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ABSTRACT: A new type of high-entropy alloy with a composition of High-entropy metallic glass

Pt,;Pd,Ni,;P,; (at.%) and an amorphous structure, referred to as a
high-entropy metallic glass (HEMG), was developed by a scalable \
metallurgical technique for efficient hydrogen evolution reaction (HER). ) 6¢
' k3

The achieved overpotential was as low as 19.8 mV at a current density of
10 mA cm™? while maintaining an ultrareliable performance for 60 h in ; -0.038
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1.0 M KOH solution, exhibiting 5- and 10-times higher performance E nucu@uc%,R S.0.040}
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than those of traditional PtgNi;sP,s and PdyNiyP, metallic glasses, £ wpawox PN :.0.042.
respectively, and also surpassing the benchmark performance of g£60f . swrwom 8.0.044] P
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commercial Pt/C nanoparticles and pure Pt sheet. Experimental and 5so} 18 00asl 1
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theoretical results revealed that the enhanced HER activity was ascribed O, [reoyco0. " PO 0 oag s PP daNizgPas HEMG
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to a synergistic function of multiprincipal components that optimized Tafel slope (mV dec™) 0 10 20 30 a0
the electronic structure to accelerate the rate-determining steps in HER.

Moreover, the unique long-range disordered structure provided a high density of unsaturated atomic coordination that was
able to improve the amount of electrochemically active sites. This bulk HEMG strategy paves the way for the development of
flexible freestanding electrodes for water splitting applications.

promising alternatives to steam reforming for oxygen microalloyed HEAs (O-HEAs) for the oxygen

hydrogen production, because of its simplicity, evolution reaction (OER)."* However, exploiting opportunities
zero carbon emissions, and attractive feedstock circulation.'™
However, the state-of-the-art high-performance electrode
materials recently developed for water splitting are based on
carbon carriers mediated by binding active elements, e.g., Pt/C
nanoparticles, and their complicated processing methods are a

Water electrolysis is considered as one of the most (HEIs)"* for the hydrogen evolution reaction (HER) and

to further optimize the catalytic properties of HEAs by
controlling the functional atoms within an amorphous
structure is still a great challenge.'* The development of
high-entropy metallic glasses (HEMGs) presents several

major impediment to the commercialization of this technology. opportunities in this regard, and it was found that HEMGs
Accordingly, it is currently a great challenge to design an can demonstrate superiorities because of their long-range
effective electrocatalyst to overcome these significant prob- disordered structure’™'® and a high density of unsaturated
lems. atomic coordination.'””>* While HEMGs provide much

High-entropy alloys (HEAs) containing four or more promise to optimize the atomic configurations and enhance

principal components alloyed into a stable crystalline solid-
solution phase have demonstrated great potential for the
discovery and development of alloys with novel properties for
various applied fields.”” The properties of HEAs in harsh
environments has been a subject of significant investigation, Received:  April 26, 2022
including elevated and cryogenic temperatures,” corrosive Accepted:  June 20, 2022
environments,” electrocatalytic environments,' etc. Inspired
by such successes, several HEAs have been reported as
potential electrocatalysts exhibiting outstanding performance,
including solid-solution HEAs'" or high-entropy intermetallics

catalytic performance, achieving the goal of how to control the
functional atoms and tune their synergistic effects to achieve
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Figure 1. (a) Photographs, (b) HRTEM image (inset shows the SAED pattern), (c) HADDF-STEM mapping results, (d) SEM image, (e)
AFM image, and (f) atomic compositions of the Pt,;Pd,Ni,;P,; HEMG.
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Figure 2. (a) XRD patterns of the three as-spun MGs, and high-resolution XPS spectra of (b) Pt 4f, (c) Pd 3d, (d) Ni 2p, (e) P 2p, and (f) O

1s for the Pt,(Pd,Ni,.P,; HEMG.

excellent functional properties is still an ongoing research
challenge.

In this work, we employed a scalable melt-spinning
technique to manufacture a flexible freestanding HEMG
ribbon with an equiatomic composition of Pt,sPd,sNiysP,s
that can be used directly as electrodes for HER. The primary
objective was to investigate how the synergistic effect of having
multiple, equiatomic functional atom types can promote the
electrocatalytic performance. To achieve this goal, two
traditional MGs with the atomic compositions of PtsNi 5P,
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and Pd,Ni, P,, were prepared for performance comparison.
Figure 1b shows a high-resolution transmission electron
microscopy (HRTEM) image and the corresponding selected
area electron diffraction (SAED) pattern of the as-spun
Pt,Pd,sNi,P,s HEMG shown in Figure la. The long-range
disordered structure and amorphous diffraction halo are clearly
observed. Figure lc shows a scanning transmission electron
microscopy (STEM) image with elemental mapping results. It
was found that the Pt, Pd, Ni, P elements exhibited
inhomogeneous contrast with dark and bright regions at
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Figure 3. (a) HER polarization curves and (b) Tafel slopes of the MGs, (c) HER stability performance of the Pt,;Pd,;Ni,;P,; HEMG, (d)
comparison of the HER performance with recently reported noble-metal-based electrocatalysts in 1.0 M KOH solution.

subnanoscale, indicating the structure of the Pt,sPd,sNi,sPy
HEMG possess local ordering in subnanoscale, which is in
accordance with other reports.””** Note that the accurate
quantification of Pt and P was not achievable in an energy-
dispersive X-ray spectroscopy (EDS) spectrum because of their
inevitable signal overlapping. Accordingly, we employed
inductively coupled plasma—optical emission spectrometry
(ICP-OES) and X-ray photoelectron spectrometry (XPS) to
quantify the chemical compositions in the matrix and on the
surface of the as-spun Pt,Pd,sNi,P,s HEMG, respectively
(Figure 1f). The measured atomic ratios are very close to the
theoretical equiatomic values. Figures S1 and S2 in the
Supporting Information show the HRTEM and elemental
mapping results of the PtyNi;sPrs and Pd,NiyPyy MGs,
confirming their amorphous structures. The smooth surface
morphology of the Pt,sPd,sNi,sP,; HEMG was observed by
scanning electron microscopy (SEM) and 3D atomic force
microscopy (AFM) images (see Figures 1d and le). A
nanoscale roughness (<14 nm) was detected in the AFM
image, which would not be considered as having a significant
effect on the following performance investigation since the
HER performance was measured by the conversion of
geometric surface area.

The amorphous structure of the as-spun Pt,sPd,sNiysP,s
HEMG, as well as the Pt;Ni; P, and Pd,Ni,oP,o MGs, was
further confirmed by XRD in Figure 2a. Broad diffuse
diffraction peaks were obtained for the as-spun ribbons
without any observations of crystalline peaks.”® To elucidate
the surface chemical valence states of the as-spun
Pt,sPd,sNi,sP,s HEMG, high-resolution XPS spectra of Pt 4f,
Pd 3d, Ni 2p, P 2p, and O 1s were obtained, as shown in
Figures 2b—f. The Pt 4f spectrum with the binding energy of
71.8 eV was assigned to the Pt° state (Figure 2b). The Pd 3d
spectra exhibited two major peaks at 336.1 and 337.2 eV,
corresponding to the Pd° and Pd*', respectively. The Ni 2p
spectra consisted of three major peaks of 852.8, 856.1, and
858.1 eV, which were ascribed to the Ni°, Ni**, and Ni%* states,
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respectively. The P 2p spectra presented binding energies at
130.0, 131.0, and 132.6 eV, which can be assigned to P>, Ni—
P, and PO,*", respectively.'”*° The formation of PO,>~ would
promote rate-determining steps including water dissociation”’
and Gibbs free energies of hydrogen adsorption™® during the
HER process. The O 1s spectra exhibited three major peaks at
the binding energies of 530.7, 531.8, and $533.2 eV, which
could be ascribed to metal oxides, metal hydroxides, and
adsorbed oxygen, respectively.”” Such results demonstrated the
formation of Ni oxides with a slight amount of Pd oxides on
the surface. Meanwhile, the metal hydroxide was majorly
attributed to the formation of NiOOH/Ni(OH)j;.

The HER activity was performed by a standard three-
electrode electrochemical station where the three as-spun
ribbons were employed directly as a working electrode in 1.0
M KOH solution. The linear sweep voltammetry (LSV) curves
of the ribbons were measured at a scan rate of S mV s~ It was
found that the required overpotential at the current density of
10 mA cm™? and the resulting Tafel slope of the
Pt,sPd,Ni,;P,s HEMG were 19.8 mV and 40 mV dec™’,
respectively, which was much improved compared to those of
the Ptg,Ni;sP,s and Pd,NiyP,0 MGs, as well as the pure Pt
sheet and Pt/C nanoparticles (Figures 3a and 3b), eg,
PtsNi;P,c (105.1 mV and 85 mV dec™), Pd,oNi, Py (205.2
mV and 128 mV dec™), Pt sheet (103.2 mV and 121 mV
dec™), and Pt/C (33.1 mV and 47 mV dec™). Such results
demonstrate that a synergistic function of the Pt and Pd atoms
plays an essential contribution to enhance the HER activity.
More impressively, the achieved overpotential of the
Pt,Pd,sNi,P,; HEMG was as low as 122.2 mV even at the
current density of 100 mA cm™?, further strengthening its
potential industrial applications where a large current density is
required.

With respect to the HER durability, chronoamperometry
was conducted at the current density of 20 mA cm™ for the
Pt,Pd,Ni,sP,; HEMG (Figure 3c). It was found that the
overpotential could maintain essentially no change for 60 h,

https://doi.org/10.1021/acsmaterialslett.2c00371
ACS Materials Lett. 2022, 4, 1389—-1396


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.2c00371/suppl_file/tz2c00371_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00371?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00371?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00371?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.2c00371?fig=fig3&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.2c00371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters

www.acsmaterialsletters.org

-0.7,
E I Pt 1 2'_ Water dissociation step He+OH ]
>"-0.6] . oM
J y . Pd L —Pt_Ni_ P : 1
> .0.5 __09} 60 15 25 i
2 > P PdAoNlaopzo 1
e -0.4 L 06l . i
S = Pt,Pd,Ni, P i
[ = [ -
803 o 0.3} ]
I 0.2 7] - HZO .
a3 8 0.0 A
T -01 IC i n, HO* f ]
i 03} SR S -
IN X N N = '.. E
o PePauNicPyy  PLNIPy PO NP, | 06 U
c ' Reaction coordinate
0.8} *PteoN'ﬁst - Pd4oN[4oP20 PtZSPdZSNIZSPZS Pt
| ~H — Pd
k B — Ni
2" . - P
L . @ |— Pt-Pd
- Pt-Ni
L e . —— Pd-Ni
H ?' %HZH
0.2k L
-0.4

Reaction coordinate

Figure 4. (a) DFT calculated adsorption energies of H,O molecules on different exposed elemental sites of PtgNi;sP,s, PdoNiyP,, and
Pt,;Pd,;Ni,;P,. The insets in panel (a) show the local coordination environment of Ni and Pd sites in Pt,(Pd,;Ni,P,;. (b) Free-energy
diagrams of reaction coordinate for water dissociation on the active sites of PtssNi;sPys, PdgNiyPs, and Pt,sPd,Ni, P,;. Both panels (a)
and (b) demonstrated enhanced Volmer step of HER for Pt,;Pd,;Ni,;P,;. (c) Gibbs free-energy (AGy:) profiles for various top and bridge
sites of Pty Ni;sP,s, PdNiuP,o and Pt,Pd,Ni,;P,.. The insets show the local chemical environment of various H* adsorption sites with

superior AGy: in Pt,sPd,Ni,P,;.

while ICP-OES results of the residual electrolyte show that the
metal leaching concentrations of Pt, Pd, Ni, P were almost
negligible (see Table SI in the Supporting Information),
suggesting a strong sustainable viability of the Pt,sPd,sNi,sPys
HEMG. Moreover, to further emphasize the excellent
structural stability, we also performed several characterizations
on the evolutions of the structure, surface morphology, and
surface chemical valent states for the previously used
Pt,sPd,sNi,sP,s HEMG (see Figures S3—SS in the Supporting
Information). The XRD result shows that the amorphous
structure was well-retained for the previously used
Pt,sPd,sNi,P,; HEMG (Figure S3). Nevertheless, it is notable
that the surface states, including the morphology and chemical
valences, presented an obvious evolution, that is, many
spherical-like nanogranules precipitated on the surface (Figure
S4) and the proportions of the chemical valences for Pt**, Pd*",
Ni**, and metal—oxygen were significantly improved (Figure
S5). Such results demonstrate that new metal oxides were
gradually formed, which is inevitable for such chemical
reactivity.

To put the excellent HER performance of the
Pt,;Pd,sNi,;P,; HEMG into perspective, we also summarized
several state-of-the-art noble-metal-based electrocatalysts in
Figure 3d, as well as Table S2 in the Supporting Information. It
is noteworthy that the achieved HER activity of the
Pt,;Pd,sNi,P,; HEMG is better than that of our recently
reported five-element melt-spun Pd,Pt,,Cu,(Ni, P,,
HEMG," which is attributed to the nonaddition of Cu
atoms, which are considered as an inert element for the HER.*°
However, simply including a high amount of Pt or Pd is not
the key factor to enhancing the HER activity in this work,
because the Pt,sPd,sNi,;P,s HEMG presents a S-times-higher
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performance than that of the Pt Ni;sP,s MG (Figure 3a). This
comparison clearly illustrates the synergistic effect of using a
multicomponent HEMG. Finally, it is notable that the
achieved HER activity of the Pt,;Pd,Ni,;P,s HEMG is better
than that of reported electrocatalysts with ultrahigh specific
surface areas such as honeycomb-like Pt/ NinTi,20 and even
nanoparticles, nanowires, and two-dimensional catalysts,3l_43
despite our melt-spun Pt,Pd,sNi,sP,s HEMG possessing a
smooth surface.

Figure S6 in the Supporting Information shows the
electrochemical impedance spectroscopy (EIS) results of the
three as-spun ribbons that was conducted in the frequency
range between 0.1 to 100 Hz in 1.0 M KOH solution. The
semicircle diameter of the Pt,Pd,;Ni,;P,; HEMG was much
smaller than those of the PtyNi;P,s and Pd,Ni,oP,9 MGs,
indicating a stronger charge transfer ability, which leads to a
faster HER activity."*** Such results further emphasize the
significant synergistic function of Pt and Pd functional atoms in
contributing to the excellent electrocatalytic activity. Double-
layer capacitances (Cg), which typically correlate to the
electrochemically active surface areas, were measured by cyclic
voltammetry at various scan rates between 20 mV s~' and 100
mV s™! in the potential range of 0.1 to 0.2 V (RHE) for the
three ribbons (see Figure S7 in the Supporting Information).
The calculated Cy value of the Pt,Pd,sNi,;P,; HEMG was
5.71 mF cm 2, which was significantly higher than those of the
PtgoNi;sP,s (3.83 mF cm™2) and Pd,oNiyoP,, (4.54 mF cm™2)
MGs. Note that all three ribbons exhibited the same smooth
surface morphology (see Figures 1d and le). The higher Cg
value suggested more electrochemically active sites for the
Pt,sPd,Ni,;P,; HEMG, compared to the PtsNi;P,s and
Pd 4NiyP,o MGs, further evidencing the synergistic effect of
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using both Pt and Pd in a high-entropy alloy for enhancement
of the HER activity.

To elucidate the microscopic electrocatalytic mechanisms,
local catalytic performance of various active sites was
calculated using the density functional theory (DFT) method.
According to the Tafel slope results in Figure 3b, the HER
process of the Pt,sPd,sNisP,s HEMG is the Volmer—
Heyrovsky reaction, which involves two major steps: (1)
adsorption and dissociation of H,O molecules and (2)
adsorption and desorption of H* for hydrogen evolution.*
With respect to the Volmer step, the adsorption of H,O
molecules onto different elemental sites were investigated in
Figure 4a. It reveals that the H,O molecules prefer to adsorb
on the top of each single metal atom; however, the P sites have
almost no adsorption capacity of the H,O molecules for the
MG ribbons. Moreover, it was found that the synegistic
function of Pt and Pd would greatly improve H,O adsorption
energy, especially at the Pd and Ni sites coordinated with Pt
atoms (see insets in Figure 4a). To further clarify the physical
origin of enhanced H,O adsorption capacity of Pd and Ni sites
in PtysPd,sNiysP,s, local electron density difference after H,O
adsorption at the Pd and Ni sites of the ribbons were
systematically analyzed (see Figures S8 and S9 in the
Supporting Information). The results show that, although the
equilibrium distance between Pd and O atom in
Pt,;Pd,Ni,P,s is farther than that in Pd,NiyP,, (2.38 A
vs. 2.316 A), the capacity of electron loss and gain of Pd and O
atom that occurred in Pt,sPd,sNi,sP,s is stronger than that in
Pd,Ni,P,, (Figure S8), resulting in an improved H,O
adsorption capacity on the Pd sites in Pt,Pd,sNiysP,s.
Furthermore, it was also found that the electron gain ability
of the O atom in H,O at the Ni site in Pt,;Pd,Ni, P, is better
than that in Pt¢Ni;P,s and Pd,Ni,P,,, respectively (see
Figure S9). The equilibrium distance between the Ni and O
atoms in Pt,cPd,Ni, P, is closer than that in Pty Ni; P, and
Pd,NiyPy (2.138 A vs 2.461 and 2.192 A), indicating that the
electron transferability is enhanced which would promote the
H,O adsorption capacity. Partial density of states (PDOS) of
the MG samples were also calculated to probe the interaction
strength between atoms (Figures S10 and S11 in the
Supporting Information).*” It is noteworthy that the absorbed
O atom from the H,0 molecules has a strong affinity at the Pd
site of Pd,NiyP,, with significant hybridization energies
centered at —9.9 and —6.4 eV, respectively (Figure S10),
whereas a strong left shift of the interaction positions (—10.1
and —6.9 eV) from the Fermi level was observed in
Pt,;Pd,sNi,sP,s. Encouragingly, this strong left shift of the
interaction positions away from the Fermi level were also
observed for the Ni sites on Pt,sPd,sNiysP,s and for the O
atom from the H,O molecules (Figure S11). This left shift
phenomenon indicates a relatively increased adsorption
strength and would facilitate the H,O adsorption capacity in
the Pt,Pd,Ni,;P,; HEMG. In addition, the performance of
catalytic sites for the Volmer step is also typically evaluated by
the energy barrier of H,O dissociation (Figure 4b).*® Note
that, while the H,O dissociation on the effective H,O
adsorption sites of PtgsNijsP,s5, PdyoNigP,o, and
Pt,Pd,sNi,sP,; are all thermodynamically upward, the
required energy barrier for Pt,sPd,sNiysP,s is much lower
than that for PtgsNi sP,s and PdoNiyP,, indicating that the
Pt,;Pd,Ni,;P,s exhibits the best H,O dissociation capacity.
Therefore, these simulation results imply that the efficient
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Volmer step has a significant contribution to the superior HER
performance of the Pt,;Pd,sNi,sP,s HEMG.

With respect to the H* adsorption and desorption processes
(the Heyrovsky step), Gibbs free energies (AGyx) for various
possible active sites in PtgNisPys, PdyoNiyP,, and
Pt,sPd,Ni,sP,;s were systematically studied (Figure 4c), and
the corresponding local atomic configurations around the
catalytic sites are shown in Figures S12—S14 in the Supporting
Information. It was found that all of the active sites in
Pt4sNi; P55 and PdoNiyoP,o show IAGy:l values of >0.24 eV,
whereas a series of active sites in Pt,sPd,sNi,sP,s present
[AGyl values of <0.12 eV. The insets in Figure 4c exhibit the
beneficial synergistic functions of Pt and Pd in Pt,sPd,sNi,sP,s,
such as the active bridge site of (Pt—Pd), with both of them
acting as coordination elements with active top sites of (Ni),
Pd coordinating with an active top site of (Pt), and Pt
coordinating with the active bridge site of (Pd—Ni). Note that
the local chemical environment of all these active sites
simultaneously involves Pt and Pd, which has a significant
contribution to the improved H* adsorption and desorption
processes for the HER process in Pt,sPd,sNi,sP,s. To further
unveil the excellent hydrogen evolution activity of the catalytic
sites in Pt,sPd,(Ni,;P,s, d-orbital partial density states (d-
PDOS) of the high-performance active sites (IAGy:l < 0.12
eV) were calculated in Figure S1S in the Supporting
Information. The synergistic function of Pt and Pd in
Pt,sPd,sNi,sP,s, which is regarded as either the addition of
Pd in PtgNi P, or the addition of Pt in Pd, Ni,oP,o, would
shift the d-band center of the active sites. For example, a right
shift of the d-band center of the Pt site occurred with the
addition of Pd in PtgNi; P, (Figure S15a), which enhanced
the weak interaction between the H* and Pt sites (Figure 4c).
Similarly, the addition of Pt in Pd,,Ni, P, led to a left shift of
the d-band center of the Pd site (Figure S15b), weakening the
too strong interaction between the H* and Pd sites (Figure
4c). The right shift of the d-band center of Ni and left shift of
the d-band center of the Pd—Ni site (Figures S15c and S15d)
were also consistent with the corresponding variation of AGyx
shown in Figure 4c. Additionally, the d-PDOS of the Pt—Pd
site, which only exists in Pt,sPd,sNi,sP,s, was also calculated,
as shown in Figure S16 in the Supporting Information. In
particular, we analyzed the d-PDOS of Pt and Pd atoms in the
Pt—Pd site and compared their d-band center with single Pt or
Pd sites in Pt,sPd,sNi,sPss. (The black dotted line in Figure
S16 is exactly the red solid line in Figure S15a, while the red
dotted line in Figure S16 is the red solid line in Figure S15b.)
It was observed that the d-band center of the Pt site shifted left
while the Pd site shifted right when Pt—Pd are coexisting in
Pt,sPd,sNi,sP,; (Figure S16). This tendency is beneficial for
the shift of AGy: closer to zero. The Pt atom would assist
single the Pd site to enhance the too weak interaction with H¥,
while the Pd atom would weaken the strong H* interaction on
the single Pt site. Therefore, these results indicate that the
synergistic function of Pt and Pd in our newly developed
Pt,sPd,Ni,sP,s HEMG has significant contribution to the
Heyrovsky step of HER.

In summary, a high-entropy metallic glass (HEMG) with
four equimolar components of Pt,sPd,sNi,sP,s was prepared
by a scalable metallurgical method. The Pt,sPd,;sNi,sP,s
HEMG exhibited outstanding HER performance in 1.0 M
KOH solution, and the ribbon form can be employed directly
as a flexible, self-supported electrode. The achieved over-
potential of the Pt,sPd,sNi,sP,s HEMG at a current density of
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10 mA cm ™ was 19.8 mV, surpassing those of the Pt- and Pd-
based MGs, as well as most state-of-the-art noble-metal-based
electrocatalysts. The promoted HER performance was
attributed to the synergistic function of the high-entropy
alloy design, the long-range disordered amorphous structure,
and the high density of unsaturated atomic configuration. This
work provides a new insight into the development of bulk
electrodes for water splitting applications. Future attention
should be paid to the study of lower-cost HEMG electrodes
with good glass-forming ability.
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