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ARTICLE INFO ABSTRACT

Efficient electrochemical treatments of multi-wall carbon nanotubes (MWCNTSs) in acetoni-
trile were performed by cycling the applied potential on a carbon paper grown with
MWCNTSs between —2.000 Vand 2.000 V (vs Ag/AgClO,) at a scan rate of 0.5 V/s. The tailored
MWCNTs with obvious morphological modification could be further cut into short tubular
structures through ultrasonic processing in ethanol. Various analytical techniques, includ-
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ing scanning electron microscopy, transmission electron microscopy, and X-ray photoelec-
tron spectroscopy, were used to probe the morphological and structural evolution of
MWCNTs during the treatments. The length of the shortened tubular structures ranged
from a hundred to a few hundred nanometers, depending on the electrochemical proce-
dures applied. The deformed and shortened MWCNTs displayed a graphitic crystalline
structure. These results suggest that repeated electrochemical oxidation and reduction
processing of MWCNTSs opens up a new route to controlling surface modification and cut-
ting of MWCNTs, which will facilitate their application in areas such as energy storage, cat-
alytic support, and biosensing.

© 2008 Elsevier Ltd. All rights reserved.

emission, nanoelectronics, catalyst support, and energy stor-
age or conversion. For instance, ensembles of long aligned car-

1. Introduction

Carbon nanotubes (CNTs) have found diverse applications in
nanoscience and nanotechnology due to their unique chemi-
cal, mechanical, and electronic properties [1]. Recently, we re-
ported that luminescent carbon nanocrystals could be
prepared electrochemically from multi-wall carbon nanotubes
(MWCNTSs) [2]. The carbon nanocrystals are more attractive
than their semiconductor counterparts due to their potential
applications in optoelectronic devices and their lower toxicity
[2,3]. While long CNTs/carbon nanotubules (um) have signifi-
cant applications in composite materials, short tubes or small
carbon nanostructures, with controllable lengths and large ac-
tive and accessible areas, should be advantageous for a broad-
er range of applications. These include drug delivery, field
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bon tubules [4] after deposition of catalyst nanoparticles, were
found to be a good candidate for electrochemical energy stor-
age and production. It is perceived that carbon nanostructures
smaller than those tubules should be a better catalyst support
due to their larger surface areas, making them accessible to
catalyst deposition and thus catalytic reactions. But the in-
crease in capacitive current should be carefully considered
for the applications. Furthermore, tailoring the length of CNTs,
especially down to the nanometer range, represents an effec-
tive and attractive means for electronic structure engineering,
which might approach the limit of well-understood fullerene
molecular clusters. However, due to the strong covalent sp?-
hybridized carbon bonds, the manipulation of CNTs presents
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numerous technical challenges [5]. Theses challenges include
purification, solubility enhancement, and surface functionali-
zation [6].

The cutting of long CNTs into shorter segments increases
their surface area and offers a route to surface functionaliza-
tion. Physical and chemical approaches for cutting CNTs exist
and may be combined under specific conditions. The physical
techniques include abrasion, grinding, ball milling, electrical
cutting (positioning target tube followed by applying an elec-
tric field with the scanning tunneling microscopy tip), gamma
irradiation, segmenting via lithography and sonication [7-13].
Chemical methods rely mainly on oxidation treatments
including high temperature acid fluxing [14], ceric sulfate
destructing [15], and fluorination followed by pyrolysis up to
1000 °C [16]. Although these techniques exhibit promise in
CNTs processing, they are inefficient, produce low yields,
and involve difficult purification steps. Electrochemical meth-
ods have been applied to etch individual CNTs [17] as well as
open them up for hydrogen storage [18]. However, an effective
production of deformed and cut CNTs has not yet been
reported.

In this paper, we report the development of a facile and
efficient electrochemical method for MWCNT processing in
acetonitrile, followed by ultrasonic cutting in ethanol. Such
a method provides tailored CNTs and minimizes undesirable
by-products. The detailed morphological and structural fea-
tures of these electrochemically tailored CNTs are herein pre-
sented and the mechanisms for their formation are also
discussed.

2. Experimental section

2.1. MWCNT growth on carbon paper by chemical vapor
deposition (CVD)

The synthesis of MWCNTSs was carried out by decomposing
ethylene on Co-Ni nanoparticles deposited on the fibers of a
carbon paper in a specially designed CVD reactor [19]. The car-
bon paper consists of graphite carbon fibers and resin (E-TEK,
Division of DeNora with 81% porosity). The catalyst prepara-
tion of Co-Ni nanoparticles is herein briefly described. The ini-
tial step involves the hydrolysis of 2-(4-chlorosulfonylphenyl)
ethyl trichlorosilane (United Chemical Technologies, Bristol,
PA) and subsequent proton exchange with Co and Niions. This
produces a sulfonate solution of combined transition metal
ions into which a piece of carbon paper was immersed for
10s. Once dry, the carbon paper was heated at 500 °C for
10 min in a hydrogen atmosphere to reduce the absorbed Co
and Niions. The resulting Co-Ni catalyst nanoparticles facilitate
the growth of MWCNTs by decomposing ethylene at 850 °C.
Such MWCNTs are henceforth denoted original CNTs.
MWCNTs grown on carbon paper substrate display good electri-
cal contact between the CNTs and carbon paper substrate [20].
2.2.  Electrochemical and  sonication
MWCNTs

treatments of

The CNT-covered carbon paper (original) was cut to fit in a
Teflon jacket designed for making an electrical contact and

exposing a disk-shaped surface with a geometrical area of
0.28 cm?. The electrochemical cell consisted of this working
electrode, a Pt coil counter electrode, and a Ag/AgClO, refer-
ence electrode in purified acetonitrile solution with 0.1 M of
tetrabutylammonium perchlorate (TBAP) as the supporting
electrolyte. The electrode potential could be calibrated by
the known potential of ferrocenium/ferrocene (Fc/Fc*) as
0.342 V vs a standard calomel electrode (SCE) in the same sys-
tem [21]. The electrochemical treatment was performed by
cycling with an applied potential between —2.000V and
2.000 V (vs Ag/AgClO,4) at a scan rate of 0.5 V/s, using an elec-
trochemical analyzer (CHI 601A, CH Instruments, Austin, TX).
The treatment duration is described as cycling numbers. To
investigate the electrochemical characteristics during the
treatment process, cyclic voltammograms (CVs) with slow
scan rate of 0.01 V/s were carried out on the CNT-covered car-
bon paper before and after the treatment as well as on a bare
carbon paper as the background. The surface characteristics
of these CNTs were also examined by electrochemical reduc-
tion of 10 mM ferricyanide.

After the above-described treatment, the modified CNT-
covered carbon paper was removed from the solution and
washed sequentially using pure acetonitrile, methanol and
double distilled, deionized water. The paper was dried prior
to analyses.

The above CNT-coated paper was then placed in a glass
vial with ethanol and sonicated at 40 kHz for 30 min in a
Bransonic ultrasonic bath (Branson Ultrasonics Corporation,
USA) maintained at room temperature.

The CVs on the original CNT electrode and treated CNT
electrode were performed in a 10 mM solution of K,Fe(CN)e
with 0.1 M of K,SO, as the supporting electrolyte, with a Pt
coil as the counter electrode and a saturated Ag/AgCl elec-
trode as the reference.

2.3. Morphological and structural characterization of the
CNTs

The morphological evolution of the tailored CNTs is initially
examined by scanning electron microscopy (SEM) with a
LEO 1540XB FIB/SEM, operated at 1 to 3KV with a working
distance (WD) of 4-6 mm. Size and structural changes of
CNTs at various stages of the electrochemical processing
were studied by a Philip CM10 transmission electron micros-
copy (TEM) at 80KV on a JEOL 2010F High-resolution TEM
(HRTEM) operated at 200 KV. The specimen preparations for
TEM are as follows. After sonication, the diluted black disper-
sion was dropped on a 400 mesh carbon-coated copper grid
and the solvent was evaporated in ambient atmosphere.
Further, structural and compositional analysis of the tai-
lored CNTs after 1000 cycles (dispersion in ethanol after son-
ication) was carried out by X-ray photoelectron spectroscopy
(XPS, Kratos Analytical, UK) with a monochromatic Al K(al-
pha) X-ray source operating at 14 kV and 15 mA (210 W). The
dispersion was deposited onto Au foil and dried under ambi-
ent conditions. These conductive specimen were analyzed.
The base pressure in the analysis chamber was less than
10~° Torr. For survey and high resolution spectra, pass ener-
gies and energy steps of 160eV and 0.7 eV, and 20 eV and
0.1 eV, were used, respectively. The XPS data was curve-fitted
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using Casa XPS software version 2.2.107 with a background
subtraction and Gaussian-Lorentzian line shapes. The energy
scale was calibrated using a sputter-cleaned gold sample kept
on the sample stage. The sharp and intense 4f;,, peak of gold
at 84.0 eV was used as a calibration standard. The main asym-
metric peak was found at 284.5 + 0.2 eV after the peak decon-
volution of the C;5 spectrum of MWCNTs [22]. The peak was
assigned to sp*-hybridized graphite-like carbon atoms and
carbon atoms bound to hydrogen atoms. All other peaks were
assigned according to the literature [23].

3. Results and discussion

3.1. Electrochemical treatments

The application of electrochemistry as a processing treatment
for CNTs requires that CNTs be in good electrical contact with
the electrode. In the present study, CNTs were grown directly
on a carbon paper substrates [24], which were suitable for the
treatment. The conductive path between the CNTs and the
carbon paper substrate is clearly shown by the current re-
sponse in Fig. 1. Compared to bare carbon paper (Fig. 1b),
the CNT-coated paper displays a much larger charging current
which should be due in part to the large active surface area of
the CNTs (Fig. 1a) [20]. The original CNTs have a unique
scrolled structure consisting of a single graphene sheet rolled
up to reveal many edge planes [24]. Compton et al. [25] dem-
onstrated that the electrochemical reactivity of concentric
CNTs resides solely at edge-plane-like sites and defects which
occur at the end of the nanotubes, or along the tube axis. Our
scrolled CNTs expose larger edge planes than the concentric
CNTs. Thus higher charging current is expected.

The CV of the CNTs (solid) after 100 cycles scanning be-
tween —2.000 and 2.000V in Fig. 1 shows a slightly larger
charging current than that of the original CNTs (dashed). Note
that the charging current will increase further with the
increasing number of cycles [2]. This can be attributed to
the increase in effective electrochemical area on the CNTs
mainly through the electrochemical reactions and possible
intercalation of the electrolyte ions. We will get back to this
point later in this section on the assignment of redox peaks.
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CVs of the CNTs in Fig. 1a shows that oxidations occur at
about 0.6 and 1.5 V (their corresponding cathodic peaks are
at 0.3 and 0.8 V), while reductions occur at about —1.1 V and
—1.6 V (their correlating anodic peaks are at —0.7 and —1.4
V). Though the peaks are not well defined due to the higher
capacitive current, they can be assigned to redox reactions
involving defects and sidewalls based on previous studies of
CNT, [2,25] SWNT [26] and porous carbon materials [27]. No
significant changes were observed upon solution degassing
with argon for 10 min, which caused only a small decrease
in the cathodic current at negative potentials. Electrochemi-
cal reactions of CNTs at a glassy carbon electrode in aqueous
solution have been reported although the redox peaks were
not specifically assigned [28]. However, the peaks at potentials
more positive than 0.200 V can be assigned to the oxidations
of oxygen functional groups at the surface. The oxygen func-
tional groups in such scrolled CNTs have been identified
experimentally [29]. A similar electrochemical reaction, i.e.
the protonation/deprotonation reaction of oxygen functional-
ities g‘ CH—— CO+H +e <—= \CHOH‘Z' on SWCNT coated
Teflon sheet [26] and CNT-coated Bucky paper [30] in aqueous
solution has been reported. Similar to surface functionalities
of porous carbon materials [27], these reactions are associ-
ated with surface oxygen complexes, i.e. the carbonyl/alcohol
groups, and increased defect densities in CNTs which in-
crease the hydrophilicity of the CNTs. Electrochemical reac-
tions at potentials more negative than -1.1V can be
assigned to the reduction of oxygen functional groups on
the CNT surfaces or molecular oxygen trapped within [26].

It is also observed that the double layer charging effect
seen as the constant current background blurs the faradaic
features especially under fast scanning. Therefore, detailed
CV investigations for both bare carbon paper, and CNT-cov-
ered carbon paper, have to be performed under a slow scan-
ning rate. CV in Fig. 1b shows that no significant faradaic
reactions occurs (except the reduction of trapped oxygen at
about —1 V) in the potential range of —1.8 V to 1.8 V for carbon
paper. This result not only verifies the activity in CNTs rela-
tive to the carbon fibers but also allows for the assignment
of the redox peaks of CNT-covered carbon paper to the CNT
surface reactions. The CV of CNTs also demonstrates another

0.1

0.0

-2 -1 0 1 2

-0.2 .

Potential (V, vs Ag/AgCIO,)

Fig. 1 - Cyclic voltammograms (CVs) of a bare carbon paper (dotted), original CNTs (dashed) and treated CNTs (solid, after
100 cycles scanning) in acetonitrile with 0.1 M of TBAP as the supporting electrolyte (a). Scanning rate is 0.01 V/s. CV of

the bare carbon paper is magnified in (b) for comparison.
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oxidation procedure when the potential is more positive than
1.5V in the potential window. The observed oxidation poten-
tials (0.6 and 1.5 V) closely match the reported electrochemi-
cal oxidation of carbon in aqueous solution. Thus they can
be assigned to the reaction involving amorphous carbon on
defect area (0.450 V vs Hg/HgO) and side wall (1.700 V vs Ag/
AgCl) to form oxygen function groups, respectively [17,31].

More interestingly, the CV of CNTs after 100 cycles, Fig. 1a,
is different from the CV of original CNTs. First of all, the
charging current is slightly larger than that in the original
CNTs as mentioned above, which we attribute to the enlarge-
ment of effective electrochemical area. It is different from the
current decrease observed in CNTs electrochemically etched
in aqueous electrolyte where severe oxidation totally etches
away the CNTs [17]. A second feature in Fig. 1a is the manifes-
tation of a redox pair at 0.8 and 1.5 V which suggests the in-
crease of defect in CNTs. It is clear that the electrochemical
treatment process is very complex in this present system
and the details await further investigation. It should be
emphasized that the effect of electrochemical treatment
can also be easily observed by the color change in solution:
from colorless to yellow and even to dark brown during the
treatment. The solution emits blue luminescence upon irradi-
ation with an UV lamp. The luminescent, water soluble prod-
uct was purified by evaporating the acetonitrile from the
solution, dissolving the remaining solid in water, and then
dialyzing the aqueous solution with a cellulose ester mem-
brane bag. This dialysis step removed most of the supporting
electrolyte, TBAP, from the solution. Surprisingly, carbon
nanocrystals (NCs) were observed by high-resolution electron
transmission microscopy, which we recently reported else-
where [2]. The generation of NCs also agrees well with the
above electrochemical study, i.e. an increase of CNT surface
area and defects. We have previously proposed that the inter-
calation of TBA" cations into scrolled CNTs caused the partial
deformation and breaking of CNTs into the NCs [2]. Further
detailed morphological and structural evolution is presented
in the section of SEM and TEM characterization.

Upon closely looking at the electrochemical behavior in
the CVs and the change in electrolyte solution color, it is plau-
sible that TBA* intercalation caused more structural transfor-
mation than sole electrochemical oxidation did in the
presence of oxygen; though oxidation might be the very first
step to open up more accessible spots for the following inter-
calation. In fact, the cycling of the applied potential between
2.000 and —2.000 V leads to alternative oxidation and reduc-
tion reactions. Oxygen function groups are not expected to in-
crease greatly. In contrast, the possible intercalation process
is not fully reversible which causes the structural deforma-
tion/breaking of CNTs. It is worth mentioning that the scan-
ning in the positive potential range only or in the negative
potential range only did not change the solution color. This
observation supports the above mechanisms in the electro-
chemical processing.

3.2.  Electrochemical reduction of ferricyanide on treated
CNT-covered carbon papers

The CV in 10 mM of K,4Fe(CN)g solution with 0.1 M of K,SO, as
the supporting electrolyte on tailored CNTs, Fig. 2, has a larger
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Fig. 2 - CVs of a bare carbon paper (dotted), original CNTs
(dashed) and treated CNTs (solid) in 10 mM of K;Fe(CN)g
solution with 0.1 M of K,S0, as the supporting electrolyte.

charging current than that on untailored CNTs, indicative of a
larger surface area. This is consistent with the results shown
in Fig. 1. More interestingly, the difference between cathodic
and anodic peaks on treated CNTs is larger than that on the
original CNTs, demonstrating less reversibility for the former.
The increased defect density might cause an increase in
resistance of the substrate, and therefore an augenmented
electrochemical cell resistance, R. Furthermore, larger elec-
trode surface after the electrochemical treatment showed a
larger current, i. The two factors lead to an increased ohmic
potential or iR drop, and therefore less reversibility for the
oxidation of ferrocyanide. A larger separation between the
anodic and cathodic peaks of the oxidation on the treated
CNTs was therefore observed. This observation implies that
the changes in structure in the rolled edges are caused by
the electrochemical treatment. Moreover the CV pattern in
CNTs agrees well with Compton et al. on the electrochemical
behavior of the edge-plane-like sites in concentric CNTs [25].

3.3.  SEM and TEM Characterization of tailored CNTs

In order to monitor the electrochemical treatments, sys-
tematic morphological and structural investigations by SEM
and TEM were conducted on original CNTs and tailored CNTs
at different stages of the treatment, as shown in Fig. 3 (a—c). It
can be clearly seen from SEM images (images al and a2) that
straight, high-density original CNTs typically have a diameter
of 30-50 nm and length of 20 um. This provides a large elec-
trochemical reaction area as demonstrated in Fig. 1. Further
observation by HRTEM, Fig. 3 (image a3), reveals that the ori-
ginal tube is composed of well organized carbon layers with a
normal spacing of 0.34 nm. A closer inspection of the tube
wall shows that the external and internal fringes terminate
periodically at intervals of ~4 nm, as indicated by arrows.
The presence of the fringe terminations suggests that the
cylindrical tube has a scrolled structure. In this case, the
cylindrical tube is generated by scrolling a single graphene
sheet. A more detailed description of structural characteris-
tics of the scrolled tube can be obtained from previous work
[24]. Tt is worth mentioning that this kind of scrolled tube
structure will facilitate the deformation and breaking of the
tube during electrochemical treatments. Indeed, it has been
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Fig. 3 - CNT morphology evolution during the electrochemistry treatments. SEM (al-a2) and HETEM (a3) images of original
CNTs. SEM (b1-b2) and HRTEM (b3) images of CNTs after 100 cycles scanning. SEM (c1-c2) and HRTEM (c3) images of CNTs
after 1000 cycles scanning. The lattice space was labeled in HRTEM. The arrows in (a3) indicate the external and internal

fringes on CNTSs.

reported that the electrochemical response from carbon
strongly depends on the physicochemical properties includ-
ing purity and crystalline structure [31]. Here, the fringes in
the scrolled structure of CNTs can provide easily accessible
chemical or electrochemical paths which will benefit the sur-
face deformation during electrochemical treatments.

After 100 cycles, no evident length change of the CNTs is
observed (images b1 to b3 in Fig. 3). However, the morphology
of CNTs reveals significant modification, as displayed by im-
age b2 in Fig. 3. In this case, compared with straight tubes
in image a2, most of the tailored CNTs show bent and curled
features and a rugged surface. Further scrutiny of the tailored
CNTs by HRTEM revealed more detail in the structural change
(image b3 in Fig. 2). Some areas displayed lattice interrup-
tions. Furthermore, the average lattice spacing after examina-
tion of a few tubes is 0.38 nm, which is greater than the

normal tubes by 0.04 nm. The lattice spacing increase could
correspond to species intercalated into CNTs. A TBA™ cation
should occupy a volume of 0.2 nm. Since TEM was carried
out after electrochemical treatment, the deformation due to
TBA" intercalation might not be readily evident. For instance
de-intercalation might happen during the washing process
with acetonitrile, methanol and water when air is exposed
to the treated CNTs. The relatively small increase in lattice
spacing could be due to the chemical modification of the
graphene plane, the presence of defects or the residual defor-
mation after the breaking of CNTs. Currently, it is not very
clear which factors result in the lattice increase. However, it
is almost certainly that the transport of the TBA* cations in
and out of the graphene layers during the electrochemical
process plays a very important role. This point will be reex-
amined in the following XPS section. Amorphous carbon
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was also generated during this period as revealed by the
blurred TEM image. The extent of disorder increases in time
as can be seen in the HRTEM of CNTs after 1000 cycles.
Electrochemical treatments after 1000 cycles resulted in a
larger deformation of all CNTs. No straight-line morphologi-
cal feature of nanotubes is observed and the tubes look much
shorter, as shown in Fig. 3(c1). The SEM image of these tubes,
Fig. 3(c2), reveals rougher surfaces and seriously damaged
tubes. In addition, a larger disordered structure of these tai-
lored CNTs can be seen with HRTEM, Fig. 3(c3). The lattice
spacing of some areas has increased to a value of up to
0.42 nm. Besides the larger spacing distance there are more
lattice interruptions which slid relatively and form islands.
The islands are absent in Fig. 3(a3). Such islands are expected
to be finally released as freestanding carbon NCs to solution.

3.4.  Sonication after the electrochemical treatment

The final step of the cutting of CNTs was carried out by
sonication at room temperature in ethanol for 30 min after
100 scanning cycles. After the sonication, most of the tubes
detached from the carbon fibers of the carbon paper sub-
strate. A typical TEM image is shown in Fig. 4. Several inter-

esting features can be observed. First, the tailored tubes,
originally 15 pm in length, are broken down into segments
which range in size ranging from a few microns to 100 nm,
as indicated by (a) and (b) in Fig. 4. Second, a rough surface
can be clearly observed, marked by a circle (D) and the inset,
which corresponds to SEM observations in Figs. 3(b2) and (b3).
Third, an open area indicated by (e) is visible, suggesting that
further cutting will occur from this area. Finally, the metal
catalytic nanoparticles encapsulated by the graphitic layers
are still visible (Fig. 4). The presence of metallic nanoparticles,
after electrochemical treatments, suggests an interesting
mechanism different from that in conventional acid etching.
Usually, the oxidation occurs in areas of graphene covered
metal catalytic nanoparticles when the tubes are immersed
in acidic solution. In that case, the metal nanoparticles are re-
moved, as previously observed [19]. However, many metal
particles still exist and are covered by graphitic layers in this
present study, indicating that there may be other factors
which dominate the deformation and the cutting process.
This observation supports the TBA* intercalation mechanism,
which is favored on edge-plane-like sites but not on sealed
sites with capped catalysts. In addition, an investigation of
the opened tip of one tube by HRTEM, Fig. 4b, reveals a mix-
ture of graphitic layers and disordered structure. The gra-

Fig. 4 - TEM images of short CNTs obtained from CNTs after ultrasonication treatment following 100 cycles of potential
scanning. (a) Regular TEM. The inset in (a) is the close up of region D in this image. (b) HRTEM of one end of a shorten CNT.
The inset in (b) illustrates a bare carbon fiber after electrochemistry and sonication treatment, where the scale bar is 2 pm.

Fig. 5 - TEM images of short flake-like carbon structure obtained from CNTs after ultrasonication treatment following
1000 cycles of potential scanning. (a) Regular TEM. (b) HRTEM. The inset in (a) shows the dispersion of original (O) and

tailored (T) CNTs in ethanol after ultrasonication treatment.
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phitic layers have a spacing distance of 0.38 nm, which agrees
well with Fig. 3(b3).

The cutting of CNTs by sonication after 1000 cycles led to
more interesting features. SEM and TEM investigations dem-
onstrated that no more CNTs exist on the carbon fibers (not
shown here) after the sonication. However, the ethanol solu-
tion changed color from colorless to dark brown, as shown in
the inset of Fig. 5. Further, the solution with dark brown color
did not show any solid settle down and kept a clear dark color
after long-standing, which suggested increasing hydrophilic-
ity of obtained carbon structures. By careful examination of

Fig. 6 - TEM of luminescent carbon nanocrystals in
electrolyte solution during the electrochemically treating
of CNTs.
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the solution deposits by HRTEM, two kinds of carbon nano-
structures can be observed. One consists of a chain of pieces
with a diameter of ~30 nm and length of ~100 nm (Fig. 5a). A
closer observation by HRTEM clearly shows that each piece
still has the same graphitic structure as the nanotubes
(Fig. 5b). The other structure is NCs, which were generated
by the electrochemical treatment [2]. After placing a droplet
of the solution on a TEM grid, a high-density of NCs can be
seen (Fig. 6). The typical NCs have a diameter of ~3 nm with
graphitic structure and a 0.34nm lattice spacing (inset in
Fig. 6). Further studies found that such NCs have highly effi-
cient luminescent effects which have recently been reported
in detail elsewhere [2]. It is also anticipated that these NCs
will have various applications in biology labeling and opto-
electronic devices.

3.5.  XPS analysis of tailored CNTs

To understand the cutting procedure of CNTs and charac-
terize the composition of the tailored CNTs, XPS is used to
analyze the CNTs after 1000 cycles. XPS spectra are shown
in Fig. 7. The survey spectrum shows the existence of C
(90.1%), O (8.3%) and N (1.6%) in the sample. A fitted C 1s core
level photoelectron spectrum reveals peaks at 284.5, 285.1,
286.3, and 291.0 eV which could be assigned to sp? in graphite,
defect-containing sp® in amorphous carbon or alcohols, sp®
defects, and = to n" shake up associated with the graphitic car-
bon, respectively [15]. It is evident that the majority of C 1s
photoelectrons from carbon atoms originated from sp? bond-
ing which is expected and agrees well with the conclusion
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Fig. 7 - XPS of CNTs after 1000 cycles of potential scanning. (a) Survey spectrum. (b) High resolution spectrum of C1s. (c) High
resolution spectrum of N1is. (d) High resolution spectrum of Ols.
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obtained from Figs. 1 and 2. The full width at half maximum
(FWHM) of sp? carbon component, 0.67 eV, also agrees with
the conclusion that only mild defect generation occurs after
such treatment as compared with other harsh treatment pro-
cesses where significant linewidth broadening due to chemi-
cal inhomogeneity will result [15]. The existence of defect-
containing sp? carbon atoms is associated with surface struc-
ture disorder as revealed by SEM and TEM. An O 1s core level
photoelectron spectrum with binding energy centered on
531.95 and 533.25 eV can be attributed to the possible exis-
tence of carbonyl or alcohol functional groups [10] as well
as carboxylic acid [23]. These oxygen functional groups are
consistent with air oxidation of the surface and opened ends
due to exposure to air during electrochemical treatment. The
existence of such hydrophilic groups in tailored CNTs can
also be related to the observation of good dispersion in alco-
hol as shown in Fig. 5a inset. Most interestingly, the presence
of N in the tailored CNTs, with binding energies of 399.75 and
401.8 eV, is observed after electrochemical treatments in ace-
tonitrile solution. The intensive washing and drying can pre-
vent physical absorbing of acetonitrile on CNTs. Therefore,
the presence of nitrogen could be attributed to the intercala-
tion of N containing species into CNTs during electrochemical
treatment. The binding energy values allow us to assign the
peaks to acetonitrile [23] and/or pyridine-like N and graph-
ite-like N [32] in CNTs. We are not able to identify the species
corresponding to the binding energy of 401.8 eV. We believe
that the possible intercalation of TBA* involves an interaction
between N (in TBA") and C in (CNTs). The discrepancy be-
tween the fit and the data simply reflect the presence of sev-
eral chemically different N and O sites on the surface.

XPS of the carbon paper substrate, original CNTs and CNTs
after 100 cycles of potential scanning were not carried out. As
reported by Ago et al. [22], the ratio of the carbon in the oxy-
gen function groups to all the carbon atoms detected did not
vary more than 10% from purified CNTs to CNTs which under-
went oxidation in the extreme conditions (such as at high
temperature, in contact with highly oxidative acids). As ana-
lyzed in Section 3.1, the electrochemical treatment was in
very mild conditions and the CNTs underwent oxidation fol-
lowed by reduction in the cycling of the applied potential.
The above ratio is expected to change in much less than
10% after various cycles of potential scanning.

3.6. Summary

We have reported that CNTs can be fragmented into signifi-
cantly shortened and deformed CNTs and ultimately CNCs
by electrochemical treatment in acetonitrile solution, fol-
lowed by sonication in ethanol. Based on the morphological
and structural observations by SEM and TEM as well as com-
positional analysis by XPS, we propose a mechanism for the
deformation and the cutting of the tubes as illustrated sche-
matically in Fig. 8 and discussed below.

(i) After 100 cycles of the electrochemical treatments in
acetonitrile solution containing 0.1 M TBAP, the straight tubes
become bent and reveal very roughened surfaces, as indi-
cated by Fig. 8(a and b). At the same time, nanocrystals
(NCs) are released from CNTs into the electrolyte solution.
Further sonication in ethanol generates short tubes with sizes
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Fig. 8 - Illustration of the processes to generate luminescent
carbon nanocrystals and shortened CNTs by the
electrochemistry and the ultrasonication.

ranging from a hundred to a few hundred nanometers
(Fig. 8c). It is believed that the interruption points observed
in Fig. 3(b3) are the broken points.

The intercalation process in carbon is well-understood and
has been applied in graphite intercalation compounds (GICs)
in which ions or molecules can be inserted into graphite
interlayers to form intercalation [33]. Recently, a similar pro-
cess has been reported for CNTs. Hydrogen insertion into
CNTs clearly shows a disturbed host lattice from the original
ordered structure [34]. In our study, XPS confirms that there
are N containing species present in the tailored CNTs. More
recently, further evidence has been provided for acetonitrile
intercalation into CNTs; especially the structure of CNTs,
named by “edge-plane-like defect sites”, plays a significant
role in the intercalation [23]. As mentioned above, the tubes
used in our work have scrolled structures which are similar
to the “edge-plane-like defect sites”. Therefore, the tube
structure and the possible intercalation are associated with
deformation, breaking and cutting of the tubes during electro-
chemical and ultrasonic treatments in our study. Two things
are still open to discussion: first, what species is intercalated
into the tube? From HRTEM we do not observe TBA™ remain-
ing in the tailored nanostructures. XPS results allow us to
conclude that N containing species existed in tailored CNTs.
We have not identified the species involved. However, we do
observe that TBA" is still essential to the deformation process
because it does not occur in acetonitrile solution with lithium
percholorate. This allows us to propose that TBA* at least
facilitates the acetonitrile intercalation in the form of co-
intercalation molecules in CNTs.[23] This interaction might
be TBA* solvated by acetonitrile. Second, as to the details of
the local chemical environment of N in the tailored CNTs, re-
search using X-ray absorption fine structure spectroscopy
(XAFS) is underway.

(ii) Longer electrochemical treatment such as 1000 cycles
introduces more N resulting in larger deformation and lattice
spacing (from 0.34 nm to ~0.40 nm in this study). This pro-
duces a rougher tube surface (Fig. 8d) and some NCs in the
solution. Further sonication in ethanol releases carbon chains
~30nm in diameter and ~100 nm in length in the solution
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(Fig. 8e) leading to high water solubility as observed in the in-
set of Fig. 5.

From the discussion above, our electrochemical treatment
has advantages in the controllability via treatment duration
and mild reaction conditions, leading to a CNT surface defor-
mation and an increase in defects on edge-plane-like sites.
The treatment paves the way for sonication cutting of the
CNTs into small carbon nanostructures.

4, Conclusion

A simple method that combines electrochemical and sonica-
tion treatments has been developed to deform and cut
MWCNTSs. The deformed nanotubes displayed bent morphol-
ogies and a larger lattice spacing of up to 0.42 nm. The cut
nanotubes vary in length from a few hundred nanometers
to a few nanometers, which might be controlled by the num-
ber of cycles of potential scanning in the electrochemical
treatments. The modification mechanisms are likely linked
to the unusual scrolled nanotube structure and the electrolyte
solution. The deformed and shortened nanotubes are envis-
aged to become important candidate materials for many po-
tential applications in energy storage, catalytic support and
biosensing.
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