aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Efficient hydrogen evolution reaction due to topological
polarization
Ming-Chun Jiang, Guang-Yu Guo, Motoaki Hirayama, Tonghua Yu, Takuya Nomoto, and
Ryotaro Arita
Phys. Rev. B 106, 165120 — Published 21 October 2022
DOI: 10.1103/PhysRevB.106.165120


https://dx.doi.org/10.1103/PhysRevB.106.165120

Efficient hydrogen evolution reaction due to topological polarization

Ming-Chun Jiang™?* and Guang-Yu Guo'
! Department of Physics and Center for Theoretical Physics, National Taiwan University, Taipei 10617, Taiwan
2RIKEN Center for Emergent Matter Science, 2-1 Hirosawa, Wako 351-0198, Japan and
3 Physics Division, National Center for Theoretical Sciences, Taipei 10617, Taiwan

Motoaki Hirayama2*f
4Quantum Phase Electronics Center, University of Tokyo, Tokyo 113-8656, Japan

Tonghua Yu®, Takuya Nomoto®, and Ryotaro Arita?S
5 Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan and
8 Research Center for Advanced Science and Technology, University of Tokyo, 4-6-1 Meguro-ku, Tokyo, 153-8904, Japan
(Dated: October 3, 2022)

Materials carrying topological surface states (TSS) provide a fascinating platform for the hydrogen
evolution reaction (HER). Based on systematic first-principles calculations for AsB (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 A3B, 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 bond, 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 Pt3Sn and PdsSn are

just -0.066 and -0.092 eV, respectively, which are almost half of the value of Pt.

I. INTRODUCTION

Hydrogen evolution reaction (HER) (2H'+2e~ — Ha)
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 electrocat-
alytic process as a function of the change in the Gibbs
free energy AG), the efficiency takes its maximum at
AG ~ 0 [3-5]. While it has been shown that the elemen-
tal 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 mo-
bility 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 1T’-MoTey 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 per-

* ming-chun.jiang@riken.jp

 hirayama@ap.t.u-tokyo.ac.jp

spective, Fermi arcs manifested in Weyl semimetals are
characterized by the flow of the Berry curvature 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 non-
trivial 7 (mod 27) Zak phase signifies topological surface
polarization charge if the system is insulating [19]. In
contrast to the surface current originating from Fermi
arcs in Weyl semimetals, the m Zak phase results in sur-
face dipoles [18, 19].

A distinct advantage of topological materials charac-
terized by the m Zak phase is the large size of the rel-
evant 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 m Zak phase, which covers a large area in the pro-
jected BZ [20] and may provide significantly more TSS
that are available to assist HER. Indeed, it has been re-
cently shown that some nodal line semimetals such as the
TiSi family, PtSny, and VAl [21-23] are promising cata-
lysts. However, the effect of the w Zak phase on HER is
still elusive. One reason is that an interchange of 0 and w
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
7w Zak phase lies across the whole projected BZ have yet
to be reported, such materials would be an ideal plat-
form to elucidate the role of the topological polarization



in HER.

In this paper, we report a nontrivial = Zak phase over
the entire (111) projected BZ for a family of topological
semimetals A3 B (i.e., Pt3Sn, PdsSn, NizSn, NizGe, and
Ni;Si) [24-28], through systematic first-principles calcu-
lations. The HER electrocatalytic behavior and its rela-
tion to the underlying electronic structure are also inves-
tigated. Particularly we focus on the role of TSS, elec-
tronegativity, and bonding formation to unveil possible
factors for ideal HER electrocatalysts. It should be noted
that the HER of A3B has not been investigated except
for the photocatalytic activity of Pt3Sn (110) [29].

Intriguingly, the w Zak phase of A3B covers the whole
(111) projected BZ due to the absence of double band
degeneracy near the Fermi level. Also, this topologi-
cal 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 Pd3Sn 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 A3 B compounds in conjunction with the the-
oretical methods and computational details are given. In
Sec. III, we look into the electronic structures, includ-
ing the topology of the AsB family. Also, we show the
calculated adsorption energy (Faqs), Gibbs free energy
(AG), and Bader charge analysis to quantify the cat-
alytic behavior for HER. The possible factors affecting
the catalytic behavior are discussed by looking into the
role of electronegativity, bond formation, and TSS. Fi-
nally, conclusions are presented in Sec. IV.

II. STRUCTURES AND METHODS

This study focuses on the five available experimen-
tally synthesized A3 B compounds, namely A3;Sn [24-26],
NizGe [27], and Ni3Si [28]. All these compounds pre-
serve 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 considered systems. To in-
vestigate the surface catalytic behavior of the A3 B (111)
system, we construct a supercell upon the (111) basal
planes with cell vectors along [101], [110], and [111] crys-
tallographic directions, as shown in Fig. 1(a)(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 den-
sity functional theory (DFT) with the generalized gradi-
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FIG. 1. Crystal structure, adsorption sites, and Brillouin zone
of the A3B family. (a) The lattice structure of A3B in an or-
thorhombic supercell. The black vectors show the reduction
to a hexagonal supercell. The blue box indicates the primi-
tive 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 corresponds to the hcp- and fec-
adsorption site 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].

ent approximation (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 simula-
tion package (VASP) [35, 36]. A large plane wave cut-off
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, 4d'°5s25p? for Sn,
3d'%4524p? for Ge, and 35%3p? for Si. We study the non-
trivial 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 with-
out the iterative 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



TABLE I. Experimental lattice constants (a) of bulk AsB, as
well as the optimized bond length A-H and B-H for different
adsorption sites (fce, hep, and top site) on 10-layer (111) AsB
substrate. The unit is A.

substrate fce hcp top
AsB a A-H B-H A-H B-H A-H B-H
Pt3Sn 4.004* 1.83 3.32 1.89 339 373 1.75

PdsSn 3.971° 1.79 3.31 1.86 3.37 3.58 1.77
NizSn 3.738° 1.67 3.08 1.73 3.08 3.52 1.77
NizGe 3.571%  1.67 299 1.72 3.05 3.25 1.59
NizSi 3.500° 1.66 2.98 1.71 3.05 3.09 1.54

“Reference [24]; *Reference [25]; “Reference [26]; “Reference
[27]; “Reference [28]

TABLE II. Stretching frequency of hydrogen atom on differ-
ent adsorption sites (fcc, hep, and top site) of the 10-layer
(111) AsB 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 (Hz) are listed. For comparison, we also list
the results of hydrogen adsorbed Pt (111) systems and related
studies. Units are meV.

substrate fce hcp top
AsB // 1l ZPE // L ZPE // L1 ZPE
Pt3Sn 126 121 187 85 136 153 49 211 155
PdsSn 136 115 194 103 127 167 40 201 140
NizSn 144 119 204 119 128 183 36 202 137
Niz3Ge 144 133 211 122 146 195 43 222 155
NisSi 142 138 211 119 152 195 40 233 156

Pt 73 150 148 50 281 190
134° 182°

Isotropic ZPE

H» 515 258

“Reference [42] (DFT)

as a 1 monolayer (ML) coverage of H for the 1 x 1 super-
cell. [29] Adsorption occurs on one side of the slab, and
the top 4 metal layers are allowed to relax along with
the adsorbate in these calculations. The resulting sta-
ble adsorption sites of AgB (111) are shown in Fig. 1
(b), which are the B top site (top-adsorption), the As
tetrahedral site (hcp-adsorption), as well as the Az octa-
hedral site (fcc-adsorption). The optimized bond length
between the adsorbed H and the substrate on different
adsorption sites is listed in Table I.

The adsorption energy (FE,q4s) 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 = E(Eslab-ﬁ—H - Eslab - §EH2) (1)

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

AG = ABais + AEzpg — TAS 2)

where F,qs 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 Hs, respectively.
AFEypg is calculated by the difference in vibrational fre-
quency (w) of H and gas-phase Hy via Ezpg =), %hw
Results of stretching frequencies are at Table II. For the
entropy difference, due to the small entropy difference
between the two phases, we could approximate it by [5]

1
AS ~ —§Sg2, Sp, = 130.674 J/Kmol  (3)

where S?b is the standard entropy value of gaseous Hy at
300K [43]. Therefore, the TAS is roughly 0.2 eV.

III. RESULTS AND DISCUSSION
A. Electronic Structures of A3B

First of all, we look into the electronic structures of
A3B. As stated in the previous section, A3B crystal-
lizes in a centrosymmetric simple cubic structure with
the space group Pm3m (No. 221). Due to the similarity
in electron configurations, the same topological proper-
ties can be seen for all A3B materials. Also, the elec-
tronegativity 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 AsB. 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
Pt3Sn. The low DOS and few crossings at the Fermi level
suggest a semi-metallic 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
structures from DFT and Wannier functions are identi-
cal, both of which agree well with previous work in the
GGA [45]. Also, due to the PT 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 C3,-
symmetric line of Pt3Sn, a nondegenerate band crosses
a doubly degenerate band, forming two spinless triple
nodal points on I' and R. The same behavior of split-
ting arises along the Cjy,-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 m Berry phase mechanism and re-
lated to the Zak phase mechanism [18]. Interestingly,
in the present case, triple nodal points appear and do
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FIG. 2. Electronic structure of Pt3Sn 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 w 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 Pt3Sn 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.

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 gap 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 Pt3Sn, we ob-
serve doubly degenerate points along M-I, M-X, and
M-R line at -1.4 ~ -1.5 eV (circled in green in Fig. 2(a)).
In the BZ, this forms into two loops protected by mir-
ror symmetry of the (110) and (001) planes. As discussed
above, we would now expect the Zak phase property orig-
inating from the nodal ring around the M point in the
blue gap to span across the pink gap and, more impor-
tantly, the majority of the Fermi level. To confirm this
idea, using the constructed Wannier functions, we calcu-
late 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 polar-
ization 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.

|G|
o)) = —i> / a1 (1 ()| Vi, [un (K)) . (4)

where u, (k) is the periodic part of the bulk Bloch wave
function. The wave vector k is decomposed into the com-
ponent along the lattice vector G (i.e., k) ) and the one
perpendicular to G (i.e., k).

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 po-
larization 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., six on M. These 12 centers correspond
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 insu-
lators such as ScoC [20]. Therefore, the A3 B family or, in
general, the Pm3m space group [46] could be a promising
platform to study Zak phase physics in semimetals.



Essentially, the Zak phase represents the Wannier
charge center inside a bulk, and a 0 Zak phase indi-
cates 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 origin of the surface state, we
can illustrate the wave function of the bulk eigenstates
[20]. Fig. 2(d) shows the wave function of the highest
valence band at the M point, which is in the gap of in-
terest. We see the Pt 5d and Sn p-like orbitals extending
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 con-
servation, 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 7 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 point of the bulk band structure Fig. 2 (a), the sur-
face band at their projection, the I' 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.

With the confirmation of the topological nature of
Pt3Sn, 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 (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 func-
tions. Nonetheless, such TSS still exist in the vicinity of
the Fermi level and would contribute to the surface re-
action (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 invari-
ant point M of 10-layer Pt3Sn (111) at Figs. 2(g) and
(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 T'SS cover the hcp
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 AsB com-
pounds are in Fig. S2-S5 of the SM. The difference in the
electronic structure is due to the difference in electroneg-
ativity, especially as site A changes. Nevertheless, the m
Zak phase on the (111) projected BZ is seen among all
A3B. The resulting TSS are also in the vicinity of the

Fermi level (Fig. S2-S5(e)). It is also essential to point
out that the inclusion of SOC would cause a topologi-
cal phase transition for A3B to go from a 7 Zak phase
semimetal into a weak Dirac dispersion along [111] direc-
tion [45]. Bulk and surface electronic structures in the
spinful case are provided in Fig. S6 of the SM. 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
adsorption sites will be further clarified in Sec. III C and
D, respectively.

B. Catalytic behavior of A3B

To investigate the catalytic behavior of A3 B, we calcu-
late the F,qs as well as the AG of H residing at the fcc,
hep, and top site in the absence of SOC. Results are or-
ganized in Table ITI. First of all, intriguingly, the AG of
Pt3Sn and PdsSn (111) fec-adsorption is of value —0.066
eV and —0.092 eV, respectively. With AG roughly half
the value of Pt (—0.143 eV), Pt3Sn and Pd3Sn are thus
prominent HER catalysts with exceptional low AG and
less or even zero composition of Pt. Secondly, NigB (111)
have AG of value around —0.25 eV on the fcc site, larger
than that of Pt3Sn and Pd3Sn, indicating a worse cat-
alytic behavior. Nevertheless, they are comparable with
related theoretical calculations in GGA such as nodal line
semimetals PtSny (—0.28 eV) [22], VAl3 (0.25 eV) [23], or
Weyl semimetal TaP (—0.40 eV) [15]. By results of AG,
we predict the considered A3B family (Pt3Sn, PdsSn,
NizSn, NizGe, NigSi) could be promising catalysts for
HER with much less Pt consumption. The calculated re-
sults (Table IIT) 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. Ad-
sorptions on the hep site have AG of value about —0.4
~ —0.7 eV, and the top site behaves the worst in catal-
ysis 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 hcp sites, Pt3Sn and Pd3Sn have lower AG than
that of NigB. However, on the top site, the AG of NizSi
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 bet-
ter for active sites with only one bond. Still, AG of the
top site is at least 2 to 4 times larger than those of the
fce and hep sites, which makes it less relevant in the cat-
alytic process. The feature that 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 hcp site, suggesting
a possible tendency of adsorption sites with T'SS having



TABLE III. The adsorption energy (Fads), Gibbs free energy (AG), and Bader charge analysis of H on different adsorption
sites (fcc, hep, and top site) of the 10-layer (111) AsB 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  (eV) (e7) | hep (eV) (e7) | top (eV) (e7)

AsB Eaas  AG H A B | Euas AG H A B | Euas AG H A B
PtsSn |-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° 40.059 -0.048 -0.026 +0.067 -0.051 -0.035 +0.276 -0.012 -0.091
PdsSn |-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
NizSn |-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 +4-0.007 -0.209
NizGe |-0.544 -0.262| 1.225 9.991 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 40.262 -0.076 -0.060 4+0.282 0.005 -0.210
NigSi |-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 40.016 -0.422

Pt -0.362 -0.143 -0.391 -0.130
-0.39" -0.42°

“Reference [48] (DFT) ; *Reference [42] (DFT)

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, 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 A3 B, H would migrate from a fcc site of
AsB to As (Fig. 1(b)). Further discussions are in Note
1 in the SM.

Interestingly, in the case of a higher coverage 2 ML,
where selectivity comes into play, the AG shows signif-
icant changes. From Table III, we notice that the F,q4s
of hep-adsorption is lower than fcc-adsorption, indicat-
ing a stronger H-A bonding strength at the hep site [5].

FIG. 3. Electron localized functions for (a) PtzSn (111) fce-
adsorption and (b) NisSi (111) top-adsorption.

This means that the H reconstruction at the hcp-site
could be slower than the fcc-site HER reaction, imply-
ing that the AG of the fcc-adsorption is worth evaluat-
ing in the presence of a pre-existing hep-adsorption(hep-
preadsorption). Here, both H atoms and the first four
layers are fully relaxed with the same parameters as
that in Sec. II. The final results are shown in Table
IV. We see that for A3B, the AG of the pre-adsorption
case is in the middle of fcc- and hep-adsorption, with
energy differences in the order of 0.1 eV. This means
that the reaction energy of the fcc-adsorption rises un-
der the hep-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 in-
terplay between the fcc-site and hep-site plays a signifi-
cant 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 re-
sults 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 af-
ter the adsorption is given in the next row. Firstly, we
notice that the H atom tends to receive electrons from
As3B during the adsorption. Secondly, the H atom that
receives fewer electrons shows a propensity for a lower
AG. For example, the H atom for Pt3Sn and Pd3Sn fec-
adsorption, with the lowest AG, receives only 0.059 e~
and 0.099 e~ respectively. On the other hand, the H
atom of NizB fcc-adsorption receives ~ 0.25 e~. In gen-
eral, the H atom on the fcc site would receive fewer elec-
trons among the same material than that on the top site.
Moreover, among the same adsorption sites, the H atom



TABLE IV. Adsorption energy (Eads), Gibbs free energy (AG), bond length, and stretching frequency (v) of H adsorption on
both fce and hep sites of 10-layer (111) AsB 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 fee+hep (eV) fee v hep v
AsB Bads AG H-A H-B // 1 H-A H-B // 1
Pt3Sn -0.349 -0.101 1.85 3.41 102 126 1.89 3.45 70 140
PdsSn -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
NizGe -0.745 -0.400 1.67 3.04 142 134 1.72 3.09 120 147
NisSi -0.742 -0.396 1.67 3.02 140 141 1.71 3.09 117 154
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FIG. 4. Bonding between Pt3Sn (111) and H atom. (a) Band structure of 10-layer Pt3Sn (111) fcc-adsorption highlighted

with states projected onto the H atom.

(b) Band structure of 10-layer Pt3Sn (111) with a Hz molecule sufficiently away

from the substrate. The energy level of the Ha molecule is highlighted in brown. (¢) Schematic of covalent bonding and an
intermediate between the covalent and ionic bonding. (d) Density of states of the H atom for 10-layer PtsSn (111) fcc-, hep-,
and top-adsorption. The cumulative sum of the density of states is shown in the lower panel.

on the Pt3Sn and PdsSn would also receive fewer elec-
trons than the NigB. From the observations above, we
may propose that the conditions of high catalytic perfor-
mance for the A3 B family are that the H atom interacts
with the TSS significantly and receives a small number of
electrons from the substrate. We would further incorpo-
rate 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 chem-
ical reaction can be estimated by electronegativity and
further classified into different bonding types such as
covalent or ionic bonding. From the viewpoint of elec-
tronegativity, we notice that for A3B fcc- and hcp-

adsorption, the closer the electronegativity 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 behav-
ior is. The underlying mechanism is the shifting of the
d-band center as interpreted by the ratio of electronega-
tivity 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 e7, 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 un-
derstand the bonding character [53, 54], we calculate the
electron localized function (ELF) for the two cases with



the least [Fig. 3(a), Pt3Sn fce-adsorption, 1.059 e~ ] and
most [Fig. 3(b), NizSi top-adsorption, 1.510 e~] 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 accumu-
lated 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 inter-
mediate between covalent and ionic bonding after the ad-
sorption with the degree determined by the electronega-
tivity. While it seems like the more covalent the bonding
is, the better the catalytic behavior is for the fcc- and
hcp-site, the connection to the Sabatier principle is not
clear. Therefore, we attempt to elucidate such connec-
tions from the band theory point of view. If an atom is
weakly attached to a substrate, the overall band struc-
tures 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 indi-
cates 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]. Secondly, we further demonstrate the intermediate
bonding formation by calculating the band structure of
the Pt3Sn slab with an isolated Hy molecule, and the re-
sults are in Fig. 4(b). The brown line at ~ —5 eV denotes
the energy level of the Hy molecule, which is equivalent
to a fully covalent bonding situation. If the energy level
of H in the case of Pt3Sn+H is lower than the case of
Pt3Sn+H,, the bonding of Pt3Sn+H would be closer to
covalent bonding. Indeed, the highlighted states in Fig-
ures 4(a) and (b) show a large energy drop, suggesting
that the bonding type of Pt3Sn+H is closer to a cova-
lent pattern. Figure 4(c) is a schematic of the covalent
bonding of the Ho molecule and the intermediate bonding
between Pt3Sn and the H atom. The energy level differ-
ence between Pt3Sn and H also explains the difference in
the weighting of H between the bonding and anti-bonding
state, which is why we observe a strong bonding state of
H in Fig. 4(a) in ~ —8 eV but a less clear anti-bonding
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
investigating the DOS. Figure 4(d) shows the DOS of the
H atom in the cases of Pt3Sn (111) fcc-, hep-, and top-
adsorption. 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 hep-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 presented. The sharp slope of the black curve indicates
the highly localized H bands, while the green curve rep-
resents the highly hybridized H bands. Figures S7 are
results for other A3B, and the slope feature is identical
to that of PtsSn. From Table III, the AG of the fcc-
adsorption is the lowest, with the top-adsorption being
the highest. Therefore, the Sabatier principle is inter-
preted 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 T'SS in the A3B system. From Table III and Fig.
2(h), we have shown more TSS coverage at the fcc and
hep 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 PtsSn (111) fcc-,
hep-, and top-adsorption. The highlighted states are the
TSS, and thus by comparing Fig. 2(f) and Fig. 5 we can
understand the difference between TSS before and after
the adsorption. Also, results of other AsB are in Figs.
S8-S11.

Interestingly, the TSS shift upward from ~ —0.2 eV to
an energy level above the Fermi energy and disperses
across 0 to 0.6 eV and 0.8 eV for the fcc- and hcep-
adsorption, respectively [Figs. 5(a) and (b)]. The up-
shift of TSS implies the donation of electrons from the
Pt3Sn substrate to the H atom, and more importantly,
the electrons are mainly donated from the T'SS. This im-
plication coincides with our Bader charge calculation.
For example, from Table III, in the case of Pd3Sn fcc-
adsorption, H receives a total amount of 0.099 electrons,
which is roughly coming from the top layer Pd atoms
(—0.129 ¢7). Even in cases with larger AG, for example,
Ni3Sn hcp-adsorption, H receives 0.270 electrons, which
can be covered by the top layer Ni atoms (—0.222 e™).
However, we notice less significant up-shifts 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 orig-
inate from the top surface (—0.127 e~ in total). This
trend appears across all top-adsorption of the considered
AsB. Importantly, this indicates that H interacts with
the bulk bands on the sites that underperform the cat-
alytic 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 Pd3Sn, and the re-
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FIG. 5. Surface electronic structures of Pt3Sn (111) with H adsorption onto the (a) fcc site, (b) hep site, and (c) top site.

FIG. 6. Schematic plot of interaction between H atom with (a) the topological surface states and (b) the bulk states of the

A3z B family.

sults are shown in Fig. S12, S13. Note that Fig. S12(a)
is the same as Fig. 4(a). Also from Fig. S13(a), we see
the localization of the H bands in the deep energy region
of PdsSn after the fcc-adsorption. Notably, H states and
the TSS are also in the up-shifted TSS shown in Fig. 5(a)
and S8(a), circled on the top of Fig. S12, S13(a). Start-
ing from Fig. S12, S13(b)(c), we observe the antibonding
formation between H and the TSS. At this particular M
point, H is mainly interacting with the Pt atom indi-
cated in the red arrow in Fig. S12, S13(b)(c). Note that
M point would not contain all the symmetry of the mate-
rial, thus by Cj rotational symmetry of A;B along [111],
we would expect such antibonding to appear in between
H and all the surrounding Pt 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 T’ point (lower circle in Fig. S12,
S13(a)). The results are in Fig. S12, S13(d)(e). We
notice that the T'SS form an obvious bonding band with
the H atom on the fcc site. The amount of the TSS of this
bonding in Fig. S12 and S13(d) has a similar amount of

charge density, as indicated by the similarity in the blue
isosurface area. This echoes with the similarity in F,qs
of Pt3Sn and PdsSn for the fcc-adsorption in Table ITI.
From Fig. S12, S13(e), 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 demonstrated via the case of the fcc- and hep-
adsorption in the A3B family. The 7 Zak phase in the
AsB covers the whole (111) projected BZ, which guar-
antees the emergence of the (111) surface dipole. The
resulting TSS cover primarily the fce- and hep-site (Fig.
2(h)). When the H atom interacts with the TSS (Fig.
5(a)(b)), the resulting catalytic behavior is better (Table
IIT) due to the weakly hybridized H bands [Fig. 4(a)(d)]
and accordingly, a weak intermediate between the cova-
lent 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 5(c). The resulting H
bands disperse across the energy spectrum as presented
in Fig. 4, indicating a stronger hybridization between
the substrate 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 suitable 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
topological semimetals A3 B (A= Ni, Pd, Pt; B= Si, Ge,
Sn), based on first-principles calculations. First of all,
we find that the spinless A3 B family has a nontrivial m
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 al-
lows 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 par-
tially the hcp site and the rim of the fcc site. Excitingly,
the AG calculation predicts A3B to be exceptional cat-
alysts for HER with a very small AG value of —0.066
eV and —0.092 eV for Pt3Sn and Pds;Sn fcc-adsorption,
respectively. This is roughly half the value of the ideal
catalyst Pt fec-adsorption (—0.143 eV). The rest, i.e.,
Ni3 B, has AG values around —0.2 ~ —0.36 ¢V, which is
comparable with related studies.

By Bader charge analysis, we show that A3 B donates
electrons during the H-adsorption; accordingly, an inter-
mediate bonding between the covalent and ionic bonding
forms. Interestingly, sites and materials with fewer elec-
trons 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 the-
ory for transition metal-based catalysts. We can also ex-
plain the observations by projected band structures. The
DOS spectrum of cases with lower AG features sharper
H peaks, which indicate flat H bands, than dispersive
bands across the energy spectrum. From a band theory
perspective, we conclude that the localized H state indi-
cates a weak interaction with the substrate, which is a
good indicator according to the Sabatier principle.

Finally, we conclude that fcc and hep sites outperform
the top site due to the existence of TSS and, conse-
quently, stronger topological polarization. We discover
that H interacts with TSS on the fcc and hep 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 adsorp-
tion. On the contrary, the charge transfer of the top site
is happening between H and the bulk bands. Once H in-
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teracts with the bulk bands, more hybridization between
H and A3B would occur, resulting in larger AG. This
work firstly suggests that the A3B family are rare cases
of semimetals to acquire w Zak phase along the whole
projected BZ; secondly, shows that Zak phase induced
topological polarization is a promising platform to study
electrocatalysts; thirdly, introduces a new viewpoint of
the Sabatier principle; and finally unveils the mechanism
of TSS toward HER in the A3B.

APPENDIX: EFFECT OF SPIN-ORBIT
COUPLING

TABLE V. The adsorption energy (Fadas), Gibbs free energy
difference (AG) with spin-orbit coupling at room temperature
of H on different adsorption sites (fcc, hep, and top site) of
the 10-layer A3B (111) substrate. 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 (eV) hep (eV) top (eV)

AsB E.is AG | FEaas AG | Eas AG
Pt3Sn -0.322 -0.064| -0.572 -0.348| 0.798 1.024
Pd3Sn | -0.355 -0.090| -0.667 -0.429| 0.993 1.205
NizSn -0.633 -0.358| -0.909 -0.655| 0.929 1.137
NizGe | -0.542 -0.260| -0.972 -0.706| 0.826 1.052
NizSi -0.494 -0.212| -0.987 -0.720| 0.630 0.857
Pt -0.335 -0.116 -0.375 -0.115

While the Zak phase is defined in the spinless system
[56], we would use the conventional Z5 invariant in spin-
ful systems [57]. When considering the SOC, which is
large in Pt-based systems, the topological phase of A3B
will shift from a 7 Zak phase to a weak Dirac disper-
sion along the [111] direction (Z5 invariant (0,111)) [45]
due to the gap opening at I' and R point (Fig. S6(a)).
In Fig. S6(b), 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 com-
pensation mentioned in Sec.IIT 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) 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 (compare Fig. 2(f) to 5(a) and com-
pare Fig. S6 (c) to (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 cat-
alytic 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 F,qs. 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, NizgSn, NizGe, Ni3zSi, and Pt. In the pre-
vious paragraph, we argued the interaction between sur-
face states and the H atom is insignificantly affected by
the SOC. Here, from Table 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 (Table III, 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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