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Abstract: Density functional theory (DFT) calculations have been performed to investigate the
interfacial interactions of ionic liquids (ILs) on the α- and β-phases of phosphorene (P) and arsenene
(As). Nine representative ILs based on the combinations of 1-ethyl-3-methylimidazolium ([EMIM]+),
N-methylpyridinium ([MPI]+), and trimethylamine ([TMA]+) cations paired to tetrafluoroborate
([BF4]−), trifluoromethanesulfonate ([TFO]−), and chloridion (Cl−) anions were used as adsorbates
on the 2D P and As nanosheets with different phases to explore the effect of IL adsorption on the
electronic and optical properties of 2D materials. The calculated structure, adsorption energy, and
charge transfer suggest that the interaction between ILs and P and As nanosheets is dominated by
noncovalent forces, and the most stable adsorption structures are characterized by the simultaneous
interaction of the cation and anion with the surface, irrespective of the types of ILs and surfaces.
Furthermore, the IL adsorption leads to the larger change in the electronic properties of β-phase P
and As than those of their α-phase counterparts, which demonstrates that the adsorption properties
are not only related to the chemical elements, but also closely related to the phase structures. The
present results provide insight into the further applications of ILs and phosphorene (arsenene)
hybrid materials.

Keywords: DFT study; ionic liquids; phosphorene; arsenene; α- and β-phases

1. Introduction

The unique and superior physical and chemical properties of two-dimensional (2D)
materials make them very important for the development of a new generation of smart
electronics, optoelectronics, and new energy devices [1–6]. Over the past decades, the
research on various 2D layered nanomaterials has grown rapidly, including elemental
olefins, transition metal sulfides, transition metal carbides, oxides, and other materials [1].
Recently, due to the discovery of black phosphorene and its excellent electrochemical
properties, two-dimensional materials (including P, AS, Sb, Bi) of the 15th group have
received great attention [3,7]. Intensive theoretical and experimental efforts have been
devoted to exploring their promising properties and potential applications in various fields,
such as field effect devices and energy storage devices [8–16].

Ionic liquids (ILs) have been widely investigated as novel solvents, electrolytes, and
soft functional materials because of their excellent properties, including high ionic conduc-
tivity, wide electrochemical windows, and good thermal stability [17–27]. Moreover, the
chemical and physical properties of ILs can be modulated by choosing different combina-
tions of cations and anions, so ionic liquids are often called “designer solvents” because
of their versatile properties. One of the practical applications of ILs is their utilization as
the electrolytes in electrochemical energy-storage devices, such as batteries, supercapaci-
tors, fuel cells, and other related electrochemical reactions, in which 2D materials always
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act as electrodes [18,28–31]. Furthermore, ionic liquids can also be used as solvents for
liquid-assisted exfoliation pathways for the production of 2D materials [31–37]. Single-
or few-layer 2D nanosheets of graphene and black phosphorous have been successfully
exfoliated with specific ILs [32,37]. Besides the applications in the fields of electrochemistry
and exfoliation, the ILs/2D composites also show great potential in surface catalysis and
gas separation [1,5,7]. Hence, all of the above-mentioned representative applications which
combine the novel properties of 2D materials and ILs concern the interfacial structure
between surfaces and ILs. Therefore, a better understanding of the ILs interaction with 2D
surfaces is crucial for promoting the performance of the related energy storage devices, the
efficiency of the exfoliation process, and the activity of the surface catalysis.

Several groups have performed systematic DFT studies on the adsorption behaviors
of different types of ILs on common 2D materials, including graphene (carbon nanotubes),
h-BN, silicene, germanene, etc. [28–45]. Notably, most of the theoretical research focuses
on the interfacial behavior of ionic liquids with graphene and its derivatives [28,38–42]. It
should be noted that a few theoretical efforts have been made to probe the properties of
hybrids composed of ILs and the recently emerged 15th group of elemental 2D nanosheets
of P, As, Sb, and Bi. For instance, Lust’s group has reported their preliminary computations
of 1-butyl-4-methylpyridinium tetrafluoroborate (BMPyBF4) adsorption on Bi (111) surface
to collaborate with their experimental observations [46,47]. Lu et al. reported their first-
principles investigation of the interfacial interactions and structures of imidazolium-based
ILs on a black phosphorus surface [48]. Very recently, we studied the adsorption behavior of
[BF4]− anion-based ionic liquids on phosphorene (α), arsenene (β), and antimonene (β) [49].
Although the above-mentioned studies have provided some descriptions concerning the
interface of ILs on 2D nanosheets of P, As, Sb, and Bi, the deficiency in those studies is
the that their selections of ILs are limited. Furthermore, for the 15th group of monolayers,
different allotropes, e.g., five typical honeycomb (α, β, γ, δ, and ε) and four non-honeycomb
(ζ, η, θ, and ι) structures, have been predicted by Zhang et al. [11]. Altering the phase
would make significant changes in their chemical and physical properties. Since the
existing literature demonstrates that the interfacial structure and interaction strength
correlate with the nature of the surfaces and the ILs, a systematic, comparative study of the
interaction between ILs of various shapes and sizes and the 15th group of 2D nanosheets
with different phase structures is essential for the selection and evaluation of ILs and 2D
materials to improve their performance in various applications. Therefore, in the present
paper, the structural and optoelectronic properties of nine representative ILs adsorbed
on phosphorene and arsenene were systematically studied via the application of density
functional theory (DFT) calculations. The impact of phase selection (of two common
allotropes of the α- and β-phases) of P and As on the properties of adsorption systems
were explored. The nine representative ILs are based on combinations of three popularly
used cations, including 1-ethyl-3-methylimidazolium ([EMIM]+), N-methylpyridinium
([MPI]+), and trimethylamine ([TMA]+), paired to three anions of different shapes and
sizes e.g., tetrafluoroborate ion ([BF4]−), trifluoromethanesulfonate ion ([TFO]−), and
chloridion (Cl−). The above-mentioned ILs were selected because they have been widely
used in various applications, such as energy storage devices, sensors, and catalysis [23–25].
Moreover, the ILs based on those cations and anions emerge as subjects in many theoretical
studies on the interaction of ILs with various surfaces, which can provide reference for
comparisons [19–49]. The effects of cation and anion types on the interfacial interaction
parameters involving structures, adsorption energies, densities of states, charge transfers,
and optical properties were analyzed. We hope that our calculated results can shed light on
the effective screening and design of ionic liquids/2D materials to improve electrochemical
device performance, material dispersion, and surface catalytic activity.
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2. Results and Discussion
2.1. Structures and Energies of IL/2D Sheets

It is well-known that typical allotropes of the 15th group of 2D nanomaterials exhibit
structural diversity [2,4]. The optimized structures of phosphorene and arsenene with α-
and β-phases are shown in Scheme 1. These four nanosheets all have the graphene-like
honeycomb structure. Unlike planar graphene, α-P and α-As (black phosphorene and
black arsenene) hold the unique, puckered layered structure, while the β-P and β-As (blue
phosphorene and grey arsenene) prefer the buckled layered structure as reported by Zhang
et al. [2]. Besides, α-P and α-As have strong in-plane anisotropy. The structures of three
cations and three anions of considered ILs with different sizes and shapes are also illustrated
in Scheme 1. The geometries of nine ILs based on the combination of the above-mentioned
cations and anions ([EMIM][TFO], [EMIM][BF4], [EMIM][Cl], [MPI][TFO], [MPI][BF4],
[MPI][Cl], [TMA][TFO], [TMA][BF4], and [TMA][Cl]) were fully optimized, and their
binding energies were calculated. Figure 1 shows the most stable geometric structures
of ionic liquids, and the interaction distances between the hydrogen atoms of [EMIM]+,
[MPI]+, [TMA]+ and the O, F, and Cl atoms of the anion are also marked. For the ion pairs
based on [EMIM]+, [MPI]+ cations, and [TFO]−, [BF4]− anions, the H on the aromatic ring,
the methyl and ethyl groups can be combined with the O atom in [TFO]− and the F atom in
[BF4]− through hydrogen bonding. For example, the distances of H . . . O in [EMIM][TFO]
are 2.493, 2.260, and 2.332 Å, respectively, and the hydrogen bond between the cation
and anion is mainly formed by the acidic hydrogen on the carbon atom between the two
nitrogen atoms on the imidazole ring. In [EMIM][Cl] and [MPI][Cl], [Cl]− also mainly
interacts with the acidic C-H near the N atom on the aromatic ring. For the [TMA]+-based
ionic liquid, the anion interacts with the methyl group in the cation. For instance, in
[TMA][TFO] ionic liquid, the distance between the H on the methyl group of the cation and
the O on the anion is 2.336, 2.305, 2.401 Å. Although the interaction between the cation and
the anion is mainly governed by the Coulomb force, the optimized structure shows that the
hydrogen bond also plays an important role. By comparing the binding energies between
the anion and cation, the strength order is [X][Cl] > [X][BF4] > [X][TFO]. The strongest
interaction is found in [X][Cl], which can be attributed to the small size of anion, resulting
in the more compact structures of ILs.

In order to study the interaction mechanism of ionic liquids with α- and β-phase
phosphorene and arsenene, in line with previous reports [28–36,38–49], we considered
various orientations and configurations of ionic liquids adsorbed on surfaces, and the
initial conceiving structures represented by [EMIM][BF4] and [TMA][BF4] adsorbed on
α-P are shown in Figure S1. The most stable geometries of the ILs 2D adsorption system
with critical interaction distances are presented in Figures 2 and S2, and the corresponding
adsorption energies are shown in Table 1.

As shown in Figures 2 and S2, both cations and anions prefer to make contact with
the nanosheets simultaneously. The moiety of imidazolium- and pyridinium-based cations
lie nearly parallel to the sheet because of the π stacking interaction between the aromatic
rings and the surface. The non-aromatic [TMA]+ cation interacts with the surface through
the methyl group. The contact between [TFO]−, [BF4]−, Cl−, and the surface mainly
comes from the interaction between the O, F, and Cl atoms of the anion and the P and
As atoms on the surface of the phosphorene and arsenene. The distances between the
cations and α-P, β-P, α-As, and β-As are 2.597~3.068 Å, 2.794~3.135 Å, 2.709~3.065 Å, and
2.848~2.963 Å, respectively. The distances between the anions and α-P, β-P, α-As, and β-As
are 2.569~3.213 Å, 2.791~3.232 Å, 2.775~3.314 Å, and 2.899–3.133 Å, respectively. The above
distances between the ILs and the nanosheets are much larger than the sum of the covalent
radii and are close to the sum of the van der Waals radii of the corresponding atoms with
the shortest distance. Therefore, we can preliminarily conclude that the ILs and 2D sur-
faces mainly combine via non-covalent interactions, as reported previously [28–36,38–49].
Furthermore, the configuration of the subject ILs underwent changes after adsorption.
Despite the variation of the hydrogen bond distance between the cation and anion, the
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big difference is that the average position of the anion and cation is at a similar level from
the surface after adsorption, while it is located above the imidazolium and pyridinium
aromatic rings before adsorption. The change of the relative orientation between the anion
and the cation of the ILs before and after adsorption results in the breaking of some old
hydrogen bonds and the formation of new ones. In addition, we have also observed that
the ionic liquid adsorption leads to a slight deformation of the nanosheets.

Scheme 1. Top and side views of the most stable models of α-P, α-As, β-P, and β-As nanosheets. The
structures of cations and anions of ILs.

Adsorption energy is one of the criteria for evaluating interaction strength. As shown
in Table 1, when the cations are the same, the order of the interaction between the same
nanosheet and different ILs is: [X][Cl] > [X][TFO] > [X][BF4] (X = [EMIM]+, [MPI]+, [TMA]+).
When the anions are the same, the order is: [EMIM][Y]≈ [MPI][Y] > [TMA][Y] (Y = [TFO]−,
[BF4]−, Cl−), which is due to the stronger interaction between the aromatic ring of the ILs
and the nanosheets. More importantly, whether it is phosphorene or arsenene, the α-phase
has a stronger interaction with ILs than does the β-phase. This may be due to the different
structures of two phases (the puckered and buckled structures for the α- and β-phases).
Obviously, the atomic density of the α-phase is larger than that of the β-phase. It can
provide a more active contact site for ILs and consequently results in a strong interaction.
Furthermore, the energy contributions from dispersion–correction are obtained from the
difference of the corresponding adsorption energies computed at PBE and PBE-D2 levels
(Ea vs. Ea

D2 in Table 1). It can be clearly seen that the vdW-correction makes a great
contribution (ranging from 40%~80%) to the IL–nanosheet interaction. As presented in
Table 1, for the system involving [X][TFO] and [X][BF4], the dispersion plays a decisive
role in the adsorption process (70%~80%), while, for the system involving [X][Cl], the
energy contribution from the dispersion–correction only amounts to 40%~50% because of
the strongest adsorption affinity to the nanosheets. This further confirms the interaction
between ILs and P or As nanosheets dominated by non-covalent forces and the importance
of the dispersion–correction in describing these systems.
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Figure 1. Optimized geometry of nine ionic liquids with the key hydrogen-bond distances (Å) and
interaction energy between cations and anions (EILs).

2.2. Valence Band Maximum, Conduction Band Minimum, and Density of States of IL/2D Sheets

The influence of IL adsorption on the electronic properties of subject 2D materials
can be explored through the valence band maximum (VBM), conduction band minimum
(CBM), and VBM–CBM gaps of the isolated nanosheets (α-P, β-P, α-As, and β-As), nine
ILs, and IL/2D nanosheet hybrids, which are listed in Table 1. The energy gap of ILs lies
between 1.28 and 6.01 eV. The calculated band gaps of α-P, β-P, α-As, and β-As are 0.53 eV,
1.93 eV, 0.47 eV, and 1.38 eV, respectively, which are similar to the previously reported PBE
values [2,11]. Compared with that of pristine 2D materials, IL adsorption always results
in the reduction of the band gap, and the extent of the decrease is closely related to the
types of ILs and the surface. For α-P and α-As, the gap changes upon the adsorption of ILs,
ranging from 0.00 to 0.08 eV, while there are relatively large changes for those of β-P and
β-As (0.13~0.52 eV). In most cases, whether for phosphorene or arsenene, the IL adsorption
has greater impact on the band gaps of the β-phase than that of the α-counterpart. If we
further compare the effect of different, adsorbed ILs on the band gaps of β-P and β-As, the
order is [X][Cl] > [X][TFO] > [X][BF4] (X = [EMIM]+, [MPI]+, [TMA]+). Moreover, the ILs
including [MPI]+ also have a larger impact on the band gap of α- and β-nanosheets. The
above results suggest that some of the considered ILs can be used to modulate the gaps of
the phosphorene and arsenene, while others can preserve the electronic properties of the
2D materials (especially α-phase P and As).
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Figure 2. Most stable geometry of ionic liquids adsorbed on 2D surfaces with key interaction
distances (Å).

Table 1. Valence band maximum (VBM) and conduction band minimum (CBM) energies (in a.u.),
corresponding gaps (Eg in eV), and gap changes before and after adsorption (∆E in eV) of isolated
2D sheets, ionic liquids (ILs), and IL/2D sheet complexes for α-P, β-P, α-As, and β-As. Adsorption
energies (Ea and EaD2 at PBE and PBE-D2 level) of ILs on the surface. Charge difference of ionic
liquids (ILs) and nanosheets after adsorption (values in e).

Structures VBM CBM Eg(4E) (eV) 4q(+)a 4q(−)b 4qsur Ea (eV) Ea
D2 (eV)

EMIMTFO −0.1990 −0.0799 3.24 − − − − −
EMIMBF4 −0.2497 −0.0763 4.72 − − − − −
EMIMCl −0.1663 −0.0395 3.45 − − − − −
MPITFO −0.1970 −0.1499 1.28 − − − − −
MPIBF4 −0.2435 −0.1372 2.89 − − − − −
MPICl −0.1868 −0.0810 2.88 − − − − −

TMATFO −0.1980 −0.0308 4.55 − − − − −
TMABF4 −0.2503 −0.0295 6.01 − − − − −
TMACl −0.1521 −0.0108 3.84 − − − − −
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Table 1. Cont.

Structures VBM CBM Eg(4E) (eV) 4q(+)a 4q(−)b 4qsur Ea (eV) Ea
D2 (eV)

α-P −0.1819 −0.1624 0.53 − − − − −
β-P −0.2241 −0.1533 1.93 − − − − −
α-As −0.1552 −0.1378 0.47 − − − − −
β-As −0.1936 −0.1431 1.38 − − − − −

α-P-EMIMTFO −0.1796 −0.1619 0.48 (−0.05) 0.003 0.094 −0.095 0.30 1.20
β-P-EMIMTFO −0.2132 −0.1515 1.68 (−0.25) −0.016 0.096 −0.080 0.22 0.88
α-As-EMIMTFO −0.1549 −0.1375 0.47 (0.00) −0.040 0.045 −0.007 0.24 1.31
β-As-EMIMTFO −0.1875 −0.1428 1.22 (−0.16) −0.084 0.060 0.018 0.31 1.12
α-P-EMIMBF4 −0.1798 −0.1613 0.51 (−0.02) 0.001 0.073 −0.072 0.46 0.93
β-P-EMIMBF4 −0.2137 −0.1498 1.74 (−0.19) −0.018 0.085 −0.067 0.37 0.83
α-As-EMIMBF4 −0.1549 −0.1371 0.48 (0.01) −0.057 0.067 −0.012 0.31 1.18
β-As-EMIMBF4 −0.1892 −0.1434 1.24 (−0.14) −0.078 0.043 0.032 0.37 1.04
α-P-EMIMCl −0.1751 −0.1577 0.47 (−0.06) 0.252 0.108 −0.359 0.86 1.54
β-P-EMIMCl −0.2008 −0.1434 1.56 (−0.37) 0.234 0.159 −0.389 0.89 1.51
α-As-EMIMCl −0.1529 −0.1354 0.48 (0.01) 0.170 0.047 −0.214 0.69 1.60
β-As-EMIMCl −0.1802 −0.1376 1.16 (−0.22) 0.160 0.090 −0.250 0.88 1.52
α-P-MPITFO −0.1790 −0.1617 0.47 (−0.06) −0.016 0.072 −0.058 0.23 1.12
β-P-MPITFO −0.2117 −0.1516 1.64 (−0.29) −0.014 0.110 −0.096 0.25 0.87
α-As-MPITFO −0.1566 −0.1412 0.42 (−0.05) −0.168 0.031 −0.139 0.14 1.12
β-As-MPITFO −0.1889 −0.1465 1.15 (−0.23) −0.103 0.037 0.065 0.25 1.04
α-P-MPIBF4 −0.1793 −0.1627 0.45 (−0.08) −0.042 0.082 −0.041 0.29 1.10
β-P-MPIBF4 −0.2147 −0.1528 1.69 (−0.24) −0.021 0.077 −0.057 0.17 0.72
α-As-MPIBF4 −0.1566 −0.1407 0.43 (−0.04) −0.183 0.043 0.141 0.27 1.18
β-As-MPIBF4 −0.1892 −0.1471 1.15 (−0.23) −0.134 0.061 0.074 0.32 0.99
α-P-MPICl −0.1748 −0.1580 0.46 (−0.07) 0.358 −0.04 −0.323 0.63 1.39
β-P-MPICl −0.2007 −0.1487 1.41 (−0.52) 0.392 −0.012 −0.384 0.59 1.17
α-As-MPICl −0.1539 −0.1382 0.43 (−0.04) 0.161 −0.101 −0.064 0.52 1.43
β-As-MPICl −0.1810 −0.1450 0.98 (−0.40) 0.270 −0.055 −0.214 0.54 1.22
α-P-TMATFO −0.1781 −0.1603 0.49 (−0.04) 0.027 0.061 −0.083 0.35 0.98
β-P-TMATFO −0.2107 −0.1483 1.70 (−0.23) 0.004 0.080 −0.083 0.24 0.74
α-As-TMATFO −0.1539 −0.1364 0.48 (0.01) −0.016 0.045 −0.029 0.25 1.03
β-As-TMATFO −0.1850 −0.1405 1.21 (−0.17) −0.051 0.054 −0.003 0.31 0.90
α-P-TMABF4 −0.1792 −0.1614 0.49 (−0.04) 0.006 0.065 −0.072 0.14 0.75
β-P-TMABF4 −0.2124 −0.1488 1.73 (−0.20) −0.006 0.070 −0.062 0.15 0.62
α-As-TMABF4 −0.1545 −0.1369 0.48 (0.01) −0.038 0.045 −0.005 0.18 0.89
β-As-TMABF4 −0.1875 −0.1416 1.25 (−0.13) −0.053 0.038 0.015 0.24 0.79
α-P-TMACl −0.1729 −0.1549 0.49 (−0.04) 0.149 0.202 −0.354 0.72 1.22
β-P-TMACl −0.1963 −0.1398 1.54 (−0.39) 0.148 0.231 −0.380 0.70 1.13
α-As-TMACl −0.1507 −0.1333 0.47 (0.00) 0.098 0.129 −0.227 0.48 1.10
β-As-TMACl −0.1770 −0.1349 1.14 (−0.24) 0.088 0.146 −0.234 0.72 1.21

*4q(+)a = q cation in IL (after adsorption) − q cation in IL (before adsorption); *4q(−)b = q anion in IL (after adsorption) −
q anion in IL (before adsorption).

These band gap changes can be explained by the changes in VBM and CBM of the
ILs/nanosheets adsorption system. For α-P and α-As, the effect of adsorption of [X][TFO]
and [X][BF4] (X = [EMIM]+, [MPI]+, [TMA]+) on VBM and CBM is negligible. Although
[X][Cl] adsorption has greater impact on the VBM and CBM of α-phase nanosheets than on
other ionic liquids, the band shifts are almost the same. Therefore, the band gap of α-phase
nanosheets is nearly unchanged. However, for nanosheets of β-P and β-As, the VBM
state shifts to a higher level during [X][TFO] and [X][BF4] (X = [EMIM]+, [MPI]+, [TMA]+)
adsorption, while the change of the CBM state is much smaller than that of VBM, resulting
in a reduction in the overall band gap. [X][Cl] adsorption also has the largest impact on
the VBM, CBM, and the gap (especially VBM) of β-phase nanosheets among all considered
ionic liquids. In a word, the adsorption of ILs has greater influence on the band of β-phase
nanosheets than on that of the α-phase counterparts. This clearly demonstrates that the IL
adsorption effect on the electronic properties of phosphorene and arsenene are not only
related to the chemical elements, but also closely related to the phase structures (α-phase:
puckered and β-phase: buckled). The distinct behavior of α- and β-phase P and As upon
IL adsorption can also be explored by their VBM and CBM electron density distributions
in Figure 3. For the adsorption system involving α-P/As, the VBM and CBM are solely
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from the states of the surface, while for the system involving β-P/As, the relatively large
contribution of the adsorbed ILs to the VBM can be observed.

Figure 3. Electron density of CBM and VBM for complexes of [EMIM][TFO], [EMIM][BF4], and
[EMIM][Cl] adsorbed on α-P and α-As at an isosurface value of 0.018 e/Å3, and β-P and β-As at an
isosurface value of 0.030 e/Å3.
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To further examine the variations in the VBM/CBM gap caused by the IL adsorption,
the density of states (DOS) for ILs, α-P/As, β-P/As, and ILs/surface complexes are illus-
trated in Figures 4 and S4. As shown in the figures, in most cases, the shape and position
of the DOS for P and As only change slightly after IL adsorption. Certainly, the above
change is strongly dependent on the nature of the considered ILs and the nanosheets. Due
to the non-covalent interaction between ILs and surfaces, the contribution of states near the
Fermi level is mainly from phosphorene and arsenene. When comparing the adsorption
effect on the DOS of α-phase and β-phase P and As, we can see the obvious change of
the state near the Fermi level of the β-phase, which results in the band-gap reduction to a
different extent, while, for the DOS of α-phase P and As, the change can be negligible in
most cases. This also confirmed that the electronic properties of nanosheets with different
phase structures exhibit different sensitivities to IL adsorption. Detailed information on
the effect of different ILs is consistent with the discussion based on VBM and CBM data
in Table 1. For [X][TFO] or [X][BF4], the adsorption has almost no effect on the DOS of
α-phase P and As. For [X][Cl] on α-phase nanosheets, the adsorption effects on VBM and
CBM states are roughly the same, resulting in the basically unchanged overall band gap,
while, for the above ILs on β-P and β-As nanosheets the adsorption makes the VBM state
shift to higher energy, and the shift of the CBM state is smaller, resulting in a decrease in
the overall band gap. The above discussion further suggests that the electronic properties
of α-P and α-As are less sensitive to IL adsorption than β-P and β-As.

Figure 4. Cont.
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Figure 4. Density of states for pristine nanosheets (α-P, β-P, α-As, and β-As), isolated
ILs ([EMIM][TFO], [EMIM][BF4], and [EMIM][Cl]), and adsorption systems of ILs on
corresponding nanosheets.

2.3. Charge Transfer between Ionic Liquids and 2D Sheets

To further probe the interaction mechanism of the adsorption system, the differential
charge density of ILs adsorbed on nanosheets in Figures 5 and S5 can intuitively describe
the electron redistribution upon adsorption. This parameter can be defined as:

∆ρ = ρILs/surface − ρsurface − ρILs. (1)

where ρILs/surface, ρsurface, and ρILs are the total electron density of the adsorption system,
isolated nanosheets, and free ILs, respectively. The green and yellow areas represent
the accumulation and depletion of electrons, which clearly show the electron density
redistribution among the cation, anion, and nanosheet. The electron density is accumulated,
and the surface is negatively charged underneath the cation, while it is opposite, underneath
the anion. Obviously, the charge transfer between the [X][Cl] and the surface is larger than
that of other systems involving [X][TFO] and [X][BF4]. A Mulliken population analysis
can provide the quantitative information of the charge density difference of the adsorbed
system. Table 1 shows the Mulliken charge redistribution of cations, anions, and surfaces
after adsorption, which clearly suggest the electron transfer number and direction closely
related to the types of ILs and nanosheets. A large amount of electron transfer occurred
between the ILs containing [Cl]− and the surfaces (up to 0.389 e), which is consistent with
their strong adsorption strength and the large band gap reduction. For the purpose of
comparison, the Hirshfeld charge difference of the ILs and nanosheets after adsorption is
also shown in Table S2.

Figure 5. Cont.
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Figure 5. Top and side views of differential electron densities of ILs ([EMIM][TFO], [EMIM][BF4], and
[EMIM][Cl]) adsorbed on α-P, β-P, α-As, and β-As nanosheets. Green and yellow areas correspond
to accumulation and depletion of electronic densities, respectively, with an isosurface value of
0.003 e/Å3.

2.4. Optical Properties

The imaginary part of the dielectric function (ε2) is an effective parameter for measur-
ing the light absorption of materials. It can be calculated using the CASTEP code, which is
defined as:

ε2(q→ Oû , }ω) =
2e2π

Ωε0
∑
k,v,c
|〈ψc

k|u·r|ψ
v
k 〉|

2δ(Ec
k − Ev

k − }ω) (2)
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where u is the vector defining the polarization of the incident electric field. This expression is
similar to Fermi’s Golden Rule for time-dependent perturbations, and ε2(ω) can be thought
of as detailing the real transitions between occupied and unoccupied electronic states.

The optical properties of the isolated and IL-adsorbed P and As nanosheets with α-
and β-phases were calculated according to Equation (2). Figures 6 and S6 show the ε2 along
the three directions of the α-phase P and As. The ε2 for the β-phase nanosheets before and
after adsorption are also shown along the two directions in the figures. Due to the in-plane
anisotropy of α-phosphorene and α-arsenene along the x and y directions, the calculated ε2
has different characteristics in the two in-plane directions. However, β-phosphorene and
β-arsenene exhibit the same characteristics in the x and y directions, so we only discuss the
x direction in the β-phase nanosheets.

Figure 6. Cont.
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Figure 6. Computed, imaginary dielectric functions vs. energy for isolated and complexes of ILs
([EMIM][TFO], [EMIM][BF4], [EMIM][Cl]) adsorbed on α-P and α-As in the x, y, and z directions and
β-P and β-As in the x and z direction.

For α-P and α-As, the light polarized along the x and y directions shows a strong,
wide range of light absorption starting from the energy of 0.5 eV and 0.2 eV. In addition,
α-phosphorene and α-arsenene show strong ultraviolet absorption from 4 eV and 5 eV,
respectively, along the z direction. As expected, for α-phase P and As, the IL adsorption
has little effect on the peak position and light intensity of polarized light along the x, y, and
z directions. For β-P, the light polarized along the x direction shows a strong, wide range of
light absorption starting from the energy of 1.8 eV. The β-P nanosheets with adsorbed ILs
along the x direction have a larger light absorption range of 1.5–1.8 eV than the isolated
nanosheets. It can be observed that the absorption intensity and peak position shift in the x
direction are more obvious after ILs adsorbed on the β-phase nanosheets, while there is
only a slight change in the intensity of the ultraviolet light along the z direction. Therefore,
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the light absorption of the β-phase nanosheets is also more sensitive to ILs than are the
α-phase counterparts.

3. Computational Details

The geometric optimization and electronic property computations were carried out
using the DMol3 program [50]. The generalized gradient approximation (GGA) with
the Perdew–Burke–Ernzerhof (PBE) function and the double numerical atomic basis set
plus polarization (DNP) were employed [51]. Because of the poor description of the non-
covalent interaction of the popular PBE function, an empirical dispersion-corrected density
functional theory approach proposed by Grimme was used [52]. The performance of the
DFT-D2 functional has been verified by López-Albarrán et al. based on their theoretical
study of the adsorption mechanism of dibenzothiophene on boron-doped carbon nanorib-
bons [53]. The D values of the Grimme correction for DFT-D2 are shown in Table S1. The
k-point was set to 5 × 5 × 1 for structural optimization and electronic property calculations.
Electron density differences were computed by the CASTEP code.

To examine the adsorption behavior of ILs on the four subjected nanosheets (α-P, α-As,
β-P, and β-As), 5 × 5 supercells containing 100 P or As atoms in the α phase and 50 P or As
atoms in the β phase were used to simulate the 2D layers of P or As with different allotropes.
The optimized lattice constants are a = 3.28 Å, b = 4.38 Å for α-P; a = 3.74 Å, b = 4.51 Å for
α-As; and 3.33 Å and 3.79 Å for β-P and As nanosheets, respectively. The vacuum thickness
was set to 20 Å to avoid artificial interactions between the periodic images. In line with
previous work [28–36,38–49], the models for the adsorption system were constructed by
placing a single ion pair of ILs on the surface of the investigational nanosheets.

To quantitatively describe the adsorption strength of ILs on P and As nanosheets, the
adsorption energies (Ead) were calculated as:

Ead = Esurface-IL − EIL − Esurface, (3)

where Esurface-IL, EIL, and Esurface denote the energies of the surface-IL complex, the free
ionic liquids, and the isolated nanosheets, respectively.

4. Conclusions

In this work, we investigated the adsorption characteristics of nine representative
ILs based on the combinations of [EMIM]+, [MPI]+, and [TMA]+ cations paired to [BF4]−,
[TFO]−, and Cl− anions on phosphorene and arsenene with α- and β-phases. DFT calcula-
tions were performed to explore the effect of IL adsorption on the electronic and optical
properties of the subject 2D materials. The calculated structure, adsorption energy, and
charge transfer suggest that the interaction between ILs and P and As nanosheets is domi-
nated by non-covalent forces, and the most stable adsorption structures are characterized
by the simultaneous interaction of the cation and anion with the surface, irrespective of
the types of ILs and surfaces. The discussion based on the VBM, CBM, and DOS of phos-
phorene and arsenene suggests that the adsorption of ILs has a much greater influence on
the band of β-phase nanosheets than on that of the α-phase counterpart. In addition, the
presence of ILs at the interface do not affect the optical properties of the α-phase P and As,
while changes in some peak positions and absorption strengths are observed in the β-phase.
This clearly demonstrates that the IL adsorption effect on the electronic properties of phos-
phorene and arsenene is not only related to the chemical elements, but also closely related
to the phase structures. Through the thorough investigation of the nine-IL adsorption
system, we can conclude that the electronic and optical properties of β-P and β-As are more
sensitive to IL adsorption than are α-P and α-As. The above results also suggest that some
of the considered ILs can be used to modulate the gaps of the phosphorene and arsenene,
while others can preserve the electronic properties of the 2D materials (especially α-phase
P and As). We hope that our calculated results can shed light on the effective screening
and design of ionic liquid/2D materials to improve electrochemical-device performance,
material dispersion, and surface catalytic activity.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27082518/s1, Table S1. The D values of Grimme cor-
rection for DFT-D2; Figure S1. The initial structures of different configurations of [EMIM][BF4]
and [TMA][BF4] adsorbed on the 2D nanosheet; Figure S2. Most stable geometry of ionic liquid
adsorbed on 2D surfaces with key interaction distances (Å); Figure S3. Electron density of CBM and
VBM for complexes of [MPI][TFO], [MPI][BF4], [MPI][Cl], [TMA][TFO], [TMA][BF4], and [TMA][Cl]
adsorbed on α-P and α-As at an isosurface value of 0.018 e/Å3, β-P and β-As at an isosurface value
of 0.030 e/Å3; Figure S4. Density of states for pristine nanosheets (α-P, β-P, α-As, and β-As), isolated
ionic liquids (ILs) ([MPI][TFO], [MPI][BF4], [MPI][Cl], [TMA][TMA], [TMA][BF4], and [TMA][Cl]),
and adsorption systems of ILs on corresponding nanosheets; Figure S5. Top and side views of
differential electron density of ILs ([MPI][TFO], [MPI][BF4], [MPI][Cl], [TMA][TFO], [TMA][BF4],
and [TMA][Cl]) adsorbed on α-P, β-P, α-As, and β-As nanosheets. Green and yellow areas corre-
spond to accumulation and depletion of electronic densities, respectively, with an isosurface value
of 0.003 e/Å3; Figure S6. Computed imaginary dielectric functions vs. energy for isolated and
complexes of ILs ([MPI][TFO], [MPI][BF4], [MPI][Cl], [TMA][TFO], [TMA][BF4], and [TMA][Cl])
adsorbed on α-P and α-As in the x, y, and z directions, and β-P and β-As in the x and z direction; and
Table S2. The Mulliken and Hirshfeld charge difference of ionic liquids (ILs) and nanosheets after
adsorption (values in e).
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