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terephthalate plastic electro-upcycling
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The rational design and optimization of electrode structures are crucial for enhancing catalytic performance
for water electrolysis and plastic upcycling, addressing environmental concerns while creating economic
value. In this work, a hierarchically structured Ni-FesSe, catalyst was deposited on nickel foam by
a chemical bath deposition method. The Ni-FesSe, catalyst exhibits low interfacial resistance and
abundance of NiFeOOH active sites, achieving excellent electrocatalytic performance for industrial-level
alkaline water electrolysis and electrocatalytic polyethylene terephthalate (PET) upcycling with
conversion of ethylene glycol to formate with a faradaic efficiency of 89%. A bi-functional electrolyser
using Ni—-FesSe, demonstrates excellent stability at 300 mA cm™2 over 42 hours in a 5 M KOH
electrolyte. Interestingly, the Ni—FeszSe, catalyst shows the simultaneous anodic electro-upcycling of PET
hydrolysate and cathodic H, production at industrial scale current densities for 50 hours, ensuring
sustained performance for transforming waste into value-added products such as H»-gas, formate, and

rsc.li/materials-a terephthalate.

Introduction

The widespread use of plastics, particularly polyethylene tere-
phthalate (PET), has created considerable environmental chal-
lenges. PET is widely used in packaging, textiles, and other
consumer items due to its durability, lightweight nature, and
exceptional barrier properties.’® However, its extensive utiliza-
tion has led to substantial waste accumulation, greatly
contributing to environmental pollution and posing a threat to
ecosystems and human health.*® Furthermore, microplastics
are seriously harming ecosystems and posing severe implica-
tions for human health.® Consequently, developing efficient
and sustainable strategies for managing PET waste has become
imperative.* Conventionally, recycling of PET plastics has been
processed by mechanical and chemical processes. However, the
challenges such as low quality of recycled PET, demands of high
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energy and utilization of hazardous chemicals are raising
concerns with their environmental and economic viability.
Encouragingly, the electrocatalytic upgrading has emerged as
a promising approach for PET recycling, offering high control,
functioning under mild operation conditions at ambient
temperature and pressure, low-cost energy input, and product
selectivity.” The electrocatalytic upgrading of PET involves two
steps: first, its de-polymerization into terephthalate (TPA) and
ethylene glycol (EG) in the alkaline solution®® and subsequently,
the electrochemical oxidation of EG into formate at the anode
and coupling the hydrogen evolution reaction (HER)™? or
reduction of CO, (CO,RR) at the cathode.****

The strategy of producing the cathodic green hydrogen fuel
coupled with anodic plastic electro-upcycling during the elec-
trolysis offers an efficient solution for the universal problem of
pollution and energy crisis.’*** Apart from this, the selective
PET derived EG assisted water electrolysis led to the energy-
saving approach for H,-generation. The ethylene glycol oxida-
tion reaction (EGOR) exhibits a low oxidation potential of 0.57 V
vs. RHE (reversible hydrogen electrode),' which is significantly
smaller as compared to that for the oxygen evolution reaction
(1.23 V vs. RHE), saving the energy for electrolysis."* However,
the efficiency and selectivity of the HER and EGOR rely on the
performance of the electrocatalysts. The sustainable electro-
catalytic process demands stable catalysts with an abundance of
catalytically active surface area for better adsorption capabilities
for both EG and reactive oxygen species (OH,gs), high
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conductivity to ensure the efficient charge transfer on the
electrode and exceptional intrinsic performance with acceler-
ated kinetics.’**® The noble metal (e.g. Pt and Pd) based mate-
rials have shown the EGOR performance and PET plastic
electro-upcycling. However, problem with EG oxidation on Pt
and Pd is the catalyst poisoning due to accumulation of
poisonous carbonyl species.”** Encouragingly, catalytic
networks comprising transition metals such as Ni, Co and Cu
have been explored previously to prevent the catalyst poisoning
by cleaving the C-C bond in EG and producing the value added
product such as formate.”” Additionally, the abundance of
transition metals on the earth encourages researchers to extend
the electrocatalytic applications to the industrial scale at
significantly low production cost.*

Generally, the transition metal-based catalysts exhibit infe-
rior catalytic performance than the Pt-based -catalysts.
Currently, porous catalytic networks based on multi-metals in
conjunction with non-metal elements are promising for
enhanced performance due to multi-active sites, synergistic
improvements in the charge transfer, and enhanced corrosion
resistance.”® E.g. Wenbo Li et al reported a strategy for
designing the hierarchical heterostructure Ni-MOF@MnCo-OH
for highly selective EG oxidation and upgrading the PET at
industrial scale current density.” The vertically oriented
NiCo,0,4 nanosheets synthesized by a hydrothermal technique
demonstrated greatly selective oxidation of PET-hydrolysate and
production of formate with a faradaic efficiency of more than
90%."* Promisingly, NiOOH, CuOOH and CoOOH species
formed in situ on the surface of catalysts, produced due to
oxidation of metal M>* to M>" effectively serve as active sites for
the advanced oxidation reaction.”**®* Hongxing Kang et al. re-
ported the fabrication of NiCu@NF utilizing electrochemical
deposition of Cu-species on Ni foam and in situ formation of
NiOOH and CuOOH/Cu(OH), (ref. 9) species during EG oxida-
tion. Although, metal hydroxide/oxyhydroxide species are active
sites for advanced oxidation,*?® they are suffered from the
higher charge-transfer resistance as well as inferior HER
performance.” Therefore, to design the optimized catalysts that
are active for both the HER and EGOR is an open challenge.

Among transition metal-based electrocatalysts, transition
metal selenide (TMSe) emerged as a highly efficient candidate
for water-splitting applications. This can be attributed to the
unique electronic configuration of selenium (4s*p*), whose
unoccupied 3d orbitals enable covalent bonding interactions
with transition metal atoms, thereby facilitating rapid electron
transport and accelerating electrochemical reactions during
water electrolysis.*®** Moreover, the relatively low electronega-
tivity of selenium enhances OH™ diffusion at the catalytic sites,
simultaneously improving the intrinsic metallicity of selenides
and boosting charge-transfer kinetics. In addition, the
comparatively larger ionic radius of selenium contributes to
further enhancement of the electrocatalytic activity of TMSe
systems.*>** For instance, Wang et al. employed a facile seleni-
zation strategy to integrate bimetallic CoSe,-FeSe, nano-
particles with heterogeneous architectures onto carbon
nanotubes, effectively lowering the energy barrier of the OER
process.** Similarly, Mohanty et al. synthesized selenium-rich
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Ni, ;Feq3Se, via Fe incorporation into NiSe, using a hydro-
thermal route, demonstrating that both Fe doping and sele-
nium vacancies significantly improved electrical conductivity,
reduced the free energy of reaction intermediates, increased the
density of states near the Fermi level, and ultimately enhanced
OER performance.*

Inspired from this, we explored the electro-upcycling of PET
plastic and H,-production using nickel-iron selenide (Ni-
Fe;Se,) catalysts. This catalyst possesses desirable properties for
catalyzing the HER, OER, EGOR, and, PETOR, exhibiting low
interfacial resistance and an abundance of catalytically active
sites. The Ni-Fe;Se, catalyst demonstrates a remarkably low
overpotential of 174 mV for the HER and 164 mV for the OER at
10 mA cm 2, indicative of its superior catalytic activity
compared to previously reported catalysts. Owing to corrosion
resistive ability and dimensional stability, Ni-Fe;Se, demon-
strates water electrolysis under industrial-level alkaline condi-
tions (5 M KOH) and at industrial-scale current density. The
electrode stability was measured at 300 mA cm™> for a time
interval of more than 42 hours. Additionally, EG electrolysis at
1.667 Vin 1 M KOH + 0.3 M EG enabled PET plastic electro-
upcycling at a current density of 100 mA ecm ™2, yielding value-
added products such as formate and terephthalate. The fara-
daic efficiency for conversion of EG to formate is found to be
89% and 84% at current densities of 50 and 100 mA cm 2,
respectively.

Experimental

Materials and methods for synthesis of Ni-Fe;Se,

For the synthesis of Ni-Fe;Se, catalysts, 1.5 mM FeSO,-6H,0
(0.417 g) and 2.0 mM Na,SeO; (0.346 g) were dissolved in 50 mL
distilled water. After this, 1 mL ammonia solution was added to
the precursor solution and the solution was stirred for 20
minutes at room temperature. Meanwhile, nickel foam (NF) of
dimension 3.5 x 2.5 cm® was cleaned using 2.5 M HCl solution,
distilled water, and ethanol to remove the impurities and oxide
layer from NF. The precursor solution and pre-treated NF were
then transferred to a 100 mL Pyrex glass bottle and heated at 85
°C using a preheated hot-air oven for 15 hours. The Ni-Fe;Se,
electrodes were then cleaned using distilled water and ethanol.
Finally, the electrodes were sonicated for 5 minutes to remove
loosely attached catalyst particles and dried at 70 °C in
avacuum oven (10~ to 10 torr). Control electrodes without an
iron source were fabricated using a similar technique and
labelled as NiSe, while the electrode fabricated without a Se
source is labelled as Ni-Fe;0,.

Materials characterization

The structure of the Ni-Fe;Se, catalyst was studied by powder
XRD using a D2-phaser with Cu Ka radiation. The morphology
and chemical purity of the as-synthesized catalysts were inves-
tigated using a scanning electron microscope (Make: FEI, LoVac
Apreo electron microscope) with SEM-EDS facility. Elemental
mapping of elements including Fe, Ni, Se, and O was also
recorded. The surface chemical composition was further

This journal is © The Royal Society of Chemistry 2026
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investigated on a Thermo Scientific K-alpha XPS (X-ray photo-
electron spectrometer).

Preparation of PET hydrolysate

To prepare the PET hydrolysate, outdated plastic has to be
treated. First, a 4 g water bottle was washed with detergent to
remove dust, labels, and other contaminants. It was then cut
into small pieces (1 x 1 cm?) and added to 50 mL of 2 M KOH
solution, followed by continuous stirring for 30 minutes at
room temperature. The mixture was then transferred to a Teflon
container and heated at 160 °C for 15 hours. Afterward, an
additional 50 mL of water was added to dilute the PET hydro-
lysate. The final solution was then filtered and used for
electrochemical upcycling.

Electrochemical measurements

The electrochemical performance of Ni-Fe;Se,, NiSe, Ni-Fe;0y,,
commercial Pt/C and commercial RuO, catalysts for water
electrolysis and PET plastic up-cycling was measured using
a Metrohm PGSTAT-M204 electrochemical workstation. First,
kinetics of water and EG electrolysis was studied in 1 M KOH
and 1 M KOH + 0.3 M EG, respectively, using the standard three
electrode system with Ni-Fe;Se, electrodes, Ag/AgCl (3 M KCl
saturated) and Pt/C as working, reference and counter elec-
trodes, respectively. The linear sweep voltammetry (LSV) curves
were recorded at scan rate of 2 mV s~ '. The polarization curves
with iR-compensation were calculated. The Tafel slope was also
calculated from polarization curves for the study of kinetics of
the HER, OER, EGOR and PETOR. The calculation of interfacial
resistance and study of charge transport were accomplished
using electrochemical impedance spectroscopy in the frequency
range of 100 kHz to 10 mHz with an amplitude of 10 mV. Cyclic-
voltammetry curves were recorded in the non-faradaic potential
range at different scan rates ranging from 20 to 100 mV s~ . The
electrochemical surface area (ECSA) was also calculated using
the Cq) value obtained from the CV curves. The stability of the
electrode, efficiency of charge and mass transport was also
studied using the multi-step chronopotentiometry at different
current densities ranging from 10 to 100 mA ecm 2. In situ
Raman spectroscopy using an i-Raman Plus (Make: BWTEK)
and VIONIC (Make: Metrohm) system in the potential range of
1.3 to 1.6 Vvs. RHE in 1 M KOH with and without 0.3 M EG. A
two-electrode alkaline electrolyser with Ni-Fe;Se, as both the
anode and cathode was prepared for the study of overall water,
EG and PET electrolysis. The water electrolysis was studied by
LSV, EIS, and multi-step chronopotentiometry in different
alkaline electrolytes (1 M, 3 M and 5 M KOH) at different
temperatures from ambient temperature (25 °C) to 60 °C. The
industrial-scale water electrolysis was studied by a stability test
at a current density of 300 mA cm 2 for the time interval of more
than 42 hours.

Analysis of products of ethylene glycol and PET hydrolysate
electrolysis

The 1 M KOH + 0.3 M EG electrolyte was analysed by Raman
spectroscopy using 532 nm excitation before and after

This journal is © The Royal Society of Chemistry 2026
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electrolysis. The PET hydrolysate and TPA collected from PET
hydrolysate were also tested by Raman spectroscopy. EG elec-
trolyte was further investigated using a Waters Alliance High-
Performance Liquid Chromatographic System (Australia)
equipped with a PDA detector fitted with a quaternary gradient
pump, degasser, column oven, autosampler and Shodex SH-
1011 Sugar Column. Details of the HPLC measurements are
given in the SI. Furthermore, "H NMR spectra were measured
for the qualitative analysis of EG and PET electrolytes.

Results and discussion

The nickel-iron selenide (Ni-Fe;Se,) catalyst on the 3D-scaffold
of the Ni foam was synthesized using chemical bath deposition
(CBD). The schematic of synthesis process and digital image of
the prepared catalysts are presented in Fig. 1a and S1, SI,
respectively. Due to high electric conductivity, open porosity
and ability to load higher amounts of catalysts, Ni foam was
selected for the current collector for the electrolysis. Ni-Fe;Se,
catalysts were directly synthesized on Ni foam using FeSO,-
-6H,0, and Na,SeO; as Fe and Se sources in the presence of
ammonia solution to provide alkaline conditions at a tempera-
ture of 85 °C for 15 h to optimize the mass loading of the
catalysts. The chemical reaction for synthesizing Ni-Fe;Se, is as
follows:

3FCSO4 + 6Na2$e03 + 3NH4OH - Fe3Se4 + 28602 + 3Nast4
+ 6NaO, + 3NH;31 + 3H,0 + 0,1 (1)

Simultaneously, the Fe*" ions formed in alkaline precursor
solution corrode the Ni foam because the reduction potential of
the Fe** ions (Fe*" + e~ — Fe?*; +0.77 V) is higher than that of
nickel (Ni** + 2e~ — Ni; —0.26 V). Apart from this, Ni foam also
reacts with oxygen present in the solution and forms OH™,
leading to the incorporation of Ni** into the grown catalyst.>®
Therefore, the catalyst is labelled as Ni-Fe;Se,. The morphology
of the catalyst was first observed by SEM (Fig. 1b-d). The rough
surface of the NF suggests that the surface of the current
collector is fully covered by the catalyst, which is beneficial for
the efficient charge and mass transport during the electrolysis.
As shown in Fig. 1c, the deposited Ni-Fe;Se, system shows
agglomerated nanostructures with granular features, suggest-
ing the formation of interconnected clusters that enhance
electron transport pathways. Moreover, the deposited Ni-Fe;Se,
showed faceted nanocrystals with sharp edges and uniform
deposition on Ni foam, and such hierarchical structures could
be expected to ensures abundant catalytically active sites,
improved charge transfer, and enhanced stability. The
morphologies of the NiSe and Ni-Fe;0, catalysts are shown in
Fig. S2 (SI). The chemical composition and electronic states of
the constituent were further analysed by XPS. Fig. 1le presents
the XPS survey of Fe 2p, showing the presence of peaks at
711.07 eV and 724.44 eV, which are ascribed to 2p;/, and 2p,
orbits of Fe**. Furthermore, peaks centred at binding energies
of 713.21 eV and 726.45 eV are related to the presence of Fe**
2ps/» and Fe®* 2p,, orbitals, respectively, showing the presence

J. Mater. Chem. A, 2026, 14, 1923-1935 | 1925
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(a) Schematic of the synthesis of the Ni—FezSe,4 catalyst on the Ni scaffold, (b—d) SEM images of the Ni—FezSe,4 catalyst, XPS survey of the

Ni—FesSey4 catalyst: (e) Fe 2p and (f) Se 3d, (g) powder XRD patterns of Ni-FezSe4 and control electrodes, and (h) SEM-EDS mapping of Fe, Ni, Se

and O elements of the Ni—FezSe, catalyst.

of the Fe*" electronic state. Additionally, the shakeup satellite
peaks of Fe are observed at binding energies of 718.96 eV and
733.44 eV. Fig. 1f shows the deconvolution of Se 3d, containing
the peaks at binding energies of 54.58 eV and 55.48 eV, related
to Se®” 3ds;, and Se*” 3d;j, orbitals. Additionally, a peak at
56.58 eV shows the co-presence of Se’ in the catalyst. The
shakeup satellite is observed at a binding energy of 58.98 eV.
The XPS O 1s survey is shown in Fig. S3b (SI). The XPS survey of
Ni 2p shows a peak at 853.18 eV due to the presence of metallic

° phase (Fig. S3a, SI). The peaks centred at 856.08 eV and

1926 | J Mater. Chem. A, 2026, 14, 1923-1935

873.88 eV are assigned to Ni 2ps, and Ni 2p;,, of the Ni*'-
electronic state. Additionally, peaks at 856.08 eV and 879.68 eV
are satellite peaks. In addition, the XPS spectra of the NiSe and
Ni-Fe;0, electrodes are displayed in Fig. S5 (SI). Furthermore,
the structure of the Ni-Fe;Se, catalysts and control catalysts was
investigated by the powder XRD pattern (Fig. 1g). The XRD
pattern of Ni-Fe;Se, is indexed to the monoclinic structure. The
XRD pattern is well matched with previous reports and aligns
with the standard data (ICSD no. 96-153-7571).*” Additional
peaks at 44.6° and 52.0° are due to underlying Ni foam.*® The

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta06515a

Open Access Article. Published on 19 November 2025. Downloaded on 3/17/2026 7:06:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry A
(a) 300 o (b) 165 g (c) 30 —=—NiSe
——NiSe 4 Ni-Fe;Se, Ni-Fe,0,
250 : 4 . 2.5 1 34
_ —:f-iegcs)e,, o Ni-Fe;0, 67.3 mvidec —A—NiFe,Se,
200 A -re;0, X —~ 20 4
g RuO, o 155 - c
I 150 2 : 1.5+
£ \ < 1.50 N
: 100 --mmemmmmmmmmnne g < — 1.0 4
w
i 4.9 mv/dec
50 4 145 4 05
OER OER OER
0 1 ! J T 1.40 T T T T 0.0 ¥ T T T
1.2 1.3 1.4 15 16 1.7 15 16 17 18 19 0.0 05 1.0 1.5 20 25 3.0
E (V) vs RHE log J Z'(Q)
250 -
(d) ——NiSe (e) = NiSe (f)  ——wee
Ni-Fe,0, 1454 © NiFe0, 18] Ni-Fe,0,
200 . 4 Ni-Fe,Se 7 6mVIdes ;
& —Ni-Fe;Se, w W 15 4 —— Ni-Fe;Se,
£ I
1501 x a 124
s 137V o 1407 g
\ > H -
£, 100eassmunnsd ! 5 RUNEEGNL Smme—— ~ N
3 2
w 1354 M 6
50
EGOR egor” """ °] EGOR
0 T T T T 1.30 T T T T 0 T T T T T T
12 13 14 15 16 1.7 06 08 10 12 14 0o 3 6 9 12 15 18
E (V) vs RHE log J Z'(Q)
(g) 200 v (h) °° T+ wese (i) 5. @ WOEG
Ni-Fe,O, 05 4 Ni-Fe;0, Cy =2.60 mF/cm’ & ’ @ with EG
150- = Ni-Fe,Se, |4 NiFe;Se, ;
i »* w PIIIII SIS
o 044 L& -
£ o I 1.2
© 0.3 0
< A > 0.45V
Eo2] .- 2 oo
] _,"‘ oen- w ® °
0.1 4 3% . -m--Ca= 870 mF/em’
B----" m-ss
0 T T T T 0.0 T T T T T 0.6 T T T T T
12 1.3 14 15 16 1.7 20 40 60 80 100 0 20 40 60 80 100 120
E (V) vs RHE n (mV/s) Time (sec)

Fig. 2

(a) Polarization curves for OER activity on Ni—FezSe4, NiSe, Ni-FezOy4, bare NF and commercial RuO; electrodes, (b) Tafel plots for OER

performance of all the electrodes, (c) EIS spectra measured at 1.5V vs. RHE in 1 M KOH, (d) polarization curves for EGOR activity on Ni—FezSey,
NiSe, and Ni—FezO,, (e) Tafel plots for EGOR performance, (f) EIS spectra measured at 1.35 V vs. RHE in 1 M KOH with 0.3 M EG, and (g)
polarization curves for PETOR activity on Ni—FezSe4, NiSe, and Ni—FezOy, (h) AJ vs. scan rate for evaluation of double layer capacitance (Cq), and

(i) open circuit potential in 1 M KOH with and without (W/O) EG.

control electrode fabricated without a Se source exhibits a cubic
inverse spinel structure of magnetite (Ni-Fe;0,)* and well
matched with the standard data (JCPDS no. 894319, 19-0629).
Meanwhile, the electrode fabricated without an Fe source does
not shows any diffraction peaks, which may be due to the
absence or low content of crystalline materials. The chemical
composition was investigated by SEM-EDS elemental mapping
showing the presence of elements such as Fe, Se, O and Ni
(Fig. 1h and S3c, SI). Furthermore, HR-TEM images of Ni-Fe;Se,
show a d-spacing of 0.27 nm, which is well indexed to the (202)
orientation and well matched with the XRD data (Fig. S4, SI).
Furthermore, Ni-Fe;Se, and Ni-Fe;0, were analysed by Raman
spectroscopy (Fig. S6, SI). The Raman spectra of Ni-Fe;Se, show
characteristic peaks at 214 cm™" and 240 cm ™', confirming the
Fe;Se,-type structure of the catalysts.*” The Raman spectra of
Ni-Fe;0, show a peak at 664 cm™ ", which is assigned to the A
mode of vibration.*

This journal is © The Royal Society of Chemistry 2026

Catalytic performance for EG and PET oxidation reactions

To evaluate the electrocatalytic performance for electro-
oxidation of water, EG and PET hydrolysate, the Ni-Fe;Se,
catalyst was directly anchored on nickel foam by facile chemical
bath deposition. Self-supported electrodes with direct
anchoring of the electrocatalysts on the current collector lead to
good adhesion and efficient charge transport, facilitating
minimized overpotential loss.** Fig. 2a, d and g shows the iR-
corrected polarization curves for the OER, EGOR and PETOR on
working electrodes such as Ni-Fe;Se,, Ni-Fe;O, and NiSe. As
compared to control electrodes such as NiSe and Ni-Fe;0,, self-
supported Ni-Fe;Se, exhibited superior catalytic performance,
achieving current density of 100 mA cm > at 1.49 V (vs. RHE),
1.37 V(vs. RHE) and 1.40 V (vs. RHE) for OER, EGOR and PETOR
performance, respectively, which is indicating the positive effect
of the presence of metal selenide sites** (Fig. S7). The OER
polarization curve in 1 M KOH electrolyte demonstrates the
oxidation peak with an onset potential of 1.30 V (vs. RHE),

J. Mater. Chem. A, 2026, 14, 1923-1935 | 1927
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suggesting the faradaic charge storage behaviour and redox

PET Electrolyte

(@) CV test for Ni—FesSe4 in 1 M KOH electrolyte with and without (W/O) 0.3 M EG, in situ Raman spectroscopy measurements on Ni—
FesSe4 in (b) 1 M KOH electrolyte and (c) 1 M KOH + 0.3 M EG electrolyte, (d) Raman spectra of 1 M KOH + 0.3 EG electrolyte before and after
electro-oxidation, (e) Raman spectra of PET hydrolysate after electro-oxidation and PET powder collected by acidification of electrolyte, and (f)
*H NMR spectra of the PET hydrolysate. (g) Schematic diagram of PET plastic upgrading.

reaction involved in this process. The OER process on the Ni-

Fe;Se, catalyst can be expressed in the following 4 steps:*®

*Moads + OH(aq)&_ - *MOOHadS + HzO +e

*M + OH(aq)7 - *MOHads +e

*MOHadS + OH(aq)&7 - *MOads + HZO +e

1928 | J Mater. Chem. A, 2026, 14, 1923-1935

*MOOHadS + OH(aq)&_ — *M + 02 + H20 +e

*M - surface active sites of the Ni-Fe;Se, catalyst.

(5)

The redox peak for Ni-Fe;Se, is found to be most intense

(except RuO,), showing the superior electrochemical charge-

transport towards the favourable adsorption/desorption of

oxygenated species.”**® Encouragingly, the onset of the EGOR

and PETOR well coincides with the onset of the metal-oxidation

This journal is © The Royal Society of Chemistry 2026
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peak of the OER, indicating that the in situ formed NiFeOOH
sites play the role of catalytically active sites.” Owing to the low
thermodynamic potential for the EGOR than the OER, Ni-
Fe;Se, demonstrates the energy-saving electro-oxidation by
lowering the potential by 120 mV for the EGOR and 90 mV for
the PETOR. Furthermore, the mechanism of the catalytic
performance was further studied using the Tafel plot (Fig. 2b
and e). Ni-Fe;Se, possesses the lowest value of the Tafel slope
(44.9 mV dec ™" for the OER and 15.2 mV dec " for the EGOR),
suggesting the accelerated charge-transport for both the OER
and EGOR on Ni-Fe;Se, as compared to NiSe and Ni-Fe;0,.
Moreover, the lower Tafel value for the EGOR compared to the
OER suggests that the EGOR performance is more kinetically
favourable than the OER. The charges transport mechanism
was further analysed using electrochemical impedance spec-
troscopy (EIS) (Fig. 2c and f). EIS spectra were recorded in the
AC frequency range of 100 kHz to 10 mHz to investigate the
charge transfer resistance (R.). The presence of a semi-circle
shows the efficient charge transport at the electrode/
electrolyte interface, and lowest value of interfacial charge-
transfer resistance for Ni-Fe;Se, for both the OER and EGOR
suggests the accelerated charge transport for Ni-Fe;Se,, which
could lead to higher current densities at small overpotential
values. To evaluate the electrochemically active surface area
(ECSA), double layer capacitance (Cq) was also estimated
(Fig. 2h) using the cyclic voltammetry (CV) curve (Fig. S8, SI).
The Cq is found to be higher for Ni-Fe;Se, (2.60 mF cm™2) than
NiSe and Ni-Fe;0,4, which suggests that Ni-Fe;Se, has an
abundance of catalytic sites. The catalytic performance of nano-
structured electrodes is significantly influenced by ECSA, sup-
porting the superior electro-oxidation performance of the Ni-
Fe;Se, catalyst. To further investigate the intrinsic catalytic
performance, ECSA normalized polarization curves were calcu-
lated (Fig. S9, SI), which show that the Ni-Fe;Se, catalyst
exhibited highest normalized current density, indicating its
superior intrinsic catalytic performance for the OER, EGOR and
PETOR. Additionally, the adsorption of EG on the catalyst
surface is a necessity for the EGOR. The direct observation of
adsorption of EG on the catalyst surface is difficult as it occurs
within the electric double layer.™ For indirect measurement of
EG adsorption, we measure the open-circuit potential (OCP) to
study the adsorption of EG on Ni-Fe;Se, catalysts at the
macroscopic level. Fig. 2i shows the significant decrease in OCP
(0.45 V), suggesting the favourable adsorption of EG on Ni-
Fe;Se, catalysts, which leads to accelerated EGOR
performance.™

Ethylene glycol and PET hydrolysate oxidation reactions

To further explore the active sites and mechanism of the EGOR,
cyclic voltammetry curves in 1 M KOH with EG and without EG
were recorded (Fig. 3a). The CV curve recorded in the absence of
EG shows the obvious oxidation and reduction peaks due to the
redox behaviour of Ni and Fe. With EG, CV curves show the
onset of the EGOR, coinciding with the onset of the oxidation
peak for metals. However, the reduction peak disappears in the
presence of EG, which indirectly suggests that the presence of

This journal is © The Royal Society of Chemistry 2026
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EG suppresses the oxidation of metallic-sites in the Ni-Fe;Se,
catalyst. The indirect oxidation mechanism was further
confirmed by chronoamperometry tests (Fig. S11, SI). When
1.55 V vs. RHE was applied, the oxidation current can be seen
indicating the oxidation of metallic-sites. The current with EG is
higher due to electro-oxidation of EG. After this, when the
reduction potential 1.2 V vs. RHE was applied, an obvious
reduction current can be seen, suggesting the electrochemical
reduction of metallic sites. However, the reduction current
suppresses because of the chemically consumed NiFeOOH
sites. In situ Raman spectroscopy was also performed to further
study OER and EGOR performance (Fig. 3b and c). In 1 M KOH,
in situ Raman spectroscopy shows the original peaks of Ni-
Fe;Se, centred at 214 cm™ " and 240 cm ™' along with the peaks
centred at 472 cm™ " and 555 cm~ ' due to NiFeOOH sites
generated due to oxidation of Ni-Fe;Se,.*** However, the
intensity of the peaks for Ni-Fe;Se, has reduced significantly as
compared to original data owing to coverage by in situ formed
NiFeOOH sites on the surface of the Ni-Fe;Se, catalyst.
Although, in the presence of EG, peaks of Ni-FezSe, and
NiFeOOH can be seen, intensity of NiFeOOH is extremely less
owing to its chemical reduction, which is well supported by the
results of CP and CA tests for the indirect oxidation mechanism.
It confirms that in situ formed NiFeOOH sites are active sites for
EGOR performance." Therefore, the indirect electro-oxidation
mechanism proposed by Fleischmann et al. can be used to
explain the electrochemical oxidation of EG on NiFeOOH.**~*!

e 3
M* S M3

RCH,0H;, — RCH,OH,4

RDS

RCHonso] + 1\/[3+ — RCHOHdds + M2+

RCHOH, 4 + M** + H,0 —» RCOOH,,, + M**

The overall electro-oxidation of alcohol follows the afore-
mentioned reaction pathway, wherein the electrocatalyst
initially undergoes oxidation to generate the catalytically active
NiFeOOH phase. This active species then facilitates the surface
reaction, involving the adsorption of alcohol molecules, and the
transient formation of a M(OH), layer. Under the influence of
a high anodic potential, M(OH), is rapidly re-oxidized to
MOOH, thereby ensuring the continuous regeneration of the
active phase and enabling the catalytic cycle to proceed repeti-
tively. Finally, the adsorbed reaction intermediates undergo
rapid oxidation, leading to the formation of the corresponding
carboxylic acid (RCOOH).

Additionally, the Raman spectrum of the EG electrolyte
before electrolysis exhibits three distinct peaks at 861 cm ™,
1064 cm ™', and 1458 cm™ " (Fig. 3d), corresponding to the
asymmetric stretching vibrations of C-C, C-O, and C-H bonds,
respectively.”»*® For comparison, the Raman spectrum of
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Fig. 4 (a) Polarization curves for HER activity on Ni—FesSey, NiSe, Ni-FesO4, bare NF and commercial Pt/C catalysts, (b) Tafel plots for the HER

for all the electrodes, (c) EIS spectra for the HER at 150 mV overpotential, (d) schematic of the Mg—seawater battery based on the Ni—FezSey
cathode and its working principle, (e) discharging response along with the corresponding power density of the Mg—-seawater battery, and (f)

galvanostatic discharging test of the as-fabricated seawater battery at 0 to 30 mA cm

formate (FA) in 1 M KOH solution was also recorded, which
shows characteristic peaks at 1061 cm ' and 1344 cm *,
assigned to C-H twisting and bending vibrational modes,
respectively.”>** The Raman spectra of EG electrolyte at
a potential higher that 1.35 V vs. RHE display the characteristic
vibrational mode at 1344 cm ™' associated with FA, alongside
the original EG vibrational features, confirming the conversion
of EG into FA.

Furthermore, the electro-oxidation of PET hydrolysate and
EG electrolyte was accomplished by the chronoamperometry
test at 1.6 V vs. RHE (without iR compensation) (Fig. S12, SI).
The observed decrease in current density indicates the
progressive depletion of EG in the electrolyte. The Raman
spectra of electrolyte after electrolysis for different time inter-
vals were recorded. Notably, intensity of FA vibrational feature
increases with time interval, indicating the further conversion
of EG into FA. The absence of EG peaks at 12 h suggests
minimal residual EG in the electrolyte, corroborating the
reduced anodic current observed in the chronoamperometry
test. Furthermore, the composition of the product of EG electro-
oxidation at different anodic current densities (10-100 mA
cm %) was analysed by "H NMR spectroscopy and HPLC. As
shown in '"H NMR spectra, FA (~8.27 ppm) is the product at all
the investigated current densities along with residual EG (~3.45
ppm) (Fig. S13, SI). These results confirm the capabilities of Ni-
Fe;Se, catalysts for electro-upcycling of PET into value added
products such as terephthalate (TPA) and formate. After elec-
trolysis, PET hydrolysate was further acidified (pH = 3) to

1930 | J Mater. Chem. A, 2026, 14, 1923-1935
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facilitate the precipitation of TPA. Raman spectra of the
collected TPA (Fig. 3e) confirm its identity, with spectral
features consistent with the standard reported data.*® Fig. 3f
shows the "H NMR spectra of the PET hydrolysate, showing the
presence of TPA (~7.69 ppm), residual EG (~3.45 ppm) and FA
(~8.27 ppm). HPLC chromatographs confirm the presence of
formate after the electrolysis. The quantification of formate and
the faradaic efficiency was evaluated. The maximum faradaic
efficiency for EG to formate conversion is found to be 89% at
a current density of 50 mA cm ™~ (Fig. S14a and d, SI). Even, the
faradaic efficiency of 84% was achieved at a current density of
100 mA cm ™2, attributing the capability of Ni-Fe,;Se, catalysts
for efficient and rapid conversion of EG to value-added prod-
ucts. Fig. 3g and S15 shows the complete process of waste PET
bottle upgrading, which consists of mainly three steps: (1) KOH-
catalysed waste PET bottle hydrolysis, (2) electro-reforming of
PET hydrolysate with electro-oxidation of ethylene glycol (EG),
and (3) the separation of TPA and formate."****” In conclusion,
the electrocatalytic upcycling approach for PET plastics
contributes to a closed-loop carbon footprint for plastic waste
by facilitating energy-efficient H, production in addition to
producing value-added compounds as compared to conven-
tional water electrolysis.

Hydrogen evolution reaction and Mg-seawater battery
performance with the Ni-Fe;Se, cathode

The kinetics of the HER for the Ni-Fe;Se, catalyst and other
control catalysts including NiSe, Ni-Fe;O,, bare NF, and

This journal is © The Royal Society of Chemistry 2026
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commercial Pt/C was investigated under alkaline conditions
(1 M KOH). Fig. 4a presents the polarization curves for all the
catalysts with the iR-compensation. The CBD-deposited Ni-
Fe;Se, catalyst exhibits enhanced HER activity compared to the
NiSe and Ni-Fe;O, control electrodes. Impressively, Ni-Fe;Se,
requires an overpotential of 249 mV at a current density of 100
mA cm 2, which is significantly low as compared to control
electrodes NiSe (372 mV), Ni-Fe;0, (291 mV), and bare NF (426
mvV) and inferior to commercial Pt/C (123 mV). The Tafel slope
for the HER on the Ni-Fe;Se, catalyst is 71 mV dec™ " (Fig. 4b),
the lowest among all the electrodes. Furthermore, the electron
transport mechanism and interfacial resistance were investi-
gated by EIS. Fig. 4c shows the Nyquist plots for all the elec-
trodes, showing a minimum charge transfer resistance of 9.7 Q.
It suggests the enhanced conductivity for the Ni-Fe;Se, catalyst,

View Article Online
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leading to the easy flow of charges. The multi-step chro-
nopotentiometry curves were recorded to analyze the stability of
electrodes and charge and mass transport efficiency (Fig. S10b,
SI). To illustrate the practicality of the as-prepared catalyst, the
Mg-seawater battery was constructed using Ni-Fe;Se, as the
cathode, the magnesium alloy (AZ31) as the anode, and simu-
lated seawater (0.5 M NaCl) as the electrolyte (Fig. 4d). Such
a battery can provide a long-term power source for underwater
devices in the ocean by continuously producing energy by
passing electrons from the magnesium electrode to H,O
molecules.*®*® The polarization curve and the corresponding
power density curve of the prepared battery at different current
densities are present in Fig. 4e. The open circuit voltage of the
prepared battery with the Mg anode is around 0.63 V at 1 mA
cm 2 current density, which is suddenly decreased with higher
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Fig. 5 (a) Schematic representation of the water electrolysis cell, (b) schematic representation of electro-upcycling of PET plastic, polarization

curves for bi-functional electrolysis on Ni—FeszSe,4, Ni-FesO,4 and NiSe (with iR compensation): (c) 1 M KOH, (d) 1M KOH + 0.3 M EG, and (e) 1 M
KOH + PET, (f) long-term stability test for water electrolysis on Ni—FesSe, at 300 mA cm™2 (potential is without iR compensation), and (g) long-
term stability test for PET electro-upcycling over 5 cycles using Ni—FezSe4 electrodes.
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current density. The high open circuit value may be due to the
presence of dissolved oxygen in the electrolyte, which rapidly
decreased after the trace of oxygen was consumed.* Further-
more, the Mg-seawater battery with Ni-Fe;Se, catalysts as the
cathode shows a maximum power density of 4.4 mW cm > at 18
mA cm™ > current density, which suggests a highly promising
result. The discharge curve of the prepared Mg-seawater battery
with different current densities is displayed in Fig. 4f, which
demonstrates that such devices work stably at different current
densities, indicating its exceptional stability.

Industrial scale overall water electrolysis and PET upgrading

Fig. 5a schematically depicts a two-electrode alkaline electro-
lyser with Ni-Fe;Se, based electrodes as the anode and cathode,
which was analyzed at both laboratory (1 M KOH) and industrial
scales (3 M, 5 M KOH). When the cell voltage was applied, there
was vigorous gas bubbling from both electrodes, suggesting
that H, and O, were being produced simultaneously. Polariza-
tion curves for Ni-Fe;Se, electrodes in alkaline electrolyte
indicate the obvious electrolysis of water, producing the
geometric current densities of 10 and 100 mA cm 2 at cell
voltages of 1.52 V and 1.72 V (Fig. 5¢). The cell voltage was
further reduced to 1.70 V and 1.68 V to generate 100 mA cm™ > in
high-concentration (3 M, and 5 M) alkaline electrolytes
(Fig. S16a, SI). For further advancement of the electrolysis, the
catalytic performance is measured at elevated temperature up to
60 °C (Fig. S16b, SI). The cell voltage at 100 mA cm 2 is found to
reduce from 1.68 V at 25 °C to 1.57 V at 60 °C. Electrochemical
impedance spectroscopy (EIS) was also carried out at 1.5 V to
understand the charge transfer during the electrocatalytic
reaction (Fig. S17, SI). The stable catalytic performance is
extremely important to develop the robust electrodes for
sustainable and cost-efficient H,-synthesis. The multi-step
chrono-potentiometry curves were recorded at current densi-
ties ranging from 10 to 400 mA cm 2, showing the steep
switching of cell voltage upon change in current as well as stable
cell voltage at all the current values (Fig. S18). Furthermore, the
dimensional stability and robustness of electrochemical
performance for water electrolysis were measured at an indus-
trial scale current density of 300 mA cm™? for the time interval
of 42 hours (Fig. 5f). The polarization curves for water elec-
trolysis (inset, Fig. 5f) shows slight shifting of 20 mV on the
higher potential side after 42 h of the stability test, suggesting
the capability of the Ni-Fe;Se, catalyst for sustainable hydrogen
production and also bridging the gap between the fundamental
research and the industrial scale water electrolysis for green H,
and O, production.

Considering the high abundance of catalytically active sites
and the great potential of Ni-Fe;Se, for ethylene glycol oxida-
tion under diverse conditions, an ethylene glycol and PET
hydrolysate electrolyzer was developed. The present system
enables the transformation of waste into value-added products,
including hydrogen (H,) production, anodic oxidation of
ethylene glycol into formate, and the generation of tere-
phthalate (TPA) (Fig. 5b). The PET and EG electrolyser requires
a cell voltage of 1.66 V to generate 100 mA cm™ > current, which
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is 60 mV smaller than the cell voltage required for water elec-
trolysis, suggesting the saving of electric energy due to readily
oxidized nature of the EG molecule (Fig. 5c¢ and e). For
production of 1 Nm?® of H,, the electricity consumption is 4.2
kWh Nm and 4.0 kWh Nm® for conventional water elec-
trolysis and PET hydrolysate electrolysis. Furthermore, chro-
noamperometry (CA) tests were executed over 5-consecutive
cycles of PET hydrolysate electrolysis at initial current densities
exceeding 250 mA cm 2, demonstrating the excellent stability of
the system. The decrease in current density in the CA-test can be
attributed to the depletion of ethylene glycol (EG) concentration
in electrolyte during electrolysis (Fig. 5g). However, the high
current response is restored upon replacing the electrolysed
electrolyte with fresh PET hydrolysate, highlighting the robust
nature of the Ni-Fe;Se, catalyst. This demonstrates its excellent
stability and catalytic efficiency, ensuring sustained perfor-
mance over multiple cycles for transforming waste into value-
added products. Additionally, the Ni-Fe;Se, electrode was
analysed by XPS after the stability test (Fig. S19). There is no
significant change in the electronic structure after long term
stability, suggesting the robustness of the electrode. The supe-
rior performance of the Ni-Fe;Se, catalyst for industrial scale
water electrolysis and PET electro-upcycling can be attributed to
several factors such as (i) high electrochemically active surface
area due to abundance of active sites, as confirmed by SEM and
Cq values; (ii) reduced charge transfer resistance; (iii) in situ
formed NiFeOOH centres for efficient anodic oxidation
reactions.

Conclusions

In summary, we demonstrated the electro-upcycling of PET
plastic coupled with H2-production using a Ni-Fe;Se, catalyst.
The nanostructured morphology of Ni-Fe;Se, provides a high
specific surface area, abundant active sites, and rapid charge
transfer, resulting in exceptional performance for water elec-
trolysis, PET upgrading and ethylene glycol electrolysis. The Ni-
Fe;Se, catalysts demonstrated superior -catalytic activity,
achieving low overpotentials of 174 mV for the hydrogen
evolution reaction (HER) and 164 mV for the oxygen evolution
reaction (OER) at a current density of 10 mA cm 2. These values
surpass those of previously reported catalysts. Additionally, Ni-
Fe;Se, exhibited excellent corrosion resistance and dimensional
stability, enabling efficient water electrolysis under industrial
alkaline conditions (5 M KOH) and at industrial-scale current
densities. Stability testing confirmed electrode durability,
maintaining performance at 300 mA cm > for over 42 hours.
Furthermore, we developed and evaluated an Mg/seawater
battery that combined Mg oxidation with the HER, which can
generate the required power for the electrolysis, enabling
development of the self-powered electrolyser. The Mg/seawater
battery, employing Ni-Fe;Se, as the cathode material, delivered
a peak power density of 4.4 mW cm ™2 at a current density of 18
mA cm 2. Additionally, electrolysis of PET hydrolysate at
1.667 V enabled PET plastic electro-upcycling at a current
density of 100 mA cm ™ ?, yielding value-added products such as
formate with a faradaic efficiency of 89% and terephthalate due

This journal is © The Royal Society of Chemistry 2026
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to abundance of in situ formed NiFeOOH sites. This work
highlights a simple and effective approach to developing cost-
effective electrodes, demonstrating their potential for
industrial-scale water splitting for H, production and upcycling
the PET plastic waste.
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