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A Ta-TaS2 monolith catalyst with robust and
metallic interface for superior hydrogen evolution
Qiangmin Yu1, Zhiyuan Zhang1, Siyao Qiu2, Yuting Luo1, Zhibo Liu3, Fengning Yang1, Heming Liu1, Shiyu Ge1,

Xiaolong Zou 1, Baofu Ding1, Wencai Ren 3, Hui-Ming Cheng 1,3,4, Chenghua Sun 2,5✉ & Bilu Liu 1✉

The use of highly-active and robust catalysts is crucial for producing green hydrogen by water

electrolysis as we strive to achieve global carbon neutrality. Noble metals like platinum are

currently used catalysts in industry for the hydrogen evolution, but suffer from scarcity, high

price and unsatisfied performance and stability at large current density, restrict their large-

scale implementations. Here we report the synthesis of a type of monolith catalyst consisting

of a metal disulfide (e.g., tantalum sulfides) vertically bonded to a conductive substrate of the

same metal tantalum by strong covalent bonds. These features give the monolith catalyst a

mechanically-robust and electrically near-zero-resistance interface, leading to an excellent

hydrogen evolution performance including rapid charge transfer and excellent durability,

together with a low overpotential of 398mV to achieve a current density of 2,000mA cm−2

as required by industry. The monolith catalyst has a negligible performance decay after 200 h

operation at large current densities. In light of its robust and metallic interface and the various

choices of metals giving the same structure, such monolith materials would have broad uses

besides catalysis.
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T
he excessive use of fossil fuel energy has caused serious
environmental problems. Hydrogen (H2) is a clean energy
carrier with zero-carbon emission and can be produced by

water electrolysis driven by renewable energy, which is beneficial
for future global carbon neutrality1,2. Polymer electrolyte mem-
brane (PEM) electrolyzer technology is highly efficient and allows
for high hydrogen production rates with current densities up to
2000 mA cm−2, but suffers from problems of poor stability, high
cost and low efficiency3. Commercial water electrolysis is usually
catalyzed by noble metals like platinum (Pt) and iridium (Ir) to
produce hydrogen4, but these noble metals are scarce and have
poor stability especially under large current density5–7. Reducing
the use of noble metals or developing noble-metal-free catalysts
with high activity and durability have been targeted for
decades8–13, but are far from satisfactory, especially under the
large current densities demanded by industry.

Besides large current operation, in practice, stability is another
key issue for hydrogen production electrodes, and is usually
obtained by anchoring catalysts (such as alloying, clusters, or
single-atoms14–16) on a conductive substrate using a binder like
Nafion. With this approach, the adhesive force is usually weak
and the catalysts loaded on the substrate often peel off upon
hydrogen bombardment when a large operating current density is
used in the hydrogen production, resulting in a short service life
of the electrode17. Such a structure also inevitably results in a
large interface resistance between the catalyst and the substrate,
which slows the electron transport and causes serious Joule
heating especially at large current densities18. As a consequence,
the energy conversion efficiency is low, indicating the need to
design the catalyst/substrate interface in a conceptually different
way. Directly growing the catalyst on a conductive substrate could
significantly improve the adhesion between them, improving the
robustness of the electrode19,20. Such a technique, however,
cannot eliminate the interface resistance, especially when catalyst-
substrate interaction is dominated by van der Waals forces or
ionic bonds21,22. Therefore, the challenge in producing such an
electrode is how to achieve a high-efficiency (ultralow or even
zero interface resistance) and long-durability (strong interface
binding forces) hydrogen production under large current
densities.

In this work, we develop a monolith catalyst (MC) to address
these challenges. Specifically, a metallic transition metal dichal-
cogenide (m-TMDC) is vertically grown on a substrate of the
same metal using an oriented-solid-phase synthesis (OSPS)
method. Due to the nature of the monolith, charges can be
directly transferred from the substrate to the catalyst without
crossing van der Waals interfaces, providing highly efficient
charge injection and an excellent HER performance. This MC has
almost zero interface resistance and therefore offers unimpeded
electron transfer. Moreover, the catalyst is bonded to the substrate
by strong covalent bonds, which gives excellent mechanical sta-
bility to withstand the large current densities needed for efficient
hydrogen production. As an example, a tantalum–tantalum sul-
fide (Ta-TaS2) MC with a large area has been synthesized by the
OSPS method and shown superior hydrogen evolution activity,
achieving 2000 mA cm−2 with a small overpotential of 398 mV
and continue working for >200 h under large current densities in
a 0.5 M H2SO4 electrolyte without noticeable performance decay.

Results
Structure and properties of the Ta-TaS2 MC material. To
address the problems of catalyst peel-off and large interface
resistance, our strategy is to build the catalyst from the substrate
as illustrated in Fig. 1a. Metallic TaS2, the HER catalyst, vertically
grows from Ta substrate, with strong Ta-S covalent bonding at

their interface. This structure is distinct from normal parallel
stacking (see Supplementary Fig. 1), because there is no van der
Waals gap at the interface between Ta and TaS2. Consequently,
such a structure fundamentally eliminates catalysts peel-off pro-
blem under high-current operations. More importantly, electrons
do not have to tunnel over a van der Waals gap between adjacent
TaS2 layers to reach active sites. Overall, the design provides an
ultra-strong and highly electrically conductive interface for large
current density water electrolysis.

For HER, a metal substrate with abundant free electrons could
inject electrons into the catalyst effectively for the subsequent
reaction, and thus gives the catalyst a high reactivity23,24. The
Gibbs adsorption free energy (GH*) of Ta-TaS2 MC was
calculated. Figure 1b shows the GH* values of Ta, TaS2, Ta-
TaS2 MC, and Pt, based on which Ta-TaS2 MC performs similarly
to Pt25,26, with GH* ~0.10 eV (a GH* value close to zero indicates
superior thermodynamic activity27,28), which is much better than
TaS2 alone (~0.61 eV). The decomposed band structures for
hybrid Ta-TaS2 MC were also calculated based on a model
(Supplementary Fig. 1b) and are shown in Fig. 1c. We found that
a large number of dispersive electronic states, contributed by Ta
and TaS2 jointly, cross the Fermi energy level of the system,
confirming that such an interface gives excellent electrical
conductivity. To understand the mechanical strength, the energy
evolution E with the distance d between Ta and TaS2 has been
investigated based on parallel (Ta/TaS2, Supplementary Fig. 2a)
and vertical (Ta-TaS2 MC, Supplementary Fig. 2b) stacking
models. Using the energy E0 with an equilibrium distance d0 as a
reference, the total energy E has been calculated for a series of
distances d between Ta and TaS2, based on which the relative
energy E-E0 has been derived and used as an indicator of energy
cost to separate these two components from equilibrium bonded
state to non-bonded state. Accordingly, larger ΔE= Ed→∞-E0
indicates stronger interaction between Ta and TaS2. In our case,
ΔE values of 0.37 eV and 10.56 eV are obtained for Ta/TaS2 and
Ta-TaS2 MC, respectively, indicating more robust interface
between Ta and TaS2 has been built in Ta-TaS2 MC than that
in Ta/TaS2. Accordingly, hybrid Ta-TaS2 MC is expected to
exhibit high reactivity, fast kinetics, and strong mechanical
stability.

Sample preparation and characterization. To test the above
predictions, we synthesized a Ta-TaS2 MC by an OSPS method
and examined its structure. A Ta substrate with periodic holes
was pre-oxidized in air (Ta→TaOx), followed by oriented sul-
furization along the oxidation path (TaOx→TaS2) and electro-
chemical treatment to produce a porous MC structure, as
illustrated in Fig. 2a and Supplementary Information (Experi-
mental Section). X-ray diffraction (XRD, Fig. 2b) indicates the
formation of the 3R-phase TaS2 with diffraction peaks of (003) at
14.9°, (101) at 32.2°, and (110) at 55.1° (PDF#89-2756)29, which
has been confirmed by the Raman spectra (Supplementary
Fig. 3)30. X-ray photoelectron spectroscopy (XPS) measurements
show four peaks for the Ta 4 f, where the peaks at 23.3 eV and
25.2 eV are assigned to Ta4+ in 3R-TaS2 and the peaks at 26.5 eV
and 27.2 eV is assigned to tantalum oxide. In addition, two S 2p3/2
(161.9 eV) and S 2p1/2 (162.9 eV) peaks are assigned to S2− in 3R-
TaS2 (Supplementary Fig. 4)31. Two factors may result in the
growth of 3 R phase TMDCs. The first is the oriented-solid-phase
synthesis method we used. In this method, the TaOx precursor
will form first on the Ta substrate with an ordered orientation,
and sulfur vapor diffuses into TaOx and converts them into
sulfides. At high temperature, the chemical conversion would
occur much faster than the diffusion of sulfur vapor into the
TaOx, thereby making sulfur diffusion the rate-limiting process.
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Diffusion along the layers through van der Waals gaps is expected
to be much faster than diffusion across the layers. Such a change
in growth dynamics may result in the growth of different phase
materials. Second, abundant nucleation sites on Ta substrate
during sulfuration process, may result in quick accumulation of
layered products and the formation of 3 R phase materials.

A cross-sectional lamella of the Ta-TaS2 MC is shown in
Fig. 2c, in which TaS2 vertically growth is seen on a Ta substrate.
From high-resolution transmission electron microscopy
(HRTEM) images, the TaS2 has an interplanar distance of
0.63 nm, consistent with the (003) plane of the TaS2 3R-phase
(see Fig. 2d and Supplementary Fig. 5)32. Elemental analysis of
the monolith material by energy dispersive X-ray spectroscopy
(EDS) elemental mapping shows that a clear interface was formed
between TaS2 and the Ta substrate (Supplementary Fig. 6). The
interface was also examined by scanning TEM-high-angle
annular dark field (STEM-HAADF) microscopy (Fig. 2e), with
elemental Ta on both two sides while elemental S was present
only on one side (Fig. 2f, g). The porosity of the MC also can be
regulated by laser patterning (Supplementary Fig. 7), to provide
engineerable channels for efficient mass transfer and gas
diffusion33. From these characterizations, it is clear that a Ta-
TaS2 MC has been synthesized. The method can also be used for
the synthesis of other MCs, such as niobium-niobium disulfides
(Nb-NbS2) and molybdenum-molybdenum disulfides (Mo-
MoS2). All three TMDCs have the 3R-phase structure (Supple-
mentary Figs. 3, 4 and 8).

To investigate the mechanical properties of the interface in Ta-
TaS2 MC, a conventional Ta/TaS2 composites (TaS2 catalyst
synthesized from Ta oxides loaded on Ta foil, where the catalyst-
substrate interface has van der Waals interactions) and a Pt/C/GC
composites (Pt/C catalyst pasted on a glassy carbon (GC)
substrate using a Nafion binder) were used for comparison.
Figure 3a shows typical force-displacement curves of the Ta-TaS2

MC, and Ta/TaS2 and Pt/C/GC composites. The maximum force
at the top of the curve indicates the critical load of the adhesive-
bonded joint before a crack starts to propagate34. The Ta-TaS2
MC has an adhesive force of 39.9 N/m2, which is more than three
times than that of the Ta/TaS2 composites (12.3 N/m2) and the
Pt/C/GC composites (13.4 N/m2), indicating a mechanically
strong interface in the MC. The electrical conductivity of the
Ta-TaS2 MC was examined to investigate its charge transfer
ability in HER. As shown in Fig. 3b and Supplementary Fig. 9, an
electrical conductivity of ~3 × 106 S/m was obtained for the Ta-
TaS2 material which is comparable to the values for metals (Pt, Ir,
Ta) and metallic TaS2. Such a conductivity is 2–5 orders of
magnitude higher than those of typical catalysts or substrates
including graphite and semiconducting MoS2, and 9 orders of
magnitude higher than oxides (Supplementary Table 1), indicat-
ing excellent charge transfer kinetics across the interface between
Ta and TaS2 in the MC, as predicted by theoretical calculations.
We also measured the contact angles (CAs) of the Ta-TaS2 MC to
analyze its wettability for mass transfer (Supplementary Fig. 10).
The CA is 91.4° for a Ta foil and ~0° for the Ta-TaS2 MC,
indicating a good wettability of the Ta-TaS2 MC, making it good
for mass transfer in an aqueous electrolyte.

HER performance at large current density. Now we turn to
examine the HER performance of the MC, in the hope of meeting
the needs of large-area synthesis and a high-performance elec-
trocatalyst for large current density (≥1000mA cm−2) use. The
Ta-TaS2 MC has been used as a self-supporting working electrode
to evaluate its catalytic performance in a 0.5M H2SO4 electrolyte
(Fig. 4a). It can be clearly seen from the polarization curves that
for the current density to reach 2000mA cm−2 needs an over-
potential of only 398mV, which is much smaller than the value
for Ta/TaS2 (920 mV) and a porous Pt foil (740 mV). We used

Fig. 1 Structure and properties of the Ta-TaS2 MC material. a Atomic structure of the Ta-TaS2 MC. b Hydrogen absorption free energy diagram of Ta,

TaS2, Ta-TaS2 MC, and Pt catalysts. c Its band structures. d The separation energies of Ta and TaS2 in parallel Ta/TaS2 and vertical Ta-TaS2 MC materials.
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the ∆η/∆log|j| ratios, which has recently been proposed to evaluate
the performance of an electrocatalyst over a broad range of cur-
rent density35, to evaluate the performance of catalysts at different
current densities (Fig. 4b) and shows that the overpotential
increases when the current increases. Both the porous Pt foil and
the MC give a low ratio (~30mV dec−1) at a small current density,
while their responses to current density increases are significantly

different. A sharp increase is observed for the porous Pt foil when
the current density is larger than 100mA cm−2, and even reaches
~90mV dec−1 at 102−103mA cm−2. For the Ta-TaS2 MC it
remains small, only ~58mV dec−1 at 102−103mA cm−2, indi-
cating its excellent catalytic performance at large current densities.
To verify the effect of the covalently-bonded interface on catalytic
performance, Ta/TaS2 has been used as a reference and measured
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under the same conditions, as shown in Fig. 4c. This shows that
the Ta-TaS2 MC always gives a much larger current density than
does Ta/TaS2. For example, the current density at an overpotential
of 398mV is 2000mA cm−2 achieved in the Ta-TaS2 MC, more
than three times that with Ta/TaS2 (607 mA cm−2). Similar results
have also been found in the NbS2 and MoS2 based catalysts, i.e.,
the MCs show much better performance than the composite
catalysts of the same metal (Supplementary Fig. 12). Given that
both have TaS2 as the active catalyst, the performance difference is
essentially due to the interface, which is not surprising because the
HER process at a large current density is overwhelmingly deter-
mined by the availability of protons and electrons. As shown
above, the MC provides efficient channels for electron transfer
between the catalyst and the substrate, which is essential for
hydrogen production with a large current density.

The catalytic activity of the MC at a small current density was
also measured to evaluate its thermodynamics. Supplementary
Fig. 13 shows the polarization curves of TaS2, Ta-TaS2 MC and
porous Pt foil catalysts, according to which the Ta-TaS2 MC has a
similar overpotential to Pt at a current density of 10 mA cm−2,

indicating its high intrinsic activity. In addition, electrochemical
impedance spectroscopy curves show that the Ta-TaS2 MC has a
charge transfer resistance of 3.2Ω at an overpotential of 50 mV
(Supplementary Fig. 14), notably lower than that of TaS2 (9.0Ω),
which confirms the excellent charge transfer at the covalently-
bonded interface. We therefore deduce that the interface in the
Ta-TaS2 MC plays a key role in HER at a large current density,
which not only demonstrates high catalyst activity, but also
provides an unimpeded charge transfer path between the
substrate and the catalyst. Similar results have been achieved in
other MCs such as Nb-NbS2 and Mo-MoS2 (Supplementary
Figs. 13–15). We also checked the porosity of the MCs
(Supplementary Figs. 16–17) and found that their activities do
not have a linear relationship with the numbers of active sites,
indicating the key role of the covalently-bonded interface. What
more important, the Ta-TaS2 MC is also durable, with no decay
even at 1000 mA cm−2 after 200 h operations, as shown in Fig. 4d
and Supplementary Fig. 18. Such performance durability has been
confirmed by polarization curves, XPS and XRD, neither of which
show a noticeable change after 20,000 cycles (Supplementary
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Figs. 19–21). To give a comprehensive assessment of the MC, the
current density values of the Ta-TaS2 MC at η@300mV have
been compared with other state-of-the-art HER catalysts, as
shown in Supplementary Fig. 22 and Table 2. Evidently, the Ta-
TaS2 MC, with a current density of 1120 mA cm−2, stands out
from them and more importantly, the Ta-TaS2 MC has significant
advantages both from large current activity and long-term
durability (Fig. 4e and Supplementary Table 3). These results
show that a strong catalyst/substrate interface has been built in
the MC, which can support hydrogen production at the large
current density required by industry.

Water electrolysis performance. The production of MC can be
scaled-up. As shown in Fig. 5a, a 35 cm2 Ta foil, whose size is
limited by the diameter of furnace, was used as a precursor to
prepare the Ta-TaS2 MC by the OSPS method. SEM images
(Supplementary Fig. 23) show that the morphology of MC at
different regions is similar, indicating good uniformity over a
large area. We assembled the Ta-TaS2 MC as the cathode and

commercial iridium oxides (IrO2) as the anode into a home-made
electrochemical cell and studied the water electrolysis (Supple-
mentary Fig. 24). Figure 5b shows that the reaction for the Ta-
TaS2 || IrO2 starts at around 1.50 V and reaches a current density
of 1000mA cm−2 at 1.98 V, which is superior to that of a com-
mercial porous Pt foil || IrO2 couple (2.20 V). H2 and O2 with a
volume ratio close to 2:1 was collected in airtight cell (Supple-
mentary Fig. 25), and the amount of H2 matched well with the
calculated results, indicating an almost 100% Faraday efficiency
for the HER. As for its durability, it is remarkable that this
electrolyzer could sustain excellent water-electrolysis with negli-
gible decay for over 24 h when operating at large current densities
of 500 and 1000mA cm−2. In addition to its catalytic perfor-
mance, the low cost and abundance of the MC precursors are
other advantages for their practical use, as metals like Ta and Nb
are 2–3 orders of magnitude cheaper than Pt and their reserves
are 1–3 orders of magnitude larger than Pt (Supplementary
Fig. 26), making these MCs extremely promising for industrial
hydrogen production by water electrolysis.
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1000mA cm−2. The porous Pt foil ‖ IrO2 were also shown for comparison. c Experimental and theoretical amounts of H2 generated by the Ta-TaS2

electrode at a fixed current density of 100mA cm−2 and corresponding Faraday efficiency. d Long-term tests of water electrolysis with Ta-TaS2 or porous

Pt foil as the cathodes, and commercial IrO2 as the anode.
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Discussion
We have attempted to solve the challenge of large-current-density
water electrolysis by the design and synthesis of MCs. The Ta-
TaS2 MC featured a covalently-bonded interface that not only
gives it excellent mechanical strength, but also generates excellent
electrical conductivity. As a result, the MC achieves an industrial
current density of 2000 mA cm−2 under a small overpotential of
398 mV. It is also durable in a strong acid electrolyte at large
current densities for 200 h. For practical use, the MC coupled
with commercial IrO2 shows excellent performance in a water
electrolyzer, with a HER current density of 1000 mA cm−2 being
achieved only by applying a potential of 1.98 V, which is superior
to that of commercial Pt and IrO2 couples. The MC can be
prepared in large scale and at a low cost, which fills the gap
between lab tests and industrial use. Because of the way the
material is prepared and its high catalytic performance, the
strategy described is this work may be applied to other materials
or reactions to solve problems in the energy, chemistry and
industrial fields.

Methods
Materials preparations. The monolith catalyst (MC) was synthesized by an
oriented-solid-phase synthesis (OSPS) method (pre-oxidation and oritented sul-
furization of a metal substrate). The metal precursors (Mo, Nb and Ta, 99.95%) and
sulfur (S, 99.0%) powders were purchased from Alfa Aesar. First, metal such as Ta
foil with a size of 1 × 1 cm was treated with a laser (wavelength of 355 nm and beam
size of 1–1000 µm, YT-5007, China) to produce pores with different sizes. During
this process, the focused laser as a high intensity heat source (with a power of
~107Wcm−2) was used to heat the selected area in the Ta foil, these areas were
heated and vaporized, and then formed the pores. The pore sizes can be tuned by
controlling the size of laser spot in the rage of 5–1000 µm. After the laser treatment,
the metal foil was placed in a bath ultrasonicator to clean its surface. The cleaned
porous metal precursors were transferred to a furnace and heated in air for heating
15min to form metal oxides (MoO3, Nb2O5 and Ta2O5). The heating temperatures
of Mo, Nb and Ta were 300 °C, 430 °C, and 500 °C, respectively. A metal oxides and
S powders were then placed in two zones of a tube furnace at temperatures of 900 °C
for the Ta2O5 and 180 °C for S, respectively. For MoO3 and Nb2O5, the temperature
was 750 °C and 850 °C, respectively. Before sulfurization, the tube furnace was
pumped down to 0.05 Torr where it was kept for 5 min before being filled to
ambient pressure with Ar gas. This step was repeated twice. The reaction system was
then increased to the sulfurization temperature under a mixed flow of Ar (95 sccm)
and H2 (5 sccm) and the growth lasted for 3 h with a mixed flow of Ar (85 sccm)
and H2 (15 sccm). After sulfurization, the products were cooled to room tem-
perature slowly in an Ar gas flow (100 sccm). In this process, sulfur vapor would
diffuse into TaOx which is on the top of the Ta substrate and covert TaOx into TaS2.
Meanwhile, the underneath Ta substrate will not react with sulfur because the
protection of the TaS2 layers on top. Along with the sulfurization of the top TaOx

into TaS2, Ta-TaS2 structure made of TaS2 grown on Ta would form. Finally, the
porous monolith materials were prepared by electrochemical exfoliation in a three-
electrode system, with a graphite rod as the counter electrode, a saturated Ag/AgCl
electrode as the reference electrode, and the MC as the working electrode. Cyclic
voltammetry (CV) was used to exfoliate the bulk material to produce a porous
structure. The CV curve was measured between +0.10 and −0.50 V versus a
reversible hydrogen evolution (RHE) with a scan rate of 50 mV s−1 with different
cycles. This process is accompanied with the gradual exposure of the active sites,
resulting in a self-optimized catalytic performance. The best performance catalyst
was obtained after 15,000 CV cycles.

Materials characterizations. The morphology and elemental analysis of the
samples were investigated using a FE-SEM (HITACHI SU8010, 20 kV). TEM
images were obtained by a FEI Tecnai F30 (200 kV). Raman spectra were collected
on a Horiba LabRAM HR800 with a 532 nm laser excitation. XRD was carried out
on a D8 Advance powder diffractometer (10°−80° 2θ, Cu Kα with a wavelength of
1.54 Å). XPS spectra were collected using a PHI 5000 Versa Probe II X-ray pho-
toelectron spectrometer (Al 1486.6 eV mono at 37.0W). The electrical resistances
of the samples were measured in an ambient environment using a probe-station
equipped with a semiconductor property analyzer (Model SCS 4200). The resis-
tances of the different substrates were calculated from measuring I-V curves. The
mechanical properties were measured by an electrical universal tester (MTS,
C45.105).

Electrochemical measurements. All the electrochemical measurements were
made using a three-electrode cell by a VMP300 electrochemical workstation
(Biologic. Comp) in a 0.5 M H2SO4 electrolyte. We used a graphite rod as the
counter electrode, a saturated Ag/AgCl electrode as the reference electrode, and the

MC as the working electrode. We calculated the current density by electrode area
(1 × 1 cm2) because for industrial applications, the electrode area is of concern to
evaluate the catalytic performance. Before the electrochemical tests, the H2SO4

electrolyte was purged with N2 gas (99.999%) for 30 min. All reported potentials
were calibrated by an RHE. The calibration of the saturated Ag/AgCl electrode was
performed in a hydrogen saturated electrolyte of 0.5 M H2SO4 with the Pt foils as
the working and counter electrodes, respectively. Linear sweep voltammetry (LSV)
was performed at a scan rate of 0.5 mV s−1. The average of the two potentials at
which the current crossed zero was considered the thermodynamic potential for
the hydrogen electrode reaction. As a result, the calibration in a 0.5 M H2SO4

electrolyte was based on the following equation: E(RHE)= E (Ag/AgCl)+ 0.201 V.
HER activity of the different samples was evaluated with LSV with a scan rate of
2 mV s−1 and a small iR-compensation was applied to the data. CV was measured
between +0.10 and −0.50 V versus an RHE with a scan rate of 50 mV s−1. The
stability of the catalysts was measured using a chronoamperometric method at
current densities of 200, 500 and 1000 mA cm−2. Nyquist plots were obtained at an
overpotential of 50 mV while sweeping frequencies from 1MHz to 0.1 Hz. CV
measurements were performed between 0 mV and 100 mV versus a RHE at various
scan rates from 10 mV s−1 to 100 mV s−1 to estimate the double-layer capacitance
(Cdl, Supplementary Fig. 10).

Computational methods. Calculations were performed by spin-polarized density
functional theory (DFT) using the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) functional with the projector augmented wave
(PAW) method36–38. Convergence accuracies of 10−4 eV and 0.02 eV/Å for energy
and force, respectively, were applied during the calculations. An energy cut-off of
450 eV was used for the expansion of the wave function. The van der Waals
dispersion interaction Grimme’s D3 functional was included for all models39. The
Brillouin-zone was sampled with 3 × 3 × 1 gamma-centered k-points Monkhorst-
Pack mesh for all optimizations. All the calculations were conducted with the
Vienna Ab Initio Simulation Package (VASP) program40–43. The projector aug-
mented wave (PAW) pseudopotentials were used to represent the interaction
between the effective core and valence state electrons. Valence electrons of Ta (Ta
5d26s3) and S (S 3s23p4) were treated explicitly in the calculations. The wave-
functions were expanded in plane wave basis sets with an energy cutoff of 450 eV,
which was much higher than ENMAX of 223.667 and 280.000 eV for Ta and S as
defined by default POTCAR provided by VASP code.

Data availability
NA Source data are provided with this paper.
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