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ABSTRACT: Adsorption of molecules on graphene is a
promising route to achieve novel functionalizations, which can
lead to new devices. Density functional theory is used to
calculate stabilities, electronic structures, charge transfer, and
work function for a crown-4 ether (CE) molecule and a CE−
Li (or CE−Li+) complex adsorbed on graphene. For a single
CE on graphene, the adsorption distance is large with small
adsorption energies, regardless of the relative lateral location of
the CE. Because CE interacts weakly with graphene, the charge
transfer between the CE and graphene is negligibly small.
When Li and Li+ are incorporated, the adsorption energies
significantly increase. Simultaneously, an n-type doping of
graphene is introduced by a considerable amount of charge
transfer in CE−Li adsorbed system. In all of the investigated systems, the linear dispersion of the pz band in graphene at the
Dirac point is well-preserved; however, the work function of graphene is effectively modulated in the range of 3.69 to 5.09 eV due
to the charge transfer and the charge redistribution by the adsorption of CE−Li and CE−Li+ (or CE), respectively. These results
provide graphene doping and work function modulation without compromising graphene’s intrinsic electronic property for
device applications using CE-based complexes.

1. INTRODUCTION

Graphene has attracted extensive research interest due to its
superior electronic properties and potential application in
nanoelectronics, nanoionics, chemical sensors, and other
fields.1−4 Its low-energy physics process can be depicted by
the linear band dispersion in the vicinity of the Dirac point,
which makes the carriers behave like massless Dirac Fermions.1

Consequently, ultrahigh intrinsic carrier mobility of 2 × 105

cm2/(V s)5 and room-temperature ballistic transport proper-
ties6 are demonstrated. Pristine graphene can be regarded as a
semiconductor with zero band gap or a semimetal with
vanishing density of states (DOS) at the Fermi level. The
absence of a band gap is an impediment to use of graphene for
logic applications because the graphene field-effect transistor
does not turn off well. Graphene functionalization, however,
has been an important research topic. An energy gap can be
induced by forming nanoribbons,7 by graphene hydrogena-
tion,8−10 or by applying a vertical electric field.11,12 Unfortu-
nately, the linear band structure is usually destroyed and the
carrier mobility shrinks dramatically using these approaches.
Moreover, in most graphene-based sensor devices, it is desired

to modulate the carrier concentration of graphene by shifting
the Fermi level away from the Dirac point. This can be realized
by noncovalent interaction with adsorbates, making the
adsorption of molecules on graphene a promising route to
achieve an effective doping;13,14 however, a high doping level in
some cases is not easily obtained due to the weak interaction
and the small amount of charge transfer between the molecule
and graphene.13 Thus, it is desirable to explore a doping
strategy that increases the binding strength between the
adsorbate and the graphene and simultaneously offers control
of both sheet carrier density and work function.
Crown ethers (CEs) are macrocyclic molecules with the

chemical formula (CH2CH2O)n, where the number of
monomer units, n, determines the cavity size of the molecule.
One property of CEs is the site-selective binding with alkali
ions,15,16 making CE−cation complexes promising candidates
for doping graphene. The advantage of this doping strategy is
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that for certain values of n all of the O atoms in the CE−cation
complexes will reside in the same plane, making possible the
use of CE-cation complexes as a 2D dopant for graphene. For
example, when the cation is Li+ or Na+, an O planar structure is
formed for n = 4 and 5.17

From the viewpoint of graphene functionalization, the
adsorption of CE−Li on graphene has several advantages
over individual CE or Li adsorption. Compared with an isolated
CE molecule, the introduction of Li is expected to increase the
binding strength between CE and graphene, thereby increasing
the stability and the effectiveness of the dopant. An increased
binding energy has been reported between graphene and H2
and free radicals when Li is coadsorbed.18−20 Compared with
the adsorption of only adatom Li on graphene,2,21,22 the
stability of the CE−Li complex on graphene should be higher
due to the strong binding between CE and Li atoms and ions.
As previously shown in the literature,2,22 the lateral diffusion
barrier of Li adatoms on perfect graphene is only ∼0.30 to 0.35
eV, indicating that Li is highly mobile on the graphene surface
and will form clusters of bulk lithium. Lee et al.23 and Das et
al.24 have shown that the adsorption of Li as the bulk metal
phase on perfect graphene is energetically unfavorable. Thus, it
is anticipated that the CE stabilizes the Li, preventing lateral Li
diffusion because of the strong interaction strength between CE
and Li. Considering these potential advantages, it is worth
investigating the interaction of 2D CEs and CE−cation
complexes with graphene and their influence on the electronic
structure.
In this work, we choose to study the interaction between

graphene and a CE−Li complex where n = 4, because it is the
smallest CE with planar O atoms in the crown ether-cation
complex. This adsorbate on graphene is referred to as CE, CE−
Li, and CE−Li+ for the remainder of the document, where Li is
an atom in CE−Li and an ion in CE−Li+. The stability,
geometrical structure, charge transfer, electronic structure, and
work function of the CE and CE−Li complex adsorbed on
graphene are investigated by density functional theory (DFT)
calculations. Our data show that the improvement of the
binding strength of the CE with graphene and an effective n-
type doping are both achieved by the introduction of Li in CE−
Li adsorbed on graphene. Regardless of the presence of Li in
the CE, the adsorption does not impact the linear dispersion of
the pz bands. The charge transfer results in an upward shift of
the Fermi level away from the Dirac point by ∼0.67 eV, which
reduces the work function of the graphene. Although the charge
transfer is minor in CE and CE−Li+ adsorbed systems, the
electric dipole formation owing to the charge redistribution
modulates the work function of graphene significantly. These
theoretical results provide insights into the applications of
nanoelectronics and nanoionics utilizing graphene functional-
ization with CE molecules and alkali metals.

2. COMPUTATIONAL MODEL AND DETAILS
All calculations are performed by Vienna ab initio Simulation
Package (VASP)25,26 with projected augmented wave (PAW)
pseudopotentials.27 After testing different exchange-correlation
potentials (see Figure S1a), the local density approximation
(LDA)28 has better accounted the interaction between
adsorbate and graphene, and it is adopted for the study
because it can produce a negative adsorption energy and a
similar equilibrium adsorption distance. The electron wave
function is expanded in the plane wave basis set with an energy
cutoff of 450 eV. The Γ-centered Monkhorst−Pack k-point grid

in the irreducible Brillouin zone (BZ) sampling is used by 3 × 3
× 1 for the structural relaxation and by 9 × 9 × 1 for the
subsequent self-consistent electronic calculation. The atomic
structure optimization stops when the force acting on each
atom is <0.03 eV/Å. The converged energy criterion is 10−5 eV
in the calculation of electronic properties. To acquire an
accurate charge density, 160 × 160 × 218 fast Fourier
transformation (FFT) meshes are adopted in real space.
In the hexagonal primitive unit cell of graphene, two C atoms

are arranged in a 2D honeycomb lattice with an optimized
lattice constant of 2.46 Å. To accurately study one CE and one
CE−Li complex interaction with graphene, the dependence of
adsorption energy on the supercell size is systematically
explored. (See Figure S1b.) The 6 × 6 graphene supercell
with 72 C atoms is determined to be a reasonably accurate
supercell size, and it is adopted throughout this paper. As
shown in Figure 1, three different adsorption configurations are

defined based on either the relative position of the center of
mass for four O atoms in the CE or the Li in CE−Li complex
to that of the C atoms in graphene. The three configurations
correspond to the center (C) site in Figure 1a1,b1, the top (T)
site in Figure 1a2,b2, and the bridge (B) site in Figure 1a3,b3.
Side views of the systems in two contact configurations are
shown for CE (Figure 1c1,c2) and CE−Li (Figure 1c3,c4)
adsorbed on graphene. In Figure 1c1,c3, the O side of the CE is
facing the graphene, while it is facing away from the graphene
in Figure 1c2,c4. For simplicity, the graphene lattice is aligned
with x−y plane, and the z axis is normal to the graphene plane.
To minimize the interaction between periodic images, a 20 Å
lattice constant is used in the z direction. For each
configuration, in one adsorbed system, the CE in all directions,
the Li along the z axis, and the C atoms of graphene in x−y
plane are fully relaxed until the most energetically favorable
structure is reached. The supercell volume is fixed during all
relaxations. We have tested the effect of also relaxing the C
atoms of graphene in the z direction, and the maximum
deviation of C in the z position from the graphene layer is
<0.02 Å. Thus, the distortion of graphene in the z direction can
be ignored, which is similar to that of other organic molecular
systems adsorbed on graphene.13 For CE−Li+ adsorbed on
graphene, one electron is removed from the system. Mean-

Figure 1. Top views of different configurations for CE on single-layer
graphene with (a1) C (center) site, (a2) T (top) site, and (a3) B
(bridge) site and CE−Li(or Li+) complex on single-layer graphene
with (b1) C site, (b2) T site, and (b3) B site. (c1−c4) Side views of
CE(O)/graphene, CE(H)/graphene, CE/Li(or Li+)/graphene, and
Li(or Li+)/CE/graphene. The gray, red, white, and purple spheres
represent the C atom, O atom, H atom, and Li atom, respectively. The
graphene layer is displayed by the gray sticks.
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while, an additional negative background charge is applied to
neutralize the system in VASP to avoid the Coulomb
divergence issue. A larger 8 × 8 supercell (19.68 Å × 19.68
Å in xy plane) with 20 Å thickness in z axis is also tested to
estimate the effect of negative background charge on the energy
calculations. The difference in the adsorption energy is <0.05
eV between 6 × 6 and 8 × 8 supercells, indicating the small
effect for 6 × 6 supercell systems.

3. RESULTS AND DISCUSSION

To study the stability of adsorbed structures, the adsorption
energy of the adsorbate on graphene is calculated based on the
formula

= − −+E E E Ead graphene adsorbate graphene adsorbate (1)

where Egraphene+adsorbate, Egraphene, and Eadsorbate represent the total
energy of the relaxed adsorbate with graphene, the energy of
the 6 × 6 pristine graphene, and the energy of the adsorbate,
respectively. The adsorbate is defined as one CE molecule, Li
atom, or CE−Li complex.
Because the CE is asymmetric along the plane defined by the

O atoms, two contact configurations exist. One is the O side of
the molecule facing the graphene, and the other where the H
side facing the graphene. As shown in Figure 1, the two
different configurations based on the O side contact and H side
contact with graphene are labeled by CE(O)/graphene and
CE(H)/graphene in the following text. Table 1a summarizes
the adsorption energy, Ead, and the distance between the O
plane in CE and graphene, dO−G. It is found that the C site
configuration is the most stable for the CE(O)/graphene

system with the adsorption energy −0.532 eV and the
equilibrium distance, dO−G, of 2.993 Å. Interestingly, although
the T-site and B-site configurations are slightly unfavorable
compared with the C site structure, the difference in adsorption
energy among these three configurations is only 17 meV, and
dO−G is ∼3.0 Å in all cases. This means that lateral diffusion of
the CE molecule on graphene may be favorable, similar to the
organic molecule, tetrathiafulvalene (TTF), on graphene.13 The
minor energy difference among the configurations results from
the large distance between CE and graphene and the weak
interaction between them. In contrast with the CE(O)/
graphene system, for CE(H)/graphene system, the T-site
configuration has the largest adsorption energy, −0.482 eV, and
dO−G is 4.316 Å. Similar to the CE(O)/graphene system, the
variation of adsorption energies for all three structures is also
small (∼38 meV). When comparing the two systems, the O
side contact configuration is slightly more stable than that of H
side contact. The energy difference of −50 meV is due to the
stronger interaction between O and C than H and C. The
adsorption energies and stable distances from Li to the
graphene plane, dLi‑G, for an isolated Li atom adsorbed on
graphene (Li/graphene) are also listed in Table 1a to provide
easy comparison with the CE−Li/graphene systems. The Li
atom prefers to bind at the C site with graphene, and the
binding distance is 1.667 Å. The energy barrier for Li moving
from one stable C site to another through a T site in between is
∼0.36 eV. Our data on Li/graphene system are in agreement
with the literature.18,29

Likewise, there also exist two contact configurations when Li
is introduced in CE/graphene system. Because Li prefers to
bind to the O side of the CE, the two configurations are labeled

Table 1. Adsorption Energy (Ead) and Structural Parameters for (a) an Isolated CE Molecule or Li atom and (b) CE−Li
Adsorbed on Graphene with Three Configurations (Center (C), Top (T), and Bridge (B) Site)a

(a)

system Ead (eV) ΔE (eV) dO−G in CE/graphene or dLi−G in Li/graphene (Å)

CE(O)/graphene C −0.532 0.000 2.993
T −0.528 0.004 2.932
B −0.515 0.017 2.997

CE(H)/graphene C −0.444 0.038 4.333
T −0.482 0.000 4.316
B −0.462 0.020 4.323

Li/graphene C −1.946 0.000 1.667
T −1.588 0.358 1.965
B −1.622 0.324 1.892

(b)

system Ead (eV) ΔE (eV) dO−G (Å) dLi−G (Å) dO−Li (Å)

CE/Li/graphene C −2.796 0.000 3.019 2.134 0.885
T −2.781 0.015 3.152 2.236 0.916
B −2.760 0.036 3.052 2.238 0.814

Li/CE/graphene C −2.860 0.033 4.216 4.815 0.599
T −2.893 0.000 4.194 4.802 0.608
B −2.836 0.057 4.225 4.837 0.612

CE/Li+/graphene C −2.242 0.009 3.052 2.253 0.799
T −2.251 0.000 3.024 2.313 0.711
B −2.232 0.019 3.073 2.326 0.747

Li+/CE/graphene C −2.180 0.030 4.305 4.976 0.671
T −2.210 0.000 4.315 4.983 0.668
B −2.169 0.041 4.351 5.016 0.665

aStability of different configurations is indicated by the energy difference between the adsorption energy of some specific state and that of the lowest
energy state. The structure parameters of the distance from O plane in CE to graphene layer (dO−G), that from Li to graphene layer (dLi−G), and that
between Li and O plane (dO−Li) are also listed.
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as CE/Li/graphene (Figure 1c3) and Li/CE/graphene (Figure
1c4). As shown in Table 1b, the C site configuration is
energetically favorable for the former system, whereas the T site
is the most favorable for the latter. The type of stable
configuration (i.e., C and T) is the same as that of a single CE
adsorbed on graphene except for an additional Li atom;
however, the adsorption energy is enhanced by a factor of ∼5 in
the CE/Li/graphene system compared with the CE/graphene
system, even though the distance between CE and graphene
changes by <1%. It means that the presence of Li improves the
binding interaction between CE and graphene. This is similar
to the observation that the binding strength between graphene
and H2 or free radicals can be increased by Li coadsorp-
tion.18−20

Unlike the individual CE adsorbed on graphene, the Li/CE/
graphene system is more stable by −0.097 eV than CE/Li/
graphene system. To understand the variation of adsorption
energy for both contact configurations induced by the presence
of Li, the distance of Li relative to the O plane in CE, dO−Li, is
also listed in Table 1b. By examining the atomic structures, it is
found that dO−Li is 0.608 Å in Li/CE/graphene and dO−Li is
0.885 Å in CE/Li/graphene. The shorter distance in Li/CE/
graphene indicates a stronger binding interaction between the
Li and the CE. Consequently, the total energy in Li/CE/
graphene is reduced lower than in CE/Li/graphene. Compared
with the CE/graphene system, the increase in the adsorption
energy in CE−Li+ complex adsorbed on graphene system is
also observed. The T-site configuration is energetically
favorable for both contact configurations; however, the stability
among the three configurations and two adsorption config-
urations varies less than that of CE−Li atom system. For
charged CE−Li+ system, the energy correction (Ecorr) issue
induced by the spurious electrostatic interaction between
periodic images is not serious because the supercell size we
adopted is large enough. Referring to Ecorr in MoS2 with
charged native defects,29 the Ecorr in CE−Li+ adsorbed on
graphene is estimated to be ∼0.05 eV.
To further examine and analyze the effect of Li on the

interaction of CE with graphene, we use the formula as well

= − −+ − +E E E Ead graphene (CE Li) graphene Li CE (2)

to calculate the adsorption energy of CE with Li/graphene in
the CE/Li/graphene system. This is similar to the approach
described in ref 19 but where the hydrogen is replaced with the
CE. Using eq 2, the adsorption energy is about −2.527 eV,
which is larger than that of CE/graphene, −0.532 eV, similar to
what is previously described. Such an increase in the adsorption
energy in CE/Li/graphene relative to CE/graphene could be
described by both eqs 1 and 2. Here we focus on the interaction
between adsorbate (an isolated CE molecule and a CE−Li
complex) with graphene; therefore, we adopt eq 1 in this work.
The energy reference is taken as that from the isolated
graphene and the adsorbate. Similarly, the adsorption of Li on
pure graphene is also stabilized by incorporating the CE
molecule. Compared with an isolated Li adsorbed on
graphene,2,30 the equilibrium distance (dLi‑G = 2.134 Å) from
Li to the graphene in a CE/Li/graphene system becomes larger
than that in Li/graphene (dLi‑G = 1.667 Å), but the stability is
strengthened due to a strong binding of CE−Li.15 It is worth
noting that the Li would not easily form a cluster because of the
strong binding between CE and Li, even though the energy
difference among different configurations is only ∼0.036 eV for
CE/Li/graphene and 0.057 eV for Li/CE/graphene. Therefore,

the CE−Li complex is more favorable as an adsorbed dopant to
graphene from the perspective of stability. The doping effect on
graphene can be captured by the electronic structure
calculations described in the following text.
To analyze the impact of the CE and CE−Li complex on the

electronic structure of graphene, the total density of states
(DOS) and the partial DOS (PDOS) are plotted in Figure
2A,B, respectively. Compared with the pristine graphene, CE

and CE−Li complex adsorption does not significantly affect the
electronic structure of graphene, except for shifting the Fermi
level upward in the CE−Li system (Figure 2A(c,d)). The
additional states below the Fermi level mainly come from the
contribution of the CE, while those above the Fermi level
partially originate from Li and CE (Figure 2B). To observe the
PDOS of Li clearly, we scaled the original data by a factor of 30
in Figure 2B. As shown in Figure 2B(c,d), the n-type doping
character of graphene is demonstrated in the CE−Li adsorbed
on graphene. The adsorption concentration, defined as the

Figure 2. Total density of states (DOS) in (A) and partial DOS
(PDOS) in (B) for (a) CE(O)/graphene, (b) CE(H)/graphene, (c)
CE/Li/graphene, (d) Li/CE/graphene, (e) CE/Li+/graphene, and (f)
Li+/CE/graphene. For comparison, the DOS of pristine graphene is
plotted in (g) of panel A. The vertical dashed line is the Fermi level.
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number of CE−Li complexes divided by the number of C
atoms in graphene, is only 1.389% (i.e., 1/72). Similar to
pristine graphene, the PDOS of graphene for all adsorbed cases
in Figure 2B exhibit the typical pseudogap state feature of
graphene. The band structures further verify that the linear
band dispersions of pz orbitals from C atoms in graphene at the
Dirac point do not change, which is highlighted by the filled
black circles in Figure 3. All of the results for the electronic
structure support the noncovalent interaction between
adsorbates and graphene.

So far we have found that the effective n-type doping of
graphene can be induced even with a low concentration of the
adsorbed CE−Li complex. At the same time, the Li atom
clustering effect for only Li atoms adsorbed on graphene is also
avoided by the binding of Li with CE. In previous studies of
metal−graphene contact systems, the work function of the
metal has a sizable effect on graphene.31,32 In a similar way, the
work function of graphene can be modulated considerably
when the CE or CE−Li complex is adsorbed. Table 2 lists the
charge state and the work function of graphene after charge
transfer between the adsorbate and graphene. For the pristine
graphene, the work function is 4.53 eV in our calculations,
which is consistent with the experimental value of 4.57 ± 0.05
eV.33 Because of the asymmetric geometry of the CE, the

direction of the charge transfer and the change in the work
function of graphene depends on which side of the CE is
adsorbed on graphene: The work function decreases by 0.17 eV
when the CE(O) side is in contact and it increases by 0.10 eV
when the CE(H) side is in contact. The orientation of the CE
molecule is also important when Li+ is added: The graphene
work function increases by 0.37 eV in the CE/Li+/graphene
system and by 0.56 eV in the Li+/CE/graphene system;
however, when Li is included in the system, the graphene work
function decreases by ∼0.8 eV regardless of which side of the
CE−Li complex adsorbed on graphene. It is noted that the
charge state of Li is positive (∼1.1 e) in Li-involved systems,
showing that the positive charge is nearly localized around Li.
In other words, the removed electron in the supercell is
primarily contributed by Li, which makes it suitable to simulate
the Li+ case.
The change of the work function is closely correlated with

the charge transfer or the charge redistribution. Among all
systems we investigated, a significant fraction of charge transfer
occurs only in the systems where CE−Li is adsorbed on
graphene. This mainly originates from the electron transfer
from the Li to graphene sheet. The maximum of the electron
doping density in graphene sheet (ne) can be estimated from
the charge state of graphene, −0.891 e in 6 × 6 system, where
ne ≈ 4.70 × 1013 e/cm2. An even higher doping density, by
further reducing the supercell size, may be readily achieved as
long as the stable adsorbed system is not affected by the strong
interaction between the short-distance adsorbed complexes. In
contrast, a lower doping density can be tuned by enlarging the
supercell size, equivalently decreasing the adsorption concen-
tration. The band structures, charge transfer, and the electron
doping density are illustrated in Figure S2 and Table S1. In 6 ×
6 system, the n-type doping to graphene can move up the
Fermi level by ∼0.67 eV, deviating from the conical point, so
the work function of graphene correspondingly decreases. More
interestingly, even though the charge transfer is small in the
other systems, changes in the graphene work function are still
considerable. In fact, charge transfer is not the only factor that
affects the work function of metals, as the interfacial dipole
from the charge redistribution also plays a key role in some
molecules or adatoms adsorbed on metal surfaces.34,35 To
understand the underlying mechanism of the change in the
work function of graphene, we plot the xy plane averaged
charge redistribution along the z axis in Figure 4. The difference
charge density is defined as Δρ(z) = ρG+CE(CE−Li)(z) − ρG(z) −
ρCE(CE−Li)(z), where the first term represents the charge density
of the total system and the second and third terms are the
charge density of the graphene layer and the CE or CE−Li
complex, respectively. The charge accumulation or depletion
close to the vacuum side of graphene is directly correlated to
the decrease or increase in the work function of graphene,
respectively. In detail, the charge accumulation facilitates the
electron emission and lowers the work function in CE(O) or
CE−Li adsorbed on graphene, as shown in Figure 4a,c. On the
contrary, the charge depletion makes the electron emission
more difficult, so the work function of graphene is enhanced in
CE(H) or CE−Li+ adsorbed on graphene systems in Figure
4b,d.
The charge redistribution arises from the chemical

interaction between the adsorbate and the substrate. For
instance, in an isolated CE adsorbed on graphene, the
electronegativity of the O atom is stronger than that of the C
atom, which leads to a small amount of electron transfer from

Figure 3. Band structures of (a) pristine graphene, (b) CE(O)/
graphene, (c) CE/Li/graphene, and (d) CE/Li+/graphene along the
high symmetric directions in the first Brillouin zone. The Fermi level is
set at zero energy. The contribution from the graphene carbon pz
orbital is highlighted by filled black circles.

Table 2. Charge State Based on Bader Charge Analysis and
the Work Function (W) of Graphene in Six Adsorbed
Systemsa

system
charge state of graphene

(e)
charge state of Li

(e)
W
(eV)

pristine graphene 0.0 N/A 4.53
CE(O)/graphene 0.016 N/A 4.36
CE(H)/graphene −0.005 N/A 4.63
CE/Li/graphene −0.891 1.122 3.69
Li/CE/graphene −0.881 1.128 3.73
CE/Li+/graphene 0.074 1.138 4.90
Li+/CE/graphene 0.071 1.123 5.09

aFor comparison, the pristine graphene work function is also provided.
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graphene to CE in CE(O)/graphene. Besides the electron gain
from graphene, the O atoms also receive electrons from C and
H atoms inside the CE molecule, which induces electron
accumulation at the O side of the CE. The electron−electron
repulsion due to the Pauli Exclusion Principle drives the
electrons in graphene away from the interface, accumulating
close to the vacuum side of graphene in Figure 4a, which
decreases the work function. Conversely, the H atoms with
weaker electronegativity in CE(H)/graphene attract electrons
in graphene, so the depletion region appears in the vacuum side
of graphene and the work function of graphene increases in
Figure 4b. In the CE−Li+ adsorbed system, the charge
accumulation region appears around the CE−Li+ complex
under the attraction of the positively charged Li+, and thus the
electron depletion region occurs close the vacuum side of
graphene in Figure 4d, which results in the increased work
function.

4. CONCLUSIONS
In summary, we have investigated the interactions of CE, CE−
Li+, and CE−Li adsorbed on pristine graphene by DFT
calculations. The CE−Li adsorbate effectively introduces an n-
type doping to graphene because of the charge transfer from Li
to graphene. Furthermore, the change in the work function of
graphene is significant in all adsorbed systems we have
investigated due to the charge redistribution and charge
transfer between the adsorbate and graphene. Our results
provide a fundamental understanding and helpful guidance for
graphene doping, work function control, and applications in
nanoelectronics and nanoionics using CE-functionalized
graphene.
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