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Worldwide commercial interest in carbon nanotubes (CNTs) is reflected in a production
capacity that presently exceeds several thousand tons per year. Currently, CNTs are
incorporated in various commercial products ranging from rechargeable batteries, automotive
parts, and sporting goods. In this work, we studied electrochemical hydrogen storage of
multi-walled carbon nanotubes (MWNTSs) synthesized by hydrothermal procedure. The
structure and morphology of as-synthesized carbon nanotubes were characterized by scanning
electron microscopy and transmission electron microscopy. Furthermore, the
electrochemical properties of MWNTs were elucidated by galvanostatic charge/discharge
and cyclic voltammetric measurements. The electrochemical results demonstrated that
MWNTs exhibited high electrochemical capacitance and stable cycling performance.
Interestingly, MWNTs synthesized from hydrothermal procedure show high discharge
capacity of 423 mA h g' which corresponds to ~1.5 wt.% hydrogen. This discharge
capacity was reproducibly achieved at 25°C under normal atmosphere for about 100 mg
MWNT sample. The obtained results imply that the MWNTs synthesized by hydrothermal
procedure are highly promising electrochemical hydrogen storage materials for rechargeable
batteries.
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Introduction

The current stage of research into the
nanotubular forms of materials is characterized by a
great interest to their synthesis methods, improvement
of these synthesis methods, study of the properties
and attempts of industrial applications of these
nanomaterials [1]. This existence form of carbon is
intermediate between graphite and fullerenes.
However, many of nanotube properties are drastically
different from those of the above mentioned forms
of carbon. Therefore nanotubes should be considered
as a novel material with unique physicochemical
properties showing good promise for many
applications. The past couple of decades have
witnessed the development on new mild soft solution
based strategies for fabrication of low dimensional
nanostructures such as nanorods, nanofibres,
nanoplates, microspheres, nanotubes and their
assemblies with controllable size, shape, phase, length
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scale and structured complexity [2]. Hydrothermal
synthesis, as a traditional method but a good choice,
has provided various general routes for the rational
synthesis of a variety of low dimensional
nanostructured materials. Hydrothermal method is
a popular low temperature synthesis route without
the addition of metal catalysts [3]. Many researchers
call hydrothermal processing as a green processing
or green chemistry. The homogeneity of
hydrothermal process, cheapness, and availability of
carbon precursor materials, without the need of
catalyst, are advantageous favoring the scaling up of
the new method.

There are many methods for hydrogen
adsorption studies like volumetric and gravimetric
method. Out of these methods, electrochemical
method is one of the best methods for the study of
hydrogen adsorption studies. There are many
researchers attempt to study the hydrogen adsorption
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of carbon nanotubes electrochemically.
Electrochemical hydrogen storage was first studied
by Niitzenadel et al. [4]. They showed that nanotube-
containing material can electrochemically store an
amount 110 mA h g™' of hydrogen. This capacity
corresponds to hydrogen storage of 0.39 wt.%. Lee
et al. [5] studied hydrogen adsorption and storage in
CNTs experimentally and theoretically and found
that hydrogen exists as a form of H, molecule in an
empty space inside CNTs. Qin et al. [6] studied
electrochemical hydrogen storage of MWNTs. They
obtained a high discharge capacity of 200 mA h g™!
and found that it had high rate capability and long
charge-discharge cycle life. Rajalakshmi et al. [7]
reported that electrodes made by compressing mixed
purified and open SWNTs and copper powder into
porous nickel collector show high electrochemical
reversible charge capacity up to 800 mA h g/,
corresponding to a hydrogen storage capacity of
2.9 wt.%.

In this study, we report novel hydrothermal
method for the synthesis of multiwalled carbon
nanotubes using a common carbon source: ferrocene.
In addition, we have performed electrochemical
studies of hydrogen storage on the electrodes of these
materials. The diameter and nanostructures were
studied in detail using a suite of characterization
methods, which included high-resolution scanning
electron microscopy (SEM) and transmission
electron microscopy (TEM). We measured the
electrochemical charge-discharge hydrogen capacity
of two different types of MWNTs with a difference
of diameter range of under normal atmosphere.

Materials and methodology

In a typical synthesis, ferrocene and sulfur in
1:2 proportions were dissolved in a mixed solution
of water and ethanol, and then NaOH pellets were
added to the above solution under stirring for
30 min in a magnetic stirrer. The resulting
homogeneous mixture was transferred to the reactor.
The autoclave was heated to 200°C, maintained at
this temperature for 20 h and then naturally cooled
to room temperature. The resulting black precipitate
was filtered, washed with alcohol, acid and then
distilled water several times and dried at 60°C in air.
The synthesis part was published in detail elsewhere
[8]. The synthesized product is subjected to
electrochemical hydrogen storage study.

The morphology of the samples was inspected
with a field emission scanning electron microscope
JEOL JSM 6490 LV model and Phillips CM 12
Transmission electron microscope (TEM). The
samples used for TEM analysis were prepared by
sonication of dried products in absolute ethanol for

15 min and followed by putting 3—5 drops of the
suspensions on carbon-coated copper grids. All the
measurements were performed at room temperature.
The electrochemical hydrogen adsorption
measurements were carried out using an EG and G
Potentiostat-Galvanostat mAutolab with PGSTAT30
instrument with GPES software.

Results and discussion

The morphologies of MWCNTSs are compared
via SEM and TEM measurement and the images
are shown in Fig. 1, a and b, respectively. It can be
seen that product is composed of a large quantity of
MWCNTs and appear like bamboo sticks. We can
see that a great deal of carbon nanotubes accumulate
together and give bamboo sticks like appearance.

Fig. 1. SEM (a) and TEM (b) images of carbon nanotubes

The galvanostatic behavior of the CNTs
synthesized through hydrothermal method was
investigated. First, the electrode samples with 2:1
ratio of CNT and copper powder, respectively, were
fully charged and discharged with a current density
of —100 mA and +100 mA until the potential reached
the cut-off value. Figure 2 shows the value of the
electrode potential vs. the transferred amount of
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Fig. 2. The discharge curves for MWCNTs before and after
acid treatment for the charge and discharge processes at a
constant current of 100 mA
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charge for this experiment. Here, the potential
responses during charging and discharging are
depicted by curves before and after purification by
acid treatment.

At a charge capacity of about 423 mA h g/,
the potential stabilizes at a value close to —1.7 V.
From the overall charging response, it can be deduced
that about 423 mA h g' of charge could be stored in
the material, the rest being irreversibly lost due to
hydrogen gas evolution.

The discharge capacity was measured at
different values of current supply from 10 mA to
100 mA. The subsequent discharge shows a rather
featureless potential response up until the cut-off
potential and ca. 423 mA h g! of charge could be
reversible extracted at 100 mA current which
corresponds to 1.5 wt.% of hydrogen. All values of
hydrogen adsorption of other electrodes made of both
MWCNTs and copper are subtracted by the value
hydrogen adsorption of copper electrode.

The hydrogen storage behavior of MWCNTs
was studied in an electrolyte at the temperatures of
40, 60, 80 and 100°C. It was shown that the hydrogen
storage capacity of MWCNTs depends on the
electrolyte temperature according to the following
order room temperature>60>40>80>100. It was
observed that the maximum hydrogen adsorption of
423 mA h g~!' was achieved at 60°C which corresponds
to 1.5 wt.% of hydrogen. Hence, it was also observed
that there is a decrease in hydrogen adsorption
capacity with an increase in temperature which
conveys that the electrochemical hydrogen storage
is a physisorption process.

To gain more detailed information on
electrochemical responses measured using
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Fig. 3. Cyclic voltammogram of MWCNTSs recorded with the
scan rate of 100 mV s™!

galvanostatic methods, cyclic voltammetry technique
(CV) was used. MWCNT electrode was charged and
discharged using a scan rate of 100 mV s™! and cycling
between —0.75 V to +0.75 V. The CV response for
15t cycle is shown in Fig. 3.

A stable cyclic voltammogram of MWCNT
materials was obtained after the 2" cycle. The
voltammogram indicates that the reaction is governed
by diffusion process. The voltammogram suggests
that the reduction peaks are due to the reduction of
dissolved O, to HO,” and OH™, respectively. This
indicates that charge is stored in the material via a
charge transfer reaction.

Thermogravimetric studies have been employed
to characterize the thermal decomposition,
degradation, and stability properties of CNT. It was
performed using a TG instrument from SETARAM
Co. (SETSYS 2400). An alumina crucible was used
as a sample container. The temperature was measured
during TG using a Pt—Rh 20% rode. Regarding the
oxidation of metals at high temperatures, nitrogen
was used instead of air. For the MWCNTs
synthesized via solvothermal method, the results are
illustrated in Fig. 4, they reveal that as-grown
MWCNTSs lose weight at the temperature of ca. 480°C
in the N, atmosphere. The lack of weight loss in the
purified MWCNTs from 300 to 400°C indicates that
no amorphous carbon existed in the MWCNTs.
Analysis of the thermal stability of the CNTs is an
appropriate method for determination of the overall
quality of the obtained CNTs. TGA includes heating
the produced CNT under nitrogen flow, where
various components oxidize at different temperatures.
The corresponding DSC curve for this CNTs sample
shows that the process of thermal oxidation occurs
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Fig. 4. Results of thermogravimetric analysis of a carbon
nanotubes sample synthesized via solvothermal method in
which the black line and blue line represents TGA and DSC
curves, respectively
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Fig. 5. Results of thermogravimetric analysis of a carbon nanotubes sample synthesized hydrothermally in which the green line

and blue line represents TGA and DSC curves, respectively

also at two stages, the first one at 460°C and the
second one at 720°C. Also, lower thermal stability
suggests that the produced CNTs 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
towards nitrogen.

For the hydrothermally synthesized CNTs, the
TGA results reveal that as-grown MWCNTSs lose
weight at the onset temperature of around 300°C
and at 480°C in the N, atmosphere (Fig. 5). We can
see a continuous loss of weight due to impurities
and amorphous carbon present in the sample. The
corresponding DSC curve for produced carbon
nanotubes sample shows that the process of thermal
oxidation occurs also at two stages, the first one
bellow 400°C and the second one at 600°C.

Conclusions

In this work, we synthesized MWCNTs using
ferrocene as a carbon source via hydrothermal
synthesis route. The well aligned, straight carbon
nanotubes bundles synthesized by hydrothermal
routes are with diameter in the range of 50—60 nm
and several micrometers in length. The
electrochemical properties of MWCNTs were
investigated. It was found that the charge—discharge
capacity of MWCNTs is ca. 423 mA h g! which

corresponds to ~1.5 wt.% of stored hydrogen. A
relatively high hydrogen adsorption showed by
hydrothermally synthesized MWNTs may be due to
highly aligned structures of nanotubes.
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I'MAPOTEPMIYHO CUHTE3OBAHI BYTJIELIEBI
HAHOTPYBKMU I BUKOPUCTAHHA ¥
EJIEKTPOXIMIYHOMY AKYMVYJIIOBAHHI BOJHIO

P. Hamimxa, Jlesi Paoxixa, I. Kpimnamypmxi

Komepuitinuii inmepec do eyeneyeeux nanompybox (BHT)
gidobpaicacmocs y momy akmi, uio Hapasi ionoeioni eupoOHuHi
NOMYAHCHOCMI nepesUuwUAU Kinbka mucs4 moH ujopiuno. Ha danui
momenm BHT euxopucmosyromocs y pisHOMAHIMHUX KOMEPUIUHUX
npooyKmax, wo eapiriomscs 8i0 aKkymyasmopHux 6amapeti 0o ae-
MOMOOIAbHUX 3aNYACMUN Mma CROPMUBHUX moeapie. B daniil po-
60omi Mu docaiounu eneKmpoximiuHe aKymyato8aHHs 600K y baea-
mouwaposux eyeneyesux Hanompyokax (BIIBHT), cunme3osanux
2idpomepmanvhum wasxom. Cmpykmypa ma mopghoaoeis cunme3so-
8aHUX 8y2neuesUx HaHOMPYOOK 0XapaKmepu3oeaHi Memooom cka-
HYBANbHOI eNeKMPOHHOI MIKPOCKONIT ma mpaHCcMICiliHOT eneKmpoH-
Hoi mikpockonii. Eaexmpoximiuni enacmuseocmi BIIIBHT 6yau oyi-
HeHi 2aNb8aAHOCMAMUHHUM 3APA0NCCHHAM/PO3PAONCEHHIM | YUKAI-
uHOW GoAbmamnepomempicto. Ompumani pesyabmamu noKazanu,
wo BUIBHT nposieastoms 6UCOKY eaeKmMpOXIMIYHY EMHICMb | cma-
6inbHY no6edinky npu yuxarosanni. Llikaso, wo cunmesosari 2iopo-
MmepManbHuM Memooom, Maromb GUCOKY PO3PAOHY EMHICMb OAU3LKO
423 MA 200 &7, wo sidnogidac ~1.5 mac.% eoouio. Lla pospsona
emHicmy 6yaa 3agixcoeana npu memnepamypi 25°C i HopmansHomy
mucky oas 3paszka BIIIBHT macoro npubauszno 100 me. Takuii pe-
syabmam o3nauae, wo BIIBHT € easmu nepcnekmueHum ma-
mepiaiom 045 eAeKmpoXiMiuHO20 AKyMYA8aHHs 600HI0 Y AKYMY-
ASAMOPHUX bamapesix.

KnwouoBi ciioBa: rizporepMaibHUIl CUHTE3, BYIJICIEBI
HaHOTPYOKM, eJIEKTPOXiMiYHE aKyMYJTIOBaHHS BOIHIO, TIPOIIECH
3apsiay Ta po3psiny, TEpMOTPaBiMETPUYHUIA aHATTi3.
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Worldwide commercial interest in carbon nanotubes (CNTs)
is reflected in a production capacity that presently exceeds several
thousand tons per year. Currently, CNTs are incorporated in various
commercial products ranging from rechargeable batteries, automotive
parts, and sporting goods. In this work, we studied electrochemical
hydrogen storage of multi-walled carbon nanotubes (MWNTs)
synthesized by hydrothermal procedure. The structure and morphology
of as-synthesized carbon nanotubes were characterized by scanning
electron microscopy and transmission electron microscopy.
Furthermore, the electrochemical properties of MWNTs were
elucidated by galvanostatic charge/discharge and cyclic voltammetric
measurements. The electrochemical results demonstrated that
MWNTs exhibited high electrochemical capacitance and stable
cycling performance. Interestingly, MWNTs synthesized from
hydrothermal procedure show high discharge capacity of 423 mA h g™/
which corresponds to ~1.5 wt.% hydrogen. This discharge capacity
was reproducibly achieved at 25°C under normal atmosphere for
about 100 mg MWNT sample. The obtained results imply that the
MW NTs synthesized by hydrothermal procedure are highly promising
electrochemical hydrogen storage materials for rechargeable batteries.

Keywords: hydrothermal synthesis; carbon nanotubes;
electrochemical hydrogen storage; charge and discharge processes;
thermogravimetric analysis.
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