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ABSTRACT

Intriguing properties are frequently reported in various topologically non-trivial materials. They include robust metallic surface states,
high carrier mobility, chiral fermions, and ultralong Fermi arcs. An exciting recent finding is that these properties are strongly related to
adsorption and electron transfer in various heterogeneous catalysis reactions, such as hydrogen evolution, oxygen evolution, oxygen reduc-
tion, enantiospecific adsorption, and hydrometallation. Thus, we expect that the introduction of non-trivial symmetry-protected topological
order will offer important freedom for designing high-performance heterogeneous catalysts. To uncover the contribution of the topologically
non-trivial electronic structure to the heterogeneous reactions, in situ techniques are urgently needed to detect the interaction between
surface states, topological electrons, and reaction intermediates.

VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5143800

The establishment of a topological framework has revolutionized
the field of condensed matter physics since the first experimental veri-
fication of quantum wells of HgTe.1,2 Exotic physical properties and
electronic states were then rapidly realized in various topological
phases, from topological insulators to the recently reported Weyl/
Dirac semimetals, nodal line semimetals, and higher-order topological
matter.3 These properties and states create a roadmap for the con-
struction of next-generation quantum storage devices and even quan-
tum computers. Even more strikingly, several research teams recently
confirmed that the symmetry protected topological phase is surpris-
ingly common, as more than 27% of the materials in the Inorganic
Crystal Structure Database are topological in nature.4–6 Evidently, the
contribution of this characteristic to the physical/chemical properties
and applications of these materials is greatly underestimated.

The study and application of topological materials have made
great progress recently although there are still gaps toward practical
usage. The difficulties lie in the fact that it is very hard to distinguish
topological surface states (TSSs) from bulk states. For example, thin
films with precisely controlled thickness and ultrahigh quality are
needed to form a truly insulating bulk for topological insulators. The
quantum anomalous Hall effect, which is the theoretical basis of vari-
ous devices, occurs only at extremely low temperatures and sometimes
under high magnetic fields.7,8 Interestingly, topologically nontrivial
electronic structures present new opportunities for chemists, especially

in the field of heterogeneous catalysis. In such reactions, all processes
including mass adsorption, electron transfer, and desorption occur
exactly at the catalyst surfaces and are strongly related to the surface
properties.

The topological matter is characterized by linear energy-
momentum dispersion around Fermi points as a result of bulk band
inversion. Thus, electrons and holes can be described by Dirac or
Weyl equations and are considered to be massless relativistic particles
such as a 3D analog of graphene. For chemists and materials scientists,
this unique band structure can be understood from an analysis of a
chain with equally spaced H atoms based on the classic H€uckel formu-
lation, where the topology of the orbital interaction determines how a
band runs.9 Interpretations of topology from the viewpoint of chemists
can be found in excellent recent reviews.10–12 Materials that have a
non-trivial topological electronic structure exhibit many interesting
properties, such as a metallic surface without resistance, spin-
momentum locking states of electrons involving anti-backscattering
and Anderson localization, and Fermi arcs that resist disturbance by
surface modification, defects, and changes in chemical potential. The
detection of various interesting phenomena such as extremely high
mobility, large magnetoresistance, and chiral magnetotransport is the
result of the unique electron behavior.13 Thus, high-performance func-
tional materials can be predicted and designed by tailoring these physi-
cal properties through band engineering (Fig. 1).
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The existence of nontrivial TSSs is considered the most promis-
ing characteristic of catalysis processes. Such TSSs are the result of
band inversion between the bulk conduction and valence bands. Thus,
they are robust and are protected against surface modification as long
as the bulk band is preserved.14,15 Local perturbations such as light
doping, defect creation, chemisorption of air molecules, or even slight
oxidation under exposure to the ambient environment would not
annihilate the TSSs.16–18 Such TSSs can facilitate the donation or
acceptance of electrons from the adsorbates, thus enabling us to tailor
the metal-adsorbate binding interactions.

The Bi2Se3 family of compounds is one of the most extensively
studied 3D topological materials and the first prototype for probing
the interaction between TSSs and adsorbates. The adsorption energy
of small molecules and reaction intermediates such as CO, O2, and H

�

could be enhanced in the presence of nontrivial TSSs.19,20 In contrast
to the well-known adsorption mechanism based on the d-band theory,
the TSSs are derived from the sp band rather than the d band for topo-
logically trivial metal catalysts. The electrons are more delocalized for
the sp band and thus decrease the diffusion and energy barriers of the
adsorbed molecules.20,21 Direct bonding between the TSSs and adsor-
bates is not necessary. Even when a thin layer of a guest species is
deposited on topological insulators, the TSSs will remain in the inter-
face between the deposited film and topological insulators. This offers
a possibility for optimizing the catalytic efficiency by introducing topo-
logical electrons into the investigated catalysts.22,23

Note that the presence of metallic TSSs does not guarantee high
activity of a catalyst. The strong ability to resist perturbation under
surface modification is associated with a weak interaction between the
TSSs and adsorbates, resulting in low species coverage and slow
reaction kinetics.24–26 In addition, in various catalysis reactions, high
electrical conductivity and mobilities are also required for fast electron
transport to the interface between the electrolyte and catalyst surfaces.
This can be addressed well by employing topological Weyl/Dirac semi-
metals that exhibit high conductivity and carrier mobilities. The ultra-
high carrier mobility on the order of 106 cm2 V�1 s�1, which is close

to that of graphene, has been observed in many topological systems.27

This is highly important for many types of photocatalysis reactions,
which require efficient electron-hole pair generation and recombina-
tion suppression. The high carrier mobilities and optimized reaction
barrier energy facilitate fast electron transfer between the TSSs and
surface adsorbates. Consequently, topological semimetal catalysts
exhibit enhanced activity and even surpass the benchmark set by
noble-metal-based catalysts.28–32

Interestingly, the state-of-the-art catalysts for water and proton-
exchange membrane fuel cells, Pt and IrO2, are characterized by a large
spin Hall effect, which is closely related to the Berry phase of conduc-
tion electrons.33,34 This is not a coincidence but a result of the intrinsic
band structure. Indeed, Dirac nodal lines/rings are observed in these
compounds, and they are protected by mirror symmetry. The Berry
curvatures are derived mainly from the nodal lines and contribute
greatly to the strong spin Hall effect. The distribution of the projected
Berry curvatures is determined by the band structure at the Fermi
level, which in turn controls the chemical potential of the investigated
material. This further determines the electron transfer process at the
interface between the catalysts and reactants.

Chiral crystals began attracting attention owing to their superb
topological electronic properties, which result from their structural
chirality, lattice translation, and time-reversal symmetry. In the
absence of operations such as inversion, mirror, or other rotoinversion
symmetries, this family of compounds exhibits near-ideal topological
electronic structures, for example, the largest possible Fermi arcs and
wide nontrivial energy windows.35–38 These structures ensure a large
density of states (DOS) of the topological surface electrons at the
Fermi level, providing an abundant conduction electron bath for sur-
face reactions. Another advantage of the topological non-trivial chiral
compounds is the large band inversion between the inverted bands,
which significantly increases the topological robustness under changes
in the chemical potential. The observation of high selectivity as hetero-
geneous catalysts for methylation and hydrogenation may be related
to the unique topological features.39,40

In addition to the chiral structure, chiral electrons with specified
spins have been observed. For electrons within a few nanometers of
the surface of topological matter, the spin is locked to the transport
direction, and the materials become electronically helical because the
momentum and spin are correlated. In fact, we know that all the sur-
face reactions such as adsorption and catalysis involve bond formation
or electron transfer. Thus, both the spin and the charge should be
transferred simultaneously. These chiral electrons were found to sup-
ply an inherent link between the catalysts and reactants and may even
provide clues in the search for the origin of life. In the laboratory, sci-
entists pay particular attention to highly selective enantiomer synthesis
by carefully controlling the temperatures, solvents, catalysts, etc.
However, nature has an amazing ability to preserve chirality persis-
tently and precisely. Electrons with different spins have different elec-
tron transmission probabilities through molecules with distinct
chirality, which is called the chiral-induced spin selectivity (CISS)
effect.41,42 This homochirality, which was pointed out by Louis Pasteur
in the mid-19th century, can also be realized by the earth’s magnetic
field at an early age, which could be traced in recent enantiomer sepa-
ration experiments.43 Such chiral spins and electrons are widely
observed in topological insulators and Weyl semimetals or in Dirac
semimetals and triple-point topological metals by breaking their

FIG. 1. The non-trivial topological electronic structure in functional materials
endows them with unique physical properties such as high-mobility, robust surface
states, chiral electrons, super-long Fermi arcs, and non-vanishing electronic Berry
phases. They are favorable tools for chemists to control various heterogeneous
catalysis processes such as photo/electrocatalysis, separation of enantiomers, and
chiral synthesis.
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symmetries using a magnetic field.44 The manipulation of spin shows
promise for applications in the chiral synthesis and catalysis reactions.

Observations of non-trivial topological electronic structures in
perovskite manganites and Heusler alloys shed light on the new princi-
ples underlying the development of new catalysts. These families of
compounds exhibit diverse physical and chemical properties and can
easily be tailored by elemental doping or by introducing strain and
defects. These compounds are cost-effective alternatives to noble metal
catalysts and are effective for catalyzing many reduction and oxidation
reactions such as those of O2, CO, and NOx and water splitting.45,46

This provides a new degree of freedom for designing high-
performance catalysts. For example, perovskite manganites show a
larger bulk bandgap and higher resistivities, making the TSSs easier to
observe than those of the Bi2Se3 family. Tunable magnetic properties
and spin polarization can be obtained in Heusler alloys by regulating
the composition of the compounds. This makes it possible to design
ideal catalysts with the desired conductivity, spin structure, orbital fill-
ing and suitable SSs.

These recent developments illustrate that the use of topology has
paved the way for a new class of catalysts for use in surface reactions.
However, for a meaningful discussion in practice, the basic and difficult
point is to make sure the existence of topological non-trivial electronic
states during the heterogeneous catalysis processes. Surface reconstruc-
tion or even oxidation always happens at the catalyst surface, particu-
larly in the redox reactions. Topological insulators such as Bi2Te3 and
Bi2Se3 could provide itinerant and high-mobility electrons for chemical
reactions but are accompanied by the surface oxidations.47 The forma-
tion of such a native oxide could reduce the relative contribution of
TSSs at the surface and degrade the electron transfer process, resulting
in low catalytic performance.48 It should be noted that the destroying of
the topological electronic structure at the surface does not always mean
a depressed catalytic efficiency. This is well confirmed in Dirac semime-
tals of layered noble metal dichalcogenides, with a significant improve-
ment of the stability and catalytic activity when elemental vacancies are
introduced.49 However, the contribution and influence of TSSs must be
carefully taken into consideration in this case.

For uncovering the relationship between the TSSs and surface
chemical reactions, efforts can be made based on two aspects. Using
high-quality bulk single crystals with well-defined surface termination
is a key step. This not only helps the determination of the exact
position where the heterogeneous reactions happen but also makes the
theoretical treatment more reasonable. The in situ study of the interac-
tion between the TSSs and reactants is another target. Angle-resolved
photoemission spectroscopy (ARPES) can be extended to the study of
surface adsorption and catalysis processes as they can characterize the
electronic band structure and Fermi surface of crystals. Heterogeneous
reactions involve the formation of bonding between the catalyst sur-
face and surface adsorbates or reaction intermediates, which will inevi-
tably modify the TSSs. This can be monitored from the shifting or
passivation of the TSSs by ARPES.50 Similarly, electrochemical scan-
ning tunneling microscopy (ECSTM) could image the catalytic reac-
tions at nanometer-scale resolution. This can be coupled with the
ambient-pressure x-ray photoelectron spectroscopy to monitor the
evolution of TSSs in situ in the reaction processes.
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