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Introduction 

Volatile organic compounds (VOCs) emitted from a variety of industrial processes and transportation activities are 

considered as an important class of air pollutants. Catalytic oxidation is one of the most developed techniques used for the 

elimination of VOCs, because the catalytic oxidation occurs at lower temperature compared with the normal thermal 

oxidation. The typical catalysts for the VOC oxidation are mainly noble metals, which show high activity at low 

temperatures, but such metals are costly and have low stability in the presence of chloride compounds. Normally, the metal 

oxides (Fe, Cr, Cu, Mn and Co) are alternative to the noble metals as catalysts for the VOC oxidation. Although they are less 

active than the noble metals at low  

temperatures, they are cheaper and present sufficient activity. CuO-CeO2 mixed metal oxide comprises a promising family 
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of catalysts and has been studied by many investigators in various reactions, such as, the combustion of CO and CH4, the 

water-gas shift reaction, the reduction of NO, the decomposition of H2O2 and the wet oxidation of phenol [1]. The high 

activity of CuO-CeO2 is attributed to the promoting effect of ceria due to its high oxygen storage capacity, the facile 

Ce
4+

/Ce
3+

 redox cycle and the strong interaction between the copper oxide and oxygen vacancies on ceria support at the 

interface boundary. In addition, the increase of oxygen bulk mobility of ceria-based catalysts by introducing defective sites 

seems to be effective for the promotion of oxidation reactions. It was reported that calcium-doped CeO2 would tend to 

introduce defects and oxygen vacancies in the CeO2 fluorite structure, and also could lower the energy for charge transfer 

from oxygen ions to cerium ions [2]. However, to the best of our knowledge, there has been no study on the effect of Ca on 

the CuO-CeO2 composite oxide catalysts for the phenol oxidation reaction.  

 

In the present work, a series of CaO-CuO-CeO2 mixed oxides with a change in the mole fractions of CaO and CuO were 

prepared by the sol-gel method, and were characterized by XRD, Raman, TG and H2-TPR techniques. The catalytic activity 

of CaO-CuO-CeO2 mixed oxide was investigated in the phenol oxidation with hydrogen peroxide. 

 

Materials and Methods 

Materials 

Ce(NO3)3.6H2O, Cu(NO3)2.3H2O, Ca(NO3)2.4H2O, citric acid (C6H8O7) are reagent grade and used without purification. 

 

Catalyst preparation 

The CaO-CuO-CeO2 mixed oxides with the CaO content of 2.5, 5.0, 7.5, 10, 15 mol.%, and CuO content of 5, 10, 15, 20, 25 

mol.% were prepared by the citric acid sol-gel method [2]. The nitrate salts, Ce(NO3)3.6H2O, Cu(NO3)2.3H2O and 

Ca(NO3)2.2H2O, were dissolved in suitable amounts of distilled water. Citric acid was added with double molar amounts to 

the premixed nitrate solutions of cerium, copper and calcium. Then, the obtained solution was stirred at 70°C to 80°C until 

the color of reaction solution changed from blue to green. Once the gel formed, the temperature was quickly elevated to 

150°C, and the gel was foamed with production of nitrogen oxide vapors and burnt with sparks. A solid product was obtained 

after the sparks were extinguished. The as-obtained powder was calcined at 400°C, 500°C, 600°C and 700°C for 10, 30, 60, 

120, 180 and 240 min in air. 

Catalytic activity tests 

The catalysts were tested for the phenol oxidation reaction in a 250 mL batch reactor equipped with a thermocouple. The 

experiments were performed at 70°C under atmospheric pressure with stirring rate of 600 rpm for 45 min. In a typical run, 

0.025 g of catalyst powder was added into 150 mL of 536 mg L
-1

 aqueous phenol solution. When the reaction temperature 

reached 70°C, 3.5 mL of 30 wt.% hydrogen peroxide solution were charged into the reactor. Complementary experiments 

were performed by varying the reaction conditions. During the reaction, liquid samples were taken at different time intervals 

and analyzed. Phenol concentrations were measured by the chemical oxygen demand (COD) that was determined by the 

colorimetric method after reflux with K2Cr2O7 [3]. The phenol conversion was calculated by the following formula: 

 

(%) 100
COD

CODCOD
Conv.

initial

finalinitial 


  
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Techniques for characterizing materials 

XRD patterns were obtained on a Bruker D8 Advance diffractometer using the CuK radiation, =1.5406 nm, with an X-ray 

generator working at 40 kV and 40 mA. The data (2) were collected from 20° to 70° with the scanning rate of 2°
 
min

-1
. 

Thermogravimetric analysis was performed with Labsys TG/DSC 1600 Setaram using Pt crucible in the temperature range 

from RT to 800°C with the heating rate of 10°C min
-1

 in air flow (40 mL min
-1

). Temperature-programed reduction (TPR) 

experiments were performed on an Auto Chem II 2920 V4.01 under 10 vol.% H2/Ar mixture at flow rate of 50 cm
3
/min

-1
 and 

a heating rate of 10°C min
-1

. The Raman spectra were recorded on a Labram HR 800 Raman spectrometer at RT and 

moisture-free conditions using the emission line at 632.8 nm from a laser source. The scanning electron micrographs (SEM) 

were taken by a HITACHI S-4800 operating at 40 kV. The surface areas of the samples were estimated at 77K by N2 

adsorption using a Quantachrome Autosorb Automated Gas Sorption System. Before each measurement, samples were 

outgassed at 573 K for 3 h. 

Results and Discussion 

Firstly, a series of CaO-CuO-CeO2, in which the CuO content was varied from 5 mol% to 25 mol% while the content of CaO 

was fixed at 5 mol%, was fabricated. The second series of mixed oxide was prepared when remaining concentration CuO at 

15 mol.% and varying CaO concentration from 2.5 mol% to 15 mol%. The other conditions were kept as following: the gel 

aging temperature of 80°C, the calcination temperature and time of 500°C and 60 min, respectively. 

 

 

 

FIG. 1. XRD patterns of CaO-CuO-CeO2 mixed oxides with various CuO and CaO contents. Fabrication conditions: 

Citric acid (double molar amount to the total of Ce, Cu, Ca), aging temp. (80°C), calcination temp. (500°C), 

calcination time (60 min). 

On XRD patterns of all materials of the first series, (FIG. 1a) there are 4 distinguishable diffraction peaks at the values of 2 

of 28.61°C, 33.26°C, 47.61°C and 56.45°C, which are characteristics of the fluorite structure of CeO2. However, on XRD 

patterns of solids containing 20 and 25 mol% CuO, the additional weak peaks appear at 35.7°C and 38.8°C. These peaks 

correspond to the CuO phase with the monoclinic structure. It means that copper may exist in the solids in different forms. At 

low concentrations of CuO, all added Cu species could replace Ce ions in the crystal lattice, thereby producing solid solution 

[4,5]. When the amount of CuO exceeds 15 mol%, the individual CuO phase appears in the samples. Similar to the first 

series, the main phase of all solids in second series is CeO2 and the individual CuO phase is observable when the 

concentration of CaO over 7.5 mol% (FIG. 1b). Although the content of CuO in second series is kept at 15 mol%, the 

monoclinic CuO phase still presents in the solids (entries 9-10). This is due to the fact that the presence of CaO reduces the 
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solubility of CuO in CeO2 substrate of the solid solution. In other words, the solubility of CuO was inversely related with the 

CaO concentration [2]. 

 

TABLE 1. The effect of CuO and CaO contents on the phase composition and the catalytic activity of the mixed 

oxides. 

Entry 
Changed 

element 

Content 

(mol%) 
Phase composition CODfinal 

Phenol 

conv. (%) 

1 Cu 5.0 CeO2 (cubic) 275 80.6 

2 Cu 10 CeO2 (cubic) 249 82.5 

3 Cu 15 CeO2 (cubic) 183 87.1 

4 Cu 20 

CeO2 (cubic) 

CuO (monoclinic) 

220 84.5 

5 Cu 25 

CeO2 (cubic) 

CuO (monoclinic) 

281 80.2 

6 Ca 2.5 CeO2 (cubic) 276 80.6 

7 Ca 5.0 CeO2 (cubic) 183 87.1 

8 Ca 7.5 CeO2 (cubic) 142 90.0 

9 Ca 10.0 

CeO2 (cubic) 

CuO (monoclinic) 

203 85.7 

10 Ca 15.0 

CeO2 (cubic) 

CuO (monoclinic) 

235 83.5 

 

Reaction conditions: catalyst (0.025 g), phenol solution (150 mL with CODinitial=1420 mg(O2) L
-1

), temperature (70°C), 30 

wt.% H2O2 (3.5 mL), time (45 min). 5 mol% CaO for entries 1-5, 15 mol% CuO for entries 6-10. 

  

The estimation of the influence of the CuO and CaO contents on the catalytic activity of the prepared materials, is introduced 

in the TABLE 1. It is easy to recognize that in each series, the increase in the concentration of changed metal leads to the 

increase of phenol conversion (entries 1-3 and entries 6-8). The catalysts in those experiments contain only one phase of 

CeO2. The continuing rise of CuO or CaO content reduces the phenol conversion (entries 4-5 and entries 9-10) and, at the 

same time, causes the appearance of the monoclinic CuO phase. Consequently, the presence of CuO phase in the materials is 

responsible for the decline in their catalytic activity and whithin the defined ranges of CuO and CaO concentrations, the 

phenol conversion is found to be directly related with the content of CuO or CaO.  

At low concentration, part of copper ions could exist in samples as amorphous CuO form, and the other part might 

replace Ce
4+

 in the crystal lattice of CeO2 to produce solid solutions. Because of the difference of positive charge between 

copper and cerium ions, some oxygen ions O
2-

 must go out in order to preserve the electroneutrality of the solid, thereby 
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forming the vacancies in the solid solution. In these cases, the characteristic peaks of CuO are not observed on the XRD 

patterns [6-8]. If the added amounts of the modifying oxides were large enough (above 15 mol% for CuO, and 7.5 mol% for 

CaO), the CuO would play the role of the contamination phase, which is responsible for the decrease in the phenol 

conversion (entries 4,5,9,10). From above results, the appropriate contents of CuO and CaO in mixed oxides in order to reach 

the maximum phenol conversion should be 15 and 7.5 mol%, respectively. That composition prevents the formation of an 

individual CuO phase, while generates the maximum quantity of oxygen vacancies in the crystal lattice [9,10], thus, give 

rises to the best catalytic activity of the mixed oxide (entry 8).  

 

The effects of the age and calcination of gel on the catalytic activity were carefully investigated. To evaluate the effect of gel, 

aging temperature, the concentrations of CuO and CaO were fixed at 15 mol% and 7.5 mol%, and the calcination was carried 

out at 500°C for 60 min, while the aging temperature was varied from 40°C to 120°C. 

 

FIG. 2. The dependence of phenol conversion on the gel aging temperature. Reaction conditions: catalyst (0.025 g), 

phenol solution (150 mL with CODinitial=1420 mg(O2) L
-1

), temperature (70°C), 30 wt.% H2O2 (3.5 mL), time (45 min). 

 

The results indicate the increase in the catalytic activity as the decrease of the gel aging temperature. Particularly, the lower 

aging temperature is, the higher phenol conversion is FIG. 2. At the low aging temperatures, the gel formation takes a longer 

time but the formed gel is more homogeneous. The slow emission of NO2 from the gel formation process yields the xerogel 

with very large volume, therefore produces the very fine mixed oxide powder. This is the reason of the gain in the catalytic 

activity as the decrease of the gel aging temperature. The best phenol conversion (92.3%) was obtained at the aging 

temperature of 50°C. However, at this temperature, the time of the gel formation is too long. Thus, in order to reduce the gel 

formation time, the aging temperature is selected to be 70°C. At this temperature, the gel formation time is shortened, while 

the high catalytic activity is still conserved (90% phenol conversion). 

 

The calcination process also exerts significant influence on the catalytic activity. The calcination at low temperatures causes 

the incomplete decomposition of the precursors, and hence the formation of contamination. In the opposite direction, at too 

high temperature may occur the aggregation of particles, which is unfavorable for the catalytic activity. In order to choose the 

suitable temperature range, the TG/DTA curves of the dried gel were recorded (FIG. 3). 
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FIG. 3. TG/DTA diagram of a xerogel. 

 

 
(a) 

 
(b) 

 

FIG. 4. The dependence of the phenol conversion on the gel calcination temperature and time. Reaction conditions: 

catalyst (0.025 g), phenol solution (150 mL with CODinitial=1420 mg(O2) L
-1

), temperature (70°C), 30 wt.% H2O2 (3.5 

mL), time (45 min). 

 

The mass loss of ca. 63 wt.% occurring in the temperature range from RT to 500°C accompanies a strong exothermic effect 

at 283°C with long tail vanishing at 450°C. This effect is assigned to the combustion of the xerogel in air flow. From the 

TG/DSC results, the calcination temperatures are selected in the range over 300°C for 60 min. The phenol conversion 

increases gradually versus the calcination temperature in the range of 300°C to 600°C, but decreases dramatically at the 

temperature higher than 600°C (FIG. 4a). At the temperature, lower than 600°C, the decomposition is not complete. 

However, over the temperature of 600°C the formed particles might aggregate to produce larger blocks, which can be 

indicated in SEM results of the samples (FIG. 5c). At 400°C, the solid exhibits a sponge-like morphology and the particles 

are ambiguously formed (FIG. 5a). At 600°C, the particles are quite uniform with the size of 50 nm to 70 nm (FIG. 5b). 
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FIG. 5. SEM photographs of a mixed oxide calcined at (a) 400°C, (b) 600°C and (c) 700°C for 60 min, and at 600°C for 

(d) 10 min, (e) 30 min and (f) 240 min. 

 

FIG. 5b and 5d-5f are SEM photographs of a solid calcined at 600°C for 60, 10, 30 and 240 min, respectively. If the 

calcination time is too short, the precursors do not decompose completely, and the surface morphology of solid looks like a 

foam pieces. The fine particles are clearly observed when calcination time is set in range of 30 to 60 min. In this range, the 

particle size slightly increases from ca. 40 nm to ca. 60 nm (FIG. 5b and 5e). The particles seem to agglomerate forming lager 

grains as the calcination time increases. The FIG. 5f represents the agglomeration of particles when the sample is calcined at 

600°C for 4 h. The catalytic activity of the materials calcined at 600°C for 10 to 240 min was exhibited in FIG. 4b. The 

phenol conversion is very low at 10 min of calcination, and reaches the maximum at 30 min, and gradually decrease at the 

longer calcination times.  

The above results firmly indicate the effect of the calcination time and temperature on the morphology and the 

catalytic activity of the prepared materials. The optimum condition for calcination could be inferred to be 600°C for 30 min. 

Under this condition, the phenol conversion could achieve the value of 96.3%. 

In oder to estimate the preeminent property of CaO-CuO-CeO2, its catalytic activity is compared to one of other 

catalysts under the same reaction conditions. The results are shown in FIG. 6.  

 

FIG. 6. Phenol conversion of various tested catalysts. Reaction conditions: catalyst (0.025 g), phenol solution 

(150 mL with CODinitial=1420 mg(O2) L
-1

), temperature (70°C), 30 wt.% H2O2 (3.5 mL), time (45 min). 
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In the absence of any catalyst, the phenol conversion is very low (4.23%). The individual CuO and CeO2 also give low 

catalytic activities with 16.8% and 14.4% of the phenol conversion, respectively. The catalytic activity of CeO2 increased 

significantly when it is modified by CaO or CuO. The phenol conversion could reach 37.2% or 62.6% when CaO-CeO2 or 

CuO-CeO2 mixed oxide is used as catalyst. However, those results are not comparable with the activity of CeO2 modified by 

both CuO and CaO, which could catalyse the decomposition of 96.3% of phenol. 

 

The very high activity of CaO-CuO-CeO2 material confirms the important role of CuO in significant improvment of the 

activity of CeO2 as well as the positive impact of the CaO doping to the CuO-CeO2 mixed oxide. The phenol conversion over 

CaO-CuO-CeO2 catalyst increases 1.5 times compared to the case of using CuO-CeO2 as catalyst. The role of CaO doping is 

to increase the concentration of oxygen vacancies in the crystal lattice of CeO2 [2,11]. 

 

Because of its limitation, the XRD technique was not adequate to explain the all states of metals in samples. To elucidate the 

chemical existence states of copper and cerium species in the mixed oxides, the H2-TPR, XPS and Raman techniques are 

utilized. 

 

 

FIG. 7. H2-TPR profile of a CaO-CuO-CeO2
 
catalyst. 

 

The H2-TPR profile of CaO-CuO-CeO2 catalyst exihibits a narrow peak at low temperature, which is a characteristic of solid 

possessing very fine and uniform particles, and a broaden peak at higher temperature [12]. The former is deconvoluted into 

three reduction peaks in the temperature range of 100°C to 250°C corresponding to three existence states of copper species in 

the mixture. The peak at about 168°C is attributed to the reduction of the CuO species which are very fine particles and well 

dispersed on the surface of the CeO2 substrate [13-15], while the peak at about 202°C is assigned to the reduction of the 

crystalline CuO species [15-17]. The peak mainly contributing to the total reduction peak of copper appears at 191°C. This 

peak result from the reduction of the copper ions substituting cerium ions in the CeO2 crystal lattice [14-16]. Comparing to 

the H2
-
TPR profile of the pure CuO, which shows only one reduction peak at 294°C [17], all reduction peaks of Cu species in 

the mixed oxide appear at lower temperatures. This observation reveals the good interaction of the all existence states of 

copper with the CeO2 substrate. The second peak in H2-TPR profile widely spreads from 400°C to 850°C and corresponds 

with the reduction peak of CeO2 in solid solution [8,17,18] (FIG. 7). 
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XPS is a powerful technique to clarify the oxidation state of the transition metal compounds based on the different energies 

of the photoelectrons. In this research, the chemical state of copper and cerium are carefully analyzed. The Cu 2p and Ce 3d 

core level spectra of a mixed oxide sample are shown in FIG. 8. 

 

 

FIG. 8. Cu 2p and Ce 3d core level photoelectron profiles of mixed oxide sample. 

 

The Cu 2p region is fitted to four components using the CasaXPS 2.3.16 software. The spectrum has two main peaks center 

at 933.51 and 953.26 eV attributed to Cu 2p3/2 and 2p1/2 levels with the spin-orbit splitting of 19.75 eV. These binding energy 

values are characteristics of copper with oxidation state of +2. Another evidence for the existence of bivalent copper is the 

apparence of two shakeup satellite peaks at 941.91 and 962.16 eV. These satellite signals originate from an electron transfer 

from 2p orbital of oxygen to a 3d orbital of copper [19]. It is known that while the Cu
+
 and Cu° species have closed 3d 

electron valence shell, the Cu
2+ 

species have lone 3d valence electron. Therefore, the shakeup satellite peaks with high 

intensity are exclusively observed on spectra of Cu (II) compounds as being demonstrated from the curve-fitted spectra. 

 

The Ce 3d region could be deconvoluted into ten components originated from its different chemical states (Ce
4+ 

and Ce
3+

) as 

shown in FIG. 8. In detail, three sets of spin-orbit split doublets comprising (v, u), (v’’, u’’), and (v’’’, u’’’) represent the 

3d
10

4f
0
 initial electronic state assigned to Ce

4+
. Contributed by Ce

3+
 with the valence electronic configuration of 3d

10
4f

1
. The 

remaining components consist of the signals (vo, uo) and (v’, u’) [20]. The relative abundance of the Ce
3+

 and Ce
4+

 can be 

inferred by considering the contribution of each oxidation state to the 3d region. According to the areas of v and vo peaks, the 

relative amounts of CeO2 and CeO1.5 are 73% and 27%, respectively. Therefore, the average chemical formula of cerium 

oxide in the mixed oxide is CeO1.87. 

 

As discussed above, CuO might exist in CaO-CuO-CeO2 mixed oxide under three states: amorphous CuO, crystalline CuO, 

and copper ions in the crystal lattice of the solid solution Ce1-x-y CaxCuyO2-. The first and third type of copper strongly 

interact with CeO2 to form oxygen vacancies located on the surface as well as inside the CeO2 lattice [14,15]. The presence of 

oxygen vacancies can be demonstrated by the Raman spectroscopy. 

 

FIG. 9 represents the Raman spectra of the pure CeO2 and a mixed oxide. Both of the spectra exhibit a strong absorption band 

at 462 cm
-1

 corresponding to the coordination of oxygen anions around cerium cations. This peak is characteristic of face-

centered cubic structure of CeO2 [21,22]. 
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FIG. 9. Raman spectra of CeO2 and CaO-CuO-CeO2
 
materials. 

 

Besides the main peak, there is a weak and broad peak at 584 cm
-1

 confirming the presence of defects in the crystal lattice of 

CeO2 [21,23,24]. In this case, the defects are formed due to the substitution of Ce
4+

 by Cu
2+

 and Ca
2+

. According to the 

literature [21], the relative concentration of oxygen vacancies can be represented by the area ratio of peaks 584 cm
-1

 and 462 

cm
-1

 (noted as A584/A462). For the representative CaO-CuO-CeO2 sample, the calculated value of the A584/A462 is 0.23. 

This value is similar to those of similar systems. 

 

Conclusion 

A series of CaO-CuO-CeO2
 
mixture oxides are successfully fabricated via the sol-gel method and characterized by XRD, 

SEM, H2-TPR and Raman techniques. The catalytic activity of CaO-CuO-CeO2 depends not only on concentrations of CaO 

and CuO, but also on the aging and calcination conditions. Under the optimum fabrication conditions of catalyst (15 mol% 

CuO, 7.5 mol.% CaO, aging at 70°C and calcination at 600°C for 30 min), the catalyst particles are very small and uniform 

with the particle size of ca. 30 nm to 40 nm and the maximum of the phenol conversion could reach 96%. The excess of CuO 

amount results in the formation of the individual CuO phase, which causes the decline of the catalytic activity. The oxidation 

state of +2 of copper species is elucidated by the Cu 2p binding energies as well as the apparence of shakeup satellite peaks 

in XPS spectra. The existence of three states of copper species in solid, namely copper ions in the crystal structure of solid 

solution, the amorphous and crystalline CuO phases, is clarified by H2-TPR. Furthermore, the substitution of Ce
4+

 by copper 

and calcium cations brings about the apparence of the large amount of oxygen vacancies, the relative concentration 

A584/A462 of which is estimated to be 0.23 from Raman spectra. The catalytic activity directly relates with the concentration 

of defects in the crystal lattice of the solid solution.
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