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Double dual-nodal-line semimetals with large surface density of states:
Topological quantum catalysts for the hydrogen-evolution reaction
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Topological quantum catalysts are developing rapidly due to the emergence of exotic quantum materi-
als and their corresponding catalytic performance. Although tens of thousands of topological semimetals
have been developed, their low topological surface density of states (DOSs) remains a hindrance to the
development of high-performance catalysts for electrochemical hydrogen evolution reactions (HERs). In
this work, we investigate the potential of double dual-nodal line (DDNL) semimetals, which exhibit large
surface DOSs and fair-low Gibbs free energies, as ideal topological quantum catalysts (TQCs) for HER.
Using the NaAlGe compound as a representative example, we demonstrate that its DDNLs and high sur-
face DOSs around the Fermi level provide advantages for achieving exceptionally high catalytic activity in
the electrochemical HER process. Through a comparison of catalytic performance under different (electron
and hole) doping and uniaxial strain conditions, we establish a linear correlation between the Gibbs free
energy (�GH∗ ) and the projected surface DOSs on the (001) semi-infinite surface of the DDNL semimetal
NaAlGe, specifically for the hydrogen evolution process. Our work introduces an alternative category of
high-performance TQCs free of noble metals and contributes to a better understanding of the relationship
between catalytic performance for HER and surface DOSs in DDNL semimetals.

DOI: 10.1103/PhysRevApplied.20.044042

I. INTRODUCTION

The excessive utilization of fossil fuels has resulted in
significant environmental pollution issues. Hydrogen [1–
3], being a renewable energy source that does not generate
greenhouse emissions, can effectively address the problem
of atmospheric pollution. Water electrolysis is an efficient
method for hydrogen production, wherein a substantial
amount of hydrogen is generated at the cathode through
the reaction (2H+ + 2e− → H2). However, a major draw-
back of water electrolysis for hydrogen production is its
high electrical energy requirement. To enhance hydro-
gen production efficiency, it becomes necessary to explore
electrocatalysts with low chemical potential [4–10]. The
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noble metal Pt [11] has been established as the most
effective electrocatalyst for hydrogen production. Never-
theless, its expensive cost and limited availability hinder
its large-scale industrial application. Therefore, the pur-
suit of noble-metal-free, highly effective catalysts for HER
has gained considerable attention. Fortunately, topological
materials offer an ideal platform for the design of high-
performance catalysts. Due to their highly conductive and
robust projected surface states, topological materials have
recently been identified as prime candidates for catalysts,
known as topological quantum catalysts (TQCs) [12,13], in
a variety of reactions. Initially, topological insulators were
targeted as the primary materials for TQCs [14–16], as
their nontrivial band topology in bulk induces highly active
states on specific surfaces, thereby facilitating the catalytic
process for diverse reactions. For instance, the robust topo-
logical surface states (TSSs) of gold-coated Bi2Se3 [14]
were found to enhance CO oxidation by increasing the
adsorption energy of both CO and O2 molecules through
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the promotion of distinct directions of static electron
transfer. Subsequently, investigations on TQCs extended
from topological insulators to topological semimetals [17–
25]. Different types of topological semimetals, including
Weyl semimetals [17,18], Dirac semimetals [19], multifold
degenerate nodal-point semimetals [20,21], and nodal-
line semimetals [22–25], have been reported as potential
TQCs capable of significantly improving the HER per-
formance based on experimental and theoretical evidence.
Notably, in 2023, Meng et al. [21] predicted that the pres-
ence of multifold (fourfold and sixfold) degenerate nodal
points with extensive arc-shaped TSSs in the electride
12CaO · 7Al2O3 would enhance its catalytic efficacy for
the HER process. They further established a linear relation-
ship between catalytic enhancement and the length of the
arc-shaped surface states, providing direct evidence that
catalytic enhancement stems from TSSs.

In TQCs, the remarkable catalytic performance primar-
ily stems from the presence of highly surface carrier-dense
TSSs [23], which effectively facilitate the catalytic process
by providing potential active sites. In addition, TSSs are
typically protected by specific symmetry and bulk topol-
ogy, rendering them robust against perturbations. As a
result, the topological surface DOSs proximity to the Fermi
level serves as a key determinant of the catalytic efficacy
of TQCs in most scenarios. Put simply, the higher the sur-
face DOSs around the Fermi level, the greater the catalytic
performance for HER in various TQCs.

In this work, we demonstrate that DDNL semimetals
[26] with higher surface DOSs than previously postulated
TQCs, including Weyl semimetals and single nodal-line
semimetals, can be an ideal HER platform. Using the
DDNL semimetal NaAlGe as our prime example [27,28],
we showcase its suitability as an ideal candidate for a
noble metal-free HER catalyst. NaAlGe exhibits high sur-
face DOSs around the Fermi level on the (001) surface,

coupled with near to zero �GH∗ , resulting in remarkable
catalytic activity for the HER process. To strengthen our
findings, we also calculated �GH∗ and the corresponding
surface DOSs of the Fermi level for the other surfaces
(010, 101, 110, 210, and 310), successfully establishing a
linear relationship between �GH∗ and surface DOSs. In
addition, we introduced various (electron and hole) dop-
ing and uniaxial strain conditions to manipulate the values
of the surface DOSs of the Fermi level on the (001) semi-
infinite surface. Interestingly, our observation revealed a
consistent linear correlation between �GH∗ and projected
surface DOSs. These significant findings highlight that
topological semimetals with DDNLs are promising plat-
forms for developing HER catalysts. Alongside NaAlGe,
we identify four additional candidates, namely NaAlSi,
ErSe2, NaZnSb, and BaAlGeF, as ideal TQCs with DDNLs
and favorable Gibbs free energies ranging from 0.01 to
0.12 eV for HER.

II. CONCEPTUAL DESIGN

In previous studies [21–25], considerable effort has been
dedicated to investigating the role of TSSs in the catalytic
enhancement of TQCs. Liu et al. [29], for instance, pro-
posed that hybrid Weyl semimetals with Weyl pairs and
elongated arc-shaped TSSs can exhibit excellent catalytic
performance for the HER process. For clarity, Fig. 1(a)
illustrates the design scheme depicting momentum space
and surface DOSs for Weyl semimetals with a pair of
Weyl points [22]. On the (001) plane, a finite length of
arc-shaped TSS [30–36] emerges, as shown in Fig. 1(a).
However, the related catalytic activities may be compara-
tively weaker than those of nodal-line semimetals. Nodal-
line semimetals, such as TiSi-type materials [22], featuring
a single nodal line, have been reported as potential high-
performance TQCs for HER. Li et al. [22] suggested that

(a) (b) (c)

FIG. 1. The design scheme of momentum space and surface DOSs for Weyl semimetals with a pair of Weyl points, single nodal-line
semimetals, and DDNL semimetals. (a) A Weyl pair in bulk and the arc-shaped TSSs on the (001) plane (left panel). (b) Single nodal
line in bulk and the drumheadlike TSSs on the (001) plane (left panel). (c) DDNL in bulk (left lower panel) and multiple drumheadlike
TSSs on the (001) plane (left panel). The momentum space and surface DOSs corresponding to all cases is on the right panels of
(a)–(c). Note that the schematics in (a),(b) were first proposed by Li et al. in Ref. [22]. Here, we reproduced the schematics of (a),(b)
with permission from Ref. [22]. Copyright 2017 Science China Press and Springer-Verlag GmbH Germany.
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the carrier density on the surface at Fermi energy lim-
its TQCs with Weyl pairs. They hypothesized that single
nodal-line semimetals with nontrivial drumheadlike TSSs
[37–39] would overcome this limitation due to the abnor-
mally high carrier density on their surfaces near the Fermi
level. Figure 1(b) depicts the design scheme illustrating
the momentum space and surface DOSs for topological
semimetals with a single nodal line (in the kz = 0 plane)
to provide clarity. It is evident that the nodal line induces
drumheadlike TSSs in the (001) plane, characterized by
high surface DOSs on the (001) plane at the Fermi level
[see the peak in Fig. 1(b)]. Generally, significant surface
DOSs have a propensity to generate high conductivity,
thereby influencing the catalytic activity for HER.

In our previous work [27], a compound NaAlGe [28]
was reported to possess topological DDNLs and multi-
ple drumheadlike TSSs. Figure 1(c) depicts the design
scheme for momentum space and surface DOSs for DDNL
semimetal with four nodal lines (two nodal lines in the
kz = 0 plane and the other two nodal lines in the kz = π

plane). In comparison to the case of a single nodal line,
the presence of DDNLs (multiple nodal lines) in the bulk
phase results in multiple drumheadlike TSSs and associ-
ated extra high surface DOSs of the Fermi level in the
(001) plane, thereby enhancing more significant catalytic
activity for HER. For clarity, in Figs. 1(b) and 1(c), the
peaks represent the surface DOSs of the Fermi level on
the (001) plane for the single nodal-line semimetals and
DDNL semimetals, respectively. In principle, the peak for
DDNL semimetals is more pronounced than that for single
nodal-line semimetals.

In the following section, taking NaAlGe as a rep-
resentative example, we will showcase how DDNL
semimetals can serve as an ideal platform for design-
ing high-performance TQCs with abundant surface DOSs
and fair-low Gibbs free energies for HER. In addi-
tion, we have successfully established a linear correlation
between Gibbs free energies and surface DOSs in DDNL
semimetal NaAlGe. This offers compelling evidence link-
ing enhanced catalytic performance to surface DOSs and
paves the way for developing an alternative class of high-
performance catalysts from a topological perspective.

III. RESULTS AND DISCUSSION

A. Band structure and surface states of NaAlGe

The NaAlGe compound has a tetragonal anti-PbFCl type
structure with the P4/nmm (No. 129) space group [see
Fig. 2(a)]. In this structure, one Al atom and four Ge atoms
are bonded together, forming a slightly distorted diamond-
like structure with Ge-Al and Na layers arranged along
the c-axis cycle. The Na, Al, and Ge atoms occupy the 2c
(0.5, 0, 0.639), 2c (0, 0, 0), and 2a (0.5, 0, 0.215) Wyckoff
sites within the lattice, respectively. The optimized lattice
parameters of the NaAlGe compound are a = b = 4.168 Å

(a)

(c)

(b)

FIG. 2. (a) Crystal structure of the NaAlGe compound. (b) 3D
bulk Brillouin zone and projected (001) surface. The schematic
diagrams of DDNLs, i.e., two nodal lines in the kz = 0 plane and
the other two nodal lines in the kz = π plane, are exhibited. (c)
Band structure of NaAlGe. Local enlarged figures of the bands
around the Fermi level are also shown in (c), in which eight
crossing points (A1-A4 and B1-B4) are obvious.

and c = 7.470 Å (match well with the previous experimen-
tal results a = b = 4.164 Å and c = 7.427 Å [28]), which
are utilized in subsequent calculations.

The calculated band structure of the NaAlGe compound
is shown in Fig. 2(c). Upon initial examination, a dis-
tinct semimetallic electronic structure with eight crossing
points near the Fermi level is observed. These eight cross-
ing points are not independent; instead, they form part of
four concentric nodal lines. Specifically, two nodal lines
are situated in the kz = 0 plane, while the other two are in
the kz = π plane. Figure 2(b) displays schematic diagrams
of the two nodal lines centered around the � point and the
two centered around the Z point, forming a DDNL system.

The projected spectra along the Ā − Z̄ − R̄ − Ā sur-
face paths on the (001) surface of NaAlGe are exhibited
in Fig. 3(a). Figure 3(a) illustrates multiple drumhead-
like TSSs (marked by green arrows) originating from the
projections of the crossing points (white balls). To ver-
ify that the drumheadlike TSSs around the Fermi level
cover the entire (001) surface Brillouin zone, the projected
spectra along the other surface paths on the (001) sur-
face, including Ā − Z̄ − R̄1, Ā − Z̄ − R̄2, Ā − Z̄ − R̄3, and
Ā − Z̄ − R̄4, are shown in Fig. 3(b). Figure 3(b) demon-
strates that the ubiquitous drumheadlike TSSs around the
Fermi level on the (001) surface, which lead to peaks in
the surface DOSs around the Fermi level in the (001) sur-
face for NaAlGe [see Fig. 3(a)]. For NaAlGe, the peak
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(a)

(b)

FIG. 3. (a) Projected spectrum along the Ā − Z̄ − R̄ − Ā sur-
face paths and the surface DOSs on the (001) surface for
NaAlGe. The drumheadlike TSSs are marked by green arrows,
and the surface DOSs of the Fermi level are marked by a black
arrow. (b) The evolution of the surface spectra of NaAlGe on the
(001) surface by decreasing the ky value, i.e., from Ā − Z̄ − R̄ to
Ā − Z̄ − R̄1 surface paths [see Fig. 2(b)].

value of the surface DOSs of the Fermi level is 1.56. In
principle, due to the appearance of multiple drumheadlike
TSSs induced by the DDNLs, the surface DOSs in DDNL
semimetals is expected to be more significant compared
to Weyl semimetals with a pair of Weyl points and sin-
gle nodal-line semimetals (see Fig. 1 for details). With
this in mind, one can anticipate that DDNL semimetals as
TQCs may process an abnormally active and highly con-
ductive surface and superior catalytic performance than
Weyl and single nodal-line semimetals. In the following,
we proceed to investigate the correlation between catalytic
performance for HER and surface DOSs in NaAlGe.

B. The relationship between catalytic performance
and surface DOSs in NaAlGe

As it is known, the alignment of energy levels is
one of the influential factors affecting HER activity. In
Fig. 4(a), we illustrate that the energy difference between
the Fermi level (−4.58 eV) and the standard redox poten-
tial (−4.44 eV) of the HER is quite small for NaAlGe, with
a value of 0.14 eV. For the standard redox potential, we
use the International Union of Pure and Applied Chem-
istry (IUPAC) [47] recommended experimental value of
−4.44 eV. This small energy difference results in a low

overpotential, which facilitates the HER process by pro-
moting the exchange of electrons at the catalyst-electrolyte
interface.

Furthermore, we examine the conditions for hydro-
gen diffusion on the surface of NaAlGe during the HER
processes. We consider two potential mechanisms, the
Tafel-step and Heyrovsky-step reactions, as shown in
Fig. 4(b). We employ the climbing image-nudged elastic
band (CI-NEB) method to calculate the reaction potential
for hydrogen release. The results are shown in Fig. 4(b).
The figure shows that the high barriers associated with
the Heyrovsky-step reaction in NaAlGe are lower than
those of the Tafel-step reaction. This suggests that the
Volmer-Heyrovsky mechanism is dominant in HER.

Using the computational hydrogen electrode (CHE)
method, initially developed by Norskov et al. [40], we cal-
culate the Gibbs free energy �GH∗ on the (001) surface
of NaAlGe, which is a crucial parameter in determining
the catalytic activity of HER. From Fig. 4(c), one finds
the |�GH∗ | value for NaAlGe is 0.02 eV, which is signif-
icantly lower than those of the Weyl semimetals such as
NbAs (0.96 eV), TaAs (0.74 eV), TaP (0.38 eV), and NbP
(0.31 eV) [17]. Furthermore, it is also lower than those of
single nodal-line semimetals like TiSi (0.06 eV) [22], and
PtSn4 (0.11 eV) [19]. Remarkably, NaAlGe is situated at
the peak of the HER volcano curve, surpassing the cat-
alytic performance of the noble metal Pt [41]. For clarity,
we also calculated the charge-density difference, showing
the charge transfer during catalysis. As shown in Fig. 4(d),
the charge depletion of NaAlGe occurs around the Al atom
(yellow region), while charge accumulation occurs on the
H atom (blue region).

In order to gain further insights into the relationship
between surface DOSs and the catalytic performance for
HER, we calculated |�GH∗ | and surface DOSs of the
Fermi level on various crystallographic planes, namely
(010), (101), (110), (210), and (310), as illustrated in
Fig. 4(e). Remarkably, the results reveal a notable linear
relationship between the |�GH∗ | and surface DOSs on dif-
ferent planes. Specifically, as the surface DOSs increase,
the |�GH∗ | decrease, indicating a higher catalytic activ-
ity for HER. These findings directly validate the signifi-
cant contribution of surface DOSs to the observed HER
performance.

To further validate the linear relationship between the
|�GH∗ | and surface DOSs in NaAlGe, we employed
the electron-hole doping method to artificially modify
the number of electrons (Nelec.) in the compound. This
approach ensured the presence of DDNLs and effectively
adjusted the energy-level position in NaAlGe. When doped
with 1 or 0.5 holes (Nelec. = 15/15.5), the DDNLs on
the kz = 0 and kz = π planes of NaAlGe shifted away
from the Fermi level. Conversely, when doped with 1
or 0.5 electrons (Nelec. = 17/16.5), the DDNLs moved
downwards, distancing themselves from the Fermi level.
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(a) (b)

(c) (d) (e)

FIG. 4. (a) The energy difference between the Fermi level corresponding to the vacuum and the standard redox potential of HER
for NaAlGe. (b) Reaction pathway diagram of NaAlGe on the (001) surface, including Tafel-step and Heyrovsky-step reactions. (c)
Volcano plot for �GH∗ of the NaAlGe with that of various pure metals and typical topological catalysts. The data are taken from the
literature [17,22,41–45]. The calculated �GH∗ of Pt has a value of −0.08 eV, which is almost the same as that reported in the literature
(−0.09 eV in Ref. [46]). (d) The electron depletion (the left panel) and accumulation (the right panel) during H adsorption of NaAlGe.
(e) The relationship between |�GH∗ | and the surface DOSs of the Fermi level on different surfaces [(001), (010), (101), (110), (210),
and (310)] for NaAlGe.

For clarity, Fig. 5(a) depicts the band structures of the
NaAlGe with different values of Nelec., including 15,
16, and 17. Furthermore, we calculated the surface DOSs
of the Fermi level for the (001) surface under various
electron-hole doping conditions, as shown in Fig. 5(b). In
the presence of electron-hole doping, the DDNLs move
away from the Fermi level, decreasing the surface DOSs
at the Fermi level. Interestingly, as shown in Fig. 5(c),
we observed a linear relationship between |�GH∗ | and
surface DOSs for NaAlGe under different electron-hole
doping conditions, further establishing the role of surface
DOSs in catalytic activity for HER. From Fig. 5(c), for
various electron-hole doping conditions, it is evident that
an increase in surface DOSs of the Fermi level corre-
sponds to a decrease in |�GH∗ |. Remarkably, even with the
various electron-hole doping conditions maintaining the
presence of eight crossing points (DDNLs) in NaAlGe, the
|�GH∗ | remains relatively low under 0.2 eV [see Fig. 5(a)].
This demonstrates the robust stability of catalytic activ-
ity in NaAlGe for HER, attributable to the presence of
DDNLs.

Subsequently, we conducted a study to investigate the
impact of breaking the DDNLs in NaAlGe and aimed
to establish a linear relationship between |�GH∗ | and
surface DOSs during topological phase transitions. Ini-
tially, we applied a small biaxial compressive strain (3%)
in the a-b plane, where the eight crossing points, i.e.,
DDNLs, were preserved in both the kz = 0 and kz = π

planes. When applying a larger biaxial compressive strain
in the a-b plane, the crossing points B1-B4, i.e., dual nodal
lines on the kz = π plane, are gapped. Thus, the DDNL
state is transformed into the dual nodal-line state (on the
kz = 0 plane) for NaAlGe. After the biaxial compressive
strain continues to increase (> 6.5%), all eight band cross-
ings (A1-A4 and B1-B4) are gapped, and the DDNL state
is totally broken. The examples of band structures for
NaAlGe under 0%, 3%, and 6.5% biaxial compressive
strains are shown in Fig. 6(a). From Fig. 6(b), one finds
that the surface DOSs of the Fermi level progressively
decreases with increasing biaxial compressive strains.
Moreover, Fig. 6(c) demonstrates a well-established linear
relationship between |�GH∗ | and surface DOSs for various
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(a)

(b) (c)

FIG. 5. (a) Calculated band structures for NaAlGe with
Nelec. = 15, Nelec. = 16, and Nelec. = 17, respectively. (b)
The calculated surface DOSs of the Fermi level for NaAlGe with
different values of Nelec. (c) The linear relationship between
|�GH∗ | and the surface DOSs for NaAlGe with varying values
of Nelec.

biaxial compressive strains, indicating the effectiveness of
surface DOSs in enhancing the catalytic activity for HER.
For biaxial compressive strains below 3%, the |�GH∗ |
tends to increase as the area of the double DDNLs on both
planes decreases. Nevertheless, the DDNLs in NaAlGe are
maintained, resulting in a low |�GH∗ | value (< 0.2 eV)
and sustained HER activity. When a 5% biaxial compres-
sion strain is applied, only the dual nodal lines persist in the
kz = 0 plane, leading to a sharp increase in |�GH∗ | and a
decline in HER activity. Furthermore, by further disrupting

(a) (b)

(c) (d)

FIG. 7. (a)–(d) Band structures for NaAlSi, ErSe2, NaZnSb, and BaAlGeF, respectively. The orange frame region highlights the
DDNLs.

(a)

(b) (c)

FIG. 6. (a) Calculated band structures for NaAlGe under 0%,
3%, and 6.5% biaxial compressive strains, respectively. (b) The
calculated surface DOSs of the Fermi level for NaAlGe under
different biaxial compressive strains. (c) The linear relation-
ship between |�GH∗ | and the surface DOSs for NaAlGe under
different biaxial compressive strains.

the dual nodal lines in the kz = 0 plane by applying a 6.5%
biaxial compressive strain, the |�GH∗ | has a further sharp
increase, significantly weakening the HER activity. It is
worthwhile to note that these findings strongly support the
hypothesis presented in Fig. 1.

C. Other promising TQCs with DDNLs

In our pursuit to identify other promising TQCs with
DDNLs, we conducted a comprehensive screening using
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the Materials Project database [48]. The ideal TQCs with
DDNLs must satisfy the following requirements: (i) the
DDNLs should be located in close proximity to the Fermi
level; (ii) there should be no interfering bands in the vicin-
ity of the DDNLs; and (iii) the calculated |�GH∗ | should
be close to zero.

As a result of our screening, we discovered four other
TQCs with favorable DDNL characteristics: NaAlSi [49],
ErSe2 [50], NaZnSb [51], and BaAlGeF. The calculated
band structures for NaAlSi, ErSe2, NaZnSb, and BaAlGeF
are shown in Fig. 7. The eight crossing points, which
belong to the DDNLs, appear around the Fermi level.

We calculate the Gibbs free energy �GH∗ on the (001)
surface of NaAlSi, ErSe2, NaZnSb, and BaAlGeF, which is
a crucial parameter in determining the catalytic activity of
HER. Figure 8 presents the calculated values of |�GH∗ | for
these four materials, all of which are below 0.15 eV. The
|�GH∗ | values for NaAlSi, ErSe2, NaZnSb, and BaAlGeF
are 0.03, 0.05, 0.10, and 0.12 eV, respectively. We also cal-
culated the charge-density differences of NaAlSi, ErSe2,
NaZnSb, and BaAlGeF, as shown in Fig. 9, which shows
the charge transfer during catalysis.

Notably, NaAlGe and NaAlSi exhibit |�GH∗ | values
close to 0, indicating an exceptionally high HER activity.
Moreover, Fig. 8 shows that the |�GH∗ | is linearly corre-
lated with the projected surface DOSs on the (001) semi-
infinite surface for the NaAlSi, NaAlGe, ErSe2, NaZnSb,
and BaAlGeF. Specifically, the higher the surface DOSs
of the Fermi level, the lower value of |�GH∗ |, implying
stronger catalytic activity for HER.

The energy differences between the Fermi level corre-
sponding to the vacuum and the standard redox poten-
tial of the HER standard potential for NaAlSi, ErSe2,

FIG. 8. A linear relationship between the |�GH∗ | and the pro-
jected surface DOSs on the (001) semi-infinite surface for the
DDNL materials.

(a) (b) (c) (d)

FIG. 9. (a)–(d) The electron depletion and accumulation dur-
ing H adsorption of NaAlSi, ErSe2, NaZnSb, and BaAlGeF,
respectively.

NaZnSb, and BaAlGeF, respectively, are shown in Fig. 10.
The Fermi energy levels of NaAlSi, ErSe2, NaZnSb,
and BaAlGeF are −4.60, −5.49, −4.61, and −4.08 eV,
respectively. One finds that energy differences are small
(< 0.4 eV) for NaAlSi, NaZnSb, and BaAlGeF, and the
low overpotential benefits the HER process. These find-
ings underscore the potential of these DDNL materials as
highly active catalysts for HER, emphasizing their suit-
ability for future exploration and application in catalysis
research.

We calculated the reaction potential for hydrogen
release with the help of the CI-NEB method and showed
the results in Fig. 11. Figure 11 shows that the Heyrovsky-
step reaction is the preferred pathway for the hydrogen
release of ErSe2, NaZnSb, and BaAlGeF. However, for
NaAlSi, the preferred pathway for hydrogen release is the
Tafel-step reaction.

(a) (b)

(c) (d)

FIG. 10. (a)–(d) The energy differences between the Fermi
level corresponding to the vacuum and the standard redox poten-
tial of the HER standard potential for NaAlSi, ErSe2, NaZnSb,
and BaAlGeF, respectively.
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(a) (b)

(c) (d)

FIG. 11. (a)–(d) Reaction pathway diagrams of NaAlSi,
ErSe2, NaZnSb, and BaAlGeF on the (001) surface, including
Tafel-step and Heyrovsky-step reactions.

IV. CONCLUSION AND REMARKS

In summary, our study demonstrates the potential of
DDNL semimetals with large topological surface DOSs
as highly active surface TQCs. Using an experimentally
prepared NaAlGe compound as an example, we find its
DDNLs around the Fermi level will induce ubiquitous
drumheadlike TSSs on the (001) surface, resulting in
high surface DOSs around the Fermi level and further
enhancing the electron transfer capability and the catalytic
performance for HER. Notably, the |�GH∗ | of NaAlGe
approaches zero, even comparable to Pt, positioning it near
the summit of the volcano diagram. More interestingly,
we establish a linear relationship between the |�GH∗ |
and surface DOSs for NaAlGe across different surfaces,
electron-hole doping conditions, and biaxial compressive
strains. It is well documented that surface DOSs around
the Fermi level contribute to increased catalytic activity for
HER. With these findings, we anticipate that our work will
pave the way for the development of high-performance
catalysts based on the DDNL semimetals exhibiting high
surface DOSs.

In this work, we demonstrate that DDNL semimet-
als with higher surface DOSs than previously postulated
TQCs, including Weyl semimetals and single nodal-line
semimetals, can be an ideal HER platform. Our work
quantificationally linked the catalytic activity and topo-
logical state of matter in TQCs with DDNLs. That is,
this work discovers the linear correlations between the
catalytic activity for HER and the projected topological
surface DOSs on corresponding surfaces, providing direct
evidence that the catalytic enhancement is indeed from
the surface states in the DDNL semimetals. The discov-
ery of these linear correlations will open another route for

developing high-performance catalysts from the quantum
topological point of view. Furthermore, the established lin-
ear correlations facilitate the understanding of complicated
electrochemical processes for topological catalyst design.

V. METHODS

All the first-principles calculations in this work use the
Vienna ab initio simulation package (VASP) [52] within the
framework of density-functional theory (DFT) [53]. The
exchange-correlation potential made use of the generalized
gradient approximation (GGA) [54] of the Perdew-Burke-
Ernzerhof (PBE) method [55]. A cutoff energy of 500 eV
was adopted. The convergence criterion for the residual
force and energy was set to 0.01 eV/Å and 10−4 eV. The
Brillouin zones (BZs) were sampled by �-centered k-point
mesh with a 13 × 13 × 7 k-point grid for calculation of
band structure and 5 × 5 × 1 for structure optimization
of slab model. The Slab model used 20-Å vacuum lay-
ers to avoid the interaction between layers. The DFT-D2
method was adopted to consider long-range van der Waals
interaction. The calculation of surface DOSs of all materi-
als requires the use of the maximum localization Wannier
function [56,57] and the WannierTools package [58].

�GH∗ is defined as

�GH∗ = �EH + �EZPE − T�SH. (1)

�EH is the adsorption energy of hydrogen on the substrate,
which is defined as

�EH = 1
n

(
ENaAlGe+H − ENaAlGe − 2

n
EH2

)
, (2)

where n is the number of hydrogens. ENaAlGe+H and ENaAlGe
are expressed as the total energy of the adsorption sys-
tem and the total energy of the substrate, respectively.
EH2 is the total energy of the hydrogen molecule. �EZPE
[43] refers to the zero-point energy difference between
adsorbed and gaseous hydrogen. The �EZPE value calcu-
lated is close to 0 eV in this work. The surface temperature
(T) is taken as room temperature T = 300 K. The entropy
change (�SH) [59,60] is given by

�SH = 1
2

S0
H2

(3)

S0
H2

is the entropy of hydrogen under standard conditions of
130.684 J/(K mol) with considering the small vibrational
entropy of adsorbed hydrogen. Equation (3) can therefore
be simplified as SH ≈ 0.22 eV. Based on the above, Eq. (1)
can be simplified as

�GH∗ = �EH + 0.22 eV. (4)
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