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Closed-loop electro-upcycling of PET waste into
formate and hydrogen via self-supported NiCo,04
spinel arrays+t

Mingkun Jiang,$? Yang Yang,1? Yujie Wang,? Yajie Wang,? Marina Ratova® and
Dan Wu (2 *@

The global accumulation of polyethylene terephthalate (PET) waste poses a severe environmental crisis
and leads to severe underutilization of embedded carbon resources. In this work, a self-supported spinel
NiCo,0, electrocatalyst grown on nickel foam (NiCo,O4/NF) is developed for the electrochemical upcy-
cling of PET-derived ethylene glycol (EG) into formate and hydrogen. The catalyst leverages a synergistic
redox interaction between Ni and Co centers to enhance OH™ and EG adsorption, accelerate interfacial
charge transfer, and steer selective C-C bond cleavage. Operando and theoretical analyses reveal that EG
oxidation proceeds via a surface-confined pathway, where Ni** modulates redox dynamics and Co’*
facilitates C—C scission while suppressing overoxidation. This enables a high formate faradaic efficiency of
96.7% and an industrial-level current density of 400 mA cm™2 at 1.34 V. Notably, post-consumer PET
bottles can be directly converted into potassium diformate, terephthalic acid, and H, under mild alkaline
conditions. A technoeconomic analysis reveals a net profit of $774.56 per ton PET processed, underscor-
ing the feasibility and sustainability of this closed-loop strategy. This work provides a promising pathway
for high-value chemical and energy recovery from plastic waste using earth-abundant, non-noble metal
catalysts.

1. This work develops a closed-loop electro-upcycling platform that directly converts real-world PET plastic waste into high-value formate and hydrogen under
mild aqueous conditions. Using a self-supported NiCo,0,/NF electrocatalyst, we achieve a high formate selectivity (96.7%) and eliminate OER-related energy
losses. The system yields a projected net profit of ~$774 per ton of PET, offering a sustainable and economically viable alternative to conventional recycling.

2. Our strategy enables simultaneous carbon and energy recovery using Earth-abundant catalysts, avoids oxygen gas evolution, and produces no hazardous

byproducts. The process operates at ambient temperature and pressure and uses water as the reaction medium.
3. Future efforts could focus on integrating renewable electricity sources, scaling catalyst fabrication via sustainable methods, and coupling PET hydrolysis
and electrocatalysis into a one-pot continuous process.

1 Introduction

mental crisis and a serious obstacle to carbon circularity. With
over 80 million tons produced annually,' the chemical inert-

The exponential growth of plastic waste, particularly polyethyl- ness and physical durability of PET while advantageous in
ene terephthalate (PET), has escalated into a global environ- packaging, lead to extreme persistence in ecosystems and sig-

“State Key Laboratory of Green and Efficient Development of Phosphorus Resources,

nificant fossil carbon loss. Current end-of-life strategies, such
as incineration, landfill, mechanical and chemical recycling,
suffer from high energy demands, limited product selectivity,
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able, low-energy, and value-oriented recycling strategies that
align with green chemistry principles.

Electrocatalytic upgrading has emerged as a green and scal-
able approach for converting PET waste into value-added

1 These authors contributed equally to this work. chemicals and hydrogen under ambient conditions.>* In
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alkaline media, PET can be hydrolyzed into ethylene glycol
(EG), which serves as a reactive anodic substrate for value-
added electrooxidation. Ethylene glycol oxidation (EGOR) can
effectively replace the sluggish oxygen evolution reaction
(OER), enhance system efficiency while produce useful C; and
C, oxygenates such as formate and glycolate.>® When paired
with hydrogen evolution at the cathode, this approach offers a
promising route to closed-loop carbon and energy recovery.

A key barrier to scalable electro-upcycling lies in the design
of selective, earth-abundant electrocatalysts capable of driving
EGOR efficiently under industrially relevant current densities.
While noble metals such as Pt, Au, and Pd, show good intrin-
sic activity toward EGOR, their application is hampered by
high cost, susceptibility to poisoning from adsorbed inter-
mediates, and a tendency to over-oxidize products into CO,,
which compromises both selectivity and long-term stability.”®
Non-noble metal-based catalysts with wide abundance and low
cost, including phosphides,'® nitrides,"* oxides'® and hydrox-
ides/oxyhydroxides'>'* have attracted extensive attention for
EGOR due to their tunable redox properties and growing
selectivity achievements in recent years. Their rich compo-
sitional diversity and electronic tunability offer abundant
opportunities for optimizing reaction pathways and improving
practical applicability. In this context, spinel structures-type
transition metal oxides represent a particularly attractive class
of materials due to their tunable redox chemistry, structural
stability, and well-defined cationic site distribution."® The
spinel structure, defined by the general formula AB,0O,4, accom-
modates divalent metal cations (A-site) in tetrahedral sites and
trivalent cations (B-site) in octahedral sites, enabling spatial
separation of electronic functions and dynamic redox
cycling."® This unique arrangement facilitates multivalent elec-
tron transfer,'” enhances OH~ adsorption,'® and provides mul-
tiple coordination environments for intermediate activation,
features particularly beneficial for oxidation reactions such as
EGOR. For instance, octahedral B-site cations (e.g., Co®>*/Co>")
have been associated with promoting C-C bond cleavage and
substrate oxidation, while A-site cations (e.g., Ni**/Ni*") can
regulate overoxidation pathways and stabilize reaction inter-
mediates.”® Such synergistic interactions between redox
centers are key to tuning product selectivity and improving
catalyst durability."*™* Despite these intrinsic advantages, the
application of spinel oxides in plastic-derived substrate oxi-
dation, especially for PET electro-upcycling, remains limited.*°
While spinel-based catalysts have shown promising EGOR
activity, detailed correlations between their lattice structure,
cation distribution, and product selectivity remain insuffi-
ciently explored. Furthermore, the integration of spinel-based
catalysts into closed-loop PET valorization systems with high
current density, long-term stability, and practical feedstocks
has yet to be fully realized.

In this work, we present a self-supported spinel oxide
NiCo,0, nanoneedle array grown directly on nickel foam
(NiC0,0,4/NF) for efficient electrochemical upcycling of PET-
derived EG. The hierarchically porous structure and synergistic
Ni-Co redox centers enable a high faradaic efficiency of 96.7%
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for formate production and delivers an industrial-level current
density of 400 mA cm ™ at 1.34 V. Notably, the system achieves
direct conversion of post-consumer PET bottles into potassium
diformate, terephthalic acid, and H, under mild alkaline con-
ditions. The catalyst sustains performance over 50 h with 93%
current retention, addressing the stability limitations of mono-
metallic systems. Mechanistic analysis reveals distinct redox
roles and spatial separation of active sites that cooperatively
regulate intermediate oxidation and overoxidation pathways. A
preliminary technoeconomic analysis projects a net profit of
$774.56 per ton of PET processed, outperforming enzymatic
and chemical upgrading routes. This work establishes a struc-
ture-function-application framework for spinel-based EGOR
electrocatalysts and demonstrates the practical viability of
closed-loop plastic-to-chemical conversion.

2 Experimental section
2.1 Preparation of the NiCo,0,/NF electrode

Nickel foam (NF, 2 x 3 cm”) was sequentially sonicated in 3 M
HCIl solution, deionized water, and anhydrous ethanol to
remove organic contaminants and nickel oxides from its
surface. The treated NF was then dried in a vacuum oven at
40 °C. A precursor solution was prepared by dissolving 0.582 g
of Ni(NO3),-6H,0, 1.164 g of Co(NO3),-6H,0, and 1.2012 g of
urea in 20 mL of deionized water under constant stirring to
form a uniformly purple-red solution. The pretreated NF was
immersed in this solution, sonicated for 2 min, and then
transferred to a Teflon-lined autoclave, where it maintained at
120 °C for 6 h. After cooling to room temperature, the resulting
NF was thoroughly rinsed with deionized water and dried in a
vacuum oven at 40 °C. The dried samples were subsequently
annealed in air at 300 °C for 2 h to obtain the NiCo,0,/NF
nanoneedle arrays. For comparison, the Co;0, and NiO elec-
trodes were prepared using the same method, maintaining a
constant total amount of metal ions while varying the metal
ion type (Co or Ni).

2.2 Characterizations

X-ray diffraction (XRD) patterns were obtained by a D8
ADVANCE (Bruker) diffractometer in the 26 range of 5 to 80°
with a step size of 0.01° and a scanning rate of 5° min™" at
room temperature. A Gemini field-emission microscope
(FESEM) 300 (ZEISS) with accelerating voltages of 0.02-30 kv
equipped with energy dispersive X-ray (EDS) accessory and a
JEM-2100 transmission electron microscope (TEM) were used
to investigate the microstructure of the samples. X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha) was
performed using an aluminum anode (hv = 1486.6 eV) at 12
kv, which calibrated with carbon base (284.8 eV). The Fourier
transform infrared (FTIR) spectra of the products were
obtained using a Nicolet 6700 spectrometer over the range of
500 to 4000 cm ™. In situ Raman spectra were collected using a
confocal Raman microscope (Thermo Scientific DXR)
equipped with a 532 nm excitation laser.
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2.3 Electrochemical measurements

All electrochemical measurements were performed at room
temperature using a CHI 760E electrochemical station. In a
three-electrode configuration, the NiCo,0,/NF electrode (1 x
1 cm®) was directly used as the working electrode, a Hg/HgO
electrode as the reference electrode and a Pt foil as the counter
electrode. The electrocatalytic activities were evaluated via
linear sweep voltammetry (LSV) with a scan rate of 10 mV s .
All the potentials were converted to the reversible hydrogen
electrode (RHE) by the Nernst equation: Egyg = Epgiugo + 0.098
V + 0.0591 x pH, unless specified otherwise. Electrochemical
impedance spectroscopy (EIS) measurements were performed
over a frequency range of 10~ to 10> Hz with a perturbation of
5 mV. The electrochemical double layer capacitances (Cq;) of
various samples were determined by CV at non-faradaic
regions to calculate the electrochemical active surface area
(ECSA).

2.4 Product analysis

Waste PET mineral water bottles were collected, and labels and
caps were removed. After cleaning, the bottles were cut into
pieces of 0.5 x 1 cm?®. A total of 4 g of PET fragments were dis-
persed in a 100 mL Teflon-lined autoclave containing 50 mL of
2 M KOH solution, which was heated to 160 °C for 12 h. After
cooling to room temperature, the resulting hydrolysate was
diluted to 100 mL and used directly as the electrolyte.

The hydrolysate from PET plastics was qualitatively ana-
lyzed by proton nuclear magnetic resonance (*H NMR) spec-
troscopy using a Bruker Avance NEO 400 MHz instrument with
DMSO-de. Liquid products collected from the electrolyte after
electrolysis were quantitatively analyzed by high-performance
liquid chromatography (HPLC, LC5090Plus, Fuli Instruments)
equipped with PolyPak H column (9 pm, 7.8 x 300 mm) and an
ultraviolet-visible (UV-vis) detector, with the column tempera-
ture maintained at 30 °C and eluent flow rate of 0.6 mL min™".
The faradaic efficiency (FE) was calculated using the equation:

ZXNXF

FE (%) = x 100%

where n is the moles of products; z is the number of electrons
transferred (z = 3 for formic acid, z = 4 for glycolic acid, and z =
8 for oxalic acid); F is the Faraday constant (96 485 C mol™); Q
is the total charge passed.

3. Results and discussion
3.1. Characterization of NiCo,0,/NF electrodes

To determine the crystalline structure of the synthesized
samples, powder XRD patterns were recorded, minimizing
interference from the NF substrate (Fig. S1t). The XRD pat-
terns of samples containing only Ni (NiO/NF) and only Co
(Co304/NF) are well indexed to NiO (PDF#47-1049) and Co030,
(PDF#01-078-1970), respectively. NiCo,0,/NF exhibit diffrac-
tion peaks at 20 values of 31.1°, 36.6°, 44.6°, 59.1°, and 64.9°,
corresponding to the (220), (311), (400), (511), and (440) planes
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of cubic NiCo,0, crystals (PDF#01-073-1702), indicating the
formation of spinel structures. The morphologies of the as-pre-
pared electrodes were examined using FESEM and TEM. When
Co is the sole metal source, Co;0, display a flower-like cluster
morphology on the NF surface, with clusters comprising mul-
tiple nanosheets approximate 1 pm in size (Fig. S21). In con-
trast, when Ni is as the sole metal source, NiO form larger
island-like structures on the NF surface, comprising smaller
nanosheets around 100 nm in size. Significantly, NiCo,0,
shows vertically aligned and uniformly distributed nanoneedle
arrays on the NF substrate (Fig. 1a). TEM images (Fig. 1b and
¢) reveal that each NiCo,0, needle is composed of fine par-
ticles approximately 10 nm in size, featuring a porous struc-
ture. This porosity likely results from the CO, gas and water
vapor generated during the thermal decomposition of alkali
metal carbonate hydroxides during the annealing process. The
porous nature of the nanoneedles contributes to a larger
specific surface area, providing more active sites for redox reac-
tions and additional pathways for electrolyte ion diffusion,
thereby enhancing electrocatalytic performance.>' The HRTEM
image in Fig. 1d clearly demonstrate the interconnected nano-
particles within each needle, with lattice fringe showing d-spa-
cings of 0.47 nm and 0.25 nm, corresponding to the (111) and
(311) lattice planes of the NiCo,0, crystal phase.”?
Additionally, EDS elemental mapping images (Fig. 1e) reveal
the homogeneous distribution of Co, Ni, and O throughout
the NiCo,0, nanoneedle arrays, confirming the successful syn-
thesis of NiCo,0,. Therefore, the synthesized NiCo,0,/NF elec-
trodes exhibit well-defined spinel structures and unique nano-
needle morphologies, which are essential for enhancing their
electrocatalytic performance.

To analyze the effects of Ni/Co doping on chemical compo-
sition and oxidation states, XPS was conducted on Co;0,4/NF,
NiCo,0,/NF, and NiO/NF, using the C-C peak (284.8 eV) for
charge calibration (Fig. S31). The Co 2p spectra of both Co;0,/
NF and NiCo,0,/NF exhibit two spin-orbit doublets and satel-
lite peaks (Fig. 2a). Specifically, the Co 2ps,, peak splits into
Co®" (779.97 eV) and Co®>" (781.68 eV) components. In
NiCo0,0,/NF, the Co** and Co®" species account for 54.7% and
45.3%, respectively, which is similar to the distribution in
Co030,/NF (53.9% and 46.2%). In the spinel structure of Coz0,,
Co>" typically locates at tetrahedral sites and Co®" resides at
octahedral positions.>> The comparable Co>*/Co®" ratio
between NiCo,0,/NF and Co;0,/NF suggests that Ni cations
occupies both tetrahedral and octahedral sites in the spinel
lattice, helping to maintain the oxidation state balance.**
Preferential occupation of octahedral sites by Ni could drive
partial migration of Co®" to tetrahedral positions. This redistri-
bution, driven by electronic interactions rather than direct
one-to-one substitution, stabilizes the oxidation state ratio and
optimizes the local coordination environment, which can
enhance catalytic performance. The Ni 2p spectrum of
NiCo,0,/NF (Fig. 2b) shows two main peaks at 854.84 eV and
856.34 eV, attributed to Ni*" and Ni** with relative contents of
54.2% and 45.8%, respectively. In contrast, NiO/NF exhibits
20% Ni** and 80% Ni**, which is likely due to extensive

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) SEM, (b) TEM and (c and d) HRTEM images; (e) elemental mappings for NiCo,O4/NF catalyst.

surface oxidation during high-temperature treatment. The
higher Ni** content in NiC0,0,/NF indicates that the Co-Ni
spinel environment stabilizes Ni** against surface oxidation.
This stabilization may be attributed to the electron-donating
character of Co>", which helps maintain the lower-valent Ni**
state within the spinel framework.>® The O 1s spectra (Fig. 2c)
of the samples can be deconvoluted into three components of
lattice oxygen (O,) at ~529.5 eV, oxygen vacancies or surface
oxygen defects (Op) at ~531.3 eV, and hydroxyl groups or
adsorbed oxygen (O.) at ~533.8 eV.>® Quantitative analysis
reveals that NiCo,O,/NF exhibits a markedly higher proportion
of Oy (78.3%) and significantly lower O, (18.7%) compared to
Co30,/NF and NiO/NF (Fig. 2d). The simultaneous increase in
Op and decrease in O, indicate a notable generation of oxygen
vacancies and depletion of lattice oxygen. This can be attribu-
ted to the cationic disorder introduced by the coexistence of
Ni** and Co®", which disrupts the spinel lattice and induces
charge imbalance, thereby promoting the formation of oxygen
vacancies at the expense of lattice oxygen.?” These structural
changes result in a highly defective surface with enriched
active sites, which are favorable for OH™ adsorption and
charge-transfer enhancement during electrocatalysis.>®

In summary, comprehensive structural and surface analyses
demonstrate that the synthesized NiCo,O,/NF electrodes
feature a well-defined spinel structure, vertically aligned nano-
needle morphology, abundant mixed-valence redox centers
(Ni**/Ni** and Co**/Co®"), and a high concentration of surface
oxygen vacancies. These interconnected features synergistically
endow the material with a high density of electroactive sites,
enhanced ion accessibility, and improved charge-transfer

This journal is © The Royal Society of Chemistry 2025

capability, which is expected to play a crucial role in boosting
the electrocatalytic EGOR performance.

3.2. Electrocatalytic performance for EGOR

The electrochemical EGOR performance was systematically
investigated using a 1 M KOH + 0.5 M EG electrolyte. The LSV
curves (Fig. 3a) reveal that NiCo,0,/NF demonstrates superior
EGOR activity, requiring only 1.17, 1.22, and 1.25 V to deliver
current densities of 20, 50, and 100 mA cm™?, respectively.
This performance surpasses those of monometallic Co30,/NF,
NiO/NF and bare NF, highlighting the synergistic enhance-
ment arising from the cooperative effect of Ni and Co redox
centers. Kinetic analysis via Tafel plots (Fig. 3b) further con-
firms the accelerated charge transfer kinetics of NiCo,0,/NF,
as evidenced by its smallest Tafel slope (117.9 mV dec™) com-
pared to CozO4/NF (137.6 mV dec™ ') and NiO/NF (336.7 mV
dec_l). Remarkably, NiCo,O,/NF achieves an industrial-level
current density of 400 mA cm ™2 at an ultralow potential of 1.34
V, positioning it among the most competitive non-noble
metal-based EGOR electrocatalysts (Fig. 3c and Table S17). EIS
measurements (Fig. 3d) show a significantly smaller semicircle
diameter for NiCo,0,/NF compared to monometallic counter-
parts, suggesting reduced charge-transfer resistance (R.)
enabled by the synergistic Ni-Co interaction. Moreover, the Cy;
derived from CV curves (Fig. S41) shows that NiCo,0,/NF pos-
sesses a Cq value of 124.6 mF cm™2, nearly twice that of the
monometallic catalysts (Fig. 3e), confirming its substantially
larger ECSA and greater exposure of active sites. ECSA-normal-
ized LSV curves (Fig. S51) reveal that NiCo,O,/NF retains the
best intrinsic activity, confirming the merit of Ni-Co synergy.

Green Chem., 2025, 27, 9978-9991 | 9981
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Fig. 2 XPS high-resolution spectra of (a) Co 2p; (b) Ni 2p; (c) O 1s and (d) proportion of O-containing species for NiCo,04/NF, Coz04 and NiO

catalysts.

Moreover, the calculated TOF plots (Fig. S6 and S7t) further
confirm that NiCo,O,/NF exhibits site-specific activity across a
range of applied potentials. These results collectively demon-
strate that the enhanced EGOR performance of NiCo,0,/NF
arises not only from increased active site density but also from
its intrinsically higher catalytic activity.

To evaluate product selectivity, successive potentiostatic
electrolysis was conducted for NiCo,O,/NF at different poten-
tials (Fig. S8t). HPLC analysis (Fig. S9t) identifies the main
products as oxalic acid (OA), glycolic acid (GA) and formic acid
(FA). Notably, NiCo,0,/NF demonstrates superior FEs of FA
above 87% across the entire potential range, with a maximum
of 96.7% at 1.6 V (Fig. 3f), outperforming Co;0,/NF (92% at
1.5 V) and NiO/NF (89% at 1.6 V) (Fig. S10}). Moreover, the FA
production of all catalysts exhibits a positive correlation with
the applied potential (Fig. 3g), indicative of enhanced EGOR
kinetics at higher overpotentials. Notably, NiCo,0,/NF consist-
ently outperforms its monometallic counterparts, delivering
the highest FA yield at each potential point. At 1.6 V, NiC0,0,/
NF achieves a maximum FA production of 2.68 mmol, mark-

9982 | Green Chem., 2025, 27, 9978-9991

edly higher than that of Co3;0,/NF (2.36 mmol) and NiO/NF
(1.75 mmol). The significantly higher yield suggests that the
bimetallic structure of NiCo,0,/NF offers a favorable electronic
environment for EGOR, which may contribute to improved
charge transfer efficiency and product selectivity. As shown in
Fig. 3h, NiCo,0,/NF exhibits excellent long-term electro-
chemical stability, with the current density retaining 93% of
its initial value after five successive 10 h chronoamperometric
cycles at 1.3 V. Notably, the FE for FA remains nearly constant
at ~97% throughout the operation. After a total 50 h, the
cumulative FA yield reaches 105.9 mmol, highlighting remark-
able durability and sustained productivity of catalysts. These
results demonstrate the strong potential of NiCo,0,/NF for
scalable and efficient FA production under industrially rele-
vant conditions.

3.3. Electrocatalytic mechanism of EGOR

Alcohol electrooxidation typically proceeds via OH -mediated
catalyst reconstruction and substrate deprotonation. To
explore the role of OH™ in EGOR, we first examined the electro-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3

(a) LSV curves of NiCo,04/NF, Coz0,4/NF, NiO/NF and bare NF in 1 M KOH + 0.5 M EG with 100%iR compensation; (b) corresponding Tafel

plots; (c) EGOR activity comparison of NiCo,0,4/NF with other non-noble metal-based electrocatalysts at 100 mA cm™2; (d) Nyquist plots, (e) Cq
derived from CV scans; (f) potential-dependent product FEs for NiCo,O4/NF and (g) corresponding FA yields; (h) successive chronoamperometric

stability test at 1.3 V and corresponding FE and yield of FA.

catalytic performance of NiCo,0,/NF, Co;0,/NF, and NiO/NF
in electrolytes with varied KOH concentrations (0.1-2 M) with
0.5 M EG. As shown in Fig. 4a-c, all three catalysts exhibited
increasing current densities with higher KOH concentrations,
highlighting the crucial role of OH™ in promoting EGOR kine-
tics. Notably, NiCo,0,/NF consistently delivers the highest
current density at each KOH level, reflecting its superior intrin-
sic activity and strong OH™ affinity. The nearly linear corre-
lation between EGOR current density and KOH concentration
(insets in Fig. 4a—c) further suggests that OH™ adsorption and
EG dehydrogenation constitute a key rate-limiting step. Among
the catalysts, NiCo,0,/NF presents the steepest slope (k = 89.1),
outperforming Co;0,/NF (k = 78.2) and NiO/NF (k = 26.2),
suggesting more efficient OH -mediated dehydrogenation
kinetics at the Ni-Co dual active sites. However, at high KOH
concentrations (>1 M), a deviation from linearity is observed,
likely due to competitive adsorptions between EG and OH™ on
the active surface. Excess OH™ may saturate active sites,

This journal is © The Royal Society of Chemistry 2025

hindering EG adsorption and thereby slowing the apparent
reaction rate.?® To further evaluate OH™ involvement, EGOR
performance was evaluated in a low-OH™ conditions (1 M PBS
+ 0.5 M EG). Even in this near-neutral environment, NiC0,0,/
NF retains a relatively high current density of 46 mA cm™> at
1.7 V, significantly higher than Co;04/NF (29 mA cm™?) and
NiO/NF (11 mA cm~?) (Fig. S11at). This disparity highlights
that the Ni-Co bimetallic interface possesses high affinity for
OH™ and facilitates EG activation even with limited OH™ avail-
ability. Open-circuit potential (OCP) measurements were used
to probe the EG adsorption behavior within the inner
Helmbholtz layer.>® Upon EG introduction, NiCo,0,/NF shows a
pronounced negative shift in OCP (4 = 240 mV), greater than
those of Co3;0,/NF (4 = 203 mV) and NiO (4 = 120 mV)
(Fig. S11b¥), suggesting stronger EG adsorption capability on
NiCo,0,/NF.

To further understand the interfacial charge-transfer behav-
ior, operando Bode plots were employed in 1 M KOH + 0.5 M EG
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KOH + 0.5 M EG.

over the potential range of 0.72-1.27 V (Fig. 4d). The low-fre-
quency region reflects the charge-transfer resistance (R.), which
is associated with the interfacial redistribution of charges, a
process indicative of the initial oxidation of EG on the catalyst
surface.”* As the applied potential increases, the phase angle of
all three catalysts progressively decreases. A distinct inflection
point appears at 1.12 V, corresponding to the onset of EGOR.
Notably, NiCo,0,/NF exhibits significantly lower phase angles
than its monometallic counterparts at the same applied poten-
tials. For instance, at 1.12 V, the phase angles for Co;0,/NF and
NiO/NF are 52° and 49.7°, respectively, whereas NiCo,0,/NF
reaches a markedly reduced value of 45.7°, indicating faster
interfacial charge-transfer kinetics. This observation is further
quantitatively supported by the fitted R. values (Fig. 4e).
NiCo,0,/NF exhibits the lowest R.. compared to Co3;O,/NF and
NiO/NF, confirming its superior charge-transfer capability
during EGOR. This improvement is attributed to the synergistic
interplay between Ni and Co active centers. The coexistence of
Ni**/Ni** and Co>*/Co®" species implies that Ni partially substi-
tutes tetrahedral Co®" and octahedral Co®" in the spinel struc-
ture. This substitution modulates the electronic environment,
enhances OH™ adsorption and *OH-mediated dehydrogenation,
and facilitates faster interfacial electron transport. Together,
these factors contribute to the reduced onset potential and
improved EGOR activity of NiCo,O,/NF.

To further clarify how EG concentration influences the cata-
lytic behavior, a series of LSV measurements were conducted
on NiCo,0,/NF in 1 M KOH with varied EG concentrations

9984 | Green Chem., 2025, 27, 9978-9991

(0.001-1 M). As shown in Fig. 5a, in the absence of EG, an
obvious anodic peak appears, corresponding to the oxidation
of Ni**/Co** to high-valent species.>” This redox transform-
ation reflects the electrochemical activation of the catalyst
surface, while the oxygen evolution reaction (OER) occurs at
higher potentials. With the addition of low EG concentrations
(0.001-0.05 M), a significant deviation in the current slope
appears, indicating the occurrence of a competing EGOR over
OER. As the EG concentration increases further (0.05-1 M), the
EGOR process becomes dominant and the oxidation peak dis-
appears. Meanwhile, the onset potential shifts negatively with
increasing EG content, suggesting that EG can quickly
consume surface-formed oxidized species, thereby accelerating
the EGOR process. To investigate the interfacial behavior
associated with this concentration effect, in situ Bode plots
were recorded at multiple applied potentials in 1 M KOH with
different EG concentrations (Fig. 5b). In the high-frequency
region (10° to 10° Hz), prominent phase angle peaks are
observed in 1 M KOH, indicating the formation and accumu-
lation of high-valent species during catalyst oxidation.*?
However, as the EG concentration increases (from 0.05 M to
0.5 M), the high-frequency peak gradually diminishes and
eventually disappears. This trend suggests that EG rapidly
reacts with the high-valent NiOOH/CoOOH species, thereby
preventing their accumulation and suppressing over-oxidation
of the catalyst. Mechanistically, the formation of these oxidized
species in alkaline media originates from the adsorption of
OH™ and the generation of electrophilic OH* species on the

This journal is © The Royal Society of Chemistry 2025
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catalyst surface.>® At low EG concentrations, OH* species tend
to accumulate due to insufficient hydrogen abstraction from
EG molecules, resulting in further oxidation of Ni and Co
centers and increased electron consumption. This leads to a
more pronounced high-frequency angle response and elevated
polarization resistance (Rp). In contrast, at higher EG concen-
trations, OH* species efficiently extract hydrogen atoms from
EG, promoting immediate EG oxidation and suppressing the
accumulation of NiOOH and CoOOH. This dynamic inter-
action between EG and OH* helps preserve the catalyst surface
in an active state and explains the attenuation of high-fre-
quency phase signals.

This surface redox behavior is further supported by Nyquist
plots under the same conditions (Fig. $12). In pure KOH, the
Nyquist spectra show two distinct semicircles before 1.47 V,
the high-frequency arc corresponds to R, related to catalyst
surface oxidation, while the low-frequency arc reflects R
associated with OER.*" With increasing concentration, both
arcs become smaller. In particular, the shrinkage of the high-
frequency semicircle validates the suppression of catalyst oxi-
dation, while the decreasing radius of the low-frequency semi-

This journal is © The Royal Society of Chemistry 2025

circle confirms enhanced charge-transfer kinetics and faster
EG oxidation. In the low-frequency region of the Bode plots,
phase angles progressively decrease with increasing potential
under all electrolyte conditions. At identical applied potentials,
lower phase angle values are observed with higher EG concen-
trations, indicating improved interfacial electron-transfer
efficiency. To further validate this dynamic behavior, a multi-
step potential experiment was performed (Fig. 5c). After pre-
activating NiCo,O4/NF by applying 1.52 V to induce surface
reconstruction of Ni and Co species, EG is injected into 1 M
KOH and hold at open circuit for 100 s. When a potential of
1.02 V is subsequently applied, the resulting reduction current
is significantly lower than that observed without EG injection.
This finding demonstrates that EG reacts spontaneously and
rapidly with high-valent oxidized species (Ni**~OOH and Co**-
OOH), leading to their depletion. In a control case where EG is
present throughout the entire process, the reduction current at
1.02 V is negligible, further confirming that EG can immedi-
ately consume the active oxidized species once formed. These
synergistic observations reveal that EG serves a dual function
to act both as a reactive substrate and as a chemical modulator
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that dynamically regulates the redox state of NiCo,O4/NF. By
immediately consuming oxidized intermediates and promot-
ing continuous electron flow, EG enables the regeneration of
active sites and sustains high catalytic activity throughout the
EGOR process. In situ Raman spectroscopy was employed to
directly probe the structural evolution and identify the true
active sites. As shown in Fig. 5d, in 1.0 M KOH, the pristine
NiCo,0,/NF at OCP displays characteristic peaks at 463 cm ™
(Eg) and 642 cm™ (A,y), which are assigned to the vibrational
modes of the NiCo,0, spinel structure.** As the potential
increases, these precursor peaks diminish, signaling the
electrochemical transformation of the NiCo,0, surface. At 1.3
V, two well-defined peaks emerged at about 456 and 538 cm ™",
which are attributed to the E; and A;, modes of Co-O in
CoOOH species.?® Upon further increasing the potential to 1.5
V, these are replaced by prominent peaks at 476 and 550 cm ™",
corresponding to the bending and stretching modes of Ni-O
in NiOOH.'*'” The CoOOH signal likely vanishes due to
overlap with the dominant NiOOH phases at higher potentials.
These potential-dependent spectral changes unequivocally
confirm that the NiCo,0,/NF surface reconstructs in situ to
form cobalt and nickel oxyhydroxides (COOOH and NiOOH)
during OER. In stark contrast, under EG-containing conditions
(Fig. 5e), the CoOOH and NiOOH signatures are absent from
OCP to 1.5 V, while the original NiCo,0, peaks persist, indicat-
ing that the in situ generated oxyhydroxides are rapidly con-
sumed by EG. This rapid consumption of Ni/Co-OOH by EG
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prevents their surface accumulation, thereby suppressing the
competing OER and enabling continuous regeneration of
active sites for efficient EGOR.

To investigate the evolution of active species during EGOR
and uncover the reaction pathway on NiCo,0,/NF, CV profiles
in 1 M KOH were employed to monitor the redox behavior of
surface metal species. As shown in Fig. 6a, Co304/NF exhibits
two recognizable redox couples of Co*>*/Co*" at 1.37/1.27 V and
Co*"/Co™ at 1.48/1.39 V, corresponding to Co species occupy-
ing tetrahedral (T4) and octahedral (Oy) sites in the spinel
structure, respectively.'”” For NiO/NF, only a single redox
couple associated with the Ni**/Ni*" transition at 1.4/1.31 V is
observed. Remarkably, NiCo,0,/NF displays a much earlier
redox onset (~1.0 V) and broader, more intense envelope
arising from overlapping Co**/Co®*, Ni**/Ni** and Co’"/
Co*'transitions. This feature indicates that Ni introduction
into the Co spinel matrix promotes the pre-oxidation of Co**
and Ni**, likely accompanied by surface OH* generation,
thereby priming the catalyst surface for EGOR." All three cata-
lysts display OER onsets beyond 1.52 V. To decouple EGOR
activity from intrinsic metal redox behavior, stepwise pre-acti-
vation experiments were conducted (Fig. S13t). At each poten-
tial from 1.0 V to 1.5 V, the electrodes were first stabilized in 1
M KOH to ensure equilibrium of surface species, followed by
EG introduction, and the resulting anodic current could then
be attributed to EG oxidation on the pre-activated metal oxy-
hydroxide surfaces. As shown in Fig. 6b, EGOR current den-
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Fig. 6 (a) CV curves of NiCo,04/NF, CosO4/NF, NiO/NF in 1 M KOH at a scan rate of 3 mV s™%; (b) chronoamperometric EGOR responses following
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derived from the EGOR currents on (c) CozO4/NF, (d) NiCo,O4/NF and (e) NiO/NF.
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sities steadily increase from 1.0 to 1.25 V, reaching 0.6-28 mA
cm™2 for Co;0,/NF, 0.3-7 mA cm™2 for NiO/NF and 0.6-33 mA
em~? for NiCo,0,4/NF. The EGOR closely follows the Co** to
Co®" starting at ~0.95 V and peaking at 1.37 V for Co;0,/NF,
and Ni** to Ni*" initiating at ~1.02 V and peaking at 1.4 V for
NiO/NF transitions. These results confirm that both CoOOH
and NiOOH are catalytically active toward EGOR, with CoOOH
demonstrating higher intrinsic activity at identical potentials.
Notably, NiCo,0,/NF delivers the highest overall activity,
attributable to synergistic interactions between Co and Ni
redox centers. Tafel analysis supports this (Fig. 6c-e), with
NiCo,0, showing a lower slope (143.1 mV dec™ ') than Co;0,
(151.8 mV dec™") and NiO (148.1 mV dec™"), indicative of
enhanced charge transfer kinetics and optimized electronic
structure in the mixed-metal oxide.

At higher potentials (1.3-1.5 V), the formation of higher-
valent Co** and Ni*" species is thermodynamically accessible.
However, in situ Raman spectra reveal no discernible Co®"/Ni**
features, and previous studies suggest that only a small fraction
of Co®/Ni*" can be oxidized further under alkaline conditions.*®
This implies that COOOH and NiOOH remains the predominant
surface phases, even at elevated bias. Interestingly, despite the
stronger oxidizing conditions, Tafel slopes increase markedly
for Co;04/NF (496.7 mV dec™ ') and NiCo,O,/NF (465.9 mV
dec™), suggesting a slowdown in EGOR kinetics, likely due to
the accumulation of surface intermediates or changes in reac-
tion energetics. In contrast, NiO/NF shows a relatively lower

(@) 100 (b)so

View Article Online

Paper

Tafel slope (231.4 mV dec ™), possibly reflecting structural differ-
ences in the NiOOH phase or limited participation of Ni**
species. Importantly, NiCo,0,/NF maintains a near-unity FE in
this potential range, suggesting that EGOR remains the domi-
nant pathway despite slower kinetics. The relatively smaller
Tafel slope compared to Co;O4/NF implies that Ni** may provide
a synergistic effect, possibly by facilitating charge transfer or sta-
bilizing reaction intermediates. These findings highlight that
the cooperative redox cycling of Co**/Ni** sustains high EGOR
selectivity for NiCo,O,/NF.

To elucidate the mechanistic reaction pathway from EG to
FA on NiCo,0,/NF, control experiments were conducted using
GA and OA as model intermediates. As shown in Fig. 7a,
NiCo,0,/NF exhibits negligible current response toward OA
oxidation (OAOR), with CV curves nearly overlapping those in 1
M KOH, suggesting that Co®*/Ni** species are catalytically inert
toward carboxyl groups. Coz;0,/NF shows slightly enhanced
OAOR signals above 1.5 V, while NiO/NF displays more obvious
OAOR currents at higher potentials, suggesting the involve-
ment of highly oxidizing Ni** species. However, HPLC analysis
(Fig. S14}) confirms the absence of observable oxidation pro-
ducts, with only minor OA depletion, implying potential non-
selective overoxidation to CO, under high bias. In contrast, all
three electrodes exhibit remarkable GA oxidation (GAOR)
activity compared to the grey (Fig. 7b). NiC0,0,/NF and Co;0,/
NF initiate GAOR at about 1.05 V, while NiO/NF requires a
higher onset at about 1.2 V, underscoring the superior activity
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This journal is © The Royal Society of Chemistry 2025

Green Chem., 2025, 27, 9978-9991 | 9987


https://doi.org/10.1039/d5gc01993a

Published on 24 July 2025. Downloaded on 4/8/2026 12:59:38 AM.

Paper

of Co®*" toward hydroxyl group oxidation. FE measurements
(Fig. 7c and S157) reveal that FA is the primary GAOR product
on all electrodes, with minor contributions from OA. However,
the total FE remains well below 100%, suggesting poor selecti-
vity and a pronounced susceptibility to overoxidation when GA
is present as a free intermediate. On NiCo,0,/NF, the FE for
FA and OA from GAOR are only 26.9% and 17.2%, respectively,
significantly lower than the FA selectivity of 95.5% observed
during direct EGOR at 1.4 V. This stark contrast suggests that
GA is unlikely to serve as a dominant solution-phase inter-
mediate in the EG-to-FA conversion. Instead, it more plausibly
exists as a surface-confined intermediate that undergoes rapid
subsequent oxidation without desorption. Further supporting
this interpretation is the negligible OA yield in EGOR (<1%)
compared to the substantial OA formation in GAOR (~18%).
This implies that free GA in solution is more prone to non-
selective overoxidation, particularly under high potentials. In
contrast, when GA remains adsorbed on the catalyst surface,
as likely occurs in EGOR, its transformation is spatially and
kinetically regulated, favoring controlled C-C bond cleavage to
FA while suppressing deeper oxidation to OA and CO,.

(@)
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At a low potential of 1.2 V, NiO/NF exhibits modest EGOR
activity, yielding 67.5% FE for FA and 5% for GA, reflecting the
limited oxidative capacity Ni** centers alone. In comparison,
Co030,4/NF shows a higher FA selectivity (87%) and minimal GA
formation (2%), consistent with a Co**-mediated direct C-C
bond cleavage mechanism. However, at elevated potentials, its
selectivity deteriorates, likely due to the formation of Co**
species that promote overoxidation.?® Remarkably, NiC0,0,/NF
maintains consistently high FA selectivity (>95%) across a wide
potential window. This remarkable stability is attributed to the
redox-buffering effect of Ni centers that modulate surface oxi-
dation states and suppress non-selective pathways. Based on
these insights, a selective EGOR pathway over NiCo,0,/NF is
proposed (Fig. 7d). EG undergoes stepwise dehydrogenation
and C-C bond cleavage on the catalyst surface. GA may transi-
ently form as an intermediate, either via direct oxidation or
Cannizzaro-type disproportionation of glyoxal,'* but is rapidly
further oxidized before significant desorption into the electro-
lyte. Co®" centers play a dominant role in mediating C-C bond
cleavage to generate FA, while Ni** species act as redox buffers,
stabilizing the surface oxidation states and suppressing overox-
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idation to OA or CO,. A minor fraction of GA may desorb into
solution, where is more susceptible to overoxidation, consist-
ent with the higher OA yield observed in GAOR compared to
EGOR. This cooperative redox mechanism enables a surface-
confined, highly selective pathway for FA formation from EG.
Additionally, annealing the catalyst in air to reduce oxygen
vacancies leads to a slight decrease in FE of FA (Fig. S16%),
suggesting that lattice defects may play an auxiliary role by pro-
moting charge transfer or modulating surface adsorption,
though the high selectivity is predominantly governed by the
synergistic Ni-Co redox interaction.

To elucidate the origin of the superior EGOR performance
of NiCo,0,/NF, density functional theory (DFT) calculations
were conducted. As shown in Fig. 8a, NiCo,0, exhibits an
intermediate d-band center (eq = —1.41 eV), positioned
between the deep-level Co;0, (—2.12 eV) and the shallow-level
NiO (-0.35 eV). This moderate ¢4 facilitates a balanced adsorp-
tion-desorption behavior, ensuring effective EG activation
while avoiding excessive binding that leads to overoxidation or
product inhibition.?” Moreover, the projected density of states
(PDOS) (Fig. 8b) reveals substantial hybridization between Ni/
Co 3d and O 2p orbitals in NiCo,0,/NF, reflecting a strong
covalency and enhanced electronic coupling between the bi-
metallic centers, which contributes to improved charge trans-
port and catalytic activity.*® As shown in Fig. 8c and d, adsorp-
tion energy calculations further highlight the site-specific
synergy in NiCo,04/NF for the adsorption of key species

(a) 200
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involved in EGOR. For OH™, the Co sites on NiCo,0, exhibit a
much stronger adsorption (—3.68 eV) than those on pristine
Co;0, (—2.25 eV), while the Ni sites show a moderate value
(—2.54 eV) compared with NiO (—3.43 eV). This indicates that
Ni incorporation optimizes the Co sites for hydroxide acti-
vation while avoiding excessive blocking of the Ni sites. A
similar trend is observed for EG adsorption. The Co sites of
NiCo,0, display the strongest binding (—1.06 eV), whereas the
Ni sites exhibit moderate adsorption (—0.44 eV), in contrast to
the weaker and less differentiated adsorption on monometallic
NiO (—0.31 eV) and Co30, (—0.64 eV). Such spatially decoupled
adsorption with strong activation on Co sites and controlled
binding on Ni sites facilitates simultaneous activation of EG
and OH~, accelerates charge transfer and C-C cleavage.’”
Taken together, these theoretical insights are in excellent
agreement with the high selectivity and near-unity FE observed
experimentally, providing strong evidence that the optimized
electronic structure and spatially decoupled adsorption sites
are key to the outstanding EGOR activity of NiCo,0,/NF.

3.4. Electrochemical upcycling of PET waste

Building on the mechanistic understanding of EGOR, we
demonstrate the practical applicability of NiCo,O,/NF in the
electrochemical valorization of real-world PET plastic waste.
The PET hydrolysate, obtained via alkaline depolymerization
of post-consumer mineral water bottles, contains EG and ter-
ephthalic acid (TPA) monomers (Fig. S17f). NiCo,0,/NF
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achieves a current density of 50 mA cm™> at 1.7 V in the PET-
derived electrolyte, demonstrating a notable 190 mV reduction
in overpotential compared to conventional alkaline water elec-
trolysis (Fig. S1871). This shift underscores the energetic advan-
tage of PET valorization, where EGOR kinetically outcompetes
the sluggish OER. Long-term chronoamperometry conducted
at 2 V in the PET hydrolysate demonstrates excellent catalytic
stability and product selectivity for NiCo,0,/NF. No oxygen
evolution was visually observed during electrolysis, indicating
that the anodic reaction is dominated by EGOR rather than
OER. HPLC analysis confirms FA as the major oxidation
product, with a high FE of about 91% maintained over pro-
longed operation (Fig. 9a). After electrolysis, the reaction solu-
tion was acidified with FA to precipitate and recover pure TPA.
The residual FA reacts with potassium ions to yield potassium
diformate (KDF), a commercially animal valuable feed addi-
tive. Starting from 8 g of PET waste and 11.2 g of KOH, the
electro-upcycling process produces 25.36 g of KDF, 6.68 g of
TPA, and 0.64 L of high-purity H, gas, demonstrating a closed-
loop and efficient chemical recycling strategy (Fig. 9b). To
verify the purity of the recovered products, both XRD and FTIR
were conducted. The XRD patterns of the self-prepared
matched well with those of standard cards (Fig. S19a and bf¥),
indicating high crystallinity and phase purity. Furthermore,
FTIR spectra reveal that the characteristic vibrational bands of
our recovered TPA and KDF closely matched those of commer-
cially available, high-purity commercial chemicals (Fig. S19c
and df), further confirming their chemical identity and high
purity.

A preliminary technoeconomic analysis (TEA)*® was con-
ducted to evaluate the economic viability of this upcycling
strategy at scale. The system enables the simultaneous recovery
of TPA, KDF, and H,, resulting in a projected net profit of
$774.56 per ton of PET processed (Fig. 9c). In comparison,
conventional PET treatment methods such as pyrolysis and
mechanical recycling are often hindered by high energy
demands or limited product value, resulting in low profitabil-
ity and restricted market applications.*® From the perspective
of minimal selling price (MSP), the MSPs of KDF and TPA in
our system are estimated to be 1.35 and 0.46 $ kg, respect-
ively (Fig. 9d), values that remain highly competitive compared
to enzymatic and traditional chemical recycling strategies.*'™*°
Taken together, this substantial economic benefits, energy
efficiency, and full-resource recovery underscore the promise
of electrochemical PET upcycling as a scalable, sustainable
waste-to-chemicals pathway.

4 Conclusion

In summary, we have developed a self-supported NiCo,0,/NF
electrocatalyst featuring Ni-Co redox active sites for efficient
and selective electrochemical upcycling of PET-derived EG.
The catalyst achieves an industrial-level current density of
400 mA ecm~ at low potential of 1.34 V and a high FE of 96.7%
for FA at 1.6 V. Mechanistic studies, supported by product dis-

9990 | Green Chem., 2025, 27, 9978-9991

View Article Online

Green Chemistry

tribution, intermediate tracking, and DFT calculations reveal a
dual-pathway reaction mechanism, with Ni sites regulate redox
states and suppress overoxidation and Co sites facilitate C-C
scission, enabled by spatially decoupled adsorption of EG and
OH™. More importantly, compared to traditional PET treat-
ment approaches, this system enables direct electro-upcycling
of real PET bottles under mild conditions, yielding 25.36 g
KDF, 6.68 g TPA, and 0.64 L H, fuel from only 8 g PET waste
and 11.2 g KOH. A preliminary TEA estimates a net profit of
$774.56 per ton of PET, significantly outperforming conven-
tional chemical recycling in both energy efficiency and product
value. This study provides a closed-loop, and scalable strategy
for plastic-to-chemical conversion using non-noble metal cata-
lysts and also presents generalizable design principles for
selective oxidation electrocatalysis in green chemical
manufacturing.
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