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ABSTRACT: In the present work, feasibility of achieving
enhanced electron field-emission properties of stress-induced
carbon nanotubes (CNTs) and multilayer graphene (MLGs)
by ion modification is studied. Micro-Raman spectroscopy is
used as a potent technique for in-depth investigations of stress-
induced CNTs and MLGs. It is found that iron used as a
catalyst, compresses at particular fluence and induces stresses
in CNTs and MLGs to modify these structures, supported by
high-resolution transmission electron microscopy (HRTEM)
studies. The stresses are explained by the buckling wavelength
(λ ∝ e(r/t)0.5). Furthermore, the stresses induced in exotic
nanostructures are studied for investigating wetting properties,
which are well-corroborated with electron emission characteristics. It is found out that less-wetted CNTs and MLGs display
enhanced emission properties with turn-on voltages (Eon) of 1.5 and 2.1 V/μm, respectively, in comparison to hydrophilic CNTs
and MLGs with Eon of 2.6 and 4 V/μm, respectively.

KEYWORDS: electron field emission, multilayer graphene, carbon nanotubes, structure modification, wettability,
micro-Raman spectroscopy

1. INTRODUCTION

The progress of the carbon-based nanostructures such as
graphene and carbon nanotubes (CNTs) for various advanced
technological applications including vacuum electronics, nano-
electronics, and field-emission display devices are based on the
methods to modify these carbon nanosystems with definitive-
ness.1−4 Various methods such as grafting, doping, functional-
ization, and mechanical strain have been used to modify these
unique structures for electron field applications.5−9 Apart from
these methods, the modification by ions is one such method
that can be employed for precise alteration and tailoring of
CNTs and graphene, resulting in some beneficial effects.10 The
intensive research on irradiation effects in these unique carbon
nanostructures is worthwhile, because of their intriguing
structural, mechanical, and electronic properties. In our earlier
studies, ion irradiation has been explored as a tool to tailor the
structure and electron emission properties on CNTs and
multilayer graphene (MLGs) as a function of wall thickness.10

Structural modifications by ion irradiation introduce defects
that incorporate in CNTs and graphene are mainly vacancies,
interstitial-vacancy pairs, adatoms, and Stone−Wales (SW)

defects and intershell covalent bonds that may affect bonding
between the carbon atoms. The carbon atoms in both CNTs
and graphene form sp2 and sp3 bonds, thus making it plausible
to observe similar effects after irradiation.11,12 The defects
introduced in CNTs and graphene affect bonding between
carbon atoms and induce stresses in carbon bonds and lattices
that may eventually affect their structural and, hence, electron
emission properties. Micro-Raman and high-resolution trans-
mission electron microscopy (HRTEM) are among the most
effective tools to study such effects on modified CNTs and
graphene.
The irradiation-induced axial strains and buckling behavior in

Ni-filled CNTs were studied by Misra et al., using 100 MeV
Au7+ ion irradiation.13 They reported that irradiation of Ni-
encapsulated MWCNTs resulted in the lattice damage in both
Ni and CNTs. Furthermore, localized amorphous region
appears in Ni, whereas planar defects are dominant in the
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graphite walls of CNTs. The systematic studies of the
interaction of 2 MeV protons with monolayer and few-layer
graphene was carried out by Mathew et al. and explained that
the stability of graphene increases with an increasing number of
graphene layers and points toward the role of interaction along
the third dimension in stabilizing the quasi-two-dimensional
graphene.14,15 The strains and buckling in carbon bonds and
lattices of CNTs and graphene due to irradiation, as mentioned,
affect their structural and morphological properties. The
tailored geometrical properties in these CNTs and graphene
also affect their wettability.16,17 The wettability of material is
dictated by it as surface chemistry and geometrical structure of
solid surface and these properties depend on the surface area,
surface energy, and surface roughness of these structures.
The structural amendment in carbon nanostructures is well-

related to the electron field emission properties. The electron
field-emission current depends upon the enhancement factor,
which further depends on the geometrical structure and
morphology of carbon nanostructures. The electron field
properties of stress-induced and wetted carbon nanotubes
and graphene is investigated in the present study. The stress-
induced in wondorous CNTs and graphene affects the wetting
properties and, hence, electron field-emission properties. The
stresses in graphene and CNTs are imaged through HRTEM
and well-corroborated with micro-Raman studies. Furthermore,
we report that surfaces of CNT and MLG can switch to super
hydrophilicity under ion irradiation using contact angle
measurements and hence results in in electron field emission
properties. To the best of our knowledge, electron field-
emission properties of stress induced wetted CNTs and MLGs
under ion bombardment are not reported so far.

2. EXPERIMENTAL SECTION
The CNT and MLG samples were prepared on Si/SiO2 substrates
using a microwave plasma-enhanced chemical vapor deposition system
(MPECVD), described elsewhere.18−20 Iron (Fe) was used as a
catalyst with the thickness of 20 and 50 nm, respectively. The Fe-
coated substrates were placed inside the vacuum chamber of the
MPECVD system and pretreated in the presence of argon (Ar) and
hydrogen (H2) plasma for 15 min at 550 W. Two sets of samples
namely, CNTs and MLGs were investigated further for irradiation
effects.
2.1. High Energy Irradiation Using Ag+ Ion on CNTs and

MLGs. The high energy irradiation experiments on CNTs and MLGs
were carried out using 100 MeV silver (Ag) ion beam provided by the
IUAC Pelletron accelerator. These studies were carried out at different
fluences varied from 3 × 1010 to 1 × 1014 ions/cm2 for both samples.
On the basis of irradiation, the samples are named as follows. CNT
sample series are named as ICNT-0 (without irradiation), 3ICNT-10 (3 ×
1010 ions/cm2), ICNT-11 (1 × 1011 ions/cm2), 3ICNT-11 (3 × 1011 ions/
cm2), ICNT-12 (1 × 1012 ions/cm2), ICNT-13 (1 × 1013 ions/cm2), and
ICNT-14 (1 × 1014 ions/cm2). IMLG samples series are also named in a
similar way.
2.2. Characterizations. The microstructures of the samples were

imaged using a high-resolution transmission electron microscope
(HRTEM) using JEM 2100F and Technai G2 20 S-Twin model
systems. The selected area electron diffraction (SAED) studies of both
un irradiated and irradiated CNT and MLG samples were carried out
using the G2 20 S-Twin model operated at 200 kV. A micro-Raman
system (Jobin Yvon, Model T64000 triple monochromator) was used
to investigate the structures of pristine and irradiated CNTs and
MLGs, using an excitation source of 514.5 nm. The diameter of the
focused laser spot was ∼1−2 μm. The system is equipped with a
charge-coupled device detector and stage movement. Stress-induced in
CNTs and MLGs were calculated using micro-Raman spectroscopy.

The wetting properties of CNTs and MLGs were investigated by
contact angle (CA) measurements using Krüss DSA30 drop shape
analysis system. The CA measurements were performed by placing a
drop of deionized water (DI) with a dispensing needle on the various
samples used. The wetting angles were measured using a goniometer
equipped with a CCD camera and a microscope. A sessile drop was
formed over the samples by fixing the needle while approaching
toward the sample. The drop was illuminated from one side and a
CCD camera at the opposite side records an image of the drop. The
BET surface area was measured using a Quantachrome Model Nova
1000 system.

2.3. Electron Field-Emission Properties of Modified CNTs
and MLGs. Electron field-emission characteristics of CNTs and
MLGs were investigated using a diode setup in the vacuum chamber at
a base pressure of 2 × 10−6 Torr. CNT and MLG samples were used
as cathode and stainless steel plate was used as anode. The distance
between cathode and anode was 250 μm. The measurements were
carried out using a high-voltage dc power supply (H5KO2N) and
current meter (Keithley 196 system DMM). Electron field-emission
characteristics were analyzed using the Fowler−Nordheim (F−N)
equation, which is given by18,21
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Here, JM is the macroscopic current density, EM the macroscopic field,
λM a macroscopic pre-exponential correction factor, and νF the
correction factor; a = 1.54 × 10−6 A eV V−2 and b = 6.83 × 107 eV3/2 V
cm−1.

Equation 1 is the full barrier equation for large-area field emitters.
Here, ϕ is the work function and γC is a macroscopic field-
enhancement factor.

3. RESULTS AND DISCUSSION
3.1. HRTEM Studies of Modified CNTs and Graphene.

The HRTEM images of pristine MWCNTs and MLG
structures are shown in panels a and b in Figure 1. The inset
images in the corresponding images show the SAED pattern of
CNTs (002) planes and graphene (0001) planes with a d-
spacing of ∼0.34 nm. In our previous work, it is reported that
the diameter of MWCNTs (number of walls) and thickness of
graphene (number of layers) depends on the thickness of the
catalyst (Fe) layer.18 As the thickness of Fe is increased (≥50
nm) bigger nanoclusters of Fe form and help in the
condensation of carbon to form graphene. Here, in Figure 1a,
the diameter of MWCNTs corresponds to ∼30 nm and the
thickness of graphene flakes is ∼50 nm. Figures 1c and 1d show
the images corresponding to the samples ICNT-13 and IMLG-14
samples. The changes were insignificant, that were observed,
after irradiation at low fluences (not shown here). In the earlier
studies, it is mentioned that, at low fluences, the walls of CNTs
and graphene layers get modified.10 However, at higher fluences
(1 × 1013 ions/cm2) damages prevail in the structure. The
arrows and marks in Figure 1c shows the damage and breaking
of bond at the higher fluence. The entanglement of the
graphene layers is clearly seen in Figure 1d at the fluence of 1 ×
1014 ions/cm2.
The most common defect in MWCNTs is intershell covalent

bond that is formed by the two dangling bonds at the vacancies
in the adjacent shell.4 These dangling bonds can be
energetically saturated by the vacancy and the interstitial
carbon, leading to modification in the MWCNTs. After
carrying out the irradiation studies for all ion fluences, it is
observed that ICNT-12 and IMLG-12 show modification in their
structures, which has been confirmed by HRTEM and micro-
Raman analysis. At lower fluences, the carbon atoms are
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displaced from their position causing vacancies at the side walls.
At mid-fluences, the side wall vacancies bond together to satisfy
the unsaturated bonds, a process that heals the system. The
defects and healing mechanisms are explained by the bending in
CNTs and reorganizations of bond in graphene layers.
Figures 2a and 2b show the bending in CNT walls for ICNT-

12 samples, respectively. On irradiation, displacement of carbon
atoms leads to new bond formations and results in healing
CNTs. The carbon atoms get removed from the MWCNTs
locally, as seen in Figures 2c and 2d, which leads to formation
of vacant sites. The images are taken for bamboo-shaped CNTs
at a fluence of 1 × 1012 ions/cm2 taken at different
magnifications. Because of the large number of walls, the
inner walls start to bend as the carbon atoms are removed from
the outer shells. The bending in inner walls is related to the
formation of vacancies in the outer shells. These vacancies
created because of irradiation are immobile and thus cause
tapering in the inner walls. The bending in the inner walls leads
to rearrangement of carbon atoms via the formation of new
bonds, thereby modifying the carbon system.22

The rearrangement of carbon bonds in MLGs are shown in
images e and f in Figure 2. A structural modification by tapering
and bending in CNTs and MLGs is shown using the schematic
illustrations in Figures 2g−i that suggest the displacement of
carbon atoms and the new bond formations can be a result of
healing mechanism in CNTs. The structure of graphene has an
ability to reconstruct its lattice around intrinsic defects, leading
to interesting effects.23 The shaded region shows that the
carbon atoms at the edges are affected more on irradiation in
comparison to the carbon atoms at the center of the layer.
These carbon atoms rearrange to form new bonds and stabilize

Figure 1. HRTEM images of MWCNTs and MLGs without ion
modification: (a) ICNT-0, (b) IMLG-0 (inset image displays a selective-
area diffraction pattern from MLGs and confirm the graphene
structure); MWCNTs and MLGs with ion modification (c) ICNT-13
and (d) IMLG-14. Here, “0” corresponds to the as-prepared CNTs and
MLGs. ICNT-13 and IMLG-14 correspond to CNTs and MLGs modified
at a fluence of 1 × 1013 ions/cm2 and 1 × 1014 ions/cm2, respectively.

Figure 2. Structure modification through bending is displayed through HRTEM of CNTs and MLG planes: (a, b) CNTs at a fluence of 1 × 1012

ions/cm2 (ICNT-12), (c, d) ICNT-12 on bamboo-shaped CNTs at different magnifications, (e, f) IMLG-12. The marks and arrows illustrate the modified
area by ion irradiation. (g, h, i) Schematic illustration of modification and healing in carbon nanostructures.
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the energy of the system. Ion irradiation on CNTs and MLGs
samples also affects Fe nanoparticle that is used as a catalyst for
the growth of these structures. The Fe catalyst grows like a
nanowire along with CNTs as shown in HRTEM image of
ICNT-0 (Figure 3a). The inset image shows the same image at
low magnification. It can be seen that CNTs are grown without
any buckling in the sidewalls and is grown vertically. It is seen
from HRTEM images that the walls look perfectly crystalline
with the d-spacing of CNTs lattice planes being ∼3.4 Å and
that for Fe lattice planes being ∼2.1 Å. Upon irradiating carbon
nanostructures at a fluence of 3 × 1011 ions/cm2, the Fe catalyst
also gets stressed. The stresses in the Fe catalyst consequently
stress the CNT walls, as observed in Figure 3b.
The compressed nanorod of Fe after irradiation shows the d-

spacing of lattice planes to be ∼1.8 Å and d-spacing for CNTs
resulted to be ∼3.1 Å. This difference in lattice d-planes results
that crystalline planes of CNTs and Fe catalyst are compressed
under irradiation. However, in the case of MLGs, the layers are
completely compressed and become damaged after irradiation,
as seen in Figure 3c. The image is taken at a fluence of 1 × 1013

ions/cm2 for the MLG sample. In earlier studies on nickel-
encapsulated CNTs by Misra et al., they have explained the
expansion of nanorods along with the buckling of MWCNTs
on irradiation by Au+ ions on the basis of a thermal spike
model.13,24

Figure 4 shows the HRTEM images of ICNT-13, ICNT-14, and
IMLG-14 samples at higher fluencies. Their corresponding
autocorrelated images are shown in Figure S1 in the Supporting
Information. As explained earlier, CNTs buckle outward to lose
their crystallinity. The expanded walls can be seen in Figure 4a
at a fluence of 1 × 1013 ions/cm2. However, the walls are almost
amorphized at a fluence of 1 × 1014 ions/cm2, resulting in bond
rupture of the CNT structure. The encircled portions in the
images display the modified and amorphized regions (Figure

4c). Similarly, graphene sheets in MLGs deteriorate at a fluence
of 1 × 1014 ions/cm2, as observed in Figure 4c.
At such high fluences, these unique carbon nanostructures

amorphize completely and no healing is observed, as seen in
the autocorrelated images shown in Figures S1a−d in the
Supporting Information.

3.2. Stress Dynamics Behavior Using Micro-Raman
Studies on High-Energy-Irradiated CNTs and MLGs. The
strains/stresses in CNT and graphene walls through irradiation,
as seen through HRTEM studies, are well-correlated with
micro-Raman spectroscopy. Micro-Raman spectroscopy is a
powerful technique to investigate the defects, crystallinity, and
strains present in carbon-based structures.25,26 Micro-Raman
spectra of ICNT-0 and IMLG-0 samples, irradiated at different
fluences, are shown in Figure 5. The main peaks in the spectra
are D-mode (1355 cm−1), G-mode (1580 cm−1), and 2D-mode
(2700 cm−1). D-mode corresponds to the defects present in
CNTs and graphene and points to the K-position in the
Brillioun zone.26 The G-mode corresponds to the graphitic
nature of CNTs and graphene points to the Γ-position with E2g
symmetry in the Brillioun zone. The 2D-mode is the signature
of the presence of graphene and is a result of double resonance
phenomenon between the K-points in the Brillioun zone. The
ratio of the D-mode to the G-mode (ID/IG) provides the order
of defects in CNTs and ratio of the 2D-mode to the G-mode
(I2D/IG) estimates the number of layers in graphene. The peak
positions are mentioned in Table 1. Figure 5a shows the first-
order Raman spectra of ICNT sample. The order of defects (ID/
IG) varies with the ion fluence. The ID/IG value for the ICNT-0
sample is 0.8. The ID/IG value for all samples was averaged over
three plots. As the ion fluence increases from 3 × 1010 ions/cm2

to 1 × 1011 ions/cm2, the defects comes into play, confirmed by
the increase in ID/IG value to 1.07 (0.04). Furthermore, upon
increasing the ion fluence to 3 × 1011 ions/cm2, the ID/IG value
is observed to be nearly the same as that for 1 × 1011 ions/cm2

Figure 3. Effect of ion irradiation on Fe catalyst is shown in the HRTEM images. (a) Growth of Fe as a nanorod grown in parallel to CNT planes;
inset shows Fe catalyst at low magnification. Effect of ion irradiation on the shape of Fe catalyst is shown in (b) CNT and (c) MLG samples.

Figure 4. (a) Outward buckling of CNT walls is shown by HRTEM image of CNTs (ICNT-13 sample), resulting in stressed planes; amorphization at
higher fluence for (b) CNTs (ICNT-14 sample) and (c) MLG (IMLG-14 sample). The carbon nanostructures buckle outward and amorphize at higher
fluencies.
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(0.1), indicating that the defects are persistent. Furthermore, at
higher fluences (1 × 1012 to 1 × 1014 ions/cm2), the order of
defects increases in comparison to 3 × 1011 ions/cm2,
confirming disorders in the system at higher fluences. The
peak position of the G mode for ICNT-0 sample corresponds to
1580.2 cm−1, shown in Figure 5b. Upon irradiation with a
fluence of 3 × 1010 ions/cm2, the G-mode blue-shifts to 1583.2
cm−1 for the ICNT-0 sample (Table 1). Furthermore, at a fluence
of 1 × 1011 ions/cm2 for the same sample, the G-mode peak
attains a position at 1584.1 cm−1. A shift in the peak position is
related to the stresses induced in the structure; a blue shift
(phonon hardening) in the peak at lower fluences corresponds
to compressive stresses in CNTs.27,28 It is mentioned that
defects in MWCNTs are mainly intershell covalent bonding.29

The stress incorporated phonon hardening may be related to
the compressive stresses in the outer walls. At lower fluences,
only the outer walls are affected by defects, the result of which
shifts the G-mode peak toward higher wavenumbers. At the
middle range of ion fluence (3 × 1011 ions/cm2), the G-mode
red-shifts (phonon softening) to 1580.1 cm−1.
This position is nearly same as that of the ICNT-0 sample.

This lower wavenumber shift may be related to the stretching,

weakening, and formation of new C−C bonds in CNTs,
causing bending in the inner walls, as shown in HRTEM
studies. Thus, displaced carbon atoms at lower fluences try to
bond again with the unsaturated carbon atoms at middle ion
fluences and may result in stretching. In MWCNTs, defect
saturation may occur by migration of interstitial atom and
unsatisfied surface bond saturation forming intertube covalent
bonds. On further impinging MWCNTs at higher fluences (1 ×
1012 ions/cm2 and 1 × 1013 ions/cm2), the G-mode peak is
found again to blue-shift to higher wavenumbers. The
maximum shift in the G-mode peak (1585.1 cm−1) is found
at a fluence of 1 × 1014 ions/cm2 in comparison to the ICNT-0
sample (1580.2 cm−1). Damage in CNT structures due to
irradiation also affects the D-mode. A drastic variation is seen in
the D-mode peak from 1355 cm−1 (ICNT-0) to 1352 cm−1

(ICNT-14), confirming the deterioration in CNTs. Similar to G-
mode, phonon hardening is also seen in 2D-mode, from 2700.3
cm−1 to 2705.8 cm−1 for the ICNT-0 and ICNT-14 samples,
respectively (Figure 5c). The 2D-peak follows the same trend
as that of the G-mode. At higher fluences (1 × 1012 ions/cm2 to
1 × 1014 ions/cm2), defects are more pronounced to cause the
damage in MWCNTs. The intertube covalent bonds between
interstitial carbon atom and surface carbon atoms are aggressive
enough to damage the CNTs at higher fluences. It can be seen
from the Raman spectra, all D-, G-, and 2D-modes become
broader and dampen at higher ion energies. The broadening in
the D-, G-, and 2D-modes can be estimated through line-width
values, as mentioned in Table 1. It is seen that the line width
varies as 26.5 cm−1 (ICNT-0) to 31 cm−1 (ICNT-14) for D-mode,
25 cm−1 (ICNT-0) to 28 cm−1 (ICNT-14) for G-mode and 42
cm−1 (ICNT-0) to 47 cm−1 (ICNT-14) for 2D-mode.
This phonon hardening directs toward the compressive

stresses in CNTs. From Raman studies on CNT samples, it is
found that irradiation at lower energy (1 × 1010 ions/cm2 and 3
× 1011 ions/cm2) builds up compressive stresses in CNTs.
However, at the middle of the ion fluence, CNTs attains the
same behavior as that of unirradiated CNTs followed by
building of tensile stresses (1584.1 to 1580.1 cm−1) again at
higher fluence (1 × 1012 to 1 × 1014 ions/cm2).
A reverse trend is observed for MLG (IMLG-0) samples, as

shown in Figures 5d−f. Figure 5d shows the first-order Raman
spectra of IMLG samples. It is observed that phonon softening
occurs for G- and 2D-mode at lower fluences (Figures 5e and
5f). At higher fluences, phonon hardening is observed for the
same Raman active modes. Figure 5 and Table 1 indicate that
the D-, G-, and 2D-modes for the IMLG-0 and IMLG-14 sample
shift to lower wave numbers (1356 to 1354 cm−1, 1583.8 to
1581.1 cm−1, and 2705.3 to 2702.5 cm−1, respectively). In the
case of MLGs, ID/IG values are found to be statistically the
same (Table 1). However, the damage in the structure can be
verified by variation in I2D/IG and HRTEM results at 1 × 1014

ions/cm2. The I2D/IG ratio, which is an important parameter for
MLGs, shows values from 1.28 to 0.66 for IMLG-0 and IMLG-14
samples, respectively (not shown in the table). Figure 5f also
shows that the 2D-mode at a fluence of 1 × 1014 ions/cm2

almost vanishes, confirming our results. The line-width values
of the D-, G-, and 2D-mode peaks for MLGs also provide
details about the effect of irradiation on structures by observed
broadening in the aforementioned peaks (see Table 1). It is
seen that the line width varies as 29.5 cm−1 (IMLG-0) to 35 cm

−1

(IMLG-14) for D-mode, 22 cm
−1 (IMLG-0) to 29 cm−1 (IMLG-14)

for G-mode, and 38 cm−1 (IMLG-0) to 50 cm−1 (IMLG-14) for
2D-mode. It was expected that healing might have taken place,

Figure 5. Stress-induced studies in CNTs and MLGs are shown by
micro-Raman spectra: (a−c) CNT samples ((a) D- and G-modes, (b)
characteristic G-mode for CNTs, (c) characteristic 2D-mode, shown at
different fluences for all CNT samples); and (d−f) MLG samples ((d)
D- and G-modes, (e) G-mode for MLGs, and (f) characteristic 2D-
mode, shown at different fluencies for all the MLG samples). Micro-
Raman is also used to investigate the crystallinity of MLGs samples
before and after ion irradiation at different fluences. Micro-Raman is
also used to investigate the crystallinity of CNTs and MLG samples
before and after ion irradiation at different fluences.
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because of the shift in the peak position at 3 × 1011 ions/cm2

and samples acquiring roughly the same positions as that of
non-irradiated samples. However, ID/IG values and peak width
values do not correspond to healing. It may be possible that,
above 3 × 1011 ions/cm2, both healing and damaging processes
compete, since healing is apparently not quantitative.
Variation in the peak positions of all the modes (D, G, and

2D) with increasing ion fluences are shown in Figure 6. The
defects incorporated and stress variation with change in peak
positions of D-, G-, and 2D-modes for CNTs (Figure 6a) and
MLGs (Figure 6b) can be estimated through the plots. The
difference in the Raman behavior of CNTs and MLGs are due
to differences in both the structures. In the rolled carbon
cylinders, defects prevail from outer walls and extend to the
inner walls. In contrast, in planar sheets, carbon atoms on the
edge are easily responsible for defect formation that can be
extended by the number of layers. Different ion fluences modify
both structures differently, and, hence, the stress behavior
through Raman spectroscopy is not similar.
On the basis of Raman studies, stresses acquired by CNTs

and MLGs after irradiation were investigated (Figure 7a). As
explained from shift in peak position of G-mode, the behavior
of stresses is complementary to each other. CNTs are stressed
by compressive forces and MLGs are stressed by tensile
forces.30 At one particular fluence (3 × 1011 ions/cm2), the G-
mode peak position acquires the same position as that of a
pristine sample for both CNTs and MLGs. Thus, no stresses
are acquired at that fluence. The stresses are calculated via the
shift in the Raman peak, using the following relation:31

ω ω
σ

ω
ασ− =

+
=σ

A S S( )
o

11 12

o (2)

Here, α is the stress coefficient, with a value of 7.47 cm−1/GPa.
S11 and S12 are the graphitic elastic coefficients. ωo is the G-
mode peak value for CNTs and graphene, taken as 1580 or
1581 cm−1. ωσ is the stress acquitted by carbon nanostructures.
A is a constant, having a value of −1.44 × 107 cm−2.

The relation is used for both CNTs and graphene structures.
The reason for that may be the displaced carbon atoms at low
fluence join to form new bonds in order to stabilize the energy
of the entire system. However, at higher fluences, no
stabilization occurs for both CNTs and MLGs. The structures
acquire more defects and reveal their respective stresses.

Table 1. Micro-Raman Parameters of Stress-Induced CNTs and MLGs at Different Ion Fluences

Full Width at Half Maximum, fwhm (cm−1)

sample series D-mode (cm−1)a G-mode (cm−1)b 2D-mode (cm−1)c ID/IG
d (error) D-mode G-mode 2D-mode

ICNT (CNTs)
ICNT-0 1355 1580 2700.3 0.8 (0.05) 26.5 ± 0.3 25 ± 0.2 42 ± 0.2
3ICNT-10 1356 1583.2 2704.3 0.96 (0.03) 27 ± 0.3 25.4 ± 0.1 41.5 ± 0.1
ICNT-11 1356 1584.1 2696.3 1.07 (0.04) 27 ± 0.4 26 ± 0.3 43 ± 0.2
3ICNT-11 1354 1580.1 2701.9 1 (0.1) 26.8 ± 0.3 25.3 ± 0.4 42 ± 0.4
ICNT-12 1354 1582.6 2704.29 1.05 (0.03) 27 ± 0.4 26 ± 0.1 43 ± 0.5
ICNT-13 1356 1583.1 2704.9 1.08 (0.05) 29.8 ± 0.5 26.5 ± 0.5 45 ± 0.5
ICNT-14 1352 1585.1 2705.8 1.09 (0.04) 31 ± 0.5 28 ± 0.4 47 ± 0.5

IMLG (MLGs)
IMLG-0 1356 1583.8 2705.3 1.0 (0.05) 29.5 ± 0.2 22 ± 0.3 38 ± 0.4
3IMLG-10 1355 1579.7 2702.3 1.04 (0.07) 30.8 ± 0.3 22.5 ± 0.1 41 ± 0.2
IMLG-11 1355 1582.4 2703 0.97 (0.03) 29 ± 0.4 22 ± 0.3 43 ± 0.5
3IMLG-11 1355 1583.1 2704.5 1.1 (0.1) 29.5 ± 0.1 22.8 ± 0.2 39 ± 0.6
IMLG-12 1354 1582.2 2702.7 1.04 (0.04) 29.9 ± 0.1 23 ± 0.1 44 ± 0.3
IMLG-13 1354 1582.2 2702.3 1.05 (0.06) 31 ± 0.5 24 ± 0.2 48 ± 0.4
IMLG-14 1354 1581.1 2702.5 1.07 (0.05) 35 ± 0.6 29 ± 0.5 50 ± 1

aD-mode appears at ∼1355 cm−1 and corresponds to local disorder present. bG-mode appears at 1580 cm−1 and corresponds to the in plane
vibrations of carbon atoms. c2D-mode is the second-order Raman mode. dID/IG is a ratio between the D-mode and the G-mode, i.e., ID/IG is an
important tool to estimate the quality of the CNT samples.

Figure 6. Graphs displaying the variation in peak positions of Raman
modes with increasing ion fluence for (a) CNTs (D-, G-, and 2D-
modes), (b) MLGs (D-, G-, and 2D-modes).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am502405n | ACS Appl. Mater. Interfaces 2014, 6, 12531−1254012536



The blue shift in CNT samples on irradiation has been
explained by the torsional strain and is explained by the relation
λ ∝ e(r/t)0.5.32,33 Here, λ is the buckling wavelength, r is the
radius of the CNTs, and t is the thickness of the tubes. Figure
7b shows a plot between buckling of CNTs on irradiation
versus their radius.
3.3. Wetting Properties of Irradiation Tailored CNTs

and MLGs. Stress-induced CNTs and MLG structures are
further characterized for their wetting properties, which is a part
of structural investigation. The wettability of a solid by a liquid
is characterized in terms of angle of contact between the two.
The contact angle (CA) of graphite is 87°, which means that
the CNTs and MLGs are difficult to wet. It is reported that the
surface free energy of graphene sheets is 46.7 mJ/m2, thus
making it water-repelling. In contrast, graphene oxide exhibits
hydrophilic character because of the presence of C−OH with
the higher surface energy (62.1 mJ/m2) in comparison to
graphene.34 Depending on the structure and cohesive bonding
between the atoms and molecules, wettability of these carbon-
based materials change. The CA distribution of high-energy-
irradiated ICNT-0, and IMLG-0 samples are shown in Figure 8a

through a histogram. The CA values of these samples are listed
in Table S1 in the Supporting Information.
It is observed from HRTEM and micro-Raman studies that

irradiation induces modifications in the morphology and,
hence, the structure of CNTs and MLGs. The CA measured
from 3ICNT-10, ICNT-11, ICNT-12, ICNT-13, and ICNT-14 samples
are shown in Figure S2a in the Supporting Information. These
images indicate that the CA decreases upon increasing the
irradiation dose (from ICNT-0 to ICNT-14 sample). The ICNT-0,
3ICNT-10, ICNT-11, and ICNT-12 samples shows hydrophobic
behavior. However, ICNT-13 and ICNT-14 exhibit hydrophilic
behavior. These results can be explained using the Wenzel
model, which expresses the apparent contact angle on a rough
surface:35,36

θ θ= rcos (cos )w (3)

where θ is the contact angle on the flat surface and r the
roughness ratio is defined as the ratio of the true area of the
solid surface to its projected area. Considering r > 1, it is
inferred that θw would be higher than θ in the case of a
hydrophobic surface. In the reverse case, the surface will be
hydrophilic. The difference in CA from 135° to 12° for ICNT-0

Figure 7. Graphs presenting (a) stresses accumulated in CNTs and graphene post irradiation and (b) relation between buckling wavelength with
CNT diameters fitted with λ ∝ e(r/t)0.5.

Figure 8. Wetting properties of stress-induced, ion-modified CNTs and MLGs are shown. Statistical distribution of contact angles of ion-modified
carbon nanostructures at different fluences and schematic images displaying a change in wetting characteristics of (a, b) CNTs from hydrophobic to
hydrophilic and (c, d) MLGs from hydrophobic to superhydrophilic.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am502405n | ACS Appl. Mater. Interfaces 2014, 6, 12531−1254012537



and ICNT-14, respectively, is due to the stresses induced in
CNTs by structural modification in CNTs, which leads to
vacancy formation, breakage of C−C bonds, etc., by ion
irradiation, as proved by Raman spectroscopy. As a result of
which, the compact structures have space between them, which
act as capillaries, and allows the water to seep. Thus, irradiation-
modified CNTs have higher surface energy, in comparison to
the pristine CNTs. As a result, irradiated CNTs get wetted by
water and exhibit hydrophilic or even close to superhydrophilic
behavior, as displayed in Figure 8b. The BET surface for few
selected samples are found to be 210 m2/g (ICNT-14) and 390
m2/g ICNT-14, which is persistent with the change in CA.
The CA behavior of IMLG-0, IMLG-10, IMLG-11, IMLG-12, IMLG-

13, and IMLG-14 samples is shown in Figure 8c and Figure S2b
in the Supporting Information. The MLG samples with large
surface area exhibit hydrophobicity with a CA of 100°.
However, the IMLG-0 sample shows smaller CA values, in
comparison to that of ICNT-0 sample. Upon irradiation, the CA
decreases showing hydrophilic nature for IMLG-10, IMLG-11, and
IMLG-12 samples. At higher fluence, IMLG-13 and IMLG-14
samples acquire superhydrophilicity with CA values of 15° and
2°, respectively. It is mentioned that graphene exhibits
hydrophobic behavior, because of low surface energy. However,
upon irradiation, the sample nature changes to hydrophilic and
superhydrophilic. Upon irradiation, MLGs have defects and
damaged graphitic planes affect the cohesivity between the
carbon atoms. Thus, the weak bonding between the carbon
atoms on irradiation results in increased surface energy and
increased wetting can be seen in Figure 8d. The BET surface
area for IMLG-0 and IMLG-14 are found to be 237 and 412 m2/g,
respectively, and can be related to wettability. We tried to
measure the roughness values through atomic force microscopy

(AFM). However, because of the quite rougher surface, we
could not measure the roughness accurately.
The wetting was affected (although not drastically).

However, a change in CA was observed because of the
irradiation, even at low fluences. A modification in carbon
nanostructures is expected to start at 1 × 1011 ions/cm2

(explained by micro-Raman studies). This corresponds to the
local ordering/disordering in the structure. The surface is
expected to change not so progressively. However, with the
increase in ion fluence, formation of defects, breaking and
formation of new bonds is quite progressive to affect the
wettability strongly. However, the wetting properties have
started to change from first dose of irradiation (1 × 1011 ions/
cm2) and effective changes are seen.

3.4. Electron Field-Emission Properties of Stress-
Modified CNTs and MLGs. The morphology and geometry
of CNTs and graphene have an important role in electron
emission properties of CNTs. The structutal modification,
stress dynamics, and wetting characteristics of CNTs and
MLGs are well-corroborated with their electron field-emission
characteristics, shown in Figure 9.
Figures 9a and 9b present the macroscopic emission current

density (JM) versus macroscopic electric field (EM) character-
istics of as prepared (ICNT-0 and IMLG-0) and stress-modified
(ICNT-13 and IMLG-12) and deteriorated (ICNT-14 and IMLG-14)
CNTs and MLGs, respectively. The F−N plots of the samples
are shown in their corresponding inset images. The electron
field-emission characteristics for CNTs and MLGs are given by
Fowler−Nordheim (F−N) theory, which is described else-
where.18,21 The equation is used to calculate the field-
enhancement factor (γC factor). It is seen that stress-induced
CNTs and MLGs show enhanced emission characteristics in
comparison to the as-prepared samples. It is deduced from

Figure 9. (a) Electron field-emission studies showing variation of macroscopic emission current density (JM) with macroscopic electric field (EM)
from stress-induced carbon nanostructures for (a) CNTs and (b) MLGs; (c) tunneling of electrons from stress-induced CNTs. Electron field-
emission parameters ((d) enhancement factor (with an error value of 0.6% to 0.9%) and (e) turn-on field (Eon)) are shown for pristine and stress-
induced CNTS and MLGs (with an error value of 0.1%−0.2%). Colored TEM images of CNTs and MLGs are shown at the right of panel e, upon
which electron field-emission studies were carried out.
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micro-Raman and HRTEM studies that CNTs and MLGs are
modified at a particular fluence because of irradiation that may
help in felicitation of electrons from these structures (Figure
9c). However, higher ion fluence damages and amorphizes
these carbon-based structures and electron emission properties
get deteriorated. The calculated γc factor for CNTs and MLGs
are shown in Figure 9d. The γc factor is a structure- and
geometry-based factor and thus correlated with the wetting
properties of structure-modified CNTS and MLGs. The γc
factor value increases for stress-induced CNTs and MLGs for
samples ICNT-13 and IMLG-12 and then decreases for samples
ICNT-14 and IMLG-14. The maximum value of γc factor for ICNT-
13 and IMLG-12 samples achieved are 7824 and 4589,
respectively. The γc factor ICNT-14 and IMLG-14 are 2685 and
1568, respectively, which are the lowest values achieved. Not
much change is found in turn-on (Eon) field value for ICNT-0,
ICNT-12, and ICNT-13 samples, as shown in Figure 8e. The Eon
values for these samples are 1.7 V/μm. The Eon value increases
for deteriorated ICNT-14 sample to 2.7 V/μm. However, Eon
value decreases from 2.4 V/μm for IMLG-0 to 2.0 V/μm for
IMLG-12. Furthermore, it is also observed that the CA value is
highest for the as-prepared samples, showing hydrophobic
character. However, as explained above, as the structure of
CNTs and MLGs are modified with an ion fluence of 1 × 1012

ions/cm2 for CNTS and MLGs, the wetting characteristics
change from hydrophobic character to hydrophilic character. As
the wetting character changes because of structure modification,
electron field-emission properties changes. It is observed that
most hydrophilic CNTs and MLGs acquire lower electron field-
emission properties. The enhanced electron field-emission
properties for ICNT-13 and IMLG-12, in comparison to ICNT-0
and IMLG-0, are found due to local modifications in the
structures of CNTs and MLGs that provide the local density of
states. These local states, due to morphology and structural
changes, effectively modify the local work function and facilitate
the emission of electrons.9,37 Furthermore, for samples ICNT-14
and IMLG-14, as the ion fluence is increased to 1 × 1014 ions/
cm2, the rupture in carbon bonds results in amorphization of
the tips, resulting in reduced electron field-emission properties.

4. CONCLUSIONS

It is concluded that irradiation influences and tailors the
structure of carbon nanotubes (CNTs) and multilayered
graphene (MLGs) and, hence, enhance their electron field-
emission properties. HRTEM studies reveal that iron (Fe)
grown as nanorod buckles outward during irradiation and
induces stresses in CNT and MLG graphitic layers. An
exponential relation between buckling wavelength and CNT
diameters was used to analyze the buckling in carbon
nanostructures. The stresses induced by formation of defects
and change in crystallinity were confirmed by micro-Raman
spectroscopy. A shift in the G-mode (graphitic) and 2D-modes
of CNTs and MLGs results in tensile and compressive stresses,
respectively. Furthermore, the structure modifications in CNTs
and MLGs are confirmed by wetting studies. It is shown that
ion-modified CNTs and MLGs after irradiation at a fluence of 1
× 1014 ions cm−2 display the superhydrophilic character with a
contact angle (CA) of 12° and 2°, respectively. These results
are correlated with electron field-emission studies, and it is
found that less-wetted CNTs and MLGs display enhanced
emission properties at mid-fluence ranges (1 × 1011 ions cm−2−
1 × 1013 ions cm−2). However, because of deterioration in the

structure at higher fluences (1 × 1014 ions cm−2), the
hydrophilic CNTs and MLGs show poor emission properties.
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