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ABSTRACT

Conventional non-noble hydrogen evolution reaction catalysts are plagued by excessive hydrogen adsorption and instability. To

overcome this, we pioneer a high-entropy single-atom (HESA) catalyst via precise anchoring of multiple transition metals on

carbon supports. The HESA catalyst achieves record-breaking alkaline HER performance of 44 mV@10 mA cm~? (matching

commercial Pt/C catalyst) and 300 h stability, resolving the persistent activity-stability trade-off. Systematical characterizations

reveal that low-coordination metal sites induce significant metal-support charge redistribution. Electronegative supports withdraw

electrons from metal centers, while 7-back-donation downshifts metal d-band centers, optimizing the Gibbs free energy of

intermediate H atoms (AGy.). Atomic-scale imaging further confirms uniform charge distribution and Angstrém-level electric

field response. Crucially, adjacent multi-metal sites synergistically lower energy barriers for both water dissociation and hydrogen

desorption through a synergistic electronic buffering effect. This work establishes entropy-driven microenvironment engineering

as a paradigm for cooperative optimization of active sites and electronic structures, opening avenues for durable non-precious

catalysts.

1 | Introduction

In the context of the energy transition, hydrogen energy has
emerged as one of the key solutions, playing a crucial role in
achieving the carbon neutrality target [1, 2]. The electrochemical
hydrogen evolution reaction (HER), as a fundamental step in
water splitting, offers an eco-friendly, cost-effective, and efficient
source of green hydrogen [3, 4]. It not only meets the growing
energy demand but also mitigates environmental challenges by
effectively converting and storing intermittent energy sources
into chemical energy. Platinum (Pt) remains the most effective

component for HER, enabling minimal overpotential and rapid
kinetics due to its favorable hydrogen binding energy [5, 6].
The exceptional performance of Pt-based catalysts stems from
their near-optimal hydrogen adsorption energy, which enables
kinetically balanced adsorption and desorption of hydrogen
intermediates (H) at active sites, a key factor in overcoming
the rate-determining step for the HER in alkaline media [7,
8]. Nevertheless, the high cost and limited availability of Pt
have spurred an urgent need to explore alternative catalyst
materials. Unlike noble metals, the practical deployment of non-
noble metal electrocatalysts is fundamentally constrained by their
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intrinsically excessive hydrogen adsorption energy, which kinet-
ically poisons active sites through sluggish hydrogen desorption,
representing the most critical barrier beyond cost or stability
concerns [9, 10].

Building on the challenge of excessive hydrogen adsorption in
non-noble metals, the key to mitigating this lies in engineering
their atomic configuration. Atomization, dispersing metals into
single atoms anchored on tailored supports, directly addresses the
strong adsorption issue [11-13]. This strategy exploits the unique
low-coordination environment of isolated metal atoms, which
weakens hydrogen binding energy and facilitates desorption,
thereby preventing kinetic poisoning of active sites. However,
these highly active single-atom sites face inherent instability.
Non-noble metals often suffer from degradation under reaction
conditions, while purely carbon-based supports, though stable,
lack sufficient activity [14, 15]. To reconcile this activity-stability
dilemma, robust encapsulation strategies become essential. By
chemical confining the atomically dispersed metal centers within
a protective carbon matrix, encapsulation prevents overexposure,
suppresses aggregation or leaching, and crucially, fine-tunes the
local electronic environment to avoid excessive activity that could
trigger self-degradation [16, 17]. This synergistic combination,
atomic dispersion to optimize adsorption energy, coupled with
encapsulation to ensure longevity, represents a targeted approach
to emulate Pt performance.

In this study, we develop a general strategy based on carbon-
encapsulated active metal sites to simultaneously control cat-
alytic activity and enhance oxidation resistance. This strategy is
exemplified through the creation of carbon-encapsulated high-
entropy single-atom (HESA) catalysts. We propose that the
unique atomic configuration within the carbon shell, distinct
from conventional metals or alloys, holds the potential to address
the fundamental challenge of excessive hydrogen adsorption
energy in non-noble metals. Furthermore, the carbon encapsu-
lation design is anticipated to stabilize these highly active sites
under harsh conditions, like alkaline media, for the HER. This
integrated approach of confinement and atomic-level engineer-
ing aims to overcome the critical barriers of activity-stability
trade-offs in non-precious HER catalysts. By demonstrating this
concept, this work not only advances the development of efficient
and stable catalysts but also provides a versatile platform and new
perspective for designing next-generation materials for energy
conversion and storage.

2 | Results

2.1 | Controlled Synthesis of HESA Catalyst with
Atomic-level Dispersion

The multi-metal single-atom sites (Fe, Co, Ni, Cu, Mn) with
stable and predictable coordination environments were achieved
through the hydrolysis of metal acetates, followed by pyrolysis
and anchoring the multi-metal atoms onto a hollow carbon
framework. The high-entropy single-atom sites are constructed
via two critical stabilization pathways (Figure 1a): 1) hydrolysis of
coordinated hydroxyacetates [M(OH)(OAc)] (M = Fe, Co, Ni, Cu,
and Mn) (Figure S1) transforms the precursors into a hydroxyl-
bridged layered double hydroxide (LDH) phase (Figure S2), where

the edge-sharing [M(OH), ] octahedra prevents metal aggregation
[18, 19], and 2) subsequent low-temperature pyrolysis (350°C)
under reducing atmosphere induces the carbon matrix to anchor
these metal ions as atomically dispersed sites through formation
of M(N) moieties, with the pre-organized LDH structure ensur-
ing uniform metal distribution. Scanning electron microscopy
(SEM) and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) results confirm the hollow
structure of the catalyst, exhibiting a 500 nm diameter and
30 nm wall thickness in a hollow hexadecahedral morphology
(Figure 1b,c). Furthermore, energy-dispersive spectroscopy (EDS)
and atomic-scale electron energy loss spectroscopy (EELS) micro-
analysis (Figure 1d,e) demonstrate both the random distribution
of single atoms and capture the ionization edge of five kinds of
atoms at atomic level, with no evidence of segregation. Addition-
ally, focused ion beam (FIB) technology (Figure 1f) was employed
to slice the structure, revealing the cross-section and confirming
the hollow structure without the presence of clusters or larger-
sized particles. Atomic-resolution HAADF-STEM images cap-
tured by aberration-corrected transmission electron microscopy
(AC-TEM) (Figure 1g,h) reveal the presence of individual atoms.
The surface of the HESA catalyst (Figure S3) demonstrates a high
specific surface area (SBET = 218 m? g') along with defective
microchannels (diameter = 2.9 nm). The observed nanoporous
structure exhibits type IV adsorption-desorption isotherms with
H3 hysteresis loops, further confirming the plate-like particle
stacking mechanism [20, 21].

Inductively coupled plasma-optical emission spectroscopy (ICP-
OES) was used to determine the elemental composition Fe,
Co, Ni, Cu, and Mn, revealing atomic ratios of 20.36 %,
19.81 %, 20.39 %, 18.71 %, and 20.73 % (Table S1). X-ray diffraction
(XRD) analysis (Figure S4) shows no metallic diffraction peak,
while X-ray absorption near-edge structure (XANES) data (Figure
S5) reveal Fe, Co, Ni, Cu, and Mn absorption edges positioned
lower than their respective metallic foil standards [22, 23]. The
single atoms exist in oxidized states, with their absorption edges
positioned between the metallic and oxide references, confirming
the formation of chemical bonds with the support material. To
unravel the atomic-scale structure of the high-entropy single-
atom catalyst, pair distribution function (PDF) analysis with
structural refinement was performed (Figure 1i). The dominant
peaks at 0.93 and 1.78 A for C(N) coordination, and metallic
atom peaks (3.1, 5.1, and 6.9 A) are significantly longer than
the metallic bond distances (2.48 A for Fe-Fe bond, 2.44 A for
Ni—Ni bond), demonstrating the absence of metal clustering
[24]. Furthermore, the attenuated peak intensity and broadened
profile beyond 0.9 A reveal enhanced atomic disorder, which
originates from the configurational entropy maximization in this
high-entropy system [25].

2.2 | Enhanced Hydrogen Evolution Reaction
Performance of HESA Catalyst

Due to the thermodynamic influences on coordination and
aggregation state of metal atoms even the metal crystal growth,
grain size is highly sensitive to temperature and heating duration
[26, 27]. Controlling these factors enables the formation of metal
crystal structures under the same conditions. Based on this, we
synthesized a high-entropy alloy (HEA) catalyst by adjusting the
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Figure 1 | Structuraland elemental characterization of the synthesized multi-metallic single atom. (a) Schematic illustration of the general synthesis
process, depicting the transformation of metallic acetate into multi-single atom states catalyst capping by carbon through hydrolysis and pyrolysis
process. (b) Scanning electron microscopy image of the structures of synthesized HESA catalyst. (c) High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image of the structures of HESA catalyst. (d) Energy-dispersive X-ray spectroscopy elemental mapping of Fe, Co,
Ni, Cu, Mn, and C. (e) High-resolution electron energy loss spectroscopy (EELS) results of the HESA catalyst. The insert in (e) illustrates the regions
captured from the scan range and the corresponding EELS spectrum (right). (f) STEM image of the focused ion beam (FIB)-milled cross-section of the
HESA catalyst. (g) HAADF-STEM image of shell region (white box in inset) showing atomic dispersion. (Inset: false-color low-magnification overview)
(h) Atomic-resolution zoom of boxed area in (g) confirming metal site dispersion. (i) Pair distribution function analysis, showing characteristic bonding
environments, with corresponding schematic illustrations.
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Figure 2 |

of HESA and 5% Pt/C catalysts in 1 M KOH solution with a scan rate of 5 mV s7'. (b) Comparison of overpotential at a current density of 10 mA cm™

Time (h)

Electrochemical hydrogen generation performance in alkaline conditions. (a) The iR-corrected linear sweep voltammetry (LSV) curves

2

for element-based catalysts. The data points compared in (b) are sourced from References (Supporting Information). (c) The corresponding Tafel plots
of as-prepared HESA and 5% Pt/C catalysts. (d) Nyquist plots and fit data of EIS for HESA and 5% Pt/C catalysts. (e) LSV curves of HESA catalyst before
and after 50 000 cyclic voltammetry cycles. (f) Chronoamperometry data recorded for HESA and 5% Pt/C catalysts at a constant current of 0.03 A.

heating temperature to 600°C (Figure S6). To evaluate the poten-
tial electrocatalytic activity of the synthesized HESA catalyst,
for comparison, HEA catalyst and commercial 5% Pt/C catalyst
were also tested as reference materials. Its HER performance
was first measured in a 1.0 M KOH aqueous solution using a
standard three-electrode configuration. All polarization curves
were calibrated against a reversible hydrogen electrode (RHE).
As shown in Figure 2a and Figure S7, HESA catalyst exhibits
an exceptionally low overpotential (1,, = 44 mV), outperforming
both HEA catalyst (135 mV) and 5% Pt/C catalyst (56 mV).
Furthermore, Figure 2b and Table S2 compare the overpotentials
of the HESA catalyst with those of reported non-noble transition
and noble metal catalysts. HESA catalyst with Fe, Co, Ni, Cu
and Mn achieves catalytic performance comparable to that of
noble metals (Pt, Pd, Ru) through the synergistic effects of high
entropy and single-atom active sites, even demonstrating lower
overpotentials in some cases. HESA catalyst exhibits a Tafel
slope of 85.51 mV dec™!, significantly lower than that of 5% Pt/C
catalyst (203.88 mV dec™!) and the HEA catalyst (177.61 mV dec™)
(Figure 2c). This result indicates that the introduction of high-
entropy single atoms optimizes the electrochemical hydrogen
adsorption or desorption process. The lower Tafel slope of the
HESA catalyst compared to that of Pt/C suggests a change in
the rate-determining step and potentially more favorable reaction
kinetics.

The electrochemical active surface area (ECSA), a critical param-
eter for assessing the intrinsic catalytic activity, was determined
through electrochemical double-layer capacitance (Cy) measure-
ments derived from cyclic voltammetry (CV) scans at varying
sweep rates (Figure S8). The HESA catalyst exhibits the highest
Cy value (16.01 mF cm™2), substantially exceeding those of the

reference catalysts (4.55 and 3.54 mF cm™ for 5% Pt/C and
HEA catalyst, respectively). This pronounced enhancement in
double-layer capacitance directly correlates with the unique
multi-single-atom interface and engineered surface roughness of
the HESA catalyst, which collectively facilitate superior exposure
of electrochemically active sites for the HER [28, 29]. Subsequent
normalization of the linear sweep voltammetry (LSV) data by
the respective ECSA values (Figure S9) reveals the exceptional
intrinsic activity of the HESA catalyst, exhibiting an outstanding
overpotential of merely 99.6 mV at a normalized current density
of 1 mA cm~2gg, This performance not only surpasses that of the
HEA catalyst but also confirms the highest areal density of active
sites in the HESA catalyst, thereby establishing a clear structure-
activity relationship between the atomic-scale interfacial design
and the enhanced HER performance. Meanwhile, HESA catalyst
exhibits a significantly lower R, value (12 Q) compared to Pt/C
catalyst (16 Q) and HEA catalyst (25 Q) catalysts according to
the Nyquist plots and equivalent circuit (Figure 2d), indicating
a remarkable enhancement in charge transfer capability [30].

As a critical parameter for evaluating advanced electrocatalysts,
the electrochemical durability of HESA catalyst in 1.0 M KOH
electrolyte was further assessed. As shown in Figure 2e, the I-V/
curve of HESA catalyst remains almost unchanged after 50 000
CV cycles. In contrast, the I-V curves of HEA catalyst and Pt/C
catalyst (Figure S10) show significant degradation after 50 000
cycles. Additionally, the chronoamperometric curve in Figure 2f
reveals that the HESA catalyst experiences no degradation after
300 h, while 5% Pt/C and HEA catalyst (Figure S11) decay lasting
for 300 h, further demonstrating exceptional long-term stability
of the HESA catalyst. Moreover, ICP-OES characterization before
and after stability test indicates no significant changes in the
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composition of HESA catalyst (Tables S3). To assess the practical
applicability of the HESA catalyst, we further evaluated its per-
formance under more technologically relevant conditions using
an anion exchange membrane water electrolyzer (AEMWE). The
HESA-based electrode demonstrated a superior current density
of 400 mA cm™? at 2.41 V and maintained excellent stability
over 180 h shown in Figure S12, significantly outperforming the
conventional catalyst.

2.3 | Validation of Active Site Stability and
Coordination Environment in HESA Catalyst

Post-cycling AC-TEM characterization (Figure 3a) confirms that
the HESA catalyst maintains its atomically dispersed state. The
contrast of the metal sites remains consistent with the pristine
state. Furthermore, quantitative EDS elemental mapping analysis
(Figure 3b) demonstrates that the uniform distribution of the
polymetallic components is preserved without disruption. In
contrast, for the HEA catalyst (Figure S13 and Table S3), it is
also evident that precipitation and aggregation of nanoparticles
occurred after the cycling tests. X-ray photoelectron spectroscopy
(XPS) analysis of the catalyst before and after the HER cycling
(Figure 3c; Figures S14 and S15) reveal that the binding energy
shifts for all five elements (Fe, Co, Cu, Ni, and Mn) are less
than 1 eV. The small binding energy shift likely originates from
physical effects, specifically an increased surface charge induced
by the accumulation of oxygen-containing groups (including
C—O for 286.6 eV and C=O0 for 288 eV) on the carbon support
during cycling, as confirmed by post-test XPS analysis [31, 32].
Significantly, reversible +2/+3 valence oscillations were observed
on the surfaces of the redox-active metals, facilitating the regen-
eration of active sites through dynamic valence cycling. Fourier
transform extended X-ray absorption fine structure (FT-EXAFS)
provides further insight (Figure 3d). After cycling, the peaks
within the 1.2-1.5 A range in the R-space spectra, corresponding
to the first-shell coordination distance, exhibit minimal changes
for all five metal centers (Fe, Co, Ni, Cu, Mn). This main
peak indicates strengthened bonding between the metal centers
(M) and light elements (C) in the substrate (M—C bonding).
Concurrently, the M—M scattering peaks beyond 2.0 A in the FT-
EXAFS spectra completely disappeared, indicating the absence of
metal-metal (M—M) scattering or features characteristic of higher
coordination shells associated with ordered structures (nanopar-
ticles or clusters) [33, 34]. This dynamically optimized structure
promotes structural flexibility and enhances the electronic struc-
ture, primarily through strengthened interactions with light
elements (M—C). The resulting optimized electronic structure is
characterized by enhanced electron-donating capability.

We further analyzed the chemical nature of intermediates using
'H magic-angle spinning nuclear magnetic resonance spec-
troscopy ("H MAS NMR). Fresh and cycled HESA catalysts exhibit
two distinct peaks at 1.3 and 4.9 ppm (Figure 3e), attributed to
terminal (OH,) and bridging (OH,) hydroxyl species, respectively
[35, 36]. The OH, signal is significantly enhanced in the cycled
HESA catalyst, indicating that bridging oxygen sites are highly
effective with adsorbing generated protons. Furthermore, in situ
electrochemical Raman analysis (Figure 3f) was employed to
further investigate the interfacial water structure at different
potentials. In the range of 3000-3800 cm™!, the Raman band

splits into three distinct peaks, corresponding to three types
of water. The shifts of these peaks exhibit strong dependence
on the electrode potential, indicating that the observed Raman
signals primarily originate from the first few water layers near
the surface. Previous studies have linked the peak (~3620 cm™)
to alkali ion hydrated interfacial water (H,O-alkali). In contrast,
the peaks located at ~3420 and ~3210 cm™ are attributed to
1H-down and 2H-down interfacial water molecules, respectively
[37, 38]. The H-down interfacial water molecules are likely the
primary activated species on the catalyst surface. As the potential
shifts toward more positive values, the relative intensity of H-
down interfacial water increases significantly, suggesting that the
formation of H-down interfacial water provides evidence for the
generation of reactive intermediates, such as adsorbed hydrogen
(*H), during the HER process in alkaline environments. This
phenomenon also indicates that the HESA catalyst facilitates
rapid adsorption of surface water. Additionally, the Raman
shifts induced by the vibrational Stark effect as a function of
potential reveal that H-down interfacial water molecules are
more sensitive to the applied potential compared to H,O-alkali
in HESA catalyst, exhibiting a red-shift as the potential becomes
increasingly positive. This observation further confirms that the
interaction between H-down water molecules and the electrode
surface is stronger than that of H,O-alkali. It is concluded that
the introduction of single-atom sites can modulate the interfacial
microenvironment, including the decrease of hydrogen bonding
interactions and the enrichment of interfacial water molecules.

2.4 | Unraveling the Relationship Between
Electronic Structure and Catalytic Activity in HESA
Catalyst

We elucidate the structural characteristics and catalytic mech-
anism of HESA catalysts through theoretical calculations and
experimental characterizations. The variation in catalytic perfor-
mance for the HER stems from the distinct electronic structure
characteristics of different metal sites, which differentially reg-
ulate three key reaction steps: water molecule activation, water
dissociation, and H* reduction. According to Figure 4a,b and
Table S4, in the initial water adsorption stage, Mn (—0.33 eV),
Co (—0.20 eV) and Cu (—0.15 eV) sites exhibit optimal ther-
modynamic spontaneity, effectively accepting water molecules
while avoiding excessive adsorption. Subsequently, in the rate-
determining water dissociation step, Ni (0.50 eV) and Cu (0.65eV)
sites demonstrate superior catalytic activity, where their rela-
tively lower energy barriers originate from the effective catalysis
of O—H bond cleavage, though this step remains the kinetic
bottleneck of the overall reaction. Meanwhile, the migration
energy for molecules from Co-site to Ni-site was rather lower
than the dissociation energy (Figure S16). Although the energy
differences between these steps appear minor (<0.2 eV), these
variations ultimately lead to significant distinctions in catalytic
efficiency through the synergistic effects of multiple active sites
across different reaction stages, fully demonstrating the remark-
able performance advantages of transition metal catalysts in
HER.

Atomic-scale charge distribution analysis (Figure 4c) reveals a 6
A charge perturbation radius around single-atom Fe centers, with
pronounced charge redistribution at Fe-C interfaces confirming
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Figure 3 | Bulk and surface structure characterization of HESA catalyst. (a) High-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) image of HESA catalyst after cycling. Zoomed-in atomic-resolution HAADF-STEM image, revealing atomic-level
dispersion of metal sites in the white rectangular box. (b) Energy-dispersive X-ray spectroscopy elemental mapping of Co, Ni, Fe, Cu, and Mn after
cycling. (c) High-resolution X-ray photoelectron spectroscopy of Fe 2p, Co 2p, Cu 2p, Ni 2p, and Mn 2p for HESA catalyst before (bottom) and after (top)
cycling. (d) Fourier transform extended X-ray absorption fine structure spectra of HESA catalyst before (red lines) and after (blue lines) 50 000 cycles
with phase correction. (e) 'H magic angle spinning nuclear magnetic resonance spectra of HESA before (black line) and after cycling (red line). Terminal
hydroxyl species (OH;) and bridging hydroxyl species (OH},) are identified, with the corresponding structural model and hydroxyl groups on the surface
established based on crystallographic data of HESA catalyst. (f) In situ Raman spectra for HESA catalyst under applied voltage from —0.04 to 0.04 V.

strong metal-support interactions [39]. Bader charge analysis
identifies Fe single atoms as electron donors, forming localized
positive centers, while coordinated carbon atoms serve as electron
acceptors with interfacial charge accumulation. Comparable
charge redistribution capabilities were observed for other metal
sites (Figure S17). The static electron holography characteriza-
tion via transmission electron microscopy (Figure 4d) clearly
reveals the existence of high-density dipoles (positive-negative
charge pairs) on the catalyst surface, which originates from the
presence of high-entropy single atoms. These dipoles exhibit a
remarkably uniform distribution with an inter-dipole spacing
of approximately 0.3 nm (Figure 4e), demonstrating a distinct

contrast to the interfacial charge accumulation typically observed
in conventional nanoscale catalytic materials. This atomic-scale
charge separation pattern provides direct evidence for the unique
electronic structure modulation induced by the high-entropy
single-atom configuration. Notably, the in situ electron hologra-
phy characterization (Figure 4f) clearly demonstrates that applied
electric fields induce significant electron density redistribution
on the catalyst surface, leading to enhanced charge heterogeneity
and consequently a remarkable improvement in the adsorption
and activation efficiency of reactive species such as H* [40]. Par-
ticularly, it is noteworthy that the incorporation of high-entropy
single atoms endows the catalyst surface with exceptionally
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Figure 4 | Electronic structure analysis and the prediction of alkaline HER activity of HESA catalyst. (a) The computational modeling of HESA

catalyst. (b) Reaction energy profile for water dissociation on various catalytic sites of HESA catalyst. (c) Top and side views of the differential charge
density at the Fe site in HESA catalyst, where blue represents electron depletion and yellow represents electron accumulation. (d) Electron holography
(left), charge density (right) for HESA catalyst surface and (e) the corresponding quantified charge density values as a function of distance along the
black arrow profile. (f) In situ electron holography charge density under various enhanced voltages from 0 to 200 mV (left) and the quantified values as

a function of voltage for HESA catalyst (right). (g) Heatmap illustrating the overpotential distribution of binary single-atom catalysts, where color (red
to blue) intensity correlates with overpotential. (h) Projected density of states for HESA catalyst. (i) The formation energy of single atom for Fe, Co, Ni,

Cu, Mn and HESA catalyst, respectively.

sensitive and linearly responsive characteristics to electric field
stimulation.

Orthogonal LSV tests confirm the exceptional performance
of HESA catalyst, surpassing binary or single-atom catalysts
(Figure 4g; Figures S18 and S19), attributing to unique cooperative
active sites that balance hydrolysis and desorption barriers while
suppressing active site deactivation through entropy stabiliza-
tion, providing crucial theoretical guidance for designing next-
generation electrocatalysts. Co is used as an observation window
to illustrate the modulation of local electronic states in the high-
entropy single-atom system, while the contributions of the other
metals are inherently reflected in the density of states (DOS).
Band structure and DOS (Figure 4h; Figure S20) demonstrate
appropriate d-band contributions near the Fermi level for Co site
with the HESA catalyst. This d-electron interaction establishes a

more stable electronic configuration and maintains appropriate
adsorption strength for catalytic intermediates. Formation energy
calculations (Figure 4i) reveal that the HESA system exhibits
significantly lower formation energy (—15.67 eV) compared to
single-component single-atom systems, primarily attributed to
the increased configurational entropy from random distribution
of multiple elements, which reduces the free energy of the system
and provides a theoretical basis for the exceptional stability of the
catalyst.

3 | Discussion

In summary, this work highlights the significance of designing
multifunctional sites through single-atom engineering to
enhance the reactivity of HER electrode surfaces under
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alkaline conditions. Specifically, the design of discretely
distributed multiple atomic species, combined with a highly
stable carbon layer as a barrier, provides an optimized surface
for water dissociation, overcoming the limitations of either
overly strong or weak adsorption of key intermediates during
the alkaline HER process. This approach also offers a novel
perspective on improving HER performance by tailoring
surface electronic structures through single-atom design.
Furthermore, the HESA catalyst demonstrates significantly
enhanced HER performance in alkaline media, characterized by
an ultralow overpotential and exceptional stability. This study
underscores the potential of structural modulation in regulating
electrochemical interfaces to enhance electrocatalytic efficiency.

4 | Experimental Section
4.1 | Materials

Iron (IT) acetate, cobalt (IT) acetate tetrahydrate, nickel (I) acetate
tetrahydrate, copper (II) acetate monohydrate, manganese (II)
acetate, dopamine, trimethylol aminomethane hydrochloride,
polyvinylpyrrolidone (K30, average molecular weight 40 000),
ethanol and methanol were obtained from Aladdin. Water used
in all the experiments was purified using a Milli-Q water purifi-
cation system (Simplicity C9210). All chemicals were analytically
pure reagents and were used without further purification.

4.2 | Synthesis of HESA Catalyst

The sample was synthesized with 0.25 mmol of iron (I) acetate,
0.25 mmol of cobalt (II) acetate tetrahydrate, 0.25 mmol of
nickel (IT) acetate tetrahydrate, 0.25 mmol of copper (II) acetate
monohydrate, 0.25 mmol of manganese (II) acetate, and 1.5 g of
polyvinylpyrrolidone dissolved in 80 mL of anhydrous ethanol.
After stirring for 15 min, the above mixed solution was transferred
to a 100 mL stainless steel autoclave with polytetrafluoroethy-
lene liner and reacted at 90°C for 6 h, then cooled to room
temperature naturally. The precipitation (the precursor of the
catalyst) was collected by centrifugation, washed with ethanol 3
times, and dried in a vacuum environment. 100 mg of precursor
was dispersed in methanol solution (100 mL) containing 30 mg
of trimethylol aminomethane hydrochloride, ultrasonicated for
30 min, 50 mg dopamine hydrochloride was dispersed, and
agitation was performed for 12 h and centrifugation, then stirred
in H,O (100 mL) for 2 h and centrifugation, dried in vacuum and
calcined 350°C in nitrogen for 2 h.

4.3 | Synthesis of HEA Catalyst and Single-Atom
Catalysts with Different Elements

The preparation method of HEA catalyst is similar to that of
HESA catalyst, with the key distinctions being an increased
calcination temperature of 600°C and the omission of the 2 h
stirring step in water.

Additionally, binary single-atom catalysts (CoFe, CoNi, CoCu,
CoMn, FeNi, FeCu, NiCu, NiMn and CuMn) were prepared using
the same method as the HESA catalyst, but with equimolar

amounts (0.625 mmol each) of the corresponding metal salts
instead of the mixed metal precursors used for the HESA catalyst.
Single-atom catalysts (Fe, Co, Ni, Cu, Mn SA catalysts) were
prepared using the same method as the HESA catalyst, but
with amounts (1.25 mmol each) of the corresponding metal salts
instead of the mixed metal precursors used for HESA catalyst.

4.4 | Structural Characterization

The morphology and structure of the samples were analyzed
using a Hitachi S-4800 field emission scanning electron micro-
scope operated at 5 kV, a JEOL JEM-2100F transmission electron
microscope (TEM) operated at 200 kV, and a dual spherical
aberration-corrected TEM (FEI, Titan Themis Z, 300 kV). In
situ multi-physics off-axis holography was performed using a
modified TEM (JEOL, JEM-2100F, 200 kV) with applied current
pulses varying from 0 to 100 mV. The crystalline phases of
the products were characterized using an X-ray diffractometer
(Bruker, D8-Advance) with Cu Ka radiation. The chemical com-
positions were determined using an inductively coupled plasma
optical emission spectrometer (PerkinElmer, PE-8000). X-ray
photoelectron spectroscopy (Kratos, AXIS Kratos Supra+, Al-Ka
source) was conducted to analyze the surface chemical states
and compositions of the samples, utilizing contaminant carbon
(C 1s, ~284.8 €V) as a reference. The extended X-ray absorption
fine structure (EXAFS) was measured by a laboratory-based high-
energy X-ray absorption spectroscope (Hp Spectroscopy GmbH)
at the energy range of 5-12 keV. The 'H magic angle spinning
nuclear magnetic resonance experiments were performed on a
Bruker AVANCE IIT 400 WB spectrometer at 400.47 MHz. Raman
spectra were acquired using a confocal Raman microscope
(LabRAM HR Evolution, Horiba Jobin Yvon). The excitation
source was a 633 nm laser with a power of 17 mW.

4.5 | Electrochemical Measurements

All electrochemical measurements were performed with a CHI
760E electrochemical workstation in a standard three-electrode
system using the prepared catalysts as the working electrode, a
graphite rod as the counter electrode and an Hg/HgO electrode
(in1.0 M KOH) as the reference electrode. All measured potentials
were referred to the reversible hydrogen electrode (RHE) using
the following equation:

E (RHE) = E (Hg/HgO) + 0.059 X pH + 0.098 )

with the current densities (j) normalized by geometric surface
area. Electrochemical impedance spectroscopy was carried out
from 100 kHz to 0.1 Hz at the given potential with AC amplitude
of 10 mV. All polarization curves were 95% iR-corrected. The
electrochemical cell was assembled by sequentially stacking the
cathode plate, cathode, anion exchange membrane (2.5 X 2.5
cm?), anode, and anode plate. Both compartments were fed with
1 M KOH. The working area of each electrode was 1 cm? with
the tightening torque of 2 N. The cell featured serpentine flow
channels and was operated between 1.0 and 2.5 V. The cathode
and anode were both fabricated by drop-casting 200 pL ink onto
1 cm? carbon paper (Toray TGP-H-060) at 100°C to achieve a

loading of 1 mg cm™2.
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