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Investigation on the manufacturing of multi-walled carbon nanotubes (MWNTSs) by solvothermal and
hydrothermal procedure and the electrochemical behavior of these nanostructured electrode materials for
hydrogen storage has been presented. The physical and morphological properties of prepared carbon nanotubes
were studied by X-ray diffraction (XRD), Scanning, and Transmission electron microscopy (SEM and TEM).
Furthermore, the electrochemical properties of MWCNTSs were revealed by galvanostatic charge-discharge and
measurement of cyclic voltammetry and the results revealed that both MWNTS exhibited higher electrochemical
capacitance and stable cycling performance. Interestingly, MWNTSs synthesized from hydrothermal procedure
shows an extreme discharge capacity of 423 mAh/g, concerning hydrogen storage of ~ 1.5 wt%, and MWNTSs
synthesized from solvothermal procedure shows a capacity of discharge 394.8 mAh/g. corresponds to ~ 1.4 wt%,
was attained reproducibly at 25 °C for about 100 mg of MWCNTs. This outcome infers that the MWNTs are
extremely assuring electrochemical hydrogen storage materials for PEM fuel cells and rechargeable batteries.
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Introduction

Carbon nanomaterials possess a very extensive range
of recognized, proposed, and plentiful features with
prospective applications in numerous technologies
associated  with  energy, environment, health,
microelectronics, optics, transportation, etc. The past two
decades have endorsed the progress of solution-based
approaches for the production of nanostructures such as
nanorods, nanofibres,  nanoplates,  microspheres,
nanotubes [1-5] and their associations with controllable
diameter, contour, and structured difficulty. Multiwalled
carbon nanotubes (MWNTSs) are manufactured with a
diversity of procedures, such as arc discharge, chemical
vapor deposition, laser vaporization, and so on. In
specific, hydro and Solvothermal methodology, as a
customary method has offered numerous common ways
for the manufacturing of nanostructured materials. The

700

hydrothermal and solvothermal method is the popular
low-temperature synthesis route, with or without the
addition of metal catalysts [6, 7]. Many researchers call
hydrothermal processing as green processing or green
chemistry. The area has a lot of advantages over other
conventional processes compared to the vapor deposition
process or milling like pollution-free, cost-effectiveness,
energy saving, better nucleation control, etc [8]. The
similarity of the hydrothermal process and accessibility
of carbon precursor materials, without the addition of a
catalyst, advantageously prefer the new method for the
synthesis. The hydrothermal process involves a carbon
precursor added with compressed water at high
temperature, admits the speed growth of crystalline
materials in an environmentally friendly method while
altering the particle diameter and morphology by
changing pressure, temperature, and time [9, 10]. Hence
hydrothermal methodology has become an important


mailto:namitha19kkp@gmail.com
mailto:radhikadv8@gmail.com
mailto:karthikkannanphotochem@gmail.com
mailto:drgkmurthy.bub@gmail.com

Solvothermal/Hydrothermal Manufacturing of Carbon Nanotubes...

method for producing carbon materials.

The solvothermal method has also been provided
with several advantages for preparing nanomaterials with
controllable size and morphology. The methodology
involves the heating of carbon precursor and solvent in
the presence of an organic capping agent. It involves
three stages, in the first step heating of the solution takes
place which results in the dissociation of carbon
precursor takes place, in the second step aging of the
solution takes place which decides the size of the
materials obtained and the third step involves the
separation of nanomaterials from solvent. The
preparation of multiwalled carbon nanotubes employing
a hydrothermal and solvothermal synthesis has been
successfully demonstrated for electrochemical hydrogen
adsorption studies.

There are many methods for hydrogen adsorption
studies like volumetric and gravimetric methods. Out of
these methods, the electrochemical method is one of the
most advantageous methods for the study of hydrogen
adsorption properties. It gives gas storage property as
well as electrochemical redox information. There are
many researchers attempt to study the hydrogen
adsorption of Carbon nanotubes electrochemically.
Hydrogen storage by the electrochemical method was
done the first time by Niitzenadel et al. [11]. They proved
the hydrogen storage of 110 mAh/g which corresponds to
0.39 wt%. Lee et al [12] and Qin et al [13] have also
studied hydrogen storage of MWNTSs electrochemically.
They showed a high discharge capacity of 200 mAh/g.
Rajalakshmi et al. [14] arrived with a discharge capacity
of 800 mAh/g corresponds to 2.9 wt%. The cylindrical
and hollow structure of Carbon nanotubes offers more
active surfaces for the absorption of hydrogen.
Physisorption and Chemisorption is the main different
mechanisms in which hydrogen interact with nanotubes
[15]. Hydrogen storage of CNTs through the
electrochemical process involves physisorption. During
Physisorption, H; interacts with nanotube it retains its
molecular identity and the aromatic bonding framework
is also not altered.

In this study, we report novel hydrothermal and
solvothermal methods for the manufacturing of Multi-
walled Carbon nanotubes through a common reagent
such as Ferrocene as a carbon source. Besides, the
hydrogen storage by electrochemical studies is also
studied for these materials. The diameter and
nanostructures were studied through characterization
methods like scanning and transmission electron
microscopy (SEM and TEM), Powder X-ray diffraction
studies (PXRD), and Raman analysis. We compared here
the studies on the electrochemical absorption and
desorption of hydrogen in MWNTs produced without
metal catalyst addition by a hydrothermal and
solvothermal process. The hydrogen capacity was studied
for two different types of MWNTs under a normal
atmosphere. The relatively high hydrogen adsorption
showed by hydrothermally synthesized compared to
solvothermal synthesized MWNTs may be due to highly
aligned structures of nanotubes.
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I. Experimental

1.1 Synthesis of multiwall carbon nanotubes by
the solvothermal procedure

In a typical synthesis process for the CNTs,
Ferrocene (0.5 gm), NaBH4 (2 gm), and dichloroethane
(40 ml) were put in a 60 ml autoclave. It was sealed and
maintained at 200 °C for 70 h, then allowed to cool to
room temperature. The black color precipitate (raw
product) was filtered, washed with dilute HCI solution,
ethanol, and distilled water in sequence. The wet sample
was dried in an oven at 60°C for 5 - 6 h.

1.2. Synthesis of multiwall carbon nanotubes by
the hydrothermal procedure

Here about 1g of Ferrocene dissolved in non-volatile
acid aqueous solution. The solution was allowed to stir
magnetically by ultrasonication for 30 min and then
taken into a stainless steel autoclave. The autoclave was
sealed and placed in a muffle furnace and heated to
200 °C for 60 h and allowed to cool to room temperature.
The obtained product was filtered and washed several
times sequentially with anhydrous ethanol, hydrochloric
acid, and deionized water followed by drying in an oven
at 100 °C for 10 h.

The ultimate black products obtained by both the
routes were characterized by various analytical
techniques like PXRD, FTIR, Raman analysis, SEM, and
TEM methods.

1.3. Characterization

The obtained MWCNTSs were examined by the X-ray
diffraction (XRD) studies. The Raman spectral analysis
was made using Perkin Elmer, Fourier Transform Raman
instruments to get information on the formation of
graphite. The structure and morphology of the samples
were studied by Scanning and Transmission electron
microscope (TEM). The hydrogen storage measurements
by the electrochemical method were carried out using an
EG and G Potentiostat-Galvanostat pAutolab with a
PGSTAT30 instrument with GPES software.

I1. Results and Discussions

2.1 Structural analysis

The purity and structure of the synthesized products
were analyzed by powder X-ray diffraction (PXRD) Fig.
1 shows the PXRD patterns of the MWNTS. Pattern (a)
and (b) correspond to the multiwalled carbon nanotubes
synthesized by solvothermal MWCNTs (ST) and
hydrothermal MWCNTSs (HT) routes. A scanning rate of
0.02°s has been utilized to record the pattern in the
range 10-80°. Both the patterns show a similar type of
graphs with two medium intensity peaks at ~26° and
~42° indexed to the (002) and (100) graphite planes
respectively. The (002) peak arises due to the interlayer
assembling of graphene sheets. Sharp peaks indicate the
high crystallinity of the product in both the samples.
Here we observed the difference in the intensities of the
peaks in both the patterns. More intense peaks in the
pattern (a) are giving an idea of the higher crystallinity of
MWCNTSs synthesized by the solvothermal route. No
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Fig. 1. XRD patterns of as synthesized MWNTSs.
Pattern (a) corresponds to MWCNTSs (ST) and (b) to
MWCNTSs (HT).

other impurities had been observed in both the patterns.
The results show no much difference from the pattern of
diffraction of normal MWCNTSs [16].

2.2 Raman studies

To examine the crystallinity of the MWCNTSs
synthesized by both the routes, products were further
analyzed by Raman spectroscopy. Typical Raman
spectrums of the products are shown in Figure 2.
Spectrums (a) and (b) correspond to the samples
synthesized by solvothermal and hydrothermal routes,
exhibits two main typical graphite bands at ~1548.2 cm!
and ~1342 cm? (G and D band respectively). The
G-band was assigned to the Raman-allowed optical mode
Ezg, Which is similar to the carbon atoms (sp?) in
graphite. The D-band corresponds to the vibrations of
carbon atoms in the planar terminations of graphite [17].
RBM band is a characteristic feature of the SWCNTSs'
Raman spectrum. The presence of RBM in the Raman
spectrum of MWOCNTs was reported earlier if the
diameters of the inner tubes are small enough to be in the
order of that of SWCNTSs. [18]. The relative intensity
ratio between the D band and G band is a good indicator
of graphitic ordering: the higher the ratio, the higher the
disorder degree of graphite. The ratio of intensities of D
and G-band (Ip/lg) is 0.791 and 0.85 for MWCNTS (ST)
and MWCNTSs (HT) respectively, an indication of low
graphitic nature in both cases.

2.3 Morphological analysis

The morphologies of MWCNTSs (ST) and MWCNTSs
(HT) are compared via SEM and TEM measurement and
the images are shown in Fig. 3 and Fig 4 respectively.
Fig. 3 (a and b) for sample synthesized solvothermal, it
can be seen that product consists of a large amount of
MWCNTSs and appear like bamboo sticks. We can see
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Fig. 2. Raman Spectrum of as synthesized MWNTSs.
Pattern (a) corresponds to MWCNTSs (ST) and (b) to
MWCNTSs (HT).

that a lot of carbon nanotubes accumulate together and
give bamboo sticks like appearance. A close
investigation of the CNTs shows that most of the CNTs
are having closed ends with a large diameter. On the
other hand, Figure 3 (c and d) for hydrothermally
synthesized sample shows the formation of well-aligned
carbon nanotubes bundles relatively in low yield. A more
detailed investigation of solvothermal synthesized
products by TEM (Fig. 4 (a) and (b)) reveals that carbon
nanotubes have a bamboo-shaped structure with a
diameter of about 340 -460 nm, while that for the
hydrothermally synthesized MWCNTs (Fig. 4 (c) and
(d)) indicate that these CNTs are the long and straight
mat of ropes with 50 - 60 nm in diameter. Fig 4 (c) and
(d) also show the presence of catalyst particles deposition
at the walls of the tubes which is completely absent in the
case of MWCNTSs (ST). Hence the product utilized for
the electrochemical characterizations appears in SEM
and TEM images are with different morphologies and
diameters range. Such huge differences in morphology,
structure, and diameters between these two types of
carbon nanotubes must result in different electrochemical
performance when they are used as a working electrode
in a three-electrode system. Though SEM and TEM
results, the proportion of MWCNTSs (ST) and MWCNTSs
(HT) were estimated to be ~ 90 % and ~ 65 -70 % among
the products.

2.4 Electrochemical studies

2.4.1 Electrode preparation

For the hydrogen studies of synthesized carbon
nanotubes, the electrodes prepared by grinding 1:3 ratio
of MWCNTSs (10 mg) with Cu powder respectively along
with a binder polytetrafluoroethylene (PTFE). The
mixture was ground mechanically on a Ni mesh in
continuation with heating at 200°C for 1 h. The electrode
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Fig. 3.: SEM images for as synthesized samples. Images (a) and (b) corresponds to MWCNTSs (ST) and images (c)
and (d) corresponds to MWCNTSs (HT).
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Fig. 4. TEM images for as synthesized samples. Images (a) and (b) corresponds to MWCNTSs (ST) and images (c)
and (d) corresponds to MWCNTS (HT).
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geometrical area was about 2 cm?,

2.4.2 Hydrogen storage of carbon nanotubes by
electrochemical measurement

The hydrogen storage of capacity of the MWCNTSs
synthesized by two different routes was determined by
using electrochemical measurements by using an EG and
G Potentiostat-Galvanostat. The three electrodes set up in
an open-cell consist of the working electrode as
MWCNTSs electrodes, Platinum as a counter electrode,
and saturated calomel as reference electrode along with
6M KOH as the electrolyte solution. To gather
electrochemical data we used Chronopotentiometry,
controlled potential coulometry, and cyclic voltammetry
measurements. For the activation of electrodes, Cyclic
Voltammetry measurements for the MWCNTS electrodes
were employed in a range of potential values between -1
to +0.5V with a scan rate of 100 mVs? in normal
pressure and temperature. The electrochemical charge-
discharge capacity of sample electrodes was measured in
galvanostat under different current loads ranging from
10 mA to 100 mA of MWCNTSs during charging and
discharging. The water in the electrolyte dissociates at
the working electrode (CNT) into the adsorbed atomic

1.0 - T - T T - T -
MWCNTs (HT)
0.5+ MWCNTs (ST)  Discharge 4
=
Z 0.0
8 g
) -0.51
?} -
5 -1.04
7N, MWCNTs (HT) Charge
-1.54 \ — . — 7]
MWCNTSs (ST)
-2.0 T T T T
(v 1000 2000 3000 4000
Time (S)

Fig. 5. Charge —discharge of the MWCNTSs electrode
at 40 mA current.
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Fig. 6. Electrochemical hydrogen storage capacity of
MWCNTSs electrodes with respect to the charging
current.
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Fig. 7. Cyclic voltammograms (CV): (a) corresponds
to the CV for MWCNTs (ST) and (b) CV for
MWCNTSs (HT).

hydrogen and OH™ ions leftover in the electrolyte during
the charging of the electrode. The hydrogen in the
electrode reacts with the OH™ ions in the electrolyte to
form water molecules during the discharge process [19-
22]. This reaction is escorted with a charge transfer
hence the quantity of desorbed hydrogen from the
electrode can be calculated by measuring the electric
charge, which is equal to the product of current and time
in a galvanostatic setup. The typical charge and discharge
curve at a constant current of 40 mA (0.04 mA) for the
as-produced MWCNTSs are displayed in Figure 5. The
potential value of charging and discharging was —0.8 and
—0.6 V versus standard calomel electrode, respectively
for both the electrodes. Charge and discharge capacity
achieved by MWCNTs (ST) electrode and MWCNTSs
(HT) electrode are 394.8 mAhg?! and 423 mAhg?
correspondings to ~ 1.4 wt % and ~1.5 wt % of stored
hydrogen. The variation in the charging capacity
concerning the charging current (range 10 - 100 mA) was
found as shown in Figure 6. We had observed maximum
charging capacity for the sample electrodes at 40 mA
constant current 394.8 mAhg? and 423 mAhg? for the
MWCNTs (ST) and MWCNTs (HT) electrodes
respectively [23-25]. We can conclude that the samples
investigated by other research groups contained only a
few percentages of carbon nanotubes, resulting in an
electrochemical capacity of 0.39 to 0.9 wt%, but the
samples investigated by us contain 90 % of MWNTSs
giving a higher capacity of ~1.4 - 1.5 wt%.

Cyclic Voltammogram (CV) is extensively used to
determine the electrochemical process. Figure 7 (a & b)
shows the CV of the sample electrodes in the -0.75 to
0.75 V range, after one cycle representing the adsorption
and desorption peaks of hydrogen, oxidation and
reduction peaks of Copper. Calculation from curves in
Fig. 7 (a & b) showed that the cathodic peak current of
hydrogen adsorption and the anodic peak current of
hydrogen oxidation were proportional to the sweep rate.
This proved that the hydrogen adsorption and hydrogen
oxidation controlled the whole reaction [26-28].



Solvothermal/Hydrothermal Manufacturing of Carbon Nanotubes...

Conclusion

In this work, we had made a comparative study for
the synthesis of two different types of MWCNTSs with the
same carbon source via two different synthesis routes.
Both kinds of MWCNTSs are different in morphologies,
length and diameters. The well aligned, straight carbon
nanotubes bundles synthesized by hydrothermal routes
are with diameter in range of 50 - 60 nm and length in
micrometers. On the other hand bamboo shaped carbon
nanotubes synthesized by solvothermal route are having
larger diameter range (340 - 460 nm). Both type of CNTs
shown difference in % yield also. In accordance with
SEM and TEM observations bamboo shaped CNTSs
shown relatively higher % of production yield (90 %)
than that of straight CNTs (65-70%). The
electrochemical measurements of two types of carbon
nanotubes, MWCNTs (ST) and MWCNTs (HT) as
working electrode were systemically determined. It result
shows that the charge —discharge capacity of MWCNTSs
(ST) electrode 394.8 mAh/g?t (~ 1.4 wt % of hydrogen

stored), with a little difference from that MWCNTSs (HT)
electrodes (423 mAh/g? corresponds to ~1.5 wt % of
stored hydrogen).
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CoabBoTepMiuHe / riipoTepmMalibHe BUPOOHUITBO BYTJIeHIEBUX HAHOTPYOOK
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HaBeneno pe3ynpTaTH [OOCTIIKEHHS OIOAO BHUTOTOBJICHHS OaraTOCTIHHHX BYIJICIEBUX HAHOTPYOOK
(MWNTS) 3a 10MOMOroi0 COJBBOTEPMIYHOI Ta TiAPOTEPMAIBHOI IPOLELYP, & TAKOXK EIEKTPOXiMiuHA TTOBEIIHKA
TaKUX HAHOCTPYKTYPOBAaHMX €JEKTPOJHHMX MatepianiB i 30epiraHHs BojaHro. PismuHi Ta MopdosoriuHi
BJIACTUBOCTI IiJrOTOBJIEHHX BYTJICHEBHX HAHOTPYOOK BHBYAIM 32 JIONOMOIOIO PEHTIEeHIBCHKOI Audpaxmii
(XRD), ckanyrouoi Ta TpaHcMiciitHOi enektponHoi Mikpockorii (SEM Ta TEM). Kpim Toro, enekrpoximiuni
BiractuBocti MWCNT BuSBISUTM 3a JJONOMOIOI0 TajibBaHOCTATHYHOTO PO3PSAY Ta BHMIPIOBAHHS IMKITIYHOL
BoJIbTaMnepoMeTpii. Pesymprati mokaszanu, mo obunsa tumn MWNT neMoHCTpyBanu BUCOKY €IEKTPOXiMIiduHY
€MHICTh Ta cTabinbHY IHKIiUHICTE. L{ikaBo, o MWNT, crHTEe30BaHi METOIOM TiAPOTEPMabHOI HMPOLEAYPH,
JEMOHCTPYIOTh Ha/I3BUYAiHy €MHICTh po3psiay 423 MAT/T, IO CTOCYEThCS HAaKOMMYEHHs BOAHIO ~ 1,5mac.%, A
MWNT, cuHTe30BaHI COJBBOTEPMAIBHOIO IPOIEIYPO0, MOKa3yITh PO3psAIHYy €MHicTh 394,8mAh/g, sxa
BignoBimae ~ 1,4 mac.% 1 mocsarnyra BinTBoproBanum mpu 25°C mpubmusHo mis 100 mr MWCNT. Ileit
pe3yabTaT cBigguTh npo Te, 1o MWNT poOusiTh eneKTpoXiMidHI MaTepiaiy IyTOBUMH MO0 30epiraHHs BOTHIO
JUIs TanuBHUX eneMeHTiB PEM Ta akymynsatopaux 6atapeii.

KorouoBi cioBa: conmbBoTepMiuHMH / TiIpOTEepMAbHUII METOIM; BYTJIELEBI HAaHOTPYOkH; 30epiraHHs
BOJIHIO; TIepe3apsiiHi 6arapei; eneKTpOoXiMiYHUNA METO/.
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