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Abstract
The development of stable and reproducible inorganic pigments is noteworthy for 
industrial applications mainly considering more intense shades and low toxicity. 
Among the various candidates to substitute non-hazardous red and yellow pigments, 
CeO2 and CeO2:Pr have been attracting attention because of their opacity and high-
temperature stability besides being environmental-friendly and health-friendly. In 
this study, nanostructured CeO2 and CeO2:Pr samples were synthesized using the 
polymeric precursor method and structural and optical characterizations were per-
formed. Scanning electron microscopy reveals the morphology of CeO2 nanoparti-
cles in which the particle size ranges from 22 to 28 nm as a function of the annealing 
temperature. Pr-doping does not show influence on the particle size. XRD results 
show that CeO2 and CeO2:Pr samples crystallize in the cubic fluorite lattice with 
Fm3m space group. Raman spectra show the fluorite F2g mode, confirming the XRD 
results. With Pr-doping and the annealing of the samples, two bands are observed 
between 550 and 600 cm−1, which are related to the defects in the fluorite structure 
associated with oxygen vacancies. XPS spectra reveal an increase in the ratio of Ce3+ 
ions depending on the annealing temperature and Pr-doping. This increase is associ-
ated with the carbon removal from the lattice by annealing. This behavior causes a 
change in the hue of the powders as the annealing temperature increases. According 
to diffuse reflectance and colorimetric measurements, CeO2 shows a light-yellow 
color due to the O 2p Ce 4f transitions whose b* parameter mainly decreases with 
annealing, becoming almost white. The CeO2:Pr sample exhibits a red-orange color 
because of the electronic transitions between 4f2  →  5d1 states of Pr3+. Upon an-
nealing, L* and b* parameters decrease, resulting in a red-brown shade. The charge 
compensation or charge transfer is responsible for the modification of the hue of 
these pigments.
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1 |  INTRODUCTION

Inorganic pigments are extensively used in several fabrication 
processes in the industry because of their high thermal and 
chemical resistance, durability, and hiding power by com-
parison to organic pigments.1 However, many inorganic pig-
ments contain toxic elements such as Hg, Cd, Se, Sb, Pb, Co, 
and Cr, which are hazardous to health and environment.2−4 
Environmental and health problems concern all the ceramic 
pigments, however, the use of the toxic chromophores Cd, 
Pb, or Cr is emphasized in red and yellow conventional ce-
ramic pigments.2,5

In this sense, there is currently great interest in the de-
velopment of inorganic pigments with thermal and chemi-
cal stability, more intense shades and low toxicity. Among 
the various candidates to substitute non-hazardous red and 
yellow pigments, ceria (CeO2) and its associated materials 
are very relevant because of opacity and high-temperature 
stability besides to be environmental-friendly and health-
friendly.2−5 The CeO2 allows the formation of extended 
solid solutions with a diversity of atoms incorporated into 
the cubic fluorite-like lattice with space group Fm3m.3,6,7 
Typically, because of the O 2p-Ce 4f transitions, CeO2 
shows a strong absorption below 400  nm and almost no 
visible absorption is observed.4 This compound has been 
reported as the matrix of the Pr3+or Pr4+chromophores 
(CeO2:Pr), resulting in shades that vary from magenta-or-
ange to red-brown, depending on the Pr content, method 
of preparation and annealing.3,4,7−11 The most common 
oxidation state of the praseodymium is 3+ due to the fact 
that the first three ionization energies are relatively low, 
as for the other lanthanides.1,2 As a consequence, there are 
strong absorptions in the blue and red regions because of 
the transitions between 4f2 → 5d1 states of Pr3+.1,2 An in-
tensive pink-orange color with the acceptable low content 
of praseodymium was attributed to the pigment containing 
10 mol% of praseodymium.8,12 When 50 mol% of praseo-
dymium is used, the color hue of the pigment is shifted 
to red-brown hue. Higher content of praseodymium in-
creases the values of the L* and a* parameters and shifts 
color to brown–yellow.8,12 Some studies reported that 
Ce0.950Pr0.050O2-δ composition presents the good red color 
after firing at high temperatures8,12 whereas Masó et al11 
demonstrated that Ce0.990Pr0.010O2-δ and Ce0.975Pr0.025O2-δ 
compositions prepared by solid-state reaction present the 
best red colors whose color hue is becoming stronger as cal-
cination temperature increases. Concerning crystal effects, 
the cell parameter a of CeO2 fluorite structure decreases 
with the increasing of the praseodymium content.8,11,12 
Praseodymium atoms substitute cerium atoms in their crys-
tal lattice forming defects, which are related to the decrease 
of the volume of the elementary cell of CeO2 due to smaller 
radius of Pr ions compared to Ce ions.8 Vacancies due to 

heterovalent substitution (Pr3+ ions in the place of Ce4+ 
ions) are also a type of lattice defects.8,11,12

Different methods have been used in order to synthe-
size CeO2 particles such as hydrothermal or solvothermal 
method,6,13 microwave-assisted hydrothermal,14 microemul-
sion,15,16 impregnation,17 coprecipitation,18−20 combus-
tion,21 and sol-gel.22,23 As a type of sol-gel preparation, the 
polymeric precursor method consists of the formation of a 
polymeric resin from the polymerization of a polyhydroxy 
alcohol (for example, ethylene glycol) and an α-hydroxy-
carboxylic acid (for example, citric acid). Before the po-
lymerization, a stable metal complex is formed through the 
chelation between metal cations and the α-hydroxycarboxylic 
acid.24,25 Doping at the molecular level in solution, compo-
sitional homogeneity, reduced segregation of metal ions, and 
low toxicity are examples of the advantages related to this 
method.24−28 Doped or pure nanoparticles of CeO2 have been 
successfully synthesized through this procedure.29,30 As this 
method uses a polymeric resin as a precursor, it has been re-
ported that some materials could contain carbon atoms even 
after the pyrolysis procedure, creating defects in the lattice, 
such as interstitial or substitutional carbons.31,32 The increas-
ing of the annealing temperature causes the initial cleavage of 
cation-O bonds, resulting in the removal of the O atoms along 
with C atoms.31,32 Concerning nanostructured CeO2 samples, 
the loss of oxygen at the surfaces of the nanoparticles causes 
typically the formation of nonstoichiometric compounds of 
the type CeO2-δ.

6 As a consequence of the introduced oxygen 
vacancies, a reduction of the Ce4+ ions to Ce3+ occurs.6 This 
reduction has been reported along with the release of oxygen 
and the modification of the color pigment.4

Thus, we aimed to synthesize nanostructured CeO2 and 
CeO2:Pr samples by the polymeric precursor method and to 
describe the coloring mechanism of these pigments due to 
this type of preparation. Herein, the structure of these sam-
ples was characterized by X-ray diffraction (XRD), field 
emission scanning electron microscopy (FE-SEM), Raman 
spectroscopy, X-ray photoelectron spectroscopy (XPS). UV-
visible (UV/Vis) diffuse reflectance spectroscopy and colori-
metric study were also performed.

2 |  EXPERIMENTAL PROCEDURE

Ce1-xPrxO2 samples were prepared by the polymeric precur-
sor method with x = 0.00 (CeO2) and x = 0.01 (CeO2:Pr). 
Citric acid, C6H8O7 (99.5%, Synth), cerium nitrate hexahy-
drate, CeN3O9

.6H2O (99%, Vetec), praseodymium oxide 
(Pr2O3, Alfa Aesar, 99.9%), and ethylene glycol, C2H6O2 
(99.5%, Synth) were used as precursors according to their 
stoichiometric amounts. CeN3O9

.6H2O was dissolved in a 
citric acid aqueous solution under constant stirring to form 
cerium citrate. The molar ratio between citric acid and metal 
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was 3:1. For Pr incorporation, Pr2O3 was diluted in a nitric 
acid solution and then added to the citric acid solution. The 
polyesterification reaction was promoted by the addition of 
the C2H6O2 in this solution in which the mass ratio between 
citric acid and ethylene glycol was 60/40. Heat treatment 
with temperature of 400°C during 4 hours was performed in 
order to eliminate the organic byproducts due to the poly-
meric network formation. As-prepared samples were labeled 
as CeO2-400 and CeO2:Pr-400. Then, these samples were an-
nealed at 500, 600, 700, and 800°C for 2 hours. Pr-undoped 
and Pr-doped samples were labeled as CeO2-x and CeO2:Pr-x, 
respectively, where x signifies the annealing temperature in 
Celsius degrees.

A RigakuUltima 4 powder diffractometer with geometry 
θ-2θ was used to perform the XRD measurements at room 
temperature. This equipment operates with a rotating anode 
X-ray source with Cu-Kα radiation (λ = 1.542 Å). The step size 
and the count time were 0.02° and 5 seconds per step, respec-
tively, during the measurements. Scanning electron micros-
copy images were acquired using a high-resolution scanning 
electron microscope Zeiss Sigma. MonoVista CRS Raman 
spectrometer from S&I were used in order to perform Raman 
spectra of the samples at room temperature. This spectrome-
ter operates with an Olympus microscope and a He-Ne laser 
(633 nm line) with 35 mW. Kratos Axis Supra spectrometer 
was used at room temperature and ultra-high vacuum condi-
tions to record XPS spectra. The instrument was equipped 
with monochromatic Al Kα source 1486.6  eV (15  mA, 
15  kV), and hemispherical analyzer with hybrid magnetic 
and electrostatic lens for enhanced electron collection. The 
inelastic backgrounds in all spectra were treated according to 
Shirley method.33 Cary 5G spectrophotometer were used in 
order to collect UV–visible diffuse reflectance spectra in the 
200-800 nm range. A spectrophotometer Minolta CM2600d 
was used to acquire colorimetric coordinates of the samples. 
The measurements were performed in the 400-700 nm range 
with standard type D65 (daylight) light source, following the 
CIE-L*a*b* colorimetric method recommended by the CIE 
(Commission Internationale de l’Eclairage).34

3 |  RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns collected at room tempera-
ture for CeO2-400, CeO2-800, and CeO2:Pr-400 samples. The 
samples crystallized without the presence of spurious phases. 
XRD patterns present broad peaks typical of nanostructures.35 
The peaks are indexed according to the diffraction planes 
of the fluorite structure with space group Fm3m (ICSD no. 
156250), in agreement with the literature.6 The XRD patterns 
for the CeO2:Pr composition also do not exhibit secondary 
phases. In CeO2 matrix, Pr atoms can substitute Ce atoms be-
cause their ionic radii are similar. The ionic radii of Pr3+and 

Pr4+are 1.13 and 0.99 Å, respectively, whereas the ionic radii 
of Ce3+and Ce4+are 1.15 and 1.01 Å, respectively.36 The av-
erage crystallite size values of samples were calculated using 
Scherrer's Equation 37 and the full width at half maximum 
of (111) peaks from the XRD patterns for all samples de-
picted in Figure  1. The average crystallite size values are 
equal to 7.9, 7.1, and 12.8 nm for CeO2-400, CeO2:Pr-400, 
and CeO2-800 samples, respectively. The small decrease ob-
served in the average crystallite size with the Pr incorpora-
tion could be associated with the difference between Pr and 
Ce ionic radii. In this case, hosted Pr ions with smaller size 
will replace Ce ions in the lattice, resulting in smaller cell 
parameters since the structure remains the same. Moreover 
the diffraction peaks become narrower as the annealing tem-
perature increases, indicating a higher degree of crystallinity 
for this sample. Average crystallite size increases because of 
the coalescence process of the crystallites as a function of the 
annealing.

The morphology of the CeO2 and CeO2:Pr samples pre-
pared by the polymeric precursor method was analyzed 
using FE-SEM measurements. Figure 2 shows the FE-SEM 
images for as-prepared CeO2 powders (CeO2-400), CeO2 
and CeO2:Pr powders annealed at 800°C (CeO2-800 and 
CeO2:Pr-800, respectively). Uniform particle size for each 
sample can be seen in these images and the particle size dis-
tribution was evaluated, whose results acquired for the sam-
ples are shown in Figure 2D. The average particle size for 
CeO2-400, CeO2-800, and CeO2:Pr-800 are 22 ± 1, 28 ± 1, 
and 24 ± 2 nm, respectively. As can be observed, annealing 
temperature or Pr-doping do not influence significantly on 
growth rate. The average crystallite size values are smaller 
than the average particle size evaluated through the FE-SEM 
measurements, meaning that each particle consists of some 
coherent diffracting domains, which is in agreement with 
previous studies.19,35,38

F I G U R E  1  XRD patterns for CeO2-400, CeO2:Pr-400 and CeO2-
800 samples [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Figure  3 shows the Raman spectra for CeO2-400, 
CeO2:Pr-400, CeO2-800, and CeO2:Pr-800 samples. The 
main feature centered at 460 cm−1is observed in all Raman 
spectra presented. This peak is associated with the fluorite 
F2g symmetry mode (symmetric breathing mode of the oxy-
gen atoms around each cation), in agreement with the XRD 
results.6,39 Only one Raman mode is allowed in dioxides with 
a fluorite structure and its frequency is 465  cm−1 in bulk 
CeO2.

6,39 As the annealing temperature increases, it is pos-
sible to observe a shift to higher frequencies, and the peak 
narrows. This behavior is associated with the increase of the 
crystallinity degree with the annealing. Moreover a shift to 
lower frequencies is observed with the Pr-doping, which can 
be ascribed to defects in the lattice caused by the difference 

between the ionic radius of host and dopant cations and the 
formation of oxygen vacancies.6,39 For CeO2:Pr samples, a 
broad band from 550 to 610 cm−1 can be observed. This band 
can be deconvoluted into two other bands. The first one, cen-
tered at 550 cm−1 has been ascribed to oxygen vacancies be-
cause of the charge neutrality due to the substitution of Ce4+ 
ions by Pr3+ ions.6 The band centered at 600 cm−1 band is 
associated with the intrinsic oxygen vacancies caused by the 
Ce3+ ions in the ceria matrix.6 The intensity of this feature 
increases as the annealing temperature increases for CeO2:Pr 
compound, which can also indicate the increase in oxygen va-
cancies related to the Pr incorporation into the CeO2-δ matrix.

XPS measurements are shown in Figure 4, where Ce3+ or 
Ce4+ components are composed by 10 distinct peaks which 
were fitted in Ce 3d photoemission spectra (Figure  4A).40 
This Figure illustrates that Ce 3d spectrum is formed by 5 
peaks for 3d3/2 (assigned as u°, u, u', u'', u''') and other 5 peaks 
for 3d5/2 (assigned as v°, v, v', v'', v''').40 In this sense, u'''–v''', 
u''–v'' and u–v are spin–orbit doublets that are associated 
with different final states of Ce4+ after photoexcitation.40 The 
u'''–v''' doublet is correlated to Ce4+ 3d94f0O2p6state, the u''–
v'' doublet to Ce4+ 3d94f1O2p5 and the u–v doublet to Ce4+ 
3d94f2O2p4.40 Similarly, u'–v' and u°–v° spin-orbit doublets 
are associated with the final states of Ce3+ 3d94f2O2p5 and 
Ce3+3d94f1O2p6, respectively.40 All the Ce 3d3/2 and Ce 3d5/2 
XPS spectra indicate majority of cerium as Ce4+ oxidation 
state. An estimation of the percent composition of Ce3+ can 
be calculated using the Equation (1)41:

where A(un) denotes the area of each (n) Ce 3d3/2 compo-
nents obtained with the fitting of XPS spectra. This ratio was 

(1)%Ce3+ =
A
(

u�
)

+A
(

u0
)

A (u)+A (u�)+A (u�)+A
(

u
��
)

+A
(
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F I G U R E  2  FE-SEM images for 
(A) CeO2-400, (B) CeO2-800, and (C) 
CeO2:Pr-800 nanostructured samples. (D) 
Particle size distribution [Color figure can 
be viewed at wileyonlinelibrary.com]

(A) (B)

(C) (D)

F I G U R E  3  Raman spectra for CeO2-400, CeO2:Pr-400, CeO2-
800 and CeO2:Pr-800 samples. The upper left inset indicates the 
position and width of the peak which is assigned to the fluorite F2g 
mode [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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calculated and the values are 20.1%, 26.5%, and 24.6% for 
CeO2-400, CeO2:Pr-400, and CeO2-800, respectively. Thus, Pr 
incorporation caused an increase in the amount of Ce3+ ions. In 
general, the doping with Pr is expected to result in the change 
Ce4+/Ce3+,42 and the same trend was observed in the Ce1-

xPrxO2. Moreover this result can indicate a lower degree of Pr4+ 
formation, since the formation of Ce3+ becomes more difficult 
in the fluorite lattice with more quantity of Pr4+.42 It has been 
reported that Pr3+ instead of Ce4+ ions occur because the excess 
electrons from the reduction process tend to be located at the 
Pr4+ ions.43

Figure  4B shows the O 1s XPS spectra for CeO2-400, 
CeO2:Pr-400, and CeO2-800. Two different O species with 
peaks centered around 528 eV and 530 eV were observed. 
The first one is characteristic of the lattice oxygen forming the 
fluorite structure with cerium, whereas the second one can be 
attributed to the oxygen bound to carbon components.44 This 
result is in agreement with C 1s XPS spectrum, which is ex-
hibited in Figure 4C. Three peaks can fit the C 1s spectra cen-
tered around 284, 285 and 288 eV, whose binding energies are 
related to C-C, C-O-C, and C = O-C, respectively.45 Indeed, 
there is the formation of -Ce-OOC-C(OH)-COOH complexes 
in the synthesis of CeO2 via the polymeric precursor method 
due the coordination of Ce4+ with citric acid. These com-
plexes polymerize with the reaction between COOH groups 
and ethylene glycol (that contains a large amount of -CH2 and 
-OH groups), resulting in the creation of a polymer resin of 
the type -Ce-OOC-C-COOC-(CH2)n-COO-Ce-.31,32 Majority 
of this resin will decompose into H2O and CO2 during the py-
rolysis procedure. These decomposition products are mostly 
removed from the system; however, residues can create de-
fects in the forming CeO2 lattice, such as interstitial or substi-
tutional carbon. These organic species are linked to Ce-O-Ce 
networks, such as Ce-O-C-C-R, -Ce-O-C-O-Ce-, etc The 
Ce-O bond energy is lower than that of the C-O, whose val-
ues are approximately 790 and 1077 kJ/mol, respectively.46 

The bond cleavage on chemical and thermal environment 
presents a significant dependence on the order of the bond 
energies.31,32 Consequently, the initial cleavage occurs at the 
Ce-O bonds with subsequent annealing, which modifies the 
intermolecular chemical environment and removes a portion 
of the oxygen from the network along with the carbon.31,32 
Hence, an increase in the number of oxygen vacancies and 
Ce3+ ions would be caused by the increase of the annealing 
temperature as a consequence of the charge compensation, 
explaining the results of Raman and XPS analysis.

Figure 5 shows the UV-vis reflectance spectra for CeO2 
and CeO2:Pr samples as a function of the annealing tempera-
ture. As can be seen, CeO2 samples absorb blue light (400-
450 nm), which originates from the O 2p   Ce 4f charge-transfer 
transitions.5 Because of the absorption in the blue region, 
a complementary light-yellow color is observed for these 

F I G U R E  4  XPS spectra of (A) Ce 3d, (B) O 1s, and (C) C 1s photoemission forCeO2-400, CeO2-800 and CeO2:Pr-400 samples [Color figure 
can be viewed at wileyonlinelibrary.com]

F I G U R E  5  UV-vis reflectance spectra for CeO2 and CeO2:Pr 
samples as a function of the annealing temperature [Color figure can 
be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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samples.5,7 As the annealing temperature increases, the re-
flectance spectra shift to lower wavelength, decreasing the 
absorption in the blue region. As a result, the samples show 
the tendency to become white. Through the reflectance spec-
tra, the calculated band gap between the anionic band and the 
cationic band is 2.44 and 2.57 eV for CeO2-400 and CeO2-
800 samples, respectively. This difference and the variation 
in the hue are associated with the oxygen vacancies promoted 
with the annealing, as shown in XPS and Raman measure-
ments. When one O vacancy forms, two unpaired electrons 
localize on the two Ce4+ ions immediately surrounding the 
vacancy, resulting in two Ce3+ ions with f1 configuration.47 

The incorporation of Pr ions into CeO2 matrix introduces an 
additional electronic level of energy between the O2− valence 
band and Ce4+conduction band by 4f1 electron of the pra-
seodymium valence shell, which reduces the band gap.4 The 
calculated band gap obtained through the reflectance spectra 
is 1.82 and 1.81 eV for CeO2:Pr-400 and CeO2:Pr-800, re-
spectively. As can be seen in Figure 5, CeO2:Pr samples pres-
ent absorption in the region below 550 nm, producing a red 
color, in agreement with reports from the literature.3,4,7,8,10,12 
Masó et al obtained similar results for samples prepared by 
solid-state reaction with the same composition (Ce0.990Pr0.01

0O2-δ).
11 As the annealing temperature increases, the edge in 

the reflectance spectra shifts to higher wavelengths, resulting 
in the modification of the hue, from a red-orange color to a 
red-brown one. This behavior is associated with the forma-
tion of oxygen vacancies with the annealing, in which elec-
trons left by charged oxygen vacancies preferentially localize 
on Pr atoms, and is consistent with the observed charge trans-
fer spectra of lanthanide ions in oxides.11,47

The colorimetric coordinates (L*, a*, b*) of CeO2 and 
CeO2:Pr samples using D65-10 (daylight) light source ac-
cording to the CIE-L*a*b* standard colorimetric method 
are exhibited in Figure  6. These colorimetric coordinates 
must be analyzed jointly to determine the final color of pig-
ments, especially the a* and b* coordinates. Figure 6 shows 
also photographs of the as-prepared powders and samples 
annealed at 800°C. As discussed above, the CeO2-400 
sample has light-yellow color because of the absorption in 
the blue region. As the annealing temperature increases, 
the luminance parameter (L*) remains almost constant, 
whereas the red parameter (+a*) increases and the yellow 
parameter (+b*) decreases. These parameters as a function 

F I G U R E  6  Colorimetric coordinates and photographs for CeO2 
and CeO2:Pr samples as a function of the annealing temperature [Color 
figure can be viewed at wileyonlinelibrary.com]

F I G U R E  7  (A) a*, (B) b*, and (C) L* 
parameters as a function of the annealing 
temperature [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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of the annealing temperature are shown in Figure 7. As a 
result, the sample annealed at 800°C shows a white col-
oration with a total color difference (ΔE*) equals 13.75 
compared to CeO2-400 sample, which is considered very 
large.48 With Pr-doping for the as-prepared sample, a 
red-orange coloration was observed. The L* and b* param-
eters decrease, whereas the a* parameter increases with the 
annealing temperature, resulting in a modification in the 
hue for red-brown. According to Masó et al, a* values for 
Ce0.990Pr0.010O2-δ sample calcined at 1440 and 1500°C are 
20.91 and 20.53, whereas L* values are 61.98 and 58.18, 
respectively.11 In our study, a* parameter ranges from 19.75 
to 26.28 as the annealing temperature increases, indicating 
more intense red color at lower calcination temperature 
compared to the result reported in the literature.11 Moreover 
L* parameter ranges from 64.16 to 52.13, meaning greater 
intensity for as-prepared sample. Furthermore, according 
to Masó et al,11 best red color for Ce0.990Pr0.010O2 sample 
was obtained by increasing the calcination temperature 
and during firing. Through this process, loss of oxygen 
from the fluorite lattice can result in the creation of oxy-
gen vacancies,11 in agreement with our results. Comparing 
CeO2:Pr-400 and CeO2:Pr-800 samples, the ΔE* is equal 
to 13.5 (very large difference). Thus, the annealing shows 
a substantial influence on the color of the based-CeO2 pig-
ments prepared by the polymeric precursor method. As dis-
cussed, in this synthesis method, carbon can be retained in 
the lattice of the crystalline pigment, which is released with 
heat treatment, resulting in the formation of oxygen vacan-
cies. The charge compensation or charge transfer is respon-
sible for the modification of the hue of these pigments.

4 |  CONCLUSIONS

In this paper, nanostructured CeO2 and CeO2:Pr samples 
were synthesized using the polymeric precursor method, and 
their structural and optical characterizations were performed. 
FE-SEM images revealed a regular morphology of CeO2 na-
noparticles and a uniform particle size ranging from 22 to 
28  nm according to the annealing temperature. Pr-doping 
does not show an influence on particle size. XRD results 
show that CeO2 and CeO2:Pr samples crystallized completely 
without the presence of secondary phases, and the diffraction 
patterns correspond to the cubic fluorite structure with Fm3m 
space group. Raman spectra show the fluorite F2g mode, con-
firming the XRD results. With Pr-doping and the annealing 
of the samples, two bands were observed between 550 and 
600 cm−1 which are related to the defects in the fluorite struc-
ture associated with oxygen vacancies. XPS spectra revealed 
the presence of carbon even in the samples annealed at higher 
temperatures due to the synthesis method, which involves the 
formation of a precursor polymeric resin. Moreover these 

measurements exhibit an increase in the ratio of Ce3+ ions 
as a function of annealing temperature and Pr-doping. This 
increase is associated with the carbon removal from the lat-
tice with annealing. This behavior causes a change in the 
hue of the powders as the annealing temperature increases. 
According to diffuse reflectance and colorimetric measure-
ments, CeO2 shows a light-yellow color due to the O 2p   Ce 
4f charge-transfer transitions whose b* parameter mainly de-
creases with annealing, becoming almost white. On the other 
hand, CeO2:Pr sample exhibits a red-orange color because of 
the electronic transitions between 4f2 → 5d1 states of Pr3+. 
With the annealing, L* and b* parameters decrease, resulting 
in a red-brown shade. The charge compensation or charge 
transfer is responsible for the modification of the hue of these 
pigments. We believe that our results lay ground for cheaper 
and less toxic pigments based on Pr-doped cerium oxides.
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