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ABSTRACT

Recently, high-entropy nanoalloys (HEA) had attracted significant interest in various potential catalytic appli-
cations due to their unique high-entropy effect. However, in most previous studies, the successful preparation of
single-phase HEA has been identified primarily through X-ray diffraction (XRD) and inductively coupled plasma
mass spectrometry, often neglecting the presence of minor secondary phases owing to the spatially averaged
information provided by XRD. In this work, using FeCoNiPdCu HEA applied to an electrochemical nitrate
reduction reaction (NO3RR) as an example, we confirmed that trace amounts of oxygen induced the formation of
a FeCoNiPdCu high-entropy oxide/FeCo oxide@NiPdCu alloy/FeCoNiPdCu HEA three-layer heterogeneous
structure, achieving a Faradaic efficiency of 95.16% at an applied potential of —0.7 V vs. RHE. Moreover, by
modifying the oxygen content, the element distribution across the entire HEA can be tuned owing to differences
in oxide formation enthalpy, further affecting catalytic activity and selectivity. Our work deepens the under-
standing of HEA structures and provides insights into the active sites and corresponding catalytic mechanisms.

1. Introduction

Recently, high-entropy nanoalloys (HEA), composed of five or more
elements in near equimolar ratio, had attracted significant interest due
to the unique high-entropy effect [1-4], as well as their potential ap-
plications in various fields, such as electrocatalysis [5-10], photo-
catalysis [11-13], and thermocatalysis [14,15]. Among these
applications, electrocatalytic nitrate reduction (NOsRR) has gained
significant attention as a sustainable alternative pathway for ambient-
condition ammonia synthesis [16]. In addition, the NOsRR approach
simultaneously addresses environmental remediation challenges, as ni-
trate represents a ubiquitous nitrogen-containing pollutant in industrial
effluents [17]. Integrating value-added ammonia production with in-
dustrial wastewater treatment under mild conditions established elec-
trocatalytic nitrate-to-ammonia conversion as a dual-purpose strategy
with economic and environmental benefits. The first HEA electrocatalyst
for NO3RR was designed by Zhi’s group; their fabricated nanostructured
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FeCoNiAlTi alloy with a unique multi-element synergistic effect
exhibited enhanced Faradaic efficiency compared with the bulk high-
entropy alloy [18]. Very recently, Ho’s group demonstrated that a
broad adsorption energy landscape in the single-phase HEA results in an
excellent NO3RR performance, with a high Faradaic efficiency of 94.5%
[19]. Despite substantial advancements in preparing highly efficient and
stable HEA [1,10,20,21], establishing an accurate relationship between
catalytic performance and structure remains a significant challenge due
to the wide variety of active sites and their random distribution.
Moreover, due to the high surface energy of nanomaterials, certain
nano-alloys are prone to oxidation, forming ultrathin oxide layers on
their surfaces when exposed to air. It was demonstrated by Liu’s group
that a thin FeCoNiCuSn oxide layer can spontaneously form on FeCo-
NiCuSn nanoparticles, and the synergistic effects between the oxide
layer and the nanoparticles provided excellent supercapacitive perfor-
mance [22]. In catalytic reactions involving surface chemistry, the
thickness of the active layer on the catalyst surface is typically around
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20 nm [23]. Thus, the presence of an oxide layer can critically impact
catalytic activity. However, detailed research on the formation mecha-
nism and properties of the oxide layer on HEA’ surfaces remains scarce,
which is crucial for identifying the active sites and analyzing the cata-
lytic mechanism.

In our work, using FeCoNiPdCu HEA applied to NOsRR as an
example, three FeCoNiPdCu-based HEA samples were prepared by
adjusting surface oxide layer characteristics with an oxygen passivation
technique, thereby establishing the relationship between surface struc-
ture and catalytic performance. The experimental results demonstrate
that oxygen induces the formation of a FeCoNiPdCu high-entropy oxide/
FeCo oxide@NiPdCu alloy/FeCoNiPdCu HEA three-layer heterogeneous
structure. Furthermore, by modifying the oxygen content, the element
distribution across the entire HEA can be tuned based on differences in
oxide formation enthalpies. Compared to the HEA with oxygen passiv-
ation treatment, the pristine HEA sample exhibits a higher NO3RR ac-
tivity and selectivity, achieving a Faradaic efficiency of 95.16% at a
potential of —0.7 V vs. RHE. Our work is crucial for establishing a
theoretical model structure for HEA and analyzing the active sites and
corresponding catalytic mechanisms.

2. Results and discussion

In this study, metal ion precursors were anchored with chitosan and
precipitated with NaOH solution, with the final products collected after
heat treatment. The difference between obtained three HEA-based
products was determined by their passivating process [24-26],
including natural cooling (HEA-0), the flow rate of Oy/Ar mixture gas is
10 scem (HEA-10) and 50 sccm (HEA-50) (detailed preparation process
was shown in Experimental Section). The X-ray diffraction (XRD) results
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demonstrated that all the prepared samples exhibited a single-phase
solid-state structure, which was consistent with that of Cu@C (JCPDS
No. 04-0836) (Fig. 1a). Furthermore, the peak positions and half-peak
widths remained unaltered. Subsequently, the inductively coupled
plasma optical emission spectrometer (ICP-OES) in Fig. 1b demonstrated
that each metal atom’s ratio in these samples was consistent, ranging
from 5% to 35%. Notably, the significant differences in atomic radius
and electronegativity between the Pd element and Fe, Co, Ni, and Cu
elements resulted in considerable elemental fluctuations and gradients
while preparing the obtained FeCoNiPdCu HEA [27]. Usually, combined
with the XRD pattern and ICP-OES results, the successful preparation of
high entropy nanoalloy could be confirmed. However, it was important
to note that the XRD technique might potentially lead to the erroneous
identification of an alloy as a single-phase solid solution because the fact
that it only provided spatially averaged information and was unable to
detect the presence of minor amounts of secondary phases [28,29].
Scanning electron microscopy (SEM) revealed the formation of FeCo-
NiPdCu HEA with an approximate diameter of 100 nm on the catalyst
surface (Fig. 1c). Moreover, the high-resolution transmission electron
microscopy (HRTEM) image showed that the lattice spacing of 0.21 nm
corresponding to the (111) plane (Fig. 1d). It should be noticed that an
amorphous layer was observed on the HEA-O surface. In contrast, crys-
tallinity changes on the surface of HEA-10 catalysts were less pro-
nounced (Supporting Information Fig. S1). Zhou’s group employed in
situ HRTEM technique to investigate the surface oxygen passivation
mechanism [30], their results revealed that the surface passivation oc-
curs via a two-stage process starting with the intralayer atomic dis-
ordering upon the incorporation of oxygen into both surface and
subsurface regions of the metal lattice, followed by interlayer dis-
ordering that leads to full amorphization of the oxide layer. This

Fig. 1. (a) The XRD pattern of Cu@C, HEA-0, HEA-10, and HEA-50. (b) ICP-OES characterization of HEA-0, HEA-10 and HEA-50. (c) SEM image and particle size
distribution of HEA-0. (d) HRTEM image of HEA-O. (e-i) The element mapping of HEA-0.
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observation demonstrated that HEA-O exhibited a higher degree of
oxidation than other samples. However, due to the structural complexity
of the HEA-based material, the accurate physical characteristic infor-
mation (such as atomic composition and crystal structure) cannot be
exclusively determined from the HRTEM image. Elemental mapping
presents the uniform distribution of Cu, Co, Pd, Ni, and Fe on the HEA-
0 (Fig. le-i).

To gain further insight into the structure of prepared samples, elec-
trochemical NO3RR was performed in 14000 ppm KNO3-N and 0.5 M
NaySO4 electrolyte. Before the test, the standard concentration calibra-
tion curves for the NHJ, NO3, and NO3 were collected (Supporting In-
formation Fig. S2-S4). The linear sweep voltammetry (LSV) results
demonstrated that HEA-10 exhibited the highest current density among
these samples, suggesting that oxygen passivation treatment exerted a
considerable influence on the electronic structure of the catalyst surface
(Fig. 2a). Further analysis of the Faradaic efficiency (FE) results in
Fig. 2b revealed that the order of FE (NHJ) was HEA-O0 > HEA-50 >
HEA-10 > Cu, with HEA-0 reaching a maximum of 95.16% at —0.7 V vs.
RHE (Supporting Information Fig. S5 and S6). In addition, the concen-
tration evolution of NHZ, NO3, and NO3 is systematically presented in
Fig. S7. Notably, HEA-O demonstrated a superior NOsRR performance
compared to HEA-10. When the working potential was —0.7 V vs. RHE,
the NO3 concentration quickly decreased to 0.76 mol L (HEA-0), while
for the HEA-10, only 0.80 mol L! of NO3 was reduced to NO3 and NH{.
A comparison of HEA-O with some other recent nitrate-reducing mate-
rials is shown in Table S1. Significantly, the Faradaic efficiency of the
HEA-10 sample gradually decreases after 4 cycles. In comparison, the
HEA-0O catalyst maintains more than 90% FE after 6 cycles, indicating
HEA-0 demonstrated superior electrochemical durability relative to
HEA-10 under identical operational conditions (Fig. S8). In addition, the
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prepared HEA-O samples exhibited superior activity and selectivity
compared to the original Cu samples, demonstrating that the unique
cocktail effect of high-entropy materials can significantly improve the
catalytic performance of NOsRR (ammonia-producing sub-current and
ammonia-producing yield rate were shown in the Fig. 2c¢-d). To verify
the elemental origin of ammonium radicals generated during nitrate
reduction, we conducted *°N isotopic labeling experiments on nitrate,
both labeled and unlabeled post-reaction solutions via ‘H NMR spec-
troscopy. Under acidic conditions, I5NH; and '“NH; exhibited distinct
doublet and triplet splitting patterns, respectively. Only the 1°NHj signal
was observed in the isotope-labeled group, confirming that nitrate in the
solution served as the sole nitrogen source during NHj3 formation
(Supporting Information Fig. S9). Similarly, the selectivity of hydrogen
and nitrite was also tested, and the results revealed that the hydrogen
and nitrite FE of Cu was the largest within the tested range, with the
hydrogen production FE approaching almost 100% after > —0.9 V. All
HEA samples showed significantly lower selectivity to nitrite.

To investigate the origin of the current density and selectivity dif-
ferences, the electronic structure of HEA samples was analyzed by X-ray
photoelectron spectroscopy (XPS) (Fig. S10-512), which typically probes
to a depth of about 10 nm for inorganic metallic materials [31]. In the Fe
2p spectrum, the peaks at 706.6, 710.0, 712.0, 714.8, and 718.8 eV are
attributed to the metallic Fe, Fe?*, Fe3t, Fe?* satellite, and Fe>* satellite
peaks, respectively (Fig. 3a) [32]. Subsequently, the surface etched with
Ar plasma with an etching rate of 0.2 nm/s exhibited a notable increase
in the intensity of the metallic Fe peaks with etching times up to 50 s and
100 s, while strong oxidation peaks remained present. A comparable
phenomenon is observed in the Co 2p XPS spectrum, wherein the Co>*
peaks located at 778.2 and 782.7 eV and Co?* peaks located at 780.2
and 786.2 eV. With prolonged etching time (Fig. 3b), the peak are Co>*/

Fig. 2. (a) LSV curves of Cu@C, HEA-0, HEA-10, and HEA-50. (b) FE of Cu@C, HEA-0, HEA-10, and HEA-50. (c¢) ammonia-producing sub-current of Cu@C, HEA-0,
HEA-10, and HEA-50. (d) ammonia-producing yield rate of Cu@C, HEA-0, HEA-10 and HEA-50.
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Fig. 3. (a-e) X-ray photoelectron spectroscopy (XPS) of HEA-0 samples etched for 0 min/1min/2min. (f, g) XPS-determined atomic percent XPS-determined atomic

percentage-depth profile of HEA-O0 and HEA-10 as a function of Ar" etching time.

Co?" nearly kept the same, , substantiating that the Co element was
mainly present in its oxide form [33]. In the case of the Ni 2p XPS
spectrum, the un-etched HEA-O surface exhibits four distinct types of
characteristic peaks, namely a metallic Ni (852.2 and 867.9 eV), Ni+
(855.8 and 873.1 eV), Ni%" (853.9 and 871.2 eV) and satellite peak
(861.1 and 878.4 eV) (Fig. 3c) [34]. After Ar plasma etching, the peak
pattern is consistent with that observed in Ni-based metal alloys, with
the satellite and oxide peaks almost absent, suggesting that Ni exists in
two forms: as an oxide phase on the surface and as a metal alloy phase
within the interior [35,36]. The evolutionary trends observed in the Cu
2p and Pd 3d XPS spectra are consistent with those observed in the Ni 2p
XPS spectra, which exist as an oxide on the surface of the HEA-0 and as
an alloy in the interior (Fig. 3d and 3e) [37-41]. Obviously, under the
presence of oxygen, the element across the electrocatalyst exhibits
heterogeneous and gradient distribution. A comparable phenomenon is
also observed in sample HEA-10, wherein the catalysts are observed to
exist as ultrathin FeCoNiPdCu high-entropy oxides shell on the surface,
FeCo-rich oxides@NiPdCu alloy within the middle layer, and FeCo-
NiPdCu HEA in the innermost core (Supporting Information Fig. §13). It
is noteworthy that no changes were observed in the C 1s spectrum,
indicating that oxygen passivation did not alter the electronic structure
of the carbon material (Supporting Information Fig. S14).

Then, the elemental atomic ratio analyses based on the XPS tech-
nique in Fig. 3f and 3g indicated a gradient distribution of Fe, Cu, and Pd
elements in both the HEA-O and HEA-10 samples. Ni and Co elements
remained nearly the same. Specifically, for individual samples, the
surfaces of both samples exhibit Cu and Pd enrichment; Fe is predomi-
nantly distributed in the bulk phase. The XPS full-spectrum analysis
further confirms the surface enrichment of Cu and Pd (Fig. S10-12).
Comparative analysis of samples passivated under different oxygen
concentrations reveals that those exposed to higher external oxygen
concentrations demonstrate increased Fe and reduced Pd surface con-
tent, as will be discussed in the subsequent analysis.

Based on the above experimental results, the prepared HEA-based
catalysts were structurally characterized by the following main fea-
tures: 1. gradient distribution of Fe, Cu, and Pd in HEA-O and HEA-10,
which is often observed in the FCC high entropy alloy [41,42]. As dis-
cussed above, the large differences in the atomic radius and electro-
negativity between the Pd and NiCoCuFe elements would decrease

homogeneity. 2. Both HEA-0 and HEA-10 exhibited FeCoNiCuPd high-
entropy oxide/FeCoOx@NiCuPd alloy/FeCoNiCuPd high-entropy alloy
non-homogeneous multilayer structure, indicating in the strategy of
preparing HEA using calcination-assisted reduction, a very thin oxide
layer inevitably appeared on the surface of the catalysts, even if the
catalysts were passivated with trace amount oxygen (Fig. 4a). Moreover,
it should be noted that the surface oxidation passivation technique was
strategically applied to establish an ultra-thin oxide layer through a
precisely controlled oxidation process. This engineered passive film
effectively inhibited the formation of a thick oxide scale that would
otherwise develop during the material’s natural cooling phase under
ambient atmospheric conditions. Thus, HEA-O exhibits a higher oxida-
tion degree than other samples, which was also confirmed by the EIS
characterization results (Supporting Information Fig. S15). In the EIS
equivalent circuit, R; and CPE; are connected in parallel and then in
series with Rg. Here, R represented the solution resistance, R; corre-
sponded to the charge-transfer resistance, and CPE; replaced the ideal
capacitor [43]. The EIS data with a smaller semicircle radius indicated
reduced charge-transfer resistance. The enhanced performance of HEA-
10 could be attributed to its reduced surface oxide layer thickness since
the metallic composites inherently exhibit higher electrical conductivity
than their oxidized counterparts under identical conditions. 3. Fe tends
to migrate toward the surface of HEA-O compared to that of HEA-10
under the driving force of generating metal oxides. The binding ability
between metal elements and oxygen during oxygen passivation could be
measured by the formation of enthalpy. As shown in Fig. 4b, in the
FeCoNiPdCu HEA system, the order of metal oxide formation enthalpy
was Fe (Fe304, —1121 kJ/mol) < Co (Co304, —917 kJ/mol) < Ni (NiO,
—239 kJ/mol) < Cu (CuO, —155 kJ/mol) < Pd (PdO, —58.99 kJ/mol),
indicating a sequential decrease in the ability to form metal oxides,
which could well explain the heterogeneous multilayer structure in the
fabricated HEA-based catalyst.

After confirming the catalyst’s composition and electronic structure,
the electrochemical NO3RR performance was well explained. For a
single sample, the large differences in the atomic radius and electro-
negativity between the Pd and NiCoCuFe elements would decrease ho-
mogeneity. Specifically, the material’s overall distribution of Ni and Co
elements shows no significant changes. At the same time, Pd and Cu
exhibited a gradient distribution with a noticeable decrease in atomic
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Fig. 4. (a) Schematic illustration of the surface transformation process of high-entropy alloys in oxygen-containing environments (b) Enthalpy of formation of some

metal oxides.

ratio from the surface to the bulk. In contrast, Fe was scarce on the
surface but abundant in the bulk, forming a heterogeneous multilayer
structure comprising FeCoNiPdCu high-entropy oxide/FeCo oxide@-
NiPdCu alloy/FeCoNiPdCu high-entropy alloy. Importantly, previous
research results suggested that Fe, Co, Ni, and Pd (four elements), have
better hydrogen intermediate adsorption/desorption behavior (Pd
(AGyg =-0.11 eV) > Co (AGy = -0.20 eV) > Ni > (AGy = -0.24 eV) > Fe
(AGyg =-0.35 eV)) (AGy: hydrogen adsorption free energy.). In contrast,
Cu has a good affinity towards NO3 adsorption/desorption ability
[44,45]. Upon modulating the oxygen passivation process, it was found
that increasing the oxygen partial pressure significantly raised the sur-
face Fe content (attributed to differences in metal oxide formation en-
thalpies). In contrast, the thickened oxide layer reduced conductivity (as
confirmed by EIS analysis). Consequently, the superior catalytic activity
of HEA-10 was attributed to its thinner oxide layer, which ensured
excellent conductivity, combined with surface enrichment of Cu and Pd
elements.

3. Conclusion

In this study, three FeCoNiPdCu HEA-based samples were synthe-
sized by modifying the post-treatment parameters. The resultant sam-
ples exhibit a heterogeneous multilayer structure comprising
FeCoNiPdCu high-entropy oxide/FeCo oxide@NiPdCu alloy/FeCo-
NiPdCu high-entropy alloy. Notable discrepancies in current density and
selectivity were observed in the electrochemical nitrate reduction re-
action, which could be attributed to variations in oxide layer thickness
and the atomic ratio of Pd to Cu on the surface. Our work has deepened
our understanding of the structure of HEA-based nanomaterials and
advanced the analysis of the active sites and corresponding catalytic
mechanisms.

CRediT authorship contribution statement

Hao Zhang: Writing — review & editing, Writing — original draft,
Formal analysis, Data curation, Conceptualization. Tianze Ren: Writing
- review & editing, Writing — original draft, Formal analysis, Data
curation. Xiuming Bu: Writing — review & editing, Writing — original
draft, Supervision, Funding acquisition, Conceptualization. Chugian

Xiao: Formal analysis, Data curation. Shaoyan Wang: Formal analysis,
Data curation. Di Yin: Formal analysis, Data curation. Xiulan Hu:
Writing — review & editing, Resources, Funding acquisition. Johnny C.
Ho: Writing — review & editing, Writing — original draft, Supervision,
Project administration. Xianying Wang: Writing — review & editing,
Writing — original draft, Supervision, Resources, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

This work is financially supported by the Shanghai Sailing Program
(23YF1455000).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apsusc.2025.163269.

Data availability
Data will be made available on request.

REFERENCES

[1] Y. Yao, Q. Dong, A. Brozena, J. Luo, J. Miao, M. Chi, C. Wang, I.G. Kevrekidis, Z.
J. Ren, J. Greeley, High-entropy nanoparticles: Synthesis-structure-property
relationships and data-driven discovery, Science 376 (2022) 3103-3113.

[2] S.A. Lee, J. Bu, J. Lee, H.W. Jang, High-entropy nanomaterials for advanced
electrocatalysis, Small 3 (2023) 2200109-2200128.

[3] Y.-F. Yu, W. Zhang, Q.-J. Fang, X.-L. Zhang, S.-T. Zhao, W.-X. Chen, G. Zhuang,
Computational design of one FeCoNiCuZn high-entropy alloy for high-performance
electrocatalytic nitrate reduction, Appl. Surf. Sci. 626 (2023) 157246-157253.

[4] X. Yan, Y. Zhou, S. Wang, Nano-High Entropy Materials in Electrocatalysis, Adv.
Funct. Mater. 35 (2024) 2413115-2413144.

[5] H.Li, Y.Han, H. Zhao, W. Qi, D. Zhang, Y. Yu, W. Cai, S. Li, J. Lai, B. Huang, Fast
site-to-site electron transfer of high-entropy alloy nanocatalyst driving redox
electrocatalysis, Nat. Commun. 11 (2020) 5437-5445.


https://doi.org/10.1016/j.apsusc.2025.163269
https://doi.org/10.1016/j.apsusc.2025.163269
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0005
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0005
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0005
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0010
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0010
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0015
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0015
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0015
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0020
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0020
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0025
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0025
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0025

H. Zhang et al.

[6]

71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

X. Huang, G. Yang, S. Li, H. Wang, Y. Cao, F. Peng, H. Yu, Noble-metal-based high-
entropy-alloy nanoparticles for electrocatalysis, J. of Energy Chem. 68 (2022)
721-751.

H.-J. Qiu, G. Fang, J. Gao, Y. Wen, J. Lv, H. Li, G. Xie, X. Liu, S. Sun, Noble metal-
free nanoporous high-entropy alloys as highly efficient electrocatalysts for oxygen
evolution reaction, ACS Mater. Lett. 1 (2019) 526-533.

J. You, R. Yao, W. Ji, Y. Zhao, Z. Wang, Compounds, Research of high entropy
alloys as electrocatalyst for oxygen evolution reaction, J. Alloys Compd. 908
(2022) 164669-164688.

S. Nellaiappan, N.K. Katiyar, R. Kumar, A. Parui, K.D. Malviya, K. Pradeep, A.

K. Singh, S. Sharma, C.S. Tiwary, K. Biswas, High-entropy alloys as catalysts for the
CO» and CO reduction reactions: experimental realization, ACS Catal. 10 (2020)
3658-3663.

R. Zhang, Y. Zhang, B. Xiao, S. Zhang, Y. Wang, H. Cui, C. Li, Y. Hou, Y. Guo,

T. Yang, Phase Engineering of High-Entropy Alloy for Enhanced electrocatalytic
nitrate reduction to ammonia, Angew. Chem. Int. Ed. 63 (2024)
202407589-202407595.

M. Anandkumar, P. Kannan, S. Sudarsan, E. Trofimov, Interfaces, High-entropy
oxide (CeGdHfPrZr)O2 nanoparticles as reusable photocatalyst for wastewater
remediation, Surf. and Interfaces 51 (2024) 104815-104824.

S. Das, M. Sanjay, S. Kumar, S. Sarkar, C.S. Tiwary, S. Chowdhury, Magnetically
separable MnFeCoNiCu-based high entropy alloy nanoparticles for photocatalytic
oxidation of antibiotic cocktails in different aqueous matrices, Chem. Eng. J. 476
(2023) 146719-146731.

P. Edalati, X.-F. Shen, M. Watanabe, T. Ishihara, M. Arita, M. Fuji, K. Edalati, High-
entropy oxynitride as a low-bandgap and stable photocatalyst for hydrogen
production, J. Mater. Chem. A 9 (2021) 15076-15086.

B. Jiang, Y. Yu, J. Cui, X. Liu, L. Xie, J. Liao, Q. Zhang, Y. Huang, S. Ning, B. Jia,
High-entropy-stabilized chalcogenides with high thermoelectric performance,
Science 371 (2021) 830-834.

P. Xie, Y. Yao, Z. Huang, Z. Liu, J. Zhang, T. Li, G. Wang, R. Shahbazian-Yassar,
L. Hu, C. Wang, Highly efficient decomposition of ammonia using high-entropy
alloy catalysts, Nat. Commun. 10 (2019) 4011-4022.

Y. Chen, X. Xia, L. Tian, M. Yin, L.-L. Zheng, Q. Fu, D. Wu, J.-P. Zou, Constructing
built-in electric field via CuO/NiO heterojunction for electrocatalytic reduction of
nitrate at low concentrations to ammonia, Chin. Chem. Lett. 35 (2024)
109789-109796.

L. Tian, P. Chen, X.-H. Jiang, L.-S. Chen, L.-L. Tong, H.-Y. Yang, J.-P. Fan, D.-S. Wu,
J.-P. Zou, S.-L. Luo, Mineralization of cyanides via a novel Electro-Fenton system
generating eOH and ¢0?~, Water Res. 209 (2022) 117890-117899.

R. Zhang, Y. Zhang, B. Xiao, S. Zhang, Y. Wang, H. Cui, C. Li, Y. Hou, Dr. Y. Guo,
T. Yang, J. Fan, Prof. C. Zhi, Phase Engineering of High-Entropy Alloy for
Enhanced Electrocatalytic Nitrate Reduction to Ammonia, Angew. Chem. Int. Ed.
63 (2024) €202407589.

D. Yin, B. Li, B. Gao, M. Chen, D. Chen, Y. Meng, S. Zhang, C. Zhang, Q. Quan, L.
Chen, C. Yang, C-Y. Wong, Johnny C. Ho, Overcoming Energy-Scaling Barriers:
Efficient Ammonia Electrosynthesis on High-Entropy Alloy Catalysts, Adv. Mater. 9
(2025) 2415739-2415752.

G. Gao, Y. Yu, G. Zhu, B. Sun, R. He, A. Cabot, Z. Sun, High entropy alloy
electrocatalysts, J. Energy Chem. 99 (2024) 335-364.

H. Li, J. Lai, Z. Li, L. Wang, Multi-sites electrocatalysis in high-entropy alloys, Adv.
Funct. Mater. 31 (2021) 2106715-2106742.

E. Shen, X. Song, Q. Chen, M. Zheng, J. Bian, H. Liu, Spontaneously forming oxide
layer of high entropy alloy nanoparticles deposited on porous carbons for
supercapacitors, ChemElectroChem 8 (2021) 260-269.

Y.M. He, Q.Y. He, L.Q. Wang, C. Zhu, P. Golani, A.D. Handoko, X.C. Yu, C.T. Gao,
M.N. Ding, X.W. Wang, F.C. Liu, Q.S. Zeng, P. Yu, S.S. Guo, B.I. Yakobson, L. Wang,
Z.W. Seh, Z.H. Zhang, M.H. Wu, Q.J. Wang, H. Zhang, Z. Liu, Self-gating in
semiconductor electrocatalysis, Nat. Mater. 18 (2019) 1098-1104.

P. Marcus, On some fundamental factors in the effect of alloying elements on
passivation of alloys, Corrosion Sci. 36 (1994) 2155-2158.

Z.Wang, Y. Yan, Y. Wy, Y. Zhang, X. Zhao, Y. Su, L. Qiao, Recent research progress
on the passivation and selective oxidation for the 3d-transition-metal and
refractory multi-principal element alloys, NPJ Mater. Degrad. 7 (2023) 86-102.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Applied Surface Science 702 (2025) 163269

R.A. Rapp, Kinetics, microstructures and mechanism of internal oxidation-its effect
and prevention in high-temperature alloy oxidation, Corrosion 21 (1965) 382-401.
Q.Q. Ding, Y. Zhang, X. Chen, X.Q. Fu, D.K. Chen, S.J. Chen, L. Gu, F. Wei, H.B. Bei,
Y.F. Gao, M.R. Wen, J.X. Li, Z. Zhang, T. Zhu, R.O. Ritchie, Q. Yu, Tuning element
distribution, structure and properties by composition in high-entropy alloys,
Nature 574 (2019) 223-237.

E.P. George, D. Raabe, R.O. Ritchie, High-entropy alloys, Nat. Rev. Mater. 4 (2019)
515-534.

X. Chen, Z. Liu, D. Wu, N. Cai, X. Sun, D.N. Zakharov, S. Hwang, D. Su, G. Wang,
G. Zhou, Passive Oxide Film Growth Observed On the Atomic Scale, Adv. Mater.
Interfaces 9 (2022) 2102487-2102496.

X.M. Bu, D. Yin, D. Chen, Q. Quan, Z. Yang, S.P. Yip, C.Y. Wong, X.Y. Wang, J.
C. Ho, Controlling Surface Chemical Inhomogeneity of NiP/MoNiP,/MoP
heterostructure electrocatalysts for efficient hydrogen evolution reaction, Small 19
(2023) 2304546-2304554.

G. Feng, F. Ning, J. Song, H. Shang, K. Zhang, Z. Ding, P. Gao, W. Chu, D. Xia, Sub-
2 nm ultrasmall high-entropy alloy nanoparticles for extremely superior
electrocatalytic hydrogen evolution, J. Am. Chem. Soc. 143 (2021) 17117-17127.
G. Dong, M. Fang, J. Zhang, R. Wei, L. Shu, X. Liang, S. Yip, F. Wang, L. Guan,
Z. Zheng, In situ formation of highly active Ni-Fe based oxygen-evolving
electrocatalysts via simple reactive dip-coating, J. Mater. Chem. A 5 (2017)
11009-11015.

J.-C. Dupin, D. Gonbeau, P. Vinatier, A. Levasseur, Systematic XPS studies of metal
oxides, hydroxides, and peroxides, PCCP. 2 (2000) 1319-1324.

Z. Fu, J. Hu, W. Hu, S. Yang, Y. Luo, Quantitative analysis of Ni%*/Ni*" in Li
[NixMnyCo,] O cathode materials: Non-linear least-squares fitting of XPS spectra,
Appl. Surf. Sci. 441 (2018) 1048-1056.

D. Zhang, H. Zhao, X. Wu, Y. Deng, Z. Wang, Y. Han, H. Li, Y. Shi, X. Chen, S. Li,
Multi-site electrocatalysts boost pH-universal nitrogen reduction by high-entropy
alloys, Adv. Funct. Mater. 31 (2021) 2006939-2006947.

V. Rednic, L. Rednic, M. Coldea, V. Pop, M. Neumann, sR. Pacurariu, A. R. Tunyagi,
X-ray photoelectron spectroscopy and magnetism of Mn;_xAlxNis alloys, Cent. Eur.
J. Phys. 6 (2008) 434-439.

V. Rednic, M. Coldea, S. Mendiratta, M. Valente, V. Pop, M. Neumann, L. Rednic,
m. materials, X-ray photoelectron spectroscopy and magnetism of Mnj _xAlNi
alloys, J. Magn. Magn. Mater. 321 (2009) 3415-3421.

C.Q. Sun, Y. Wang, Y.G. Nie, B.R. Mehta, M. Khanuja, S.M. Shivaprasad, Y. Sun, J.
S. Pan, L.K. Pan, Z. Sun, Interface quantum trap depression and charge polarization
in the CuPd and AgPd bimetallic alloy catalysts, PCCP. 12 (2010) 3131-3135.

H. Saikia, B.J. Borah, Y. Yamada, P. Bharali, Enhanced catalytic activity of CuPd
alloy nanoparticles towards reduction of nitroaromatics and hexavalent chromium,
J. Colloid Interface Sci. 486 (2017) 46-57.

Z.S. Ma, Y. Wang, Y.L. Huang, Z.F. Zhou, Y.C. Zhou, W.T. Zheng, C.Q. Sun, XPS
quantification of the hetero-junction interface energy, Appl. Surf. Sci. 265 (2013)
71-77.

Y.J. Mei, J.L. Chen, Q. Wang, Y.Q. Guo, H.W. Liu, W.H. Shi, C. Lin, Y.F. Yuan, Y.
H. Wang, B.Y. Xia, Y.G. Yao, MoZn-based high entropy alloy catalysts enabled dual
activation and stabilization in alkaline oxygen evolution, Sci. Adv. 10 (2024)
6758-6770.

Y.T. Wang, W. Zhou, R.R. Jia, Y.F. Yu, B. Zhang, Unveiling the Activity Origin of a
copper-based electrocatalyst for selective nitrate reduction to Ammonia, Angew.
Chem. Int. Ed. Chem. 59 (2020) 5350-5354.

A.R. Bredar, A.L. Chown, A.R. Burton, B.H. Farnum, Electrochemical impedance
spectroscopy of metal oxide electrodes for energy applications, ACS Appl. Energy
Mater. 3 (2020) 66-98.

Z.W. Seh, J. Kibsgaard, C.F. Dickens, I. Chorkendorff, J.K. Ngrskov, T.F. Jaramillo,
Combining theory and experiment in electrocatalysis: Insights into materials
design, Sci. 355 (2017) 4998-5012.

Y.C. Xiong, Y.H. Wang, J.W. Zhou, F. Liu, F.K. Hao, Z.X. Fan, Electrochemical
nitrate reduction: ammonia synthesis and the beyond, Adv. Mater. 36 (2024)
2304021-2304052.


http://refhub.elsevier.com/S0169-4332(25)00983-3/h0030
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0030
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0030
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0035
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0035
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0035
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0040
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0040
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0040
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0045
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0045
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0045
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0045
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0050
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0050
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0050
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0050
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0055
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0055
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0055
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0060
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0060
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0060
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0060
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0065
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0065
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0065
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0070
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0070
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0070
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0075
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0075
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0075
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0080
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0080
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0080
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0080
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0085
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0085
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0085
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0090
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0090
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0090
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0090
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0100
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0100
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0105
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0105
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0110
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0110
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0110
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0115
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0115
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0115
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0115
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0120
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0120
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0125
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0125
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0125
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0130
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0130
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0135
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0135
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0135
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0135
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0140
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0140
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0145
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0145
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0145
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0150
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0150
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0150
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0150
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0155
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0155
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0155
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0160
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0160
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0160
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0160
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0165
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0165
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0170
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0170
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0170
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0175
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0175
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0175
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0190
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0190
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0190
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0195
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0195
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0195
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0200
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0200
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0200
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0205
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0205
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0205
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0205
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0210
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0210
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0210
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0215
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0215
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0215
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0220
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0220
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0220
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0225
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0225
http://refhub.elsevier.com/S0169-4332(25)00983-3/h0225

	Unveiling the heterogeneous structure of FeCoNiPdCu High-Entropy Alloy: A case study on electrochemical nitrate reduction
	1 Introduction
	2 Results and discussion
	3 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Appendix A Supplementary data
	Data availability
	REFERENCES


