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SUMMARY

For electrochemical hydrogen evolution reaction (HER), developing high-perfor-
mance catalysts without containing precious metals have been a major research
focus in the present. Herein, we show the feasibility of HER catalytic enhance-
ment in Ni-based materials based on topological engineering from hybrid Weyl
states. Via a high-throughput computational screening from ~140,000 materials,
we identify that a chiral compound NiSi is a hybrid Weyl semimetal (WSM)
showing bulk type-l and type-ll Weyl nodes and long surface Fermi arcs near
the Fermi level. Sufficient evidences verify that topological charge carriers partic-
ipate in the HER process, and make the certain surface of NiSi highly active with
the Gibbs free energy nearly zero (0.07 eV), which is even lower than Pt and
locates on the top of the volcano plots. This work opens up a new routine to
develop no-precious-metal-containing HER catalysts via topological engineering,
rather than traditional defect engineering, doping engineering, or strain
engineering.

INTRODUCTION

Rapid global energy consumption has been seen because of explosion of urbanization and industrialization in
today’s world. During the production of energy, the overdependence on fossil fuels has induced overmuch car-
bon emission and the associated environmental degradation (Obama, 2017). Facing on these issues, much effort
has been made on developing green energy carriers (Seh et al., 2017; Ding et al., 2019). Among them, hydrogen
has been hoped for the most as the alternative carrier to fossil fuels for future electric powering (Mahmoodetal.,
2018; Wang et al., 2009; Turner, 2004). Until now, various methods have been proposed for hydrogen produc-
tion, of which water electrolysis is viewed as an effective approach (Eljack and Kazi, 2021; Kalamaras and Efsta-
thiou, 2013;Tiwari etal., 2018; Carvalho et al., 2020). Fundamental mechanism on electrochemical hydrogen evo-
lution reaction (HER) has already been well demonstrated, and has also played an important platform to
understand other heterogeneous reactions (Turner, 2004; Wang et al., 2009; Narskov et al., 2005). Especially,
the well-known volcano plots have been set up, which can soundly describe the surface catalytic activity in tran-
sition metal-based catalysts for HER process. On volcano plots, precious-metal Pt nearly locates on the moun-
taintop with hosting the most profitable Gibbs free energy (AGy») (Seh et al., 2017; Greeley et al., 2006; Ma et al.,
2019). However, the utilization of Pt is largely limited by its significantly high cost for large-scale hydrogen pro-
duction. For this reason, exploring high-efficiency catalysts based on cheaper transition metals such as Ni are
highly desirable. Nevertheless, Ni fundamentally has a larger |AGy+Ithan Pt (0.22 eV versus 0.09 eV) (Greeley
et al., 2006). Various approaches such as chemical doping, phase engineering, and defect engineering have
been tried to speed up the surface catalytic activity in Ni (Chhetria et al., 2017; Escalera-Lopez et al., 2016,
Adén et al., 2012; Wang et al., 2018). Much progress is obtained under these attempts, but Ni-based catalysts
still have much disparity comparing with Pt. Beside the experimental attempts, high-throughput computation
has also been applied to explore high-performance catalysts (Di et al., 2018; Handoko et al,, 2018;Lim et al.,
2020; Wang et al., 2021a, 2021b).

Since the establishment of topological framework, the field of condensed matter physics has undergone a rev-
olutionary innovation. Starting from the earliest reported topological insulators (Hasan and Kane, 2010; Qi and
Zhang, 2010), topological semimetals with Weyl/Driac nodes, various nodal lines, and nodal surface have grad-
ually become the focus of current research (Chiu et al., 2016; Bansil et al., 2016; Armitage et al., 2018; Wan et al.,
2011; Weng et al., 2015; Yang et al., 2014; Zhang et al., 2018a, 2018b; Wu et al., 2018a, 2018b; He et al., 2020,
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20213, 2021b; Jin et al., 2020; Wang et al., 2021a, 2021b). The application of topological materials has been
rapidly expanded owing to their unique physical properties and electronic characteristic (Moore, 2010; Ren
et al,, 2016). Especially, it has been demonstrated recently that metallic surface states in topological materials
could favor heterogeneous catalysis (Xiao et al., 2015; Chen et al., 2011). Such metallic surface states for catalysis
speed-up include Dirac ones in topological insulator, Fermi arc ones in Weyl/Dirac semimetals, and drumhead
ones in nodal line semimetals, as evidenced in tens of topological materials by both theoretical and experi-
mental investigations (Chen et al., 2011; Xiao et al.,, 2015; Rajamathi et al., 2017; Zhang et al., 2018a, 2018b;
Lietal., 2018a, 2018b, 2019a, 2019b, 2019¢; Yang et al., 2021). Such phenomenon inspired us with the following
question: can the Ni-based materials be combined with the novel physical features related to the topologically
nontrivial surface states to enhance the activity in HER process?

To pursue this question, herein, we carry out topological engineering in Ni-based materials toward high-
efficiency HER catalysts. We first build up the designing scheme, which highlights hybrid Weyl semimetals
(WSMs) with different types of Weyl nodes and long surface Fermi arcs which are the ideal material platform
for the target. Then, we perform high-throughput material screening to explore concrete examples for Ni-
based hybrid WSMs. Further, the identified material NiSi is theoretically demonstrated to show hybrid Weyl
nodes, long surface Fermi arcs, and a nearly zero AGy+, suggesting excellent prospect as high-efficiency
HER catalysts. The nontrivial band topology and the associated long Fermi arcs on the surface are evi-
denced to be responsible for the high HER activity in NiSi. This work highly promises topological engineer-
ing be a feasible approach to realize high-performance catalysts without involving precious metals.

Designing scheme

Among various topological HER catalysts proposed previously(Chen et al., 2011; Xiao et al., 2015; Rajama-
thi et al., 2017; Zhang et al., 2018a, 2018b; Li et al., 2018a, 2018b, 201%a, 2019b, 2019¢; Yang et al., 2021),
WSMs have been one of the most remarkable categories, where the surface Fermi arcs originating from
bulk Wey nodes are believed to enhance catalytic activity by providing robust active center, high carrier
density, and mobility around the Fermi energy (Rajamathi et al., 2017). The situation seems wonderful! Un-
fortunately, it seems that the catalytic enhancement in existing WSMs only works in a finite level, which is
largely because that the length of Fermi arcs in traditional WSMs is usually very short. Thus, this designing
scheme aims at developing WSMs with long surface Fermi arcs.

Then, how to realize long Fermi arcs in WSMs? Considering the tilting degree of the Weyl cone in the mo-
mentum space, Weyl nodes can be classified as two typical categories (i.e. type-l and type-Il) (Soluyanov et
al., 2015; Chang et al., 2017). As shown in Figures 1A and 1B, Type-| and type-Il Weyl nodes show conven-
tional and totally tilted band crossing, respectively. For WSMs contains only one type (either type-I| or type-
1) of Weyl nodes, long surface Fermi arcs are less likely to appear because the pairs of Weyl nodes with
opposite charities are axisymmetrical distributed (assuming that the system preserves the time-reversal
symmetry and only contains few pairs of Weyl nodes). However, the situation will change if type-I and
type-ll of Weyl nodes coexist in a single WSM, as shown by the case in Figure 1C. In this case, type-|
and type-ll of Weyl nodes happen in different k-paths (also usually locating at different energy levels);
thus, the Fermi arcs which connect these Weyl nodes in principle need to span a large area on the surface.
In fact, such novel WSM with hosting both type-I and type-Il Weyl nodes has already proposed in model in
2016, defined as hybrid WSM (Li et al., 2016). Figure 1D shows the catalytic mechanism for a hybrid WSM.
The figure has indicated the presence of type-l and type-Il Weyl nodes in the bulk, which generate long
Fermi arc on the surface and the associated high surface electron density of states (DOSs).

To testify above assumption, the most crucial determination lies in identifying hybrid WSM candidate in Ni-
based compounds. This is a challenging task, noticing that excellent hybrid WSMs are quite rare, which
were only identified in few materials including T¢-MoTe;, OsCy, YCoC,, and HfCuP (Xu et al., 2018,
2019; Zhang et al., 2018a, 2018b; Meng et al., 2020a, 2020b). On considering this fact, we make a high-
throughput material screening based on Material Project (Jain et al., 2013) (with ~140,000 entries). We
show the computational screening process in Figure 2. For the first step, we screen out the materials under
chiral space groups from Materials Project data, after which the number of candidates has been sharped
down to 17,928. Then, we exclude chiral compounds without containing Ni element, which results in 858
compounds. Further, we exclude insulating chiral Ni-based compounds by assessing band gap, and
metallic ones are retained for further computation. For the next step, we carry out band-structure calcula-
tions for detecting potential band crossings, which are essential for WSMs. Only the band crossings within |
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Figure 1. The models for Weyl points and surface states

(A and B) 3D and 2D band dispersion model for (A) type-l and (B) type-Il Weyl points.

(C) Nlustration of hybrid nodal points composed by one type-l and one type-Il Weyl point.

(D) Schematic of hybrid Weyl points in the bulk (left lower panel) and associated long Fermi arc on the surface (left upper
panel). The DOSs for the bulk Weyl points and surface Fermi arc are provided in right panels.

E — Ef| < 0.1 eV are taken into account, because the electrons in this region are the most likely to contribute
the conducting natural of the material. Furthermore, we identify the nature of the band crossings, and the
final candidate materials need to contain both type-l and type-Il Weyl nodes. During material screening, we
fortunately find compound NiSi can satisfy all the rigorous screening standards. Thus, in the following, we
systematically investigate the topological feature and catalytic performance for HER.

RESULTS
Crystal structure and band topology of NiSi

Until now, many Ni-Si binary phases with different compositions including Ni,Si, NiSi, and NiSi, have been
synthesized by solid-state reaction between Ni and Si below their eutectic temperature (Julies et al., 1999).
For NiSi compound with the 1:1 stoichiometry, six experimentally synthesized phases under orthorhombic,
hexagonal, tetragonal, and also cubic structure were reported in literatures (Julies et al., 1999; Boren, 1933;
Osawa and Okamoto, 1939;Pauling and Soldate, 1948; Toman, 1951; Dahal et al., 2016; Kim and Anderson,
2005;Baeri et al., 1989; Sidorenko et al., 2008). These phases were evidenced to be stable with pressure
below 300 GPa (Wood et al., 2013). The orthorhombic NiSi within the MnP-type structure (with the space
group Pnma) was determined to be the most stable phase at the atmospheric pressure. This structure
can be viewed as the distorted hexagonal NiAs-type structure, where both Ni and Si atoms are assigned
within six-fold coordination. This NiSi phase has been synthesized by different approaches such as arc-
melting, sputtering, and Czochraiski pulling technique (Dobson et al., 2016; Detavernier et al., 2003; Meyer
et al., 1997). Besides, under the pressure about 23 GPa, NiSi with the tetragonal CuTi-type structure (P4/
nmm, B11) can be prepared. At higher pressures, four other NiSi phases under two orthorhombic structures
(the Pbma-| one and the Pnma FeB structure) and two cubic ones (the CsCl-type structure and the e-FeSi
strcuture) were also observed stable. NiSi focused in this work is one of the cubic phases taking the
e-FeSi structure. The structure belongs to the chiral space group P213 (No.198). This NiSi phase has
been successfully synthesized by different methods previously (Julies et al., 1999; Boren, 1933; Baeri
et al.,, 1989; Sidorenko et al., 2008). Most remarkably, Saeri et al. reported the epitaxial preparation of
NiSi on the (111) Si substrates (Baeri et al., 1989). They found that cubic NiSi with e-FeSi structure would
appear by the melting from the pulsed laser irradiation of the epitaxial NiSi films. Under this approach, cu-
bic NiSi usually coexists with the orthorhombic phase; then, the preparation of large-area and
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A Band Gap=0 ?
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No Band Crossings?
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( )No Hybrid Weyl nodes?

Other topological semimetal Yes
(Rule out) Hybrid Weyl semimetal (NiSi)

Figure 2. Flowchart of high-throughput computational screening for Ni-based hybrid Weyl semimetal from the
Materials Project database

homogeneous NiSi could be a challenge, where the irradiation time and the subsequent annealing process
are very crucial. Later, Julies et al. developed the direct preparation of epitaxial NiSi with e-FeSi structure by
successfully controlling the diffusion of Niinto the Si subtract (Julies et al., 1999); however, during this pro-
cess the epitaxial temperature and the annealing condition need to be carefully treated because the e-FeSi
phase of NiSi is less stable than the orthorhombic phase.

The atomic lattice structure of e-FeSi-type NiSi is shown in Figure 3A. One NiSi unit cell contains 4 Ni and 4
Si atoms. The atoms are arranged in the distorted face-centered cubic structure, where the Ni atoms are
forced out from their original positions by the Si atoms. The optimized lattice constant for NiSi is a= b=
c=4.496 A, being comparable with experimental one (4.437 A) (Boren, 1933). We calculated the band struc-
ture and the electronic DOSs of NiSi (Figure 3C). Two Weyl nodes (remarked as W; and W,) can be
observed near the Fermi level, where W; situates at 0.079 eV above the Fermi level locating on the
k-path R-T" while W locates at 0.005 eV on the I'-X path. The provided DOSs indicates the conducting elec-
tronic states are almost contributed by the 3d orbitals of the Ni atom. The Weyl nodes manifest different
band slops where W is a type-| Weyl node while W, is type-Il. These Weyl nodes are formed by the inter-
sections between the same two bands, which can be clearly observed by the 3D plotting of the bands (Fig-
ure 3D). Thus, NiSi compound can be well characterized as a hybrid WSM. We take the (001) surface pro-
jection to investigate the surface states of NiSi compound (Figure 3B). We show the slice of surface states at
the Fermi energy (Figure 3E). Considering the C, symmetry in the system, the slice range is only selected as
1/4 of the whole surface Brillouin region. We indeed observe long Fermi arcs corresponding to Weyl nodes
W, and W, where the extension of Fermi arcs spans most region of the slice, as shown in Figure 3C.

The spin-orbit coupling (SOC) cannot be simply ignored in NiSi. Thus, in the following, we discuss the elec-
tronic band with taking into account SOC. As shown in Figure 4A, we find the bands experience slight split
under SOC. Still, we pay special attention to the bands in the R-T" and I'-X paths (remarked as region | and
I). The enlarged band structures for them are shown in Figure 4B. We find the Weyl nodes in NiSi are
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Figure 3. Cyrstal structure and electronic structure without SOC

(A) Atomic lattice structure of NiSi compound.

(B) The bulk and the (001) surface Brillouin zone with high-symmetry k-points provided.

(C) Electronic band structure projected density of states (PDOSs) of NiSi compound. The two band crossings in the band
structure are denoted as Wq and W,.

(D) 3D plotting of band dispersions for the hybrid Weyl nodes.

(E) The constant energy slices corresponding to (010) surface at the Fermi level. The Fermi arcs are pointed by the arrows.

multiplied under SOC, where two type-I Weyl nodes (W3 and W,) appear in the R-T" path and two type-I|
ones (Ws and W) in T'-X path. These results indicate NiSi is still a hybrid WSM under SOC. To give more
convinced results, we have also rechecked the electronic band structure under SOC from the Heyd-Scuse-
ria—Ernzerhof (HSE) functional (Heyd et al., 2003), as shown Figure S1. We can find that the Weyl nodes in
the R-T" and I'-X path retain under the HSE + SOC calculations. Then, we investigate the surface states un-
der SOC. The (001) surface band structure is shown in Figure 4C, where the Fermi arcs from the Weyl nodes
can be clearly identified. Furthermore, we display the slice of surface states at the Fermi energy (Figure 4D).
We find these long Fermi arcs almost transverse the entire slice space.

HER performance of NiSi

With the hybrid Weyl natural and the existence of long surface Fermi arcs in minds, we continue to investigate
the HER catalytic performance in NiSi compound. The possible HER catalytic mechanism in NiSi is schematically
shown in Figure 5A. The hybrid Weyl nodes bring long Fermi arcs on the (001) surface of NiSi, which makes the
surface with high activity and spires the HER process by reducing the AGy- and increasing the surface conduc-
tivity. We simulate the HER process by adsorbing single H atom on the NiSi slab with the Ni-terminated (001)
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Figure 4. Electronic structure under SOC

(A) Electronic band structure of NiSi compound with SOC included. The band crossings near the Fermi level are
highlighted by two regions (I and Il in the figure).

(B) Enlarged band structure for region | and region Il. The four Weyl points are denoted as W3-Wj.

(C) Projected spectrum on the (001) surface of NiSi. The positions of the projected hybrid Weyl points and Fermi arcs are
shown by the dot and arrow, respectively.

(D) The constant energy slices corresponding to (010) surface at the Fermi level.

surface. Our calculations show the most favorable adsorption site for H is on the top of Ni atom. Under this
state, we provide the map of the charge density difference (Figure 5B). We find sizable charge depletion on
the (001) surface of NiSi (see the left panel), which has transferred to H adatom (i.e. charge accumulation on
H, see the right panel). The charge accumulation on H atom arises from the fact that the electronegativity of
H is higher than that of Ni. Besides, the case for the adsorption of molecular hydrogen (Hy) on NiSi surface
is also considered (the corresponding kinetic process will be discussed later). For this case, we can still observe
a small amount of charge exchange between NiSi and H, (see Figure S2).

In addition, in Figures 5C and 5D, we compare the surface band structure of NiSi before and after H adsorp-
tion. It can be clearly seen that the four Weyl node points move down after adding H atoms on the NiSi
surface, indicating that the charge transfer takes place on its surface. We find the Fermi arcs moves toward
lower energy after H adsorption, further verifying the charge exchange between NiSi surface and H atom
during the HER process.

The HER activity in NiSi can be directly reflected by AGy~. Just as expected, the calculated AGy« is close to zero
(0.077 eV). We compare the HER activity between NiSi and Weyl HER catalysts proposed before (Figure 5E). For
comparison, the case of pure Ni is also provided. We find |AGy+|of NiSi (0.07 eV) is significantly lower than
WSMs NbAs (0.96 eV), TaAs (0.74 eV), TaP (0.38 eV), and NbP (0.31 eV) (Rajamathi et al., 2017), and Ni
(0.22 eV) as well (Greeley et al., 2006). The relatively low AGy« benefits from the long surface Fermi arcs in
NiSi. Furthermore, we show the volcano curves in Figure 5F. We can observe that NiSi almost locates at the
top of the volcano curves. Remarkably, by only view on the AGys, the HER activity in NiSi is even better than
the precious Pt (0.07 eV v.s. 0.09 eV) (Greeley et al., 2006). Furthermore, we estimate the kinetics of the HER
reaction in NiSi. Two possible elementary reactions including the Heyrovsky reaction (H-reaction) and the Tafel
reaction (T-reaction) are considered. The reaction barrier is estimated by using the climbing image-nudged
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Figure 5. HER process and Volcano plot

(A) Schematic illustration of the HER process on the (001) surface with the enhanced activity by the hybrid Weyl nodes
induced long Fermi arcs.

(B) The electron depletion (the left pannel) and accumulation (the right panel) during H adsorption on NiSi (001) surface.
The isosurface is taken as 0.005 electrons/A3.

(C and D) show the (001) surface states of NiSi before and after the hydrogen adsorption, respectively.

(E) The free-energy diagram for hydrogen evolution for NiSi and typical Weyl catalysts. The case of Niis also provided for
comparison. The data for NbAs, TaAs, NbP, and TaP are taken from (Rajamathi et al., 2017). The data for PtSny is taken
from (Li et al., 2019a, 2019b, 2019¢c). The data for Ni is taken from (Ma et al., 2019).

(F) Volcano plot for HER of NiSi in comparison with typical catalysts. Except NiSi, the data for other catalysts are taken from
(Maetal., 2019; Chenetal., 2011; Xiao et al., 2015; Rajamathi et al., 2017; Zhang et al., 2018a, 2018b; Li et al., 2018a, 2018b,
2019a, 2019b, 2019¢; Yang et al., 2021; Soluyanov et al., 2015)

elastic band (CI-NEB) method (Henkelman et al., 2000). The results show the T-reaction barrier is much lower
(see Figure S3), suggesting the HER process is more possible to go through the T-reaction route. Especially,
the barrier for the T-reaction in NiSi is as low as 0.48 eV, being close to the modified MXenes and precious-
metal-containing catalysts (Li et al., 2018a, 2018b; Skdlason et al., 2007). Besides, for electrocatalysts, the
HER performance also highly relates to the position of Fermi level with respect to the HER potential. Our calcu-
lation shows NiSi has a good energy-level matching for excellent electrocatalytic activity with the Fermi level
situating at 0.23 eV above the HER potential. Together with the relatively low AGysx, the hybrid WSM NiSi is
promising to serve as a superior HER catalyst without containing precious-metal elements.

To fully ascertain the relationship between the hybrid Weyl nodes and the HER activity, we artificially tune
the positions of the hybrid Weyl nodes by different approaches. As the first, we perform hydrostatic distor-
tions to the NiSi lattice. In Figure A, we show the positions of the hybrid Weyl nodes (W; and W) under
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Figure 6. Tuning the Weyl nodes and HER performance by strain

(A) The positions of the hybrid Weyl nodes (W; and W,) under hydrostatic lattice distortions from —5% to +5%, where
negative and positive values represent lattice compression and lattice expansion, respectively.

(B) The calculated |AGy+|on the (001) surface of NiSi under hydrostatic lattice distortions from —5% to +5%.

hydrostatic lattice distortions from —5% to +5%, where negative and positive values represent lattice
compression and lattice expansion, respectively. One can find that the position of W; does not change
much during lattice distortions, which almost retains in the energy range of +0.1 eV. For comparison,
the position of W, experiences greater changes, especially under lattice compression. Notably, as shown
by the shadowed region in Figure 6A, both W4 and W, locate quite near the Fermi level (within |E — E¢| < 0.1
eV) at most lattice distortions. This indicates hybrid Weyl nodes and the surface Fermi arcs in NiSi are
weakly sensitive to the lattice distortions. Correspondingly, the high (001) surface HER activity is expected
to retain as well. This expectation has been verified by our calculations. As shown in Figure 6B, the calcu-
lated |[AGy+|on the (001) surface for all the cases are below 0.2 eV, suggesting high HER activity in NiSi.
These results suggest the HER activity is highly relative to the hybrid Weyl nodes in NiSi.

Because the hybrid Weyl nodes are weakly sensitive to lattice distortions, here, we further tune the hybrid Weyl
nodes by artificially shifting the number of electrons (NE.) in NiSi system. Here, we want to point out that, this is
only a theoretical treatment because the total number of electrons for NiSi is definite without doping or defects.
However, this can be easily realized from the theoretical VASP package. As shown in Figures 7A-7C, such treat-
ment can not only ensure the presence of hybrid Weyl nodes but also can effectively tune the position of these
Weyl nodes. As shown by the band structure in Figure 7A, both the type-I and type-Il Weyl nodes will move to
high energy levels (atabout 0.3 eV-0.4 eV) when NiSi system loses one electron. On the contrary, the Weyl nodes
will be pulled into low energy levels (at about —0.3 eV) when NiSi system gains one electron, as shown in Fig-
ure 7C. For comparison, the band structure for native NiSiis provided in Figure 7B, where the Weyl nodes locate
quite near the Fermi level (W4 at 0.079 eV and W, at 0.005 eV). Comparing with native NiSi (NE.= 80), the hybrid
Weyl nodes and corresponding surface Fermi arcs for the cases with losing one electron (NE.= 79) and gaining
one electron (NE.=81) are expected to be less contributing to the HER process, because the Weyl nodes in these
cases are far away from the Fermi level. In Figure 7D, we compare the |AGu«|on the (001) surface of NiSi with
NE.= 79, 80, and 81. The results show that, with tuning the Weyl nodes away from the Fermi level, |[AGy«Ifor
NiSi system indeed greatly increase (3.89 eV for Nelec.= 79, and 3.24 eV for Nelec.= 81), suggesting the weak-
ness of HER activity during the period. These results have fully revealed the strong relation between HER activity
and hybrid Weyl nodes in NiSi.

Before closing, we have several remarks. First, we come to aware that a recent work already observed good
HER catalytic performance of NiSi in experiments, along with several other transition-metal monosilicides
(namely MSi, M = Ti, Mn, Fe, Ru, Ni, Pd, Co, and Rh) (He et al., 2021a, 2021b). Their experiments showed all
explored MSi electrodes have low overpotentials with favorable Tafel slopes, which are even comparable
to that of the commercial 20 wt% Pt/C. They argued that the good performance in MSi may arise from the
smooth of the M d-orbitals near the Fermi level by the neighboring Si atoms. Such smooth can also be
observed from the projected density of states (PDOSs) of NiSi in our study (see Figure 3C). More impor-
tantly, in this work, we further clarify the deep origin of the good HER catalytic performance in NiSi from
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Figure 7. Tuning the Weyl nodes and HER performance by electron/hole doping

(A) Electronic band structure of NiSi with losing one electron. The native number of electrons (NE.) in a NiSi cell is 80.
(B and C) are the band structures for native NiSi (NE. = 80) and that with gaining one electron (NE. = 81), respectively.
(D) Comparison of |[AGy«lin NiSi among NE.= 79, 80, and 81.

the topological point of view. We find the hybridization between the Ni and Si atoms form hybrid Weyl
states near the Fermi level. The hybrid Weyl nodes produce long Fermi arcs on the surface, which induce
the high HER activity in NiSi. In addition, based on the recent experiments (He et al., 2021a, 2021b; Chen
et al., 2019), when metal silicides MSi are used as HER catalysts, acidic electrolytes can be applied. For
example, it is found that, NiSi catalysts can maintain over 6 h stability in 0.5 H,SO4 (aqg) electrolyte (He
etal., 2027a, 2021b). The high stability in electrolytes favors NiSi as a promising HER catalyst.

Second, we want to point out that, to obtain the catalytic enhancement from the topological surface in NiSi,
single crystal sample rather than polycrystalline one is required, because the grain boundaries in the poly-
crystal would scatter off the topological states. Single crystals are also applied in several experimental
works on topological catalysts (Rajamathi et al., 2017; Zhang et al., 2018a, 2018b; Li et al., 201%a, 2019b,
2019¢). In addition, even in single crystal, the presence of defects could also affect the catalytic perfor-
mance, because the topological electronic states in NiSi are calculated from the “perfect” crystal, and
the hybrid Weyl nodes are highly relative to the hybridization among atoms and the crystal symmetry in
NiSi. As shown in Figure S4, under different defects, NiSi can either show one type of Weyl nodes or no
Weyl node. Correspondingly, the |AGy«|for NiSi with defects is calculated in the range of 0.28 eV-0.79
eV. Therefore, to obtain the best catalytic ability, high-quality single crystal of NiSi is favorable.

For the third remark, we stress that this work focuses on the feasibility of hybrid Weyl semimetals as topo-
logical catalysts. Unlike generic Weyl semimetals (either type-I or type-ll), hybrid Weyl semimetals
compose both types of Weyl nodes and potentially show long topological Fermi arcs on the surfaces. Be-
side NiSi proposed in this work, we have also evaluated the HER catalytic performance on the few examples
of hybrid Weyl semimetals proposed previously, including OsC,, YCoC,, and HfCuP (Zhang et al., 20183,
2018b; Xu et al., 2019; Meng et al., 2020a, 2020b). In these examples, only YCoC, can be synthesized in
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experiments but the hybrid Weyl nodes in this material situate far away the Fermi level (>0.2 eV). Although
the hybrid Weyl nodes in OsC, and HfCuP are near the Fermi level, these materials are unfortunately hy-
pothetical. The |AGy+lis calculated to be 0.39 eV for YCoC,, 0.04 eV for OsC,, and 0.07 eV for HfCuP.
The low|AGp+|values in OsC, and HfCuP further support our argument that the presence of hybrid Weyl
nodes near the Fermi level could favor the HER process. More importantly, comparing with these materials,
the NiSi proposed in this work seems to be the best example, because it is not only an existing material but
also has a relatively low |AGg«| (0.07 eV).

Conclusions

In conclusion, we have demonstrated hybrid WSM is a promising platform to enhance catalytic activity for
HER, where the long Fermi arc states related to hybrid Weyl nodes make certain surface highly active. We
perform high-throughput material screening from ~140,000 materials within the Material Project database,
and fortunately identify a Ni-based compound namely NiSi as a new hybrid WSM with high HER activity.
NiSi follows a chiral space group, and manifests both type-l and type-ll Weyl nodes near the Fermi level.
We further verify that on its surface, where long Fermi arcs from hybrid Weyl nodes present, AGy« for
HER process is almost zero (0.07 eV), being favorable for high-efficiency catalyst. Remarkably, the absolute
value of AGy» in NiSi is even smaller than Pt (0.07 eV v.s. 0.09 eV), and NiSi almost locates on the top of the
volcano curves. This work provides new insight on developing high-efficiency catalyst without precious
metals by using hybrid WSMs.

Limitations of the study

Our work theoretically demonstrates the feasibility of hybrid Weyl semimetal as a high-performance cata-
lyst for HER. High-throughput material screening is also performed to identifying candidate materials.
However, the experimental investigation on the exact HER catalytic activity needs to be further proceeded.
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METHOD DETAILS

The work is performed under numerical calculations based on the density functional theory (DFT) (Bléchl,
1994), as realized via the Vienna ab initio simulation package (VASP) (Kresse and Joubert, 1999). As an inex-
pensive generalized gradient approximation (GGA), the exchange-related Potential- Burke-Ernzerhof
(PBE) (Perdew et al., 1966) function is adopted in current work. The cutoff energy is set to be 500eV. For
the calculations for electronic band structure of NiSi, the bulk Brillouin zone (BZ) is sampled with the
k-mesh of 9 X9 x 9 with the T point as the center. During calculation, the energy and force convergence
standards are setto be 1077 eV and 0.01 eV/A~", respectively. The topologically surface status is calculated
based on treatments as implemented in the WANNIERTOOLS package (Wu et al., 2018a, 2018b).

For the surface model for H adatom adsorption, we have tested slab thickness (n) by examining the surface
energy dispersion with gradually increasing the number of n. The simulation shows the energy would show
no dispersion with n > 5 during further add the slab thickness. Considering this, the surface model for NiSi
is constructed by using a 10 unit-cell-thick slab (n= 10) with a 2 X2 bottom supercell immobilized. In addi-
tion, during the simulation the DFT-D2 extension of Grimme is used to account for the long-range van der
Waals interactions (Grimme, 2006). To explore the HER activity in NiSi compound, we calculate the value of
AGH?* following the formula (Ngrskov et al., 2015):

AGH* = AEH + AEZPE_ TASH (Equation 1)

whereAEy is the adsorption energy of single H, AEzpe (ASH) denotes the difference in zero-point energy
(entropy) between the absorbed H and gaseous H.
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