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Abstract 
Co-precipitation was used to prepare cerium oxide nano-particles. The effects 
of aging temperature and concentration of cobalt ion on the optical property, 
morphology, and particle size were investigated. The cerium oxide was pre-
pared by adding ammonia solution into a mixed solution of cerium nitrate 
with cobalt nitrate solutions to obtain a large amount of precipitates and then 
aged further. Subsequently, the precipitates were kept in an oven for calcina-
tion keeping the temperature at 400˚C for lasting 24 h. The average size of ce-
rium oxide particles was obtained from the (111) peak in the X-ray diffraction 
pattern using the Scherrer equation. The crystal sizes obtained were found to 
be in the range of 11.82 - 13.47 nm. The results showed that the particle size 
decreased with an increase in the Co ion concentration and decreased with an 
increase in temperature. The SEM pictures show that the morphology for ce-
rium oxide is granular and/or columnar. It can be seen from UV/Vis absorp-
tion spectrum that the maximum absorption peaks were in the range of 334 - 
390 nm, depending on the operating conditions. The corresponding energy 
gaps were observed in the range of 3.18 - 3.71 eV. Subsequently, the Brus eq-
uation for the energy gap was discussed. Finally, particle size was correlated 
with the aging temperature and Co ion concentration. 
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1. Introduction 

The metal oxides, such as TiO2, CeO2, ZrO2, SiO2, Al2O3, and ZnO, play a consi-
derably leading part in the domains of material, physics, and chemistry and have 
been extensively used in industrial processes and materials, such as catalyst, fuel 
cell, piezoelectric material, sensor material, and optical component [1]. Among 
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various metal oxides, CeO2 is one of the extensively discussed and applied metal 
oxides. CeO2 has a face-centered cubic structure with a high melting point 
(2400˚C - 2700˚C) [2] [3] and is nonflammable and insoluble in solvents of di-
lute acid, ethanol, and water. A remarkable property of CeO2 is the number of 
effective redox Ce3+/Ce4+ sites and their ability to exchange oxygen [2]. There-
fore, it has good optical properties, thermal stability and electrical conductivity, 
and oxygen storage function [4] [5] [6]. It has been also used in industrial cata-
lysts, solid oxide fuel cells, insulators, UV blockers, gas sensors, high-temperature 
oxidation resistance, free-radical scavengers, and chemical mechanical polishing 
(CMP). In addition, cerium oxide (CeO2) has attracted substantial interest due 
to its wide band gap for bulk cerium oxide (3.15 - 3.20 eV) semiconductors with 
light absorption in the UV/Vis region [7]. 

Additionally, CeO2 can be blended with other metals or metal oxides to fur-
ther improve the product performance [2] [3]. However, most of the applica-
tions require well-dispersed particles since the aggregated particles lead to in-
homogeneous mixing and poor sinterability. Recently, cerium oxide nanopar-
ticles have been found to mitigate oxidative stress damage, such as Parkinson’s 
and Alzheimer’s diseases [4]. In addition, cerium oxide was a stronger anticanc-
er material, leading to a reduction of tumor mass in vivo [8]. The antioxidant ac-
tivities are dependent on the method of synthesis. However, several methods 
have been reported in the literature, such as the co-precipitation method [2] [9], 
hydrothermal method [10], sonochemical method [11] [12], sol-gel method [5], 
micro-emulsion method, and spray-pyrolysis method [13]. Using different ce-
rium ions sources, Hsu et al. [14] prepared cerium oxide by the precipitation 
method and found that the pH value affected the particle morphology. The pH 
value that affected the precipitation of cerium oxide was also found by Rama-
chandran et al. [15]. Using Ce(NO3)3·6H2O with different precipitation agents, 
the well-dispersed powders of cerium oxide can be obtained [16]. Zhang et al. 
[17] found that Ce3+ concentration, ultrasonic wave, and dispersant agents have 
significant effects on the crystal size of cerium oxide. Zhou et al. [18] mixed the 
cerium nitrate and ammonium water into a hydrothermal reactor to prepare ce-
rium oxide; they obtained dozens of cerium oxide nanometers with good crystal-
linity. Increasing the thermal reaction temperature to 400˚C (critical state), us-
ing water as a critical fluid could modify the growth direction of crystals [18]. 
Using the sonochemical method [11], the additives affected the particle size and 
particle size distribution, and a blue shift from UV spectra analysis was ob-
served. Kirk et al. [19] used the sol-gel method to prepare cerium oxide and 
found that crystal densification phenomena increased with calcination tempera-
ture and that the calcination temperature had an effect on the growth rate of 
crystal surface, especially for (111) surface. In addition, the effect of cobalt ion 
and different solvents on the lattice parameters was to be found by Arul et al. [6] 
and Sakthiraj and Karthikeyan [5], respectively. Therefore, the increase in lattice 
expansion in a lattice can be used to monitor the particle size and activity of ce-
rium oxide [6]. In addition, some researchers also studied the effect of cobalt 
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doping on the structural, optical, and redox properties of cerium oxide nanopar-
ticles [20] [21]. The cobalt ion doping concentration was in the range of 1 - 7 
mol%. They found that the crystal sizes and energy gaps both decreased with an 
increase in cobalt ion concentration. A shift in the absorption towards a longer 
wavelength was observed for Co ion-doped CeO2. 

Regarding the precipitation method, the formation mechanism of cerium 
oxide was suggested below [7]: 

( ) ( )3 2 4 4 3 243
Ce NO 6H O NH OH Ce OH NH NO 3H O⋅ + → + +       (1) 

( ) 2 2 2 24Ce OH CeO 2H O CeO 2H O→ ⋅ → +               (2) 

A two-step process for preparing cerium oxide was presented. It involved the 
formation of cerium hydroxide with hydration reaction and then cerium oxide 
was obtained with a dewatering process. 

From the above literature survey, we found that the crystal size and energy 
gap measurements were significant in applications. Due to this, the crystal sizes 
are measured by XRD with the Scherer equation [2] [17] and Williamson-Hall 
(W-H) method [7]. The Scherer equation is: 

cosp
kd

B
λ
θ

=                           (3) 

Here, k is the shape factor (=0.9), B is the line broadening at half the maxi-
mum intensity (FWHM) in radians, λ is the wavelength of X-ray (0.1542 nm) 
and θ is the Bragg diffraction angle. The W-H equation is: 

cos 4 sin
p

kB
d
λθ ε θ= +                       (4) 

In Equation (4), the crystal size can be determined by using a plot of Bcosθ 
versus 4sinθ. On the other hand, the energy gaps were calculated using absorp-
tion coefficient (α) and frequency (ν) [2] [19]. The equation is: 

( ) ( )1 2
gh A h Eα ν ν= −                        (5) 

Here, A is constant and Eg is the energy gap. The energy gaps of cerium oxide 
were found to be 3.26 eV (380 nm) and 3.22 eV (385 nm) [2], while the energy 
gaps for different solvents [19] were 3.44 eV (361 nm), 3.22 eV (386 nm), 3.45 
eV (361 nm) and 3.2 eV (388 nm) for water, acetone, ethanol, and ethylene gly-
col, respectively. Alternatively, the energy gap can be evaluated by the following 
equation [22]: 

( ) ( )
1240eV

nmg
g

E
λ

=                           (6) 

where λg is the maximum absorption peak in the UV/Vis spectra. Using Equa-
tion (6), the energy gaps reported by Farahmandjou et al. [2] and Sakthiraj and 
Karthikeyan [5] can be calculated and the data shown in Figure 1. It was found 
that the data were close for both. Therefore, Equation (6) was found to be effective 
to calculate the energy gaps when the maximum absorption peak was given. 
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Figure 1. A plot of calculated Eg versus measured Eg shows 
the confidence of Equation (6). 

 
However, up to now, using the co-precipitation method, only a few papers 

discussed the effects of cobalt ion at lower concentrations (1 - 7 mol%) and at 
higher temperatures (>80˚C) on crystal size, morphology, and energy gap [20] 
[21]. Therefore, the purpose of this work was to adapt the co-precipitation me-
thod to prepare cerium oxide to explore the effect of operating variables, such as 
lower temperature (<80˚C) and higher concentration of cobalt ion (>16.7 
mol%), on the crystal size, morphology, and optical property. Du to this, the op-
erating conditions could be designed. Here, the cerium oxide crystal sizes and 
energy gaps were evaluated by Equation (3) and Equation (6), respectively. In or-
der to evaluate the reliability of both equations, the results would be compared 
with that reported in the literature. In addition, the result of the energy gap would 
be compared with the Brus equation. Finally, the effect of variables on particle size 
has been discussed and expressed quantitatively in terms of empirical equations. 

2. Experimental Feature 

Raw materials used were aqueous cerium nitrate (Ce(NO3)3·6H2O) solution, 
aqueous cobalt nitrate (Co(NO3)2·6H2O) solution, aqueous ammonia solution, 
ethanol, and distilled water; all of these were of analytical grade. First, a 0.5 M of 
cerium nitrate solution (A) and then cobalt nitrate solutions (B) were prepared 
into desired concentrations. The two solutions were mixed for ten minutes, and 
then the ammonia solution (28%) was added to the mixed solution and stirred 
for 20 min. The precipitate was then aged at different temperatures for 24 h and 
dried in the oven for 24 h. The products were washed several times with distilled 
water and alcohol, and then the wet cake was placed into the oven and heated at 
70˚C for 5 h. The dried precipitates were pulverized, and the calcination tem-
perature was determined by TGA (SDT-Q600, TA, USA) before calcination. 
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Subsequently, dried powders were calcined at the desired temperature (after 
TGA analysis) for 2 hours at least [21]. Finally, the calcined powders were cha-
racterized by X-ray diffraction (XRD) (Rigaku, D/Max-2200/PC, Tokyo, Japan), 
scanning electron microscope (FESEM) (Jeol, JSM-6500F, Tokyo, Japan), and 
UV/Vis (Jasco V-670, Tokyo, Japan) instruments for determining the composi-
tion, crystal size, morphology and optical property of the precipitates. UV spec-
trum for cerium oxide can be determined by the Jasco V-670 machine. First, 
scan the blank in the wavelength range of 200 - 1000 nm by using an integrating 
sphere (ISN-723). Secondly, put the sample into the measurement cell (radius 
1.5 cm, thickness 1.0 mm) and scan the samples in the wavelength range of 200 - 
1000 nm. Finally, the absorption spectrum was obtained. The spectrum was 
overlapped for comparison. The operating conditions were listed in Table 1. To 
understand the experimental procedure in detail, a procedure sheet was shown 
in Figure 2. 

3. Results and Discussion 
3.1. Determination of Calcination Temperature by TGA 

The amount of 0.015 g of dried precipitate was analyzed by TGA and heated to 
1000˚C at a rate of 10˚C/min. The result in Figure 3 showed that the weight loss 
of the sample smoothly decreased with heating time and leveled off at 400˚C 
(about 40 minutes), at which point, CeO2 was formed gradually; thus, 400˚C was 
selected as the temperature for calcination. The annealed temperature was simi-
lar to that reported by Ansari et al. [21]. 

3.2. Crystallization at 25˚C 

XRD diffraction patterns of cerium oxide at 25˚C are shown in Figure 4 (before 
calcination, No.A1). Figure 5 shows that the major XRD peaks after calcinations  
 
Table 1. Operating conditions conducted in this work. 

No. 
Concentration of 

cerium nitrate (M) 
Concentration of 
cobalt nitrate (M) 

Aging temperature 
(˚C) 

A1 0.5 0.1 25 

A2 0.5 0.3 25 

A3 0.5 0.5 25 

B1 0.5 0.1 0 

B2 0.5 0.3 0 

B3 0.5 0.5 0 

C1 0.5 0.1 70 

C2 0.5 0.3 70 

C3 0.5 0.5 70 
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Figure 2. A flow sheet of experimental procedure in this work. 

 

 
Figure 3. TGA heating process for CeO2. 
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Figure 4. XRD diffraction pattern for No. A1 before calcination. 
 

 
Figure 5. XRD diffraction patterns for series A (25˚C) at different cobalt concentrations: 
(a) 0.1 M (A1), (b) 0.3 M (A2), (c) 0.5 M (A3). 
 
for different cobalt concentrations were at (111), (200), (220) and (311), which 
were the same as that before calcination. The crystal planes are in accordance 
with JCPDS No: 34-0394 of cerium oxide crystals [5] [6]. The peak strength was 
found to be weaker when the cobalt ion concentration increased. From the peak 
strength (111), using the Scherer equation, the crystal sizes were found to be 13.5 
nm, 12.4 nm and 12.3 nm for the cobalt ion concentration of 0.1 M, 0.3 M, and 
0.5 M, respectively. Figure 6 shows the SEM photographs for the three runs. The 
morphology of cerium oxide was columnar-like for A1 and a mixture of granu-
lar and columnar-like for A2 and granular for A3. However, the outlook of the 
picture for No.A3 was cotton-like containing a lot of tiny particles. The higher 
the cobalt ion concentration is, the smaller the cerium oxide size is. The possible 
reason was that the higher cobalt ion concentration decreased the growth rate of 
cerium oxide resulting smaller size. The UV absorbance (in a.u.) spectrum was 
shown in Figure 7. The highest UV/Vis absorption peak was around 340 nm for 
all samples, while the absorption curve in the visual region was the lowest for 
No.A1 without calcination. In addition, the absorption spectra showed that co-
balt ion concentration had some effect on the maximum absorption peak. The 
differences in maximum peaks are found to be 345 nm, 340 nm, 350 nm and 380 
nm for (a), (b), (c), and (d), respectively. Besides, the cerium oxide absorbance  
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Figure 6. SEM photographs of ceria powders for different cobalt con-
centrations at 25˚C (After calcination). 
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Figure 7. The effect of cobalt ion concentration on the UV/Vis absorption spectra of ceria. 
(a) No.A1 (before calcination), (b) No.A1 (0.1 M), (c) No.A2 (0.3 M), (d) No.A3 (0.5 M). 
 
curve shown in the visual region became higher when the cobalt ion concentra-
tion increased further. From maximum absorption peaks, the energy gaps for 
four samples can be estimated by Equation (6). The energy gap was found to be 
3.59 eV (a), 3.65 eV (b), 3.54 eV (c) and 3.26 eV (d), respectively. 

3.3. Crystallization at 0˚C 

Figure 8 shows the XRD diffraction pattern at 0˚C for No. B1 before calcination. 
The major XRD peaks were also at (111), (200), (220), and (311), which were 
similar to that shown in Figure 4. The XRD peaks after calcination, series B, for 
different cobalt ion concentration is shown in Figure 9. The XRD peaks became 
weaker as the cobalt ion concentration was increased further. The crystal sizes 
were found to be 12.7 nm, 12.1 nm, and 11.8 nm for the cobalt ion concentration 
of 0.1 M, 0.3 M, and 0.5 M, respectively. The sizes were slightly smaller than that 
conducted at 25˚C.  

Figure 10 shows the SEM images for the three runs. The morphology of ce-
rium oxide was granular and columnar-like for B1, B2, and B3. However, the 
outlook of picture for the three pictures was agglomerated with a lot of tiny par-
ticles. Furthermore, Figure 11 shows that the highest UV/Vis absorption peak 
was around 360 nm for all samples, while the absorption curve in the visual re-
gion was the lowest for No.B1 without calcination. However, the differences in 
absorption peaks were found at 360 nm (a), 350 nm (b), 375 nm (c) and 390 nm 
(d). The strength of the cerium oxide absorbance curve in the visual light region 
increased with an increase in cobalt ion concentration. The energy gap for four 
samples evaluated by Equation (6) was found to be 3.44 eV (a), 3.54 eV (b), 3.30 
eV (c) and 3.18 eV (d). This showed the effect of cobalt ion concentration on the 
optical property of cerium oxide. 

3.4. Crystallization at 70˚C 

Figure 12 was the XRD diffraction pattern at 70˚C for No. C1 before calcination.  
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Figure 8. XRD diffraction pattern for No. B1 before calcination. 
 

 
Figure 9. XRD diffraction patterns for series B (0˚C) at different cobalt ion concentra-
tions: (a) 0.1 M (B1), (b) 0.3 M (B2), (c) 0.5 M (B3). 
 
The major XRD peaks were also at (111), (200), (220) and (311). However, the 
peak of (111) was weaker. The XRD peaks after calcination for series C at dif-
ferent cobalt ion concentration is presented in Figure 13; the XRD peaks became 
weaker as the cobalt ion concentration increased further. The crystal sizes eva-
luated by Equation (3) were found to be 12.60 nm, 12.34 nm, and 12.26 nm for 
the cobalt ion concentration of 0.1 M, 0.3 M, and 0.5 M, respectively. 

Figure 14 shows the SEM photographs for series C. The morphology of ce-
rium oxide was columnar-like for C1 and C2, while the morphology was granu-
lar for C3. However, the pictures for the three runs were all agglomerated with 
tiny particles. Figure 15 shows that for all samples, the highest UV/Vis absorp-
tion peak was around 334 nm, while the absorption strength in the visual spectra 
was in the sequence of No. C3 (0.5 M) > No.C2 (0.3 M) > No.C1 (0.1 M). It was 
found that small differences of maximum peaks were observed, which were 
found to be 350 nm (a) and 334 nm for (b), (c) and (d), respectively. This illu-
strated that cobalt ion concentration has no significant effect on the maximum 
absorption peaks at 70˚C. Herein, the energy gaps for four samples estimated by 
Equation (6) were 3.54 eV (a) and 3.71 eV for (b), (c) and (d). 
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Figure 10. SEM pictures for series B (0˚C) at different cobalt con-
centrations: (a) 0.1 M (B1), (b) 0.3 M (B2), (c) 0.5 M (B3). 
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Figure 11. The effect of cobalt ion concentration on the UV/Vis absorption spectra of ce-
rium oxide. (a) No.B1 (before calcination), (b) No.B1 (0.1 M), (c) No.B2 (0.3 M), (d) 
No.B3 (0.5 M). 
 

 
Figure 12. XRD diffraction pattern for No. C1 before calcination. 
 

 
Figure 13. XRD diffraction patterns for series C (70˚C) at different cobalt ion concentra-
tions: (a) 0.1 M (C1), (b) 0.3 M (C2), (c) 0.5 M (C3). 

3.5. Comparisons of Crystal Sizes and Energy Gaps 

Data collected here were listed in Table 2. Crystal sizes obtained from the preci-
pitation method at different temperatures were in the range of 11.82 - 13.47  
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Figure 14. SEM pictures for series C (70˚C) at different cobalt concen-
trations: (a) 0.1 M(C1), (b) 0.3 M (C2), (c) 0.5 M (C3). 
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Figure 15. The effect of cobalt ion concentration on the UV/Vis absorption spectra of ce-
ria. (a) No.C1 (before calcination), (b) No.C1 (0.1 M), (c) No.C2 (0.3 M), (d) No.C3 (0.5 
M). 
 
Table 2. Data obtained in this work. 

No. 
[Ce3+] 
(M) 

[Co2+] 
(M) 

T 
(˚C) 

Maximum 
peaks (nm) 

Crystal 
Size (nm) 

Eg 

(eV) 

A1 0.5 0.1 25 340 13.47 3.65 

A2 0.5 0.3 25 350 12.42 3.54 

A3 0.5 0.5 25 380 12.28 3.26 

B1 0.5 0.1 0 350 12.66 3.54 

B2 0.5 0.3 0 375 12.11 3.30 

B3 0.5 0.5 0 390 11.82 3.18 

C1 0.5 0.1 70 334 12.60 3.71 

C2 0.5 0.3 70 334 12.34 3.71 

C3 0.5 0.5 70 334 12.26 3.71 

 
nm. The size range obtained here was comparable with that reported by Farah-
mandjou et al. [2] (20 nm), Arul et al. [7] (7 - 12 nm), Corsi et al. [8] (10 - 13 
nm), Sakthiraj and Karthikeyan [5] (12.0 - 16.3 nm), Chen and Change [21] (7.4 - 
16.4 nm), and Chelliah et al. [23] (9 - 16 nm). The reports suggest that control-
ling crystal sizes and morphology depend not only on synthesis methods but also 
on the operating conditions. In addition, the UV/Vis absorption spectra showed 
that the maximum peaks were in the range of 334 - 390 nm, indicating a wider 
maximum absorption peaks range was found by the co-precipitation. The higher 
the temperature, the smaller the maximum absorption peaks, giving the larger 
Eg. The corresponding energy gaps were 3.18 - 3.71 eV, while the reported data 
for Eg were 3.22 - 3.26 eV [2], 3.19 - 3.44 eV [5], and 3.56 - 3.72 eV [24]. Effect of 
Co ion on the Eg was found in this work. The Eg decreased with an increase in 
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the Co ions concentration as shown in Figure 2. This was due to the addition of 
Co ions creating oxygen vacancies and favoring the formation of Ce3+ from Ce4+, 
resulting in the formation of localized energy states that are closer to the conduc-
tion band, thereby decreasing the Eg [21]. In order to compare with that reported 
in the literature, crystal sizes and energy gaps for several methods were listed in 
Table 3. The size range and energy gap were found to be in the range of 2.64 - 20 
nm and 2.51 - 3.84 eV, respectively. However, the data obtained in this work were 
comparable with that reported in literatures [2] [5] [20] [21] [24] [25]. 

3.6. Empirical Equation 

To understand the effect of temperature and concentration of cobalt ion on the 
crystal size for the co-precipitation method, data shown in Table 2, a regression 
of crystal size (dp in nm) with aging temperature (T in K) and cobalt ion con-
centration CB (M) is shown below: 

0.03991133.312.38expp Bd C
RT

− = − 
 

                    (7) 

The mean root mean error was 0.822% with R2 = 0.6325. The deviation was 
acceptable. The results in Equation (7) indicate that the particle size decreases 
with CB and increased slightly with T. The effect of size on the energy gap was 
discussed in the next section. 

3.7. Energy Gap 

The effect of size on the energy gap can be described by Brus equation [25]: 
2 2 2

2
0

2 1 1 3.6
g Bulk

e h r pp

h eE E
m m dd ε ε
 

= + + − 
 

π                 (8) 

where Ebulk is the bandgap (for CeO2; Ebulk = 3.15 eV), dp is the diameter of crys-
tals, me and mh are the effective masses of electron and hole, respectively, and εr 
and ε0 are the relative dielectrics constant of CeO2, which is 24.5, and dielectric 
constant at empty, respectively. In here, we use me = mh = 0.4 m where m is the  
 
Table 3. A comparison of crystal size and energy gap for different methods. 

Sizes (nm) Eg (eV) Methods References 

2.64 - 8.36 3.30 - 3.84 Co-precipitation method Zhang et al. [25] 

20.00 3.22 - 3.26 Co-precipitation method Farahmandjou et al. [2] 

11.99 - 16.30 3.20 - 3.45 Sol-gel method Sakthiraj and Karthikeyan [5] 

7.90 - 16.40 3.56 - 3.71 Co-precipitation method Chen and Chang [24] 

17.04 - 19.94 - Two-emulsion method Lee et al. [26] 

4.43 - 8.51 2.51 - 2.80 Co-precipitation method Killivalavan et al. [20] 

1.26 - 15.40 2.68 - 2.82 Co-precipitation method Ansari et al. [21] 

11.82 - 13.47 3.18 - 3.71 Co-precipitation method This work 
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mass of a free electron. Equation (8) states that Eg is inversely proportional to dp. 
The second term and the third term are represented by blue shift and red shift, 
respectively. In order to compare, the parameters in Equation (8) were listed in 
Table 4. Using the parameters in Table 4, the Brus equation can be calculated 
and expressed as a block dot with a dotted line as shown in Figure 16. In addi-
tion, the data obtained in this work and from the literature [2] [5] [22] [23] [25] 
were also presented in this figure. All the data were under the dotted line, which 
stated that the data evaluated by the Brus equation was overestimated in Eg when 
dp was smaller than 20 nm. According to Equation (8), the maximum size (bulk 
size) can be determined when we let dEg/d(dp) = 0. The final size was equal to 214 
nm, which was the bulk size of cerium oxide. The corresponding Ebulk is 3.15 eV. 
 
Table 4. Parameters used in Equation (8). 

Parameters Values 

h 6.63 × 10−34 m2·kg·s−1 

e 1.60 × 10−19 C 

me 0.4 m 

mh 0.4 m 

m 9.109 × 10−31 kg 

εr 24.5 

ε0 8.8541 × 10−12 F·m−1 

 

 
Figure 16. A plot of Eg versus dp for comparison. 
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4. Conclusion 

In this study, cerium oxide nanoparticles have been successfully prepared by us-
ing a co-precipitation process. The effect of higher cobalt ion concentration and 
lower aging temperature explored in here were found to be an influence on the 
crystal size, morphology, and energy gap. The mean crystal size of the cerium oxide 
calculated by the Scherer equation is in the range of 8.05 - 13.47 nm, depending on 
the operating conditions. A correlation equation for the co-precipitation could be 
obtained indicating that the crystal size decreased with CB and increased slightly 
with aging temperature. According to the FESEM observations, the major mor-
phology was columnar-like and granular forms. From the UV/Vis determina-
tion, the maximum absorption peaks at the relative wavelength (λg) decreased 
with an increase in temperature and cobalt ion concentration showing a blue 
shift as temperature increased, while the effect attenuated at 70˚C. Due to the 
confinement size effect, the energy gap increased with a decrease in crystal size 
as shown by the Brus equation. However, the energy gap values evaluated were 
found to be higher when the Brus equation was used, especially when the cerium 
oxide size was less than 20 nm. 
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