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First-principles insight into Li and Na ion storage in graphene oxide*
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The structural, electronic, and adsorption properties of Li/Na ions on graphene decorated by epoxy groups are inves-
tigated by first-principles calculations based on density functional theory. Our results show that the concentration of epoxy
groups remarkably affects the structural and electronic properties of graphene. The bandgaps change monotonically from
0.16 eV to 3.35 eV when the O coverage increases from 12.5% to 50% (O/C ratio). Furthermore, the highest lithiation
potential of 2.714 V is obtained for the case of graphene oxide (GO) with 37.5 % O coverage, while the highest sodiation
potential is 1.503 V for GO with 12.5% O coverage. This clearly demonstrates that the concentration of epoxy groups has
different effects on Li and Na storage in GO. Our results provide a new insight into enhancing the Li and Na storage by

tuning the concentration of epoxy groups on GO.
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1. Introduction

Graphene, a monolayer of honeycomb carbon with sp?
hybridization, has attracted intensive attention since its dis-

[1.2] because of its fascinating electrical, me-

covery in 2004
chanical, and thermal properties and potential applications
in many technological fields such as nanoelectronics, sen-
sors, nanocomposites, batteries, supercapacitors, and hydro-
gen storage.>71 However, the large-scale production of pure
graphene sheets remains challenging. Graphene oxide (GO) is
a promising, low-cost, and easily up-scalable candidate pre-
cursor to prepare graphene platelets.[®) At the same time,
GO has different compositions with various oxidation lev-
els based on the synthesis processes and conditions, 9141
and thus shows great potential in different fields, such

s[15,16 [17]

as two-dimensional electronic 1 and optoelectronics,

[18,19

sensor devices, I and supercapacitor electrodes in en-

ergy storage.[’”! Although the exact structures of GO re-

main unresolved, 212!

it is well accepted that the main func-
tional groups on GO are epoxy and hydroxyl groups.>*?* GO
has different functional groups with various oxygen densities,
which is currently of particular interest to scientists. >33

It is still a major challenge for energy storage to meet
the demand of a consistent power supply, both in portable de-
vices and in larger devices like electric vehicles, backup in-
verters, and so on. Traditional Li-ion battery technology (de-
veloped in 1990s) has been widely used due to its high op-
erating potential, long life, and relatively simple design.[34]
However, the electrochemical capacity of the graphite negative
electrode of Li-ion batteries is relatively low, and has already

reached its theoretical gravimetric capacity of approximately

DOI: 10.1088/1674-1056/28/7/078201

372 mA-h- g_1 .135] Therefore, new electrode materials that can
offer high gravimetric capacity with cycling efficiency compa-
rable to graphite are under investigation. 3*-381 Recently, much
attention has been paid to enhance the capacities of anodes
as well as cathodes using carbon-based materials,>**! like
oxidized graphene with epoxy as a promising sustainable car-
bonaceous cathode material for rechargeable Li storage with a
high capacity of 360.4 mA-h-g~! at 50 mA-g~'.1*?) Chouhan
et al. found GO sheets as an anode material with a high specific
capacity of ~ 860 mA-h-g~!.[*3] Moreover, GO as an anode
material in Na-ion batteries has shown a discharge capacity of
272 mA-h-g~! at a current density of 50 mA-g~!,[**l which
paves a new path to obtaining high-performance and low-cost
Na-ion batteries. However, the electrochemical characteristics
of GO with different epoxy concentrations as an electrode ma-
terial in Li and Na storage are still unclear. Thus, in this work,
the structural, electronic, and adsorption properties of Li/Na
ions on GO with an epoxy group are systematically studied by
first-principles calculations.

2. Methodology

All the calculations in the present work were performed
using the Vienna ab initio simulation package!**®! with the
projector augmented wave!*’*8] method. The Perdew and
Wang functional (PW91) with generalized gradient approx-
imation was employed to describe the exchange correlation
interactions.**>°1 The cut-off of the plane-wave kinetic en-
ergy was set to be 520 eV. The energy and ionic force conver-
gence tolerances were 10~ eV and 0.01 eV-A~!, respectively,
which achieve a sufficiently high accuracy.*!!" Brillouin
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zone integrations were approximated by using 21 x 21 x 1 and
25 x 25 x 1 k-point meshes with a I centered grid for geom-
etry optimizations and static calculations, respectively. Using
these parameters, we obtain a C—C bond length of 1.42 A for
pristine graphene, which agrees well with the experiments.>?]

The 2 x 2 graphene, including eight C atoms with one
or more epoxy groups, was used to model different degrees
of single-side oxidation (see Fig. 1). In addition, to avoid
the spurious coupling effect between periodic graphene lay-
ers along the z direction, the vacuum space was set to be 20 A.
For the case of Li atom adsorption on the same side of epoxy
groups, the single Li atom was initially put at the hollow site
nearest the O atom, and the Li—O bond length was set to be
about 1.70 A. The model of Na-adsorbed GO is similar to
that of Li-adsorbed GO because of the similarity of Na and
Li. Based on the Li-adsorbed GO model, we obtained Li-O
bond lengths of 1.86 A for the GO sheet with O coverage of
12.5%, agreeing well with the theoretical results and experi-
mental observations.[*>3] In this work, the formation energy
(E¢) and the lithiation potential (LP) as a function of the O con-
centration in epoxy functionalized graphene have been calcu-

lated. The LP can be determined by the following equation:

AG;

LP=— ,
zF

)

where z is the number of electrons involved in the electro-
chemical reaction, and F is the Faraday constant. The change
in Gibb’s free energy is

AGy = AE; + PAV; — TAS;. )

At room temperature, the volume effects (PAV;) and entropic
effects (TAS¢) will be very small, and are in the order of

[51,53.54] Therefore, the en-

107> eV and 26 meV, respectively.
tropy and pressure terms can be neglected and the change in
free energy will be approximately equal to the change in for-
mation energy AE; that is obtained from density functional
theory calculations. The change in formation energy is defined

as
AE; = E1;,6o — (xELi + Eco), 3

where E}; o is the total energy of the Li, GO structure, and x
is the number of Li atoms inserted in the computational cell.
Ey; is the total energy of a single Li atom in the body centered
cubic (bce) structure, and Ego is the total energy of the sub-
strate GO structure. If the energies are expressed in units of
eV, the potential of the Li,GO structures versus Li/Li+ as a

function of Li content can be obtained as follows: 1331
AE
LP=_—" @)
xe

where e is the electron charge.

Similarly, the sodiation potential (NP) of the Na atom
over the GO is calculated as follows:
_AEf(Na)

xe

NP =

. &)

where x is the number of Na atoms inserted in the computa-
tional cell. AEy ) is the formation energy, which is defined

as
AEj(Na) = ENa,6o — (¥ENa + Eco), (6)

where En,, o is the total energy of the Na,GO structure, En,
is the total energy of a single Na atom in bcc metallic Na, and
EGo is the total energy of the GO structure.

3. Results and discussion

3.1. Structural and electronic properties of GO

In the
present calculations, four different oxidation levels are con-
sidered: 12.5% (CgO1), 25% (C30,), 37.5% (Cs03), and
50% (CgO4). Figure 1 shows the most stable configuration

First, the geometries of GO are investigated.

at each oxidation level. As shown in Fig. 1, the adsorbed O
atoms prefer the bridge positions between two C atoms to form
epoxy bonds (C—O—C). The O—C bond lengths are 1.475 A,
1.459 A, 1.444/1.443 A, and 1.434 A, respectively (as shown
in Figs. 1(a)-1(d)). The O-C bond length decreases mono-
tonically with the increase in O coverage, which is similar to
the result of Ref. [55]. It can be seen that the O/C ratio has an
important influence on the geometric structure of GO. The cor-
responding structural parameters of the GO with different O/C
ratios are listed in Table 1. From Table 1, we can see that the
distance between two C atoms bonding to an O atom (dc—_c) is
a non-monotonic function of the O/C ratio. The shortest dc_c
is 1.474 A, corresponding to the O/C ratio of 25%. This result
is different from the previous theoretical studies, where two
O atoms adsorbed on the opposite sides of the graphene form
two epoxide groups.”!

Next, we calculate the formation energies of GO with dif-
ferent O/C ratios. The formation energy is defined as!>!

Ef = Eio — (Eg +nEo), @)

where Eiy is the total energy of the graphene sheet with O
atoms, Eg is the total energy of the graphene sheet, Eg is the
energy of an isolated O atom, and # is the number of O atoms.

The calculated formation energies of GO with O/C ratios
of 12.5%, 25%, 37.5%, and 50% are listed in Table 1, and are
—3.907 eV, —4.363 eV, —4.453 eV, and —4.637 eV, respec-
tively. It is found that the formation energies of GO sheets
decrease with increasing O/C ratio, which agrees well with a

previous report. 3!
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Fig. 1. Relaxed configurations of GO with epoxy groups with different O/C ratios: (a) 12.5% (CsOy), (b) 25% (C302), (¢) 37.5%
(Cg03), and (d) 50% (CsO4). Grey spheres represent C atoms, and red spheres represent O atoms.
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Fig. 2. Total DOS of GO with O coverages of (a) 12.5% (CgOy), (b) 25% (Cs03), (¢) 37.5% (Cs03), and (d) 50% (CgO4). The Fermi levels

are set to zero.

The electronic properties of GO with epoxide groups
were also investigated. Figure 2 shows the calculated density
of states (DOS) of GO with different O/C ratios. It shows that
the DOS of GO is essentially sensitive to the O/C ratio. From
Fig. 2, we can see that the bandgap increases monotonically
from 0.16 eV to 3.35 eV (listed in Table 1) with increasing
O/C ratio, which is similar to the result of Ref. [55]. However,
the result of 0.16 eV at the O/C ratio of 12.5% is obviously far
below 0.87 eV in Ref. [9], and the result of 0.39 eV at 25%
O coverage is in disagreement with the 1.25 eV reported in
Ref. [55]. This result may be caused by O atoms absorbed on
both sides of the graphene plane in Ref. [55]. Therefore, the
effect of O coverage on the electronic properties of GO can be
neglected when the O/C ratio of GO is below or equal to 25%.

As for the case of GO with a higher than 25% (37.5% and
50%) O/C ratio, the bandgaps (1.98 eV at the 37.5% O/C ratio
and 3.35 eV at the 50% O/C ratio) are obviously increased.

These results are in line with previous results at the 50% O/C
ratio (3.93 eV in Ref. [25], 3.14 eV in Ref. [31], 3.54 ¢V in
Ref. [29], and 3.24 eV in Ref. [9]).

Table 1. Calculated distance between two C atoms bonded to an O
atom (dc—c), C—O bond length (dc—o), formation energies, and band
gap energies (Eg) of GO with different O/C ratios.

o/C de_c/A dc—olA EileV  EzleV
Cs01  12.5% 1.494 1.475(B) -3.907 0.16
Cs0,  25% 1.474 1.459(B), 1.459(B)  —4.363 039
Cs03 37.5% 1471/1.513 1.443(2-B), 1.444(B) —4.453 198
Cs04  50% 1.504 1.434(4-B) —4.637 335

3.2. Adsorption of Li on GO

Since GO has potential application in the field of energy

storage, we examined the adsorption property of Li/Na ions on
the same side of the epoxy groups. First, the structural prop-
erties of Li absorption on GO are studied. Figure 3 shows the
structures of Li atom adsorption on GO with different O/C ra-
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tios. It is found that the binding of the O atom (nearest to the
Li atom) and Li atom will break the O—C bond except for in
the case of a GO sheet with an O/C ratio of 50% (Fig. 3(d)),

top view

top view

“rr, s

thus making the O atom move to the top site of one of the C

atoms. These results are the same as those in previous theoret-

[25,53

ical calculations I and experimental observations. [°°!
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Fig. 3. Relaxed configurations of a Li atom on GO with different O/C ratios: (a) 12.5% (CgO), (b) 25% (C30,), (c) 37.5% (C303), and (d)
50% (C30O4). The grey spheres stand for C atoms, the red spheres for O atoms, and the purple spheres for Li.

To investigate the lithiation of GO for the epoxy group as
a function of O coverage, we calculate the LP and gravimet-
ric capacity of GO for different O/C ratios. The correspond-
ing results are listed in Table 2. First, we can see that the
LPs are about 1.569 V and 1.568 V, respectively, when GO
sheets have low O coverage at a 12.5% O/C ratio and 25%
O/C ratio. These values are consistent with a previous results:
close to 1.663 V.13 A similar LP of 1.44 V was also found
by Chouhan. 3! The discrepancy of 0.13 V may be caused by
the different cell size used in our calculations. We also find
that the capacity decreases monotonically with the increase in
O coverage. Therefore, the highest capacity is 478 mA-h-g~!
in the case of the 12.5% O/C ratio. Next, Table 2 shows that
the LP reaches a maximum value of 2.714 V at the 37.5% O/C
ratio. But in the case of the highest oxidized sheets at the
50% O/C ratio, the LP drops to —0.142 V. Our results show

that the LPs increase non-monotonically with the increase in

O coverage. In Table 2, we also present the relaxed structural
parameters of GO-Li. The C-C bond lengths are defined as
the distances between two C atoms bonded to an O atom. It
is found that the longest O-Li and C—C bond lengths and the
shortest C—O bond length appear in the case of the GO sheet
with a 37.5% O/C ratio.

To investigate the effect of different O coverage on LP,
the Bader charge of GO-adsorbed Li at different O/C ratios
has been analyzed. The values of Bader charge are 0.1066e,
0.1163e¢, 0.1144e, and 0.2019¢ at different O/C ratios (12.5%,
25%, 37.5%, and 50% O/C ratio), respectively. It is shown
that the Li Bader charge values are insensitive to the increase
in O/C ratio except for the case of the 50% O/C ratio. At the
50% O/C ratio, the Bader charge is 0.2019¢, which is larger
than those of three other ratios, indicating that the interaction
between Li and GO is weakened, and thus the LP is the lowest.

Table 2. Calculated C—C bond length (dc—c), C—O bond length (dc—o), O-Li bond length (dp_1 ), formation energies of Li adsorption
on GO, LP, and gravimetric capacity for the GO with different O/C ratios.

Gravim. capacity

o/c de_c/A do-LilA EgleV LP/V /mAhg!
Cs0,Li; 12.5% 1.413-1.501 1.859 -3.455 1.569 478
Cg0,Li; 25% 1.414-1.519 1.904, 1.831 -3.454 1.568 209
Cg0sLi 37.5% 1.393-1.548 2.205, 1.882, 1.906 —4.599 2714 186
CgO4Li 50% 1.504-1.527 2.611(2), 1.854(2) -1.744 -0.142 167

3.3. Adsorption of Na on GO

For the adsorption of Na on graphene-based materials,
the previous theoretical studies were mainly concerned with
the absorption of Na atoms on graphene with defects such as
monovacancy, divacancy, and Stone-Wales defects.[*+>7]

To confirm the influence of the epoxy groups on the

Na adsorption in GO, GO with four different O/C ratios of

12.5%(Cg01), 25%(Cg0,), 37.5%(Cg03), and 50%(Cs04)
have been investigated. The optimized configurations of a GO-
absorbed Na atom are shown in Fig. 4. Similar to the case of
lithiation, the introduction of a Na atom breaks the O—C bond
except for in cases of O/C ratios of 25% and 50% (Figs. 4(b)
and 4(d)). Then the O atom moves to the top of the C atom, and
the shortest O—C bond length arises at the O/C ratio of 37.5%
(Fig. 4(c)). This result is similar to that of GO-absorbed Li.
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Fig. 4. Relaxed configurations of a Na atom on GO with different O/C ratios: (a) 12.5% (CgOy), (b) 25% (CgOz), (¢) 37.5% (C503), and (d)
50% (CgOy4). The grey spheres stand for C atoms, the red spheres for O atoms, and the blue spheres for Na.

Similar to Li storage in functionalized graphene, the cor-
responding results of Na storage in GO are listed in Table 3.
First, it is found that the highest NP is 1.503 V for the GO at
a 12.5% O/C ratio. With the increase in O coverage, the NP
decreases. When the O/C ratio reaches 50%, the NP decreases
to —0.169 V. Owing to the larger ionic radius of Na than that
of Li, the distances between Na and O atoms in Na—GO struc-
tures are larger than those in the Li—-GO system with all O
coverages. Correspondingly, the NPs for Na storage in GO are
lower than those of Li storage in GO. Typically, Na adsorp-
tion at the O/C ratio of 12.5% has the smallest formation en-
ergy (Ef) of —2.806 eV; meanwhile, Li adsorption at the O/C
ratio of 37.5% obtains the smallest formation energy (Ef) of
—4.599 eV. This means that the most favorable O coverage for

Na adsorption on GO is different from that for Li adsorption on
GO. In Table 3, we also present the relaxed structural param-
eters of GO—Na configurations, where the C—C bond lengths
are represented by the distances between two C atoms bond-
ing to an O atom. Furthermore, the bond lengths between O
and Na atoms are larger than those between O and Li atoms.
Additionally, the C—C bond length of 1.555 A near the O atom
is the longest at the 37.5% O/C ratio, which is the same as
that of Li adsorption on the GO sheet. This shows that the
NPs are affected by the epoxy concentration in GO—Na sys-
tems. Moreover, the NP in the range of 1.36-1.50 V in GO
at 12.5%-37.5% O/C ratios agrees well with the theoretical

results.[7]

Table 3. Calculated C—C bond length (dc—c), O-Na bond length (dp_na), formation energies of Na adsorption on GO, NP, and

gravimetric capacity for the GO with different O/C ratios.

Gravim. capacity

orc de—c/A do—Na/A EgleV NP/V fmAhg!
CgO1Nay 12.5% 1.413-1.498 2527 -2.806 1.503 478
C30,Nay 25% 1.414-1.522 2.397,2.548 -2.665 1.363 209
CgO3Nay 37.5% 1.395-1.555 2.267,2.263,2.263 -2.761 1.459 186
CgO4Nay 50% 1.507-1.541 2.969(2), 2.316(2) -1.133 -0.169 167

Similar to Li storage in functionalized graphene, the
Bader charges of Na adsorption on GO at 12.5%, 25%, 37.5%,
and 50% O/C ratios are also examined, and the results are
0.1528e, 0.1829¢, 0.1551¢, and 0.4696¢, respectively. It is
found that the Bader charge values of Na are larger than those
of Li at the same O coverage. Therefore, the NPs for Na stor-
age in GO with different O coverages are lower than those for
the Li storage counterpart. It can be deduced that the Bader

charge value is one significant factor affecting the LPs/NPs.

4. Conclusion

In summary, the structural, electronic, and Li/Na adsorp-
tion properties of GO with epoxy groups have been fully in-
vestigated by means of density functional calculations. It is
found that the bandgaps of GO with 12.5%, 25%, 37.5%, and
50% O/C ratios are 0.16 €V, 0.39 eV, 1.98 eV, and 3.35 eV,

respectively. The O—-C bond lengths are 1.475 A, 1.459 A,
1.444/1.443 A, and 1.434 A, respectively, and the correspond-
ing formation energies are —3.907 eV, —4.363 eV, —4.029 eV,
and —4.637 eV, respectively. Therefore, the concentration of
epoxy groups can modify the structural and electronic prop-
erties of GO. Moreover, with the moving of the O atom from
the bridge site to the top site, the O—C bond length decreases
monotonically for the O coverage in the range of 12.5%—
37.5% in GO after one Li atom adsorption. Meanwhile, for
the Na adsorption case, the O atom moving from the bridge
site to the top site only occurs at an O coverage of 12.5%. Fur-
thermore, the highest LP 2.714 V is obtained in the case of
37.5% O coverage while the highest NP is 1.503 V at the O/C
ratio of 12.5%; this indicates that the O coverage in GO has a
different effect on the LP/NP. The Bader charge value can well
explain the LPs being higher than the NPs.

078201-5



Chin. . Phys. B Vol. 28, No.7 (2019) 078201

References

(1]
[2]

(3]
[4]
(5]
(6]
(71

(8]
[91

[10]
[11]

[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]

[27]
[28]

Gupta S K, Soni HR and Jha P K 2013 AIP Adv. 3032117

Novoselov K S, Geim A K, Morozov SV, Jiang D, Zhang Y, Dubonos
SV, Grigorieva I V and Firsov A A 2004 Science 306 666

Miao F, Wijeratne S, Zhang Y, Coskun U C, Bao W and Lau C N 2007
Science 317 1530

Ritter K A and Lyding J W 2009 Nat. Mater. 8 235

Zhou X, Miao L, Gu L and Chen J 2015 Chin. Phys. Lett. 32 26102
Katsnelson M I, Novoselov K S and Geim A K 2006 Nat. Phys. 2 620
Wu J, Becerril H A, Bao Z, Liu Z, Chen Y and Peumans P 2008 Appl.
Phys. Lett. 92 263302

Pei S and Cheng HM 2012 Carbon 50 3210

Huang HM, Li Z B, She J C and Wang W L 2012 J. Appl. Phys. 111
054317

Eigler S and Hirsch A 2014 Angew. Chem. Int. Ed. 53 7720

Dreyer D R, Park S, Bielawski C W and Ruoff R S 2010 Chem. Soc.
Rev. 39 228

Mao S, Pu H and Chen J 2012 RSC Adv. 2 2643

Loh K P, Bao Q, Eda G and Chhowalla M 2010 Nat. Chem. 2 1015
Dabhi S D, Gupta S D and Jha P K 2014 J. Appl. Phys. 115 203517
Wu X, Sprinkle M, Li X, Ming F, Berger C and de W A 2008 Phys.
Rev. Lett. 101 026801

Wei Z et al. 2010 Science 328 1373

Eda G, Fanchini G and Chhowalla M 2008 Nat. Nanotechnol. 3 270
Robinson J T, Perkins F K, Snow E S, Wei Z and Sheehan P E 2008
Nano Lett. 8 3137

Lu G, Ocola L E and Chen J 2009 Nanotechnol. 20 445502

Zhang J and Zhao X S 2012 J. Phys. Chem. C 116 5420

Heyong H, Klinowski J, Forster M and Lerf A 1998 Chem. Phys. Lett.
28753

Lerf A, Heyong H, Forster M and Klinowski J 1998 J. Phys. Chem. B
102 4477

Guilhon I, Bechstedt F, Botti S, Marques M and Teles L K 2017 Phys.
Rev. B 95245427

Jana M, Saha S, Khanra P, Murmu N C, Srivastava S K, Kuila T and
Lee J H 2014 Mater. Sci. Eng. B 186 33

Nasehnia F, Lima S M, Seifi M and Mehran E 2016 Comput. Mater.
Sci. 114 112

Rosas J J H, Gutiérrez R E R, Morales A E and Anota E C 2011 J. Mol.
Model 17 1133

Liu B, Sun HJ, Peng T J and Ji G F 2015 JOM 67 375

Peng Q, Han L, Lian J, Wen X D, Liu S, Chen Z F, Koratkara N and De
S 2015 Phys. Chem. Chem. Phys. 17 19484

[29]

[30]
(31]

[32]
(33]

[34]
[35]
[36]
[37]

[38]
[39]
[40]
[41]
[42]

[43]
[44]

[45]
[46]
[47]
[48]
[49]

[50]
[51]

[52]
(53]
[54]
[55]
[56]

[57]

078201-6

Tran N T T, Lin S Y, Glukhova O E and Lin M F 2016 RSC. Adv. 6
24458

Rogers G W and Liu J Z 2012 J. Am. Chem. Soc. 134 1250

Zhang Y, Fang D Q, Zhang S L, Wen Y H and Zhu Z Z 2014 Europhys.
Lett. 105 37005

Yan J A, Xian L D and Chou M 'Y 2009 Phys. Rev. Lett. 103 086802
Wang L, Sun Y Y, Lee K, West D, Chen Z F, Zhao J J and Zhang S B
2010 Phys. Rev. B 82 161406

Arm, M and Tarascon J M 2008 Nature 451 652

Guerard D and Herold A 1975 Carbon 13 337

Cui L F, Hu L, Choi J W and Cui Y 2010 ACS. Nano 4 3671
Magasinski A, Dixon P, Hertzberg B, Kvit A, Ayala J and Yushin G
2010 Nat. Mater. 9 353

Meunier V, Kephart J, Rol C and Bernholc J 2002 Phys. Rev. Lett. 88
075506

Luo J, Zhao X, Wu J, Jang H D, Kung H H and Huang J 2012 J. Phys.
Chem. Lett. 3 1824

Liu N, Wu H, McDowell M T, Yao Y, Wang C and Cui Y 2012 Nano
Lett. 12 3315

Mukherjee R, Thomas A V, Datta D, Singh E, Li J, Eksik O, Shenoy V
B and Koratkar N 2014 Nat. Commun. 5 3710

Wang D W, Sun C H, Zhou G M, Li F, Wen L, Donose B C, Lu G Q,
Cheng HM and Gentle I R 2013 J. Mater. Chem. A 13607

Chouhan R K and Raghani P 2015 J. Appl. Phys. 118 125101

Kumar N A, Gaddam R R, Varanasi S R, Yang D F, Bhatia S K and
Zhao X S 2016 Electrochim. Acta 214 319

Kresse G and Hafner J 1993 Phys. Rev. B 47 558

Kresse G and Furthmuller J 1996 Phys. Rev. B 54 11169

Kresse G and Joubert D 1999 Phys. Rev. B 59 1758

Blochl P E 1994 Phys. Rev. B 50 17953

Perdew J P, Chevary J A, Vosko S H, Jackson K A, Pederson M R,
Singh D J and Fiolhais C 1992 Phys. Rev. B 46 6671

Perdew J P and Wang Y 1992 Phys. Rev. B 45 13244

Robledo C B, Otero M, Luque G, Cdmara O, Barraco D, Rojas M I and
Leiva E P M 2014 Electrochim. Acta 140 232

Trucano P and Chen R 1975 Nature 258 136

Stournara M E and Shenoy V B 2011 J. Power Sources 196 5697
Aydinol M K, Kohan A F and Ceder G 1997 J. Power Sources 68 664
Nasehnia F and Seifi M 2015 J. Appl. Phys. 118 014304

Kuo S L, Liu WR, Kuo CP, Wu N L and Wu H C 2013 J. Power
Sources 244 552

Tsai P C, Chung S C, Linb S K and Yamada A 2015 J. Mater. Chem. A
39763


https://doi.org/10.1063/1.4794949
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1144359
https://doi.org/10.1126/science.1144359
https://doi.org/10.1038/nmat2378
https://doi.org/10.1088/0256-307X/32/2/026102
https://doi.org/10.1038/nphys384
https://doi.org/10.1063/1.2924771
https://doi.org/10.1063/1.2924771
https://doi.org/10.1016/j.carbon.2011.11.010
https://doi.org/10.1063/1.3694665
https://doi.org/10.1063/1.3694665
https://doi.org/10.1002/anie.201402780
https://doi.org/10.1039/B917103G
https://doi.org/10.1039/B917103G
https://doi.org/10.1039/c2ra00663d
https://doi.org/10.1038/nchem.907
https://doi.org/10.1063/1.4878938
https://doi.org/10.1103/PhysRevLett.101.026801
https://doi.org/10.1103/PhysRevLett.101.026801
https://doi.org/10.1126/science.1188119
https://doi.org/10.1038/nnano.2008.83
https://doi.org/10.1021/nl8013007
https://doi.org/10.1021/nl8013007
https://doi.org/10.1088/0957-4484/20/44/445502
https://doi.org/10.1021/jp211474e
https://doi.org/10.1016/S0009-2614(98)00144-4
https://doi.org/10.1016/S0009-2614(98)00144-4
https://doi.org/10.1021/jp9731821
https://doi.org/10.1021/jp9731821
https://doi.org/10.1103/PhysRevB.95.245427
https://doi.org/10.1103/PhysRevB.95.245427
https://doi.org/10.1016/j.mseb.2014.03.004
https://doi.org/10.1016/j.commatsci.2015.12.010
https://doi.org/10.1016/j.commatsci.2015.12.010
https://doi.org/10.1007/s00894-010-0818-1
https://doi.org/10.1007/s00894-010-0818-1
https://doi.org/10.1007/s11837-014-1245-z
https://doi.org/10.1039/C5CP02986D
https://doi.org/10.1039/C6RA00662K
https://doi.org/10.1039/C6RA00662K
https://doi.org/10.1021/ja2096199
https://doi.org/10.1209/0295-5075/105/37005
https://doi.org/10.1209/0295-5075/105/37005
https://doi.org/10.1103/PhysRevLett.103.086802
https://doi.org/10.1103/PhysRevB.82.161406
https://doi.org/10.1038/451652a
https://doi.org/10.1016/0008-6223(75)90040-8
https://doi.org/10.1021/nn100619m
https://doi.org/10.1038/nmat2725
https://doi.org/10.1103/PhysRevLett.88.075506
https://doi.org/10.1103/PhysRevLett.88.075506
https://doi.org/10.1021/jz3006892
https://doi.org/10.1021/jz3006892
https://doi.org/10.1021/nl3014814
https://doi.org/10.1021/nl3014814
https://doi.org/10.1038/ncomms4710
https://doi.org/10.1039/c3ta01658g
https://doi.org/10.1063/1.4931152
https://doi.org/10.1016/j.electacta.2016.08.058
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.46.6671
https://doi.org/10.1103/PhysRevB.45.13244
https://doi.org/10.1016/j.electacta.2014.07.013
https://doi.org/10.1038/258136a0
https://doi.org/10.1016/j.jpowsour.2011.02.024
https://doi.org/10.1016/S0378-7753(96)02638-9
https://doi.org/10.1063/1.4923412
https://doi.org/10.1016/j.jpowsour.2013.01.186
https://doi.org/10.1016/j.jpowsour.2013.01.186
https://doi.org/10.1039/C5TA01443C
https://doi.org/10.1039/C5TA01443C

	1. Introduction
	2. Methodology
	3. Results and discussion
	3.1. Structural and electronic properties of GO
	3.2. Adsorption of Li on GO
	3.3. Adsorption of Na on GO

	4. Conclusion
	References

