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We synthesized centimeter-scale type-I Weyl semimetal layered trigonal PtBi, (t-PtBi,) crystals, including intrinsic and

doped with diverse elements. Electrocatalytic hydrogen evolution tests were conducted in acidic solutions, allowing for a

comparative analysis of their performance against commercial Pt/C electrodes. The results demonstrated that the hydrogen

evolution activity of the synthesized topological semimetal crystals significantly surpassed that of the commercial Pt/C

electrodes. Furthermore, the introduction of various dopants further enhanced the hydrogen evolution performance of the

crystals. Besides, the first principle calculations confirmed these findings and were consistent with the experimental data.

This research contributes valuable insights into the potential applications of topological semimetals in electrocatalytic

hydrogen evolution.
Introduction

As the global energy demand continues to rise, humanity faces
the pressing challenge of transitioning from non-renewable fossil
fuels, such as oil and gas, to renewable and environmentally friendly
energy sources.> Among various alternatives, the process of
generating hydrogen gas through electrocatalytic water splitting has
emerged as a promising area of research with significant potential
for practical applications.*® In recent years, topological materials
have become a focal point in electrocatalysts, garnering attention for
their remarkable properties, including extensive topological surface
states and high carrier mobility.”!? These unique characteristics
make them particularly suited for enhancing the efficiency of
electrocatalytic processes.” 1217 Researchers are actively exploring
using semimetals as catalysts in this context.'822 A noteworthy study
conducted in 2004 calculated the potential of over 100 binary
compounds as electrocatalysts through first-principles calculations.?
The highlighted the
intermetallic ordered compounds like platinum-bismuth (PtBi) as

findings exceptional performance of

promising catalyst electrode materials. Building on this foundation,
researchers have successfully synthesized nanoscale crystals such as
PtBiZ* and PtBi, 2> 25, demonstrating impressive efficacy in methanol
electrooxidation and carbon dioxide separation processes.?
Previous investigations have established that the Weyl semimetal
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material PtBi, exhibits outstanding characteristics in electrochemical
catalysis. The study by Kuibarov et al. presents angle-resolved
photoemission spectroscopy (ARPES) characterization data for PtBi,,
demonstrating the existence of topological surface states within this
material. This finding contributes to understanding the electronic
properties and potential applications of PtBi, in topological material
research. 27 However, a significant knowledge gap remains regarding
the application of larger, centimeter-sized crystals in hydrogen
evolution reactions during water electrolysis. This presents an
exciting opportunity for further exploration and innovation in the
field, as combining these larger crystalline structures with effective
catalysis could pave the way for more efficient hydrogen production
technologies. Furthermore, we have referenced several recent
studies that explore the intricate interplay between defects, edge
states, and catalytic activity in topological materials such as Weyl
semimetals.?® 2° By systematically investigating these phenomena,
our work contributes to a more comprehensive understanding of
optimizing the electronic characteristics of PtBi,, thereby paving the
way for its application in efficient energy conversion technologies.
Through these insights, we aspire to furnish a robust framework for
future research to enhance HER catalysts and broaden the practical
semimetal

applications of materials

properties.

characterized by Weyl

In this article, we report the successful growth of high-quality t-
PtBi, single crystals via the self-flux method. These crystals belong to
the P31m space group and exhibit a layered triangular structure.3% 3!
The resulting crystals are classified under the P31m space group and
possess a distinctive layered triangular structure that is noteworthy
in their design. To verify the quality of the synthesized crystals, we
employed advanced characterization techniques, including X-ray
(XRD) transmission electron

diffraction and high-resolution
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microscopy (HRTEM). These methods confirmed that the t-PtBi,
single crystals met high standards of purity and structural integrity.
We proceeded to evaluate the electrocatalytic properties of these
crystals specifically for hydrogen evolution reactions in 0.5 M H,SO,
acidic solutions.3? In comparative tests against the established
commercial catalyst Pt/C, our findings showed that the t-PtBi, single
crystal exhibited impressive electrocatalytic performance, surpassing
expectations for hydrogen evolution efficiency. Furthermore, we
explored the manipulation of stoichiometric ratios in our crystal
synthesis by incorporating different amounts of palladium (Pd),
nickel (Ni), and lead (Pb) into the matrix of the t-PtBi,. This doping
process, conducted through the self-flux method, was also followed
by rigorous characterization via XRD and HRTEM, which confirmed
that these modified crystals retained their high quality. The
comparative analysis of the hydrogen evolution test data indicated
that the performance of the crystals was significantly improved with
doping, highlighting the potential of these materials in enhancing
electrocatalytic activity. Moreover, the d-band center position can be
a descriptor for adsorption strength on catalytic surfaces.33 As the d-
band center shifts downward, the binding strength typically
weakens. Our calculations show that the d-band center of Pt is -2.66
eV, while for PtBi, is -3.01 eV. This downward shift in the d-band
center suggests that PtBi, could exhibit promising catalytic
performance. To address this, we conducted additional DFT
calculations comparing bulk Pt and PtBi,. our calculations
determined hydrogen binding energies of -0.26 eV and 0.08 eV for
Pt(111) and PtBi,(001) surfaces, shown in Figure S26. For optimal HER
performance, the hydrogen binding energy should approach zero.
Therefore, the superior performance of PtBi, can be attributed to its
more favorable electronic structure in the bulk state. Overall, our
research provides valuable insights into the synthesis and application
of t-PtBi, single crystals in energy-related catalysis.

Results and discussion

We successfully synthesized high-quality layered trigonal PtBi,
single crystals, exhibiting a configuration analogous to that described
in the relevant literature, and subsequently doped the grown
crystals, as presented in Fig. S1. The crystallographic configuration is
illustrated in Fig. 1(a). Initial observations using scanning electron
microscopy (SEM) indicated that the surface of the crystals is
relatively flat. The doping ratios of Ni and Pd within the grown
crystals were determined through energy-dispersive X-ray
spectroscopy (EDS), as demonstrated in Table S1(Ni) and Table
S2(Pd). However, the precise quantification of these elements was
challenging due to the spectral interference between adjacent lead
Pb and Bi elements in the EDS analysis. The element contents of Pb-
doped crystals were measured using inductively coupled plasma
spectrometry (ICP-MS) in Table S3. The diffraction
characteristics of the single crystals were analyzed via XRD. As
depicted in Fig. 1(b) and Fig. S12-S14, the diffraction peaks
corresponding to the (00L) crystal planes of the grown crystals are

mass

observable.3! The (001) crystal plane diffraction peak of PtBi, is
located at an angle of 14.27°, while that of 0.88 at% Pb-PtBi, appears

2| J. Name., 2012, 00, 1-3

at 14.3°. The (001) diffraction peak for 1.19 at% Ni-PtBi, is recorded
at 14.39°, and the peak for 1.04 at% Pd-PtBi, occurs at 14.35° (Fig.
1(c)). The observed shifts in the diffraction peaks are consistent with
theoretical predictions regarding the growth behavior of crystals
containing dopant elements.

We performed a detailed characterization of the valence states
of key elements within the crystal structure utilizing X-ray
Photoelectron Spectroscopy (XPS). The results reveal that platinum
(Pt) predominantly exists in a zero valence state, alongside a
substantial presence of +2 oxidation states3* 3> shown in Fig. 1(e) and
Fig.515(b)(Pb), S16(b)(Ni), S17(b)(Pd). The binding energy associated
with the Pt valence of the 4f;, orbital in PtBi, is measured at 71.2
eV, while the binding energy for the Pt?>* valence is found at 71.78 eV.
Furthermore, the binding energy of the Pt® valence in the 4fs, orbital
registers at 74.53 eV, with the corresponding Pt?* valence at 75.11
eV. In compositions with 0.88 at% Pb-PtBi,, a uniform shift to higher
binding energies of 0.09 eV is observed for the 4f;/, and 4fs, orbitals
pertaining to the Pt® and Pt?* valences. For the sample containing
1.19 at% Ni-PtBi,, the same orbitals shift to higher binding energies
of 0.25 eV. Similarly, in the 1.04 at% Pd-PtBi, sample, a shift of 0.13
eV is recorded. These binding energy measurements signal that
variations in doping concentrations of distinct elements elicit
differential increases in the binding energy of Pt. It is noteworthy that
the shifts in the valence states of Pt across different orbitals within
the same sample remain consistent, highlighting the interrelated
nature of these phenomena.

Bismuth (Bi) predominantly exhibits a valence of 0, with the
ability to transition to a +3 oxidation state, while an intermediate +2
oxidation state is also observed?* 3637 as shown in Fig. 1(d) and Fig.
S15(a)(Pb), S16(a)(Ni), S17(a)(Pd). The binding energies associated
with the Bi® valence state of the 4f;, orbital in PtBi, are measured at
156.9 eV, with the corresponding energies for the Bi?* and Bi*
valence states being 158.36 eV and 158.75 eV, respectively. For the
4fs, orbital, the binding energies for Bi°, Bi?*, and Bi** valences are
recorded at 162.21 eV, 163.67 eV, and 164.06 eV, respectively.
Analysis of the binding energy shifts indicates that for a doping
concentration of 0.88 at% Pb-PtBi,, the binding energies for the Bi°,
Bi?*, and Bi®* valence states of the 4f;/, and 4fs, orbitals decrease by
0.08 eV, 0.14 eV, and 0.18 eV, respectively. In the case of 1.19 at%
Ni-PtBi,, the shifts correspond to 0.27 eV, 0.40 eV, and 0.42 eV,
respectively, for the same valence states. Additionally, 1.04 at% Pd-
PtBi, shows binding energy shifts of 0.11 eV, 0.11 eV, and 0.20 eV for
the respective states. These findings reveal that variations in the
doping concentrations of differing elements markedly influence the
binding energy of bismuth, albeit to varying extents. It is noteworthy
that the shifts observed in the binding energies of the various valence
states of bismuth across different orbitals within the same sample
are not uniform. This disparity is likely attributable to the high
reactivity of bismuth with atmospheric oxygen.

The binding energies associated with the doped elements in the
crystals synthesized with varying elemental compositions are
illustrated in Figure 1(f). The observed binding energy spectra for the

This journal is © The Royal Society of Chemistry 20xx
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different aspects further validate the successful incorporation of
dopants during the crystal growth process. Notably, the sample
containing Pb in 0.88 at% Pb-PtBi, exhibited 0 and +2 valence states
in the 4f;, and A4fs, orbitals, respectively. Similarly, the
measurements of the case of Niin 1.19 at% Ni-PtBi, revealed 0 and
+2 valence states in the 2p3/, orbitals, with +2 valence state detected
in the 2py/, orbitals. Moreover, the Pd components analysis in 1.04
at% Pd-PtBi, showed 0 and +2 valence states in the 3ds,, and 3d3,

ARTICLE

orbitals.3® Furthermore, the concurrent detection of the 4d3/, orbital
of Pt can be attributed to its interaction within the specified
collection signal range. It is evident from the figure that the binding
energy signals corresponding to the three doped elements are
relatively weak, a phenomenon that can be attributed to their low
concentrations within the samples, as shown in Fig. S15(c)(Pb),
S16(c)(Ni), S17(c)(Pd).
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Figure 1. Crystal structure and characterization data. (a) Schematic diagram of the crystal structure of P31m space group y-PtBi,. (b) Crystal XRD diffraction peak

pattern. (c) The logarithmic plot of the XRD diffraction peak intensity of the crystal. (d) XPS characterization of Bi binding energy data for crystals. (e) XPS characte -

rization of Pt binding energy data for crystals. (f) XPS characterization of doped element binding energy data in crystals.

To comprehensively assess the growth quality and high-
resolution morphology of the crystal, we initiated the process by
mechanically exfoliating the crystal onto a silicon wafer following its
detachment. The exfoliated material was subsequently wet-
transferred onto a copper mesh. We then performed HRTEM
analyses. The EDS spectra indicated a uniform distribution of
elemental constituents across the sample. Furthermore, the doping
elements exhibited a similar uniformity, corroborating the successful
growth of high-quality crystals. Subsequent examination of the
electron diffraction patterns revealed distinct and well-defined
diffraction spots in all crystal orientations, organized in a regular
periodic arrangement. This observation further validates the
exceptional quality of our crystal growth. We could ascertain the
corresponding interplanar spacing associated with each crystal
through the processing of high-resolution imaging. The variations in
this interplanar spacing effectively underscore the successful
incorporation of the doped elements into the crystal lattice.

This journal is © The Royal Society of Chemistry 20xx

HRTEM tests were conducted on the samples synthesized along
the [0001] crystal band axis direction. The electron diffraction
pattern obtained confirms a dense hexagonal structure. The crystal
orientation associated with the observed diffraction spots is depicted
in the accompanying Figure 2. Fourier transform and inverse Fourier
transform analyses were applied to the high-resolution images of the
samples to determine their interplanar spacings. The plane spacings
for the intrinsic PtBi, crystals were consistently determined to be
0.57 nm. For the 0.88 at% Pb-PtBi, samples, the observed plane
spacings were 0.56 nm, 0.58 nm, and 0.57 nm, respectively. Similarly,
the 1.19 at% Ni-PtBi, samples exhibited plane spacings of 0.56 nm,
0.56 nm, and 0.57 nm. The 1.04 at% Pd-PtBi, samples displayed plane
spacings of 0.57 nm, 0.58 nm, and 0.57 nm, respectively. Upon a
comprehensive analysis of the data, it is observed that the intrinsic
PtBi, crystals exhibit consistent plane spacings when measured along
the [0001] crystallographic axes. This observation aligns with the
characteristics inherent to the densely packed hexagonal crystal

J. Name., 2013, 00, 1-3 | 3
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structure. Additionally, the doping of crystals with three distinct
elements, each contributing varying degrees of alteration to the
plane spacings, suggests the presence of defects induced by the

dopant species. These defects, in turn, result in minor plane spacing
perturbations, reflecting the dopants' influence on the crystal lattice.

Figure 2. TEM characterization of crystals. ((a-d);). HAADF-TEM images, ((a-d),). HRTEM images, ((a-d)s). the SAED patterns, ((a-d)s.¢). the EDS-mapping images of Bi,
Pt, Pb, Ni, and Pd elements of the (a). PtBi,, (b). 0.88 at% Pb-PtBi,, (c). 1.19 at% Ni-PtBi,, and (d). 1.04 at% Pd-PtBij.

This study presents the results of performance tests on the
electrocatalytic hydrogen evolution of synthesized crystals in acidic
solutions utilizing a three-electrode system. The catalytic
performance of hydrogen precipitation was evaluated across all
samples, with the resulting data representing the optimal steady
state achieved following the execution of multiple linear sweep
voltammetry (LSV) tests. The data signal that the overpotential of
PtBi, at a current density of 10 mA cm2 is 40 mV, which is only
marginally 2 mV higher than commercial Pt/C electrodes. Notably, at
an overpotential of 96 mV and a current density of 100 mA cm, PtBi,
demonstrates a significant reduction in overpotential compared to
the 107 mV observed for commercial Pt/C electrodes. The calculated
Tafel slope for PtBi, is 53.6 mV dec?, marginally lower than the 60.8
mV dec? for the commercial Pt/C electrode, aligning with the
observed overpotential data for both materials. These findings

suggest that PtBi, exhibits superior electrocatalytic activity relative

4| J. Name., 2012, 00, 1-3

to commercial Pt/C electrodes. Further analysis through cyclic
voltammetry (CV) cycling revealed that the double-layer capacitance
of PtBi, is 29.94 mF cm, substantially higher than the 4.87 mF cm
Pt/C electrodes. Additionally,
electrochemical impedance spectroscopy corroborates that PtBi,
possesses enhanced electrochemical activity compared to its

recorded for the commercial

commercial counterparts. In complementary hydrogen evolution
catalytic tests, the performance of doped grown crystals was
assessed, specifically those with 0.88 at% Pb-PtBi,, 1.19 at% Ni-PtBi,,
and 1.04 at% Pd-PtBi,. All variations exhibited improvements that
surpassed the performance metrics of commercial Pt/C electrodes.
The experimental data underscores that doping during the growth
phase can facilitate the generation of additional active sites, thus
enhancing the electrocatalytic performance for hydrogen evolution.
Finally, a stability test was conducted on the synthesized crystal over
a duration of 240 hours, with results indicating that the sample can

This journal is © The Royal Society of Chemistry 20xx
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maintain consistent and high-performance catalytic activity applicability of PtBi, in sustainable hydrogen production
throughout this extended period. This underscores the potential technologies.
(a) o (b)Y—w = (c) 77
ho 254 @ PtBi, 138 “wldeﬂwa.ﬂ
l —I— 98 [Cn,, ° 08Bat%PLPB, o g30 L
100+ —I— a7 o 119at%N-PiBI, *F s
] oA _I_ 83 80 | _ gl 10taterara 48,4 TVISSD, o g0 98
5 2 BRI PSSl
w T mvldec i
£ 5 g wvs o502 =
1 S Z 604 = 015 aa o @
8 R = Qs
: p . 40 - . i g 536 m‘J{i‘;‘;wﬂ"’
g 404 o [ 33 |8 o
£ ——PUC & 5 0104 e d®
o 150 ——PtBi, ! g E é 3 M
—o—0.88 at% Pb-PtBi, 55 = = valdec
—o—1.19 at% Ni-Pi8i, = s § w o
—o—1.04 at% Pd-PIBI, g @ 3 2 3 0057 R
-200 3 g . 6 a = - =
-0.2 -0.1 0.0 0.1 T T
| 08 12 16 20
Potential (V vs RHE) Gatalyste log(j/mA ,z)
log(j/mAcm
=T 1 (e) (f)
( d )1& 1 e Pui 147.21 mFem? e f mﬁ f 1.04 at% Pd-PtBi,
2 2
@ 0.88 at% Pb-PtBi, 130.44 mFem™ - 0.88 at% Pb-PtBi, ' j(terminal)=9.57mAcm”
@ 1.19at% Ni-PlEi: m*ﬂ 1.19 at% Ni—PlBiz
124 @ 104at% Pd-PiBi, kR b ~@— 1.04 at% Pd-PiBi, 1.19 at% Ni-PtBi,
~ E j(terminal)=10.36mAcm
E 3 £ 088 a Po-Pisi,
ad
: % 5 j(terminal)=8.11mAcm
a d J\M?m e ;E F‘BIZ
- £
o N = jiterminal)=9.67mAcm’
29.94 mFem” e % PE ‘ ‘ ‘
//‘ i 60 120 180 240
e 487 mFom® Rs i j(terminal)=6 95mAcm”
" 2 ’ ; . | - Rer J(terminal)=6.95mAcm
20 40 60 80 100 120 T T N L L " L
600 800 1000 0 2 4 6 ) 10 12
Scan tate (mVi/s) Z'(Ohm) Time /h

Figure 3. Electrocatalytic performance of the as-prepared commercial Pt/C, PtBi,, 0.88 at% Pb-PtBi,, 1.19 at% Ni-PtBi,, and 1.04 at% Pd-PtBi,, for the HER in 0.5 M
H,S0,. (a) LSV polarization curves. (b) Overpotentials at the 10 and 100 mA cm~2 vs. RHE. (c) Tafel plots. (d) The curve of current density with scanning rate. (e) Nyquist
plots obtained from electrochemical impedance spectroscopy (EIS) measurements (inset: the integral Nyquist plots of commercial Pt/C and simulated electrochemical

equivalent circuit (EEC) for the Nyquist plots). (e) The curve of current density with scanning rate. (f) Long-term stability measurements.

To elucidate the electrocatalytic performance of the
synthesized crystals,
measurements were conducted on samples comprising PtBi,, 0.88
at% Pb-PtBi,, 1.19 at% Ni-PtBi,, and 1.04 at% Pd-PtBi,. These
experiments utilized a standard three-electrode system in a 0.5 M
H,S0, electrolyte and were benchmarked against commercial Pt/C

comprehensive electrochemical

electrodes. All measured potentials were converted from the
saturated calomel electrode (SCE) to the reversible hydrogen
electrode (RHE) in accordance with the established formula:

Epug = Escp +0.2412V + PH x0.0591.

The experimental section provides a thorough outline of the
parameters employed throughout the investigations. The findings
revealed that the catalytic performance of the synthesized PtBi,
crystals surpassed that of the commercial Pt/C electrodes.
Additionally, incorporating dopants—precisely 0.88 at% Pb-PtBi,,
1.19 at% Ni-PtBi,, and 1.04 at% Pd-PtBi, —further enhanced the
electrocatalytic activity. Figure 3(a) illustrates the LSV polarization
curves associated with these electrodes. Notably, the overpotential
exhibited by PtBi, at a current density of 10 mA cm~ was measured
at 40 mV, representing a marginal increase of only 2 mV compared

This journal is © The Royal Society of Chemistry 20xx

to the commercial Pt/C electrodes. At a higher current density of
100 mA cm?, the overpotential of the synthesized crystals was
recorded at 96 mV, which demonstrates a significant reduction in
comparison to the 107 mV observed for the commercial Pt/C
electrodes under identical conditions.

We conducted a systematic investigation into the crystal
growth of doped elements, specifically Pb, Ni, and Pd, and
evaluated their performance as catalysts for hydrogen evolution
reactions. Figure 3(b) illustrates the overpotential associated with
these electrodes. The error bars were calculated based on the
standard deviation of multiple measurements, ensuring the
reliability of our results. The crystal structure doped with lead
exhibited superior catalytic performance at a doping concentration
of 0.88 at% Pb-PtBi,, demonstrating an overpotential of 39 mV at a
current density of 10 mA cm2. At a higher current density of 100
mA cm, the overpotential was recorded at 87 mV. Similarly, the
crystal doped with nickel achieved optimal performance at a doping
concentration of 1.19 at% Ni-PtBi,, with an overpotential of 37 mV
at 10 mA cm2 and an overpotential of 83 mV at 100 mA cm. In the
case of the palladium-doped crystal, optimal performance was
observed at a doping concentration of 1.04 at% Pd-PtBi,, which

J. Name., 2013, 00, 1-3 | 5
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yielded an overpotential of 33 mV at 10 mA cm and 80 mV at 100
mA cm2. Comparative analysis of these data indicates that doping
can significantly enhance the hydrogen evolution performance of
the crystals, achieving lower overpotentials compared to
commercial platinum on carbon (Pt/C) electrodes. Notably, the 1.04
at% Pd-PtBi, sample exhibited the lowest overpotential and the
most pronounced improvement relative to commercial
alternatives. Additional experimental data pertaining to other
doping concentrations are included in the supplementary
materials. The test data for crystals with other doping
concentrations are included in the Supporting Information

Fig.519(a)(Pb), S21(a)(Ni), S23(a)(Pd).

Evaluating the catalytic kinetics of the hydrogen evolution
reaction (HER) through the calculation of the Tafel slope is of
paramount importance in elucidating the underlying mechanisms
of HER. According to the Tafel equation:

n:b10g|j|+a.

The parameters are defined as follows: j denotes the current
density, b represents the Tafel slope, and a signifies the intercept
associated with the exchange current density j,.3°

The polarization curve corresponding to these measurements
was derived via data processing. The Tafel slope for PtBi, was found
to be 53.6 mV dec’?, which is slightly lower than the 60.8 mV dec!
observed for the commercial Pt/C electrode. This observation
supports the overpotential data associated with both electrode
materials, suggesting a comparative analysis of their
electrocatalytic performance. For the doped crystals, the Tafel
slopes were measured as follows in the accompanying figure 3(c):
0.88 at% Pb-PtBi, exhibited a Tafel slope of 44.7 mV dec?, 1.19 at%
Ni-PtBi, demonstrated a slope of 44.1 mV dec?, and 1.04 at% Pd-
PtBi, showed a Tafel slope of 43.8 mV dec™™. The observed decrease
in Tafel slopes for the doped crystals signals an enhancement in
charge transfer kinetics to varying degrees. Notably, the doping
concentration exhibiting the minor Tafel slope among the crystals
with different dopants is consistent with the overpotential data
obtained through LSV.

As the doping concentration of various atoms increases, a
corresponding decrease in the Tafel value is observed. At
equivalent current densities, a reduced overpotential is required,
indicating enhanced charge transfer kinetics. This relationship
implies that a lower Tafel slope reflects the catalyst's ability to elicit
a rapid electrochemical response at reduced overpotentials.
Notably, the Tafel slope associated with the lowest current
indicates that the crystals doped with 0.88 at% Pb-PtBi,, 1.19 at%
Ni-PtBi>, and 1.04 at% Pd-PtBi, exhibit superior electrocatalytic
kinetics. These catalysts are characterized by low overpotentials
and low Tafel slopes, yielding remarkable hydrogen evolution
efficiencies. Furthermore, the Tafel slope is valuable for
qualitatively assessing the electrocatalytic reaction mechanism. In

6 | J. Name., 2012, 00, 1-3

this context, the HER can be attributed to three potential
mechanistic pathways in acidic electrolytes: 4°

Volmerstep: H" +e” — Hyyg

_ 23RT

b (1+o)F

~120mV dec™! Tafel slope

Heyrovskystep: Hy, +H  +e™ — H,

b= 2.3RT ~40mV dec”! Tafel slope
Tafelstep: 2H,,; &> H,
b= 2.3RT ~30mV dec”! Tafel slope

In the presented equation, H,,s denotes the hydrogen atom
that is adsorbed onto the surface of the catalyst. The parameter a,
approximately equal to 0.5, functions as the symmetry coefficient.
Additionally, R represents the ideal gas constant, F is the Faraday
constant, and T is the absolute temperature.

Hydrogen (H;) production can occur through two primary
mechanisms: the Volmer-Heyrovsky reaction and the Volmer-Tafel
reaction. At a controlled temperature of 25°C, the Tafel slopes of
120 mV dec?, 40 mV dec?, and 30 mV dec? are indicative of the
respective rate-determining steps in the HER process,
corresponding to the Volmer reaction, the Heyrovsky response, and
the Tafel reaction. In this investigation, the Tafel slope for the PtBi,
catalyst was determined to be 53.6 mV dec?, in contrast to the
commercial Pt/C electrode, which exhibited a Tafel slope of 60.8
mV dec. For Pb-doped crystals, the measured Tafel slope ranged
from 44.7 mV dec? to 55.59 mV dec-}(Fig.3(c) and Fig.S19(b)).
Additionally, the Tafel slope for crystals doped with Ni) varied from
44.1 mV dec? to 70.92 mV dec(Fig.3(c) and Fig.521(b)), while that
for Pd doping ranged between 43.8 mV dec? and 52.5 mV dec
1(Fig.3(c) and Fig.S23(b)). These findings imply that the catalytic
pathways delineated in this study predominantly follow the
Volmer-Heyrovsky mechanism, with the rate-determining step
associated with hydrogen desorption. During the Volmer reaction,
protons are rapidly adsorbed from the acidic solution onto the
active sites, culminating in the formation of H,u. Subsequently, in
the Heyrovsky reaction, solvated protons from the adjacent water
layer interact with the surface-adsorbed hydrogen to generate H,,
with the kinetics of surface-bound H, formation being the prevailing
mechanism.*> 42 Upon conducting a comparative analysis of the
data, it was determined that the Tafel slope of crystals fabricated
with doped elements exhibited a reduction to varying extents when
contrasted with intrinsic PtBi,. This observation suggests that
atomic doping facilitates an increase in active sites on the catalyst
surface, optimizes the absorption energy of H*, and consequently
accelerates the performance of the HER. Notably, the Tafel slope
for the catalyst with 3.62 at% Ni-PtBi, is greater than the 53.6 mV

This journal is © The Royal Society of Chemistry 20xx
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dec? observed for intrinsic PtBi,, indicating that surpassing the
optimal doping concentration may compromise the efficacy of the
active sites within the inherent crystal structure. Additionally, the
doped crystal with the minimum Tafel slope among the three
distinct doped element crystals is characterized by a doping amount
that is situated within a mid-range rather than at the maximum
level, a phenomenon that consistently persists across the samples
evaluated.

The electrochemical active surface area (ECSA) is pivotal in the
HER. Typically, the catalytic activity of various catalysts is closely
correlated with their ECSA.* This article presents an analysis of the
electrochemical double-layer capacitance (Cy) at the solid-liquid
interface across different scan rates, utilizing CV curves.**46
Subsequently, ECSA is derived from the Cy value through the
application of the following equation:

ECSA =Cy /C,

In a 0.5 M H,SO, electrolyte, the commercial Pt/C electrode
and various synthesized crystal catalysts were subjected to CV tests
at scan rates ranging from 20 to 100 mV s™' as shown in Fig S18.
These experiments were performed within a defined potential
window for the respective materials. All catalysts exhibited
consistent Faradaic behavior and maintained well-defined
morphological characteristics. The relationship between scan rate
and current density is presented in Figure 3(d). The slope of the
fitted line represents the Cy value for each catalyst, serving as a
critical parameter for assessing the number of HER active sites
available. The data obtained denote that the Cy value for the
commercial Pt/C electrode is 4.87 mF cm~2, whereas the Cq value
for PtBi, is significantly elevated at 29.94 mF cm™2. Furthermore, the
Cgq values for crystals synthesized through doping strategies have
shown marked increases. Notably, the 0.88 at% Pb-PtBi, exhibited
the highest enhancement, with a Cy value of 114.04 mF cm™2 The
1.19 at% Ni-PtBi, demonstrated a Cgy value of 130.44 mF cm~2, and
the 1.04 at% Pd-PtBi, with a Cy value of 147.21 mF cm™2. The test
data for crystals with other doping concentrations are included in
the Supporting Information Fig.5S19(c)(Pb), S21(c)(Ni), and
S23(c)(Pd). These electrochemical findings substantiate the
conclusion that the doped crystalline structures possess a
significantly larger electrochemical active surface area for
electrocatalysis, indicating an increased density of HER active sites.
Consequently, these results imply that the corresponding catalysts
demonstrate enhanced catalytic performance.

Figure 3 (e) illustrates the corresponding Nyquist plot
alongside its equivalent circuit representation(lllustration: Integral
Nyquist plot of commercial Pt/C and simulated electrochemical
equivalent circuit (EEC) of Nyquist plot 47 ). In this analysis, R
denotes the uncompensated series resistance, while the constant
phase element (CPE) represents the double-layer capacitance
under HER conditions. R, signifies the charge transfer resistance
associated with the HER process.*® In the context of the Nyquist
plot, the diameter of the semicircle is indicative of the R, which

This journal is © The Royal Society of Chemistry 20xx
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reflects the electrocatalytic kinetics occurring at the interface
between the electrocatalyst and the electrolyte.*® A reduced R,
value correlates with an increased charge transfer rate and
enhanced conductivity. Observations reveal that the charge
transfer resistance of commercial Pt/C electrodes is 10"> ohms,
whereas the charge transfer resistance of the synthesized crystal
materials is significantly lower, approximately 10" ohms. The test
data for crystals with other doping concentrations are included in
the Supporting Information Fig.519(d)(Pb), S21(d)(Ni), and
$23(d)(Pd). The findings suggest that the charge transfer resistance
intrinsic to our crystal system is significantly lower than that
observed in commercial Pt/C electrodes. Additionally, a
comparative analysis between the pure PtBi, crystal and its doped
derivatives reveals a consistent decline in charge transfer
resistance. Notably, the crystal variant doped with 1.04 at% Pd-
PtBi, exhibits the lowest charge transfer resistance recorded among
the samples investigated.

The results imply that the doping of elements significantly
affects the electronic structure of intrinsic PtBi, crystals, facilitates
charge transfer, and enhances the electron density at active sites,
resulting in improved catalytic performance. From an applied
perspective, in addition to exhibiting commendable HER
performance, the long-term stability of catalysts is a crucial
parameter for industrial applicability.® 10 A high current density
stability test was conducted to ascertain the robustness of the
electrocatalytic material. In this context, controlled potential
electrolysis measurements were employed to evaluate the stability
of the optimal HER catalyst, as depicted in Figure 3(f). The test
results demonstrate that the commercial Pt/C electrode exhibits
commendable stability throughout a 12-hour testing period. As this
electrochemical catalyst is widely recognized and established, it is
reasonable to anticipate that it will sustain its stability for an
extended duration. Furthermore, we conducted long-term stability
tests on the synthesized crystals, specifically PtBi,, 0.88 at% Pb-
PtBi,, 1.19 at% Ni-PtBi,, and 1.04 at% Pd-PtBi,, over a period of 240
hours. The enhanced stability of Ni-PtBi, can be attributed to the
superior affinity of nickel for oxygen, which facilitates the formation
of a stable oxide layer. This oxide layer plays a crucial role in
mitigating surface corrosion when exposed to acidic media, thereby
improving the overall durability of the material. In contrast, Pd-
PtBi, exhibits higher initial activity but gradual degradation due to
Pd dissolution under prolonged cathodic polarization. However, Pd
doping achieves the lowest overpotential, making it optimal for
short-term efficiency. We have revised the conclusion to emphasize
that Pd doping maximizes activity while Ni doping enhances
durability, highlighting the trade-off between performance
metrics.*®

The results denote that our synthesized crystals successfully
maintained their catalytic stability over the long term, thereby
highlighting their exceptional performance as electrochemical
catalysts.
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In this letter, we conduct a comparative analysis of the
hydrogen precipitation performance of the synthesized topological
semimetallic intrinsic PtBi, and its dopant-element crystals against
previously reported other topological materials (Table S5) and Pt-
based electrocatalysts (Table S6) utilized as electrocatalytic

(a) —— Total —— Pt(d)

Journal Name

hydrogen precipitation electrodes in acidic environments. The
findings indicate that our synthesized materials exhibit exceptional
hydrogen precipitation efficiency coupled with remarkable long-
term operational stability. These results substantiate the significant
value and impact of our research in electrocatalysis.
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Figure 4. Densify of states of (a) Pt and PtBi,(b) dopant-PtBi,.

The optimal HER activity is achieved when the Gibbs free
hydrogen adsorption energy (AGy+) is close to zero. For platinum,
the H adsorption on Pt(111) surface is relatively weak, with
reported values of -0.27eV>° and -0.42eV>!. Modulating the H atom
adsorption energy closer to 0.00 eV would lead to optimal catalytic
performance. The d-band center position can be a descriptor for
adsorption strength on catalytic surfaces. As the d-band center
shifts downward, the binding strength typically weakens. Our
calculations show that the d-band center of Pt is -2.66 eV, while
PtBi, is -3.01 eV (Figure 4a). We conducted additional DFT
calculations by comparing bulk Pt and PtBi,. The calculations
revealed that while the bulk Pt maintains near-neutral charge
distribution, the Pt atoms in PtBi, exhibit more positive charge
(0.80]e|), indicating electron transfer from Pt to Bi atoms, shown
in Figure S25. This observation aligns with the downward shift of
the d-band center shown in Figure 4. Furthermore, our calculations
determined hydrogen binding energies of -0.26 eV and 0.08 eV for
Pt(111) and PtBi,(001) surfaces, shown in Figure S26. For optimal
HER performance, the hydrogen binding energy should approach
zero. Therefore, the superior performance of PtBi, can be
attributed to its more favorable electronic structure in the bulk
state.

We acknowledge the importance of Densify of States (DOS)
calculations for doped PtBi,, as shown in Figure 4, with the
corresponding d-band centers presented in Table S4. The d-band
centers of Ni-PtBi, (-3.04 eV) and Pd-PtBi, (-3.06 eV) are slightly
more negative than that of pristine PtBi, (-3.01 eV), which aligns

8 | J. Name., 2012, 00, 1-3

with experimental observations. However, for Pb-PtBi, the
calculated d-band center (-2.90 eV) is more positive than PtBi,,
suggesting enhanced catalytic activity. This theoretical prediction
does not correspond with experimental findings.

Experimental measurements of overpotentials at 10 mA/cm?
show similar values across all samples: Pt (38 mV), PtBi, (40 mV),
Pb-PtBi, (39 mV), Ni-PtBi, (37 mV), and Pd-PtBi, (33 mV). The
proximity of these values indicates that the d-band centers should
be comparable. Additionally, the low doping concentration (below
1 at.%) suggests that the calculated d-band centers may not
accurately represent the experimental system due to
computational limitations in modeling such dilute dopant
concentrations.

Conclusions

In conclusion, we have successfully synthesized centimeter-
scale intrinsic t-PtBi, single crystals and produced high-quality
crystals doped with varying Pb, Ni, and Pd concentrations. Notably,
when compared with the electrocatalytic hydrogen precipitation
characteristics of commercial Pt/C electrodes—exhibiting an
overpotential (n199) of 107 mV, Tafel slope of 60.8 mV dec?, and a
Cg of 4.87 mF cm2—the intrinsic PtBi, single crystals demonstrated
superior performance with an noo of 98 mV, Tafel slope of 53.6 mV
dec?, and an enhanced Cy of 29.94 mF cm2. Further theoretical
insights were garnered through first-principles calculations, which
indicated a downward shift in the center position of the d-band

This journal is © The Royal Society of Chemistry 20xx
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center of the PtBi, crystals, thereby providing a theoretical basis for
their commendable catalytic activity in hydrogen precipitation.
Among the doped crystals synthesized herein, the 1.04 at% Pd-PtBi,
exhibited the most remarkable hydrogen evolution performance,
surpassing the intrinsic PtBi, crystals across several performance
metrics, including an nygo of 80 MV, Tafel slope of 43.8 mV de’?, and
a significantly increased Cy of 147.21 mF cm. This investigation
underscores the substantial enhancement in hydrogen evolution
activity afforded by doping, particularly highlighting the potential of
tailored topological semimetals for advanced electrocatalytic
applications. The findings contribute valuable insights into the
synthesis of weyl semimetal materials and their practical
implementation in electrocatalysis.

Experimental Section
Synthesis of Materials

The sample was prepared in an alumina crucible utilizing the
self-flux method, adhering to a stoichiometric ratio of Pt: Bi= 1:4.
The crucible was subsequently placed within a quartz tube, which
was evacuated to a high vacuum using a molecular pump and
subsequently sealed with a hydrogen-oxygen generator. Following
this preparation, the test tube was subjected to a controlled
thermal treatment within a furnace. The thermal protocol
commenced with a temperature ramp of 10 °C per minute until
1000 °C. This temperature was maintained for 24 hours before
being cooled to 450 °C at a rate of 3 °C h'l. Upon achieving 450 °C,
the sample underwent centrifugation to facilitate the separation of
the synthesized crystals from excess bismuth. For the growth of
doped crystals, various metal elements were incorporated in
differing stoichiometric ratios within the initial reagent mixture,
while the aforementioned experimental protocol was consistently
applied throughout the growth process.

Sample characterization

The phase structure of single crystals synthesized via the self-
flux method was systematically analyzed using a high-resolution X-
ray diffractometer (Rigaku SmartLab SE), employing Cu Ka radiation
(A = 0.15406 nm). The elemental composition and morphological
characteristics of both the pristine and doped PtBi, single crystals
were thoroughly investigated utilizing X-ray photoelectron
spectroscopy Thermo Escalab-250Xi), scanning electron microscopy
(Hitachi, SU8010), Inductively Coupled Plasma Mass Spectrometry,
and optical microscopy (Olympus BX51M). Furthermore, high-
resolution imaging and selected area electron diffraction analyses
were conducted on the samples using HRTEM.

Electrochemical measurement of hydrogen evolution reaction

Where E is the potential energy obtained from DFT
calculations, AZPE and S are the contributions to the free energy

This journal is © The Royal Society of Chemistry 20xx
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Electrochemical measurements are performed utilizing a
conventional three-electrode system on an electrochemical
workstation, as outlined in (CHI660E). This configuration includes a
saturated calomel electrode employed as the reference electrode,
a Pt sheet utilized as the auxiliary or counter electrode, and either
PtBi, or doped growth crystals serving as the working electrode. The
0.5 M H,S0, solution is used as the electrolyte, and all measured
potentials are converted to the RHE scale. The effective testing area
for the PtBi, or doped growth crystals on self-supporting electrodes
is approximately 4-6 mm?2. The HER performance of the material is
characterized using LSV at a scanning rate of 5 mV s%. In addition,
electrochemical impedance spectroscopy is conducted across a
frequency range of 0.1 Hz to 1 MHz with an applied amplitude of 5
mV. The Cy is estimated within a scanning rate range of 20 to 100
mV s1. The electrochemical stability of the materials is rigorously
evaluated over periods of 12 and 240 hours using current-time (i-t)
curves at a current density of 10 mA cm2. In order to reduce the
impact of uncompensated resistance, all measured potentials and
voltages are subjected to an 85% IR correction. This comprehensive
approach ensures accurate and reliable characterization of the
electrochemical properties of the materials under investigation.

DFT calculations

Ab initio DFT calculations were performed by applying the
projector augmented-wave method 32 as implemented in the
Vienna Ab initio Simulation Package (VASP).>3 The calculations were
performed using a plane-wave cutoff energy of 450 eV. For
structural optimization and electronic calculations, Monkhorst-
Pack k-point grids of 6x6x6 and 4x4x4 were employed for bulk Pt
and PtBi,, respectively. All the atoms were allowed to relax. During
the relaxation process, the atoms are adjusted until the total energy
reaches a tolerance of 1x10° eV, ensuring that the forces on each
atom are kept below 0.02 eV/A. The hydrogen binding energy
calculations were performed using two different surface models.
For Pt(111), a 4x4 supercell with four atomic layers was
constructed, with the bottom two layers fixed. For PtBi»(001), a 1x1
supercell with four atomic layers was used, with the bottom three
layers fixed. A vacuum layer of 15 A was implemented for both
systems, and dipole corrections were applied.>*

The Hydrogen adsorption free energy AG(H*) calculation is
defined as
AG(H") =G(H") —G(*)—1/2G(H)(1)

Where G(H*), G(*) and G(H,) are the free energy of surface
adsorbed with H atom, slab and H, molecule, respectively.

The Gibbs free energies (G) at 298.15 K and 1 atm are
calculated by:
G=E+AZPE—-TS(2)

J. Name., 2013, 00, 1-3 | 9
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from the zero point vibration energy and entropy, respectively. T is
the temperature (298K). G(H' + €7) is considered as the half of
free energy G(H,).
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