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A B S T R A C T   

In the present study, a Cu/P codoped carbon aerogel (Cu/P/CA) was designed as a cathode for the oxidation of 
2,4-dichlorophenol (2,4-DCP) and Cu deposition synchronously in the presence of peroxymonosulfate (PMS). The 
Cu/P/CA cathode exhibits a much higher oxidation performance than the bare Cu and Cu/CA cathodes. Redox 
synergism between P and Cu species enhances the generation of reactive oxygen species and the activation of 
PMS molecules. In addition, unlike other systems, Cu3+ can be generated on the surface of the Cu/P/CA cathode, 
which can participate in oxidizing 2,4-DCP. The yield of cathodic deposited metallic Cu was also improved in the 
Cu/P/CA system due to the redox role of P. The oxidation of 2,4-DCP and Cu deposition using Cu/P/CA was 
found to be 2.6-fold and 4.5-fold faster than those in the case of Cu/CA, respectively. Importantly, the effec-
tiveness of the Cu/P/CA system is stable at pH values ranging from 3 to 11. The Cu/P/CA system was also applied 
to purify real industrial wastewater, which achieved satisfactory efficiency and material stability, encouraging its 
large-scale applicability.   

1. Introduction 

Over the last decades, a dramatic increase in water pollution has 
been noticed due to the rapid growth of human activities [1–3]. 
Different pollutants, such as organics and heavy metal ions, often coexist 
in industrial or agricultural wastewaters. Researchers have performed 
much work on wastewater purification. In centralized wastewater 
treatment plants (WWTPs), several successive technologies are applied 
to remove pollutant species at different ranges and types. However, most 
scientific research has been carried out to remove a single pollutant from 
water, which differs from the actual conditions. Therefore, the scientific 
community currently focuses on developing alternative approaches that 
can simultaneously remove multiple pollutants of different types [4–6]. 

In recent years, the conversion of peroxymonosulfate (PMS) into 
oxidizing species via transition metal catalysts has received much 
attention from the scientific community due to its easy processing, low 
cost, and high efficiency at mid conditions [7–12]. Among these 

catalysts, copper-based materials have shown an excellent ability for 
PMS activation. Therefore, the design of copper-based catalysts has 
attracted much attention over the last decade. Several Cu-based cata-
lysts have been suggested for various applications, including zero-valent 
copper, which can effectively activate PMS species because of the Cu- 
Cu+ cycle [13,14]. CuFe2O4 has also been suggested for the activation of 
PMS because of the synergistic effects of Cu2+ and Fe2+ species [15–17]. 
One of the main drawbacks of PMS activation by Cu-based catalysts in 
natural wastewater is the scavenging effect of the produced SO4

⋅- and 
⋅OH by the cations and anions in water, which limits the oxidation of 
organic pollutants to a large extent. 

Therefore, alternatively, the nonradical activation of PMS by copper- 
based catalysts has been suggested, in which catalysts with good con-
ductivity, e.g., spherical CuO [18], play the role of mediators to transfer 
electrons from organic pollutants to PMS, enhancing the degradation of 
organic pollutants [7]. Unlike radical-based mechanisms, nonradicals 
occur on the catalyst’s surface, avoiding undesirable solution reactions 
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[19]. Another issue that should be pointed out in copper-based catalysts 
is the leaching of Cu2+ from the surface, which may limit the efficiency 
and recycling of the catalyst and can also cause water pollution by Cu2+

ions [20,21]. 
PMS activation via the electrochemical approach has been widely 

studied [22–24]. For this reason, much research has been conducted on 
the effective deposition of Cu on the cathode for the nonradical acti-
vation of PMS. Electrocatalytic deposition of Cu is considered one of the 
better ways to obtain a well-stable Cu layer. On the other hand, transi-
tion metal phosphide-based catalysts have been used for several cata-
lytic reactions because of their excellent electrical conductivity [25–28]. 
The presence of P in catalysts can reduce the redox potential of the 
catalyst [29–32], which may facilitate the recovery of metal ions from 
the solution. In the present work, a cuprous phosphide-supported carbon 
aerogel (Cu/P/CA) was fabricated upon the activation of PMS for the 
treatment of wastewater, which contains a large number of copper ions 
and 2,4-dichlorophenol (2,4-DCP). The efficiency of Cu/P/CA for the 
activation of PMS was compared with that of the bare Cu and Cu/CA 
cathodes. An in-depth investigation was conducted to understand the 
reaction mechanism regarding the generation of reactive oxygen species 
(ROSs) by using EPR analysis and by scavenging chemical experiments. 
The role of Cu3+ was discussed in detail. The system was also evaluated 
for the purification of actual industrial wastewater. 

2. Materials and methods 

2.1. Materials 

Resorcinol (C6H4(OH)2, AR), copper sulfate anhydrous (CuSO4, AR), 
L-histidine (C6H9N3O2, AR), and furfuryl alcohol (C5H6O2, AR) were 
purchased from Shanghai Macklin Biochemical Co., Ltd. Methyl phenyl 
sulfoxide (PMSO, C7H8OS, AR) and methyl phenyl sulfone (PMSO2, 
C7H8O2S, AR) were obtained from Sigma–Aldrich. Methanol (CH3OH, 
HPLC grade) was purchased from Thermo Fisher Scientific. Formalde-
hyde (HCHO, AR, 37–40%), 2,4-dichlorophenol (2,4-DCP, C6H4Cl2O, 
AR), concentrated sulfuric acid (H2SO4, AR), sodium carbonate 
(Na2CO3, AR), sodium bicarbonate (NaHCO3, AR), sodium sulfate 
(Na2SO4, AR), sodium chloride (NaCl, AR), sodium hydroxide (NaOH, 
AR), sodium acetate (CH3COONa, AR), sodium hypophosphite 
(NaH2PO2, AR), p-benzoquinone (C6H4O2, AR), and ferrous sulfate 
heptahydrate (FeSO4⋅7H2O, AR) were purchased from Sinopharm 
Chemical Reagent Co., Ltd. Ultrapure water was obtained through a 
Milli-Q purification system (18.25 MΩ⋅cm) and was used in all experi-
ments. All the reagents were used without further purification. 

2.2. Preparation of Cu/P/CA 

The carbon aerogel (CA) cathode was obtained in this study based on 
the existing procedure in a previous study [33]. The obtained CA was 
placed in a hydrothermal reaction kettle, and then 50 mL of 100 mg/L 
CuSO4 solution was added to the kettle. After that, the kettle was placed 
in an oven at 180 ◦C for 12 h and then cooled to room temperature to 
obtain Cu/CA. Afterward, Cu/CA was placed in a tube furnace for 
phosphorylation under N2 protection for 4 h at 500 ◦C with a heating 
rate of 2.5 ◦C/min. The phosphating agent was NaH2PO2, and the N2 
flow rate was 50 mL/min. 

2.3. Characterization 

The surface morphology of the Cu/P/CA cathode was observed by 
scanning electron microscopy (SEM, SU8010, HITACHI, Japan). The 
crystalline structure of the Cu/P/CA cathode was analyzed by X-ray 
diffraction (Panalytical X’Pert Pro, Netherlands) with Cu-Kα radiation 
(k = 1.5418 Å). The chemical composition of the cathode was explored 
via X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo 
Scientific, US). The ion concentration was recorded through the ICP- 

Mass test. Electrochemical measurements, including cyclic voltamme-
try (CV), linear sweep voltammetry (LSV), and electrochemical imped-
ance (EIS), were performed on an electrochemical workstation (CHI 
660D) in a three-electrode system with the prepared materials as the 
working electrode, Pt foil as the counter electrode, and Ag/AgCl as the 
reference electrode. 

2.4. Electrochemical setup 

A three-electrode system was constructed with Cu/P/CA as the 
working electrode, a Pt sheet as the counter electrode, and Ag/AgCl as 
the reference electrode. The electrochemical cell was tested to activate 
PMS (100 mg) to remediate simulated water containing 20 mg/L 2,4- 
DCP and 32 mg/L Cu2+. The applied bias potential was set to − 0.5 to 
− 2.0 V. During the experiments, 0.5 mL of sample was removed at 0, 5, 
10, 15, 20, 30, 60, and 90 min and immediately mixed with 0.5 mL of 
methanol to stop the oxidation reaction. 

Quenching experiments were performed using methanol, tert- 
butanol, p-benzoquinone, and furfuryl alcohol to quench SO4⋅-, ⋅OH, 
O2⋅-, and 1O2, respectively. 

2.5. Analytical methods 

The concentration of 2,4-DCP was measured by high-performance 
liquid chromatography (HPLC, SHIMADZU UV-2600 Japan) with a 
C18 reversed-phase column (4.6 mm × 250 mm × 5 μm) and a UV de-
tector at λ of 280 nm and temperature of 30 ℃. The mobile phase was a 
mixture of methanol and water (v:v = 70:30) with a 1.0 mL/min flow 
rate. 

The total amount of Cu ions in the solution was obtained by the 
ICP–MS test, and the concentration of released Cu3+ was analyzed by the 
PMSO method. HPLC could be used to detect PMSO and PMSO2 
(oxidized byproducts by Cu3+) at λ of 230 nm and a temperature of 30 
℃. The mobile phase was a mixture of methanol and water (v:v = 70:30) 
with a 1.0 mL/min flow rate. 

ROS were analyzed by electron paramagnetic resonance spectrom-
etry (EPR) (German Bruker Co., Ltd., A300-10/12). The trapping agents 
for SO4⋅-, ⋅OH and O2⋅- are 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), 
and the trapping agent for singlet oxygen (1O2) is 2,2,6,6-tetramethyl-4- 
piperidone hydrochloride (TEMP). EPR experiments were carried out 
without 2,4-DCP and Cu2+ using the electrochemical cell under the same 
conditions used for 2,4-DCP removal. At time intervals (0, 5, 10, 20, and 
30 min), 30 μL of the solution was taken and filtered through a 0.22 μm 
filter and mixed immediately with 30 μL of 0.1 mol/L DMPO to capture 
⋅OH, and the mixture was analyzed on an EPR instrument. The same 
procedure was carried out to capture and analyze 1O2 using TEMP 
instead of DMPO. In addition, methanol was used instead of water to 
detect O2⋅- by DMPO. 

3. Results and discussion 

3.1. Characterization 

The SEM images of bare CA, Cu/CA, and Cu/P/CA are shown in 
Fig. 1. It can be seen that CA (Fig. 1a) and Cu/CA (Fig. 1b) exhibit the 
same morphology with a spongy, porous structure, which indicates that 
the modified CA with Cu does not change the structure. However, Fig. 1c 
shows that Cu/P/CA has a sheet-like structure due to the formation of 
phosphide crystals. EDS analysis was recorded on different samples to 
check their chemical composition. The EDS spectrum and mapping re-
sults show that the composition of CA is C, O, and N (Fig. SI 1 and SI 2), 
while the presence of Cu was found in Cu/CA together with the previous 
elements. In Cu/P/CA, C, O, N, Cu, and P were detected, as shown in 
Fig. 2. 

XRD patterns of the bare CA, Cu/CA, and Cu/P/CA cathodes are 
shown in Fig. 3a. There are no prominent diffraction peaks for the CA 
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and Cu/CA samples except for those of amorphous carbon. As a com-
parison, the prominent diffraction peaks in the Cu/P/CA sample at 2θ =
36.2◦, 45.06◦, and 46.5◦ are ascribed to the Cu3P phase [JCPDS# 
71–2261]. XRD results indicate that the phosphating reaction is favor-
able to the crystallization of Cu species. 

XPS analysis was carried out to check the valence states of Cu species 
in the Cu/CA and Cu/P/CA cathodes. Fig. 3b reveals that four peaks (C, 
O, Cu, and P) appear in the XPS spectrum of the Cu/P/CA sample. In 
terms of the high-resolution XPS spectra of C1 s (Fig. 3c), three peaks 

appear due to C-C, C-O, and C = O in the carbon aerogel [34]. Fig. 3d 
displays the XPS spectrum of Cu 2p, in which six peaks appear. The 
peaks located at 932.3 and 934.5 eV correspond to Cu 2p3/2, and the two 
peaks at 952.5 and 954.6 eV can be attributed to Cu 2p1/2. The peaks at 
932.3 and 952.5 eV can be associated with Cu+ [27,35,36]. In contrast, 
Cu+ was not detected in the Cu/CA cathode (Fig. SI 3), indicating that 
the phosphating reaction is beneficial to Cu+ generation. In addition, the 
two peaks at 944.5 and 963.6 eV (Cu satellite) [35], which belong to the 
oxidized copper species, both appear in Cu/CA and Cu/P/CA. Since it is 

Fig. 1. a) SEM image of CA, b) SEM image of Cu/CA, c) SEM image of Cu/P/CA, d) EDS of Cu/P/CA.  

Fig. 2. EDX mapping of Cu/P/CA.  
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difficult to distinguish Cu+ and Cu because they are so close, Auger 
spectra of Cu/P/CA (Fig SI 4) were used to clarify the analysis. The 
kinetic energy of Cu/P/CA can be calculated from Eq. (1). 

KECu/P/CA = 1486.6 eV − BECuLMM (1) 

Here, KECu/P/CA is the kinetic energy of the Cu LMM photoelectron, 
and BECuLMM is 570.34 eV, which can be obtained from the Auger 
spectra. The calculated KECu/P/CA is 916.17 eV, which is consistent with 
the kinetic energy of Cu+ [35]. Therefore, a peak at 932.3 eV can be 
assigned to the Cu+ species. For the P species (Fig. 3e), the peaks at 133 
and 133.8 eV in the XPS spectrum of P 2p can be attributed to P 2p3/2 and 
P 2p1/2 in Cu-P, while the other peaks at 132.3 and 135.1 eV can be 
ascribed to P-C and P-O, respectively, resulting from the phosphide- 
carbon substrate and phosphate [37]. Fig. 3f shows the O 1 s spectrum 
of the cathode Cu/P/CA, and the peaks at 530.6, 531.7, and 533.4 eV are 

due to Cu-O, adsorbed H2O, and P-O, respectively [36]. 
For comparison, the LSV curves and EIS of the Cu/CA and Cu/P/CA 

cathodes were also recorded to confirm the contribution of P to the 
enhancement of the electrochemical properties of Cu/P/CA. The LSV 
curves of Cu/CA and Cu/P/CA are presented in Fig. 4a and b. It can be 
observed that there is only one peak at − 1.4 V in the LSV curve of Cu/ 
CA, which is attributed to Cu2+ to Cu+. In contrast, two reductive peaks 
appear in the LSV curves of the Cu/P/CA cathode. The reductive peak at 
− 0.12 V can be attributed to the reduction of Cu2+ to Cu+ by generated 
electrons, and the peak at − 0.16 V could be due to the conversion of Cu+

to Cu. Cu2+ can be transformed into Cu through two reductive processes 
on the surface of Cu/P/CA, suggesting a cycle of Cu species. The LSV 
tests indicate that the phosphating reaction significantly decreases the 
reductive potential of the cathode, which is beneficial to the recycling of 
Cu2+ to Cu+ or Cu. EIS of Cu/P/CA was performed to study the 

Fig. 3. a) XRD patterns of materials, b) XPS survey spectrum of Cu/P/CA, c) high-resolution XPS spectrum of C 1 s, d) high-resolution XPS spectrum of Cu 2p, e) high- 
resolution XPS spectrum of P 2p, f) high-resolution XPS spectrum of O 1 s. 
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conductivity of Cu/P/CA. In general, the smaller the circle radius is in 
the EIS spectrum, the stronger the ability to transfer electrons. The 
resistance of Cu/P/CA is 20.5 Ω (Fig. 4c), which is lower than that of Cu/ 
CA (192.2 Ω). The EIS result indicates that the phosphating reaction can 
improve electron transfer, suggesting an enhanced reduction of Cu2+. 

3.2. PMS activation by Cu/P/CA to oxidize simulated water 

To check the performance of the Cu/P/CA cathode system toward 
the activation of PMS, the efficiencies of Cu/CA and Cu/P/CA as cath-
odes were comparatively studied for the activation of PMS (1.00 g/L) for 
the oxidation of 2,4-DCP at an applied bias potential of − 1.0 V. Fig. 5a 
shows the removal efficiency of 2,4-DCP with different cathodes. As a 
comparison, the effects of PMS alone and electrochemical oxidation 
with different cathodes on the 2,4-DCP removal efficiency were also 
studied (Fig. SI 5). It was found that the removal efficiency of 2,4-DCP 
was 18.5% within 90 min when PMS was used alone, indicating that the 
nonactivated PMS is not adequate for the oxidation of organic pollut-
ants. However, the removal efficiency of 2,4-DCP using a Cu plate as the 
cathode was 44.8% within 90 min, proving the activation of PMS by Cu 
species. Based on previous studies [38,39], Cu can activate PMS to 
oxidize organic pollutants, resulting in the oxidation of Cu+ and Cu2+

species. On the other hand, the use of Cu/CA exhibits higher efficiency 
compared to the Cu plate cathode, wherein the removal efficiency of 2,4- 
DCP is 74.5% within 90 min. A further enhanced electrochemical acti-
vation of PMS was obtained in the case of the Cu/P/CA cathode, giving a 
removal rate of 98% within 90 min. From these comparative results 
using different cathodes and PMS alone, it could be deduced that the 
multifunctional Cu/P/CA cathode can significantly enhance the redox 
reactions in the medium via the cocontribution of both Cu and P to 

convert PMS into an oxidizing species. It is essential to point out that the 
reduction of Cu2+ by HSO5

- is thermodynamically unfavorable [40], 
which could be explained by the lower electrochemical PMS activation 
efficiency of the Cu/CA system compared to that of Cu/P/CA. 

In addition, the calculated removal rate constant (k) of 2,4-DCP 
based on the pseudo first-order kinetics model with different cathodes 
was studied, and the results are shown in Fig SI 6. The k for the Cu/P/CA 
cathode is 0.041 min− 1, approximately 2.6-fold and 7.0-fold higher than 
the Cu/CA (0.015 min− 1) and Cu plate (0.0058 min− 1), respectively. The 
results show that the Cu/P/CA cathode is more effective for 2,4-DCP 
removal than the Cu/CA and Cu plate cathodes. 

3.3. Effect of experimental parameters 

A series of experiments were conducted using Cu/P/CA as a cathode 
to understand and optimize the experimental parameters. The effect of 
the PMS concentration on the removal efficiency of 2,4-DCP was first 
studied (Fig. 5b). It was found that the removal efficiency of 2,4-DCP 
reached 86.7% at a PMS concentration of 0.5 g/L and an applied bias 
potential of − 1.0 V. In addition, the removal efficiency of 2,4-DCP 
increased from 86.7 to 97.6% with increasing PMS concentration from 
0.5 to 1.0 g/L. However, at a PMS concentration of 1.5 g/L, no further 
increase in the oxidation of 2,4-DCP was found, which could result from 
a disproportionated reaction by PMS to form low oxidizing SO5⋅- species. 
Therefore, 1.00 g/L PMS was chosen to conduct the following 
experiments. 

The effect of the applied bias potential on the removal of 2,4-DCP is 
shown in Fig. 5c. The removal efficiency of 2,4-DCP increased from 79.4 
to 99%, increasing the applied bias potential from − 0.5 to − 2.0 V at a 
PMS concentration of 1.0 g/L. When the applied bias potential exceeds 

Fig. 4. a) LSV curse of Cu/CA and Cu/P/CA, b) LSV of Cu/P/CA, c) EIS of Cu/CA and Cu/P/CA.  
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− 1.0 V, the removal efficiency of 2,4-DCP does not change significantly. 
The effect of the applied bias potential on 2,4-DCP removal can be 
explained as the impact on the recycling of copper, which in turn in-
fluences the activation of PMS. The current density of the Cu/P/CA 
cathode increases as a function of the applied bias potential, leading to a 
boost in the recycling of copper on the cathode surface to intensify the 
activation of PMS into oxidizing species. 

The pH value is an essential factor that must be considered in 
removing 2,4-DCP. Previous studies have reported that the applicability 
of PMS-based AOPs is generally at pH values ranging from 3 to 9 
[41,42]. Otherwise, its efficiency will be significantly affected. A series 
of experiments were conducted to investigate the removal efficiency of 
2,4-DCP to determine the applicable range of pH in the Cu/P/CA elec-
trochemical system when the PMS concentration was 1.0 g/L and the 
applied bias potential was − 1.0 V. Different electrochemical experi-
ments were carried out at initial pH values of 3, 5, 7, 9, and 11 (Fig. 5d). 
It can be seen that there is not a notable change in the efficiency of 2,4- 
DCP at pH values ranging from 3 to 11. However, a slight increase can be 
observed when the pH increases from 3 to 5. Afterward, the 2,4-DCP 
removal rates are similar to those of pH values ranging from 5 to 11. 
The stability of the process in terms of efficiency over a wide pH range 
could have great technological and economic interest at a large scale. In 
general, the state of Cu species and ROSs are closely related to the so-
lution pH value, further impacting the removal of 2,4-DCP. Under cur-
rent conditions, it was found that the shift in pH of the solution did not 
significantly affect the removal of 2,4-DCP. More explanations on the 
role of pH are presented in the next paragraph. 

3.4. Proposed mechanism for PMS electrochemical activation 

3.4.1. Identification of primary active species 
To confirm the radicals generated during the PMS electrochemical 

activation process and the radicals involved in the removal process of 
2,4-DCP, a series of EPR experiments with DMPO and TEMP using the 
Cu/P/CA cathode were performed, and the results are shown in Fig. 6. 
The intensity of DMPO-O2 increases with time, indicating that O2⋅- can 
be generated in the Cu/P/CA system. 1O2 generation was also checked 
using TEMP (Fig. 6b). The TEMPO peak, which is the result of the 
oxidation of TEMP by 1O2, was also detected, and its intensity was found 
to first increase with time but then decrease. Unlike common studies on 
PMS activation, in this study, DMPO-OH and DMPO-SO4 peaks were not 
detected in this system (without data shown). As expected, the activity 
of ⋅OH and SO4⋅- can be affected by the pH value, while O2⋅- and 1O2 can 
work effectively over a wide pH range, which may be more interesting 
than the oxidation of organic pollutants under actual conditions (acidic 
or alkaline). 

For comparison, EPR tests with DMPO and TEMP using the Cu/CA 
cathode were performed, and the results are shown in Fig. SI 7. Inter-
estingly, it was found that ⋅OH and SO4⋅- were generated, while other 
ROS (1O2, O2⋅-) were not produced, in contrast to the Cu/P/CA system. 
The activation pathway of PMS by the Cu/CA cathode is as follows (Eqs. 
2–5).  

Cu2+ + HSO5
- → Cu+ + H+ + SO5⋅-                                                (2)  

Cu2+ + e- → Cu+ (3)  

Cu+ + HSO5
- → Cu2+ + ⋅OH + SO4

2-                                               (4)  

2SO5⋅- → 2SO4⋅- + O2                                                                     (5) 

Fig. 5. a) The removal efficiency of 2,4-DCP with different cathodes; b) the effect of adding PMS amount on 2,4-DCP removal and k (inset); c) the effect of applied 
bias potential on 2,4-DCP removal and k (inset); d) the effect of pH value on 2,4-DCP removal and k (inset). ([PMS]0 = 1.0 g/L, applied bias potential = -1.0 V, initial 
pH = 5.4). 
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In accordance with the XPS results, the Cu+ peak was not generated 
in the original Cu/CA. However, it could be generated through Cu2+

reduction by cathode (major) or PMS (minor), and then the generated 
Cu+, in turn, could activate PMS to produce ⋅OH. In addition, the radical 
SO5⋅- generated after PMS oxidized by Cu2+ could also produce SO4⋅-. 
The results of the EPR test indicate that the mechanism of PMS activa-
tion may change after the introduction of P, leading to differences in 
radicals. 

3.4.2. Quenching experiments 
To investigate the contribution of various active species in the Cu/P/ 

CA cathode system for 2,4-DCP removal, a series of quenching experi-
ments were performed. As widely reported by previous research studies 
[43,44], methanol, p-benzoquinone, and furfuryl alcohol were used to 
quench (⋅OH and SO4⋅-), O2⋅-, and 1O2, respectively. Subsequently, 
different quenchers were added to the 2,4-DCP solution to analyze the 
effect of ROS on 2,4-DCP removal. The quenching experimental results 
are shown in Fig. 6c. It should be noted that the removal efficiency of 
2,4-DCP decreases from 98 to 37.8% after adding methanol to quench 
⋅OH and SO4

⋅-, indicating that these two radicals have a significant effect 
on the 2,4-DCP removal process. However, neither radical was detected 
by the EPR test. Therefore, we speculate that both radicals may be 
converted immediately to other active species to oxidize 2,4-DCP. After 
adding p-benzoquinone to quench O2⋅-, the removal efficiency of 2,4- 
DCP drops from 98% to 47.9%, indicating that O2⋅- plays a positive 
role in removing 2,4-DCP. After adding furfuryl alcohol to quench the 
1O2, the removal efficiency of 2,4-DCP decreases from 98% to 40.3%, 
which indicates that 1O2 is the minor oxidizing species responsible for 
2,4-DCP oxidation. To conclude, ⋅OH, SO4⋅-, O2⋅-, and 1O2 are the main 
oxidizing species responsible for the oxidation of 2,4-DCP. 

3.4.3. Role of Cu3+

As mentioned above, ⋅OH and SO4⋅- were not detected in EPR anal-
ysis. However, their quenching results by methanol could decrease the 
oxidation rate of 2,4-DCP. It was previously reported that ROS could 
oxidize Cu species to convert to Cu3+, which has a solid oxidizing ability 
to remove organic pollutants [14,45,46]. The specific oxidation of 
PMSO by Cu3+ results in the formation of PMSO2, while the oxidation of 
PMSO by other oxidizing species forms PhSO2. Therefore, it can be 
determined whether there is PMSO2 through high-performance liquid 
chromatography to confirm the presence of Cu3+. The results recorded 
by high-performance liquid chromatography (Fig. 6d) show the char-
acteristic peak of PMSO2, which confirms the presence of Cu3+. Cu3+ can 
be produced in two ways in this electrochemical system: 1) Cu+ reacts 
with PMS to form a Cu+-complex, followed by oxidation to Cu3+ via a 
metal-to-ligand two-electron transfer reaction [47]; 2) Cu2+ can be 
directly oxidized to Cu3+ by ⋅OH and SO4⋅- [46]. Formerly, Cu3+ is 
directly generated, which will cause the insignificant inhibition of 2,4- 
DCP removal after adding methanol in the quenching experiment. 
However, in the quenching experiment in this study, pronounced inhi-
bition of 2,4-DCP removal was observed after adding methanol. Based 
on this result, it can be inferred that Cu3+ is generated by oxidization 
through ⋅OH and SO4⋅-, and the proposed reaction can be summarized as 
follows: ⋅OH and SO4⋅- can be generated through PMS activated by Cu+

on the surface of the Cu/P/CA cathode. However, the negatively 
charged 2,4-DCP molecules may have low accessibility to the Cu/P/CA 
cathode surface because of the electrostatic repulsive forces and electric 
double layers. ⋅OH and SO4⋅- can oxidize Cu2+ species at the interface of 
the Cu/P/CA cathode to produce Cu3+, which in turn can oxidize 2,4- 
DCP in the solution. 

Based on the above experimental results, the possible reaction 
mechanism is illustrated in Fig. 7. Compared to the Cu/CA cathode, Cu+

appears at the Cu/P/CA cathode and can activate PMS to produce ⋅OH 

Fig. 6. a) The ESR spectrum of O2∙∙-; b) the ESR spectrum of 1O2; c) the result of quenching experiment ([PMS]0 = 1.0 g/L, initial pH = 5.4, initial V = -1.0 V, 
[Quenching agent]0 = 100 mmol/L); d) the HPLC spectra of the PMSO and PMSO2. 
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and SO4
-⋅, ⋅OH and SO4

-⋅ can oxidize the conversion of Cu+ to Cu2+ to 
generate Cu3+ (Eq. 6–7). Cu3+ has a vital role in enhancing the oxidation 
of 2,4-DCP. The generation of O2⋅- can be obtained through the reduc-
tion of O2 by Cu+ (Eq. (8)) [13] or PMS [10]. Fig. SI 8 shows the 
decrease in dissolved O2 because of its reduction to O2⋅- by Cu+. The lost 
O2 in the solution could be replenished through the O2 evolution reac-
tion on the Pt anode. Eqs. 9–10 can show O2⋅- generation by the PMS 
pathway. In addition, 1O2 can be generated in the medium via the re-
action of O2⋅- and H2O (Eq. (11)) and the reaction of O2⋅- and ⋅OH (Eq. 
(12)). 1O2 is a potential oxidizing species that participates in the 
oxidation of 2,4-DCP.  

Cu2+ + SO4⋅- → Cu3+ + SO4
2-                                                         (6)  

Cu2+ + ⋅OH → Cu3+ + OH–                                                            (7)  

O2 + Cu+ → O2⋅- + Cu2+ (8)  

HSO5
- → H+ + SO5

2-                                                                      (9)  

SO5
2- + H2O → O2⋅- + SO4

2- + H+ (10)  

2O2⋅- + 2H2O → 1O2 + H2O2 + 2OH–                                             (11)  

O2⋅- + ⋅OH → 1O2 + OH–                                                              (12)  

3.4.4. Circulation of Cu and stability experiments 
Cu species play a vital role in the removal process of 2,4-DCP. To 

study the status of Cu, a series of experiments and characterizations were 
performed. First, as proven by high-performance liquid chromatog-
raphy, the oxidation of 2,4-DCP by generated Cu3+ can lead to Cu2+ or 
Cu species formation. Many reports have shown that Cu2+ and O2⋅- 

cannot coexist because a small amount of Cu2+ can cause a dis-
proportionated reaction of O2⋅- [18,48,49]. Therefore, it can be inferred 
that no Cu2+ is produced during the removal of 2,4-DCP. An EPR 
experiment was conducted to confirm this inference, and the result is 
shown in Fig. SI 9. The peak of DMPO-O2 disappears after Cu2+ is added 
to the solution. This result indicates that Cu2+ may be quickly reduced in 
the solution to produce Cu+ or Cu. Moreover, the absence of Cu2+ can 
also avoid the decrease in removal efficiency of pollutants caused by the 
pH value. 

Cu cycles have a predominant effect on PMS-based AOPs. As 
mentioned above, Cu/P/CA has a rather negative redox potential, which 
results in the rapid reduction of Cu2+ and Cu+ species to metallic Cu. 
ICP–MS was used to evaluate the concentration of total Cu in the solu-
tion with different cathodes, and the results are shown in Fig. 8a. The 
total Cu in the solution dramatically decreased to 11.324 and 0.058 mg/ 
L at the end of the experiments for the Cu/CA and Cu/P/CA cathodes, 
respectively. In the case of the Cu/CA cathode, the total Cu concentra-
tion was higher than the recommended emission standard by the end of 
the experiment. In contrast, almost no Cu was detected in the solution 
when the Cu/P/CA cathode was used because of the effective deposition 
of metallic Cu on the surface of the cathode. 

The ICP–MS results demonstrate that the introduction of P could be 
beneficial for Cu recovery. The Cu recovery kinetic constant was studied 
through a first-order dynamics model, and the k values are shown in 
Fig. 8b. The results show that the recovery efficiency of Cu with a Cu/P/ 
CA cathode is 4.5-fold larger than that of Cu/CA. Moreover, a layer of 
red substance began to be deposited on the Cu/P/CA cathode at 20 min. 
XRD spectra were obtained to determine the composition of the sub-
stance, and the results show that the crystal form of the substance 
perfectly matches that of metallic Cu (JCPDS# 04–0836) (Fig. SI 10a). 
In addition, the SEM image (Fig. SI 10b) shows the formation of Cu 
nanoparticles on the surface of the cathode. 

Stability experiments with Cu/P/CA and Cu/CA cathodes were per-
formed, and the results are shown in Fig. 8c. The removal efficiency of 
2,4-DCP with a Cu/P/CA cathode is always maintained at a high level 
during 5 recycling experiments, and the recycling of Cu is well realized. 
The removal efficiency of 2,4-DCP with a Cu/CA cathode decreases 
during the recycling experiments due to the low stability of Cu/CA. 

3.5. Effects of anions 

Many reports have shown that the anions in the solution, such as 
carbonate (CO3

2–), bicarbonate (HCO3
–), and chloride (Cl-), can react 

with ⋅OH and SO4
⋅- to generate CO3

2–⋅, HCO3
–⋅, and Cl⋅, respectively, 

which may affect the removal efficiency of pollutants [50–52]. The 
anions mentioned above widely exist in actual wastewater; therefore, 
studying the effect of these anions on the 2,4-DCP removal process is 
recommended. The removal efficiency of 2,4-DCP was analyzed when 
different anions (0.1 M) were added to the solution, and the results are 
shown in Fig. 8d. The presence of CO3

2–, HCO3
–, and Cl- anions promotes 

the removal of 2,4-DCP, wherein complete oxidation was found within 
20 min. The promotional effect of anions on 2,4-DCP removal can be 
explained by the possible activation of PMS by these anions. In addition, 
the current density increases from 1.0 mA/cm2 to 10.0 mA/cm2 after 
adding these anions, which can improve the electron transfer and Cu 
species cycles. 

3.6. Environmental application 

The Cu/P/CA cathode exhibits excellent properties in the activation 
of PMS and copper recycling, which may have significant practical 
application prospects. To verify its industrial value, a Cu/P/CA elec-
trochemical process was evaluated to treat actual industrial wastewater. 
The physical and chemical characteristics of the actual wastewater are 
listed in Table S1. The concentration of total Cu ions and the COD value 
were used as the standards for evaluating the performance of the Cu/P/ 
CA cathode. The obtained results are presented in Fig. 9. The concen-
tration of total Cu ions dropped from 350 to 0.5 mg/L, and the removal 
efficiency of COD was 93.2% (7250 mg/L) within 4 h. In addition, the 
copper deposited in the Cu/P/CA is loose and can be easily cleaned by 
water, which leads to the sustainable utilization of the cathode. The 
results of the treatment of actual wastewater indicate that Cu/P/CA has 
broad environmental application prospects. 

An electrochemical system using Cu/CA and a Cu plate as the cath-
ode was also used to treat the actual wastewater to check the 

Fig. 7. The proposed mechanism for the Cu recovery in electrochemical system 
using Cu/P/CA cathode. 
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performance of the Cu/CA and Cu plates, and the results are shown in 
Fig. 9. The concentration of Cu ions decreased from 350 to 148.8 mg/L 
when the Cu/CA cathode was used, while it rose from 350 to 496.9 mg/L 
when the Cu plate was used as the cathode. In contrast, the COD value 
dropped from 7250 to 3620 and 4500 mg/L for the Cu/CA and Cu plate 
cathodes, respectively. These results further confirm the excellent per-
formance of the Cu/P/CA cathode in treating actual wastewater. 

The total cost of wastewater treatment by Cu/P/CA is approximately 
$0.47, including electricity and PMS. The cost of the electrode can be 
neglected because of its simple fabrication and sustainability. The saving 
cost of using this system is approximately $1.02 kg− 1 Cu (Table S2). 

4. Conclusions 

An as-synthesized Cu/P/CA cathode exhibits enhanced electro-
chemical oxidation of 2,4-DCP via PMS activation and cathodic depo-
sition of Cu. The efficiencies of the bare Cu, Cu/CA, and Cu/P/CA 
cathodes were studied comparatively to understand the mechanism 
pathways for the electrochemical oxidative removal of 2,4-DCP, 
wherein Cu/P/CA shows higher removal effectiveness of 2,4-DCP. The 
role of ROS species in the oxidation of 2,4-DCP was investigated, and it 
was deduced that ⋅OH and SO4⋅- indirectly generate other oxidizing 
species, such as Cu3+. In addition, the electrochemical generation of O2

–⋅ 
and 1O2 can further boost the oxidation process. This electrochemical 

Fig. 8. a) The time-dependence Cu2+ concentration with different cathodes, b) the k of Cu recovery using Cu/P/CA and Cu/CA, respectively, c) stability experiments 
with different cathodes, d) the effect of different anions on the removal of 2,4-DCP. ([PMS]0 = 1.0 g/L, initial pH = 5.4, applied bias potential V = − 1.0 V). 

Fig. 9. Experimental results of the actual copper-containing wastewater treatment in electrochemical system using different cathodes. a) The total Cu concentration; 
b) the COD concentration. (Initial pH = 12.5, applied bias potential V = − 1.0 V). 
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system shows high stability and recycling ability, and it can be operated 
over a wide pH range from 3 to 11 without activity loss. The presence of 
interfering anions such as CO3

2–, HCO3
– and Cl- positively affects the 

oxidation of 2,4-DCP. Its ability to purify actual industrial wastewater 
has been proven. The electrochemical activation of PMS using a Cu/P/ 
CA-based cathode can be a promising approach to fight organic pollu-
tion under actual conditions and may be an ideal alternative to some 
existing technologies. 
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