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Materials carrying topological surface states (TSS) provide a fascinating platform for the hydrogen evolution
reaction (HER). Based on systematic first-principles calculations for A;B (A = Ni, Pd, Pt; B = Si, Ge, Sn), we
propose that topological electric polarization characterized by the Zak phase can be crucial to designing efficient
catalysts for the HER. For A;B, we show that the Zak phase takes a nontrivial value of 7 in the whole (111)
projected Brillouin zone, which causes quantized electric polarization charges at the surface. There, depending
on the adsorption sites, the hydrogen (H) atom hybridizes with the TSS rather than with the bulk states. When
the hybridization has an intermediate character between the covalent and ionic bonds, the H states are localized
in the energy spectrum, and the change in the Gibbs free energy (AG) due to the H adsorption becomes small.
Namely, the interaction between the H states and the substrate becomes considerably weak, which is a highly
favorable situation for the HER. Notably, we show that AG for Pt;Sn and Pd;Sn are just —0.066 and —0.092 eV,

respectively, which are almost half of the value of Pt.

DOI: 10.1103/PhysRevB.106.165120

I. INTRODUCTION

Hydrogen evolution reaction (HER) (2H" +2e¢~ — H,)
plays a crucial role in renewable energy production for which
a variety of experimental and theoretical studies have been
performed extensively [1,2]. In the celebrated volcano plot
(the plot of the efficiency of an electrocatalytic process as a
function of the change in the Gibbs free energy AG), the effi-
ciency takes its maximum at AG ~ 0 [3-5]. While it has been
shown that the elemental Pt is an ideal catalyst as it is at the
top of the volcano plot with AG being only ~ — 0.1 eV [5,6],
Pt has a severe limit for widespread industrial usage because
of the high cost. Thus, it is an intriguing challenge to search
for a replacement for Pt. Recently, it has been proposed that
topological materials having surface states with high mobility
provide a promising platform to study HER [7-12]. However,
the influence of the topological surface states (TSS) on HER is
not fully understood, and strategies to predict new candidates
are highly desired.

Weyl semimetals such as 17’'-MoTe, and the TaAs family
were recently studied both experimentally and theoretically as
potential HER catalysts [13-16]. Also, materials with a large
Chern number were predicted and turned out to be exceptional
catalysts. For example, high turnover frequencies of 5.6 and
17.1 H, s~! were observed for PtAl and PtGa, respectively
[17]. From a TSS perspective, Fermi arcs manifested in Weyl
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semimetals are characterized by the flow of the Berry cur-
vature between two Weyl points with opposite chirality [18].
Meanwhile, we can also characterize TSS by the Zak phase,
which is defined by integrating the Berry connection along
a given reciprocal lattice vector. In spinless systems with
inversion (P) and time-reversal (7)) symmetries, a nontrivial
m (mod 2m) Zak phase signifies topological surface polar-
ization charge if the system is insulating [19]. In contrast
to the surface current originating from Fermi arcs in Weyl
semimetals, the = Zak phase results in surface dipoles [18,19].

A distinct advantage of topological materials characterized
by the w Zak phase is the large size of the relevant region in
the projected Brillouin zone (BZ). Even in cases such as PtAl
[17] where long Fermi arcs connect with each other at the zone
boundary, the phase volume of the Fermi arcs is much smaller
than that of the region of the = Zak phase, which covers a large
area in the projected BZ [20] and may provide significantly
more TSS that are available to assist HER. Indeed, it has been
recently shown that some nodal line semimetals such as the
TiSi family, PtSny, and VAl; [21-23] are promising catalysts.
However, the effect of the w Zak phase on HER is still elusive.
One reason is that an interchange of 0 and 7w Zak phase always
happens in the projected BZ of nodal line semimetals, which
makes the topological polarization less significant. Therefore,
while materials for which the m Zak phase lies across the
whole projected BZ have yet to be reported, such materials
would be an ideal platform to elucidate the role of the topo-
logical polarization in HER.

In this paper, we report a nontrivial w Zak phase over
the entire (111) projected BZ for a family of topological

©2022 American Physical Society
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TABLE I. Experimental lattice constants (a) of bulk A3B, as well
as the optimized bond length A-H and B-H for different adsorption
sites (fcc, hep, and top sites) on 10-layer (111) A3;B substrate. The
unit is A.

Substrate fcc hep top

A3B a A-H B-H AH BH AH B-H
Pt;Sn 4.004* 183 332 189 339 373 175
Pd;Sn 3971®> 179 331 1.86 337 358 1.77
Ni;Sn 3738 1.67 3.08 173 308 352 177
Ni;Ge 35714 1.67 299 172 3.05 325 1.59
Ni;Si 3500 1.66 298 171 305 309 154

2Reference [24].
bReference [25].
‘Reference [26].
dReference [27].
¢Reference [28].

semimetals A3B (i.e., Pt3Sn, Pd;Sn, NizSn, Ni3Ge, and Ni3Si)
[24-28], through systematic first-principles calculations. The
HER electrocatalytic behavior and its relation to the under-
lying electronic structure are also investigated. Particularly,
we focus on the role of TSS, electronegativity, and bonding
formation to unveil possible factors for ideal HER electrocat-
alysts. It should be noted that the HER of A3B has not been
investigated except for the photocatalytic activity of Pt3;Sn
(110) [29].

Intriguingly, the = Zak phase of A3B covers the whole
(111) projected BZ due to the absence of double-band de-
generacy near the Fermi level. Also, this topological phase
in A3B is stable due to the charge neutrality of each (111)
layer. Previous experiments have indeed shown that the (111)
termination plane is closely related to the ideal bulk truncation
structure [30,31]. We further confirm that Pt3Sn and Pd;Sn
are exceptional catalysts for HER in that AG is just half of the
value of Pt. These results suggest that topological polarization
from the m Zak phase can serve as a promising selection for
HER catalysts.

The rest of the paper is organized as follows. In Sec. II, a
brief description of the crystalline structures of the considered
A3B compounds in conjunction with the theoretical methods
and computational details are given. In Sec. III, we look
into the electronic structures, including the topology of the
A3B family. Also, we show the calculated adsorption energy
(Eags), Gibbs free energy (AG), and Bader charge analysis
to quantify the catalytic behavior for HER. The possible fac-
tors affecting the catalytic behavior are discussed by looking
into the role of electronegativity, bond formation, and TSS.
Finally, conclusions are presented in Sec. I'V.

II. STRUCTURES AND METHODS

This study focuses on the five available experimentally
synthesized A3B compounds, namely, A3Sn [24-26], Ni;Ge
[27], and Ni3Si [28]. All these compounds preserve the cubic
symmetry with the space group Pm3m (No. 221) with one
formula unit per primitive unit cell as illustrated in Fig. 1(a).
Table I lists the experimental lattice constants for all five con-
sidered systems. To investigate the surface catalytic behavior

[101]

[111]

FIG. 1. Crystal structure, adsorption sites, and Brillouin zone of
the A3B family. (a) The lattice structure of A3;B in an orthorhombic
supercell. The black vectors show the reduction to a hexagonal su-
percell. The blue box indicates the primitive cell with the cyan ab
facet being the (111) plane of the primitive cell. The red and green
bonds form the tetrahedral and octahedral sites, which correspond to
the hcp- and fcc-adsorption sites for hydrogen. (b) Stable hydrogen
adsorption sites on the (111) surface. (c) Brillouin zone of primitive
cell and its projection along the [111] direction. Crystal structures
are generated via VESTA [32].

of the A3B (111) system, we construct a supercell upon the
(111) basal planes with cell vectors along [101], [110], and
[111] crystallographic directions, as shown in Figs. 1(a) and
1(b); this supercell forms in a hexagonal lattice, and can be
readily extended to a slab along the [111] direction [Fig. 1(b)].
The BZ of the primitive cell and the (111) projected BZ are
depicted in Fig. 1(c).

The ab initio structural optimization, electronic struc-
tures, and free-energy calculation are based on the density
functional theory (DFT) with the generalized gradient ap-
proximation (GGA) in the form of Perdew-Burke-Ernzerhof
(PBE) [33]. The present calculations are performed using the
accurate projector-augmented wave method [34] implemented
in the Vienna ab initio simulation package (VASP) [35,36]. A
large plane-wave cutoff energy of 400 eV is used. For the
BZ integrations with the tetrahedron method [37], Monkhorst-
Pack k& meshes of 15 x 15 x 15 and 9 x 9 x 1 are used for
the bulk and (111) slab, respectively. The valence orbital set
is 6s'5d° for Pt, 5s'4d° for Pd, 4s'3d° for Ni, 4dl()5s25p2
for Sn, 3d'%4s%4p? for Ge, and 3s*3p* for Si. We study the
nontrivial Zak phase and related topological properties of A3 B
in the absence of spin-orbit coupling (SOC), based on Wannier
functions [38] obtained by WANNIER90 without the iterative

165120-2



EFFICIENT HYDROGEN EVOLUTION REACTION DUE TO ...

PHYSICAL REVIEW B 106, 165120 (2022)

TABLE II. Stretching frequency of hydrogen atom on different
adsorption sites (fcc, hep, and top sites) of the 10-layer (111) A3;B
substrate. Stretching directions are parallel (||) or perpendicular (L)
to the surface. Also, the calculated zero-point energies (ZPE) and the
isotropic stretching frequency for hydrogen gas (H,) are listed. For
comparison, we also list the results of hydrogen-adsorbed Pt (111)
systems and related studies. Units are meV.

Substrate fcc hep Top
A3B I 1l ZPE | L ZPE | L ZPE
Pt;Sn 126 121 187 85 136 153 49 211 155
Pd;Sn 136 115 194 103 127 167 40 201 140
Ni;Sn 144 119 204 119 128 183 36 202 137
Ni;Ge 144 133 211 122 146 195 43 222 155
Ni;Si 142 138 211 119 152 195 40 233 156
Pt 73 150 148 50 281 190
1342 182*
Isotropic ZPE
H, 515 258

4Reference [42] (DFT).

maximal-localization procedure [39-41]. We choose the s, p,
and d orbitals for A (A= Ni, Pd, Pt) and s and p orbitals for B
(B= Si, Ge, Sn) as the projectors for Wannier functions.

The A3B (111) slab is modeled with 10 atomic layers and
a 14-A vacuum layer. We use the 1 x 1 supercell to study
the adsorption. Since there is one H atom per formula unit
of A3B on the (111) surface, we define this as a 1-monolayer
(ML) coverage of H for the 1 x 1 supercell [29]. Adsorption
occurs on one side of the slab, and the top four metal layers are
allowed to relax along with the adsorbate in these calculations.
The resulting stable adsorption sites of A3B (111) are shown
in Fig. 1(b), which are the B top site (top adsorption), the A3
tetrahedral site (hcp adsorption), as well as the A3 octahedral
site (fcc adsorption). The optimized bond length between the
adsorbed H and the substrate on different adsorption sites is
listed in Table 1.

The adsorption energy (E,gs) and the difference in the
Gibbs free energy AG for H adsorption on A3B (111) are used
to evaluate the catalytic behavior toward HER [5,15,23]. The
equations go by [5]

1 n
Eads = _(Eslab+H - Eslab - _EHz)s (1)
n 2

where n is the number of H atoms, Egap+n, Esiab, and Ey, are
the total energies of the H atoms adsorbed on the slab, clean
slab, and gas phase Hj, respectively; also,

AG = AEy4 + AEzpg — TAS, ()

where E,q is Eq. (1), AEzpg and AS are the zero-point energy
difference and the entropy difference between the adsorbed H
states and the gas phase Hj, respectively. AEzpg is calculated
by the difference in vibrational frequency (w) of H and gas
phase H; via Ezpg = Zi %an) Results of stretching frequen-
cies are in Table II. For the entropy difference, due to the
small entropy difference between the two phases, we could
approximate it by [5]

1
AS ~ _551012, Sp, = 130.674  J/Kmol, &)

where ng is the standard entropy value of gaseous H, at
300 K [43]. Therefore, the T AS is roughly 0.2 eV.

III. RESULTS AND DISCUSSION

A. Electronic structures of A;B

First of all, we look into the electronic structures of A3B. As
stated in the previous section, A3 B crystallizes in a centrosym-
metric simple cubic structure with the space group Pm3m (No.
221). Due to the similarity in electron configurations, the same
topological properties can be seen for all A;B materials. Also,
the electronegativity of the nickel family and carbon family
are close (Pt = 2.28, Pd = 2.2, Ni = 1.91; Sn = 1.96, Ge
= 2.01, Si = 1.9 [44]), indicating that covalent bonds may
form in A3B. On the surface, covalent bonds are cut and leave
dangling bonds, giving rise to possible surface states. Here,
we look into the details of the electronic structure of Pt3Sn as
a representative compound of A3B.

We calculate the electronic band structure of Pt3Sn in the
absence of SOC, and the results are presented in Fig. 2. First
of all, Fig. 2(a) shows the electronic band structure as well as
the DOS near the Fermi level of bulk Pt3;Sn. The low DOS
and few crossings at the Fermi level suggest a semimetallic
nature. Bands around the Fermi level are contributed by the Pt
d orbitals with minor contributions of the Sn s and p orbitals.
We, therefore, construct the Wannier functions utilizing the
mentioned orbitals with the interpolated band structure plotted
in dashed red lines in Fig. 2(a). We note that the band struc-
tures from DFT and Wannier functions are identical, both of
which agree well with previous work in the GGA [45]. Also,
due to the P77 symmetry, all bands are Kramers degenerate.
Henceforth, we discuss the band degeneracy for one spin
channel.

From Fig. 2(a), we notice that on the I'-R C5,-symmetric
line of Pt3Sn, a nondegenerate band crosses a doubly degener-
ate band, forming two spinless triple nodal points on I" and R.
The same behavior of splitting arises along the Cy,-symmetric
lines I'-X and R-M [46]. In a PT -symmetric system, doubly
degenerate points tend to form in loops, or the so-called nodal
lines, characterized by the 7 Berry phase mechanism and
related to the Zak phase mechanism [18]. Interestingly, in the
present case, triple nodal points appear and do not form into
loops. The split-nodal lines on the zone boundary are also
mainly unoccupied. Consequently, we see significant gaps in
the BZ outside of the triple nodal points around the Fermi
energy [blue and pink gaps in Fig. 2(a)]. This leads us to
expect the pink gap to have an identical Zak phase across the
whole projected BZ. Our requirement for an ideal platform
to study the relation between TSS and the surface reaction is
then fulfilled.

Aside from the triple nodal point, in Pt3;Sn, we observe
doubly degenerate points along M-I", M-X, and M-R lines at
—1.4 ~ —1.5 eV [circled in green in Fig. 2(a)]. In the BZ,
this forms into two loops protected by mirror symmetry of the
(110) and (001) planes. As discussed above, we would now
expect the Zak phase property originating from the nodal ring
around the M point in the blue gap to span across the pink
gap and, more importantly, the majority of the Fermi level. To
confirm this idea, using the constructed Wannier functions, we
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FIG. 2. Electronic structure of Pt;Sn bulk and (111) slab in the absence of the spin-orbit coupling. (a) Electronic band structure and density
of states of bulk Pt3Sn, with the high-symmetry k points shown in Fig. 1(c). The calculated Zak phase on the (111) projected Brillouin zone
of the (b) pink and (c) blue gap. The green region indicates the 7 Zak phase. (d) Real bulk wave function of the eigenstate at the time-reversal
invariant M point pointed in black in (a). Yellow and blue represent the positive and negative components, respectively. The red slice in the
middle indicates the (111) plane. (e), (f) Projected electronic band structure and density of states for the (111) surface of a 10-layer slab of
Pt;Sn in the (e) tight-binding Hamiltonian and (f) the GGA. The color bar indicates the weights of the topological surface state. The Fermi
level is set to 0 regarding all band structures. (g), (h) Real wave functions of topological surface state at the M point as circled in blue in (f).

Yellow and blue represent the positive and negative components, respectively.

calculate the Zak phase by integrating the Berry connection
along a reciprocal lattice vector G. In the case of interest, it
is the [111] direction that indicates the surface polarization
charge on the (111) plane. The choice of the unit cell will be
given in Fig. S1 of the Supplemental Material (SM) [47]. We
then calculate the Zak phase as follows:

occ. te]

0(k)) = —iZ/O

where u,, (k) is the periodic part of the bulk Bloch wave func-
tion. The wave vector k is decomposed into the component
along the lattice vector G (i.e., k; ) and the one perpendicular
to G (i.e., kH)'

The calculated results are given in Fig. 2(b) for the pink gap
and (c) for the blue gap in Fig. 2(a). In Fig. 2(b), the Zak phase
along the [111] direction is equal to 7 in the entire projected
BZ. This suggests surface polarization charges equal to e/2
per surface unit cell on the (111) surface [20]. On the other
hand, in Fig. 2(c), we notice patches of 0 Zak phase appearing
around 12 centers with, i.e., 6 on M. These 12 centers corre-
spond to the 12 M points in the cubic BZ [Fig. 1(c)], and the
butterfly-shaped patches are the projections of two nodal rings
formed around M{green circles in Fig. 2(a)]. We note that
full Zak phase coverage has not been shown in semimetals,
although it has been reported in a few insulators such as Sc,C
[20]. Therefore, the A3B family or, in general, the Pm3m space
group [46], could be a promising platform to study Zak phase
physics in semimetals.

dKy (un(K)[ Vi, |1 (K)), “

Essentially, the Zak phase represents the Wannier charge
center inside a bulk, and a 0 Zak phase indicates an even
number of dangling bonds, which leads to an uncertain bulk
boundary being of either insulating (bonds connected) or
metallic (bonds remain dangling) [19]. To understand the ori-
gin of the surface state, we can illustrate the wave function of
the bulk eigenstates [20]. Figure 2(d) shows the wave function
of the highest valence band at the M point, which is in the gap
of interest. We see the Pt 5d and Sn p-like orbitals extend-
ing across the (111) plane in the middle. This indicates that
dangling bonds are formed under a (111) termination. As we
stack the slab up, the boundaries at (111) would still have such
bonds, which thus cause the surface charge accumulation.
Extending the topological bulk property, we determine the
origin of the surface state.

Another point of view toward dangling bonds is charge
neutrality. That is, the protected surface charges would cause
deficiency of the bulk charges. Due to charge conservation,
such loss will be compensated by the emerging surface band
in a gap for a thick (111) Pt3Sn slab, which is shown in
the slab band structure of the constructed Wannier functions
[Fig. 2(e)]. Importantly, in our case, the whole (111) projected
BZ has a w Zak phase. This means that the surface band seen
in Fig. 2(e) has only this single origin. While the degenerate
points occur in I' and R points of the bulk band structure
Fig. 2(a), the surface band at their projection, the T' point,
would merge with the bulk band. However, the large gap at
the X and M points would allow us to observe the highlighted
TSS appearing on the high-symmetry M and K points.
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TABLE III. The adsorption energy (E,q), Gibbs free energy (AG), and Bader charge analysis of H on different adsorption sites (fcc, hep,
and top sites) of the 10-layer (111) A;B substrate in the absence of the spin-orbit coupling at room temperature. Also, the Bader charge analysis
results of the top-layer atoms are listed with charge differences before and after the adsorption given in the row below. Note that the number

of charges for A is the average between the three atoms on the surface.

Substrate  fcc V) (e7) hep V) (e7) Top eV) (e7)
A3B E.q AG H A B E.q AG H A B Eads AG H A B
Pt;Sn —0.324 —0.066 1.059 10.342 13.027 —0.606 —0.382 1.067 10.338 13.018 0.828 1.055 1.276 10.377 12.962
—0.44* 4+0.059 —0.048 —0.026 4+0.067 —0.051 —0.035 +0.276 —0.012 —0.091
Pd;Sn —0.356 —0.092 1.099 10.212 13.293 —0.668 —0.430 1.142 10.218 13.263 0.999 1.211 1.297 10.250 13.197
+0.099 —0.043 —0.021 +0.142 —0.037 —0.052 +0.297 —0.005 —0.118
Niz;Sn —0.638 —0.363 1.244 10.070 13.602 —0.915 —0.661 1.270 10.071 13.585 0.927 1.136 1.290 10.153 13.446
+0.244 —0.076 —0.054 +0.270 —0.074 —0.070 +0.290 +0.007 —0.209
NizGe  —0.544 —0.262 1.225 9991 13.838 —0.978 —0.712 1.262 9.986 13.835 0.823 1.049 1.282 10.067 13.684
+0.225 —0.071 —0.056 +0.262 —0.076 —0.060 +0.282 40.005 —0.210
NizSi —0.496 —0.214 1.220 10.022 3.738 —0.991 —0.725 1.249 10.024 3.712 0.630 0.857 1.510 10.115 3.360
+0.220 —0.076 —0.044 +0.249 —0.075 —0.070 +0.510 4+0.016 —0.422
Pt —0.362 —0.143 —0.391 —0.130
—0.39" —0.42°

4Reference [48] (DFT).
bReference [42] (DFT).

With the confirmation of the topological nature of Pt3;Sn,
we perform the self-consistent DFT calculation of the slab
band structure of a 10-layer (111) Pt3Sn slab. The result is
depicted in Fig. 2(f). By comparing Figs. 2(e) and 2(f), we can
see that the TSS merge into the bulk states at an energy level
around —0.1 ~ —0.2 eV as predicted by the DFT, as clearly
shown in the left panel of Fig. 2(f). This is due to the impact
of surface charge redistribution, which is adequately treated
in DFT but ignored in the calculation based on the Wannier
functions. Nonetheless, such TSS still exist in the vicinity of
the Fermi level and would contribute to the surface reaction
[see the projected density of states shown in the right panel of
Fig. 2(f)]. Furthermore, we plot out the real part of the wave
function at the time-reversal invariant point M of 10-layer
Pt3Sn (111) at Figs. 2(g) and 2(h). We notice that the TSS
are contributed mainly by the Pt orbitals with hybridization
between the three Pt atoms on the surface. Moreover, the
TSS cover the hep site partially but is repelled from the fcc
site, as indicated by the red and green circles, respectively,
in Fig. 2(h).

Note that the electronic structures of other A3 B compounds
are in Figs. S2— S5 of the SM [47]. The difference in the
electronic structure is due to the difference in electronega-
tivity, especially as site A changes. Nevertheless, the © Zak
phase on the (111) projected BZ is seen among all A3B.
The resulting TSS are also in the vicinity of the Fermi level
[Figs. S2— S5(e) [47]]. It is also essential to point out that
the inclusion of SOC would cause a topological phase tran-
sition for A3B to go from a m Zak phase semimetal into a
weak Dirac dispersion along [111] direction [45]. Bulk and
surface electronic structures in the spinful case are provided
in Fig. S6 of the SM [47]. With these, in the Appendix, we
discuss the effect of SOC where we show that SOC hardly
affects the interaction between the surface states and the H
adsorption.

Now that we have shown the topological polarization in
Pt3Sn, we will proceed to the catalytic behavior. The role
and the effect of the TSS coverage among different adsorp-

tion sites will be further clarified in Secs. III C and III D,
respectively.

B. Catalytic behavior of A;B

To investigate the catalytic behavior of A3B, we calculate
the E,q4s as well as the AG of H residing at the fcc, hep, and top
sites in the absence of SOC. Results are organized in Table III.
First of all, intriguingly, the AG of Pt3Sn and Pd3;Sn (111) fcc
adsorption is of value —0.066 and —0.092 eV, respectively.
With AG roughly half the value of Pt (—0.143 eV), Pt3Sn
and Pd;Sn are thus prominent HER catalysts with exceptional
low AG and less or even zero composition of Pt. Second,
Ni3B (111) have AG of value around —0.25 eV on the fcc
site, larger than that of Pt3Sn and Pd;Sn, indicating a worse
catalytic behavior. Nevertheless, they are comparable with
related theoretical calculations in GGA such as nodal line
semimetals PtSny (—0.28 eV) [22], VAl; (0.25 eV) [23], or
Weyl semimetal TaP (—0.40 eV) [15]. By results of AG,
we predict the considered A3B family (Pt3Sn, Pd;Sn, Ni3Sn,
Ni3Ge, Ni3Si) could be promising catalysts for HER with
much less Pt consumption. The calculated results (Table III)
agree well with previous studies [42,48].

Among different adsorption sites, the fcc site has the lowest
AG with a value around —0.1 ~ —0.3 eV. Adsorptions on the
hep site have AG of value about —0.4 ~ —0.7 eV, and the top
site behaves the worst in catalysis with AG of nearly 1 eV.
This indicates that the H atoms are more prone to fcc-site
adsorption while being easier to detach simultaneously, which
leads to better-performance catalytic behavior. Note that for
the fcc and hcep sites, Pt3Sn and Pd;Sn have lower AG than
that of Ni3B. However, on the top site, the AG of Ni3Si is
surprisingly the lowest. This could be attributed to the absence
of outer d orbitals in the case of top adsorption, as supported
by our results that p orbitals could be better for active sites
with only one bond. Still, AG of the top site is at least two
to four times larger than those of the fcc and hep sites, which
makes it less relevant in the catalytic process. The feature that
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TABLE IV. Adsorption energy (E,q4), Gibbs free energy (AG), bond length, and stretching frequency (v) of H adsorption on both fcc and
hep sites of 10-layer (111) A3B substrate in the absence of the spin-orbit coupling at room temperature. Unit of the bond length is A, and that

of the stretching frequency is meV.

Substrate fcc+hep (eV) fcc v hep v

A3B Egs AG H-A H-B I L H-A H-B I L
Pt;Sn —0.349 —0.101 1.85 3.41 102 126 1.89 3.45 70 140
Pd;Sn —0.521 —0.211 1.78 3.33 142 110 1.85 3.41 105 131
NizSn —0.756 —0.428 1.68 3.10 144 113 1.73 3.14 118 131
Ni;Ge —0.745 —0.400 1.67 3.04 142 134 1.72 3.09 120 147
Ni;Si —0.742 —0.396 1.67 3.02 140 141 1.71 3.09 117 154

distinguishes the fcc and hep sites from the top site can be
seen in Fig. 2(h). The TSS protected by the nontrivial Zak
phase have coverage mostly around the fcc and on the hep
site, suggesting a possible tendency of adsorption sites with
TSS having superior catalytic efficiency.

In addition, the effect of the H coverage on the catalytic
behavior is small in the case of Pt3Sn. In Table S1 [47], we
show that the AG is affected by an order of 0.01 eV when
the supercell is extended to 2 x 1, which represents the case
of a 0.5-ML H coverage. The minor effect of H-H interaction
could be due to the distance between H since the diatomic
(111) surface leads to less stable active sites. For example, in
A3B, H would migrate from a fcc site of A,B to A; [Fig. 1(b)].
Further discussions are in Note 1 in the SM [47].

Interestingly, in the case of a higher coverage 2 ML, where
selectivity comes into play, the AG shows significant changes.
From Table III, we notice that the E,45 of hcp adsorption is
lower than fcc adsorption, indicating a stronger H-A bonding
strength at the hcp site [5]. This means that the H reconstruc-
tion at the hcp site could be slower than the fcc-site HER
reaction, implying that the AG of the fcc adsorption is worth
evaluating in the presence of a preexisting hcp-adsorption
(hcp preadsorption). Here, both H atoms and the first four
layers are fully relaxed with the same parameters as those in
Sec. II. The final results are shown in Table IV. We see that
for A3B, the AG of the preadsorption case is in the middle of
fcc and hep adsorption, with energy differences on the order
of 0.1 eV. This means that the reaction energy of the fcc ad-
sorption rises under the hcp preadsorption. However, between
the hcp adsorption and the double adsorption case, the latter
is the catalytically active species [5]. Reversely, when the fcc
adsorption happens already, it is harder to go to the double
adsorption. In conclusion, we show that the interplay between
the fcc site and hcp site plays a significant role in HER. Also,
pure fcc adsorption is the most catalytically active reaction,
and a reaction coordinate transition from the hcp adsorption
to double adsorption is viable.

Finally, we also perform the Bader charge analysis [49] to
investigate the charge-transfer behavior, and the results are
organized in Table III. Each column beside AG shows the
number of electrons that belong to the top-layer atoms. The
charge difference before and after the adsorption is given
in the next row. First, we notice that the H atom tends to
receive electrons from A3 B during the adsorption. Second, the
H atom that receives fewer electrons shows a propensity for
a lower AG. For example, the H atom for Pt3Sn and Pd;Sn
fcc adsorption, with the lowest AG, receives only 0.059 e~

and 0.099 e~, respectively. On the other hand, the H atom
of Ni3B fcc adsorption receives ~0.25 e~. In general, the H
atom on the fcc site would receive fewer electrons among the
same material than that on the top site. Moreover, among the
same adsorption sites, the H atom on the Pt3Sn and Pd;Sn
would also receive fewer electrons than the Ni3B. From the
observations above, we may propose that the conditions of
high catalytic performance for the A3B family are that the
H atom interacts with the TSS significantly and receives a
small number of electrons from the substrate. We would fur-
ther incorporate the impact of electronegativity, bonding type,
and the TSS in the following subsections based on such an
argument.

C. Role of electronegativity and bonding type

The number of electrons transferred during the chemical
reaction can be estimated by electronegativity and further
classified into different bonding types such as covalent or
ionic bonding. From the viewpoint of electronegativity, we
notice that for A3 B fcc and hep adsorptions, the closer the elec-
tronegativity for A is to that of H atom (Pt =2.28, Pd = 2.2, Ni
= 1.91, H = 2.2 [44]), the less electrons are donated and the
smaller the AG gets, which indicates the better the catalytic
behavior is. The underlying mechanism is the shifting of the
d-band center as interpreted by the ratio of electronegativity
between A and H [4,50,51].

A covalent bond is formed if the Bader charge of H re-
mains as 1 e~ after the adsorption. Table III shows that, after
adsorption, the electrons received by the H atom range from
1.05 e~ to 1.5 7, indicating an intermediate bonding between
the covalent and ionic. The Sabatier principle [4,52] claims
that during an electrocatalytic process, the bonding should
neither be too strong nor too weak to avoid difficulty for
the reactant to either attach to or detach from the catalysts.
Therefore, to understand the bonding character [53,54], we
calculate the electron localized function (ELF) for the two
cases with the least [Fig. 3(a), Pt3Sn fcc adsorption, 1.059 e™]
and most [Fig. 3(b), Ni3Si top adsorption, 1.510 ¢~] electrons
that the H atom obtains. In Fig. 3(a), the ELF appears in the
vicinity of the Pt, Sn, and H atoms, suggesting the bonding
nature is more of the covalent type. On the other hand, in
Fig. 3(b), the electrons are more accumulated around the Si
and H atom itself with a hole along the bonding direction.
This suggests the bonding nature is more of ionic bonding.

We have shown that the A3B family forms an intermedi-
ate between covalent and ionic bonding after the adsorption
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FIG. 3. Electron localized functions for (a) Pt3Sn (111) fcc ad-
sorption and (b) Ni3Si (111) top adsorption.

with the degree determined by the electronegativity. While it
seems like the more covalent the bonding is, the better the
catalytic behavior is for the fcc and hep sites, the connection
to the Sabatier principle is not clear. Therefore, we attempt
to elucidate such connections from the band theory point of
view. If an atom is weakly attached to a substrate, the overall
band structures can be simply viewed as a linear combination
of both individual bands.

In Fig. 4(a), the projected band structures of the H atom of
the Pt3Sn (111) fcc adsorption are depicted. First, we notice
that the H state is highly localized at an energy level of
~— 8 eV. Such high localization indicates a weak interaction

between Pt3Sn and the H atom. Also, the bonded H state
deeply buried in the spectrum indicates a low d-band center,
implying the weakening of adsorption energy by the filling of
the anti-bonding state [55]. Second, we further demonstrate
the intermediate bonding formation by calculating the band
structure of the Pt3Sn slab with an isolated H, molecule, and
the results are in Fig. 4(b). The brown line at ~— 5 eV denotes
the energy level of the H, molecule, which is equivalent to a
fully covalent bonding situation. If the energy level of H in
the case of Pt;Sn+H is lower than the case of Pt;Sn+H,, the
bonding of Pt3Sn+H would be closer to covalent bonding. In-
deed, the highlighted states in Figs. 4(a) and 4(b) show a large
energy drop, suggesting that the bonding type of Pt3Sn+H
is closer to a covalent pattern. Figure 4(c) is a schematic of
the covalent bonding of the H, molecule and the intermediate
bonding between Pt3Sn and the H atom. The energy-level
difference between Pt3;Sn and H also explains the difference
in the weighting of H between the bonding and antibonding
state, which is why we observe a strong bonding state of H in
Fig. 4(a) in ~— 8 eV but a less clear antibonding state in the
higher-energy spectrum in ~0.6 eV.

Furthermore, we illustrate the connection between the
localization of the H bands and the catalytic behavior by inves-
tigating the DOS. Figure 4(d) shows the DOS of the H atom in
the cases of Pt3Sn (111) fcc, hep, and top adsorptions. From
the top panel of Fig. 4(d), we notice the black peak at ~— 8 eV
for the fcc adsorption, which is the dark band in Fig. 4(a).
Interestingly, unlike fcc adsorption, where no other peaks are
shown across the energy spectrum, we see a second prominent
peak around —6 eV for hcp adsorption and apparent dispersive
bands across the energy spectrum for top adsorption. From the
lower panel of Fig. 4(d), the cumulative sum of the DOS is

(a) , Pt,Sn + H, 4 (b)  Pt:;Sn+H, (c) Hads-Pt3Sn*
H 0.05 Jm—
| H-H*
| — ; . Pt3Sn
H' “WHwu
= — : 0.04 " ’_ —'\‘ /,
5 VT L
) H -
% w(d) 7 Hads ',’t%s{“,
o i - P,Sn+H [—FCC| | |
55 - 5 > 1.5¢ = HCP| | |
B |
= i i s
A i = —u—1llon & 1 ‘ -
5 Hads % 2 i
IA \\ R 0.5¢ l | E ‘ ]
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FIG. 4. Bonding between Pt;Sn (111) and H atom. (a) Band structure of 10-layer Pt;Sn (111) fcc adsorption highlighted with states
projected onto the H atom. (b) Band structure of 10-layer Pt3Sn (111) with a H, molecule sufficiently away from the substrate. The energy
level of the H, molecule is highlighted in brown. (c) Schematic of covalent bonding and an intermediate between the covalent and ionic
bonding. (d) Density of states of the H atom for 10-layer Pt;Sn (111) fcc, hep, and top adsorptions. The cumulative sum of the density of states

is shown in the lower panel.
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FIG. 5. Surface electronic structures of Pt;Sn (111) with H adsorption onto the (a) fcc site, (b) hep site, and (c) top site.

presented. The sharp slope of the black curve indicates the
highly localized H bands, while the green curve represents
the highly hybridized H bands. Figure S7 [47] shows results
for other A3;B, and the slope feature is identical to that of
Pt3Sn. From Table III, the AG of the fcc adsorption is the
lowest, with the top adsorption being the highest. Therefore,
the Sabatier principle is interpreted in the band theory view
of point by arguing that the highly localized bands indicate a
merely interacting H atom and the slab. This would then lead
to better catalytic behavior, as shown from the AG calculation.

D. Role of topological surface states

Now we would like to turn our attention back to the role of
TSS in the A3B system. From Table III and Fig. 2(h), we have
shown more TSS coverage at the fcc and hcp sites than at the
top site and, accordingly, the AG of the top site is the largest.
In Fig. 5, we calculate the slab band structure of the 10-layer
Pt3Sn (111) fec, hep, and top adsorptions. The highlighted
states are the TSS, and thus by comparing Figs. 2(f) and 5 we
can understand the difference between TSS before and after
the adsorption. Also, results of other A3B are in Figs. S8— S11
[47].

Interestingly, the TSS shift upward from ~— 0.2 eV to an
energy level above the Fermi energy and disperses across 0
to 0.6 and 0.8 eV for the fcc and hep adsorption, respectively
[Figs. 5(a) and 5(b)]. The upshift of TSS implies the donation
of electrons from the Pt;Sn substrate to the H atom and, more
importantly, the electrons are mainly donated from the TSS.
This implication coincides with our Bader charge calculation.
For example, from Table III, in the case of Pd;Sn fcc adsorp-
tion, H receives a total amount of 0.099 electrons, which is
roughly coming from the top-layer Pd atoms (—0.129 e7).
Even in cases with larger AG, for example, NizSn hcp ad-
sorption, H receives 0.270 electrons, which can be covered
by the top-layer Ni atoms (—0.222 e™~). However, we notice
less significant upshifts of the TSS from Fig. 5(c) for the
top adsorption. Although the states around —0.2 eV are more
localized than before the adsorption, the TSS are less affected
than in fcc or hep adsorption. From the Bader charge analysis
(Table III), the number of electrons that H receives during the
Pt3Sn top adsorption is 0.276, which does not fully originate
from the top surface (—0.127 e~ in total). This trend appears
across all top adsorption of the considered A3B. Importantly,
this indicates that H interacts with the bulk bands on the

sites that underperform the catalytic process. The interaction
between the H atom and the bulk bands on the top site also
explains the more dispersive and, therefore, more hybridized
H DOS in Fig. 4(d).

To have a better understanding, we also plot the TSS after
the fcc adsorption of Pt3Sn and Pd;Sn, and the results are
shown in Figs. S12 and S13 [47]. Note that Fig. S12(a) is
the same as Fig. 4(a). Also from Fig. S13(a) [47], we see
the localization of the H bands in the deep energy region
of Pd;Sn after the fcc adsorption. Notably, H states and the
TSS are also in the upshifted TSS shown in Figs. 5(a) and
S8(a), circled on the top of Figs. S12 and S13(a) [47]. Starting
from Figs. S12(b) and S12(c) and S13(b) and S13(c) [47], we
observe the antibonding formation between H and the TSS.
At this particular M point, H is mainly interacting with the
Pt and Pd atoms indicated in the red arrow in Figs. S12(b)
and S12(c) and S13(b) and S13(c) [47]. Note that M point
would not contain all the symmetry of the material, thus,
by Cj rotational symmetry of AsB along [111], we would
expect such antibonding to appear in-between H and all the
surrounding Pt and Pd atoms.

Next, we investigate the bonding formation with H and the
TSS after the fcc adsorption. Importantly, now the bands are
highly localized, we could then extract the real wave function
from the I point [lower circle in Figs. S12(a) and S13(a) [47]].
The results are in Figs. S12(d) and S12(e) and S13(d) and
S13(e) [47]. We notice that the TSS form an obvious bonding
band with the H atom on the fcc site. The amount of the TSS
of this bonding in Figs. S12(d) and S13(d) have a similar
amount of charge density, as indicated by the similarity in
the blue isosurface area. This echoes with the similarity in
E.gs of Pt3Sn and Pd;Sn for the fcc adsorption in Table II1.
From Figs. S12(e) and S13(e) [47], the TSS after the fcc
adsorption is shown to be still highly localized on the surface.
The incoming H atom indeed interacts or exchanges electrons
only with the very top surface, making the activation energy
of the HER to be very low.

The role of the TSS on HER proposed in this study is
illustrated in Fig. 6. From Fig. 6(a), the role of TSS is demon-
strated via the case of the fcc and hcp adsorptions in the A3B
family. The w Zak phase in the A3B covers the whole (111)
projected BZ, which guarantees the emergence of the (111)
surface dipole. The resulting TSS cover primarily the fcc and
hcp sites [Fig. 2(h)]. When the H atom interacts with the TSS
[Figs. 5(a) and 5(b)], the resulting catalytic behavior is better
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FIG. 6. Schematic plot of interaction between H atom with (a) the topological surface states and (b) the bulk states of the A3 B family.

(Table III) due to the weakly hybridized H bands [Figs. 4(a)
and 4(d)] and, accordingly, a weak intermediate between the
covalent and ionic bonding is formed. On the other hand,
in the case of top adsorption, as illustrated in Fig. 6(b), the
catalytic behavior is significantly worsened when the H atom
interacts with the bulk bands in Fig. 5(c). The resulting H
bands disperse across the energy spectrum as presented in
Fig. 4, indicating a stronger hybridization between the sub-
strate and the H atom. This leads to stronger bonding, leading
to higher reaction energy needed for the HER. The proposed
mechanism suggests that flat H bands are an indicator of suit-
able catalysts while TSS are good weakly interacting sites. We
expect materials with topological polarization characterized
by the w Zak phase to be a fruitful platform for future catalysis
and surface science studies.

IV. CONCLUSIONS

To summarize, we have investigated the HER behavior and
its relation to the underlying electronic structure of topolog-
ical semimetals A3B (A= Ni, Pd, Pt; B= Si, Ge, Sn), based
on first-principles calculations. First of all, we find that the
spinless A3B family has a nontrivial 7 Zak phase across the
entire (111) projected BZ. The Zak phase originates from a
nodal ring around the M point at —1.5 eV, and the lack of
doubly degenerate points allows the m Zak phase to span
across the whole projected BZ. The TSS appear around ~—
0.2 eV in the slab band structure with real-space surface
charges covering partially the hcp site and the rim of the
fcc site. Excitingly, the AG calculation predicts AzB to be
exceptional catalysts for HER with a very small AG value of
—0.066 and —0.092 eV for Pt3Sn and Pd3Sn fcc adsorption,
respectively. This is roughly half the value of the ideal catalyst
Pt fcc adsorption (—0.143 eV). The rest, i.e., Ni3B, have AG
values around —0.2 ~ —0.36 eV, which is comparable with
related studies.

By Bader charge analysis, we show that A3 B donates elec-
trons during the H adsorption; accordingly, an intermediate
bonding between the covalent and ionic bonding forms. Inter-

estingly, sites and materials with fewer electrons transferred
to the H atom tend to obtain lower AG. The difference in
electronegativity explains such features and indicates that A3 B
follows the d-band theory for transition-metal-based catalysts.
We can also explain the observations by projected band struc-
tures. The DOS spectrum of cases with lower AG features
sharper H peaks, which indicate flat H bands, rather than dis-
persive bands across the energy spectrum. From a band-theory
perspective, we conclude that the localized H state indicates a
weak interaction with the substrate, which is a good indicator
according to the Sabatier principle.

Finally, we conclude that fcc and hcp sites outperform
the top site due to the existence of TSS and, consequently,
stronger topological polarization. We discover that H interacts
with TSS on the fcc and hcp sites, and weak covalent bonding
is formed, reflected by the flat H bands in the band structure.
The above is also supported by plotting the wave function of
TSS after the adsorption. On the contrary, the charge transfer
of the top site is happening between H and the bulk bands.
Once H interacts with the bulk bands, more hybridization
between H and A3zB would occur, resulting in larger AG.
This work first suggests that the A3B family are rare cases of
semimetals to acquire 7w Zak phase along the whole projected
BZ; second, it shows that Zak phase induced topological
polarization is a promising platform to study electrocatalysts;
third, it introduces a new viewpoint of the Sabatier principle;
and finally it unveils the mechanism of TSS toward HER in
the A3B.
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Substrate fee V) hep V) top V)

AsB Es AG Es AG Eais AG
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APPENDIX: EFFECT OF SPIN-ORBIT COUPLING

While the Zak phase is defined in the spinless system
[56], we would use the conventional Z, invariant in spinful
systems [57]. When considering the SOC, which is large in
Pt-based systems, the topological phase of A3B will shift from
a w Zak phase to a weak Dirac dispersion along the [111]
direction [Z, invariant (0,111)] [45] due to the gap opening
at I and R points [Fig. S6(a)]. In Fig. S6(b) [47], we see
the slab band structure of the constructed Wannier functions

with SOC. Compared to Fig. 2(e), surface bands have split
Kramers degeneracy at all k points except the time-reversal
invariant point M. Among the four split bands in Fig. S6(b),
due to their existing in a gap, SOC would not affect the
existence of surface bands around the Fermi level. The charge
compensation mentioned in Sec. III A would force the surface
band to appear and reside inside a gap and this argument does
not require the inclusion of spin.

Furthermore, DFT results are given in Fig. S6(c) [47] and,
similar to the spinless case [Fig. 2(d)], surface bands merge
into bulk bands and surface states are hidden around the Fermi
level. Interestingly, the band dispersion before and after the
Pt3Sn fcc adsorption is not highly affected by the SOC [com-
pare Fig. 2(f) to 5(a) and compare Fig. S6(c) to S6(d)]. This
indicates that the hidden surface states still interact with the H
atoms and thus the SOC plays a negligible role. The existence
of surface states guaranteed by the nontrivial m Zak phase
plays a significant role in the current scenario. Accordingly,
in Table V, we look into the effect of the SOC on the catalytic
behavior by calculating AG with SOC included.

First of all, we note that the calculated vibrational fre-
quency with or without the SOC is close. Therefore, the
changes in the resulting AG would mainly come from the
changes in E,gs. From Table V, generally, the AG becomes
smaller when SOC is considered. Based on the compounds,
the difference, due to the atomic number, is roughly 4.5%,
0.9%, 0.7%, 0.4%, 0.5%, and 15% for Pt3Sn, Pd3Sn, Ni3Sn,
Ni3Ge, Ni3Si, and Pt, respectively. In the previous paragraph,
we argued the interaction between surface states and the H
atom is insignificantly affected by the SOC. Here, from Ta-
ble V, we can see that the SOC effect on catalytic behavior is
roughly in the order of 10 meV, while the difference among
adsorption sites is in the order of 100 meV (Tables III and V).
Thus, we conclude that the proposal regarding the role of TSS
is still valid in the case of A3B when considering the SOC.
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