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We present the results from density functional theory calculations of the lithium
adsorption on various forms of boron- and nitrogen-doped graphene deriva-
tives. Encouraging results are noticed for the lithium adsorption on the boron-

doped graphyne model. The acetylenic linkage increases the lithium adsorption
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affinity but decreases the gravimetric densities marginally in bare, boron/ni-
trogen-doped graphene derivatives. From lithiation potential, gravimetric den-

sity, and specific capacity values, we notice boronated graphyne as a highly
suitable anode material for Li-ion batteries.

Introduction

Growing global energy demand requires the devel-
opment of high-efficiency energy storage systems
[1, 2]. Presently, electrochemical systems such as
batteries and supercapacitors are the reliable energy
storage systems due to their high specific energy,
high efficiency, and long life [3]. Commercially,
lithium-ion batteries made a renaissance in the
energy storage systems, as they offer several advan-
tages such as rechargeability, high energy density,
and longer lifespan [4]. To improve the performance
of lithium batteries, breakthroughs are constantly
accomplished through the improvement in electrode
and electrolyte components [5]. Traditionally, lithium
transition metal oxides (LiCoO,, LiNiO,, and
LiMg0O,), layered metal oxides (V,Os), and chalco-
genides (TiS;) are highly favorable for cathode
materials [6-10], while graphite and silicon are the
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widely used commercial anode materials in the bat-
tery technology [11]. However, both graphite and
silicon are not ideal anode materials since graphite
has a limited storage capacity of 372 mAh/g [12],
while silicon has the very limited cycle life [13].
Nevertheless, studies on low-dimensional materials
[14-16] such as graphene, carbon nanotubes, and
fullerenes have shown prospects for the use of
potential anode materials in lithium-ion batteries [17]
due to their large surface area and unique physical
and chemical properties. Transition metal-decorated
carbon materials [18, 19] are extensively used for the
efficient hydrogen and lithium storage due to the
presence of ionic site rather than the van der Waals
surface. However, the large cohesive energy of tran-
sition metals and their low interaction energy with
carbon cause transition metal clustering, which hin-
ders the storage efficiency [20-22]. Ever since its
discovery in 2004 [23], two-dimensional graphene has
found significant attraction in energy storage systems
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because of its excellent electrical and thermal con-
ductivity, high charge carrier mobility, two-dimen-
sional structure, and a broad electrochemical window
[24, 25]. The adsorption of lithium atoms on graphene
[26] is particularly important for various applications
such as hydrogen storage, Li-ion batteries, and
supercapacitors [27-30]. Besides graphene, there is a
more potential interest growing toward applying the
derivatives of graphene such as graphyne and
graphdiyne in the areas like lithium and hydrogen
storage [31, 32]. These allotropes contain a network of
sp and sp® hybridized carbon atoms and have the
same symmetry as graphene. For example, infinite 2D
periodic sheet of graphyne is formed via three C6
hexagonal rings interconnected by three acetylenic
units (-C=C-). However, in graphdiyne the three 6C
hexagonal rings are interconnected by six acetylenic
units (-C=C-), which makes it more stable than
graphyne. Further, the larger surface area and vari-
ous numbers of adsorption sites in addition to the
bigger cavities are the attractive features of graphyne
and graphdiyne than graphene, which offer a better
hope for lithium storage. Studies have shown that
both graphyne and graphdiyne can hold a large
amount of lithium atoms with considerably higher
specific capacities [31, 32]. Zhang et al. reported
based on the first-principles calculations of both in-
plane and out-of-plane diffusion of lithium atoms on
graphyne layers the efficient intercalation density of
LiC, [33]. Further, Chandra Shekar et al. [34]
observed the rattling motion of lithium ion through
the model compounds of graphyne and graphdiyne,
as the diffusion of Li" is barrierless. All the above
facts suggest that the graphyne and graphdiyne
could serve as a better lithium storage material.
Doping of carbon nanostructures with boron and
nitrogen atoms provides scope for improving the
lithium storage, due to their equivalent atomic size in
comparison with carbon. Earlier studies reported that
the boron [35, 36]- and nitrogen [37]-doped graphene
have higher lithium storage capability rather than its
bare counterpart, confirmed both experimentally [38]
and theoretically [39]. Likewise, Lu et al. [40] repor-
ted that boron-doped graphyne outperformed the
undoped graphyne for both Li and H, storage.
Besides, Ma et al. [37] explored N-doped graphene
nanosheets using first-principles calculations and
recommended using pyridinic N-doped graphene as
an anode material for lithium battery applications.
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The above studies suggest the significance of boron
and nitrogen atoms as dopants for lithium storage.

In the present study, the two-dimensional gra-
phene and its allotropes such as graphyne and
graphdiyne with varying acetylenic linkages (named
as G422 and G442) are considered, with a view to
characterize the maximum adsorption capacity of
lithium atoms. It is worth to mention here that the
influence of varying acetylenic chain length on the
lithium adsorption capacity in the model compounds
of graphyne and graphdiyne is yet to be investigated.
Furthermore, the effectiveness of trivalent boron
atoms and pentavalent nitrogen atoms as dopants in
the model compounds for improved lithium storage
is elucidated. On the whole, the results of the study
will be useful for using graphene derivatives as effi-
cient lithium storage materials and possibly alterna-
tive anode for lithium batteries.

Methodology

The two-dimensional graphene (24 carbon atoms)
and its derivative model compounds such as gra-
phyne and graphdiyne with varying acetylenic link-
ages (named as G422 and G442, where 422 and 442
represent the number of carbon atoms linking the
hexagonal rings in each of the three sides of the
structures) are studied with a focus on enhancing the
lithium adsorption capacity. Further, the graphene
and its derivatives are functionalized along its
unsaturated edges with 12 hydrogen atoms. Conse-
quently, the proposed structures possess varying
number of carbon atoms in graphene (Cp4Hy), gra-
phyne (Cy4Hy»), graphdiyne (CsoHjo), G442 (CagHyo),
and G422 (Cy6H;p). Graphdiyne consists of the high-
est number of carbon atoms. Among the five gra-
phene derivatives, G442 and G422 structures are
more attractive due to the nonsymmetric acetylenic
chain length along the three sides of the structure,
unlike graphyne and graphdiyne. Further, to enhance
lithium adsorption efficiency in graphene, graphyne,
graphdiyne, G422, and G442 structures, we have
doped the structures with trivalent boron atom and
pentavalent nitrogen atom in one of the sp® hybri-
dized carbon atoms of the hexagon site. Elemental
substitution of carbon is endothermic [39] and each
aromatic ring can be doped at the maximum of three
atoms, and here we prefer one dopant atom per
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Figure 1 Optimized
geometry of a graphene,

b graphyne, ¢ graphdiyne,

d G422, and e G442. Green
balls and blue balls represent
carbon and hydrogen atoms,
respectively.

(b)

(d)

aromatic ring. Thus, each hexagon ring of a structure
contains a dopant atom, and in total three dopant
atoms exist in a structure systematically. In the case
of graphene, a dopant atom substitutes a single car-
bon atom. Subsequently, we have a variety of carbon
structures to compare relative lithium adsorption
efficiency. On these carbon structures, lithium atom is
adsorbed sequentially increasing from 1 to 6 in order
to characterize its adsorption affinity. The maximum
number of lithium atoms adsorbed by a material
determines its adsorption affinity.

In order to give a numerical account of the stability
of the doped nanostructures, cohesive energy of the

(e)

boron- and nitrogen-doped graphene framework was
calculated by the following equation:

Ecoh = Ebare + nEdop - nEcaIbon - Ecomplexa (1)

where Ep,e is the energy of the bare structures (un-
doped), Eqop is the energy of an isolated doping atom
(boron or nitrogen), n represents the number of doping
atoms, Ecarbon is the energy of an isolated carbon atom,
and Ecomplex is the energy of the doped complex. Fur-
ther, the adsorption energy (E,q) of lithium atom on the
lithiated structure is defined as follows:

Ead = Eli—comp - (T’l Ey + Ebare )7 (2)
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Figure 2 Optimized
geometry of boron-doped
a graphene, b graphyne,

¢ graphdiyne, d G422, and
e G442. Maroon balls
represent boron atoms.

where Epare is the energy of bare structure in the
absence of lithium atoms, n is the number of lithium
atoms adsorbed, Ej; is the energy of an isolated
lithium atom, and Ejicomp is the energy of the lithi-
ated complex.

Further, to ascertain whether these carbon allo-
tropes are good anode materials for lithium batteries,
we have calculated the lithiation potential for
lithium-dispersed allotropes, specific capacity and
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weight percent of the lithiated complex, and the
adsorption energy of lithium atom. The lithiation
potential [31, 41] is determined by the following
relation:

_ —AE

V=—mo, (3)

where AE is the adsorption energy of lithium atoms
on graphene derivatives (given in eV) and z is the
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Figure 3 Optimized
geometry of nitrogen-doped
a graphene, b graphyne,

¢ graphdiyne, d G422, and
e G442. Dark blue balls
represent nitrogen atoms.
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number of lithium atoms adsorbed. The amount of
charge per unit weight that a battery electrode
material contains is often expressed using specific
capacity (mAh/g), which defines the storage capac-
ity, and is calculated by

CP = Wa (4)

where F is the Faraday constant (96,500 C/mol) and
W is the molecular mass of the lithiated complex. The

gravimetric density of the lithium atoms adsorbed is
calculated by

My

T E— 5
MLi + Msup port ( )

where My, is the mass of a single lithium atom and
Mgppor is the mass of the lithiated carbon
nanostructures.

The considered graphene derivatives, its corre-
sponding boron- and nitrogen-doped derivatives,
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Figure 4 Illustration of the measurement of pore radius by fitting
a sphere inside the cavity.

and lithium-adsorbed complexes were optimized at
®B97XD/6-311G** level of theory. ®B97XD [42] is a
long-range functional widely used in dispersion-
corrected DFT (DFT-D) method, while 6-311G** is
commonly used for physisorption in carbon nano-
materials [43] and the study of weak intermolecular
interactions [44-47], and is therefore well suited for
the present study. Frequency calculations are carried
out for all the structures to confirm their minima. All
the calculations are carried out using Gaussian 09
[48]. Energy decomposition analysis (EDA) is per-
formed using Amsterdam density functional theory
(ADF) package [49, 50].

Results and discussion
Pore radius

The optimized geometry of graphene, graphyne,
graphdiyne, G442, and G422 is displayed in Fig. 1,
while the boron- and nitrogen-doped graphene
derivatives are displayed in Figs. 2 and 3, respec-
tively. Cavity size or pore radius in the graphene
derivatives has a significant effect on the adsorption
properties [51] and hence is measured through the
maximum radius of the sphere that can fit into the
pore as illustrated in Fig. 4.

The measured pore radius of bare, boron-, and
nitrogen-doped carbon nanostructures are listed in

@ Springer

Table 1 Pore radius of bare, boron-, and nitrogen-doped struc-
tures of graphene and its derivatives

Structures  Pore radius (A)
Bare structures ~ Boron doped  Nitrogen doped
GR 1.14 1.16 1.13
GY 1.78 1.80 1.77
GDY 2.55 2.55 2.53
G442 1.95 1.95 1.93
G422 1.93 1.94 1.91

Table 1, wherein the graphdiyne possesses the max-
imum pore radius among the structures considered
due to the presence of more number of acetylenic
linkages. G442 and G422 structures follow graph-
diyne in pore radius order due to the decreasing
number of acetylenic linkages present in the struc-
ture. Graphyne and graphene take the last two
positions, respectively, in the pore radius order.

The pore radius order of the considered nanos-
tructures is as follows:

GDY > G442 > G422 > GY > GR.

Interestingly, on doping with boron the pore radius
of the nanostructures increases but decreases with
nitrogen doping possibly due to the large atomic
radius and the electronegative nature of the nitrogen
atom. In addition, the bond length of B-C bond
(ranges between 1.50 and 1.55 A) and the N-C bond
length (ranges between 1.37 and 1.42 A), which might
have influenced the pore size. This increase in cavity
size of the boron-doped carbon nanostructures will
aid in the facile passage of lithium atoms, which in
turn will enhance the adsorption affinity.

Cohesive energy

The stability of the boron- and nitrogen-doped sys-
tems is crucial for application purpose and hence is
assessed through the cohesive energy, calculated (for
a single boron and a single nitrogen atom) using Eq. 1
and listed in Table 2.

Generally, the large value of the cohesive energy
indicates the higher stability of the system. Hence-
forth, here the boron-doped nanostructures exhibit
higher magnitude (in the order of ~4 eV) of cohesive
energy compared to the nitrogen-doped structures,
which indicates that boron-doped derivatives are
more stable than their nitrogen counterparts.
Numerically, the cohesive energy of boron-doped
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derivatives is 1.7 eV greater than the nitrogen-doped
derivatives. Increased cohesive energy indicates the
greater structural stability; hence, the boron-doped
derivatives possess slightly higher stability than the
nitrogen-doped derivatives. Nevertheless, both boron

Table 2 Cohesive energy for a single boron and a single nitrogen
atom in graphene derivatives

Structures ~ Cohesive energy (eV)

Boron-doped complex  Nitrogen-doped complex

GR —4.88 -3.11
GY —4.52 —2.76
GDY —4.45 —2.83
G442 —4.54 —2.81
G422 —4.59 —2.81

and nitrogen doping are equally feasible, based on
their comparable cohesive energies.

The chemical nature of boron and nitrogen dopant
atoms in graphene and its derivatives strongly
influences its electronic properties [52]. The electronic
structures of boron- and nitrogen-doped graphene
derivatives are explored through total density of
states (TDOS) analysis and are compared with those
of the bare graphene derivatives. The TDOS plots for
the graphene derivatives are obtained using Multi-
win programs [53] and shown in Fig. 5.

From the figures, two short peaks appear in the
vicinity of the Fermi energy for both boron and
nitrogen doping in graphyne, graphdiyne, G442, and
G422 structures. Among them, the peak correspond-
ing to boron-doped structures shifts to the low-lying
LUMO region, whereas for the nitrogen-doped

Figure 5 TDOS plots for the (a)o.7 (b) 0.7
bare, boron-, and nitrogen- Graphene v 061 Graphyne
doped derivatives of ’ L
a graphene, b graphyne, g 0.5
¢ graphdiyne, d G442 and s 044
£ 02]
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= 014
; ; 0.0 : ; .
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Figure 6 Illustration of the adsorption sites such as cavity
position and the hexagonal position in graphyne.

structures, the peak shifts to the HOMO region. The
respective shifting of the peaks near the Fermi energy
toward LUMO and HOMO regions for boron and
nitrogen doping corresponds to the p-type and
n-type behavior of the material, respectively. In the
case of graphene, boron doping does not affect the
electronic properties, whereas nitrogen doping cau-
ses the n-type behavior of the graphene derivatives.
Thus, both the boron and nitrogen doping induce
p-type and n-type behavior of the material, respec-
tively, which in turn aids for enhanced adsorption.

Lithium adsorption energy

We have increased the concentration of lithium atom
on carbon nanostructures sequentially from 1 to 6
and optimized each case.

The adsorption of lithium on the graphene
derivatives occurs at two positions, namely at the
cavity position and above/below the hexagon ring of
the nanostructure as illustrated in Fig. 6.

It is important to note that the lithiation is per-
formed initially on the top, followed by the bottom
surface of the considered graphene derivatives.
Exclusively, in the boron-doped derivatives, up to
eight atoms are lithiated, whereas up to six atoms are
lithiated in nitrogen-doped derivatives, and their
optimized geometries are shown in Figs. 7 and 8§,
respectively. The adsorption energy of monolithium
atom on various adsorption sites such as cavity and
hexagonal sites on graphyne, graphdiyne, G422, and
G442 is given in Table 3.
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In graphyne, the maximum adsorption energy of
—1.72 eV is observed for lithium atom at cavity site,
indicating the highest affinity toward cavity site
rather than the hexagonal site. Likewise, the higher
affinity toward cavity site persists on both boron- and
nitrogen-doped graphene derivatives. The same
trend follows also in graphdiyne, G442, and G422
structures. Despite the above, a case of contradiction
is observed in GDY-B where hexagonal site shows
strong affinity toward Li atom than cavity site. This is
due to the larger magnitude of attractive energy
terms due to higher electrostatic potential in hexagon
site obtained from EDA (EDA Table S6 in supporting
information) and visualized in the MESP [54, 55]
(molecular electrostatic potential map in Fig. S1
supporting information). Overall, the cavity site is
having more affinity toward lithium adsorption due
to the reduced electron density region.

The binding energy of monolithium atom (Eq. 2)
among the five graphene derivatives is given in
Table S1, wherein we note that G442 offers higher
adsorption energy of —0.96 eV, while graphene offers
the least adsorption strength (—0.37 eV), which is
consistent with the binding energy of lithium atom
on graphene (0.13 eV) as calculated by Ferre-Vila-
plana [56]. However, doped graphene derivatives
show improved monolithium adsorption. Specifi-
cally, boron-doped structures like graphyne and
G422 show marginally higher monolithium binding
affinity. For systems with more than one lithium
atom, the adsorption energy of lithium is calculated
using Eq. 2 and is listed in supporting information
(SD) Table S1. The variation of the adsorption energy
of Li on the bare, boron-, and nitrogen-doped gra-
phene derivatives with respect to the change in the
number of lithium atoms is plotted in Fig. 9.

From this figure, the enhanced lithium adsorption is
observed for boron doping in graphene and all of its
derivatives. The reason behind this is that boron dop-
ing transforms the graphene derivatives to an electron-
deficient system, which increases the electronic con-
ductivity and subsequently enhances the adsorption
affinity. Likewise, the adsorption of lithium in nitro-
gen-doped graphene derivatives is improved com-
pared to bare graphene derivatives, although being
weaker in magnitude than the boron-doped deriva-
tives due to the electron-rich nature of the nitrogen
atoms. As a case of exception, bare G442 complex
shows better lithium adsorption efficiency than its
nitrogen counterpart. The increasing nature of the



J Mater Sci (2017) 52:815-831

¢

823

Figure 7 Optimized geometry of eight lithium atoms adsorbed on boron-doped a graphene, b graphyne, ¢ graphdiyne, d G422, e G442.

Orange balls represent lithium atoms.

adsorption energy curve is due to the cumulative effect
of the adsorption of the lithium atoms. However, we
speculate that the adsorption energy/Li curve will
saturate, when the maximum number of lithium atoms

fills up all the adsorption sites of the graphene
derivatives, and further addition of lithium atoms will
resultin strong Li-Li interaction rather with the carbon
surface. Further, on probing the adsorption curve
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Figure 8 Optimized
geometry of six lithium atoms
adsorbed on nitrogen-doped

a graphene, b graphyne,

¢ graphdiyne, d G422, and

e G442. Orange balls
represent lithium atoms.

Table 3 Adsorption energy of Li on various sites of monolithiated graphene derivatives

Structures  Adsorption site

Bare structure Boron doped Nitrogen doped

Cavity site (eV) Hexagonal site (eV) Cavity site (V) Hexagonal site (¢V) Cavity site (V) Hexagonal site (eV)

GY —-1.72 —-0.89 -3.57 -3.27 —-1.72 —1.03
GDY —1.45 —-0.94 —-2.82 —3.06 —1.96 —1.90
G422 —1.78 —0.85 —3.78 —-3.25 —2.63 —0.53
G442 —1.86 —0.96 —3.51 —-3.23 -2.19 —1.33
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Figure 9 Variation of
a b
adsorption energy of lithium ( ) 0 ‘iGraphene ( ) gl! .Graphyne
atom adsorbed on a graphene, L . 4% *e
b graphyne, ¢ graphdiyne, -2 ° ° s-.. 6 e :
) o~
d G442 and e G422 Al B e > 8 g
derivatives with respect to the \'_é -6 ° . E 'ig ° °
number of lithium atoms = ry ° =) :1 4l o 4
adsorbed. Black line indicates | ¢ o 16 .
bare graphene derivatives, blue -10 ° -18 | 1
line for nitrogen-doped and '121 2 3 4 5 6 7 8 -20 I 2 3 4 5 6 7 8
red line for boron-doped no. of lithium atoms no. of lithium atoms
derivatives.
0
(© 9§ Graphdiyne (d) J¢ Gam
® ° -4 L ®
4 ° ° o ° °
~ 67 ® o ® - -6 . °
Z 8t * S -8 o
\_; 10t ® ° L] 3 .10 () ]
2t . %12 .
M el ¢ = o-14 °
16 | ° -16 ®
-18 | ¢ -18 ®e
S S 20 e
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
no. of lithium atoms no. of lithium atoms
(e) 0 [Ga22
2t
-4 t : °
L (2
SR e e
2 ®
= 10t . .
T -127 °
=14 ®oa
-16 1 °
-18 1 ®
20—
12 ng. of ﬁthil?m a?oms7

trend for the boronated derivatives, the curve saturates
at four lithium atoms for graphene, whereas for the
other derivatives the curve increases monotonously.
This behavior of the curve indicates that the boronated
graphene can hold only four lithium atoms, whereas
the other structures can hold in excess of four lithium
atoms. Likewise, nitrogen-doped graphene deriva-
tives show better lithium adsorption affinity than bare
graphene sheets even though the number of lithium
atoms adsorbed is less compared to boron-doped
structures. Thus, the above observation strongly sup-
ports that the doping of boron and nitrogen increases
the lithium adsorption affinity in graphene and its
derivatives. In general, the structures possessing more
number of acetylenic linkages exhibits enhanced
lithiation energy.

Further, the adsorption heights of the lithium
atom on the lithiated complex are measured using
the distance between the lithium atoms and the
plane of the nanostructure and are listed in SI
Table S2. The adsorption height varies with respect
to the lithiation position on the nanostructure. The
maximum height is observed for lithiation on
hexagonal ring, whereas the least distance is at
cavity position due to the absence of electron den-
sity. Besides, the range of adsorption height varies
for each lithium atom, in which the adsorption
height increases for the nitrogen-doped derivatives
compared to the bare and boron-doped counter-
parts. Thus, similar to graphyne and graphdiyne,
G442 and G422 structures also exhibit enhanced
lithiation energy.
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Figure 10 Variation of
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Deformation energy

Furthermore, the lithiation on the model compounds
of the graphene derivatives leads to the deformation
of the structures and is calculated using the relation,
Edef = Ebare — Edistorted—Li; where Edef is the deformation
energy (eV), Epye is the energy of bare structure, and
Egistorted—Li 15 the energy of the distorted graphene
derivatives in the lithium-loaded structure.

The deformation energy is estimated as the differ-
ence in the energies of bare graphene derivatives and
that of the graphene derivatives in the lithiated
complex.

The variation of deformation energy with respect
to the number of lithium atoms adsorbed for the
considered doped derivatives is plotted in Fig. 10. As

@ Springer

no. of lithium atoms

the lithiation increases, both the bare and doped
derivatives exhibit significant corrugations. The
adsorption of lithium atoms leads to the structural
deformation of the graphyne and graphdiyne
derivatives in which the flat structure buckled in
order to accommodate more lithium atoms. Interest-
ingly, the boron-doped derivatives exhibit less
structural deformations compared to the bare and
nitrogen-doped derivatives, due to the presence of
electron-deficient center in the boron-doped struc-
tures. The less deformation and the stability of a
material are the deciding factors for the good anode
materials, and the less-corrugated boron-doped
counterparts offer a better hope for the anode mate-
rials. Finally, it is worth mentioning that the defor-
mation of carbon structures due to lithiation is
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systems are considered

Lithiation potential and specific capacity

To verify the potential of these carbon nanostructures
for the designation as an anode material for lithium
batteries, we calculated the lithiation potential (using
Eq. 3) and the specific capacities (using Eq. 4) for the
bare and doped graphene derivatives, listed in SI
Tables S3 and 54, respectively. The above-mentioned
parameters for the eight-atom lithiated boron-doped
derivatives are listed in SI Table S5. Graphical rep-
resentation of the variation of lithiation potential with
respect to the number of lithium atoms for bare
structures and boron- and nitrogen-doped structures
is shown in Fig. 11.

From Fig. 11, on increasing the number of lithium
atoms, the lithiation potential decreases gradually in
doped nanostructures. On the other hand, the range
of the lithiation potential is considerably enhanced in
boron doping, followed by nitrogen doping, when
comparing with the bare structures. Among the bare

structures, the six-atom lithiation potential is maxi-
mum for G442, which lies in the range of
0.964-1.493 V (on par with graphdiyne), and mini-
mum for graphene (0.365-0.905 V). In the case of
boron-doped derivatives, the improved lithiation
potential is observed for graphyne (3.269-2.185 V)
with eight lithium atoms, which is followed by G422/
B, G442/B, and finally graphdiyne. Similarly, G422/
N exhibits the improved lithiation potential of
2.634-1.685 V.

Generally, the lithiation potential of an anode
material is inversely correlated with the specific
capacity. That is, specific capacity increases with the
decrease of lithiation potential values [31, 41]. Here
the specific capacity curve (shown in Fig. 12) increa-
ses with respect to the number of lithium atoms in
both bare and doped graphene derivatives. It is noted
that the C,, values (Table S4) for both graphene and
graphyne are exactly the same (470.01 mAh/g), as
graphyne is an allotrope of graphene. Besides, the C,
values increase on boron doping and decrease on
nitrogen doping. Among all the graphene derivatives
possessing the acetylenic units, graphyne provides a
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Figure 12 Variation of specific capacity for a bare, b boron-, ¢ nitrogen-doped derivatives.

Table 4 Gravimetric density

(%) of six-atom lithiated bare Structures Gravimetric density (%) Structures Gravimetric density (%)
and nitrogen-doped derivatives (6 lithium atoms) (8 lithium atoms)
and eight-atom lithiated boron-
dopedgderivatives GR 12.30 GR/B 15.80

GY 10.16

GDY 12.30 GY/B 15.89

G442 10.79

G422 11.50 GDY/B 13.20

GR/N 12.09

GY/N 12.23 G442/B 13.99

GDY/N 10.02

G442/N 10.62 G422/B 14.88

G422/N 11.31

reasonable specific capacity of 470.01 mAh/g,
whereas the others exhibit lower specific capacity
values, and its boron counterpart exhibits 474.13
mAh/g for six-atom lithiation and 607.07 mAh/g for
the loading of eight lithium atoms. These values are
consistent with the specific capacity values of 623.4 and
788.4 mAh/g for graphyne and graphdiyne, respec-
tively, reported for 3 x 3 x 1 supercell [27] in spite of
being obtained from nonperiodic calculation. From the
lithiation potential and specific capacity values, it can

@ Springer

be demonstrated that the boron-doped graphyne,
G442, and G422 structures exhibit reasonable perfor-
mance as the anode material. Overall, the specific
capacity values obtained from our models are better
than that of graphite (364 mAh/g). If our model
nanostructures are made periodic and then lithiated,
the specific capacity will considerably improve.
Further, the gravimetric densities of the nanos-
tructures are explored to estimate the maximum
lithium adsorption capacity of the structure. The
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gravimetric density (wt%) is calculated using Eq. 5
and listed in Table 4.

The gravimetric uptake of the nanostructures
increases on boron doping, whereas it decreases with
nitrogen doping. Among various boronated gra-
phene model compounds, the boron-doped graphyne
has the maximum value of wt% ~ 15.89 for the eight-
atom lithiated complex and is also comparable with
boron-doped graphene due to the equal number of
carbon atoms. However, for the other model com-
pounds like graphdiyne, G442/B, and G422/B, the
slightly lower wt% values of 13.20, 13.99, and
14.88 %, respectively, are observed due to an increase
in the number of carbon atoms. From the above-
mentioned gravimetric densities, we see that boron-
doped graphyne is an efficient lithium storage
material and can possibly serve as a potential anode
material in batteries. It is also worth to mention here
that boronated graphene derivatives G442 /G422 with
varying acetylenic linkages can also be considered as
alternative materials for efficient lithium storage.

Conclusion

In summary, the adsorption affinity for lithium is
considerably higher in the graphene derivatives such
as graphyne and graphdiyne than graphene. The
varying number of acetylenic linkages exhibits
improved lithium adsorption efficiency. Interest-
ingly, on doping the electron-deficient boron atom,
the adsorption affinity of lithium on the graphene
derivatives increases, with less structural corruga-
tions. From the lithiation potential and specific
capacity values, it can be demonstrated that the
boron-doped graphyne serves as a better anode
material for lithium batteries. Moreover, structures
with varying acetylenic units serve as a better alter-
native for both graphyne and graphdiyne.
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