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Structural and electrochemical properties
of lithiated conical carbon nanotubes as anode
materials for lithium ion accumulating systems

Interaction of conical carbon nanotubes with lithium during
their electrochemical treatment was studied by galvano-
static measurements. The presence of reversible and irre-
versible reactions during the Li insertion into conical car-
bon nanotubes was established. The structural changes
occurring in the conical walls of the conical carbon nano-
tubes in consequence of the lithium intercalation were in-
vestigated by using X-ray diffraction. The results obtained
show that the lithiation of conical carbon nanotubes is par-
tially reversible and leads to a change in the diffraction
peak profile (20 = 26°) corresponding to the interplanar dis-
tance in conical carbon nanotubes. Such changes are asso-
ciated with the lithium insertion into the interplanar spaces
of conical carbon nanotubes.
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1. Introduction

At the present time intense investigations are being carried
out aimed on the development of new generation of Li ion
batteries with high energy capacity and life time [1-3].
The search for new anode and cathode materials leading to
improved electrochemical properties and economical
lithium ion batteries is an ongoing pursuit. Most commer-
cially available lithium batteries have LiCoO, as the cath-
ode material [4, 5]. Since the cobalt oxide cathode is expen-
sive and toxic, a variety of other materials [6] are being
extensively studied as possible replacements to make
lithium ion batteries environmentally benign and cost effec-
tive. In spite of the fact that strong attention is devoted to
the investigation of cathode materials, it is difficult to ex-
pect a breakthrough in this field without a comprehensive
approach based on the development of new materials for
the anode of Li accumulators [7, 8]. The energy capacity
of accumulating systems based on the use of lithium or so-
dium as the “working ion” is determined by the amount of
lithium ions which are able to move reversibly between
cathode and anode in the process of charging/discharging
of Li-ion batteries. Along with high content of lithium in
the cathode material, the high effective surface of the anode

Int. J. Mater. Res. (formerly Z. Metallkd.) 110 (2019) 10

material is crucial for Li-ion batteries. It requires new mate-
rials with high absorption capacity and reversible properties
in relation to the Li ions. Of all the family of anode materi-
als studied, carbon-based anodes [9—11] are considered
leading candidates due to their low working voltage with
respect to lithium, high coulombic efficiency, ease in pre-
paration in various forms, and low environmental impact.
Traditionally, graphite is commonly used as an anode
material for Li-ion batteries [12, 13]. However, the capacity
of Li-ion batteries based on graphite as an anode material is
limited, since the intercalation of lithium into graphite in-
volves one lithium atom per six carbon atoms, i.e., LiC6,
leading to a theoretical specific capacity of 372 mA h g™!
and an observed capacity of 280-330 mA h g~!, depending
on the type of graphite used [14]. Carbon nanotubes
(CNTs), an allotrope of graphite, have been reported to
show much improved lithium capacity compared to gra-
phite due to their unique structures and properties. Multi-
walled carbon nanotubes (MWCNTSs) consisting of con-
centric graphite spheres with interlayer distance of 0.34
nanometers and lengths of tens of micrometers are consid-
ered as a medium similar to graphite from the point of view
of Li intercalation but with essentially higher effective sur-
face area [15, 16]. Indeed, the high effective surface area
of MWCNTs both external and internal ones gives the pos-
sibility to absorb a high amount of Li. At the same time,
the micrometer lengths can essentially impede the filling
of internal space of carbon nanotubes by Li ions. This ex-
plains, in particular, the results where the lithium absorp-
tion was increased by the shortening of multiwalled carbon
nanotubes by means of ball milling [17]. In this connection,
great attention is given to conical carbon nanotubes
(cCNTs) [18]. A characteristic feature of cCNTs is that
their walls consist of single graphite planes forming the ar-
ray of conical segments with open ends and hundred of nan-
ometers in length [19, 20]. Thus, there is the possibility of
adsorption of light elements by the surface of carbon nano-
tubes, as well as the possibility of their intercalation into
the interplanar space of conical segments [21]. A recent pa-
per reported on the synthesis of cCNTs decorated with sili-
con by magnetron sputtering. The prototypes obtained were
used as an anode of a lithium ion battery without the use of
binding conductive additives and showed a high effective
capacity of about 2000 mAh per gram of active substance
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[22]. Therefore, conical carbon nanotubes seem to be a
good candidate for anodes of lithium-ion batteries.

The purpose of this work was to study the process of
electrochemical lithium intercalation into the cCNTs and
to investigate structural properties of the material at differ-
ent lithiation states.

2. Experimental procedure

The approach realized in this paper is based on the develop-
ment and investigation of anode electrode material consist-
ing of conical CNTs grown directly on metallic nickel
plate. This approach does not need any binders or other ad-
ditional substances to fabricate the anode electrode. cCNTs
were grown on specially treated Ni plates by thermal chem-
ical vapor deposition (CVD). In these experiments granular
polyethylene was pyrolysed at suitable temperatures and
the products then passed over a nickel catalyst using helium
as a buffer gas. The catalyst used was a nickel plate located
inside a quartz reactor. The most representative conditions
were as follows: total pressure 4-5 atm., reaction tempera-
tures ranging from 500-600 °C, reaction time 15-20 min.
The average surface loading of cCNT was about 1.6 mg
cm (one side covering). These nanotubes (Fig. 1) are sev-
eral microns in length, with outer diameters ranging be-
tween 40 and 50 nm and inner channels varying between 9
and 20 nm. The fringe spacing is 0.34 nm. A characteristic
feature of these tubes is their conical structure formed by
the open graphite planes.

Electrochemical lithium insertion/deinsertion was per-
formed in coin-type cells (CR2032, Honsen Corp., Japan),
which were assembled with the nickel plate covered with
conical CNT as anode and a metallic lithium foil as cathode
and reference electrode. The electrolyte used was a 1 M so-
lution of lithium hexafluorophosphate (LiPFs) in a
1:1 mixture of EC (ethylene carbonate) and DMC (di-
methyl carbonate). A glass microfiber separator (Whatman,
thickness of 420 pm), wetted with the electrolyte, was sand-
wiched between the anode and Li metal foil. All the opera-
tions for assembling the electrochemical cell were carried
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Fig. 1. (a) TEM image [19], and (b) schematic view of a fragment of
conical carbon nanotube.
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out in an argon filled glove-box (MBraun, Germany). The
cells were investigated at ambient temperature by galvano-
static cycling using a VSP (Biologic, France) multichannel
generator. The initial discharge (lithium insertion) test was
carried out at constant current 0.4 mA down to a potential
of 0.005 V vs. Li. The subsequent charge test (lithium dein-
sertion) started at a constant current of 0.4 mA and lasted
until the potential reached 2 V. The cycles were repeated
50 times. The final sweep was ended at potential of
0.005 V (fully lithiated) or 2 V (totally delithiated). Then,
the cell was disassembled in the glove-box. The substrate
was washed with DMC and subjected to X-ray diffraction
(XRD) analysis.

X-ray diffraction experiments on initial (non-treated elec-
trochemically) and lithiated/delithiated samples were car-
ried out using a DRON-7 diffractometer in the Bragg—Bren-
tano geometry (6-26) with Cu-K,, radiation (B-filter mode,
40 kV/20 mA). Nickel foil annealed in a hydrogen atmo-
sphere was used to calibrate the instrumental function. The
diffraction pattern was scanned three times in the range of
angles from 5° to 45° with increments of 0.02°. The three
measurements’ data were summed. The range of angles
was chosen to capture the reflections of graphite (002) at
20 =26" and nickel (111) at 20 =44°. This peak of Ni
(111) was used as the internal standard (lattice distance was
equal to 3.5238 A). The peak position of graphite (002)
was determined comparatively to that of Ni (111). XRD
line-profile analysis was based on the approach developed
in Rietveld method [23]. As it was expected that the lithium
intercalation would create certain crystal imperfections and
microstrains in conical segments of carbon nanotubes, the
determination of crystal size and microstrain values was car-
ried out in the frame of single-line method [23, 24] where
the diffraction line is described as a combination of a Gaus-
sian and a Lorentzian components corresponding to the mi-
crostrain and finite crystalline size contributions, respec-
tively. Spectrum processing was performed using the
MAUD (materials analysis using diffraction) program
v2.33 [25].

3. Results and discussion

Typical lithium charging/discharging curves are shown in
Fig. 2. The results show that intercalation/deintercalation of
lithium ions on cCNTs in the 2" and subsequent cycles is re-
versible. However, the applied potential is insufficient for
the entire Li deintercalation from conical carbon nanotubes.
The reversible capacity (C,,) can be defined as the first
charge capacity while the irreversible capacity (Cy,) is de-
fined as the difference between the first discharge and charge
capacities. As one can see, the initial potential for the conical
CNTs decreased rapidly and formed a plateau at 0.75 V
when a current was applied to insert Li in the first discharge.
The phenomenon was observed only in the first discharge
process and seems to be associated with the reduction reac-
tion of the surface groups of cCNTs with Li ions and forma-
tion of solid electrolyte interface (SEI) layer [26].
Differential capacity (dQ/dV) vs. potential curves drawn
using the data in Fig. 2 are presented in Fig. 3. The first dis-
charge derivative curve showed a peak corresponding to in-
sertion of Li ions, but no peak was observed in the second
discharge derivative curves. The peak appeared in the first
discharge derivative curve, corresponding to the voltage
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plateau in the discharge curve, is due presumably to an irre-
versible reaction in the Li insertion into cCNTs [27, 28]. In
the first discharge, the decomposition of electrolyte and
the formation of solid electrolyte interface on the surface
of cCNTs result in the large C,, in carbon nanotubes [26,
29, 30].

The X-ray diffraction spectra for the initial, lithiated and
delithiated samples are shown in Figs. 4, 5 and 6, respec-
tively. As one can see, a distinct diffraction peak which is
characterized by broad wings is observed for all investi-
gated samples around 20 = 26°. This indicates that the ob-
served X-ray diffraction line consists of the narrow and
broad patterns which both are associated with diffraction
of the 002 hexagonal graphite planes. It is known that the
process of carbon nanotube synthesis by means of CVD
technique is always accompanied by the formation of a cer-
tain amount of graphite species (see, for example [31]).

To describe the peak profile, its approximating curve was
divided into constituent parts. It was determined that the use
of two components is sufficient for a thorough description
of the profile (the calculated lines 5 and 6 which are indi-
cated as Graphite 1 and Graphite 2). Comparing the table
data for the crystal structure of graphite [32] and the lattice
parameters of Graphite 1 (Table 1), allowed us to ascribe
the Graphite 1 to the graphite species and Graphite 2 to car-
bon nanotubes. In addition, the narrow diffraction line of
Graphite 1 indicates that this phase is better crystallized,
that is typical for the graphite rather than carbon nanotubes.
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Fig. 2. Typical charge/discharge curves of a prototype electrode based
on nickel plates and conical carbon nanotubes grown on its surface
layers.

This can be seen from the dimensions of crystallite sizes
(cryst. size) specified in Table 2.

The XRD patterns of the lithiated and delithiated nano-
tubes show both the Bragg peaks of the initial conical carbon
nanotubes and a new set of reflections. It follows from the
analysis that these reflections correspond to lithium carbo-
nate Li,COj. Indeed, the solid electrolyte interface is formed
as the result of electrochemical reduction of electrolyte on
the surface of negative carbon electrode. While the SEI has
been reported to be a complex mixture of compounds, it con-
tains mainly lithium carbonate (Li,COs) and the metallor-
ganic compounds: lithium ethylene dicarbonate (CH,OCO,.
Li), and lithium alkyl carbonates (ROCO,Li) [33].

The quantitative ratios of obtained phases and crystallite-
size values for the samples studied are presented in Table 2.
As can be seen, the electrochemical delitiation process
leads to the decreasing of the Li,COj5 phase with the simul-
taneous rise of the graphite and carbon nanotube compo-
nents that can be connected with the Li,CO5; decomposition
in the electrochemical delithiation process. It was recently
reported that Li,COj5 can be electrochemically decomposed
to Li,O and CO, in the presence of NiO [34].

It was found that the electrochemical lithium intercala-
tion into the conical carbon nanotubes leads to change in
the diffraction peak profile (20 = 26°) corresponding to the
interplanar distance in the cCNTs. As can be seen from Ta-
ble 1 the lithiation increases the cell length (c), which indi-
cates the structural changes occurring in the conical seg-
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Fig. 3. Differential capacity (dQ/dV) vs. potential curves of the first
discharge/charge and the second discharge curves.

Table 1. Structural properties of initial, lithiated and delithiated cCNTs.

Sample Graphitel Graphite2
cell length (¢) (A) microstrain (%) cell length (¢) (A) microstrain (%)
Initial 6.817 = 0.005 241+0.15 7.016 = 0.005 0.856 +0.15
Lithiated 6.828 + 0.005 2.55+0.15 7.231 £ 0.005 1.55+£0.15
Delithiated 6.821 = 0.005 242 +£0.15 7.135 £ 0.005 0.97 £0.15
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ments of carbon nanotubes caused by the intercalation of
lithium into the interplanar space of conical CNTs. It is in-
teresting to note that after delithiation the cell parameter de-
creases but is still large in comparison with the initial sam-
ple. This may indicate that microstrains are accumulated in
the sample during lithiation/delithiation. This is evidenced
by the fact that the microstrains increased almost by 2 times
in the lithiated conical carbon nanotubes compared with the
initial samples.

4. Conclusions

Among various types of carbon nanotubes much attention is
drawn to conical CNTs. A characteristic feature of this type
of CNTs is that their walls are constituted from conical seg-
ments with open edges. Such opened structure of cCNTs
can help to improve the capacity and electrical transport in
CNT-based Li ion batteries. Conical CNTs were synthe-
sized directly on metallic nickel plate by thermal CVD.
The investigation of electrochemical interaction of lithium
with conical CNTs was performed. The results show that
the discharge/charge curve (intercalation/deintercalation of
lithium ions) of conical carbon nanotubes is reversible. At
the same time, the applied potential is insufficient for Li en-
tire deintercalation corresponding to the presence of rever-
sible and irreversible reactions during the Li insertion into
conical carbon nanotubes. The X-ray diffraction method re-
vealed that the electrochemical lithiation leads to a change
in the diffraction peak (20 = 26°) profile corresponding to
the interplanar distance in the CNTs. It is also found that
the microstrains in conical segments of carbon tubes in-
creased significantly after lithiation. Such changes were
associated with the lithium insertion into the interplanar
spaces of conical CNTs. Furthermore, the delithiation led
to a decrease in the interplanar distance, however, the cell
length (c) did not return to its initial value. This indicates
that microstrains are accumulating in the samples investi-
gated during lithiation/delithiation processes.

Table 2. Composition and crystallite-size values of initial,

lithiated and delithiated cCNTs.

Sample atom % cryst. size (A)

Initial

Nickel 0.0868 5172.71
Graphite 1 0.2203 1388.23
Graphite 2 0.6929 10.6919
Lithiated

Nickel 0.1026 6620.38
Graphite 1 0.1683 1421.89
Graphite 2 0.4100 19.03

Li,CO4 0.3191 220.46
Delithiated

Nickel 0.0612 6045.12
Graphite 1 0.2086 1408.30
Graphite 2 0.5581 12.86

Li,CO; 0.1721 198.62
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Fig. 4. X-ray diffraction pattern of the initial sample of conical CNTs.
The lower part of the figure shows the spectra of the experimental line
components.
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Fig. 5. X-ray diffraction pattern of the lithiated sample of conical
CNTs. The lower part of the figure shows the spectra of the experimen-
tal line components.
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Fig. 6. X-ray diffraction pattern of the delithiated sample of conical
CNTs. The lower part of the figure shows the spectra of the experimen-
tal line components.
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