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ABSTRACT: The development of sufficiently effective catalysts with extremely superior
performance for electrocatalytic hydrogen production still remains a formidable challenge,
especially in acidic media. Here, we report ultrasmall high-entropy alloy (us-HEA)
nanoparticles (NPs) with the best-level performance for hydrogen evolution reaction
(HER). The us-HEA (NiCoFePtRh) NPs show an average diameter of 1.68 nm, which is
the smallest size in the reported HEAs. The atomic structure, coordinational structure, and
electronic structure of the us-HEAs were comprehensively clarified. The us-HEA/C
achieves an ultrahigh mass activity of 28.3 A mg ™' b metas at —0.05 V (vs the reversible
hydrogen electrode, RHE) for HER in 0.5 M H,SO, solution, which is 40.4 and 74.5 times
higher than those of the commercial Pt/C and Rh/C catalysts, respectively. Moreover, the
us-HEA/C demonstrates an ultrahigh turnover frequency of 30.1 s™! at 50 mV overpotential
(41.8 times higher than that of the Pt/C catalyst) and excellent stability with no decay after
10 000 cycles. Operando X-ray absorption spectroscopy and theoretical calculations reveal
the actual active sites, tunable electronic structures, and a synergistic effect among five elements, which endow significantly enhanced
HER activity. This work not only engineers a general and scalable strategy for synthesizing us-HEA NPs and elucidates the complex
structural information and catalytic mechanisms of multielement HEA system in depth, but also highlights HEAs as sufficiently

Ni Co Fe Pt Rh

advanced catalysts and accelerates the research of HEAs in energy-related applications.

B INTRODUCTION

Electrocatalytic water splitting is universally considered as an
efficient and available technology to produce hydrogen fuel for
renewable energy storage and carbon neutrality.”” Hydrogen
production can achieve an ultrahigh hydrogen purity of
99.995%, excellent energy efficiency, and fast kinetics process,
especially in acidic media."”” To date, numerous reports have
explored advanced electrocatalysts for hydrogen evolution
reaction (HER)."™'® Even though these reported catalysts
appear promising, they still cannot meet the necessary
requirements for practical use in acidic media. Thus, major
challenges still remain for research efforts focused on seeking
other kinds of sufficiently advanced HER catalysts with
extremely superior performance.

High-entropy alloys (HEAs) have demonstrated significant
potential applications in many fields due to their unique and
fascinating properties.m_22 Moreover, HEAs have garnered
increased attentions and become one of the hottest materials.
Given their tunable composition, electronic structure, and
significant stability in corrosive media, HEAs highly meet the
necessary requirements of becoming advanced electrocatalysts.
However, HEAs have only recently been researched in
electrocatalysis,” >’ and the characteristics and properties
are preliminarily investigated and disclosed. Overall, the
current HEA catalysts are suffering from various challenges.
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Especially, the current synthesis methods of HEAs are rather
complex or not general strategies, the structural information on
HEA catalysts has not been deeply revealed, the potential
catalytic performance of HEAs have not been sufficiently
explored, and the complicated catalytic mechanism of HEAs
has not been clearly clarified. Therefore, a more rational design
of HEAs is urgently needed to support HEAs as sufficiently
advanced catalysts, accelerating the research of HEAs in
electrocatalysis fields.

Herein, we employ a general and facile chemical coreduction
method to fabricate a series of carbon-supported ultrasmall
high-entropy alloy (us-HEA) nanoparticles (NPs). The us-
HEA (NiCoFePtRh) NPs exhibit a uniform distribution on
carbon supports and an average particle size of 1.68 nm, which
is the smallest size in the reported HEAs. High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) imaging and X-ray absorption fine structure
(XAFS) measurements reveal the atomic structure, electronic
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Figure 1. Morphology, structure, and composition characterization of ultrasmall NiCoFePtRh high-entropy alloy (us-HEA) nanoparticles (NPs).
(a) Representative HAADF-STEM image and (b) size distribution histogram of us-HEA NPs. (c) X-ray diffraction (XRD) pattern of us-HEA/C.
(d) Enlarged HAADF-STEM image (inset shows the model of NPs growing on the carbon support) of us-HEA/C NPs. (e) Lattice spacing of a
single NP marked in (d), showing only eight atomic layers. (f) HAADF-STEM image of another single NP and the corresponding energy dispersive
spectroscopy (EDS) elemental mapping of (g) Fe, (h) Ni, (i) Co, (j) Rh, and (k) Pt.

structure, and coordinational structure of us-HEAs. As an
electrocatalyst for HER, us-HEA/C achieves an ultrahigh mass
activity of 28.3 A mg™" | ipie metats at —0.05 V (vs the reversible
hydrogen electrode, RHE) in 0.5 M H,SO, solution, which is
40.4 and 74.5 times higher than those of commercial Pt/C and
Rh/C catalysts, respectively. Moreover, the us-HEA/C exhibits
an ultrahigh turnover frequency (TOF) of 30.1 s™' at 50 mV
overpotential (41.8 times higher than that of the Pt/C catalyst)
and excellent stability with no decay after 10000 cycles.
Operando X-ray absorption spectroscopy and theoretical
calculations reveal the true active sites, tunable electronic
structures, and a synergistic effect among five elements, which
endow us-HEA/C with significantly enhanced HER activity.
The outstanding performance of us-HEA NPs on HER
provides a potential application as sufficiently advanced
catalysts in practical electrocatalytic hydrogen production.

B RESULTS AND DISCUSSION

Synthesis and Characterization of us-HEA NPs. Due to
the vast difference in chemical and physical properties of
mixing elements, the controllable synthesis of ultrafine HEA
NPs without separate phases is quite difficult. In this work, a
suitable and scalable synthetic strategy was achieved that
ensures the simultaneous reduction of the mixed metal salts
(see the Experimental section in the Supporting Information
for details). After the coreduction of five metal precursors and
further annealing, single-phase NiCoFePtRh HEAs were
ultimately obtained. The powder X-ray diffraction (PXRD)
patterns (Figure S1) and energy dispersive spectroscopy
(EDS) mapping (Figure S2) of the products provide direct
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evidence of the successful preparation of NiCoFePtRh HEAs.
The XRD patterns reveal that the NiCoFePtRh HEAs have a
face-centered cubic (fcc) structure, similar to that of pure Pt.
However, the sharp (111) peak at 43.2° implies a large crystal
size, which was further verified by the HAADF-STEM image in
Figure S2. In order to prepare ultrasmall NPs with uniform
dispersion, the carbon supports were added to the reaction
solution prior to the coreduction of metal salts*® and a series of
comparative samples with different loadings were obtained
(Figures S3 and S4). Finally, S wt % loading in theory was
determined to be the most appropriate in this work, labeled as
us-HEA/C. Figure la and Figure S5 illustrate the representa-
tive HAADF-STEM and TEM overview images of the 5 wt %
us-HEA NPs loaded on the carbon support. The us-HEA NPs
are uniformly dispersed on the carbon supports with an
average diameter of 1.68 nm (Figure 1b), which is much
smaller than those of other reported HEAs (Table S1). The
XRD pattern (Figure 1c) further confirms the ultrasmall crystal
structure because no obvious diffraction peak is detected,
which agrees with a previous study on an ultrasmall Pt
nanocrystal.”” The enlarged HAADF-STEM image (Figure 1d)
implies a strong metal—support interaction. To verify this
strong interaction, the heat treatment temperature was
increased to 550 °C, conventionally causing particle coarsen-
ing; the particle size and diffraction peaks had no significant
changes (Figure S6). Figure le shows the high-resolution
HAADEF-STEM image of an us-HEA NP with only eight
atomic layers. The lattice spacing is 2.10 A, which is
corresponding to the (111) plane of XRD patterns (Figure
S1 and Figure 4), suggesting that us-HEA NPs have (111)
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Figure 2. Characterization of atomic structure, electronic structure, and coordinational structure of us-HEA. (a) Atomically resolved HAADEF-
STEM image of an us-HEA NP. (b) Corresponding Fourier filtered image, (c) simulated crystal structure image, (d) fast Fourier transformation
(FFT) pattern, and (e) simulated diffraction pattern from the [011] zone axis of a. (f) X-ray absorption near edge structure (XANES) spectra for
the Pt L;-edge. (g) XANES spectra for the Rh K-edge. (h) XANES spectra for the Ni K-edge. (i) XANES spectra for the Co K-edge. (j) Amount of
electrons of the corresponding surface atom in pure metal and us-HEA (111) slab systems obtained from Bader charge analysis. The inset at the top
is the two-dimensional charge density distributions of surface atoms in pure metals (Pt, Rh, Ni, Co, and Fe) and us-HEA (111) slab systems. The
extended XAFS spectra for (k) Pt Ly-edge and (1) Rh k-edge. (m) Overlay of the extended XAFS spectra for all five X-ray probed elements in us-

HEA/C.

basal planes and a fcc structure. EDS mapping and line
scanning profiles of a single us-HEA NP are shown in Figure
1f=k and Figure S7a, respectively, revealing that all five
elements are uniformly distributed and well-mixed without
composition segregation. The atomic ratio of Ni/Co/Fe/Pt/
Rh is 26.6:25.6:25.1:14.9:7.8 (Figure S7b), which is roughly in
accordance with the overall composition analysis, measured by
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) (Table S2). It should be noted that long-time
exposure under electron beams during the elemental mapping
characterization would seriously damage the ultrasmall NP
(Figure S8), so larger nanoparticles were selected to obtain
clear elemental mapping.

The high-magnification aberration-corrected HAADE-
STEM imaging technique was conducted to reveal the atomic
structure of us-HEA. Figure 2a shows a characteristic atomic-
resolution image of an us-HEA NP along the [011] zone axis,
with lattice spacings of 2.10 and 1.83 A attributed to the (111)
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and (200) planes, respectively. The corresponding Fourier
filtered image and simulated crystal structure image (Figure
2b,c) illustrate that the us-HEA NP possesses an edge length of
only 4—5 atoms. It is worth mentioning that this ultrasmall
nanostructure can afford ultrahigh atom utilization, which
further contributes to the ultrahigh utilization efficiency of
noble metal atoms. The fast Fourier transformation (FFT)
pattern is shown in Figure 2d, which matches well with the
simulated diffraction patterns of an ideal us-HEA crystal along
its [011] zone axis (Figure 2e).

XAFS measurements and computational simulation analyses
were performed to further confirm the electronic structure of
us-HEAs. Compared with the metal reference sample, the
white line (WL) intensity of the Pt L;-edge slightly decreased
(Figure 2f) and the Rh K-edge slightly shifted to the left
(Figure 2g), respectively, which indicates a transfer of the
electron density from neighboring atoms to Pt and Rh atoms.
The Fe, Co, and Ni K-edges in us-HEAs are all slightly shifted
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Figure 3. Electrocatalytic performance of us-HEA/C electrocatalyst for hydrogen evolution reaction (HER) in 0.5 M H,SO, solution. (a) HER
polarization curves of us-HEA/C, the precursor, C, commercial Rh/C, and commercial Pt/C, normalized by geometric area. (b) ECSA normalized
HER polarization curves of us-HEA/C, the precursor, C, commercial Rh/C, and commercial Pt/C. (c) Quantitative comparisons of the specific
activities normalized by ECSA of us-HEA/C, commercial Rh/C, and commercial Pt/C at different potentials. (d) Noble-metal mass loading
normalized HER polarization curves of us-HEA/C, the precursor, C, commercial Rh/C, and commercial Pt/C. (¢) Quantitative comparisons of the
mass activities of us-HEA/C, commercial Rh/C, and commercial Pt/C at different potentials. (f) Mass activity comparisons of us-HEA/C at —0.05
V versus RHE with state-of-the-art noble metal catalysts reported in the recent literatures. (g) Turnover frequency (TOF) comparisons of us-HEA/
C with other advanced noble metal catalysts reported previously. Stability tests of us-HEA/C through potential cycling 10 000 cycles, normalized
by (h) geometric area and (i) constant applied potential for 100 h. All the results were not iR corrected.

to the right with respect to that of the metal reference sample
(Figure 2h,i, and Figure S9), probably due to the low
electronegativity of these three metals resulting in the donation
of electron density. Here, it should be noted that the intensity
variation of pre-edge and main features of these XANES at Fe,
Co, and Ni K-edge is due to the intrinsic size effect of the
ultrasmall NPs as pointed by Rehr,® rather than oxidation
effect. The ab initio calculation simulated the XANES feature
evolution with the size of the nanoparticle (Figures S10 and
S11). All the white lines are far away from the corresponding
oxide reference sample, indicating that all the elements in the
us-HEA NPs are in metallic states. The result of Bader charge
analysis also confirms the transfer of electron density in the us-
HEA (Figure 2j). Overall, the above results indicate the
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redistribution of electrons and fine-tuning electronic structure
of us-HEAs, while any change to the electronic structure will
influence the electrocatalytic activity of the catalyst. As shown
in Figure S12, the transfer of electron density from neighboring
atoms to Pt atoms can effectively lower the Fermi level and the
d-band center position of Pt.

The extended XAFS (EXAFS) spectra were used to further
determine the entire coordination structure of five metallic
elements in the us-HEAs. Figure S13 shows the experimental
kz-weighted EXAFS oscillations of us-HEA/C at Fe, Co, Nij,
and Rh K-edge and Pt L;-edge. The Fourier transforms (FT;
No phase correction) of these EXAFS are displayed in Figure
2kl and Figure S14, compared with the FT-EXAFS of the
element metals and their oxides. The missing of the Me-O
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(Me: Fe, Co, Ni, Rh, and Pt) shell (ca. 1.5 A) for all FT curves
of us-HEA/C means that the as-prepared sample is not
oxidized. The distance of all the first shells (Me—Me) in us-
HEAs is shorter than that of their element metals, respectively,
especially for the FT of Rh and Pt. Figure 2m overlays all these
FT curves for the first shell. The distance and amplitude are
almost identical for the Fe, Co, and Ni absorbers, indicating
that these 3d transition metals have an identical local atomic
structure and completely random mixing distribution in us-
HEAs. For Rh and Pt, the distance is a little longer because of
their larger atomic radii. A quantitative local structure was
obtained by fitting all the FT-EXAFS spectra. The quality of
fits is shown in Figure S15, and the fitted structural parameters
are summarized in Table S3. The fitting results show that the
average coordination numbers (CNs) of the first shells are
almost the same for all probed metals, around 8.5. This CN
value means the size of us-HEAs is ca. 1.5 nm, according to the
“growth curve” of CN as a function of nanoparticle size.”’ The
interatomic distances (R) between Fe, Co, and Ni are identical,
that is about 2.50 A. The interatomic distance between Rh and
Pt is about 3.85 A. Hence, the EXAFS quantitative analysis
suggests that these five metallic elements in us-HEAs form a
solid-solution phase structure without elemental segregation.
Using the same synthesis method, eight other HEA NPs
including PtRhAulrPd, CoCuZnPtPd, NiCoCuPtAu, CdNiP-
tIrPd, CoNiCdPtPdIr, CoCdPtPdIrAu, CoNiCuCdPtPdIr, and
FeCoNiCuCdPtIrPd HEA NPs, have also been synthesized.
The representative elemental maps of quinary (PtRhAulrPd,
CoCuZnPtPd, NiCoCuPtAu, and CdNiPtIrPd), senary (CoN-
iCdPtPdIr and CoCdPtPdIrAu), septenary (CoNiCuCdPtP-
dIr), and octonary (FeCoNiCuCdPtlrPd) HEA NPs are
shown in Figure S16. The elemental maps clearly reveal that
each element in these HEAs is uniformly mixed without phase
separation and provide direct evidence of alloy formation.”'
Therefore, our synthesis method was strongly demonstrated as
a general strategy for the synthesis of high-entropy alloy NPs.
Electrochemical Performance of us-HEA NPs. The
electrocatalytic HER activity of the us-HEA/C was inves-
tigated using a three-electrode setup in 0.5 M H,SO, solution
at room temperature. Several samples (including the
commercial Pt/C, commercial Rh/C, Ketjen-black carbon
(C), and precursors) were also measured under the same test
conditions for comparison. In order to directly compare the
performance with the reported catalysts under the same
conditions, we investigated the activities of catalysts on the
basis of the measured current densities in this work, which is
consistent with previous works.”'”'*'>?* Figure 3a shows the
specific activities normalized by geometric area without iR
compensation. Considering that the HER is dominant in the
polarization curves, the obtained current densities are mainly
attributed to the HER, similar to other reported works.”'>"'*?>>
It can be seen that, although the noble metal loading of the us-
HEA/C is only 0.8224 ug cm™2 much lower than that of
commercial Pt/C (32 pgp cm™) and other reported noble-
metal catalysts (Table S4), the us-HEA/C exhibits a smaller
overpotential (27 mV) at a current density of 10 mA cm™
The us-HEA/C exhibits a Tafel slope of 30.1 mV dec™, also
lower than that of commercial Pt/C (30.5 mV dec™?),
demonstrating the Volmer—Tafel mechanism as the HER
pathway (Figure S17). The Nyquist plots indicate that us-
HEA/C has a fast kinetics for HER (Figure S18). To further
characterize the activity of these catalysts, the specific activities
shown in Figure 3b are all normalized to the electrochemically
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active surface area (ECSA) obtained by calculating the
hydrogen absorption—desorption regions (Figure S19). As
expected, the us-HEA/C exhibits the most favorable specific
activities among these catalysts, with the highest current
density in the entire potential region. At a potential of —0.05 V
(vs RHE), the us-HEA/C exhibits an ultrahigh specific activity
(22.65 mA cm™2) (Figure 3c), which is 19.0 and 29.1 times
higher than those of the commercial Pt/C (1.19 mA cm ™) and
Rh/C (0.78 mA cm™?), respectively.

Meanwhile, the mass activity of us-HEA/C also confirms its
ultrahigh activity for HER. Figure 3d presents the linear sweep
voltammetry (LSV) curves of several catalysts normalized by
noble metal mass, indicating that the us-HEA/C catalyst has an
absolute advantage. The mass activity of us-HEA/C is high up
to 28.3 A mg~' at —0.05 V vs RHE (Figure 3e), which is 40.4
and 74.5 times greater than those obtained from commercial
Pt/C (0.70 A mg™') and Rh/C (0.38 A mg™'), respectively.
Even compared with those of other advanced noble metal
catalysts reported in the recent literatures (Figure 3f"'>'**7*
and Tables S5 and S6), the mass activity (28.3 A mg™") of us-
HEA/C can be proven as one of the best electrocatalysts for
HER. These results suggest that the us-HEA can significantly
increase the utilization of noble metals and decrease the cost of
the catalyst. To obtain a deeper insight into the activities, the
TOFs of the us-HEA/C and other reported catalysts are
further investigated. As shown in Figure 3g"'****'~* and
Table SS, the us-HEA/C demonstrates higher TOFs than
those of other noble-metal catalysts at various overpotentials.
In particular, the TOF of 30.1 s™' observed at SO mV
overpotential is 41.8 times higher than that of the Pt/C
catalyst. The above results demonstrate that us-HEA/C has
ultrahigh electrocatalytic activity for the HER, including
outstanding specific activity, ultrahigh mass activity, and TOFs.

To evaluate the practicality of the catalyst, stability is
another very important parameter, especially in acidic
solutions. As shown in Figure 3h, as the accelerated
degradation test (ADT) for 10000 cycles between +0.1 and
—0.2 V (vs RHE) at 100 mV s, the polarization curve of the
us-HEA/C catalyst does not exhibit any negative shift. In
contrast, the polarization curves of both Pt/C and Rh/C have
shown obvious deterioration after only 1000 cycles (Figure
$20). Moreover, after the 10 000 cycles test, the morphology of
the us-HEA remains intact with no obvious particle growth and
agglomeration (Figure S21). As a sharp contrast, commercial
Pt/C catalyst agglomerates severely. The XRD pattern (Figure
S$22), elemental distributions (Figure S23), and lattice fringes
(Figure S24) of us-HEA/C after stability test exhibit no
noticeable change, indicating that the high-entropy nanocryst-
als have excellent structural stability. The line scanning profile
(Figure S25) of the us-HEA NPs collected after stability test
evidence the superior compositional stability and corrosion
resistance. Figure 3i shows a long-term stability test of the us-
HEA/C for 100 h in the 0.5 M H,SO, solution. After the harsh
test for 85 h, us-HEA/C can maintain 100% of the initial
current density (Figure S26). However, Pt/C and Rh/C only
maintain 74.8% and 45.1% of the initial current densities,
respectively (Figure S27). The above results fully demonstrate
that the us-HEA NPs are remarkably stable. The excellent
stability of the us-HEA/C can be attributed to the following
reasons: first, the high-entropy stabilization effect and high
metallic element diffusion barriers. Second, the annealed us-
HEAs have good crystallinity, preventing elemental segregation
and etching. Third, tight bonding between the us-HEA NPs

https://doi.org/10.1021/jacs.1c07643
J. Am. Chem. Soc. 2021, 143, 17117-17127


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07643/suppl_file/ja1c07643_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c07643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Normalized intensity(a.u.) T

) 05 MH;SO, electrolyte "~

Fe K-edge

Initial
— 005V
—-0.01V
—-0.05V

Normalized intensity(a.u.) O

T T T T T T
23200 23220 23240 23260 23280 23300
Energy(eV)

T T T
7120 7140 7160

Energy(eV)

T
7100

Ni K-edge Co K-edge

Initial
— 0.05V

Normalized intensity(a.u.) Q.
Normalized intensity(a.u.) (D

PtL -edge

Initial

Initial

Normalized intensity(a.u.) =

— 005V — 005V
—-0.01V —0.01V —0.01V
—-0.05V ——0.05V ——0.05V
T T T T T T M ’ T
8320 8340 8360 8380 7700 7720 7740 7760 11520 11540 11560 11580 11600
Energy(eV) Energy(eV) Energy(eV)

0Q

o
p
(| |

'
strong wéak

o
<
o
©

~—=Rh site in us-HEA
——Pt site in us-HEA

Fe/Co/Ni site in us-HEA
Pt site in pure Pt

#2./n 9 FelCo/Ni site in us-HEA

Rh site in us-HEA

Reaction coordinate

Figure 4. Operando X-ray absorption near-edge structure (XANES) measurements and theoretical calculations of hydrogen-adsorption free
energies (AGys). (a) Schematic illustration of the operando electrochemical test of the us-HEA catalyst during HER. In situ normalized XANES
spectra of us-HEA/C recorded at different potentials in fluorescence mode at the (b) Rh K-edge, (c) Fe K-edge, (d) Ni K-edge, (e) Co K-edge, and
(f) Pt Ly-edge (inset shows an enlarged view of the intensity). (g) Schematic illustration of the binding strength between H and the Rh site, Fe/
Co/Ni site, and Pt site of us-HEA, respectively. (h) Calculated hydrogen-adsorption free energy (AGys:) profiles for three representative sites on
the us-HEA (111) surface and Pt site on pure Pt (111) surface at monolayer hydrogen coverage (G = 1).

and carbon substrate prevents NPs agglomeration or
segregation during the tests. Fourth, the us-HEA NPs were
synthesized in acidic solutions, so non-noble metal compo-
nents, which are unstable or do not form alloys, were already
etched out in the synthesis process.

In Situ X-ray Absorption near-Edge Structure
(XANES) Analysis. The precise identification of the operando
catalytic sites and elucidation of the practical reaction process
under the electrochemical operation conditions is urgently
required. However, the aforementioned remains challenging
because of the structural complexity of catalysts and the
difficulty of exploration, particularly for complex multielement
systems (e.g., HEAs). Herein, we first employed in situ and
operando X-ray absorption spectroscopy (XAS) to reveal the
realistic reaction behaviors of HEAs, including the electronic
state variation, identification of active sites, and parsing
synergistic effect among the five elements. Figure 4a and
Figure S28 show the schematic diagram of electrochemical
operando XAS measurements and digital photograph of the
operando fluorescence cell, respectively. Prior to XAS
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measurements, the sample was activated and each potential
was held for ~5 min to achieve a stable stage. The XANES
spectra at Rh K-edge, Fe K-edge, Ni K-edge, Co K-edge, and
Pt Lj-edge collected in fluorescence mode under the initial
condition (immersed in H,SO, solution) and different applied
potentials are displayed in Figure 4b—f. The XANES for all
applied voltages keeps their dominant features unchanged,
especially for the positions of the WL and the second nearest
oscillations. It means that the as-prepared HEA NPs stayed at a
high stability in the reaction. When the cathodic potential of
0.05 V vs RHE (no HER occurs) was applied, the absorption
edge of Rh dramatically shifted to a lower energy compared to
the initial state, indicating that Rh gained numerous electrons
and a large number of hydrogen ions were adsorbed on the
surface of Rh sites. In contrast, the absorption edges of the
other four elements changed a little. This is because hydrogen
has a stronger adsorption binding strength at fcc sites with Rh
nearby (Rh site) than those at fcc sites with only Fe/Co/Ni
nearby (Fe/Co/Ni site) and at fcc sites with Pt nearby (Pt
site) on the us-HEA (111) surface (Figure 4g). Hence,
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Figure S. Tafel activation barriers from theoretical calculations. Free energy diagrams of the Tafel reaction on the basis of the (a—d) fcc—fcc, (e—h)
top—fcc, and (i—1) top—top models on (a, e, and i) Pt (111) and (b—d, f—h, and j—1) us-HEA (111) surfaces. (a—d) Tafel reaction barrier on (a)
Pt (111) surface for the fccp—fccp, model and (b) us-HEA (111) surface for the fecp—fccp, model and the desorption of H* at the (c) fecg, and
(d) fecpejcoyni Sites after migration. (e—h) Tafel reaction barrier on (e) Pt (111) surface for the topp,—fccp, model and (f) us-HEA (111) surface for
toppy—fccp, model and the desorption of H* at (g) topg, and (h) topg./co/x; site after migration. (i—1) Tafel reaction barrier on (i) Pt (111) surface
for the topp—topp, model and (j) us-HEA (111) surface for the topp—topg./co/n; model and desorption of H* at (k) topg,, and (1) topg./co/n; site
after migration. The inset shows the corresponding optimized adsorption structures for the initial state, the transition state (TS), and the final state.

hydrogen ions prefer to adsorb on Rh sites and the Rh site
contributes greatly to the Volmer step in HER. The hydrogen
adsorption on Rh site can also be confirmed by the intensity
decrease of the peak at about 23260 eV versus the main peak
(Figure $29 and Table $7).*° With the increase in the applied
potential to —0.01 and —0.05 V, the XANES spectra of Fe, Ni,
and Co do not shift any further but also do not return to the
original state (Figure S30), thus indicating that a small
percentage of the Fe/Co/Ni sites participate in HER, while the
Rh XANES edge continues to shift slightly to lower energy,
suggesting that the number of hydrogen ions adsorbed on the
surface of Rh sites increases and HER occurs directly on the
Rh sites. Notably, the WL of the Pt XANES edge declines
sharply when HER begins (—0.01 V), which amply illustrates
that Pt sites are the main active sites for HER at this moment.
The valence state of Rh and Pt with function of the edge
position and the WL intensity, respectively, was plotted in
Figure S31. The above operando XAS results show that both
Rh and Pt are the main and direct active sites, which boost
HER together.

Density Functional Theory (DFT) Calculations. Hydro-
gen-adsorption free energy (AGy:) is a widely used and
reasonable descriptor for the ability of HER."”*”** Figure 4h
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and Table S8 show the specifically calculated AGy« of HER for
three types of representative sites (Figure S32) at monolayer
hydrogen coverage (0« = 1) on us-HEA (111) surface and Pt
site on pure Pt (111) surface. The Pt site in the us-HEA has
the smallest absolute AGy: (—0.004 eV) among the three
types of representative sites on the us-HEA (111) surface and
is smaller than that in pure Pt (—0.070 eV). The smaller
absolute AGyy- in us-HEA (111) surface was confirmed within
three other structural models (Figures S33 and S34). The
modified electronic structure of Pt in the us-HEA enables the
Pt site to achieve an optimum Pt—H binding value, which
might lead to a rapid H" adsorption and H, release process,
ultimately accelerating HER.

But, only the AGy descriptor cannot be representative for
the HER activity. Peterson and co-workers have raised the
concern on the challenge to the AGy« ~ 0 interpretation of
hydrogen evolution.*” Therefore, to further reveal the origin of
the superior activity and thoroughly elucidate the catalytic
mechanism of us-HEA, we systematically studied the kinetic
aspect in terms of the activation barrier of the rate limiting
step, Tafel reaction. Three reaction models including fcc—fcc
(desorption of two H* at fcc sites), top—fcc (desorption of one
H* at top site and another H* at fcc site), and top—top
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(desorption of two H* at top sites) models were investigated.
On the basis of the fcc—fcc model at @« = 1, the activation
barrier for the Tafel step (AG%) on the Pt (111) surface is
0.831 eV (Figure Sa), which is consistent with that of 0.80—
0.95 eV in Norskov’s work™ and Peterson’s work.”” For the
desorption of H* at the Pt site (fccp, site) on the us-HEA
(111) surface, the AG% based on the fccp—fccp, model is 0.756
eV (Figure 5b), which is considerably lower than that at the Pt
(111) surface, indicating a faster desorption for two H* at the
fcep, site on the us-HEA (111) surface. The AG based on the
fecpy—fecg, model is 0.884 eV (Figure SSa), which is higher
than that of the fccp—fccp, model. However, we identified two
easier alternative desorption routes for H* at the fccy, site.
The first route is that the H* at the fccyy, site desorbs with the
H* at the neighboring fccp, site (fccg,—fecp, model), which
shows a AG% of 0.796 eV (Figure S35b), lower than that of the
fcepy,—feeg, model, even easier than that of the fcc—fcc model
on the Pt (111) surface. The second route is that the H* at the
15
16
). The activation barrier for H* migration is as low as ~0.33
eV, followed by a desorption of two H* at fccp, sites with a
relatively low activation barrier of 0.651 eV (Figure Sc). This
indicates that the desorption of H* at the fccy,, site on the us-
HEA (111) surface could be easier than that of H* at the fccp,
site on the Pt (111) surface. Similarly, we also analyzed the
Tafel steps for H* at the fccp, /oo n; sites (Figure 5d and Figure
S35¢,d) and determined that they are similar to those H* at
the fccy, sites. The Tafel activation barriers of both the
desorption of H* at fccgcon; site with the H* at the
neighboring fecp, site (fccpe/co/ni-fccp: model) and the
desorption of H* at fccg,co/n; site assisted by H* migration
from fccp, /co/n; to focp, site are lower than that on the Pt (111)
surface. Hence, the desorption of H* at the fccp, fecyy, and
fccpe/copn sites on the us-HEA (111) surface could be all easier
than that on the Pt (111) surface based on fcc-fcc model.
17

Furthermore, on the basis of the top—fcc model at Oy = -,

AG% on the Pt (111) surface is 0.511 eV (Figure Se), which is
consistent with previous works.””** As for the us-HEA (111)
surface, the activation barrier for the desorption of one H* at
the Pt top site (topp, site) and another H* at the fccp, site
(topp—fccp, model) is only 0.238 eV (Figure 5f). The AG for
the topp,—fccgymodel (Figure S36a) and desorption of H* at
topgy, after H* migration from topg, to topp, (Figure Sg) on
the us-HEA (111) surface indicates that the desorption of H*
at the topyy, site could be easier than that of the top—fcc model
on the Pt (111) surface. The desorption for H* at topge/coni
sites on us-HEA (111) after H* migration from topg./co/n; t0
topp, site also show a lower AG} than that on the Pt (111)
surface on the basis of the top—fcc model (Figure Sh and
Figure S36b). Thus, the Tafel reaction activity of H* at the
tOPpy topgy, and toppe/co/n; Sites on the us-HEA (111) surface
could be superior to that on the Pt (111) surface on the basis
of the top—fcc model. In addition, as shown in Figure Si—I and
Figure S37, the H* at the topp,, topgy, and topg.c,/n; Sites on
the us-HEA (111) surface would show a faster desorption than
that on the Pt (111) surface o nthe basis of the top—top model

at Oy = %. In brief, AG% values on the us-HEA (111) surface

are lower than that on the Pt (111) surface, regardless of the
fce—fec, top—fcc, and top—top models.

The calculations above reveal that the five elements in the
us-HEA show a synergistic effect in Volmer—Tafel mechanism,

fcegy, site migrates to the fccp, site before desorption (O« =
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enabled by the modified electronic structure. Pt sites on the us-
HEA (111) surface show excellent activity in the Tafel step,
while Rh and Fe/Co/Ni sites need the assistance of the Pt site
in the Tafel step. The Rh element plays an important role in
the Volmer step as the hydrogen adsorption energy is relatively
low. Therefore, Pt and Rh elements are the main and direct
active sites of us-HEA toward hydrogen evolution, verifying the
operando XAS results. The Fe/Co/Ni atoms mainly play a role
of effectively adjusting the electronic structures of Pt/Rh atoms
and increasing the entropy of the us-HEAs to improve the
stability.

On the basis of the discussion above, the origin of the
ultrahigh hydrogen evolution activity of us-HEAs can be
explained as follows. First, the us-HEA has ultrasmall
nanoparticles and ultrahigh atom utilization. Second, there is
a synergistic effect among the five atoms, which is also
confirmed by experiments (Figure S37). Third, the us-HEA
demonstrates tunable electronic structures, contributing to the
optimum hydrogen-adsorption free energies and low activation
barriers. All of the aforementioned characteristics contribute to
the superior electrocatalytic activity of ultrasmall NiCoFePtRh
HEA NPs toward hydrogen evolution.

B CONCLUSION

In summary, we demonstrated the extremely superior perform-
ance and stability of novel NiCoFePtRh us-HEA NPs as an
advanced and practical electrocatalyst in acidic media. The use
of an ultrafast and powerful chemical coreduction method
leads to the formation of uniform HEA nanocrystals with the
smallest reported particle size (~1.68 nm). HAADF-STEM
and XAFS measurements reveal the atomic structure,
electronic structure, and coordinational structure of us-HEAs.
As an electrocatalyst for HER, us-HEA/C achieves an ultrahigh
mass activity of 28.3 A mg ™' b metass at —0.05 V, which is 40.4
and 74.5 times higher than those of the commercial Pt/C and
Rh/C catalysts, respectively. Moreover, the us-HEA/C exhibits
an ultrahigh TOF (30.1 s™') at a 50 mV overpotential (41.8
times higher than that of the Pt/C catalyst) and excellent
stability with no decay after 10 000 cycles. Operando X-ray
absorption spectroscopy and theoretical calculations reveal the
actual active sites, fine-tuning of the electronic structure, and a
synergistic effect among the five elements, which endow us-
HEA with a significantly enhanced HER activity. The
extraordinarily high performance of the supported us-HEA
NPs provides a potential application as a sufficiently advanced
HER catalyst for the storage of future renewable energy.
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