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Introduction

Variation of topological surface states of nodal
line semimetal MgB, resulting from adsorption of
hydrogen, hydroxide, and water moleculest

Pangdong Zhu,® Kun Bu,*® Ruzhi Wang (22 and Changhao Wang (2 *®

Topological semimetals have garnered significant interest due to their intrinsic topological physics and
potential applications in devices. A crucial feature shared by all topological materials is the bulk-
boundary correspondence, indicating the presence of unique topologically protected conducting states
at the edges when non-trivial band topology exists in the bulk. Previous studies on surface states of
topological materials predominantly focused on pristine surfaces, leaving the exploration of surface
states in topological semimetals with adsorbates relatively uncharted. This work, based on ab initio
calculations, examines variations in the topological surface states of MgB,, a well-known conventional
superconductor and topological nodal line semimetal. We employ a thick slab model with Mg/B atoms
as surface terminations to simulate its topological surface states. Subsequently, we investigate the
adsorption of hydrogen (H), hydroxide (OH), and water (H,O) on the surface slabs to observe changes in
the surface states. The pristine slab model gives the drumhead-like surface states inside the surface
projected nodal lines, while the topological surface states change differently after adsorbing H, OH, and
H,O, which can be understood systematically by combining the surface adsorption Gibbs free energy
AG, surface terminations, and surface charge density distributions. Especially, our findings suggest that
the Bader charge transfer value of surface atoms providing topological states is a key indicator for
evaluating the variation in topological surface states after adsorption. This study provides a systematic
understanding of the topological surface states of MgB, with different adsorbates, paving the way for
future theoretical and experimental investigations in related fields and shedding light on the potential
device applications of topological materials.

nodal line semimetals (NLSMs) with continuous line of
nodes''™* inside the first Brillouin zone (BZ). A fascinating

Topological materials, including topological insulators (TIs),"
topological superconductors (TSCs),>* and topological semi-
metals (TSMs)* have been attracting significant research inter-
est in recent years. The study of topological materials starts
from the gapped TIs and TSCs, and then extends to gapless
TSMs that hold topologically non-trivial band crossing points
around the Fermi level (EF). The TSMs can be roughly classified
into Weyl semimetals (WSMs)*” holding pairs of two-fold
degenerate Weyl points with opposite chirality, Dirac semi-
metals (DSMs)®'° with four-fold degenerate Dirac points, and
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property shared by all topological materials is the so-called
bulk-boundary correspondence,”* which means if there is non-
trivial band topology in the bulk, we can expect topologically
protected conducting states on the edge, such as the Dirac cone
surface states for TIs,' Majorana zero modes (MZMs) for TSCs,”
surface Fermi arc/loops for WSMs/DSMs,”*'° and drumhead-
like surface states inside/outside the projected nodal lines for
NLSMs."*"® Generally, the topological surface states (TSSs) are
topologically protected and robust against perturbations or
disorders that do not change the protected symmetries.
Besides the comprehensive theoretical and materials studies,
the applications of topological materials still need to be improved.
In recent years, there has been a growing interest in investigating
the potential use of topological materials for energy conversion
and storage,>* closely related to surface adsorption in electroche-
mical processes. The earliest ab initio calculations on the catalytic
properties of topological materials began with the topological
insulator bismuth selenide (Bi,Ses) covered with a monolayer of
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golden (Au) atoms.”® The concept of “electron baths” was intro-
duced in that work, which suggested that Bi,Se; could not only
modulate the adsorption energy of adsorbates, but also endow
impart catalytically enhanced performances to the surface of Au
atoms by endowing the Dirac cone bands of the topological surface
states. Bi,Se;-covered monolayer ZnSe exhibited excellent catalytic
performance for hydrogen evolution reaction (HER) on the
surface.® Research by Freitas et al. opens up a novel hydrogenated
band gap of XBi (X = B, Al, Ga and In) monolayers, showing
interesting electronic behavior in room-temperature applications
of these two-dimensional materials.”” Moreover, Freitas et al.
investigated the structural, electronic and topological insulation
properties of XBi (X = B, Al, Ga and In) monolayers after halogena-
tion. They lead to chemical tunability, produce apparent band
inversion symmetry, and exhibit Rashba-type spin splitting in the
valence bands of these systems.>®

However, the low conductivity of the bulk phases in topological
insulators can harm the catalytic kinetics. Given this, researchers
have increasingly focused on topological semimetals because of
their high chemical stability and relatively elevated conductivity. A
series of WSMs (NbP, TaP, NbAs, TaAs, NiSi) were found to be
good HER catalysts, and provided both theoretical and experi-
mental evidence that the catalytic enhancement arises from the
nontrivial Fermi arc surface states.”** In addition, the magnetic
WSM Co,5n,S, was found to have high oxygen evolution reaction
(OER) properties and it was concluded that the surface of bulk
Co3Sn,S, is more favorable for OH adsorption due to the presence
of topological surface states.*" For the study of NLSMs, Li et al. first
proposed that the TiSi family, which have the stable topologically
non-trivial drumhead-like surface states, could serve as a platform
for HER catalysis.*® In 2023, Zhang et al investigated the HER
performance of topological nodal net semimetals by using metal
diboride MB, (M = Ti, Sc, V, Zr, Hf, Nb, Ta, and Y).** They found
that the Gibbs free energy of hydrogen adsorption exhibited an
excellent linear relationship with the density of states associated
with the topological surface bands. For the applications of topo-
logical materials in an aqueous environment, exploring the effect
of H, OH, and H,O adsorption on the surfaces of topological
materials is necessary. However, previous studies on the surface
states of NLSMs mainly focus on the pristine surface case or HER
catalytic performance, while a systematical understanding of the
variations of topological surface states after adsorbing different
substances is still lacking. Generally, for NLSMs, the topological
surface states have a strong dependence on the configurations of
the surface terminations, and the drumhead-like surface states can
be inside/outside the nodal lines when the surface terminations
show a zigzag/beard type.'®**** In this work, we perform a
systematical ab initio study on the variations of the topological
surface states of MgB,, which is a well-known conventional super-
conductor with a high critical temperature T, up to 39 K,*>"°
and also a nodal line semimetal with straight band crossing
lines on the edge of the first BZ.>”"*® We build a thick slab model
to simulate the topological surface states of MgB,. For the
pristine MgB, slab, the slab model gives a drumhead-like
topological surface state inside the nodal lines, consistent with
ref. 35. Then we add hydrogen (H), hydroxide (OH), and water
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(H20) onto the slab models to see the variations of the surface
states, and the surface states change differently with different
surface adsorbates, which can be understood systematically by
combining the surface adsorption free energy AG, the surface
terminations, and the surface charge density distributions. Our
work has provided a systematical understanding of the topolo-
gical surface states of MgB, with different surface adsorptions,
which will also guide future theoretical studies and device
applications of topological materials.

Computational method

We perform the ab initio calculations employing the Vienna Ab
initio Simulation Package (VASP).*> The generalized gradient
approximation (GGA) developed by Perdew, Burke, and Ernzer-
hof (PBE)*° is used as the exchange-correlation potential. The
all-electron projector augmented wave (PAW)*" method is used
and we set a plane-wave basis set with an energy cutoff of
500 eV. The BZ is sampled with an 8 x 8 x 10 Monkhorst-Pack
k-point grid for the bulk system, and a 12 x 12 x 1 k-point
grid for the slab systems. The vacuum layer of the slab system is
set to 30 A. The geometries are optimized with symmetry
constraints until the remaining atomic forces are less than
107" ev A™* for the bulk system and 10™° eV A~ for the slab
system. The energy convergence criterion is set to be 10° eV for
the bulk system, and 10> eV for the slab system. For the
further exploration of the topological electronic properties of
MgB,, we have built a tight-binding (TB) model using the
maximally localized Wannier functions implemented in the
Wannier90 package®*** based on the s and p orbitals of Mg and
B atoms, and searched all the nodal points and calculated the
Berry phases with WannierTools package.**

Results and discussion

We firstly present the crystalline structure of MgB,. Fig. 1(a)
shows the unit cell of MgB,. MgB, has a hexagonal unit cell
with one Mg atom and two B atoms in P6/mmm symmetry
(Dén, space group No. 191). The optimized lattice parameters
are a = b = 3.079 A, and ¢ = 3.505 A, which are very close to the
experimental values a = b = 3.083 A, and ¢ = 3.521 A.** The Mg
atom occupies the 1a (0,0,0) Wyckoff position, while the B
atoms occupy the 2d (2/3,1/3,1/2) Wyckoff positions. Fig. 1(b)
shows the first BZ and the projected (010) surface BZ of MgB,,
with some newly defined surface k points X, 15 (0.5,0.15), X218
(0.5,0.218), X5 (0.5,0.27), Xo.5 (0.5,0.3), 015 (0.0,0.15), Fo21g
(0.0,0.218), Iy, (0.0,0.27), and I ; (0.0,0.3).

We compared the bulk phase band structure of MgB, with
and without SOC, and found that SOC had almost no effect on
the band structure. In Fig. S2 of ESIT (ref. 46). Therefore, SOC
was not considered in the subsequent study. Fig. 2(a) depicts
the calculated band structures of MgB, without considering the
spin-orbit coupling (SOC). Here, we see that the bands are all
doubly degenerate along the high-symmetric H-K edge, and the
degenerate bands are contributed mainly by the p orbitals of B
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Fig. 1 (a) Crystal structure of MgB; (orange ball: Mg; green ball: B), (b) The first BZ and projected (010) surface BZ of MgB,, with some newly defined
surface k points Xg 15 (0.5,0.15), Xg 215 (0.5,0.218), Xo.»7 (0.5,0.27), X3 (0.5,0.3), 915 (0.0,0.15), I'g218 (0.0,0.218), I'g»7 (0.0,0.27), and I'p5 (0.0,0.3).

atoms. The detailed band structures analysis in the 3D BZ
shows that MgB, is a topological nodal line semimetal with
six equivalent nodal lines along the high-symmetric H-K edges
of the first BZ as shown in Fig. 2(b). The TB band structures and
the distribution of band crossing nodes are shown in Fig. S1
of the ESIf (ref. 46). To confirm the topological origin of
the nodal lines, we selected a closed loop around the nodal
line and calculated the accumulated Berry phase ¢g, which are
defined as:"?

¢p = § A(k)dk 1)

Ak) =~ (e (k) 0K e (k) @)
oce

where, A(k) is the Berry connection, |u.|(k)) is the Bloch wave

function, and occ denotes the number of occupied bands. The

calculated Berry phase is ¢ = 7, thus confirming the topologi-

cal origin and the robustness of these nodal lines.

TSSs analysis of multilayer structures are shown in Fig. S3
and S4 of ESIT (ref. 46). The 3-layer, 7-layer, 13-layer and 20-
layer slab models are built to calculate the energy band struc-
ture, and found that the surface state of band structure reached
the stable and clear result after the 13th layer. Considering the
saving of computing resources and the improvement of scien-
tific research efficiency, we do not employ the thicker slab than
20-layer. We have calculated (010) surface states of the 20-layer
thick slab with Mg/B atoms as surface terminations as shown in
Fig. 3. Because we aim to study the effect of adsorption of small

(@) .

molecules on the topological surface state of MgB,, we draw the
distribution of the volume phase nodal lines of MgB,, and find
that its topological surface state will appear on surface (010).
Fig. 3(a) shows the estimated Mg-terminated surface states
along the I'-X-I', I'o15-Xo.15-To15, T'0215-X0.218-L0.215, and
Ty3-Xo3-T'o3 paths as sketched in Fig. 1(b). The nearly flat
topological surface bands are inside the projected nodal lines.
Fig. 3(c) shows the Mg-terminated slab model we used and the
band decomposed charge density for the topological surface
bands at the projected X point, which confirms that the
topological surface states are indeed from the surface B atoms.
Fig. 3(b) shows the surface states given by the B-terminated slab
models along the projected I'-X-T', I'q15-Xo15-To0155 o27—
Xo.27-T027, and T'y3-Xy5-Ty 5 paths. The drumhead-like topo-
logical surface states can be seen along I'-X-I" paths, while the
topological surface bands tend to merge into the bulk along
other paths. Fig. 3(d) gives the B-terminated slab model we
used and also the band decomposed charge densities for the
topological surface bands at the projected X point, also con-
firming that the topological surface states are indeed contrib-
uted by the surface B atoms. Remarkably, in both the Mg/B-
terminated cases, the topological surface bands exclusively
originate from the surface B atoms, as the bulk bands asso-
ciated with the nodal lines are contributed by B atoms. Our
findings align with those in ref. 37.

Notably, previous studies on the surface states of MgB, have
primarily focused on the pristine case.>”*® However, the surface
adsorption is inevitable in real-world applications of topological
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Fig. 2 (a) The calculated band structures of MgB,, the bands are all doubly degenerate along the high-symmetric H-K path without considering the
spin—orbit coupling (SOC). The degenerate bands are contributed by B atoms; (b) the nodal lines of MgB; in the first BZ, which are along the high-
symmetric H-K edges (red line). The Berry phase associated with the nodal line is =.
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Fig. 3 (a) The Mg-terminated surface states along the projected I'-X-T", I'g15—Xo15—T 015, T'0.218—Xo0.218—T0.218. and I'g3—Xo3—I'o3 paths; (b) The B-terminated
surface states along the projected I'-X-TI", I'o15-Xo15—1 015, T'027~Xo27—I027, and I'o3—Xo3—Io3 paths; (c) the slab model and the charge density associated
with the surface bands for Mg-terminations at the projected X point; (d) the slab model and the charge density associated with the surface bands for B-
terminations at the projected X point. The red line in (a) and (b) represents the drumhead-like topological surface states between two nodal points.

materials, especially in aqueous environments. Therefore, we
systematically studied on the variations of the surface states for
MgB, by introducing H, OH, and H,O onto the Mg/B-terminated
slab models. In this section, we calculate the surface adsorption
Gibbs free energies AGy+ o+ 1,0+ to determine the most favor-
able adsorption sites for H, OH, and H,O adsorbed on the Mg/B-
terminated slab models according to the following formulas:*’

AGy+ = AEys + AEzpg — TAS (3)

1 n
AEH* = _<Eslab+H - Eslab - _EHZ) (4)

n 2
AGOH* = AEoy+ + AEZPE — TAS (5)

1

AEons = Egap+on — Esab — Enyo — EEHZ (6)
AGi,o- = AEi,or + AEzpg — TAS )
AEw,0¢ = Egap+1,0 — Esab — En,0 (8)

where, the * stands for the adsorption site on the surface,
AEy- on+n,0- means the adsorption energies for H, OH, and

H,0, AEzpe means the difference related to the zero-point
energy between the gas phase and the adsorbed state, T is the
temperature and AS is the change of the entropy.”” The most
favorable adsorption sites and their corresponding adsorption
Gibbs free energies are presented in Table 1. Additional
details regarding the calculations for alternative sites can be
found in the Tables S1-S3 of the ESIf (ref. 46). Notably. The
B-terminated slab exhibits a more pronounced adsorption effect
on H, OH, and H,O0 than the Mg-terminated slab. Furthermore,
both H and OH exhibit significant negative values of AGy- on-,
respectively, indicating strong adsorption effects, while
the adsorption effect of H,O is relatively weak. Fig. 4 illustrates
the Mg/B-terminated slab models adsorbing H, OH, and
H,O0 onto their most favorable adsorption sites. The red dashed
line represents the distance from the surface adsorbed atom to
the surface atom, with specific distance values provided in
Table 1.

Subsequently, we discuss the surface states of the slab
model adsorbing H and OH, represented in Fig. 5 and 6,
respectively. Fig. 5(a) and 6(a) display the nearly flat
drumhead-like topological surface states inside the nodal lines
of the Mg-terminated pristine slab model along the projected

Table 1 The most favorable adsorption sites, the bond distance from the surface-adsorbed atom to the surface atom, the corresponding surface
adsorption free energies (AG), and the charge gain and loss of the surface atoms derived from the Bader charge analysis for the Mg/B-terminated slab

adsorbing H, OH, and H,O. "+" denotes a gain of charge, while "—" signifies a loss of charge (unit in e”)

Systems Adsorbate Site Bond distance (A) AG (eV) Ap (e7)

Mg-terminated slab Adsorbate B Mg
H Hole 2.370 —0.319 +0.900 —0.307 —0.011
OH Bridge 1.974 —0.347 +0.772 —0.183 —0.182
H,O Top 2.124 0.318 +0.224 —0.021 —0.114

B-terminated slab Adsorbate B Mg
H Top 1.211 —1.252 +0.361 —0.127 —0.017
OH Top 1.352 —1.442 +0.690 —0.228 —0.015
H,O Top 1.554 —0.170 +0.266 —0.082 —0.007

This journal is © the Owner Societies 2024
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Fig. 4 (a) Mg-terminated slab adsorbing H on the hole site; (b) Mg-terminated slab adsorbing OH on the bridge site; (c) Mg-terminated slab adsorbing
H,O on the top site; (d) B-terminated slab adsorbing H on the top site; (e) B-terminated slab adsorbing OH on the top site; (f) B-terminated slab adsorbing
H,0 on the top site. The red dashed lines represent the distance from the surface adsorbed atom to the surface atom, and the distance values are shown
in Table 1.

I'-X-I' direction. Fig. 5(b) and 6(b) show the surface states band is still there. Here, we propose AErss as an index to
adsorbing H and OH to the slab model on a single side, describe the disturbance of adsorbates to the topological sur-
respectively, breaking the inversion symmetry of the slab face states, which is defined as:

model. Thus, the energy of one surface band is lower since

the surface dangling bonds are saturated while another surface AErss = AErgs,, — AErss, 9)

= Z D =
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Fig. 5 (a) The (010) surface states from the pristine Mg-terminated slab; (b) the (010) surface states from the Mg-terminated slab adsorbing H on a single
side; (c) the (010) surface states from the Mg-terminated slab adsorbing H on both sides; (d) the (010) surface states from the pristine B-terminated slab;
(e) the (010) surface states from the B-terminated slab adsorbing H on a single side; (f) the (010) surface states from the B-terminated slab adsorbing H on
both sides. The red line indicates the drumhead-like topological surface states between two nodal points.
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Fig. 6 (a) The (010) surface states from the pristine Mg-terminated slab; (b) the (010) surface states from the Mg-terminated slab adsorbing OH on a
single side; (c) the (010) surface states from the Mg-terminated slab adsorbing OH on both sides; (d) the (010) surface states from the pristine B-
terminated slab; (e) the (010) surface states from the B-terminated slab adsorbing OH on a single side; (f) the (010) surface states from the B-terminated
slab adsorbing OH on both sides. The red line indicates the drumhead-like topological surface states between two nodal points.

Where the Erss,,_is the energy of the topological surface state of
the slab with adsorbate at the projected X point, Erss, means
the topological surface state energy of pristine slab at the
projected X point. In addition, Table 1 displays the AErpgs
values. It is evident that AErgs in Fig. 5(b) has a more negative
value (—0.936 eV) compared to Fig. 6(b) (—0.322 eV). This fact
indicates that the H has a more significant impact on the
topological surface state on Mg-terminated slab than OH.
Fig. 5(c) and 6(c) depict the surface states with H and OH
adsorbed on both sides of the slab model. The inversion
symmetry of the slab model is restored, causing the surface
bands are degenerate with lower energies. The changes in
surface state energy in Fig. 5(c) are more significant than those
in Fig. 6(c). In both cases, the surface states remain within the
nodal lines. This is because the surface B atoms primarily
contribute to the topological surface states. Adding H and OH
atoms onto Mg atoms does not drastically alter the topological
band structures contributed by the B atoms.

Fig. 5(d) and 6(d) illustrate the surface states with the B-
terminated pristine slab model along the projected I'-X-I'
direction. These figures reveal the presence of nearly flat
drumhead-like topological surface states situated within the
nodal lines. Additionally, Fig. 5(e) and 6(e) showcase the sur-
face states of the B-terminated slab with the adsorbates H and
OH on a single side, respectively, breaking the inversion
symmetry of the slab model. It is worth noting that the surface
states are present inside and outside the nodal lines. This
observation indicates a substantial alteration in the topological
band structure resulting from the strong interaction between B
atoms and H/OH. Fig. 5(f) and 6(f) show the surface states of B-
terminated slab with the adsorbates H or OH on both sides,
where the inversion symmetry of the slab model is restored,

This journal is © the Owner Societies 2024

and the surface states are outside the nodal lines. Since B atoms
mainly contribute to the topological surface states, adding H/
OH onto B atoms changes the surface terminations from zigzag
to beard types. This leads to the surface states outside the nodal
lines, consistent with the previous works.'®>%** Fig. $2 and S3
of the ESI} (ref. 46) show the determination of the surface state
positions in the band analysis.

We also discuss the surface states of the slab model adsorb-
ing H,O. Fig. 7(a) depicts the surface states from the Mg-
terminated pristine slab model along the projected I'-X-I'
direction as a reference. Fig. 7(b) illustrates the surface states
when H,O is adsorbed onto a single side of the slab model,
breaking the inversion symmetry of the slab model. Notably,
the two surface bands exhibit a considerably weaker splitting
compared to cases involving the adsorption of H/OH. The Mg-
terminated slab shows a weak adsorption of H,O with the
positive AG of 0.318 eV. Fig. 7(c) shows the surface states
adsorbing H,O to the slab model on both sides, where the
inversion symmetry of the slab model is restored and the
surface bands are degenerate. Moreover, the topological surface
bands also change slightly compared to the Fig. 7(a). Fig. 7(d)
shows the surface states with a B-terminated pristine slab
model along the projected I'-X-I" direction as a benchmark
and the nearly flat drumhead-like topological surface states can
be seen inside the nodal lines. Fig. 7(e) shows the surface states
adsorbing H,O to the slab model on a single side, breaking the
inversion symmetry of the slab model. Notably though the H,O
interacts with the B-terminated surface directly, H,O is a charge
neutral molecule and the B-terminated surfaces show a very
weak adsorption to it, the topological surface are states still
inside the nodal lines. Fig. 7(f) shows the surface adsorbing
H,O0 to the slab model on both sides, the inversion symmetry of

Phys. Chem. Chem. Phys., 2024, 26, 23600-23608 | 23605
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Fig. 7 (a) The (010) surface states given by the pristine Mg-terminated slab; (b) the (010) surface states exhibited by the Mg-terminated slab adsorbing
H,0 on a single side; (c) the (010) surface states shown by the Mg-terminated slab upon H,O adsorption on both sides; (d) the (010) surface states shown
by the pristine B-terminated slab; (e) the (010) surface states displayed by the B-terminated slab following H,O adsorption on a single side; (f) the (010)
surface states are depicted by the B-terminated slab after H,O adsorption on both sides. The red line represents the drumhead-like topological surface

states between two nodal points.

the slab model is restored, and the surface bands are degen-
erate. Also, the surface bands change slightly compared with
Fig. 7(d). In either case, the topological surface states are always
inside the nodal lines since H,O is electric neutrality molecule
and the surface slab has very weak adsorption for H,O. The
determination of the surface states’ position is shown in Fig. S4
of ESIf (ref. 46).

From the results of the topological surface states changes
AExss of MgB, with different adsorbates, we expect to propose a
critical indicator with a positive correlation with the AEqgs.
Table 1 presents our calculations of Bader charge analysis**™>!
to show the charge gain and loss of the surface atoms. It is
evident that adsorbates H, OH, and H,O gain electrons, while
the surface Mg/B-atoms tend to lose them. Simultaneously, the
surface differential charge density calculations reveal this phe-
nomenon, as depicted in Fig. S5 of the ESIf (ref. 46). It is
noteworthy that there is a significant positive correlation
between the Bader charge transfer of surface B atoms and the
AE1ss. We further investigated the relationship between the
other significant parameters of surface adsorption, such as the
bond lengths and adsorption Gibbs free energy, with the AErgs.
However, they have a poor correlation, as illustrated in Fig. S6
of the ESIt (ref. 46). Thus, we can infer that the Bader charge
transfer value of the surface atoms that provide the topological
state is a crucial indicator for evaluating the variation in
topological surface states after adsorption.

Conclusion

In summary, we have performed by ab initio calculations a
systematical study on the variation of the (010) surface states of

23606 | Phys. Chem. Chem. Phys., 2024, 26, 23600-23608

MgB, after adding hydrogen (H), hydroxide (OH), and water
(H,0). The most stable adsorption sites have been identified by
calculating the surface adsorption free energies AGy+ on+ H,0+-
Meanwhile, it is shown that either Mg- or B-terminated surface
has a very strong adsorption for OH, and then H, while has only
weak adsorption for H,0O, and the surface states have a crucial
change after the adsorption for H, less change after the adsorp-
tion for OH, and only very slight change after the adsorption for
H,0, which can be understood systematically by combining the
surface adsorption free energies AGy- on- 1,0+, surface termina-
tions, and surface charge density distributions. Particularly, we
propose the value of the band structural change of topological
surface state AErgg as an index to describe the disturbance of
adsorbates to the topological surface states. Analyzing the rela-
tionships among Bader charge transfer, adsorption Gibbs free
energy, and bond length to AErss, we observed a high correlation
solely between AErss and the Bader charge transfer of the surface
B atoms. The Bader charge transfer value of the surface B atoms
providing the topological state should be a key indicator for
evaluating the variation in topological surface states after adsorb-
ing H, OH, and H,O adsorbates. Our work has provided a
systematical understanding on the variation of topological sur-
face states after surface adsorptions, and will also pave the way
for future studies on the device applications of topological
materials.
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