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Microplastic reformation in conjunction with the electrochemical hydrogen evolution has merits for

producing value-added chemicals and mitigating environmental pollution. This study presents an

approach for producing green hydrogen by electro-oxidizing PET micro-plastics in conjunction with

alkaline electrolysis, which produces hydrogen gas at the cathode and a valuable chemical, formic acid,

at the anode. In this work, a hierarchically structured NiCe@NiTe heterostructure is deposited on nickel

foam via facile hydrothermal and chemical bath deposition techniques for PET plastic up-cycling at

industrial scale current densities. Owing to the interface synergistic effect, an abundance of catalytically

active sites, and regulated interfacial charge-transfer, the NiCe@NiTe catalyst exhibits superior HER

performance with an overpotential of 243 mV to achieve a 100 mA cm−2 current density. In situ

operando Raman spectroscopy and impedance spectroscopy show the accelerated catalytic oxidation

and abundance of in situ formed NiOOH sites. It enables the oxidation of ethylene glycol (EG) at 1.38 V

vs. RHE at 100 mA cm−2, lowering the anodic potential by 250 mV as compared to oxygen evolution.

With high selectivity, the NiCe@NiTe catalyst facilitates the conversion of EG to formate with a faradaic

efficiency (FE) of 96.5%. Additionally, the FE for hydrogen evolution is more than 93%. The NiCe@NiTe

catalyst shows exceptional stability in PET hydrolysate electrolysis (∼70 h). Overall, these findings suggest

the capability of the NiCe@NiTe catalyst for highly selective and energy-efficient PET upcycling into

value-added chemicals and H2-fuel production at industrial scale current densities.
1 Introduction

Polyethylene terephthalate (PET) plastics, which have
a manufacturing capacity of 70 million tons, are widely used in
producing food plastic lms, beverage bottles, household
appliances, and precision instruments due to their high
ductility and transparency.1,2 Furthermore, PET plastic cannot
be properly broken down in the natural environment due to its
chemical stability.3 Thus, promoting efficient methods to break
down and recycle the increasing amount of waste plastic is
essential. Nowadays, there are many different techniques for
recycling plastic trash, including mechanical recycling, pyrol-
ysis, land lling, catalytic conversion, and chemical
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processes.3–5 Along with chemical breakdown, electrochemical
upcycling has attracted increased attention due to its environ-
mentally benecial qualities, full recovery potential, and
capacity to produce value-added products.6 For example, in
alkaline conditions, polyethylene terephthalate (PET) can
hydrolyse effectively to produce terephthalic acid (TPA) and
ethylene glycol (EG) monomers, which have a lower oxidation
potential.7 Remarkably, electrocatalysis could convert the
common EG monomer into high-value formate/formic acid
compounds. Therefore, electrocatalysis shows promise as an
innovative method for transforming PET hydrolysate into
valuable compounds. Additionally, the hydrogen produced at
the cathode during water electrolysis is a crucial factor that
must be managed to enhance energy efficiency.

Hydrogen is also well known as a sustainable and eco-
friendly energy source that can replace conventional fossil
fuels and help with the global energy and environmental
concerns. A promising method for producing H2 is electro-
chemical water splitting, utilizing alkaline electrolyzers and
renewable energy sources. Electrochemical water splitting
consists of two half reactions: the cathodic hydrogen evolution
reaction (HER) and the anodic oxygen evolution reaction (OER).
However, a signicant barrier is caused by the inherently slow
J. Mater. Chem. A, 2026, 14, 3591–3604 | 3591
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kinetics of the anodic oxygen evolution reaction (OER) because
of its 4-electron transfer reaction (4OH− / O2 + 2H2O + 4e−,
1.23 V vs. the reversible hydrogen electrode (RHE)).8,9 This
greatly hinders widespread use because it not only increases
energy waste but also enhances cost since it depends on noble-
metal-based electrocatalysts. Therefore, the OER could be
replaced using a thermodynamically more advantageous small
molecule, such as urea, EG, formaldehyde, or glycerol, to give
their respective oxidation reaction as an alternative to the
anodic oxygen evolution reaction (OER) mechanism. Notably,
the ethylene glycol (EG) oxidation reaction is highly desirable
because it produces advantageous and environmentally friendly
formate from waste plastic at the anode and effectively forms
hydrogen at the cathode. For example, Wang et al. created high-
performance PtRh0.02@Rh nanowire electrocatalysts that
enabled the production of high-value biomass products with an
ultralow cell voltage of 0.66 V at 10 mA cm−2 current density
using EG as the anodic feedstock to produce H2 from seawater.10

Chen and colleagues used a Pd–Ni(OH)2 electrocatalyst to
upcycle PET plastic in an alkaline environment into tere-
phthalate and glycolate. The electrolyte may be further acidi-
ed, and high-purity glycolic acid and terephthalic acid (TPA)
could be obtained by separation.11 More research is required to
determine the catalytic effectiveness, especially in seawater
conditions.

Therefore, it is very necessary and essential to create effective
non-noble metal bifunctional electrocatalysts to replace noble
metal-based materials for total water splitting and EG oxida-
tion. A signicant amount of work was poured into creating
sustainable and effective TM-based electrocatalysts, e.g., tran-
sition metal-based suldes,12 nitrides,13 phosphides,14,15 and
layered double hydroxides (LDHs).16,17 The transition metals
could be a reasonable alternative to precious metals because of
their tunable electronic structure, low costs, and unlled d-
orbitals that can readily lose or gain electrons. Recent studies
have concentrated a lot of attention on Ni and Ce-based mate-
rials, particularly Ni-based layered double hydroxides, because
of their enormous potential for electrocatalytic applications.
The Ni sites in the LDH structure provide the active sites with
high-valence states, facilitating water electrolysis.18 For
example, Wang and co-authors demonstrated that adding Ce to
CoFe LDH can improve its HER performance in alkaline elec-
trolytes by accelerating electron transport and controlling the
electronic structure.19 Jaramillo's group demonstrated how Ce
doping can improve OER activities by changing the electrical
structure and geometry of host Ni oxide lms.20 In addition,
Duan et al. synthesized the CoNi0.25P electrocatalyst and ach-
ieved EG oxidative conversion to formate with more than 80%
faradaic efficiency.21 Additionally, Gu and colleagues11 devel-
oped Cu-doped Ni-based catalysts and showed outstanding
catalytic performance due to the reconstitution of active species
during the EGOR process.

In this paper, a heterostructure of LDH and transition metal
chalcogenides (NiCe@NiTe) was selected and synthesized by
facile hydrothermal and chemical deposition techniques for
efficient EG and PET upcycling applications. The lanthanide
element cerium has outstanding electronic/ionic conductivity,
3592 | J. Mater. Chem. A, 2026, 14, 3591–3604
good oxygen storage capacity, and reversible surface oxygen ion
exchange due to the exible transition between the Ce3+ and
Ce4+.22–24 Catalysts based on transition metal chalcogenides
have attracted widespread scientic interest because of their
excellent catalytic activity and numerous reservoirs. Notably,
the transition metal tellurides are metallic in nature and have
superior electronic transport capabilities, electrical conduc-
tivity, and mass transfer rates.25–27 The NiCe@NiTe catalyst
exhibited excellent electrocatalytic oxidation reaction in 1.0 M
KOH solution, requiring only 1.63 V vs. RHE to achieve 100 mA
cm−2. Remarkably, this potential was further reduced to 1.46
and 1.38 V vs. RHE with the introduction of PET hydrolysate and
0.3 M EG solution, respectively. The as-prepared catalysts
demonstrated excellent bifunctional stability over 100 h in
1.0 M KOH, along with superior activity in water electrolysis,
requiring a low cell voltage of 1.99 V at 100 mA cm−2, which
decreased to 1.70 V and 1.76 V upon the addition of PET and EG,
respectively. Furthermore, NiCe@NiTe achieved high faradaic
efficiencies for the simultaneous generation of H2 (>93%) and
value-added formate (∼96%) at optimal cell voltage. This noble
electrocatalytic coupling strategy not only enables the produc-
tion of high-value chemicals but also addresses plastic waste
while promoting energy-efficient hydrogen generation.
2 Experimental section
2.1 Fabrication of the NiCe electrode

Firstly, the 3 × 3 cm nickel foam (NF) was sonicated for 10
minutes in a 2.5 M HCl solution to eliminate surface impurities
and oxide layers. The treated electrode was then washed using
distilled water and acetone. The cleaned NF was then dried in
ambient air. Thereaer, it was immersed in a precursor solution
(40 mL) containing Ce(NO3)3$6H2O (2 mM), Ni(NO3)2$6H2O (4
mM), NH4F (4 mM), and CO(NH2)2 (4 mM) under constant
stirring (Scheme 1). This precursor solution and NF were
transferred into a stainless-steel-lined Teon autoclave. The
autoclave was maintained at 120 °C for 12 h. The prepared
electrode was then cleaned using deionized water (DI) and
acetone, and then dried in a vacuum oven at 70 °C. This sample
was denoted as NiCe.
2.2 Fabrication of the NiTe and NiCe@NiTe electrodes

For the fabrication of NiTe on NF, the chemical bath deposition
technique was used. In 35 mL of DI water, 1 mM of Ni(NO3)2-
$6H2O, 1 mM of TeO2, and 0.5 g CTAB were mixed under
continuous stirring for 15 min to obtain a homogeneous solu-
tion, and then 10 mL of hydrazine hydrate was added as
a reducing agent. Aer that, the pre-treated NF was inserted into
the reaction solution and kept at room temperature for 24
hours. Subsequently, the obtained samples were washed with
DI water and acetone and then dried in an oven at 70 °C. This
sample was denoted as the NiTe electrode. The same process
was used to prepare the NiTe@NiCe electrode, but instead of
pre-treated NF, the NiCe electrode was utilized. The loading of
the catalyst was 1.20 mg cm−2 for NiCe, 0.93 mg cm−2 for NiTe,
and 1.22 mg cm−2 for NiCe@NiTe.
This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Synthesis process of the NiCe@NiTe catalysts.
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2.3 PET hydrolysate treatment

In order to prepare the PET hydrolysate as the electrolyte, the
waste plastic had to be treated. Firstly, the water bottle (4 g) was
washed with detergent to remove the dust particles or labels,
etc., and then cut into small pieces (1 × 1 cm2) and added to
50 mL of DI water with 2.0 M KOH. Following that, the mixture
containing PET pieces was heated for 15 hours at 160 °C.
Subsequently, the resulting PET hydrolysate was diluted with
1.0 M KOH.

2.4 Material characterization

The structural characteristics and phase purity of the as-
synthesized electrodes were investigated using a powder X-ray
diffractometer (XRD) (Make: Bruker, D2-Phasor, Cu(Ka)). A
Field Emission Scanning Electron Microscope (FESEM) equip-
ped with an EDS (Thermo Scientic, Phenom Pharos G2) was
used to check the surface morphology and elemental mapping
of the prepared samples. The surface chemical composition and
chemical states of the prepared electrodes were further inves-
tigated using X-ray photoelectron spectroscopy (Thermo Scien-
tic K-alpha XPS).

2.5 Electrochemical analysis

The electrocatalytic properties of the synthesized catalysts were
evaluated using the electrochemical workstation PGSTAT-M204
This journal is © The Royal Society of Chemistry 2026
(Make: Metrohm). In the electrochemical measurements, the
synthesized catalyst functioned as the working electrode, while
Ag/AgCl and a platinum (Pt) wire served as the reference and
counter electrodes, respectively. The electrocatalytic perfor-
mance of the prepared catalysts was examined in different
electrolyte environments: 1.0 M KOH, PET hydrolysate, and
1.0 M KOH + 0.3 M EG. Polarization curves were recorded at
a scan rate of 5 mV s−1. The measured voltages vs. Ag/AgCl were
converted into the ERHE using the Nernst formula (1):

ERHE = EAg/AgCl + 0.1976 + (0.059 × pH) (1)

Electrochemical impedance spectroscopy (EIS) was con-
ducted using a sinusoidal wave with an amplitude of 10 mV and
a frequency range of 0.01 Hz to 100 kHz. Additionally, cyclic
voltammetry was performed in a non-faradaic range with scan
rates ranging from 10 to 100 mV s−1.
3 Results and discussion
3.1 Morphological and structural properties of the catalysts

The self-supported NiCe@NiTe catalyst has been synthesized
on nickel foam by using a two-step process involving the
hydrothermal and chemical bath deposition techniques. The
structural phases of the NiCe, NiTe, and NiCe@NiTe catalysts
were studied using powder XRD (Fig. 1a). The XRD pattern of
J. Mater. Chem. A, 2026, 14, 3591–3604 | 3593
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Fig. 1 (a) Powder XRD patterns of the NiCe, NiTe, and NiCe@NiTe catalysts. FESEM images of the (b) NiCe, (c) NiTe, and (d, e) NiCe@NiTe
electrodes. (f) EDS elemental maps. (g) The high-resolution XPS spectra of Ni 2p, (h) Ce 3d, and (i) Te 3d.
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NiCe exhibited peaks at 2q = 12.4°, 19.87°, 33.39°, 38.90°, and
60.2°, corresponding to the (003), (006), (009), (015), and (113)
planes, respectively (JCPDS-ICDD 01-089-5434).28,29 The XRD
pattern of NiTe showed peaks at 31.35°, 41.84°, 47.03°, 58.03°,
and 63.78°, corresponding to (101), (102), (110), (201), and (202)
crystalline planes, respectively, attributed to the hexagonal
crystalline structure (lattice constant (a= 3.93 Å and c= 5.37 Å),
and V = 71.9 Å3) of NiTe (JCPDS: 38-1393).30,31 The XRD pattern
of NiCe@NiTe conrmed the co-existence of both NiCe and
NiTe phases. Additionally, the XRD patterns of the electrodes
exhibited prominent peaks at 2q= 44.5° and 51.9°, attributed to
the underlying nickel substrate of the nickel foam (JCPDS no.
01-1266).32,33

The FE-SEM analysis with EDS-elemental mapping was
employed for the analysis of morphological evolution in the
NiCe, NiTe, and NiCe@NiTe electrodes. Fig. 1b shows the FE-
SEM images of the NiCe-LDH, displaying the close packing of
vertically oriented ultrathin nanosheets. The hierarchical
structure of vertical nanosheets with relatively at terraces is
3594 | J. Mater. Chem. A, 2026, 14, 3591–3604
shown in the inset image (Fig. 1b), which is benecial for
enhanced charge and mass transport due to deep diffusion
characteristics.34 In Fig. 1c, the SEM image of the NiTe shows
a small cluster of nanoparticles. Importantly, the SEM images of
NiCe@NiTe conrmed the decoration of NiTe nanoparticles on
NiCe nanosheets, forming the core-shell-type structure (Fig. 1d
and e). The NiCe@NiTe array with rough terrace combines the
advantages of the hierarchical structure of vertical nanosheets
and highly defective nanoparticle arrays, suggesting the abun-
dance of catalytically active sites, and improved electrolyte
diffusion and charge transport.35,36 The FESEM-EDS elemental
mapping of the catalysts is displayed in Fig. 1f, conrming the
distribution of Ni, Ce, Te, and O in the structure.

The surface chemical composition and valence state of the
NiCe@NiTe were analyzed using X-ray photoelectron spectros-
copy. The XPS survey spectra (Fig. S1, SI) show the presence of
Ni 2p, Ce 3d, Te 3d, and O 1s peaks, indicating the successful
synthesis of the NiCe@NiTe. The high-resolution Ni 2p spectra
of NiCe@NiTe LDH (Fig. 1g) show two prominent peaks,
This journal is © The Royal Society of Chemistry 2026
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deconvoluted into the spin–orbit doublet of Ni 2p3/2 and Ni 2p1/
2 at 855.39 eV and 873.10 eV, corresponding to Ni2+-sites.
Additional peaks at 857.07 eV and 874.79 eV are attributed to
the presence of Ni3+-sites, and the remaining two peaks are the
satellite peaks. The high-resolution Ce 3d XPS spectra (Fig. 1h)
display Ce 3d5/2 peaks at 872.9, 874.5, 879.9, and 883.5 eV, while
Ce 3d3/2 peaks appeared at 894.6 eV, 900.05 eV, 906.06 eV, and
915.70 eV.37–40 These conrm the co-existence of Ce3+ and Ce4+

species in the NiCe@NiTe catalyst, which enhances the elec-
tronic transmission capabilities and promotes electrocatalytic
activity.37,38 Fig. 1i presents the high-resolution Te 3d spectra,
with peaks at 575.9 eV and 586.22 eV corresponding to Te 3d5/2
and Te 3d3/2, respectively, of the Te2− electronic state, while
additional peaks at 577.26 eV and 587.64 eV result from
oxidized tellurium species.41 The high-resolution O 1s spectra
(Fig. S2a, SI) reveal three distinct peaks at binding energies
of 530.1, 531.5, and 532.8 eV. These peaks are ascribed to the
O atom in M–O bonding, the O species of hydroxide ions
(M–O–H), and structural or adsorbed water molecules (H–O–H),
respectively.33,40 The Raman spectra were further recorded for
Fig. 2 (a) Linear polarization curves of the as-prepared catalysts in a 1.0
cm−2. (c) Tafel slopes and (d) LSV curves of the NiCe@NiTe catalysts in 1.0
plots of the NiCe@NiTe catalysts at different potentials. (g) Tafel slopes an
formate yield at different current densities.

This journal is © The Royal Society of Chemistry 2026
structural analysis. The Raman spectrum of the NiCe electrode
shows the peak at 452 cm−1, conrming the hydroxide phase of
the catalysts (Fig. S2a, SI).28 The peak at 121 cm−1 conrms the
NiTe-type phase of the catalyst.42 The Raman spectrum of
NiCe@NiTe contains peaks corresponding to the NiCe as well as
NiTe phases. Additionally, TEM images were recorded to
observe the morphology and to study the structure of
NiCe@NiTe (Fig. S2c and d, SI). The HR-TEM images show the
lattice fringes corresponding to both NiCe-LDH and NiTe pha-
ses, exhibiting interplanar spacings of 0.26 nm indexed to the
(009) plane, and 0.22 nm indexed to the (102) plane,
respectively.
3.2 Electrocatalytic HER, OER, and EGOR activity

Given the optimized electronic structure and morphological
evolution, we have analyzed the electrocatalytic HER and OER
performance of the NiCe, NiTe, and NiCe@NiTe self-supported
catalysts, commercial Pt/C, RuO2, and bare NF in alkaline
electrolyte (1 M KOH). Fig. 2a shows the iR-compensated
M KOH solution. (b) Overpotential comparison plots at 10 and 100 mA
M KOH and 1.0 M KOH+ 0.3 M EG solutions. (e) and (f) Bode and phase
d (h) 1H NMR spectra of the EGOR products. (i) Faradaic efficiency and

J. Mater. Chem. A, 2026, 14, 3591–3604 | 3595
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polarization curves for the HER and OER activities of all the
catalysts. Encouragingly, the NiCe@NiTe catalyst demonstrated
superior HER and OER performances as compared to the pris-
tine NiCe and NiTe catalysts, requiring a potential of −0.243 V
vs. RHE and 1.63 V vs. RHE to generate a geometric current
density of 100 mA cm−2 for the HER and OER, respectively; the
pristine NiCe (−0.268 V, 1.86 V vs. RHE) and NiTe (−0.357 V,
1.65 V vs. RHE) gave inferior catalytic performances. Although
the NiCe@NiTe catalyst demonstrated superior OER perfor-
mance as compared to a commercial catalyst (RuO2), its HER
performance is inferior to that of Pt/C. Additionally, the polar-
ization curves for the OER exhibited the oxidation peak at 1.34 V
vs. RHE, which is attributed to the oxidation of Ni2+ to Ni3+ due
to the formation of NiOOH species.34,43 NiCe@NiTe exhibited
a slightly intense peak as compared to pristine catalysts, indi-
cating the accelerated oxidation of Ni2+.34,43 The overpotentials
required to achieve the geometric current densities of 10 and
100 mA cm−2 for NiCe, NiTe, and NiCe@NiTe catalysts are
shown in Fig. 2b. Interestingly, the NiCe@NiTe exhibited
superior HER and OER performance in alkaline conditions as
compared to previous reports on state-of-the-art non-noble
catalysts (Table S2 and S3, SI). To further understand the HER
and OER kinetics and pathways of the catalysts in an alkaline
medium, a Tafel slope analysis was performed. As shown in
Fig. 2c, the Tafel slope values for NiCe@NiTe were found to be
120 mV dec−1 and 86 mV dec−1 for the HER and OER, respec-
tively, which are smaller than those of the NiCe and NiTe
catalysts. This suggests faster charge-transfer kinetics for the
HER and OER as compared to pristine catalysts.

The possible proposed HER (eqn (2)–(4)) and OER (eqn
(5)–(9)) mechanisms on the surface of the NiCe@NiTe catalysts
in an alkaline medium are as follows:44–47

HER:

M + H2O + e− / M − H* + OH− (Volmer reaction) (2)

M–H* + H2O + e− / M + OH− + H2 (Heyrovsky reaction) (3)

or

2M − H* / 2M + 2H2 (Tafel reaction) (4)

OER:

M + OH− / M–OH + e− (5)

M–OH + OH− / M–O + H2O + e− (6)

M–O + OH− / M–OOH + e− (7)

M–OOH + OH− / M–O2 + H2O + e− (8)

M–O2 / M + O2 (9)

(*M – surface active sites of the NiCe@NiTe catalyst).
The charge-transfer mechanisms for the HER and OER

activities were further analyzed using electrochemical imped-
ance spectroscopy (EIS). As shown in Fig. S3a and b (SI), the
3596 | J. Mater. Chem. A, 2026, 14, 3591–3604
NiCe@NiTe catalysts exhibited lower values of charge-transfer
resistance as compared to pristine catalysts, and also, the
semi-circle in the Nyquist plots indicates the regulated inter-
facial charge-transport due to the formation of a charge-double
layer. Fig. S3c (SI) shows that the NiCe-LDH exhibited superior
catalytic performance to Ni(OH)2, showing the synergistic
improvement of the HER performance in the bi-metallic cata-
lyst. The normalized polarization curve, calculated from specic
current density (in A g−1), further conrmed the superior HER
catalytic performance of the NiCe@NiTe heterostructures
(Fig. S3d, SI). The electrochemically active surface area (ECSA) is
a crucial property for the electrocatalysts. The ECSA is directly
proportional to the double-layer capacitance (Cdl). The Cdl

values from NiCe, NiTe, and NiCe@NiTe were evaluated from
the cyclic-voltammetry curves recorded in the non-faradaic
range at different scan rates (10–100 mV s−1) (Fig. S4(a)–(c),
SI). As compared to pristine NiCe (0.084 mF cm−2) and NiTe
(0.022 mF cm−2) catalysts, NiCe@NiTe (0.196 mF cm−2) exhibits
a higher value of Cdl, attributed to the greater abundance of
catalytically active sites for NiCe@NiTe (Fig. S4(d)).

Motivated by the excellent HER and OER activities, the
catalytic performance of the NiCe@NiTe catalyst for the
ethylene glycol oxidation reaction (EGOR) was studied in the
1.0 M KOH + 0.3 EG electrolyte. The polarization curves indicate
that NiCe@NiTe showed a superior EGOR performance as
compared to NiCe and NiTe, and achieved the current density of
100 mA cm−2 at 1.38 V vs. RHE (Fig. 2d) (Fig. S5(a), SI), lowering
the anodic potential by 250 mV, owing to the thermodynami-
cally favorable nature of the EGOR and the abundance of the
catalytically active sites in the NiCe@NiTe heterostructure. The
onset of the EGOR coincided well with the peaks for the
oxidation of Ni2+ to Ni3+, suggesting that the in situ-formed
NiOOH is the primary active site for the EGOR. NiCe@NiTe,
with an abundance of in situ formed NiOOH sites, facilitates the
highly selective EGOR, allowing electro-oxidation at an indus-
trially large current density of 400 mA cm−2 at 1.5 V vs. RHE.
Further, the NiCe@NiTe catalyst exhibited a signicantly lower
Tafel slope (28.8 mV dec−1) for the EGOR than that for the OER
(86.3 mV dec−1), attributed to the favourable thermodynamic
and kinetic EGOR performance (Fig. 2g).

EIS was employed to investigate the charge-transfer kinetics
and surface interfacial reaction during the OER and EGOR
(Fig. S5(b), S6(a and b), SI). The Nyquist plots (Fig. S6(a)) show
a vertical line in the potential range of 1.1–1.3 V vs. RHE, indi-
cating the high charge-transfer resistance, revealing the low
OER activity. Upon increasing the potential to 1.5 V vs. RHE,
a distinct semicircle corresponding to charge-transfer resis-
tance (Rct) appeared, and its diameter decreased on further
increase of potential, signifying the onset of the OER at ∼1.5 V
vs. RHE. In contrast, the EGOR process exhibited a notable
decline in Rct at a lower potential range (1.3 V vs. RHE),
demonstrating signicantly low onset potential (Fig. S6(b), SI).
Bode plots were further analyzed to assess phase-angle varia-
tions with frequency at different potentials in 1.0 M KOH with
and without EG (Fig. 2e and f). The plots can be divided into
high- and low-frequency regions, corresponding to the electron
conduction in the inner layer of the catalyst and the interfacial
This journal is © The Royal Society of Chemistry 2026
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reaction charge-transfer, respectively.48 In the high-frequency
range (∼100 Hz), the NiCe@NiTe heterostructure displayed an
additional peak at 1.1 V vs. RHE, attributed to electro-oxidation
of the metal in the catalyst.49 This peak shied to higher
frequencies with decreased phase angles on increasing poten-
tial, attributed to the accelerated charge-transfer in the inner
layer of the catalyst (Fig. 2e). The phase angle in the lower
frequency region decreased with an increase in potential,
showing the efficient charge transfer between OH− and the
catalyst surface.50 At a potential of 1.5 V vs. RHE, the Bode plot
exhibited the emergence of a new peak in the lower frequency
region due to the onset of the OER. A similar OH* adsorption
peak in the lower frequency range and ametal oxidation peak in
the higher frequency range were observed during the EGOR in
the potential range 1.1–1.2 V vs. RHE (Fig. 2f). At 1.3 V vs. RHE,
a new peak emerged in the EGOR, shiing markedly to lower
phase angles with increasing potential, suggesting rapid EGOR
initiation on NiCe@NiTe.50 The EGOR peak is well matched
with the metal oxidation peak in 1 M KOH. Furthermore, in the
higher frequency region (10 to 105 Hz), the heterostructure
exhibited lower phase angles at 1.1–1.5 V for both the OER and
EGOR, indicating efficient electron conduction through the
metallic phase of the catalyst. Meanwhile, in the low-frequency
region (10−2 to 10−1 Hz), the phase angle decreased more
rapidly during the EGOR than OER as the potential increased,
reecting enhanced charge transfer and faster kinetics.
Collectively, these results conrm that the NiCe@NiTe hetero-
structure possesses strong adsorption capacity for both OH−

and EG molecules, thereby enhancing catalytic activity and
enabling EGOR at lower potentials.50

For the qualitative analysis of the EGOR product, 1H NMR
was employed. The 1H NMR spectra of electrolysed samples
show the presence of EG at 3.53 ppm, and formate (HCOO−) at
8.30 ppm, attributed to the highly selective production of
formate (HCOO−), a valuable chemical, during the EGOR
(Fig. 2h). Using HPLC, the faradaic efficiency (FE) for formate
production was further evaluated for I conversion efficiency
(Fig. S7(a–c), SI). The formate production rate was enhanced
from 0.18 mmol h−1 cm−2 at 10 mA cm−2 to 0.69 mmol h−1

cm−2 at 100 mA cm−2 (Table S1). The maximum FE of 96.5%
was realised at a current density of 10 mA cm−2 (Fig. 2i).
3.3 Electrocatalytic mechanism insight

The two main processes involved in electrochemical alcohol
oxidation reactions are indirect and direct oxidation.51 Publi-
cations have indicated that an indirect oxidation process is
typically used to achieve the electrochemical oxidation of EG on
transition metal-based catalysts.51–53 To verify this point, cyclic
voltammetry was recorded in 1.0 M KOH with and without EG.
Fig. 3a shows the characteristic Ni2+/Ni3+ redox peak in the
electrolyte without EG. Upon adding EG to the electrolyte, the
Ni2+/Ni3+ redox peak disappeared, and the reverse scan process
showed a higher reaction current compared to the forward scan.
This suggests that EG may reduce the high-valence nickel
species in situ to its original state (Ni2+). Chronoamperometry
was performed at different potentials (Fig. 3b) to further
This journal is © The Royal Society of Chemistry 2026
conrm the indirect oxidation mechanism. Initially, anodic
oxidation of the electrode was performed at 1.4 V vs. RHE in
1.0 M KOH to oxidize the Ni2+ to a high-valence state. Subse-
quently, under open-circuit potential (OCP), EG was introduced
to allow chemical interaction between EG and Ni3+ species.
Aerward, a 1.1 V potential was applied, resulting in a notice-
able reduction in current in the 1.0 M KOH electrolyte. It was
expected that the reduction of nickel species in the high-valence
state would lead to a signicant reduction in current in the
electrolyte without the addition of EG. In contrast, the reduction
current density of NiCe@NiTe decreased signicantly upon EG
injection, supporting the “Electrochemical–Chemical” oxida-
tion pathway, where Ni3+ species are rst electro-generated and
then undergo a spontaneous chemical reaction by EG.54,55

To further study the OER and EGOR behaviour, in situ
Raman spectroscopy was performed on NiCe@NiTe catalysts at
different potentials. During the OER process, two Raman peaks
(456 and 533 cm−1) appeared at OCP, which were attributed to
Ni-hydroxide. As the potential was applied, these peaks became
more intense, and the peaks at 475 and 552 cm−1 indicate that
Ni hydroxide was converted into NiOOH (Fig. 3c). Upon the
addition of EG, the Ni hydroxide vibration signals were sup-
pressed (Fig. 3d and S6c). This implies that the quick reduction
of Ni3+ in NiOOH enables the oxidation of EG, which is well
supported by the cyclic voltammetry and chronoamperometry
test (Fig. 3a and b) for the indirect oxidation mechanism,
indicating that the Ni3+ species in NiCe@NiTe catalysts are the
active catalytic intermediates for EG oxidation.

Based on the NMR results and previous research,21,56–58

a potential reaction pathway of the NiCe@NiTe-driven EGOR
process is proposed in Fig. 3e. As illustrated, EG is rst oxidized
to glycolaldehyde, which is subsequently converted into glyoxal
and glycolic acid (GA). Formate is then generated through C–C
bond cleavage in glyoxal, whereas both formate and carbonate
arise from C–C bond cleavage in GA. Notably, nil amounts of GA
and carbonate were detected during EG oxidation, indicating
that GA serves merely as a minor intermediate in the overall
conversion of EG to formate.
3.4 PET oxidation reaction

Following the excellent EGOR performance of the NiCe@NiTe
catalysts, we demonstrated the conversion of the EG derived
from real-world PET plastic into high-purity formate (FA). The
raw material used in this process was PET water bottles (Fig. S8,
SI), which were hydrolyzed using alkaline (KOH) catalysis to
generate terephthalate (TPA-K) and EG monomers, with the
latter undergoing selective electro-oxidation to produce value-
added and separable compounds (Fig. 4a). The iR-
compensated polarization curves for the electro-oxidation of
PET-hydrolysate on the NiCe@NiTe heterostructure demon-
strated that the geometric current densities of 10 and 100 mA
cm−2 were achieved at 1.4 V and 1.46 V vs. RHE, respectively
(Fig. 4b), which were lowered by 140 mV and 170 mV compared
to the potential required for thermodynamically energy-
intensive OER (Fig. 4e). It also gives a better performance
than the pristine NiCe, NiTe, and most of the previously
J. Mater. Chem. A, 2026, 14, 3591–3604 | 3597
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Fig. 3 (a) CV curves, (b) I–t graph, and (c) and (d) in situ Raman spectra of the NiCe@NiTe catalysts for the OER and EGOR. (e) The proposed
mechanism of the EGOR on the NiCe@NiTe catalysts.
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reported work (Fig. S9(a), Table S4, SI). The energy-efficient
oxidation of PET-hydrolysate not only improves the reaction
efficiency but also facilitates the production of value-added
chemicals, signicantly increasing economic viability.

Operando EIS was further performed on NiCe@NiTe catalysts
in PET hydrolysate to examine species evolution on the elec-
trode surface and the structure–activity relationship (Fig. S9(b),
3598 | J. Mater. Chem. A, 2026, 14, 3591–3604
SI). The low-frequency region (10−2 to 101 Hz) corresponds to
the non-uniform distribution of charge, which indicates the
emergence of oxidized species at the electrode interface, rele-
vant to the catalytic oxidation reaction, while the high-
frequency region (101 to 105 Hz) is linked to the internal elec-
trode oxidation.59 As shown in Fig. 4c, the inection points of
NiCe@NiTe catalysts in the low frequency region occur at 1.4 V
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) Schematic of the electrocatalytic water bottle upcycling to TPA and formate. (b) Linear polarization curves of the NiCe@NiTe catalyst
with and without PET hydrolysate. (c) Bode plots at different potentials. (d) Tafel plot, (e) overpotential comparison graph at different current
densities, (f) 1H NMR spectra of the PET electrolyte, and (g) Raman spectra of the extracted TPA product.
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vs. RHE, indicating the onset of the PET oxidation reaction.
Notably, compared to the OER, the NiCe@NiTe catalysts in this
region exhibit a much smaller phase angle value, suggesting
faster reaction kinetics. Subsequently, using a Tafel plot, the
electrocatalytic kinetics of the NiCe@NiTe electrode for PET
hydrolysate electrooxidation and OER were examined. As shown
This journal is © The Royal Society of Chemistry 2026
in Fig. 4d, the Tafel slopes for the OER and POR are 86.3 and
64.3 mV dec−1, respectively, conrming the more favorable
catalytic POR kinetics.

For the analysis of the POR product, rstly, the electro-
oxidation of PET hydrolysate was performed at a current
density of 100 mA cm−2. Subsequently, the hydrolysate was
J. Mater. Chem. A, 2026, 14, 3591–3604 | 3599
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acidied to a pH of ∼3 using formic acid, leading to the
precipitation of the TPA product. The liquid electrolyte and
precipitate were separated by centrifugation at 6000 rpm, and
the precipitate was conrmed to be terephthalic acid (TPA,
C8H6O4) by Raman spectroscopy (Fig. 4g).60–62 Additionally, the
PET hydrolysate was analyzed by 1H NMR spectroscopy. As
shown in Fig. 4f, the 1H NMR spectrum of PET hydrolysate
displays two peaks at 3.52 ppm and 7.74 ppm corresponding to
EG and TPA.63,64 Aer electrolysis for 15 h, a new peak appeared
at 8.32 ppm, which is attributed to the presence of formate.65
3.5 Overall water splitting

Given the superior HER, OER, EGOR, and POR activity of the
NiCe@NiTe heterostructure, its effectiveness in promoting
energy-efficient hydrogen production was further evaluated
through overall water splitting coupled with EG and PET electro-
oxidation. The catalytic performance was assessed using three
Fig. 5 (a) Schematic of a bifunctional electrolyser. (b) Optical image of th
O2 gases collected at different times. (d) LSV curves of the NiCe@NiTe het
(e) Comparison plot. (f) faradaic efficiency of the H2 production in a 1.0

3600 | J. Mater. Chem. A, 2026, 14, 3591–3604
distinct electrolytes, namely 1.0 M KOH, 1.0 M KOH + 0.3 M EG,
and PET hydrolysate, by assembling a symmetric electrolyzer in
which the prepared catalyst served as both the cathode and
anode (Fig. 5a). As shown in Fig. 5d and e, the NiCe@NiTe
electrolyzer required only 1.78 V to achieve a current density of
10 mA cm−2 in 1.0 M KOH, which was lower than the pristine
NiCe, NiTe catalysts, and most of the previously reported work
(Fig. S10, Table S5, SI). Notably, the incorporation of 0.3 M EG
and PET hydrolysate in 1.0 M KOH solution reduced the
required cell voltage to 1.55 V and 1.54 V, respectively. These
results demonstrate that PET and EG-assisted electro-oxidation
signicantly improve energy conversion efficiency for H2

production compared to conventional water electrolysis.
In addition to its exceptional activity and selectivity, the

NiCe@NiTe electrode exhibited excellent stability during water,
PET hydrolysate, and EG electrolysis (Fig. 5g, Fig. S11, S12, SI).
Across six consecutive cycles, the current density remained
e faradaic efficiency measurement device. (c) Optical images of H2 and
erostructure in 1.0 M KOH, 1.0 M KOH+ 0.3 M EG, and PET hydrolysate.
M KOH solution. (g) Chrono-potentiometry in the PET hydrolysate.

This journal is © The Royal Society of Chemistry 2026
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unchanged, conrming the robustness of the catalyst. As shown
in Fig. S11 and S12, a decline in current density was observed
during electrolysis, likely due to the depletion of EG in the PET
hydrolysate. However, the original current density was restored
upon replenishment with fresh electrolyte. To further evaluate
long-term durability under industrially relevant conditions,
chrono-potentiometry was performed at 100 mA cm−2 in the
1.0 M KOH solution. The NiCe@NiTe catalyst exhibited nearly
stable performance for over 100 h (Fig. S12, SI), highlighting its
excellent durability in continuous water splitting. Post-
electrolysis characterization by SEM (inset of Fig. S12, SI)
conrmed the retention of the sheet-like morphology, while
XRD analysis (Fig. S13, SI) demonstrated that the structural
purity of the catalyst was well preserved aer extended
operation.

The faradaic efficiency of the NiCe@NiTe catalyst was
measured using the standard water displacement technique
(Fig. 5b and c). The FE values were found to be more than 93%
for the HER and OER reactions with yield rates of 1.62 and
0.89 mmol h−1, respectively, indicating the higher conversion
efficiency of the NiCe@NiTe catalyst (Fig. 5f, S-14, SI). The
electrical energy was further calculated for conventional water
electrolysis and PET electrolysis. For the production of 1 Nm3 of
H2, the electric power consumption for fresh water, EG, and
PET-electrolysis were 5.12 kWhNm−3, 4.55 kWhNm−3, and 4.40
kWh Nm−3, respectively. Overall, the PET hydrolysate electro-
lyzer not only enables hydrogen production with lower energy
input compared to conventional water electrolysis but also
yields valuable products such as formate and TPA. This dual
capability underscores the potential of NiCe@NiTe catalysts for
sustainable energy conversion and closed-loop recycling of
plastic waste.
4 Conclusion

In summary, the NiCe@NiTe nanostructure was successfully
synthesized via hydrothermal and chemical bath deposition
processes. Beneting from its hierarchical nanostructure and
interface synergistic effect, which facilitated electrolyte diffu-
sion and good charge-transfer ability, the NiCe@NiTe catalyst
exhibited excellent electrocatalytic activity for industrial-level
water electrolysis, as well as EG and PET upcycling. Owing to
efficient and superior HER, OER, EGOR and POR performances,
the NiCe@NiTe-based electrolyzer requires cell voltages of
1.70 V and 1.76 V to achieve a 100 mA cm−2 current density for
the electrolysis of PET hydrolysate and EG electrolyte, respec-
tively, which are 290 mV and 230 mV lower than conventional
water electrolysis, suggesting the saving of electric energy due to
the readily oxidized nature of the EGmolecule. The catalyst also
demonstrated excellent durability over ∼100 h for water elec-
trolysis and ∼70 h for PET electrolysis. Additionally, the
NiCe@NiTe catalyst exhibited ∼93% and ∼96.5% FE for H2 and
formate production, respectively. This work presents a unique
coordinated approach for the generation of green hydrogen and
PET waste plastic upcycling by the use of an economical and
effective electrocatalyst.
This journal is © The Royal Society of Chemistry 2026
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