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Abstract 16 

In Electro-Fenton (EF) processes, the use of iron as a catalyst under acidic conditions results 17 

in increased costs and potential secondary pollution. To address these issues, we developed a 18 

CuFeV layered double hydroxide (LDH) coating on graphite felt (GF) (CuFeV LDH@GF) that 19 

offers an effective performance across a broad pH range without causing metal pollution. The 20 

CuFeV LDH@GF cathode exhibited a good oxygen reduction performance, high stability, and 21 

an efficient removal of levofloxacin (LEV) over a wide pH range (pH = 3–10). The 22 

simultaneous presence of Cu2+/Cu3+, Fe2+/Fe3+, and V4+/V5+ redox pairs played a crucial role 23 

in facilitating interfacial electron transfer, thereby enhancing the production and subsequent 24 

activation of H2O2 within the system. The rate constant (kapp) of LEV removal under neutral 25 

conditions with the CuFeV LDH@GF electrode was more than two times that of the raw GF 26 

electrode. This improvement can be attributed to the CuFeV LDH coating, which increased the 27 

generation of hydroxyl radicals (•OH) from 0.64 to 1.27 mM. Importantly, the CuFeV 28 

LDH@GF electrode maintained its efficiency and stability even after 10 reuse cycles. 29 

Additionally, GC–MS analyses revealed the degradation of intermediate compounds, which 30 

include cyclic and aliphatic compounds. This study provides significant insights into the 31 

synergistic effects of trimetallic LDHs, contributing to the development of high-performance 32 

cathodes. 33 

Keywords: Electrophoretic deposition; Emerging contaminant; Electro-Fenton; Graphite felt; 34 

Water treatment. 35 

 36 
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1. Introduction 37 

Concerns regarding the global effects of pharmaceuticals on water resources are increasing 38 

because the active components of these chemicals may remain unaffected or become highly 39 

toxic after treatment by conventional wastewater treatment facilities [1]. Levofloxacin (LEV) 40 

belongs to the class of fluoroquinolones and is frequently detected in hospital and 41 

pharmaceutical wastewater. The existence of a strong C-F covalent bond in its structure results 42 

in toxic and refractory degradation intermediates during the decomposition [2]. Furthermore, 43 

the potent antibacterial properties and limited metabolism of LEV contribute to the 44 

accumulation of pollutants, even after wastewater treatment. Advanced oxidation processes 45 

(AOPs), which are fast and effective methods for treating water contaminated with persistent 46 

organic pollutants, such as pharmaceuticals, have been proposed [3]. The Fenton/Fenton-like 47 

processes, which are a class of AOPs, generate hydroxyl radicals (•OH) through the reaction 48 

between M+2
 (transition metals, such as Fe, Co, and Cu), and hydrogen peroxide at very low 49 

pH levels (2.8–3.5) [4]. The electro-Fenton (EF) process has received significant attention as 50 

it can electrochemically produce H2O2, eliminating the need for the storage and handling of 51 

hazardous H2O2 [5]. As in the classical Fenton process, M2+ acts as a catalyst, producing •OH 52 

radicals that can break down pollutants. EF process also regenerates M3+ via cathodic 53 

reduction, further improving the overall efficiency [6]. By employing heterogeneous catalysts, 54 

the challenges associated with homogeneous catalysts in EF processes, such as waste sludge 55 

formation and a limited working pH range, can be overcome [7,8]. 56 

Layered double hydroxides (LDHs) are a type of inorganic nanomaterial that belongs to the 57 

anionic clay family. They have a two-dimensional layered structure, which is represented by 58 

the general formula of [𝑀ଵି௫
ଶା 𝑀௫

ଷା𝑂𝐻ଶ]௫ା[𝐴௫/௡
௡ି . 𝑦𝐻ଶ𝑂]௫ି, where M2+ and M3+ denote divalent 59 

and trivalent cations, respectively; x indicates the molar ratio of M3+/(M3+ + M2+); An– is an 60 
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anion; and y is the number of water molecules located between the layers [9]. LDHs consist of 61 

positively charged cationic layers, similar to brucite, along with interlayer hydrated anions that 62 

compensate for the overall charge. These materials have demonstrated significant catalytic 63 

activities owing to their large surface areas, abundant catalytic active sites, and stability [10]. 64 

Furthermore, researchers have recently investigated the diverse catalytic capabilities of LDHs 65 

in heterogeneous Fenton processes [11,12]. 66 

A FeIIFeIII LDH was grown on a carbon-felt electrode for the EF process, which exhibited a 67 

synergistic effect resulting from both homogeneous and heterogeneous H2O2 activation [13]. 68 

However, the catalytic sites of iron species in a singular metal oxide phase are not efficiently 69 

utilized to produce •OH in the heterogenous EF process, indicating the possibilities for further 70 

improvements. Incorporating a transition metal into a Fe-based LDH can increase its catalytic 71 

activity by promoting electron transfer rates. Additionally, third-metal doping expands the 72 

operating pH range and minimizes heavy metal leaching [14]. The presence of Co2+/Co3+, 73 

Fe2+/Fe3+, and Ce3+/Ce4+ redox couples in the EF process involving a CoFeCe LDH 74 

significantly enhances interfacial electron exchange, thereby facilitating the production and 75 

activation of H2O2 to generate reactive radicals [15]. Similarly, vanadium is a transition metal 76 

that possesses several valence states (V3+, V4+, and V5+). Recent research has demonstrated that 77 

different vanadium oxides (such as V2O3, VO2, and V2O5) can stimulate H2O2 to achieve an 78 

effective degradation of contaminants [16,17].  79 

Energy consumption is a major limitation of EF process, as the generation of reactive oxygen 80 

species requires elevated potentials. Additionally, optimal performance is typically restricted 81 

to acidic conditions due to the pH dependence of the Fenton reaction. In this study, to overcome 82 

these challenges, we aimed to develop CuFeV layered double hydroxide incorporated graphite 83 

felt (CuFeV@GF) electrode through electrophoretic deposition (EPD) method. The integration 84 

of LDH particles into the GF matrix offers multiple active sites for H2O2 adsorption and 85 
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subsequent decomposition, minimizing limitations caused by mass transfer in •OH formation. 86 

Moreover, the use of CuFeV@GF cathode was expected to minimize electricity consumption, 87 

contributing to improved energy efficiency and sustainability for large-scale applications. We 88 

evaluated the performance of the EF process using the CuFeV LDH@GF electrode in removing 89 

LEV and examined the influence of process parameters, such as the LEV concentration, pH, 90 

and applied voltage, on the electrode performance. Furthermore, we investigated the 91 

degradation mechanism of LEV during the CuFeV LDH@GF–EF process. The stable 92 

performance of the CuFeV LDH under near-neutral conditions with prolonged catalytic activity 93 

makes it a promising solution for efficient and eco-friendly wastewater treatment. 94 

2. Materials and methods 95 

2.1. Materials 96 

Vanadium (III) chloride (97%), Copper(II) chloride dihydrate (≥99.0%), hydrogen peroxide 97 

(30%), Iron (III) chloride hexahydrate (≥99%), nitric acid (70%), sodium hydroxide (99%), 98 

Mg(NO3)2.6H2O (%99), diethyl ether, N, O–bis–(trimethylsilyl)–acetamide (≥95%), o–99 

phenylenediamine (OPD, 99.5%), and ammonium molybdate tetrahydrate (≥99.0%) were 100 

obtained from Merck, Germany. GF (Sigratherm) was provided by SGL CARBON (Germany). 101 

Platinum plate was provided by DiaCCon GmbH (Germany).  102 

2.2. Fabrication of the CuFeV LDH@GF electrode  103 

The CuFeV LDH was obtained via a co-precipitation reaction as described in our previous 104 

paper [18]. Specifically, certain amounts of CuCl2.2H2O, FeCl3·6H2O, and VCl3 (M2+/M3+ = 105 

3) were added to 40 mL ultrapure water, which had been previously purged with N2. The pH 106 

of the solution was gradually raised to 8 by adding NaOH, while maintaining constant stirring. 107 

Following a 24 h aging period, centrifugation was performed to obtain the solid phase. Finally, 108 
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the resulting sample was treated multiple times with deionized (DI) water to remove impurities 109 

before it was placed in an oven (BINDER GmbH, Germany) at 50 °C for 7 h.  110 

In this study, EPD was employed to deposit LDH nanoparticles onto GF, as shown in Figure 111 

1a [19]. Prior to the process, the GF was subjected to a cleaning process involving 112 

ultrasonication (Elmasonic P120H, 37 kHz, Germany) in ethanol, acetone, and DI water, with 113 

each step lasting 15 min. Afterward, the pretreated GF was subjected to a hydrothermal acid 114 

treatment using concentrated HNO3 at 90 °C for 9 h. To prepare a colloidal suspension of LDH, 115 

0.5 g of LDH and Mg(NO3)2·6H2O were added to 20 mL of 2-propanol. Thereafter, the 116 

suspension was subjected to ultrasonic treatment in a bath for 0.5 h to ensure uniform dispersion 117 

of LDH particles. Thereafter, the mixture was placed into an electrochemical cell connected to 118 

a direct current (DC) power source. The positive and negative terminals were connected to the 119 

GF and stainless steel (SS, 316 AISI SS, Turkey) electrodes, which had been vertically inserted 120 

into the cell. Finally, LDH particles were electrodeposited onto the GF surface using a voltage 121 

of 40 V for 7 min. The resulting electrode with CuFeV LDH coating was designated as CuFeV 122 

LDH@GF.  123 

2.3. Characterization studies 124 

The characterization methods of the catalyst are detailed in Text S1. To study the 125 

electrochemical behavior of the CuFeV LDH@GF electrode, a three-electrode potentiostat 126 

(Metrohm Autolab PGSTAT302N, the Netherlands) with a saturated calomel electrode (SCE), 127 

a platinum wire, and the coated electrode served as reference, counter, and working electrodes, 128 

respectively. The cyclic voltammetry (CV) and linear sweep voltammetry (LSV) tests were 129 

conducted at a scan rate of 30 mV s–1 in 0.05 M Na2SO4 solution at pH = 6.8.  130 

The procedures for determining cathodic H2O2 production and •OH during the process are 131 

provided in Text S2. Gas chromatography/mass spectrometry (GC–MS) was performed using 132 
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an Agilent 6890N instrument (USA) to detect the degradation intermediates of LEV (Text S3). 133 

The heavy metal leaching from the CuFeV LDH during the reaction was evaluated through 134 

inductively coupled plasma–optical emission spectrometry (ICP–OES) using a Perkin-Elmer 135 

Optima 7000 DV instrument (USA). 136 

2.4. Activity of the CuFeV LDH@GF electrode during the EF process 137 

EF tests were performed in a 150 mL glass cell. CuFeV LDH@GF (6 cm x 5 cm) and Pt (6 cm 138 

x 5 cm) plates were vertically placed parallel to each other with a gap of 1.5 cm. The reactor 139 

was powered by a DC power supply (Aim-TTi TSX3510, UK). Experiments were conducted 140 

in a 100 mL of LEV solution containing 50 mM Na2SO4 as the supporting electrolyte. 141 

Additionally, O2 gas was bubbled from the bottom of the CuFeV LDH@GF electrode for in-142 

situ H2O2 generation. The LEV concentrations in the solutions were determined via ultraviolet–143 

visible (UV–vis) spectroscopy (Hach Lange DR 3900) at a wavelength of 288 nm. The synergy 144 

factor (SF) of the process was computed using Eq. 1. 145 

𝑆𝐹 =
kୟ୮୮(CuFeV LDH@GF − EF)

kୟ୮୮(Raw GF − EF) +  kୟ୮୮ (Adsorption)
 

(1) 

where kapp is the pseudo-first-order rate constant. Energy consumption (EC) during LEV 146 

degradation in the CuFeV LDH@GF–EF process was calculated using Eqs. 2 and 3 [6].  147 

EC (kWh mିଷ) =
U × i × t

10ଷ × V
 (2) 

EC (kWh kgିଵ) =
U × i × t

10ଷ × V × (𝐶଴ − 𝐶୲)
 (3) 

where i is the current (A); U is the voltage (V); t is the reaction duration (h); V (m3) is the 148 

volume of LEV solution; and C0 and Ct
 (kg/m3) are the LEV concentrations in the beginning of 149 

the process and at a given moment, respectively.  150 
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3. Results and discussion 151 

3.1. Characterization tests 152 

The X-ray diffraction (XRD) pattern of the CuFeV LDH reveals a highly crystalline material, 153 

as illustrated by the prominent peaks in Figure 1b. The characteristic peaks, including those of 154 

(003), (006), and (009) planes, originate from the lamellar structure and stacking planes of 155 

LDH structures [20,21]. Based on the Debye–Scherrer calculations, the CuFeV LDH had an 156 

average crystallite size of 23.4 nm. Using the Bragg equation, the basal spacing (d003) of the 157 

CuFeV LDH is calculated as 6.87 Å, which is consistent with the results obtained for LDHs 158 

prepared with the same molar ratio of M(II)/M(III) [20]. The diffraction peaks and the basal 159 

reflections of CuFeV were indexed to the hexagonal unit cell of a 3 R rhombohedral system 160 

with a space group of R3m [22]. 161 

Fourier transform infrared (FTIR) spectrum of the CuFeV LDH shows a broad absorption band 162 

at 3000–3650 cm–1, originating from the OH stretching vibration related to interlayer water and 163 

the metal hydroxide layers [21] (Figure 1c). Moreover, the band centered at 1622 cm–1 164 

corresponds to the angular deformation of water molecules [23]. A series of bands between 165 

400 and 1000 cm–1 are observed owing to the lattice vibrations of M–O and O–M–O (M: Cu, 166 

Fe or V) stretching modes [24]. These polymetallic M–O and O–M–O linkages are crucial in 167 

the electron transfer among Cu, Fe, and V during the activation of H2O2 in the EF process. 168 

Transmission electron microscopy (TEM)–energy dispersive X-ray spectroscopy (EDS) 169 

elemental mapping analyses of the catalyst demonstrate the uniform distribution of Cu, Fe, V, 170 

Cl, C, and O elements, as shown in Figure 1d. Impurities were not detected in the mapping 171 

analysis. The TEM images further reveal a plate-like morphology, which is a characteristic of 172 

layered double hydroxides, as depicted in Figure 1e. The analysis of the (009) lattice plane 173 

reveals an interplanar spacing of 0.26 nm, as illustrated in Figure 1f. 174 



 9

 175 

Figure 1. a) Illustration of the production of CuFeV LDH@GF via EPD; b) powder XRD 176 

pattern, c) FTIR spectrum, d) EDS elemental mapping, and e) high-resolution TEM image of 177 

the CuFeV LDH (inset shows the lattice spacing). 178 

The Brunauer–Emmett–Teller (BET) surface area (SBET), total pore volume, and average pore 179 

diameter of the CuFeV LDH were 113.92 m2/g, 0.53 cm3/g, and 18.63 nm, respectively. 180 

Complete coverage of GF filaments by the CuFeV LDH was apparent in the SEM images 181 

(Figure 2). The thin sheet-like LDH particles uniformly grew on the GF vertically without 182 

aggregation. These characteristics provide abundant active sites for catalytic reactions, 183 

allowing for efficient LEV adsorption and degradation.  184 
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  185 

Figure 2. Scanning electron microscopy (SEM) images of a) raw GF  186 

and b–e) CuFeV LDH@GF at different magnifications. 187 

X-ray photoelectron spectroscopy (XPS) was utilized to investigate the surface chemistry of 188 

the CuFeV LDH. The Fe 2p XPS spectrum showed two peaks at binding energies of 711.9 and 189 

724.8 eV, which are separated by a binding energy of 13 eV, corresponding to the 2p3/2 and 190 

2p1/2 spin state of Fe3+ (Figure 3a) [25]. A narrow Cu 2p scan showed spin-orbit peaks of Cu 191 

2p3/2 and Cu 2p1/2 as well as two satellite peaks (Figure 3b). Cu 2p3/2 (at 933.1 and 935.1 eV) 192 

and Cu 2p1/2 (at 953.1 and 955.1 eV) peaks indicated the existence of Cu2+ species in the LDH 193 

[24]. The V 2p spectrum contained two peaks corresponding to V 2p3/2 and V 2p1/2, which are 194 

separated by 7.2 eV spin-orbit splitting. Three V 2p3/2 peaks at 515.3, 515.8, and 517.2 eV were 195 

attributed to V3+, V4+, and V5+ species, respectively (Figure 3c) [26]. The partial oxidation of 196 

V3+ during the synthesis and the presence of multivalent V species have been reported for V-197 

doped LDHs [27]. The three components that comprised the O 1s peak were detected at 530.4, 198 

531.7, and 532.4 eV, representing lattice oxygen, chemisorbed and dissociated oxygen, and 199 

surface OH– groups of metal centers, respectively (Figure 3d) [27]. The coexistence of various 200 

oxidation states for metal constituents of the CuFeV supports multiple redox reactions, 201 

enhancing the generation of ROS and promoting efficient pollutant degradation. 202 



 11

The electrochemical behaviors of CuFeV LDH@GF and raw GF electrodes were analyzed 203 

using CV, as shown in Figure 3e. Comparing the CV curve of CuFeV LDH@GF with that of 204 

raw GF, it showed a larger peak area and higher current, demonstrating that the CuFeV LDH 205 

increases the rate of electron transfer on GF. This observation is consistent with previous 206 

reports of carbon-felt electrodes coated with catalysts [28]. The raw GF electrode exhibited no 207 

redox peak pairs, whereas the CuFeV LDH@GF electrode clearly showed oxidation–reduction 208 

pairs [29]. The enhanced rate of electron transfer on the CuFeV LDH@GF electrode 209 

significantly impacts its electrochemical efficiency and catalytic performance. The faster 210 

electron transfer kinetics facilitate more efficient exchange of electrons between the electrode 211 

and reactants in the electrochemical system, leading to more effective generation of •OH. 212 

Moreover, the improved electron transfer rate reduces overpotential losses, making the CuFeV 213 

LDH@GF electrode more energy-efficient and reducing electricity consumption during 214 

wastewater treatment.  215 

The cathode activity toward the two-electron O2 reduction reaction (ORR) affects the operation 216 

of the EF process. Therefore, a modified cathode should generate sufficient amounts of H2O2 217 

for •OH production. The electrocatalytic ORR activity of the developed cathode was evaluated 218 

using LSV (Figure 3f). The CuFeV LDH@GF cathode exhibited a higher current response in 219 

oxygen-saturated electrolytes compared to the pristine GF electrode. Additionally, the net 220 

current of the LSV curves of the modified electrode in N2- and O2-saturated environments 221 

confirmed the oxygen reduction activity and an enhanced ORR [30]. The onset of H2 evolution 222 

reactions was observed to occur at a potential range of <−0.9 V/SCE in all cases. As the 223 

potential was raised from −0.2 to −0.8 V, the LSV curves obtained in the O2-saturated system 224 

showed distinct reduction peaks and higher reductive current compared to those obtained in the 225 

system with N2-saturated solutions [31]. The higher H2O2 production in the O2-saturated 226 
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system than that in the N2-saturated system was due to the maximal electrode activity for the 227 

two-electron reduction process of O2 into H2O2 [32]. 228 

 229 

Figure 3. XPS profiles of the CuFeV LDH: a) Fe 2p, b) Cu 2p, c) V 2p, and d) O 1s; LSV and 230 

CV curves of raw GF and CuFeV LDH@GF. 231 

As shown in Figure 4a, the pristine GF electrode produces 52.3 ± 2.5 mg L–1 H2O2 in 90 min, 232 

whereas the CuFeV@GF electrode produces 40.2 ± 3.5 mg L–1. The higher H2O2 production 233 

of the GF electrode than that of the coated electrode could be due to the catalytic activation of 234 

H2O2 to produce •OH on the electrode surface [33]. Figure 4b and 4c show the UV–vis spectra 235 

of OPD-trapped •OH in the EF process with raw GF and CuFeV LDH@GF electrodes, 236 

respectively. Continuous production of •OH by the CuFeV LDH@GF electrode during the EF 237 

process was indicated by an increase in the intensity of the peak at 418 nm peak over time. The 238 

CuFeV LDH coating resulted in an increase in the generation of •OH during the EF process 239 

from 0.6 to 1.3 mM. (Figure 4d). Overall, considering •OH plays a vital role in the degradation 240 
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of organic pollutants, this enhanced •OH generation by CuFeV LDH@GF directly translates 241 

into greater LEV degradation efficiency.  242 

 243 

Figure 4. a) H2O2 production capabilities of raw and CuFeV LDH@GF cathodes; b) UV–vis 244 

spectra of OPD-trapped •OH in the EF process with raw GF and c) with CuFe@GF–EF 245 

process; absorbance of OPD–trapped •OH was measured at 418 nm (Experiment conditions: 246 

[LEV] = 15 mg L–1, 1.5 V, pH = neutral, and [Na2SO4] = 50 mM). 247 

3.2. Influence of the operating parameters 248 

The efficiency of the EF process and the rate of H2O2 production were significantly dependent 249 

on the solution. Although the homogeneous Fenton reaction is known to be highly effective 250 

under acidic pH conditions, it is crucial to maintain a high process efficiency at near-neutral 251 

pH levels in the heterogeneous Fenton reaction [34]. The CuFeV@GF–EF process exhibits a 252 

good performance across a broad pH range, as illustrated in Figure 5a. It effectively removed 253 
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LEV with an efficiency of approximately 81.6% even under near-neutral pH conditions. 254 

However, when the pH was adjusted to 11, the performance of the CuFeV LDH@GF–EF 255 

process reduced, achieving only 64.9% efficiency. This decrease in performance at alkaline pH 256 

levels can be attributed to the low oxidation potential of •OH and the increase in the conversion 257 

rate of H2O2 into O2 and H2O [34]. The ability of the EF process to operate effectively across 258 

a wide pH range indicates that the process can withstand abrupt pH fluctuations, which are 259 

commonly encountered during real-time operation. When the initial concentration of LEV was 260 

increased from 15 to 30 mg L–1, the performance of the CuFeV LDH@GF–EF process reduced 261 

(Figure 5b). At an initial LEV concentration of 15 mg L–1, the process achieved a degradation 262 

efficiency of 80.3%. However, when the LEV concentration was increased to 30 mg L–1, the 263 

removal efficiency decreased to 65%. This decrease in performance can be attributed to the 264 

constant production rate of •OH, which is insufficient to balance the increasing amount of LEV 265 

molecules. Furthermore, the excess LEV molecules may have obstructed the active sites of 266 

CuFeV LDH@GF, thereby inhibiting the catalytic decomposition of H2O2 to •OH [35]. In the 267 

EF process, the applied voltage governs the rate of H2O2 generation as well as drives the anodic 268 

oxidation of contaminants. The CuFeV LDH@GF–EF process efficiently degraded LEV at 269 

higher voltages, whereas a lower voltage resulted in a decreased performance (Figure 5c). The 270 

efficiency of the EF process for LEV degradation decreased below 40% at 1 V. A higher 271 

voltage also allows for the faster regeneration of the LDH catalyst, resulting in better process 272 

performance. Operating the process at a voltage of 2 V, LEV degradation was achieved with 273 

90% efficiency. However, elevated voltages may lead to undesired side reactions, including 274 

competition between O2 evolution and M(•OH) production on the anode, and suppression of 275 

the ORR at the cathode due to the hydrogen evolution reaction [36]. 276 

The contribution toward adsorption by the CuFeV LDH@GF electrode and anodic oxidation 277 

(AO) caused by the Pt anode was also investigated (Figures 5d and 5e). Adsorption by CuFeV 278 
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LDH@GF contributed to 20.6 ± 1.6 % LEV removal with a first-order reaction rate (kapp) 279 

constant of 3.9 ± 0.5×10–3 min–1. In contrast, the AO+H2O2 process achieved an LEV removal 280 

efficiency of 59.3± 2.1 %, which might have been caused by the anodic oxidation of LEV and 281 

H2O2 oxidation. Notably, when the CuFeV LDH@GF electrode was used in the EF process, 282 

kapp increased from 15.3 ± 0.9 × 10–3 to 35.2 ± 2.9×10–3 min–1. The process with CuFeV 283 

LDH@GF also exhibited a significantly higher rate constant in comparison to sum of the values 284 

achieved via individual processes (19.2 ±0.4× 10–3 min–1). This substantial increase in the rate 285 

constant indicates a pronounced synergistic effect. The process had an SF of 1.83, 286 

demonstrating the potential of CuFeV LDH@GF as an efficient catalyst for the EF process. 287 

The EC of the CuFeV LDH@GF–EF process for the removal of LEV solution was 0.169 kWh 288 

m−3 and 9.75 ± 0.15 kWh ⋅kg−1 LEV. In comparison, the EF process with raw GF achieved 289 

35.6% greater EC with 13.22 ± 0.47 kWh ⋅kg−1 LEV.  The process also demonstrates a notable 290 

EC compared to those reported in existing literature, indicating a high energy efficiency. 291 

3.3. Stability and reusability of CuFeV LDH@GF  292 

Although the incorporation of a catalyst onto the cathode eliminates the requirement for a 293 

separate recovery step, the produced electrode should maintain its performance over repeated 294 

applications. To evaluate the reusability potential of the CuFeV LDH@GF electrode, we 295 

assessed the reduction in the LEV degradation percentage after 10 consecutive reuse runs 296 

(Figure 5f). The CuFeV LDH@GF electrode exhibited a decrease of 10.3% in LEV 297 

degradation after the 10th application cycle. This decrease can be attributed to the gradual 298 

wearing off of the catalyst from the surface of GF during stirring or gas bubbling in the reactor. 299 
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Visual changes that occurred on the surface of the CuFeV LDH@GF electrode throughout the 300 

10 reuse steps are presented in Figure S1. 301 

In any water treatment process, preventing secondary pollution is of utmost importance. 302 

Concerns regarding heavy metal pollution are significant, particularly for catalysts with low 303 

stability. The concentrations of metals leached from the CuFeV LDH@GF cathode evaluated 304 

via ICP–OES were 0.018 mg L–1 of Cu, 0.001 mg L–1 of Fe, and 0.010 mg L–1 of V, all of 305 

which were substantially below the permissible limit prescribed by the World Health 306 

Organization [37]. 307 

 308 

Figure 5. Influence of operating conditions on the performance of the EF process employing 309 

CuFeV LDH@GF in degrading LEV. a) solution pH, b) Initial LEV concentration, c) 310 

voltage, d) degradation of LEV in different process combinations, e) pseudo-first-order 311 

kinetic rate constants; and f) reusability of CuFeV LDH@GF over 10 reuse cycles 312 

(Experiment conditions: [LEV] = 15 mg L–1, 1.5 V, pH = neutral, and [Na2SO4] = 50 mM). 313 
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3.4. Mechanism discussion 314 

As cathode material, CuFeV LDH@GF initiates in-situ H2O2 production by two–electron 315 

reducing of O2. Subsequently, the metal oxide-catalyzed decomposition of H2O2 generates 316 

•OH, following the principles of the Harber–Weiss theory [38]. At circumneutral pH, the 317 

surface-catalyzed activation of H2O2 occurs in the matrix of GF, where the octahedral sites of 318 

the CuFeV LDH are highly exposed [39]. As shown in XPS analysis, a high oxidation state 319 

(V4+) is the most abundant form found in the CuFeV LDH, and its catalytic activity is expected 320 

to originate from these species [40]. The proposed mechanism of •OH generation is based on 321 

electron transfer from redox couples of ≡ Cuଶା/ ≡ Cuଷା, ≡ Feଶା/ ≡ Feଷାand ≡ Vସା/≡ Vହା 322 

to H2O2 (Eqs. 4–6) [41,42]. Moreover, oxidized species (≡ Cuଷା, ≡ Feଷା, and ≡ Vହା)) can 323 

react with H2O2 to regenerate ≡ Cuଶା , ≡ Feଶା , and ≡ Vସା  (Eqs. 7–9) [43]. Another 324 

contributor to the pollutant degradation is anodic oxidation on the Pt electrode (Eq. 10). GC–325 

MS analysis of the intermediate products of LEV created during the CuFeV LDH@GF–EF 326 

process revealed eight intermediate products resulting from the opening of the aromatic ring, 327 

generating numerous different compounds (Table S1). 328 

≡ Vସା + HଶOଶ →≡ Vହା + OHି +•OH (4) 

≡ Feଶା + HଶOଶ → Feଷା + OHି +•OH (5) 

≡ Cuଶା + HଶOଶ → Cuଷା + OHି +•OH (6) 

≡ Vହା + HଶOଶ →≡ Vସା + HOଶ
• + Hା (7) 

≡ Feଷା + HଶOଶ →≡ Feଶା + HOଶ
• + Hା (8) 

≡ Cuଷା + HଶOଶ →≡ Cuଶା + HOଶ
• + Hା (9) 

Pt+HଶO → Pt(•OH) + Hା + eି (10) 

LEV +•OH → intermediates + HଶO (11) 

 329 

Similar synergistic affect has been reported in a previous study, in which the Cu-V bimetallic 330 

catalyst demonstrated higher catalytic activity, broader pH applicability, and improved 331 
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reusability compared to monometallic copper compounds in the degradation of  fluconazole in 332 

heterogenous Fenton process [43]. The introduction of V into the copper-based catalyst 333 

enhanced various surface properties, such as adsorption capacity, surface defects, and active 334 

site concentration, leading to improved reactivity. In another study, the co-existence of 335 

Co2+/Co3+, Fe2+/Fe3+, and Ce3+/Ce4+ couples in CoFeCe LDH grown carbon felt significantly 336 

improved the interfacial electron transfer to boost the generation of radical species through the 337 

decomposition of H2O2 [15]. Wang et al. (2018), showed that synergistic effect between Ni and 338 

Cu promoted the electron transfer from Ni2+ to Cu2+ through metal-oxo-meal bridged in the 339 

CuNiFe LDH. Additionally, the electron transfer from Cu2+ to Ni2+ made it possible to 340 

regeneration of Cu+, further improving the efficiency of the Fenton reaction [12].   341 

The potential toxicity of LEV and its degradation products was assessed using the ECOSAR 342 

software. Acute toxicity (LC50 or EC50) and chronic toxicity of LEV and its degradation 343 

products is shown in Table S2. According to the classification criteria of the European Union 344 

for dangerous chemical substances (Directive 67/548/EEC), most degradation products and 345 

LEV were deemed harmless [44,45]. However, certain degradation products, such as D1 and 346 

D3, have potential acute and chronic toxicities. These findings highlight the importance of 347 

incorporating detoxification strategies in the effective treatment of emerging water 348 

contaminants, going beyond their mere removal. 349 

 350 

4. Conclusions 351 

In this study, we presented the successful synthesis and utilization of the CuFeV@GF electrode 352 

as a highly efficient and stable catalyst for the electro-Fenton process. The incorporation of 353 

two-dimensional flake-like LDH nanomaterials onto the electrode surface provided abundant 354 

active sites for the activation of in-situ generated H2O2. The importance of mixed valent states 355 
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for each metal (Fe, Cu, and V) contributed to the electrode's enhanced catalytic activity. 356 

Enhanced electron transfer kinetics and improved generation of •OH (1.27 mM) on the CuFeV 357 

LDH@GF electrode, resulted in an enhanced pollutant degradation efficiency. Notably, when 358 

the CuFeV LDH@GF electrode was used in the EF process, kapp increased from 15.3 ± 0.9 × 359 

10–3 to 35.2 ± 2.9×10–3 min–1. The electrode maintained its performance across a broad pH 360 

range, ensuring its applicability in diverse wastewater treatment scenarios.  Furthermore, the 361 

CuFeV LDH@GF electrode demonstrated good reusability and efficiency throughout 10 362 

consecutive reuse cycles. The CuFeV LDH@GF–EF process demonstrated an energy 363 

consumption (EC) of 0.169 kWh m−3 and 9.75 kWh ⋅kg−1 LEV, which highlighting its 364 

favorable energy efficiency for the removal of LEV. These results emphasize the promising 365 

potential of this novel cathode as an alternative cathode for the remediation of water 366 

contaminated with emerging contaminants. The simple fabrication procedure further adds to 367 

its practical applicability. 368 

 369 
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