Downloaded via Johnny Ho on April 26, 2026 at 09:11:00 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

| Article |

Nanofluid-Assisted Synthesis of High-Entropy Alloy Nanoparticles

Di Yin,® Ligiang Wang,. You Meng, Mengxue Chen, Dong Chen, Chenxu Zhang, Quan Quan,
Haifan Li, Liyuan Dai, Lijie Chen, Cheng Yang, SenPo Yip,* Chun-Yuen Wong, Takeshi Yanagida,

Yang Lu,* and Johnny C. Ho*

Cite This: https://doi.org/10.1021/jacs.5¢22716

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

Q Supporting Information

ABSTRACT: The synthesis of high-entropy alloy nanoparticles
(HEA-NPs) has traditionally been guided by thermodynamic
considerations, relying on static parameter optimization. Here, we
introduce a kinetically controlled paradigm for directing nanofluid
transport to craft strained HEA-NPs from ten dissimilar elements.
This strategy employs Zn as an active propellant, constructing
interconnected nanochannels that steer multimetal nanofluid flow
and trigger alloying. Using in situ transmission electron
microscopy, we directly observe the dynamics of long-range
directional migration under nanoconfinement, which induces
forced fusion and fission events pivotal for achieving homogeneous
mixing and size control. These unique confinement dynamics

further impart surface tensile strain to the resulting nanoparticles. When applied to electrocatalytic nitrate-to-ammonia conversion,
the strained HEA-NPs achieve an exceptional Faradaic efficiency of 94.8 + 4.34% and sustain stable operation for over 720 h.
Mechanistic studies attribute this performance to the synergy between multielement active sites and the tailored surface strain, which
collectively optimize intermediate adsorption. This work establishes a new design principle for complex nanomaterials by shifting the
perspective from static thermodynamics to dynamic kinetic control, providing a scalable pathway for the development of advanced

electrocatalysts.

1. INTRODUCTION

High-entropy alloy nanoparticles (HEA-NPs) have attracted
significant interest in various emerging energy-related
applications, with a pronounced role in catalysis.' > In
particular, multielement alloying, a method capable of
fabricating individual nanoscale products, can provide more
active site exposure and allow for customizable compositional
variations in catalyst design.”> However, the vastly different
chemical and physical properties of the constituent elements
result in a wide range of mixing enthalpies, posing significant
challenges for achieving spontaneous thermodynamic alloy-
ing.>” Interestingly, Ga, which possesses a negative mixing
enthalpy with other metals, could serve as an ideal reservoir,
ensuring a stable thermodynamic condition.® Unfortunately,
only a limited number of element systems can realize such
thermodynamically favorable alloying. Therefore, in addition
to thermodynamic tuning, it is crucial to conduct compre-
hensive investigations into the synthesis of HEA-NPs.

The successful synthesis of HEA-NPs heavily depends on
the kinetic control of the alloying process, as dynamic fusion
behaviors promote elemental mixing.”” The liquid state of
multiple elements typically facilitates atom diffusion due to
weakened metallic bonds. However, achieving homogeneous
alloying among multiple immiscible elements is challenging.
Overcoming immiscibility gaps to form a uniform solid
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solution often necessitates high temperatures to drive
entropy-stabilized mixing.”~'" Moreover, while the melting
point of metal nanoparticles decreases with size, short heating
durations followed by rapid quenching remain essential to
maintain small particle size and the single-phase mixing state of
HEA-NPs, generally necessitating specialized synthetic techni-
ques."”™" Nanofluids exhibit potential as an optimal liquid
alloying environment for achieving homogeneous high-entropy
mixing at low temperatures.'® This dynamic reaction matrix
could enhance synthetic kinetics and confine HEA formation
to the nanoscale.”'” Surprisingly, this dynamic alloying
strategy remains largely unexplored, primarily due to the
daunting tasks associated with its implementation and the need
for an in-depth understanding of this nanoreactor. In this
regard, the development of a nanofluid-assisted dynamic
manufacturing strategy is of significant importance, offering
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Figure 1. Synthesis of the HEA-NPs anchored on the porous carbon framework. (a) Selecting metals based on the enthalpy of fusion (AH,,)/
vaporization (AH,). (b) Schematic diagram of the nanofluid-assisted dynamic alloying strategy for the HEA-NP synthesis. (c) and (d) TEM image
of HEA-NPs on a 3D carbon network. (e) Aberration-corrected HAADF-STEM of the MnFeCoNiCu HEA-NP. The inset image shows the SAED
image of the MnFeCoNiCu HEA-NP. (f) STEM accompanied by elemental maps of the MnFeCoNiCu HEA@C. (g) Atomic percentages of

metals in the MnFeCoNiCu HEA@C as determined by ICP-OES.

broader approaches to achieve robust high-entropy mixing
under mild conditions.

In this work, we present a kinetically controlled method that
uses zinc as an active sacrificial element to construct
interconnected nanochannels. These nanochannels guide the
flow of a multimetal nanofluid, thereby initiating the alloying
process and enabling the synthesis of strained HEA-NPs from
ten distinct elements. Furthermore, by employing in situ
transmission electron microscopy (TEM)-based heating, we
directly observe that nanofluids undergo directional motion
over extended distances within these nanochannels, a dynamic
process that triggers forced fusion and enhanced diffusion,
thereby achieving homogeneous mixing. The unique nano-
confinement dynamics during synthesis endow the resulting
HEA-NPs with significant surface tensile strain. When
evaluated as catalysts for the nitrate reduction to ammonia
reaction, our strained quinary HEA-NPs achieve a Faradaic
efficiency of 94.8 + 4.34% and maintain remarkable stability
over 720 h. Mechanistic studies indicate that the enhanced

catalytic performance arises from the synergy of multiple active
sites and the introduced surface strain, which collectively
optimize the adsorption energy of key reaction intermediates.

2. RESULTS

2.1. Active-Sacrificial Strategy for HEA-NP Synthesis

We selected a Zn-based MET-6 framework as the precursor,
and preloaded it with multiple metal ions (Mn, Fe, Co, Ni,
Cu). The detailed preparation process and related character-
izations are described in the Methods section and Note S1
(Figures S1—S5 and Table S1). The synthesis of HEA-NPs is
facilitated by the strategic incorporation of zinc, which
leverages its low melting enthalpy (AH,,) and vaporization
enthalpy (AH,). As illustrated in Figure la, zinc’s low AH,
enables it to melt and volatilize during pyrolysis, acting as a
sacrificial template. This process generates a substantial vapor
flux within the MOEF-derived carbon matrix, thereby creating
interconnected nanochannels. Within this confined architec-
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Figure 2. In situ TEM visualization of nanofluid-assisted HEA-NP synthesis. (a) In situ TEM observation of the formation of HEA-NPs on carbon
support. (b) Schematic image of in situ TEM observation. Resistance wires on the nanochip allow for accurate temperature regulation. (c) In situ
TEM observation of nanofluid migration on amorphous carbon support. Sequential images were captured during a time series from 0 to 81 s. The
scale bars are SO nm. (d) The migration distance of nanofluids versus time during a representative fusion-fission process, where the coalescence and

fission events are highlighted, respectively.

ture, the preloaded metallic elements are steered to flow and
alloy into single-phase HEA-NPs (Figure 1b; see Note S2 and
Figure S6 for the detailed mechanism of cascade thermal
activation and alloying).

After one-step pyrolysis at 800 °C, TEM imaging reveals
that the porous carbon framework contains interconnected
nanochannels, which uniformly anchor well-crystallized
MnFeCoNiCu HEA-NPs (Figure lc—e). Furthermore, TEM
equipped with energy-dispersive spectroscopy (TEM-EDS), X-
ray photoelectron spectroscopy (XPS), and inductively
coupled plasma-optical emission spectrometry (ICP-OES)
results confirmed that the low-boiling-point Zn composition
was volatilized. The compositional ratios of other metals
exhibited slight deviations from the starting ratio of the
transition-metal-doped MOF precursor (Figure S7 and Table
S2). According to the elemental compositions of MnFeCoNi-

Cu, their configurational entropy (AS,;) exceeded 1.5R,
classifying them as HEA materials (Table S3)."* TEM-EDS
from nano to atomic scale confirms the homogeneous
elemental distribution (Mn, Fe, Co, Ni, Cu) without
segregation, and verifies their atomic-level mixing as a random
solid-solution within the FCC lattice (Figures 1f and S8).
Macroscopically, X-ray Diffraction (XRD) analysis confirms
the formation of a solid solution without phase separation
(Figure $9)."? XPS results showed that each element in HEA-
NPs mostly exists in the metallic state (Figure $10).”° Figure
S11 presents the high-resolution XPS spectra at four distinct
etching depths (0, 1, 2, and 3 nm). The quantitative analysis
reveals that the relative atomic ratios of the constituent
elements remain highly consistent across the sequential etching
stages. The absence of significant elemental segregation,
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Figure 3. Nanoconfinement effect in synthetic HEA-NPs. (a) Effect of Zn content on HEA-NP size and carbon substrate porosity. (b) Aberration-
corrected HAADF-STEM of a MnFeCoNiCu HEA-NP confined by the graphitized carbon, and the GPA patterns of typical HEA-NPs, with each

small graph representing the atomic strain distribution in the ¢, &,,, and

Wy

The inset image shows the SAED image of the MnFeCoNiCu HEA-

NP and the graphitized carbon shell. (c) HRTEM measurement of the local lattice strain at the surface and interior regions of NP1. (d) Statistical

distribution of the NP surface tensile strain.

specific elemental depletion, or enrichment at the outermost
layer confirms the compositional uniformity of the HEA-NPs.

In this study, Zn was employed as an active sacrificial
element to mediate the synthesis of HEA-NPs under mild
conditions, thereby mitigating the reliance on conventional
extreme temperatures or rapid cooling rates. More importantly,
our synthesis strategy for HEA nanoparticles demonstrates
wide applicability, enabling the synthesis of complex multi-
component alloy nanoparticles containing up to 14 dissimilar
elements. To rigorously verify the phase purity of these highly
complex systems, specifically the S-element FeCoNiCuCr, 6-
element FeCuCoNiPdRu, 7-element CoFeAgAIPdCaRh, and

10-element CoCuFeNiMnMoPdPtRuSn, comprehensive struc-
tural and compositional analyses were conducted. The XRD
patterns for all samples exhibit sharp peaks consistent with a
single-phase solid solution, indicating no obvious phase
separation. This macroscopic structural integrity is strongly
corroborated by quantitative ICP-OES analyses confirming
their near-equimolar stoichiometries, as well as HAADF-
STEM combined with corresponding EDS mapping, which
confirms the uniform distribution of all constituent elements
within individual nanoparticles (Figures 1g, S12—S1S, and
Tables S4—S8). Collectively, these characterizations prove the
successful synthesis of genuine, unsegregated high-entropy
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alloys across diverse multimetallic systems. These alloying
elements have a range of preferred crystal structures (body-
centered cubic, face-centered cubic, or hexagonal close-
packed), melting temperatures (232—2623 °C), and atomic
radii (1.24—1.97 A).

2.2. In Situ TEM Visualization of Nanofluid-Assisted
Synthesis of HEA Nanoparticles

To elucidate the role of Zn and the underlying synthesis
mechanisms, an in situ TEM Joule-heating experiment is
performed using a MEMS-based heating holder. The MET-6
precursor dispersion was drop-casted onto a silicon nitride
membrane supported by a silicon nanochip.””** The
morphological changes in the precursors are visualized in a
series of bright-field TEM images (Figure 2a,b). Initially, at
temperatures below 400 °C, the precursor metal-triazole-metal
linkages decomposed and expanded, forming a micrometer-
scale porous carbon framework with limited nucleation of
metallic nanoparticles (Figure S16).> Above 400 °C, Zn
nanoparticles nucleated uniformly and then volatilized,
creating internal cavities and interconnected channels (Figure
2a and Movie S1). To verify this sequential nucleation step
compositionally, an ex situ control experiment was conducted
by rapidly quenching the intermediate sample at 450 °C.
Subsequent high-resolution elemental mapping confirmed that
these initially formed nanoparticles are predominantly
composed of Zn, whereas the other principal transition metals
remain homogeneously dispersed within the surrounding
carbon matrix (Figure S17). This active-sacrificial process
yielded an interconnected nanoporous architecture designed to
confine nanofluids afterward.

Upon further increasing the temperature, it exceeds the
thermal decomposition temperature of the metal precursors,
and many transition-metal salts begin to decompose, entering
the liquid phase. Surprisingly, widespread and rapid nanofluidic
flow events propagate through newly formed internal nano-
channels (Movie S2). A representative process is depicted in
Figure 2c. For detailed analysis, the onset of nanofluid flow was
designated as time zero. Within the first 36 s, the nanofluid’s
motion enables dispersed NPs to encounter and coalesce
continuously. This is followed by fission events occurring
between 50—63 s and 68—74 s, during which a narrow channel
forms during droplet migration and subsequently splits into
distinct regions (Figure 2d). Statistical analysis of nanoparticle
motion trajectories from in situ videos revealed a wave-like
pattern in displacement over time, with a calculated average
nanofluid velocity of 5.5 nm/s (Figure S18). The observed
fusion-fission events can be attributed to the competition
between the surface tension of the carbon substrate and the gas
emission.” The dynamic motion of the nanofluid may be
intimately linked to localized gas emission. However, to
accurately interpret this driving force, it is necessary to
distinguish the gas generation into two distinct stages as
confirmed by online thermogravimetric analysis with mass
spectrometry (TGA-MS) (Figure S19). The initial release of
CO, and N, (300—400 °C) originates from the thermal
decomposition of the precursor’s metal-triazole-metal linkages.
Subsequently, in the higher-temperature window (600—800
°C), where the multimetallic components transition into a
nanofluid, a secondary generation of CO, occurs due to high-
temperature carbon reconstruction and interfacial carbother-
mal reactions. It is this specific high-temperature CO, emission
that acts as the powerful active propellant for the dynamic

motion of the nanofluids.”* However, variations in the surface
tension of the carbon substrate occasionally hinder nanofluid
transport, leading to repeated fusion-fission events of NPs
during the alloying process.” This unique behavior of
nanofluids can effectively enhance elemental mixing of high-
entropy alloy nanoparticles.

2.3. Nanoconfinement Effect in HEA-NP Synthesis

The flow of metallic nanofluids within interconnected
nanochannels provides a unique microenvironment for
synthesizing HEA-NPs.”> To elucidate the specific role of
the active-sacrificial Zn, we fabricated three precursor samples,
denoted as RO, R1, and R4, where “R” represents the initial
molar ratio of Zn to the total five principal elements (Fe, Co,
Ni, Mn, and Cu) at 0, 1, and 4, respectively. In all cases, the
amounts of the five principal elements were kept constant to
ensure comparability. The detailed step-by-step synthetic
procedures are provided in the Supporting Information
(Methods). Brunauer—Emmett—Teller (BET) analysis re-
vealed that a higher content of Zn significantly enhanced
evaporation kinetics during the heating process, leading to a
substantial increase in porosity, as reflected by the rise in
specific surface area from 30 to 150 m*g~' (Figures 3a and
$20a).”® Moreover, the incorporation of Zn resulted in a highly
nanoporous architecture, as evidenced by the abundance of
nanopores predominantly sized between 20 and 30 nm (Figure
S20b). These nanochannels promoted fluid dynamics within
the metallic nanoflow, thereby intensifying the chaotic
nucleation and growth of HEA-NPs.”” As a result, the HEA-
NP diameter was effectively reduced from 225 nm (RO) to 16
nm when the Zn content was quadrupled relative to the other
metallic elements (R4) (Figures 3a and S21). In addition,
XRD analysis confirmed that the R4 sample formed a solid
solution. In contrast, the RO and R1 samples exhibited an
undesirable phase separation (Figure S22). Fick’s first law
suggests an exponential relationship between ion-diffusion flux
and synthesis temperature, where the increase in synthesis
temperature leads to a sudden rise in the ion-diffusion
capacity.”®*” Therefore, conventional HEA-NP synthesis
typically relies on extremely high temperatures to enhance
the diffusion behavior of various metal/alloy nanoparticles.”’
In our study, the interconnected nanochannels provide spatial
confinement during the nanofluid-assisted alloying process,
significantly reducing atomic diffusion distances and restricting
nucleation size. This configuration also enhances the stochastic
motion of metal atoms within the nanofluid. Through repeated
collisions, potential energy is converted into thermal energy,
which locally raises the temperature and facilitates alloying.”'
In this manner, the nanofluid system promotes the fusion-
fission events of immiscible nanoparticles under dynamic
conditions, creating an ideal environment for the formation of
small, single-phase HEA-NPs.

On the other hand, fusion-fission events in nanofluids
confined in nanostructures revealed a strong interaction
between nanoparticles and the carbon substrate. When the
carbon layer fully encapsulates the nanoparticle, the carbon
shell closely conforms to the surface of the HEA crystalline
core at the atomic scale, thereby forming an incoherent
interface (Figure 3b).**** To maintain lattice matching with
the tube wall or to reduce interfacial energy, HEA-NPs
generate mismatch strain at the interface. We employ
geometric phase analysis (GPA) to conduct strain analysis of
typical MnFeCoNiCu HEA-NPs. The derived strain maps
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Figure 4. Electrocatalytic NO; -to-NH; conversion. (a) NH; Faradaic efficiency of the Cu@C, FeCu@C, CoNiCu@C, FeCoNiCu@C, HEA@C-
RO, and HEA@C-R4 in a 0.5 M Na,SO, electrolyte with 0.1 M NO;™. (b) ECSA normalized partial current densities in LSV curves of Cu@C,
FeCu@C, CoNiCu@C, FeCoNiCu@C, HEA@C-R0, and HEA@C-R4 in an electrolyte of 0.5 M Na,SO, and 0.1 M NaNO,. (c) The '"H NMR
spectra of the electrolyte after NO;RR with '*NO;~ /"*NO;™ in a ratio of 1 to 1 as feed. (d) The quantitative comparison of Faradaic efficiency
over HEA@C based on the 'H NMR and UV—vis method in a 0.5 M Na,SO, electrolyte with and without NO;". (e) In situ DEMS measurements
of NO;RR over HEA@C at —0.4 V versus RHE in NO; -contained solution. (f) Chronoamperometric profiles and Faradaic efficiency of the

HEA@C-R4 during 30 repeated electrolysis tests (each test lasting 24 h).

exhibit a similar trend, where the grain interiors remain
relatively strain-free, while significant lattice strain is localized
near the NP surfaces.””*> This spatial gradient unequivocally
confirms that the 2.8% net tensile strain is an extrinsic
geometric feature driven by the strong interfacial interactions
in the nanoconfinement, acting synergistically with the intrinsic
atomic-level distortions. To quantify the surface strain effect,
the matrix lattice spacing in the surface and interior regions of
NP1 was compared using HRTEM images. The measured
(111) lattice spacing was 2.21 A in the interior, and 2.27 A at
the surface, corresponding to a localized tensile strain of
approximately 2.7% (Figure 3c). Projected strain measure-
ments for many nanoparticles are quantitatively summarized in
the histograms presented in Figure 3d. These data collectively
demonstrate an average tensile strain of 2.8% within the
surface regions of these NPs. Detailed Rietveld refinements of
the corresponding XRD indicate slight shifts in the FCC

diffraction peaks of the MnFeCoNiCu HEA, confirming the
existence of lattice distortions in HEA-NPs (Figure S23).

2.4. Application of HEA-NPs in Electrocatalytic NO;RR

HEA-NPs with multielemental synergy and surface tensile
strain demonstrate exceptional electrocatalytic potential.***”
We studied their performance for nitrate-to-ammonia con-
version, where they demonstrated high activity and stability.
Benefiting from the highly porous and interconnected 3D
nanochannel network carved by the Zn propellant, both the
externally dispersed and internally embedded HEA nano-
particles remain fully accessible to the bulk electrolyte, acting
synergistically as highly effective active sites for NO;RR. The
electrocatalytic nitrate reduction performance was initially
assessed using linear sweep voltammetry (LSV) in 0.5 M
Na,SO, with and without 0.1 M NaNO; (Figure S24a). The
current density increases sharply with NO;~ addition over a
broad range of negative potentials from —0.1 to —0.5 V. At the
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Figure S. Theoretical analyses of the catalytic mechanism. (a) The projected electronic density of states for the d orbital of different metals in HEA
with a 2.8% strain model. (b) Study the activity of various active sites in the strained HEA model using the activity volcano plot of NO;RR to NH;.
(c) Free-energy diagram for NO;RR on HEA and on HEA with the 2.8% strain.

same time, it delivers a nearly zero current density during this
potential range in a pure Na,SO, solution. At < —0.5 V, the
current density increased dramatically due to intense
competition from the H, evolution reaction (HER). The
lower overpotentials for NO;RR facilitate high selectivity for
the NO, -to-NH; conversion.”® To verify the multielemental
synergy and intrinsic tensile strain advantages of HEA@C, the
electrochemical properties of the HEA@C-R4, HEA@C-RO,
Cu@C, FeCu@C, CoNiCu@C, and FeCoNiCu@C catalysts
were compared under the same conditions. LSV was first
conducted to compare the activity of the as-synthesized
HEA@C-R4 with that of other comparison catalysts (Figure
S24b). The obtained curves show HEA@C-R4 has the lowest
onset potential and the highest increase of current density in a
wide range from —0.1 V to —0.5 V. To confirm the LSV
analytic results, we further quantified the NH; Faradaic
efficiency (FEyy;) and the yield rate of NH; (Yyy;) in
controlled-potential electrolysis (Figures 4a, S25, and S26). As
the electrode potential shifted negatively, the FEyy; initially
increased and then decreased from —0.4 V to —0.5 V. As
expected, the HEA@C-R4 catalyst achieved the highest Yyyy;
of 11.3 + 0.72 mg h™' mg,, ™" and a superior FEy; of 94.8 +
4.34% at —0.4 V as compared to other electrodes. This
observation suggests that the tensile strain and multielemental
synergy strategy enhance electrocatalytic activity for NO;RR.*
To further assess the practical applicability of the HEA@C-R4
catalyst under diverse wastewater conditions, we expanded the
electrochemical evaluation to a broader range of nitrate

concentrations (10 mM to 1000 mM). As shown in Figure
S27, the catalyst maintained a consistently high FE alongside
excellent NHj; yield rates across a wide concentration range
(80—1000 mM). This sustained high performance under
varying reactant concentrations confirms the exceptional
robustness and practical viability of the HEA@C-R4 catalyst
for complex environmental remediation applications. The
electrochemically active surface area (ECSA) was also
determined to accurately assess the intrinsic activity of these
catalysts (Figure S28). As a result, the ECSA normalized
current density for NO3RR (jnms-pcsa) was shown in Figure
4b, indicating that HEA@C-R4 catalyst had the highest
intrinsic activity for NO;RR across the measured potential
range.

To confirm the N source of the produced NHj, isotope
labeling experiments were conducted using '*N-labeled NO;~
as the reagent. As a result, unlike the three characteristic peaks
of "*NH,", only a doublet peak of '*NH," is observed in 1H
nuclear magnetic resonance (IH NMR) spectroscopy,
confirming that the ammonia formation originated from the
NO," feedstock rather than contamination (Figure S29).
Furthermore, when adding '*NO;7/"*NO;" in a ratio of 1:1 as
the reagent, the ratio of reduction products *NH,*/"“NH,"
remains almost unchanged (Figure 4c).*”*' This result more
accurately evidence that ammonia products originate from
nitrate’s electroreduction.*” The FEyy; quantified by "H NMR
was very close to the results obtained by ultraviolet—visible
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(UV—vis) spectrophotometry, as shown in Figures 4d, S30,
and S31, thus confirming the accuracy of the quantitative
methods used in this work (Note S3).

The conversion of nitrate to ammonia is a complex process
involving an 8-electron transfer, often leading to various
byproducts and multiple possible reaction pathways. To
investigate the molecular intermediates and products of the
HEA@C-R4 material, online differential electrochemical mass
spectrometry (DEMS) and density functional theory (DFT)
calculations were performed (Figures 4e and $32)."' Due to
space limitations, detailed discussions of the DEMS and DFT
results are provided in the SI Appendix (Note S4). Based on
the in situ electrochemical analysis and theoretical calculations,
the nitrate reduction reaction pathway in this system can be
summarized as follows: NO;”— *NO;— *NO,— *NO —
*NOH— *NH,0— *NH,0H— *NH,— *NH,— NH,.

To further evaluate the steady state NO;RR performance of
the HEA@C catalysts, chronoamperometry was conducted at a
constant potential.43 As shown in Figure 4f, the chronoam-
perometric curves of HEA@C-R4 remained nearly unchanged
throughout the NO3;RR process, demonstrating excellent
operational stability. The Faradaic efliciency for NH; also
exhibited high durability, with a decrease of less than 10% after
30 consecutive cycles (each cycle lasting 24 h). In contrast,
both Cu-NPs and HEA@C-RO showed a decline in catalytic
current after only 3 electrolysis cycles, accompanied by
reductions in NH; FE of 12 and 11% over 6 and 9
reproducible electrolysis experiments, respectively (Figures
$33 and S34). This comparison underscores the superior long-
term stability of the multielement nanoparticles. Comparative
TEM and statistical size distributions reveal exceptional
morphological stability, with the average nanoparticle diameter
shifting negligibly after 720 h of continuous electrolysis,
completely ruling out severe agglomeration (Figure S35).
Furthermore, high-resolution TEM characterizations confirm
the preservation of the nanoparticles’ microscopic structure,
with single-phase FCC crystallinity and well-defined lattice
fringes (Figure S36). Further STEM-EDS analysis confirmed
the homogeneous distribution of Mn, Fe, Co, Ni, and Cu
within the HEA nanoparticles in the HEA@C-R4 sample, with
no evidence of phase separation after prolonged operation
(Figure S37). Beyond morphological retention, the crystallo-
graphic and chemical robustness of the HEA@C catalyst was
rigorously verified after 720 h of continuous operation.
Postcatalysis XRD (Figure S38) confirmed the complete
preservation of the single-phase FCC solid-solution structure
without any detectable phase transition, amorphization, or bulk
oxide formation. Furthermore, postcatalysis XPS (Figure S39)
revealed that the surface chemical states of the constituent
transition metals remained virtually identical to those of the
pristine catalyst, effectively ruling out any significant surface
oxidation during prolonged electrocatalytic NOsRR. In-situ
Raman spectroscopy was employed to monitor potential
structural changes in HEA@C-R4. Except for the peaks
corresponding to the adsorbed SO,”~ and NO;, no other
signals indicative of newly formed phases in HEA are observed
in the spectra, affirming the robust structural stability of this
multielement alloy (Figure S40). Such excellent, long-term,
stable activity clearly outperforms other reported electro-
catalytic NO; -to-NH; conversions (Figure S41 and Tables
$9-S11).

2.5. Computational Insights into the NO;RR on HEA-NPs

To elucidate the mechanism underlying the enhanced activity
of HEA catalysts for the nitrate reduction reaction, we
conducted first-principles calculations based on structural
features, including multielement synergy and inhomogeneous
lattice strain. The partial density of states (PDOS) of
constituent elements in strained MnFeCoNiCu HEA-NPs
was systematically investigated. As illustrated in Figure Sa,
pronounced orbital hybridization among most electronic states
indicates strong interatomic electronic interactions. This
extensive hybridization promotes eflicient site-to-site electron
transfer during the NO;RR. In this synergistic mechanism,
each element contributes distinct electronic functions: Mn and
Fe exhibit highly localized orbitals positioned deep below the
Fermi level (Eg), serving as effective electron reservoirs. In
contrast, Ni and Co, with their electronic states located near
Eg, function as electron-accepting centers that enhance the
adsorption of key reaction intermediates. Meanwhile, Cu,
characterized by its delocalized, electron-rich orbitals, facili-
tates rapid electron transfer and enhances bonding to
intermediates.”* This electronic structure configuration
collectively enables efficient multielectron transfer processes,
enhancing NO;RR performance.

The distinct electronic roles of constituent elements directly
govern their adsorption behaviors toward reaction intermedi-
ates. Based on the Bayesian theory of chemisorption, linear
scaling relations were identified between the adsorption
energies of *NO; and *N across different metal sites.”*’
Using the binding strengths of *NO; and *N as descriptors,
we developed an activity volcano plot, where catalytic activity
is represented by the maximum free energy barrier along the
reaction pathway (Figure Sb). Owing to the diverse active sites
in the high-entropy alloy, this volcano relationship provides a
predictive tool for estimating the catalytic performance of
various active centers. Since bridge-bidentate adsorption is the
predominant binding mode, 15 unique coordination environ-
ments within the HEA under lattice strain were systematically
examined. In monometallic catalyst systems, theoretical
analysis reveals intrinsic limitations: sites with overly strong
adsorption capabilities decelerate the release of nitrogen-
bonded species, thereby increasing the energy barriers of
subsequent hydrogenation/dehydration steps; conversely, sites
with weak adsorption capabilities result in large energy barriers
for NO;~ capture. Both extremes impede the reaction,
consistent with scaling relations for adsorption energy.
However, multiple pair-metal sites in the HEA are predicted
to be near the top of the activity volcano plot, with appropriate
binding energies to balance adsorption and desorption. Among
these, the heteronuclear Cu—Fe sites exhibit the highest
activity arising from enhanced *NO; binding and weakened
*N adsorption. Electronic structure analysis reveals that the d-
band center of Fe atoms in Cu—Fe pairs is shifted upward
compared to that of Cu, leading to stronger *NO; adsorption
(Figure Sa). This shift also enhances the hybridization
contribution to *N binding, consistent with the conventional
d-band model. In contrast, Cu interacts with *N primarily
repulsively due to its fully occupied d-band and large d-orbital
radius, facilitating the desorption of nitrogen-containing
species.”® Other comparative heteronuclear sites, such as
Mn—Fe, Co—Ni, and Mn—Ni pairs, also demonstrate high
activities. Furthermore, the multifunctional active centers in
the MnFeCoNiCu HEA function as cooperative sites that
enable efficient NH; electrosynthesis, effectively breaking
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traditional scaling relationships. For instance, strong-binding
sites like Mn—Mn and Fe—Fe readily capture and activate
reactants, whereas adjacent weak-binding sites such as Cu—Cuy,
Ni—Ni, and Cu—Ni facilitate surface refreshing. This multi-
metal system enables independent tuning of *NO; and *N
adsorption strengths, thereby optimizing the stabilization and
release of key intermediates for efficient electrochemical
ammonia synthesis."”** Considering the immense complexity
of the local atomic environments in HEAs, specifically, the 13
randomly occupied neighboring atoms within a 3.5 A radius of
the Cu—Fe active site, the dispersion of the adsorption
energies in Figure S42 is derived from the statistical
calculations of 20 randomly generated distinct coordination
configurations (slab structure as shown in Figures S43—45).
This dispersion reflects the nonuniformity of the local
electronic structures, yet the statistical center confirms that
the Cu—Fe sites consistently maintain optimal catalytic
activity. Furthermore, to decouple geometric lattice distortion
from chemical coordination effects, we compared adsorption
energetics with and without the experimentally observed 2.8%
surface tensile strain (Figure S46). This lattice expansion
effectively shifted the statistical center of the dispersed
adsorption energies toward a more optimal binding regime.
Calculations on the 2.8% strained active sites reveal a highly
negative Gibbs free energy for hydrogen adsorption (Figure
S47). This excessively strong H* binding creates a
thermodynamic trap that suppresses the competitive HER.
To further assess the influence of lattice strain, we compared
the predicted activities of strained (2.8% tensile strain) and
unstrained HEA models (Figures Sc, S48, and S49). Compared
to the unstrained case, the strained surface strengthens *NOj;
adsorption and reduces the thermodynamic barrier for NH;
release to 0.75 eV, compared to 0.86 eV. These results indicate
that introducing lattice strain can enhance NO;RR catalytic
activity, offering a promising strategy for improving electro-
chemical ammonia synthesis.

3. DISCUSSION

In summary, we have demonstrated that strained HEA-NPs
can be synthesized effectively via a nanoconfined alloying
strategy, in which Zn serves as an active sacrificial element to
form interconnected nanochannels. These channels guide the
directional flow of multimetal nanofluids and facilitate the
formation of alloys under mild conditions. Notably, in situ
TEM observations provided direct evidence of long-range
directional nanofluid migration within nanoconfined spaces,
which triggers forced fusion and enhanced fission events.
These dynamic processes not only promote homogeneous
elemental mixing and size-controlled growth but also induce
significant surface strain due to the unique nanoconfinement
effect during synthesis. This approach enables the incorpo-
ration of ten dissimilar metallic elements into uniformly mixed
HEA-NPs, offering versatility for a range of functional
applications. Particularly in electrocatalytic nitrate-to-ammonia
conversion, the synthesized strained quinary HEA-NPs
exhibited exceptional performance, achieving a Faradaic
efficiency of 94.8 + 4.34% and maintaining remarkable
stability over 720 h, underscoring their practical potential.
The origin of such enhanced catalytic performance was
systematically investigated through mechanistic studies. It
was revealed that the improved activity stems from the
synergistic interaction between multielement active sites and
the intentionally introduced surface tensile strain, which

collectively optimize the adsorption energy of key reaction
intermediates. This work introduces an innovative research
direction that highlights the critical role of nanoconfinement
engineering in facilitating the alloying of immiscible elements
and in imparting controlled strain into multimetallic systems.
The methodology presented here offers a scalable, general-
izable approach for designing compositionally complex HEA-
NPs. More broadly, the integration of nanoconfinement and
strain engineering opens promising avenues for developing
advanced electrocatalysts for a wide spectrum of sustainable
energy and catalytic applications.
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