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for the design of highly active catalysts 
is the identification of the origin of the 
activity. However, this remains a chal-
lenge.[8,9] The activity of a given catalyst is 
traditionally associated with the properties 
of its surfaces. Thus, materials with large 
surface areas, good conductivity, and high 
mobility are understood to be good cata-
lysts, as they have abundant active sites 
that favor the adsorption of intermediates 
and electron transfer in redox reactions. 
This is the motivation for widely used 
catalyst synthesis strategies such as nano-
structuring, doping, alloying, or adding 
defects. Each method aims to either expose 
preferential crystal surfaces or engineer 
them to make them more active.[10–12] 
However, it is still a formidable task to 
locate the position of active sites rapidly 
and precisely from the design perspective, 
making the discovery of high-performance 
catalysts from the many potentially inter-
esting materials a challenge.

Topological materials have robust sur-
face states and massless electrons with high mobilities.[13–15] 
Moreover, many state-of-the-art catalysts (such as Pt, Pd, Cu, Au, 
IrO2, and RuO2) are understood, either from theory or experi-
ment, to have topologically derived surface states (TSSs).[16,17] 
Thus, there is some evidence for the important role of TSSs 
in catalytic reactions.[18,19] Such states are mainly composed of 
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materials. The theory on 2H-MoTe2, 1T′-MoTe2, and NiPS3 bulk single crystals 
is verified, whose active sites are consistent with the calculations. Most 
importantly, several high-efficiency catalysts are successfully identified just by 
considering the number of OWCCs and the symmetry. Using the real-space-
invariant theory applied to a database of 34 013 topologically trivial insulators, 
1788 unique OAIs are identified, of which 465 are potential high-performance 
catalysts. The new methodology will facilitate and accelerate the discovery of 
new catalysts for a wide range of heterogeneous redox reactions.

1. Introduction

High-performance heterogeneous catalysts are key to the prepa-
ration of many chemicals that are the foundation of, amongst 
others, photo- and electrochemical water splitting,[1–5] fuel cells, 
hydrogenation, and the Haber–Bosch process.[6,7] A prerequisite 
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highly delocalized sp-orbitals (noble metals) or d orbitals with 
strong spin–orbit coupling (noble metal oxides). Furthermore, 
these states are fundamentally derived from the band structure 
of the bulk material, and, thus, must be distinguished from 
what one might term “topologically trivial” surface modifica-
tions that form the basis of many of the common strategies to 
increase catalytic activity, mentioned above.[20,21]

In this work, we propose that the obstructed surface states 
(OSSs) of OAIs form a new class of active sites for inorganic 
heterogeneous catalysts. Like TSSs, the OSSs originate from 
the topologies of bulk electronic bands and provide open sites 
for molecular adsorption. The OSSs can exist in clean, large-
gap, topologically trivial insulators and are separated from the 
bulk states in the energy spectrum, unlike TSSs, which are 
always connected to bulk states with a small bandgap. Using the  
topological quantum chemistry (TQC) theory and the RSIs 
developed in our previous works,[6–9] we have identified 1788 
unique OAIs (3383 Inorganic Crystal Structure Database 
entries),[26] of which 465 unique compounds have promising 
catalytic activities. Most importantly, we also predict their 
Miller indices of specific cleaved surfaces which have active 
sites. Thus, our work gives a clear direction for both the 

understanding and the design of high-performance catalysts 
from the numerous known inorganic compounds.

2. Results and Discussion

We address this problem by taking both the bulk electronic struc-
ture and the crystal geometry into consideration. As schemati-
cally shown in Figure 1A, for all the compounds with crystal 
structures provided in the Inorganic Crystal Structure Database 
(FIZ Karlsruhe, Germany),[27] we have calculated their electronic 
structures and symmetry eigenvalues with the data now evalu-
able to the public via the Topological Materials Database,[23a] 
where all the materials are classified into trivial and topological 
materials (insulators, semimetals, metals). In the next step, 
for all the band representations of topologically trivial insula-
tors, we calculate their 3D real space invariants (RSIs),[22,23,26] 
which characterize the multiplicities of symmetric Wannier 
functions pinned at the real-space positions that are referred to 
as the obstructed Wannier charge centers (OWCCs).[26] Finally, 
we have provided the Miller indices of cleavage planes that cut 
through the OWCCs and lead to the metallic OSSs.

Adv. Mater. 2022, 2201328

Figure 1. The design of heterogeneous catalysts from obstructed atomic insulators (OAIs). A) Screening of potential OAIs and heterogeneous catalysts 
from the Topological Materials Database website (see ref. [23a]) by calculating the RSIs. B) Comparisons between the TSSs and OSSs. C) Illustration 
of the role of OSSs in OAIs for reduction and oxidation catalytic reactions.
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The usual dangling bond can be thought of as the simplest 
case of OSSs, where the OWCC resides between two bonding 
atoms and the OSSs at the surface are just the broken bonds 
and will be localized around the bonding atoms. However, the 
general structures of OSSs can be exotic and very different from 
simple dangling bonds. OSSs are distinguished from TSSs by 
the fact that their surface states do not fill the entire energy 
gap between the conduction and the valence band (Figure 1B). 
Thus, the crystal surface with OSSs is characterized by high 
conductivity, open sites for bonding and adsorption, and a 
high density of electronic states around the Fermi level. There-
fore, the OSSs provide a straightforward path to determine the  
position of active sites and to guide the design of highly active 
catalysts by choosing desired crystal surfaces (Figure 1C). Using 
the RSI indices which, given a band structure, immediately 
determine the position of the OWCCs, we have discovered 
1788 unique OAIs (3383 ICSDs), and 465 of them as potential  
catalysts with well-defined catalytic active sites. In this work, 
several representative single crystals, OAI 2H-MoTe2, topo-
logical semimetal 1T′-MoTe2, and OAI NiPS3 are chosen for 
the experimental validation of the hypothesis. Most impor-
tantly, high-performance catalysts are predicted successfully 
by condensing the location and density of OSSs, including the 
OAIs RuP4, and FeP4. This work provides a descriptor to find 
the active sites of a given catalyst rapidly, making the design of 
highly active catalysts more efficient.

2.1. Results

The van der Waals compounds including 2H-MoS2, 2H-WS2, and 
2H-MoTe2 [ICSD 105091, SG (Space Group) 194 (P63/mmc)] have 
been the subject of extensive research studies because of their 
high intrinsic catalytic efficiency for industrial-scale catalysis 
reactions such as hydro-desulfurization and hydrogen evolution 
reaction (HER).[28–30] Electrocatalytic activity measurements on 
various 2H phase nanostructured catalysts have confirmed that 
only the edge surfaces are catalytically active toward HER, while 
the thermodynamically stable (001) surface has no such activity. 
Only when the basal surfaces are modified by defect engineering 
such as by making vacancies, can they be activated and optimized 
for catalysis because of the appearance of surface states.[31,32] In 
Figure 2A, the crystal structure of 2H-MoTe2 and the position of 
OWCCs are displayed. The center of charge is localized at the 
2b position, which has no atom occupation (Tables S1 and S2, 
Supporting Information). This is confirmed by our surface states 
calculation on the (100) edge surface and (001) basal surface, as 
shown in Figure 2B,C. The OSSs only exist at the (100) edge sur-
face and are located close to the Fermi level. As an HER catalyst, 
we predict that only the metallic edge surfaces of the 2H-MoTe2 
are catalytically active for hydrogen production.

It is an interesting question to ask can we directly see 
the high conductivity at the edges with OSSs. Conductive 
atomic force microscopy (C-AFM) could be a good choice for 
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Figure 2. The relationship between OWCCs and active sites in 2H-MoTe2 for hydrogen evolution. A) The crystal structure of 2H-MoTe2/2H-MoS2 and 
the position of OWCCs. As an HER catalyst, the (001) basal plane is catalytically inert. All the edge surfaces are active toward hydrogen evolution. The 
obstructed surface states calculation of 2H-MoTe2 at the (001) (B) and (100) (C) surfaces, respectively. The OSSs only exist at the edge surfaces, such 
as the (100) surface. The gray and red lines represent the respective bulk and surface bands. D) C-AFM measurements across the edges and basal 
planes of an exfoliated MoS2 nanoflake on an Au-coated Si substrate, suggesting the better conductivity at the edges. The inset shows the 2D mapping 
of the surface high-profile on one nanoflake.
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conductivity mapping. This requires a high-quality sample 
that exposes both the edges and basal plane at the same time, 
which is difficult for the 2H-MoTe2 structure. We found that 
2H-MoS2 is also an OAI with the OWCCs located at the same 
place as 2H-MoTe2 (Appendix A and Figure S1a, Supporting 
Information). Most importantly, they have the same catalytic 
behaviors toward HER, with only the edges being catalytically 
active (Figure S1b, Supporting Information).[33] Nanoflakes with 
different thicknesses were mechanically exfoliated from the bulk 
single crystal with different tape and methods (Figure S1c–e, 
Supporting Information). C-AFM on the whole crystal surface 
confirmed that the conductivity at the edges is much better 
than the basal plane (Figure 2D, Figure S1e, Supporting Infor-
mation) confirming the existence of metallic electronic states at 
the measurement edges.

To confirm this prediction, we synthesized high-quality 
2H-phase and1T′-phase of MoTe2 bulk crystals, respectively.[34] The 
size of the investigated 2H-phase MoTe2 crystal is 3 × 5 × 1 mm3,  
with the basal plane determined to be the (001) plane by the 
Laue diffraction technique (Figure S2, Supporting Informa-
tion). Thus, the edge surfaces and basal (001) surfaces can 
be distinguished easily with the naked eye. The single crystal 
was then attached to a Ti wire and served as the working elec-
trode. To obtain the surface dependent HER behaviors of the 
2H phase single crystal, we first measured the linear sweep  
voltammetry (LSV) curve of the whole crystal. The edge  
surfaces and basal (001) surface were then covered by gel, thus 
we can determine the contribution from the (001) surface and 
edge surfaces, respectively. LSV curves indicate that the activity 
of the edge surfaces is the same as the whole crystal and much 
larger than that for the (001) basal surface (Figure  2B). The 
HER currents were also scaled with geometric surface areas. 
The onset potentials (defined when the current density reaches 
1 mA cm–2) were determined to be 374, 398, and ≈480 mV for 
the whole crystal, edges surfaces, and basal planes, respectively 
(Figure S3, Supporting Information). These data indicate that 
the catalytic activities of 2H-MoTe2 originated from their edge 
surfaces. A photo of the crystal was taken during the chro-
nopotentiometry measurements. It can be seen clearly that 
the hydrogen bubbles are produced only at the edge surfaces 
(Figure  2C). When the large basal plane was covered by gel, 
one can still see the hydrogen evolution at the edge surfaces 
(Figure S4, Supporting Information), which is consistent with 
the LSV results. Electrochemical impedance measurements 
were carried out on the whole crystal, the edge surfaces, and 
the basal surface (Figure 2D). The corresponding fitted Nyquist 
plots suggest that the edge surface (589 Ω) has a much smaller 
charge transfer resistance than the basal surface (646 Ω),  
indicating a much higher conductivity at the edge surfaces. The 
experimentally observed catalytic behavior of 2H-MoTe2 is in 
perfect agreement with our theoretical concept.

Most van der Waals compounds expose their thermody-
namically stable basal planes, which have no charge density for 
bonding and charge transfer with adsorbed molecules and are 
thus catalytically inert according to our theory. Based on our 
RSI calculations of the OAIs, we predict, however, that there 
is a class of van der Waals compounds that have surface states 
in their basal planes. The topological Weyl semi-metal, the 1T′ 
phase of MoX2 (X = S, Se, Te), which is obtained by breaking 

the inversion structural symmetry of 2H-MoTe2, is a good  
candidate for testing our hypothesis.[35] In both polytypes, the 
Mo atoms are located at the center of a framework defined by 
two Te atom triangles to form an [MoTe6] octahedral unit. In the 
2H-MoTe2 phase, the [MoTe6] units have a trigonal prismatic 
structure whereas in the 1T′ phase these units form distorted 
octahedra. This results in a charge density and metallic surface 
states on both (001) and (100) surfaces in the latter 1T′ struc-
ture (Figure S5, Supporting Information).[36] We synthesized 
high-quality 1T′-MoTe2 single-crystals with megascopic (001) 
basal plane (2 × 5 × 0.2 mm3) that we confirmed with the Laue  
diffraction technique and Raman spectroscopy (Figures S2c 
and S6, Supporting Information). Indeed, HER measurements 
on the edges and basal planes of a bulk 1T′-MoTe2 single-
crystal confirm the prediction of our OSS theory that all the 
crystal surfaces are active for hydrogen production (Figure 3C). 
In addition, we observed a significantly lower charge transfer 
resistance for the (001) basal plane (89.9 Ω) than the edge sur-
faces (157 Ω), suggesting a high conductivity at the basal plane 
(Figure 3D). With this principle in mind, it is possible to deter-
mine the catalytic active surfaces of a given catalyst quickly. 
This can be confirmed by quasi-2D antiferromagnet NiPS3, 
whose catalytic behaviors have been well documented either 
theoretically or with exfoliated nanoflakes from bulk singles.[37] 
NiPS3 crystallizes in the symmetries of the SG 12 (C2/m). Thus, 
side surfaces that are perpendicular to the (001) surface should 
be equipped with the metallic surface states and be catalytically 
active toward the HER. Bulk single crystals of NiPS3 in the size 
of 5 × 2.5 × 0.2 mm3 were synthesized with a chemical vapor 
transport method. LSV curves indicate that the HER activities 
of the whole crystal are almost contributed only by the edge 
surfaces when we cover the basal plane with gel (Figure S7a, 
Supporting Information). At the same time, hydrogen bubbles 
are only produced at the edge surfaces, rather than the big basal 
(001) plane.[37] In agreement with the theoretical predictions, 
we observed an increased conductivity at selected edges on the 
exfoliated NiPS3 flake using conductive Atomic Force Micros-
copy (AFM), supporting the existence of metallic electronic 
states (Figure S7b–d, Supporting Information).

New catalysts with high efficiencies can now be quickly pre-
dicted by identifying the position of the OSSs. The objective 
is to identify materials that have high numbers of OWCCs on 
a given crystal facet plus as many of these facets, as possible. 
The family of 3d and 4d transition metal tetra-phosphides MP4  
(M = Fe, Ru, Mn…) is a promising choice to meet this objective, 
and some of them contain naturally abundant and, therefore, 
low-cost elements. Our theory suggests that the surfaces that 
cut the 2d position but without overlapping with the atoms have 
surface states (Tables S3 and S4, Supporting Information). This 
indicates that the OWCCs are located between the PP bonds 
as shown in the (010) surface (up Figure 4A), which means 
that all crystal surfaces with broken PP bonds possess OSSs 
and should be catalytically active. This includes, but is not lim-
ited to the surfaces, (001), (010), and (011). It should be noted 
here that one cannot simply claim that the crystal with OSSs 
will exhibit high catalytic activities. The OSSs only guarantee 
that the crystal surface could be active for molecules bonding 
and adsorption, which means that the adsorption energy could 
be too strong or too weak. The classic d band theory based on 

Adv. Mater. 2022, 2201328
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Sabtier’s principle should be taken into consideration when 
one tries to understand their intrinsic activities. With this in 
mind, we investigated the hydrogen adsorption behavior by cal-
culating the Gibbs free energy for hydrogen adsorption (ΔGH) 
on the (010) surfaces. The ΔGH value is 0.29  eV for the Ru 
sites. In contrast, this value is 0.15  eV for the P sites, which 
is close to that of Pt. We did the same calculation on the (001) 
and (011) surfaces. The ΔGH values are determined to be 0.18, 
and 0.17 eV, respectively, which is close to the state-of-the-art Pt 
(111) surface (0.12  eV) (Figure S8, Supporting Information).[38] 
Interestingly, we found the position of adsorbed H atom and 
the OWCCs are almost overlapped. This indicates that the elec-
tronic states in the OSSs should be responsible for the bond 
formation and preferred H adsorption energy. Considering the 
high density of active sites and the thermodynamically favored 
Gibbs free energy for hydrogen adsorption, RuP4 should be 
an ideal catalyst for HER. To prove this hypothesis, we grew 
nanostructured RuP4 on the Ni foam to increase the density of 
active sites (Figures S9 and S10, Supporting Information). The 
activity contribution from Ni foams can be neglected because of 
its high overpotentials under the same measurement condition, 
which is 332  mV in 0.5 m H2SO4, and 279  mV in 1 m KOH 

(Figure  4b and Figure S11, Supporting Information).[39] The 
overpotentials required to produce cathodic current densi-
ties of 10 mA cm–2 are 28 and 31 mV using 0.5 m H2SO4 and  
1 m KOH electrolytes, respectively, which are comparable to one 
of the best performing catalysts, Pt/C (Figure  4B, Figure S12,  
Supporting Information). Although other ruthenium phos-
phide phases such as RuP and RuP2 have been reported to be 
excellent HER catalysts,[40,41] we can still exclude their contri-
bution because of the low contents and the unique synthesis 
strategy. The turnover frequency (TOF) of the HER using RuP4 
as the catalyst was determined by normalizing the kinetic  
current to the electrochemically active surface area (Figures S13 
and S14, Supporting Information, Supporting Information). At 
an overpotential of 100 mV, the TOFs were measured to be 1.86 
and 7.8 H2 s–1 in alkaline and acidic electrolytes, respectively. 
These values are comparable to those reported for state-of-the-
art catalysts such as Pt/C (Figure  4C).[40,42–46] In addition, the 
RuP4 nanostructures exhibited good electrochemical stability as 
an HER catalyst, without significant activity loss during a 25 h 
measurement (Figure S15, Supporting Information).

Having identified RuP4 as a high-performing catalyst we con-
sidered other members of this family containing only highly 
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Figure 3. Experimental verification of catalytic active sites in 2H-MoTe2 and 1T′-MoTe2 bulk crystals. A) LSVs of the 2H-MoTe2 HER catalyst. It can be seen 
clearly that almost all the activity originates from the edge surfaces. A photo of the 2H-MoTe2 bulk single crystal during the hydrogen evolution process 
(with a constant overpotential of −0.43 V versus RHE) is shown as an inset. Hydrogen bubbles are observed at the edge surfaces, while the basal (001) 
surface is not active for hydrogen production. B) Corresponding EIS spectra that recording at different surfaces. C) Polarization curves of 1T′-MoTe2 bulk 
crystal for the whole crystal, the basal (001) plane, and the edge surfaces. It can be seen that the HER activities are contributed almost entirely by the 
(001) basal plane. The inset confirms that the hydrogen bubbles are produced at the (001) plane. D) EIS spectra and the corresponding fitting of the 
1T′-MoTe2 bulk crystal recorded at different surfaces. One can see a much smaller charge transfer resistance when exposing the metallic (001) surface.
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abundant elements. Moreover, we identified FeP4 as a highly 
interesting candidate for photocatalytic water splitting, since 
it has a suitable bandgap of ≈1.8  eV, matching the spectra of 
visible light. We prepared a series of photocatalysts including 
the OAIs, FeP4, MoS2, and FeS2 (Tables S5 and S6, Supporting 
Information) as well as the trivial (non-obstructed) insulators 
Fe2O3 and FeS (Figure S16, Supporting Information). The  
typical temporal evolution of H2 curves suggests an impres-
sive activity of the synthesized FeP4 microcrystals (Figure S17,  
Supporting Information). When scaled by the surface area 
(Figure S18, Supporting Information), all the OAIs exhibit  
dramatically better intrinsic activities than normal insulators, 
as shown in Figure 4D.

3. Conclusion and Outlook

We have demonstrated our concept of identifying novel  
catalysts using calculations of OSSs with just a few highly 
promising examples that span stoichiometric compounds 
with crystal structures ranging from 2D van der Waals to 

phosphides. Beyond these examples, we have identified 465 
OAIs with promising catalytic activities from among the known 
34 013 topologically trivial insulators. The positions of the OSSs 
for these 465 OAIs are listed in Appendix A in the Supporting 
Information. Although surface reconstruction and even surface 
oxidation are inevitable during the catalysis reactions,[47,48] We 
believe that OSSs-based descriptor still works in the indenta-
tion of active sites. For the OAIs in this work, the localized 
Wannier functions and electronic states are pinned at the 
empty sites that do not overlap with the Wyckoff positions of 
the atoms. This implies the high stability of the OSSs because 
they are protected by bulk crystal symmetry. Surface reconstruc-
tion will certainly influence the apparent activities of the precat-
alysts,[49] but will not alter the position of the most active sites 
as long as the bulk symmetries are not completely broken.[50,51] 
However, it should be noted that the theory developed in this 
work is effective in searching for active sites, but cannot tell the 
absolute catalytic activity of a given catalyst. The crystal surfaces 
characterized by OSSs may be too active for catalysis, leading 
to the strong interaction with the adsorbates and hinds them 
from catalysis applications. The classic d band theory based 

Adv. Mater. 2022, 2201328

Figure 4. Prediction of high-performance HER catalysts from calculations of OSSs. A) The position of OWCCs and cleavage plane (010) gives rise to 
OSSs in RuP4. The lower figure represents the H adsorption structure at the (010) surface. It can be seen clearly that the active sites are the broken  
P sites, which is consistent with our theoretical prediction. B) Comparison of LSV curves for Pt/C, Ni foam, and RuP4 nanostructures in acid and alkaline 
conditions. C) Comparison of the TOF values for RuP4 and state-of-the-art catalysts. D) Relative HER efficiency of the OAIs FeP4, MoS2, and FeS2, and 
the trivial insulators Fe2O3 and FeS (scaled by specific surface areas).



www.advmat.dewww.advancedsciencenews.com

2201328 (7 of 8) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbHAdv. Mater. 2022, 2201328Adv. Mater. 2022, 2201328

on Sabatier’s principle still works for OAIs, making sure that 
the surfaces with OSSs have proper adsorption energy with the 
reactants such as H, O, and CO.

Most excitingly, a subset of these selected compounds, 
including the iron-sulfur minerals FeS and FeS2, exhibit chiral 
OSSs due to the loss of mirror symmetries at some of their sur-
faces. Though the compounds have achiral cubic space groups, 
one can speculate that OSSs on the surfaces of the chiral plane 
group can be used for the synthesis of chiral molecules.[52,53] 
Our work demonstrates that metallic OSSs derived from bulk 
symmetry calculations are the catalytic activity origin of inor-
ganic heterogeneous catalysts. We conjecture that OSSs can be 
used for other electrocatalytic reactions beyond HER.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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