-

Electrochemical production,

characterization, and application of
MWCNTs

Aleksandar T. Dimitrov, Ana Tomova,
Anita Grozdanov, Orce Popovski &
Perica Paunovic

Journal of Solid State
Electrochemistry

Current Research and Development in
Science and Technology

Volume 17 - Number 2 « February 2013

155N 1432 8468 Journal of Solid State
olume

e EIeCtrOChem |Stry Current Research

J Solid State Electrochem (2013) a"f’ Development in
17:399-407 Science and Technology

DOI 10.1007/510008-012-1896-z

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer-
Verlag Berlin Heidelberg. This e-offprint is

for personal use only and shall not be self-
archived in electronic repositories. If you
wish to self-archive your work, please use the
accepted author’s version for posting to your
own website or your institution’s repository.
You may further deposit the accepted author’s
version on a funder’s repository at a funder’s
request, provided it is not made publicly
available until 12 months after publication.

@ Springer



J Solid State Electrochem (2013) 17:399-407
DOI 10.1007/s10008-012-1896-z

ORIGINAL PAPER

Electrochemical production, characterization,

and application of MWCNTs

Aleksandar T. Dimitrov - Ana Tomova - Anita Grozdanov -

Orce Popovski - Perica Paunovié¢

Received: 3 September 2012 /Revised: 26 September 2012 /Accepted: 27 September 2012 /Published online: 13 October 2012

© Springer-Verlag Berlin Heidelberg 2012

Abstract The subject of this study is production of carbon
nanotubes (CNTs) using an original procedure of reduction
of lithium molten salts onto graphite cathode; their structural
characterization and application as support material for elec-
trocatalysts aimed for hydrogen evolution. As-produced
CNTs were characterized by means of scanning and trans-
mission electron microscopy (SEM and TEM), Raman spec-
troscopy, and thermogravimetric and differential thermal
analysis (DTA). SEM and TEM images have shown that
nanotubes are mostly of curved shape with length of 1-
20 um and diameter of 20-40 nm. Raman peaks indicate
that the crystallinity of produced nanotubes is rather low.
The obtained results suggest that formed product contains
up to 80 % multiwalled carbon nanotubes (MWCNTSs),
while the rest being non-reacted graphite and fullerenes.
DTA curves show that combustion process of the nanotubes
takes place in two stages, i.e., at 450 and 720 °C. At the
lower temperature, combustion of MWCNTSs occurs, while
at higher one, fullerenes and non-reacted graphite particles
burn. As-produced MWCNTs were used as electrocatalyst’s
support materials and their performance was compared with
that of traditional carbon support material Vulcan XC-72.
MWNTs have shown almost twice higher real surface area,
and electrocatalyst deposited on them showed better cata-
lytic activity than corresponding one deposited on Vulcan
XC-72.
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Introduction

Carbon nanotubes (CNTs), discovered by lijima [1], are
supposed to be a key component of many technologies
because of their outstanding structural, mechanical, and
electronic properties. They are microscale length graphene
tubes with end “caps” consisted either of one graphitic layer
and 1-2 nm in diameter (single walled nanotubes,
SWCNTSs) or of two or more graphitic layers, with interlayer
spacing of 0.34 nm and diameters of 2-20 nm (multiwalled
carbon nanotubes, MWCNTSs).

As result of their pronounced electrical, mechanical, and
chemical properties, almost every week a new potential
application of CNTs is identified in a wide range of modern
science and engineering. They have variety of applications
in analytical chemistry such as design of novel gas sensors,
voltammetry, enzymatic biosensors, DNA probes, scan-
ning probes, etc. [2, 3]. Their conductivity and small size
impose them as key material in molecular electronics and
electronic devices [4, 5] Furthermore, CNTs have a great
potential to be used as fillers in polymer composites replac-
ing carbon fibers and carbon blacks [6]. Several applica-
tions for CNTs have been suggested in energy production
and energy storage devices as an electrode material in
lithium ion batteries and or in electrochemical capacitors
[7-9].

CNTs can be produced by various methods. There are
three predominant methods for their synthesis: electric arc
discharge [10], laser ablation of carbon target [11], and
chemical vapor deposition [12]. But, generally, these
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production procedures are rather expensive and not very
productive. The large-scale use of CNTs is still limited due
to the high production costs and the low productivity. The
use of CNTs requires a production method that combines
growth control with low costs and scalability.

Hsu and coworkers have developed a new electrolytic
method, very promising for producing carbon nanotubes
[13, 14]. The essence of this method is electrowinning of
alkali metals (Li, Na, and K) or alkali earth metals (Mg, Ca)
from their molten chloride salts on a graphite cathode,
followed by formation of CNTs by the interaction of depos-
ited metal with the cathode. They electrolyzed molten lith-
ium chloride using graphite electrodes. The cathode eroded
during the electrolysis and nanoscale products, including
MWCNTs, were found in the electrolyte.

Electrolytic production of carbon nanotubes in chloride
oxide melts under carbon dioxide pressure was studied by
Novoselova et al. [15]. The electrochemical study of pecu-
liarities of carbon solid phase deposition from halide melts
(NaCl:KCl) saturated by carbon dioxide under excessive
pressure up to 1.5 MPa was carried out in the range of 500
to 800 °C by the method of cyclic voltammetry. They have
characterized the chemical, phase, and structural composi-
tion of the obtained cathode products. It was found that
cathode deposits contain carbon nano-sized particles of dif-
ferent forms and structure: blocks of amorphous carbon,
crystalline graphite, carbon nanotubes, and nanofibers.

Chen et al. [16, 17] have connected the erosion of the
cathode and the formation of the products to the intercala-
tion of alkali metals into graphite. This was extended further
by Fray [18, 19] who pointed out that the cathodic carbon/
graphite erosion is similar to that found in the Hall-Heroult
cell where alkali metals also intercalate into graphite.

Dimitrov et al. [20, 21] reported that the constant voltage
molten salt electrolysis, as opposed to the constant current
electrolysis that had been applied in most previous cases,
could improve and increase the yield of produced CNTs.
This method is considered as a more advantageous and
economical method when compared with arc discharge,
CVD, and laser ablation methods due to the lower cost of
energy, the setup simplicity required, and the large-scale
production of CNTs. Also, the present authors have applied
chronoamperometric method [22], where the results con-
firmed that EC4 is a proper material for the present purpose.
The idea of this method was avoiding cathode blocking,
electrode cracking caused by current peaks, and improve-
ment of CNTs production. Furthermore, comparison with
the data obtained with previous used methods and assessed
the influence of electrode polarity switching time, the cath-
ode exfoliation, and production of CNTs [22].

In recent time, one of the ways to improve electrocata-
lytic activity of the electrode materials aimed for water
electrolysis/fuel cells as well as to reduce the amount of Pt
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is using carbon nanotubes as support material. Actually, the
most used support material for the above-mentioned pur-
pose is carbon black—Vulcan XC-72. Its distinctive prop-
erties such as high degree of ordering, appropriate physical
and chemical surface characteristics, and high electron con-
ductivity are decisive for that [23]. But, the unique physical
properties of CNTs such as electroconductivity, mechanical
stability, surface area, porosity, etc. make them very attrac-
tive as support material for electrocatalysts in hydrogen
economy. In comparison with Vulcan XC-72, CNTs have
considerably higher electronic conductivity of 10*Scm™
[24], while specific surface area is in range of 200-900 m?
g ' [24]. Also, Vulcan XC-72 has micropores smaller than
2 nm, while this is not case with CNTs [25]. This is impor-
tant for electrocatalytic behavior because small nanostruc-
tured metallic phase can sink into the micropore, reducing
the three-boundary reaction sites. Other advantage of CNTs
vs. Vulcan XC-72 is higher chemical, i.e., corrosion stabil-
ity. This is a very important parameter for anodic reactions
oxygen evolution in hydrogen electrolysers and hydrogen
oxidation in fuel cells. Namely, electrochemical degradation
of carbon materials is slowed considerably by carbon graph-
itization [23].

The aims of this work include synthesis of CNTs using
electrolysis in molten LiCl; their characterization by means
of scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), thermogravimetric analysis (TGA),
and Raman spectroscopy; as well as their application as
support material for non-platinum electrocatalysts aimed
for hydrogen evolution reaction.

Experimental

MWCNT’s were produced in alumina crucible with a vol-
ume of 150 cm’ , as the container of the molten salt electro-
lyte. The commercial graphite rods, type EC4, with average
grain size of 0.038 mm and density of 1.75 gem > and
6.5 mm in length were used as both an anode and cathode
material [21]. As an electrolyte, molten LiCl was used. The
cell was placed inside a sealable Inconel tube reactor with
water-cooled jacket and heated by a vertical Lenton furnace
equipped with a programmable controller. The salt was
always thermally pre-dried in an argon atmosphere inside
the Inconel tube at 250 °C for at least 2 h and further melted
in an argon atmosphere. The electrolysis was controlled by a
Farnell LS30-10 auto ranging power supply. After the each
experiment, the cathode was removed and the electrolyte
was left to solidify overnight. Typically, the solidified salt
was then dissolved in distilled water with the aid of me-
chanic stirring and left for the solvents to phase separate.
The carbonaceous phases extracted from the solidified
electrolyte were observed by scanning and transmission
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Fig. 1 SEM images of CNTs
produced by electrolysis in
molten LiCl. Magnification:
a x10,000; b x20,000;

¢ x40,000; and d x150,000

electron microscopy, using JEOL 6340F (SEM, 10 kV) and
JEOL 200CX (TEM, 200 kV). The thermal stability of the
carbonaceous product was measured using TGA/differential
thermal analysis (DTA) using Perkin Elmer thermogravi-
metric/differential thermal analyzer in temperature range of

Fig. 2 TEM images of CNTs
produced by electrolysis in
molten LiCl

0 to 1,200 °C with heating rate of 10 °Cmin"". Structural
characteristics were studied by means of Raman spectros-
copy (Renishaw Ramascope 1000).

The ratio of real versus geometric surface area (Sr/Sg) of
the produced carbon nanotubes was determined by
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measuring the double layer capacity using cyclic voltammetry
[26, 27]. For comparison, the same measurements were per-
formed for Vulcan XC-72. Cyclic voltammetry (CV) meas-
urements were performed in alkaline solution (3.5 M KOH) in
the region of potentials where only charging of double layer
occurs with scanning rate of 1 to 10 mVs . Electrochemical
AMEL equipment (Function Generator AMEL 568, Poten-
tiostate/Galvanostate 2053 and software package SOFTAS-
SIST 2.0) was used. Gas diffusion electrodes were prepared
out of the produced carbonaceous powder by hot pressing at
300 °C with the back layer of carbon black acetylene + PTFE
and the front layer of the CNTs + PTFE. The counter electrode
was a platinum wire, the reference one—Hg/HgO, while the
electrolyte was a solution of 3.5 M KOH (p.a., Merck) in
deionizated ultrapurified water.

Electrocatalysts were prepared by sol-gel procedure de-
scribed elsewhere [28]. They consist of 10 wt% hyper-d-
metallic phase (CoNi), 18 wt% hypo-d-oxide phase TiO,
deposited on carbon substrate—as-produced MWCNTs or
Vulcan XC-72 for comparison. As precursors of catalyst’s
components, organometallics were used (Me 2,4-pentane-
dionat, Me(CH3;COCHCOCH;), (Me=Co and Ni), Alfa
Aesar, Johnson Matthey, GmbH and Ti-isopropoxide,
Ti[OCH(CH3;),]4, Aldrich, 97 %). As a referent electrocata-
lysts, traditional Pt deposited on Vulcan XC-72 was pre-
pared by the same procedure.

The structure of hypo-hyper-d-electrocatalysts was ob-
served by SEM, JEOL, model JEM CX. The ratio of real
versus geometric surface area (Sg/Sg) of the electrocatalysts
deposited on MWCNTs and Vulcan XC-72 were determined

Fig. 3 Thermogravimetric a
analysis of a.carbon nanotubes DTA, mW-mg-1 TG, %
samples obtained by .
electrolysis in molten salt and b B
. | —
graphite samples used as a = 100
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by the same procedure mentioned above. Electrochemical
characterization, i.e., electrocatalytic activities of the
studied electrocatalysts, was studied by means of cyclic
voltammetry and steady-state galvanostatic method. The
same instrumentation explained above was used. During
the electrochemical testing, the solution in the cathodic
area was purged by hydrogen.

Results and discussion

In the recent papers of the present author [20, 21], it was
reported that the constant voltage electrolysis, as opposed to
the constant current (galvanostatic) electrolysis, could im-
prove and increase the yield of produced CNTs. Thus, the
goal of this study was (1) to improve the process of
MWCNTSs production by electrolysis in molten lithium
chloride by passing an electric current through a molten
ionic salt between graphite electrodes at a constant over-
potential, (2) to carry out physical characterization of carbon
nanotubes produced by this method, and (3) to apply the
produced carbon nanotubes as a catalyst support for electro-
catalysts aimed for hydrogen evolution.

Physical characterization of the produced carbon nanotubes

Electron microscopy was used mainly to identify and eval-
uate different constituents in the carbonaceous products and
contribution of the CNTs in them. SEM images of the CNTs
obtained by electrolysis at a constant overpotential are
shown in Fig. 1, with the low and high magnification,
respectively. Generally, the obtained carbonaceous products
surprisingly contain a large quantity of MWCNTSs, more
than 80 %. In comparison with our previous results [21],
the results presented in this study show that the yield of

carbon nanotubes is more than three times higher. The
morphology of the products obtained by electrolysis in
molten LiCl is very similar to those reported previously
[16, 21]. The size of the produced carbon nanotubes is
ranged between 10 and 100 um in length and 20—60 nm in
diameter.

As we could see, the nanotubes are highly entwined
similar to the nanotubes produced catalytically using a float-
ing catalysts. Also, SEM and TEM observations show that
the nanotubes could extend between two separate aggre-
gates and end up in each. But, normally, most of them start
and end in the same aggregate with some exception curving
out of the aggregate.

In addition to nanotubes, the other constituent in the
product were observed, such as some aggregated carbon
nanoparticles and some small pieces of unreacted graphite
particles (Fig. 1c¢).

TEM images in Fig. 2 also show CNTs produced under
the same conditions. The material was found to be aggre-
gated in the aggregates consisted of nanotubes and nano-
particles. TEM observation shows that some of these tubes
and particles contain a foreign material. These filings could
be either lithium or lithium carbide, if it is formed. The
images also show that most of the material, >80 %, are
MWCNTs. There are small amount of impurities, as metal
particles, carbon fibers, amorphous carbon structures, and
impurities originating from the salt.

SWCNTs were not found in the material produced and
inspected during this study. This fact may lead to the con-
clusion that under those circumstances, production of
SWCNTs is not possible.

Analysis of the thermal stability of the carbon nanotubes
is an appropriate method for determination of the overall
quality of the obtained carbon nanotubes. Thermogravimet-
ric analysis includes heating the produced carbonaceous

Fig. 4 Normalized Raman 4000
spectra taken from MWCNTs
produced by electrolyses in

molten LiCl 3500 7

3000 +

2500

2000 +

1500

Raman Intensity, arb. units

1000

500
1200

T T T T T T T T
1300 1400 1500 1600 1700
Raman shift, cm™
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material by electrolysis in molten salt under oxygen flow,
whereat the various components oxidize at different temper-
atures. TGA-DTA thermograms are presented in Fig. 3, where
the blue lines show the weight loss as a function of tempera-
ture from 0 to 1,200 °C and green lines are the corresponding
DTA curves. TGA curve for CNTs produced by electrolysis in
molten salt (Fig. 3a) shows a higher slope than that of the
CNTs produced by using commercial graphite as a cathode
(Fig. 3b). According the literature, this indicates a less of
weight change with respect to temperature.

We will turn more attention on DTA curves because they
directly reflect variation in the weight with temperature. The
DTA curve obtained when commercial graphite EC4 was
heated under the oxygen flow shows two peaks at about 500
and 950 °C indicating that the oxidation process of the
graphite consists of two stages. However, the corresponding
DTA curve for produced carbon nanotubes sample shows
that the process of thermal oxidation occurs also at two
stages, the first one bellow 464 °C and the second one at
719 °C (Fig. 3a). The curve indicates that probably
MWCNTs oxidize at the temperature below 464 °C because
the first peak can be attributed to the oxidation of the
amorphous carbon, and the second peak at 719 °C
corresponding to the temperature of oxidation of carbon
fullerenes and unreacted graphite particles. Lower oxidation
temperatures registered for the obtained MWCNT (around
400 °C) indicate that some defects and derivatization moi-
eties are present in the nanotubes walls that can cause the
lower thermal stability. Also, less thermal stability suggests
that the produced carbon nanotubes samples have smaller
diameters. A smaller diameter implies a high degree of
curvature which means increased contact with the air and
subsequently a higher reactivity toward oxygen. This was
observed also for Cgo [29]. The thermogravimetric study
performed by Bom and coworkers [30] has shown that
graphite has a higher thermal stability than MWCNTs and
oxidized at higher temperatures. We could say that our
results are in contradiction with the result obtained by
Bom. It is obvious that row graphite material EC4, used as
an electrode material, oxidizes at temperatures which do not
correspond to any of two burning temperatures of carbon
nanotubes sample.

Raman spectroscopy has been used to determine crystal-
linity of the produced carbon materials. Shown in Fig. 4 is

Table 1 Double layer

capacity, Cy, of studied ~ Sample Cq, mFem
materials
MWCNTs 342
Vulcan XC-72 179
CoNi/TiO,/MWCNTs 303
CoNi/TiO,/Vulcan 156
XC-72

@ Springer

Raman spectrum of the studied material. The spectrum
consists of two pronounced peaks characteristic for carbo-
naceous materials: D peak at position near 1,345 cm ' as a
result of disorders in the crystals and G peak near
1,575 em™ ' as a result of in-plane vibration of the C—C
bonds. The pick D indicates disordered carbon atoms re-
ferred to defects as pentagons and heptagons in graphite,
edges of the graphite crystal, and amorphous carbonaceous
products [31, 32]. The peak G is related to the highly

-
=
=
=

L'}

Fig. 5 SEM images of CoNi/TiO, electrocatalysts deposited on: a
MWCNTs (x10,000); b MWCNTSs (x40,000); ¢ Vulcan XC-72
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Fig. 6 Cyclic voltammograms 0.05

of the studied electrocatalysts
scanned in 3.5 M KOH with
scan rate of 5 mVs !
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oriented graphite [33], i.e., formation of well-graphitized
carbon nanotubes. On the right side of G-line, a no well
pronounced shoulder peak appears at the position of near
1,610 cm™" and denotes as D’ peak. The appearance of D’
peak points out that these carbon nanotubes are multiwalled
[34]. Comparing the intensity or surface area of below D
and G peaks, the extent crystallinity of the material can be
assessed. The ratio of intensities of the D and G maximums
(Ip and Ig) gives an indication of the crystallinity of the
studied material. The lower value of Ip/Ig points out on
higher crystallinity, while the higher ratio suggests on the
higher disorder within the crystalline structure [35, 36].
Highly oriented pyrolytic graphite (HOPG) has an Ip/lg
ratio approaching 0, while amorphous carbon has a value
near 3.3. HOPG is a high quality graphitic material consist-
ing of planes of carbon atoms, which are highly oriented
between each other.

The ratio of intensities of the characteristic peaks (Ip/Ig=
1.05) for the studied MWCNTs indicates the extent of
defects and impurities in the produced material. The Raman
spectrum as well as the TEM and SEM analysis confirmed
that there were no single-walled nanotubes present in the
sample.

Application of the produced MWCNTs as electrocatalyst’s
support materials

To determine the ratio of real vs. geometrical surface area,
Sr/Sg, the double layer capacity (Cq) of the produced car-
bon nanotubes and catalysts deposited on carbon nanotubes
was measured by CV. For comparison, corresponding meas-
urements were performed on pure Vulcan XC-72 and
corresponding electrocatalyst deposited on Vulcan XC-72.
CV scanning was performed in the region of potentials
where only charging of double layer occurs with scanning

—T—T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

E vs. Hg/HgO, V

rate from 1 to 10 mV's ' The procedure for determination of
Cy electrocatalysts deposited on these carbon substrates is
presented elsewhere [37]. The values for the double layer
capacity for the manufactured and purified MWCNTs are
shown in Table 1. The produced carbon nanotubes have
shown considerable higher value for the double layer capac-
ity, almost twice. This means that they have almost twice
higher developed surface area. Also, similar ratio was ob-
served for corresponding CoNo/TiO, electrocatalysts depos-
ited on MWCNTs and Vulcan XC-72.

In Fig. 5, SEM images of the CoNo/TiO, electrocatalysts
deposited on both MWCNTs and Vulcan XC-72 are shown.
According to SEM images, electrocatalyst deposited on
MWCNTs has intertwined thread-like morphology, as a
result of the presence of the MWCNTs (Fig. 5a, b). This
morphology is more appropriate than that of electrocatalyst
deposited on Vulcan XC-72 which shows spherical shape
and larger size of particles (Fig. 5¢). In case of catalyst

0- ® 10% Pt + Vulcan XC-72
] % @ 10% CoNi + 18% TiO2 + MWCNTs
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Fig. 7 Polarization curves of the studied electrocatalysts
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deposited on MWCNTs, catalyst’s components are grouped
into smaller clusters. Also, there are more holes between
them which lead to better inter-particle porosity of the
catalyst. Due to the intrinsic geometric shape of MWCNTs
(empty cylinders ordered one over the other), they possess
inner holes, so the inner or trans-particle porosity of electro-
catalysts deposited on MWCNTs is considerably higher.

In Fig. 6, cyclic voltammograms of the CoNi electrocata-
lysts deposited on both carbon support materials are shown. In
both, voltammograms can be seen with characteristic peaks for
transition of Co to higher valence states [37, 38]. Also, it can be
seen that surface and electrode processes on electrode made of
catalyst deposited on MWCNTs are more pronounced and
occur in narrower potential region. Hydrogen/oxygen evolu-
tion occurs at more positive/negative potential and is consid-
erably more intensive on MWCNTs-based electrode compared
with corresponding one deposited on Vulcan XC-72.

Analyzing polarization characteristics shown in Fig. 7, it is
obvious that considerable improvement of catalytic activity of
non-platinum electrode material was achieved by using
MWCNTs. The overpotential for hydrogen evolution at refer-
ence current density of 60 mAcm ' is 250 mV in the case of
CoNi-based catalysts deposited on MWCNTs, while the
corresponding value of the electrocatalyst deposited on Vul-
can XC-72 is 290 mV. Value of the corresponding overpoten-
tial for traditional Pt electrocatalyst deposited on Vulcan XC-
72 is 205 mV. Using MWCNTs as a catalyst support decreases
the difference between Pt- and CoNi-based catalyst for 50 %
and approaches to the activity of the traditional Pt electro-
catalyst. The higher activity of CoNi electrodes containing
MWCNTs is caused by purely physical factor, mostly of more
developed surface area. Carbon nanotubes provide (1) rise of
real surface area of the catalyst as a whole, (2) better disper-
sion of catalyst’s particles over the surface, (3) prevent ag-
glomeration of the metallic particles and (4) extra-conductive
properties, and (5) better porosity due to geometric nature of
nanotubes and morphology of the catalysts as a whole.

Conclusions

Within this study MWCNTs were produced using electrol-
ysis of molten LiCl at constant cathode potential. The pro-
duced carbonaceous material was studied by means of TEM,
SEM, TGA-DTA, and Raman spectroscopy. Further, the
produced material was used as support material for non-
platinum electrocatalysts aimed for hydrogen evolution.
According to obtained results, we could draw the following
conclusions:

1. Instead of constant cell potential electrolysis as reported

in the previous works [20, 21] or constant applied
current [15, 17], cathode potential electrolysis used in
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the present study ensures better conditions for produc-
tion of MWCNT. The results show that EC4 is a proper
material as precursor for the present purpose. The idea
of this method was avoiding of cathode blocking, elec-
trode cracking caused by current peaks and improve-
ment of CNTs production.

2. The results obtained by structural study of the carbona-
ceous material produced by constant overpotential elec-
trolyses in molten LiCl give sufficient evidence that the
observed samples contain more than 80 % MWCNTs. The
nanotubes are mostly of curved shape, low crystallinity
containing some defects (disordered carbon) and impuri-
ties (amorphous carbonaceous products, fullerenes).

3. As a result of the superior physical properties of the
MWCNTs such as highly developed surface, extra con-
ductivity, chemical stability, and inter- and trans-particle
porosity, they have shown considerably better perfor-
mance as a catalyst support material related to tradition-
ally most used support material—Vulcan XC-72.
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