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A B S T R A C T

Combining electrocatalytic oxygen reduction reaction (ORR) and heterogeneous electro-Fenton (HEF) reaction is 
considered a promising approach for generating reactive radicals to decompose organic micropollutants in water. 
A novel catalyst, copper-cobalt carbon aerogel (CuCo/CA), was successfully fabricated and directly applied as a 
bifunctional cathode in an HEF system. The synergistic effect of Cu and Co contributed to the development of 
distinctive microstructures, including abundant oxygen-containing groups, carbon defects, a large surface area 
and a unique porous structure. These structural features endowed CuCo/CA with rapid electron transfer capa-
bility and enhanced activity and selectivity for the two-electron ORR process. In the constructed EF system, 
CuCo/CA achieved its dual functionality by catalysing the electrosynthesis of hydrogen peroxide and its in situ 
activation to generate highly reactive hydroxyl radicals. Notably, anodic oxygen evolution in the system elim-
inated the need for additional oxygen input, enhancing its cost-effectiveness. The system demonstrated degra-
dation ability for a range of candidate organic pollutants, including antibiotics, analgesics, organic acid and dye. 
After six consecutive runs, CuCo/CA EF system achieved satisfactory TC removal and good adaptability within a 
broad pH range. Long-term stability and low electricity consumption highlighted the potential of CuCo/CA as an 
efficient and sustainable cathode in EF technology for water decontamination.

1. Introduction

Inefficient biodegradation of antibiotics has classified them as 
persistent organic pollutants (POPs) in the environment [1]. Tetracy-
cline (TC), a commonly used antibiotic, frequently contaminates water 
bodies, harming plant growth, aquatic ecosystems, and microbial com-
munities [2]. TC is frequently detected in water bodies such as surface 
water, drinking water and wastewater [3]. As a result, the need for 
effective removal methods is increasing. The Electro-Fenton (EF) pro-
cess, which generates reactive hydroxyl radicals (⋅OH) for pollutant 
oxidation, is a promising advanced oxidation process (AOP) for breaking 
down these persistent compounds [4].

In EF systems, hydrogen peroxide (H2O2) is generated in situ via a 
two-electron oxygen reduction reaction (ORR, Equation (1)) at the 
cathode, avoiding risks of H2O2 transportation and handling compared 
to classic Fenton system [5]. Subsequently, ⋅OH radicals are produced 
through the activation of H2O2 by Fe2+ (Equation (2)) [6], effectively 

decomposing various organics via non-selective oxidation. However, 
homogeneous EF systems are limited by pH constraints (typically below 
4) and require continuous Fe2+ addition [4]. Therefore, integrated 
cathode materials with dual functionalities, including two-electron ORR 
and in situ H2O2 activation, hold significant application potential. In 
such systems, electro-activation of H2O2 to ⋅OH depends on a one- 
electron redox cycle occurring at exposed active sites of the cathode, 
which eliminates the need for Fe2+ and widens applicable pH range [7]. 

O2 +2H+ +2e− →H2O2 (1) 

Fe2+ +H2O2→Fe3+ +OH− + • OH (2) 

Ensuring high ⋅OH production efficiency in the hetero-EF reaction 
requires a catalyst that can selectively catalyse H2O2 generation via a 
two-electron pathway and subsequently activates H2O2 to yield ⋅OH. 
Previous studies have highlighted hetero-EF activity of ⋅OH production 
in materials such as a magnetite/multiwalled carbon nanotubes [8], 
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defective three-dimensional porous carbon [9], and carbon nanofibers 
[10]. However, achieving rapid electro generation of ⋅OH remains 
challenging due to the difficulty in synchronizing efficient catalysis of 
both selective generation and activation of H2O2 into ⋅OH on a single 
electrocatalyst. It has been reported that a multi-component combina-
tion of transition metals with carbon composite catalysts has the po-
tential to enhance electrochemical activity by regulating individual 
metal activity, thus further improving overall performance [11]. Cata-
lysts synthesised through synergistic interaction of copper (Cu) and 
cobalt (Co) find extensive applications in various fields, including 
supercapacitors [12], Zn–air batteries [13], and electrochemical sensors 
[14]. Incorporation of Cu and Co species has been demonstrated to 
enhance electrochemical performance, such as specific capacity and 
cycling stability. Cu is regarded as one of the most crucial iron-free 
catalysts in Fenton-like systems. Copper ions (Cu+) have a higher reac-
tion rate (k = 1 × 104 M− 1s− 1) with H2O2 (Equation (3) compared to 
Fe2+ (k = 76 M− 1s− 1) and can function effectively within a broad pH 
range [15]. Additionally, the Co2+/Co3+ pair offers a stable redox po-
tential, while Co2+ species in solution and on the surface exhibit great 
potential in the H2O2-mediated degradation of organic pollutants [16]. 

Cu+ +H2O2→Cu2+ +OH− + • OH (3) 

To enhance electrocatalytic activity, a variety of carbon-based ma-
terials are employed in electrode fabrication including carbon felt [17], 
carbon aerogel [18], and graphite felt (GF) [19]. Among them, carbon 
aerogel (CA), distinguished by its 3D network structure, good electrical 
conductivity, and high surface area, emerges as an outstanding candi-
date for electrode construction [20]. In addition, carbon aerogel may 
also serve as a support for metal or metal oxide catalysts. The 3D 
network structure of CA increases active sites of the catalysts, and its 
adsorption capacity raises pollutant concentrations around these sites, 
leading to enhanced catalytic activity [18]. So far, the synergistic effects 
of Cu and Co on microstructures, electrochemical properties, and cata-
lytic performances of CA have not been systematically revealed, and 
application of bimetallic carbon aerogel as an efficient electrode mate-
rial for water decontamination remains to be further investigated.

In this work, a CuCo carbon aerogel (CuCo/CA) was synthesised as a 
bifunctional cathode in a hetero-EF system. The cathode microstructure, 
such as surface morphology, porosity, and chemical composition of 
CuCo/CA was analysed and compared with those of Cu/CA, Co/CA and 
pure CA. The synergistic effects of Cu and Co on regulating 

microstructure, enhancing ORR activity and selectivity and improving 
electrocatalytic ability were systematically investigated. This system 
simultaneously generates and activates H2O2 in situ without external 
aeration. Reaction parameters were optimised and radical generation 
mechanisms were revealed using TC as a model pollutant. Recyclability 
of CuCo/CA was investigated in six consecutive runs while long-term 
stability was evaluated in a continuous stirred tank reactor (CSTR). 
Finally, the extensively catalytic properties were further assessed using 
various organic contaminants.

2. Experimental section

Details of chemicals, cathode synthesis, and analytical methods are 
listed in Text S1 ~ S3 of the Electronic Supplementary Materials (ESM).

2.1. Cathode synthesis

Referring to the fabrication methodology of bimetallic carbon aer-
ogel in our previous work [21], synthesis of CuCo/CA cathode (molar 
ratio of Cu:Co is 1:1) comprised of four stages: Gelation, solvent ex-
change, drying, and carbonization. Fig. 1 illustrates the schematic dia-
gram of synthesis process. The synthesis details are clarified in Text S2 of 
the ESM.

2.2. Electrochemical degradation

Electrochemical degradations were performed within an undivided 
electrochemical cell (150 mL), in which the platinum sheet (4 cm2) and 
synthesised carbon aerogels (CuCo/CA, Cu/CA, Co/CA and pure CA, 4.5 
cm2) were employed 2 cm away as the anode and cathode, respectively. 
The simulated pollutant solution comprised of 10 mg/L tetracycline (TC) 
and 0.05 mol/L Na2SO4 (as electrolyte) with Milli-QTM water (Merck 
Millipore), stirred with a magnetic bar at 400 rpm (25℃). For electro- 
Fenton (EF) systems, a DC power supply (Velleman 70–0768), config-
ured for the operating current of the electrocatalytic reaction, was 
connected to the cathode and anode, and a constant current mode was 
used. No additional aeration was provided in most electro-Fenton re-
actions, while compressed air cylinders were utilized to evaluate the 
impact of various aeration rates. For electro-sorption (ES) systems, 1 mA 
of current with a flowing nitrogen (N2) atmosphere of 0.2 L/min was 
maintained during reaction, and the solution was aerated with N2 for 20 

Fig. 1. Schematic diagram showing four-stage synthesis of CuCo/CA cathode. A similar process was utilised for the synthesis of Cu/CA, Co/CA and CA.
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min prior to reaction to remove any oxygen. The initial pH of the so-
lution was adjusted to the desired value using NaOH and H2SO4, and pH 
and dissolved oxygen (DO) concentration were monitored using a digital 
multi-meter kit (HQ 40d, Hach, UK). Water samples were withdrawn for 
measurement at preset intervals using a 10 mL syringe, followed by 
filtration through a 0.22 μ m filter. The cathode was collected and 
cleaned with ultra-pure water for the reuse experiments, where its 
recyclability was assessed based on the decomposition efficiency of TC.

The concentration of TC was measured using a UV–Vis spectroscopy 
(Shimadzu UV1900) at a detection wavelength of 357 nm [22]. The 
pseudo-first-order kinetic model was used to describe the removal of TC 
in Equation (4), where C0 represents initial pollutant concentration (mg/ 
L), Ct represents pollutant concentration at time t (mg/L), kobs is 
apparent rate constant (min− 1) and t represents reaction time (min), 
respectively. 

ln(C0/Ct) = kobst (4) 

2.3. Continuous stirred tank reactor

The operational stability of the CuCo/CA cathode was also investi-
gated using a continuous stirred tank reactor (CSTR) over a 48 h reaction 
time. The reactor comprised an undivided cylindrical-shaped glass cell, 
two peristaltic pumps (Watson Marlow 323S), a DC power supply, and 
containers for the stock feed solution and a post-reaction disposal so-
lution. Two peristatic pumps were employed to ensure a steady flow of 
TC solution through the reactor. One pump was used to feed the stock 
solution into the reactor, and the other pump was used to collect the 
treated solution; the pumps were calibrated to maintain a steady reactor 
solution volume. The cell was equipped with a platinum sheet anode and 
CuCo/CA cathode with a 2 cm inter-electrode separation. A supporting 
electrolyte of 0.05 M Na2SO4 and a model contaminant solution of 10 
mg/L TC were utilised. Continuous stirring of the sample solution was 
achieved using a magnetic stirrer and PTFE magnetic bar.

2.4. Characterization methods

X-ray diffraction (XRD) patterns were obtained using a Cu K Alpha 
radiation source (λ = 1.5406 Å) scanning in the 2θ range of 10◦ to 80◦

with a step size of 0.02◦ using a Shimadzu XRD-6100 instrument. The 
surface morphology information was obtained through high-resolution 
transmission electron microscopy (HRTEM) using a FEI Titan3 Themis 
300 instrument. The energy dispersive X-ray spectroscopy (EDS) map-
ping was executed using the same instrument employed for HRTEM with 
a HAADF detector. X-ray photoelectron spectroscopy (XPS) was char-
acterised using an ESCALAB XI+ (Al Kα radiation) manufactured by 
Thermo Scientific was used to perform C1s, O1s, Cu2p and Co2p orbital 
spectrum scanning on the CuCo/CA sample to analyse the chemical state 
of the elements on the surface. Experimental Fourier Transform Infrared 
(FTIR) diffuse reflection spectra were recorded using a Nicolet iS5 
(Thermo Scientific) on powder-pressed KBr pellets. Defects and disorder 
information of the cathodes were obtained using Raman microscopy 
(Horiba Scientific LabRAM HR Evolution) equipped with an excitation 
source at 514 nm (1.5 mW laser power, spot diameter of 2 μm). To 
investigate the surface porosity information of the synthesized cathodes, 
a Micromeritics Tristar 3000 instrument was used to obtain N2 adsorp-
tion–desorption isotherms at a temperature of 77 K. Prior to conducting 
measurements, the samples underwent a vacuum degassing process at 
393 K for 16 h to effectively eliminate any residual moisture. N2 
adsorption data acquired within the range of relative pressures from 
0.05 to 0.16 kPa were selected to calculate the Brunauer-Emmet-Teller 
(BET) surface area. Furthermore, the assessment of pore size distribu-
tions was accomplished through the application of the Barrett-Joyner- 
Halenda (BJH) method [23] with data collected from the desorption 
branch.

2.5. Electrochemical properties tests

Cyclic voltammetry (CV) tests were carried out using a three- 
electrode system utilizing a CHI 760E electrochemical workstation 
(Chenhua Instrument Co.Ltd., China). To prepare the working electrode, 
the bulk CuCo/CA sample was first ground into powder. Subsequently, 
10 mg of the powder was dispersed in a solvent comprising 1.5 mL of 
Milli-QTM water, 0.75 mL of ethanol, and 25 μL of 5 wt% Nafion solu-
tion. Following 1 h of sonication, the resulting catalyst ink (6 μL) was 
drop-cast onto a glassy carbon electrode surface (diameter: 3 mm) and 
left to air-dry naturally, forming a uniform catalyst film layer. The ob-
tained electrodes were used as the working electrode, and platinum 
sheet and Ag/AgCl served as the counter and reference electrodes, 
respectively. The CV curve was recorded in O2-saturated electrolyte (0.1 
M Na2SO4 at pH = 5) with a scan rate of 10 mV/s. Before starting the 
test, the electrolyte was aerated with O2 for 30 min to achieve satura-
tion, and aeration was maintained at 0.3 L/min throughout the test.

Electrochemical impedance spectroscopy (EIS) measurements were 
performed employing a three-electrode system, in which the bulk syn-
thesised samples served as the working electrode, and platinum sheet 
and Ag/AgCl functioned as the counter and reference electrodes, 
respectively. The EIS experiments were conducted using a potentiostat 
(Gamry, 1010E) across a frequency range of 10-2-10-5 Hz with an 
amplitude of 5 mV.

Rotating ring-disk electrode (RRDE) testing was used to assess oxy-
gen reduction reaction (ORR) activity and selectivity. RRDE voltam-
mograms were recorded in 0.1 M Na2SO4 at pH 3 using an AFMSRCE 
rotator unit (Pine Instrument Company, United States). The preparation 
of catalyst ink was identical as for CV testing. 12 μL of the catalyst ink 
was pipetted and spread onto a glassy carbon disk electrode for the 
RRDE tests. The RRDE setup comprised of a GC disk (0.2475 cm2) and a 
Pt ring (0.1866 cm2) with a catalyst loading density of 213 μg/cm2. 
Following overnight air-drying at room temperature, the modified RRDE 
was employed as the working electrode, equipped with an Ag/AgCl 
reference electrode and a platinum wire counter electrode. Prior to 
testing, the electrolyte was aerated with O2 for 30 min. To eliminate the 
capacitive current of the working electrode, the background current was 
measured under an N2 atmosphere using the same rotation speed (1600 
rpm) and scan rate (10 mV/s) as those used under O2, and then sub-
tracted from the ORR polarization curve. The Pt ring electrode was held 
at a constant potential of 1.3 V vs. the reversible hydrogen electrode 
(RHE).

3. Results and discussion

3.1. Characterization and electrochemical performances

Physical and chemical characterisations are typically employed to 
gain insights into the catalytic mechanisms and performances. The 
crystalline composition of CuCo/CA cathode was first analysed through 
X-ray diffraction (XRD) (Fig. 2(a)). CuCo/CA exhibits a mixed phase 
comprising graphitic carbon, Co, Cu and Cu2O. Three distinct diffraction 
peaks (44.2◦, 51.5◦, and 75.8◦) corresponding to (1 1 1), (2 0 0), and (2 2 
0) planes of Co indicated the incorporation of Co species into the carbon 
matrix [24]. The characteristic 2θ peak at ~ 23◦ is attributed to the 
crystallographic reflection of graphitic carbon [25]. Peaks at 2θ values 
of 36.4◦, 42.3◦, and 61.3◦ match the (1 1 1), (2 0 0) and (2 2 0) planes of 
Cu2O [12], which might be beneficial to an overall enhancement of 
catalytic performance. Additionally, the peaks at 43.3◦, 50.4◦ and 74.1◦

corresponding to Cu phase [26] confirmed the successful incorporation 
of elemental Cu into the carbon aerogel framework.

High-resolution transmission electron microscopy (HRTEM) images 
at various magnifications are shown in Fig. 2(b)—(d). They illustrate the 
uniform dispersion of metallic nanoparticles with a diameter of ~ 100 
nm in CuCo/CA. These particles within the organic aerogel matrix 
promote the formation of graphite clusters during carbonization (Fig. 2
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(e)). Notably, partial graphitization within carbon aerogel was previ-
ously reported when transition metals such as Fe, Ni and Co were used as 
doping metals, which endows the materials with good electrical con-
ductivity and is conducive to efficient transport of electrons [27]. 
HRTEM images in Fig. 2(f)-(h) provide clear insight into interlayer 
distance and electron diffraction ring. Specifically, the measured 
spacing of 0.246 nm and 0.181 nm respectively corresponded to Cu2O 
(1 1 1) and Cu (2 0 0) planes, and the electron diffraction ring is asso-
ciated with Co (1 1 1) [28], in accordance with XRD findings. Further-
more, energy dispersive X-ray spectroscopy (EDS) mappings in Fig. 2(i)- 
(m) and Fig. S1 clearly show that elemental O is distributed in both 
carbon matrix and nanoparticles, while Cu and Co are selectively posi-
tioned in the central nanoparticle area. The distributions of elemental Cu 
and O on particles are correlated, with both being predominantly 
located at the edges of particle (see line scanning results), possibly due to 
the formation of Cu2O. In contrast, elemental Co exhibits homogeneous 
distribution on the nanoparticle scale.

In a previous study by Lu et al., [29] a positive correlation was 
observed between oxygen content and both activity and selectivity in 
oxygen reduction reaction (ORR), thus indicating the significance of 
oxygen functional groups. Fig. 3(a) exhibits a Fourier-transform infrared 
spectroscopy (FTIR) obtained in investigation of oxygen-containing 
functional groups on the synthesized cathodes. Two obvious adsorp-
tion peaks at ~ 1407.8 cm− 1 and ~ 1637.3 cm− 1 are attributed to –COO- 
and − C=O bond stretches, respectively [30]. Additionally, strong 
adsorption peaks at 3444.2 cm− 1 correspond to –OH vibration [31], 
which indicated the presence of abundant oxygen functional groups on 

synthesised CuCo/CA. By comparing the FTIR peak intensity between 
these four cathodes, the doping of Cu and Co elements on carbon aerogel 
is conducive to the formation of oxygen-containing functional groups, 
especially –COO- groups. The O 1 s high-resolution spectrum obtained 
from CuCo/CA using X-ray photoelectron spectroscopy (XPS) in Fig. 3
(b) is deconvoluted into the following bands: carboxyl bond (–COOH) at 
~ 531.2 eV, oxygen doubly bound to carbon (C=O) at 532.1 eV, hy-
droxyl bond (–OH) at 533.0 eV, and oxygen singly bound to carbon 
(C–O–C) at 533.9 eV [32]. According to a previous study [33], the 
introduction of surface –COOH groups has a positive impact on the 
electrocatalytic process of 2e- ORR for the generation of H2O2.

In addition to oxygen-containing functional groups, carbon defects 
are also regarded as active sites for catalytic two-electron ORR [29]. The 
defect degree of four cathodes were assessed through Raman spectros-
copy in Fig. 3(c). Two prominent peaks are observed at ~ 1340 cm− 1 (D 
band) and ~ 1583 cm− 1 (G band), which represent disordered structure 
of sp3 hybridised carbon atoms (suggesting defect degree) and aromatic 
ring structure of sp2 hybridised carbon atoms (suggesting degree of 
graphitization), respectively [34]. By employing peak fitting analysis, 
ID/IG ratios calculated using the peak area are determined as: 1.88 
(CuCo/CA), 1.55 (Cu/CA), 1.58 (Co/CA) and 1.65 (CA). These ratios 
signify that while synthesised cathodes possess abundant defect sites 
and structural distortions, they retain a considerable degree of graphitic 
structure. In comparison, the higher ID/IG value observed for CuCo/CA 
provide clear evidence that the synergistic effect of Cu and Co increases 
the number of carbon defects to improve ORR activity. A similar 
bimetallic effect has also been found in other carbon materials [11,35]. 

Fig. 2. (a) XRD patterns, (b)-(g) HRTEM images, (h) Electron diffraction pattern, and (i) HAADF-STEM images of CuCo/CA cathode; EDS mapping of (j) C, (k) O, (l) 
Cu and (m) Co element on CuCo/CA.
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Furthermore, deconvolution of C 1 s spectrum (Fig. 3(d)) of CuCo/CA 
also shows a carbon defect peak at 285.4 eV [36], and the presence of 
C–O and C=O groups correspond to the O 1 s spectrum. These results 
indicated that a large number of carbon defects were formed during the 
carbonization process of CuCo/CA, promoting the generation of oxygen 

functional groups. These groups are considered to be catalytic sites for 
the two-electron ORR process [37], facilitating H2O2 generation.

The ORR electrocatalytic activity of CuCo/CA was directly evaluated 
using conventional three-electrode cyclic voltammetry (CV) in oxygen- 
saturated 0.1 M Na2SO4 (pH = 5) electrolyte solution. As illustrated in 

Fig. 3. (a) FTIR spectra of various cathodes; (b) O 1 s XPS spectra of CuCo/CA; (c) Raman spectra various cathodes and (d) C 1 s XPS spectra of CuCo/CA.

Fig. 4. (a) CV curve of CuCo/CA in the presence of O2; (b) Cu 2p XPS spectrum of CuCo/CA; (c) N2 adsorption–desorption isotherms and (d) Pore size distribution 
curves of various cathodes.
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Fig. 4(a), a distinct peak at approximately − 0.57 V vs. reversible 
hydrogen electrode (RHE) is observed due to the reduction of O2, 
reflecting the catalytic activity of the CuCo/CA cathode for oxygen 
reduction [38]. The bulk metallic content of CuCo/CA was determined 
using inductively coupled plasma mass spectrometry (ICP-MS) with 
copper (Cu) and cobalt (Co) loadings at 1.00 wt% and 0.94 wt%, 
respectively (Table 1). Due to low metal loadings, elemental Cu and Co 
are not observed in the full XPS spectrum, whilst obvious signals for C 
and O are detected (Fig. S2(a)). In the high-resolution XPS spectrum of 
Cu 2p (Fig. 4(b)), two sub-peaks of Cu 2p 3/2 and Cu 2p 1/2 at 932.7 eV 
and 952.2 eV correspond to Cu(I) [39], further verifying the presence of 
Cu2O in the CuCo/CA cathode and consistent with XRD results. Fig. S2
(b) shows the high-resolution XPS spectrum of Co 2p, and two peaks 
emerge at 780.1 eV and 795.5 eV, corresponding to Co 2p3/2 and Co 
2p1/2 spin–orbit peaks, respectively [40]. According to a previous study 
[41], Cu(I) species are regarded as a Fenton-like catalyst and have been 
applied in H2O2 activation to generate ⋅OH radicals, as shown in 
Equation (3). Additionally, it has been widely reported that Co2+/Co3+

redox couples play a crucial role in enhancing the Fenton-like reaction 
by facilitating the in situ activation of H2O2 to generate hydroxyl radicals 
(Co2+ + H2O2→Co3+ + •OH + OH− ) [42–47]. The presence of cata-
lytically active metal components thus endows CuCo/CA cathode with 
another important role as an integrated Fenton-like catalyst to induce 
radical generation.

Pore structure properties of the synthesised cathodes were analysed 
by N2 adsorption–desorption tests as shown in Fig. 4(c)-(d), and Table 1. 
The synthesised cathodes possess a BET surface area of 574 ~ 601 m2/g, 
surpassing some other reported carbon aerogels [48,49]. The relatively 
high specific surface area not only exposes abundant active sites on the 
surface but also imparts strong adsorption forces between cathodes and 
pollutant compounds. Pure CA exhibits the highest adsorption pore 
volume of 0.343 cm3/g, it is therefore speculated that the porous 
characteristics mainly originate from the carbon skeleton, and the 
abundant nanoparticles occupy adsorption sites and pore channels.

Cu/CA and Co/CA curve (Fig. 4(c)) exhibits IUPAC Type I isotherm 
behaviour, with a rapid increase in gas adsorption capacity in relatively 
low-pressure region, which indicated a typical microporous structure 
[50]. Negligible adsorption pore capacity was observed for Cu/CA and 
Co/CA within the detected range of 2.6-157.9 nm, as shown in Fig. 4(d). 
This is because nitrogen, as the adsorbate gas, is limited by its molecular 
size, making it unable to easily penetrate extremely small pores. 
Consequently, micropores (smaller than 2 nm) cannot be accurately 
detected. The curves for pure CA and CuCo/CA exhibit an isotherm of IV 
featuring H3-type hysteresis loops, reflecting their prominent meso-
porous structure [51]. These observations are consistent with narrow 
mesopore size distributions for CA and CuCo/CA, centered at 2.6 nm and 
4.0 nm respectively. In addition, a rapid increase in gas adsorption 
within low relative pressure region is observed for both CA and CuCo/ 
CA, indicating the coexistence of a micropore structure. Micropores 
provide a number of active sites for the process of oxygen reduction, 
whereas meso-macro pores serve as channels for oxygen transport, 
facilitating oxygen supply and allowing electrolyte to infiltrate the 
interior of the cathode. [52]. The combination of two roles greatly 

improves catalyst’s oxygen reduction performance [53].
A previous investigation found that pore structures of electrode 

materials also had an effect on electrochemical performance [54]. 
Electrochemical impedance spectroscopy (EIS) Nyquist plots of four 
cathodes all exhibit an incomplete semicircle in the high-frequency 
range and a straight line in the low-frequency range (Fig. 5(a)). The 
charge transfer resistance (Rct) of each cathode was qualitatively 
compared by analysing the radius of the semicircle in the Nyquist plots. 
The CuCo/CA electrode exhibited the smallest semicircle radius, indi-
cating the lowest charge transfer resistance and enhanced electron 
transfer kinetics, while Cu/CA showed the largest semicircle radius, 
reflecting its relatively inferior electrochemical performance. These re-
sults suggest that the synergistic effect of Cu and Co resulted in a 
reduction of charge transfer resistance of carbon aerogel, indicating a 
more efficient electron transfer process between the electro-
de–electrolyte interface [55].

To further investigate the synergistic effect of Cu and Co on ORR 
activity and selectivity, a rotating ring-disk electrode was used to eval-
uate ORR performance at 1600 rpm. Fig. 5(b) shows oxygen reduction 
currents observed on the disk electrode and the corresponding H2O2 
oxidation currents measured at 1.3 V on the ring electrode. Linear sweep 
voltammetry (LSV) outcome reveals that CuCo/CA and pure CA have 
very similar ORR performance, which may be due to their similar 
porosity characteristics. The ORR half-wave potential (E1/2) of CuCo/ 
CA, Cu/CA, Co/CA and pure CA were measured as 0.056 V, − 0.265 V, 
0.144 V and 0.047 V (vs. RHE), respectively. The results show that 
addition of Co to Cu/CA increased ORR activity, reflected by a 321 mV 
positive shift in the half-wave potential [56]. Co/CA exhibits the highest 
ORR activity due to the most positive half-wave potential; however, it 
has the lowest 2 e- ORR selectivity due to the lowest ring current density 
tested. On the other hand, the incorporation of Cu enhances the selec-
tivity for 2e- ORR, as the ring current exhibits significant increases for 
CuCo/CA electrode compared to Co/CA. The enhanced ORR properties 
are attributed to the fact that the synergistic effect of Cu and Co enables 
carbon aerogel to form a unique microstructure during the synthesis 
process, with abundant carbon defects and oxygen functional groups. 
The synergistic effect of the two metals offsets the shortcomings of the 
single metal. Overall, CuCo/CA has outstanding performance in both 
ORR activity and selectivity, so it can catalyse the heterogeneous 

Table 1 
Porosity and metal loadings of synthesized cathodes.

Electrode BET surface area (m2/ 
g)

t-Plot micropore area 
(m2/g)

t-Plot micropore volume 
(cm3/g)

BJH adsorption cumulative volume 
(cm3/g)

ICP [wt.%]

Cu Co

CA 601.4 480.3 0.223 0.343 / /
Cu/CA 583.8 531.5 0.248 0.009 0.93 ±

0.02
/

Co/CA 576.6 533.7 0.249 0.002  0.91 +
0.04

CuCo/CA 574.2 453.1 0.209 0.296 1.00 ±
0.03

0.94 ±
0.04

Fig. 5. (a) EIS Nyquist plots; (b) Polarisation curves of different electrodes at 
1600 rpm and simultaneous H2 O2 oxidation currents at the ring electrode in 
0.1 mol/L Na2 SO4 at pH = 3.
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electro-Fenton system to potentially achieve the highest pollutant 
removal efficiency.

3.2. Hetero electro-Fenton performance

3.2.1. Degradation performance and radical generation
Utilising tetracycline (TC) as a candidate pollutant, enabled the 

performance of different heterogeneous electro-Fenton systems to be 
evaluated. As depicted in Fig. S3(a), pseudo-first-order kinetic plots for 
TC removal were observed for the synthesised cathodes under neutral 
pH conditions. The corresponding kinetic rate constant in the CuCo/CA 
EF system was 0.988 h− 1, which was 2.16, 2.06 and 2.21 times as fast as 
Cu/CA (0.457h− 1), Co/CA (0.481 h− 1) and pure CA (0.447 h− 1), 
respectively (Fig. S3(b)). The electro-sorption (ES) of these porous 
cathodes was further investigated at an operating current of 1 mA and 
under an N2 atmosphere, where oxidative degradation could not 
contribute to TC removal. As shown in Fig. 6(a) (dashed lines), pure CA 
electrode (characterised by distinctive porous structure and highest 
surface area) exhibited the highest adsorption capability of 65%. In 
contrast, the ES capacity of CuCo/CA electrode almost reached 50% 
after 2.5 h, potentially due to its smaller specific surface area [57]. 
Notably, TC degradation employing CuCo/CA electrode increased 
significantly up to 93% (Fig. 6(a)-solid lines) after 2.5 h. This was 
indicative of high reactivity for both adsorption and oxidative degra-
dation pathways in the CuCo/CA EF system. In comparison, TC removal 
rate with pure CA, Co/CA and Cu/CA in EF systems was 70%, 67% and 
65%, respectively, which demonstrated TC removal using these cath-
odes was mainly ascribed to their high electro-sorption capacities. Since 
the synergistic effect of Cu and Co transition metals on carbon aerogel 
greatly enhances the catalytic performance, the impact of Cu/Co metal 
ratio was further investigated, as shown in Fig. S4. The Cu0.5Co0.5/CA 
electrode, with an optimal Cu/Co ratio of 1.0, achieved the highest TC 
removal efficiency of 90%. Within 150 min, the TC removal efficiencies 
for Cu0.3Co0.7/CA and Cu0.7Co0.3/CA electrodes were 60.6% and 68%, 
respectively.

Moreover, electricity consumptions and costs of EF processes based 
on CuCo/CA, Cu/CA, Co/CA and pure CA cathodes were evaluated ac-
cording to Equation (5) [58]. 

ECTC
(
kWh/kgTC

)
= I • V • t/ΔmTC (5) 

where ECTC (kWh/kgTC) is electricity consumption per kg TC 

degradation, I is current (A), V is average voltage (V), t is reaction time 
(h), ΔmTC is TC mass loss (g). The average commercial electricity price in 
the UK is £0.27 /kWh in 2024 [59]. As shown in Table 2, the CuCo/CA- 
based EF system demonstrates exceptional electrocatalytic efficiency for 
TC degradation, achieving the least electricity consumption. Impor-
tantly, the energy consumption for degrading each kilogram of TC in the 
CuCo/CA EF system requires only approximately one-fifth of that for 
previously reported electro-Fenton systems [60], indicating the prac-
tical application potential of this process.

To further elucidate reactive species involved in the oxidative 
degradation of TC in a CuCo/CA EF system, tert-butanol (TBA) was used 
as a ⋅OH radical scavenger. TBA was chosen because of its high rate 
constant with ⋅OH radical (k = 6.0 × 108 M− 1s− 1) [61]. The results in 
Fig. 6(b) show that the TC degradation rate gradually decreased with 
increasing TBA dosage. The reaction rate constant decreased from 0.847 
h− 1 to 0.364 h− 1 with the addition of 1 M TBA into the system (Fig. S5), 
demonstrating the key role of ⋅OH radicals in the oxidative degradation 
of TC. P-Benzoquinone (p-BQ) has also been used as a ⋅O2

– radical 
scavenger with a high rate constant with ⋅O2

– (k = 0.9–1.0 × 109 M− 1s− 1) 
[62]. Our results showed that addition of p-BQ led to a drop in TC 
degradation rate from 87% to 65%. These results suggest that O2 
initially undergoes reduction to an ⋅O2

– radical intermediate via a one- 
electron pathway, which is then followed by further reduction to 
H2O2, and subsequently ⋅OH [49]. Furthermore, electron spin resonance 
(ESR) spectroscopy was used with DMPO as a spin-trapping agent to 
directly prove the generation of ⋅OH and ⋅O2

– radicals in the CuCo/CA EF 
process. As shown in Fig. 6(c), the characteristic peak with intensity 

Fig. 6. (a) TC removal in electro-sorption (ES) and electro-Fenton (EF) systems; (b) Effect of radical scavengers on TC degradation in CuCo/CA EF system; (c) ESR 
spectra for CuCo/CA EF system; (d) Production of hydroxyl radical after 150 min; (e) TOC removal (left) and H2 O2 production (right) in CuCo/CA EF system. 
Conditions: pH0 7.0, Na2 SO4 50 mM, TC 10 mg/L, salicylic acid 0.01 M, no external aeration and 20 mA for EF systems, 0.2 L/min N2 and 1 mA for ES systems. (f) TC 
removal (left) and hydroxyl radical generation (right) in the presence of CuCo/CA powder (0.2 g/L) and externally supplied H2 O2 (50 ppm).

Table 2 
Electricity consumption and cost. Conditions: pH0 -7.0, Na2 SO4 -50 mM, TC-10 
mg/L, 20 mA.

EF 
system

I 
(A)

Vaverage 

(V)
t 
(h)

ΔmTC (g) ECTC 

(kWh/ 
kgTC)

Electricity 
cost 
(£/kgTC)

CuCo- 
CA

0.02 2.375 2.5 1.3875 ×
10-3

85.59 23.11

Cu-CA 0.02 2.642 2.5 0.981 ×
10-3

134.66 36.36

Co-CA 0.02 2.471 2.5 1.005 ×
10-3

122.94 33.19

CA 0.02 2.495 2.5 1.0425 ×
10-3

119.66 32.31
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ratio of 1:2:2:1 corresponding to DMPO-⋅OH adduct was observed in a 
EF system utilising CuCo/CA as the cathode, thereby confirming the 
generation of ⋅OH species [41]. The sextuplet ESR signal of DMPO-⋅O2

– 

spin adduct was also detected [63], which is consistent with the results 
of quenching experiments. The effective degradation of TC in CuCo/CA 
EF system was primarily induced by an indirect oxidation process in the 
presence of O2, which is dominated by ⋅OH species. Under the attack of 
⋅OH radicals, a total organic carbon (TOC) removal efficiency of 70.46% 
after 2.5 h was achieved under optimal operating conditions (Fig. 6(e), 
left axis), demonstrating the system’s ability to effectively break down 
the pollutants into mineralised products.

The concentration of electro-generated ⋅OH was also quantified 
using the probe reaction of salicylic acid and ⋅OH [64]. As shown in 
Fig. 6(d), the accumulated concentration of ⋅OH in CuCo/CA EF system 
was determined to be 100.1 μ mol/L after 150 min without external 
aeration. In comparison, the production of ⋅OH in EF systems using Cu/ 
CA, Co/CA and pure CA cathode reached 59.3 μ mol/L, 63.9 μ mol/L and 
45.9 μ mol/L, respectively. This result further indicates that the removal 
of TC with Cu/CA, Co/CA and pure CA is mainly through electro- 
sorption processes. Table S1 summarises ⋅OH production rate in 
various electro-Fenton systems [65–71], showing that the CuCo/CA 
based EF system has a stronger ability to generate ⋅OH radicals than 
these previously reported EF systems, indicating that the proposed sys-
tem has great application prospects in oxidative degradation of organic 
contaminants.

Previous studies have indicated that H2O2 can be electro-generated 
via two-electron ORR pathways on carbon-based materials [72]. How-
ever, the concentration of accumulated H2O2 over CuCo/CA was negli-
gible, measured at 8.9 μm ol/L within 2 h (Fig. 6(e), right axis). Such an 
observation may be attributed to its rapid on-site decomposition into 
reactive ⋅OH intermediates [48]. Additionally, in an undivided electro- 
Fenton system, the generated H2O2 can undergo chemical or electro-
chemical decomposition via disproportionation (H2O2→H2O + 1/2O2) 
and reduction at the cathode (H2O2 + 2e− →2OH− ) [73]. The plateau 
indicates that a steady-state balance is reached between H2O2 

generation and its consumption or decomposition, which highlighted 
the system’s efficiency in maintaining active hydroxyl radical genera-
tion for pollutant degradation. Similar research findings also suggest 
that alloy particles encapsulated within carbon matrix enable modula-
tion of local electronic environment, facilitating the activation of H2O2 
via a 1e- pathway to generate OH radicals [74]. To investigate whether 
CuCo/CA participated in the activation process of H2O2, TC degradation 
and ⋅OH generation efficiency were measured in a system comprised of 
CuCo/CA powder and externally added H2O2. Fig. 6(f) shows that TC 
removal reached 89% and 90 μ mol/L of ⋅OH radical was generated at 
150 min reaction time, in the presence of 50 ppm H2O2 and 0.2 g/L 
CuCo/CA nanoparticles. Hence, it could be inferred that the CuCo/CA 
cathode can not only induce 2e- electrochemical process of oxygen 
reduction to produce H2O2, but also catalyse in situ activation of H2O2 to 
generate ⋅OH species further leading to TC degradation.

3.2.2. Optimization of operational conditions
In addition to inherent characteristics of the electrode, reaction 

conditions such as current density, pH value and aeration rate play a 
crucial role in the degradation efficiency of contaminants in EF systems. 
Fig. 7(a) shows that the increase in current density accelerated electron 
transfer rate in ORR process, however, excessive current and cathode 
potential led to side reactions such as hydrogen evolution (2H+ +

2e− →H2) and four-electron reduction of oxygen as shown in Equation 
(6) [75]. Within 150 min, TC removal reached its highest level of 90% at 
a current of 20 mA. However, continuing to increase current to 30 mA 
and 40 mA led to a reduction in TC degradation, dropping to 82% and 
74%, respectively. This change might be due to occurrence of side re-
actions utilising part of the electrical energy. Acidic pH conditions, 
especially pH of 3, were more conducive to TC degradation in the CuCo/ 
CA EF system (Fig. 7(b)). This is because the generation of H2O2 and ⋅OH 
required participation of H+, as depicted in Equations (1) and (7), 
respectively. The highest first-order reaction rate constant of 1.08 h− 1 

was obtained under pH 3 condition, while TC degradation still reached 
82%, 88% and 86% under pH conditions of 5, 7 and 9, respectively. 

Fig. 7. Impact of (a) current (the corresponding voltage ranges are: 10 mA: 1.65–2.30 V, 20 mA: 2.00–2.75 V, 30 mA: 2.42–3.02 V, 40 mA: 2.74–3.51 V) and (b) 
initial pH in CuCo/CA EF system; (c) Metal leaching after 2.5 h reaction in CuCo/CA EF system; (d) Impact of airflow rate in CuCo/CA EF system; (e) Concentration of 
dissolved oxygen in CuCo/CA EF system; (f) Degradation of TC under an N2 atmosphere and zero aeration. Inserted graphs are pseudo-first-order kinetic models with 
rate constants. Conditions: Na2 SO4  = 50 mM, ACT = 10 mg/L, 200 mL/min N2 for N2 experiment.
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These results demonstrated that the electro-Fenton system with CuCo/ 
CA cathode has good adaptability to a wide range of pH conditions.

Furthermore, the amount of leached copper ions and cobalt ions at 
various pH values were recorded in Fig. 7(c), as well as further infor-
mation in Fig. S6. Although strong acidic condition (pH 3) did lead to a 
notable release of Co ions initially, assessed as 1.37 ppm after 2.5 h 
reaction, results in Fig. S7 indicated that dissolution of metal ions 
significantly reduced in the second and third rounds of recycling runs. In 
the third run, leaching of Co and Cu ions after 150 min reaction time 
reduced to 0.21 ppm and 0.26 ppm, respectively. Under other pH con-
ditions (such as pH 5, 7 and 9), dissolution of metal ions was also 
negligible whilst achieving considerable degradation performance 
(Fig. 7(c)). 

O2 + 2H2O + 4e− →4OH− E0 = 1.23V vs.RHE (6) 

H2O2 + e− +H+→ • OH+H2O (7) 

The impact of airflow rate on TC removal efficiency was further 
examined and found to be negligible (Fig. 7(d)). The observed rate 
constants (inset) at airflow rates of 0, 0.2, 0.4 and 0.6 L/min were 
measured as 0.84, 0.78, 0.96 and 0.84 h− 1, respectively. The results 
indicated that TC can be effectively eliminated even without external 
aeration, achieving approximately 90% decomposition within 2.5 h re-
action time. The dissolved oxygen (DO) was measured before and after 
treatment under various air flow rates, as shown in Fig. 7(e). Interest-
ingly, following EF reaction, DO concentration in the system without 
external aeration increased from 8.68 mg/L to 13.15 mg/L, while pH 
decreased from 7.0 to 3.17 (Fig. 7(f)). As shown by Equation (8) [76], 
oxygen evolution reaction (OER) occurring near the anode could pro-
vide sufficient oxygen for the non-aerated system to complete electro- 
Fenton process, which led to efficient degradation of TC even without 
external aeration. Similar oxygen generation mechanisms from OER 
anode, even in the absence of aeration, have been reported in other 
electrochemical systems as well [77]. In addition, continuously gener-
ated H+ ions caused a drop in pH value; the pH dropped from 7.0 to 3.2 
after 2.5 h reaction time and remained more or less stable at around 3.2 
(see Fig. S8). The subsequent formation of H2O2 and ⋅OH radicals via 2e- 

and 1e- reduction pathways required the involvement of H+ ions. 
Consequently, maintaining a constant H+ ion concentration was 
conducive to the generation of H2O2 and ⋅OH radicals. 

2H2O→4e− +4H+ +O2 (8) 

In order to investigate OER activity and oxygen transfer efficiency at 
the solid–liquid interface i.e., between electrolyte and electrode, a het-
erogeneous electro-Fenton TC degradation experiment was carried out 
under a nitrogen (N2) atmosphere. The reactor was aerated with N2 for 
20 min to strip out as much dissolved oxygen as possible. DO concen-
tration before reaction (DO0) was 0.52 mg/L and increased to 2.47 mg/L 
after reaction (DO1), while the solution pH decreased from 7.10 to 3.37 
(Fig. 7(f)), demonstrating that OER still occurred under an N2 atmo-
sphere. This system was still able to achieve similar TC degradation to 
the zero-aeration system, which was around 90% removal after 150 min 
reaction time. These results indicate that once O2 is generated near the 
anode it may be transferred through the solution and, at the solid–liquid 
interface, undergo a reduction process at the cathode even at low DO 
levels. The CuCo/CA cathode, characterised by its substantial surface 
area and pore volumes, facilitated the adsorption, storage and mass 
transfer of dissolved O2, thus promoting efficient utilization of O2 and 
electro-generation of H2O2 [78]. As a result, the oxygen produced at the 
anode proved adequate for sustaining H2O2 generation without the need 
for external aeration. This approach may be more cost-effective in 
comparison with previous electrochemical H2O2 generation methods 
requiring external aeration [4,64,79,80].

In summary, the synergistic effect of Cu and Co within CuCo/CA EF 
system can be ascribed to following aspects: (1) Structural 

improvements CuCo/CA features a large surface area and a structure 
with coexistence of micropores and mesopores, offering a number of 
active sites to promote more efficient interactions with contaminant 
molecules and leading to improved oxygen reduction reaction. The 
mesopores also function as gas transport channels, enhancing oxygen 
transport and promoting electrolyte penetration into the carbon matrix. 
(2) Enhanced electrocatalytic activity. Cu and Co are embedded in 
carbon aerogel, catalysing the graphitisation process of carbon matrix 
and leading to faster electron transfer. Furthermore, the introduction of 
CuCo alloy induces formation of carbon defects, which modify elec-
tronic structure and greatly boost its electrocatalytic performance. (3) 
Enhanced selectivity and activity of oxygen reduction. Presence of 
graphitic carbon promotes the generation of oxygen-containing group, 
which aid in oxygen reduction process. Moreover, the co-existence of Cu 
and Co results in lattice distortion and electronic environment adjust-
ment that further enhance both selectivity and activity.

Based on above findings, the mechanisms for oxygen species pro-
duction and TC degradation are illustrated in Fig. 8. Initially, oxygen 
evolution and accumulation take place near the anode, which are 
induced by an electric current effect. The produced oxygen subsequently 
diffuses to interface of electrolyte and cathode, where it goes through a 
2e- reduction pathway to produce H2O2. The excellent pore structure of 
CuCo/CA electrode achieves efficient oxygen transport and utilisation 
and eliminates the need for additional oxygen input to produce H2O2. 
Moreover, H+ ions produced through oxygen evolution process establish 
an advantageous pH condition for 2e- oxygen reduction and in situ H2O2 
activation. Catalytically active Cu+ and Co2+ on CuCo/CA cathode ca-
talyse H2O2 activation on-site to produce highly oxidative ⋅OH radicals, 
thus enabling oxidative degradation of organic contaminants in water. 
Then, Cu2+ and Co3+ can subsequently be reduced back to Cu+ and Co2+

at the cathode, completing the redox cycle. This cycle promotes 
continuous activation of H2O2 and enhances the overall efficiency of the 
electro-Fenton system.

3.3. Recyclability, stability, and broad applicability of CuCo/CA

In order to evaluate recyclability of the CuCo/CA cathode, six 
consecutive electro-Fenton TC degradation experiments were conduct-
ed. The results are shown in Fig. 9(a), in which the overall difference in 
TC degradation rates was very small. After six runs, the CuCo/CA 
electro-Fenton system achieved 84% TC removal within 150 min with a 
slight drop in the reaction rate constant (see Fig. S9). These results 
suggest that CuCo/CA, as an integrated electrode, could maintain sta-
bility during electro-Fenton process and retain good performance. The 
stability of the CuCo/CA cathode was further investigated in Fig. 9(b) 
using a continuous stirred tank reactor (CSTR, Fig. 9(c)) for a 48 h 
experiment under different flow velocities and initial TC concentrations. 
The results show that the CuCo/CA EF system with a slower flow rate 
and a lower TC concentration achieved higher removal performance due 
to longer hydraulic retention time. The electrocatalytic performance of 
CuCo/CA in all three systems was relatively stable over 48 h reaction 
time, despite a slightly reduced TC removal rate towards the end. This 
consistency in performance may due to the corrosion-resistant property 
of carbon-based aerogel material, with bimetallic particles well pro-
tected by outer carbon [49].

Further, the broad applicability of the CuCo/CA cathode was eval-
uated by investigating its degradation efficiency with various organic 
contaminants including antibiotics, analgesic, organic acid, and dye. 
Results in Fig. 9(d) and Fig. S10(a) show that the removal rates of 
tetracycline (TC), acetaminophen (ACT), metronidazole (MNZ), salicylic 
acid (SA) and acid orange 7 (AO7) were 90%, 94%, 93%, 84% and 95%, 
respectively, after 2.5 h reaction time. Pseudo-first-order plots were 
observed for all contaminant removal experiments, shown in Fig. S10
(b). The CuCo/CA EF system exhibited the highest apparent rate con-
stant for MNZ removal, which was 1.12 h− 1 (Fig. S10(c)). This perfor-
mance highlights the relatively wide applicability of CuCo/CA 
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electrodes in a EF system for oxidative decomposition of various organic 
pollutants in water.

The above results indicate that CuCo/CA not only possessed high 
oxygen reduction catalytic activity but also exhibited long-term stability 
and recyclability. It demonstrates the desired removal efficiency for 
various organic pollutants, suggesting significant practical applications 
for water environmental remediation.

4. Conclusion

In this study, we have reported a novel electro-Fenton approach for 
selective 2e- ORR and activation of in situ generated H2O2 using an in-
tegrated CuCo/CA cathode. The integration of Cu and Co into the carbon 
matrix enhanced the electro-generation of H2O2, conductivity, mass 
transfer, and oxygen reduction activity. The oxygen evolution process 
around the Pt anode provided advantageous pH conditions and oxygen 
supply for H2O2 production and radical generation near the cathode. As 

catalytically active metal components, Cu(I) and Co(II) imparted an 
additional role to CuCo/CA as an integrated catalyst inducing on-site 
H2O2 activation to form reactive ⋅OH species. Consequently, the estab-
lished heterogeneous EF system exhibited promising TC removal (94%) 
within 2.5 h at pH 7 and a current density of 4.4 mA/cm2. The High 
efficiency of CuCo/CA cathode in utilising oxygen eliminated the need 
for external aeration, which has greater industrial applicability 
compared to previously reported EF systems that require external 
aeration. The efficient degradation of TC primarily occurred through an 
indirect oxidation process dominated by ⋅OH radical. Importantly, ideal 
degradation efficiencies have been achieved over a wide pH range of 
3–9, and CuCo/CA demonstrated good recyclability after six runs, and 
long-term stability after 48 h for continuous TC removal. Finally, the 
proposed technology exhibited high electrocatalytic activity towards 
various micropollutants. This research therefore offers an eco-friendly 
and sustainable approach to degrading persistent organic contami-
nants, presenting potential for advancing water decontamination 

Fig. 8. Schematic of mechanisms for radical generation in CuCo/CA EF system.

Fig. 9. (a) TC degradation in 6 consecutive CuCo/CA EF system runs; (b) TC removal during 48 h continuous stirred CuCo/CA EF system runs at varying fluid flow 
velocity; (c) Schematic diagram of the continuously stirred electro-Fenton reaction system: 1- Feed TC stock solution, 2 and 8 peristaltic pump, 3 − magnetic stirrer, 4 
− PTFE stirrer bar, 5 − CuCo/CA cathode, 6 − platinum anode, 7 − DC power supply, 9 − post-reactor flow; and (d) The removal rate of various micropollutants in 
CuCo/CA EF system after 150 min. Conditions: pollutant = 10 mg/L, Na2 SO4  = 50 mM, pH0  = 7.0, 20 mA, zero aeration.
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