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We report a method for controllably fabricating a structurally stable array of multiwall car-
bon nanotubes (MWCNTs) with greatly enhanced surface area for catalyst loading as com-
pared with a vertically aligned MWCNT forest. These structures may provide increased
electrocatalytic activity for methanol oxidation reactions and oxygen reduction reactions
in fuel cells. Potentiodynamic pretreatment is shown to allow the controlled restructuring
of a vertically aligned MWCNT forest on a silicon substrate into walled domains of honey-
comb-like polygons. Electrochemical parameters, such as the potential scanning ranges
and cycles, were found to be capable of tuning the carbon nanotube surface interaction
with a solvent and thereby the density and homogeneity of walled-domains that form
under solvent dilation stress. Confocal Raman microspectroscopy with a spatial resolution
of 200 nm was used to characterize these assemblies along with scanning electron micros-
copy and X-ray absorption spectroscopy. The MWCNTs in general retained their pristine
structural characteristics except in places where they were bent, which showed a slightly
reduced wall thickness.

© 2013 Elsevier Ltd. All rights reserved.

systems that provide physical insight into the proximity
effect of nanostructures. In comparison to the well-

1. Introduction

Carbon nanotubes (CNTs) exhibit super mechanical strength
[1], high chemical stability [2] and attractive structure depen-
dent electronic properties [3]. As with their counterpart
graphene [4], the assembly of CNTs into desired structures
or arrangements such as arrays [5] with controlled shape, ori-
entation and density, is required for nanoscale device applica-
tions [6]. CNT assembly can be performed during synthesis
(chemical) or post-synthesis (chemical and physical).
Although more challenging, post-synthesis modification al-
lows processing flexibility and enables unique testing
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documented plasma and strong acid oxidation methods,
electrochemical treatments of CNTs in purification and
manipulation processes [7,8] provide advantages under mild
reaction conditions with high efficiency and good
controllability.

Three dimensional honeycomb-like CNT structures have
been formed by spreading liquids into CNT forests [5,9-11],
by evaporating liquid from the immersed CNT forests
[12,13], and by direct assembly growth through pyrolysis of
precursors [14]. In both post-synthesis approaches, the
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underlying mechanism is CNT adhesion and solvent dilation
stress acting upon CNT bundles of different density. However,
the surface properties required for the assembly are not
clearly understood. Further, controllability and flexibility of
the processes have not been explored in detail. Recently, elec-
trochemical polarization has been demonstrated to enable
wetting of CNT forests and the wicking of water through the
superhydrophobic membrane [15]. The observed wetting phe-
nomenon is attributed to the oxidation of CNTs surface by the
electrochemistry process, where a positive dc potential of
1.7 V has been applied to CNTs.

Concurrently, we have developed a novel route to fabricate
luminescent carbon nanocrystals (NCs) by electrochemically
treating multiwall carbon nanotubes (MWCNTSs) [7]. During
the electrochemical treatment, the MWCNT morphology were
deformed and further cut to small fragments through ultra-
sonication [16]. The electrochemical deformation of the
MWCNTSs was observed to be dependent on the duration of
potential scanning. The MWCNT fragments from the above
process also exhibit hydrophilic characteristics and form a
super stable ethanol dispersion that lasts for months [16].
Those results motivate us to apply similar treatment to verti-
cally aligned MWCNT forest structures. Herein we report on
electrochemical treatment of a vertically aligned MWCNT for-
est on silicon wafer substrates immersed in an electrolyte
solution of 0.1 M tetrabutylammonium perclorate (TBAP) in
acetonitrile (MeCN). For the first time, walled domains of hon-
eycomb-like polygons were formed from the electrochemi-
cally treated MWCNTSs on the substrate upon evaporation of
ethanol used to wash out the electrolyte solution residue.
We show that adjusting potentiodynamic parameters such
as the number and range of potential cycling can control
the structure and quality of the CNT honeycombs. The
honeycomb assembly thus prepared was investigated using
confocal Raman microspectroscopy, X-ray absorption spec-
troscopy and scanning electron microscopy (SEM). Structural
insights into CNT variations before and after the honeycomb
formation were gained for the first time. The increased acces-
sible CNT sidewall surface area is expected to enhance the
electrocatalytic activity for methanol oxidation reactions
and oxygen reduction reactions in fuel cells as sources
of “green” power for automobiles and portable electronics
[17-19]. In contrast to the well-controlled formation of
three-dimensional polygons, pillars, and other CNT micro-
structures reported by Liu et al. [20] and Lim et al. [11] using
laser-induced artificial patterns, our approach is simple, fast
and will enable the low-cost fabrication of MWCNT honey-
combs. It is anticipated that our preparative methodology
could be utilized for increasing surface area and catalyst load-
ing in fuel cell applications.

2. Experimental details

2.1.  Synthesis of vertically aligned MWCNT forest on Si
wafer

High density vertically aligned MWCNTs forests were pro-
duced following the floating catalyst method. The synthesis
detail can be found in our previous publication [21]. In brief,

100 mg of ferrocene (98%, Aldrich, Mississauga, ON) was
placed at the entrance of a furnace in the quartz tube. Argon
(99.99% in purity, Aldrich) was first introduced into the system
at room temperature at a flow rate of 500 sccm for 30 min to
purge the air. The system was then heated to 800-900 °C
and ethylene gas was introduced into the system at a flow
rate of 10 sccm keeping the Ar flow rate unchanged. Thus
the ferrocene vapor was carried by the gas flow into the high
temperature section where the pyrolysis of ferrocene and
growth of CNTs occurred on a silicon wafer pre-coated with
a layer of conducting polymer. The whole system was kept
at the target temperature for 5min, then the ethylene gas
was turned off and the system was cooled down to room tem-
perature with the Ar gas flowing.

2.2.  Fabricating CNT honeycomb structures

The CNT forest covered Si wafer was cut to a suitable size and
was clamped in a custom-designed holder to ensure electric
contact for electrochemistry and an exposed surface area of
0.3 cm? to the electrolyte solution. The electrochemical cell
consisted of this working electrode, a Pt coil counter elec-
trode, and a Ag quasi-reference electrode in acetonitrile
(MeCN) containing 0.1 M of tetra-n-butylammonium perchlo-
rate (TBAP) as the supporting electrolyte. The electrode poten-
tial could be calibrated by the known potential of
ferrocenium/ferrocene (Fc*/Fc) as 0.342 V versus standard cal-
omel electrode (SCE) in the same system [16] The electro-
chemical treatment was performed by cycling the applied
potential between —2.00 and 2.00V, a potential range well
within the potential window of this supporting electrolyte
[22], at a scan rate of 0.5 V/s, using an electrochemical ana-
lyzer (CHI 601A, CH Instruments, Austin, TX). The treatment
duration was described as potential cycles. The best structure
was obtained with cycle number between 50 and 100. Long cy-
cling (for instance, 1000 cycles) will remove all CNTs from the
substrate.

After desired electrochemical cycles, the substrate with
the treated CNT forest was removed from the solution and
washed thoroughly using pure acetonitrile followed by etha-
nol. The material was then dried in air prior to analyses.

2.3. Characterization and manipulation
honeycombs by SEM and focused ion beam (FIB)

of CNT

The CNTs resulting from electrochemical treatment were
examined by a LEO 1540XB FIB/SEM operated at 1-3 kV with
a working distance (WD) of 4-6 mm. The prepared samples
display a structure comprised of walled domains of honey-
comb-like polygons. The cross-section of the CNT honey-
combs was accomplished by milling the honeycomb with a
focused gallium ion beam (FIB) of energy 30 keV. A rectangular
region in the foreground of the cross section was milled with
a 1 nA beam to remove some CNTs, which would otherwise
block the view of the cross section. The milling rate was dra-
matically accelerated and redeposition minimized through
the local injection of water vapour through a capillary direc-
ted at the milling region. The cross section was then polished
with a 200 pA beam to remove approximately 1 um of the
newly exposed surface. During FIB milling, the ion beam
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was incident normal to the sample surface and parallel to the
exposed cross section. The cross section was then imaged by
SEM with the sample tilted 54° from the surface normal. To
examine the structure stability of the honeycomb, the rim
of the honeycomb was cut by FIB with a 200 pA ion beam
and grabbed by a nanomanipulator (Ascend Instruments, Ex-
treme Access, Oregon).

2.4. Confocal Raman microspectroscopy

Confocal Raman microspectroscopy (Alpha-SNOM, WITec,
Germany) was conducted under ambient conditions as re-
ported elsewhere for single tin dioxide nanoribbons [23]. A
YAG linearly polarized laser (Verdi 5, the Coherent Inc., Santa
Barbara, CA) with a 532 nm wavelength was used for Raman
excitation. A laser output power of 10 mW was selected for
the experiments. A 50x objective with 0.75 NA (Nikon Canada,
Mississauga, ON) was used to focus the laser beam onto the
specimen and collect Raman signals. A complete Raman
spectrum was recorded at each image pixel by an air-cooled
(—70°C), back-illuminated spectroscopic CCD (Model DV401-
BV, ANDOR, UK) behind a grating (300 or 1800 g mm %) spec-
trograph (UHTS300, WITec). In general practice, Raman
images were constructed by the integration of the intensities
of characteristic Raman bands in a scan area with 256 x 256
pixels. One image includes 65536 spectra with an integration
time of 100 ms per spectrum. Depth scanning images depict-
ing chemical distribution in X-Z orientation were also con-
ducted [7,23].

3. Results and discussion
3.1.  Scanning electron microscopy of as-grown CNT
forests

The as-grown vertically aligned MWCNTs were examined by
SEM as shown in Fig. 1. The CNT forest consisted of vertically
oriented MWCNTs with a mean diameter of 50 nm (Fig. 1a)
and a height of 15 pym as determined from the side view of
the CNT forest in Fig. 1b. It can be observed that the top of
the MWCNT forest was not perfectly aligned. The bent CNT
tips entangle together and render the forest surface rough.
The interlocking MWCNT tips and the large interspace among
CNTs due to the smaller diameter of the tip at the forest top
are expected to improve the penetration of liquids into the
CNT forest under electrochemical polarization.

3.2.  Formation of honeycomb-like patterns and their
mechanistic characterization

50 cycles of linear scans between —2.00 and 2.00V at a scan
rate of 0.5 V/s were applied to the MWCNT forest on Si sub-
strate immersed in MeCN with 0.1 M TBAP as the supporting
electrolyte. The CNT forest was then rinsed thoroughly by
pure acetonitrile and ethanol in sequence.

The sample was then dried naturally in ambient atmo-
sphere. SEM images of the obtained sample (Fig. 2) showed
that the originally vertical MWCNT forest became a

Fig. 1 - SEM images of a vertically aligned MWCNT forest on
a Si substrate. (a) A top view of the CNT forest from a tilted
angle with a rectangular cavity milled by focused ion beam.
(b) A side view of the CNT forest.

honeycomb-like assembly in an area as large as several
square centimeter.

Though CNT difference is not known between this work
and previous works, our honeycombs can be distinguished
from those observed by Chakrapani et al. and Liu et al.
[10,13] by a couple of features: (1) while their structures
showed polygonal network cells with average crack length
greater than the average cell width, ours exhibited mainly
hexagonal and pentagonal structures mixed with a few trian-
gles, which serve as the transition regions between polygons;
(2) the nominal diameters of our honeycomb-like cavities are
in the range of 5-25um whereas theirs were several tens
micrometer larger. From the geometry and size, our struc-
tures are expected better physical stability. Chakrapani
et al’s structures were formed by the assistance of oxidation
in an oxygen plasma created in a glow discharge chamber,
and Liu et al. employed a water droplet placed on the fresh
CNT film, whilst ours were facilitated by electrochemistry.

The labyrinthine ridges are more compact than comb
bodies, and are similar to basket rims (Fig. 2a). The rims of
the cells were composed of compacted and bent MWCNTSs
as illustrated by the top inset of Fig. 2a. In Fig. 2b that is a tilt-
ing view of several combs, the rims of cavities were imaged to
be almost perpendicular to the cavity bottom plane. The cells
sloped upward, each with a center where the MWCNTs radi-
ated out (Fig. 2b). The structure stability was checked in the
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Fig. 2 - SEM images of honeycombs formed by CNT adhesion and solvent dilation stress exerting on the MWCNTs during the
evaporation of the soaked liquid after 50 potential scanning cycles between —2.00 and 2.00 V. (a) A top view of the
honeycombs with a top inset showing an enlarged comb and bottom inset manifesting cyclic voltammograms of MWCNTSs
on a Si substrate at scanning rates of 10 and 500 mV/s; (b) a top view of several cells from a tilted angle; (c) mechanical
manipulation of a piece of comb rim after FIB milling; and (d) a side view of a ridge cross-section milled.

following sequence: (1) the honeycomb rim was cut by FIB
milling; (2) a nanomanipulator was used to grab the cut rim;
and (3) the rim was pulled away from the honeycomb. As
shown in Fig. 2c, the shape of the rest of the cavity and the
cut rim remained intact. This demonstrates that the honey-
comb is robust. Considering that the intrinsic elasticity favors
MWCNTs mechanically to be straight, there must have an-
other force existed to bend CNTs in honeycombs. The struc-
ture stability of the deformed MWCNTs in the dried
honeycomb structure suggests that the elasticity of the bent
CNTs has been changed due to the weak links associated with
the electrochemically produced defects, for instance oxygen
bearing surface functional group. Furthermore, one single
rectangular cavity was opened by FIB milling and the cross-
section of the ridge was examined by SEM as shown in
Fig. 2d. The rim thickness at the top was determined to be
around 2 pm and the depth of the cavity was around 10 um.
The bending extent of the MWCNTs depended obviously on
their location as well illustrated by the cross section SEM in
Fig. 2d. While the CNTs right in the middle of the ridge were
still vertically aligned, most MWCNT as shown in the cross
section in Fig. 2d were bent to sigmoidal shapes. The end near
the Si substrate kept vertically straight, but the CNT bottom
middle bent to follow the stream of the assembly. The

bending angle of the CNTs at the rim edge was increased to
nearly 90°. This trend can be seen clearly from the CNT geom-
etries demonstrated by high resolution SEM of the cross sec-
tion in Fig. 2d. Since the CNT length was constant, the free
end of these s-shaped MWCNT swirls reach different levels
on the cell inner wall. Fig. 2d illustrates well how theses swirls
constitute a cell from the cross-section view. The MWCNTSs
radiating from the center appear less dense than elsewhere
and compose the deepest area in the cell. The centers were
not necessary in the middle of the combs.

It is proposed that the CNT bending was dependent on the
balance among capillary forces, the elasticity, density, length
and entanglement of the CNTs. These interactions/features
are similar to those in the coalescence process of parallel
elastic lamellae such as a paint brush dunked into a wetting
liquid [24]. The capillary forces should be contributed from
the solvent dilation stress among the CNTs in a bundle [10]
as well as adhesive force after solvent wetting [24]. As de-
scribed by the SEM in Fig. 1, our CNT forest entangled at the
top while the bottom part very similar to that of a brush
was rigid due to the regular space kept by the substrate. In
this context, the assembly of the CNTs was more complex
than the brush hair coalescence because of this extra interac-
tion. It also should be noticed that the formation of such
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assembly also depends on the density, the length of the CNTs
and the solvent used to wash out the electrolyte.

3.3.  Honeycomb assembly modulated by electrochemistry

The electrochemical oxidation on the CNTs has been exten-
sively investigated in the purification, functionalization and
shortening of CNTs [8,25,26]. The electrochemically active
locations in CNTs have been recognized to be associated with
the edge-plane-like sites, such as the CNT tips or the defects
along the CNT axis [27]. The graphitic characteristics in CNTs
also favored ion and small molecule intercalation into the
graphene interlayer along the CNTs walls [28,29]. We have dis-
covered that the potential cycling between —2.00 and 2.00 V
on CNTs in the electrolyte solution can deform randomly ori-
enting CNTs effectively [16]. The deformed CNTs have been
cut into small fragments with the hydrophilic characteristics
with limited number of potential scanning [16]. When the po-
tential applied to CNTs is in the positive region, the CNTs can
be oxidized on the surface defect sites along the CNTs wall or
at the open ends. The oxidation can also produce more de-
fects and change the chemical feature in the reaction area.

In addition, the possibility of TBA* intercalation into the
CNTs lattice through the defects along the tube axis was pro-
posed [16]. Such intercalation in turn generated more disor-
dered carbon structures on CNTs. To verify such hypothesis,
the electrochemical response of the as-grown CNT forest on
the silicon was examined by the cyclic voltammogram (CV)
shown by the bottom inset in Fig. 2a. Similar to our previously
reported results for CNTs in random orientation on carbon fi-
ber papers [7], a large charging current was presented for the
vertically aligned CNTs to the Si plane, which reveals the
associated large electrochemical active area in CNTs. In addi-
tion to the large charging current, the oxidation peaks [7] can
be identified. However, the oxidation currents are small rela-
tive to the charging current. Oxidation of CNTs could produce
more defects that further enable electrochemical intercala-
tions. Such electrochemical treatment will bring more surface
defects and hydrophilicity on CNTs based on our previous
investigation [16]. On the other hand, the reduction of oxygen
at —1.20 V was found upon changing the polarity on the CNT
forest. Other possible reactions in the negative potential re-
gion might be the reduction of the surface oxygen function
groups, leading the CNT surface more hydrophobic. The inter-
calation of TBA* and acetonitrile into CNTs can not be ex-
cluded yet in this potential region. The above reduction and
oxidation reactions might lead to wicking the MeCN through
the CNT forest [15]. The other roles of the negative potential
scanning in the process are not yet clear. To better under-
stand the electrochemical treatment mechanism, we used
lithium perchlorate and found no pattern formed following
the same treatment procedure. This suggests that larger cat-
ions, like TBA*, are essential in the treatment to form the pat-
tern. The observation also demonstrates the important role of
negative potential scanning in forming the honeycomb struc-
ture. It would be worthy to vary the counter ion in the tetra-
alkylammonium series to investigate the nature of the
counter ion in the electrochemical assembly.

The potential cycling between negative and positive poten-
tial limits might leverage surface redox states and the oxygen

functional groups [16], and therefore hydrophobicity and
hydrophilicity on the CNTs. The initial potential sweep direc-
tion does not affect the treatment result. These surface state
changes probably happened at the forest top, i.e. the tip of
each individual CNT due to the electric field distribution. This
fact enhanced the coalescence, which explained why the
honeycomb rims possessed impacted structures. Inletting
and soaking of solvents into the interspace of the CNTs was
facilitated by applying voltage on the Si substrate, a phenom-
enon of electrophoresis. The soaked acetonitrile mixed with
the washing ethanol, which applied the dilation stress to
CNTs [10]. After wetting, the MWCNTs adhere each other.
Both caused CNT bending.

After such treatment, the solvents can then be more effi-
ciently soaked into the interspaces between treated CNTs
due to the capillary force. Honeycomb assembly was observed
after the evaporation of the solvents.

The morphological evolution of the CNT forest during elec-
trochemical treatment was also investigated in situ by optical
microscopy. The formation of the honeycombs was not ob-
served, confirming that the structure does not form during
the wetting and spreading phase but during the drying of li-
quid from CNT forest [13]. The complex hierarchical honey-
comb structure results from the balance between surface
tension and the mechanically elasticity of the CNTs [30].

3.4.  Control experiments

To confirm that electrochemistry is essential to the formation
of honeycombs, we examined the CNT forest after dipping in
the various liquid and drying. The CNTs appeared to be bun-
dled and formed cellular structures in such samples as shown
in Fig. 3. However the cellular structures only existed in very
limited areas. The rims of the cellular cavity were only loosely
coalescence and the cells were also very shallow. The shallow
cavity suggests that the drying of the liquid only works at the
top of CNTs. The physical and chemical varieties in the

Fig. 3 - A SEM image of cellular structures formed from CNTs
with the treatment sequence of dipping in the supporting
electrolyte solution, washing with pure acetonitrile and
ethanol, and drying as in Fig. 3. Inset is a zoomed-in area
showing loose honeycombs formed without
electrochemical treatment.
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different locations of as-grown CNT forest are contributing
factors for the formation of the cellular structure. The local-
ized nature only allows for the formation of low quality cellu-
lar structures in the specific location without the
electrochemical pretreatment of CNTs. It would be worthy
to treat CNTs by other oxidation, for instance oxygen plasma
treatment, and repeat the control experiment to examine the
merits of our approach.

3.5.  Electrochemical modulation of honeycomb formation

Potential scanning only in positive region or negative region
was also examined. Fig. 4a shows that single directional po-
tential scanning (positive or negative scanning alone) pro-
duces only weakly entangled honeycomb structures
covering relative small areas. Wang et al. [15] discovered that
water can be efficiently wet and pumped through superhy-
drophobic aligned MWCNT membranes upon a small positive
dc bias of 1.7 V, with the membrane acting as anode. Combin-
ing our experiment results as described above, it is plausible
that just positive applied potential could change the CNT
wetability but is not sufficient for CNT assembling. Negative
potential likely caused the reduction of surface oxygen func-
tional groups [16] and cation interaction into CNT though the
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Fig. 4 - Comparison of honeycomb formed by capillary
driving force exerting on the MWCNTs during the
evaporation of the soaked liquid after 50 potential scanning
cycles between 0.00 and 2.00 V (a) and between —2.00 and
+2.00 V (b). Insets demonstrate a zoomed-in comb for each
of the above two cases.

full mechanism requires further study. Nevertheless, well-de-
fined honeycombs with consolidated rims are obtained if the
CNTs are further cycled in both cathodic and anodic regions
(Fig. 4b). It is proposed that alternating oxidation (positive
scanning) and reduction (negative scanning) in sequence is
the most efficient route to tailoring CNTs and the desired
honeycomb structures that are produced during the evapora-
tion of the solvent. In other words, the formation of honey-
combs depends on the potential scanning and potential
scanning direction. It is worth mentioning that the honey-
comb structures formed in low quality can be modified and
improved to higher quality by further electrochemical treat-
ments. This observation further confirms that the obtained
structure is a result of the electrochemical modifications
combined with the capillary driving force exerting on the
treated MWCNTs during the evaporation of the solvent.

Fig. 5 - Comparison of honeycombs formed from CNTs
electrochemically treated by potential scanning in the range
of £2.00 V (a), +1.50 V (b), and £1.00 V (c). Other conditions
are the same as in Fig. 4.
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Potential scanning range within the potential window of
this supporting electrolyte was also found to be important
in determining the final quality of the honeycombs. As shown
in Fig. 5, the honeycomb assemblies generated by scanning
the potential in the range of +1.00V (Fig. 5c), *1.50V
(Fig. 5b) are poor relative to that generated at +2.00 V (Fig. 5a
and Fig. 2). The honeycombs become tighter, bigger and well
organized if the MWCNTSs are pretreated in a high potential
range, +2.00 V. These assemblies (Fig. 5) demonstrate a better
quality than those formed from untreated CNTs (Fig. 3) or
treated by scanning the potential in positive or negative range
only (Fig. 4). The threshold potential range should be +1.50V,
beyond which the well defined honeycombs can be produced.
It has been well reported that the oxidation threshold of CNTs
to change their wetability to water is around 1.70V [15],
which agrees well with our value. When the potential range
was smaller than this threshold, the electrochemical treat-
ment of CNTs was not efficient and the honeycomb assembly
was not well developed as illustrated in Fig. 5.

Since it has been observed that the deformation and tailor-
ing of CNTs depend on the number of potential cycling [7,16], it
is reasonable to control the honeycomb quality by varying the
number of cycles. Such honeycomb structure control was exer-
cised by extending the electrochemical treatment to 100 cycles
and the results are shown in Fig. 6. As illustrated in Fig. 6a, the
honeycombs obtained after 100 cycles are very different from
those obtained after 50 potential cycles as shown in Fig. 2.
The honeycombs exhibit larger nominal diameter and thinner
rims as seen in Fig. 6a and its inset. The dominant distribution
of the ejected charge on the top of the forest caused the highest
leverage of the hydrophobicity and hydrophilicity of the top
part of CNT forests and therefore the strongest interactions

of neibouring CNTs as well as CNTs with the cations and latter
with solvent molecule during evaporations. All those caused a
thinner rim. The cavity depth is deeper than thatin the Fig. 2 as
shown in Fig. 6b and d. The structure stability was examined
again by manipulating the freestanding rim cut away from
the honeycomb cavity as shown in Fig. 6¢c. The structure stabil-
ity in such thinner rims was still comparable to that of the
thicker rims represented in Fig. 2. The structure difference
can be seen more clearly in Fig. 6d, in which one single cavity
was opened by FIB milling. In general, the bent MWCNT swirls
in the cross-section were more compacted than those in Fig. 2d
and were still the building blocks for combs. The CNTs right
under the ridge were bent a little as well. The depth of this cav-
ity was around 13 pm that is deeper than that (10 pm) in Fig. 2d.
The thickness of the rim was determined to be only 300 nm in
this cross-section view. Such super thin rims are desirable
structures in real applications, such as field transition emitters
[31] operated at low voltage or fuel cell electrodes to increase
the catalyst load. This observation confirms the effectiveness
of controlling the honeycomb structure by modulating the
electrochemical parameters such as number of potential scan-
ning cycles, scanning potential ranges etc. To get a good qual-
ity honeycomb, the electrochemistry shall be performed
between +2.00 and —2.00 V for 50 to 100 cycles.

3.6.  Confocal Raman microspectroscopy

Confocal Raman microspectroscopy is a powerful nonde-
structive approach for the characterization of crystallinity,
morphology and chemical structures of various carbon
allotropes as demonstrated for CNTs and graphene in single
Raman spectra [32-37]. Raman spectroscopy was anticipated

Fig. 6 - SEM images of honeycombs by capillary driving force exerting on the MWCNTSs during the evaporation of the soaked
liquid after 100 potential scanning cycles between —2.00 and 2.00 V. (a) A top view with an inset for an enlarged view of one
comb; (b) a top view from a tilted angle; (c) mechanical manipulation of a comb rim; and (d) a side view of the comb rim.
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to give new insight into the honeycomb structure, as shown
elegantly by Tong and co-workers on the formation chemistry
of chalcogenate-protected metal nanoparticles [38] and Dai’s
group on graphene unzipped from CNTs [37]. Here, we apply
Raman spectroscopy to evaluate whether the physical,
mechanical and electrical properties of CNTs are affected by
the restructuring of CNT assembly. Fig. 7 shows the Raman
image constructed using the G band intensity at 1590 cm™*
for each pixel. The G mode (1500-1600 cm ™) with Eo, symme-
try is due to the in-plane bond-stretching motion of pairs of C
sp? atoms, which is characteristic of the graphite carbon (sp?
sites) structure [34]. The Raman image clearly reproduces the
honeycombs as seen in SEM image (Fig. 2), which confirms
that the CNTs in honeycombs still maintain the graphite fea-
ture as in the original CNTs.

The pristine CNT and honeycomb formed after 100 cycles
of potential scanning were further investigated by X-ray
absorption near edge (XANES) spectroscopy
(Fig. S1 in the Supplementary data). Two main peaks are
clearly displayed at 285 and 291.2 eV for both samples. These
can be attributed to the transitions from C 1s to unoccupied
states of C-C n" and C-C o characters. The consistency of

structure
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Fig. 7 - A typical Raman image of a honeycomb assembly
constructed with the intensity of the graphite G band at
1590 cm ! with 256 x 256 pixels. The Inset of the image is a
depth scanning of one comb. Spectra A, B represent the
Raman scattering at the top and bottom of the comb
respectively. The spectrum inset is the enlarged G' Raman
band in spectra A and B.

these two peaks in the two samples confirms that honeycomb
retains carbon sp? (graphite) feature as the pristine CNTs [39].
Furthermore, a similar peak is observed in the two samples at
~288 eV that can be attributed to the carbonyl groups (e.g.,
carboxylates) resulting from the oxidation [40,41]. Dynamic
potential cycling did not cause evident changes in surface
function groups.

The depth scan image shown in the inset in Fig. 7 reveals a
single honeycomb cavity that demonstrates an inverted corn
shape with an opening angle of 60-70°. More interestingly,
the depth scan image in the Raman micrograph allows for
probing the distribution of the chemical structure along the
rim of the cavity. The Raman spectra corresponding to the
top and the bottom of rims in the honeycomb are also dis-
played in Fig. 7. They showed three fundamental Raman scat-
tering peaks at 1368, 1601 and ~2722 cm™?, corresponding to
the D, Gand G’ or 2D vibration modes, respectively, of graphitic
carbon. The D band at 1350 cm ™" is the breathing mode of six-
fold aromatic rings with A;; symmetry, which is forbidden in
perfect graphite and only becomes active in the presence of
disorder [34]. The D band intensity in spectra A and B showed
little difference, which can be understood that the degree of
structural disorder coming from spots A and B in the depth im-
age is almost identical. Furthermore, the ratios of the D to G
band intensities, used to evaluate the disorder structure den-
sity in carbon materials [33,34], were determined to be almost
the same. The honeycomb assembling did not cause any extra
disorder to MWCNTs. Considering the band positions, the
CNTs in the honeycomb assembly is identical to the original
CNTs, which again confirms the graphite feature within the
honeycomb. Such conclusions also clarify the mild reaction
feature of electrochemistry in contrast to the severe oxidation
in strong acid treatment. Our MWCNTs in fact possess rolled
graphene sheet structure as imaged previously [16]. Presum-
ably excessive potential cycling would lead to the formation
of carbon nanocrystals [7], the net result of the treatment in
this study is to modify the overall CNT surface chemically,
not drastically affecting the dominant characteristics. How-
ever the G’ band at 2722 cm ™! exhibits a noticeable difference
for these two locations, spectra A and Bin Fig. 7. The G’ band or
2D band is the second order of zone boundary phonons, an
overtone of the D mode [42], with a wavenumber about twice
of that at D peak. Detail examination focused on this band
can be conducted in the spectra in the inset of Fig. 7. It turns
out that the band intensity is higher and the band peak moves
to a lower wavenumber for MWCNTs at the top of rim than
those at the cell bottom. The red shift was revealed clearly by
the early rise of the G’ band from low wavenumber side (spec-
trum inset in Fig. 7). Such features can be attributed to less
graphene layers for the MWCNTSs at the top, leading to higher
G’ peak intensity and lower wavenumbers. This interpretation
was based on the observation on evolution of Raman spectra
from graphite with a higher wavenumber to a single graphene
layer with a lower wavenumber [42,43]. This observation was
expected since the top of CNTs exhibits higher chemical activ-
ity and undergoes more serious oxidation [27] and deforma-
tion than their counterparts during the electrochemical
treatment. The electrochemical reaction deforms and even
opens CNTs along the wall [16], leading to thinner and flatter
walls similar to graphene and therefore lower Raman shifts



138 CARBON 59 (2013) 130-139

Fig. 8 - Comparison of Raman images on honeycombs formed from CNTs electrochemically treated by potential scanning in
the range of +2.00 V (a); +1.50 V (b); and +1.00 V (c) similar to Fig. 5. The images were constructed with the intensity of the
graphite G band at 1590 cm ™! with 256 x 256 pixels. Other conditions are the same as in Fig. 7.

in G’ peak position, higher peak intensity [42,43]. It was discov-
ered that the disorder band intensity increased with further
potential cycles (for instance, 1000 cycles) as illustrated by
the ratio (Ip/Ic) of the D (1368 cm™?) to G (1601 cm™?) band
intensities (see Fig. S2 in Supplementary data).

By means of Raman microspectroscopy, Fig. 8 demon-
strates improved quality of the honeycomb assemblies gener-
ated by scanning the potential in the range of +1.00V, +1.50 V
and +2.00 V. The cells become tighter, bigger and well orga-
nized if the MWCNTs are pretreated in a high potential range.
The structural change tendency matches that observed from
high resolution SEM as illustrated in Fig. 5. Again G’ peak posi-
tion at cell ridges generated in wide potential range shifts to a
little lower wavenumbers than that in narrow potential range.

4, Conclusions

A simple, low-cost but efficient method has been developed to
fabricate a structurally stable array of multiwall carbon nano-
tubes with walled domains of honeycomb-like polygons via
electrochemically modification. Structural tuning of the hon-
eycomb structure was achieved by varying the potentiody-
namic parameters such as potential scanning cycles,
directions and ranges. The honeycomb structure thus ob-
tained is robust and retains the structural characteristics of
the pristine CNTs as revealed by the Raman imaging. The
mechanisms for the honeycomb formation is associated with
the capillary force induced by soaking and evaporating liquid
in the mildly modified MWCNT forest, which is strong enough
to bend CNTs against their elasticity as observed by high res-
olution SEM. The structure reported here is envisaged to be-
come an important candidate material for potential
applications in energy storage, catalytic support of fuel cells.
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