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ABSTRACT: Electrocatalytic
terephthalate (PET)

upcycling of polyethylene
waste plastics into value-added
chemicals offers a promising strategy to address
environmental pollution. However, the development of
efficient electrocatalysts capable of operating under industrial-
level current densities remains a significant challenge. In this
study, we report an electrochemical reconstruction strategy to
fabricate Ni*-doped CoOOH nanosheet arrays directly on
nickel foam (NF), enabling highly efficient conversion of PET-
derived ethylene glycol (EG) into formate at high current
densities. Systematic investigations, including in situ
spectroscopic analysis, reveal that Ni** doping not only
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enhances the adsorption of EG molecules on the catalyst surface but also accelerates the formation of reactive *OH
intermediates, thereby improving the reaction kinetics of C—C bond cleavage, ultimately promoting efficient formate
production. Specifically, the optimized Ni*-CoOOH,/NF catalyst achieves an industrial-level current density of 500 mA-cm?
at an ultralow potential of 1.38 V vs. RHE, with a Faradaic efficiency exceeding 90% across a broad current density range
of 100-500 mA-cm™. Furthermore, in a practical two-electrode electrolyzer, the Ni>*-CoOOH,/NF delivers a high formate

yield of 7.10 mmol-h~"-cm™ at 900 mA-cm, along with excellent long-term operational stability.

KEYWORDS: Ni#*-CoOOH nanosheet,
terephthalate (PET) waste plastic, formate product

1 Introduction

The improper disposal of plastic waste-particularly its accumulation
in landfills and migration into aquatic environments has caused
escalating ecological and environmental concerns [1, 2]. Among
various types of plastics, polyethylene terephthalate (PET) accounts
for over 82 million tons of annual production, predominantly used
in packaging and textiles [3]. Traditional recycling strategies for
PET, including mechanical reprocessing and pyrolysis, are hindered
by low efficiency and environmental limitations [4]. Recently, the
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electrochemical upcycling of PET waste under mild conditions
offers a sustainable and efficient alternative [5-7]. In an alkaline
medium, PET can be hydrolyzed into terephthalic acid (TPA) and
ethylene glycol (EG). Among these, EG is electrochemically
oxidizable into formate (FA), a high-value product widely used in
fuel cells, chemical synthesis, and industrial processes [8].
Importantly, FA features high economic value and environmental
compatibility. Electrochemical oxidation of EG (EGOR) achieves
selective C-C bond cleavage at the anode, with product selectivity
largely governed by the adsorption configuration of intermediates
and the energy barrier of bond dissociation [9-11]. Therefore, the
development of high-performance electrocatalysts capable of
achieving both high activity and stability under large current
densities is critical to realizing the practical implementation of
electrocatalytic PET upgrading technologies.

In recent years, cobalt-based catalysts, especially those in the
form of oxides and hydroxides, have shown great promise in
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EGOR applications due to their earth abundance, moderate binding
energies for reaction intermediates, and favorable redox
characteristics [12—15]. However, their catalytic performance
remains limited by the linear adsorption behavior of active sites,
which constrains reaction kinetics and selectivity. To address these
challenges, numerous studies have focused on enhancing activity of
cobalt-based catalysts via strategies such as heteroatom doping,
heterostructure engineering, and alloying [16—-18]. Metal doping, in
particular, has been demonstrated to improve both the intrinsic
activity and formate selectivity of cobalt-based materials [19].
Nonetheless, systems capable of sustaining long-term operation at
industrial current densities remain scarce. Fundamentally, the key
to controlling EGOR selectivity and efficiency lies in the adsorption
kinetics and electronic structure modulation of key reaction
intermediates, especially reactive oxygen species such as *OH [20].
The *OH intermediate plays a pivotal role in facilitating C-C bond
cleavage, dehydrogenation, and product coupling [21]. Therefore,
engineering the surface and interfacial structure of cobalt-based
catalysts to accelerate *OH generation and its subsequent oxidation
kinetics is one of the most promising strategies for enhancing
industrial EGOR performance.

Herein, we present a rationally designed Ni*-doped CoOOH
nanosheet catalyst, synthesized via electrodeposition and
electrochemical reconstruction, for the efficient electrooxidation of
EG derived from PET hydrolysate. The incorporation of Ni**
significantly enhances the generation of reactive *OH species and
improves the adsorption and conversion kinetics of EG, thereby
promoting the selective cleavage of C-C bonds to form formate.
Comprehensive in situ spectroscopic analyses and electrochemical
measurements confirm that the optimized Ni*-CoOOH,/NF
catalyst ~ delivers  industrial-level ~ performance,  achieving
500 mA-cm™ at a low potential of 1.38 V vs. RHE and maintaining
over 90% Faradaic efficiency (FE) across a wide current range.
When integrated into a two-electrode HER||EGOR electrolyzer, the
system co-produces formate and hydrogen with outstanding
stability, reaching a formate yield of 7.10 mmolh"cm™ at
900 mA-cm™. The successful recovery of high-purity terephthalic
acid and potassium formate further demonstrates the practical
applicability of this approach.

2 Result and discussion

In this study, the Ni*-Co(OH),/NF electrode was first synthesized
via a one-step electrodeposition method. Subsequently, a selective
electrochemical activation and reconstruction process was
employed to convert Ni*-Co(OH),/NF into the final Ni*-
CoOOH/NF material, as schematically illustrated in Fig. 1(a). The
phase compositions of the synthesized materials were investigated
using X-ray diffraction (XRD). As shown in Fig. S1 in the ESM, the
XRD patterns of both Ni*-Co(OH), and Co(OH), display several
characteristic peaks corresponding to the standard Co(OH), phase
(JCPDS card No. 45-0031). After electrochemical reconstruction,
the XRD pattern of Ni*-CoOOH is consistent with the standard
CoOOH phase (JCPDS card No. 26-0480), as shown in Fig. S2 in
the ESM, indicating the successful transformation from Ni*-
Co(OH), to Ni*-CoOOH.

The surface morphology and microstructure of the samples were
further characterized by scanning electron microscopy (SEM). As
depicted in Figs. S3 and S4 in the ESM, both Ni**-Co(OH),/NF and
Ni**-CoOOH/NF exhibit nanosheet arrays uniformly grown on the
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three-dimensional (3D) porous nickel foam substrate, confirming
the successful construction of integrated electrode architectures.
The Ni*-CoOOH/NF possesses a thinner nanosheet morphology
compared to the Ni*-Co(OH),/NF, indicating that electrochemical
reconstruction optimizes the material’s active surface to form two-
dimensional flakes with more exposed active sites. Transmission
electron microscopy (TEM) in Fig. 1(b) further reveals the thin
nanosheet property of Ni*-CoOOH, while high-resolution TEM
(HRTEM) identifies lattice fringes with an interplanar spacing of
0.220 nm, corresponding to the (004) plane of CoOOH (Fig. 1(c)).
Energy-dispersive X-ray spectroscopy (EDS) elemental mapping
(Fig. 1(d)) confirms the uniform distribution of Co, Ni, and O
throughout the nanosheet structure. In addition, X-ray
photoelectron spectroscopy (XPS) was conducted to analyze the
surface chemical states of Ni*-Co(OH),/NF and Ni*-CoOOH/NF.
In the high-resolution Co 2p spectra (Fig. S5 in the ESM), Ni*-
Co(OH),/NF displays peaks at binding energies of 781.2 and
796.9 eV, corresponding to Co™ 2ps, and Co* 2p,,,, along with
satellite features at 786.2 and 802.9 eV [22]. After reconstruction,
Ni*-CoOOH/NF exhibits distinct Co™ 2ps;, (780.1 eV) and Co*
2py;, (7952 €V) peaks, confirming the formation of CoOOOH [23].
Notably, the high-resolution Ni 2p spectra of both samples (Fig. S6
in the ESM) only show peaks attributable to Ni* species,
suggesting that the Ni** are successfully doping into CoOOH and its
valence state remains unchanged throughout the reconstruction
process [24].

To further corroborate these observations, X-ray absorption fine
structure (XAFS) measurements were carried out for Ni*-Co(OH),,
Ni*-CoOOH, Co(OH),, and CoOOH samples. As shown in
Fig. 1(e) and Fig. S7 in the ESM, Co K-edge X-ray absorption near-
edge structure (XANES) spectra reveal a positive shift in the
absorption edge for Ni*-CoOOH and CoOOH compared to Ni*-
Co(OH), and Co(OH),, indicating the oxidation of Co* to Co*
during reconstruction. Furthermore, the extended X-ray absorption
fine structure (EXAFS) spectra in Fig. S7(a) in the ESM reveal
comparable oscillatory features between Ni*-CoOOH and
CoOOH, indicating that the electrochemical reconstruction
successfully induced the structural transformation from Co(OH),
to CoOOH. Notably, the Ni K-edge XANES spectra (Fig. 1(f)) and
EXAFS spectra (Fig. S7(b) in the ESM) exhibit consistent spectral
characteristics for both Ni*-Co(OH), and Ni*-CoOOH. These
spectral similarities suggest that the valence state and local
coordination environment of Ni remain largely preserved during
the electrocatalytic reconstruction process, which is also consistent
with the XPS results. Fourier transform (FT) EXAFS analysis was
also conducted to explore the local coordination environment. In
Fig. 1(g), Ni*-Co(OH), and Co(OH), exhibit two prominent peaks
at approximately ~ 1.45 and ~ 2.69 A, corresponding to Co-O and
Co-Co/Ni coordination, respectively. In contrast, Ni*-CoOOH and
CoOOH show shifts in coordination peaks, indicative of significant
structural evolution. For the Ni K-edge FT-EXAFS spectra
(Fig. 1(h)), two peaks centered at ~ 1.53 and ~2.65 A are assigned to
Ni-O and Ni-Co/Ni coordination. Compared to Ni*-Co(OH),, the
lower intensity of the Ni-Co/Ni peak in Ni*-CoOOH suggests
increased structural disorder post-reconstruction. Furthermore,
wavelet transform (WT) EXAFS spectra of both the Co and Ni K-
edges (Figs. 1(i) and 1(j) and Fig. S8 in the ESM) provide additional
evidence of the distinct coordination environments and successful
directional transformation from Ni*-Co(OH), to Ni**-CoOOH.
These results collectively confirm the successful and controllable
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synthesis of Ni*-CoOOH/NF electrodes via an electrochemical
reconstruction strategy.

The electrocatalytic performance of the Ni**-CoOOH/NF and the
other control catalysts for the EGOR were systematically evaluated
in a homemade PET hydrolysate solution. As shown in Fig. 2(a),
the linear sweep voltammetry (LSV) curve recorded in the PET
hydrolysate exhibited significantly enhanced catalytic activity
compared to that in 1.0 M KOH electrolyte. Remarkably, the Ni*-
CoOOH/NF electrode required an ultra-low potential of just 1.38 V
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Figure1 (a) The schematic diagram of the synthesis process of Ni*-CoOOH nanosheet on NF substrate. (b) TEM, (c) HRTEM, and (d) elemental mapping images of
Ni**-CoOOH sample. The XANES spectra of () Co K-edge and (f) Ni K-edge and FT-EXAFS spectra of (g) Co K-edge and (h) Ni K-edge for the references and prepared
samples. (i) and (j) Wavelet transforms for the k>-weighted EXAFS spectra of Ni*-CoOOH.

vs. RHE to reach a current density of 500 mA-cm?, representing a
substantial about 220 mV reduction in overpotential relative to the
oxygen evolution reaction (OER). Furthermore, this performance
surpasses that of control catalysts that synthsized by using different
ratios of Ni/Co sources, including Ni*-CoOOH,/NF (1.55 V vs.
RHE), Ni"*-CoOOH,/NF (144 V vs. RHE), Ni*-CoOOH,/NF
(148 V vs. RHE), and undoped CoOOH/NF (1.62 V vs. RHE)
(Fig. 2(b) and Fig. S9(a) in the ESM), demonstrating the critical role
of Ni* doping and the optimal Ni/Co ratio (1:4) in enhancing
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Figure2 (a) LSV curves for Ni*-CoOOH,/NF in PET hydrolysate and 1 M KOH. (b) Potential comparison diagrams at different current densities and (c) Tafel slopes
for the prepared catalysts in PET hydrolysate. (d) FE and formate yield of Ni*-CoOOHS,/NF at different current densities. (e) The comparison of yields and FEs of formate
among those prepared catalysts at 200 mA-cm™. (f) The cycling tests and (g) stability test of Ni**-CoOOH,/NF for EGOR at 500 mA-cm™. (h) Performance comparison of

Ni**-CoOOHS,/NF with the other reported catalysts for EGOR.

EGOR activity. Meanwhile, the Tafel slope of Ni*-CoOOH,/NF
was calculated to be as low as 38.8 mV-dec™, which is also lower
than that of Ni*-CoOOH,/NF (59.8 mV-dec™), Ni*-CoOOH,/NF
(528 mV-dec'), Ni*-CoOOH,/NF (549 mV-dec'’), and
CoOOH/NF (81.7 mV-dec"), indicating the optimized EGOR
kinetics (Fig. 2(c)). This result is further supported by
electrochemical impedance spectroscopy (EIS), where Ni*-
CoOOHS,/NF exhibits the smallest charge-transfer resistance among
all tested catalysts (Fig. S9(b) in the ESM) [25-30].

To evaluate the electrochemical surface properties, the double-
layer capacitance (Cy) values were derived from cyclic voltammetry
(CV) measurements at various scan rates (Fig. S10 in the ESM). Ni**-
CoOOH,/NF exhibited the highest Cy value of 3.1 mF-cm?
outperforming Ni*-CoOOH,/NF (2.3 mF-cm™), Ni*-CoOOH,/NF
(2.7 mF-cm™), Ni*-CoOOH,/NF (2.8 mF-cm™), and CoOOH/NF
(1.7 mF-cm™), suggesting a larger electrochemically active surface
area and the availability of more accessible active sites (Fig. S11 in
the ESM) [31-36]. To confirm the intrinsic activity, the EGOR
current densities were normalized to the electrochemical surface
area (ECSA), and the Ni*-CoOOHS,/NF electrode consistently
exhibited the highest intrinsic activity across all samples (Fig. S12 in
the ESM), further verifying that the superior catalytic performance
stems not only from the increased surface area but also from
enhanced intrinsic properties [27].
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The EGOR products generated under different current densities
were identified and quantified by 'H nuclear magnetic resonance
(NMR) spectroscopy. As shown in Fig. S13 in the ESM,
characteristic peaks corresponding to maleic acid (MA), TPA,
residual EG, and the target product formate were clearly observed.
The Ni*-CoOOHS,/NF electrode achieved a FE of over 90% across
the current density range of 100-500 mA-cm™, with a maximum
FE of 94.5% at 200 mA-cm™. Additionally, a high formate yield of
6.05 mmolh™.cm™ was obtained at 600 mA-cm™ (Fig. 2(d)). These
results significantly outperform the performance of control
catalysts, such as CoOOH/NF (72.4%, 1.80 mmolh™-cm™?), Ni*-
CoOOH/NF (74.4%, 1.85 mmolh™cm?), Ni*-CoOOH,/NF
(88.8%, 220 mmolh'cm?), and Ni*-CoOOH,/NF (78.4%,
1.95 mmolh'cm?) (Fig. 2(e)), further validating the superior
catalytic capability of the Ni*-CoOOHS,/NF electrode for EGOR.
Moreover, long-term electrolysis tests demonstrated excellent
durability. As shown in Figs. 2(f) and 2(g), the Ni*-CoOOH,/NF
catalyst maintained a stable cell voltage and consistent formate FE
over 100 h of continuous operation at 500 mA-cm?, confirming its
outstanding operational stability and potential for practical
applications in biomass-derived electrosynthesis systems. It is worth
mentioning that the Ni*-CoOOHS,/NF catalyst achieved industrial
current density (500 mA-cm™) at a much lower potential than other
reported PET electrocatalytic upgrade materials (Fig. 2(h) and Table
S1in the ESM).
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In addition, a series of post-mortem characterizations have
further been performed on the Ni*-CoOOH,/NF catalyst after the
20-hour long-term EGOR test to investigate any structural or
compositional changes. As shown in Fig. S14 in the ESM, the XRD
patterns of the used catalyst display no discernible phase changes
compared to the fresh sample, indicating that the crystalline
structure remains stable. Furthermore, SEM images confirm that
the nanosheet morphology is well-preserved after prolonged
electrolysis, with no significant aggregation or collapse observed.
Additionally, XPS analysis shows that the oxidation states of Co and
Ni remain consistent before and after the reaction, suggesting that
the surface chemical environment and electronic structure of the
active sites are maintained. These results collectively confirm the
excellent structural and electrochemical stability of the Ni*-
CoOOHS,/NF catalyst under extended reaction conditions.

To further elucidate the mechanistic origin of the enhanced
electrocatalytic performance of the Ni*-CoOOH,/NF electrode in
EGOR, in situ EIS was employed to probe the kinetic characteristics
at the electrode-electrolyte interface. As shown in the Bode phase
plot for OER (Fig. 3(a)), Ni*-CoOOHS,/NF exhibits a characteristic
phase peak in the low-frequency region at 145 V vs. RHE. In
contrast, during EGOR, the corresponding phase peak emerges at a
significantly lower potential of 1.20 V vs. RHE (Fig. 3(b)), indicating
that EGOR proceeds with faster interfacial kinetics than OER [37].
Compared with the COOOH/NF electrode, where the phase peak
appears at 1.40 V vs. RHE (Fig. S15 in the ESM), the Ni*-doped

catalyst demonstrates a noticeable reduction in peak potential,
confirming that Ni* doping effectively promotes EGOR kinetics
and accelerates the transformation of ethylene glycol into formate
[38]. The emergence of the phase peak during EGOR can be
attributed to a non-uniform charge distribution arising from the
oxidation of EG molecules on the catalyst surface, which reflects a
dynamic charge redistribution process at the interface [39]. Notably,
the EGOR phase peak occurs in a similar low-frequency region as
the OER, suggesting a mechanistic correlation with adsorbed
hydroxyl (*OH) intermediates. As the applied potential increases,
the peak shifts toward higher frequencies and lower phase angles,
signifying faster charge transfer and accelerated oxidation of EG
molecules [40]. This phenomenon is more pronounced in Ni*-
CoOOH,/NF compared to CoOOH/NF, highlighting the
promoting role of Ni** doping in interfacial charge dynamics.

To further investigate the adsorption behavior of EG on different
catalysts, open-circuit potential (OCP) measurements were
conducted to evaluate the adsorption capacity within the inner
Helmholtz layer. As shown in Fig. 3(c), both Ni*-CoOOH,/NF and
CoOOH/NF exhibit a marked decrease in OCP upon the
introduction of EG. Notably, Ni*-CoOOH,/NF shows a greater
shift, indicating a stronger adsorption of EG molecules, which
facilitates surface reaction initiation [41]. In addition, based on
previous literature, alcohol electrooxidation performance is closely
associated with both the adsorption strength of reactants and the
generation efficiency of surface-active *OH species [42, 43]. LSV
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Figure3 Bode plots of the Ni**-CoOOHS,/NF (a) in 1.0 M KOH and (b) in PET hydrolysate at different potentials. (c) OCP curves of Ni*-CoOOH,/NF and CoOOOH/NF
with and without adding EG in 1.0 M KOH solution. (d) CV curves of Ni**-CoOOH,/NF and CoOOH/NF in 1.0 M KOH solution. (e) The intercepted characteristic
peaks and (f) contour maps of in situ Raman spectroscopy for the Ni**-CoOOH,/NF during EGOR test. (g) The operando FTIR spectra of Ni*'-CoOOH,/NF for EGOR.

(h) The proposed conversion pathway of EGOR to formate on Ni*~CoOOH,/NF.
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curves (Fig. 3(d)) reveal that Ni*-CoOOH,/NF exhibits a more
intense *OH formation peak around 0.6 V vs. RHE compared to
CoOOH/NF, further suggesting that Ni** doping enhances the
generation of reactive oxygen species and optimizes the subsequent
oxidation kinetics of EG molecules. Therefore, the incorporation of
Ni** into the CoOOH nanosheets plays multiple beneficial roles in
enhancing EGOR performance. Firstly, the heteroatomic Ni** sites
likely serve as additional catalytic centers to facilitate the adsorption
and activation of ethylene glycol molecules. Secondly, Ni** doping
may enhance the generation of reactive *OH species by accelerating
water dissociation kinetics, which is a crucial step for alcohol
oxidation reactions. Thirdly, the integration of Ni* into the
CoOOH lattice introduces electronic modulation effects that can
alter the local charge distribution. This results in the formation of
asymmetric Ni*~Co™ bimetallic active sites, which may promote
synergistic catalytic behavior and lower the energy barrier for key
bond-breaking steps in the EGOR pathway.

To provide direct insight into surface species during EGOR, in
situ Raman spectroscopy was performed. As shown in Figs. 3(e)
and 3(f), the peaks located at 481, 520, and 642 cm™ in the 400-
750 cm™ range are attributed to Co-O/Ni-O vibrational modes
and lattice vibrations of Co-O in the Ni*-CoOOH,/NF [40, 44].
With increasing potential, the intensities of these peaks increase,
while no additional peaks emerge, indicating that the CoOOH
phase remains the primary active component throughout the
EGOR process. In the higher Raman region, broad peaks at 1280
and 1468 cm™ correspond to the vibrational signals of the EG
reactant, whereas a distinct peak at 1353 cm™ is associated with the
formate product [45]. Complementary in situ Fourier-transform
infrared (FTIR) spectroscopy was conducted to trace the evolution
of intermediate species. As shown in Fig. 3(g), with increasing
potential, the characteristic absorption bands at 1080, 1320, and
1411 cm™ can be assigned to the aldehyde stretching vibration,
C-O stretching vibration, and symmetric -COO" stretching of
glycolic acid, respectively [46]. The appearance of a new band at
1380 cm™ confirms the formation of formate [47]. Compared to
CoOOH/NF (Fig. S16 in the ESM), Ni*-CoOOH,/NF exhibits
stronger absorption intensities for both intermediates and final
products, highlighting its improved activity toward EGOR to
formate. Based on these findings, the proposed EGOR pathway is
illustrated in Fig. 3(h). Initially, EG molecules are electrochemically
oxidized on the Ni*-CoOOHS,/NF catalyst surface to form glycolic
acid intermediates. Subsequently, C-C bond cleavage occurs,
generating formate as the final oxidation product [48]. This
mechanistic understanding underscores the critical role of Ni**
doping and interfacial charge redistribution in enhancing the
catalytic efficiency of Ni*-CoOOH,/NF during biomass-derived
electrooxidation processes.

Based on the above results, Ni*-CoOOH,/NF has been
demonstrated to exhibit exceptional electrocatalytic performance
for the continuous conversion of PET hydrolysate into formate
under industrial-level current densities. The energy-saving water
splitting for hydrogen generation is considered as a promising
hybrid technology [49-54]. To further evaluate its practical
applicability in an overall water electrolysis system, we constructed
a two-electrode cell pairing Ni*-CoOOH,/NF as the anode with a
highly efficient hydrogen evolution reaction (HER) catalyst,
MOoNi@MoO,/NF, as the cathode (Fig. 4(a) and Fig. S17 in the
ESM) [54]. This configuration enabled a coupled HER||[EGOR
electrolyzer. First, LSV was performed to compare the energy
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efficiency of a conventional HER||OER electrolyzer and the
HER||EGOR electrolyzer. As shown in Fig. 4(b) and Fig. S18 in the
ESM, at a current density of 1000 mA-cm? the HER|[EGOR
electrolyzer required only 2.16 V, nearly 462 mV lower than that of
the HER||OER counterpart. This significant voltage reduction
highlights the energy-saving advantage of replacing the sluggish
OER with the kinetically favorable EGOR process. Hydrogen
generated at the cathode was collected via the water displacement
method [55-61], while the formate produced at the anode was
quantitatively analyzed using '"H NMR spectroscopy.

As shown in Fig. 4(c), the HER||EGOR electrolyzer achieved a
formate Faradaic efficiency exceeding 90% over a wide current
density range (100-500 mA-cm™). Notably, at an industrially
relevant current density of 900 mA-cm?, the formate yield reached
an impressive 7.10 mmol-h™-.cm™ Even at 500 mA-cm?, the system
maintained a high formate Faradaic efficiency (91.5%), significantly
outperforming many state-of-the-art electrocatalytic ~systems
previously reported (Fig. 4(e) and Table S2 in the ESM), thereby
confirming the superior catalytic performance of the designed
electrolyzer. In addition, the hydrogen production rate under
various coulombic charge inputs closely matched the theoretical
values (Fig. 4(d)), further validating the high hydrogen Faradaic
efficiency of the system. To assess the long-term operational
stability and industrial viability, the HER||[EGOR electrolyzer was
operated continuously at 500 mA-cm™ for 100 h. As shown in
Fig. 4(f), the cell voltage remained stable throughout the entire
electrolysis period, and the formate production rate was
consistently maintained, demonstrating excellent durability and
scalability for sustained co-production of hydrogen and formate.
Finally, the anodic oxidation products were collected and subjected
to downstream purification via concentration and recrystallization
techniques (Fig. S19 in the ESM). XRD analysis confirmed the
successful isolation of high-purity potassium formate (HCOOK)
and TPA as solid products (Fig. 4(g)). Additionally, to further
evaluate the practicality of this electrochemical PET-to-formate
strategy, a comprehensive economic analysis is shown in Fig. 520
and Table S3 in the ESM according to the presented calculation
details in the ESM, the process yields an estimated economic benefit
of $235.27 per ton of PET waste, which strongly supports the
commercial viability of this technology for upcycling plastic waste
into high-value chemicals.

3 Conclusions

In summary, a Ni*-doped CoOOH/NF electrocatalyst featuring a
hierarchical nanosheet morphology was successfully synthesized via
a facile electrodeposition followed by electrochemical
reconstruction  strategy. ~ Comprehensive  physicochemical
characterizations confirmed the synergistically optimized active
sites and interfacial charge transfer capability. In situ spectroscopic
analysis further revealed that Ni** doping promotes the formation of
reactive *OH species, enhances the adsorption of ethylene glycol
molecules, and facilitates the generation of key reaction
intermediates, thereby accelerating the overall kinetics of EG-to-
formate conversion. Electrochemical performance evaluation
demonstrated that the optimized Ni*-CoOOH/NF electrode
exhibits industrial-level catalytic activity in a three-electrode system.
When integrated into a two-electrode HER||[EGOR electrolyzer, the
device delivered superior co-electrolysis performance for the anodic
formate and cathodic H, products. Moreover, the purified products,
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Figure4 (a) Schematic diagram of MEA electrolyzer. (b) Volatge comparison of the HER||[EGOR and HER||OER electrolyzers at different current densities. (c) The FE
and yield of anodic formate at different current densities. (d) The cathodic yield of H, at different coulombic charge. (¢) The performance comparison with the other
electrolyzers by using different catalysts. (f) Chronopotentiometry test of HER||[EGOR electrolyzer at 500 mA-cm™. (g) XRD patterns and pictures of purified potassium

formate and isolated terephthalic acid products.

TPA and HCOOK, were successfully recovered after the
continuous electrolysis, confirming the feasibility of this strategy for

efficient upcycling of PET waste into high-value chemicals and
fuels.

4 Methods section

4.1 Synthesis of a series of Ni*~-CoOOH/NF samples

The Ni**-CoOOH,/NF samples were prepared by electrodeposition
and electrochemical reconstruction method. Typically, the cleaned
nickel foam was used as working electrode in a traditional three-
electrode system and the electrolyte consists of 5 mmol
Co(NO;),,6H,0 and 1.25 mmol Ni(NO;),,6H,0 in 50 mL of
distilled water. A continuous current of —80 mA-cm™ was applied
to the working electrode for 400 s to prepare the Ni*-Co(OH),/NF
sample. Next, the electrochemical reconstruction was performed by
using the Ni*-Co(OH),/NF as working electrode in PET
hydrolysate and conducted at the potential range of 0-1 V via cyclic
voltammetry cycling tests for 600 s. The Ni*-CoOOH,/NF
electrode was washed with water to remove the absorbed electrolyte
and dried in a vacaum oven. Moreover, by only adjusting the ratios
of Co(NOs),-6H,0 and Ni(NO,),,6H,0 (2.5, 3.75, 6.25 mmol:
125 mmol) in the electrolytes, the Ni*-CoOOH,/NF, Ni*-
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CoOOH,/NF, and Ni*-CoOOH,/NF can be synthesized. The
CoOOH/NEF electrode was prepared by only using single Co source
under the same conditions.

4.2 Synthesis of MoNi,@MoO,/NF samples

Firstly, NiMoO, precursor was prepared by hydrothermal reaction.
The 1 cm % 2 cm nanofiltration membrane was cleaned with 3 M
hydrochloric acid solution, deionized water, and anhydrous ethanol
for 15 min to remove surface oxidation layer and impurities. Then,
0.47 g nickel nitrate hexahydrate (Ni(NO;),-6H,0) and 0.5 g
ammonium molybdate tetrahydrate ((NH,);Mo,0,,6H,0) were
added into 60 mL deionized water and stirred for 30 min to obtain
a uniform solution. Then, the above solution and one NF were
transferred to a 100 mL stainless steel reactor, and the reaction was
maintained at 150 °C for 6 h. The NiMoO, precursor was removed
and washed three times with deionized water and anhydrous
ethanol. The NiMoO, precursor was placed in the furnace with
flowing H,/N, mixture atmosphere, and was annealed for 1 h at the
temperature of 500 °C. After cooling to room temperature, the final
MoNi,@MoO, material was obtained.

4.3 The preparation of PET hydrolysate

20 g of PET powder (polyethylene terephthalate) was placed in
100 mL of potassium hydroxide solution (KOH, 2.5 M) and stirred
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in a water bath at 80 °C for 90 h. The PET hydrolysate was then
filtered and adjusted to 500 mL for the electrochemical tests.

The other detailed experimental sections have already shown in
the ESM.

Electronic Supplementary Material: Supplementary material
(experimental details, the XRD patterns, XPS spectra, SEM images,
XAFS spectra, 'H NMR spectra, Tables, and other electrochemical
result) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907806.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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