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ric and electronic properties in
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and Kuang-I Lind

The rich and unique properties of the stage-n graphite alkali-metal-intercalation compounds are fully

investigated by first-principles calculations. According to the main features, the lithium and non-lithium

(Na, K, Rb, Cs) systems are quite different from each other in stacking configurations, intercalant alkali-

metal-atom concentrations, free conduction electron densities, atom-dominated and (carbon, alkali

metal)-co-dominated energy bands, and interlayer charge density distributions. The close relations

between the alkali-metal-doped metallic behaviors and the geometric symmetries are clarified through

the interlayer atomic interactions. The stage-1 graphite alkali-metal-intercalation compounds possess

the highest charge distribution for all stage-n types; moreover, those of the lithium systems are greater

than those of the non-lithium systems. The lithium systems also have the largest blue shift of the Fermi

level among all alkali metal systems.
Introduction

Graphene is a single layer with pure carbon honeycomb lattice.1

Bulk graphite,2 which could be regarded as a layered graphene
system,3–6 has attracted a lot of theoretical and experimental
research in basic science,4,6–8 engineering7 and applications.8 3D
graphite systems might present AA, AB, ABC9 and turbostratic
stackings.10 All of them belong to semimetals under the inter-
layer hopping integrals of C-2pz orbitals. In general, such
condensed-matter systems become n- or p-type metals,
depending on the kinds of intercalated atoms or molecules.11

For example, the intercalation of alkali metal atoms12 or FeCl3
(ref. 13) into graphite creates many free conduction electrons
and valence holes, as observed in a pure metal. Also, graphite
could serve as the best anode material14 in commercial Li+-
based batteries,15 mainly owing to the lowest cost, the most
stable structure for intercalation, and the outstanding ion
transport under charging and discharging processes. When the
Li+ ions are released from the cathode, they will transport
through the electrolyte, and then intercalate into the graphitic
system. Most importantly, the exible interlayer spacings
between graphene layers are capable of providing sufficient
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positions for the various intercalant concentrations.16 Any
intermediate states and meta-stable congurations, which are
created during the ion/atom intercalation, could survive
through the very strong s bondings in graphitic sheets. As
a result, graphite is rather suitable for studying structural
transformations in chemical reactions. For example, the close
relations between graphene and intercalant layers in lattice
symmetries are expected to present a dramatic transformation
before and aer the intercalation/de-intercalation processes.

Up to now, there have been a lot of theoretical and experi-
mental studies on the fundamental properties in graphite-
related systems. The former covers the phenomenological
models and number simulation methods. For example, the
tight-bindingmodel, the random-phase approximation, and the
Kubo formula are, respectively, utilized to investigate the elec-
tronic properties and magnetic quantization behaviors,17

Coulomb excitations18 and impurity screenings,19 and optical
absorption spectra.20 Furthermore, rst-principles calcula-
tions21 are available for understanding the optimal stacking
congurations, intercalant lattices, p, s and intercalation-
induced energy bands, free conduction electrons/valence
holes, and density of states (DOS).

Previous studies of alkali-metal-intercalation graphite
compounds have primarily focused on Li, Na and K.22–24

However, certain critical physical quantities and pictures are
absent from the previous studies, such as the atom-dominated
band structures, the spatial charge densities between inter-
calant and graphene layers, the interlayer orbital hybridization
of intercalant and carbon atom, and the atom- and orbital-
projected van Hove singularities.
RSC Adv., 2020, 10, 23573–23581 | 23573
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Fig. 1 The stage-n graphite alkali-metal-intercalation compounds: (a)
n ¼ 1, (b) n ¼ 2, (c) n ¼ 3, and (d) n ¼ 4.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
2:

29
:2

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The main focuses of our work are the features of geometric
and electronic properties in stage-n graphite alkali-metal-
intercalation compounds (Li, Na, K, Rb, Cs) using the rst-
principles method.21 We aim to use rst-principles calculation
to understand the relation between the kinds of intercalants,
concentrations and the essential properties, e.g., lattice
symmetries of intercalant layers, the dominances of valence and
conduction states by carbon and/or alkali metal atoms, the blue
shi of the Fermi level, the interlayer charge density variations
aer the alkali-metal intercalations, and the atom- and orbital-
decomposed DOS.

Theoretical calculations

First-principles density functional theory (DFT)26–29 calculations
are used to investigate the optimal geometric structures, charge
distribution, and electronic, magnetic and optical characteris-
tics of intercalation compounds. In this paper, we performed
Table 1 The stage-dependent ground state energies, the optimal geom
the initial s-electronic states for the stage-n graphite alkali-metal-interc

Stage-1, alkali-metal-doped graphite

LiC6 NaC8 KC8

Interlayer distance with
intercalation (�A)

3.815, 3.74,32 3.76
(ref. 30) (exp.)

4.601, 4.52
(ref. 32)

5.324, 5.40,32 5.3
(ref. 31) (exp.)

Ground state energy
(eV)

�57.29 �74.96 �75.13

Blue shi of EF in DOS 1.80 1.54 1.48
Blue shi of EF
In band structure (eV) 1.28–2.20 1.47–1.66 1.47–1.51

Red shis of initial s-
electronic (eV)

1.25 1.24 1.14

Stage-3, alkali-metal-doped grap

LiC18 NaC24 KC24 R

Interlayer distance with intercalation (�A) 3.864 4.878 5.360 6
Ground state energy (eV) �166.99 �222.64 �222.81 �
Blue shi of EF in DOS 1.07 1.01 0.98 0
Blue shi of EF
In band structure (eV) 1.22–1.23 1.02–1.03 0.57–0.58 0
Red shis of initial s-electronic (eV) 1.21 1.02 0.96 0

23574 | RSC Adv., 2020, 10, 23573–23581
the calculations with the Vienna ab initio simulation package
(VASP), which evaluates an approximate solution within DFT by
solving the Kohn–Sham equations. The Perdew–Burke–Ernzer-
hof formula used in VASP, which depends on the local electron
density, is utilized to deal with many-particle Coulomb effects.
As for the frequent electron-crystal scatterings, they are char-
acterized by the projector-augmented wave pseudopotentials.
The electron Bloch wave functions are solved from the linear
superposition of plane waves, with amaximum kinetic energy of
500 eV. The current study on stage-n graphite compounds
shows that the rst Brillouin zone is sampled by 9 � 9 � 9 and
100 � 100 � 100 k-point meshes within the Monkhorst–Pack
scheme, respectively, for the optimal geometry and band
structure. Moreover, the convergence condition of the ground
state energy is set to be �10�5 eV between two consecutive
evaluation steps, where the maximum Hellmann–Feynman
force for each ion is below 0.01 eV Å�1 during the atom
relaxations.25
Results and discussion
(1) Unique stacking congurations and intercalant
distributions

The normal stacking congurations, which are formed by
layered graphene systems, include AAA, ABA, ABC and AAB. The
interlayer spacings of graphitic layers are able to provide very
suitable chemical environments for alkali metal intercalations
and de-intercalations, i.e., they are very useful during the
charging and discharging processes. Chemical modications
hardly affect the planar honeycomb lattices and thus do not
etric properties, the blue shifts of the Fermi levels, and the red shifts of
alation compounds

Stage-2, alkali-metal-doped graphite

RbC8 CsC8 LiC12 NaC16 KC16 RbC16 CsC16

5 5.824, 5.65
(ref. 32)

6.032, 5.94
(ref. 32)

�75.04 �75.12 �112.52 �148.78 �148.93 �148.84 �148.94

1.41 1.58 1.37 1.23 1.17 1.12 1.10

1.60–1.64 1.59–1.65 1.34–
1.38

1.19–
1.20

1.15–
1.16

1.08–
1.09

1.06–
1.06

1.13 1.0 1.22 0.99 0.93 0.86 0.82

hite Stage-4, alkali-metal-doped graphite

bC24 CsC24 LiC24 NaC32 KC32 RbC32 CsC32

.056 6.058
222.69 �222.79 �223.15 �289.80 �296.55 �296.42 �296.48
.94 0.90 0.89 0.83 0.80 0.77 0.78

.84–0.84 0.76–0.77 0.31–0.33 0.63–0.64 0.63–0.63 0.51–0.52 0.41–0.41

.66 0.60 1.23 0.90 0.88 0.70 0.58

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The planar structures of (a) LiC6 and (b) XC8 [X ¼ Na, K, Rb and
Cs]. The first Brillouin zones of (c) LiC6 and (d) XC8 [X ¼ Na, K, Rb and
Cs].

Fig. 3 The rich band structures of the pristine graphite and stage-1
graphite alkali-metal-intercalation compounds: (a) AA, (b) LiC6, (c) AB
stackings without intercalations, (d) NaC8, (e) KC8, (f) RbC8 and (g)
CsC8.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
2:

29
:2

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
change the orthogonal feature of p and s bondings. Very
interesting, the optimal geometric properties are rather sensi-
tive to the (x, y)-plane distribution and concentration of alkali
metal atoms, e.g., the interlayer distances of neighboring planes
and an enlarged primitive unit cell. According to the highest
concentration, the graphite alkali-metal-intercalation materials
could be classied into two categories: lithium and non-lithium
ones. There exist LiC6n or AC8n for the stage-n materials
[Fig. 1(a)–(d)], as examined from experimental measurements
and the theoretical predictions. The specic distance between
carbon and intercalant layer is shortest/longest for Li/Cs [Table
1], only directly reecting the effective atomic radius. Although
all the alkali metal atoms present hollow-site optimal positions,
their distribution symmetries are dominated by Li atoms or
non-Li ones. The layered LiC6n and AC8n systems, respectively,
possess a three- and four-times enhancement in the unit cell
[Fig. 2(a) and (b)]; therefore, their reduced rst Brillouin zones
exhibit different high-symmetry points [Fig. 3(a)]. This is ex-
pected to have a strong effect on the initial p-electronic states of
the Dirac-cone structure. More chemical bonds, which arise
from the alkali metal and carbon atoms, are produced in
graphite intercalation compounds compared with pristine
systems. Such bondings need to be taken into account for the
diverse essential properties. In addition to the intercalant
distribution, the stacking conguration of two neighboring
graphitic sheets also affects the ground state energy. The
current study clearly shows that only the stage-1 LiC6 presents
AA stacking, and the other compounds exhibit AB stacking.
That is to say, all the graphite alkali-metal-intercalation mate-
rials exhibit the AB-stacked congurations except for the former
system.
Fig. 4 The unusual electronic energy spectra of the AB-stacked
stage-2 graphite alkali-metal-intercalation compounds: (a) LiC12, (b)
NaC16, (c) KC16, (d) RbC16, and (e) CsC16.
(2) Metallic and semi-metallic behaviors

Without alkali metal atom intercalations, pristine graphite
exhibits unique semi-metallic behavior through weak, but
signicant van der Waals interactions. A semiconducting zero-
gap graphene is dramatically changed into a semi-metallic
This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 23573–23581 | 23575
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system for any few-layer stackings, or innite-layer graphites.
For example, there exist the unusual overlaps of valence and
conduction bands along the KH path [Fig. 3(c); or the GK path
under the reduced Brillouin zone in Fig. 3(b)] in AA-, AB- and
ABC-stacked graphites through single-orbital interlayer atomic
interactions. According to the VASP, the simple hexagonal/
rhombohedral graphite [Fig. 3(b)], with the highest/lowest
stacking symmetry, presents the largest/lowest free carrier
density of conduction electrons and valence holes. In general,
the p valence bands, which are purely related to C-2pz, show the
initial states at the stable K valley [Fig. 3(c)], the saddle-point
structure near the M point [Ev � �3 eV], and its termination
in the G valley [the whole p-band width more than 7 eV].

The band structures of lithium- and non-lithium graphite
intercalation compounds sharply contrast with each other, such
as those of stage-1 LiC6 and XC8 compounds in Fig. 3(d) and (e)–
(h), respectively. For the former, the Fermi level is transferred
from the middle of Dirac-cone structures into the conduction
ones near the G valley aer the intercalation of lithium atoms.
That is to say, EF presents a blue shi. Apparently, the free
carriers are due to the outmost 2s orbitals of lithium atoms. The
occupied and unoccupied states are highly asymmetric to each
other about the Fermi level. The initial p/p* valence/
conduction states are mainly determined by the stacking
congurations in the chemical intercalations [the distribution
symmetry of Li-intercalants in Fig. 2(a)], or the corresponding
relation between the original and reduced rst Brillouin zone.
There exists an observable energy spacing of Ec � 0.31–0.63 eV
along the G–A path in the modied valence and conduction
Dirac-cone structures. The creation of discontinuous states in
Fig. 5 The rich band structures for the AB-stacked stage-3 graphite
alkali-metal-intercalation compounds: (a) LiC18, (b) NaC24, (c) KC24, (d)
RbC24, and (e) CsC24.

23576 | RSC Adv., 2020, 10, 23573–23581
honeycomb lattices might arise from the different ionization
energies of Li-2s and C-2pz orbitals [the distinct on-site
Coulomb potential energies]. The whole p valence-band width
of LiC6, being created by the C-2pz orbitals, could be identied
to about 7.32 eV/7.40 eV from the electronic energy spectrum
along the G–M–K–G/A–H–L–A or G–K–M–G/A–L–H–A paths.
This result clearly illustrates the well-behaved p bondings in
graphite alkali-metal-intercalation compounds. Other s bond-
ings behave so, as indicated from the initial states at the G point
of Ev � �4.20 eV. Their orthogonal relation remains the same
aer chemical modication, being very useful in establishing
the tight-binding model for graphite alkali-metal-intercalation
compounds.

The main features of the band structure, as clearly indicated
in Fig. 3(e)–(h), are dramatically changed for the other alkali-
metal-atom intercalations. Both stage-1 AC8 and LiC6 have the
totally different distribution congurations [Fig. 2(a) and (b)],
and so do the reduced rst Brillouin zones [Fig. 3(a)]. For the
former, the Dirac-cone structures of the p and p* bands are
initiated from the stable K/K0 valleys, but not the G ones. The
energy spacing of separated Dirac points is small or almost
vanishing; furthermore, the Fermi level is situated above the
conduction point about �1.35–1.50 eV. In addition to EF,
whether or not the second conduction energy subband is
partially occupied depends on the kinds of alkali metal atoms,
such as the alkali-metal-induced free electrons in the rst and
second subbands for KC8/RbC8/CsC8 [Fig. 3(f)/(g)/(h)]. The low-
energy bands belong to the single states, without the split
double degeneracy [Fig. 3(d) for LiC6]. The whole p-band energy
spectra are identied from the K–G–K–M–G and H–A–H–L–A
Fig. 6 The rich band structures for the AB-stacked stage-4 graphite
alkali-metal-intercalation compounds: (a) LiC24, (b) NaC32, (c) KC32, (d)
RbC32, and (e) CsC32.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 The atom- and orbital-decomposed density of states for (a) AA, (b) LiC6, (c) NaC8, (d) KC8, (e) RbC8, (f) CsC8, (g) LiC12, (h) NaC16, (i) KC16, (j)
RbC16, and (k) CsC16, (l) LiC18, (m) NaC24, (n) KC24, (o) RbC24, (p) CsC24, (q) LiC24, (r) NaC32, (s) KC32, (t) RbC32, (u) CsC32. The black, red, light blue,
pink, green, deep blue, and purple curves represent, respectively, C-2s, C-2px, C-2py, C-2pz, alkali metal, carbon, and compound.
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paths, leading to a width of�7.31–7.41 eV. Very interesting, one
pair of p-valence subbands come to exist near Ev � �4.0 eV,
being accompanied by the initial pair of s valence bands. This
further illustrates the zone-folding effects on band structure
and the well separation of p and s bondings.

Electronic energy spectra strongly depend on the n stage of
graphite intercalation compounds, as clearly illustrated in
Fig. 4(a)–(e). Stage-2 LiC12 and AC16 have different rst Brillouin
zones on the (kx, ky) plane, and their kz-ranges are associated
with the distances between two intercalant planes [Fig. 1].
Compared with stage-1 band structures [Fig. 3(d)–(g)], the
number of Dirac cones becomes double in the stage-2 cases, in
which the further modications include the reduced blue shi
This journal is © The Royal Society of Chemistry 2020
of the Fermi level, the enhanced anisotropy, the induced energy
spacings between valence and conduction Dirac points, and the
diverse energy relations near the band-edge states. For example,
four/two valence and conduction pairs arise from the G/K valley
[or the A/H valley] for LiC12/AC16 [Fig. 4(a) and (b)–(e)].
Furthermore, the whole p-band widths could be roughly esti-
mated from the GKMG/KMKG path [or the ALHA/HLHA path].
The low-energy essential properties are dominated by the p

bondings of C-2pz orbitals. The above-mentioned obvious
changes directly reect the great enhancement of the interlayer
atomic interactions due to the C–C bonds in two neighboring
graphitic sheets/graphene-intercalant layers. Very interesting,
all the stage-2 compounds exhibit a pair of s bands at the G and
RSC Adv., 2020, 10, 23573–23581 | 23577
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A valleys, and the energy dispersions along GA are negligible.
These results indicate the mutual orthogonality of the planar s
and perpendicular p bondings. Such a phenomenon is expected
to survive in any stage-n graphite alkali-metal-intercalation
compounds.

The blue shis about the Fermi level and the free conduction
electrons decline quickly with an increase of the n number. The
concentration of alkali metal atoms is greatly reduced, and so is
the charge transfer from their outmost s-orbitals to carbon 2pz-
orbitals. Such results are clearly revealed in the stage-3 systems.
Fig. 5 shows the slight modications of the Dirac-cone struc-
tures and the intersecting of the Fermi level with most of the
conduction bands. LiC18 [Fig. 5(a)] and AC24 [Fig. 5(b)–(e)],
respectively, possess six and three pairs of linear valence and
conduction bands near the G/A and K/H valleys. Apparently,
there are signicant changes in the observable energy spacing
between valence and conduction Dirac points, the anisotropic
Fermi velocities, and the distinct Fermi momenta slopes. The
blue shis of EF are estimated to be 0.45, 0.58, 0.55, 0.53, and
0.5 eVs. Very interesting, the electronic energy spectra become
more complicated under the stronger zone-folding effects. The
main features of electronic properties are closely related to the
weak, but important Li–C bonds, e.g., the minor contributions
of alkali metal atoms on each electronic state. That is, the
diversied n-type dopings are created by the critical Li–C and
C–C bondings.

According to the spatial charge distributions and their vari-
ations aer chemical modications [Fig. 8–12], the chemical
bondings hardly depend on the distributions and concentra-
tions of alkali metal adatoms. Aer the alkali-metal-atom
intercalations, we can observe that the changes depend on the
Fig. 8 The spatial charge distribution before/after Li intercalation: (a
and b) LiC6, (c and d) LiC12, (e and f) LiC18, (g and h) LiC24.

23578 | RSC Adv., 2020, 10, 23573–23581
concentrations and the kinds of alkali metal atoms. Comparing
the charge distributions r with the charge variation Dr, we can
nd the orbital hybridization in A-C bonds (A ¼ Li, Na, K, Rb,
Cs), and the charge density almost remains the same in the
graphitic layers without direct intercalation with the alkali
metal atoms, e.g., the middle one layer/two layers in stage-3/
stage-4 compounds. Moreover, with increasing n number, Dr
becomes small [Dr: stage-1 > stage-2 > stage-3 > stage-4]. We also
see the evidence of 2s–2pz hybridization in A–C bonds in the
charge variation. Obviously, the stage-1 compounds exhibit the
strongest electron transfer from alkali metal atoms to carbons,
as shown by the red region in Dr [Fig. 8–12]. The variation
reduces when the radius of alkali metal atoms gets larger, that is
to say the electron transfer from A to carbon atoms is strongest
in Li but weakest in Cs [radius: Li < Na < K < Rb < Cs; variation:
Li > Na > K > Rb > Cs].

The atom- and orbital-dependent DOSs [Fig. 6] allow a full
understanding of the metallic behavior and the close relations
among the different chemical bondings. Although band struc-
tures become very complicated under the alkali-metal-atom
intercalations, the main features of van Hove singularities are
sufficiently clear for the identications of diverse phenomena
through a suitable broadening factor. The low-energy DOSs in
stage-1 and stage-2 graphite alkali-metal-intercalation
compounds present a prominent peak just at the Fermi level
[EF ¼ 0], regardless of the kind of alkali metal atoms. Further-
more, there exists a valley structure, with a minimum value, at
its le-hand neighbor. When such a characteristic is combined
with the similar ones at EF, the Fermi level is deduced to exhibit
a blue shi. That is to say, EF is situated at the conduction
Fig. 9 The spatial charge distribution before/after Na intercalation: (a
and b) NaC8, (c and d) NaC16, (e and f) NaC24, (g and h) NaC32.

This journal is © The Royal Society of Chemistry 2020
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energy subbands [EF roughly lies in the center of valence and
conduction bands] roughly aer [before] the alkali-metal-atom
intercalations. It should be noticed that the contributions due
to the alkali metal atoms are weak, but rather important. The
blue shis of stage-1 LiC6, NaC8, KC8, RbC8 and CsC8, and stage-
2 LiC12, NaC16, KC16, RbC16 and CsC16 are, respectively, esti-
mated to be 1.80, 1.54, 1.48, 1.41, 1.58, 1.37, 1.23, 1.17, 1.12,
1.10 eV.

The van Hove singularities in graphite intercalation
compounds [Fig. 7(b)–(u)], which survive in the specic energy
ranges, are mainly determined by the carbon or alkali metal
atoms and their orbitals. Most important, DOSs in the critical
energy range of �5.0 eV < E < 3.0 eV, being relatively easily
examined from experimental STS measurements, are domi-
nated by the C-2pz orbitals [the pink curves]. Furthermore, the
minor contributions related to the outmost s-orbital of alkali
metal atoms [the green curves], especially in the conduction
energy spectrum, play a critical role in determining the blue
shi of the Fermi level. As for the C-[2px, 2py] orbitals [the red
and light blue curves], their contributions are initiated from �E
< �4.0 eV, while they are absent in the opposite energy range.
The red shi of the initial s valence bands is about 1.0 eV,
compared with those of the pristine simple hexagonal and
Bernal graphites [Fig. 7(a)]. Only the LiC6 case [Fig. 7(b)] exhibits
the split contributions of 2px and 2py orbitals. This result
directly reects the anisotropic distribution conguration. Also,
the C-2s orbitals come to exist at the deeper energies of �E <
�5.0 eV. Apparently, the above-mentioned features indicate the
Fig. 10 The spatial charge distribution before/after K intercalation: (a
and b) KC8, (c and d) KC16, (e and f) KC24, (g and h) KC32.

This journal is © The Royal Society of Chemistry 2020
good separation of C-2pz and C-[2s, 2px, 2py] orbital contribu-
tions, and thus the normal perpendicular orbital hybridizations
of p and s chemical bonds. That such bonding behavior is
strongly linked with the signicant interlayer 2pz-orbitals due to
the carbon-alkali metal bonds can account for the featured
electronic properties, e.g., the main features of band structures
and DOSs in Fig. 3–7. The clear identications of stage-1 and
stage-2 of graphite alkali-metal-intercalation compounds could
be achieved from the low-energy features of van Hove singu-
larities, as indicated in Fig. 7(b)–(f) and (g)–(k), respectively.
Compared with those of the former, the blue shis of the Fermi
levels are relatively small, in which they are, respectively,
�1.20 eV, 1.15 eV, 1.10 eV, 1.06 eV and 1.03 eV for LiC12, NaC16,
KC16, RbC16, and CsC16. Most important, their DOSs at EF do
not belong to the local maxima. Such a result directly reects
whether or not the band-edge states of conduction bands are
somewhat away from the Fermi level [Fig. 4(b)–(e)]. This
signicant difference between stage-2 and stage-1 systems
further illustrates the intersecting of EF and conduction bands,
thus leading to the n-type doping cases aer the alkali-metal-
atom intercalations. Previous researches mainly show the
structures, total energy, enthalpy of formations and the
DOS.22–24,31–33 The geometric structures, especially the interlayer
distances, are slightly different between these papers and
experiment; for instance the LiC6 distance is 3.73/3.76 Å in ref.
24/ref. 23, 3.81 Å in this paper and 3.76 Å in experiment30 [other
previously reported details in Table 1]. The results of our
theoretical calculations are close to those of previous studies;
furthermore, we give the details of geometric structures, ground
Fig. 11 The spatial charge distribution before/after Rb intercalation: (a
and b) RbC8, (c and d) RbC16, (e and f) RbC24, (g and h) RbC32.

RSC Adv., 2020, 10, 23573–23581 | 23579

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00639d


Fig. 12 The spatial charge distribution before/after Cs intercalation: (a
and b) CsC8, (c and d) CsC16, (e and f) Cs C24, (g and h) CsC32.
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state energies, blue shi (both in band structures and DOS) and
spatial charge distributions.
Conclusion

The fundamental properties of (Li, Na, K, Rb, Cs)-intercalated
graphite compounds under the distinct stage congurations
have been investigated by means of rst-principles calculations.
Due to the band structures, DOS and spatial charge distribu-
tions [Fig. 3–12], the weak but signicant van der Waals inter-
actions, which arise from the interlayer 2pz–2pz and 2pz–s
orbital hybridizations in C–C and C–A bonds, respectively, make
the most important contribution to the low-lying p-electronic
structure and thus dominate the essential physical properties.
The dramatic changes include the blue shi of the Fermi level/
the red shi of the s bands [the n-type doping behaviors], the
greatly enhanced asymmetric electron and hole energy spectra,
and the obviously reduced conduction electron density for the
dilute intercalant cases. These calculated results suggest that
the essential electronic properties are relevant to the concen-
trations of intercalant alkali metal atoms. The radii of the
distinct alkali metal atoms cause the very different interlayer
distances, e.g., 3.8/4.3/5.3/5.8/6.0 Å for stage-1 Li/Na/K/Rb/Cs,
respectively [Table 1]. Therefore, the smallest alkali metal
atom, Li, must have the strongest orbital hybridization between
the alkali metal atom and carbons. The charge transfers from
the alkali metal to carbons decrease quickly with the increase of
the n number, and the lithium systems possess the highest ratio
23580 | RSC Adv., 2020, 10, 23573–23581
of charge transfer. The lithium systems also have the largest
blue shi of the Fermi level of �1.8 eV.
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