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TS Temirgaliyeval’z, M. Nazhipkyzyl’z, A. Nurgainz, Z. A. Mansurov"?, and Zh. B. Bakenov’

SYNTHESIS OF CARBON NANOTUBES ON A SHUNGITE SUBSTRATE
AND THEIR USE FOR LITHIUM-SULFUR BATTERIES

A shungite mineral has been used as a support material of catalyst particles to synthesize multiwalled carbon
nanotubes (MWCNT5). Raman spectroscopy enabled us to follow the formation of MWCNTS. The morphology of
synthesized MWCNTs was investigated by a scanning electron microscope and a transmission electron microscope.
As a result of simple heat treatment at 300°C for 3 h in an inert atmosphere, a novel sulfur/multiwalled carbon
nanotubes/polyacrylonitrile (S/MWCNT/PAN) composite was synthesized. These methods of obtaining MWCNT5s
and S/IMWCNT/PAN composite based on heat treatment possess the advantages of simplicity and low cost. The
introduction of MWCNTS into the composite gives a highly conductive and mechanically flexible framework with
an enhanced electronic conductivity and the ability to absorb polysulfides between the Li anode and cathode, which
leads to an enhanced cyclability and a higher coulombic efficiency. The cell with this S/MWCNT/PAN ternary
composite cathode demonstrates a stable reversible specific discharge capacity of 800 mA - h - g71 after 50 cycles
at a battery C-rate of 0.2 C.

Keywords: multiwalled carbon nanotubes, lithium—sulfur batteries, composite, CVD.

Introduction. Carbon nanotubes (CNTs) have unique electronic properties which can be used to make
nanoelectronic devices, such as transistors and lithium-ion batteries, with excellent field emission properties,
such as a low emission threshold, high emission current density, and high stability. CNTs can be expected to
exhibit the excellent strength, resistance, elastic, and isotropic properties [1]. These properties indicate that CNTs
can have broad application prospects in numerous areas. Among several techniques of CNTs synthesis available
today, chemical vapor deposition (CVD) is the most popular and widely used because of its low setup cost, high
production yield, and easiness of scale-up. In this connection, this paper considers the mechanism of the growth
and mass production of CNTs by CVD. In [2] it is shown that the catalyst and reaction temperatures are important
factors which affect the yield of CNTs.

Many efforts have been made for sulfur impregnation of various carbon matrixes, such as mesoporous
carbons, carbon fiber, carbon nanotubes, and graphene. Although sulfur is considered to be one of the promising
candidates for the next generation of lithium-ion and lithium/sulfur (Li/S) batteries because of its high specific
capacity (1672 mA - h/g) and an extremely low cost of 150 USD/t (at 40 USD/kg for LiCo0O,), there are several
challenging problems in realizing Li/S batteries. First, elemental sulfur is a very insulating material, and sulfur-
based cathodes require a large amount of conducting additives (usually more than 50 wt.%), such as conducting
polymer (e.g., polypyrrole (PPY) [3], cyclized polyacrylonitrile (PAN) [4], etc.) and conducting carbon materials
(e.g., acetylene black, carbon nanotubes, graphene, etc.).

Second, lithium polysulfides, i.e., reduced forms of sulfur, dissolve into an electrolyte solution, resulting
in a capacity decrease; therefore, the stabilization of polysulfides is necessary. So far, S/PAN composites show
relatively stable cycle life performance, even in LiPF¢/carbonate-based electrolyte solutions: it has been explained
that the nanoscopic (or subnanoscopic) presence of sulfur/polysulfides in cyclized PAN contributes to the
polysulfide stabilization. The S/PAN binary composites or S/PAN/conducting carbon ternary composites were
first suggested by Wang et al. [5].

! Al-Farabi Kazakh National University, Kazakhstan, 050040, Almaty, al-Farabi Ave., 71; ’Institute of Combustion
Problems, Kazakhstan, 050012, Almaty, Bogenbai Batyr Str., 172; 3Nazarbayev University, National Laboratory,
Kazakhstan, 010000, Astana, Kabanbay Batyr Ave., 53; email: tolganay.ol@mail.ru. Original article submitted
January 31, 2017.
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In the specific case of a Li/S cell, CNTs have at least four specific features that justify interest in them:
1) CNTs have a high surface area and a large surface to volume ratio. These materials can therefore be thought
to provide an ideal interconnected conductive scaffold to locate sulfur and its poorly conductive reduction
products in the cathode; ii) the CNTs microstructure may also be beneficial for kinetic trapping long-chain
lithium polysulfides (LiPS) in the cathode, which, without compromising an interfacial contact between active
materials and electrolyte, limits their dissolution and release into the electrolyte; iii) at the CNTs concentrations
above the percolation threshold, they create a mechanically strong scaffold in the cathode. The integration of
a polymer binder and sulfur creates a mechanically robust electrode which is able to accommodate periodic
volume expansion and contraction of sulfur that accompany its redox reaction with lithium; iv) with worldwide
efforts focused on economical processes for large-scale and cost-effective manufacture of CNTs, a variety of
CNTs is now available at modest prices of 0.10—25 USD/g. It is predicted that this cost could drop to as little
as 10-30 USD/kg within the next ten years when the production capacity is expected to reach hundreds of
thousands tons annually [6].

In this work, we pioneered the use of a shungite mineral (Taldykorgan, "Koksu") as a support material of a
catalyst for synthesis of multiwalled carbon nanotubes. Synthesized nanotubes were used as a composite material
for Li/S batteries. The resulting composite cathode demonstrated excellent electrochemical performance.

Experimental. Material preparation. Carbon nanotubes were grown by one-step CVD at the ambient
pressure. Figure 1 gives a brief illustration of our thermal catalytic CVD system. This system is based on a
modified Lindberg/BlueM furnace and consists of a quartz reaction tube with an inner diameter of 35 mm and a
length of 450 cm. The central part of the reactor (where the sample is kept) can maintain a stable temperature up to
1000°C. The temperature was measured by a chromel-alumel thermocouple. The growth process was performed
via the catalytic decomposition of a propane—butane gas mixture on a shungite substrate with a previously prepared
catalyst.

A high-purity propane—butane gas mixture was selected as a carbon source and a high-purity Ar, as an
inert gas. Nickel salt has obvious catalytic effect, so that nickel nitrate was chosen as a catalyst for the CNTs
preparation. Shungite with nickel nitrate were heated to 400—-500°C for optimizing the catalyst particles.

A typical growth procedure involves an initial preheating step in an argon atmosphere (80 ml/min).
The propane—butane gas mixture was then introduced into the gas stream for 30 min at a fixed flow rate
of 80-100 mL/min. The growth temperature was set at a fixed value for a given process (e.g., 800°C).
The procedure was completed with the cooling step in an inert atmosphere. In general, the synthesis was performed
over a wide range of temperatures from 650 to 800°C at atmospheric pressure. Figure 2 shows the catalyst in a
porcelain boat before and after the use of the CVD method of synthesis of carbon nanotubes.

Material characterization. The crystalline
phases of the composite were determined by
X-ray diffraction (XRD, D8 Discover; Bruker)
with CuK, radiation. A scanning electron
microscope (SEM) (Quanta 3D 2001 Dualsystem,
FEI) was used to examine the orientation and
length of CNTs produced. A micro-Raman
spectroscope NTegra Spectra (NT-MDT, Russia)
was employed to structurally characterize the
CNTs. A high-resolution transmission electron
microscope (HRTEM) (JEOL JEM-2100) was
used to image the morphology and structure of

Fig. 1. Schematic of the catalytic CVD setup using
a propane—butane mixture as a carbon feeding gas:
1) quartz tube; 2) furnace; 3) gas inlet; 4) gas outlet; content, the TGA analysis (SDT Q600) of the
5) porcelain boat; 6) CNTs; 7) catalysts. sample was conducted.

the material grown. To determine the carbon
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Fig. 2. Catalyst before (a) and after the CVD method use (b).

Electrochemical measurements. The SIMWCNT/PAN composite was prepared by mixing 80% S, 1%
MWCNTs, and 19% PAN. Then all materials were grounded in a mortar and heat-treated at 300°C for 3 h in
a tube furnace in argon to form a molecular-level composite. After heat treatment, the samples were weighted,
and the percentage of S was calculated to be equal to 42%. Then the composite cathode was prepared by mixing
80 wt.% S/MWCNT/PAN composite, 10 wt.% polyvinylidene fluoride (PVDF) (Kynar, HSV900) as a binder, and
10 wt.% acetylene black (MTI, 99.5% purity) conducting agent in 1-methyl-2 pyrrolidinone (NMP, Sigma-Aldrich,
>99.5% purity). The resultant slurry was spread uniformly on a carbon-coated aluminum foil, using a doctor blade,
and dried at 70°C in a vacuum oven for 24 h. The resulting cathode film was used to prepare cathodes by punching
circular disks 15 mm in diameter. The electrochemical performance of the SMWCNT/PAN composite cathode
was investigated, using coin type cells (CR2032) assembled in an argon-filled glovebox (MasterLab, MBraun),
with lithium metal discs as an anode, porous polypropylene membrane as a separator (Celgard 2400), and a 1M
lithium bis(trifluoromethanesulfony)imide (LiTFSI) as a liquid electrolyte. The electrodes were pressed in order
to decrease the thickness and thereby to achieve a good contact between the active materials. The assembled
coin cells were tested galvanostatically on a multichannel battery tester (Neware) versus the standard electrode
potential of Li'/Li. The applied currents and specific capacities were calculated on the basis of the weight W of S
in each cathode. All electrochemical measurements were performed at room temperature.

Results and Discussion. The results of X-ray diffraction of the shungite used as a support material for
catalyst particles in CNTs growth before the CVD process are shown in Fig. 3. The elemental composition of
the shungite is presented in Table 1. It can be seen from the X-ray diffraction data that the shungite contains
metals, such as Fe, Cr, Ca, Ni, Cu, K, Ti, Si, Mn, V, Zn, and Al. For CNTs synthesis, hydrogen is usually used as
a reducing agent, but in our case, a reducing agent is the carbon contained in the shungite [7].

The morphology of the shungite before the CVD process which is obtained by scanning electron microscopy
is shown in Fig. 4. From the SEM image of the shungite it is seen that the mineral is composed of dispersed
particles with diameters ranging from 1 to 20 um.

The main tool for optimizing catalytic active sites of the nickel catalyst at the shungite substrate, which was
used as a catalyst for growing CNTs, is the nickel reduction at 400-500°C. At these temperatures, the reaction of
decomposition of nickel nitrate followed by the reduction to nickel particles takes place as follows:

2(Ni(NO3), - 6H,0) 300°C 2NiO + 2NO, T + 0, T +12H,0,
2Ni(NO3), S00°C 2NiO + 4NO, + 0, T,
INIO+ C 200-400°C 2Ni + CO, 1.

It is seen from this reaction that the catalyst particles of nickel, which will contribute to CNTs growth on the
shungite substrate, were formed.

HNDXK. Tom 91, Ne 5 1367
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Fig. 3. X-ray diffraction pattern of the shungite.

TABLE 1. Elemental Composition of Shungite

Element ¢, % 1, au.
Fe 23.659 587.72
Cr 0.079 2.59
Ca 2.816 21.11
Ni 0.041 0.71
Cu 0.127 2.37
K 8.127 23.45
Ti 1.341 18.14
Si 50.816 5.25
Mn 0.127 2.92
Vv 0.342 8.89
7n 0.269 5.26
Al 12.256 0.40

The Raman spectral evolution of the sample obtained after the CVD process at 800°C by pyrolysis of a propane—
butane gas mixture is seen in Fig. 5. This figure shows three typical Raman spectra of nanotubes obtained under the
above growth conditions. The spectra contain three common Raman bands which are more typical for MWCNTs.
The G band has a shoulder at 1555 cm ™!, which is indicative of metallic CNTs. The D band has a very high intensity,
which points to the higher defectiveness of the carbon material. The /p//G ratio is equal to unity, which suggests
increased formation of disordered carbon material and a higher surface area of multiwalled carbon nanotubes. This
led to an increase in the specific capacity of the carbon nanotubes grown by one-step CVD at 800°C.

The surface morphology and structure of the MWCNTs imaged by TEM and SEM are presented in Fig. 6.
It shows the formation of MWCNTs on the shungite surface in the presence of Ni particles. It can also be seen
that MWCNTs stack irregularly, forming a highly porous structure. This porous MWCNTs network could serve
not only as a current collector for long-range electron transfer, but also as a macroporous robust matrix to aid in
electrolyte penetration and to prevent sulfur particles segregation [8]. It should be noted that the decomposition of
propane at higher temperatures leads to the deposition of additional carbonaceous compounds besides nanotubes.
These compounds are barely visible in Fig. 6b.

1368 HNDXK. Tom 91, Ne 5
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Fig. 4. SEM image of the shungite. Fig. 5. Intensity vs. the Raman shift.

2 um

Fig. 6. Images of MWCNTs obtained by SEM (a) and TEM (b).

X-ray diffraction (XRD) enables one to analyze products by the wavelength and element strength, so that
the elements in the product can be identified. Figure 7 is the XRD pattern of crude CNTs products. It can be seen
from this figure that the values of d for the diffraction peaks are identical to a pyrolytic graphite. Thus, if there
are nanotubes in the products, they must be CNTs. The sample contains a significant amount of nickel and silica.

Figure 8 shows the TG curve of the synthesized MWCNTs. It can be seen from this curve that in the range
650-700°C all carbon atoms were burnt. The sample obtained by CVD contains about 40 wt.% MWCNTs and
amorphous carbon.

The electrochemical performance of the S/MWCNT/PAN composite which was synthesized by using
MWCNTs obtained by CVD as a cathode material in Li/S batteries was further investigated by galvanostatic
discharge/charge tests, and the results are shown in Fig. 9. The figure gives the nondimensional voltage U where
the voltage is related to the standard electrode potential of Li'/Li equal to 3.05 V. There the first plateau at
about 2.4 is related to the formation of higher-order lithium polysulfides (Li,S,,, n > 4). which are soluble in a
liquid electrolyte. The next prolonged plateau around the value equal to two in the discharge profiles reflects the
subsequent electrochemical transition of the polysulfides to lithium sulfide LiyS,/Li,S.
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Fig. 7. X-ray diffraction pattern of MWCNTSs. The values of d are given in A.
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Fig. 8. TG curve of MWCNTs. Fig. 9. Discharge/charge profiles of lithium cells
with SSMWCNT/PAN composite at the C-rate 0.2 C.

As we can see in Fig. 9, the first plateau is short, and the system discharge capacity depends mainly on the
second one. Starting from the following cycle, this composite exhibited the typical Li/S potential profile features
associated with a reversible reaction of Li and S. The S/MWCNT/PAN composite delivers a high discharge
capacity of about 1500 mA - h - gfl. After fifty cycles the discharge capacity is decreased to 800 mA - h - gﬁl.

Conclusions. The CVD method was used for synthesizing multiwalled carbon nanotubes on a shungite
substrate. From the SEM and TEM images, as well as from the Raman shifts, it was confirmed that they were
synthesized successfully and had an interwined structure. The simple method based on the use of sulfur particles
and the above MWCNTs has been developed for fabricating a homogeneous S/MWCNT/PAN composite. This
synthesized composite has been tested as a cathode in rechargeable Li/S batteries. The S'MWCNT/PAN composite
was shown to exhibit excellent performance with a high initial capacity of up to 1500 mA - h - gf1 and a stabilized
capacity of 800 mA - h - g_1 after 50 cycles at a battery C-rate of 0.2 C. This could be attributed to a uniform
dispersion of sulfur with MWCNTs through the use of a simple heat treatment method and the resulting reduction
in the charge transfer impedance.

NOTATION

C, discharge capacity; ¢, concentration; d, lattice parameter; £, energy; /, intensity; 7, temperature; U, voltage, W, weight.
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