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The Cu-AC (AC: activated carbon) and Cu/Ce-AC composite materials were synthesized using a one-

pot sol-gel method. The surface microstructure and composition of the resulting samples were 

characterized by Brunauer–Emmett–Teller (BET) specific surface area analysis, scanning electron 

microscopy/energy dispersive x-ray(SEM/EDX), and XPS(X-ray photoelectron spectroscopy) 

compared to pure AC. Finally, the electrochemical catalytic activity of the prepared materials for the 

oxidative degradation of phenol were contrastively studied. It was found that the Cu/Ce-AC catalyst 

had larger surface area, greater pHPZC value (pH value at the point of zero charge), stronger ability to 

chemisorb active oxygen, and more possible forms of higher oxides generated from chemisorbed 

hydroxyl radicals, than AC and Cu/AC. These factors synthetically resulted in its more prominence 

electro catalytic activity for phenol degradation compared to AC and Cu/AC. The 50min continuous 

electrochemical degradation for phenol by using Cu/Ce-AC achieved over 97% COD and 80% TOC 

removals at initiate phenol concentration =504mg/L, temperature = 25℃, pH = 3.0 and j = 80 A·m
-2

. 

The considerable electro catalytic performance of Cu-Ce/AC material makes it a promising anode for 

electrochemical treatment of organic pollutants in aqueous solution. 

 

 

Keywords: phenol, sol-gel method, electrochemical degradation, Cu-Ce/Ac anode 
 

 

 

1. INTRODUCTION 

Phenol and its derivatives are toxic even at extremely low concentrations but stable to the 

biodegradation. In the last decades, various catalysts for chemical degradation had been developed and 

used in the degradation of phenol [1-4]. Homogenous catalysts, for example soluble salts of Fe, Cu, Ni, 
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Co, Ce and Mn elements etc., were proved to have good catalytic activity [5]. However, the using of 

these soluble salts makes troublesome procedure of removing metal ions from wastewater. To 

overcome this drawback, heterogeneous catalysts based on supported or unsupported metal oxides 

(e.g., Cu, Zn, Mn, Ti) and noble metals (e.g., Ru, Pt, Pd, Ag and Rh) have been developed for phenol 

treatment [6-8]. But in these cases, the chemical degradation must be performed with adding the 

expensive H2O2 (or other oxidant) to the wastewater solution. While in acidic or neutral solution, the 

metal oxides with redox properties react with H2O2 to generate hydroxyl radicals, which could directly 

oxidize the organic molecules. Without H2O2 in the solution, the degradation rate of organic molecules 

was generally poor. 

Another promising method for degrading refractory organic pollutants in water is 

electrochemical oxidation because of its strong oxidation performance, easy implementation, and 

compatibility of environmental protection [9]. The electro-catalytic oxidation technology was usually 

used in wastewater to treat organic and poisonous contamination, especially for the degradation of 

non-biodegradable organic pollutants [10]. However, the oxidation efficiency of organic pollutants 

during electrochemical oxidation process is strongly dependent on the material of anodes. Among 

typical anodes materials including graphite [11], noble metal (e.g., Pt) [12], metal oxide (e.g., PbO2, 

SnO2 , RuO2 , IrO2, CuO, TiO2 ) [13-17], and boron-doped diamond (BDD) [18], metal oxide anode 

has attracted much attention because of its electro-catalytic property, relative low cost and stability in 

the electrolytic. 

It is well known that rare earth oxides are powerful catalysts in oxidation reactions. For 

example, doping of Er2O3, Gd2O3, La2O3 and Ce2O3 into the PbO2 film could enhance the degradation 

of 4-chlorophenol[19]. The PbO2 electrodes modified with rare earth (La and Ce) prepared by 

electrodeposition technique indicated a dense structure and a preferred crystalline orientation, which 

were beneficial to pollutant degradation[20]. After being doped by oxides of Ce and Ru, ternary SnO2 

based oxides anode (Ce-Ru-SnO2) indicated a higher electrochemical activity for degradation of      

nitro-phenol [21]. However, to the best of our knowledge, there are fewer reports on degradation of 

organic pollutants by using activated carbon (AC) supported metal oxides as electrode materials. 

In this work, the low-cost AC with higher surface area was used as a catalytic support, and 

metal oxides of Cu and Ce were loaded to the AC matrix by sol-gel method to get granular Cu/Ac and 

Cu-Ce/AC composite materials. The electrochemical degradation of phenol by AC, Cu/AC and Cu-

Ce/AC materials assembled in the stainless steel wire mesh working as anode were contrastively 

studied in terms of chemical oxygen demand (COD) and total organic carbon (TOC). The composition 

and micro-structure of the anode materials were characterized by using BET, SEM-EDS, and XPS.  

 

 

 

2. EXPERIMENTAL 

2.1. Preparation of Cu-AC and Cu/Ce-AC anode materials 

Activated carbon (AC) raw materials with the mesh number of 8 to 16 (2.36mm-1mm) were 

treated with dilute nitric acid solution for 24 h at 25℃. The oxidized AC were extensively washed with 
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distilled water to neutral pH, dried in an oven at 100℃ for 6 h, and then were used as support 

materials. The pure AC materials used in all the control experiments were the nitric acid-treated AC. 

The bimetallic Cu/Ce-AC supported catalyst were prepared by one-pot sol-gel method. A homogenous 

mixture solution containing 0.3mol·L
-1

 Cu(NO3)3, 3mmol·L
-1

 Ce(NO3)3 and 0.6mol·L
-1

 citric acid was 

prepared, and then a certain amount of treated AC was added into the aqueous solution. Afterwards, 

aqueous ammonia (28 wt%) was added dropwise into the heterogeneous mixture solution at room 

temperature with vigorous magnetic stirring until the desired pH 6.5 reached. Then, the resulting 

mixture solution was transferred into a water bath at 80℃ and kept for 48h. After being cooled to 

room temperature, the precursor of AC supported metallic oxides were collected and calcined in air at 

500℃ for 5h. Finally, the prepared composite material was signed as Cu/Ce-AC. 

The synthesis route of Cu/AC catalyst was the same as that for Cu/Ce-AC, except that no 

Ce(NO3)3 was added. 

 

2.2. Characterization of composite anode materials 

Specific surface areas of supported catalysts were determined by nitrogen gas adsorption 

apparatus (Micromeritics Inc. ASAP 2020 HD88) at -196℃. Before gas adsorption measurement, all 

samples were degassed at 250℃ in a vacuum 10
-3 

Torr for 4h. Surface areas and micropore volumes of 

samples were determined using the runauer-Emmett-Teller (BET) and Dubinin-Radushkevich (D-R) 

equations.  

The pH values at point of zero charge, pHPZC, of AC, Cu/AC and Cu-Ce/AC were determined 

according to the pH drift method [22,23]. A 0.01M NaCl solution was prepared using deionized water. 

Ten different standard solutions having pH ranging from 2 to 11 were prepared using the 0.01M NaCl 

by adding 0.1 M HCl or 0.1 M NaOH solutions. 0.05 g of sample was added to 20mL of each solution, 

and stirred 48h to reach equilibrium. Blank experiments (without addition of samples) were also 

performed for each pH and the values measured after 48 h are considered as the initial pH. The pHPZC 

value of each sample was determined by intercepting the obtained final pH vs. initial pH curve with 

the straight line final pH = initial pH.  

The microstructure and composition of anode materials were examined using scanning electron 

microscope (SEM-JEOL JSM6510LV) equipped with energy dispersive spectrometry (EDS). X-ray 

photoelectron spectra (XPS) were recorded at room temperature by using Thermo Fisher Scientific 

250Xi analyzer with a magnesium anode for Kα ( hν=1486.6eV) radiation. 

 

2.3. The electrochemical degradation of phenol 

In order to get considerable surface areas, a certain amount of AC, Cu-AC, Cu/Ce-AC 

materials were assembled into tailor-made anode baskets using stainless steel wire mesh, respectively. 

The apparent working surface area of the anode was about 50cm
2
. A single compartment 

electrochemical glass cell was employed to perform phenol degradation using a homemade PAN-

carbon felt air diffusion electrode as cathode(prepared according to the reported procedures[24]) and 
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the prepared composite material as anode. The electrolysis experiments were performed in 

galvanostatic mode, controlled by an electro-chemical workstation. The gap between the cathode and 

anode was 4 cm. Oxygen was bubbled from the roof of the reactor for the entire duration of the 

reaction at 0.1m
3
·L

-1
 in order to keep the solution saturated in oxygen gas. Additionally, the solution 

was mechanically stirred during the whole degradation process. The initial phenol concentration was 

504mg·L
-1

 (300 mL), and 1g·L
-1

 Na2SO4 was used as a supporting electrolyte. Electrolysis was carried 

out at initial pH 3.0, adjusted by adding drops of 0.1M H2SO4 or 0.1M NaOH at room temperature.  

The decolourization and mineralization of phenol was investigated by total organic carbon 

(TOC) removal and chemical oxygen demand (COD) analysis. 

 

 

 

3. RESULTS AND DISCUSSION  

3.1 Microcharacterization  

The results regarding to pore structure and surface area of the three kinds of materials, namely 

AC, Cu-AC and Cu/Ce-AC were shown in table 1. It revealed that original AC had higher BET surface 

area and larger total pore volume than Cu-AC. On the contrary, Cu/Ce-AC had the highest BET 

surface area and total pore volume among the three materials, suggesting that the added Ce rare earth 

element changed the surface properties of AC and Cu/AC samples obviously.  

 

Table 1. Surface characteristics of AC, Cu-AC and Cu/Ce-AC. 

 

Sample BET surface Area Total pore volume Average pore size 

(m
2
/g) (cm/g) (nm) 

AC 695.453 0.363 2.087 

Cu-AC 632.214 0.311 1.967 

Cu/Ce-AC 816.957 0.392 2.098 

 

The SEM topographies of AC, Cu-AC and Cu/Ce-AC materials were shown in Figure1. As in 

Figure1(a), AC showed smooth surface with a large number of micropores. Aggregation of the 

particles with irregular shapes could be seen on the surface of Cu-AC catalyst from Figure1 (b). So the 

reduction in the surface area and pore volume of Cu-AC could be explained by the introduction of 

copper oxide with uneven sizes, and the big particles of copper oxide might lead to active sites 

occlusion inside the pores and on the surface of AC [25-27]. However, in Figure1 (c) the size of the 

uniformly distributed particles on the surface of Cu/Ce-AC catalyst was much smaller compared with 

that of Cu-AC catalyst. Obviously, the highly uniform dispersion of the particle with smaller size is the 

reason for the largest specific surface area of Cu/Ce-AC among these three materials as shown in 

Table 1.  
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Figure 1. SEM images of AC(a) , Cu-AC(b) and Cu/Ce-AC(c). 

 

Table 2 The atom fractions (At.%) of main elements in the AC, Cu-AC , Cu/Ce-AC materials as 

determined from EDS analysis.  

 

Sample C O Cu Ce 

AC 94.50 5.50 — — 

Cu-AC 93.95 4.02 2.04 — 

Cu/Ce-AC 93.49 4.71 1.72 0.09 

 

The elementary composition of AC, Cu-AC and Cu/Ce-AC analyzed by EDS were shown in 

Table 2. The blank AC surface mainly showed C and O elements. And on the surface of Cu-AC, Cu 

was examined also. Cu/Ce-AC surface verified the existence of modicum Ce other than C, O and Cu 

elements. The detected C on both surface of Cu-AC and Cu/Ce-AC mainly arised from active carbon 

base. The result clearly indicated that the copper oxide, and composite of copper oxide and cerium 

oxide have been successfully bounded on the surfaces of AC in Cu-AC and Cu/Ce-AC catalysts, 

respectively.  

XPS analysis was performed to reflect the composition and chemical elementary state of the 

sample surface. The Cu2p, Ce3d, O1s XPS spectra of the composite catalyst materials were 

deconvoluted into the component peaks as shown in Figure 2, and the ratios of these peaks were 

calculated as shown in Table 3. 

For the Cu 2P spectra of Cu-AC and Cu/Ce-AC samples, the components at 932.6eV and 

952.5eV could be assigned to Cu 2p3/2 and 2p1/2 peaks of Cu2O, and at 933.7 eV and 953.6 eV assigned 

to the Cu 2p3/2 and Cu 2p1/2 peaks for the CuO, respectively[28].The shake-up satellite peaks of the    

Cu 2p3/2 and  Cu 2p1/2 at around 942.0 eV and 961.9 eV also confirm the formation of CuO [29,30]. As 

shown by the data in Table 3, Cu
2+ 

oxidation state was predominant and the content ratio of Cu
2+

/Cu
+
 

is 78.48/21.52. 
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Figure 2. Fitted XPS Cu 2p(a), Ce 3d (b),and O1s(c) spectra of Cu-AC and Cu/Ce-AC catalysts.  

 

Ce 3d XPS spectra of Cu/Ce-AC were deconvoluted into six peaks which have been attributed 

to the contributions of Ce 3d5/2 and Ce 3d3/2 spin-orbit components. The photoelectron peaks at about 

882.93eV and 904.15eV represent for the existence of Ce
3+ 

species[29], whereas the other four 

photoelectron bands at 885.81eV, 889.22eV, 898.50eV and 901.17eV can be assigned to the presence 

of Ce
4+ 

ions[29,31]. The dominating valence of Ce in the Cu/Ce-AC sample was +4, and the calculated 

content ratio of Ce
4+

/Ce
3+

 is 65.14/35.86 as displaced in Table 3. 

The asymmetric and broad O1s XPS spectra of Cu-AC and Cu/Ce-AC could be divided into 

two peaks respectively. The peak at 531-533eV was attributed to the chemisorbed oxygen (denoted as 

Oβ) and another one at 529-530eV was attributed to characteristic lattice oxygen (denoted as Oα) [32, 

33]. Obviously, higher content ratio of chemisorbed oxygen(Oβ) was found in Cu/Ce-AC sample than 

in Cu/AC as shown in Table 3. What is more, as shown by Figure 2(c), the peak area of Oβ in Cu/Ce-

AC sample was much greater than that of Cu/AC sample. According to the literature, the chemisorbed 

oxygen in the oxygen deficient regions which have higher mobility than lattice oxygen, can actively 

take part in the oxidation process and greatly contribute to the catalyst activity [34,35]. So the stronger 

ability to chemosorb oxygen on the surface of Cu-Ce/Ac can be expected to enhance the performance 

of the anode for phenol degradation.  
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Table 3. The content ratios(%) of different chemical state of Cu, Ce and O elements in the anode 

materials.  

 

Anode Cu Ce O 

 Cu
2+

 Cu
+
 Ce

4+
 Ce

3+
 Oα Oβ 

Cu-AC 78.48 21.52 — — 17.19 84.25 

Cu/Ce-AC 74.66 25.44 65.14 35.86 14.14 88.14 

 

3.2 Degradation performance 

3.2.1 Removing of phenol 

The effect of different electrode materials (AC, Cu/AC, Cu-Ce/AC) on the degradation of 

504mg/L phenol in 1g/L Na2SO4 solution was investigated at 300ml volume, pH 3, and air flow rate of 

0.1m
3
/h, with or without applying outside current of 400mA. And The COD removal efficiencies as 

function of degradation time were shown in Figure 3 and Figure 5.  
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Figure 3. The effect of different materials on the COD removal efficiency under condition without 

external electrical supply. 

 

In case of Figure 3, AC, Cu/AC and Cu/Ce-AC materials assembled in the stainless steel basket 

were placed in the phenol solution respectively without applying outside current. The COD removal 

efficiency, arising mainly from physical adsorption[36], could reach 25.39%, 30.34%, 35.43% in 

50min, respectively. The removal efficiency order was in accordance with their measured pHPZC values 

as displaced in  Figure 4 (AC: 2.82, Cu/AC:5.13, Cu-Ce/AC: 5.87). At higher pHPZC value, the surface 

of the adsorbent will exhibit higher positive surface charges, and positive charges could favor 

adsorption of aromatic compounds [23]. So the higher the pHPZC value, the more phenol molecules 

could be removed from the solution. 
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Figure 4. The pHPZC values of AC, Cu/AC and Cu-Ce/Ac materials measured in 0.01M NaCl solutions 

containing 2.5 g·L
-1

 AC, Cu/AC and Cu-Ce/Ac, respectively.  

 

And in case of Figure 5, stainless steel baskets filled with AC, Cu-AC and Cu/Ce-AC were 

employed as anodes respectively, then the phenol solution was treated by electrolysis degradation with 

applying constant current of 400mA between the anode and the air diffusion cathode. COD removal 

efficiencies of AC, Cu-AC and Cu/Ce-AC anodes could reach 40.58%, 80.34%, 97.88% in 50min, 

respectively, which were much higher than the values under condition without external electrical 

supply. And the Cu/Ce-AC composite anode exhibited the highest value approaching 98%, proving 

that there existed synergistic effect between electrolysis and catalysts in the degradation of phenol. 
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Figure 5. The effect of different materials on the COD removal efficiency under condition with 

external electrical supply. 

 

Similar trends were observed for TOC tests. Figure 6 showed that, while compared with 

degradation without external electrical supply(Figure 6(a),(b),(c)), TOC removal efficiencies were 

greatly enhanced (Figure 6(d),(e),(f)) when AC, Cu-AC and Cu/Ce-AC composite anodes were used 

for electrochemical degradation. Consequently, based on the above results, electro-catalytic oxidation 

degradation by using Cu/Ce-AC composite anode was recommended as a suitable process for 

degradation of phenol, which could achieve 97.88% COD removal efficiency and 80.26% TOC 

removal efficiency.  
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Figure 6. The effect of different materials and impressed current on TOC removal efficiency: 

treatment without external electrical supply by AC(a), Cu-AC(b) and Cu/Ce-AC(c); treatment 

with external electrical supply by AC(d), Cu-AC(e) and Cu/Ce-AC(f). 

 

3.2.2 Possible electrochemical degradation mechanism  

According to the mechanism proposed by Simond et al[37], metal oxide anode materials for 

electrochemical degradation of organic molecules have been classified as ‘active’ or ‘non-active’ 

electrodes[38,39], depending on their chemical nature. On the surface of both kinds of electrode 

(MOx), the first step happened is the formation of adsorbed hydroxyl radicals (· OH) from water 

discharge  

MOx+H2O → MOx(· OH) + H
+
 +e                       (1) 

With regard to non-active electrodes (such as SnO2, PbO2), the adsorbed strong oxidizing agent 

· OH radicals can result in complete electrochemical oxidation of the organic molecule to CO2  

MOx(· OH) + R → MOx + CO2 + zH
+
 + e           (2) 

On the other hand, for active electrodes (such as RuO2, IrO2), except the direct electrochemical 

oxidation, the adsorbed ·OH can go on to form a higher oxide (MOX+1 ).  

MOx( • OH) → MO x+1 + H 
+
 + e                        (3) 

The oxidizing capacity of MOX+1 is not so strong as · OH and only partial oxidation of the 

organic in solution to RO occurs.  

MO x+1 +  R →  RO +  MO x                               (4) 

As referred to this work, the XPS result has disclosed the existence of both CuO and Cu2O in 

the Cu/AC and Cu-Ce/AC anodes, and CeO2 and Ce2O3 in the Ce containing Cu-Ce/AC anode. So for 

the prepared Cu-Ce/AC composite electrode, more forms of higher oxide (MOX+1) generated from 

chemisorbed ·OH can be obtained compared with electrode containing metal elements only with single 

valence, as shown by the following equations(equation 5 to equation 8): 

 CuO1/2( • OH) → CuO 3/2 + H 
+
 + e                   (5) 

CuO( • OH) → CuO2 + H 
+
 + e                          (6) 

CeO3/2 ( • OH) → CuO5/2 + H 
+
 + e                    (7) 

CeO2 ( • OH) → CeO3 + H 
+
 + e                        (8) 
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The more reaction paths will benefit the active electrode process for acquiring MOx+1. Then it 

can be speculated that inactive and active processes are both involved for the Cu/Ac and Cu-Ce/AC 

electrodes.  

In addition, except for the aforementioned inactive and active processes, Fe
2+

 ions could be 

formed in the solution during the anodic electrochemical dissolution of the stainless wire mesh. As the 

well know Fenton reaction[40,41], the Fe
2+

 ions could react with the H2O2 molecules arising from 

reduction of oxygen on the cathodic surface, and then to generate hydroxyl radicals (· OH) also. Some 

of hydroxyl radicals (· OH) generated from H2O2 could chemically oxidized the organic molecules 

directly, and some could move to the anode surface and be involved in the inactive and active 

processes. However, under the condition with applied large direct current on the cell, the 

electrochemically produced hydroxyl radicals(· OH) should be the dominant adsorbed hydroxyl 

radicals (· OH) on the anode surface, and the dominant degradation mechanism should be 

electrochemical oxidation reaction other than chemical oxidation and physical adsorption. 

For the prepared Cu-Ce/AC anode, the grain refinement effect companying with increasing the 

specific surface area and higher ability to adsorb more active oxygen brought by adding Ce has been 

revealed by SEM and XPS studies, as similar as the reported Ce doping behavior for metal oxide  

electrodes using as anodes for pollutant degradation (such as Ti/PbO2[42], Ti/SnO2[43], and 

Ru/SnO2[44], etc.).In addition, higher pHPZC value which favored the adsorption of phenol molecules, 

and mixed valence states of metal elements to benefit the active electrode process as shown by 

equation 3 were proposed to be the other two factors to result in higher electrochemical catalytic 

activity of Cu-Ce/Ac electrode. Therefore, as the synthesis result, the Cu-Ce/AC owns more 

remarkable electrochemical degradation performance of phenol than AC and Cu/AC. Hence, the 

conclusion can be obtained that doping Ce to activate carbon supported Cu/AC electrode could 

generate excellent catalytic activity for organic degradation also. Compared to the fore-mentioned 

metal(Ti/Ru) supported anode, the AC supported anode has the advantages including larger 

specific surface area, higher chemical and thermal stability, and lower cost. Therefore, the Cu-Ce/AC 

with considerable electro catalytic performance is a promising anode material for treatment of 

wastewaters containing organic compounds. 

 

4. CONCLUSIONS 

The micro characterization revealed that oxides of Cu and Ce could be successfully loaded on 

the AC substrate. The Cu/Ce-AC had smaller crystal size average grains size and larger surface area, 

than that of Cu-AC. The existence of the redox couple Cu
2+

/Cu and Ce
4+

/Ce
3+ 

in catalyst was proved. 

Comparison tests of electrochemical oxidation degradation for phenol by using AC, Cu/AC and 

Cu/Ce-AC composite anodes showed that Cu/Ce-AC was the most effective anode materials. The 

COD and TOC removal efficiencies could achieve 97.88% and 80.26% in 50min at initiate phenol 

concentration =504mg/L, temperature = 25℃, pH = 3.0 and  j = 80 A·m
-2

, respectively. The catalytic 

mechanism for phenol degradation process was proposed also. In summary, the smaller grain size, 

larger surface area, greater pHPZC value, higher ability to gain more chemical adsorbed oxygen and 

javascript:void(0);
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mixed valence states of metal elements to benefit the active electrode process synthetically resulted in 

its more excellent electrochemical degradation performance for phenol. 
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