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Chapter

Computational Analysis of
Nanostructures for Li-Ion Batteries

Jameela Fatheema and Syed Rizwan

Abstract

Due to the energy crisis, the focus on the study of new materials has increased
vastly. For the increasing demand of renewable energy, there are different ways
suggested to attain that, which include the rechargeable batteries and the need
to achieve them at smaller costs and for longtime use. Lithium ion batteries have
gained a lot of attention for that specific reason. Along with the experiments, the
easier way to understand and increase the efficiency of these materials for LIBs is
to study them through simulations and theoretically. Density functional theory
(DFT)-based study gives us an insight into the internal workings of the compounds
used in lithium ion batteries (LIBs). In this chapter, an analysis of different struc-
tures is presented for use in LIBs, which mainly includes carbon nanostructures or
nanotubes as well as 2D material graphene. The various ways in which the carbon-
based structure is enhanced include doping into the structure, heterostructure of
graphene with other 2D materials, and adsorption of atoms like Si onto the surface.
The adsorption of Li on these various structures and the varying binding energies
and capacity with the changing structure along with the understanding at atomic
and nanoscale are mentioned.

Keywords: density functional theory, lithium ion battery, nanostructures, graphene,
nanocarbons, adsorption, doping, computational

1. Introduction

We live in a world where most of the daily tasks in our life are dependent on
energy like transport and communication over large distances. To satisfy the need
for energy we have various sources, some of which are wind energy, solar energy,
fossil fuel, nuclear energy, and so much more. For all of these, storage of energy ina
device is an important part for which we have several kinds depending on the usage
and need. Examples include capacitors, supercapacitors, batteries, fuel cells, fly-
wheel, etc. A battery consists of one or more electrochemical cells and is connected
externally to provide power to different appliances such as smartphones, electric
car, laptop, etc. the electrochemical cell provides with electrical energy from a
chemical reaction [1]. Now, batteries have two main types depending on the fact of
rechargeable and non-rechargeable as illustrated in Figure 1. Primary batteries are
nonrechargeable and provide electricity as soon as the connection is made with an
electrical device’s electrodes. Primary cell can only be used one time, and once they
are discharged, they cannot be charged again and are discarded. Some of the exam-
ples of primary batteries are Daniel cell, dry cell, zinc air battery, mercury battery,
etc. The usage of primary cell includes a wide range of devices like remote controls,
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pacemakers, toys, and clocks [1], whereas secondary battery is rechargeable and
needs to be charged first for providence of energy. Secondary batteries can be used
for longer time than primary cells, due to their recharging capability as they can go
from 100 to 1000 cycles of charge and discharge. There are numerous examples of
secondary batteries, which are magnesium ion battery, nickel zinc battery, sodium
ion battery, lithium ion battery, etc. [2]. Lithium ion battery has a higher amount of
importance in the industry for a number of reasons. The light weight of Li element,
that is, density = 0.53 g/cm3 and the highest electropositive nature in the periodic
table has helped in the arranging of battery with high energy density. Still, there are
many issues to be addressed for improving the performance [3, 4].

1.1 Lithium-ion battery (LIB)

Lithium-ion battery (LIB) is a type of rechargeable battery in which Li ion
moves during discharge from the negative electrode (cathode) to the positive
electrode (anode) and then during charging Li ions move back from the anode to
the cathode. There are four important components: anode, cathode, electrolyte, and
separator [3, 4, 7]. Separator has the main role of keeping the electrodes apart, and,
to allow the transport of only the charge carriers which in this case are lithium ions
[8, 9]. Electrolyte has an important role in the transport as well and is usually made
of lithium salts. Whereas, cathodes are made of lithium compounds like lithium
cobaltates and lithium phosphates, and anode materials are usually made of 2D
materials and their respective compounds. Figure 2 shows a schematic representa-
tion of LIBs. When a source is supplied for charging of LIB, Li ions travel from the
cathode through the electrolyte and separator to the anode and are intercalated into
the 2D material. After fully charged, the source can be removed and the discharging
starts in which the Li ions are desorbed from the anode and are transported back
to the cathode [10]. The 2D materials that are preferred are graphene and carbon-
based compounds because of their high conductivity and Li storage capability, not
only on defect-free sites but defective as well [9, 11].

1.2 Simulations for LIBS

For along time, the development and creation of new materials have been due
to the experimental procedures, which were based entirely upon the intuition and
judgment of the experimental researchers, depending upon the facilities as well as
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Figure 1.
Hlustration of (a) alkaline battery as an example of primary battery [5] and (b) general secondary battery [6].
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Discharge

Figure 2.
A schematic reperesentation of lithium ion battery [10].

the availability of compounds and materials needed for conduction of an experiment.
With the passing of time, we have developed computational techniques and codes for
investigation of different aspects of a material and how to improve those materials.
While the experimental methods are a complete hit in a dark room and waiting for
the results to turn out for the best, we can simulate different structures, materials and
compounds and alter them to our requirements and desire and then work on how

to perform an experiment to get those results. Another way to think is that, when

an experiment goes a specific way and we are unable to comprehend the reason, the
theoretical calculations and modeling can help us understand on nano and atomic
level about the hows and whys. Regarding the lithium ion batteries, there has been

a lot of work done to improve its working by studying different materials to be used
as a cathode along with studies for improvement of the anode and electrolyte. In this
chapter, a brief review of studies made theoretically on nanocarbons for lithium-ion
batteries is discussed.

2. Analysis of nanostructures

For the analysis of nanostructures, first, a brief general idea of the computational
methods is necessary. There are several computational codes and different theoretical
backgrounds that are used for these studies. The two main theories are potential-based
methods and density functional theory. Here, we will focus on the DFT-based studies
and the understanding of the electronic structure. Density functional theory (DFT) isa
quantum mechanical approach to the study of the properties of matter on a microscopic
basis that is most prevalent and effective [12]. The fundamental principle of DFT is
that the total energy of the system is an exclusive functional of the electron density as
given by Kohn-Sham equations [13]. The exchange-correlation potential that is intro-
duced into a system helps to calculate the values accurately for which there are several
formalisms, like local spin density approximation (LSDA) and generalized gradient
approximation (GGA) [14, 15]. Moreover, including the Hubbard potential increases
the accuracy of the system as it accounts for the columbic repulsions of the system [16].

The most important part is the simulation of a structure that will complement
the experimental procedures. Then, we proceed to see the movement of electrons
in these structures and analyze some of the important characteristics, like voltage
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profile, formation energy, density of states, and diffusion of lithium ion. Here, our
focus is on carbon-based compounds, which are mainly used as anodes in LIBs,
more specifically graphene structures. Following this the doping, adsorption,
heterostructures, cluster systems, composites, and other such possibilities used for
enhancement of anode materials are conversed.

2.1 Doping mechanisms

One of the important ways to improve the performance of a material is the dop-
ing process. Graphene and carbon nanostructures have been doped through vari-
ous procedures with different elements and studied for use in LIBs. For instance,
Yang et al. have done a study on doping of germanium in graphene sheets, result-
ing in germagraphene and proceeded with observing the adsorption of lithium on
different sites. The amount of Li adsorption is shown to be enhanced by doping
germanium [17].

Ullah et al. have reported a large capacity anode material for LIBs by doping
Be onto the graphene structure and studying the adsorption properties using the
SIESTA code [18]. They have simulated single vacancy beryllium doped and double
vacancy Be doped graphene structures and then proceeded to study the adsorption
of different amounts of Li atoms on top side of the surface as well as bottom side of
the surface (Figure 3). The doping of Beryllium makes it an electron-deficient sys-
tem and the adsorption energy goes to —2.53 eV/Li atom and the rise in the capacity
up to 2303.295 mAh/g for the LigBeC; structure. The reason for the huge capacitance
is that in mono vacancy structure and divacancy structure the Li atoms get attached
easily as the doping of Beryllium reduces the electrons and for divacancy the Li
adsorption amount is more than mono vacancy.

Proceeding with Be doping, Ullah et al. have done the dual doping of graphene
by modeling boron and beryllium, N and Be, and O and Be co-doped structures
[19]. Doping of N and O increases the n-type characteristic while doping of B is
for p-type characteristic. As Li is adsorbed onto the structures, it is indicated that
the BeB doped structure shows good adsorption as the adsorption is ~3.1 times
increased. The specification is that B addition increases the p-type nature of the

Eads=-2.27

Figure 3.
Li adsorption on Be-doped graphene (top view on left and side view on vight): (a) 2 Li atoms with up
orientation and (b) 2 Li atoms with down orientation [18].
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compound that already contains Be and C and hence the Li ion is adsorbed to the
dual doped graphene sheet.

A different morphology-based structure was studied recently, in which graphene
nanoribbons doped by B and undoped structures were simulated. The adsorption of
Li on both the structures was observed which indicated that the capacity increases
from 52 to 783 mAh/g when doped with B. The significance of this study is the fact
that boron doping in graphene nanoribbons is more effective than the doping into
pristine graphene structures [20].

The adsorption of lithium on undoped graphene and N or B doped graphene
was studied indicating that the energy of adsorption is highest for Boron-doped
graphene and lowest for Nitrogen-doped graphene [21]. The study was performed
using the nudged elastic band method and the concentration for doping of both
N and B was 12.5 at%, respectively, as shown in Figure 4. The conclusion was
that N-doped graphene has better diffusion and desorption qualities than that of
pristine graphene and boron doped graphene.

The doping of pyridinic and graphitic nitrogen in a double vacancy graphene
structure, that is, 5-8-5 graphene vacancy is studied and the different structures are
illustrated in Figure 5 [22]. The potential surfaces, adsorption of 1 Li, adsorption of
more than one lithium, and the diffusion of Li across the structure are investigated.
Kong et al. have suggested that 4 pyridinic N doped graphene has good adsorption
characteristic for Li as well as the diffusion, and hence it will be useful to synthesize
for use as anode in LIBs.

Another point of importance is the amount of nitrogen doping that will be suf-
ficient and what kind of doping will be useful, that is, the sites that are occupied by
nitrogen. Yang has studied the nitrogen doping extensively along with the presence
of defects and the adsorption of lithium on different structure shown in Figure 6
[23]. The structures include pristine graphene, single N doping, two nitrogen doped
at different sites, single nitrogen with single vacancy, and pyridinic structure with
single and double vacancy and pyrrolic structure with single and double vacancy.
On all these structures the electrical, magnetic, and adsorption properties are stud-
ied. The adsorption energy is more for the pristine graphene and single N doped
structure while the energy is in negative for all the structures containing vacancies.
Furthermore, the magnetic moment is shown to decrease with the adsorption of
Li atom by the formation of a bond between free electrons with the electron in Li.
Insert figure of structure.

Moreover, Watanabe et al. studied the upper limit for the nitrogen in carbon
materials both theoretically and experimentally [24]. In the experimental study,
they have concluded that with any increase in the carbonization temperature, the
limit for nitrogen content in N doped carbon structures is decreasing. Moreover,
the upper limits of N were found to be 14.32 and 21.66 wt% at 1000 and 900,

Figure 4.
Doped graphene structure (gray color atoms = C and blue color atoms = B or N) [21].
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Figures.

(a) Pure graphene, (b) top view of 5-8-5 divacancy graphene, (c) side view of 5-8-5 divacancy graphene, (d) single
graphitic N doped graphene, (¢) 3 graphitic N doped graphene, (f) 1 pyridinic N doped graphene, (g) 3 pyridinic
N doped graphene, and (h) 4 pyridinic N doped graphene [22].

Figure 6.

Top and side view of Li adsorbed structures: (a) pristine graphene, (b) single N doped graphene, (c—e) double
N doped graphene with diffent sites, (f) single N doped structure with single vacancy, (g—i) three nitrogen
doped and single vacancy graphene, (j) double N doped divacancy graphene, and (j) 4 N doped and single
vacancy structure [23].

respectively (Figure 7). Then they proceeded with studying the energetically
favored structures at 1000 by doping N into C structure. The results they found
were in close agreement with their experiment indicating that the existence of
doped N in these structures is graphitic.

Agrawal et al. studied nanocarbon balls and microcarbon balls with and without
nitrogen doping, both experimentally and theoretically [25]. Nitrogen doped porous
carbon balls had been synthesized in the micro and nano range using the hydrother-
mal synthesis. According to their work, the nitrogen doped compounds had more
electrical conductivity then undoped compounds. Their experimental results showed
a similar situation as the charging capacity of N doped structures is more than the
undoped micro and nano carbon balls. More recently, N and S co-doped graphene
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Figure 7.
Graphene structure with varying N/C vatio [24].

Figure 8.
Single vacancy graphene structures with (a) 3N, (b) 2 Nand 1S, (c) 2 Sand 1 N, and (d) 3 S doping [26].

structures were studied theoretically using VASP code [26]. 3N doped graphene,

2N and 1S doped graphene, 1 N and 2 S doped graphene, and 3 S doped graphene
structure were simulated with single vacancy site near the doped atoms as shown

in Figure 8. It was concluded that the bandgap goes from 0.4473 to 0.255 eV for

3N doped structure and 3S doped structure and that the N on the sited has a nega-
tive nature compared to s-doped structure which has a positive structure. With the
increasing amount of S atoms, the charge on s decreases and we can tune the proper-
ties of graphene from this co-doping for electronic devices like Li-ion batteries.

The theoretical study of Yun et al. on doping of sulfur in graphene nanosheets
is a good example of connecting the experiment with calculations and simulations
to understand the possibility of sites that are being occupied by a dopant [27]. They
have simulated three structures for doping of sulfur in graphene nanosheets as
demonstrated in Figure 9. Figure 9a is the adsorption of sulfur on the graphene
nanosheet, (b) is the substitution of sulfur in the graphene nanosheet, that is,
replacing a carbon, and (c) is the placement of S, in a divacancy defect graphene
nanosheet. The binding energies for adsorbed sulphur, substitutional sulfur, and
S, divacancy sulfur are 0.85, 7.25, and 4.89 eV, respectively, whereas the bulk sulfur
cohesive energy is 2.45 eV. They suggest that substitutional sulfur-doped structure
is most likely possibility and that the doping of sulfur contributes to the increase of
conductivity in sulfur-doped graphene nanosheet.
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Figure 9.
Structuve of (a) adsorbed S on graphene, (b) substitution of S in graphene, and (c) dimer S, on divacancy
graphene.

2.2 Adsorption and diffusion

Besides the other properties of graphene and carbon nanostructure, it is impor-
tant for LIBs that the extraction and reinsertion of lithium ion happen smoothly
and the resultant is a long-lasting battery. The ionic mobility is an important
characteristic; as the material capacitance and other properties improve, for the
use of a material as an anode, it is necessary to see the mechanism that is happening
in the structure. Adsorption plays an important role along with the doping of the
structure.

Zheng et al. provide insight, which shows that in interaction between positive Li
ion and graphene, Li ion favors the center of ring position [28]. Their study is based
on VASP code and GGA functional. Vacancy-induced structure is also discussed,
showing that the vacancy defects decrease the diffusion of positive lithium ion on
the surface of the structure. Furthermore, the mechanism of lithiation in pristine
graphene and defective graphene was studied by Vivek et al. [29]. They had con-
cluded that the adsorption of Li onto the pristine graphene surface is highly unlikely
whereas as the presence of the divacancy and Stone-Wales defects increases the
chances of lithiation. As the defects are created, the potential around the defec-
tive zone increases which in turn increases the capability of adsorption of Li onto
the surface as an adatom. The highest capacity (1675 mAh/g) is seen for the 25%
divacancy defect, whereas the highest possibility for Stone-Wales defect at 100%
~1100 mAh/g where the defective structures are shown in Figure 10. A further
insight is provided by Zhou et al. who claim that the divacancy defect is more
attractive to the Li than the SW defect [30].

The effect of defects generated in graphene on Li adsorption has been studied in
detail with different structure simulations [11, 31]. The formation of lithium clus-
ters on the single vacancy and divacancy defective site was studied by Chen et al.
[32]. They have shown the high amount of lithium storage in these defective sites.

Figure 10.
(a) Divacancy defect graohene structure and (b) Stone-Wales defect graphene structure [29].
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Mukherjee et al. studied the defective graphene experimentally and theoretically by
synthesizing the porous graphene network and simulating it in different divacancy

defect percentages [33]. They found their studies to be in agreement and that the Li

adsorption had increased around the divacancy defect sites as well as the increasing
divacancy defect percentage resulting in increasing lithium storage capacity [33].

The formation of lithium clusters on the (0 0 1) terminated surface suggested
that the binding energy is less than that of Li on Li metal [34]. Fan et al. also studied
the adsorption of single Li on to the pristine graphene structure and the different
possibilities when more than one Li was adsorbed onto the surface that results into a
cluster formation. The Li, is the most stable configuration; as the atoms were placed
farther apart, the energy also increases, which is unfavorable. Figure 11 shows the
four possible configurations in which Figure 8a is the visualization of the stable
state.

Modification of graphene to form zigzag edges is explored, which shows that the
zigzag edges offer sites for the adsorption of Li and increases the adsorption as com-
pared to pristine graphene or graphite [35, 36]. Furthermore, termination group
adsorption onto edge modified graphene and graphite structure was simulated and
then the diffusion of Li across these structures had been studied [37]. The termina-
tion groups included -O, -H and ~OH. Figure 9 shows the charge distribution on
the edge modified graphene structure along with the presence of the termination
groups on the edge-modified structure. The edge-modification increases the
diffusion of lithium across the structure as compared to the pristine graphene. In

@ | (b) -

4
b

Figure 11.
Structure of Li adsorbed on graphene (a) Li, adsorption, (b) single Li at short distance, (c) single Li at slightly
morve distance, and (d) single Li at the corners of the structure [34].
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the terminated structures, the -OH and -H termination decreases the diffusion as
compared to the oxygen terminated structure, and from Figure 12 we can see that
oxygen has the highest charge contribution.

Recently, Si clusters have gained the attention of both experimental and theo-
retical researchers for different applications. The capability of Si for high Li adsorp-
tion when combined with the stability of the graphene or carbon-based materials
increases the overall performance of silicon graphene composites [38, 39]. Hu et al.
studied the adsorption of Li on a defective graphene surface with silicon cluster
already adsorbed [40]. They had simulated various N-doped structures including
graphitic graphene, pyridinic graphene, and pyrrolic graphene. After that they
proceeded with the different possible configurations of Si adsorptions as shown in
Figure 13. Then, Sis adsorbed structure were observed with Li adsorption, where
Li forms bond with Si as along with C. Their study gives a detailed insight about
the adsorption of structures where the N-doped defective sites have an important
role. Si clusters move towards the defective site, where the volume expansion was
decreased because of the defects and makes the adsorption of Li easier.

Liou et al. studied the different configurations for adsorption of lithium into
a silicon graphene composite and concluded that in graphene silicon composite,
intercalation of lithium happening in the interlayer of these two is more stable than
the outside [41]. Furthermore, they proceeded with increasing the concentration
of graphene layers and silicon percentage and observed that the structures are more
stable with the increased concentration of Si [42]. This provides a good insight into
the use of Si-incorporated graphitic structures to be used as anodes in LIBs.

2D planar carbon known as popgraphene which is composed of a network of
5-8-5 C rings was shown to be a low energy structure by the bottom-up design [43].
It was reported as an excellent material based on its high adsorption capacity, low
diffusion barriers, and its metallic structure because of the attachment of CNTs.
Figure 14 shows the adsorption of 12 Li atoms on the popgraphene structure.

0.35

25x 107
035

-L31x 1
.35

-T.46x 10

Figure 12.
Charge distribution in edge modified structure: (a) graphene, (b) —H terminations, (c) -OH terminations, and
(d) —O terminations [37].
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Figure 13.
(a) Si, cluster adorption on graphitic graphene, (b) Si; cluster adsorption on graphitic graphene, and (c) Sis
cluster adorption on graphitic graphene [40].

2.3 Heterostructures of 2D compounds with graphene

The formation of heterostructures between carbon-based 2D material graphene
and other 2D materials has also been studied for anode applications specifically in
the LIB industry. 2D molybdenum oxide MoO, and graphene heterostructure were
studied using the VASP code with GGA [44]. It shows a high theoretical capacity
~1400 mAh/g and high energy density for lithiation and fast charge and discharge
rate. Rao et al. studied in detail the monolayer of C,N and the bilayer heterostruc-
ture of C,N/graphene [45]. Their results show that the diffusion coefficient for
the heterostructure was better than the monolayer after the diffusion of lithium,
whereas the capacity of monolayer was 220% the bilayered heterostructure.

The heterostructure of phosphorene and graphene was studied by Wang et al.
and showed that the Li intercalation into the phosphorene/graphene heterostruc-
ture is better than the pristine phosphorene and pristine graphene [46]. However,
there is a small band gap, which indicates the semimetal nature of the phosphorene/
graphene heterostructure. Blue phosphorene and graphene heterostructure also
shows a similar behavior and high theoretical capacity for lithium intercalation [47].
A bilayer hybrid structure of molybdenum sulfide 2D material with graphene was
studied by experimentation as well as simulation [48]. Their purpose was to pres-
ent a hybrid of these two compounds for lithium storage and concluded that their
experimentation is in agreement with the simulation.

11



Nanorods and Nanocomposites

Figure 14.
Top and side view of pop graphene sheet with Li adsorption (purple = Li atom and gray = C atom) [43].

A new two-dimensional family of transition metal compounds called MXene
and graphene heterostructure were simulated for lithium battery applications [49].
The study includes the intercalation of lithium into many different compounds
of MXene as well as MXene and graphene heterostructure in the presence of the
functional groups which are —O and —OH terminations attached to MXene as shown
in Figure 15. They have established that the stability of the compound is maintained
as the lattice parameter and interlayer separation remain almost the same after the
intercalation of Li.

2.4 Carbon-based structures for cathode

Mainly for cathode in LIBs, the compounds used are lithium-based salts,
phosphates, etc. Wang et al. have done an extensive study based on simulations as
well as experimentations and have proposed structures containing LiFePO, (LFP)
and carbon nanotubes (CNTs) [50]. Their DFT calculations provide a profound
understanding of the electrochemical processes. For the DFT study, the structure of
CNTs is attached at the (010) interface of LFP and the valence electron cloud charge
for the structure is shown in Figure 16. Pure LFP structure has less density of states
compared to the structure with CNTs, showing that the electrochemical activity of
LFP was enhanced by the attachment of CNTs.

Jiang et al. studied the composite of vanadium oxide with vertically aligned
CNT by the synthesis and characterization and then for the mechanism at atomic
level the structures were simulated as well [51]. They have simulated CNT, pure
vanadium oxide, and then the combination of these two with possible Li adsorption
sites as shown in Figure 17. They have concluded that the vanadium oxide inclusion

12
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bi-TinCO+Li bi-TipC(OH)+Li

di
Figure 15.

(a) and (b) Bi-layer MXene Ti,CT, with intercalated lithium adsorbed (c) and (d) MXene Ti,CT, and
graphene with intercalated lithium [49].

Figure 16.
(a) Front-view, (b) side-view, and (c) top-view, for compound interface of LFP and CNTs showing the
valence electron cloud distribution [50].

13
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(c) (d)

Figure 17.
Li adsorption on (a) CNT, (b) vanadium oxide, (c) and (d) composite of vanadium oxide on vertically
aligned CNT [51].

onto the vertically aligned CNT decreases the path for diffusion of Li and aids the
adsorption of Li.

Cui et al. presented the composite of orthorhombic MoOs; and graphene as a
cathode in LIBs with higher conductivity and adsorption of lithium. They studied
the structure in bulk form as well as the monolayer structure. They have established
that the Li charge and discharge rate have increased in the composite structure
along with the capacity of lithium [52].

3. Conclusion

In conclusion, we can say that the carbon nanostructures are of great impor-
tance for use in the LIBs especially as anodes. Nitrogen doping and the various
ways in which that is achieved showed very good results. The doping of C-based
structures with beryllium, boron, and the co-doping of nitrogen and sulfur gave
a different view on the possibilities. The adsorption mechanism of lithium was
discussed which gave us a theoretical viewpoint of the procedures that goes on
inside the LIBs. Also, the effect of defective sites in graphene structures as well as
doped graphene structures on Li adsorption shows that these enhance the lithia-
tion and de-lithiation of Li ion. The heterostructures of graphene with other 2D
materials show the many possibilities for experimentation to improve the anode
materials.
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