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Topological insulator path toward efficient hydrogen evolution catalysts in the Li2Pt family
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Topological materials, such as topological semimetals and topological insulators, with robust topological
surface states have bright application prospects in electrochemical catalysis. Here, the first-principles calcula-
tions indicate the strong topological insulator Li2Pt family promotes efficient catalytic response to the hydrogen
evolution reaction. For Li2Pt and Li2Pd, the calculated Gibbs free energy �GH∗ of the bridge site is 0.054 eV
and 0.041 eV, while that for the top site is 0.187 eV and 0.641 eV, respectively. The better hydrogen evolution
reaction performance of the bridge site can ascribe to H hybridizes with the dxy + dx2−y2 orbital, which donates
the nontrivial topological surface states, while H hybridizes with the dz2 orbital that withholds contribution to
topological surface states for the top site. Noticeably, the �GH∗ of the bridge site for Li2Pt (0.054 eV) and
Li2Pd (0.041 eV) is nearly half of the value of Pt (0.09 eV), indicating an excellent hydrogen evolution reaction
activity. This work uncovers the hybridization between adsorbate and topological surface states plays a vital role
in enhancing the hydrogen evolution reaction performance and provides a promising route to design topological
quantum catalysts.
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I. INTRODUCTION

The characteristics of high calorific value and environmen-
tal friendliness of hydrogen energy make it one of the most
potential energy sources [1–3]. As a green and sustainable
method to produce hydrogen in electrochemical water decom-
position, hydrogen evolution reaction (HER, 2H+ + 2e− →
H2) has become an intriguing subject in recent years [4–6].
Pure metals, such as Pt, Ru, Rh, Ir, and Pd, and the re-
lated alternative materials in terms of monoatomic catalyst
and various compounds [7–16] are proposed as HER cata-
lysts. Notably, the commercial application of precious metal
is limited by their scarcity and cost [17–19] and the activity
and stability of conventional substitutions need to be im-
proved [7–16]. Hence the stable, efficient, and economical
HER catalysts are still desired.

Accompanied by the research on topological quantum
materials, topological semimetals (TSMs) and topological in-
sulators (TIs) are expected to act as HER catalysts, which
benefit from the nontrivial band topology protected topolog-
ical surface states (TSS). Such nontrivial TSS is relatively
stable to mild impurities (magnetic/nonmagnetic), surface
oxidation, and degradation [20–22]. As for TSMs, the effec-
tive catalyst candidates for HER are reported in the Weyl
semimetals [23,24], Dirac semimetals [25–27], chiral nodal
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point semimetals [28], nanoporous electride with multifold
fermions [29], and nodal-line semimetals [30–32]. The elec-
trocatalytic activity of TSMs might mainly ascribe to their
high carrier mobility and the large surface density of states
near the Fermi level EF , both of which are closely related to
the TSS [33–35]. Referring to the TIs, an ideal TI, such as the
well-known Bi2Se3 where only TSS crosses the EF [36], tends
not to be a good electrocatalyst [37–41] and this might at-
tribute to the lower carrier density around EF [30]. To increase
the surface carrier and hence improve the catalytic efficiency
of TIs, strain [42], atom/cluster embellishment [37], TI het-
erostructure construction [38–40] and surface engineering in
terms of interfaces and grain boundaries [41,43], and partially
oxidized surface [40,44] are introduced. Then, one may ask
if there is any TI with inherently excellent HER performance.
Here, we point out that the metal-like TIs, such as Li2Pt and
Li2Pd, would be ideal catalysts for HER.

Here, we propose the hexagonal Li2Pt family of materials
(space group P6/mmm) (Fig. 1) has excellent HER perfor-
mance stimulated by the intrinsic nontrivial TSS. Taking Li2Pt
as an example, one can find two sets of nodal net emerge
around the kz = 0 and kz = π plane when spin polarization is
excluded. When SOC is considered, the nodal nets vanish and
yield a strong TI with Z2 index (ν0; ν1, ν2, ν3) = (1; 0, 0, 0).
The nontrivial TSS cover a large energy range and wide area
in surface Brillouin zone (BZ) [Fig. 2(g)], which suggests
Li2Pt might have potential catalytic properties [24,31,34]. By
adsorbing one H atom on the layer substrate, the calculated
�GH∗ for the top site [Fig. 3(b)] and bridge site [Fig. 3(c)] is
as low as 0.187 eV and 0.054 eV (Table I), respectively. The
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FIG. 1. (a) Top and side view of Li2Pt. The top and bridge
adsorption sites are highlighted by the red points in the top panel.
(b) The Brillouin zone of Li2Pt, in which the high symmetry points
and the projected (001) plane are illustrated.

isostructural compound Li2Pd is also identified as a strong TI
with a �GH∗ value of 0.641 eV and 0.041 eV for the top site
and bridge site in the eight-layer slab, respectively. It is worth
noting that the HER activity (the value of �GH∗ ) of the bridge
site in Li2Pt (0.054 eV) and Li2Pd (0.041 eV) is superior to
that of Pt (−0.09 eV) [45]. The excellent HER behavior of the
bridge site as well as the different catalytic activity between
the top site and bridge site as ascribed to H hybridizes with
the nontrival TSS at the bridge site while this hardly happens
at the top site. This work unveils the efficient HER catalytic
properties in strong TIs and demonstrates the vital role of TSS
in improving the HER performance.

II. COMPUTATIONAL METHODS

We carried out first-principles calculations by the Vi-
enna Ab initio Simulation Package (VASP) [46] within the
framework of the density-functional theory (DFT) [47]. The
exchange-correlation potential was set as the generalized gra-
dient approximation (GGA) of the Perdew-Burke-Ernzerhof
(PBE) type [48]. The energy cutoff was set as 500 eV and
the BZ was sampled via a Monkhorst-Pack k mesh with a
size of 18 × 18 × 25. For the structure optimization calcu-
lations, the convergence criteria of energy and force were
set to 10−6 eV/atom and −0.01 eV/Å, respectively. The
dynamical stability of the 2 × 2 × 2 supercell was illustrated
by the phonon dispersion from the density functional per-
turbation theory (DFPT) within the PHONOPY package [49]
[Fig. S24 in the Supplemental Material (SM) [50]]. The TSS
was demonstrated based on the maximally localized Wannier
functions [51] and the WANNIERTOOLS package [51,52].

TABLE I. Calculated �Eads (eV), �GH∗ (eV), and Bader charge
of H (BH, in e−) for Li2Pt1 × 1 × n layer slab with SOC.

Site Top Bridge

n �Eads �GH∗ BH �Eads �GH∗ BH

5 0.131 0.351 1.069 −0.147 0.073 1.274
6 0.100 0.320 1.072 −0.153 0.067 1.271
7 0.031 0.251 1.043 −0.162 0.058 1.269
8 −0.033 0.187 1.042 −0.166 0.054 1.270
9 −0.029 0.191 1.077 −0.154 0.066 1.279
10 0.022 0.242 1.079 −0.141 0.079 1.279
20 0.015 0.235 1.047 −0.160 0.060 1.270

For the catalytic properties calculations [24,31,34], the
convergence criteria of energy and force was set as 10−4

eV/atom and −0.02 eV/Å, respectively. To illustrate the HER
activity, 1 × 1 × n (n = 5–10) layer slab was constructed to
adsorb H, where the vacuum layer was set to 16 Å to avoid
the interaction between the layers. The stability of the layer
slabs was confirmed by the calculated surface energies [28,53]
(Table S1 [50]). The activity of HER can be characterized by
the the Gibbs free energy �GH∗ (∗ denotes an active site on the
surface and H∗ is the reaction intermediate). In this work, we
adopted the method proposed by Norskov et al. to obtain the
�GH∗ of hydrogen adsorption [54] . The specific process can
be expressed as H+ + e− → H∗ and H∗ → 1/2H2. It is noted
that the potential U is set to 0, corresponding to the standard
hydrogen electrode at pH = 0, and the free energy of H+ + e−
is defined the same as that of 1

2 H2 under standard conditions
of equilibrium [54]. Then, the �GH∗ = �Eads + �EZPE −
T �SH, in which �Eads stands for the adsorption energy for
H, �EZPE indicates the changes in zero-point energy, �SH

represents the entropy between the absorbed H and gaseous
H, and T is the temperature (298.15 K) [54]. Particularly,
the adsorption energy �Eads = Eslab+H − Eslab − 1/2EH2 , in
which EH2 , Eslab, and Eslab+H are the energies of H2, Li2Pt
without hydrogen, and Li2Pt with adsorbed hydrogen, re-
spectively. The calculated �EZPE is 0.022 eV, which agrees
well with the previous result [54]. �SH ≈ −1/2S0

H, where
S0

H is the entropy of gaseous H2 at standard conditions [54].
As a result, �GH∗ = �Eads + 0.22 eV for the Li2Pt (001)
surface. Besides, the aqueous solvent effect that might affect
the energetic of electrochemical system [57,58] was evaluated
by VASPSOL within an implicit continuum model [59,60]. The
calculated results for the water solvent indicated the changes
in �GH∗ values were less than 2 meV for the two active
sites displayed in Fig. 1(a) (0.1868 eV → 0.1853 eV for
the top site and 0.0540 eV → 0.0522 eV for the bridge site,
respectively). Such a tiny variation indicates the water solvent
has no significant effect on the catalytic performance of Li2Pt.
As a consequence, the solvent effect was reasonably omitted
in our calculations. Moreover, the adsorption of intermediate
OH−, which has an importance effect on the energy barrier
of H2O dissociation in the alkaline conditions [61–64], was
tested for the Li2Pt1 × 1 × n (n = 5–10) slab. It was found
that the adsorption energy of OH∗ at the bridge and top site
was respectively close to that of Pt and Ru [62] (see Table
S2 [50]), suggesting a strong adsorption of OH∗ at the surface.
Compared with the adsorption energy of H∗, the adsorption
energy of OH* is relatively strong, and there is no delicate
balance between the adsorption rate of H∗ and desorption rate
of OH∗. Therefore, Li2Pt might have a poorer HER perfor-
mance in the alkaline conditions [61–64] than the acid ones
with which we are concerned.

Although more accurate band structures could be acquired
by the HSE06 functionals [65] and more accurate total ener-
gies might be obtained by the HSE06 [65] and random phase
approximation (RPA) calculations for certain cases [64], the
GGA-PBE [48] method is still a good description for most
band dispersion and total energy calculations, whose validity
and efficiency have been widely confirmed in the DFT cal-
culations for topological quantum catalysts (TQCs) [23–35].
Therefore, all the DFT calculations in this work were com-
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FIG. 2. Calculated band structures of Li2Pt without spin polarization (a) and with SOC (d). The red and blue lines indicate the valence band
(VB) and the conduction band (CB), respectively. The green points in (a) highlight the BCPs numbered as P1–P6. The inset is an enlarged view
for the BCPs in the dashed rectangle. The d-orbital resolved band structures and the corresponding PDOSs for Li2Pt without spin polarization
[(b) and (c)] and with SOC [(e) and (f)], respectively. (g) The calculated surface states along selected paths on the (001) surface for Li2Pt. (h)
The enlarged image for the dotted rectangle in (g).

puted within GGA-PBE scenarios for the sake of accuracy
requirement and time consumption.

III. RESULTS AND DISCUSSION

A. Electronic structure and symmetry analysis

The structure of Li2Pt is displayed in Fig. 1(a), in which Pt
and Li take up the 1a (0,0,0) and 2d (1/3,2/3,1/2) Wckyoff

positions of space group P6/mmm (No. 191), respectively.
Figure 2(a) shows the calculated spinless band structures
based on the optimized crystal lattice, in which a = b = 4.186
Å and c = 2.680 Å agree well with the experimental values
a = b = 4.186 Å and c = 2.661 Å [66]. Then, one can find
six band crossing points (BCPs), labeled as P1–P6, along
the high symmetry lines �-M-K-�-A-L-H-A [Fig. 1(b)].
As shown in Figs. S2– S16 [50] (see SM for detailed

FIG. 3. Charge density difference for Li2Pt eight-layer bulk without H adsorption (a), eight-layer slab with H adsorption on the top site (b),
and eight-layer slab with H adsorption on the bridge site (c). The charge accumulation and depletion is indicated by the yellow and cyan region,
respectively. The isosurface is set as 0.009 electrons/Å−3 (a) and 0.006 electrons/Å−3 [(b) and (c)], respectively. The displayed thickness is
set to one unit cell. Panels (d), (e), and (f) are the PDOSs of Pt d and H s orbitals on the top layer of (001) surface corresponding to (a), (b),
and (c), respectively. Panels (g), (h), and (i) are the hole density of states of Pt dxz + dyz, dz2 , dxy + dx2−y2 and H s orbitals on the top layer of
(001) surface, respectively.
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illustration), these BCPs belong to two nodal nets near the
kz = 0 and kz = π plane, respectively. When the intrinsic
SOC effect is considered, the system turns to a metal state
with local band gap in the whole BZ, as shown in Fig. 2(d).
The orbital resolved band structures and projected density of
states (PDOSs) (Fig. 2 and Fig. S1 [50]) indicate the band
inversion arises from the Pt dxz + dyz and dx2−y2 + dxy orbitals
at K point. The topological states on the (001) surface and
surface Dirac cone at M are clearly illustrated in Figs. 2(g)
and 2(h) (also see Fig. S17 [50]).

To fully interpret the nontrivial TSS, we calculated the
topological symmetry indexes (SI) of this system. The SI of
SG P6/mmm form the group Z6 × Z12 [67] and the calcu-
lated result is (Z6, Z12) = (3, 3). The odd values of (Z6, Z12)
correspond to the strong TI phase, which is further evaluated
by the Z2 topological invariant (ν0; ν1, ν2, ν3) = (1; 0, 0, 0)
for the occupied band of Li2Pt. Hence, when projected to the
(001) surface, there would be odd numbers of surface Dirac
cone at the time reversal invariant points, which is protected
by the time reversal symmetry. As for Li2Pt, the surface Dirac
cone locates at the M point in the surface BZ [Fig. 2(g)].
Noteworthily, there seems to be a surface Dirac cone along
the high symmetry line �-K [see the dashed rectangle in
Fig. 2(g)]. Physically, the symmetry protection mechanism of
such a surface Dirac cone is absent. To verify this point, the
zoom in image is shown in Fig. 2(h), where a narrow band gap
is observed.

B. HER activity and underlying mechanism

In view of the fact that the band-topology-protected TSS
can provide a stable electron bath with high carrier mobil-
ity [23–28,30,33–35,68], HER testing is carried out for Li2Pt.
The calculated HER activity characterized by the �GH∗ and
�Eads for the top site and bridge site [Fig. 1(a)] are summa-
rized in Table I. As illustrated in Table I, the �Eads and �GH∗

of the top site suffer a larger fluctuation than that of the bridge
site for the given 1 × 1 × n (n = 5–10) layer slab. Noticeably,
the �GH∗ of the top site (0.19–0.35 eV) and the bridge site,
which ranges from 0.05 to 0.08 eV and reaches a minimum
for the eight-layer slab (0.054 eV), is comparable and even
superior to the reported transition metal catalysts and TQCs
(see Table S3 [50] and Fig. 6) [23–25,27,28,31,45,69].

Before analyzing the role and effect of TSS in the HER
catalytic performance, especially the difference between the
top site and bridge site, we will first return to the classical
d-band center theory [70,71] and Sabatier principle [4,69,72].
In general, the proton absorption at the active site is stronger
when the d-band center is closer to the EF [73]. Besides,
the interaction between the adsorbate and substrate should
be neither too strong nor too weak [4,69,72], i.e., a mod-
erate bonding is beneficial to capture the adsorbate and
dissociate the product. Here, we take the eight-layer slab
which has the best HER performance for both the top site
and bridge site (Table I) as an example to perform the
following analysis. The calculated d-band center with SOC
is 0.494 eV [74], suggesting the antibonding orbitals are
partially above the EF and the adsorption strength would be
medium [73] (Table I).

To evaluate the bonding between H and the layer substrate
of Li2Pt, we computed the charge density difference, the

TABLE II. Bader charge analysis (B, in e−) of the top-layer
atoms in the eight-layer Li2Pt and Li2Pd slab with SOC. The charge
differences �C (e−) are listed.

Site w/o H Top Bridge

Compound Atom B B �C B �C

Li2Pt Pt 11.145 11.050 −0.095 10.747 −0.398
H 1.042 +0.042 1.270 +0.270

Li2Pd Pd 11.023 10.990 −0.033 10.599 −0.424
H 1.081 +0.081 1.406 +0.406

PDOSs of the Pt d and H s orbitals, and the Bader charge
analysis [75]. For the case without H adsorption, Pt obtains
electrons from Li [Fig. 3(a)] and has an average value of
−1.649 e−, which can attribute to the larger electronegativity
of Pt (2.2) than Li (0.98) [76]. When H is captured by the
layer slab, H s orbital is closely hybridizing with the Pt dz2

[Fig. 3(e)] and dxy + dx2−y2 orbital [Fig. 3(f)] for the top site
and bridge site adsorption, respectively. As a consequence, the
Pt dz2 [Fig. 3(h)] and dxy + dx2−y2 [Fig. 3(i)] orbital donates
the most electrons to the adsorbed H at the top site and bridge
site, respectively [also see Fig. 3(g) where the electrons of the
dxz + dyz orbital slightly increase]. Besides, Figs. 3(e), 3(f),
and Fig. S22 also indicate the H s orbital is more localized for
the top site bonding, i.e., more peaks in the PDOS than that of
the bridge site, suggesting a weaker interaction with the sub-
strate [69] for the top site. As a consequence, the Bader charge
of H (BH) at the top site is less than that of the bridge one
(Table I). Further Bader charge analysis (Table II) also reveals
the surface Pt atom can afford the electrons that H captures.
In particular, the number of electrons that H obtains is less
than that which Pt donates, indicating the weak interaction
between the bulk bands and H for both the top site and bridge
site [69].

Now, we will get back to the HER catalytic performance.
It is noteworthy that the Pt dxy + dx2−y2 orbital participates
in the band inversion, while the dz2 orbital dose not (Fig. 2).
Combined with the demonstrations for the bonding between H
and Li2Pt layer slabs (Fig. 3, Tables I and II), one can deduce
that H hybridizes with the nontrival TSS at the bridge site in a
medium degree, while H hardly hybridizes with the nontrival
TSS at the top site. As a result, the change of �GH∗ due to
the adsorption on the layer slab of varying thickness tends to
be small and hence a better HER performance emerges at the
bridge site (Table I).

To confirm the TSS indeed takes part in the HER process,
one should figure out the distribution of the electron bath
provided by the nontrivial TSS and evaluate the reconstruction
of electron configuration after H adsorption. We calculated the
slab band structures of the Li2Pt (001) surface by the ML-
WFs [51] and DFT [47] method, respectively. The evolution
of thickness-dependent slab band structures from the MLWFs
(Fig. S18 [50]) indicate the TSS remains nearly unchanged
until the slab layer reaches up to 20. Then, we take the surface
electronic structures of the 20-layer slab as an illustration
(Fig. 4). As shown in Figs. 4(a)–4(c), the nontrivial TSS (high-
lighted in red) is maintained after H adsorption for the top site
and bridge site, respectively. The calculations for the real part
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FIG. 4. Surface electronic structures of the (001) surface for Li2Pt 20-layer slab without H adsorption from MLWFs (a) and with H
adsorption on the top site (b) and bridge site (c) from DFT calculations, respectively. The red lines highlight the TSS. Panels (d), (e), and
(f) are the real wave functions of the TSS at the M point as circled in blue in (a), (b), and (c), respectively. The isosurface is set to 0.0003
electrons/Å−3. The displayed thickness is set to one unit cell. The adsorbed H atoms are indicated by the black arrows in (e) and (f).

of the wave function at the M point suggest the distinct charge
transfer between the TSS and H [Figs. 4(d)–4(f)]. Besides,
the calculated �Eads, �GH∗ , and BH are listed in Table I.
One can find the bridge site (�GH∗ = 0.06 eV) still reveals
a better HER activity than the top site (�GH∗ = 0.235 eV),
which can ascribe to the moderate hybridization between H
and the Pt dxy + dx2−y2 orbital at the bridge site (Fig. 3 and
Fig. S23 [50]). Then, we may conclude the HER activity
at the top site, in which H interacts with the Pt dz2 orbital
(Fig. 3, Fig. S21, and Fig. S23 [50]), is closely related to the
surface electrons that withhold contributions to TSS; the HER
activity at the bridge site, in which H interplays with the Pt
dxy + dx2−y2 orbital (Fig. 3, Fig. S21, and Fig. S23 [50]), is
dominated by the topological electron bath.

Following the above design route, the isostructural
Li2Pd [77] is also identified as a strong TI with efficient
HER catalytic activity. Figure S20 [50] reveals the surface
Dirac cone emerges at M in the surface spectrum and the
TSS spreads a wide energy window and large area in surface
BZ, which is similar to Li2Pt [Fig. 2(g)]. For the sake of
simplicity, we make an estimation of the �GH∗ for a 1 × 1 × 8
layer slab. The calculated d-band center is 0.658 eV, which
is above the EF and higher than that of Li2Pt (0.494 eV).
As a result, the higher antibonding orbitals yield a larger
�Eads [54,70,71] for the top site (0.421 eV) and bridge site
(−0.179 eV), respectively. The calculated �GH∗ respectively
approaches 0.641 eV for the top site and 0.041 eV for the
bridge site, suggesting the bridge site has an efficient HER
activity [23,24,28,31].

As shown in Figs. 5(e), 5(f), and Fig. S21 [50], the H s
orbital is highly hybridizing with the Pd dz2 and dxy + dx2−y2

orbital for the top site [Fig. 5(b)] and bridge site [Fig. 5(c)]
adsorption, respectively. The band structures (Fig. S19 [50])
also indicates the TSS comes from the band inversion between
Pd dxz + dyz and dxy + dx2−y2 orbitals. Analogous to Li2Pt,

one can safely infer that the HER activity at the top site and
bridge site is dominated by the nontopological and topological
surface electrons, respectively. Moreover, the Bader charge
analysis (Table II) reveals the surface Pd provides enough
electrons to the H adataom at the bridge site, while the sur-
face Pd could not afford the electrons that H requires at the
top site (also see the hole DOSs in Fig. 5). Actually, for
the top site, more than half of the electrons that H received
come from the bulk states, i.e., H acquired 0.081 electrons
from the Li2Pd layer slab where the top-layer atoms supplied
0.033 electrons and the remaining 0.048 electrons come from
the bulk (Table II). Besides, one can find a large and sharp
DOS peak around −4.4 eV in Fig. 5(e) and Fig. S21 [50],
suggesting a strong hybridization between the H s and Pt dz2

orbitals. Combining the Bader analysis (Table II) with the
PDOS [Fig. 5(e) and Fig. S21 [50]], one can deduce that H is
bonding and interacting with the bulk states in a strong degree
for the top site. Such a strong interaction would bring in a
high �GH∗ [69] and the obtained �GH∗ is 0.641 eV for the top
site of Li2Pd, which is much larger than the top site of Li2Pt
(0.187 eV) where the interaction between H and the substrate
is very weak.

In the end, we plot the sketch map for the HER process
at the top site and bridge site for Li2Pt [Figs. 6(a) and 6(b)].
Also the |�GH∗| diagram of HER and the volcano plot for the
Li2Pt and Li2Pd eight-layer slab with bridge site absorption
are shown in Figs. 6(c) and 6(d). It is clear that the �GH∗

of Li2Pt and Li2Pd are almost at the top of the volcanic
curve, which is superior to most transition metal catalysts and
other known TQCs [23,24,28,45] [Figs. 6(c), 6(d), and Table
S3 [50]]. The efficient HER performance at the bridge site
of the (001) surface for Li2Pt and Li2Pd is attributed to the
intermediate hybridization between H and the surface elec-
trons with high carrier mobility stemming from the nontrivial
TSS [23–30,33–35,68,69].
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FIG. 5. Charge density difference for Li2Pd eight-layer bulk without H adsorption (a), eight-layer slab with H adsorption on the top site (b),
and eight-layer slab with H adsorption on the bridge site (c). The charge accumulation and depletion is indicated by the yellow and cyan region,
respectively. The isosurface is set as 0.002 electrons/Å−3 (a) and 0.006 electrons/Å−3 [(b) and (c)], respectively. The displayed thickness is
set to one unit cell. Panels (d), (e), and (f) are the PDOSs of Pd d and H s orbitals on the top layer of (001) surface corresponding to (a), (b),
and (c), respectively. Panels (g), (h), and (i) are the hole density of states of Pd dxz + dyz, dz2 , dxy + dx2−y2 and H s orbitals on the top layer of
(001) surface, respectively.

IV. CONCLUSION

Unlike most TIs whose catalytic performance needs
to be improved by either bringing in strain or covering
metal atoms/clusters or introducing oxidized surface/surface
vacancies/interfaces/grain boundaries or constructing het-
erostructrues with layered materials, the strong TIs Li2Pt and
Li2Pd promote intrinsic efficient catalytic response to the
HER at the bridge site. The high-efficiency HER performance

FIG. 6. (a), (b) Sketch map for the HER activity on the top and
bridge site of Li2Pt, respectively. The bigger solid arrow indicates
the stronger interaction between H and the TSS/substrate. (c) The
|�GH∗| diagram of HER. The data of NiSi, Pt, and PtGa are taken
from the literature [24,28,45]. (d) The volcano plot for the HER of
Li2Pt and Li2Pd in comparison with that of various transition metal
catalysts and TQCs [23,28]. The data of Li2Pt and Li2Pd corresponds
to the eight-layer slab with bridge site absorption.

of the bridge site can briefly ascribe to three aspects. First,
a suitable d-band center ensures an appropriate adsorption
energy [70,71,73]. Second, a considerably weak interaction
between H and the substrate is beneficial to capture the
adsorbate and dissociate the product [4,69,72]. Third, a mod-
erate hybridization between H and the TSS offers an efficient
charge transfer for catalytic action [69]. Specially, the TSS
should first cover the specific active sites and hence act as a
constituent part of the surface electron bath where the HER
reacts [Figs. 4(e) and 4(f)]; second and more importantly,
the TSS should interact with the adsorbate in an appropriate
degree [Figs. 3(e), 3(f), 5(e), 5(f) and Fig. S21 [50]] to support
the ultrafast charge transfer which is conducive to the HER.
The above three points guarantee the adsorption activity and
give birth to a subtle cooperative effect [61,72,78], yielding a
high-efficiency HER catalytic performance. Our work brings
an insight into the enhancement of catalytic activity by TSS
and provides a feasible scheme for TQCs design, i.e., the
bottleneck of TIs serving as electrocatalysts from the lower
carrier density around EF [30] might be conquered by a coop-
erative effect.
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