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A B S T R A C T

Lithium (Li) dopants have garnered attention as a means to enhance hydrogen (H2) binding energies and
capacities in 2D boron-based materials. However, it is unclear if and how these dopants affect H2 dissociation
and chemisorption. Using density functional theory (DFT) and nudged elastic band (NEB) calculations, reaction
pathways for H2 dissociation on borophene-hydride and striped-borophene are investigated in the presence
of Li dopants. Our results indicate that tuning the Li-loading can increase the reversibility and the rate of
dehydrogenation for both borophene-hydride and striped borophene. In particular, for Li-doped borophene-
hydride, the heat of reaction for H2 release is reduced by more than 85% compared to the pristine structure
(1.97 eV/H2). Our results signify that Li-doping can considerably change the H2 chemisorption properties of
striped-borophene and borophene-hydride, and can lead to promising materials for H2 storage.
1. Introduction

Hydrogen (H2) molecules can be stored in materials via weak
electrostatic interaction (physisorption), or by forming covalent inter-
actions (chemisorption) [1–5]. Chemisorption of H2 can lead to high
volumetric capacities, but suffers from slow kinetics due to large energy
barriers that have to be overcome to build/break H2 bonds [6–12].
The hydrogenation reaction in chemisorption based materials, such as
in metal hydrides, is usually a highly exothermic reaction [13–15].
Insufficient cooling can lead to high temperatures at which materials
can degrade (e.g. sintering in metal hydrides), resulting in a lower H2
capacity [13]. For these reasons, it is important to design materials
in which the hydrogenation (dehydrogenation) reaction can occur re-
versibly, with little to no heat release (uptake), and with low energy
barriers [6].

Two-dimensional (2D) materials are suitable for both chemisorption
or physisorption alike. The large surface to volume ratio of these
materials provides a large number of adsorption sites, which helps in
reaching high H2 capacities [16,17]. The electronic properties of these
materials and their interaction with H2 can also be tuned in various
ways such as strain-engineering [18–20], addition of dopants [16,
21–24], vacancy creation [8,25], or by inducing charge, [26,27] or
curvature [28,29]. The tuning of these electronic properties can assist
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in enhancing the adsorption/desorption kinetics, or the H2 capac-
ity. Galvanized by the synthesis of borophene (2D boron-sheets) by
molecular epitaxy, the field of 2D boron-based materials has rapidly
expanded [30–32]. The elaborate chemistry of boron allows for many
different structural allotropes [33], anisotropic mechanical properties,
electrical conductivity and favorable affinity with metal dopants [34,
35]. Borophene-hydride (also referred to as 2D hydrogen boride),
which has been recently synthesized by a more facile route of cation-
exchange and exfoliation [36,37], shares many of these interesting
physical and chemical properties [38–40]. Due to the favorable affinity
of 2D boron-based materials with metal dopants, the addition of metal
decorating atoms has been a prominent method for enhancing the
interaction and capacity of H2 for physisorption storage [16,41–43].
Li dopants have been extensively considered for this application, due
to their large adsorption energy with 2D boron-based materials and the
low atomic mass of Li, which allows for reaching high H2 gravimetric
densities. Remarkable gravimetric densities in the range of 7–12 wt%
have been reported for Li-doped borophene and borophene-hydride for
H2 physisorption-based storage [21,41,43,44]. The structural stability
(including the phonon spectrum) and physical properties of various
borophene-hydride and borophene structures are discussed in previous
studies [39,45–47].
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Prior studies with borophene-hydride have shown that the addition
of charge (by doping or applying a current) to the structure can
destabilize the 3 center 2 electron B-H-B bonds [48,49]. As metal
decorating atoms lose part of their electronic charge density to the
borophene-hydride structure [41], a similar effect on the B-H-B bond
may be observed. In other studies, Li has been used at high load-
ings on borophene-hydride and borophene structures for Li-anode bat-
teries [38,40,50] and for H2 physisorptive storage applications [21,
1]. Despite these existing works, the influence of Li dopants on H2
hemisorption is not apparent in Density Functional Theory (DFT), or in
ime-scales accessible by quantum molecular dynamics methods (order
f 10 ps), even though it may be present in time scales relevant exper-
mentally. To the best of our knowledge, the influence of Li dopants
n the reversibility and activation energy barriers associated with H2
hemisorption and dissociation has not yet been studied for borophene-
ydride and striped borophene. In particular borophene-hydride could
erve as a suitable H2 storage medium, as the structure has ca. 8.5 wt %
-atoms [37], provided that the chemisorbed H-atoms can recombine
ith little heat uptake (reversibly) and low energy barriers (preferably
elow 1.5 eV [8,51]).

In this work, the H2 chemisorption and dehydrogenation reaction
athways for Li-doped borophene-hydride and striped borophene are
nvestigated by DFT calculations and the Nudged Elastic Band (NEB)
ethod. It is shown that for the pristine borophene-hydride and striped

orophene structures, dehydrogenation reaction is highly endothermic,
xceeding 1.5 eV/H2, and has large energy barriers (i.e., exceeding 2.0
V). Li-dopants are shown to significantly reduce the relative energy
ifference between the chemisorbed and physisorbed state, thereby
eading to more reversible hydrogenation/dehydrogenation reactions.
he Born–Oppenheimer molecular dynamics (BOMD) simulations at
00 K show that the 3-center-2-electron bond in borophene-hydride
eakens in the presence of Li dopants. The dehydrogenation energy
arriers for H2 formation are reduced by over 30% for Li doped striped-
orophene and borophene-hydride. In the case of Li doped borophene-
ydride, a reversible dehydrogenation reaction has been observed with
ow desorption/adsorption barriers. This suggests the suitability of this
aterial for H2 chemisorptive storage. Our findings strongly encourage

urther experimental study on Li-doped 2D boron-based materials to
lucidate their influence on dehydrogenation/hydrogenation.

. Computational details

.1. Density Functional Theory (DFT)

DFT calculations are carried out using plane wave basis sets, as
mplemented in Vienna ab-initio simulation package (VASP 5.3.5).[52,
3] The projected augmented wave method (PAW) is used and the
eneralized gradient approximation (GGA) is applied with the Perdew–
urke–Ernzerhof (PBE) exchange–correlation functional [54]. A disper-
ion corrected framework (DFT-D2) [55] is used. The DFT-D2 approach
s commonly used in other studies of H2 storage on 2D metal-decorated
ubstrates [17,41–43,56]. The more recent DFT-D3 approach [57],
ccounts for the variations in the local environment of the atoms by
onsidering the coordination number of each atom. Table S1 in the
upplementary Information shows a comparison between the heats of
ehydrogenation computed using the DFT-D2 and DFT-D3 methods.
n inter-layer separation of more than 20 Å is used, to prohibit inter-

ayer interactions similar to other studies on 2D substrates [41,43].
he cut-off energy is set to 550 eV for the plane-wave basis set and
Gamma-centered Monkhorst–Pack k-point mesh of 4 × 4 × 1 is used

or the structural relaxations and adsorption energy calculations. The
onvergence test for the k-point mesh is shown in Figure S1 of the
upplementary Information. The energy convergence criteria for the
elf-consistent electronic loop is set to 10−6 eV. All lattice parameters
nd atomic positions are relaxed until the residual forces acting on each
tom are below 1 meV/Å. Gaussian smearing with a sigma of 0.05 eV
2

s

s used for Brillouin-zone integration. A 3 × 4 conventional unit cell of
orophene-hydride, containing 48 B atoms and 48 H atoms, and a 3 × 6
onventional supercell of striped borophene, containing 36 B atoms, are
sed for the DFT simulations. The choice of the system sizes is justified
n tables S2 and S3 of the Supplementary Information. The system
ize is chosen to limit interactions between periodic images, while
nsuring that the computations do not become too expensive. For a
ingle Li-decorated borophene hydride and striped borophene structure,
pin-polarized calculations are used, which converged to their non-
agnetic counterparts. As both systems are found to be non-magnetic,

pin-polarized calculations are not further considered for the rest of the
ystems studied. The Bader charges are calculated using the algorithm
eveloped by Henkelman et al. [58–61].

.2. Nudged Elastic Band (NEB) method

To obtain the energy barrier for formation or dissociation of H2, the
inimum energy path (MEP) is computed using the NEB method, as

mplemented in VASP (5.3.5) [52,53,62,63]. The energies and struc-
ures of the initial (chemisorbed) and final (physisorbed) states are
alculated using DFT calculations. For the cases where the physisorbed
nd chemisorbed states are separated by a single transition state (no
tationary states present along the reaction pathway), 5 different im-
ges are used to sample the MEP. In cases where stationary states are
resent in between the physisorbed and chemisorbed states, the NEB
alculation is broken down into multiple segments with 5 different
mages connecting each stationary state. The climbing image method
s used to drive the image with the highest energy towards the saddle
oint [64]. The same cut-off energy and 𝑘-point mesh is used for the
EB calculations as for the DFT calculations. For each image, all lattice
arameters and atomic positions are relaxed until the residual forces
cting on each atom are below 10 meV/Å.

.3. Born–Oppenheimer Molecular Dynamics (BOMD)

To investigate finite-temperature (at 300 K) stability of borophene-
ydride (with and without Li-dopants), BOMD simulations are carried
ut using VASP (5.3.5) [52,53]. The simulations include only the 𝛤 -
oint, and are performed in the canonical ensemble (𝑁𝑉 𝑇 ). The same
ut-off energy and smearing as in the DFT calculations are used. The
OMD simulations are carried out with a time-step of 1 fs. In all
imulations, an initial equilibration period of 2 ps is performed, in
hich the temperature is increased from 0 K to 300 K. This is followed
y a 10 ps production run. The variation of free energy (as defined
y Kresse et al. [52]) and temperature for the BOMD simulations, as a
unction of simulation time is shown in Figure S2 of the Supplementary
nformation. A Nosé–Hoover thermostat is used [65,66]. The choice
or the Nosé–Hoover mass parameter is explained in Figure S2 of the
upplementary Information. For the initial structures, the relaxed (us-
ng DFT) borophene-hydride structures (with and without Li dopants)
re used. The Verlet algorithm is used for integrating the equations of
otion [67]. iRASPA is used for all atomic visualizations [68].

. Results and discussion

.1. Borophene-hydride and striped borophene structures

The pristine borophene-hydride and striped borophene structures
re shown in Fig. 1. Borophene-hydride is a planar structure with a
nit cell with dimensions of 3.04 Å by 3.04 Å. For this structure the
-H, B-B (with H at bridge site), and B-B (without H at bridge site)
onds have lengths of 1.33, 1.82, and 1.72 Å, respectively. For striped
orophene, a corrugated structure with a conventional/unit cell of
.86 Å by 1.61 Å is obtained. The corrugation height of the striped
orophene structure corresponds to 0.89 Å. Our structural results show
great agreement with other DFT and experimental findings for both
tructures [30,37,41,43].
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Fig. 1. Top and side views of relaxed (a) borophene-hydride with a conventional cell of 5.29 Å by 3.01 Å, and (b) striped Borophene with a conventional/unit cell of 2.86 Å by
1.61 Å. The conventional cells are indicated by a gray area for both structures.
Fig. 2. Different H2 dissociation/desorption paths on 2D BH are shown in structure (a). In the first variation (V1), two adjacent H atoms react, while in the second (V2) and
third (V3) variation, two up/down and opposing H neighbors react to form H2, respectively. The different variations, V1, V2 and V3, lead to the H2 physisorbed states, (b), (c)
and (d), respectively. The H atoms that are undergoing reaction are shown in pink while the rest of H-atoms are colored gray.
3.1.1. H2 Desorption on Borophene-Hydride (2D BH)
The pristine structure of 2D BH stores 8.5 wt% chemisorbed H

atoms [37]. To investigate the desorption of these H-atoms, different
paths for H2 formation are considered. Three different H2 formation
routes are shown in Fig. 2. To form a H molecule, a H-atom can react
3

2

with its adjacent (V1), and opposing (up/down (V2), and across the
hollow site (V3)) neighboring H-atoms. Our DFT results indicate that
the V1 reaction route (see Fig. 2(a)) is the most energetically favorable
route with a heat of dehydrogenation of 1.92 eV/H2, while the V2 and
V3 formation route have a heat of dehydrogenation of 2.11, and 1.94
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Fig. 3. (a) The structural configurations corresponding to the minimum energy pathway for a single H2 release on 2D BH. The H atoms that are undergoing reaction are shown
in pink while the rest of H-atoms are colored gray. To reach the final state from the initial state, one of the H-atoms initially hops to a neighboring boron atom (stationary state)
and consequently the two H-atoms react to form a H2 molecule. The transition states for each of the two processes are shown. (b) The minimum energy pathway for a single H2
release for the path depicted in (a) as a function of a non-dimensional reaction coordinate. The TS1, SS, TS2, and FS states have a energy difference of 1.72, 1.53, 2.68, and 1.92
eV with respect to the IS state, respectively. The lines connecting the NEB images (constructed using forced-based cubic splines) are to guide the eye.
eV/H2, respectively. Based on these results, it can be concluded that
the physisorbed state is significantly less energetically stable than the
chemisorbed state, leading to a strongly endothermic dehydrogenation
reaction (ca. 2.0 eV/H2).

In the MEP shown in Fig. 3, a two-step H2 formation mechanism is
shown for the V1 formation route (see Fig. 2(a)), with one stationary
state in between the initial (chemisorbed) and final (physisorbed)
states. In the first step, a H-atom initially diffuses from a bridge site
towards a B atom. Subsequently, it forms an H2 molecule by reacting
with its closest neighboring H-atom. The MEP, as obtained from the
NEB calculations, is shown in Fig. 3(b). For dehydrogenation to occur,
two energy barriers have to be overcome, with an overall barrier (sum-
mation of the two barriers) of 2.87 eV. Other reaction pathways (with
a single-step process) for dehydrogenation have also been investigated
(see Figure S3 of the Supplementary Information). It is found that the
two step process as shown in Fig. 3 has a 12.5% lower overall energy
barrier with respect to the single step process. Overall, it can be seen
that in the pristine 2D BH structure, dehydrogenation is endothermic,
with large activation energy barriers. This finding shows the necessity
for addition of dopants to make 2D BH suitable for H chemisorption.
4

2

3.1.2. H2 adsorption/desorption on striped-borophene
As striped borophene does not intrinsically contain any H-atoms,

unlike 2D BH, a H2 molecule is inserted to assess H2 chemisorption.
To examine the energetic stability of different possible configurations
for H-atoms (for the initial chemisorbed state) and a H2 molecule (for
the final physisorbed state), three different configurations are probed
for both the initial and final states. These different configurations
are shown in Figure S4 of the Supplementary Information. The most
energetically stable configurations are then used to calculate the H2
chemisorption/desorption energy barrier. Fig. 4 shows the configura-
tions and the minimum energy path of H2 desorption or chemisorption
for striped borophene. The hydrogenated state is found to be more
energetically favorable than the dehydrogenated state, leading to an
endothermic hydrogen release of 1.41 eV/H2. The energy barrier for
H2 release (dehydrogenation) is 2.04 eV, which is lower than in 2D
BH, but larger compared to graphene based H2 chemisorption materials
reported (usually ca. 1.5 eV [8,51]). The results obtained for the energy
barrier of H2 release on striped borophene shows adequate agreement
to similar calculations reported in literature (ranging from 1.89 eV [69]
to 2.21 eV [70]).
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Fig. 4. (a) The minimum energy path for the release of a single H2 on striped-borophene. The H atoms that are undergoing reaction are shown in pink. H2 release occurs in an
one-step reaction process from the chemisorbed (initial) state to the released (final) state. The transition state for the process is shown. (b) The minimum energy path for a single
H2 release for the path depicted in (a) as a function of the non-dimensional reaction coordinate. The TS, and FS states have a energy difference of 2.04, and 1.41 eV with respect
to the IS state, respectively.
3.2. Doping with Li

After having established a benchmark for H2 chemisorption and
desorption on the pristine 2D structures, the influence of Li-dopants
on the (de)hydrogenation reaction has been considered. To assess the
stability of Li-dopants on the 2D structures, the Li-adsorption energy is
calculated from [41,43]

𝐸ads = 𝐸S+nLi − 𝐸S+(n−1)Li − 𝐸M,C (1)

where 𝐸ads, 𝐸S+𝑛Li, 𝐸S+(𝑛−1)Li, and 𝐸M,C are the Li adsorption energy,
the energy of the substrate with 𝑛 and (𝑛 − 1) Li atoms, and the
cohesive energy of Li in its bulk metallic form, respectively. If 𝐸ads
is negative, then the addition of the 𝑛th Li atom is favorable. If the
adsorption energy is positive, Li would rather form metal clusters than
being adsorbed on the 2D substrate [43]. Based on prior findings in
the literature, Li-dopants have a higher affinity for borophene-hydride
compared to dopants such as Na, K, Ca and Mg [40,41]. For this reason,
only Li adatoms are considered here. The study of the influence of other
dopants on the dehydrogenation barriers in borophene and borophene
hydride is beyond the scope of this work.

For a single Li-dopant on 2D BH, three different adsorption sites
are considered, namely on top of the B or H atom, or on the vacant
5

site. It is found that the vacant site is the most favorable position, with
an adsorption energy of −0.66 eV (see Figure S5 of the Supplementary
Information). Higher Li-loadings up to 4 Li-atoms are probed, and their
influence on the dehydrogenation of 2D BH is investigated. As we are
interested in the influence of Li-atoms on the dehydrogenation reaction
shown in Fig. 3(a), the Li-atoms are placed in the proximity of the
H-atoms that take part in the reaction. The different configurations
of Li-doped 2D BH considered (at various Li loadings) are shown in
Figure S6 in the Supplementary Information. The initial chemisorbed
configuration for the 3-Li decorated 2D BH is shown in Fig. 5(a).

Table 1 shows for each of the configurations the respective Li
adsorption energies, the average Bader [58] net charge state of the Li-
atoms in the chemisorbed state, and the relative energy difference of
the final (physisorbed) state with respect to the initial (chemisorbed)
state (𝛥𝐸FS−IS). The mechanism for Li charge transfer on borophene-
hydride, including the electronic structure and charge density differ-
ence, is elaborated in prior studies [38,41]. The average Bader net
charge state represents the net gain or loss of electronic charge density
of an atom [58] due to its environment, and shows the degree of
charge density loss by the Li-dopant onto the 2D substrate at various Li-
loadings. Our results indicate that the addition of Li-dopants increases
the energetic stability of the final state (physisorbed) with respect to the
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Fig. 5. Top and side views of the (a) initial state, (b) most stable stationary state (minima), and (c) final state of 3Li-2D BH. The H atoms that are undergoing reaction are
shown in pink while the rest of H-atoms are colored gray. (d) The minimum energy path for a single H2 dehydrogenation on 3Li-2D BH. The relative energy with respect to the
initial state is shown as a function of the non-dimensional reaction coordinate. The SS, and FS states have a energy difference of −0.22, and 0.02 eV with respect to the IS state,
respectively.
Table 1
The Li-adsorption energy (𝐸ads,Li), and the average Li-Bader net charge state on 2D
BH at different loadings of Li. For the Bader net charge state, the plus sign indicates
a gain of electronic charge density and a minus sign indicates a loss of electronic
charge density with respect to the atomic charge of respective elements (net charge
0). The energy difference between the final (physisorbed) and initial (chemisorbed)
state (𝛥𝐸FS−IS) is shown at different Li-doped configuration (see Figure S6 of the
Supplementary Information for the structures).

Configuration 𝐸ads,Li [eV] Avg Li Bader net charge [e] 𝛥𝐸FS−IS [eV]

2D BH – – 1.94
Li-2D BH −0.66 −0.88 1.11
2Li-2D BH −0.53 −0.87 0.58
3Li-2D BH −0.45 −0.87 0.02
4Li-2D BH −0.30 −0.87 −0.50

initial state (chemisorbed), leading to a transition from endothermic to
exothermic dehydrogenation on 2D BH. Specifically for the structures
shown in Fig. 5(a) and (c) (3Li-2D BH configuration), the initial and
final state are close in energy, thereby making dehydrogenation a much
more reversible reaction when compared to the pristine case.

The minimum energy path for the dehydrogenation reaction on the
3Li-2D BH configuration is shown in Fig. 5(d) as a function of the non-
dimensional reaction coordinate. The full schematic of this minimum
energy path, including all the stationary and transition states, is shown
in Figure S7 in the Supplementary Information. In the case of pristine
2D BH, 3 center 2 electron bonds (B-H-B) provided the most stable state
6

along the reaction path way (see Fig. 3(b)), but in the presence of few
Li-dopants, the state with the minimum energy is a stationary state in
which two B-H bonds have replaced two B-H-B bonds. This may be due
to the charge donating nature of Li-atoms (as shown by the negative
Bader net charges in Table 1), which weakens the electron deficient
3-center-2 electron bonds present in B-H-B. This result is supported
by our BOMD simulations at 300 K (simulation snapshots are shown
in Fig. 6), which show that upon addition of Li, the H atoms in the
vicinity of Li-atoms can escape the bridge site of B-atoms, while in
the pristine case, H-atoms only exhibit vibrations around the bridge
site. By subtracting the energy of the final H2 physisorbed state (see
Fig. 5(c)) from the most stable stationary state (see Fig. 5(b)), a heat of
reaction (dehydrogenation) of 0.24 eV/H2 can be obtained. This heat
of dehydrogenation is 88% lower than for pristine 2D BH (i.e., 1.92
eV/H2).

Based on the results of Fig. 5, it can be concluded that the energy
barriers for dehydrogenation have reduced significantly in the presence
of Li-atoms. The magnitude of the largest activation barrier for the
dehydrogenation reaction (ca. 0.8 eV) is significantly lower than the
activation energy for the pristine case (i.e., 2.86 eV), and the number
of stationary states present along the reaction pathway has considerably
increased in the presence of Li-dopants. Excluding the initial and final
state, there are 3 stationary states along the reaction pathway for 3Li-
2D BH compared to 1 in the pristine case. This can be attributed to the
more complex potential energy landscape that forms due to the addition
of Li.
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Fig. 6. Top and side views of BOMD simulation snapshots after a 12 ps run at 300 K for (a) borophene-hydride, (b) 3Li-doped borophene-hydride. For borophene-hydride, the
H-atoms exhibit vibrations around the bridge site of the boron atoms (3-center-2 electron bonds). In the 3Li-2D BH configuration two H-atoms (indicated by the black arrows)
escape the bridge bond (one at the top and one at the bottom of the layer).
Overall, it can be seen that Li-dopants can have a significant influ-
ence on both the energy barriers and favorability of the dehydrogena-
tion reaction on 2D BH. This means that for applications that require
large loadings of Li on 2D BH, such as for Li anode batteries, and
physisorptive storage of H2 by means of Li dopants, both the reconfigu-
ration of the B-H-B bond and the possibility for dehydrogenation needs
to be considered. Our results further entail that by tuning the Li-loading
it may be possible to release the chemisorbed H-atoms in a reversible
manner with enhanced adsorption/desorption kinetics (lower energy
barriers).

Similarly for the case of striped-borophene, Li-dopants are added
to examine their influence on H2 chemisorption and dehydrogenation.
The Li-atoms are positioned in the proximity of (to the sides and below)
the H-atom adsorption sites (shown in Fig. 7(a) for the 3-Li doped
striped borophene configuration). All different Li configurations that
are probed are shown in Figure S8 in the Supplementary Information.
Table 2 shows the Li adsorption energies, the average Bader net charge
state of Li, and the energetic difference between the final (physisorbed)
and initial (chemisorbed) state (𝛥𝐸FS−IS). The mechanism for Li charge
transfer on striped-borophene is elaborated in prior studies [71,72].

In striped-borophene, Li-dopants have reduced the energy difference
between the chemisorbed (hydrogenated) and physisorbed state by ca.
50% compared to the pristine striped-borophene (1.41 eV). Based on
the minimum energy path shown in Fig. 7(d), it can be seen that the
dehydrogenation barriers have been reduced by ca. 30% (1.34 eV) with

Table 2
The Li-adsorption energy (𝐸ads,Li), and the average Li-Bader net charge state on striped
borophene at different loadings of Li. For the Bader net charge state, the plus sign
indicates a gain of electronic charge density and a minus sign indicates a loss of
electronic charge density with respect to the atomic charge of respective elements
(net charge 0). The energy difference between the final (physisorbed) and initial
(chemisorbed) state (𝛥𝐸FS−IS) is shown at different Li-doped configurations (see Figure
S9 of the Supplementary Information for the structures).

Configuration 𝐸ads,Li [eV] Avg Li Bader net charge [e] 𝛥𝐸FS−IS [eV]

B Striped – – 1.41
Li-B striped −1.54 −0.89 1.02
2Li-B striped −1.12 −0.89 0.83
3Li-B striped −1.56 −0.88 0.73
4Li-B striped −1.32 −0.88 0.84
7

respect to the dehydrogenation barrier of the pristine case (2.04 eV
based on Fig. 3). The full schematic of this minimum energy path,
including all the stationary and transition states is shown in Figure
S10 in the Supplementary Information. The reason why in 2D BH, the
influence of Li-dopants on the endothermicity of dehydrogenation is
larger than in striped borophene, may be due to the different bonding
type of H-atoms in the two structures. Overall, it can be seen that
Li-dopants have a significant effect on the chemisorption and dehy-
drogenation properties of striped-borophene as well. Further study is
needed to optimize the dopant loadings and to observe these effects
experimentally. In a realistic H2 storage material, the 2D layers have
to be stacked on each other forming a layered 3D structure. The
calculation of the optimum layering distance, gravimetric or volumetric
capacity of H2 in these materials is beyond the scope of our work.

4. Conclusions

The influence of Li-dopants at various loadings on H2 chemisorption
and desorption barriers of borophene-hydride and striped-borophene
are assessed using first-principle calculations. In the pristine case,
it is found that dehydrogenation of borophene-hydride and striped-
borophene is highly endothermic. The energy barriers for H2 des-
orption are also large (2.04 eV for striped-borophene and 2.87 eV
for borophene-hydride). Both of these factors limit the application
of this material for H2 chemisorption applications. With the addition
of Li, the relative energy difference between the chemisorbed and
physisorbed states is significantly decreased. In 3-Li doped borophene-
hydride and striped borophene, there is ca. 90% and 50% decrease
in the endothermicity of the dehydrogenation reaction, respectively,
with respect to the pristine 2D structures. The BOMD simulations for
2D BH at 300 K show that the 3-center-2-electron bond weakens in
the presence of Li dopants. The dehydrogenation barriers are also
reduced by more than 30% for both structures in the presence of
Li-dopants. Our findings show that Li-dopants (especially at high load-
ings) strongly influence the hydrogenation/dehydrogenation reaction
of borophene-hydride and striped borophene, and may encourage ex-
perimental studies on Li-doped borophene-hydride as a potential H2
chemisorptive storage medium.
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Fig. 7. Top and side views of the (a) initial state, (b) stationary state, and (c) final state of 3 Li doped striped borophene. The H atoms that are undergoing reaction are shown
in pink. (d) The minimum energy path for single H2 dehydrogenation on 3-Li doped striped borophene. The relative energy with respect to the initial state is shown as a function
of the non-dimensional reaction coordinate for the dehydrogenation reaction. The SS, and FS states have a energy difference of 1.22, and 0.73 eV with respect to the IS state,
respectively.
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