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ABSTRACT: Plastic pollution has become a global issue due to improper management of plastic waste, posing a significant
environmental burden. Microplastic pollution is also widely recognized as a health hazard, and there is an urgent need to develop
methods to upcycle plastic waste into value-added chemicals and precursors. Among upcycling approaches, electrocatalytic
upcycling is gaining attention as a key technology for converting waste plastics, such as polyethylene terephthalate, polyethylene,
and polystyrene, into value-added chemicals and fuels. High-entropy alloy (HEA) nanostructures are an emerging class of
nanomaterials with five or more elements in near-equimolar ratios, which support catalytic oxidation of complex reactions
involving plastic hydrolysate. In this review, we first focused on high-entropy alloy nanostructures that have been employed as
electrocatalysts for the oxidation of plastic hydrolysate derived from various plastic wastes. We have specifically highlighted the
product selectivity and conversion efficiency attained due to the availability of multi-metal HEA nanostructures. The influence of
HEA dimensionality, size, and multi-site synergism on the electrocatalysis of plastic waste hydrolysates, including ethylene glycol,
lactic acid, and glycolic acid, is discussed in detail. The stability aspects of HEA nanostructures, along with their performance in
lab-scale test setups such as H-Cell and flow cell, are summarized. This review also outlines the challenges that need to be
addressed to further develop active, stable HEAs and presents the future prospects of the electrocatalytic upcycling process for
wide-scale adoption.

KEYWORDS: high-entropy alloy catalysts, multimetallic components, green hydrogen, plastic waste upcycling, value-added
products, sustainability.
1. Introduction

The global issue of plastic waste has reached a
critical point. over 400 million metric tons are produced
annually, yet less than 10% is recycled worldwide.[1-3]
Traditional mechanical recycling is limited to a few
types of plastics, mainly polyethylene terephthalate
(PET) and high-density polyethylene (HDPE) bottles,
which together account for less than 12% of post-
consumer waste. Moreover, these methods often lead to
"downcycling,” in which the material's quality
diminishes over time, eventually necessitating disposal
methods such as landfilling or incineration.[4,5] Plastic
waste upcycling has emerged as a promising research
field aimed at overcoming these challenges by
transforming discarded materials into products with
greater value or functionality.[6-8] The research values
of plastic upcycling are defined by several key economic,
environmental, and technological pillars.[9,10]
Upcycling generates high-value products, such as

catalysis by integrating five or more metallic elements to
form a "universal catalyst" framework with almost limitless
design potential.[22-24] Their technological importance is
anchored in the four core effects (i) high configurational
entropy (ii) significant lattice distortion (iii) slow diffusion,
and (iv) the synergistic "cocktail effect,” which together
stabilize durable single-phase solid solutions and create
distinctive local electronic  structures.[25-27]  This
complexity enables HEAs to overcome the linear scaling
relationships that limit traditional catalysts by providing a
varied surface landscape where different reaction
intermediates can bind independently to their optimal
sites.[25-27] As a result, HEAs facilitate highly efficient and
selective pathways for complex multi-electron reactions
such as carbon dioxide reduction (CO2RR), nitrogen
reduction (NRR), and water splitting.[28-30] Additionally,
the slow diffusion effect ensures remarkable long-term
durability against leaching and particle coarsening in
challenging industrial settings, while their compositional

impurity-free polymers, synthetic fuels, and industrial
raw materials.[11] Upcycling systems using electro,[12-
17] photo,[18-20] and photoelectrocatalytic[21]
approaches are more favorable than incineration, with
research indicating a 69-75% reduction in greenhouse
gas (GHG) emissions.[21] Research efforts now focus on
navigating the "chemical toolbox" to optimize structure-
activity-selectivity relationships, often utilizing machine
learning and process optimization to scale these
solutions for industrial adoption.

HEAs represent a revolutionary shift in heterogeneous

adaptability allows for a significant reduction in the use of
costly noble metals without compromising catalytic
performance. The dimensionality of HEA nanomaterials
plays a pivotal role in determining their electrocatalytic
efficiency.[31-34] Transitioning from bulk materials to zero-
dimensional (0D) nanoparticles, one-dimensional (1D)
nanowires, or three-dimensional (3D) porous structures

markedly enhances the surface-to-volume ratio and
increases the density of active sites available for
catalysis.[31,32] Certain morphologies, such as

subnanometer nanowires or nanoporous networks, further
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enhance performance by facilitating mass and charge
transport and providing short diffusion pathways for
reaction intermediates.[35-37] In high-entropy alloy (HEA)
nanostructures, the catalytic efficiency is determined by
both specific elements for reactions and common structural
attributes. For ethylene glycol oxidation, platinum (Pt) and
palladium (Pd) are the main active sites, while secondary
elements such as iron (Fe), cobalt (Co), nickel (Ni), and
manganese (Mn) require a face-centered cubic (FCC)
structure and a flocculent or branched morphology.[38] In
contrast, for the oxidation of lactic and glycolic acids, copper
(Cu) and nickel (Ni) are the primary active sites, effectively
interacting with oxygen-containing monomers. Disordered
FCC/BCC phases, nanoscale morphology, and diverse local
atomic environments result in unique active site
distributions that transcend traditional scaling relations,
thereby enabling superior multi-reaction catalysis.[38] The
appropriate dimensionality is determined by the nature of
the reaction: 0D or 1D configurations are ideal for EGOR and
lactic acid oxidation processes, 2D configurations are best
suited for oxidations sensitive to surface interactions, and
three-dimensional configurations are essential for systems
that produce hydrogen in tandem with multiple concurrent
reactions.[39]

Electrocatalytic methods for upcycling plastic waste are
favored over conventional techniques because they function
under mild conditions, such as ambient temperature and
pressure, and utilize eco-friendly renewable energy sources
like solar and wind. This approach also boasts significantly
higher energy efficiency by employing coupled anodic-
cathodic reactions that generate valuable chemicals at both
electrodes.[40] Electrocatalysis achieves high
transformation efficiency and selective product formation by
allowing precise control over chemical reactions through
potential, current density, and catalyst design. This process
converts plastic waste into high-value-added chemicals, such
as acetic acid and terephthalic acid, instead of low-value
fuels or wuncontrolled degradation products.[41-43]
Furthermore, unlike mechanical recycling, which requires
high purity and complex pre/post-treatments,
electrocatalytic upcycling can handle less purified feedstocks
when combined with chemical depolymerization. This
makes it a sustainable and promising method for directly
converting waste plastics into valuable chemicals with low
energy consumption. Electrocatalysis for plastic waste
upcycling utilizes electrical energy to break down polymer
chains into valuable chemicals and fuels, such as hydrogen
(Hz), formate, glycolic acid (GA), and acetate (Fig. 1). HEAs
and their derivatives play a crucial role in this area by
providing efficient, stable, and cost-effective electrode
materials that can manage the complex, multi-step reactions
involved in polymer degradation.[44-46] The effectiveness
of HEAs in electrocatalytic upcycling is attributed to their
high configurational entropy and significant lattice
distortion, which result in a heterogeneous surface with a
nearly continuous range of adsorption energies.[47,48] In
multi-electron processes such as plastic oxidation, HEAs can
separate reaction intermediates (e.g., *CO, *CHO) that are
usually bound on pure metal surfaces, enabling the reaction
to approach its theoretical maximum activity.[49,50] The
"cocktail effect" allows different elements within the HEA to
perform specific roles simultaneously - one element may aid
in water dissociation while adjacent sites stabilize
intermediates derived from plastics.[51,52] Research using

the high entropy oxide TiZrHfTaNbO has shown superior
activity compared to benchmark TiO: for converting PET
bottles and microplastics into Hz, terephthalate, ethylene
glycol (EG), and formic acid (FA).[53] High-entropy metal
tungstates (e.g., FeCoNiCuZnWO0,) have been demonstrated
to significantly improve the selectivity and production rate
of acetic acid from plastic waste by adjusting the energy
band structure and d-band center.[54] HEAs offer a robust,
corrosion-resistant platform that withstands the harsh
electrolytes used in electrochemical recycling. They
represent a shift from trial-and-error alloying to data-guided
catalyst discovery, providing a scalable path toward a
circular economy where plastic waste serves as a feedstock
for green H; and premium industrial chemicals.
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Fig. 1 High ént}opy nanoalloy catalysts used in the
context of the electrocatalytic plastic waste upcycling
process.

Plastics suitable for hydrolysis are exclusively polyesters
containing hydrolyzable ester bonds (-COO-), such as PET,
which depolymerizes into terephthalic acid and ethylene
glycol; PLA, which converts into acetic acid; PBS, which
yields succinic acid and 1,4-butanediol; and PGA, which
hydrolyzes into glycolic acid. In contrast, polymers such as
PE, PP, and PS are inherently difficult to depolymerize due to
their inert C-C backbones, which resist both hydrolysis and
electrochemical activation. It is crucial to include both
categories of high-entropy alloys viz., noble-metal HEAs
(based on Au, Pt, Ni) exhibit superior activity and selectivity
for complex transformations, whereas noble-metal-free
HEAs (based on Cu, Fe, Co, Ni, Zn) offer scalability and cost-
effectiveness. Only water-soluble monomer fragments have
been demonstrated for electrocatalytic transformation using
HEA nanomaterials. Therefore, this review only focuses on
plastic  waste  amenable to  pre-hydrolysis  or
depolymerization to form water-soluble monomers. The
following section presents a condensed review of
dimensionally varied HEA nanomaterials developed for
upcycling of hydrolysable plastic waste via an
electrocatalytic approach.

2. 0D High entropy alloy nanomaterials

0D HEA materials are composed of several
(normally five or more) main elements mixed in almost
equal atomic proportions. At the atomic level, they form
distinctive structures and their 0D nature refers to
forms like nanoparticles or quantum dots. Their high
entropy and atomic complexity work together to give
them excellent properties, such as great strength,
stability, and the capability to perform better in a wide
range of applications.[55,56] For instance, Chen et al
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designed a highly dispersed PtBiCoAgSn electrocatalyst
to effectively convert waste plastic-derived EG into
valuable chemicals, such as GA.[57] Conventional Pt
catalysts are often limited by their high cost and rapid
deactivation. In contrast, this innovative multi-
component alloy (MCA) design capitalizes on the
synergistic interactions among five elements (Pt, Bi, Co,
Ag, and Sn) with diverse atomic sizes and
electronegativities.[57] The material is distinguished by
a heterogeneous structure, where a Pt-based MCA phase
coexists with AgSn alloy and Bi;03 phases, resulting in
lattice mismatches that are pivotal to its superior
catalytic performance. The MCA-PtBiCoAgSn catalyst is
characterized by its highly dispersed 0D spherical
nanoparticles, averaging 5.72%#2.93 nm in size, and
following an approximately Gaussian distribution. This
small particle size and extensive dispersion on the
carbon support are pivotal in disrupting contiguous Pt-
Pt bonds, thereby promoting the selective oxidation of
EG through the C2 pathway.[57] Moreover, the catalyst
exhibits notable lattice mismatches, with spacings
between 0.233 and 0.279 nm, and significant lattice
distortion due to the varied atomic sizes of its five
constituent elements: Pt, Bi, Co, Ag, and Sn (Fig. 2A).
These structural and dimensional characteristics induce
electronic modulation that alters the d-band center of Pt,
increases the exposure of active sites, and fosters a
synergistic interaction that significantly enhances mass
activity and tolerance to CO poisoning.
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Fig. 2 Diagram showing the preparation of highly-dispersed
(A) carbon-supported PtBiCoAgSn MCA catalyst for EGOR
reaction. (B-E) TEM image, the size distribution, HR-TEM
image, and elemental mapping of Ir-PdPtAuNiCu HEANSs for
EGOR reaction. Reproduced with permission from ref.[57,58]
Copyright 2025 MDPI and 2025 RSC.

The MCA-PtBiCoAgSn catalyst displays exceptional
electrochemical activity, achieving a mass activity for
the EGOR of 16.65 Amg;!, which is eightfold greater
than that of commercial Pt/C.[57] This enhanced
performance is due to electronic modulation at the
atomic interfaces, which shifts the d-band center of Pt
and lowers the activation potential by 110 mV
compared to standard catalysts. Moreover, the catalyst
shows improved resistance to poisoning, as the Bi,03
phase produces surface hydroxyl (-OH) species that
efficiently oxidize and eliminate CO-like intermediates
from active Pt sites. Despite surface reconstruction and
elemental leaching during extended operation, the
material retains excellent stability and regenerative
capability over 19 hours of cumulative testing. A key
finding of the study is the catalyst's capacity to guide the
reaction pathway toward high-value C2 products rather
than undesirable C1 byproducts such as FA. The multi-
component alloying effectively disrupts contiguous Pt-
Pt bonds, promoting a preferential C2 pathway, as
confirmed through in-situ electrochemical infrared
spectroscopy. This structural modulation results in a
Faradaic efficiency (FE) for GA of up to 91% at a low
potential of 0.5 V vs. RHE.[57] Ultimately, the study
concludes that precise modulation of the electronic and
physical structure of MCAs offers a robust and selective
strategy for the economical upcycling of organic small
molecules.

Afterward, Zheng et al. synthesized small, highly
dispersed PdPtAuNiCu and Ir-doped PdPtAuNiCu high-
entropy alloy nanoparticles (HEANs) via a wet-chemical
method to enhance the efficiency of EGOR.[58] This
advancement addresses the demand for sustainable
strategies to upcycle polyethylene terephthalate (PET)
plastic waste into commodity chemicals such as
glycolate (GA) and Hz. Unlike conventional platinum or
palladium catalysts, which are prone to rapid
deactivation by carbonyl intermediates, these HEANs
employ multisite synergy, with the content of each
element precisely balanced to optimize the electronic
structure and improve stability. The catalysts are
characterized by a 0D spherical nanoparticle shape with
a highly uniform and small-sized distribution of 5.45 nm
for the Ir-doped version and 5.50 nm for the undoped
version Fig. 2B-E.[58] This ultrasmall size and high
dispersion are critical to the catalyst's performance as
they provide a large electrochemical surface area,
maximizing the exposure of active sites and achieving a
high level of atomic economy. Additionally, the well-
defined spherical morphology and uniform size
contribute to the catalyst's structural stability,
preventing significant agglomeration even after 1200
hours of continuous high-current electrolysis.[58] This
Ir-doped PdPtAuNiCu HEANs exhibit remarkable
catalytic performance, achieving a mass activity of 2.41
A mg~! at 0.724 V (vs. RHE) and a glycolate FE of 88.8%.
In practical applications, a membrane-free flow
electrolyzer utilizing this bifunctional catalyst attained
an industrial-level current density exceeding 300 mA
cm~? and maintained ultra-stable operation for over
1200 hours without any current decline. This level of
durability significantly surpasses commercial Pt/C and
Pd/C benchmarks, which often deactivate within an
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hour due to the accumulation of toxic intermediates on
their active sites. The superior performance is
attributed to the intricate interaction among the various
metallic components and the specific role of the Ir
dopant. The oxophilic elements, such as Ni and Au, along
with oxidized metal sites, facilitate the activation of
water to generate hydroxyl species (OHad), which
effectively remove poisoning CO intermediates from the
catalyst surface.[58] Furthermore, the incorporation of
iridium induces tensile strain and electronic
perturbations that shift the d-band center of the active
sites, thereby enhancing reaction kinetics and CO-
stripping capacity. The solar-driven EGOR represents a
sustainable approach for converting PET plastic waste
into commodity chemicals and green H:. This process
utilizes a custom-designed, membrane-free flow
electrolyzer powered by an approximately 2.0 V solar
panel.[58] Zheng et al,, have reported the application of
bifunctional Ir-doped and undoped PdPtAuNiCu HEANs
as the anode and cathode, respectively, and is supplied
with crude EG obtained from the alkaline hydrolysis of
end-of-life PET. During a three-day outdoor trial, the
setup demonstrated effective operation across varying
light intensities, achieving peak productivity of 0.146
mmol h™ for glycolate and 0.109 mmol h™ for H; at a
solar irradiance of 1078.1 W m. This methodology
offers a viable paradigm for storing intermittent
renewable energy in value-added chemicals while
concurrently addressing the environmental challenge of
plastic waste management.[58]

3. 1D High entropy alloy nanomaterials

1D HEA nanomaterials are nanostructures where the
components of high entropy alloys are arranged in a 1D
manner for example nanowires, nanotubes, or nanorods.
These materials, composed of multiple elements in almost
equal proportions, show unique mechanical, electrical, and
thermal properties because of their complex atomic
structure and high surface area. Such materials are very
promising for energy, environment, healthcare, and industry
allowing new technologies and solving problems in a variety
of fields including catalysis, energy, optoelectronics, sensors,
etc.[59-61] For  example, Ll1lo -PtirFeMoBi  HEA
intermetallic catalyst comprises nanoparticles with an
average diameter of approximately 3.95 + 1.38 nm were
reported by Hao et al[62] These nanoparticles are
synthesized in-situ and anchored within 1D electrospun
carbon nanofibers (CNFs), which provide a porous confined
space that prevents nanoparticle aggregation and corrosion.
3D tomography reconstruction confirms that the L1lo -
(PtIr)(FeMoBi) nanoparticles are uniformly and densely
dispersed throughout the interior and on the surface of
these nanofibers. The CNF substrate itself exhibits a highly
porous structure (with a measured porosity of 0.212),
facilitating efficient ion-electron transport channels and
expanding the active interface for catalytic reactions. The
catalytic mechanism for upgrading waste plastics is centered
on a multi-site synergistic effect enabled by the long-range
ordered L1o structure (Fig. 3A-C).[62] In this configuration,
carbonophilic Pt/Ir atomic columns serve as the primary
binding sites for EG adsorption, while the oxophilic
Fe/Mo/Bi columns facilitate the adsorption of hydroxyl (*OH)
species. This alternating atomic configuration suppresses
the competitive adsorption typically observed in
conventional alloys, enabling balanced co-adsorption of EG
and OH. Besides, the diluted Pt sites within the L1, -

PtIrFeMoBi lattice effectively inhibit C-C bond cleavage,
ensuring that the reaction primarily follows a C2 pathway to
produce GA rather than C1 byproducts.[62] Density
Functional Theory (DFT) studies reported in [62] indicate
that this synergy significantly reduces the energy barrier to
the rate-determining step, the conversion of CH OH-CO
intermediates into GA. In terms of performance, the
PtIrFeMoBi catalyst exhibits a remarkable mass activity of
520 A , which is Considerably higher than that of
commercial Pt/C (1.4 A mgPt , ) and traditional HEA solid
solutions.[62] It achieves an exceptional FE of 95% for GA
production, representing the most active electrocatalyst
reported for selective GA synthesis. The catalyst exhibits
superior stability, maintaining current density, morphology,
and high FE for at least 30 hours, while commercial Pt/C
rapidly declines due to intermediate poisoning. When
integrated into a full electrochemical cell for EGOR-assisted
H: production, the system requires only 0.48 V to reach 10
mA cm?, underscoring its potential for energy-efficient
plastic upcycling.[62]
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Fig. 3 (A) Structure of the monometal, intermetallic,
conventional HEA, and the long-range ordered HEIL
Proposed EGOR mechanism for (B) conventional HEA
and (C) long-range ordered HEI. (D) Display for the
synthesis of HEA-AuCuAgPtNi nanowires for LAOR
process. Reproduced with permission from ref.[62,63]
Copyright 2024 Wiley and 2026 RSC.

Geng et al, synthesized HEA-AuCuAgPtNi
nanowires through a straightforward, one-step wet
chemical process. These catalysts exhibit a distinctive
morphology characterized by interconnected nanowires
with an average diameter of approximately 2.1 nm and
extended lengths exceeding 1.0 mm (Fig. 3D).[63] A
critical attribute of these high-entropy alloy nanowires
is their defect-enriched structure, which includes grain
boundaries, twin boundaries, vacancy defects, and
atomic steps. These structural defects, coupled with the
multisite synergism inherent in the five-element system
(Au, Cu, Ag, Pt, and Ni), induce lattice strain and
modulate the electronic configuration. This modulation
enhances charge-transfer dynamics and improves mass-
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transfer efficiency by providing a high density of
accessible, catalytically active sites. In performance
testing within a three-electrode electrochemical system,
the HEA-AuCuAgPtNi  nanowires demonstrated
exceptional electrocatalytic activity for the lactic acid
(LA) oxidation reaction (LAOR).[63] The catalyst
achieved a remarkable acetic acid yield of 115 mmol h™*
mg~?, with 96.41% selectivity and 90.72% FE at 1.50 V
vs. RHE. Compared to quaternary (AuCuAgNi, AuCuAgPt)
and bimetallic (PtNi, AuPt) systems, the HEA nanowires
exhibited significantly superior kinetics, as evidenced by
a lower Tafel slope of 59.78 mV dec! and a larger
electrochemical active surface area (ECSA) of 2.4 mF cm
2[63] Furthermore, the catalyst demonstrated high
stability, maintaining its morphology and performance
over 2,000 cycles and 10 hours of continuous operation,
effectively converting polylactic acid plastic hydrolysate
into high-value acetic acid. The proposed mechanistic
pathway for converting LA to acetic acid involves a two-
step process: initially, LA undergoes dehydrogenation
on the catalyst surface to form pyruvic acid;
subsequently, pyruvic acid is selectively oxidized,
retaining its C-C bond while the carbonyl group is
converted to a carboxyl group to yield acetic acid and
CO2.[63] DFT calculations reported in the above work
reveal that this efficiency is driven by multisite
synergism, where orbital overlaps between the five
metals create multiple active sites and optimize the d-
band electronic configuration for intermediate
adsorption. To enhance economic viability, the study
integrated the catalyst into a dual-function flow
electrolyzer coupling anodic LAOR with the cathodic H:
evolution reaction (HER). This integrated system
operated at a significantly lower voltage than
conventional water splitting, resulting in an 11.2% gain
in energy efficiency while simultaneously producing
high-purity H. with nearly 100% FE.[63]

A phosphorus-doped high-entropy carbide (P-HEC)
catalyst, which is supported on electrospun carbon
nanofibers (CNFs), by employing a combined
electrospinning and graphitization technique at a
temperature of 1000°C was prepared by Xiang and
coworkers.[64] The resulting structure features
randomly arranged nanofibers, each with a diameter
ranging from 100 to 300 nm, which are embedded with
densely and uniformly distributed P-HEC nanoparticles
averaging 3.51 nm in size. The introduction of
phosphorus is crucial in enhancing the catalyst's
properties by generating localized electronic states that
reinforce the interaction between the nanoparticles and
the CNF substrate, thereby mitigating particle
aggregation. Additionally, the inclusion of elements such
as Fe, Co, Mn, Mo, Ni, and P alters the local electron
distribution, creating an electron-deficient environment
that improves EG adsorption and optimizes the
electronic structure for better selectivity.[64] The
mechanistic pathways of the EGOR on P-HEC/CNFs
were elucidated using in-situ Raman spectroscopy and
controlled electrochemical experiments, which
identified nickel (Ni) as the primary active site. The
reaction commences with the formation of high-valent
Ni3* species on the catalyst surface, which act as the
main active sites. These sites promote the spontaneous
dehydrogenation of EG, leading to the formation of an

alkoxy intermediate, which is then oxidized into a
glyoxal-like compound. The final step involves cleaving
the C=C bond in this intermediate to produce FA.
Concurrently, GA is generated via a Cannizzaro reaction
using desorbed glyoxal. Performance evaluation in a
three-electrode electrochemical cell revealed that the P-
HEC/CNFs exhibit high efficiency in reforming PET-
derived EG. The catalyst achieved a current density of
50 mA cm™? at a low overpotential of 179 mV (relative
to the oxygen evolution reaction), demonstrating an
excellent current response for EGOR. It reached a peak
FE of 89.25% for FA and a high yield rate of 136.46
mmol h™ mg'.[64] Furthermore, the catalyst
demonstrated exceptional electrochemical stability,
maintaining its initial morphology and nanofiber
network structure for 40 hours of continuous operation,
with only minor fluctuations in current density.

4. 2D High entropy alloy nanomaterials

2D HEA nanomaterials refer to multi-element
nanoscale materials in which the concentration of the
constituent elements is almost equal. These are typically
fabricated as thin films, nanosheets, or graphene-like layers.
Due to their atomic-level complexity and large surface area,
they exhibit unique properties that can significantly enhance
performance in key applications such as catalysis, energy
storage, and sensing.[65-68] Recently, Wang and coworkers
developed turing HEA PdPtCuNiAg MARs, which are 2D,
ultrathin metallene arrays featuring a periodic turing
structure, synthesized in-situ on nickel foam. This self-
assembled high-entropy alloy nanocrystals exhibited an
average diameter of 2.0 nm, forming an ordered
configuration that offers a high density of exposed active
sites and a significant specific surface area (Fig. 4A).[69] The
catalyst's properties are defined by the high-entropy
configuration of five elements (Pd, Pt, Cu, Ni, Ag), which
induces microstrain due to atomic-size discrepancies. This
effect, along with electronic interactions among the metals,
shifts the surface d-band centre, allowing precise tuning of
intermediate adsorption strengths to prevent surface
poisoning and lowering the energy barrier for the rate-
determining step.
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upgrading way of PET wastes and industrial wastewater
to GA and NHs. Reproduced with permission from
ref.[69] Copyright 2025 ACS.

The mechanistic pathways for dual-waste upcycling
were elucidated using in-situ FTIR and DFT calculations
presented in this study, demonstrating that the catalyst
follows a C2 pathway for the EGOR.[69] Unlike many
catalysts that cleave C-C bonds to produce CO,, this HEA
catalyst selectively oxidizes the hydroxyl group to form GA
through a crucial *OC-CH.0OH intermediate, thereby avoiding
over-oxidation. In the nitrate reduction reaction (NOsRR),
the catalyst operates via an NHO pathway, in which NO3z
undergoes stepwise deoxygenation and protonation to yield
ammonia (NHs). This process is enhanced by the synergistic
role of multimetallic sites: Platinum (Pt) serves as the
primary active site for EGOR, Palladium (Pd) for NO3RR, and
Nickel (Ni) aids in H,O dissociation to supply necessary *H
radicals.[69] In a standard three-electrode electrochemical
cell, the catalyst exhibited superior kinetics, achieving a
current density of 100 mA cm for EGOR at merely 0.67 V,
which is 1.1 V lower than the oxygen evolution reaction
potential. Performance analysis of a customized two-
electrode membrane-electrode assembly (MEA) flow
electrolyzer revealed that the coupled system (anodic PET
hydrolysate oxidation and cathodic NO3RR) achieved a high
current density of 400 mA cm? at a low voltage of 1.18 V.
The system demonstrated remarkable FEs for both products
(FE-GA > 95.8% and FE-NHz > 93.4%) and maintained
exceptional stability over 120 hours of continuous operation
(Fig. 4B).[69] This efficiency enables the simultaneous
upcycling of PET plastic and nitrate wastewater into high-
purity value-added chemicals, including GA and NH4Cl.

The PdPtRhFeCuMo high-entropy multimetallic ribbons
(HMRs) are synthesized using a one-step solvothermal
approach, resulting in an atomically thin, 2D nanoribbon
structure with a thickness of approximately 0.7 nm. This
unique morphology offers a high surface-area-to-volume
ratio and extensive exposure of active sites, which are
crucial for enhancing electrocatalytic efficiency.[70] As a
high-entropy alloy, the catalyst benefits from a multimetallic
synergistic effect and the "cocktail effect,” which improve its
electronic conductivity and stability. Remarkably, the
PdPtRhFeCuMo HMRs display a larger electrochemical active
surface area (43.7 mF cm?) compared to bimetallic
alternatives and exhibit excellent resistance to CO poisoning,
a common issue that typically degrades noble-metal
catalysts during alcohol oxidation.[70] Mechanistically, the
multimetallic synergy of the PdPtRhFeCuMo HMRs
modulates the electronic structure by causing an upshift of
the Pd d-band centers toward the Fermi level. This shift
enhances the adsorption of EG and key reaction
intermediates, such as 2-hydroxyacetyl (*OC-CH20H), which
is identified as the essential precursor for converting EG to
GA. DFT calculations provided in literature [70] reveal that
the rate-determining step is the final deprotonation process
(*OCH-CH20H - *0OC-CH:0H).[70] The high-entropy
structure effectively reduces the reaction energy barrier for
this step to 1.11 eV, significantly improving the selective
conversion of EG into GA while suppressing C-C bond
cleavage that would otherwise lead to low-value C1 by-
products. In performance analysis, the PAPtRhFeCuMo HMRs
achieve a high current density of 180 mA cm? at a low
potential of 0.9 V in a three-electrode system, with a peak FE

of 96.81% for GA production (Fig. 5A).[70] When integrated
into a two-electrode H-type electrolytic cell for PET electro-
reforming, the catalyst functions as a bifunctional electrode
for the co-production of GA and green H,. At an operating
voltage of 1.5 V, the system maintains high FEs of 94.97% for
GA and 98.83% for H: demonstrating superior activity
compared to conventional OER systems. Furthermore,
techno-economic analysis indicates that this process is
industrially viable, offering a gross profit margin of 20.6%
for the upcycling of waste PET plastic into high-value
chemicals.[70]
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Fig 5. (A) Illustration of PdPtRhFeCuMo HMRs-based EGOR
process and (B) turing HEA-PdPtCuNiBiene-based GAOR
process. Reproduced with permission from ref.[70,71]
Copyright 2025 and 2026, Elsevier.

An ultrathin, turing-structured PdPtCuNiBi HEA
metallene (turing HEA-PdPtCuNiBiene) has been reported
by Xiao et al. via a CO-induced self-assembly process at gas-
liquid interfaces.[71] This 2D catalyst, measuring
approximately 1.7 nm in thickness, is characterized by its
intricate morphology, comprising spatially organized
nanocrystals and channel-like patterns that result in a high
density of electrochemically accessible active sites. The
unique properties of this material stem from its high-
entropy composition, which includes significant lattice strain
with alternating compressive and tensile regions, as well as
notable p-d orbital hybridization. This electronic
configuration leads to a downward shift in the Pd d-band
center, optimizing the adsorption strength of oxygenated
intermediates and enhancing catalytic activity.[71] The
catalyst's mechanistic pathways facilitate both the EGOR and
HER. In the EGOR, the presence of Bi is pivotal for stabilizing
key intermediates and directing the reaction towards GA
production. This stabilization, coupled with a reinforced C-C
bond, effectively suppresses undesirable C-C cleavage
pathways that yield low-value C1 byproducts such as FA.[71]
For the HER, the synergy of multiple elements and lattice
distortions reduces the energy barrier to water dissociation
and optimizes the free energy of H; adsorption, thereby
accelerating reaction Kkinetics via the Volmer-Heyrovsky
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mechanism. Performance analysis in an electrochemical cell
revealed that the catalyst achieves an impressive FE of 96%
for GA production at 0.9 V vs. RHE and a low HER
overpotential of only 39 mV at 10 mA cm? (Fig. 5B).[71]
When scaled to a two-electrode MEA flow electrolyzer, the
system combined PET hydrolysate oxidation with H:
evolution, achieving a current density of 120 mA cm™ at a
cell voltage of just 0.82 V. This integrated approach reduced
energy consumption by 67% compared to conventional
water electrolysis. The reactor demonstrated remarkable
durability, maintaining structural integrity and high
efficiency for over 80 hours of continuous operation,
underscoring its potential for sustainable upcycling of plastic
waste and cost-effective H, production.[71]

The study by Wang and coauthors reported HEA-
PdPtSnBiAgene, a high-entropy alloy catalyst synthesized via
solvothermal synthesis. This catalyst exhibits a distinctive
2D ultrathin nanosheet morphology, also referred to as
"metallene," induced by in-situ-generated CO during
synthesis, thereby inhibiting growth along the (111)
direction. This structural configuration offers a substantial
surface area with numerous uncoordinated metal sites and
enhanced conductivity.[72] The catalyst exhibited a single-
phase solid-solution structure, marked by significant lattice
distortion and robust p-d orbital hybridization. These
attributes result in a synergistic electronic effect that is
crucial for optimizing the adsorption behavior of reaction
intermediates.[72]  Performance evaluation in an
electrochemical cell reveals that HEA-PdPtSnBiAgene is
highly efficient for the selective reforming of PET-derived EG
into GA, achieving a peak FE of 91.8% for GA at 091V,
significantly surpassing pure Pd metallene in both current
density and selectivity. In a two-electrode reactor designed
for the co-production of GA and Hj, the system operates at a
remarkably low potential of 1.11 V, which is 1.74 V lower
than conventional water splitting (Fig. 6A).[72] Moreover,
the catalyst demonstrates excellent cycle stability with
negligible degradation over multiple operations, and techno-
economic analysis indicates a high economic profit margin,
highlighting its potential for industrial-scale plastic
upcycling. The mechanistic pathway for the EG-to-GA
conversion involves a sequential oxidation process, as
confirmed by in-situ electrochemical FTIR, where *adsorbed
EG is deprotonated to form a 2-hydroxyacetyl before
coupling with a hydroxyl group. Theoretical analyses
indicate that the downward shift of the Pd d-band center in
the high-entropy structure facilitates the easy desorption of
GA, preventing over-oxidation.[72] Additionally, the
synergistic electronic effect strengthens the C-C and O-H
bonds of the EG molecules, thereby suppressing C-C bond
cleavage and the subsequent formation of low-value C; by-
products. The potential-determining step is identified as the
initial dehydrogenation of EG, which possesses a reduced
energy barrier of 0.62 eV on the HEA surface, thereby
enhancing the overall reaction kinetics.[72] The m-HEA/NF
catalyst is a high-entropy mesoporous film comprising Pd, Pt,
Au, Ag, and Cu, synthesized on Ni foam via a soft-template-
assisted approach. Structural analysis reveals a consistent
3D interconnected mesoporous architecture with a
significant BET surface area of 72.08 m? g'! and a primary
pore diameter of 48 nm. The catalyst exhibits a single-phase
face-centered cubic (fcc) structure, characterized by atomic-
level strain and lattice expansion resulting from the
integration of multiple metal species (Fig. 6B).[73] These

distinctive catalyst properties, including robust electronic
hybridization and charge redistribution, where Pd, Cu, and
Ag serve as electron donors to Au and Pt, shift the d-band
centers nearer to the Fermi level, thereby optimizing the
adsorption energies of intermediates for both the EGOR and
HER.
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Fig. 6 (A) HEA-PdPtSnBiAgene-based EGOR process for
plastic upcycling. (B) Preparation of m-HEA/NF catalyst for
GAOR process. Reproduced with permission from ref.[72,73]
Copyright 2025, RSC and Wiley.

The study introduces an alternating (ALT) pulse
strategy to address the rapid deactivation commonly
observed in noble-metal catalysts, caused by surface
oxidation and intermediate poisoning.[73] Mechanistically,
the ALT pulse functions through a periodic redox-regulated
cycle: during anodic pulses, EG is oxidized to GA, while
cathodic pulses periodically restore the active metallic sites
by reducing surface metal oxides (MOx — M) and facilitating
HER. In-situ Raman and FTIR spectroscopy confirm that this
switching mechanism effectively prevents the accumulation
of toxic carbonaceous intermediates and regenerates sites
for EG re-adsorption. Theoretical calculations indicate that
the multi-element synergy within the alloy reduces the
energy barrier for the rate-determining step (RDS)-the
dehydrogenation of *OC-CH20H to *GA to merely 0.487 eV,
compared to 0.686 eV for pure Pd.[73] Performance
evaluation in a two-electrode H-cell demonstrates that the
ALT pulse system achieves a 97% FE for GA and nearly
100% for H; at a high current density of 250 mA cm. The
system exhibited remarkable durability, maintaining stable
catalytic activity and its interconnected porous structure for
120 hours. For industrial-scale applications, a membrane-
free flow electrolyzer was developed, delivering a total
current of 2 A and a GA production rate of 15.114 mmol cm™
h't, without cross-reactions between the anodic and cathodic
products. A comprehensive techno-economic analysis
highlights the commercial viability of this approach,
projecting a net revenue of USD 1272.85 per metric ton of
processed PET waste, effectively integrating plastic
valorization with energy-efficient H. production.[73]

5. 3D High entropy alloy nanomaterials
3D geometry is pivotal in electrocatalysis due to its
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influence on the spatial organization of matter at atomic and
mesoscopic scales, which determines the density and
accessibility of active sites, charge transport, and the
diffusion of reactants and products. This significance is
particularly pronounced in architected electrodes,[74]
porous frameworks,[75] and crystalline catalysts with
intricate 3D lattices such as open hollow nanoframes, cages
and 3D ordered macroporous structures. Aerogels and
xerogels also constitutes an important class of 3D structured
materials  explored for technologically important
electrocatalytic reactions.[76] In these systems, geometric
design can enhance catalytic performance by increasing
surface exposure, reducing diffusion pathways, and
improving electronic conductivity. Notable examples of
three-dimensional structures include high-entropy alloys
and ceramics, such as spinel, perovskite, rock-salt, fluorite,
pyrochlore, and bixbyite oxides, as well as carbides, nitrides,
and borides. These materials have garnered attention as
electrocatalysts or catalyst supports for reactions including
oxygen, hydrogen evolution, oxygen reduction, and carbon
dioxide reduction.[77-79] 3D HEA nanomaterials consist of
multiple elements in almost equal molar ratios. These
materials are capable of forming complex microstructures or
hierarchical architectures, e.g., nano-porous, foam-like, or
microstructured forms. The 3D arrangement of these
materials enhances their mechanical, thermal, and
electrochemical properties. As a result, they are very well
suited to a wide range of advanced applications.[80-84] An
interesting  synthesis of rosette-like  high-entropy
NiCoFeMnAlOx nanosheets (r-NCFMAO) through a
straightforward hydrothermal method followed by
annealing on nickel foam has been reported by Xu and
coauthors.[85] This catalyst exhibits a porous,
polycrystalline fcc spinel structure, which generates
substantial interlayer voids, thereby enhancing substance
diffusion and gaseous product evolution (Fig. 7A).[85] The
high-entropy design, incorporating five distinct metal
elements (Ni, Co, Fe, Mn, Al) in approximately equimolar
ratios, increases the configurational entropy and optimizes
the electronic structure through robust multi-element
interactions. These properties confer an exceptionally high
electrochemically active surface area and improved
corrosion resistance, which are essential for maintaining
structural stability in harsh seawater environments during
extended electrolysis. The mechanistic pathways for plastic
degradation, particularly for polyglycolic acid (PGA), involve
the synergistic role of surface-generated OH* species that
reduce  activation energy  barriers.[85] Detailed
spectroscopic analysis using in-situ Raman and EPR revealed
that OH* species are generated at low potentials and are
rapidly consumed to drive the oxidation of organic
intermediates. DFT calculations presented in [85] indicate
that OH* species significantly lower the energy barrier for
the rate-determining step, which involves the cleavage of the
C-C bond in glyoxalate into formate and the subsequent
activation of the C-H bond in formate into CO, / CO5™ .
Importantly, the presence of the organic hydrolysate
suppresses the chlorine oxidation reaction and outcompetes
the oxygen evolution reaction (OER), enabling the catalyst to
prioritize plastic degradation even in high chloride
concentrations.[85] In terms of performance analysis, the r-
NCFMAO catalyst demonstrated superior efficiency in both
three-electrode cells and industrial-scale flow electrolyzers.
In a standard electrochemical cell, the GA oxidation reaction
achieved a current density of 100 mA cm™ at only 1.36 V

versus RHE, saving 190 mV compared to OER. When
integrated into a paired GAOR || HER system, the
electrolyzer reached an industrial-level current density of
1.0 A cm-? at a low cell voltage of 1.96 V in natural alkaline
seawater.[85] The system maintained stable operation for
over 300 hours with 100% substrate conversion and a 90%
CO%‘ yield, ultimately enabling the recovery of 77% of the
carbon as valuable CaCOs. Furthermore, the catalyst
exhibited broad applicability, degrading other plastics such
as PET, PBS, PLA, and PBT with over 80% efficiency while
consuming only ~3.8 kWh m H2, which is lower than that
of conventional water electrolysis (Fig. 7B).[85] Plastic
degradation steps have been done in the simulated process
roadmap displayed in (Fig. 7C) that shows the sequential
stages, main chemical reactions, and key factors affecting the
breakdown of plastics under controlled conditions.[85] The
overall performance summary of high-entropy nanoalloys
for electrocatalytic plastic waste upcycling is shown in Table
S1.
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Fig. 7 (A) Diagram showing the synthesis of r-NCFMAO HEA.
(B) Range of plastics (PET, PBS, PLA, and PBT)
electrocatalytically degraded over r-NCFMAO HEA. (C)
[lustration of the working flow for plastic degradation
paired with Hz evolution. Reproduced with permission from
ref.[85] Copyright 2025, Wiley.

6. Noble metal-free HEAs

HEAs that incorporate earth-abundant, noble metal-free
elements are emerging as viable, cost-efficient, and
sustainable substitutes for traditional noble metal-based
catalysts. These catalysts exploit the principle of high
configurational entropy to create stable solid solutions from
a variety of abundant metals, including iron, cobalt, nickel,
copper, and manganese. Noble metal-free Noble metal free
HEAs are likely to exhibit superior thermal and chemical
stability in harsh environments, which is beneficial for long-
term applications. Replacing scarce and costly noble metals
with more readily available materials could substantially
lower costs and reduce the environmental impact of catalytic
processes.[86]

Although noble metal-free high entropy catalysts exhibit
promising characteristics, they encounter several obstacles
that limit their broader application. Matching the catalytic
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performance of noble metals, especially in small organic
molecule such as methanol, ethanol, ethylene glycol, glycerol
and isopropanol oxidation is challenging due to typically
lower intrinsic activity and selectivity, which requires
precise tuning of composition and surface structures. The
complexity of synthesis is another major concern, as
variations in atomic size, electronic properties, and
reactivity among the elements can cause phase segregation
or inhomogeneity, negatively impacting catalytic
efficiency.[86] Furthermore, non-noble metals are more
susceptible to surface oxidation and catalyst deactivation
under operational conditions, necessitating strategies to
improve surface stability. The intricate atomic environments
in these materials also complicate  mechanistic
understanding, hindering rational design and optimization.
Progress in characterization and computational modeling is
essential to overcoming these challenges and unlocking the
full potential of noble metal-free high entropy catalysts.[87]

Linking HEA effects to electrocatalytic performance
mechanistic framework

The cocktail effect facilitates multi-site synergism,
where adjacent active sites with complementary roles
influence the cleavage or retention of C-C bonds. In EGOR,
HEAs rich in Pt/Pd promote C-C bond cleavage, resulting in
CO; and acetic acid, whereas Cu/Ni-rich HEAs maintain C-C
bonds, producing glycolic acid and lactate. The spacing of
elements within HEAs (0.2-0.5 nm) dictates whether multi-
carbon monomers fragment or retain their chain length.
Lattice distortion (*3% strain) causes d-band modulation,
shifting the d-band center by 0.1-0.3 eV compared to pure
metals, thereby altering the adsorption energies of
intermediates. A downward shift in the d-band weakens CO
binding, reducing poisoning, while an upward shift enhances
C=0 adsorption, favoring oxidation to carboxylic acids. HEAs
with a d-band center at -2.1 eV achieve 90% acetic acid
selectivity from lactic acid, whereas a center at -1.8 eV
results in 70% CO; production. This is influenced by specific
elements. Au/Pt lower the d-band, while Ni/Fe elevate it.
Severe lattice distortion (2-5% atomic-scale strain)
generates heterogeneous binding sites that inhibit uniform
CO/intermediate adsorption. The high-entropy effect
reduces Gibbs free energy by 20-50 KkJ/mol, thereby
suppressing surface segregation during reactions exceeding
100 hours. Experimental evidence indicates that HEAs
maintain less than 5% activity loss after 50 hours, compared
to a 40% loss for PtNi binary alloys. The high-entropy effect
also confers poisoning resistance; as sluggish diffusion
prevents CO accumulation at active sites by a factor of 3-5
compared to conventional alloys. HEAs exhibit 10 times
lower CO coverage at 0.5 V compared to Pt, enabling
sustained ethylene glycol oxidation without deactivation.

7. Summary and perspectives

High-entropy alloy nanomaterials involve alloying
multiple metal components to harness an unprecedented
combination of properties, such as chemical stability,
electrocatalytic activity, and mechanical strength. The
freedom to select metallic compounds and combine them
during synthesis results in a multi-component material with
distinct characteristics that is so far not fully harnessed for
purpose-driven applications such as electrochemical plastic
hydrolysate catalysis. In this context, compositional space
provided by HEA nanomaterials is exciting for the
electrocatalytic community as it offers a credible way to
control the activity, selectivity, and stability for a complex

electrocatalytic process such as plastic hydrolysate catalysis
that demands a group of seemingly incompatible panel of
functionalities. Electrocatalytic plastic waste upcycling is a
technologically important process as it helps in treatment of
plastic waste through formation of value-added chemicals.
Plastic hydrosylate is composed mostly of hydrocarbons and
oxy-hydrocarbons depending on the type of polymer waste
and component present in plastic waste mixture. Due to the
inherent heterogeneity of plastic waste, the electrocatalytic
upcycling process requires a robust electrode capable of
simultaneously oxidizing different hydrocarbons. HEA
nanomaterials can fulfill this specific requirement, as there is
a large compositional and elemental space that can be tuned
during HEA nanomaterial design and synthesis to produce
HEA nanomaterials with desired catalytic functionality and
stability.

The strategy of HEAs can extend beyond PET to
encompass other hydrolyzable polyesters. However, its
application is inherently restricted to polymers that can
undergo depolymerization, rather than being applicable to
all plastic types. The plastics most amenable to this approach
include PET, polylactic acid (PLA), and other hydrolyzable
polyesters such as poly(butylene succinate) (PBS),
poly(butylene adipate-co-terephthalate) (AT), and
polyglycolic acid (PGA). These plastics are suitable due to
the presence of ester or other hydrolyzable bonds in their
structure, which facilitate the initiation of electrocatalytic
valorization through depolymerization into individual
monomers. These monomers are generally water-soluble
and can be processed under mild aqueous electrolysis
conditions. Nonetheless, the HEA strategy encounters a
significant limitation. It is ineffective for the majority of
commercially available plastics, particularly polyethylene
(PE) and polypropylene (PP), which constitute over 60% of
global plastic waste. These polymers possess inert C-C
backbones that resist hydrolysis and electrochemical
activation under mild aqueous conditions, thereby hindering
universal plastic valorization. The current strategy's reliance
on hydrolyzable bonds precludes the direct cleavage of C-
C/C-H bonds in these non-depolymerizable plastics. Future
research must focus on developing catalysts capable of
direct C-C/C-H bond cleavage under mild aqueous
conditions to overcome these solid-state limitations and
facilitate comprehensive plastic upcycling across all major
plastic waste categories.

The reliance on critical metals necessitates a shift
towards high-entropy alloys (HEAs) devoid of noble metals,
such as Cu-Fe-Ni-Co-Zn, Co-Cr-Fe-Mn-Ni, and Fe-Ni-Cu-W-Ru.
These alloys aim to reduce catalyst costs to below $50 per
kilogram, a significant decrease from the current $500-2000
per kilogram for platinum-based catalysts. This involves
minimizing the loading to under 1 mg cm % and
implementing metal recovery loops with efficiencies
exceeding 90%. To address catalyst reconstruction and
leaching, it is essential to quantify metal dissolution,
maintaining levels below 5 ppm/h, stabilize surfaces with 2-
5 nm carbon or nitride coatings, monitor in-situ
reconstruction through XAS/XPS, and ensure activity decay
remains under 10% after 500 hours. Addressing the
tolerance to real plastic additives and impurities requires
testing with actual waste hydrolysates containing 1-5%
additives, such as phthalates, BPA, CI° , and sulfur
compounds. This involves developing HEA sites resistant to
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poisons, with Au-rich sites for CI© and Ni-Fe sites for sulfur,
and integrating pre-treatment processes to remove over
90% of impurities while maintaining more than 80% activity.

The integration of hydrolysis with electrolysis
necessitates the development of one-pot tandem catalysts
capable of performing both depolymerization and
electrocatalysis.  Electro-assisted  hydrolysis  should
accelerate monomer release, allowing direct effluent linking
without purification, and aim for a processing energy target
of less than 2 kWh/kg, compared to the current 5-10
kWh/kg. At the reactor level, benchmarks involve scaling
from laboratory conditions of 10-50 mA cm™ ? to industrial
conditions of 200-500 mA cm” ? in zero-gap or flow-cell
electrolyzers. The future efforts should be aimed at
achieving energy efficiency greater than 60%, compared to
the current 30-40%, with a cell voltage of less than 2.5 V at
300 mA cm” ? durability exceeding 500 hours, and a
production cost of less than $0.8 per kilogram of acetic acid,
making it competitive with fossil-based routes. The current
laboratory state (6-50 hours of electrode stability) should
be improved with a 5-year targets reaching 200-500 hours
and industrial thresholds of over 1000 hours.

The analysis of literature reports summarized in this
review article indicates that most HEA nanomaterials used
for electrocatalytic upcycling contain at least one critical
metal (less abundant due to supply or availability issues),
such as Pt, Pd, Co, Ag, and Au. It is imperative to design and
synthesise catalyst compositions avoiding critical elements
without compromising the activity and stability. The
electrooxidation of monomers derived from plastic
hydrolysis involves intricate multi-electron pathways.
Achieving high selectivity and efficiency necessitates precise
tuning of the catalyst structure, the applied potential, and
the electrolyte environment. There is a persistent need to
enhance HEA catalyst stability during the processing of
complex, real-world plastic feedstock, rather than pure
laboratory samples. The efficacy of electrocatalysis using
HEA nanomaterials is predominantly confined to
hydrolyzable polyesters, such as PET and PLA, rather than to
the more prevalent non-hydrolyzable plastics. New
approaches should be developed to find ways to solubilize
non-hydrolyzable plastics and further to upcycle them using
electrocatalysis. Transitioning from laboratory research to
practical application involves conducting scale-up
experiments and designing electrolyzer components that can
reliably function under industrial conditions (current
densities >500 mA/cm?). A sustained effort to develop HEA
nanomaterials that can meet these demanding requirements
is certainly needed to move this interesting and most
promising technology to next level of development. Further,
developing HEA catalysts capable of direct C-C/C-H bond
cleavage under mild aqueous conditions is required for
universal electrochemical plastic valorization.
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Table S1. Performance of high-entropy nanoalloys for electrocatalytic plastic waste upcycling.

solution

S.No. Catalysts Plastic Substrate Cell Type Carbon Onset/potential @ Product Demonstrated Ref.
Source Balance current density selectivity Stability
and FE
1 Multi-Component alloy Model 1 MKOH + 3-electrode NA 0.36 V vs. RHE GA 1 hour
PtBiCoAgSn catalyst substrate I MEG 16.65 A mg’! 91% [1]
solution
2 Ir-PdPtAuNiCu HEANSs Model 1 M NaOH + 2-electrode NA 0.245 V vs. RHE GA 1200 hours
substrate 0.5M EG electrolysis 2.41 A mg! Pt+Pd! 88.8% [2]
solution
3 L1o-PtIrFeMoBi HEA NPs Model 1 MKOH + H-type cell NA 0.35 Vvs. RHE GA 30 hours
substrate 1 M EG 208.2 mA cm™ 95% [3]
solution
4 HEA-AuCuAgPtNi Model 1 M KOH + 3-electrode NA 1.35 V vs. RHE AA 10 hours
nanowires substrate IMLA 56.2 mA cm™ 90.72% [4]
solution
5 P-HEC NPs Model 1 M KOH + 3-electrode NA 1.28 V vs. RHE FA 40 hours
substrate 24MEG 50 mA cm 89.25% [5]
solution
6 PdPtCu- PET 1 M KOH + Electrolyzer NA 0.40 V vs. RHE GA 120 hours
NiAg MARs PET 400 mA cm? 95.8% [6]
hydrolysate
7 PdPtRhFeCuMo HMRs Model 1 M KOH + H-type cell NA 0.36 V vs. RHE GA 24 hours (12 two [7]
substrate 1 MEG 280 mA c¢m? 96.81% hour cycles)
solution
8 Turing HEA- PET 1 M KOH + Electrolyzer NA 0.28 V vs. RHE GA 30 hours
PdPtCuNiBiene PET cell 400 mA cm? 96% [8]
hydrolysate
9 HEA-PdPtSnBiAg PET 1 MKOH + 2-electrode NA 0.37 V vs. RHE GA 12 hours (6 two
metallene PET electrolysis 210.07 mA cm? 91.8% hour cycles) [9]
hydrolysate
10 m-HEA (Pd-Cu-Au-Ag-Pt) PET 1 M KOH + Electrolyzer NA 0.50 V vs. RHE GA 100 hours of
/NF PET cell 250 mA cm?? 91% alternating pulse [10]
hydrolysate
11 HEA-NiCoFeMnAIOx PET, PLA, 1 M KOH + Electrolyzer 97% 1.20 V vs. RHE GA 300 hours
nanosheets PBS, PBT 1 MGA cell 400 mA cm? 85% [11]
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