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Topological catalysis has attracted significant interest in both topological and catalytic research fields,
but the underlying mechanism remains poorly understood, and the influence of topological surface states
(TSSs) on catalytic activity has yet to be determined. Herein, we employ Bi,Ses, a prototypical topologi-
cal material, to investigate the relationship between TSSs and catalytic activity. We analyze the adsorption
energies of key species (e.g., H, O, and N) in heterogeneous catalysis on the Bi,Ses;(111) surface by
considering both the presence and absence of TSSs. Our findings reveal that TSSs have no significant
impact on adsorption energy, while spin-orbit coupling (SOC) significantly affects it. Given that topologi-
cal insulators and catalytic materials containing heavy elements generally exhibit strong SOC, it is crucial

to consider the role of SOC in catalytic reactions.
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I. INTRODUCTION

Topological catalysis has recently emerged as a com-
pelling interdisciplinary research area, attracting attention
from the fields of condensed-matter physics, materials
science, and catalytic chemistry [1-21]. Although the indi-
vidual fields of topology and catalysis are well established
[22—29], their intersection remains in its infancy, with
many fundamental aspects yet to be elucidated [30-32].
The concept of employing topological materials as cata-
lysts primarily stems from the presence of robust topologi-
cal surface states (TSSs) [33—35], which are thought to act
as an electron bath to facilitate electron transfer between
reactants and catalysts. However, the underlying mecha-
nisms governing the performance of topological materials
in heterogeneous catalysis are still unclear, with insuffi-
cient evidence to confirm whether their catalytic activities
originate from TSSs, trivial surface states or other material
properties.

Current investigations into topological catalysis often
involve comparing the catalytic performance of a topo-
logical material with that of related conventional mate-
rials, aiming to emphasize the potential role of TSSs
[2—4,34,36]. For example, the catalytic performances of
NbP and Pt-TiO, for hydrogen evolution reaction (HER)
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[34], MoS,/Bi,;Te;/SrTiO; and MoS,/SrTiO; for HER
[10], Co3Sn,S; and CoN or NiCo for oxygen evolution
reaction (OER) [5], Bi nanosheets and Bi(110) surfaces for
CO; reduction reaction (CO,RR) [3], and PdTe, and Pd
for ethanol oxidation reaction (EOR) [9] have been com-
pared. However, it is challenging to determine whether
the superior performance originates from TSSs of topo-
logical materials, due to the considerable variability of
catalytic activity across different materials and surfaces
[37]. Density-functional theory (DFT) is often utilized to
study the influence of TSSs on catalytic activities, with
some calculations suggesting that the adsorption energy
of intermediates in catalytic processes may be affected by
TSSs [18]. Nonetheless, this effect could also result from
spin-orbit coupling (SOC), which is inherently introduced
during calculations. Therefore, it is crucial to investigate
the relationship between TSSs and the catalytic activity of
topological materials while excluding other confounding
factors.

BiySe; is a key topological material with TSSs that
depend on the number of layers [14,38], making it an ideal
candidate for studying the relationship between catalytic
activity and TSSs. By evaluating the same active site on
the same surface, the influence of other factors can be
minimized. In assessing catalytic activity, Sabatier’s prin-
ciple is widely accepted and employed [39-41], stating
that the adsorption energy of intermediates on the catalyst
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surface is the key determinant of catalytic efficiency. Con-
sequently, examining the effect of TSSs on adsorption
energy on the BiySe; surface is a viable approach to
understanding topological catalysis.

In this work, we employ Bi,Se; as a model topolog-
ical material to investigate the relationship between cat-
alytic activity and TSSs through DFT calculations. We
examine the adsorption energy of H, O, and N atoms on
the BiySe;(111) surface with varying layer numbers, as
these are critical intermediates for HER, OER, and nitro-
gen reduction reaction (NRR), respectively. Notably, our
results show that the adsorption energy of these key species
is independent of the thickness of Bi,Se;(111), suggesting
that TSSs do not affect adsorption energy. We also discover
that SOC significantly impacts adsorption energy with a
parabolic relationship observed between oxygen adsorp-
tion energy and SOC strength. To illustrate the generality
of our conclusions, we further investigate the deposition
of metal atoms and monolayers, and consider other topo-
logical materials (e.g., BiyTes). Our results reveal that
TSSs have a negligible influence on the catalytic activ-
ity, while SOC should be systematically investigated in
heterogeneous catalysis.

II. METHODS

We performed first-principles calculations using the pro-
jected augmented-wave method [42], as implemented in
the Vienna ab initio simulation package [43,44]. The
Perdew-Burke-Ernzerhof [45] functional with the gener-
alized gradient approximation [46] is employed to address
electron-related exchange energies. The DFT-D3 method
is utilized for the van der Waals (vdW) dispersion cor-
rection [47]. Convergence criteria for force and electron
relaxation are set to 0.01 eV/A and 1077 eV, respectively.
A plane-wave cutoff energy is set to 400 eV. The Brillouin
zone is sampled using an 11 x 11 x 1 Monkhorst-Pack &
mesh [48] for the (1 x 1) slab model. A 15-A vacuum
layer is introduced to prevent periodic interlayer interac-
tions. The SOC effect is considered in our calculations. The
adsorption energy of adsorbed species AE,q is defined as

AE, = Eot — EBiZSe3 — MatomEatom , (1)

Ratom

where Eyy represents the total energy of BiySe; with
adsorbed species, Ep;,se, is the total energy of the involved
BiySe;(111) slab, nyom denotes the number of adsorbed
atoms, and E,p 1S the energy of a single adsorbed atom
in its most stable phase.

III. RESULTS AND DISCUSSION

The top and side views of the geometrical structure of
BiySe;(111) are presented in Figs. 1(a) and 1(d), respec-
tively. Given that bulk Bi;Se; has a thombohedral crystal

structure with space group R3m, we use hexagonal cells to
calculate thin films of BiySe;. The examined BiySe;(111)
slab consists of a variable number (i.e., one to nine) of
quintuple layers (QLs), with Bi layers sandwiched between
Se layers. The bonding between two adjacent QLs is much
weaker than that within QLs, which is held together by
weak interlayer vdW forces. The optimized lattice con-
stants of BipSes(111) with one—nine QLs range from 4.161
to 4.171 A, which are in good agreement with previ-
ous theoretical and experimental values [49,50]. The band
structures of different Bi;Se; QLs are shown in Fig. 1
and Fig. S1 (see Supplemental Material [51]). It can be
clearly seen that in the absence of SOC, the band gap
gradually decreases with increasing number of layers but
does not reach the point of band closure. In contrast, when
SOC is introduced, the band gap closes as the film thick-
ness reaches five QLs, consistent with previous theoretical
and experimental reports that five QLs Bi;Se; exhibits a
nontrivial QSH phase with Dirac-core-like surface states
[38,52]. Therefore, Bi;Se; with one to four QLs behaves
as a traditional material, while Bi,Se; with five or more
QLs is a topological material with TSSs.

To model surface catalysis, we considered both Se-
terminated and Bi-terminated surfaces, starting with the
clean Bi,Se; substrate without any adsorbate. In Fig. S2(a)
within the Supplemental Material [51], we present the QL-
dependent energy difference of Bi,Se;(111) with and with-
out SOC, revealing a linear relationship. In other words,
the emergence of TSSs and the interactions between lay-
ers does not change the energy difference. Next, we study
oxygen adsorption on the Bi;Ses;(111) surface, as shown
in Fig. 2(a). Upon adsorbing an oxygen atom on the top
position of the Se atom, the calculated Se—O bond length
is approximately 1.662 A, which is consistent with the
previous work [53]. Without SOC, the adsorption energy
of one O atom on the one QL Bi,Se; slab is calcu-
lated to be 0.425 eV. Our calculations confirm convergent
adsorption energies for Bi,Se; with two—nine QLs, and
the corresponding AE,q is a stable value of about 0.423
eV, as depicted in Fig. 2(a). In comparison, in the pres-
ence of SOC, AE, of one oxygen atom notably decreases
from 0.423 to 0.275 eV, indicating a 35% reduction in
the adsorption energy. This implies a strong correlation
between adsorption energy and SOC strength.

Furthermore, we investigated the effect of surface oxi-
dation on the electronic properties and TSSs in Bi,Se;.
It is well known that the TSSs of Bi,Se; arise from the
band inversion of the Se-p. orbital and the Bi-p, orbital,
which is caused by the strong SOC effect. In Fig. 2(d), we
present the band structure of oxidized Bi;Se; with six QLs,
and additional results are provided in Fig. S3. The results
indicate that the TSSs near the Fermi level remain present
even after the surface oxidation. As shown in Fig. S2(b)
within the Supplemental Material [51], the orbital con-
tribution near the I' point is not affected by the oxygen
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FIG. 1.

(a) Top and (d) side views of Bi;Se;(111). Only one single quintuple layer (QL) is shown and the (1 x 1) unit cell is marked

by the black lines. Band structures of (b) three, (c) four, (e) five, and (f) six QLs without (green lines) SOC and with (purple lines)

SOC. The Fermi level Er is indicated with a dashed horizontal line.

atom, indicating that the TSSs in Bi,Se; are robust against
surface oxidation.

As established by the aforementioned calculations
(Fig. 1) and previous theories and experiments [38,52],
shows that with the inclusion of SOC, TSSs are absent in
the one—four QLs of Bi,Se; but present in five or more lay-
ers. From Fig. 2(a), it can be clearly seen that the plot of
oxygen adsorption energy on Bi,Se; for layers one—nine
displays two nearly parallel lines, regardless of the pres-
ence of TSSs. Therefore, the adsorption energy of oxygen
is not significantly influenced by the presence of TSSs, and
the shift of AE,q may stem from the introduction of SOC.
To verify this conjecture, we plotted the curve of oxy-
gen adsorption energy as a function of SOC strength, as
shown in Fig. 3. Additional results are provided in Fig. S5
within the Supplemental Material [51]. It is apparent that
the adsorption energy gradually increases with the rising
strength of SOC, providing evidence that the shift in AE,q
is indeed caused by the SOC effect. This energy shift due
to SOC can be explained by the nonrelativistic limit under
the central force field. The steady-state Dirac equation can

be expressed as follows [54,55]:

[cap +mc* B+ V(DY = EY, @

where V(r) = —e¢(r), p = —ihV, and we can write the
equation as

2 4
P p 1 14V
L y_ 8
{Zm + 8m3c?  2m2c? r dr -
h? dv o
—— VTV —— =F 3
+ 4m?2c? ( + dr 8r>}(p ¢ )

where (1/2m?c?)(1/r)(dV/dr)(s-I) is the SOC term,
which is also the source of the energy shift. This energy
shift is not only related to the mass of the atom but also to
the potential field surrounding the atom.

To further verify the relationship between TSSs and
adsorption energy, as well as the universality of our con-
clusions, we performed calculations for hydrogen and
nitrogen adsorption on the Bi;Se;(111) surface. As shown
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FIG. 2. The QL-dependent adsorption energies of (a) oxygen,
(b) hydrogen, and (c) nitrogen on Bi;Se;(111). (d) Band structure
of oxidized six QLs Bi;Se;(111) without (green lines) and with
(purple lines) SOC. The enlarged band structure marked by the
red box is shown in the right panel of (d). The Fermi level Er is
indicated with a dashed horizontal line.
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in Fig. 2(b), in the absence of SOC, AE,4 of H on two
QLs, five QLs, and eight QLs Bi;Se; were calculated to be
0.904, 0.910, and 0.909 eV, respectively. Combining the
calculations for other QLs, we discovered that AE,y of H
on various Bi;Se;(111) is around 0.908 eV, and the cor-
responding Gibbs free energy (AG,y) is 1.148 eV, which
is similar to the previous work on six QLs Bi;Ses(111)
[7]. When the effect of SOC is considered, AE,q of H
is reduced to around 0.748 eV, which corresponds to a
decrease of approximately 0.15 eV. We found that the pres-
ence or absence of TSSs does not affect the H adsorption
energy and AG,y. Similarly, AE,4 of N was reduced from
5.881 to 5.695 eV by taking into account SOC, as shown
in Fig. 2(c). These results firmly confirm that the change in
AE, does not originate from TSSs. Notably, the influence
of SOC on Bi,Te; is more significant than that on Bi,Se;
(see Fig. 2 and Fig. S6 within the Supplemental Material
[51]), indicating that the role of SOC is material dependent.

Energy (eV)

0.30

0.25 L L L
0.0 02 0.4 0.6 0.8 1.0
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FIG. 3. Curve of oxygen adsorption energy on 5 QLs
BiySe;(111) as a function of SOC strength.

In addition to the pristine Se-terminated Bi;Se;(111)
surface, we also investigated the Bi-terminated surface to
explore the adsorption behavior of oxygen, hydrogen, and
nitrogen, which corresponds to the situation of surface
defects common in catalytic reactions. In this configura-
tion, the adsorbate is positioned at the top of the outermost
Bi layer, and the corresponding structure is shown in
Fig. S7 within the Supplemental Material [51]. By com-
paring Figs. 2 and 4, it can be clearly seen that AE,q on
the Bi-terminated surface is significantly enhanced com-
pared with that on the Se-terminated surface. This finding
suggests that the surface activity of Bi termination, with
dangling bonds serving as active sites, is much greater
than that of Se termination. Accordingly, the AE,q val-
ues for oxygen, hydrogen, and nitrogen are about —0.878,
0.595, and 3.691 eV, respectively. When the SOC effect
was introduced, AFE,q of different adsorbates increase to
around —0.488, 0.878, and 4.025 eV, respectively. The cor-
responding band structures of Bi termination with different
QLs are displayed in Figs. S8—S10 within the Supple-
mental Material [51]. Taking an oxidized surface as an
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FIG. 4. The QL-dependent adsorption energies of (a) oxygen, (b) hydrogen, and (c) nitrogen in on the Bi-terminated Bi,Se;(111)

surface.
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example, dangling bonds can be saturated with O atoms,
and the TSSs of Bi,Se; are always preserved, which are
also derived from the inversion of p, of Bi and p, of Se.
Hence, the existence of TSSs does not cause a change in
AE,q. It can be seen from Figs. 2 and 4 that SOC plays a
significant role in AFE,q on Bi termination than that on Se
termination, which suggests that SOC has varying effects
on different materials and surfaces.

Furthermore, to exclude the roles played by TSSs, we
proceeded with the investigation of the adsorption of
monoatoms and monolayer (ML) of transition metals on
the BiySe;(111) surface. As shown in the right panel of
Fig. 5(a), four different active sites were considered for
the adsorption of single metal atoms: (I) above Se atoms
in the second layer, (II) above Se atoms in the first layer,
(IIT) on top of Bi atoms, and (IV) on top of Bi—Se bonds.
Our results suggest that site I is energetically favorable to
anchor them by binding to three Se atoms in the first layer.
The calculated AE,y of Pt, Au, and Pd on BiySes(111)
are —6.224, —2.059, and —5.460 eV, respectively. Under
the influence of SOC, their corresponding AFE,q values
increase to —6.648, —2.658, and —5.548 eV, as shown in
Figs. 5(b) and S11 within the Supplemental Material [51].
We also plot the differential charge density and calculated
AE,q of H, as shown in Fig. S12 within the Supplemen-
tal Material [51]. It is evident that the charge transfer does
not change with an increase in the number of QLs. Simi-
larly, AE,q of H is only reduced from 0.598 to 0.547 eV
under the influence of SOC [Fig. 5(c)]. Notably, the AFE,4
of H shows the consistent trend as Fig. 3, that the stronger
the SOC, the more impact it has on the adsorption energy.
Once again, the existence of TSSs does not affect AE,q,
and the change in AE,q is derived from the effect of SOC.

As shown in Fig. 6(a), we deposit one ML ultrathin
Pt (Pd and Au) film on the Bi;Se;(111) surface and
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FIG. 5. (a) Top (upper left) and side (bottom left) views of pos-
sible adsorption sites (marked by red circles) for single X (X =
Pt, Pd, and Au) atom on Bi;Se3(111). The most stable adsorption
configuration is shown in the right panels. The QL-dependent
AE,q of (b) Pt and (c) hydrogen.
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FIG. 6. (a) Top (upper left) and side (bottom left) views of
possible adsorption sites (marked by red circles) for one ML Pt
on Bi;Ses(111). The most stable adsorption configuration for H
adsorption is shown in the right panels. The QL-dependent AE,4
of (b) Pt and (c) hydrogen.

consider four typical H adsorption configurations. Tak-
ing into account the lattice mismatch, we use the p(3 x
3) metal layers to match p(2 x 2) BiySe;(111). From
Figs. 6(b) and 6(c), it can be seen that the presence of
SOC enhances both AE,3 of Pt and H atoms (from —5.721
to —6.158 eV for Pt and —0.984 to —0.859 eV for H),
and the presence of TSSs does not affect AE,g, imply-
ing that TSSs have no impact on the catalytic activity of
Bi,Ses (the result for Pd and Au can be seen in Fig. S13
within the Supplemental Material [51]). To further sup-
port our conclusion, we present the calculated AG,y of
HER on pure metal surfaces. Our results show that the
calculated AG,y of Pt at the hydrogen coverage of 25%
is about —0.124 eV, which is consistent with the gener-
ally known value of —0.09 eV [56]. Upon introducing the
SOC effect, AG,y increases to —0.025 eV, correspond-
ing to an energy shift of about 0.1 eV. Similar trends are
observed for other elements like Au and Pd in Fig. S14
within the Supplemental Material [51]. The AG,y of Pt as
a function of the strength of SOC is shown in Fig. S14 (b),
which is consistent with our earlier conclusions. Addition-
ally, Fig. S15 within the Supplemental Material [51] shows
that the adsorption energy value of H on Pt decreases with
the increase of SOC strength. We also find that the intro-
duction of SOC into a non-topological system produces an
energy shift. These findings indicate that SOC affects not
only topological systems but also nontopological systems.
Therefore, the influence of SOC should be considered in
all catalysis, especially for materials with heavy elements
and noncentrosymmetric materials.

IV. CONCLUSIONS

In summary, we use Bi,Se; as a model material to inves-
tigate the relationship between catalytic activity and TSSs
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on surfaces of topological insulators. Our results show that
the presence of TSSs does not affect the adsorption energy
of H, O, and N on Bi,;Se;(111). Instead, the shift in adsorp-
tion energy is attributed to the effect of SOC, with the
magnitude increasing as the strength of SOC increases.
This conclusion is also applicable to Bi;Te;. Our results
indicate that some topological insulators may coinciden-
tally have good catalytic activities, while such properties
have nothing to do with TSSs. Notably, we also find that
SOC not only affects AE,q of topological insulators but
also alters AE,y of traditional catalytic materials. Our find-
ings clarify the issue of topological catalysis on topological
insulators, and provide guidance to uncover the underlying
mechanism of topological catalysis on more topological
materials.
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