain multifunctional MWCNTs with a higher
content of carboxyl and hydroxyl groups within a short
reaction time, the oxidation system was designed based on
the Hummers’ oxidation system assisted by ultrasonication.
In this study, a novel and simple multifunctionalized
approach for modifying the MWCNT surfaces with both
carboxyl and hydroxyl groups was performed with an
ultrasound-assisted three-component oxidant (H,SOy,
KMnOQO,, H,O,) system. The effects of ultrasound in the
oxidation process on the content of the carboxyl and
hydroxyl groups and the dispersibility of the MWCNTSs in
solvents were discussed in comparison with commercial
pristine MWCNTs and MWCNTs-COOH. Changes in the
surface chemical structure and in the content of functional
groups were evaluated using a combination of Fourier
transform infrared (FTIR) spectroscopy, Raman spec-
troscopy, X-ray photoelectron spectroscopy (XPS), and
thermogravimetric analysis (TGA). The dispersity of dif-
ferent MWCNTs in either ethanol or water was analyzed
by photography and a particle size analyzer. In addition,
the surface morphology of four MWCNTSs was imaged by
field emission scanning electron microscopy (FESEM) and
high-resolution transmission electron microscopy (HR-
TEM) to confirm the improved dispersibility and to iden-
tify the damages on the surface of the nanotubes resulting
from the oxidation process.

Experimental
Materials and solvents

Two different commercially available pristine multi-walled
nanotubes (p-MWCNTs, length 10-30 um), and carboxy-
lated multi-walled nanotubes (p-MWCNTs-COOH, length
10-30 pum, carboxyl content 3.86 wt%) with purities higher
than 95 % were supplied by Chengdu Organic Chemistry
Research Institute. Concentrated sulfuric acid (H,SO,),
hydrochloride acid (HCl), sodium nitrate (NaNQOj3), potas-
sium permanganate (KMnQOy), hydrogen peroxide (H,0,),
and ethanol were analytical grade and were obtained from
Chengdu Kelong Chemical Co., Ltd. and Tianjin Feng-
chuan Chemical Co., Ltd.

Procedure

A three-component oxidant system, including concentrated
sulfuric acid, hydrogen peroxide, and potassium perman-
ganate, was applied to functionalize the MWCNTs through
an ultrasound-assisted oxidation procedure with the power
of 150 W and the frequency of 40 kHz. Because the tem-
perature varies with the addition of different oxidants from
11, 35-45, to 60 °C, a three-stage oxidation procedure as
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stage I, stage II, and stage III was performed as follows:
Stage I: p-MWCNTs (0.1 g) were mixed with NaNO;
(0.1 g) and H,SO,4 (60 ml 78 wt%). Then, the mixture was
stirred and ultrasonicated for 40 min at 11 °C in an ice
bath. This process was performed to minimize the damage
to the MWCNT sidewalls, limit the reaction speed during
the formation of active sites on the nanotubes, and provide
potential active sites for attaching functional groups in the
next stage. Stage II: KMnO, (0.2 g) was slowly added into
the mixture and ultrasonicated for 2 h at 35-45 °C. The
same procedure was performed without using ultrasonic
treatment for a comparison. A mild temperature was used
to minimize the damage to the MWCNTs as they are
exposed to the strong oxidant, concentrated H,SO,. How-
ever, the ultrasound used in this study served to improve
the dispersibility of CNTs, increasing the number of active
defect sites and accelerating the reaction rates. Multi-
groups, such as carboxyl, hydroxyl, and carbonyl groups,
were supposed to attach to the MWCNT sidewalls. Stage
III: An H,0,; solution (20 ml, 30 wt%) was slowly added
into the mixture, and the CNTs were further chemically
functionalized with H,O, under reflux at 60 °C for 40 min.

This oxidation process was expected to further increase
the content of hydroxyl groups attached to the MWCNTs.
The synthetic route of the multifunctionalization of the
MWCNTs is illustrated in Fig. 1.

When the mixture was cooled to room temperature, it
was first washed three times with a diluted HCI solution (5
wt%) and then centrifuged under a speed of 8000 r/min to
remove the residue from the reagents. Afterward, the
mixture was rinsed several times by deionized water until
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Fig. 1 Synthetic route for the multifunctionalization of MWCNTs
with carboxyl and hydroxyl groups, which are marked by an elliptical
region and rectangular region, respectively. Atoms in black, red, and

the pH of the mixture was neutral. The centrifuged
MWCNTs solution was poured into an aluminum foil
container and dried at 70 °C overnight under vacuum. The
dried product dispersed in ethanol was ground for 10 min
in an agate mortar and then dried again. The functionalized
MWCNTs in stage I and the functionalized MWCNTSs
without or with ultrasonication in stage IIl were abbrevi-
ated m-MWCNTs, m-MWCNTs-1, and m-MWCNTSs-2.

Characterization

A series of characterizations were performed to verify the
changes to the chemical composition, the content of
functional groups, the dispersibility, and the surface mor-
phology of different MWCNTs. To identify the functional
groups attached to the MWCNTSs, FTIR spectra of five
different MWCNTSs were recorded with a KBr pellet on a
spectrometer (TENSOR37, Bruker, Germany) ranging
from 500 to 4000 cm™'. Raman spectra were obtained in a
Raman spectrophotometer (DXR, Thermo Fisher Scien-
tific, U.S.) with the 532 nm line of an Ar-ion laser. To
further identify the varieties and content of the functional
groups grafted onto the MWCNTSs, X-ray photoelectron
spectroscopy (XPS, K-Alpha, Thermo Fisher Scientific,
U.S.) was utilized. A digital camera was used to record the
correlation of the dispersibility of the MWCNTS in ethanol
with time. Furthermore, the particle size distribution of the
MWCNTs in water was analyzed by a laser particle size
analyzer (BT-9300H, Dandong Better size Instruments
Ltd., China). The samples were obtained by dispersing the
nanotubes in deionized water and ultrasonicating for
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green represent the active cites of carbon atoms, C—O groups, and
C=0 groups, while the hydrogen atoms are not displayed (Color
figure online)
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10 min. The surface morphologies and quality of sidewalls
of the four different MWCNTSs were studied through field
emission scanning electron microscopy (FESEM, Hitachi-
4800, Hitachi Limited, Japan) and high-resolution trans-
mission electron microscopy (HR-TEM, JEM-2100, JEOL,
Japan), respectively. The samples for FESEM were pre-
pared by dispersing MWCNTs in ethanol and ultrasoni-
cating for 10 min. Subsequently, a few drops of the
suspension were placed on aluminum foil and dried at
room temperature. HR-TEM samples were prepared by
placing a TEM grid into a suspension of MWCNTs.
Thermogravimetric analysis (TGA, STA409PC, Netzsch,
Germany) was performed by heating a thermobalance from
room temperature to 700 °C at a rate of 10 °C/min under a
continuous nitrogen flow. Approximately, 17 mg of sample
was used for analysis.

Results and conclusion
FTIR analysis

The FTIR spectra for p-MWCNTs, p-MWCNTs-COOH,
m-MWCNTs, m-MWCNTs-1, and m-MWCNTSs-2 are
shown in Fig. 2. Four characteristic peaks appeared at the
wavenumbers of 3432.5, 2859.0, 1739.7, and 1631.9 cm_l,
which are assigned to —OH, -C-H, —COO, and -C=C-
stretching vibrations, respectively. The peak at wavenum-
bers of 3432.5 cm™ " is attributed to the stretching vibration
of hydroxyl groups due to hydroxyl groups on nanotubes or
the absorbed moisture attached to the nanotubes. Weak
peaks at 2859.0 cm ™' can be ascribed to asymmetric -CH,
stretching. The peaks detected at 1382.7 and 1044.6 cm ™!
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Fig. 2 FTIR spectra of p-MWCNTs, m-MWCNTs, p-MWCNTs-
COOH, m-MWCNTs-1, and m-MWCNTs-2
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are assigned to bending vibration of —OH and stretching
vibration of C-OH. More weak peaks appeared at
1739.7 cm™" are ascribed to the C=O stretching vibration
of the carboxylic acid groups [22] and found in all of these
samples. The intensity of this peak in the m-MWCNTSs-2 is
slightly higher than that in the pristine MWCNTs-COOH
and m-MWCNTs-1, which confirms higher content of
carboxyl groups grafted on the MWCNTs and the vital
effect of ultrasonication on the oxidation process.

Raman analysis

The functionalization of MWCNTSs was further character-
ized by Raman analysis. Raman spectra of p-MWCNTs,
m-MWCNTs, m-MWCNTs-1, and m-MWCNTSs-2 in the
500-3000 cm ™' region with a laser wavelength at 532 nm
are displayed in Fig. 3. Three characteristic peaks of the D
band (disorder band of sp3-hybridized carbon atoms in the
nanotubes), the G band (graphite band of sp*hybridized
carbon atoms), and the G’ band (second overtone of the
defect induced D band) appeared at 1343.6, 1580.9, and
2680.4 cm™', respectively. The relative intensity ratio of
the D band to the G band, Ip/lg, represents the degree of
disorder in multi-walled carbon nanotube structures. A
higher Ip/lg implies an increase/decrease of sp>-hy-
bridized/sp>-hybridized carbon atoms, thus implying a
higher extent of functionalization of MWCNTs [9]. It can
be deduced that the oxygen-containing functional groups
can be grafted on the side of MWCNT according to the
blue-shifted of G band (G’ band) from the pristine
MWCNTs 1577 (2679) to 1582 (2682), 1586 (2685) cm ™'
for the m-MWCNTs-1 and m-MWCNTSs-2, respectively
[23]. However, the blue-shifted of G band (G’ band) from

Raman Intensity (a.u.)

1500 2000 2500

Raman shift (cm”)

500 1000 3000

Fig. 3 Raman spectra of p-MWCNTs, m-MWCNTs, m-MWCNTs-1,
and m-MWCNTs-2 with a laser wavelength at 532 nm. The
correspondent /p/l is shown within the figure



J Mater Sci (2016) 51:3513-3524

3517

the pristine MWCNTs to m-MWCNTs shows less differ-
ence, proving the weaker oxidation effect.

As expected, the relative intensity ratios Ip/lg of
m-MWCNTs (Ip/lg: 1.12), m-MWCNTs-1 (Ip/lg: 1.22),
and m-MWCNTs-2 (Ip/lg: 1.29) are higher than that of
p-MWCNTs (Ip/lg: 0.91). This indicates an increase of
both disorder structures and the amount of the functional
groups after the oxidation process. A slight difference
between the m-MWCNTs-1 and m-MWCNTs-2 sug-
gests that the higher Ip/Ig of the m-MWCNTs-2 can be
attributed to the ultrasound treatment in the oxidation
process. Generally, CNT structure can be destroyed by
physical stress such as ultrasound treatment [23]. Dur-
ing the sonication process, the shockwaves and jet
damage from the bubble collapse and their intense
pressure and temperature improve the dispersion, lead-
ing to a high yield of oxygen-containing functional
groups [8].

XPS analysis

XPS spectra were used to quantify the surface elemental
composition of all the MWCNTs, shown in Fig. 4. The
main peaks observed for pristine and modified MWCNTSs
have a similar binding energy. The binding energies of the
Cls and Ols are 284.09 and 531.8 eV. With XPS analysis,
the increase in oxygen content is clearly observed by
comparing changes in the intensity of the Ols spectra for
the four different MWCNTSs. The Cls peak intensity of two
modified MWCNTs is much lower than that of
p-MWCNTs and p-MWCNTs-COOH (Fig. 4a), whereas
the Ols peak intensity of the two modified MWCNTs is
much higher than that of the two commercial products
(Fig. 4b).

The highest level of oxidation is found for
m-MWCNTs-2. The detailed information of corresponding
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element analysis and the content of O/C for all of the
MWCNTs are shown in Table 1. The elements K, Na, and
Mn, among others are not detected from the elements
analysis, indicating that the oxidants and reagents used in
the oxidation process have been completely removed. The
lowest content of oxygen (2.75 at.%) is found in
p-MWCNTs, which is probably attributed to the residual
metal oxide present during the preparation of MWCNTSs
[14]. The ultrasound-assisted oxidation process typically
resulted in the highest levels of oxygen (20.98 at.%). In
contrast, the oxidation process without ultrasound resulted
in lower levels of oxidation (9.63 at.%). After oxidation
treatment of MWCNTSs, the O/C ratios of m-MWCNTs-1
and m-MWCNTs-2 increase by a factor of 3 and 10,
respectively.

The spectra of the Cls peak for all of the MWCNTSs are
deconvoluted, and the contents of the different functional
groups are presented in Fig. 5 and Table 2. The spectra
clearly show a series of considerable changes in different
functional groups, indicating that the surfaces of the
MWCNTs undergo significant changes after the oxidation
process. Clearly, the carboxyl contents of both of the
modified MWCNTs (Fig. 5c, d) are higher than that of
p-MWCNTs (2.21 at.%) and p-MWCNTs-COOH (3.87
at.%) (Fig. 5a, b). The highest carboxyl/hydroxyl content
of 8.82/11.88 at.% is found for m-MWCNTs-2 with a total
oxidation time of 3 h and 20 min. To our knowledge, such
a high carboxyl/hydroxyl content obtained through an
ultrasound-assisted oxidation process within such a short
time has not been reported. This can be explained by the
type and content of oxygen-containing functional groups
that are sensitive to the identity of the oxidant [11].
MWCNTs treated with mild oxidants, such as H,O,, led to
higher carboxyl/hydroxyl contents of 8.05/28.64, respec-
tively, with an oxidation time of 6 days without ultrason-
ication [24].
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Fig. 4 XPS spectra corresponding to the carbon (Cls) (a) and oxygen (Ols) (b) of four different MWCNTSs
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Table 1 Element content of

different MWCNTSs analyzed by Samples Element contents (at.%)
XPS K2p Nals Mn2p Ca2p Ols Cls o/C
p-MWCNTs NA. 0.91 2.65 96.3 2.75
p-MWCNTs-COOH N.A. 0.75 6.45 90.39 7.14
m-MWCNTs-1 N.A. 0.5 9.63 87.61 10.99
m-MWCNTs-2 N.A. N.A. 20.98 72.54 28.92
(a) (b)
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el E)
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Fig. 5 XPS spectra corresponding to the carbon (Cls) of p-MWCNTs (a), p-MWCNTs-COOH (b), m-MWCNTs-1 (c), and m-MWCNTs-2
(d) are deconvoluted and the different functional groups are indicated

Table 2 The content of

functional groups in different

Samples (at.%)

MWCNTs after deconvolution

analysis
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XPS binding energy (eV)

284.5 C(sp?) 285.6 C(sp®) 286.4-OH 287.6-C=0  288.9-COOH 291.*16
T—T
p-MWCNTs 75.22 10.01 4.93 3.24 221 4.39
p-MWCNTs-COOH  58.03 19.29 6.65 5.34 3.87 6.82
m-MWCNTs-1 65.12 13.31 8.53 2.21 5.34 5.49
m-MWCNTs-2 53.57 22.17 11.88 0.96 8.82 2.61
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Thermogravimetric analysis (TGA)

The TGA results provide a quantitative evaluation of the
degree of surface functionalization [9]. The effects of the
types and the amounts of attached functional groups on
degradation behavior and thermal stability of the
MWCNTs were determined by TGA under a continuous
nitrogen flow. The TGA curves and the corresponding
weight loss of the carboxyl and hydroxyl groups of four
different MWCNTs with a defined sample weight of 17 mg
are displayed in Fig. 6. Figure 6a reveals that p-MWCNTs
and p-MWCNTs-COOH remain stable at temperatures of
up to 700 °C, and the total weight losses are approximately
1.8 and 5.0 wt%, respectively.

The plots of two commercial MWCNTSs show a plateau at
temperatures below 146 °C, which can be due to the evap-
oration of the adsorbed moieties on the MWCNT surfaces.
The highest weight loss (approximately 2.1 wt%) of
m-MWCNTSs-2 may result from the presence of hydrogen
bonds between water molecules and a large amount of
hydroxyl groups. Then, significant weight loss appears in the
temperature range from 146 to 345 °C. m-MWCNTs-1 and
m-MWCNTs-2 show a weight loss of 4.1 and 6.4 wt%,
respectively. The differences in weight loss can be attributed
to the decarboxylation of the carboxyl groups attached on the
surfaces of the multifunctional MWCNTs [25], which cre-
ates a hole in the graphene sheet, inducing the collapse of the
nanotubes. The elimination of a higher content of oxygen-
containing functional groups assists the structural collapse
and accelerates the combustion of the nanotubes [14]. The
results further support the chemical functionalization of the
multifunctional MWCNTs. At temperatures between 345
and 500 °C, the weight loss of the m-MWCNTs-1 and
m-MWCNTs-2 is approximately 2.6 and 4.1 wt%, respec-
tively. The thermal degradation in this temperature range
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100
96
—_ 1461__,.
S
= 92-
L
K=y
S
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844 — p-MWCNTs-COOH
~—— M-VIWCNTs-1
—— m-VIWCNTs-2
80 . . . . . . .
0 100 200 300 400 500 600 700
Temperature (°C)

may originate from the elimination of the hydroxyl func-
tionalities [25]. The weight loss at temperatures above
500 °C is mainly caused by the removal of the remaining
amorphous carbons. Compared with other mild oxidation
process with ultrasonication, the weight loss is less than 2 %
at 500 °C, while about 13 % weight in Fig. 6a. These indi-
cate the content of the oxygen-containing functional groups
by our approach is higher than others.

The results of four different MWCNTSs from TGA and XPS
are compared in Fig. 6b. All of the MWCNTs on the X-axis
were arranged according to the amount of functional groups.
The weight loss of the functional groups from TGA is rea-
sonably well correlated with the amount of functional groups
in different MWCNTs from XPS. The weight loss increases
with the amount of functional groups, for either carboxyl
groups or hydroxyl groups. Because the two modified
MWCNTs contain much higher contents of functional groups
than the commercial MWCNTs, higher weight loss for indi-
vidual functional groups was determined. Especially for
m-MWCNTSs-2, the maximum values of weight loss for both
carboxyl and hydroxyl groups were found. The TGA analysis
of these samples clearly indicates that relatively high amounts
of carboxyl and hydroxyl groups existed on MWCNT surfaces
for both of the modified MWCNTSs. As shown, the results from
the TGA were consistent with those obtained from XPS,
demonstrating that TGA can be an alternative method to
provide more quantitative identification of surface functional
groups in addition to acid titration, pH measurement, and
energy-dispersive X-ray spectroscopy EDX [11].

Dispersion observation by photography and particle
size analyzer

The presence of functional groups on the MWCNTs was
further identified by observing the dispersion of MWCNTSs

(b) ¢
:\5 I carboxyl group
© I hydroxyl group
g 6
c
@
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Different NWCNTs

Fig. 6 TGA curves (a), weight loss of carboxyl groups and hydroxyl groups (b) of p-MWCNTs (1#), p-MWCNTs-COOH (2#), m-MWCNTs-1

(3#), and m-MWCNTSs-2 (4#) are displayed
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in ethanol with photography, and the effect of oxidation on
the particle size of MWCNTs in water was determined by a
laser particle size analyzer. The dispersibility of MWCNTSs
in ethanol was determined by mixing 0.02 g MWCNTs in
20 ml ethanol, followed by sonication for 10 min. The
dispersion stability of MWCNT mixtures with time points
of 1h, 10 h, 3.5, and 7 days was photographed and is
shown in Fig. 7. Two commercially available MWCNTs,
p-MWCNTs, p-MWCNTs-COOH, were selected for a
comparison to understand the effect of the functional group
on the dispersibility.

Because pristine MWCNTSs have a strong tendency to
entangle and aggregate due to their high surface energy, the
sedimentation of p-MWCNTs in ethanol occurred 1 h after
preparation, as shown in Fig. 7a. The p-MWCNTs-COOH
partially separated from ethanol 7 d after preparation
(Fig. 7b). Surprisingly, no significant change was observed
from the dispersion state of the m-MWCNTs-1 (Fig. 7¢)
and m-MWCNTs-2 (Fig. 7d) in ethanol after 7 days. After
30 days, the m-MWCNTs-1 began to separate from the

Fig. 7 Photographs of four MWCNTs dispersed in ethanol for 1 h,
10 h, 3.5, and 7 days. a p-MWCNTs; b p-MWCNTs-COOH; ¢ m-
MWCNTs-1; and d m-MWCNTs-2

@ Springer

ethanol; however, m-MWCNTs-2 remained in the disper-
sion state. This again confirms that higher carboxyl and
hydroxyl content is present in m-MWCNTs-2. The intro-
duction of a higher content of carboxyl and hydroxyl
groups (Table 2) through this oxidation process resulted in
more negative charges, which resulted in the long-term
electrostatic stability required for the dispersion of the
CNTs in liquid medium [9]. Therefore, the dispersibility of
the modified MWCNTs in ethanol was remarkably
improved.

For a better understanding of the effect of the
agglomerate size on the dispersibility of different
MWCNTs in solvent, a particle size distribution of
MWCNTs in water was analyzed using a laser size dis-
tribution analyzer. Figure 8a shows that the p-MWCNTs
have a broad particle size distribution centered at
approximately 50 um. The percentage of the agglomer-
ates with sizes below 70 pm is approximately 83 %,
whereas the p-MWCNTs-COOH possess a bimodal dis-
tribution with two peaks centered at 10 and 27 pm. The
percentage of the agglomerates with sizes below 15 pm is
approximately 81 % Fig. 8b.

The length of two CNTs provided by the company is
within the range of 10-30 um. Apparently, strong aggre-
gation is found for the pristine MWCNTSs, which is in good
agreement with the literature [26]. However, the
p-MWCNTs-COOH disperse uniformly in aqueous solu-
tion and show little aggregation due to their deionization;
therefore, they have a better dispersion than the
p-MWCNTs [27]. This is attributed to the addition of
oxygen-containing functional groups, which destroyed the
integrity of the MWCNT structure and lowered the van der
Waals force among the MWCNTs [9]. A similar size dis-
tribution was found for the m-MWCNTs-1 in Fig. 8c
because the carboxyl contents in both of the carboxylated
MWCNTs are similar (Table 2). For the m-MWCNTs-2
(Fig. 8d), a monodisperse distribution curve centered at
approximately 8 pm is observed, and the percentage of
particle sizes below 12 pum accounts for 98 %. The
decrease in particle size results in a decrease of aggrega-
tion, resulting in a better dispersion of the m-MWCNTs-2
in water. Note that the size is referred to the size of
MWCNT agglomerations rather than the length or diameter
of the multi-walled nanotubes.

Morphology observation by FESEM and HR-TEM

The purpose of functionalizing the MWCNTSs was to obtain
a better dispersibility in solvent without shortening or
severely damaging their structures. To observe the dis-
persion stability and surface morphology of the nanotubes,
an FESEM analysis of four different MWCNTs was per-
formed and is shown in Fig. 9.
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Fig. 8 Particle size distribution of four different MWCNTSs in water. a p-MWCNTs; b p-MWCNTs-COOH; ¢ m-MWCNTs-1; and d m-

MWCNTs-2

Obviously, the p-MWCNTs entangle together and form
a bundle of tubes due to their high aspect ratio and van der
Waals forces (Fig. 9a). The functionalized MWCNTSs
become less entangled and show no apparent damage on
the sidewalls of MWCNTs (Fig. 9b—d). This can be
ascribed to the presence of the carboxyl content, which
reduces their surface energy. As illustrated by the red arrow
in Fig. 9c, the m-MWCNTs-1 surface contains some
agglomerates and is poorly dispersed in the solvent com-
pared with the m-MWCNTs-2.

To assess the effect of the oxidation process on the
MWCNT diameters, the content of defect sites in the
MWCNT sidewalls, and the dispersibility of the MWCNTSs
in solvent, an HR-TEM analysis of the pristine MWCNTSs
and the functionalized MWCNTs was performed and is

shown in Fig. 10. Clearly, the p-MWCNTs contain fewer
defect sites and have little amorphous carbon tangled
around the sidewalls, which are smooth and uniform. For
the p-MWCNTs-COOH and the m-MWCNTs-1, a few
defect sites are generated on their sidewall surfaces, and
their diameters become smaller. On the contrary, HR-TEM
images of m-MWCNTs-2 show different surface mor-
phologies in comparison to p-MWCNTs, p-MWCNTs-
COOH, and m-MWCNTs-1 (Fig. 10a—c). Although the
m-MWCNTs-2 (Fig. 10d) was exposed to three different
oxidants, the coarse sidewalls with uniformly distributed
defect sites imply that the oxygen-containing groups are
successfully introduced on the sidewalls of the
m-MWCNTs-2. The less-damaged functionalized CNT
prepared by the ultrasound-assisted oxidation method in

@ Springer
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Fig. 10 TEM analysis of four different MWCNTs. a p-MWCNTs; b p-MWCNTs-COOH; ¢ m-MWCNTs-1; and d m-MWCNTs-2
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this study can be due to mild acid oxidation treatment with
low power sonication, which has been confirmed in the
other study [20].

Conclusion

Multifunctionalized MWCNTs have a high reactivity with
many chemicals and a better dispersibility in liquid media;
in addition, they incorporate flexibility in polymer com-
posites. In this study, carboxyl and hydroxyl groups on the
surface of the MWCNTSs were successfully introduced to
obtain multifunctionalization of MWCNTs by the three-
component oxidant treatment with the aid of ultrasonica-
tion. The mild three-stage-oxidation method appears to be
efficient with no apparent structural damage to the tubes
and creates functionalized MWCNTs with an ultrahigh
fraction of both carboxyl and hydroxyl groups within a
shorter reaction time. FTIR, Raman, and XPS results verify
the presence of carboxyl, carbonyl, and hydroxyl groups on
the functionalized MWCNTs. The ultrasonicated
MWCNTs exhibit advantages over the non-ultrasonicated
MWCNTs in the form of a significantly higher carboxyl
content, better dispersibility in solvents, and a smaller size
of agglomerates. FESEM and HR-TEM show better dis-
persion and less damage on the sidewalls of the modified
MWCNTSs. A TGA analysis further proves the existence of
different functional groups by evaluating the weight loss
over different temperature ranges. A quantitative correla-
tion between TGA and XPS is first reported, which
demonstrates that TGA can potentially be used to provide a
more quantitative identification of surface functional
groups.
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