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Influence of polar groups on the wetting properties
of vertically aligned multiwalled carbon nanotube surfaces
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Abstract In this work, we have studied superhydrophilic
and superhydrophobic transitions on the vertically aligned
multiwalled carbon nanotube (VACNT) surfaces. As-
grown, the VACNT surfaces were superhydrophobic. Pure
oxygen plasma etching modified the VACNT surfaces to
generate superhydrophilic behavior. Irradiating the super-
hydrophilic VACNT surfaces with a CO, laser (up to
50 kW cm ) restored the superhydrophobicity to a level
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that depended on the laser intensity. Contact angle and
surface energy measurements by the sessile drop method
were used to examine the VACNT surface wetting. X-ray
photoelectron spectroscopy (XPS) showed heavy grafting
of the oxygen groups onto the VACNT surfaces after
oxygen plasma etching and their gradual removal, which
also depended on the CO, laser intensity. These results
show the great influence of polar groups on the wetting
behavior, with a strong correlation between the polar part
of the surface energy and the oxygen content on the
VACNT surfaces. In addition, the CO, laser treatment
created an interesting cage-like structure that may be
responsible for the permanent superhydrophobic behavior
observed on these samples.

Keywords Carbon nanotubes - Vertically aligned -
Superhydrophobic - Superhydrophilic - Plasma etching -
Laser irradiation

1 Introduction

Carbon nanotubes (CNT) are promising materials for many
potential applications because of their unique structures
and properties [1, 2]. However, the hydrophobic and inert
nature of the surface of as-grown nanotubes is unfavorable
for some applications, as in microfluidic device [3, 4] or in
contact with biological environments [5]. Therefore, it is
necessary to adjust the surface, either chemically or
physically, to comply with such applications. Based on the
Cassie and Baxter model [6], some authors [7-9] discuss
the effect of the nanotubes arrangement on superhydro-
phobic behavior, mainly its surface roughness on the micro
and nano scales, compared with the gecko system [10].
This model is largely accepted to justify superhydrophobic
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behavior of vertically aligned multiwalled carbon nanotube
(VACNT) surfaces. The carbon nanotube wettability may
be changed by employing chemical methods. As known,
oxygen-containing functional groups attach onto nanotubes
surfaces by oxidation treatment [11, 12] or acid treatment
[13]. The wettability for polar liquids, such as water,
improves significantly in this way, which leads to more
reactive surfaces [14, 15]. Therefore, there is a need in the
literature for more studies with the aim to better understand
and control VACNT wettability.

This work advances considerably this aim. Two methods
were used to modify the VACNT surfaces: oxygen plasma
etching to graft efficiently polar groups onto the surfaces,
and exposure to CO, laser irradiation to promote thermal
desorption of the polar groups from the VACNT surfaces.
Both methods were used to control wettability of VACNT
surfaces: from superhydrophobic to superhydrophilic and
back to superhydrophobic.

In addition, the CO, irradiation of the nanotube surfaces
removed amorphous carbon and defects on the surface
[16], improved their crystallinity [17] and promoted the
appearance of a characteristic morphology, which resulted
in a permanent superhydrophobic surface [18]. The good
control of the surface wettability has also provided a better
understanding of the VACNT wetting process: surface
polarity can be used to control it. X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy and contact
angle (CA) measurement examined the correlation between
oxygen grafting and removal from the surface by moni-
toring the changes in polarity of VACNT, during both
treatments. Images of scanning electron microscopy (SEM)
with high resolution revealed the changes in surface mor-
phology that could be responsible for variations in the
wettability.

2 Materials and methods

A microwave plasma chamber built in our laboratory [19]
produced the VACNT films in thin film form [20]. The
substrates were 10 mm square Ti. A thin (10 nm) nickel
layer, deposited by an e-beam evaporator, acted as catalyst.
A pretreatment of the nickel layer formed nanoclusters
from which the carbon nanotubes nucleate. The pretreat-
ment duration was 300 s in N,/H, (10/90 sccm) plasma at a
substrate temperature of 690 °C. The nanotubes growth
followed during 120 s at a temperature of 730 °C after
pretreatment and the addition of CH, (14 sccm) to the gas
mixture. The reactor pressure was 25 torr during the whole
process. External heating with Ni—Cr resistance under the
substrate was used to control the substrate temperature.
Pulsed DC discharge technique functionalized VACNT
films by a quick grafting of polar functional groups onto
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nanotube surfaces. The power supply was an asymmetrical
bipolar pulsed DC, operating between 20 and 70 kHz of
pulse frequency. The discharge chamber operated at a
working pressure of 80 mtorr at 1 sccm pure oxygen gas
flow, peak voltage was —700 V and the duration of the
treatment was 120 s. After this period, the functionaliza-
tion stopped by turning off the power supply and evacu-
ating the discharge chamber. The results of these
procedures were the superhydrophilic surfaces of this
polar-VACNT.

Applying CO, laser irradiation onto polar-VACNT
surfaces controlled surfaces wettability. Laser treatment
with CW CO, laser (Synrad Model J48) was performed in a
N, atmosphere, with 50 W maximum output power and
70 kW cm ™2 intensity. Two moving mirrors guided the
laser beam that was focused in a controlled scan onto
sample surfaces. Each sample was treated by 20 scans at a
speed of 1,000 mm s~ " and resolution of 300 dpi. Only the
intensity of CO, laser irradiation was varied for the fol-
lowing values 15, 25, 35 and 50 kW cm 2.

A Kriiss Easy Drop system utilizing the sessile drop
method measured the CA at room temperature to evaluate
the surface energy of as-grown, polar-VACNT and laser-
treated VACNT films. Di-iodomethane, polyethlene glycol,
glycerol and deionized water were used to estimate surface
energy. The liquid drops placed onto the VACNT surfaces
with a microsyringe were 2—4 pl. A video camera recorded
and digitalized the drop image. The surface energy (y) as
well its dispersive (y4) and polar (y,) parts was calculated
by Owens and Wendt Method [21], under experimental
conditions supported by other authors [22, 23].

SEM images (Jeol JSM-5310 and JSM-6330F) were
used to examine the morphological arrangement of the
VACNT surfaces and high-resolution SEM images to
evaluate the modification details in terms of surface
morphology.

Raman spectroscopy is a valuable tool to characterize
carbon-based nanostructures. In this work, Raman scatter-
ing spectroscopy (Renishaw 2000 system), with excitation
by Ar*-ion laser (A = 514.5 nm) in backscattering geom-
etry was applied to access structural changes onto the
samples. The diamond peak at 1,332 cm™' calibrated the
Raman shift with all measurements controlled at 25 °C.

XPS measurements were used to analyze chemical
modifications promoted by each treatment performed on
the samples using the AlKo line with VG CLAMP hemi-
spherical analyzer. The inelastic scattering background of
the Cls and Ols electron core-level spectra was subtracted
using Shirley’s method. Cls at 284.5 eV was the reference
for all binding energies (BE). The curve fitting and data
analysis software Fityk 0.9.2 was used to assign the peaks
locations and corresponding fitting of XPS spectra (http://
www.unipress.waw.pl/fityk/).
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3 Results and discussions
3.1 Surface energy of VACNT films

Figure 1 shows the surface morphology of the VACNT
samples under study, as taken from SEM. Typical VACNT
films grew roughly aligned upright from the substrate. A
dense forest of aligned nanotubes formed (as shown in the
inset of Fig. 1a) with their surface morphology determined
by van der Waals interactions among the tube tips [24], as
seen in Fig. la. Figure 1b—d show the different morpholo-
gies obtained for each surface treated VACNT after wetting
with DI water. Figure 1b shows the morphology after
wetting the as-grown VACNT, which is a quite typical
morphology seen many wetting studies. The nanotubes bent
and their tips joined forming irregular shapes on a
micrometer scale. The accepted explanation for these
irregular shapes is a partial wetting with bending caused by
forces produced during slow water evaporation. The struc-
ture of Fig. 1b also gives support for the understanding of

the VACNT superhydrophobicity based on the Cassie and
Baxter model [6]. Figure 1c shows the typical morphology
after wetting the polar-VACNT obtained by oxygen plasma
etching. Some cracks showed up, but most of the surface
was unchanged. The polar-VACNT became superhydro-
philic and wet by DI water. Probably because of the com-
plete wetting and water flow between the polar-VACNT,
the forces induced by water flow and evaporation appear
only on a larger scale, with the nanotubes bending occurring
only at the crack limits. A different characteristic wetting of
the VACNT surfaces was observed after CO, laser irradi-
ation at 50 kW cm 2. Figure 1d shows that the total
alignment of VACNT remained unchanged. Indeed, the
surface became again superhydrophobic, but instead of a
simple recovery of the superhydrophobicity of the as-grown
samples, the comparison of Fig. 1d with b shows that the
latter became unwettable. In Fig. 1d, there is no tube
bending because of wetting and evaporation processes.
Figure 2 shows typical higher resolution SEM images of
the VACNT surfaces under study. Figure 2a shows that the

Fig. 1 SEM image of VACNT grown on Ti substrate: a surface and cross-section (inset) of as-grown VACNT. The effect of deionized water
wetting on VACNT surface morphology: b as-grown VACNT, ¢ polar-VACNT and d CO, laser-treated VACNT (at 50 kW cm™2)
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surface as-grown samples have entangled arrangements not
only with the tip tops of the VACNT but also with
extended regions of their lateral surface. The surface
attacked by the oxygen plasma is given in Fig. 2b. Clearly,
the same entangled arrangements persist, but the nanotubes
walls were damaged severely. The CO, laser treatment
promoted evaporation of the tube tips. As shown in Fig. 2c,
the parts of the nanotubes previously damaged by the
oxygen plasma treatment almost completely evaporated
when CO, laser irradiation at 50 kW c¢cm ™2 was applied to
them. As a result of the tube tips evaporation, the entangled
arrangements and the alignment of the CNTs were clearly
seen. In addition, many nanotubes fused together at their
tips forming cage-like structures homogeneously spread all
over of the surface.

The wettability study of the VACNT surfaces performed
by CA measurements, using the liquids cited above,
allowed surface energy calculation by the Owens and
Wendt method [21]. A complete description of these
measurements should be found elsewhere [25]. Table 1
summarizes the values achieved for the surface energy (y)
and its polar (yP) and dispersive (%) parts.

The surface energy values for as-grown VACNT were
50.5 mJ m_z, with 48.7 and 1.8 mJ m~2 for its dispersive
and polar parts, respectively. Remarkably, there is a huge
increase in the polar part of the surface energy after the

oxygen plasma treatment and this is the main reason for
describing it as polar-VACNT. These measurements show
clearly that the polar groups attached by the O, plasma
efficiently changed polar part of surface energy due to
chemisorptions of oxygen at reactive centers on the sur-
face, which are formed during oxygen ions bombardment.
This change on the polar part of the surface energy is
responsible for the change from a superhydrophobic to a
superhydrophilic character. CO, laser irradiation at 15,
25, 35 and 50 kW cm ™2 has shown a gradual decrease in
the polar part of surface energy, restoring the original
value of the as-grown VACNT and, also the superhy-
drophobic character. These measurements proved that
oxygen plasma etching causes effective change of the
VACNT surface energy and that CO, laser treatment can
restore it.

Notice that the superhydrophobic behavior after CO,
laser treatment is not the same as in as-grown samples, even
though their surface energies are similar. SEM images in
Fig. 1a, d show this clearly. Slight increases of CA for
wetting measurements are also indicative of these differ-
ences. Most important of all is the observation after long-
term wetting experiments. The as-grown samples show a
large CA at first, but the CA decreases after some minutes of
being wet, pointing to the instability of its superhydrophobic
behavior. The CA of CO, laser-treated samples did not

Fig. 2 High-resolution SEM images of the tube tips taken from: a as-grown VACNT, b polar-VACNT and ¢ after CO, laser treatment at

50 kW cm ™2
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Table 1 Surface energy (y), dispersive ("/d) and polar (yP ) compo-
nents from Owens and Wendt plot for polar-VACNT samples treated
by CO, laser irradiation

CO, laser y (mJ m_z) O, yd (mJ m_z) yP (mJ m_z)
irradiation plasma etching O, plasma O, plasma
(kW cm™2) etching etching

0 64.7 24.7 40

15 50.7 449 5.8

25 52.3 445 7.8

35 50.1 46.5 3.6

50 50.9 49.2 1.7

change even after several days of being wet, showing a
permanent superhydrophobic behavior.

3.2 Raman spectra
Figure 3 shows first-order Raman scattering spectra of

VACNT films for the as-grown VACNT (Fig. 3a), polar-
VACNT (Fig. 3b), and CO, laser-treated VACNT at

(@)

Intensity (a.u)

1000 1100 1200 1300 1400 1500 1600 1700 1800
Raman Shift (cm™)

(c)

Intensity (a.u)

1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman Shift (cm1)

35 kW cm? (Fig. 3c) and 50 kW cm 2 (Fig. 3d). The
spectrum deconvolution in Fig. 3a, ¢, d was performed using
Lorentzian shapes for the D and G bands, and Gaussian
shape for the D’ band, as pointed by the other authors [26].
For the spectrum deconvolution in Fig. 3b it was also nec-
essary to include the Gaussian peak at 1,525 cm™' in the
fitting procedure. This band already appeared before for
heavily functionalized carbon nanotubes [27]. In spite of
this new band, whose origin is the polar groups grafting onto
CNT surfaces, the following analysis was used to evaluate
the changes in the D and G bands.

The changes of the D band can be used to explore
structural modifications of the nanotube walls [28] owing
to introduction of defects and attaching different chemical
species [29]. Also, the D’ band carries information about
disorder in the sp® lattice [30]. Based on the fitting
parameters, Table 2 summarizes the full width at half-
maximum (FWHM) and the ratio of the integrated areas
under the D and G bands (Ip/Ig).

The integrated intensity ratio of the D and G peaks (Ip/
Ig) is often indicative of the level of chemical

(b) D: band

Intensity (a.u)

1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift (cm™)

(d)

Intensity (a.u)

1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift (cm™)

Fig. 3 Deconvolution of D and G bands for the VACNT under study: a as-grown VACNT, b polar-VACNT and after CO; laser irradiation on

the polar-VACNT surface: ¢ at 35 kW cm™2 and d at 50 kW cm™>
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Table 2 Gaussian and Lorentzian fitting results of Raman spectra (514.5 nm)

Sample under study D band position (cm™") G band position (cm™H Ip/lc  FWHM (D) FWHM (G)
As-grown 1,3484 £ 1.3 1,577.8 £ 2.2 1.6 42,0 + 2.3 358 £ 2.1
O, plasma etching 1,350.5 £ 1.5 1,580.2 + 2.5 1.7 91.2 + 4.8 445 + 3.3
O, plasma etching and CO, laser at 35 kW cm 2 1,346 £+ 2.8 1,578.2 £ 2.0 0.9 552 +1.3 46.03 = 1.8
O, plasma etching and CO, laser at 50 kW cm ™2 1,345 £ 1.4 1,579.4 £ 1.2 1.0 493 £+ 3.2 38 £3.8

functionalization or defect density of the CNT surfaces
[29]. However, this ratio remained almost unchanged
between the as-grown VACNT surfaces and their polar
parts. This was due to the decreasing in D band intensity
that occurs simultaneously with its broadening as well as
the G band broadening. If both these spectra show similar
Ip/Ig ratios, it could suggest a similar quantity of structural
defects for as-grown and polar-VACNT. However, the
comparison of Fig. 2a, b clearly shows that this is not the
case. The D band broadening (FWHM), which increased
from 42.0 to 91.2 cm™!, was the most useful parameter to
show that oxygen plasma treatment was effective for
structure modification. In accordance with Dorai et al. [31]
and the other studies [32—-34] it is reasonable to assume that
the reaction of atomic oxygen with high energy laser radi-
ation breaks some of the C—C bonds of the carbon chain and
leads to attachment of carboxyl groups that improve the
wettability of the VACNT films by changing their polarity.

The CO, laser irradiation allowed reestablishment of
VACNT characteristics by improving its crystallinity and
by evaporating chemical species attached on its surface.
This can be verified from analysis of the Raman spectra of
the VACNT films taken after 35 and 50 kW cm™? laser
irradiation was applied to the polar VACNT surfaces,
respectively, as seen in Fig. 3c, d and Table 2. By this
treatment, Ip/Ig ratio decreased significantly, which is
probably correlated with a drop in defect density [29, 30].
Changing of the intensity ratio of these peaks proved that
structural defects originally present on the as-grown
VACNT as well on the ones treated by oxygen plasma
were gradually healed as the annealing laser power
increased. This treatment also leads in a narrowing of the
bands (Ip, Ig) for the samples previously treated by O,
plasma to a level similar to the as-grown samples.

Raman spectra and wettability measurements showed
that oxygen plasma etching and CO, laser irradiation in
fact control wetting behavior by (i) the grafting of chemical
species onto the surface and by (ii) evaporating the dam-
aged surface nanotube tips that reduces the defect density.
The overall observation suggested that the polar groups
grafting, which considerably broadens the Raman bands,
transforms the superhydrophobic as-grown samples back
into superhydrophilic ones. CO, laser treatment removes
the grafted polar groups, which narrows the Raman band
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linewidths close to the original values found for the Raman
bands of the as-grown sample, and transforms the samples
back to superhydrophobic. This analysis argues that the
treated samples by CO, laser may be more superhydro-
phobic than the as-grown ones because they have a smaller
defect density, as observed by the smaller I/Ig ratio.

3.3 XPS analysis

The XPS analyses are fundamental to uncover surface
chemical composition. Figure 4 shows the Cls fitted pho-
toemission spectra recorded for as-grown VACNT, polar-
VACNT and after CO, laser treatment. The Cls curve of
the as-grown VACNT (Fig. 4a) was deconvoluted into six
peaks at 284.7, 285.5, 286.6, 287.5, 289.2 and 291.3 eV.
The peaks correspond to aliphatic carbons (with C—C sin-
gle bonds), carbon atoms with C-O, C-O-C or C-OH
single bonds [33, 35], carbon atoms with C=0 double
bonds, and with carbon atoms with the COO™ carboxylate
bonds, respectively. The last one at 291.3 eV is used to
assign for the shake-up peak (7—n* transitions) [36].

After exposing the samples to plasma etching, the Cls
curve was also, deconvoluted into six peaks at 284.8,
285.9, 286.6, 287.9, 289.4, and 291.6 eV. The main peaks
at 286.6, 287.9, 289.4 eV have shown a significant increase
in area. This infers that strong C and O bonds formations
[37, 38], mainly carboxyl groups that are situated at the
ends of the tubes. In addition, the peaks around 284.9 and
285.9 eV showed and upshift. The change in area of this
spectrum agrees with the information from the Raman
spectra, but further proves that oxygen-based groups
formed during the functionalization.

XPS analysis also further evaluated the effects of CO,
laser irradiation on the polar-VACNT surfaces. The Cls
spectrum deconvolution (Fig. 4c) on the samples irradiated
by laser at 50 kW cm ™2 showed a restoration to the spec-
trum of the as-grown VACNT (Fig. 4a). In this case, the
Cls deconvolution presents peaks at 284.8, 285.7, 286.6,
287.8, 289.7, and 291.5 eV. This pointed out that laser
heating of functionalized nanotubes in a N, atmosphere
removed the carboxyl groups attached on them and restored
the nanotube surface energy. This is also consistent with
Raman data which suggested that functional groups were
removed after applying CO, laser irradiation.
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Fig. 4 XPS Cls deconvoluted (a)
peaks of a as-grown VACNT,
b polar-VACNT and ¢ polar-
VACNT treated with CO, laser
irradiation at 50 kW cm™>
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Fig. 5 C and O (at%) as a function of CO, laser irradiance on the
polar-VACNT

Indeed, the oxygen plasma technique promotes a heavy
grafting of oxygen species onto surfaces. The percentages of
carbon and oxygen of samples surface, as measured from
XPS analysis, varied form 97.2 and 2.8%, on as-grown
samples to 78.1 and 18.9%, after oxygen plasma etching. The
CO, laser technique effectively removes the grafted oxygen
species from the surface. Figure 5 shows total carbon and
oxygen percentage onto surface as function of CO, laser
irradiation on the polar-VACNT surface. After CO, laser

2 4 6 8 10 12 14 16 18 20
Oxygen conc. (%)

Fig. 6 Correlation between surface energies as a function of oxygen
percentages on the samples surface analyzed

treatment at 25, 35 and 50 kW cm ™2 onto polar surface, the
oxygen percentage was 15.9, 10.9 and 7.2%, respectively.
The increase in Cls was also noticeable as function of CO,
laser treatment. It increased from 78.1 to 79.5, and 88.7 and
92.2% as function of CO, laser irradiance.

Figure 6 shows a further correlation by plotting the
surface energies seen in Table 1 as a function of percentage
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of oxygen on corresponding sample surface. It shows three
plots, one for the total surface energy, one for its dispersive
part and one for its polar part. Total surface energy is
nearly constant but increases for the largest oxygen cov-
erage. Dispersive part decreases slightly with oxygen
coverage. The polar part varied impressively, fitting neatly
(R = 0.9984) to an exponential growth dependence on the
oxygen coverage. The Fig. 6 makes clear that surface
energy of the VACNT and, thus, its wetting behavior
correlated with the coverage of polar groups on the surface.
Some studies have already shown some variation onto
surface energy by various methods for VACNT surface
functionalization but none have shown such a huge varia-
tion and such a precise wetting control. The reason it was
obtained here was the very effective functionalization
resulted from the pure O, plasma etching. It grafted 18.9%
oxygen on VACNT surface, while most results in literature
showed only up to 14.4% after oxidized for 24 h in nitric
acid [13].

Even though the surface coverage with polar groups can
explain the overall wetting behavior, it remains unex-
plained the remarkable difference between the two super-
hydrophobic behaviors, of the as-grown VACNT and the
CO; laser-treated one. Both have similar C1S XPS spectra.
The overall analysis shown in this work points out two
great differences that may contribute for the permanent
superhydrophobic behavior of the CO, laser-treated sam-
ples. The first one is the higher crystalline quality as shown
by the Raman spectroscopy. The second one is the sur-
face’s morphological arrangements as shown in the higher
resolution SEM of Fig. 2c. The cage-like structure is very
interesting because it may prevent the VACNT bending
under wetting. Also, the air encaged on it may contribute
for the nonwetting properties, as explained by a Cassie and
Baxter model. This cage-like structure was already shown
in nature to be superhydrophobic [39].

4 Conclusions

Wettability of the VACNT films significantly increases
after oxygen plasma etching. This characteristic is because
of the polar groups attached onto nanotube surfaces. CO,
laser irradiation converted superhydrophilic surface back to
superhydrophobic. This conversion, impelled by CO, laser
irradiation, was because of the evaporating parts of the
VACNT containing oxygen polar groups. Raman spectra
and XPS analyzes allowed the study of chemical changes
on the surface. Raman spectra shows that CO, laser treat-
ment gives VACNT a better crystalline quality, and XPS
analysis directly correlate the oxygen content with the
polar part of the surface energy.
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All results corroborated that polar groups and defects
onto surface are decisive on the wetting characteristics of
VACNT.

Of particular interest is the permanent superhydrophobic
behavior achieved after CO, laser treatment. The higher
crystalline quality suggested some influence in this
behavior. However, the surface morphology detected,
showing a cage-like structure, point out as the main reason
for the effect. The cage-like structure itself may prevent
VACNT bending under wetting, and the air encaged
between the nanotubes may prevent wetting.
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