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ABSTRACT

CNT (10, 0) is carbon nanotube; Graphene is a 2-dimensional carbon allotrope being light weight and Chitosan is a linear polysaccharide. In
this work, detailed analysis of the above three stated compounds as anode for lithium-ion batteries is stated. The density function theory (DFT)
computations were used to carry out the investigation of the above stated compound as anode materials for the lithium-ion batteries. The
analysis shows that Graphene and Chitosan are highly favorable to be used as anodes materials for the lithium-ion batteries. The results show
that the Vcell of Graphene and Chitosan when they are used as an anode for lithium-ion batteries are extremely higher as compared to CNT

(10, 0) at 5.632 Volts, 4.719 Volts and 1.22 Volts, respectively.
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DFT Improvements in Carbon based nano-electrodes for Li ion batteries

1. INTRODUCTION

The Lithium-ion battery is a highly dense and rechargeable
electric battery that can be recharged multiple times during its
lifetime and the Lithium-ion battery works by lithium ions
transfer from the positive electrode called anode and towards
the negative electrode called cathode through charging and
discharging process again and again [1-3]. Before, numerous
research papers have been published on the topic of
effectiveness of different anode materials for the Lithium-ion
batteries [4-6].

Graphene has wild array of applications ranging from
Pharmaceuticals and energy storage to materials and semi-
conductor industries [7, 8]. The nanomaterials synthesized
from different sources, mainly carbon have been used to report
improved performance in batteries [9-11].

It is extremely important for development and large scale
commercial adoption of Lithium-Ion batteries that they have
extremely high energy density because are competing against
fossil fuels and they hold extremely high energy density [12-
17]. Improved performance was reported by using
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nanomaterials and Graphene as anode in the performance and
storage of batteries [18-23].

Furthermore, studies have been done showing that the
addition of Graphene in batteries results high capacity over
long runs and also high capacity retention [24]. The Graphene
is an amazing material and many studies have proved its
ability to improve batteries [25-28].

In this study, CNT (10, 0), Graphene and Chitosan were
selected as possible anode materials for the lithium-ion
batteries and studied through theoretical models in Gaussian
and Avogadro software.

2. DFT COMPUTATIONAL SIMULATION PACKAGE
SELECTION AND APPLICATION

First of all, Avogadro was used for Optimization of the
structures and then the structures of Graphene, Chitosan and
CNT (10, 0) were with Lithium formed a metal complex and
was geometrically optimized to a minimum by DFT/B3LYP
method and basis set was 6-31++G (d). Vibrational
Frequencies were calculated at the same level that the
optimized geometries are at true local minima.
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The reaction that are taking place in the positive and
negative electrodes of the Lithium-ion batteries with the
theoretical nanostructure of anode can be described as (The Li-
ion/Nanostructure <> Li-ion+ + electron—)for the positive
electrode and (Li-ion+ + electron— <> Li-ion) for the negative
electrode of the Li-ion battery. Also, the overall reaction at
both positive and negative electrodes of the Lithium-ion
battery can be written as (Li-ion++ L-ion/nanostructure <> Li-
ion+/nanostructure + Li-ion + AGcelll). For calculations of
the voltage produced by the battery (Vcell) we use the Nernst
equation .Vcell = —AGcell/zF, in this formula F is defined as

the Faraday constant and its value is taken as (96,500
C/mol)where z is the charge of Li-ion+ in the Li-ion battery.

3. RESULTS AND DISCUSSIONS

The Values of E.q of Lithium-ion on surface of Graphene,
Chitosan and Carbon Nano Tubes (10, 0) are given in table
1.The adsorption energies of Li-ion nanostructures that were
under observation negative, so Li-ion was stabilized on surface
of nanostructures that were under observation from the point
of view of energy.
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Figure 1. DFT structure of Li-ion complexes a) Graphene-Li b) Chitosan-Li ¢c) CNT (10, 0)

3.1
3.1.1 Ve comparison

Table 1. Adsorption energies are expressed in (E4q in kilo
calories per mole ), Highest occupied molecular orbital’s
energy (EHOMO in electron Volts), energy of Lowest
unopccupied molecular orbitals (ELUMO in electron
Volts)Gap energy of HOMO-LUMO Orbital (Eg in electron
Volts) and cell voltage (Vcell in Volts) of Li-ion on the
surface of observed carbon nano tubes CNT(10, 0) (The
values were obtained by DFT and B3LYP functional in
Gaussian software).

Structure Ead Ehomo Elumo Eq Veell
Graphene-li -0.4015 -4.0115 -1.2825 2.729 5.632
Chitosan-li -16.309 -2.9456 -0.8974 2.0482 4.719

CNT (10,0)-li  -21.00 -8.49 -3.37 5.12 1.22
Table 2. Comparable nanostructures [31]
C-Li-ion Nanostructures  Fad  Enomo Ewmo  Eg  Veen

Ceo-Li -15.82 -6.99 -2.86 4.13 0.71
Cp-Li -17.08 -7.22 -3.04 4.18 0.81
Ce0-NH2-Li -21.70 -7.37 -3.15 4.22 1.00
C72-NHz-Li -23.80 -7.55 -3.26 4.29 1.06
Ceo-Li" -31.50-10.45-5.69 4.76 ------
Cn-Li* -35.00 -10.82 -6.01 4.81 ------
Ce0-NH2-Li* -43.82-11.19-6.31 4.88 ---—---
C72-NH»-Li* -47.18 -11.57 -6.62 495 ------
CNT (8,0)-Li -18.34 -8.11 -3.34 4.77 1.10
CNT (10,0)-Li -21.00 -8.49 -3.37 5.12 1.22
CNT (8,0)-NHz-Li -24.64 -8.95 -3.47 548 1.25
CNT (10,0)-NH2-Li  -26.04 -9.23 -3.57 5.66 1.32
CNT (8,0)-Li* -42.56 -12.31 -6.12 6.19 ---—-—--
CNT (10,0)-Li* -47.88 -12.78 -6.56 6.22 ------
CNT (8,0)-NHz-Li* -52.36 -13.06-6.75 6.31 ------
CNT (10,0)-NHz-Li* -55.30-13.62-7.14 6.48 ------

The Table 1 shows all the calculated values of V.. of the
studied structure. Graphene and Chitosan have a very high Veer
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as compared to CNT (10, 0). The highest V. is that of
Graphene. The V. of Graphene, Chitosan and CNT (10, 0)
are 5.632 Volts, 4.719 Volts and 1.22 Volts respectively.
Graphene and Chitosan outperform CNT by a huge margin.
When we compare different nanaostructure from Table 1 and
Table 2, we can see easily that graphene and Chitosan have
almost double the V..;;as compared to CNTs.

3.1.2 E4q comparison

The calculated values of E,, are reported in Table 1. The Eug
of Graphene is least negative as compared to that of CNT (10,
0) and Chitosan. The absolute value of E,; of CNT (10, 0) is
higher than Chitosan and Graphene at -21 kcal/mol, -16.309
kcal/mol and -0.4015 kcal/mol respectively. The order of Eu
in terms of Absolute values is as follows: CNT (10, 0) >
Chitosan > Graphene.

3.1.3 E, comparison

From the calculated values of Egas shown in Table 1, the
homo-lumo band gap (E,) is the highest in CNT (10, 0) and
then after it Graphene has the highest gap and at last is
Chitosan.

The E, values of Graphene, Chitosan and CNT (10, 0)
complexes with Lithium-ion are 2.729 eV, 2.0482 ¢V and 5.12
eV respectively. In Table 1 and Table2, different nanostructure
is shown to have higher E, it means that Graphene and
Chitosan have better ability to lose and gain electron due to a
lower homo-lumo gap which also results in a higher voltage
potential of the cell.

3.2 Comparison of graphene and chitosan intermediate
geometries

From Figure 2(a) it can be clearly seen that Graphene
Lithium complex is extremely stable as compared to the
Chitosan as can be seen from Figure 2(b) which has more
turbulent movement of lithium in the Chitosan-Lithium
complex.
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Figure 2. Intermediate optimized geometry states of Graphene, 9 different transition states of graphene before achieving the most
optimized structure starting from top left 1 to bottom right 9. Pink is lithium, silver are carbon and white atoms are hydrogen
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Figure 3. Intermediate optimized geometry states of Chitosan, 35 different transition states of Chitosan starting from top left at 1
to bottom right at 35. Pink atom is Lithium, blue is nitrogen, white is hydrogen, red is oxygen

From Figure 4, this shows Graphene total energy in hartree
against the step number. The optimization of Graphene is
achieved in 9 steps. The energy decrease is also stable.

In Figure 5, there is a sudden spike in energy in step number
10, but it after step 10 starts to decrease again and optimization
is achieved in 35 steps.

From the Optimization steps and the intermediate
geometries shown in Figure 4 and Figure 2(a), it can be clearly
seen that the Graphene complex of Lithium at anode is
extremely stable. It means that Graphene is a very favorable
compound to be used as anode in Lithium-ion batteries.

In comparison to graphene and lithium complex, the
Chitosan and Lithium complex as shown From Figure 2(b) has
a lot of Geometrical intermediaries. It has 35 Geometrical
Intermediaries.
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Figures 4. Optimization vs. total energy plot for the
identification of total energy for Graphene
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Figure 5. Optimization vs. total energy plot for the
identification of total energy for Chitosan
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3.2.1 Battery modeling of graphene

A 2-D battery modeling of graphene was carried out using
Comsol- Multiphysics software. As graphene also has a 2-D
structure, which will help give accurate results.

The battery structure is shown in Figure 6(a) and 6(b), a
rectangular battery with extremely thin anode is shown in 6(a)
and 6(b), the thin anode represents graphene. LiPF6 was used
as electrolyte with EC and DMC used in ratio 1:2.

Current collector

~

Positive electrode

(porous)

Negative electrode /

(solid lithium metal)

- »
1.3 mm
Figure 6(a). The li-ion battery 2-D model
Time=2700 s Surface: Insertion particle concentration, surface (mol/m?)
T T T T T T T -

" L L 1 L L I

o 0.2 0.4 0.6 0.8 1 1.2

mm

Figure 6(b). Lithium concentration in the battery

3.2.2 Results of battery modeling

Figure 7(a) shows the li* ion concentration at anode at
electrode length of Imm and 0.55 mm. The closer we are at
anode, higher the concentration of li* ion. It shows the higher
attractiveness of graphene for lithium-ion.

The electrode potential and SOC are shown in Figure 7(b)
and (c) respectively. The electrode potential remains very
potential throughout the whole discharge cycle. The average
SOC increase as the time increases.
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Figure 7(a). Lithium concentration at positive electrode at
t=2700s
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Figure 7(b). Electric potential on boundary
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Figure 7(c). Average state of charge
3.3 CV and Capacity vs cycle no

In the figure 8(a), we can see Cyclic voltammetry of
Graphene at 6 continuous scan rates, from0.005 mV/s to 0.10
V/s. The simulation duration for this was from 2700s to 1s.
The currents are increasing with scan rate, but the cyclic
voltammety of Graphene have the exact qualitative “double-
peaked” visual aspect. The double peak can be explained by
the fact that the voltage range at the beginning is not enough
to drive the forward reaction of the reactant at anode, so we
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observe negligible current. As the voltage range increase, the
rate of reaction is also accelerated, so we observe increase in
current. After passage of some time we observe that the
reactant concentration is depleted as a result of the reaction at
the positive electrode surface. Then There is a change of rate-
determining process, so that the current essentially is
controlled by diffusion of the reactant which brings it up to the
surface, and thereby we observe it fall off again. We observe
the similar process, but in reverse, for the charge cycle in
which the product is again converted to the original reactant
as the voltage is brought back to the starting point.

Figure 8(b) and (c) show the specific capacity vs cycle no
and capacitance ratio, the capacitance ratio remains extremely
constant throughout the many charge/ discharge cycles [30,
31].

5.0m
4.0m
3.0m o
2.0m
— 1.0m o
z
- 0.0 4
=
S _1.0m
=
g -2-0m o 0.005 Vis
-3.0m 0.010 V/s
0.025 Vis
-4.0m o 0.05 V/s
-5.0m 4 0.075 Vis
0.10 Vis
=6.0m T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Figure 8 (a). Cyclic voltammetry of Graphene [32]
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Figure 8 (c). Specific capacitance vs cycle number of the
graphene /CNT composite fiber electrode

3.4 SEM, TEM and AFM images of Graphene nanolayer

Figure 9(a)-(c) shows TEM, AFM and SEM images of
graphene. Figure 9(c) is showing the image of graphene at 10
micrometer. We can see the site at which the 1i* ion will be
deposited at anode in the lithium-ion battery. Figure 9(a)
shows large holes in the graphene layer. During charging cycle,
the li* ion can easily de-intercalate from the anode, this will
lead to a stable structure and fast charging of the li* ion
batteries [32, 33].
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Figure 9(a). Graphene TEM images

Figure 9(c). SEM image of graphene nanosheets

4. CONCLUSION

In this Paper the Density function theory method was used
to calculate how complexes of Graphene and Chitosan as
anode materials for lithium batteries would affect the
performance of a lithium-ion battery. CNT (10, 0) was used as
reference. The results were extraordinary, Graphene Vcell
value was 5.632 Volts while that of Chitosan was 4.719 Volts,
it was huge compared with CNT (10, 0) value of 1.22 Volts.

Currently, Research is being carried out to make batteries
out of diverse range of carbon based nano materials to help
improve batteries performance [34-35].

It is imperative that more research be carried out using these
two as anode materials for lithium-ion batteries. We need to
keep working on better materials to improve the performance
of batteries and help the transition towards green, sustainable
energy technologies development.
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ABBREVIATIONS

DFT Density function theory

B3LYP Becke-3 Parameter Lee, Yang and Parr

CNT Carbon nanotube

HOMO Highest occupied molecular orbital

LUMO Lowest unoccupied molecular orbit

Eq The energy between HOMO-LUMO
orbitals

Ead Adsorption energy of the elections in Li-ion
battery

Veell Cell Voltage



