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Abstract 
 
We have investigated properties of the 
carbon-allotrope graphyne, in view of a 
possible employment in energy storage, by 
density functional theory. Bilayers of 
graphyne and its boron nitride derivatives 
display a promising behaviour as 
nanocapacitors, superior to those of 
graphene and boron nitride. Concerning 
battery applications, the adsorption of 
sodium on graphyne has been considered. 
Sodium adsorption is endothermic, and 
therefore likely to result in sodium 
aggregation rather than intercalation. This 
makes graphyne not a suitable anode 
material for sodium batteries. I will critically 
discuss the potential of graphyne for 
applications, and the challenges ahead.   
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2. Computational details

We performed our first-principles calculations within density
functional theory (DFT) [26] using the plane-wave self-consistent
field (PWSCF) as implemented in the Quantum-Espresso package
[27]. The Generalized Gradient Approximation (GGA) in the Per-
dew–Burke–Ernzerhof (PBE) version is chosen to describe the
exchange–correlation functional and ultrasoft pseudopotentials
[28] are employed to represent the interaction between ionic cores
and valence electrons. Plane waves (PWs) with a cutoff energy of
30 Ry for plane-wave expansion are chosen; the Brillouin zone
was sampled by 6 ! 6 ! 3 k-points. We have used the smearing
scheme of Marzari and Vanderbilt [29] with a broadening of
0.05 eV. A vacuum space of 15 Å has been used along the z direc-
tion in order to avoid the interaction between two images. In order
to study the stability of the decorated compounds, the cohesive
energy is calculated as

Ecoh ¼ ½EðSystemÞ & nEðCÞ &mEðNaÞ'=ðnþmÞ

where E(System), E(C) and E(Na) are energies of the whole system,
carbon and sodium atoms, and n, m are the numbers of carbon and
sodium atoms present in the system respectively. Since sodium is
adsorbed on one side of graphyne only, dipolar interactions of the
systemwith its copies might be important. To test this, we have cal-
culated how the cohesive energies change when increasing the vac-
uum by 5 Å. This leads to differences in cohesive energies smaller
than 50 meV in all considered cases. This difference does not affect
our conclusions. We have also checked how effective atomic
charges change with vacuum: for the most stable structures with
one, two and three Na atoms (PMa, PHab, PMab, PMHabc) the
charge of Na changes by 0.00, 0.02 and 0.01 |e| upon increasing
the vacuum by 5 Å. This change does not affect our conclusions.

3. Results and discussion

The optimized geometries of pristine and sodium-decorated
graphyne are presented in Fig. 1. Since the stable structures of
Na-adsorbed graphyne compounds are not yet known, it is neces-
sary to consider different locations for Na decoration in graphyne.
The Na atom can adsorb above (below) the center of the hexagonal
hollow (HH) position as well as above (below) the center of trian-
gular hollow position surrounded by twelve carbon atoms (PMa).
Other possible sites for Na adsorption are on the top of the acety-
lenic linkage (CC), on the top of the bond connecting benzene ring

and chain (RC) and on the top of one carbon atom in the chain (CT),
on the top of one carbon atom in hexagon (RT) and on the top of
bond of hexagon (RR), respectively. Next, we have considered the
stable arrangements where two and three Na atoms are adsorbed
in the unit cell and we call each of these structures PMab, PHab,
PHbb, H_CC and PMHabc respectively. Additionally, we had con-
sidered more adsorption sites for this system with more Na atoms
as well. Most of them relax spontaneously into one of the reported
structures. Still, for three adsorbed Na atoms there is one addi-
tional metastable configuration, which lies higher in energy and
is mentioned in the supporting information S1. Fig. 1(b) represents
the unit cell of different Na-decorated graphyne structures. We
have chosen Na for decoration in graphyne because of the abun-
dance and low cost of Na on Earth (10,320 ppm in sea water and
28,300 ppm in the lithosphere).

Lattice constants of pristine and of all the considered Na-ad-
sorbed graphyne structures are presented in Table 1. As a conse-
quence of Na adsorption, the cell length increases by an amount
that depends on position and concentration of sodium. This behav-
ior can be understood on the basis of different types of bonds
formed at different sites and different radii of carbon and sodium.
Due to presence of Na at different sites, the CAC bond length
changes, as observed in Table S2 (see in supporting information).
Regarding the system with one Na in the unit cell, for CC, RC, CT,
RR and RT the neighboring CAC bonds of Na get affected more.
For example, in case of CC, with the Na atom situated in C3–C4,

we see that, among the three C„C bonds in the unit cell, the C3–
C4 bond expands more and the two nearest C@C bonds (C1–C2,
and C5–C6) of C3–C4 also expand in comparison to C9–C10.

3.1. Band structure

In Fig. 2 the energy band dispersion of pristine and Na-deco-
rated graphyne layers is shown. Fig. 2(a) represents the band struc-
ture of pristine graphyne. The valence-band maximum (VBM) and
conduction-band minimum (CBM) of graphyne (represented in
Fig. 2(a)) are located at the same (M) point in the hexagonal Bril-
louin zone, making this a direct band gap semiconductor, consis-
tently with our previous study [11]. Still, all the Na-decorated
graphyne structures are metallic in nature. The calculated band
structures of graphyne by introducing Na atom on the top of the
acetylenic linkage of linear chain positions (CC) is presented in
Fig. 2(b). We see that the structure is metallic because the Fermi
energy is well within the conduction band; a gap of 0.38 eV sepa-

Fig. 1. Optimized geometries of the unit cells of: (a) Pristine graphyne; (b) Na adsorbed graphyne configurations: configurations with one adsorbed sodium: (i) CC; (ii) CT;
(iii) HH; (iv) RC; (v) PMa; (vi) RR; (vii) RT; configurations with two adsorbed sodium atoms: (viii) PMab; (ix) PHab; (x) H_CC; (xi) PHbb; configuration with three adsorbed Na
atoms: (xii) PMHabc. For further description of the configurations, see text. Grey balls: carbon; violet balls: sodium. (For interpretation of the references to colour in this
figure caption, the reader is referred to the web version of this article.)
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Figure 1: Atomic structure of graphyne 
 
 
 

charge analysis of other five structures having one sodium atom in
the unit cell (CC, RC, CT, RR and RT) also shows that the charge
from sodium mainly transfers to the adjacent carbon atom of gra-
phyne. Next, we consider the other Na adsorbed structure having
more than one sodium atom in the unit cell. In case of the PMab,
where two Na atoms are situated at the center of two adjacent tri-
angular hollow sites, the rate of charge transfer to the carbon atom
at a chain site is more than for carbon atoms at the hexagon; the
opposite has been found for PHab, where one Na atom is at the
hexagonal void and the other is at the triangular void. The struc-
ture with three Na atoms at the unit cell also shows that the charge
transfer to carbon atoms at chain sites is larger than for carbon
atoms at the hexagon.

More interestingly, in all the above cases the charge is mainly
transferred to the p orbital of carbon, which is consistent with
our PDOS analysis. Our PDOS analysis demonstrates that at and
near the Fermi level the DOS is mainly contributed by the pz orbital
of carbon. By inspection of both PDOS and Löwdin charge analysis,
we can conclude that the states at the Fermi level are mainly orig-
inating from the charge transfer from sodium to the empty pz orbi-
tal of carbon.

In order to see the possibility of using PMa and HH structure
(stable Na adsorbed system) as an electrode we examine how
much charge can be stored by PMa and HH. We found that 0.85e
amount of charge can be transferred from sodium and stored by
the stable structure HH and 0.79e amount of charge can be stored
by PMa.

4. Conclusion

In summary, we have carried out density functional theory cal-
culations of pristine and Na-decorated graphyne to investigate its
stability and electronic properties. Doping by Na actually decreases
the stability of the system and leads to the formation of metastable
structures. Systems with two and three Na atoms in the unit cell
are less stable than systems with one Na in the unit cell. Among
the structures with one Na in the unit cell, graphyne with Na in
the triangular hollow is the most stable and graphyne with Na
on the top of one carbon atom at hexagon is the least stable. This
particular structure of the graphyne family is a direct band gap
semiconductor in absence of sodium, with a band gap of 0.44 eV,
which is in good agreement with our previous result of 0.45 eV
[11], but sodium adsorption makes the structure metallic. Our
Löwdin charge analysis shows that a fractional amount of charge
is transferred from sodium mainly to the empty pz orbital of car-
bon. Analysis of the PDOS confirms that the Na atom mainly con-
tributes to the conduction band and as the number of sodium
atoms increases, the Fermi level moves up and activates the contri-
bution of px and py orbitals of Na at the Fermi level. When one Na

atom is introduced in the unit cell, at the Fermi level, the contribu-
tion of the s orbital of sodium is larger than the contributions of the
p orbitals of sodium. But when two sodium atoms are introduced
in the unit cell, the Na-p orbitals contribute more than Na-s at
the Fermi level. In the case of a system with 3 Na atoms in the unit
cell, the Na-p orbital of sodium contributes more than the Na-s
orbital at the Fermi level. The metallic nature of the sodium-ad-
sorbed graphyne would be useful for applications such as for elec-
trodes in a Na-ion battery, but the formation of these structures is
endothermic with respect to pristine graphyne and bulk sodium.
Their employment would then rather result in the formation of
metallic sodium. This could be however of advantage for water
desalination, because it implies that water-dissolved sodium
would not bind strongly to the graphyne monolayer and would
not clog the pores through which water is supposed to be trans-
ported. Finally, we speculate that the change from a semiconduct-
ing state to a metallic state through the deposition of a small
amount of sodium might be useful for applications in electronics,
e.g. for the production of defect-free metal–semiconductor inter-
faces through spatially selective deposition of sodium.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chemphys.2015.
09.003.
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Fig. 5. The charge density difference (bonding charge density) isosurfaces of the most stable structure HH: (a) top view and (b) side view. The red region shows the electron
accumulation, while the blue region shows the electron loss. The color scale is in the units of e/bohr3. (For interpretation of the references to colour in this figure caption, the
reader is referred to the web version of this article.)
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Figure 2: Charge donation from sodium to 
graphyne. Red indicates charge accumulation, 
blue indicates charge loss. 
 

 

 

 

 

 

 

 


