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Abstract:

Electrocatalytic upcycling of polyethylene terephthalate (PET) plastics into value-

added chemicals provides a sustainable route to simultaneously mitigate plastic pollution and 

enable energy-efficient chemical synthesis. Herein, we develop a tri-metallic NiMnCo metal–

organic framework (NiMnCo-MOF) as a highly efficient electrocatalyst for advanced 

oxidation of PET-derived ethylene glycol (EG). As compared to pristine Co-MOF, the 

incorporation of Ni and Mn induces a pronounced morphological evolution, yielding ultrathin, 

loosely interwoven nanosheet architectures with abundant exposed edges and hierarchical 

porosity. Additionally, the modulated electronic structure of the metal centers facilitates the 

significant reduction in charge-transfer resistance and increases the electrochemically active 

surface area, thereby accelerating reaction kinetics. Consequently, the NiMnCo-MOF offers a 

Faradaic efficiency of 98% for selective EG-to-formate conversion, demonstrating excellent 

activity and selectivity under alkaline conditions. Importantly, terephthalate (TPA) recovered 

from PET hydrolysate is successfully reused as a linker to synthesize Co-MOF, which exhibits 

electrochemical performance comparable to that of Co-MOF derived from commercial TPA, 

highlighting the intrinsic recyclability of the catalyst-plastic system. These findings advocate 

a closed-loop strategy integrating plastic waste valorization, multimetal MOF engineering, and 

efficient electrochemical conversion, offering fundamental insights for the rational design of 

advanced catalysts toward sustainable energy and environmental applications.

Keywords: Electrocatalytic PET upcycling; multi-metal MOF; ethylene glycol oxidation; 

circular chemistry; electronic structure modulation.
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Introduction: 

Polyethylene terephthalate (PET) is among the most extensively produced and 

consumed plastic, with widespread applications in beverage bottles, packaging films, textiles 

and engineering materials. Its large-scale industrial adoption is driven by advantages such as 

high chemical stability, mechanical strength, optical transparency, and low-cost. However, 

strong ester bonds and aromatic structure of PET make it difficult to degrade naturally, leading 

to persistent environmental accumulation. Fortunately, PET can be hydrolysed into its 

monomers, ethylene glycol (EG) and terephthalate (TPA) owing to its polyester nature[1–5]. 

In this context, electrocatalytic upcycling of PET has emerged as a promising technique, which 

offers dynamic regulation of reaction pathways, eliminates harsh reagents, and allows coupling 

with renewable energy sources. Importantly, electrocatalytic oxidation of PET-derived EG can 

be coupled with hydrogen evolution reaction or CO2 reduction reaction at the cathode, creating 

dual-functional systems that simultaneously address plastic waste valorization and sustainable 

energy generation[6,7].

Electro-oxidation of PET-derived EG has gained significant attention as EG serves as 

a highly reactive feedstock for synthesis of value-added chemicals such as glycolic acid, 

glyoxylic acid, oxalic acid, and formate, depending on the reaction conditions and catalyst 

surface properties[8–10]. However, the multi-electron transfer pathways involved in C–C and 

C–H bond cleavage often lead to complex reaction pathways, making it difficult to control 

product distribution. The strong adsorption of EG on metal surfaces causes the poisoning 

effects that degrade catalyst performance over prolonged operation. Additionally, the sluggish 

kinetics of alcohol oxidation in alkaline media and competition between EG oxidation reaction 

(EGOR) and oxygen evolution reaction (OER) further hinders the efficiency. It demands the 

electrocatalysts with abundance of active sites for highly selective EGOR[11]. 
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Generally, the electrocatalysts based on transition metals such as nickel (Ni)[12,13], 

cobalt (Co)[14–16], iron (Fe)[8], and manganese (Mn)[17] have been widely identified as 

electrocatalysts for highly selective advanced oxidation reactions due to their earth abundance, 

tunable electronic structure, tunable surface-morphology and favorable adsorption energetics 

for organic intermediates. Particularly, Ni and Co-based catalysts facilitates the superior 

advanced oxidation reaction owing to dynamic formation of metal oxy-hydroxides (MOOH) 

sites in alkaline condition[18–20]. The in-situ formed MOOH centres facilitates the chemical-

oxidation (in-direct alcohol oxidation mechanism) of EG[21,22]. Moreover, Mn-based 

catalysts display strong oxygen-binding and lattice-oxygen participation, which can open 

additional oxidation pathways, although stability may become a concern[17]. The growing 

interest in bi-metallic and tri-metallic catalysts stems from the importance of electronic-

structure modulation, where the interaction between different metal centers can alter d-band 

occupancy, charge distribution, and surface adsorption strengths[23,24]. Such optimized 

catalytic nanostructures can suppress unwanted side reactions, and improve tolerance against 

poisoning intermediates.

Metal–organic framework (MOF)-derived catalysts have attracted considerable 

attention in electrochemical oxidation due to their intrinsic porosity, tunable composition, and 

ability to form well-dispersed metal/metal-oxide nanostructures upon thermal or chemical 

transformation[25–27]. Additionally, MOFs offers ordered pore networks, and controllable 

metal–ligand environments that can be engineered to introduce active centers with tailored 

electronic structures[28,29]. The MOFs also undergo surface-reconstruction during electrolysis 

in alkaline condition due to weaker coordination between metal nodes and organic linkers, 

leading to the formation of metal hydroxides and oxy-hydroxides on the surface[30,31]. 

Although, these reconstructed layers are typically real active sites for advanced oxidation, the 

excess degradation leads to metal leaching and collapse of the porous architecture[32]. E.g. 
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Co-MOF suffers from corrosion during oxidation reaction in alkaline condition and 

demonstrates the morphological evolution from its original microfiber morphology to 

nanosheets[33]. Zhong et al demonstrated the stability of Co-MOF during electro-oxidation by 

incorporation of Ni2+ by regulating the dissolution-redeposition mechanism[33]. Therefore, the 

MOFs with multi-metallic sites are highly required for controlled surface reconstruction and 

modulated electronic structure, leading to energy efficient as well as sustainable up-cycling of 

PET technology.

Motivated by this, we developed the NiMnCo-MOF nanostructured catalysts with 

modulated electronic structure and surface morphology. Compared to pristine Co-MOF, 

NiMnCo-MOF with optimization of molar ratio of Ni and Mn (Ni:Mn = 1:1, 1:2 and 2:1) 

demonstrated thin nanosheets with rough terrace and vertical orientation, enabling the exposure 

of more active sites. The controlled surface re-construction, as studied by in-situ Raman 

spectroscopy confirms the formation of NiOOH and CoOOH sites on surface of NiMnCo-

MOF, facilitating the chemical-oxidation of the EG via indirect-alcohol oxidation mechanism. 

Owing to superior catalytic performance of NiMnCo-MOF towards EGOR, we demonstrated 

the up-cycling of real PET bottle waste into TPA and formate (FA). The highly selective EG 

to FA conversion with Faradaic efficiency of 98% have been achieved due to effective 

suppression of conventional OER. The recovered TPA was further utilized for synthesis of Co-

MOF, which exhibits the identical vibrational and structural properties and Electrocatalytic 

PET upcycling performance as compared to Co-MOF prepared from commercial TPA. Present 

research advocates a novel idea to design efficient MOF structures for efficient and sustainable 

electrocatalysis.
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Experimental: 

Synthesis of Co MOF@NF:

NF (3 × 3 cm2) was cleaned by water and acetone, followed by sonication in 2.5M HCl 

for about 15 minutes. After sonication NF was washed with water to remove HCl. A precursor 

solution containing 1.16 g Co (NO3)2 ∙ 6H2O and 0.132g of PVP in 20 mL Distilled water 

(solution-1) was prepared. Meanwhile, 0.21g of TPA was dissolved into 20 mL of DMF 

(solution-2). Then, both solutions were mixed and stirred for 20 minutes. The final precursor 

solution along with pre-treated NF were transferred into SS-lined Teflon autoclave (capacity: 

100 ml) and heated at 160°C for 15 hours. Then, the Co-MOF electrode was collected and 

washed using water and acetone. The cleaned Co-MOF electrode was finally dried at 70°C for 

5 hours in vacuum oven (~10-3 torr). 

Synthesis of NiMnCo-MOF and NiMn electrodes:

A precursor solution containing different concentrations of NiSO4.6H2O and MnSO4 

.H2O were prepared in 40 mL of distilled water. Then, the CO(NH2)2 (0.0280 g) and NH4F 

(0.0058g) was added in the precursor solution. The final solution was stirred for 20 minutes. 

The precursor solution along with Co-MOF@NF electrode were transferred into SS-lined 

Teflon autoclave (capacity: 100 ml) and heated at 120°C for 12 hours. Then, the prepared 

NiMn@Co-MOF electrode was cleaned using water and acetone. The prepared electrode was 

dried at 70°C for 5 hours in vacuum oven (~10-3 torr). The electrodes with different Ni/Mn 

molar ratio such as (1:1), (1:2) and (2:1) were synthesized and labelled as NiMnCo-1, NiMnCo-

2 and NiMnCo-3. The NiMn@NF electrode was synthesized with identical precursor solution 

and method on bare NF.
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Result and Discussion:

Figure 1 (a) Powder XRD patterns of NiMn_LDH, NiMnCo, NiMn-LDH and Co-MOF catalysts, (b) Raman 
spectra of NiMn, NiMnCo-MOF and Co-MOF electrodes, (c) SEM image of Co-MOF (d,e) SEM images of 
NiMnCo-1 catalyst, (f) EDS-elemental mapping of NiCoMn-1 catalyst.

The NiMn@Co-MOF (e.g. NiMnCo-1, NiMnCo-2, NiMnCo-3), Co-MOF and NiMn 

LDH electrodes were synthesized using two-step hydrothermal technique and used for PET 

electro-upcycling. Firstly, the structure of NiMnCo-1, NiMnCo-2, NiMnCo-3 and Co-MOF 

was investigated using powder XRD (Figure 1-a). The XRD pattern of Co-MOF shows 

diffraction peaks at 8.79°, 12.85°, 15.67°, 17.92°, 25.63°, 28.55°, 30.69° and 32.80°
, which are 

well-indexed to (100), (101), (201), (200), (211), (002), (111) and (311), crystallographic 

planes of Co-MOF, respectively[21,34]. The XRD patterns of NiMnCo-1, NiMnCo-2 and 

NiMnCo-3 also exhibited the similar peaks, attributing the retention of Co-MOF structure after 

second step of synthesis. Additionally, the peaks corresponding to 45.5° and 52.98° 

corresponding to (111) and (200) planes of Ni foam(JCPDS- 04-0850) [35]. Furthermore, the 
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Raman spectroscopy provides the crucial vibrational insight into the structural transformations 

and chemical speciation occurring within the Co-MOF. As shown in Figure 1-b, the Raman 

spectra of Co-MOF shows the characteristic peaks organic benzene-1,4-dicarboxylate (BDC) 

linkers. The peaks 636 cm-1, 815 cm-1 and 866 cm-1 attributed to aromatic C-H bond [36]. 

While, the peaks at 1423 cm−1, 1564 cm−1, and 1616 cm−1 for Co-BDC are assigned to 

symmetric (νs) and asymmetric (νas) (-COO−) vibrations[37]. The peaks due to O–C–O bending 

of –COOH (258 cm-1) aromatic ring torsion (321 cm-1 and 377 cm-1) are also observed. 

Additionally, a weak peaks at 470 cm-1 (Eg) and 523 cm-1 (F2g) are assigned to Co-O-Co 

bending and confirms the metal hydroxide phase[38]. 

Further, SEM images demonstrate the morphological evolution in Co-MOF and 

NiMnCo-1 MOF. Figure 1-c shows the SEM image of Co-MOF, showing the formation of 

well-defined, flower-like microstructures assembled from radially oriented ultrathin 

nanosheets. These partially spaced separated nanosheets in the micro-flower provides the open 

channels throughout architecture, facilitating higher surface area. After NiMn-incorporation, 

the flower-like morphology is retained, suggesting the structurally robustness of Co-MOF 

during secondary hydrothermal treatment (Figure 1-d). However, the noticeable increase in 

the surface roughness is realised for NiMnCo-1 MOF. The NiMnCo-1 MOF exhibited thinner 

and sharper-edged stacked nanosheets as compared to Co-MOF (Figure 1-e), facilitating 

higher open interlayer spacing, which may enhance the ionic-diffusion to facilitate enhanced 

electrochemical performance. SEM-EDS elemental mapping demonstrates the presence of 

elements (Co, Mn, Ni, O and C) of NiMnCo-1 MOF (Figure 1-f) (Figure S1, supporting 

information). The structure and morphology of the NiMnCo-1 was further investigated using 

HR-TEM. The TEM image shows the nanosheets like morphology of NiMnCo-1 

electrocatalysts (Figure S2-a). Figure S2-b shows the region with d-spacing 0.29 nm, which 

is assigned to (111) plane. The surface area and pore size distribution of NiMnCo-1 catalyst 
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was further analysed using Brunauer-Emmett-Teller (BET) analysis. The nitrogen gas 

adsorption-desorption isotherm exhibits hysteresis loop attributes to the mesoporous nature of 

NiCoMn-1. (Figure S3) [39,40]. The specific area is found to be 8.75 m2/g from BET analysis, 

while, the pore diameter measured by the Barret-Joyner-Halenda (BJH) technique is 205 Å. 

Figure 2 XPS survey of NiMn-LDH and NiMnCo-1 catalyst, (a) Ni 2p, (b) Mn 2p, (c) O 1s 

and (d) Co 2p.

The X-Ray photoelectron spectroscopy (XPS) was carried out to investigate the 

chemical state and valance states of elements of the Co-MOF, NiMnCo-1 and NiMn-LDH 

based electrocatalysts. As shown in Figure 2-a, Co 2p XPS spectra shows the spin-orbital 

doublet of Co3+ and Co2+ electronic states. The deconvoluted peaks located at 780.66 eV and 

795.97 eV corresponds to Co3+ electronic state, while, the peaks located at 781.86 eV and 
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797.73 eV are assigned to Co2+-state in NiMiCo-1. Additional peaks centred at 786.03 eV and 

802.33 eV are shake-up satellite peaks. Importantly, Co 2p XPS peaks of NiMnCo-1 exhibits 

the positive binding energy shift, showing the strong coupling of Ni and Mn elements with Co 

and decrease in electronic density around Co-sites[41]. Additionally, Co3+/Co2+ ratio is 

enhanced from 0.63 for Co-MOF to 0.77 for NiMnCo-1, demonstrating the oxidation of Co2+ 

to Co3+ due to incorporation of NiMn in electrocatalysts[42]. The Ni 2p XPS survey exhibits 

the peak deconvoluted peaks at 855.32 eV and 873.30 eV, assigned to Ni 2p3/2 and Ni 2p1/2 of 

Ni2+-state (Figure 2-b). The peaks at binding energy 857.61 eV and 874.80 eV corresponds to 

Ni3+-electronic state[43]. The Ni3+/Ni2+ ratio is reduced from 0.63 for NiMn-LDH to 0.47 eV 

for NiMnCo-1, showing the reduction of Ni3+ to Ni2+ due to strong coupling with Co-sites. 

Figure 2-c shows the Mn 2p XPS survey, exhibiting at peaks at binding energies 637.85 eV, 

640.96 eV and 643.81 eV are assigned to Mn 2p3/2 of Mn2+, Mn3+ and Mn4+ electronic states 

in NiMnCo-1[44]. Apart from synergistic coupling of metal sites and co-existence of 

multivalent metallic sites, O 1s XPS survey of demonstrates the increase in the concentration 

of oxygen vacancies (532.40 eV) in NiMnCo-1 (Figure 2-d)[45,46]. Additionally, the peaks 

centred at 529.96 eV, 530.93 eV and 533.85 eV corresponds to M-O, M-OH and M-H2O 

interactions, respectively[8].

Oxygen Evolution Reaction, EGOR and POR:

The electrochemical performance of oxygen evolution reaction (OER) and ethylene 

glycol oxidation reaction (EGOR) of NiMnCo-1, NiMnCo-2, NiMnCo-3, Co-MOF, NiMn-

LDH electrodes was studied in alkaline electrolyte (1M KOH). Figure 3-a shows the iR-

compensated polarization curves of OER and EGOR of NiMnCo-1, NiMnCo-2, NiMnCo-3, 

Co-MOF, NiMn-LDH electrodes. The typical oxidation peak was observed in polarization 

curves of OER for all the catalysts, which is observed due to oxidation of metallic sites (Co+2 

to Co+3 and Ni+2 to Ni+3). As observed the incorporation of Co has significantly shift the 
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oxidation peak of Ni towards lower potential region[41]. With optimized chemical 

composition, NiMnCo-1 electrode shows the superior electrochemical OER performance and 

requires anodic potential of 1.47 V vs RHE to reach the current density of 100mA/cm2 which 

is lower than NiMnCo-2 (1.51 V vs RHE), NiMnCo-3 (1.51 V vs RHE), NiMn-LDH (1.68 V 

vs RHE) and Co-MOF (1.54 V vs RHE) (Figure 3-b). The catalytic OER performance of 

NiMnCo-1 is superior as compared to bi-metallic MOF such as NiCo-MOF and MnCo-MOF 

(Figure S4-a). The oxygen evolution reaction in alkaline media is complex four electron 

process (equ.: 1-4):

*M + OH– (aq) → *MOHads + e– ----------(1)

*MOHads +OH– (aq) → *MOads + H2O + e– ----------(2)

*MOads +OH– (aq) → *MOOHads + H2O + e– ----------(3)

*MOOHads +OH– (aq) → *M + O2 + H2O + e– ----------(4)

To study the kinetics of the OER activity and rate determining step, the Tafel slope is 

also calculated for all the electrodes (Figure 3-c). Encouragingly, NiMnCo-1 electrodes 

exhibited lowest value of Tafel slope (113 mV/dec), showing its faster reaction kinetics and 

improved kinetics to adsorb OH- from electrolyte on the surface of M* as compared to other 

electrodes[47].
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Figure 3 (a) Polarization curves for Co-MOF, NiMnCo and NiMn-LDH based catalysts in 1 M KOH (OER) and 
1 M KOH + 0.3 M EG (EGOR) with iR compensation, (b) Anodic potential to deliver 100 mA/cm2, 200 mA/cm2 
and 300 mA/cm2 for OER and EGOR on NiMnCo-1 catalyst, (c) Tafel plots for OER, (d) Nyquist plot at 1.5 V 
vs RHE in 1 M KOH, (e) Nyquist plot at 1.4 V vs RHE in 1 M KOH + 0.3 M EG, Analysis of EG electrolyte after 
electro-oxidation for 2 hr at different current densities, (f) Raman spectra, (g) 1H NMR spectra, and (h) Calculation 
of Faradaic efficiency for production of formate at different current densities (Electrolysis time = 2 hr).

Although, the anodic OER activity is environmentally beneficial, its higher 

overpotential lower the efficiency and increases the cost of catalysis cell. PET (Polyethylene 

Terephthalate) after alkaline hydrolysis can be depolymerized into its monomers EG and TPA. 

One of the energy-efficient advanced oxidation reactions, the EGOR have much lower 

thermodynamic potential (0.57 V vs RHE) as compared to OER (1.23 V vs RHE). To reduce 

energy consumption and to promote plastic waste upcycling, we examined EGOR (1 M KOH 

+ 0.3 M EG) and PET plastic hydrolysate oxidation reaction (POR) on NiMnCo-1, NiMnCo-

2, NiMnCo-3, Co-MOF, NiMn-LDH electrodes. Polarization curves for EGOR demonstrates 

that NiMnCo-1 electrode shows the superior catalytic performance, generating current density 
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of 100 mA/cm2 at potential of 1.25 V vs RHE which is lower as compared to anodic potential 

for NiMnCo-2 (1.29 V vs RHE), NiMnCo-3 (1.27 V vs RHE), NiMn-LDH (1.54 V vs RHE) 

and Co-MOF (1.32 V vs RHE). The synergistic combination of metallic sites in NiMoCo-1 

leads to superior EGOR catalytic performance compared to mono-metallic (Co-MOF) and bi-

metallic MOF (NiCo-MOF and MnCo-MOF) (Figure S4-b). Encouragingly, the energy-

efficient behaviour of EGOR reduces the anodic potential by 220 mV at 100 mA/cm2 current 

density as compared to conventional OER. The interfacial charge transfer was further analysed 

for all the electrodes using EIS. Encouragingly, NiMnCo-1 electrodes exhibited lowest charge-

transfer resistance for OER as well as EGOR (Figure 3-d,e,S5), showing its accelerated 

interfacial charge-transfer due to regulated charge-transport and synergistic charge transfer 

mechanism[48]. The double layer capacitance (Cdl), specific capacitance (Cs) and 

electrochemically active surface area (ECSA) were further evaluated[49]. The cyclic-

voltametry curves recorded in non-faradaic region at different scan rate (10-100 mV/s) (Figure 

S6-a,b). The Cdl is evaluated to be 0.11 mF/cm2 for Co-MOF and 0.49 mF/cm2 for NiMnCo-1 

(Figure S6-c). While, the Cs is found to enhanced form 0.09 mF/cm2 for Co-MOF to 0.39 

mF/cm2 for NiMnCo-1(Figure S6-d). The ECSA for NiMnCo is slightly enhanced for 

NiMnCo-1 (1.26 cm2) compared to Co-MOF (1.22 cm2). Apart from these, Figure S7 shows 

ECSA normalized polarization curves to analyse intrinsic improvement in catalytic 

performance. 

The product analysis of the oxidation of EG after electrolysis for 2 hours at different 

current density was further conducted by Raman spectroscopy (Figure 3-f). The Raman spectra 

of the control EG electrolyte shows the characteristic peaks due to stretching vibrations of C–

C bond (861 cm–1), C–O bond (1064 cm–1) and C–H bond (1460 cm–1) [50,51]. The emergence 

of new peak at 1349 cm–1 after electrolysis shows the conversion of the EG to FA (due to C-H 

bending vibration of FA) [52,53]. The intensified peak of FA suggests the increase in the 
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amount of FA, along with the original peaks of EG. The 1H NMR spectroscopy was further 

conducted for the analysis of oxidation product (Figure 3-g). The 1H NMR spectra shows the 

presence of remaining EG at 3.44 ppm and formate (FA) at 8.28 ppm. While, the peak at 2.51 

ppm can be observed due to DMSO (internal standard). The signal of the FA increases 

significantly on increasing the electrolysis current density from 10-100 mA/cm2. The amount 

of the formate was measured using standard curve method using HPLC technique (Table S1, 

Figure S8-10). The formate production rate increases from 0.092 m mol/hr at 10 mA/cm2 to 

1.218 m mol/hr at 100 mA/cm2 (Table S2). The Faradaic efficiency of NiMnCo-1 for 

conversion from EG to FA is 98% at optimum current density of 100 mA/cm2 (Figure 3-h). 

Figure S-11 demonstrates the alkaline EGOR pathway proceeding via an indirect alcohol-

oxidation mechanism. Firstly, ethylene glycol is oxidized to glycolaldehyde through a two-

electron dehydrogenation step. The formed glycolaldehyde subsequently follows two parallel 

routes: (i) oxidation to glycolic acid and further to formate with partial C–C bond cleavage 

(major-step), (ii) oxidation to glyoxal followed by oxidative C–C cleavage yielding formate 

(minor). Both the step involves hydroxide-assisted two-electron transfers, which are kinetically 

more favourable than conventional OER. The controlled stepwise oxidation of EG efficiently 

suppresses over-oxidation and enables high selectivity toward formate formation[8,22].
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Figure 4 (a) CV curves of NiMnCo-1 in EGOR and OER, (b) chrono-amperometry test in 1M KOH electrolyte 
with and w/o EG, (c,d) Bode plot of NiMnCo-1 in KOH with and without (w/o) EG, (e, f) Bode plot of Co-MOF 
in KOH with and without (w/o) EG, (g, h) In-situ Raman spectra at different potential of NiMnCo-1 in KOH with 
and without (w/o) EG. 

To gain deeper insight into the EGOR, chrono-amperometry tests were conducted at 

1.5 V vs RHE and 1.2 V vs RHE in 1.0 M KOH, both with and without 0.3 M EG. Without EG 

(Figure 4-b), a distinct anodic current at 1.5 V vs RHE is attributed to the surface re-

construction due to electrochemical oxidation of transition metal sites, forming catalytically 

active metal oxyhydroxide (MOOH) species through reaction [M–OH → MOOH + e⁻] [13,24]. 

While with EG addition, the anodic current increases significantly, indicating that EG 

undergoes rapid electrochemical oxidation, facilitated by its chemical interaction with MOOH 

centres. This reaction likely involves nucleophilic attack by EG on MOOH, leading to C–C 
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bond cleavage and formation of oxidation intermediates[54]. When 1.2 V is applied in step-

CA test, the obvious reduction current can be seen, indicating the reduction of MOOH sites 

into M-OH sites. While, the reduction current is suppressed with EG in electrolyte, suggesting 

that MOOH is chemically consumed during EG oxidation[54]. This behaviour supports a 

coupled electrochemical-chemical (EC) mechanism, where MOOH acts as both an electro-

generated oxidizing agent and a reactive intermediate [54]. The dynamic balance between 

MOOH formation and consumption governs the overall EGOR efficiency. Such mechanistic 

understanding is crucial for designing advanced electrocatalysts with tailored redox properties. 

Moreover, the suppression of cathodic current shows the chemical reduction pathway of 

MOOH by EG. Cyclic-voltammetry tests in potential range 1 to 1.6 V vs RHE shows that the 

onset-of EGOR is nicely overlapping with the onset of the typical oxidation peak (Figure 4-a, 

S12-a), which is associated with the oxidation of metallic sites and the significant reduction in 

the reduction current in electrolyte with EG supports the EC-mechanism for EGOR [54].

The dynamics of OER and EGOR activity and surface-reconstruction on catalyst was 

further studied by in-situ operando EIS spectroscopy. Figure 4-c-f shows potential dependent 

Bode plot of NiMnCo-1 and Co-MOF in alkaline electrolyte with and without EG in frequency 

range of 105 Hz to 0.01Hz. For NiMnCo-1 and Co-MOF, a progressive decrease in phase angle 

is observed at low frequencies as the applied potential increases. This decreasing trend suggests 

that charge-transfer kinetics become faster at higher potentials, leading to lower interfacial 

resistance and more efficient electron transfer between the catalyst and electrolyte. Such 

behaviour is typical for active OER catalysts, where enhanced surface oxidation and activation 

of metal sites improve reaction kinetics at elevated potentials. In the case of ethylene glycol 

oxidation (EGOR), the phase response behaves differently. The Bode plots reveal an electro-

oxidation signature appearing earlier at mid-frequency regions, occurring before the low-

frequency OER features dominate. This indicates that surface oxidation during EGOR initiates 
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prior to OER and involves distinct reaction intermediates that influence the electrochemical 

impedance. As the potential further increases, the EGOR peaks shift toward lower frequencies 

while maintaining reduced phase angles, implying faster electron transfer and improved 

oxidation kinetics. Overall, NiMnCo-1 consistently displays lower phase angles than Co-MOF 

across all examined potentials and catalytic conditions, demonstrating superior catalytic 

activity and interfacial charge-transfer characteristics in both EGOR and OER.

Real-time insights into surface chemistry were obtained using in-situ operando Raman 

spectroscopy in 1M KOH with and without 0.3M EG (Figure 4-g,h,S12-b) in potential range 

0.1–0.7V to study the ligand dynamics and metallic phase evolution. Firstly, the Raman spectra 

of NiMnCo-1 electrode at open circuit potential (OCP) in 1M KOH with and without EG shows 

the presence of terephthalate linkers with coordination to metal centres. As the potential is 

increased from 1.1 V vs RHE, the OH- present in electrolyte starts to break the metal 

carboxalate ligands (M-O-C) linkages, leads to disappearance of 689 cm-1 wagging, C–C and 

COO⁻ stretching, marks the onset of MOF reconstruction[55]. At higher potentials, breaking 

of ligand coordination bond opens the Co and Ni sites for oxidation to produces hydroxide and 

oxy-hydroxide[55]. At potential 1.3 V vs RHE, the emergence of Raman peaks at 463 cm-1 and 

639 cm-1 indicates the formation of CoOOH[55]. While on exceeding potential above 1.4 V vs 

RHE, the formation of Raman peaks centered at 489 cm-1 (Eg mode) and 544 cm-1 (F1g mode) 

confirms the formation of NiOOH sites (Figure 4-h)[33,55]. In-situ Raman spectroscopy was 

performed to study the pathway of conversion of EG to formate and surface reconstruction. In 

addition to characteristic peaks of NiMnCo-1, Raman spectra show the additional peak at 1460 

cm-1 owing to presence of the EG in electrolyte (Figure 4-g). When the potential is increased 

above 1.30 V vs RHE, the emergence of a peak at 1350 cm-1 confirms the conversion of EG to 

formate. Additionally, the intensity this peak increased on increasing the potential, indicating 

the enhanced rate of EGOR[52]. Absence of peaks of metal oxy-hydroxide (MOOH) in Raman 
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spectroscopy for NiMnCo-1 in EG electrolyte further suggests the consumption of MOOH sites 

by chemical oxidation of EG, confirming the indirect-alcohol oxidation mechanism of EGOR 

on NiMnCo-1 electrode[8,22].

PET electro-upcycling:

By knowing the superior EGOR performance, NiMnCo-1, NiMnCo-2, and NiMnCo-3 

electrodes were further explored for electro-upcycling of the real PET plastic waste. The 

NiMnCo-1 shows the superior POR activity compared to control electrodes, generating current 

density of more than 300 mA/cm2 (Figure 5-a, S4-c). Encouragingly, the catalytic performance 

of NiMnCo-1 is superior as compared to transition metal based state-of-the-art catalysts (Table 

S3). At current density of 100 mA/cm2, NiMnCo-1 requires an anodic potential of 1.25 V vs 

RHE, achieving a potential difference of 220 mV as compared to OER, indicating the highly 

selective oxidation of PET derived EG and enabling the electro-upcycling of plastic at 

industrially large current densities (> 300 mA/cm2). The 1H NMR spectra further shows the 

presence of EG and TPA after alkali-hydrolysis of PET waste and also shows the conversion 

of PET derived EG into FA (Figure 5-b). To extend the economic potential of the 

electrocatalytic upcycling of PET waste, we have demonstrated the separation of TPA and 

formate after electrolysis of PET hydrolysate (Figure 5-d). After complete electrolysis, the 

electrolyte was acidified (pH ~ 3) by adding excess formic acid for the precipitation of TPA. 

After separation of TPA by centrifugation, formate was recycled though crystallization from 

the remaining electrolyte. The recycled TPA was investigated by Raman spectroscopy (Figure 

5-c), showing the characteristic peaks which are well matched with that of commercial TPA. 

As shown in Figure 5-d1, the recovered TPA was utilized further for the synthesis of Co-MOF. 

The Co-MOF synthesized from recovered TPA (labelled as R-Co MOF) exhibits the 

vibrational modes identical to original Co-MOF (synthesized using standard TPA). 

Encouragingly, the R-Co MOF and Co MOF exhibited the comparable OER and EGOR 
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performance, suggesting that the use of PET-derived TPA does not adversely affect the intrinsic 

OER and EGOR kinetics of the Co-MOF (Figure S13). This highlights the dual benefit of PET 

plastic upcycling and efficient electrocatalysis, reinforcing the potential of recycled linkers in 

advanced energy and chemical conversion applications.

Figure 5 (a) Polarization curves for PET hydrolysate oxidation reaction (POR) (with iR compensation), (b) 1H 
NMR spectra of PET hydrolysate before and after electrolysis, (c) Raman spectra of standard and recovered TPA, 
(d) Schematic of electro-upcycling of PET plastic into value added products such as formate and TPA, inset Figure 
5-d1 is the Raman spectra and digital image of Co-MOF synthesized from R-TPA and standard TPA. 

Figure S14-a,b shows the long-term chrono-potentiometry curves at current density of 

100 mA/cm2 in alkaline electrolyte with and without 0.3 M EG. During EG electrolysis, the 

cell voltage remains highly stable over an extended operation period of ~90 hr, exhibiting only 

a marginal increase with time. Notably, upon periodic replacement with fresh electrolyte, an 

immediate recovery of the initial cell voltage is observed. The present behaviour suggests that 
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slow rise in the cell voltage during continuous electrolysis is primarily due to reduction in the 

EG concentration in electrolyte, rather than from irreversible catalyst degradation. The 

restoration of performance confirms the structural and chemical robustness of the NiMnCo-

MOF electrode under EGOR conditions[56,57]. Even, the electrolysis performance for water 

electrolysis is stable for operation period of ~70 hr. The post-stability SEM analysis suggests 

that the catalyst surface retains its flower-like architecture composed of thin, interconnected 

nanosheets, even after prolonged electrolysis in both OER and EGOR conditions (Figure S14-

c-e). The structure of NiMnCo-1 was further investigated using powder XRD (Figure S15). 

The powder XRD shows significantly reduced peaks associated with the original MOF-

architecture, which is well-supported by in-situ Raman spectroscopy. Conversely, the MOF 

architecture is well-preserved after the EGOR stability test. This suggests that the 

reconstruction is controlled, allowing the crystalline structure to remain intact, unlike in OER. 

The modulation in surface chemical composition and valence states owing to surface re-

construction during OER and EGOR was further investigated by XPS analysis. Figure S16-a 

shows the Co 2p spectra of NiMnCo-1 electrocatalysts after OER and EGOR stability test, 

exhibiting the spin-orbit doublet for Co2+ and Co3+ electronic states. The Co3+/Co2+ ratio is 

enhanced from 0.63 (before electrolysis) to 0.92 for EGOR and 1.08 for OER, confirms the 

oxidation of Co2+ to Co3+ during anodic reactions. Additionally, peaks are slightly shifted to 

lower binding energy after OER and EGOR performance, attributing to more dynamic anodic 

performance after surface re-construction. The post-stability Ni 2p spectra confirms increase 

in the Ni3+/Ni2+ ratio from 0.47 (before electrolysis) to 0.73 for EGOR and 0.65 for OER 

(Figure S16-b). These results confirm the formation of NiOOH and CoOOH species in anodic 

condition, which is in well-agreement with results of in-situ Raman spectroscopy. Figure S16-

c shows the preservation of multivalent Mn-species in NiMnCo-1 electrodes after OER and 

EGOR performance. The overall hierarchical morphology remains intact, indicating strong 
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adhesion to the Ni-foam substrate and resistance against electrochemical corrosion[58]. This 

well-preserved nanosheet frameworks are beneficial for maintaining high electrochemically 

active surface area, efficient mass transport, and rapid charge transfer during long-term 

operation. 

Conclusion:

In summary, this research demonstrates a rationally engineered NiMnCo-MOF as a 

highly efficient and selective electrocatalyst for the electrocatalytic upcycling of PET-derived 

ethylene glycol (EG) into value-added formate. The incorporation of Ni and Mn into Co-MOF 

facilitates morphological and electronic structure modulation, yielding thin, loosely inter-

woven nanosheet architectures with enhanced electrochemically active surface area and low 

charge-transfer resistance. In-situ Raman spectroscopy reveals controlled surface 

reconstruction of NiMnCo-MOF under operating conditions, confirming the formation of 

catalytically active NiOOH and CoOOH sites, which promote EG oxidation reaction via an 

indirect alcohol-oxidation pathway. This reconstruction effectively suppresses the competing 

oxygen evolution reaction (OER), enabling a highly selective EG-to-formate conversion with 

a Faradaic efficiency of 98% at current density of 100 mA/cm2. With optimized chemical 

composition, NiMnCo-MOF exhibited superior EGOR performance, delivering a current 

density of 100 mA/cm2 at an anodic potential of 1.25 V vs RHE, reducing the anodic potential 

by 220 mV as compared to conventional OER, underscoring its energy-efficient nature. The 

catalyst also exhibits notable durability, maintaining stable performance for 90 hr during PET 

electrolysis and 80 hr during water electrolysis. Furthermore, the successful reuse of PET-

derived terephthalate for MOF synthesis demonstrates the circular and sustainable nature of 

this approach, offering a viable pathway for integrated plastic valorization and green 

electrocatalysis.
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