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arbon nanotubes (CNTs) hydro-

phobic and hydrophilic proper-

ties have been receiving increas-
ing attention in the scientific community.
Such properties have been identified as
important characteristics for a variety of
practical applications, for example, for
the fabrication of artificial lotus leaf-
structures on cotton fabrics for self-
cleaning in biomimicking systems,’ in mi-
croelectromechanical systems (MEMS) to
control spreading of liquids through the
system,? and in cell-culture for the ability
to absorb and preferentially distribute
fluids (i.e., wicking properties).?

From a fundamental standpoint, hydro-
phobicity is governed by the surface micro-
structure and surface energy.*® In the par-
ticular case of CNTs, the ability to control
their microstructure by controlling their
growth parameters can provide means to
improve their functionalities. For example,
the vertical alignment of CNTs grown via
thermal chemical vapor deposition pro-
cesses was reported to induce anisotropy
in their structural, mechanical, and electri-
cal properties.® Coupling hydrophobicity
with the anisotropic properties found in
such forests of CNTs, could open doors to
new applications including textiles, coating,
sensing and biomechanical scaffolds. How-
ever, much of the potential provided by the
hydrophobic property of vertically aligned
CNTs is yet to be explored. Journet et al.,”
studied the effect of fluid pressure on the
stability of water droplets sitting on hydro-
phobic vertically aligned CNT forests. Their
experiments showed that the CNT forests
can withstand high excess pressure (larger
than 10 kPa) without modifying the contact
angle between the CNTs surface and the
water droplet. Kakade et al. showed that
CNTs can be switched from being hydro-
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ABSTRACT We investigate for the first time hydrophobic carbon nanotube-based electrochemical cells as an

alternative solution to hydrogen sorting. We show that the electrically conducting surface of the nanotube arrays

can be used as a cathode for hydrogen generation and absorption by electrolyzing water. We support our findings

with Raman and gas chromatography measurements. These results suggest that carbon nanotube forests,

presenting a unique combination of hydrophobicity and conductivity, are suitable for application in fuel cells and

microelectromechanical devices.
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phobic to hydrophilic by applying a se-
lected voltage,® suggesting CNTSs as suit-
able candidates for electrochemical-based
applications.>1°

Both free-standing single wall CNTs'"
and aligned multiwall CNTs'? have been
suggested as viable systems for hydrogen
storage, either via electrochemical meth-
ods,'? or via gas absorption methods at high
pressure.’

The electro-decomposition of water
using carbon electrodes has been pro-
posed as a method for electrochemical
storage of hydrogen.’ Conductive verti-
cally aligned CNT arrays can be suggested
as alternative electrodes, offering the ad-
vantage of presenting an array of several
thousand parallel probes (each corre-
sponding to the individual CNTs in the
forest). So far, the use of aligned CNTs in
electrolytic application has been limited,
as most of them are typically grown on
semiconducting substrates that do not
provide an efficient conduction pathway
to be used as electrodes.

Here, we report for the first time an alter-
native solution to hydrogen sorting, by us-
ing the surface of dense vertical array of
CNTs as a hydrophobic electrochemical cell
for both generation and absorption of hy-
drogen. We take advantage of the conduc-
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Figure 1. Scanning electron micrographs of a typical MWCNT
forest used for our tests, showing the macroscopic nano-
tube alignment and the forest’s characteristic microstruc-
ture: (a) low magnification image showing the vertical align-
ment across the entire forest’s thickness (~800 pm), (b)
higher magnification image showing the foamlike micro-
structure of the aligned CNTs, (c) top view of the surface of
the aligned CNTs forest, (d) view of the nanotubes entangle-
ment that provides surface connectivity and electrical path-

ways for high electrical conductivity.

tivity of the interconnected CNT forests and utilize their
top surfaces as electrodes to study the effects of ca-

thodic treatments with deionized water.

The aligned multiwalled carbon nanotubes
(MWCNTSs) considered for this study were produced by
thermal chemical vapor deposition as described in the
experimental section. Figure 1 panels a—d show scan-
ning electron microscopy (SEM) images of the cross-
section and top surface of our sample. Here the
MWCNTSs appear to be vertically aligned throughout
the entire thickness of the forests (Figure 1a). The
growth method used to prepare our samples was opti-
mized to obtain clean surfaces, free from catalyst and
amorphous carbon layers, without the need for any
plasma or other treatment (see Figure 1¢,d). SEM im-
ages taken at higher magnifications (Figure 1b,d) re-
vealed a complex microstructure with MWCNTSs rather
entangled and cross-linked throughout the thickness,
as well as along the surface of the samples.® Such mul-
tiscale structure, composed of vertically aligned
bundles and individually entangled tube, gives the
CNT forests unprecedented mechanical,® electrical '

and thermal responses.'®

Figure 2. Digital micrographs of the deionized water droplet
sitting on the hydrophobic surface of the CNT forest: (a) before
testing, (b) during testing where oxygen bubbles are visible
near the tungsten electrode (anode). The second tungsten
needle, immersed in the CNTs forest farther away from the
droplet, is visible in the background.
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Typically, hydrophobic solids can achieve liquid—solid
contact angles with water up to >120°. For the specific
case of CNTs, it has been shown that taller arrays present
a higher degree of hydrophobicity in comparison to short
ones, probably related to a higher surface roughness re-
sulting from the differences between the tubes’ height.'”
We grew tall CNT forests (~800 pwm) and found their sur-
faces exhibiting a highly hydrophobic behavior, in agree-
ment with earlier investigations.'” Figure 2a shows a digi-
tal micrograph of a water droplet (with a diameter of ~3
mm) resting on top of the CNTs surface. The static contact
angle between the CNTs surface and the water droplet
was measured to be as high as ~144°. This high contact
angle observed on the CNT forests’ surface could be ex-
plained by Wenzel's equation,'® which relates the surface
roughness with its hydrophobic property. The CNT forests
used in our experiments presented an entangled “foam-
like” microstructure (Figure 1) and somewhat “curled”
CNT tips at the surface, which resulted in an increased
roughness, likely responsible for the observed hydropho-
bic behavior. Below the surface, this entanglement cre-
ated many small voids between bundles of CNTs. The air
trapped in the voids could also provide support for sus-
taining the water droplet on the surface (Figure 2a).

Such ability to sustain individual water droplets on
conductive CNT forests, suggested the possibility to uti-
lize them to create novel electrochemical cells for hy-
drogen sorting. To test the electrochemical reactivity in
our samples, we used a setup composed of two
electrodes, as reported in ref. 19. For the assembly of
the electrochemical cell, we immersed one of the elec-
trodes (a micrometer-sharp metal tip connected to a
power supply with positive polarity to function as an
anode) in the deionized water droplet sitting on the top
surface of vertically aligned CNTs (as shown in Figure
2b). We utilized the conducting surface of the CNTs as
a cathode, with a given negative polarity provided by a
tungsten needle inserted in the forest, as described in
the schematic diagram in Figure 3. It is well-known that
high electrode conductivity is important for electron
transport during the electrochemical reaction. To verify
this requirement in our MWCNT samples, we investi-
gated the in-plane electrical properties of the as grown
vertical arrays of CNTs. We performed DC measure-
ments using a Cascade, M150 probe station, attached
to Keithley-2635 source. The surface conductivity was
measured to be 0.42 S cm ™' indicating that the
MWCNTs are likely to be highly interconnected, and
form continuous electrical paths along the sample’s
surface.

The same electronic system was used to trigger the
electrochemical reaction in the water droplet. The ex-
perimental setup for the measurements is shown in Fig-
ure 3. It consisted of a main chamber with a two-way
valve: one end of the valve was connected to vacuum
pump to create a base pressure of 1073 mbar, and the
other end was connected to a vacuum sealed bag for
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Figure 3. Schematic diagram showing the experimental
set-up used for the electrolytic reaction measurements on
the CNT forests. The top section shows an enlargement of
the sample area, providing details on the probes
positioning.

the collection of gases after the electrolytic reaction.
The CNT sample was placed at the center of the cham-
ber and connected to the two electrodes as shown in
the detailed schematic on top of Figure 3.

Before testing, the system was vacuum purged to re-
duce the presence of atmospheric hydrogen in the
tested sample. For the electrochemical reaction, an ex-
ternal voltage was applied across the two electrodes,
causing an electrical current to flow through water
droplet and the CNTs forest. It is well-known that in
the process of electro-decomposition of water the
amount of hydrogen produced is higher at lower oper-
ating voltages, but this implies a longer experimental
time.2® We chose to work with a voltage of =10V to
achieve faster kinetics. The electrical current was mea-
sured in the milliampere range (1—7 mA). As soon as
the external voltage was applied, hydrogen evolution
appeared near the surface of the CNTs and oxygen
bubbles formed around the counter-tungsten elec-
trode (see the movie included in the Supporting Infor-
mation). During electrolysis, we did not observe any
change in the surface characteristics and/or reduction
of hydrophobicity of the CNT surfaces, differently from
what was reported by Koratkar et al.?'

RESULTS AND DISCUSSION

The electrochemical evolution of hydrogen can be
described by the following reaction on the CNT sur-
face (cathode):

H,O(l) + 2e — H,(g) + 20H (M

The amount of hydrogen generated on the CNTs sur-
face, calculated from the consumed charge during 1 h re-
action,? was 2.6 X 10~* gm. We performed gas chroma-
tography (GC) measurements to quantify hydrogen
evolution (see Methods). The results are reported in Fig-
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Figure 4. Typical chromatogram of hydrogen gas collected
from the sample after performing the electrolysis of a wa-
ter droplet on the hydrophobic CNTs surface. The inset
shows the gas chromatogram of pure hydrogen, used for
calibration.

ure 4. The amount of hydrogen collected during experi-
ment was measured, 2.2 = 0.35 X 107> gm. This value is
lower than the amount calculated from the consumed
charge, suggesting the possibility of hydrogen storage
within the CNT forest. To verify the effectiveness of our
CNTs as cathode for the electro-decomposition of water,
we have repeated the same experiment replacing the
CNTs by a hydrophobic paraffin film (a nonconductive
material). To trigger the electrochemical reaction, we
placed the two tungsten electrodes inside the water
droplet. Interestingly, in this case no detectable hydro-
gen was found in the GC measurements, confirming the
fast chemical reactivity of the vertically aligned CNT for-
ests. This responsiveness may be attributed to the large
surface area and/or catalytic activity of the CNTSs, suggest-
ing their potential use as highly efficient and fast sys-
tems for water decomposition.

High-resolution transmission electron microscopy
(HRTEM) images of the as-grown MWCNTSs used for this
study are shown in Figure 5. The outer diameter of the
CNTs ranged between ~15 nm (Figure 5a) and ~50 nm
(Figure 5b). In these high-resolution images, the average
distance between two neighboring carbon walls is 0.34
nm, which corresponds to the interlayer (002) d-spacing
of the graphite lattice. Notably, a fraction of the as-grown
CNT tips appeared to be completely open. Open CNT
tips have been shown to allow hydrogen absorption in
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Figure 5. High resolution transmission electron microscopy
(HRTEM) images: (a) TEM image of a multiwall CNT having
~15 nm outer diameter. It can be seen that the nanotube’s
tip is completely open (marked with a circle), (b) another
open ended multiwall CNT (marked with a circle) with larger
diameter (~50 nm).
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the nanotubes’ cores under both moderate?® and ambi-
ent pressure conditions.?* It is also plausible to expect
physical and chemical absorption of hydrogen inside the
bulk CNT forest, thanks to its characteristic foamlike mi-
crostructure (Figure 1). The open-ended CNT cores, the in-
terwall spacing, and the intratube spacing in the dense
forest all provide possible sites for hydrogen absorption.
The CNT cores represent an ideal encapsulation area
dominated by van der Waals’ interactions between the
carbon atoms and hydrogen molecules. Yang et al.?> have
reported the interplanar spacing between adjacent
graphene layers in MWCNTSs as another possible adsorp-
tion sites for hydrogen. In our sample, the presence of
open-ended tubes would provide an easier pathway for
hydrogen to enter the interspaces between graphene lay-
ers. The possibility for hydrogen absorption in the CNTs’
cores and in the interwall spacing is also supported by the
numerical analysis performed by Kang et al. via DFT calcu-
lations.? The controlled enhancement of the ability to
store hydrogen in our hydrophobic CNT forests via chemi-
cal routes will be a matter of future investigations.

Raman spectroscopy measurements were performed
to elucidate the hydrogenation of the CNTs after water
electrolysis. Figure 6 panels a—c indicate typical Raman
spectra obtained from a CNT sample before and after per-
forming water electrolysis on its hydrophobic surface.
The Raman spectrum has three bands. The high energy
Raman band, at ~1570 cm ™, is called the tangential
mode (G-band), which is related to the graphite E,q sym-
metric mode. The D-band (~1350 cm ™) is induced by the
presence of defects. The strongest peak in the second or-
der spectrum is the overtone of the D band at ~2700
cm™!, which is called G'-band.?” The intensity of both the
G-band and the D-band depends on the concentration
of defects in the sample. In an earlier investigation on
boron-doped CNTs, the absolute intensities of the G- and
G’-bands were reported to decrease with the increase of
defect concentration.?® A similar behavior has been ob-
served in our measurements, as reported in Figure 6a. The
absolute intensities of the G and G" bands decrease, and
it is evident from the observed spectra that the intensity
decrease in the G’-band is more rapid than that of the
G-band. This is because the G’-band is strongly influenced
by the enhancement of defect concentration. A large de-
fect concentration might lead to an increased scattering
cross section for the defect-induced Raman mode.

The change in spectral frequency (at maximum inten-
sity) of the G-band after electrolysis was up-shifted by 3
cm™ . Such a shift suggests that the van der Waals attrac-
tion between the hydrogen and the carbon nanotube is
increased, which in turns increases the energy necessary
for vibrations to occur. This is reflected in the higher fre-
quency of the Raman peaks.? The intensity ratio (/p//g)
and the measurement of the Full Width at Half-Maximum
(FWHM) of the deconvoluted D-band and G-band pro-
vide an estimate of the degree of graphitization of the
CNT walls. Table 1 summarizes the relative Raman peak

\ f\\&) VOL.3 = NO.12 = MISRA ET AL.

( ) —e— After Electrolysis
a B efore Electrolysis
"

=

=

E

a

5

=

=

]

=

=

£

500 10'00 1!'00 2000 !!'INI ZIII'INI
Raman Shift (:m-“

— (b) Before Electrolysis
£ eNTs 1,1,=0.52

E

3

£ ‘

=

2 Si substrate )

n

&

E

1000 1500 2000
Raman Shift {cm™ ) _
(C) After Electrolysis

— j [1,1,=0.75
ﬂ . Water dmple't 1

5 ¢
2
L3
=y

a L 1B
8 Power supply Ammeter

c 2

v L L 1
500 1000 1500 2000

Raman Shift {cm™ 1)

Figure 6. Raman spectroscopy results: (a) comparison of the
overall spectra obtained from a CNT sample before (solid
line) and after (dotted line) performing the electrolysis ex-
periment, (b) Lorentzian fitted spectrum showing the com-
parative D and G bands before electrolysis, (c) Lorentzian fit-
ted spectra showing comparative D and G bands after
electrolysis.

intensities and FWHM values, before and after electroly-
sis. After electrolysis, the Ip/I of these pristine MWCNTSs in-
creased from 0.52 to 0.75 (Figure 6b,c), which shows a
lower degree of graphitization related to the generation
of defects. The FWHM value of the deconvoluted D-band
after electrolysis was increased by 80.5 cm ™', the G-band
increased by 17.5 cm™', and G’-band by 44.4 cm™! (see

TABLE 1. Comparison of the spectral parameters in the
Raman measurements, before and after electrolysis;
the Ip/lg ratios, and the FWHM for the D-Band, G-Band
and G'-Band

D-band FWHM  G-band FWHM  G’-band FWHM
I/l (em™) (em™) (em™)
before electrolysis ~ 0.52 1493 60.0 75.8
after electrolysis 0.75 229.8 715 120.2
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Table 1). The significant increase in Ip/lg and FWHM val-
ues are an indication of hydrogen absorption.*® This can
be related to the possible physical absorption of hydro-
gen inside the core and interwall spacing of CNTs, or to
chemisorption induced by the applied potential.

CONCLUSION

We investigated the applicability of the hydrophobic
surface of as-grown aligned multiwalled carbon nano-
tube forests as electrochemical cells for the electro-

METHODS

Growth of Vertically Aligned Multiwalled Carbon Nanotubes. Aligned
nanotubes were grown via chemical vapor deposition using
a two-stage thermal CVD system. This system consists of a
quartz tube of 30 mm in diameter, and 1000 mm long, hav-
ing a 200 mm preheating and a 500 mm heating zone. The
temperature controllers were set to desired temperatures (80
°C for preheating zone and 825 °C for heating zone). SiO,
was used as a substrate for growth. A mixture of Fe-catalyst
(ferrocene) and carbon source (toluene) (0.02 g/mL) was in-
jected into the preheating zone at the rate of 5 mL/15 min. A
flow of 800 SCCM of argon gas was maintained as a carrier
for the gas solution that was fed into the heating zone. The
outer diameter of the grown CNTs ranged from 15 to 50 nm
and their length was ~800 pm.

Gas Chromatography (GC). The hydrogen concentration was ana-
lyzed on a carbon-based molecular sieve column (Agilent Mol-
siv 5A 30 m X 0.320 mm ID) with a thermal conductivity detec-
tor (TCD). A Hewlett-Packard 5890 GC was operated for 0.3 min,
at which point the injector was purged with a split flow of 20 mL/
min. Ultrahigh purity nitrogen was used as a carrier gas, and
the oven temperature was kept isothermal at 200 °C. Injections
of 10—1000 L were performed manually with a gastight sy-
ringe. The hydrogen concentration in the gas samples (after elec-
trolysis) was determined from the calibration curve, generated
by injecting different volumes (10—1000 pL) of ultra pure
(99.99%) hydrogen.
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Supporting Information Available: The digital movie-clip cap-
tured during experiments shows water electrolysis on the hydro-
phobic carbon nanotubes surface. The hydrogen evolution can
be seen to be bubbling from the CNT cathode surface, and oxy-
gen bubbles evolve at the anode. This material is available free of
charge via the Internet at http://pubs.acs.org.
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