
INTRODUCTION

Graphene, a one-atom thick sheet of carbon atoms arranged
in a honeycomb (hexagonal) lattice, forms one of the strongest
in-plane bonds among all materials. Due to its unique struc-
tural, mechanical and electronical properties, graphene is an
ideal materials for use in sensors, electrodes and hydrogen
storage devices1-3. It is well known that the electronic structures
of graphene can be modified by doping and adsorption,
which in turn significantly change its physical and chemical
properties. Nitrogen4, boron5 and metal atoms are the most
common dopants for graphene sheets.

As for metal doping, metal doped graphene can alter its
electronic properties significantly, inducing a shift of the Fermi
level and shallow acceptor states of the graphene, leading to
its applicability extension, such as making highly efficient
sensors6-8.

The interactions of alkali atoms and ions with carbon
materials such as graphene and C60 are important in the
development of new molecular devices9,10. It is widely accepted
that the electronic states of graphene are drastically changed
by doping of the alkali metal and ions in experiments and
theoretical works. Morever, the geometrical and electronic
structures of alkali metal adsorption on graphene have been
investigated and potential applications of the metal-graphene
systems have been proposed. Recently, many works focus on
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increase the binding energy of hydrogen adsorption on func-
tionalized carbon nanotubes and graphene by Li-doping11-16.
Especially, in the case of Li+ doped graphene, the interaction
is much important in the field of secondary rechargeable batte-
ries17. As for other alkali atom doping such as Cs atom, the
experimental investigations show that the total emission current
of CNT increases significantly after Cs deposition and the
work function of CNT reduces dramatically18. In theoretical,
Marquez et al.19 calculated the binding energy of Li+ and
hydrogen terminated graphene (C32H18) using density
functional theory (DFT) method and indicated that the Li+ ion
is preferentially bound outside the graphene. On the basis of
first principles calculations, Guo et al.20 suggested that the
ionic bonds are formed between metal atom and graphene.
Besides of the stable adsorption sites and charge transfer
between Li+ ion and graphene, the diffuse path of Li+ ion on
graphene is also investigated21. Thus, the electronic structures
at the ground states of Li+ graphene system have been
extensively studied. However, the information about excited
states of other alkali atoms is sparse in recent years.

In the present contribution, ground and low-lying excited
states of normal and stone whale defective graphene as well
as alkali metal atom adsorption on positively charged normal
and stone whale defective graphene have been investigated
by means of density functional theory (DFT) method and time-
dependent-density functional theory (TD-DFT) calculations
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to elucidate the effect of the defect on the electronic states
of graphene. In particular, we focus our attention on the Na-
positively charged graphenes and stone whale graphene.

CALCULATION METHOD

In the present study, stone whale defective graphene was
made by rotating a C-C bond by 90° about its center, which
converts a group of four adjacent hexagonal rings into a (5,7,7,5)
ring cluster, as shown in Fig. 1. The edges of graphene were ter-
minated by hydrogen atoms, two graphene, n = 34 and 44, were
examined as models of defective graphene, where n is the number
of rings in stone whale defective graphene. As a comparison,
normal graphene, n = 29, was also to elucidate the effect of alkali
metal on the electronic states of graphene as a graphene model.
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Fig. 1. Optimized structure of graphene (normal graphene) and stone-wales
(SW) defects graphene at the B3LYP/6-31G(d) level. Edge region
of graphene is terminated by hydrogen atom

Geometries and electronic structures of the normal graphene
and stone whale -defective graphene were calculated by the
B3LYP22 functional with the 6-31G(d) basis set. For alkali
metal atom adsorption on positively charged-stone whale
defective graphene complex, the structures of these systems
were fully optimized at the same level. The excitation energies
of all systems were calculated at the time dependent (TD)-
DFT23, B3LYP/6-31G(d) level. All calculations in the present
study were carried out with the Gaussian 03 program package24.

RESULTS AND DISCUSSION

Stabilities and electronic structures of stone whale

defects graphene: To test the accuracy of our model, we
computed the formation energy of the stone whale defect in a
graphene cluster. The stone whale defect formation energy of
n = 34 were calculated to be equal to 5.58 eV, which was in
reasonable agreement with the value of 6.02 eV for a planar
graphene sheet predicted by Zhou and Shi using the Huckel
method25. The optimized structure of stone whale defective
graphene (n = 34 and n = 44) are given in Fig. 1, the C-C bond
(A1 and A2 in Fig. 1b) are 1.462 Å and 1.332 Å, respectively.
For normal graphene, the C-C bond and C-H bond lengths are

calculated to be 1.420 Å and 1.088 Å, respectively. The vibra-
tional analyses reveal that all frequencies of these optimized
graphene and stone whale -defective graphene are real,
showing that these carbon clusters correspond to the local
energy minima on the potential energy surface, the calculated
asymmetric stretching frequencies of C-C bond (A2 in Fig.
1b) is at 1872 cm-1 corresponding to 1610 cm-1 of normal
graphene.
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Fig. 2. Molecular orbital energies of (a) stone whale defective graphene
and (b) noraml graphene calculated at the B3LYP/6-31G* level.
Orbital numbers are given in parenthesis

The molecular orbitals of the stone whale defective
graphene (n = 34) and normal graphene (n = 29) are depicted
in Fig. 2 and the orbital energies around frontier orbitals were
also shown at the B3LYP/6-31G(d) level. All the molecular
orbitals as shown in Fig. 2 are widely delocalized over the
stone whale defective graphene surface and normal graphene
surface, respectively. HOMO-2 and HOMO-3 as well as LUMO
+1 and LUMO+2 of normal graphene are doubly degenerated
in energy, however, HOMO-1 and HOMO-2 as well as LUMO
+1 and LUMO+2 of stone whale defective graphene are doubly
degenerated in energy, indicating defects changed electronic
structure of graphene. To elucidate the electronic states of
graphene and stone whale defective graphene at the ground
and low-lying excited states, molecular orbitals and weights
of configuration state functions (CSFs) are given in Table-1.
The main configurations of normal graphene for the first and

TABLE-1 
EXCITATION ENERGIES AND CONFIGURATION STATE FUNCTIONS OF NORMAL GRAPHENE AND STONE  

WHALE (SW) DEFECTIVE GRAPHENE CALCULATED AT THE TD-DFT(B3LYP)/6-31G(D) LEVEL 

State CSF and CI vectors Eex (eV) 
S1 0.597 (HOMO→LUMO) 1.487 
S2 0.641 (HOMO-1→LUMO) + 0.258 (HOMO→LUMO+1)  1.878 
S3 0.528 (HOMO-2→LUMO) + 0.497 (HOMO→LUMO+2)  1.920 
S·1 0.678 (HOMO→LUMO) + 0.211 (HOMO→LUMO+1) 0.781 
S·2 0.693 (HOMO-1→LUMO) 0.886 
S·3 0.696(HOMO→LUMO+1) 1.310 

(S represent states of normal graphene and S· represent states of SW defective graphene) 
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second excitations are Φ(HOMO-1→LUMO), Φ(HOMO→

LUMO) and Φ(HOMO→LUMO+1), here, it should be noted
that HOMO-1 and HOMO-2 are doubly degenerated, while
LUMO+1 and LUMO+2 are also doubly degenerated. For stone
whale defective graphene, while HOMO-1 is not degenerated
orbital, the first state was mainly composed of Φ(HOMO →
LUMO) and Φ(HOMO → LUMO+1) and second excited state
was mainly composed of Φ(HOMO-1 → LUMO), which are
different from those of normal graphene. These results indicate
that the low-lying excited states of graphene and stone whale
defective graphene are composed of the HOMO-LUMO
excitations.

Structures of positively charged alkali metal doped

stone whale-graphene: The geometry of positively charged
Li, Na, K doped graphene (defined as Li-graphene+ etc.) was
optimized at the B3LYP/6-31G(d) level, the optimized
structure is illustrated from Fig. 3a to 3c. As shown in Fig. 3,
Li, Na, K atom prefers to locate above the center of the hexagon
ring, the preference of alkali metal atoms at the hollow site is
well known in the adsorption on the surface of CNTs and
graphite. The equilibrium height of adsorbed metal atoms on
graphene is the result of the electrostatic interaction. Further-
more, the height is also dependent on the atomic radius of the
adatom. As the atomic radius increases, the height increases
from 1.804 to 2.789 Å for positively charged Li, Na, K doped
graphene, respectively. For Li-graphene+, the C-C bond length
around the Li atom is calculated to be 1.43 Å, which is slightly
elongated by the Li doping. The calculated binding energies
for Li, Na and K of positively charged systems, are in the
range of 0.835 to 1.217 eV, indicating that the adsorptions of
the above three atoms are all chemical adsorptions and the
ionic bonds are formed between metal and graphene. Among
the three adsorbates, the adsorption of Na is the weakest (0.835
eV). The relatively weaker binding of Na has also been found
in the adsorption on the surface of graphite. Zhu et al.26 have
investigated the weaker adsorption of Na on graphite, which
points out that the reason is that the single occupied molecular
orbital of the Na atom is exactly at the middle point between
the highest occupied molecular orbital and the lowest
unoccupied molecular orbital of the graphite in the energy
level.

The geometry of positively charged Li, Na, K doped stone
whale defective graphene are illustrated from Fig. 3d to 3f. To
find the most favorable adsorption configuration, 3 initial
adsorption sites were considered in alkali metal atom adsor-
ption on positively charged stone whale defective graphene
(Fig. 1c), the most stable relaxed structure of the initial
adsorption configuration H1 is shown in Fig. 3d to f, respec-
tively. It is noted that stone whale graphene sheet occur curved

in three optimized systems, which are different from positively
charged alkali metal atom adsorption on graphene, it may be
due to adsorption causing spin distribution on stone whale
graphene. The calculated binding energies for Li, Na and K
of positively charged systems (defined as Li-stone whale
graphene+ etc.), are in the range of 0.776 to 1.104 eV and the
adsorption of Na is also the weakest, which is similar to those of
graphene systems. In addition, as the atomic radius increases,
the h from hydrogen atom to the other side hydrogen atom of
stone whale graphene decreases from 21.638 to 21.597 Å.
From Mulliken charge analysis as listed in Table-2, we found
charge on alkali metal atom of graphene systems are slightly
larger than those of stone whale defective graphene, the result
indicate the electronic transport properties of the pristine
graphene are different from stone whale graphene.
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Fig. 3. Optimized geometries for the alkali metal ions-graphene complexes,
(a)-(c) Li+, Na+ and K+ doped-graphene, (d)-(f) Li+, Na+ and K+

doped-stone whale defective graphene

Electronic structure of positively charged alkali metal

doped stone whale-graphene: To elucidate the electronic
features of positively charged alkali metal doped graphene
and stone whale defective graphene, MO's and weights of
CSF's of two containing Na systems at the excited states are
analyzed. The special distributions of MO's and orbital energies
around HOMO and LUMO are given in Fig. 4. For Na-
graphene+ (Fig. 4b), we found that HOMO, HOMO-1, LUMO
are widely delocalized on graphene surface, however,
LUMO+1 is localized in the Na atom, indicating Na doping
inducing change of graphene electronic structures. On the other
hand, for Na-stone whale graphene+ (Fig. 4a), all frontier
orbitals are widely delocalized on stone whale defective
graphene surface. These results indicate that charged alkali
metal doping on graphene causes a large change of electronic
states of graphene. The excitation energies of Na-graphene+

TABLE-2 
CALCULATED BINDING ENERGY Eb OF THE ADSORBATE ON GRAPHENE AND STONE WHALE (SW) DEFECTIVE GRAPHENE, 

HEIGHT D REPRESENT DISTANCE FROM THE ADSORBATE TO GRAPHENE SURFACE, AND H REPRESENT  
DISTORTION OF SW DEFECTIVE GRAPHENE, Q IS CHARGE OF ALKALI METAL ATOM 

Graphene SW defective graphene 
Adsorbate 

Eb(eV) d (Å) Q(e) Eb(eV) h (Å) Q(e) 
Li 1.033 1.804 0.482 0.921 21.638 0.445 
Na 0.835 2.300 0.694 0.776 21.614 0.640 
K 1.217 2.789 0.880 1.104 21.597 0.858 
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and stone whale graphene+ are given in Table-3. It was found
that the first and second excitation energies of the Na-stone
whale graphene+ were calculated to be 0.697 and 0.859 eV,
respectively, indicating that the excitation energies are slightly
red shifted compared to those of stone whale defective gra-
phene. For Na doped graphene+, due to LUMO+1 localization
in the Na atom, it was found that the second excitation were
significantly higher than those of stone whale defecitve
graphene.
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Fig. 4. Molecular orbital energies of (a) Na+ doped-stone whale graphene
and (b) Na+ doped-graphene calculated at the B3LYP/6-31G* level.
Orbital numbers are given in parenthesis

The coefficients of CSFs in the Na-graphene+ and Na-
stone whale graphene+ are summarized in Table-3. For Na-
stone whale graphene+, the first excited state was mainly
composed of two CSFs, Φ(HOMO→LUMO) and Φ(HOMO
→LUMO+1), while the coefficients of CSFs for the former
and the latter were calculated to be 0.680 and 0.221, respec-
tively. The second excited state is mainly composed of
Φ(HOMO→LUMO+1) with the coefficient of 0.693. From
the above analysis, the orbital images of first and second
excitations as shown in Fig. 4a are the same as those of stone
whale graphene, these results indicate that Na-stone whale
graphene+ causes a slightly change of electronic states of stone
whale graphene, the nature of the electronic structure is hardly
changed. For Na-graphene+, the first excited state is mainly
composed of Φ(HOMO→LUMO) with the coefficient of

TABLE-3 
EXCITATION ENERGIES AND CONFIGURATION STATE FUNCTIONS OF Na DOPED NORMAL GRAPHENE+  

AND Na DOPED SW DEFECTIVE GRAPHENE+ CALCULATED AT THE TD-DFT(B3LYP)/6-31G(D) LEVEL 

State CSF and CI vectors Eex (eV) 
S1 0.697 (HOMO→LUMO) 1.331 
S2 0.641 (HOMO-1→LUMO)+ 0.258 (HOMO→LUMO+1)  1.482 
S3 0.638 (HOMO-2→LUMO)+ 0.271 (HOMO→LUMO+2)  1.804 
S·1 0.680 (HOMO→LUMO)+ 0.221 (HOMO→LUMO+1) 0.697 
S·2 0.693 (HOMO-1→LUMO) 0.859 
S·3 0.696(HOMO→LUMO+1) 1.193 

(S represent states of normal graphene and S· represent states of stone whale defective graphene) 
 

0.697. The second excited state was mainly composed of two
CSFs, Φ(HOMO-1→LUMO) and Φ(HOMO→LUMO+1),
while the coefficients of CSFs for the former and the latter
were calculated to be 0.641 and 0.258, respectively. From our
calculations, it can be expected that the excited and anionic
states of graphene are strongly affected by Na doped. In Na-
graphene+ system, s-orbital of Na contaminates to LUMO+1
orbital, as shown in Fig. 4b. This orbital contamination causes
the spectrum shift, the magnitude of contamination is signi-
ficantly large, so that the second excitation is large red shift.
This feature is much different from the Na-stone whale
graphene+ in which both frontier orbitals are delocalized on
the graphene surface.

Conclusion

Quantum chemical calculations were performed to study
the structural and electronic properties of positively charged
alkali metal doped graphene and stone whale defective graphene
complexes. The calculations were carried out at the density
functional theory (DFT) and time-dependent density-func-
tional (TD-DFT) theories. The geometry optimization showed
that Li, Na, K atom prefers to locate above the center of the
hexagon ring of graphene and heptagon ring of stone whale
graphene, furthermore stone whale graphene sheet occur
curved. The calculated binding energies for Li, Na and K of
positively charged stone whale graphene, are in the range of
0.776 to 1.104 eV and the adsorption of Na is the weakest,
which is similar to those of graphene systems. From our calcu-
lations, it can be expected that the excited and anionic states
of graphene are strongly affected by Na doped. However, Na
doped positively charged stone whale only causes a slightly
change of electronic states of stone whale graphene, the nature
of the electronic structure is hardly changed. Present results
provide a basis for further experimental and theoretical
exploration of the ground and excited electronic states of doped
graphene and defective graphene.
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