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ABSTRACT: A carbon nanotube (CNT)/epoxy nanocomposite was
prepared using a photochemical surface modification process of CNTs.
The vacuum ultraviolet (VUV)-excimer lamp treatment created reactive
sites on the CNT surface. Increasing the irradiation time increased the
oxygen functional groups and changed the oxygen bonding state such as
C�O, C−O, and −COOH. By the VUV-excimer irradiation on CNTs,
the epoxy infiltrated well between the CNT bundles and formed a strong
chemical bond between CNT and epoxy. The tensile strength and elastic
modulus of the nanocomposites with VUV-excimer irradiated sample
during 30 min (R30) were found to increase by 30 and 68% compared to
using pristine CNT, respectively. R30 was not pulled out and remained
embedded in the matrix until the fracture occurred. The VUV-excimer
irradiation is an effective surface modification and functionalization
method for improving the mechanical properties of CNT nanocomposite materials.

1. INTRODUCTION
Since carbon nanotubes (CNTs) were discovered, they have
been studied for use as reinforcements in lightweight and high-
performance composite materials because of their excellent
physical properties.1−5 CNTs have attracted attention as a
potential material to replace carbon fiber because of their
superior mechanical strength. However, it is difficult to exploit
the properties of the individual CNTs in composite materials
when using conventional fabrication processes because of
several inherent issues, such as short aspect ratio, poor
alignment, poor dispersing properties, and inert surface.
The low alignment and aspect ratio limit the commercial

applications of CNTs. To overcome these issues, many
researchers have focused on making orderly continuous CNT
fibers. It is expected that materials having high mechanical,
electrical, and thermal properties could be obtained by using
well-oriented CNTs.6−8 The well-aligned CNT fibers are
predominantly produced via two different chemical vapor
deposition (CVD) methods. First, the method of forest
spinning process was researched by Zhang et al. in 2005.9

This method is the most promising for use in the reinforce-
ment of polymer composites because it shows high orientation
and makes it possible to use them with a high volume fraction
in composites. However, this method has a limitation for bulk-
scale production because of dependence on substrate size.
Alternatively, the direct spinning method is of particular
interest to industrial applications because of scaled-up
production.10−12 The floating catalyst chemical vapor deposi-
tion (FC-CVD) process includes from catalyst formation to
CNT aerogel formation, all steps occur within a few seconds.

In this method, the aligned fiber and sheet are produced
continuously at the end of a reactor. Although the alignment is
inferior to that obtained using the forest spinning method, it is
possible to manufacture fibers and sheets with improved
orientation in bulk form by controlling the winding speed. The
FC-CVD method is more appropriate for industrial applica-
tions.
On the other hand, CNTs are prone to agglomeration and

entanglement within the matrix during composite fabrication
due to their inert surface properties. Therefore, one possible
method to improve the mechanical properties of composite
applications is to activate the surface of the CNTs, thereby
enhancing the interfacial bonding between CNT and the
matrix. In most previous studies,13−15 the functionalization of
CNTs used harsh processes using strong acid mixtures. It
generates the covalent bond with polymer, but these oxidation
processes usually introduce defects on the graphitic layers. It
limits the improvement of mechanical properties. The
noncovalent functionalization of CNTs using polymer is an
effective method to functionalize CNTs without structural
defects.16−20 However, it is difficult to maintain the alignment
of CNTs due to the liquid-based processes. In addition, all
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physical and chemical surface functionalization methods using
chemical agents generate impurities on the CNT surfaces.
These impurities are difficult to completely remove. Therefore,
a very critical challenge remains regarding the development of
an improved and more effective functionalization method.
Vacuum ultraviolet (VUV)-excimer irradiation is another

approach for modifying the surface properties of carbon
nanotubes (CNTs). VUV-excimer lamp has a wavelength
range between 100 and 200 nm. The treatment can introduce
various types of defects on the CNT surface, such as sp3-
hybridized carbon atoms and oxygen-containing functional
groups, through the photochemical oxidation of the CNT
surface.21,22 However, there is no example of applying these
VUV-excimer-treated samples to improve the properties of
composite materials, and application review for future
industrialization is required. In addition, it can be applied to
various industrial fields as an element technology for
manufacturing various types of composite structures.
In this study, we investigated an effective dry process for the

surface modification of CNT surface through the VUV-excimer
irradiation process while maintaining the alignment of CNTs.
We report the surface modification of CNTs using VUV-
excimer irradiation and develop a composite material using
epoxy resin. The relationship between VUV-excimer irradi-
ation and mechanical property improvement was investigated.

2. EXPERIMENTAL SECTION
2.1. Preparation of an Aligned CNT Sheet. The aligned

CNT sheets were synthesized via the FC-CVD method (Figure
1a). The mixture of methanol (CH3OH, Daejung Chemical,
99.8%) and n-hexane (C6H14, Daejung Chemical, 98.5%) in
9:1 vol % was used as a carbon source. Also, ferrocene (1 wt %,
Fe(C5H5)2, Sigma-Aldrich, 98%) and thiophene (3 vol %,
C4H4S, Sigma-Aldrich, ≥99%) were added to the mixture as a
catalyst and promoter, respectively. The prepared source
solution was injected into the furnace at 1300 °C by a syringe
pump at a rate of 12 mL/h. Hydrogen (H2) and argon (Ar)
were used as the carrier gases with 110:1 (vol %). The aerogel-
like CNTs were synthesized and collected on a winder. The
continuously synthesized CNT aerogel was collected and
densified using acetone.
2.2. Surface Modification of CNT Sheets by the

Photochemical Method. The surface modification of the
CNT sheets was performed using an excimer lamp
(VEX880W, Wonik QnC, Korea). The excimer lamp had a
power density of 160 mW/cm2, wavelength of 172 nm, and a
high photon energy of 7.2 eV. The sheet was placed under a
lamp and treated for a certain period of time in the air. The
distance of the sample from the excimer lamp was fixed to be
12 mm. The exposure times used were 0, 10, 20, and 30 min,
which we denote as Pristine (R0), R10, R20, and R30 in this
work.

Figure 1. Synthesized pristine CNTs: (a) transmission electron microscopy (TEM) images and (b) thermogravimetric-differential scanning
calorimetry (TG-DSC) of CNTs.

Scheme 1. Preparation of the CNT/Epoxy Composite
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2.3. Preparation of CNT/Epoxy Nanocomposites. The
nanocomposite film was prepared via the hot-press method.
The CNT sheet (35 mm × 50 mm) was laid on a
poly(tetrafluoroethylene) (PTFE) plate and covered with an
uncured epoxy resin film (t = 50 μm, d = 54 g/m2, Shinsung
Comp. Materials). These films were cured at 130 °C for 3 h
under a pressure of 3 MPa. In order to show the effect of the
surface treatment of the CNTs on the mechanical properties of
the nanocomposite, the content of the CNTs was minimized at
0.5 wt % (Scheme 1).
2.4. Characterization. The structure and morphology of

CNTs and nanocomposites were characterized via Raman
spectroscopy (via excited by a 514 nm laser, Renishaw, U.K.),
transmission electron microscopy (TEM, Technai G2 F20,
FEI), and field-emission scanning electron microscopy (FE-
SEM, Verios 460, FEI). The TEM sample preparation was
undertaken using focused ion beam scanning electron
microscopy (FIB, Helios 650, FEI). The chemical properties
of the surface of the CNTs after the VUV-excimer irradiation
were characterized via Fourier transform infrared spectroscopy
(FTIR, Nicolet iNTM10 infrared microscope, Thermo Fisher
Scientific) and X-ray photoelectron spectroscopy (XPS, K-
Alpha, Thermo Fisher Scientific). The thermodynamic
reactions were analyzed through thermogravimetric-differential
scanning calorimetry (TG-DSC, Labsys Evo, Setaram, France).

The oxygen desorption progress was analyzed via mass
spectroscopy (BGM202, Ulvac, Japan) using TG-DSC in a
He atmosphere. The tensile strength of nanocomposite films
was tested by a mechanical testing machine (model 5567A,
Instron Corp.) using a displacement rate of 1 mm/min. The
tensile test specimens were prepared according to ASTM638-
14 and had a 25 mm gauge length. All samples were tested five
times so that the results are reliable. The fracture dynamics
were characterized via an in situ micro tensile test (2 kN,
DEBEN UK Ltd., U.K.).

3. RESULTS AND DISCUSSION
Figure 1 shows the synthesized CNT sheets with a thickness of
10 μm. It consists of single-walled CNTs (SWCNTs) and few-
walled CNTs (FWCNTs). The CNT diameters are mainly
distributed between 1.5 and 3 nm. The synthesized CNT sheet
had a purity of approximately 80%.
The CNT surface was functionalized using VUV-excimer

irradiation using different treatment times without any
chemical activating agent. The structural properties by
irradiation treatment were investigated by Raman spectroscopy
(Figure 2). All spectra show two Raman bands at 1346 and
1574 cm−1 between 1000 and 2000 cm−1, assigned to the D
band and G band, respectively. The G band is a collection of
bands arising from the in-plane vibrational mode of carbon in

Figure 2. (a) Raman spectroscopy of CNT sheets with VUV-excimer irradiation (inset: radial breathing mode, RBM mode), (b) IG/ID ratio and D
band FWMH, (c) IG∥/IG⊥ ratio of the alignment of CNT sheet, and (d) SEM images of the CNT sheet.
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the graphite lattice, while the D band is produced by
symmetric degradation effects such as defects or end tips or
the presence of impurities such as catalyst particles or
amorphous carbons.23,24 The IG/ID ratio decreased from
14.89 to 8.74 with the increasing treatment time. The D
band increased linearly with the VUV-excimer irradiation time,
and the G band exhibited a broad shape. This may be due to
the additional oxidation of the CNT surface. When the VUV-
excimer irradiated in an atmosphere, light energy is consumed
by the decomposition of oxygen in the atmosphere and ozone
is generated. The difference between VUV-excimer irradiation
and conventional UV-lamp treatment is that it can create
ozone on the surface of the sample under being treated. The
generated ozone is predicted to be chemisorbed on the CNT
surface, and it can introduce various types of defects on the
CNT surface, such as sp3-hybridized carbon atoms and oxygen-
containing functional groups. Because the free radical of
atomic oxygen is actually attacking the C�C double bond.
Grujicic et al described the reaction of oxidation of CNTs by

UV light via ab initio density functional theory (DFT)
calculations.25 O2 molecules are very weakly bonded to the
nanotube surface, but if the nanotubes are defective in their
structure, they interact very strongly to form strong chemical
bonds and result in significant charge transfer from the
nanotubes to the O2 molecules. In addition, UV-light
excitation of the O2 molecules can significantly reduce the
activation energy for O2 molecule chemisorption, thereby
increasing the nanotube oxidation. Therefore, it can be seen
that the ratio of IG/ID decreases because continuous VUV-
excimer irradiation promotes oxidation of the surface and
activates the surface.
The D-band FWHM of the pristine CNTs (Figure 2b) is 52

cm−1 and decreases to 39 cm−1 with VUV-excimer irradiation
time, representing a reduction of carbon impurities such as
amorphous carbon. The morphology of the CNT surface after
VUV-excimer irradiation showed a cleaned and purified surface
because of removed unreacted materials and amorphous
carbon (Figure S1). However, as a result of the chemical
adsorption of additional oxygen, highly reactive oxygen
molecules reacted with the CNT structure to cause defects
in the graphene layer. Therefore, the D-peak became sharp and
the IG/ID ratio decreased. The radial breathing modes (RBMs)
are used to calculate the tube diameters according to d = 248/
ωRBM.

26 The calculated tube diameter distribution ranged from
1.2 to 1.5 nm, and it can be seen from the RBM data that the
proportion of CNTs with a small increase in diameter. This is a
phenomenon that occurs because the reactivity with UV light
varies according to the chirality, surface state, and diameter of
SWCNTs. The change in the SWCNT diameter with RBM
due to UV irradiation will be dealt with in the next work.
In addition, the sheet alignment after treatment was studied

via polarized Raman spectroscopy. The value of IG∥/IG⊥ of the
G peak is used to determine the degree of alignment.27 As a
result of measuring the IG∥/IG⊥ value of the CNT sheet before
and after treatment, the value of 2.8 did not change (Figure
2c). Although the CNT sheets are aligned to some extent, they
are not perfectly aligned UD materials; therefore, when viewed
under high magnification, there is a mix of misaligned areas
(Figure S2). However, it can be seen from the polarized
Raman results that the alignment is not broken by VUV-
excimer irradiation. Therefore, it was confirmed that VUV-
excimer irradiation is an effective method for surface treatment
while maintaining the initial alignment of CNTs.

The surface modification of CNT by VUV-excimer
irradiation was investigated by FTIR measurement. Figure 3

shows the IR spectra of pristine CNT and VUV-excimer
irradiation samples (R10, R20, and R30). The increased
oxygen-related functional groups, specifically ethers, epoxides,
and carbonyls, were confirmed in VUV-excimer irradiation
samples compared to pristine CNTs. The peaks at 1241 and
1041 cm−1 corresponded to asymmetric C−O−C and
symmetric C−O−C stretching, respectively. The sharp peaks
at 1650 and 1538 cm−1 are assigned to quinone groups (C�
O) on the side walls of CNTs.28 These functional groups,
especially hydroxyl and carboxylic acid groups, allow CNTs to
react with other surface groups. Thus, the more such functional
groups, the stronger the bond with the matrix polymer can be
formed.
The CNT surfaces were investigated through XPS to

confirm the effect of the VUV-excimer irradiation (Figure 4).
The peaks were analyzed using Gaussian peak fitting. The C 1s
peaks show six peaks centered at 284.2, 284.7, 285.5, 287.9,
289.5, and 291 eV assigned to sp2, sp3, C−OH, C�O, O�C−
O, and π−π*, respectively (Figure 4).29,30 The C−O and O�
C−O ratio was increased with increasing treatment time.
When the sample was processed for a long time (R30), an
extra peak appeared at 289.5 eV, which can be assigned to the
carboxyl group. This indicates that the CNT surface was well
oxidized by the VUV-excimer irradiation. The oxygen-
containing groups can also be confirmed in the O 1s peak
(Figure S2). The carbonyl group (C�O) is present between
531 and 532 eV, the C−O bond of ether and hydroxyl is visible
between 532 and 533.5 eV, and the ether oxygen atom of
esters and hydrides is located between 533.8 and 534.6 eV.31

All samples show the main two peaks at 532.4 and 533.4 eV
corresponding to C−O/C−OH and O−C�O/C−O−C,
respectively. The carbonyl group only exists in pristine
CNTs. The VUV-excimer irradiation generates more C−O
groups. Ozone oxidation of the CNT surface results in the
formation of a Criegee’s intermediate, followed by trans-
formations leading to quinone, carbonyl, and lactone func-
tional groups.32,33 Therefore, it can be seen that the ratio of
O−C�O/C−O−C increases again in the sample of R30 that
has undergone the longest VUV-excimer irradiation. The peak
of −COOH appeared only at R30, which is consistent with the
result of the C 1s peak. In addition, as a result of analyzing the
surface characteristics of the VUV irradiated surface and the

Figure 3. FTIR spectrum of pristine and VUV-excimer irradiation
samples (Pristine, R10-30).
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opposite surface (non-irradiated surface), it was confrimed that
the non-irradicated surface was also sufficiently functionalized
(Figure S3).
The temperature-programmed desorption (TPD) was

analyzed in a He atmosphere for Pristine and R30 samples

(Figure S4). It has been found that acidic oxygen-containing
groups (e.g., carboxylic acid) and lactones and anhydrides are
removed with the release of CO2 at lower temperatures. On
the other hand, phenol, anhydrous carbonyl, and neutral
groups are more stable and release CO molecules at relatively

Figure 4. X-ray photoelectron spectroscopy of C 1s: (a) pristine CNT, (b) R10, (c) R20, (d) R30, and (e) O 1s.

Figure 5. Mechanical properties of nanocomposite materials: (a) stress−strain curves, (b) tensile strength, (c) elastic modulus, and (d) stress−
strain curve according to fiber direction.37−41
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high temperatures.31,34,35 The TPD data in pristine CNTs
shows small quantities of CO2 and CO compared to R30.
These released CO2 and CO were caused by impurities such as
amorphous carbon generated in the CVD process. The VUV-
excimer irradiation sample (R30) shows significantly different
behavior from the pristine CNTs. This sample showed large
amounts of CO2 and CO emissions. CO2 showed an initial
release at about 250 °C and was released continuously. This is
considered to be because the oxygen group derived from the
carboxyl group on the surface of CNTs is released. R30
releases much higher amounts of CO compared to the initial
CNTs. As can be seen from the results of XPS, it seems that
this is because the bonding of C−O−C/O−C�O of ether or
quinone released at high temperatures increases. The ozone in

the VUV-excimer irradiation can create many oxygen-
containing groups.36 The thermal stability of CNTs with and
without VUV-excimer irradiation was observed through DSC,
which was analyzed in the air atmosphere. The oxidation and
decomposition started at a lower temperature in the VUV-
excimer-irradiated CNTs compared to pristine CNTs. The
VUV-excimer irradiation creates large quantities of oxygen-
containing groups and dangling bonds. Therefore, it can be
confirmed that the VUV-excimer-exposed sample is more
thermally unstable.
The nanocomposites with CNT sheets were prepared with

epoxy resin. The mechanical properties of the nanocomposite
with and without VUV-excimer irradiation of CNTs were
investigated (Figure 5). Compared with the pristine CNT, the

Figure 6. SEM and TEM images of the fractured surface of nanocomposite materials: (a)−(c) Pristine CNT/Epoxy and (d)−(f) R30/Epoxy
material. [(c) and (f) inset: CNT bundle in the cross section of nanocomposite].
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observed improved tensile strength of the VUV-excimer-
exposed CNT can be mainly attributed to the covalent cross-
linking of the CNTs with epoxy. The degree of cross-linking
increased with the increasing reaction time; this increased
degree of cross-linking also increased the maximum fracture
load of the CNT/epoxy nanocomposite. The tensile strength
and elastic modulus of the pristine CNT/epoxy nano-
composite were 59.12 MPa and 2.76 GPa, respectively.
Meanwhile, the tensile strength and elastic modulus of the
R30 CNT/epoxy nanocomposite were increased to 77.02 MPa
and 4.65 GPa, respectively. The tensile strength and elastic
modulus of the nanocomposites were found to be increased by
30 and 68%, respectively. The elongation rate was found to
decrease from 5.4 to 1.9%. Consequently, VUV-excimer
irradiation is an effective method to functionalize the surface
of CNTs and to improve the mechanical properties of the
resultant nanocomposite. Figure 4d is a result of the
comparison of the tensile strength increase rate according to
the content of the functionalized CNTs in the low-wt % range.
It can be seen that the high tensile strength increase rate was
achieved with a lower content than other oxidized CNTs.
Therefore, it can be confirmed that VUV-excimer irradiation is
a very simple and effective method to functionalize the CNT
surface and improve the bonding strength between the CNT
and the polymer matrix.
The fracture surfaces of nanocomposites were examined

using SEM and TEM (Figure 6). The fracture morphology was

investigated to ascertain the load transfer properties of the
sample. Many CNT bundles were pulled out from the
nanocomposite and the CNT surfaces appeared clean,
suggesting that the CNTs slipped in the epoxy resin under
tensile loading (Figure 6a). A void was observed around the
CNT bundles in the pristine CNT sample (Figure 6c inset). By
contrast, the VUV-excimer-exposed samples (R30, Figure 6d)
had only small quantities of CNT bundles drawn and the
length of the CNTs pulled out across the fracture surface was
short. It can be confirmed that the CNT surface is well covered
with epoxy, and the visible voids around the fibers are not
observed (Figure 6f). The quantity of individual CNT bundles
at the fracture surface was much reduced in the VUV-excimer-
exposed specimens. This is thought to be because the CNT
sheet was uniformly impregnated with the epoxy resin and a
strong chemical bond was formed with the CNT. Through this
fracture morphology analysis, it can be inferred that the cross-
linked CNTs are stressed and the uniformly distributed epoxy
resin serves as a load transfer medium.
The in situ tensile test in the SEM and TEM setup was

undertaken to investigate the fracture behavior characterization
(Figure 7). In the case of the pristine CNT/epoxy nano-
composite sample (Figure 7a), the CNTs were easily pulled
out as the test proceeded; the CNT slip phenomenon occurs
from within the matrix. In the case of the VUV-excimer-
exposed nanocomposite sample (Figure 7b), the interfacial
bonding was well established by covalent cross-linking; thus,

Figure 7. Fracture propagation in nanocomposites: (a) Pristine CNT/Epoxy and (b) R30/Epoxy.
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the CNTs were not pulled out of the nanocomposite and
instead remained embedded within the matrix until fracture
occurred. It can therefore be concluded that VUV-excimer
irradiation improves the mechanical properties of the nano-
composite material.

4. CONCLUSIONS
In summary, we have developed a facile method for the
functionalization of CNTs using VUV-excimer irradiation. The
VUV-excimer irradiation generates oxygen-containing func-
tional groups. Increasing the treatment time increased the
amount of numerous oxygen functional groups and changed
the oxygen bonding state. We fabricated a CNT/epoxy
nanocomposite via the hot-press method. The investigation
of the fracture surface revealed excellent interfacial bonding
with covalent cross-linking between the CNTs and the matrix
resin. The tensile strength and elastic modulus of the R30
CNT/epoxy nanocomposites were found to be improved
relative to the pristine CNT/epoxy nanocomposite. The
tensile strength and elastic modulus of the nanocomposites
with VUV-excimer irradiation were found to increase by 68
and 30% compared to pristine CNT, respectively. The fracture
propagation shows different behavior of the samples with and
without VUV-excimer irradiation. As a result of observing the
fracture surface, many CNT bundles were pulled out from the
nanocomposite made from pristine CNTs. By contrast, the
nanocomposites constructed from CNTs that had been subject
to the VUV-excimer irradiation showed good interfacial
bonding; in this case, the CNTs were not pulled out and
instead remained embedded in the matrix until the fracture
occurred. We conclude that VUV-excimer irradiation is an
effective method of improving the mechanical properties of
nanocomposites.
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