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ARTICLE INFO ABSTRACT

Keywords: The interaction of graphene sheets with metal cations is very relevant because of the modifications that are
Ionic liquids induced in the electrochemical properties of the 2D material. Ionic liquids are a promising kind of materials with
Graphene

several applications in electrochemical devices, so understanding how they affect the graphene-metal interaction
is key for their practical implementation. Therefore, we have studied the adsorption of a mixture of an ionic liquid
and a metal salt on a graphene surface by means of first-principles calculations. Several metals were chosen to
analyze the effect they have on the optoelectronic properties of the graphene monolayer and to understand the
trends in their adsorption behavior. We have characterized the ground state configurations in terms of their
binding energies and the distance between the metal atom and the graphene layer. From the analysis of the
charge transfer behavior, calcium and magnesium have been identified as the species that transfer the highest and
the lowest amount of charge, respectively, which is related to their ionization energies. Band structure diagrams
and projected density of states calculations also show that the energy shift of the Dirac cone increases with
the degree of charge transfer. In addition, a stronger interaction of magnesium with the ionic liquid compared
to that of other metal atoms was observed. The analysis of several electromagnetic parameters indicated an
anisotropic behavior for electric fields polarized both perpendicular and parallel to the graphene layer. Our
density functional theory study offers fundamental insights into the adsorption behavior of ionic liquids mixed
with metal ions on monolayer graphene.

Metal atoms adsorption
Density functional theory
Optoelectronic properties

of applications, including electronics [12], energy [13], medicine [14],
sensors [15] and light processing [16].
An interesting aspect of graphene sheets lies in their interaction with

1. Introduction

In recent years, scientific emphasis has been focused on the unique

optical, electronic, mechanical and chemical properties of 2D materi-
als [1,2]. Among them, the most studied one is undoubtedly graphene,
which has become a central topic of research interest due to its
high carrier mobility, extraordinary strength, high thermal conductiv-
ity and excellent optical properties [3-5]. All of them can be tuned
through different methods like impurity doping, designed defects, ad-
sorption or chemical functionalization [6-11]. This versatility has en-
abled graphene to hold great potential for a virtually unlimited range

* Corresponding authors.

metal cations due to the change in electronic and mechanical proper-
ties, thus providing new functionalities and widening their use in many
fields. Metals interacting with graphene have been thoroughly stud-
ied and analyzed by means of both experimental studies [17-19] and
computational calculations based on first-principles density functional
theory (DFT) [20-31]. Among the latter, Olsson et al. [32] studied the
adsorption and migration of several alkali atoms on pristine and defec-
tive graphene surfaces, and they reported more favorable adsorption
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energies for Li* and K* ions than for Na*. Similarly, Mendoza-Cortes
and coworkers [33,34] showed how to modify the electronic proper-
ties of bilayer graphene with the intercalation of transition metals. This
study found that the Dirac point was pushed down below the Fermi en-
ergy level in all the intercalated structures except for vanadium, which
had the Dirac cone in its band structure.

Among all the works addressing the adsorption of molecules on a
graphene surface, ionic liquids (ILs) are emerging as a relevant field
of study due to their attractive properties for a great number of appli-
cations. These salts that are mainly composed of cations and anions
and have melting points below 100 °C, offer high thermal stability,
high ionic conductivity, negligible volatility, and structural and physic-
ochemical tunability through appropriate selection of the ions [35,36].
Because of these benefits, their efficient utilization in synthesis, catal-
ysis, electrochemistry, gas separation, tribology, pharmaceuticals and
energy storage devices has been exhaustively tested in the last decades
[37-41]. Thus, the growing interest on understanding the adsorption
mechanism of ILs on different surfaces has led to numerous experi-
mental investigations in this area [42-44]. Alongside the experimen-
tal efforts, computational methods such as those based on electronic
structure have been widely employed to analyse the properties and in-
teractions of ILs with a large panel of surfaces, including graphene (or
its derivatives) and other 2D materials [45-49], polycyclic aromatic hy-
drocarbons [50,51], and metal interfaces [52-54]; with the purpose of
elucidating their influence on the electronic properties of the surface
[55-59], and evaluate their potential use in applications such as exfoli-
ation [60-62] or energy storage devices [63-68]. For example, Kamath
and coworkers [57-59] performed a series of calculations to compare
the adsorption characteristics of different ILs on graphene, defective
graphene and fluorographene surfaces. They observed that the presence
of defects on the graphene nanoflakes increases the binding energy of
ILs by about 10% in comparison with pristine graphene and hexago-
nal boron-nitride nanosheets. However, fluorinated graphene strongly
decreases the binding energy compared to them.

Nevertheless, even though ILs are promising electrolytes for energy
storage devices, there is still scarce information about their interfacial
interactions with graphene substrate and the electronic structure upon
adsorption when it comes to their mixtures with metal atoms. Up to our
knowledge, there is only one publication in which the effect of the ad-
sorption of an imidazolium-based IL mixed with a potassium salt on the
electronic and optical properties of graphene and borophene was con-
sidered [69]. The authors reported a downward shift of the Dirac cones
relative to their Fermi level for both structures due to the electron trans-
ferred from potassium to the 2D-materials. Also, they observed that the
presence of the IL increased the charge transferred from the metal atom
to the graphene/borophene sheets when compared to its adsorption on
pristine materials.

Thus, in this work a comprehensive investigation was carried out by
means of DFT simulations to shed some light on the interaction mech-
anism between IL-metal salt mixtures and the graphene substrate. This
computational technique was chosen due to its capability of producing
highly accurate results that can be compared to experimental findings
[70,71] and because it takes into account interactions that are not ac-
cessible by means of other techniques such as MD. The screening of
several metal atoms (lithium (Li), sodium (Na), magnesium (Mg), cal-
cium (Ca), and aluminum (Al)) allowed us to compare the electronic
and optical properties avoiding more costly trial-and-error experimental
measurements, which is of fundamental importance for optimizing the
performance and efficiency of a new generation of electronic, optoelec-
tronic and energy storage devices. The IL employed in this study was
1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF,4]), which
was chosen with the purpose of comparison with the same hybrid
system doped with potassium that was previously reported by some
members of our group [69]. Also, the potential of this IL as a suit-
able electrolyte (pure or in mixtures) for energy storage devices such
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Fig. 1. Top and side views of a snapshot of one of the simulated systems.

as supercapacitors or lithium-ion batteries has been often considered
[72,73].

In this study, we investigate the role played by the metal atoms
doping the IL in the adsorption mechanism and the interaction with
monolayer graphene. Of particular interest is to understand the effect of
their atomic radius or valence on several electronic and optical proper-
ties, such as binding energy, charge transfer, electron density difference
(EDD), band structure, partial density of states (PDOS), real and imag-
inary dielectric functions (¢), electron energy loss function (EELS, L),
real and imaginary refractive index (n), reflectivity (R) and absorption
coefficient (a). All the optical properties are studied for parallel and
perpendicular (to the graphene layer) incoming electromagnetic radia-
tion.

The paper is organized as follows: the details of the computational
and theoretical methodology are given in Section 2, the results are
presented and discussed in Section 3, and finally, in Section 4 we sum-
marize our main conclusions.

2. Simulations details

In this work, we performed DFT calculations to study the effect of
the adsorption of a metal atom in a system composed of a 2D graphene
layer with an IL ([BMIM][BF,]) already adsorbed. We explored 5 differ-
ent metal species (lithium, sodium, magnesium, calcium and aluminum)
to unveil the effect of properties such as atomic radius or valence. All
calculations were conducted using Quantum-ESPRESSO (QE) package
[74-76], which is based on plane wave pseudopotentials. For all the
calculations in this work, we used the ultrasoft pseudopotentials. To
describe the electron exchange-correlation energy, we employed the
generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhoff
(PBE) [77]. Cutoffs of 50 Ry and 400 Ry in kinetic energy and charge
density were deemed sufficient to achieve proper convergence.

A 5x5 supercell for graphene (2.47 A lattice constant) was chosen
as it approximately covers the surface of one anion-cation pair of the
IL, comprising a total of 50 carbon atoms. This graphene layer was
set up perpendicular to the z-axis. To ensure proper decoupling from
periodic replicas, a buffer spacing of 30 A in the z-direction was estab-
lished. After a relaxation of the system, the IL was placed in the cell
according to previous molecular dynamics (MD) simulations [78]. An-
other relaxation was carried out, and then the metal atom was added
to the resulting configuration. We therefore had 5 equivalent systems
(graphene/IL/metal) that were all of them relaxed once again. A snap-
shot of one of these systems is shown in Fig. 1.

Self consistency threshold was set to 107° Ry. In order to efficiently
sample the Brillouin zone of the different structures, Methfessel-Paxton
smearing [79] was used in conjunction with a 20x20x1 I'-centered k-
point mesh and a gaussian spreading of 0.01 Ry. It was checked in previ-
ous works performed by our group [55,69] that tightening the threshold
and/or the k-points criteria does not lead to remarkable differences in
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Fig. 2. Charge of the carbon atoms of graphene induced by the presence of the IL and the different metals calculated using Bader charge analysis. Dashed outlines
show the position of the IL and the corresponding metal in each system. The respective sizes of the metals have been increased for clarity purposes.

the obtained results. The same mesh was also used for the density of
states (DOS) calculations. However, norm-conserving pseudopotentials
in a 7x7x1 mesh disposition were employed for the computation of op-
tical properties. These properties can all be derived from the complex
dielectric function as described in Refs. [55,69]. As the first Brillouin
zone of the considered system is hexagonal, the most convenient path
to explore for the band structure, according to the corresponding high
symmetry points, is the ' - M — K — T path, along 91 different k-
points. This choice is well-established in the literature [80-84], as it is
commonly used in studies of band structures for graphene and related
structures. In order to obtain the charge of the atoms, Bader charge
analysis [85] was employed, and the necessary .cube file was obtained
with Quantum Espresso’s pp.x code.

3. Results and discussion
3.1. Electronic properties

A Bader charge analysis [85] was carried out in order to determine
the induced charge transfer to the graphene surface atoms that emerges
from the adsorption of the IL and a metal atom. In Fig. 2 we can ob-
serve that there is a redistribution of electric charge in the graphene
sheet when compared with the metal absent configuration [55]. The
most remarkable feature is that Li and Ca atoms induce high polarity
in some of their close neighboring carbons. In the case of Mg, a high
induced polarization is also observed in some carbon atoms, which is
originated not only from the presence of the metal but also from that of
the IL ions, since the three of them are located at the same distance from

Table 1

Total charge of the different species after Bader analysis of the relaxed configu-
rations. Values for simulations with K obtained from Ref. [69] are included for
comparison. First and second ionization energies (IE, in eV) for each element
from Ref. [86] are also included.

Charge (e) Ionization energy
System Graphene IL cation IL anion Metal 1st IE 2nd IE
G/IL/Li -0.90 0.95 -0.95 0.90 5.39 75.64
G/IL/Na -0.91 0.94 -0.94 0.90 5.14 47.29
G/IL/Mg -0.20 0.88 -1.01 0.32 7.65 15.03
G/IL/Ca -1.46 0.85 -0.91 1.52 6.11 11.87
G/IL/Al -0.86 0.95 -1.16 1.07 5.99 18.83
G/IL/K -0.91 0.95 -0.94 0.90 4.34 31.63

the 2D surface. On the other hand, the presence of Na and Al leads to a
more homogeneous distribution of the charge, as it was also previously
observed for K [69]. However, a situation in which every positively
charged site is surrounded by negatively charged carbon atoms was
only predicted for lithium. As it can be seen in Table 1, in general
the metal is the species that transfers approximately all its charge to
the graphene sheet, while the IL ions suffer almost no modification and
keep their bulk charge of +1e. However, a detailed comparison between
the charge of cation and anion in the different systems after adsorption
indicates that the cation always tends to become less positive, whereas
the anion usually tends to be less negative except for mixtures with mag-
nesium and, mainly, with aluminum, where it gains charge. Moreover,
the total transfer of charge from magnesium to graphene is predictably
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Table 2

Binding energy (AE) and distance between the metal atom and i) its nearest
carbon atom (d,,), ii) the center of mass of the anion (d,,,), iii) the center of
mass of the imidazolium ring (d,, ), and iv) the terminal carbon of the imida-
zolium tail (d,,;) for each of the studied systems. Values for simulations with K
obtained from Ref. [69] are included for comparison.

AE (eV) dye ) dya A dyr A) dyr A)
G/IL/Li 321 1.97 2.48 6.17 5.34
G/IL/Na -2.40 2.37 2.83 6.18 553
G/IL/Mg -0.76 4.63 3.25 7.47 5.38
G/IL/Ca 2.89 211 2.95 6.36 5.60
G/IL/Al -2.20 2.59 312 6.23 5.36
G/IL/K -2.25 2.69 3.18 6.64 5.60

low, which can be explained in terms of the ionization energies (IE) in-
cluded in Table 1, and from where it can be inferred that only those
atoms whose first IE are close to or lower than approximately 6 eV are
able to transfer an electron to graphene. In particular, Mg has a stable
closed-shell configuration, which explains its large first IE and the diffi-
culty to remove an electron. On the other hand, calcium and, specially,
aluminum atoms, despite being located in a more advantageous posi-
tion than Mg, do not transfer all their free electrons to the graphene.
In the first case, Ca has the smallest second IE, which explains the fact
that this metal transfers the largest amount of charge to the surface.
However, the second IE is still too high for removing two electrons
from Ca. For Al, after losing one electron, it achieves a stable electron
configuration. Thus, the first electron is relatively easy to remove from
aluminum, but the second one is much more difficult to remove from
the 14+ charge-state aluminum ion.

We have also calculated the binding energies (AE) of the metal
atoms on a graphene sheet with an IL already adsorbed on it as

AE = Eg/mm — Egm — Ems (€Y

where Eg 1, is the total energy of the graphene layer with the ad-
sorbed IL and the metal atom, Eg y;, is the total energy of the graphene
layer with the adsorbed IL, and Ey; is the total energy of the isolated
metal atom. Following these criteria, a negative binding energy is asso-
ciated to a stable configuration, whereas a positive one is an indication
of an unfavorable adsorption on the assembly graphene/IL and the
metal atom preferring to remain in its atomic state.

Adsorption energies and structural properties such as the distance
between the metal atom and i) its nearest carbon atom (d,¢), ii) the
center of mass of the anion (d,,,), iii) the center of mass of the imi-
dazolium ring (d,, ), and iv) the terminal carbon of the imidazolium
tail (d,,r) are summarized in Table 2. All the metal atoms lie at a dis-
tance of about 2 A from the graphene sheet except magnesium, which
is further away from the surface. For visual reference, see Fig. S1 of the
Supporting Information, which contains snapshots of all the systems.
This is likely related to the lower binding energy of this particular metal
in comparison with the rest. In this way, the magnesium atom accom-
modates itself in the same plane as the IL components, but at a further
straight line distance from them than the other metals. However, all the
other systems share a quite similar geometrical disposition, with the
metal being placed between the graphene sheet and the BF,~ anion.
In addition, we can observe that lithium is the atom more strongly ad-
sorbed on the surface in the presence of the IL, which is in agreement
with trends previously reported for the adsorption of metal atoms on
pristine graphene [24,32,87]. These observations are coherent with the
previous charge transfer analysis. Indeed, Mg is the species located the
furthest from the surface because of its vanishing charge transfer ability.
For this metal it is not energetically favorable to stay in this electroni-
cally highly reactive region, whereas the rest of the metals are located
close to graphene because they are capable of transferring electrons to
it. Some degree of charge transfer from the Mg atom at distances longer
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than 4 A has been previously reported in the presence of an ionic liquid
[88].

The electronic behavior was further examined through the charge
density difference (Ap) defined as

Ap=pg/mM — PG/IL — PM s 2

where pg /M, P and py are the total charge densities of the re-
laxed system with IL and metal adsorbed on graphene, the system with
IL adsorbed on the 2D surface and the isolated metal, respectively. Lat-
eral views of the charge density differences for the different metals are

provided in Fig. 3. An isovalue of +0.017 e/fo\3 was considered for the
calculation of the diagrams, in which the electron gain and loss config-
urations are represented by blue and red isosurfaces, respectively. Top
views of the same systems are included in the Supporting Information
(Fig. S2).

Charge densities of the systems presented in Fig. 3 indicate that the
addition of metal atoms modifies not only the electron distribution in
the anion and the cation, but also that of the C atoms of graphene lying
below the metals. The effect on electronic density difference is similar
for all the systems, with metal atoms acquiring an electron loss configu-
ration and C atoms around them showing gain of electrons, as indicated
by the red isosurface covering all the metals and the blue one accumu-
lated below them, respectively. This ionic interaction is consistent with
the picture previously reported for potassium [69]. Moreover, this ef-
fect affects both sides of the surface layer in the systems that showcase
greater charge transfer, specially in the case of calcium.

Before starting the analysis of the electronic states of the system,
we must take into account that the system is composed of two clearly
differentiated parts. The first one is the solid region, which is com-
posed by the graphene and contains the free electrons. The second one
is the molecular region, which is composed by the ionic liquid and the
metal atom. The difference between these regions is not only a matter of
denomination, but they require different tools for their analysis. There-
fore, we will first analyze the band structure of the system, focusing on
the graphene. Then, we will analyze the highest occupied molecular or-
bital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of
the molecular region and we will use these values to analyze the possi-
ble charge transfer between both regions.

The band structure diagrams for all the metals adsorbed on the G/IL
systems are shown in Fig. 4, in which the energies are relative to the
Fermi level. In order to determine the effect of the metal atoms on the
electronic structure, band structure diagrams of pristine graphene are
also depicted (black lines) and, for the sake of comparison, they are
shifted in such a way that the Dirac cones of both configurations are
overlapped. As it is well known, graphene is a semimetal whose con-
duction and valence bands meet at the Dirac points. On the other hand,
it was previously reported that the Dirac cones at the Fermi energy of
this 2D material do not suffer any shift upon adsorption of this IL [55].
As it can be seen in Fig. 4, in all cases the adsorption of metal atoms
downshifts the Dirac cone below the Fermi level, thus confirming that
the charge is donated from the metal to the graphene surface. Therefore,
all the metal atoms act like n-type dopants. We can also observe that
the band structure of the pristine graphene is approximately conserved
in most of the systems. For example, in Fig. 4, where the band structure
of the configuration with Mg is represented, the bands corresponding to
the periodic part of the system completely coincide, whereas the bands
with new molecular levels arise in the form of horizontal bands. In the
opposite way, Ca shows to be the atom that induces a larger modifi-
cation of the bands associated with the periodic part, as it is the metal
that transfers the largest amount of charge to the graphene surface. This
analysis of the band structure diagrams is also indicative of the degree
of charge transfer resistance of these systems and how it varies with the
metal atom of the electrolyte.

To analyze this effect, the energy shifts as a function of the charge of
the 2D layer are plotted in Fig. 5. There, we can observe that the greater
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Fig. 4. Band structure diagrams of the different systems, in which the Fermi energy is taken as a reference for the energy level. In a wider black line, the band

structure of pristine graphene is positioned so that the Dirac cones are overlapped.

the degree of charge transfer, the larger the shift in energy, confirming
the direct relationship. Previously reported values for K [69] are similar
to those of Li, Na and Al; whereas Ca and Mg atoms tend to have the
largest and the smallest electron transfer and energy shifts, respectively.

To further understand the effect of mixtures of [BMIM][BF,] and
that of the metal atoms on the electronic structure of graphene, we cal-
culated the total (DOS) and projected density of states (PDOS) of the
different systems, which are shown in Fig. 6 for energies values relative
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Fig. 5. Energy shift of the Dirac cone as a function of the charge transferred to
the graphene surface for each system. For clarity purposes, a zoom was added
as an inset to facilitate the view of some points. Values for simulations with K
obtained from Ref. [69] are included for comparison.

to the Fermi level within the range [-5,+5] eV. Molecular HOMO-3,
HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1, LUMO+2 and LUMO+3
states are also represented and, since some of them are overlapping,
each of the energy levels are included in Table S1 of the Supporting In-
formation (the color-code shows to which species the state belongs). In
addition, DOS and PDOS within an energy interval of [-20,+6] eV are
also included in the Supporting Information (Fig. S3), where it can be
seen that the states of both the anion and the cation of the IL notably
contribute to the valence states of the systems. For each system, we can
easily distinguish the Dirac point, at which the DOS is zero. Below the
Fermi level the DOS is almost equivalent to that of graphene up to ener-
gies around -3 or —4 eV (depending on the system), where the HOMO
level of [BMIM]* cation (which shows the characteristic “flatline” be-
havior of molecular systems) lies, and, for mixtures with magnesium
and aluminum, also a state of the metal. For mixtures with Mg, this
state is superposed with states from the IL ions, and they lie approxi-
mately at the Fermi level, which is also very close to the Dirac point.
Still, the Dirac point is clearly visible. Due to this feature, we could con-
sider Mg as an interesting option for electronic devices, but it must be
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remembered that this is the atom adsorbed at the longest distance from
the graphene surface. The system with Ca also forms a state at its Fermi
level, but in this case it belongs to the IL cation. For the other three sys-
tems, the states between the Dirac point and the Fermi level are mostly
from graphene. States for Li, Na and Ca lie at approximately 1.6, 1.5
and 0.4 eV above the Fermi energy, respectively, all of them being un-
occupied. Moreover, Al has its 3s and 3p states at around -3 and 1 eV,
respectively. This valence p peak being above the Fermi level confirms
that close to one electron is transferred from Al to the 2D surface. No-
tice that a core assumption of PDOS is the projection of the total states
on atomic orbitals. In the case of Ca, the dense electronic cloud sur-
rounding it overlaps with that of graphene, as seen in Fig. 3. Therefore,
this projection is hampered and this approximation becomes less accu-
rate. As a result, although the total DOS does reflect the presence of the
Dirac cone in this system (as previously seen in the band structure in
Fig. 4), some states corresponding to the graphene PDOS near the Dirac
cone are missing.

The stability and interaction strength of the metal adsorbed on the
G/IL system can be explored through the HOMO and LUMO orbitals,
which are represented in Figs. S4 and S5 of the Supporting Information,
respectively, with the aim of providing a graphical perspective of the
orbitals involved. This was calculated by locally integrating the DOS in
an energy band around the HOMO and LUMO states, respectively. The
energy difference between these orbitals is known as the HOMO-LUMO
energy gap, AEy;, and can be calculated as

3

Through the DOS we can analyze the changes in AE,; due to molecu-
lar interactions, which are tabulated in Table 3. From the AE;;; ~5eV
value previously reported by Zhour et al. [55] for [BMIM][BF,] ad-
sorbed on graphene, our simulations show an increase upon adsorption
of lithium or sodium. This increase in the HOMO-LUMO gap is mainly
accomplished by a substantial decrease in the HOMO energy. On the
other hand, AE,; was found to decrease for the other three metals
(magnesium, calcium and aluminum), which is principally achieved
by a remarkable decrease in the LUMO energy. Once again, the more
substantial change in the HOMO-LUMO gap energy is observed for mag-
nesium, which indicates a strong interaction of the metal with the IL,
and is consistent with magnesium being located in the same plane of
[BMIM] [BF,].

AEy;, = Erymo — Enomo

Li Na
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20 20
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Fig. 6. DOS and PDOS of the different systems. On top of each plot: molecular HOMO-3, HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1, LUMO+2 and LUMO+3
states that are within the considered energy interval. The color indicates to which species the state belongs. Fermi energy is taken as reference for the energy level.
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Table 3

HOMO-LUMO energy gap for the dif-
ferent studied systems. Value for sim-
ulations with K obtained from Ref.
[69] is included for comparison.

AEy; (eV)
G/IL/Li 5.20
G/IL/Na 5.20
G/IL/Mg 1.70
G/IL/Ca 4.70
G/IL/Al 3.30
G/IL/K 5.00

3.2. Optical properties

As mentioned earlier, the adsorption of metal atoms on the G/IL
structure modifies the electronic properties of the system, which, in
turn, leads to completely different optical characteristics. In this sec-
tion, we investigate several electromagnetic parameters such as the
dielectric constant (¢), the electron energy loss spectrum (EELS, L),
refractive index (n), extinction coefficient (x), reflectivity (R) and ab-
sorption coefficient () for the perpendicular and parallel polarization
to the graphene layer, which are of fundamental importance for many
technological applications. The considered frequency interval for the
calculation of the optical parameters is taken from 0 to 20 eV, and the
corresponding graphs are included in Figs. 7 and 8. In addition, since
the visible range is of particular interest, in Figs. S6 and S7 of the Sup-
porting Information only the region between 1.63 and 3.26 eV is plotted.

The dielectric coefficient is a complex magnitude, e(w) = £,(w) +
ie,(w), whose real and imaginary parts are related through the con-
ventional Kramers-Kronig relations [89]. The former is related to the
amount of energy stored by the system, whereas the latter is related to
its dissipation of energy. From this function, the refractive index, ex-
tinction coefficient, reflectivity and absorption coefficient can be easily
calculated as it was explained in detail elsewhere [55,69,90,91].

The real and imaginary parts of the dielectric coefficient as a func-
tion of the frequency for all the considered structures are shown in
Fig. 7 for both perpendicular and parallel incident electric field. We
can clearly observe an anisotropic behavior of this magnitude for the
different polarizations of light. In particular, this figure shows that for
parallel electric field, the excitations, which are indicated by the peaks
of ¢,, are located in the low-energy region. On the contrary, they are
mainly observed in the high-frequency one for perpendicular electric
field, except for Mg that also has an excitation energy at 2.85eV. Thus,
when the polarization of the electric field is parallel, the imaginary part
for Li, Na and Al shows a similar behavior to that previously reported
for K [69], with the metals screening the peaks of G/IL below the vis-
ible range. However, both Ca and Mg exhibit very intense transitions
in this regime. Concerning the perpendicular polarization, a small peak
is observed near zero due to the adsorption of Ca and, in addition to
the aforementioned peak for Mg, Al shows that some transitions are
possible at energies around 5 eV. Then, all the systems have excitation
energies situated at around (10— 11) eV and 14 eV, thus confirming that
the transitions associated to the out-of-plane polarization are prevalent
at higher energies.

Focusing now on the real part of the dielectric function, Fig. 7 indi-
cates that for the perpendicular electric field the changes are detected
for Ca, Mg and Al at the same energies as for the imaginary one. In the
case of in-plane polarization, remarkable modifications compared to the
G/IL system are observed at low frequencies mainly for Li, Na and Al,
since their curves do not take positive values, contrary to what was pre-
viously observed for K [69]. By definition, the plasma frequency is the
one at which the real part of the dielectric function cancels, ¢, (@,)=0.
At these frequencies, ¢, changes its sign [92] and this behavior cor-
responds to the collective excitations of the electrons. Thus, in Fig. 7
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Fig. 7. Real (¢,) and imaginary (¢,) parts of the dielectric function and EELS (L)
for the different systems with parallel (left) and perpendicular (right) electric
field. Shaded stripes represent the optical region.

we can see that for perpendicular polarization there are no plasma fre-
quencies, whereas for parallel polarization three plasma frequencies are
induced by the presence of Mg at the interface, two by Ca and one by
the rest of the metals. This shows that there are no collective excitations
for perpendicular polarization but, for parallel one, the systems absorb
the incoming electromagnetic radiation [92].

In Fig. 7 it can be also noticed that the static dielectric constant,
which is the real part of the dielectric function at zero frequency, ¢,(0),
is remarkably modified by the adsorption of the metal with respect to
the configuration G/IL [55] under in-plane polarization of the electric
field. This can be due to an increase in the number of free electrons
by the addition of the metal [92], which plays an important role for
parallel polarization and implies that the metal-doped system dissipates
more energy. On the other hand, for out-of-plane polarization, &,(0)
shows quite similar behavior compared to the G/IL system. In particu-
lar, it remains unchanged for Li and Na (1.08 and 1.09, respectively),
it is slightly increased for Al and Mg (1.15 and 1.16, respectively), and
takes the largest value (1.28) when Ca is adsorbed.

The EELS (L), which provides us with information about the collec-
tive excitation of the electrons, is also depicted in Figs. 7 and S4 for
parallel and perpendicular polarization. The peaks in L(w) correspond
to 2D plasmons and are due to intraband transitions. Under in-plane
electric field, two peaks appear at 0.65 and 1.15eV (in a similar way to
what was found for K [69]), as expected, since they correspond to the
dips in the dielectric function. The first one is for Li, Na and Al, whereas
the second one is also registered for Ca. For its part, the adsorption of
Mg also causes a peak at lower energies (0.35 eV). For out-of-plane elec-
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Fig. 8. Refractive index (n), extinction coefficient (x), reflectivity (R) and
absorption coefficient (a) for the different systems with parallel (left) and per-
pendicular (right) electric field. Shaded stripes represent the optical region.

tric field, new peaks with respect to G/IL [55] are found for Mg, Ca and
Al at the same energies as for the dielectric function.

The complex refractive index compares the propagation of an elec-
tromagnetic wave in vacuum and in a given material. The optical refrac-
tive index, n(w) (which represents the real part of the complex refractive
index and is necessary for the optical devices), and the extinction co-
efficient, x(w) (which represents its imaginary part), as a function of
energy can be both determined from the real and imaginary parts of the
dielectric function as described in [69].

From Figs. 8 and S5, it can be seen that the refractive index has an
anisotropic behavior. For parallel polarization the behavior observed
for Li, Na and Al is similar to the one previously reported for the ad-
sorption of K [69], with n(w) reaching values close to zero in the lowest
frequency interval of [0, 1] eV. Mg shows similar characteristics, but its
refractive index goes to zero at lower frequencies and it reaches a max-
imum value of 1.65 at 0.6 eV. For Ca, an intense peak of 9.5 is obtained
at 0.06 eV and it seems to be the metal that modifies the least the shape
of the curve that was observed for G/IL [69]. It must be noted that for
energies larger than about 4 eV the refractive index value is less than
one, due to the phase velocity of the electromagnetic field being higher
than the speed of light in vacuum. The features for perpendicular po-
larization are similar for all the metals other than Mg, which shows
the highest value (1.3) at 2.8 eV. In this case, the static refractive in-
dex at vanishing frequencies (i.e. n(0)), takes values of 1.04 for Li and
Na, 1.07 for Mg and Al, and 1.13 for Ca, thus validating the relation
n(0) = 1/£,(0). These values point out that the mobility of electrons in-
creases after adsorption of Ca compared to the other metals. Moreover,
when a material exhibits a refractive index that varies based on the po-
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larization of light, it is referred to as birefringent. In our systems, the
difference between the parallel and perpendicular n(w) is ca. 0.2 in the
visible range, and prominent changes take place in the low-frequency
region, specially for Ca.

Concerning the extinction coefficient, which indicates the degree of
attenuation of the electromagnetic waves when propagating through
the material, is as well clearly anisotropic. For the in-plane polariza-
tion, the adsorption of Mg causes the first minimum to move towards
lower energies compared to Li, Na and Al, whereas doping with Ca
shows the opposite effect. In addition, x(w) dramatically increases at
low frequencies for all the metal atoms with respect to G/IL and it goes
to zero when the frequency exceeds ~ 13 eV, in a similar way to what
happens in the presence of K [69]. In the case of the out-of-plane po-
larization, the main difference arises again for Mg and Al, which show
peaks at ~2.9 ¢V and in the region around 5 eV, respectively. Thus, we
can state that different choices of the doping metal atom allow tuning
the refractive index and the extinction coefficient in the low electron
energy region for different applications.

Optical reflectivity (R) and absorption () coefficients were also cal-
culated as detailed in [69] and analyzed in Figs. 8 and S5. Firstly, the
reflectivity parameter shows prominent reflection at low frequencies for
parallel incident electric field (from 0 to 0.4 eV for Mg, and from 0 to
1.1eV for the rest of the metals). Then, in the visible range, R is shown
to be below 20% and it vanishes at 7.6 eV. On the other hand, for per-
pendicular incident electric field the calculated reflectivity is zero in
almost all the considered energy range, and it does not exceed a 5%
in any case. Once again, Mg is the only metal atom that shows a peak
within the visible range at 2.9 eV.

With regard to the absorption coefficient, it clearly follows the same
behavior as the extinction coefficient. The results for the parallel po-
larization indicate that the absorption in the presence of all the metals
starts at very low frequencies, and it increases at higher energies reach-
ing a maximum value at around 4 eV. All the changes observed at
low frequencies in the in-plane optical parameters with respect to the
G/IL system [69] are due to the free electrons being the ones excited
and contributing to optical transitions. The variation of the number of
free electrons with metal-doping and the electron transfer process from
the metal to graphene not only induce modifications in the electronic
properties, but are also behind the effects observed in the near-zero
frequency region for a parallel electric field. For perpendicular polar-
ization, there is an overall increasing tendency for all the metals up to
~ 14.5 eV, before « starts to decrease. This is due to the bound elec-
trons being able to oscillate with increasing frequency when increasing
the energy of the incident electric field just up to a given value, after
which the absorption process decreases. Looking at a(w) and x(w) we
can confirm that these materials are transparent only for energies above
18eV.

4. Conclusions

In this work, we employed plane wave DFT calculations to analyze
how the electronic and optical properties of a graphene 2D surface are
modified by the adsorption of an ionic liquid ([BMIM][BF,]) mixed
with a metal salt. Several metals of different valence and ionic radius
(Li, Na, Mg, Ca, Al) were selected in order to shed some light on how
the features of the systems are affected by these parameters.

A Bader charge analysis showed that most metals transfer 1 elec-
tron to the graphene surface, regardless of their valence. The ionization
energy seems to be responsible for this behavior, as it prevents the elec-
tron exchange on Mg, the metal with the highest 1st IE, and induces the
second electron transfer on Ca, whose 2nd IE is the lowest. This effect
can also be observed in a structural analysis, where all the metals other
than Mg are adsorbed near the 2D surface while sharing their electrons,
with lithium adsorption being the most stable one and magnesium hav-
ing the lowest binding energy.
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From the charge density difference we confirmed that metal atoms
acquired an electron loss configuration and carbon atoms around them
showed gain of electrons. In addition, the redistribution of electric
charge in the graphene surface was observed to be homogeneous with
the adsorption of Na and Al, whereas the other metals induced high
polarization in their neighboring carbon atoms. A band structure anal-
ysis showed that our system has two well differentiated parts: the 2D
surface and the molecular complex, which is formed by the IL and the
metal. The band structure of pristine graphene is conserved, but the
Dirac cone is downshifted below the Fermi level as a consequence of
the charge transfer. Moreover, new molecular levels arise in the sys-
tem. The partial density of states also revealed some key differences
between these systems. The metals that show more states close to the
Dirac cone are Mg and Ca. However, the ionization of Mg is highly un-
likely, which leads to its accommodation further from the surface.

Concerning the optical properties, all the magnitudes analyzed show
an anisotropic behavior for the different polarizations of light. The ad-
sorption of Mg and Ca leads to different features compared to the other
metals, the former due to being positioned at great distances and the
latter due to its larger charge transfer to graphene. Different plasma
frequencies are induced depending on the metal at the interface for par-
allel polarization, whereas no collective excitations of the electrons for
perpendicular polarization were found. Also, the analysis of the static
refractive index showed that the mobility of the electrons is increased
when Ca is adsorbed compared to the other metals.

We hope that this work will contribute to the current research on
the possibility to tune the optoelectronic properties of graphene using
ionic liquids and metal salts and provide a basis for the development of
novel electrochemical and photonic devices. Further study employing
more realistic electrodes such as metal oxide surfaces, and analyzing
how the metal atom intercalation and alloy formation are affected by
the findings reported in this work is now in progress.
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