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Exploring high-energy and mechanically robust
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lithium-ion batteries: a first-principles study+
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In this study, the adsorption of Li atoms on various types of doped graphene with substituents, including

boron, nitrogen, sulfur and silicon atoms, has been theoretically investigated by first-principles
calculations, based on the density functional theory. We discovered that the boron-doped graphene had
a greatly enhanced Li-binding energy than those of graphene with other doped atoms as well as pristine

graphene, which is helpful in preventing the Li atoms from clustering during charging. The Li atom

preferred to be close to the doped B or Si atom, but farther away from the substituted N and S atoms,
with different stable adsorption sites. This demonstrated the different chemical interactions between the
Li atoms and the distinct dopants in graphene, which was confirmed by the electron density and charge
transfer analysis. However, it was found that the introduction of dopant atoms in-plane with graphene

reduced the mechanical strength of the graphene anode throughout the uniaxial tension simulations.
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Lastly, the effect of strain on the adsorption energy of the Li atoms on doped graphene was studied, and

the results illustrated that tensile strain enhances the interactions between the Li atoms and the
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1. Introduction

With the increasing demand for high-energy-density lithium-
ion batteries (LIBs), the discovery of next-generation anode
materials with high capacity’ and safety robustness>* has
become a heated topic. In the meantime, fast-charging LIBs are
in urgent demand, particularly in the rapidly growing field of
electric vehicles (EVs). A large number of new anode materials
with high specific capacity are being investigated to improve the
performance of LIBs, e.g. graphene nanosheets,*’ silicon,®
metal alloy,” and transition metal oxide.® However, during the
lithiation and delithiation processes, large volume variations
occur in bulk anode materials with a high specific capacity,
which triggers the mechanical failure of these anode materials
and thus deteriorates the cycling lifetime of LIBs.

Graphene is an attractive two-dimensional (2D) material
with good mechanical,’ electronic'® and thermal properties.'*
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graphene anode. These results provide theoretical guidance for the discovery and fabrication of high-
energy-density anode materials with desired mechanical properties.

Since it is a monolayer of graphite, it has been considered as
a candidate anode material for LIBs due to its high surface-to-
volume ratio. LIBs with graphene nanosheet anodes have
shown good performance with a specific capacity between 460-
540 mA h g~',*° which is higher than the capacity of the
commercial graphite anode (372 mA h g~'). Many theoretical
and experimental studies about utilizing dopants,*** defects,**
and grain boundaries® in graphene to enhance the binding of
Li atoms as well as improve the specific capacity, have been
reported. Doped graphene can be obtained liberally by
employing chemical vapor deposition (CVD) or the thermal
treatment of graphene oxide. The common dopant atoms used
in graphene are boron (B), nitrogen (N), sulfur (S), and silicon
(Si). Experimentally, B-doped graphene was found to have
a specific capacity of 1549 mA h g ' at a low rate of
50 mA g~ !¢ and the theoretical capacity was 2271 mA h g™ *
for forming the LigBCs structure,"” while the capacity of LIBs
that consisted of N-doped graphene was found to be
1043 mA h g~' at the same charging and discharging condi-
tions.”> In the theoretical calculations, a capacity of
1087 mA h g~ was obtained when nitrogen was the substituted
atom in pristine graphene, while it was 1262 mA h g * when N
atoms were doped in graphene with single vacancy defect.'®
Another common dopant used in graphene layers is sulfur,
which opens the band gap of graphene.' The specific capacity
of the S-doped graphene anode was two times higher than that
of the pristine graphene anode at different current densities.*

This journal is © The Royal Society of Chemistry 2020
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However, the oxygen dopant should also be paid attention
because the anode is prepared from graphene oxide. Silicon has
been considered as the most hopeful bulk anode material with
the highest theoretical capacity of 4200 mA h g™, and it has
been employed as a dopant in graphene, which exhibited a low
formation energy and semiconductor behavior with a direct
band gap.*>** Although it has not been applied in LIBs in
practice, Si-doped graphene with the SiCs and SiC, structures
have been theoretically shown to possess the specific capacities
of 1520.4 and 1285.9 mA h g, respectively.?? These studies
demonstrate that doped graphene can improve the perfor-
mance of LIBs compared with the graphite and pristine gra-
phene anodes.

As mentioned above, anodes made of silicon, metallic alloys
and transition metal oxides materials experience large volume
variations during lithium intercalation and de-intercalation,
resulting in capacity degradation and short cycling lifetimes
of LIBs. In order to restrain the large volume expansion during
the lithiation process, graphene and its derivatives have been
used to form composite anode materials.”*>* The good
mechanical properties of graphene are very beneficial in pre-
venting the damage and degradation of the bulk anode mate-
rials during the lithiation/delithiation process. At the same
time, the electrical conductivity of LIBs is also enhanced on
account of the good electronic property of the graphene coating.
However, it was found that the interactions between graphene
and bulk anode materials are weak, and thus, a dopant or defect
should be used for the improvement of interface cohesion.”**”
Although graphene and its derivatives can withstand large
stress and strain, the effect of strain on the performance of
graphene-based LIBs should also be considered and investi-
gated since it is related to the stability of LIBs.

In this paper, the optimized structure and binding energy of
Li atoms on the B-, N-, S- and Si-doped graphene monolayers
have been systematically investigated and compared with those
of pristine graphene. It was found that the doped S and Si atoms
were out of the graphene plane, while the B and N atoms were in
the graphene plane. The adsorption energies for the binding of
Li atoms on the different sites were calculated, and the results
show that the Li atoms preferred to bind on B-doped graphene
than the other kinds of doped graphene. The most stable
adsorption position of Li atoms on B-doped graphene was on
the central top of the hexagon formed by five C atoms and the
doped atom. Meanwhile, in the N- and S-doped graphene
anodes, it was on the hollow site of the hexagonal carbon rings,
which were away from the doped atom. In Si-doped graphene,
the Li atom tended to stay on top of the carbon atom bonding to
the silicon atom. These different adsorption behaviors could be
explained by the interaction between the Li atoms and the
doped graphene, based on the charge transfer analysis. Then,
the effect of strain on the binding energy of Li on the different
doped graphene anodes was studied. The results demonstrated
that with an increase in the biaxial tensile strain, the Li-binding
energy linearly increased for B-, N- and S- doped graphene. In
the case of Si-doped graphene, the adsorption energy decreased
at first and then, increased monotonously. Therefore, we
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concluded that tensile strain enhances the adsorption of Li
atoms on the doped graphene anode materials.

2. Methods

A relaxed atomic model was obtained for the adsorption of Li
atom on the doped graphene layer by performing first-
principles calculations based on the density functional theory
(DFT) using the Vienna Ab initio Simulation Package (VASP).>*?°
Projector-augmented-wave (PAW) potentials® were used for the
ion-electron interactions, and generalized gradient approxi-
mation (GGA) in the Perdew-Burke-Ernzerhof (PBE) parame-
terization®' was chosen for the exchange-correlation function.
The kinetic energy cutoff was set at 500 eV to guarantee the
convergence of total energy in the whole system within 1 meV
per atom. In order to minimize the total energy and force during
ionic relaxation, the conjugate gradient algorithm was
employed, with an energy convergence tolerance of 0.1 meV for
electronic relaxation and a force convergence tolerance of
0.5 eV nm™ ' for ionic relaxation. For the k points in the Brillouin
zone integration, the Monkhorst-Pack mesh with 2 x 2 x 1
grids was used in our simulations, which was also tested based
on the energy convergence below 1 meV per atom. In order to
calculate the total energy, the Gaussian smearing method was
employed with the smearing width of 0.05 eV.

The periodic boundary condition (PBC) was employed in our
simulations. The distance between the doped graphene layers
was 1 nm, which ensured that interlayer interactions were not
included. To form the doped graphene structure, one of the 60
carbon atoms in graphene was replaced by a B, N, S or Si atom.
Therefore, the interactions between the adjacent doped atoms
were not included in this study.

In the 2-D graphene materials, the in-plane contraction effect
should be paid attention to when performing uniaxial tension
simulations. Thus, a 5% strain was applied on the zigzag/armchair
direction of doped graphene at each step, and the lattice length in
the direction perpendicular to the tensile direction was fully
relaxed. During biaxial tension simulations, the strain was applied
in the zigzag and armchair directions simultaneously step by step.
In this paper, the stress on the doped graphene system with/
without lithium adsorption was calculated based on the
nominal thickness of graphene, which was 0.34 nm.*

3. Results and discussions
3.1 Atomic structure of doped graphene with Li intercalation

The optimized structures of the different doped graphene
materials were studied at first, with the lattice lengths in the
graphene plane fully relaxed. The calculation results in Fig. 1
show that the substituted boron and nitrogen atoms were in the
plane of graphene, while the doped sulfur and silicon atoms
were out of the plane. This is because the optimized bond
lengths of S-C (0.175 nm) and Si-C (0.175 nm) are larger than
that of the C-C bond (0.142 nm) in pristine graphene. The bond
lengths between the doped atoms and the adjacent carbon atom
in graphene are shown in Table 1, and the results are consistent

RSC Adv, 2020, 10, 13662-13668 | 13663


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01086c

Open Access Article. Published on 03 April 2020. Downloaded on 7/27/2025 10:09:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

with the previous first-principles studies,**** which meant that
our calculations are reliable.

After that, the adsorption position and energy of a single Li
atom on the different doped graphene materials were calcu-
lated. To find the most stable adsorption position, six binding
sites were considered, as shown in Fig. 2. The binding energy of
a Li atom on doped graphene was calculated as

Ep = (Egopea-G + NELi — ELiidoped-G)/n (1)

where Egoped.g is the total energy of the doped graphene
monolayer, Er; stands for the energy of the isolated Li atom, 7 is
the number of Li atoms and Ey;/qoped-g is the total energy when
the Li atoms are adsorbed on the doped graphene. Herein, Li
coverage was specified as n = 1. The binding energies of the Li
atom on the different sites of doped graphene are illustrated in
Fig. 3. For comparison, the binding energy for the binding of
a Li atom on the hollow site of pristine graphene was also
calculated and plotted as a dashed line, which equals to 1.55 eV
and is in agreement with a previous work that involved a low Li
concentration.*® The results showed that the doped boron atom
a greatly improved the Li binding property of the graphene
anode due to the enhancement of binding energy. The
maximum adsorption energy was about 3 eV when the Li atom
was placed at position 2 of B-doped graphene. It was also found
that with the increase in distance between the Li and B atoms,
the adsorption energy decreased. But in the supercell of B-

Fig. 1 Top- and side-view of the optimized doped graphene struc-
tures, showing that the sulfur and silicon dopant atoms are out of the
graphene plane. The brown, cyan, magenta, yellow and blue balls
stand for C, B, N, S and Si atoms, respectively. The periodic boundary is
plotted by the dashed black lines.
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Table 1 Bond lengths between the doped atom and the adjacent
carbon atom in graphene

Bond length (nm)

In previous

Doped atom In this work studies

B 0.149 0.1495 (ref. 33)
N 0.141 0.1412 (ref. 33)
S 0.175 0.174 (ref. 34)
Si 0.175 0.165 (ref. 21)

doped graphene, the value of E;, on the hollow site was still
larger than that in pristine graphene. This indicated that the
dopant boron did not only influence local adsorption, but also
the interaction of the C and Li atoms far away from the doped
atom. Further, such high adsorption is beneficial to avoid Li
clustering during the lithiation process. When a carbon atom
was substituted by a silicon atom, the binding energy of the Li
atom was slightly larger than that for the pristine graphene
anode, and the Li-binding energy was 1.55 eV when it was far
away from the Si atom, which meant the area affected by the Si
dopant atom in graphene was limited. Meanwhile, for N- and S-
doped graphene, E}, was lower than 1.55 eV when the Li atom
was close to the doped atom, and it approached 1.55 eV when Li
was on the hollow site of the carbon rings. It should be noted
that although the Li atom was placed on top of the nitrogen
atom at first, it finally moved to position 6 for stable binding.
Researchers have found that the adsorption energy of lithium
should be ~2 eV for a stable anode structure in LIBs.***
Therefore, boron-doped graphene is much more suitable as an
anode material than graphene with other dopant atoms,
according to previous research.”* Meanwhile, in order to
improve the Li-binding energy of the graphene anode material,
boron or silicon atoms should be introduced in pristine gra-
phene in practice. Actually, the concentration of Li atoms,* as
well as the dopant atoms, have an effect on the value of Ey.

Fig.2 Binding positions of an Li atom on the distinct doped graphene
materials. Position 1 is on the top of the dopant atom. The green ball
stands for the substituted atom (B, N, S or Si), and the brown balls
denote the carbon atoms. The periodic boundary is plotted by the
dashed black lines.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The adsorption energy E, of a Li atom at different binding
positions in the doped graphene materials. The dashed black line
represents the Li binding energy on the pristine graphene monolayer.

However, in this paper, the binding property of a Li atom on
doped graphene with a large supercell and low Li concentration
has been studied to clarify the influence of each kind of doped
atom independently.

Fig.4 The most stable binding structures of a Li atom on the (a) B-, (b)
N-, (c) S- and (d) Si-doped graphene anodes. The brown, cyan,
magenta, yellow, blue and green balls stand for carbon, boron,
nitrogen, sulfur, silicon and lithium atoms, respectively. The periodic
boundary is plotted by the dashed black lines.

This journal is © The Royal Society of Chemistry 2020
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Table2 The electronegativity of the different doped atoms, and Bader
charge transfer in doped graphene with and without Li atom adsorp-
tion. For the Bader charge transfer, the positive/negative values stand
for valence electron gain/loss, respectively

Doped atom Electronegativity

Bader charge
transfer without Li

Bader charge
transfer with Li

B 2.04 —1.85¢e —1.78e
N 3.04 1.12¢ 1.14e

S 2.58 —0.29¢ —0.40e
Si 1.90 —2.57e —1.61e

The most stable structures of Li binding on the different
doped graphene materials are presented in Fig. 4. In the B-
doped graphene anode, the Li atom preferred to bind at the
center top of the hexagonal structure, which constitutes the
substituted boron and five carbon atoms. In the N- and S-doped
graphene structures, we discovered that the Li atom tended to
stay on top of the hexagon with six carbon atoms, away from the
doped atom. This demonstrated that the introduction of
nitrogen or sulfur atoms has little effect on the adsorption of Li
atoms. However, recent theoretical studies have shown that
when S and N atoms are doped on graphene simultaneously, the
Li adsorption energy is larger than that on B-mono-doped gra-
phene.” In this paper, the E}, value of Li binding on SN-dual-
doped graphene was calculated to be 3.59 eV, which is larger
than that of a single Li atom on B-doped graphene. Thus, in the
mono-doped situation, these doped graphene anodes are not
good choices to improve Li-binding energy. In the end, when
a silicon atom was doped on graphene, it showed a smaller
improvement in Li-binding energy than that of pristine gra-
phene. The Li atom tended to be bound on top of the carbon
atom that was bonded to the doped Si atom, as shown in

Fig. 4(d).

(b)

Fig. 5 Charge density difference in (a) B-, (b) N-, (c) S- and (d) Si-
doped graphene with Li atom intercalation, with the same iso-surface
level of 0.0021. The space enclosed by the yellow and blue iso-
surfaces are the electron-gaining and losing regions, respectively.*?
The brown, cyan, magenta, yellow, blue and green balls stand for
carbon, boron, nitrogen, sulfur, silicon and lithium atoms, respectively.

RSC Adv, 2020, 10, 13662-13668 | 13665
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Fig. 6 The uniaxial tensile stress—strain curves of the different doped
(SV) in the (a) zigzag and (b) armchair directions.

3.2 Charge transfer when Li atom binds on doped graphene

To understand the adsorption behavior of Li atoms on the
different doped graphene anodes, charge transfer was calcu-
lated by employing Bader charge analysis. The results are shown
in Table 2, along with the electronegativity of the doped atoms.
It was found that on B-; S- and Si-doped graphene, charge
transfer occurred from the doped atom to the carbon atoms,
indicating that the doped atoms were the donors of electrons.
However, in N-doped graphene, the nitrogen atom was the
acceptor of electrons from the adjacent carbon atoms. This was
because the electronegativity of nitrogen (xx = 3.04) was larger
than that of the carbon atoms (x¢ = 2.55) and consistent with
the previously reported results for B- and N-doped graphene.*®
After that, the Bader charge values of the doped atoms when a Li
atom was bound on the doped graphene anodes were checked.
It was demonstrated that the boron substitute atom gained
0.07e and sulfur lost 0.11e after Li intercalation, indicating that
Li adsorption led to little charge transfer in the B and S dopants.
However, there was a large charge transfer in S-doped graphene
after Li intercalation, with about 1e gain for the doped silicon
atom, meaning a strong interaction between the Li and Si
atoms, which is consistent with a previous study.”” For the
doped nitrogen atom, the charge transfer was nearly the same
before and after the insertion of a Li atom. This is maybe due to
the fact that the Li binding position in N-doped graphene is
away from the N atom, and the Li atom mainly interacts with
carbon atoms. The electronegativity of a lithium atom is x; =
0.98, which is much small than those of carbon and the four
different doped atoms. Thus, we found that the Li atom is the
electron donor and most of the valence electrons move to doped
graphene during the lithiation process.

In addition, the charge density difference Ap between the
doped graphene anodes and Li atom were calculated and
plotted, as seen in Fig. 5, to clarify the electronic gain and loss
in space. It is defined by subtracting the charge densities of an
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graphene materials, pristine graphene and graphene with single vacancy

isolated Li atom and doped graphene from that of doped gra-
phene with Li intercalation, as shown below.

Ap = p[Li/doped graphene] — p[Li] — p[doped graphene] (2)

The results in Fig. 5(a) and (d) obviously illustrate the charge
transfer between the boron/silicon dopant and the inserted Li
atom, which indicate the interactions between them. However,
in N-/S-doped graphene, the Li atom mainly interacted with the
hexagonal carbon atoms of graphene. Combined with the
adsorption energy results, it could be concluded that the doped
atoms in graphene that interact with Li atoms (such as boron
and silicon) enhance the adsorption energy and aid the anode
materials remain stable during the lithiation process.

5 T T T T T T
—o—B ——Si
—o—N SN
41 i ]
= .
O
W 2t %ﬁ 1
1} . y

0.04 0.06 008 0.10

Strain

0.00 0.02

Fig. 7 The influence of biaxial tensile strain on the adsorption energy
of Li atoms in the different mono-doped graphene and SN-dual-
doped graphene anodes.
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Fig. 8 The local relaxed structures of Li adsorbed on Si-doped graphene with (a) 2%, (b) 4% and (c) 6% biaxial tensile strain. For comparison, the
relaxed structures of B-doped graphene with (d) 2%, (e) 4% and (f) 6% strain are shown.

3.3 Effect of strain on the adsorption of Li atom on doped
graphene

As mentioned above, large expansions occur in bulk anode
materials during the lithiation process, which impacts the
electrochemical and safety performance of LIBs, especially the
cycling life. As coating materials, graphene and its derivatives
also undergo stretching when Li atoms are intercalated.
Therefore, the uniaxial tensions of the different doped gra-
phene anodes in the zigzag and armchair directions were
calculated. For comparison, pristine graphene, as well as
defective graphene with a single vacancy (SV), were considered.
Our calculation results showed that the yield strengths of pris-
tine graphene in the zigzag and armchair directions were
~100 GPa and 110 GPa, respectively. This is in agreement with
a previous first-principles study.*® The tensile stress-strain
curves of the different dope graphene anodes are plotted in
Fig. 6. They demonstrated that the substituted atom signifi-
cantly reduced the tensile strength of the graphene monolayer.
Among the substitute atoms, the B-doped graphene monolayer
showed the highest yield strengths of 94.6 GPa and 97 GPa. In
the molecular dynamic simulations, it was also found that the B
dopant atom slightly reduced the tensile strength of graphene
from 160 GPa to 145 GPa, and the plasticity of B-doped gra-
phene shifted from ductile to brittle with increasing boron
concentration.?* In the meantime, we found that the tensile
stress—strain curves of S-doped graphene and graphene with the
SV defect were approximately the same, which indicated that
the interactions between the doped sulfur atom and the carbon
atoms in graphene were extremely weak. The N and Si atoms did
not only reduce the tensile strength of the graphene anode,*
but also failed to enhance Li atom adsorption. Therefore, they
are not good candidates for the modification of pristine gra-
phene into better anode materials.

In a previous study on pristine graphene, it was illustrated
that tensile strain was able to enhance the Li binding kinetics.**
To find the effect of strain on the performance of the doped
graphene anodes, the Li binding energies E;, under biaxial

This journal is © The Royal Society of Chemistry 2020

strain were calculated, as shown in Fig. 7. The maximum strain
value was set to 10% to ensure no yielding of doped graphene
anodes. The results demonstrated that for boron, nitrogen and
sulfur doping, the adsorption energy grew monotonously with
the stretching of the doped graphene monolayer. In the mean-
time, when silicon was substituted in pristine graphene, the
value of E}, dropped at first and then, linearly increased after the
strain reached 2% owing to the fact that biaxial stretching
results in the geometric structural variation of Si-doped gra-
phene, subsequently changing the stable Li binding position. It
was found that without strain, the stable Li binding site was on
top of the Si atom. With increasing strain, the substituted Si
atom entered the graphene plane and the Li atom gradually
moved to the hollow site with the dopant, as shown in Fig. 8. In
addition, we also explored the effect of strain on the adsorption
behavior of Li on SN-dual-doped graphene due to its high
binding energy. The result indicated that biaxial tensile strain
reduced the Li binding kinetics. This difference was because the
Li atom mainly interacts with the dopant atoms in SN-dual-
doped graphene, while in mono-doped-graphene, there are
interactions between the Li and carbon atoms. At the same
time, the mechanical property of SN-dual-doped graphene
decreased compared with that of mono-doped graphene, and
the material fractured when 5% biaxial strain was applied.
These computational results illustrate that tensile strain
contributes to the binding of Li atoms on both pristine and
mono-doped graphene anodes.

4. Conclusion

In summary, the adsorption of a Li atom on various doped
graphene anode materials and the effect of strain on the
binding energy were investigated. The results demonstrate that
B-doped graphene is more energetically preferable for Li atom
binding than the other tested doped graphene materials and
pristine graphene. Based on the charge transfer analysis, the
dopant atoms that can interact with the Li atom enhance the

RSC Adv, 2020, 10, 13662-13668 | 13667
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adsorption energy and make the graphene anode material more
stable during lithiation. However, the substituted boron atom
led to a little drop in the mechanical tensile strength of the
graphene monolayer both in the zigzag and armchair direc-
tions. During the charging processes, the tensile strain in the
doped graphene anode enhances the interactions between the
Li atom and the doped graphene monolayer due to the rise in
binding energy. Base on the first-principles calculations per-
formed in this work, it is suggested that doped graphene with
boron atoms can be employed in LIBs. In addition, the aggre-
gation and diffusion of Li atoms on the distinct doped graphene
materials, as well as the effect of the concentration of the doped
atom, should be studied in the future.
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