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Abstract 

The depletion of clean water resources and the consequent accumulation of contaminants 

in aquatic systems must be urgently addressed by means of innovative solutions. Electro-

oxidation (EO) is considered a promising technology, prized for its versatility and eco-

friendliness. However, the excessively high prices and the toxicity associated with some 

of the materials currently employed for EO impede its broader application. This study 

introduces cost-effective Ni-Mn binary oxide anodes prepared on Ni foam (NF) substrate. 

A scalable synthesis route that enables a 35-fold increase in the production of active 

material through a single optimization step has been devised. The synthesized binary 

oxide material underwent electrochemical characterization, and its effectiveness was 

assessed in an electrochemical flow-through cell, benchmarked against single Ni or Mn 

oxides and more conventional alternatives like boron-doped diamond (BDD) and 

dimensionally-stable anode (DSA). The novel binary oxide anode demonstrated 

exceptional performance, achieving complete removal of phenol at very low current 

density of 5 mA cm-2, along with an 80 % of chemical oxygen demand (COD) decay 

within only 60 min. The NF/NiMnO3 anode outperformed the BDD and DSA when using 

comparable projected surface areas, owing to its high porosity and ability to produce 

hydroxyl radicals, as confirmed from the degradation profiles in the presence of radical 

scavengers. Furthermore, GC/MS analysis served to elucidate the degradation pathways 

of phenol. 

Keywords: Electrochemical advanced oxidation processes (EAOPs), Electrochemical 

oxidation (EO), High oxidation power anode, Multi-metal oxides, Organic contaminant.  
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1. Introduction 

The persistent introduction of organic pollutants into water systems from industrial, 

agricultural, and domestic activities is a pressing environmental concern, posing risks to 

both ecological systems and human health.[1] Emerging contaminants, which include 

complex industrial substances and everyday chemicals such as pharmaceuticals and 

personal care products, are not effectively tackled by traditional water treatment 

methods.[2] Within this context, the advanced oxidation processes (AOPs) become a 

viable solution,[3] wherein electrochemical AOPs (i.e., EAOPs) notably excel due to 

their efficiency and environmental compatibility.[4] EAOPs stand out for their ability to 

generate hydroxyl radicals (•OH), which effectively break down structurally complex 

contaminants into less harmful molecules.[5] In electro-oxidation (EO), a subset of 

EAOPs, an anode is employed to facilitate the production of these powerful oxidizing 

agents. However, the effectiveness of the EO process is critically dependent on the anode 

material. Traditional anodes like PbO2, boron-doped diamond (BDD), SnO2, 

dimensionally-stable anodes (DSA) and Ebonex have shown good performance[6], [7], 

[8], [9], [10], [11] but are marred by high costs, limited availability, and potential 

toxicity.[12], [13], [14] Therefore, there is a clear imperative for alternative materials that 

are both cost-effective and environmentally benign. 

In response to this need, oxides based on Earth-abundant materials such as Ni and Mn 

have been identified as promising candidates.[15] The appeal of Ni and Mn lies in their 

capability to form binary oxides that can facilitate the production of hydroxyl radicals 

while minimizing side reactions like oxygen evolution. These binary oxides are 

advantageous due to their rich chemistry and multiple oxidation states, which are 
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instrumental in their oxygen evolution reaction (OER) activity.[15], [16], [17] NiMnO3, 

in particular, combines the high catalytic activity of Mn with the conductivity of Ni, 

potentially outperforming their monometallic counterparts.[18] Based on these attractive 

characteristics, different Ni- and Mn-based oxide catalysts such as NiMn2O4 and NiMnO3 

have been widely studied for electrochemical energy storage and water splitting.[17] 

Nevertheless, to the best of the authors' knowledge, this research constitutes the 

pioneering investigation into the potential use of such type of bimetallic material in water 

treatment processes like EO. 

Our study builds upon the premise that a synergistic combination of Ni and Mn in the 

form of a binary oxide, supported on a three-dimensional (3D) substrate like nickel foam 

(NF), could lead to an optimized EO process. We hypothesize that the multi-metallic 

nature and large porosity of NF/NiMnO3 anodes will enhance their electrocatalytic 

performance, translating to more effective pollutant degradation with improved energy 

efficiency. This has been investigated by characterizing the electrochemical behavior of 

these electrodes and by evaluating their performance in terms of phenol degradation, 

since this molecule is a commonly encountered organic pollutant in wastewater. 

Additionally, the impact of operation parameters (i.e., current density, pH, flow rate and 

initial phenol concentration) on the decontamination process has been assessed. GC/MS 

analysis has served to elucidate the degradation pathways, aiming to advance our 

understanding of the mechanisms at play in water treatment by EO with this innovative 

material. 

2. Experimental section 

2.1. Electrode preparation 



 6 

2.1.1. Synthesis and characterization of NiMnO3 

NiMnO3 nanoparticles were synthesized via a facile hydrothermal process followed by 

thermal treatment based on a previously tested method (Figure 1).[19] One of the 

challenges for the synthesis of NiMnO3 was the low yield of the process (3.7 %), which 

led to a small amount of the final product (20 mg of NiMnO3). Since the preparation of 

electrodes consumes a relatively high amount of active material (approximately 2 g), the 

synthesis process was scaled-up from 25 mL of solution to 500 mL using a larger Teflon-

lined stainless-steel autoclave reactor. By implementing this new process, the production 

was successfully increased to 800 mg, which represents a significant step forward 

multiplying the amount of product obtained by almost 35 times. X-ray diffraction (XRD) 

studies were performed to confirm the excellent agreement between the crystallinity 

patterns of the small- and large-scale products. 

 

Figure 1. Schematic illustration of the synthesis of the NiMnO3 nanoparticles. 

The crystalline structure of the samples was analyzed by XRD using a PANalytical 

Empyream diffractometer with K𝛼 radiation (𝜆 = 1.54 Å) at a scan rate of 0.2 degrees s-
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1, generated at 45 kV and an emission current of 40 mA. The specific surface area and 

pore size distribution of the samples were measured by the multipoint Brunnauer-

Emmett-Teller (BET) and BJH analysis, respectively, from N2 adsorption/desorption 

isotherms using a Quantachrome QuadraSorb-S equipment. X-ray photoelectron 

spectroscopy (XPS) was also conducted to analyze the surface of the samples utilizing a 

monochromatic Al radiation with an overall power of 50 W and energy resolution of 0.5 

eV for high-resolution spectra, using SPEC PHOIBOS NAP-150 1D equipment. 

2.1.2. Preparation and surface characterization of modified nickel foam electrodes 

Nickel foam (20 ppi, 95 % porosity, Goodfellow) was used in this study as substrate 

material to incorporate different active materials (MnO2, Ni(OH)2 and NiMnO3) onto its 

surface by a dip-coating procedure. The NF pieces were perfectly cut into dimensions of 

20 mm × 20 mm × 6 mm (reproducible bare electrode mass of 1.2 ± 0.04 g). The pieces 

were subsequently washed with 0.1 M HCl, acetone, ethanol, and water under sonication, 

for 10 min each. The ink was prepared by mixing 85 % of the active material, 10 % of 

carbon black (CB, Ketjen Black EC-600 JD) as the conducting agent, and 5 % 

polyvinylidene fluoride (PVDF) as the binder in N-methyl-2-pyrrolidone. The NF pieces 

were then entirely submerged into the colloidal suspension for 30 min under sonication 

and dried at 80 ºC for 12 h. The mass loading of deposited particles over the NF obtained 

by this methodology was fairly constant (200 ± 5 mg). The morphologies of bare and 

modified NF were characterized by scanning electron microscopy (SEM) using a JEOL 

JSM-7800F Prime microscope at an acceleration voltage of 15 kV. 
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2.2.  Electrochemical characterization of modified nickel foam electrodes 

Electrochemical measurements were conducted in a standard three-electrode system, 

using Ag/AgCl (3 mol L-1 KCl) as the reference electrode and a platinum mesh as counter 

electrode. The electrochemical tests were performed with a Bio-Logic Science Instrument 

(VMP3) controlled with EC-Lab software. The OER potential was determined by linear 

sweep voltammetry (LSV) in 0.1 mol L-1 Na2SO4 solution. The potential between the 

working and reference electrodes was swept from 0.25 V to 2.5 V, at a scan rate of 10 

mV s-1 The electrochemical impedance spectroscopy (EIS) test was conducted using a 

0.1 mol L-1 Na2SO4 solution, with a frequency range of 100 kHz to 100 mHz and a 

disturbance amplitude of 5 mV.   

2.3. Electro-oxidation process 

2.3.1. Electrochemical cell 

Figures 2a and 2b show the 3D-printed electrochemical cell in the flow-through 

configuration, thus showing the electrolyte flow perpendicular to the flow of the electric 

current. The cell is made by 3D printing using resin (ANYCUBIC, 3D printing UV 

sensitive resin) material containing four blocks. The design of the electrochemical cell 

aimed at housing an NF electrode should allow uniform current and potential distribution, 

low ohmic internal resistance, and high rates of mass transport of the electroactive species 

to the electrode surface. This features can be achieved if the electrode surface is 

sufficiently thin for the voltage to be taken as constant and the distribution of the reaction 

current uniform over the electrode surface.[20]  

In this configuration, the current collector (expanded graphite plate, Sigracell TF6) was 

placed into the inner blocks, holding the two-sided modified NF anode in the center of 
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the anolyte channel, whereas in the cathodic compartment, a stainless-steel plate (0.2 mm 

thickness, Goodfellow) was used as the electrode. The cell was connected to a peristaltic 

pump (Masterflex® L/S), which provided a constant flow rate through the cell. The 

interelectrode gap was of 4 mm, and a Nafion 117 membrane was added to separate the 

anolyte and catholyte. 

 

Figure 2. (a) Exploded view of 3D-printed electrochemical cell in the flow-through 

configuration. (b) Side view of the cell and scheme of the experimental setup. 

2.3.2. Experimental setup 

The electrochemical oxidation of phenol was carried out in 0.1 mol L-1 Na2SO4 as the 

supporting electrolyte. Different electrodes (bare NF, NF/MnO2, NF/Ni(OH)2 and 

NF/NiMnO3) were used as anodes, always combined with a stainless-steel (SS) sheet as 

the cathode (Figure 2b). Other experimental conditions were as follows: initial phenol 

concentration of 200 mg L-1, anolyte and catholyte volume of 100 mL, flow rate of 30 

mL min-1, natural pH of the solution around 6.0. The electrochemical oxidation was 

subsequently optimized by evaluating the influence of different parameters such as the 

applied current density (5-20 mA cm-2), initial pH value (from 3 to 11, using 0.1 M H2SO4 
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and NaOH solutions to adjust the initial value), flow rate (30-90 mL min-1), and initial 

phenol concentrations (50-300 mg L-1). Samples of 2 mL were periodically collected for 

analysis to follow the evolution of the phenol concentration and chemical oxygen demand 

(COD). After each phenol degradation experiment, the cell and the anode were cleaned 

by flowing MilliQ water for 1 h to remove the possible intermediate products. Moreover, 

the cathode was polished with sandpaper after each test. 

2.3.3. Analytical methods 

The COD of the solution was measured using commercial kits (Merck, ISO 15705) by 

Spectroquant® Prove 100 VIS spectrophotometer, whereas the phenol concentration was 

measured by UV/Vis spectroscopy on a Perkin-Elmer LAMBDA 1050 WB InGaAs 

UV/Vis spectrophotometer set at λ between 190 to 350 nm. The potential degradation 

pathway of phenol was assessed from the identification of intermediate compounds using 

high-performance gas chromatography-mass spectrometry (GC/MS). The organic 

intermediates were detected by an Agilent 5977B mass spectrometry equipped with an 

Agilent 8860 gas chromatograph (Agilent, US). An HP-5MS capillary column (30 m × 

250 µm, 0.25µm) was used. The temperature was held at 40 ºC for 3 min, then increased 

at a rate of 3 ºC min-1 to 70 ºC and held at that temperature for 5 min, and again increased 

at a rate of 5 ºC min-1 from 75 ºC to 220 ºC. 

3. Results and discussion 

3.1.Crystal structures and morphologies of the electrodes 

The structural properties and crystalline phase(s) of the samples obtained after thermal 

treatment (5 h at 450 ºC, Figure 1) in the synthesis process performed at small and large 

scales were analyzed by XRD and compared. As shown in Figure 3a, nine diffraction 
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peaks could be assigned in the NiMnO3 samples, showing good agreement with crystal 

planes indexed to the rhombohedral ilmenite phase (the peaks from the JCPDS card no. 

98-001-3753, space group: R-3, have been added to the figure).[21], [22] The XRD 

patterns of the product from the small and the large-scale synthesis do not exhibit 

significant differences, which validates the scaling-up methodology. This result poses a 

significant step forward for production of a large amount of active materials, which could 

pave the way to prepare electrodes of a larger size for industrial applications.  

The N2 adsorption-desorption isotherms (Figure 3b) and pore size distribution profiles 

(Figure S1) were plotted to explore the textural properties of the samples. As can be 

observed in Figure 3b, the analyzed samples displayed a type-IV isotherm showing 

hysteresis loops with different shapes, which suggests that those materials have different 

types of porosity. In the case of NiMnO3, an H3-type hysteresis loop was observed; this 

means that the adsorption branch ascends continuously over the whole range of relative 

pressure, revealing the condensation of interparticle voids.[23] The specific surface area 

(SBET) of NiMnO3 nanoparticles was slightly higher (87 m2 g-1) than that of MnO2 (78 m2 

g-1), suggesting the presence of a larger number of potentially electroactive sites, which 

should lead to an improvement in the electrochemical performance.[24] The Barret-

Joyner-Halenda (BJH) pore size distribution plot (Figure S1) shows the mesoporous 

nature (pore size below 15 nm) of the samples, in which the average diameter of the pores 

for NiMnO3 nanoparticles (NPs) is centered at 8.2 nm.  
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Figure 3. (a) XRD patterns of synthesized NiMnO3. (b) N2 adsorption-desorption 

isotherms of NiMnO3 and MnO2 nanoparticles. 

The chemical composition and the oxidation state of the metals in the samples were 

evaluated by XPS (Figure S2). The strong overlap with Ni LMM Auger peaks makes 

difficult the interpretation of the Mn 2p region (Figure S2a). Conversely, the Mn 3s 

spectrum (Figure S2b) has a multiplet split caused by the coupling of non-ionized 3s 

electrons with 3d valence-band electrons, which can be used for the analysis of the 

chemical state of Mn species.[25] The Mn 3s split is typically around 5.9 eV, 5.5 eV, and 

4.8 eV for Mn2+, Mn3+ and Mn4+, respectively.[26] Since the split shown in Figure S2a 

is at 4.9 eV, the prevalence of Mn4+ in the NiMnO3 sample can be assured, as expected 

for the Mn sites in the ilmenite structure.[27] There is a similar complex situation for the 

analysis of the Ni 2p region, since there is an overlap with Mn LMM Auger peaks. 

However, as shown in Figure S2c, it is reasonable to expect the Ni atoms to be as Ni2+ 

in our sample, in good agreement with the ilmenite structure of NiMnO3.[28] Figure S2d 

shows the binding energy of O 1s displaying three peaks at 529 eV, 531 eV, and 534 eV. 

The former corresponds to the strongly bound lattice oxygen (OL).[29] In contrast, the 
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highest binding energies were attributed to the weakly bound adsorbed oxygen (Oads), 

including the hydroxyl group and water.[29] Table 1 collects the contents of Oads and OL. 

The results indicate that both NiMnO3 and MnO2 might have a significant potential for 

organic pollutants oxidations since, according to previous studies,[30], [31], [32] the Oads 

may be involved in the generation of active oxygen species (•OH), which are critical for 

EO application. 

Table 1. XPS data showing the chemical states of oxygen on the NPs surface. 

Sample O 1s binding energy (eV) Content (%) 

OL Oads OL Oads 

NiMnO3 529.67 531.19 64 36 

MnO2 529.48 531.06 66 31 

 

The morphologies of bare and modified NF electrodes were characterized by SEM. 

Micrographies shown in Figure 4 serve to corroborate the efficient deposition and 

homogeneous distribution of the metal oxide particles. The surface analysis of the 

modified NF confirms that dip coating is a suitable method to obtain a sufficiently 

uniform coating on the porous substrate. Figure 4a-4c display that the metal oxide 

coating is rough and the NPs are well distributed throughout the surface. According to 

the pictures, NF/MnO2 (Figure 4b) presented less homogeneity compared to the 

synthesized NF/NiMnO3 electrode (Figure 4c-4d). It is expected that the lack of 

homogeneity and the large particle size might negatively impact the electrode 

performance by reducing the electrochemical surface area of the active material. Thus, 
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Figure 4b shows some cracks and defects on the surface of the MnO2 electrode. This 

structure might provide a high resistance NiO layer similar to the one observed in the 

TiO2 layer on Ti substrates, thereby yielding a shorter electrode lifespan, as well as the 

deactivation of the electrode.[33], [34]. On the other hand, the surface of the NF/NiMnO3 

electrode is more regular and compact, comprising uniform sphere-shaped particles with 

an average size of 500 nm to 1 µm in diameter. Figure 4c-4d also shows that the surface 

of the NF/NiMnO3 was more integrated and the presence of the cracks decreased 

substantially. Furthermore, the EDS spectrum (Figure S3) and elemental mapping 

(Figure 4e-4f), showing the distribution of Ni, Mn, O and C in the NF/NiMnO3 sample, 

revealed that Ni and Mn are uniformly distributed on the surface, thus confirming that 

the electrode surface was completely covered by the NiMnO3 layer. 

Figure 4. SEM images of different modified NF electrodes: (a) bare NF, (b) NF/MnO2, 

(c, d) NF/NiMnO3, at different magnifications. (e, f) Mapping of the different elements 

(Ni, Mn, O, and C) present in the NF/NiMnO3 sample. 
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3.2. Electrochemical measurements 

The prepared electrodes were characterized by LSV to determine the OER potential for 

each electroactive coating. The polarization curves (Figure 5a) show that the multi-metal 

oxide anode (NF/NiMnO3) reached a substantially higher OER potential (2.10 vs. 

Ag/AgCl) as compared to the NF/MnO2 and NF (1.75 V and 0.6 V vs. Ag/AgCl, 

respectively). In the literature, the OER overpotential has been commonly correlated with 

the oxidation capacity of the material, since the •OH can thus be produced at a more 

oxidizing potential, and the competitive O2 evolution is less favored than that occurring 

in so-called active anodes (e.g., IrO2, RuO2). The resulting radicals at NF/NiMnO3 are 

expected to be more weakly bound, which will affect positively to the degradation of the 

organic contaminants.[35] Thus, the larger OER potential of the bimetallic oxide 

electrode compared to that of the NF and NF/MnO2 serves as a first electrochemical 

indication of the superiority of the NF/NiMnO3 for the EO process. Note that to design 

anodes that are ideal for generating adsorbed •OH while inhibiting the O2 generation at 

the anode surface, the intrinsic surface electronic configuration should be manipulated, 

eventually reducing the value of ΔG*OH. Hence, the results reported here would support 

the strategy of designing multi-metal systems by tuning the electronic structure of the 

surface in such a way that the catalytic activity is improved for hydroxyl radical 

generation.[36], [37], [38] Note also that the small oxidation peaks observed in the 

NiMnO3 curve between 1.5 V and 2.0 V can be primarily attributed to the redox 

transitions of Ni and Mn ions in the mixed oxide structure. Specifically, these peaks 

correspond to the successive oxidation processes involving the valence state changes of 
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Ni2+ to Ni3+/Ni4+ and Mn3+ to Mn4+, respectively. This analysis is also supported by the 

XPS analysis previously described. 

Despite these findings, several researchers have recently argued that the OER potential 

should not be considered as the sole indicator of the ability to generate hydroxyl radicals. 

This is due to the different mechanisms followed by the OER (inner-sphere electron 

transfer) and the hydroxyl radical generation (outer-sphere electron transfer).[39], [40] 

Considering this approach, it has been established that the generation of hydroxyl radicals 

via desorption of OH* is necessary for viable EO systems. The Tafel slope (Figure 5b), 

which informs about the rate of current increase for a given electrochemical reaction, was 

used to compare the catalytic activity of the electrodes. A smaller Tafel slope suggests a 

faster reaction rate and a more efficient catalyst. As shown in Figure 5b, the NF/NiMnO3 

anode exhibits a smaller Tafel slope as compared to the NF/MnO2 anode. A slope of 34 

mV dec-1 is consistent with a reaction mechanism that is limited by the adsorption of 

reactive intermediates on the electrode surface, suggesting that the initial electron transfer 

step is not the sole rate-determining factor. This value aligns well with the Butler-Volmer 

equation for a single-electron transfer process in the slow reaction rate limit, implying 

that subsequent steps, possibly involving the formation and evolution of oxygen species 

(in this case, hydroxyl radicals), play a significant role in the overall reaction kinetics. In 

light of this, the charge transfer mechanism for OER on the NiMnO3 electrode can be 

inferred to involve multiple steps, including the adsorption of hydroxide ions, the 

formation of hydroxyl radicals, and the eventual evolution of molecular oxygen. The 

relatively small Tafel slope suggests favorable adsorption of intermediates and a 
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facilitated electron transfer process, underscoring the efficiency of the NiMnO3 electrode 

as an EO catalyst. 

Electrochemical impedance spectroscopy (EIS) measurements were further employed 

to reveal the catalytic properties of both anodes. As shown in Figure S4, EIS spectra 

show a semicircle, suggesting a charge transfer process during the OER. These Nyquist 

plots can be fitted by a 6-component equivalent electrical system.[41] Figure S4 shows 

that the charge transfer resistance for NF/NiMnO3
 decreased in comparison with the 

NF/MnO2. This result could be attributed to the primary effects of introducing a foreign 

metal, which is known as the ligand and strain effect.[42], [43], [44], [45], [46] The ligand 

effect consists of a charge transfer between neighboring metals that causes changes to the 

electronic structure. Charge transfer happens through shared oxygen ions due to the 

varied electron-donating properties of multi-metals, which in turn changes the electronic 

structure of the anode surface. The strain effect is the variation in the surface's lattice 

properties. The inclusion of foreign metals inevitably changes the lattice characteristics 

and, consequently, the amount of overlapping between atomic orbitals, thus changing the 

electronic structure. The ligand effect and the strain effect are typically indistinguishable, 

since they happen simultaneously in multi-metal oxides. Therefore, the modified 

electronic structure of multi-metal oxides is considered a comprehensive result of both 

effects.[18] 
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Figure 5. (a) LSV curves recorded with different electrodes. (b) Corresponding Tafel 

plots for NF/NiMnO3 and NF/MnO2. 

3.3. Performance of multi-metal oxide for the electrocatalytic phenol removal 

To evaluate the electrochemical degradation activity of the synthesized electrodes, 

phenol was chosen as the model pollutant for studying the EO process in the flow cell of 

Figure 2, using a 0.1 mol L-1 Na2SO4 solution as a supporting electrolyte. The results 

displayed in Figure 6a show that the NF/NiMnO3 anode presents the highest phenol 

removal efficiency (90 % after 60 min, and overall degradation at 90 min) in comparison 

with NF/MnO2, NF/Ni(OH)2 and NF electrodes. The former two behaved similarly, 

attaining a removal of 60 % in 120 min, whereas bare NF anode was not very active (36 

% at 120 min). To complete the analysis, Figure 6b shows the kinetic analysis of the 

phenol removals, informing about the superior kinetics developed by the NF/NiMnO3 

anode. Furthermore, the COD removal rates shown in Figure 6c point out that, as in the 

case of the phenol removal, NF/NiMnO3 showed the best performance after 300 min of 

EO treatment (87 % COD removal), followed by NF/MnO2 and NF/Ni(OH)2 (64 %) and 
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bare NF (31 %). Additional data analysis of the samples revealed that the best average 

current efficiency (94 %) with the NF/NiMnO3 electrode was achieved after 120 min, 

whereupon it gradually decreased, which can be explained by the accumulation of more 

refractory molecules like carboxylic acids.[47] That value contrasted with the 66 % 

reached after 120 min when the NF/MnO2 electrode was tested. Therefore, considering 

all the data collected, one can conclude that the bimetallic oxide anode has a superior 

performance in comparison with the single oxides and the porous NF support.  

The mechanism for phenol degradation was further studied taking into account that as 

the OER progresses, water molecules are oxidized to initially form adsorbed OH*.[48] 

At that point, depending on the adsorption energy of the electrode, either the OH* turns 

into O* or redox mediators (in this case, hydroxyl radicals) to oxidize the organic 

pollutants present in wastewater.[49] In principle, the adsorption energy of OH* is 

determined by the electronic structure of the anode surface.[50] Therefore, one could 

hypothesize that the introduction of a foreign metal in the oxide structure might modify 

the electronic structure, tuning the adsorption energies of the existing active sites in favor 

of a specific reaction pathway. To investigate the role of reactive oxygen species in the 

oxidation mechanism, tert-butanol (TBA) was employed as a selective hydroxyl radical 

scavenger. Furthermore, since methanol serves to quench both hydroxyl and sulfate 

radicals, additional experiments were performed spiking both solvents, and the results 

were compared with those obtained in the absence of scavengers (Figure 6e). Adsorption 

experiments using both bare NF and NF/NiMnO3 revealed a poor phenol removal 

efficiency of around 10 %, which suggests that the physical interactions provided by the 

high porosity have a limited contribution to the overall pollutant removal in EO process. 
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When methanol was introduced, the phenol removal rate was observed to be lower than 

20 %. In contrast, the introduction of TBA, which is quite selective to scavenge hydroxyl 

radicals, resulted in a slightly higher removal efficiency of 30 %. These findings imply 

that hydroxyl radicals play a predominant role in the degradation of phenol in the absence 

of scavengers, with a smaller yet noticeable contribution from sulfate radicals (and other 

less active radicals). These experimental findings provide compelling evidence for the 

role of hydroxyl radicals (•OH) in the degradation process. The marked attenuation in 

phenol degradation efficiency observed in the presence of these scavengers underscores 

the significance of •OH radicals, substantiating the predominance of an indirect oxidation 

pathway.[51], [52], [53] 

To benchmark the performance of our newly developed NiMnO3 anode, Figure 6f 

presents a comparative analysis against commercial non-porous BDD and DSA plates, 

clearly highlighting the greater efficiency and potential advantages of our anode in EO 

processes. EO with BDD anode yielded approximately 50 % phenol removal after 120 

minutes of treatment, while the use of DSA led to a poorer performance, with only about 

20 % phenol removal under analogous conditions. Therefore, the NF/NiMnO3 anode 

clearly outperformed the other two, not only surpassing them in terms of phenol 

degradation efficiency but also providing a faster decontamination. The superiority over 

the DSA can be readily explained from the much larger overpotential shown in Figure 

5a. In the case of the much quicker degradation compared to EO with BDD, the 

overpotential cannot solely explain such difference, because the values for NiMnO3 and 

BDD are similar. The fact that the NF/MnO2 anode yielded a removal close to 60 % at 

120 min (Figure 6a) despite its comparatively smaller overpotential (Figure 5a) allows 
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concluding that porous NF substrate, offering a large specific surface area with a great 

number of active sites, has a fundamental role. Therefore, the possibility of producing the 

new 3D bimetallic oxide anodes opens the door to overcome the limitations presented by 

conventional planar anodes. 
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Figure 6. (a) Performance of the different anodes for 200 mg L-1 phenol removal, using 
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0.1 mol L-1 Na2SO4 electrolyte at pH 6.0 and current density of 5 mA cm-2. (b) 

Corresponding pseudo-first-order kinetic analysis. (c) Corresponding normalized COD 

removal. (d) Average current efficiency. (e) Effect of the scavengers on the phenol 

concentration decay, along with adsorption trials. (f) Comparison of phenol degradation 

with three different anodes: commercial BDD and DSA, and new NF/NiMnO3, all with 

the same projected area, under the conditions described in plot (a). 

3.4. Optimization of EO process parameters  

3.4.1. Effect of the applied current density 

Current density is an essential parameter that determines the amount of hydroxyl 

radicals produced and the electron transfer rate, thus affecting the degradation rate of 

phenol.[54] Figure 7a displays the positive effect of increasing the current density 

(referred to the projected surface area of the anode) on COD removal. Thus, the increase 

from 2.5 to 20 mA cm-2 resulted in a better COD removal, increasing from 25 to 60 % 

after 60 min. A higher current density yields a greater amount of hydroxyl radicals, 

making it possible the simultaneous degradation of phenol and its reaction 

intermediates.[55] A gradual current increase implies the shift from charge transfer 

control to mass transport control.[56] Accordingly, when the current density exceeded 10 

mA cm-2, only a slight increase in the COD removal efficiency was observed. In addition, 

excessively high current densities result in the promotion of parasitic reactions, which 

have a negative impact on the Faradaic efficiency of hydroxyl radical generation. From 

these results, a current density of 10 mA cm-2 was used in the subsequent trials, aiming 

to achieve a high removal rate while minimizing the energy consumption.  

3.4.2. Effect of the flow rate and solution pH 
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The influence of the flow rate (30, 60- and 90-mL min-1) on the COD removal 

efficiency is displayed in Figure 7b. As can be observed, increasing the value from 30 to 

60 mL min-1 caused a substantial rise in the COD decay (from 40 % to 70 % at 60 min). 

Nevertheless, the results suggest that no additional benefits in terms of COD removal can 

be attained at a higher value of 90 mL min-1. The flow rate can affect the EO performance 

in several ways. First, it can affect the mixing of the reactants in the electrochemical 

cell.[57] If the flow rate is too low, there may not be enough turbulence inside the 

electrochemical cell to ensure an optimum mass transport of reactants. High stirring rates 

or liquid flow rates lead to fast solution homogenization, prevention of solid deposition, 

and assurance of proper transport towards the electrode surface. However, if the flow rate 

is too high, there may be excessive turbulence, leading to inefficient mixing and 

preferential paths, with insufficient residence time of organic molecules inside the 

cell.[58] Therefore, choosing an appropriate flow rate is critical. For the cell employed 

in this work, results obtained at 60 mL min-1 were superior. 

On the other hand, the value of solution pH has influence on several factors, such as 

the type of oxidizing species and their oxidizing ability.[59] Figure 7c shows that the 

maximum COD removal efficiency was obtained at pH 6.0, which is the natural pH of 

the solution. This result can be explained based on the idea that the oxidation potential of 

•OH decreases with increasing pH.[60] In addition, the OER potential decreases with an 

increase in pH; a higher OER potential value under acidic conditions weakens the 

parasitic oxygen evolution , thereby favoring the indirect catalytic degradation of phenol 

by hydroxyl radicals.[61]  

3.4.3. Effect of the initial phenol concentration 
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From an engineering perspective, it is important to analyze the effect of the initial 

concentration of phenol on the degradation efficiency. As shown in Figure 7d, the 

highest COD removal efficiency was achieved when the initial concentration of phenol 

was 300 mg L-1. As the initial concentration decreased from 300 mg L-1 to 50 mg L-1, the 

COD removal efficiency decreased from 90 % to 70 %. However, it is important to pay 

attention not only to the COD removal efficiency but also to the average current 

efficiency (ACE). When designing a system, the balance between the applied current 

density and the initial concentration of the pollutant should be considered, otherwise, the 

lack of alignment between both parameters might cause inefficiency in the system. In the 

case of low initial concentrations (50 mg L-1), it should be noted that although the total 

phenol removal can be achieved rapidly at 10 mA cm-2, the average current density 

becomes quite low after only 120 min of the EO treatment (47 %). On the other hand, the 

optimized current density (10 mA cm-2) seems to be insufficient to remove phenol and 

its intermediates in the case of high initial concentration (300 mg L-1), as can be observed 

in Figure 7d. This situation leads to a longer process, which means higher energy 

consumption and higher cost. As can be seen, the best balance between COD removal 

efficiency, ACE, and duration of the process was achieved at 100 mg L-1 phenol 

concentration (100 % phenol removal in less than 60 min and 80 % COD removal and 

ACE of 64 % in 180 min). 
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Figure 7. Effect of (a) current density (pH 6.0, flow rate of 30 mL min-1, phenol 

concentration of 200 mg L-1), (b) flow rate (current density of 10 mA cm-2, pH 6.0, phenol 

concentration of 200 mg L-1), (c) initial pH (current density of 10 mA cm-2, flow rate of 

60 mL min-1, phenol concentration of 200 mg L-1), and (d) initial phenol concentration 

(current density of 10 mA cm-2, flow rate of 60 mL min-1, pH 6.0) on COD removal 

efficiency. 

According to the results, under the optimized operation conditions (current density of 

10 mA cm-2, flow rate of 60 mL min-1, initial pH of 6.0, and initial concentration of 100 

mg L-1), the removal of phenol when treating 100 mL of solution (0.1 mol L-1 Na2SO4) 

reached 100 % in 60 min. Moreover, the COD removal rate was 80 % in 180 min. Table 

3 compares the results obtained with the NF/NiMnO3 anode and those with other 
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electrodes studied by different researchers. NF/NiMnO3 demonstrates an excellent 

performance, showcasing a removal efficiency of 100 % and 80 % within 60 min, for 

phenol and COD, respectively. These results highlight the effectiveness of the multi-

metal oxide electrode, particularly the nickel manganese oxide ilmenite, as a promising 

option for efficient wastewater treatment in terms of organic pollutant removal. 

Table 3. Comparison of the results obtained in this study with those of published works. 

Compound Anode type Current 

density 

(mA cm-2) 

Removal 

efficiency 

(in %) 

Current 

efficiency 

(in %) 

Ref. 

Phenol NF/NiMnO3 10 80 [COD] 64 This 

work 

Phenol Ti/SnO2-

Sb2O3/MnO2 

Ti/SnO2-

Sb2O3/PbO2 

Ti/SnO2-

Sb2O3/RuO2 

15 38-59 [COD] 20-45 [62] 

Phenol Ti/SnO2-

Sb2O4-CNT 

10 71 [COD] - [63] 

Phenol Ti/SnO2-

Sb2O5-

RuO2/α-

PbO2/β-

PbO2 

10 94 [COD] 53 [64] 

Phenol Ebonex 2.5 95.3 [COD] 43.2 [65] 

 

To provide a comprehensive understanding of the electrode stability, SEM analyses 

were performed before and after the electrochemical experiments (Fig. S5-S7). 
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Regarding the control electrode, composed of NF substrate coated with CB and PVDF, 

the morphological changes were studied to assess the potential degradation of the 

conductive agent and binder. The comparison between Fig. S5 and S7 reveals no 

substantial alteration in the morphology or structural integrity of the CB and PVDF, 

suggesting that these components are stable under the applied conditions. The absence of 

visible degradation underscores their robustness within the electrochemical environment. 

However, EDS analysis highlights a variation in the oxygen content, which was not 

initially anticipated. This increase is likely attributed to the oxidation of the NF substrate 

rather than the degradation of the CB or PVDF materials. Such an observation suggests 

that the primary electrochemical interactions and subsequent material transformations are 

predominantly occurring at the NF interface, with minimal impact on the stability of the 

other components under the examined operation conditions. On the other hand, for the 

NF/NiMnO3 electrode, the comparison between Fig. S3b and S6 reveals that the 

percentage of elements present on the electrode surface remained almost unaltered, with 

no remarkable changes. Moreover, the morphology of the NF/NiMnO3 electrode was 

preserved, displaying no notable morphological alterations upon the electrolysis.  

To evaluate the reusability of a freshly prepared NF/NiMnO3 anode, five consecutive 

degradation tests were performed under optimal conditions. Figure S8 illustrates the 

percentage of phenol removal at the end of each trial, evidencing that, despite a decline 

in activity, NF/NiMnO3 anode still manages to eliminate 75 % of the phenol after five 

consecutive experiments (Figure S8a). Kinetics analysis confirmed a slower degradation 

of phenol after the second experiment, although stabilizing the performance in the last 

three experiments (Figure S8b). To investigate these changes in the performance, the 
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average cell voltage was analyzed trying to identify any sign of electrode degradation. 

The results displayed in Figure S8c showed no significant modification across 

consecutive tests or different time spans within each cycle. This outcome suggests 

consistent electric performance without evident signs of electrode corrosion despite 

reduced phenol degradation. 

To further evaluate the electrode integrity, the mass of the electrode was measured after 

each consecutive experiment (Figure S8d). The results revealed only a 5 % weight loss 

after 5 cycles, which could potentially contribute to the performance decline. However, 

no clear correlation was established between the loss of electrode weight and 

performance stability (for instance, despite the decrease of phenol removal between the 

second and the forth test, the weight of the electrode remained unchanged during those 

cycles). Therefore, this aspect requires further investigation.  

As conclusion, it should be highlighted that, despite the initial decline of the 

performance, the NF/NiMnO3 electrode exhibited stable kinetics and consistently high 

phenol removal values.  

3.5. Analysis of the pathway for phenol degradation 

To study the possible degradation pathways of phenol in the reaction process, UV–Vis 

spectroscopy and GC/MS were used to identify the intermediate products of phenol in 

the treated solutions (Figure 8). The electrochemical degradation pathway of phenol 

typically involves the formation of several intermediate compounds, including 

hydroquinone (dihydroxybenzene molecule formed via oxidation of phenol at the anode) 

and benzoquinone. The results from UV-Vis shown in Figure S9 display how the two 

absorbance peaks centered at 210 and 270 nm that correspond to the phenol decreased at 
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longer times of operation until it completely disappeared after 60 min. Simultaneously, 

during the degradation process, three additional peaks appeared according to the UV-Vis 

results (230-250 nm, 250-260 nm, and a very small 280-290 nm) which can be associated 

to a mixture of benzoquinone, hydroquinone, and catechol as intermediates of phenol 

degradation.[66], [67], [68] Additional results from GC/MS displayed in Figure S10 

show that major intermediates include benzoquinone and hydroquinone. The formation 

of these molecules is due to the characteristic behavior of phenol as an electron-

withdrawing group (•OH) and the generated hydroxyl radicals are preferentially 

electrophilically added to the para and ortho positions of phenol.[69] Strong oxidizing 

agents react with the hydrogen atoms of the -OH groups in the hydroquinone, 

withdrawing hydrogen atoms to generate benzoquinone. These intermediates later 

oxidized to small aliphatic acids (maleic acid, succinic acid, malonic acid, oxalic acid) 

through a ring-opening reaction.[70] These compounds are slowly mineralized into CO2 

and H2O, as described in the literature.  
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Figure 8. Potential degradation pathway from GC/MS results. 

4. Conclusions 

This study highlights the use of multi-metal oxide electrodes synthesized via a 

hydrothermal method for the electro-oxidation of organic pollutants in wastewater. 

Initially, this work shows the successful scaling up of the synthesis procedure of the 

bimetallic oxide material (35-fold increase), ensuring its practical viability for large-scale 

applications. A more favorable morphology and smaller particle size compared to 

electrodes composed of single metal oxides was revealed. NiMnO3 exhibited an OER 

potential of 2.10 V vs Ag/AgCl, surpassing that of MnO2. This enables a higher oxidation 

ability, making it particularly effective to degrade persistent organic compounds. 

Furthermore, EIS results confirmed a more facile charge transfer process for NiMnO3 

electrodes compared to its single-metal counterparts, suggesting lower resistance to 

electron transfer, eventually enhancing the electrocatalytic activity. 
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The integration of a 3D NF substrate and the design of the divided flow-through 

electrochemical cell plays a crucial role in enhancing mass transport and overall system 

performance. The 3D substrate provides a large surface area, enabling more active sites 

for pollutant oxidation. Additionally, the divided flow-through cell design effectively 

separates the anodic and cathodic reactions, preventing cross-contamination and allowing 

for targeted electrochemical processes. The NF/NiMnO3 electrode achieved a 100 % 

phenol removal efficiency and 80 % COD reduction under optimized operation 

conditions, clearly outperforming the single-metal oxides and conventional electrodes 

(NF/MnO2, BDD and DSA). This superiority can be attributed to its optimized 

morphology, increased oxidative potential, and efficient charge transfer characteristics. 

The mechanistic study, employing radical scavengers, elucidated that the predominant 

pathway for phenol degradation is indirect oxidation via hydroxyl radicals. This insight 

is crucial for tailoring the electrode and reaction conditions to maximize the generation 

and utilization of these reactive species. 

The environmental implications of this research extend beyond the effective removal 

of organic pollutants. The improved mass transport and optimized electrochemical 

performance achieved with the multi-metal oxide electrode, in addition to the divided 

flow-through electrochemical cell design, offer possibilities for future applications to run 

additional reactions on the cathodic side, such as hydrogen (H2) production, carbon 

dioxide (CO2) reduction, or nitrogen (N2) fixation. This hybrid cell opens avenues for 

sustainable and resource-efficient wastewater treatment systems. 

Associated content 

Supporting Information: 
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Removal rate calculations and material characterization. 
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