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ABSTRACT: First-principles density functional theory calculations were
performed to study the effect of Li adsorption on the structural and electronic
properties, particularly the work function, of boron α-sheet. The calculated
binding energies indicated that boron α-sheet could be well stabilized by the
adsorption of Li atoms. Furthermore, the work functions of Li-adsorbed boron
α-sheets were observed to decrease drastically with increasing Li coverage. The
work functions are lower than that of Mg and even, for some of them, lower
than that of Ca, indicating a considerable potential application of Li-adsorbed
boron α-sheets as field-emission and electrode materials. Based on the
calculated geometric and electronic structures, we discuss in details some
possible aspects affecting the work function. The Li coverage dependence of the
work functions of Li-adsorbed boron α-sheets was further confirmed by
electrostatic potential analyses. The relationship between the work function variation and the Fermi and vacuum energy level
shifts was also discussed, and we observed that the variation of the work function is primarily associated with the shift of the
Fermi energy level. It is the surface dipole formed by the interaction between adatoms and substrate that should be responsible
for the observed variation of the work function, whereas the increasing negative charge and rumpling for boron α-sheet only play
minor roles. Additionally, the effect of Li adatoms on the work function of boron α-sheet was confirmed to be much stronger
than that of graphene or a graphene double layer.
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■ INTRODUCTION

Recently, low-dimensional nanomaterials, including C,1−4 Si,5

ZnO,6 TiO2,
7 B,8−20 BxCy,

21 BxNy,
22 and BxCyNz,

23 have
received massive attention due to their structural characteristics
and unique properties. Carbon, in particular, can form all three
low-dimensional allotropes, including experimentally available
zero-dimensional (0D) fullerenes,1 one-dimensional (1D)
carbon nanotubes (CNTs),2 and two-dimensional (2D)
graphene.3 Graphene is a monatomic layer composed of sp2-
bonded carbon atoms arranged in a honeycomb-like structure.
Its conically shaped valence and conduction bands touch each
other in the reciprocal space of a 2D lattice, leading to a zero-
gap semiconductor.4 The gapless feature of graphene makes it
very difficult to work with in some special fields, such as turning
transport off when trying to mimic a conventional switch or
transistor. Thus, a constant effort has been made to engineer its
bandgap using different methods, such as size confinement
(nanoribbons)24 and chemical modification.25 Motivated by the
remarkable productive investigations of graphene, studies have
paid increasing attention to some other 2D materials, such as
BC,21 BN,22 BCN,23 BNO,26 graphane,26,27 and graphene
oxide.26,27

Boron and boron-based structures possess some significantly
favorable properties, including excellent chemical stabilities, low
densities (2.364 g/cm3),28 high melting points over 2300 °C

(approximately 1000 °C higher than silicon),28 large bulk
Young’s moduli of 380−400 GPa,28 hardness similar to that of
diamond,28 high thermal conductivities,29 and high electric
conductivities.29 These structures are applicable in the fields of
flexible electronics,28 field-emission (FE) materials,29 hydrogen
storage media,30−32 and lithium-ion batteries.33 To date, a
range of 0D hollow boron molecular structures have been
experimentally and theoretically proposed,34−38 and some
experimental works regarding 1D nanoboron structures such
as single- and multiwalled nanotubes (BNTs),29,39 nanowires,40

boron nanorods,41 nanobelts,42 and nanoribbons43 have been
reported. For 2D nanoboron structures, the graphene-like
hexagonal sheet, buckled triangular sheet, α-sheet, β-sheet, and
γ-sheet8−12 have been predicted theoretically, and sheets
constructed from hexagon holes and filled hexagon motifs
(Figure 1), including α- and α1-sheets are suggested to be the
most stable.12,13 However, because of their structural flexibility
and competing energetic ordering, the exact ground state
configuration still remains an open question. To determine the
most stable 2D lattice configuration, many boron sheets (α-
sheet, β-sheet, g1/8-sheet, g2/15-sheet, α1-sheet, and β1-sheet),
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which are based on hexagon holes and filled hexagon motifs,
were systematically investigated using theoretical chemistry
calculations.14−18 Li and co-workers studied the electronic
structure of boron α-sheet using the adaptive natural density
partitioning (AdNDP) method.19 These researchers concluded
that the sheet could be stabilized when hexagon holes served as
scavengers of extra electrons from filled hexagons. Such a
chemical bonding model is helpful for our understanding of the
chemical bonding in all-boron nanomaterials.
Recently, a highly stable quasiplanar boron cluster (B36)

bearing a central hexagonal hole was observed,20 which could
be extended to 2D boron sheets. This result provides direct
evidence of the existence of monolayer boron sheet constructed
from hexagon holes and filled hexagon motifs. In addition,
other indirect evidence is available to support the existence of
boron sheets.12,13 The α-sheet and α1-sheet, two types of
models of stable boron sheets, can be viewed as being directly
related to the synthesized BNTs. Similar to the relationship
between CNTs and graphene, a single-walled boron nanotube
(SWBNT) is considered to be formed by rolling up a boron
monolayer sheet, and a multiwalled boron nanotube
(MWBNT) is considered to be formed by rolling up a
multilayered sheet. According to Wu et al., a bilayer α1-sheet
remains flat with an optimized interlayer distance of ∼3.62 Å,12
which is close to the experimental value of ∼3.2 Å in the
MWBNTs synthesized by Liu et al.29 Furthermore, the work
function of α-sheet is calculated to be 4.09 eV,13 which is also in
agreement with the experimental value of 4.02 eV for
MWBNTs.29

It should be noted that BNTs have been shown to be highly
conductive,29 implying that boron sheets should be metallic, in
line with many theoretical investigations.13,15,16 However, Wu
et al. proposed that the α-sheet is a semiconductor with an
indirect band gap of 1.40 eV, while the α1-, β1-, g1/8-, and g2/15-
sheets are metallic.12 Therefore, it is necessary to perform
further works to clarify the issue.
The work function is an important physical quantity for

electrode materials, correlating with their maximum energy
conversion efficiencies when used in light-emitting diodes
(LEDs), organic light-emitting diodes (OLEDs), and organic
solar cells (OSCs).44 Recently, particular attention has been
paid to engineering the work functions of some 2D materials,
such as graphene,44,45 reduced graphene oxide,46 BN
sheets,47,48 and Cx(BN)y monolayers.49 When 2D materials
are employed as anode or cathode materials, their work
functions are always to be adjusted for achieving a match in the
energy level between the 2D materials and other active layers or
substrate.45 Additionally, the field emission performance of 2D
materials can be dramatically improved with their work
functions decreased. Thus, the modulation for the work
functions of 2D materials on the atomic scale is crucial for
maximizing device performances.

The work functions of some 2D materials were reported to
be engineered using an external electric field,50 chemical and
metal dopings (or decorations),44,45 substrate orientations,51

and self-assembled monolayers or metal oxide layers.52,53

Among these approaches, chemical and metal dopings were
performed using n-type or p-type dopants.44,45 Generally, the n-
type doping was effective to reduce the work functions of 2D
materials, while the p-type doping was effective to enhance the
work functions of 2D materials. Moreover, a few feasible
methods along with possible mechanisms for the engineering of
the work function were proposed theoretically.51,55,56

Boron sheets are novel and promising 2D materials; the
engineering of their work functions is essential for the design of
nanoscale electric devices. Considering that the BNTs
fabricated by Liu et al. possess good field-emission properties29

and that the work function of plane boron α-sheet (PBST) is as
high as 4.02 eV, the boron α-sheet with its work function
reduced to some extent should be useful for particular
applications in field emitters, LEDs, OLEDs, OSCs, and other
devices. Unfortunately, to the best of our knowledge, there are
still no reports on the engineering of the work function of
boron sheets. It is well-known that alkali-metals can be used as
n-type dopants to reduce the work functions of many other
materials.57 For example, the work function of a few-layer
graphene could be reduced from 4.25 eV (graphene) to 3.8, 3.7,
3.5, and 3.4 eV, which is comparable with Mg (3.68 eV), by
doping with Li2CO3, K2CO3, Rb2CO3, and Cs2CO3,
respectively.44 A theoretical study also concluded that the
work function of a graphene double layer could be radically
reduced by alkaline atom (K or Li) intercalation.55 Thus, it is
reasonable to deduce that the work function of boron α-sheet
can be reduced by doping with alkali-metal atoms. Unlike
graphene, which contains robust traditional sp2 hybridization
bonding features, boron α-sheet possesses fascinating multi-
centered bonds. In particular, its hexagon holes can serve as
scavengers of extra electrons from its filled hexagons19 and can
be viewed as “electron deficiency regions”. The bonds in the
“electron deficiency regions” should be somewhat weaker than
those in the hexagon holes of graphene, and then, the
adsorption of alkali-metal atoms on boron α-sheet is expected
to occur more easily than on graphene.58 Therefore, it is
reasonable to estimate that the Li-decorated boron α-sheet with
a Li atom adsorbed on the site above the center of an empty
boron hexagon is more stable than Lin/graphene.

59 It is
expected that the work functions of Li-coated planar boron α-
sheets are tunable by their topologies and Li contents, which
makes them an ideal host material for electronic devices.
Herein, we report a first-principles investigation of the work

functions of Li-absorbed boron α-sheets with the aim to
provide a potential experimental method of decreasing the
work function of boron α-sheet and to contribute to a better
understanding of the interaction between Li adatoms and
boron α-sheet in engineering the work function of boron α-
sheet. Our main concerns are (i) the stabilities of Li-adsorbed
boron α-sheet compounds, (ii) whether the work function
changes with Li concentrations and configurations, and (iii)
possible mechanisms for work function modification by Li
adatoms.

■ COMPUTATIONAL METHODS
In this study, all the calculations were performed within the
density functional theory (DFT) framework by employing the
Dmol3 package except the electron density difference. The

Figure 1. Structures of hexagon hole and filled hexagon motif.
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exchange-correlation energy was treated using the Perdew−
Wang (PW91) functional in the generalized gradient
approximation (GGA) form60 because PW91 could describe
well the most prominent interactions in alkali-metal doped
systems,61 that is, chemical bonding and electrostatic
interactions. The basis functions were described by a double
numerical plus polarized (DNP) basis set, and the global orbital
cutoff was preliminarily tested and set to 5.1 Å. For the core
treatment, all the electrons were explicitly included and
unrestricted spin was also considered. The Monkhorst−Pack
scheme was used to sample the Brillouin zone (BZ), and a
mesh of 6 × 6 × 1 k-points sampling was employed in the
calculations. For each supercell, a vacuum region of 16 Å along
the surface normal was set to ensure the cancellation of
spurious interactions between periodic images. During
geometry optimizations, the structures were fully relaxed until
the residual forces were smaller than 2 × 10−3 hartree/Å, the
changes in energy were reduced to less than 10−5 hartree, and
atomic displacements were smaller than 5 × 10−3 Å. The
calculations of the frequencies, densities of states (DOSs),
electron densities, electrostatic potentials, and electronic
populations were performed for further analysis of electronic
structures and work functions. To obtain the minimum energy
pathway (MEP), all of the given transition states in this work
were located using the complete linear/quadratic synchronous
transit (LST/QST)62,63 and nudged elastic band (NEB)64

methods.

In the calculations of electron density differences, performed
using ultrasoft pseudopotentials generated from the “on-the-fly”
method implemented within the CASTEP, the GGA with
PW91 exchange and correlation functional60 was used, along
with a plane-wave cutoff energy of 400 eV and the sampling
over BZ of a (6 × 6 × 1) Monkhorst−Pack mesh.

■ RESULTS AND DISCUSSION
Models and Configurations. We first optimized the

geometry of boron α-sheet. Previous studies revealed that there
are two possible structures of boron α-sheet, involving PBST
and buckled boron α-sheet (BBST), as described in Figure 2.
According to PBE and PBE0,12 the phonon frequencies in the
calculated phonon spectrum of PBST are negative. The
eigenvector of the negative frequency mode manifests an out-
of-plane bending vibration. In contrast, the BBST does not
exhibit any negative phonon frequency and has a greater
binding energy than PBST. The PW91 results in this study are
in good accordance with the above PBE and PBE0 calculations.
Therefore, the BBST structure should be more rational than the
PBST model, and it is reasonable for us to employ BBST as the
substrate in this study.
Next, we turn to test the adsorption sites of Li atoms on

BBST. The optimized results indicate that Li adsorption on the
site above the center of an empty boron hexagon (i.e., the
middle hollow site (MHS)) is energetically more favorable than
on any other positions. This result coincides with the
adsorption sites of Li atoms on both PBST and boron β-

Figure 2. Optimized structures of PBST, BBST, and Lin/BBST models. Eb and L are the binding energies and Li−B average bond lengths of Lin/
BBST systems, respectively.
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sheet reported previously.59,65 Indeed, such an adsorption
behavior has also been observed in other systems, such as
graphene,58 carbon nanotubes,66 fullerenes,66 boron nano-
tubes,31 and boron fullerenes.31 We herein constructed original
adsorption models (Lin/BBST) by adding Li atoms above the
MHSs of boron hexagons and performed further geometry
optimizations. Single- and double-side-adsorbed models were
achieved in line with the Li atoms being adsorbed on one side
or two sides of BBST. These geometries are called as nX(S) or
nX(D), respectively, in which n, ranging from 1 to 8,
corresponds to the number of Li atoms in Lin/BBST, X is
the sequence number (a, b, c, ...) of different Lin/BBST models
with the same n, and S and D represent single- and double-side-
adsorbed models, respectively.
In this investigation, a 2 × 2 supercell containing thirty-two

boron atoms, four hexagon holes, and eight MHSs was adopted.
The Li adsorption concentration was ascribed by the hole
coverage (HC), that is, the number of adsorbed Li atoms on
BBST divided by eight (the total number of MHSs in a 2 × 2
supercell). It should be noted that the existence of different
configurations is possible even under the same adsorption
concentration due to the structural distortions of BBST and the
varying absorption sites of Li atoms.
Nonetheless, if Li adatoms can shift easily among different

MHSs, the thermodynamic probabilities of the configurations
with lower binding energy are relatively low. To evaluate
possible diffusions of Li atoms on BBST, we calculated Li-shift
energy barriers. The computed results, presented in Figures
S1(a) and S1(b) in the Supporting Information, indicate that in
the Li/BBST system the barriers for Li atom diffusions from
the adsorbed site to two adjacent MHSs are 0.30 and 0.37 eV.
Another computed result yielded a diffusion barrier of only 0.21
eV for Li3/BBST, as shown in Figure 3. The above results are
comparable to the theoretical barrier (0.45 eV, PW91
functional) for Li adatom diffusion on PBST given by Er et
al.59 In addition, it has been reported that the theoretical
diffusion barriers (PBE functional) of Li atoms on graphene are
0.311 and 0.337 eV via bridge and top site transition states,
respectively.58 Moreover, for most metal adatoms, the diffusion
within the fcc region of the graphene moire ́ superstructure
formed on Ru (0001) is very facile.67 It appears that the
diffusion of Li atoms on BBST is effortless, and the Lin/BBST
systems with lower binding energy should thus be kinetically
less stable.
It has been demonstrated that the Li atoms attached on

graphene tend to cluster as the number of Li atoms increases.68

There is an open question whether the attached Li atoms on
BBST reported here prefer to remain isolated or aggregate with
the increase of HC. To better understand the query, we placed
several Li atoms on a boron hexagonal hole to construct
computational models and performed further optimizations. As
shown in Figure 2, after relaxing the constructed models, we

observed that the optimizations yield adsorbed geometries with
no more than one Li atom on or below each MHS, and no
clustering was observed. According to Er et al.,59 a substantial
effective charge carried by Li atoms is responsible for the
configuration of Li adatoms on boron α-sheet.
Consequently, in this study, the configurations of Lin/BBST

with both higher binding energies and Li-single-layer were
selected, and 14 structures with their optimized configurations
shown in Figure 2 were investigated.
It should be noted that after adsorption the BBST substrate

possesses a larger rumpling than the pristine BBST, and the
adsorption sites of Li atoms in the configurations of 4b(D),
4c(S), 5a(D), 6a(D), 6b(D), 7(D), and 8(D) obviously
deviate from the corresponding MHSs. To estimate the average
deformation of BBST after adsorption, we defined the average
rumpling (R̅) based on the calculated rumpling (R) along the z
axis, which can be expressed as

∑̅ = | − |
=

R z z
1

32
[ ]

m
m m

1

32

(Li /BBST) (BBST)n
(1)

where zm(Lin/BBST) and zm(BBST) are the z coordinates of the
boron atoms with a serial number of m in Lin/BBST and BBST,
respectively. In Figure S2 in the Supporting Information, the
calculated R and R̅ of the Lin/BBST systems as a function of
HC are shown. It can be observed that both R and R̅ become
increasingly larger with an increase in the number of Li
adatoms, especially those structures with larger Li atom
deviation from MHSs.

Binding Energies. The binding energy (Eb) was used to
evaluate the interaction strength between the Li atoms and
BBST:

= + −E
n

E nE E
1

[ (BBST) (Li) (Li /BBST)]nb (2)

where E(BBST), E(Li), and E(Lin/BBST) represent the
energies of the pristine BBST, a free Li atom, and Lin/BBST,
respectively. Figure 4 shows the calculated binding energies of
Lin/BBST systems using formula 2 as a function of the value of
HC. It is observed that among all the optimized models, the
binding energies (2.18−2.33 eV) are larger than either that
reported previously (1.79 eV per Li atom) or that calculated in
this work (1.65 eV, Im3̅m) in Li bulk. Hence, a clustering of the
adsorbed Li atoms on BBST should be thermodynamically less
favorable. This result is in good agreement with our
aforementioned results (Figure 2 and Supporting Information
Figure S1). Moreover, it is also observed that under the same Li
adsorption concentration (n = 2, 3, 4), the single-side-adsorbed
structure possesses lower binding energy than the correspond-
ing double-side-adsorbed structure(s). Additionally, the fitted
trendline in Figure 4 was generated from the structures with the
highest binding energy for each HC. It is obvious that the

Figure 3. Schematic diagram of Li-shift pathway in Li3/BBST.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am504674p | ACS Appl. Mater. Interfaces 2014, 6, 19690−1970119693



binding energy gradually decreases and tends to converge as the
value of HC increases, exhibiting a similar phenomenon in the
Li/graphene systems.58

Generally, both BBST and Li adatoms can affect the binding
energy change of Lin/BBST with increasing HC. Using the
calculated configuration geometries, we separated the two parts
and performed single-point calculations with isolated BBST and
Li adatoms as individual models. The calculated results are
listed in Table S1 in the Supporting Information. In this table,
the relative torsion energies (ΔEBBST) of BBSTs in different
Lin/BBST models are computed by taking the BBST substrate
of 1(S) as a reference, and the cohesive energies (Ecoh) of Lin
clusters are computed using the expression

= −⎜ ⎟⎛
⎝

⎞
⎠E

n
E nE

1
[ (Li)]coh Lin (3)

where ELin and ELi correspond to the single-point energy of the
Li cluster in Lin/BBST and the energy of a free Li atom,
respectively, and n represents the number of adatoms. From the
table, we can find that the BBST torsion energies exhibit a
gradually increasing tendency with increasing HC. In contrast,
the cohesive energies of the Li clusters exhibit the complete
opposite tendency. Because the binding energies of Lin/BBST
are generally decreasing with increasing HC, we believe that
such a decrease is dominated by the cohesive energies of Li
clusters other than the torsion of BBST.
The Lin/graphene system was widely regarded as a

considerably potential material for hydrogen storage69 and
battery applications.70 In Supporting Information Figure S4, the
calculated Lin/graphene configurations along with binding
energies and average Li−C bond lengths are shown. It can be
observed that the calculated binding energies of Lin/graphene
systems range from 0.97 to 1.38 eV, which are significantly
lower than those of Lin/BBST systems (2.18−2.33 eV).
Furthermore, the binding energies of Lin/graphene systems
are even lower than the cohesive energy of the Li bulk (1.65
eV), indicating an unfavorable thermodynamic interaction
between Li and graphene. This result is consistent with those
reported previously.58,59

The poor thermodynamic stabilities of Lin/graphene systems
might be attributed to the perfect out-of-plane delocalized π
bond of graphene, which is hard to be destroyed in forming
new Li−C bonds. In sharp contrast, the formation of π bonds
between Li atoms and BBST by p−p interaction requires much
lower energy (see the next section).

Electronic Structures. The Bader and Mulliken charges,
total densities of states (TDOSs), partial densities of states
(PDOSs), and electron density differences of Lin/BBST
systems were calculated to reveal the electronic properties of
Lin/BBST systems.
In Figure 5a, the average Bader and Mulliken charges of Li

atoms in Lin/BBST are shown. It can be seen that the average

Bader and Mulliken charges reduce very slowly with increasing
HC. Clearly, the average charges of Li atoms exhibit a similar
HC dependence to the binding energy between Li atoms and
BBST (see Figure 4). It should be noted that the average
Mulliken charges vary from 0.05 e to 0.16 e, while the average
Bader charges vary only between 0.84 e and 0.86 e. It is
surprising that the average Bader charges are larger than the
average Mulliken charges. The calculated Bader charges in this
study are nearly the same as in the reported Li-adsorbed BST
system (∼0.8 e for the Li atom).59 Similarly, the Bader charge
of the Li atom on the defect-free graphene is ∼0.9 e.71 These
available data indicates that the Mulliken population analysis
seems to underestimate the charges of Li adatoms. Thus, we
would like to use the Bader population analysis in this study. In
spite of this, we provide the two types of charges in next
discussion for comparing their possible difference in electron
transfer.
Figure 5b provides the computed total Bader and Mulliken

charges (Qtotal) of Li adatoms in Lin/BBST. Generally, the
change of Qtotal of Li adatoms relates to the rumpling of BBST
and the concentration of Li adatoms. The former would reduce
the electron transfer from Li atoms to BBST, while the latter
would enhance it. As shown in Figure 5b, Qtotal increases
linearly with increasing HC. Obviously, the raise of Li adatom
number should be responsible for the increase in Qtotal. Thus,
the uptrend of Qtotal for Li adatoms with increasing HC is not

Figure 4. Binding energies of Lin/BBST systems as a function of HC.
The fitted trendline in red was generated from the structures
possessing the maximum binding energy under the same HC.

Figure 5. (a) Average Bader and Mulliken charges (Q̅) and (b) total
Bader and Mulliken charges (Qtotal) of Li atoms in Lin/BBST systems.
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due to the increase of the rumpling of BBST but due to the
increase of the number of Li adatoms.
To further explore the nature of electron transfer, we chose

three representative systems, 1(S), 2a(D), and 2b(S), to
calculate their detailed electron transfer number. In Figure 6,
the calculated results are presented, in which the neighboring
borons (NBs) represent the hexagonal boron atoms that are
adjacent to Li atoms, and the remote borons (RBs) correspond
to the boron atoms other than NBs. Based on the Bader charge
analysis, the Li atom and RBs in 1(S) transfer 0.86 e and 0.47 e
to NBs, respectively. This result is in good agreement with the
accepted total electrons of 1.33 e by NBs. The Mulliken
population gives a similar trend. This finding indicates that in
1(S), Li and RBs are electron donors, and NBs are electron
acceptors. A similar electron transfer behavior is also observed
in 2a(S) and 2b(D). Therefore, it is conjectured that Li atoms
and RBs as electron donors and NBs as electron acceptors are
universal in the investigated Lin/BBST systems.
The TDOSs and PDOSs of Lin/BBST systems were also

calculated to further understand their electronic structures. As a
representative example, the calculated data of 1(S) were plotted
in Figure 7, in which part a depicts the normalized TDOSs of Li
and B atoms, and part b gives the normalized PDOSs of s and p
orbitals of Li and B atoms. The inset in Figure 7b is the
enlarged PDOSs of Li atoms after adsorption in the range of
−16 to 2 eV. Figure 7a shows that the 2s orbital of the Li atom
loses 0.15 e after adsorption based on the integrated peak area,
which is in good agreement with the aforementioned electron
transfer of 0.16 e from Li to BBST. In addition, there is no
obvious difference between the TDOSs of the adsorbed BBST
and the bare BBST, while the former shows an apparent feature
of delocalization. Furthermore, the calculated TDOSs of BBST
indicate that the peak area of the region filled with electrons
(the region with energies less than the Fermi level) increases
after adsorption. Thus, the BBST is an electron acceptor,
suggesting a bonding interaction between BBST and the Li
atom. Similarly, for NBs and RBs, the TDOS changes in the Li
adsorption process are very slight, and the analysis of peak areas
of the regions filled with electrons suggests that NBs and RBs
are electron acceptors and donors, respectively. The conclusion
coincides well with the analysis results in the previous section,
that is, the electron transfer proceeds from Li and RBs to NBs.
The PDOS displayed in Figure 7b and the inset in Figure 7b

reveal that the states at the Fermi energy level are mainly
composed of the p orbitals of Li and B atoms, indicating that
the bonding between Li and BBST corresponds to a p−p
interaction. The hypothesized bonding process is as follows:
the attached Li atom first donates its s electron to BBST
(mainly NBs), leading to the p orbitals of B atoms being

partially filled. Meanwhile, the empty p orbitals of Li atom split
(Figure 7b) under the effect of the ligand field generated by
BBST, and furthermore, the BBST donates some electrons back
to the low-lying Li p orbitals, resulting in a strong hybridization
between B 2p and Li 2p orbitals. Such an electron back-
donation bonding mechanism can also be observed for Li
binding onto zigzag BNTs,30 B80 fullerene,

32 and other boron
sheets.65

Figure 8 depicts the electron density difference with an
isovalue of 0.47962 e/A3 for Lin/BBST systems ((1(S) and
5b(D) as representing examples herein). In Lin/BBST, the
electron density in α regions above Li adatoms decreases, and

Figure 6. Computed electron transfers (e) in 1(S), 2a(D), and 2b(S) from Bader and Mulliken (in square brackets) population analyses.

Figure 7. (a) TDOSs of Li and B atoms and (b) PDOSs of s and p
orbitals of Li and B atoms for 1(S).
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the regions between Li and B accept some electrons, indicating
an obvious electron transfer from Li to BBST and a bonding
interaction between Li and B atoms. Additionally, the fact that
the β regions between two adjacent boron atoms accept some
electrons suggests the existence of strong interactions forming
the BBST skeleton. Another interesting finding is that the
electron density in hexagonal holes (γ1 and γ2 regions)
decreases relative to isolated atoms. Thus, no apparent
interactions exist among the opposite boron atoms composing
hexagonal holes. The results agree well with the pioneering
study on the bonding nature of boron sheets by Galeev.19

Work Function. The work function is defined as the
minimum energy required to remove an electron from a solid
to a point immediately outside the solid surface or the energy
needed to move an electron from the Fermi energy level into a
vacuum. According to the latter, the work function (ϕ) can be
formulated as

ϕ = −E Evac,A F,A (4)

where Evac,A and EF,A are the vacuum and Fermi levels of the
system A, respectively.
Can the work function of BBST be engineered by tuning

either the concentration of Li adatoms or the configurations of
Lin/BBST as we expected? In Figure 9, the calculated work

functions of Lin/BBST systems as a function of HC are shown.
The work function of PBST predicted by PW91 is 4.11 eV,
which is in good agreement with available theoretical (PBE,
4.09 eV)13 and experimental data (4.02 eV).29 It can also be
observed that the work function decreases drastically from 3.67
eV (1(S)) to 2.31 eV (5b(D)) with increasing HC. Inspiringly,
the case of the lowest work function (2.31 eV, 5b(D)) shows a
44.5% decrease (1.85 eV) compared with the pristine BBST
(4.16 eV) and 37.2% and 20.3% decreases relative to the
frequently used electrode materials in electric devices, Mg (3.68
eV) and Ca (2.90 eV), respectively.55 More importantly, the
work functions of all the investigated Lin/BBST systems are
lower than Mg, and those with higher HC (4a(D), 4b(D),
5a(D), 5b(D), 6a(D), 6b(D), 7(D), and 8(D)) are even lower
than Ca. Moreover, the work functions of the single-side-
adsorbed structures are obviously higher than those of the
double-side-adsorbed ones under the same HC. Additionally,
the extent of reduction in the work function of Lin/BBST
systems is also larger than that in graphene bilayer materials
with intercalated Li and K.55 The dependence of the work
function of BBST on the concentrations of Li adatoms and the
configurations of Lin/BBST implies that the work function of
BBST can be effectively engineered by Li adsorption;
furthermore, the work function would be accurately determined
if the HC and configurations of Lin/BBST can be availably
adjusted in experiments.
Essentially, the work function is closely related to the

electrostatic potential, and these parameters possess identical
changing trends. Because the Lin/BBST systems can be viewed
as quasiplanar structures, we can evaluate the electrostatic
potentials by comparing the same planes in different models.
Figure 10 illustrates the slices of the electrostatic potential maps
of BBST, 1(S), 3a(D), and 5b(D). The density marked in blue
corresponds to the region that displays negative electrostatic
potential, while that marked in red indicates a positive
electrostatic potential. Every slice is determined by three
points, each of which is located at almost the same position in
the four configurations; see Figure S5 in the Supporting
Information. From Figure 10, we know that the blue region
grows rapidly from BBST to 1(S), 3a(D), and 5b(D),
indicating an ascending negative electrostatic potential with
increasing Li adatoms. This finding is in good accordance with
the downtrend of the work function, as observed in Figure 9.

Figure 8. Electron density difference diagrams with an isovalue of 0.47962 e/A3 for (1(S) and 5b(D)). The density marked in blue corresponds to
the region containing excess electrons, while the red areas represent electron-loss regions.

Figure 9. Work functions of Lin/BBST systems. The blue and red
horizontal lines correspond to the work functions of Mg and Ca,
respectively, while the black and violet horizontal lines represent the
work functions of BBST and PBST, respectively. The work functions
were obtained by subtracting the Fermi level from the vacuum level.
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Therefore, Figure 10 further confirms the change of the work
functions for Lin/BBST systems as a function of HC. Because
the work function is determined by EF and Evac (eq 4), an
examination of HC and the structure dependences of the two
terms can provide not only a dominant effect on the work
function change but also a better understanding of the nature of
the work function for such systems.
Figure 11a shows the Fermi and vacuum levels of the 14

configurations investigated as a function of the HC of lithium
atoms. It can be observed from Figure 11a that EF increases
rapidly with increasing HC, and the configuration 5b(D)
possesses a maximum of −3.35 eV, which represents a 1.48 eV
increase compared with BBST (−4.83 eV). However, the Evac

of Lin/BBST decreases slowly with increasing HC, and the
configuration 7(D) has the lowest Evac of −1.13 eV with a
decrease of only 0.46 eV relative to BBST (−0.67 eV). It is
unambiguous that the changes in HC and configuration exert a
more significant effect on the Fermi level but an inconsiderable
effect on the vacuum energy level. Thus, we conclude that the
Fermi level plays a crucial role in determining the work
functions of Li-adsorbed BBST systems and the vacuum energy
level has a very slight effect.
To further evaluate the effects of Fermi and vacuum levels on

work function, the work function expression (eq 4) was
rewritten by inserting the average electrostatic potential energy
at ionic cores (Vcore),

54,72 that is.,

ϕ = − − −V E V E( ) ( )core F,Li /BBST core vac,Li /BBSTn n (5)

where n ranges from 0 to 8, and the offsets (Vcore − EF,Lin/BBST)

and (Vcore − Evac,Lin/BBST) are the potentials relative to the Fermi
and vacuum levels of Lin/BBST, respectively. Using the bare
BBST as a reference system, the two relative offsets can be
written as

Δ −

= − − −

V E

V E V E

( )

( ) ( )

core F,Li /BBST

core,Li /BBST F,Li /BBST core,BBST F,BBST

n

n n

(6)

and

Δ −

= −

− −

V E

V E

V E

( )

( )

( )

core vac,Li /BBST

core,Li /BBST vac,Li /BBST

core,BBST vac,BBST

n

n n

(7)

where n ranges from 1 to 8. The calculated data based on
formulas 6 and 7 are depicted in Figure 11b. The relative offset
Δ(Vcore − Evac,Lin/BBST) in eq 7 varies from −0.22 to 0.13 eV
with ascending HC, while the relative offset Δ(Vcore −
EF,Lin/BBST) in eq 6 reduces significantly from −0.36 to −1.93
eV with ascending HC. It is apparent that the variation range of
the former is smaller than that of the latter. Thus, the shift of
the Fermi energy in Lin/BBST is the dominant cause leading to
the reduction in the work function; that is, the change of the
electrostatic potential contributed to the ionic cores by valence
electrons only plays a minor role in contributing to the change
in the work function.
Now, we turn to exploring the possible factors affecting the

work function of BBST after adsorption by Li atoms. Generally,
two aspects are considered as the main factors in engineering
the work function of a material by surface decoration. One is
the extra electrostatic field aroused by the molecular dipoles
between adsorbed species and the substrate; the other is the net
charge change in the substrate via charge redistributions
induced by the bonding interaction between adatoms and the
substrate.73−75 Additionally, the deviation from the pristine
BBST geometry might also contribute to the work function to a
lesser extent. To verify the effect of the three possible aspects
on the work function, we performed some additional
calculations. First, we removed all the Li atoms from each of
the located Lin/BBST geometries, and the remaining boron
atoms compose a new model, which was called BBST′. Then,
the BBST′ along with BBST′(−1) and BBST′(−2), that is,
BBST′ with charges of −1 and −2, respectively, was used to

Figure 10. Slices of electrostatic potential maps for (a) BBST, (b)
1(S), (c) 3a(D), and (d) 5b(D). The density marked in blue
corresponds to the regions that display negative electrostatic potential,
while that marked in red indicates positive electrostatic potential.
Every slice is determined by three points, each of which is located at
almost the same position in the four configurations.

Figure 11. (a) Fermi and vacuum levels and (b) the relative offsets
Δ(Vcore − Evac,Lin/BBST) and Δ(Vcore − EF,Lin/BBST) as a function of HC
for Lin/BBST systems. The y-axes of the left and right sides in the two
figures are of uniform scale.
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perform further single-point calculations to obtain their work
functions. The calculated results are shown in Figure 12, from

which one can know that the average work functions of BBST′,
BBST′(−1), and BBST′(−2) increase with increasing HC. The
aforementioned discussion states that the rumplings of BBST
substrates increase with increasing HC, and thus, for BBST′,
BBST′(−1), and BBST′(−2), the enlargement of BBST
rumpling can lead to an ascending work function. Thus, the
enlargement of BBST rumpling is not the factor resulting in the
work function decrease of Lin/BBST systems with increasing
HC.
Moreover, the average work functions of BBST′,

BBST′(−1), and BBST′(−2) under the same HC exhibit a
downtrend trend as the negative charge increases. However, the
reduction extent is somewhat smaller than that originating from
Li adsorption. Thus, the increase of negative charge of BBST
only plays a minor role in contributing to the decrease in work
function under the same HC. Furthermore, it can be observed
from Figure 12 that with increasing HC, the Li adsorption
becomes increasingly more important than the charge effect in
reducing the average work function. Hence, Li adsorption is the
dominant factor for the reduction of work functions of Lin/
BBST systems, while the increases in negative charge and
rumpling only play minor roles.
In Figure 13, the electrostatic potential distributions of

BBST, 1(S), and 2a(D) are shown with an isovalue of
−0.12475 e/A3. As observed, an extra electrostatic field,
induced by the apparent molecular dipole (Li+−B−), can be
formed on BBST.73,76 The direction of the extra electrostatic
field is in favor of the escape of electrons, which has been well
documented in previous studies of modifying work func-
tions.73,74 Therefore, we can draw a conclusion that the
molecular dipole between Li and BBST generated by Li
adsorption plays an important role in engineering the work
function of BBST.

■ CONCLUSIONS
In summary, the geometries, binding energies, electronic
structures and work functions of 14 structures of Lin/BBST
systems were investigated using first-principles density func-
tional theory calculations. The minimum energy pathway
simulation and thermodynamic analyses indicate that the
clustering effect of Li adatoms on BBST is suppressed, and
the computational results of binding energies demonstrate that
the binding of Li adatoms to BBST is thermodynamically

favorable. Based on electronic structure and electron density
analyses, we observed that electron transfer is from Li atoms
and remote boron atoms to neighboring boron atoms, which is
universal in the investigated Lin/BBST systems. In addition, the
bonding interaction between Li adatoms and the BBST
substrate results from the strong hybridization between B 2p
and Li 2p orbitals. Moreover, the work function of BBST can be
effectively reduced by 11.8−44.5% by Li adsorption, which is
dominantly due to the molecular dipole formed between Li and
BBST. Indeed, the Fermi level plays a crucial role in
determining the work functions of Li-adsorbed BBST systems,
while the vacuum energy level has only a very slight impact.
Importantly, the work functions of the investigated Lin/BBST
systems are lower than that of Mg, and some are even lower
than that of Ca. Therefore, the Li-absorbed BBST materials
could be promising candidates for electrode materials in electric
devices.
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Figure 12. Average work functions of BBST′, BBST′(−1),
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Figure 13. Distributions of electrostatic potentials for BBST, 1(S), and
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