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The electro-upgrading of polyethylene terephthalate (PET) alkaline hydrolysate provides an energy-saving
strategy towards green hydrogen and value-added anodic products, but the selectivity and stability at
industrial-scale current densities (>200 mA cm™2) remain challenging. Herein, hierarchical Co-
CeFz@NisN sheet-on-sheet nanostructures supported on nickel foam (Co-CeFz@NisN/NF) were
fabricated for PET hydrolysate electro-upgrading coupled with H, generation. The hierarchical
nanostructures can enlarge the accessible active area, while the introduction of Co species can
modulate the electronic configuration, which can reduce the active species formation potential and
optimize the adsorption behaviors of key reactants and reactive intermediates. Therefore, Co-
CeFs@NisN/NF exhibits industrial-scale response current densities (80 to 380 mA cm™2) at applied
potentials of around 1.32-1.44 V vs. RHE, as well as high stability (over 60 h) and high faradaic
efficiencies (>97%) in the ethylene glycol oxidation reaction (EGOR), which are superior to most high-
end electrocatalysts. In situ characterizations and electrochemical measurements indicate the key active
species and crucial intermediates in the EGOR, suggesting a reaction pathway towards high formate
selectivity. Moreover, a continuous flow cell with Co-CeFz@NisN/NF as the bifunctional electrode for
electro-upgrading PET hydrolysate delivers high activity (over 300 mA cm™2 at 1.72 V), long-term stability
(144 h) and high FEs (>95%). This study develops a bifunctional electrocatalyst for the EGOR and HER,
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Introduction

Polyethylene terephthalate (PET) is a thermoplastic polymer
widely used for various consumer products due to its high
transparency, light weight, and good chemical stability.”
However, the wide-spread of degradation-resistant PET prod-
ucts (70 million tons per year) has led to the substantial accu-
mulation of PET plastic waste, contributing to the issue of
“white pollution” with serious environmental challenges.**
Therefore, the efficient disposal of vast quantities of waste PET
is an urgent social and scientific challenge. Recycling is a vital
strategy for managing waste PET plastics and reducing their
environmental impact.” Currently, 90% of PET recycling is
carried out through mechanical recycling, but the quality of the
recycled PET may degrade with each cycle, while the removal of
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while elucidating the active species, key intermediates, and possible reaction pathway for the closed-
loop electro-upgrading of PET waste.

contaminants is also challenging.® In addition, waste PET can
be hydrolyzed to produce terephthalic acid (TPA) and ethylene
glycol (EG) monomers by chemical recycling under alkaline
conditions.® Afterward, adjusting the pH of PET hydrolysate can
facilitate the precipitation and separation of TPA, but the EG is
hard to separate due to its good water solubility and high
boiling point.’®"* Therefore, to achieve the efficient recycling of
PET plastics, there is an urgent need to explore efficient and
sustainable treatment processes that enable the closed-loop
recycling of TPA from waste PET plastics and the conversion
of EG into high-value-added and easy-separation products.”***

Recently, collaborative electrocatalytic systems combining
small organic molecule oxidation reactions with the hydrogen
evolution reaction (HER) have garnered widespread attention
due to their low energy consumption and generation of value-
added products on the anode side."**” Therein, the develop-
ment of the ethylene glycol oxidation reaction (EGOR) provides
a reliable and effective upcycling route for the recycling of PET.
Generally, EG molecules can be transformed to value-added
products by the direct electrooxidation of the alkaline PET
hydrolysate without purification or the addition of extra
chemicals. However, due to the existence of two hydroxyl groups
and a C-C bond in EG, the main products obtained from the
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EGOR are various C; or C, chemicals, such as formic acid (FA),
glycolic acid (GA), and oxalic acid (OA).**** Among the various
potential electrooxidation reaction pathways and products,
controlling the reaction selectivity is a key issue in the design
and development of EGOR electrocatalysts, which can not only
improve the reaction stability but also facilitate subsequent
product separation processes. Therefore, the design of electro-
catalysts with high EGOR activity, stability and selectivity
remains challenging, especially at industrial-scale current
densities (>200 mA cm~?).>* Although noble-metal-based elec-
trocatalysts, such Pd, Pt, and Au, exhibit high catalytic perfor-
mance, their high cost, inferior long-term stability and variety of
by-products limit their practical applications.?*>* Currently,
related alternative transition-metal-based electrocatalysts have
been developed for the EGOR,**¢ but they still suffer from
various side reactions, leading to inferior faradaic efficiencies.
Therefore, the rational design of transition-metal-based elec-
trocatalysts to boost the activity and selectivity is of great
significance.””

To design EGOR electrocatalysts with superior selectivity, it
is crucial to elucidate the reaction pathway and identify the key
intermediates of the EGOR. The electrooxidation pathways of
EG predominantly involve two distinct oxidative mechanisms,
the oxidation of hydroxyl groups and/or the cleavage of C-C
bonds.?®** The sequencing of these two kinds of oxidations and
the oxidation depth of hydroxyl groups lead to the differences in
intermediates and reaction pathways, further resulting in
a diversity of final electrooxidation products. Meanwhile, the
adsorption capacity for organic intermediates and OH™ can be
effectively regulated by modulating the surface electronic
configuration and geometric structure, thereby influencing the
product selectivity of the EGOR.*>*! In previous studies, glyco-
late or glyoxal are usually determined as the key intermediates
for the EGOR on Ni-based electrocatalysts.**** Although both
intermediates can be further transformed to formate, the
divergent reaction pathways may induce distinct product
selectivity. Therefore, rational electrode design to create specific
active sites for EGOR process, coupled with strategies to
modulate the interface adsorption and transformation effi-
ciency of reactants/intermediates to steer reaction pathways
also need to be developed.

In the anodic oxidation process, cobalt-based species have
been demonstrated to facilitate the adsorption of OH™.****
Therefore, hierarchical Co-CeF;@Ni;N sheet-on-sheet nano-
structures supported on nickel foam (Co-CeF;@Ni;N/NF) were
fabricated as a bifunctional electrocatalyst for the electro-
upgrading of PET hydrolysate to added-value chemicals,
coupled with H, generation. The hierarchical sheet-on-sheet
nanostructures can expand the accessible surface area and the
coating of Co species can reduce the onset oxidation potential
for the EGOR. Therefore, the Co-CeF;@Niz;N/NF electrode
exhibits industrial-scale current densities, high stability (over
60 h) and high FEs (>97%) at 1.32-1.44 V vs. RHE in the EGOR.
Furthermore, a continuous flow cell with Co-CeF;@Ni;N/NF as
the bifunctional electrode in an electro-upgrading PET hydro-
lysate system delivers 100/300 mA cm™ > at 1.50/1.72 V, and it
can remain stable at 1.75 V over 6 cycles for 144 h. Moreover,
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operando electrochemical impedance spectroscopy and in situ
Raman spectroscopy were implemented to track the dynamic
evolution of active species during the EGOR. In situ Fourier
transform infrared spectroscopy and a series of electrochemical
measurements indicated that glyoxal is a crucial intermediate
in the EGOR using the Co-CeF;@Ni;N/NF electrocatalyst, while
a possible reaction pathway is also proposed.

Results and discussion

As shown in Fig. 1a, the CeF;@Niz;N heterostructure supported
on Ni foam (CeF;@NizN/NF) is fabricated following our
previous work.*® Afterward, CeF;@Ni;N/NF is immersed in
Co(Ac), solution to spontaneously fabricate hierarchical Co-
CeF;@Ni3N nanosheet arrays on NF (Co-CeF;@NizN/NF)
through an interfacial reaction. The morphological features
are investigated using scanning electron microscopy (SEM).
Typically, vertically aligned nanosheet arrays can be observed in
F-Ni(OH),/NF, NiCeF precursor/NF, and CeF;@Niz;N/NF
(Fig. S11). Meanwhile, the X-ray diffraction (XRD) spectra indi-
cate the distinct crystalline change after the introduction of Ce
species (Fig. S21), demonstrating the successful fabrication of
CeF;@Ni3N heterostructures on the NF substrate. After spon-
taneous coating with Co species, the Co-CeF;@NizN/NF
composite reveals distinct hierarchical sheet-on-sheet nano-
structures (Fig. 1b, ¢ and S37}), where small nanosheets with
a lateral size of about 150 nm are vertically and uniformly
anchored on CeF;@Ni;N nanosheets to enlarge the accessible
active surface area. Moreover, energy dispersive spectroscopy
(EDS) mapping reveals the uniform distribution of Co, Ni, Ce,
F, N, and O elements (Fig. S4t), further confirming the
successful introduction of Co species to form sheet-on-sheet
nanostructures without structural collapse. As illustrated in
the XRD patterns (Fig. 1d), diffraction peaks in the pattern of
CeF3;@NizN/NF corresponding to the NizN phase (JCPDS 10-
0280) and CeF; phase (JCPDS 08-0045) can be observed, indi-
cating the formation of CeF;@Ni;N heterostructures with high
crystallinity.**® For Co-CeF;@Ni;N/NF, no new phases can be
detected, indicating the amorphous nature of the newly intro-
duced Co species. Furthermore, the hierarchical sheet-on-sheet
nanostructures of Co-CeF;@Ni;N are also confirmed using
transmission electron microscopy (TEM). As shown in Fig. 1e,
a large number of vertically aligned ultrasmall nanosheets are
present on the large sheet surface. Moreover, the crystalline
spacing values of 0.21 and 0.20 nm correspond to the (002) and
(111) planes of Ni3N, respectively, while that of 0.32 nm is
related to the (111) plane of CeF; (Fig. 1f and g). The selective
area electron diffraction (SAED) pattern of Co-CeF;@NizN
exhibits distinct diffraction rings that arise from the main
lattice planes of NizN and CeF; (inset of Fig. 1e), which is in line
with the XRD results. In Fig. 1h, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
imaging and related EDX mapping reveal the homogeneous
distribution of Ce, Co, Ni, F, N, and O elements on the Co-
CeF;@Ni3N nanosheets, demonstrating the uniform and dense
anchoring of ultrasmall Co-based nanosheets.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@) A schematic illustration of the synthetic procedure for Co-CeFz@NizN/NF. (b) and (c) SEM images of Co-CeFz@NizN/NF. (d) XRD

patterns of CeFz@NizN/NF and Co-CeFz@NizN/NF. (e)-(g) TEM images and the SAED pattern of Co-CeFz@NizN. (h) A HAADF-STEM image and

corresponding EDX mapping of Co-CeFz@NizN.

X-ray photoelectron spectroscopy (XPS) is utilized to confirm
the elemental chemical valence states and electronic interac-
tions of Co-CeF;@Ni;N/NF and CeF;@Ni;N/NF. The full survey
of Co-CeF;@Ni;N/NF clearly demonstrates the presence of C,
Co, Ni, Ce, N, F, and O elements (Fig. S57), confirming the
successful incorporation of Co species. In the C 1s spectrum,
three peaks located at 284.8, 286.7, and 289.2 eV can be
assigned to C-C/C=C, C-O/C-N, and O=C-O (Fig. 2a),
respectively.®® As shown in Fig. 2b, the Ni 2p;, spectrum
exhibits three typical peaks centred at 853.9, 856.0, and
861.0 eV, which are assigned to Ni" within the nitride lattice
(Ni-N), surface-oxidized Ni** (Ni-0), and a shake-up satellite
peak, respectively.*>** In the deconvoluted Ce 3d spectra of Co-
CeF;@Ni3N/NF and CeF;@Ni;N/NF (Fig. 2¢c and Table S17), the
Ce 3ds, and Ce 3d;, peaks are marked as u and v peaks,
respectively. The two peaks labeled as u’ and v’ correspond to
Ce*" species, while the other six peaks are associated with the +4
valence state.*>* The coexistence of Ce*" and Ce*" species is
attributed to the flexible Ce*"/Ce"" redox transition nature of
CeF;, which is beneficial for modulating the surface adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry

capabilities. Moreover, the Ce*"/(Ce*" + Ce'") ratio in Co-
CeF;@NizN/NF (66.16%) is lower than that in CeF;@Ni;N/NF
(74.85%), indicating the increase in vacancy sites on the elec-
trode surface. The Co 2p spectrum of Co-CeF;@Niz;N/NF
displays two peaks located at 781.0 and 796.1 eV correspond-
ing to Co** species, along with two satellite peaks centred at
785.8 and 801.5 eV (Fig. 2d).*** In addition, the N 1s spectrum
reveals a single peak centred at 398.9 eV related to the Ni-N
bond (Fig. 2e),*” while the F 1s spectrum shows a characteristic
peak located at 684.8 eV for the Ce-F bond (Fig. 2f).** Moreover,
upon the introduction of Co species, the binding energy of the
Ni-N band in Ni 2p experiences a positive shift of approximately
0.3 eV relative to that of CeF;@Ni;N/NF, while the binding
energies of Ce*" and Ce*" also experience a negative shift of
0.3 eV, which may due to enhanced interfacial electronic
interactions and electron transfer capabilities between NizN
and CeF; heterogeneous interfaces under the influence of Co
species. The above results demonstrated that the rational
construction of Co-CeF;@Ni;N/NF sheet-on-sheet hetero-
structures not only increases the oxidation state of NizN, but
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Fig. 2

also simultaneously modulates the surface electronic configu-
ration via Co species coating. Apparently, synergistic interfacial
electronic engineering may optimize the adsorption behaviours
of key reactants and reactive intermediates, significantly
enhancing the electrocatalytic activity and selectivity via
improved reaction selectivity.*

The electrochemical performance of the as-prepared
composites for the OER and EGOR was assessed in a standard
three-electrode H-type electrolyzer without an ion-exchange
membrane. Firstly, cyclic voltammetry (CV) curves were ob-
tained in 1 M KOH solution to investigate the surface redox
tendencies of various electrodes (Fig. 3a). Compared to
CeF;@Ni;N/NF, the anodic peak corresponding to the Ni**/Ni**
redox couple in Co-CeF;@Ni;N/NF is negatively shifted and
significantly enhanced, suggesting that the introduction of Co
species can modulate the electronic configuration around Ni
atoms and facilitate the surface adsorption of OH™, thereby
promoting the formation of Ni**OOH species.”*® Moreover,
a series of linear sweep voltammetry (LSV) curves for Co-
CeF;@Ni;N/NF was obtained at various EG concentrations to
investigate the effect on the EGOR process and to determine the
optimal EG concentration. The response current density of the
EGOR using Co-CeF;@Ni;N/NF gradually increases until the EG
concentration reaches 0.1 M (Fig. 3b), demonstrating the
balanced EG/OH ™ adsorption and reaction capabilities. There-
fore, an optimal EG concentration of 0.1 M is determined and
used in the following electrochemical measurements. To verify
the advantage of the EGOR over the OER, CV curves at 5 mV s *
for Co-CeF;@Ni;N/NF in 1 M KOH with/without 0.1 M EG are
obtained (Fig. 3c). Notably, in the presence of EG, the disap-
pearance of Ni**/Ni*" redox peaks and significant increase in
the response current density indicate the occurrence of the
EGOR after 1.30 V vs. RHE. In the backward scan curve, a larger
reduction current is shown than in the forward scan process,
revealing that the as-formed Ni** species may be spontaneously

13908 | Chem. Sci, 2025, 16, 13905-13915
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(@) C 1s, (b) Ni 2p, (c) Ce 3d, (d) Co 2p, (e) N 1s, and (f) F 1s XPS spectra of Co-CeFz@NizN/NF and CeFz@NizN/NF.

consumed during the scanning process.** As shown in Fig. 3d,
the LSV curves of Co-CeF;@Ni;N/NF for the OER and EGOR
processes are compared; the EGOR with Co-CeF;@Ni;N/NF
reveals a much lower onset potential and a significantly
promoted response current density, indicating that the EGOR is
more kinetically and thermodynamically favorable than the
OER. Therefore, the applied potentials required for the EGOR
on Co-CeF;@Ni;N/NF are reduced by over 270 mV to achieve
current densities from 200 to 600 mA cm ™ (Fig. 3e). Moreover,
the Tafel slope for the EGOR process is significantly lower
(42.6 mV dec ") than that for the OER process (146.3 mV dec ™),
indicating the excellent reaction activity and fast kinetics
toward the EGOR (Fig. 3f). Furthermore, the electrocatalytic
activity of Co-CeF;@Ni;N/NF can also be adjusted by control-
ling the coating amount of Co species (Fig. S67), demonstrating
the important role of the Co-based nanosheets in determining
the EGOR activity. In a comparison, the EGOR activity and
reaction kinetics of Co-CeF;@Ni;N/NF surpass most previously
reported high-end Ni-based EGOR electrocatalysts (Table S27).

Moreover, compared with F-Ni(OH),/NF, NiCeF precursor/
NF and CeF;@Ni;N/NF, Co-CeF;@Ni;N/NF demonstrates the
lowest onset potential and the most remarkable current
response behaviour for the EGOR (Fig. 3g). A remarkable
potential difference of 50 mV can be achieved with the presence
of the surface coating and interfacial electronic interactions
involving Co species. As depicted in Fig. 3h and Table S3,} the
Nyquist plot of Co-CeF;@NizN/NF reveals the smallest semi-
circle, while the charge transfer resistance (R.) calculated from
the fitted equivalent circuit is only 0.33 Q, which is obvious
lower than those of F-Ni(OH),/NF (8.02 Q), NiCeF precursor/NF
(8.63 Q) and CeF;@Ni;N/NF (0.93 Q). This result indicates that
Co-CeF;@Ni;N/NF exhibits superior charge transfer kinetics for
the EGOR process, which may due to the optimized surface
adsorption capabilities. Furthermore, the electrochemical
surface areas (ECSAs) of the as-prepared electrodes were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) CV curves for Co-CeFz@NizN/NF and CeFz@NizN/NF in 1 M KOH. (b) LSV curves with varying EG concentrations for Co-CeFz@NizN/

NF. (c) CV curves, (d) LSV curves, (e) potentials required for various current densities, and (f) Tafel slopes for Co-CeFz@NizN/NF for the OER and
EGOR. (g) LSV curves, (h) Nyquist plots, and (i) calculated Cy, values for F-Ni(OH),/NF, NiCeF precursor/NF, CeFz@NizN/NF and Co-CeFz@NizN/

NF for the EGOR.

assessed by measuring the double layer capacitance (Cq;) values
(Fig. 3i and S77). The calculated Cgq; value of Co-CeF;@NizN/NF
(54.0 mF cm™?) is much higher than those of F-Ni(OH),/NF (2.3
mF cm™?), NiCeF precursor/NF (3.8 mF cm™*) and CeF;@Ni;N/
NF (44.3 mF cm?), indicating the enlarged exposed surface
area and active sites of the hierarchical sheet-on-sheet nano-
structures for the EGOR process. Additionally, the ECSA-
normalized polarization curve of Co-CeF;@NizN/NF is still
lower than the other samples (Fig. S8%), indicating its superior
intrinsic activity upon the introduction of Co species. Due to the
high EGOR activity, the universality of Co-CeF;@Ni;N/NF for
oxidation reactions involving other alcohols (methanol and
glycerol) is evaluated. Generally, Co-CeF;@Ni;N/NF reveals
superior oxidation activity compared with that of the OER
process (Fig. S9T).

Besides the superior intrinsic activity, the durability of Co-
CeF;@Ni;N/NF for the EGOR was investigated using chro-
noamperometry (i-t) measurements, whereas the anodic prod-
ucts and faradaic efficiencies (FEs) were evaluated using nuclear
magnetic resonance (NMR) spectroscopy. As shown in Fig. 4a,
Co-CeF;@Ni;N/NF underwent various i-t tests at intervals of
0.03 V from 1.32 to 1.44 V (vs. RHE). The industrial-scale
response current density remains essentially stable at 1.32 V,

© 2025 The Author(s). Published by the Royal Society of Chemistry

then continuously decreases due to the rapid consumption of
EG molecules with an increase in applied potential, especially at
1.44 V. Afterward, the electrolytes after i—t testing were exam-
ined by quantitative "H NMR and '>C NMR. As the applied
voltage increases, the EG signal located at 3.45 ppm gradually
weakens (Fig. 4b), while the formate signal centred at 8.27 ppm
intensifies obviously, indicating the transformation of EG to
formate. Meanwhile, no CO;>~ species can be detected, con-
firming that no inorganic carbon compounds are produced in
the EGOR reaction (Fig. 4c). Moreover, the calculated FEs based
on the formate product exceed 97% at the aforementioned
applied potentials (Fig. 4d), demonstrating the extremely high
EGOR selectivity at high current densities. To gain deeper
insights into the catalytic stability and FE of Co-CeF;@Ni;N/NF,
long-term continuous it testing for 60 h was conducted with
the electrolyte refreshed every 12 h. As shown in Fig. 4e, the i—¢
curves of Co-CeF;@Ni;N/NF demonstrate almost consistent
performance over five consecutive cycles; the immediately
performance recovery after refreshing the electrolyte indicates
that the decrease in response current density was mainly due to
the consumption of EG. Meanwhile, the LSV curve after 60 h of
testing essentially aligns well with that before it testing (inset
of Fig. 4e), whereas the original sheet-on-sheet nanostructures

Chem. Sci., 2025, 16, 13905-13915 | 13909
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Fig. 4 (a) The i-t curves of Co-CeFs@NisN/NF at 1.32-1.44 V vs. RHE for 6 h, and corresponding (b) *H NMR and (c) *C NMR results from
electrolytes after the EGOR. (d) Calculated formate FEs after the EG oxidation reaction. (e) The i—t curves of Co-CeFz@NizN/NF for five

consecutive cycles at 1.33 V vs. RHE with the electrolyte refreshed every

12 h (the inset shows LSV curves before/after it tests). (f) Corresponding

'H NMR spectra, (g) calculated formate FEs, and (h) the *C NMR spectrum for the EGOR with Co-CeFz@NizsN/NF.

and the phase structure of Co-CeF;@Ni;N/NF show no obvious
change (Fig S10-S121). Furthermore, the anodic oxidation
product of the EGOR remains solely as formate during all the
long-term cycles, with formate FEs exceeding 96% (Fig. 4f-h).
Therefore, Co-CeF;@Ni;N/NF possesses robust reaction/
structural durability and excellent formate selectivity during
long-term cycling for the EGOR.

Operando electrochemical impedance spectroscopy (EIS)
measurements were applied at various potentials to elucidate
the interfacial electrochemical behaviour of Co-CeF;@Ni;N/NF
and CeF;@Ni;N/NF during the EGOR and OER. As shown in
Fig. S13a,t the linear Nyquist plots of Co-CeF;@Ni;N/NF reveal
substantial charge transfer resistance (R.) during the EGOR
within the low potential range of 1.10-1.25 V vs. RHE. Upon
increasing the applied potential to 1.30 V, the Nyquist plots
undergo a notable transition from a nearly linear shape to
a semicircular form. Similarly, the Nyquist plots of CeF;@NizN/
NF reveal a comparable trend, with the transition to semi-
circular form occurring at 1.35 V (Fig. S13b¥). The low-frequency
region (LF) in the operando Bode plots is associated with charge
inhomogeneity resulting from surface oxidation species, that is,
the formation of oxidized species at the electrode interface.’>*
The middle frequency (MF) corresponds to the surface double
layer capacitance.'® Co-CeF;@Ni;N/NF reveals a phase angle at
1.30 Vvs. RHE in the LF region, indicating the occurrence of the
EG oxidation reaction (Fig. 5a). For contrast, a similar
phenomenon occurs at 1.35 V vs. RHE for CeF;@Ni;N/NF
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(Fig. 5b), indicating the relatively slow EGOR reaction kinetics
compared to Co-CeF;@Ni3N/NF. For the OER process, the
gradual decrease in phase angle for Co-CeF;@Ni;N/NF occurs at
1.50 V vs. RHE, indicating the initiation of oxygen evolution
(Fig. S13c-f*). By fitting Nyquist plots (Fig. 5¢c and Table S47), R
for the EGOR with Co-CeF;@Ni;N/NF reaches its lowest value at
1.30 V vs. RHE and then remains relatively stable. In compar-
ison, R for the OER also decreases to it lowest value at 1.30 Vvs.
RHE, but it subsequently exhibits a trend to slightly increase.
This may be attributed to the initiation of the Ni** electro-
oxidation reaction to Ni**, leading to an increase in R, values. A
similar phenomenon occurs for the CeF;@Ni;N/NF electrode,
where a comparable change can be observed at 1.35 V vs. RHE.
The decrease of R.; in CeF;@Ni;N/NF occurs later than that of
Co-CeF;@Ni;N/NF, indicating inferior internal oxidation and
EGOR kinetics. Therefore, Co-CeF;@Ni;N/NF exhibits superior
adsorption capacities for OH™ and EG due to the modulated
surface electronic configuration achieved through coating with
Co species, which is beneficial to the accelerated EGOR.
Moreover, in situ Raman spectroscopy was also employed to
monitor surface reconstruction and identify active phase
formation for Co-CeF;@Ni3N/NF during EGOR and OER
processes. When the applied potential exceeded 0.45 V vs. Ag/
AgCl in the OER, two distinct peaks emerged at 465 and
540 cm ™' (Fig. 5d), which are attributed to Ni**~O bending
(6(Ni-0)) and Ni**-O stretching (¥(Ni-O)) vibrations, respec-
tively.>**> The emergence of these two peaks indicates the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Operando Bode plots of (a) Co-CeFz@NizN/NF and (b) CeFs@NisN/NF for the EGOR. (c) Calculated charge transfer resistance at various
potentials for the OER and EGOR. In situ Raman spectra of Co-CeFs@NizN/NF under various applied potentials for the (d) OER and (e) EGOR. (f)
Periodic electrochemical measurements for Co-CeFz@NizN/NF at 1.45 V vs. RHE (0-60 s), in the open circuit state (60-180 s), and at 1.00 V vs.

RHE (180-240 s). (g) In situ FTIR spectra of Co-CeFs@NizN/NF at various

applied potentials for the EGOR. (h) The proposed reaction pathway of

the Co-CeFz@NizN/NF electrode for the electrochemical oxidation of EG to formate.

presence of high-valence Ni**OOH species, which serve as the
active phase during the OER process. In contrast, no obvious
characteristic peaks for the Ni**OOH phase can be observed in
the EGOR (Fig. 5e), which may be attributed to the rapid
consumption of generated Ni**OOH species by EG molecules.
To further prove the function of Ni**OOH in the EGOR, periodic
electrochemical measurements employing multiple potential
steps with adjustable electrolytes are employed to separate the
electrooxidation of Ni species and oxidation of EG molecules. As
shown in Fig. 5f, following anodic polarization at 1.45 Vvs. RHE
for 60 s in 1 M KOH to accumulate Ni**OOH species on the Co-
CeF;@Ni;N/NF surface, the system then maintains open-circuit
conditions for 120 s after injecting 0.1 M EG into the electrolyte.
Subsequently, a reduction potential of 1.00 V vs. RHE is applied,
and the reduced current density upon EG addition (red line) is
clearly lower than that without the injection of EG (grey line).
Similarly, no noticeable change in reduction current can be
observed after switching to a reduction potential in 1 M KOH
with 0.1 M EG electrolyte (blue line). Therefore, the accumu-
lated Ni**OOH species during oxidation can be rapidly and
spontaneously consumed during the open-circuit process after
the injection of EG, demonstrating the presence of a non-
electrochemical reaction step between the Ni**OOH species

© 2025 The Author(s). Published by the Royal Society of Chemistry

and EG molecules. Thus, the typical EGOR process can be
divided into the electrooxidation of active sites on the electrode
and the spontaneous non-electrochemical EG oxidation reac-
tion. Moreover, the adsorption behaviour of EG at the electrode
surface was evaluated through open circuit potential (OCP)
measurements, providing insights into the diffusion of EG
within the Helmholtz layer. As shown in Fig. S14,7 upon
injecting EG into KOH solution, the OCP curve of Co-CeF;@-
Ni;N/NF exhibits a more pronounced potential drop of 81 mV
than that of CeF;@Ni;N/NF (28 mV), indicating enhanced EG
adsorption kinetics and capacity within the Helmholtz layer
after the coating of Co species.

To elucidate the reaction pathway and the organic interme-
diates of EG electrooxidation, in situ Fourier transform infrared
(FTIR) measurements were employed on the Co-CeF;@Ni;N/NF
electrode at different applied potentials in 1 M KOH with 1 M
EG. As depicted in Fig. 5g, no distinct characteristic peaks can be
observed at applied potentials below 0.35 V vs. Hg/HgO. When
the applied potential reaches and exceeds 0.40 V vs. Hg/HgO,
several new peaks emerge in the range of 1300-1400 cm *,
which are consistent with the O-C-O symmetric stretching
vibrations of carboxylate.*® Additionally, the signal located at
1550 cm ' belongs to the O-C-O antisymmetric stretching

Chem. Sci., 2025, 16, 13905-13915 | 13911
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vibrations of carboxylate,””*® indicating the generation of
formate. The small peak centred at 1717 cm ™" is attributed to the
presence of aldehyde intermediates, possibly related to glyoxal
molecules.*” However, according to the FTIR spectra, it is difficult
to precisely determine the presence of other intermediates.
Therefore, the electrooxidation behaviour of the possible key
intermediates, glycolic acid (GA) and oxalic acid (OA), was eval-
uated by the addition of each molecule at 0.1 M into 1 M KOH
electrolyte to further understand their reaction activities and
subsequent pathways. Fig. S15af presents the LSV curves of EG,
GA, and OA oxidation reactions, respectively, using the Co-
CeF;@Ni;N/NF electrode. Obviously, the electrocatalytic activi-
ties of EG and GA are significantly higher than that of OA,
implying that OA is probably not an intermediate in the EGOR
reaction pathway. To further elucidate the anodic oxidation
products of GA, the electrolyte was analyzed by ">*C NMR and 'H
NMR spectroscopy after 3 h of i—¢ testing (Fig. S15b¥). As depicted
in Fig. S15¢,T both formate and carbonate can be detected, and
the intensities of their characteristic peaks are almost identical
in "*C NMR, indicating that GA can be oxidized to yield
approximately equal amounts of formate and carbonate mole-
cules. Therefore, a possible pathway for GA oxidation on the Co-
CeF;@Ni;N/NF electrode is proposed in Fig. S15d.1 In addition
to formate, the substantial presence of carbonate species in the
anodic oxidation products of GA implies that GA is likely not an
intermediate during the EGOR process. Thus, by referring to the
relevant literature and the above results, the EGOR process on
the Co-CeF;@Ni;N/NF electrode likely follows pathway I illus-
trated in Fig. 5h, and glyoxal serves as a crucial reaction inter-
mediate. In brief, ethylene glycol is initially oxidized to
glycolaldehyde, which is then further oxidized to glyoxal. By the
electrochemical cleavage of the C-C bond, the glyoxal molecule is
finally converted to two molecules of formate.

Furthermore, the HER performance of the Co-CeF;@Ni;N/NF
electrocatalyst was also measured to evaluate its multi-
functionality. As shown in Fig. S16a and b, compared with the
comparison electrodes, Co-CeF;@Ni;N/NF reveals exceptional
HER performance, with overpotentials of only 50 and 70 mV to
achieve 50 and 100 mA cm ™2, respectively. Moreover, the Tafel
slope of Co-CeF;@NizN/NF (64.4 mV dec ') further confirms its
superior intrinsic activity (Fig. S16¢t), which is lower than those
of F-Ni(OH),/NF (123.5 mV dec™ '), NiCeF precursor/NF (118.8 mV
dec™), and CeF;@Ni;N/NF (67.0 mV dec™!). Furthermore, the
Nyquist plots and calculated resistance values of Co-CeF;@Ni;N/
NF underscore the significantly lower R. values, indicating
superior charge transfer efficiency due to the interfacial electronic
interactions between heteroatoms (Fig. S16d and Table S57).
Meanwhile, the durability of Co-CeF;@Ni;N/NF was evaluated at
100 mA cm 2 for 30 h (Fig. S16et). The applied potential essen-
tially levels off, suggesting the highly stable HER activity of Co-
CeF3;@Ni;N/NF. As the HER performance of Co-CeF;@Ni;N/NF
can surpass most reported high-end HER catalysts (Fig. S16f
and Table S67), it possesses promising potential as a bifunctional
electrocatalyst for the HER and EGOR.

With a comprehensive understanding of the specific active
sites and the EG electrooxidation mechanism of Co-CeF;@-
Ni;N/NF, we are dedicated to exploring the practical upgrading
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of real PET plastic waste. Firstly, the PET raw materials were
hydrolyzed in KOH solution at 180 °C for 12 h to achieve high
yields of monomeric EG and TPA. The formation of EG and TPA
molecules was confirmed by "H NMR and *C NMR spectra
(Fig. S171), and the PET hydrolysate is directly diluted to form
the electrolyte (please see the ESI for detailed informationt).
Fig. 6a shows the LSV curves of Co-CeF;@Ni;N/NF and
CeF;@Ni3N/NF in the presence of PET hydrolysate. Compared
to CeF;@Ni3N/NF, the electrooxidation activity toward the PET
hydrolysate of Co-CeF;@Ni;N/NF is significantly enhanced: the
anodic potential difference is approximately 65 mV at 100 mA
em 2. This indicates that the incorporation of Co species into
Co-CeF;@Ni;N/NF effectively enhances the EGOR performance.
Moreover, formate was identified as the sole anodic oxidation
product, with the FE reaching up to 99.34% for a 6-h electrolysis
process (Fig. 6b and S18t). Motivated by the superior intrinsic
electrocatalytic activity of Co-CeF;@Ni;N/NF for both the HER
and EGOR, a continuous co-electrolysis flow reactor was con-
structed using Co-CeF;@Ni;N/NF as both the anode and
cathode for electro-upgrading PET hydrolysate, coupled with
hydrogen production (Fig. 6¢). The flow reactor requires a cell
potential of only 1.50 V to achieve a response current density of
100 mA cm ™2, while a much higher applied potential of 1.72 V is
necessary for traditional overall water splitting systems
(Fig. 6d). A substantial voltage reduction of 217 mV (at 100 mA
cm %) can be achieved when utilizing the PET hydrolysate
electro-upgrading system, which is beneficial for both elec-
tronic power costs (12.6% lower) and the value promotion of
products. Meanwhile, the theoretical energy consumption to
produce 1 kg/1 Nm?® of hydrogen is estimated to be 40.20/3.59
kW h when operated at 100 mA cm >.* To evaluate the
stability and FEs of the reaction system, long-term i-¢ testing
was conducted at 1.75 V for 144 h with the electrolyte being
refreshed every 24 h. As illustrated in Fig. 6e, the i-t curves of
the flow reactor exhibit consistent performance over six
consecutive cycles, while the gradually decreased response
current density is mainly due to the consumption of EG mole-
cules. Moreover, the industrial-scale response current density
can be maintained at over 120 mA cm ™2 during the entire 144 h
of testing, demonstrating fast and balanced surface adsorption
kinetics for OH /EG reactants. Additionally, the LSV curve ob-
tained after stability testing aligns well with that before testing
(Fig. S191), indicating the satisfied catalytic stability of Co-
CeF;@Ni;N/NF as a bifunctional electrocatalyst. Furthermore,
formate is identified as the predominant product in the elec-
trolyte (Fig. S20t), and the calculated formate FEs remain over
96% for consecutive cycles (Fig. 6f), surpassing most bifunc-
tional electrocatalysts in PET hydrolysates (Table S7t). After
electrolysis, the electrolyte can be acidified using H,SO, to
extract pure TPA powder (Fig. 6g), as confirmed by XRD char-
acterization (Fig. S217), highlighting the good molecular pres-
ervation of the TPA monomers during the long-term
electrocatalytic upgrading of PET hydrolysate. Moreover, related
FA and K,SO, products can be collected by a series of conden-
sation, purification and recrystallization processes.*>** Overall,
the electro-upgrading of PET hydrolysate in the Co-CeF;@Ni;N/
NF||Co-CeF;@Ni;N/NF co-electrolysis system is not only energy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) LSV curves of Co-CeFsz@NisN/NF and CeFs@NisN/NF in PET hydrolysate, and related (b) *H NMR and **C NMR spectra of PET
hydrolysate before/after electrooxidation. (c) A schematic diagram of a continuous two-electrode flow cell system for PET hydrolysate
upgrading coupled with hydrogen production. (d) LSV curves of the Co-CeFz@NisN/NF||Co-CeFs@NisN/NF system in PET hydrolysate. (e) Long-
term i—t curves for the continuous flow cellin PET hydrolysate, and (f) corresponding formate FEs after each i-t cycle. (g) A schematic illustration
of the electro-upgrading route for transforming PET waste into TPA and FA.

efficient and economically viable but also promotes the cost-  activity (1.72 V@300 mA cm ™ ?), long-term stability (144 h) and
effective and closed-loop utilization of PET plastic waste. FEs (over 95%). Based on in situ characterization and various
electrochemical measurements, the key active centres and
a possible reaction pathway for the EGOR are elucidated. This
study successfully develops an excellent electrocatalyst for the
In summary, hierarchical Co-CeF;@Ni;N sheet-on-sheet nano- EGOR coupled with hydrogen production, emphasizing the
structures supported on nickel foam were fabricated, which can ~ important role of reactant/intermediate adsorption on active
be utilized as a bifunctional electrocatalyst for the electro- sites for obtaining high-selectivity and closed-loop chemical
upgrading of PET hydrolysate towards energy-effective utilization for PET waste upgrading.

hydrogen and value-added product production. The rational

modulation of the electronic configuration through the intro- Dgta availa b|[|ty

duction of Co species can optimize the adsorption kinetics/

behaviour of the key reactants and intermediates, as well as The data that support the findings of this study are available
decrease the oxidation potential of Ni**OOH, thereby from the corresponding author, Junyi Ji, upon reasonable
enhancing both the electrocatalytic activity and selectivity of the request.

EGOR. Therefore, Co-CeF;@Niz;N/NF exhibits industrial-scale

response current densities of around 80-380 mA cm ™2, along Author contributions

with high stability over 60 h and high formate FEs of over 97%

at around 1.32-1.44 V vs. RHE. Moreover, Co-CeF;@Niz;N/NF K. D.: conceptualization, investigation, data collection, writing -
reveals high HER activity with an overpotential of only 50 mV  original draft; X. L.: data collection, investigation; P. L.: soft-
to achieve 50 mA cm ™. A continuous flow reactor using Co- ware, validation; X. L.: software, visualization; W. T.: method-
CeF;@Ni;N/NF as the bifunctional electrocatalyst and PET ology, writing - review & editing; J. J.: conceptualization,
hydrolysate as the electrolyte delivers excellent electrocatalytic ~funding acquisition, supervision, writing - review & editing.

Conclusions
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