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Preface

Cerium oxide (CeO2), which is one of important transition metal oxides, acts as an n-type
semiconductor material. It is clear from the title that this book is related to CeO2. CeO2 has a
cubic fluorite structure, in which each cerium atom is surrounded by eight equivalent oxy‐
gen atoms and each oxygen atom is surrounded by a tetrahedron of four cerium atoms.
CeO2 has shown various applications, particularly adsorption, catalysis, photocatalysis,
sensing, fuel cells, hydrogen production, semiconductor devices, as well as biomedical uses.
CeO2 is also used in petroleum refining and emission controlling systems in gasoline en‐
gines, as well as a diesel fuel-borne catalyst to reduce particulate matter emissions. In recent
years, CeO2 nanoparticles have gained greater consideration in the biomedical research com‐
munity since it can be used as an inhibiting cellular agent along with its antimicrobial and
antioxidant activities. Because of the dramatic and widespread industrial uses of CeO2 mate‐
rials, it was thought appropriate to present recent developments in the applications and at‐
tributes of CeO2 in the form of a book to the scientific community. This book contains six
chapters, which describe the structure, different uses, applications, and attributes of CeO2.

The first chapter is “Cerium oxides for corrosion protection of AZ91D Mg alloy” by A. P.
Loperena et al. The chapter describes CeO2-based coatings as an environmentally friendly
option to enhance the corrosion resistance of magnesium alloys. The formation of a coating
from a solution containing cerium nitrate was studied for controlling the biodegradation
rate of AZ91D magnesium alloy in simulated physiological solution.

The second chapter is “Doped CeO2 for solid oxide fuel cells” by Shobit Omar. It describes
the highlights of various activities regarding doped CeO2 materials in fuel cell applications
and the mechanisms underlying the oxygen-ion conduction process in doped ceria.

The third chapter is “Prototyping a gas sensor using CeO2 as a matrix or dopant in oxide
semiconductor systems” by Lucian Pîslaru-Dănescu et al. In this chapter, two important as‐
pects of using CeO2 in the field of gas sensors are discussed. First, the use of binary semicon‐
ductor oxides CeO2–Y2O3 for CO2 detection in the range of 0–5000 ppm. Second, the use of
CeO2 as a dopant in a hydride composite, consisting of reduced graphene oxide/ZnO, to in‐
crease sensibility in NOx detection at low concentration in the range of 0–10 ppm.

The fourth chapter is “Waterborne acrylic/CeO2 nanocomposites for UV blocking clear
coats” by Miren Aguirre et al. In this chapter, the authors describe the UV absorbing capaci‐
ty of CeO2 nanoparticles and the film-forming capacity of acrylic polymers. It presents the
synthetic route to produce waterborne acrylic/CeO2 hybrid nanocomposites for UV absorb‐
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ing coating applications, which leads to encapsulated morphology of CeO2 nanoparticles in‐
to the polymer particles resulting in lack of agglomeration during film formation. The
photoactivity behavior of CeO2 nanoparticles is also discussed.

The fifth chapter is “Extraction and recovery of cerium from rare earth ore by solvent extrac‐
tion” by Kai Li et al. The authors describe the solvent extraction and recovery of cerium
found in a variety of minerals and present in the highest concentration in light rate earth
ores. The main approach used is based on the acid-leaching process of rare earth minerals,
which produces the leaching solution as well as high purity CeO2products.

The sixth chapter is “Pd-supported catalysts over mixed oxides based on cerium for envi‐
ronmental catalysis purposes” by Victor Ferrer. This chapter presents studies related to the
use of CeO2 as a redox promoter in the oxidation reactions of hydrocarbon and the reduc‐
tion of nitrogen oxides, which are carried out in catalytic converters installed in vehicles.
The study also discusses the improvement of CeO2 redox properties by the incorporation of
elements such as terbium or zirconium in the cerium network, creating a mixed oxide with
better performance. Catalytic activity resulting from the CH4 and CO oxidation reactions
and reduction of NO by CO in catalysts using Pd as an active phase are also studied.

Prof. Dr. Sher Bahadar Khan and Prof. Dr. Kalsoom Akhtar
Chemistry Department

Faculty of Science
King Abdulaziz University

Jeddah, Saudi Arabia
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1. Introduction

Cerium belongs to lanthanide series and available most abundantly in the crust of the earth 
with an average concentration of 50 ppm as a rare earth element. Elemental cerium is a flex-
ible and malleable lustrous metal. Cerium metal is iron-gray in color and is highly reactive. 
It is also known as a strong oxidizing agent and exists as cerium oxide in association with 
oxygen atoms. It exists as either cerous (Ce3+, trivalent state) or ceric (Ce4+, tetravalent state) in 
the form of compounds [1].

It is clear from the title that this book is related to cerium oxide (CeO2) which is one of the 
important transition metal oxides acting as n-type semiconductor materials. It possesses sev-
eral features resulted from the combination of high amount of oxygen in its structure and the 
facile change between the reduced and oxidized states (Ce3+ and Ce4+) [2]. The CeO2 has cubic 
fluorite structure, in which each cerium atom is surrounded by eight equivalent oxygen atoms 
and each oxygen atom is surrounded by a tetrahedron of four cerium atoms. Ideally, CeO2

should have a formal charge of −2 and distance between oxygen–oxygen atoms should be 
2.705 Å, in which the formal charge of cerium ions is +4 [3].

The main unique characteristics of cerium oxide involve a band gap of 3–3.6 eV, high value of
dielectric constant up to κ = 23–26, high refractive index of n: 2.2–2.8, and high dielectric strength
reached to 2.6 MV cm−1 [4]. Such properties qualify cerium oxide-based materials to be employed
in various applications, especially when they are in nanosized particles. The cerium oxide is a
famous member of nanostructured materials having a wide range of applications. Cerium oxide
materials/nanomaterials have been utilized in numerous fields including adsorption, catalysis,
photocatalysis, sensing, fuel cells, hydrogen production, semiconductor devices as well as bio-
medical uses [5–10].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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dielectric constant up to κ = 23–26, high refractive index of n: 2.2–2.8, and high dielectric strength 
reached to 2.6 MV cm−1 [4]. Such properties qualify cerium oxide-based materials to be employed 
in various applications, especially when they are in nanosized particles. The cerium oxide is a 
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Commercial uses of CeO2 could be utilized in the pure form or in a concentrated dose as a 
polishing powder for glasses as well as ophthalmic lenses or precision optics. Cerium oxide 
is also employed as a glass constituent for preventing solarization and discoloration, particu-
larly in television screens. The CeO2 contributes in heat-resistant alloy and ceramic coatings. 
Cerium oxide is also used in petroleum refining and emission controlling system in gasoline 
engines as well as a diesel fuel-borne catalyst to reduce particulate matter emissions. In recent 
years, CeO2 nanoparticles have gained more consideration in biomedical research community 
since they could be used as inhibiting cellular agent along with their antimicrobial and anti-
oxidant activity [1, 5].

Owing to the dramatical and widespread industrial uses of cerium oxide materials, the 
National Institute of Environmental Health Sciences is suggested and nominated CeO2 for 
toxicological characterization because of its limited toxicity data, and a lack of toxicological 
studies for nanoscale CeO2. CeO2, which is one of important transition metal oxides, acts as 
n-type semiconductor materials that have diverse applications such as adsorption, catalysis, 
photocatalysis, sensing, fuel cells, hydrogen production, semiconductor devices as well as 
biomedical uses.
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Abstract

Rare earth elements are widely found in many minerals, some of which, such as bastn-
aesite, monazite, and xenotime, are of great commercial value. Cerium (Ce) is the rare 
earth element with the highest content in light rare earth ore. Solvent extraction is the 
most effective and efficient method to recover and separate Ce from other light rare earth 
elements. After acid leaching of rare earth minerals, leaching solution was obtained, and 
cerium oxide of products of high purity was obtained by extraction and stripping. It is 
well known that Ce(IV) can be easily separated from the other RE(III) by adopting the 
traditional solvent extraction. Based on this principle, the clean process of oxidation roast-
ing and Ce(IV) separation for Sichuan bastnaesite was developed. And then, a preliminary 
flow sheet of two-step oxidation and extraction of Ce(IV) for Bayan Obo mixed rare earth 
ores was further proposed.
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1. Introduction

Rare earth (RE) elements exist in a variety of minerals, some of which, such as bastnaesite, 
monazite, and Bayan Obo mixed rare earth ores, are of great significance and commercial 
value [1–3]. As for the rare earth resources in the world, bastnaesite deposits in China and the 
United States account for the largest proportion. The carbonatite-hosted bastnaesite deposits at 
Mountain Pass, the bastnaesite deposits in Sichuan Province, and the large deposits in Bayan 
Obo area are the most noteworthy deposits. Monazite deposits in Australia, Brazil, China, 
India, Malaysia, South Africa, Sri Lanka, Thailand, and the United States are the second largest 
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deposits [4–8]. The Bayan Obo mixed rare earth ores, which is mainly composed of bastnaesite 
and monazite, is the largest light rare earth resource in the world [3, 9]. The Bayan Obo deposit 
is actually the tailings of the iron ore processing scheme of Fe-RE-Nb deposit [10, 11].

Cerium (Ce) is the RE element present in the highest concentration in light RE ores, CeO2/∑REO 
reaches 50% in bastnaesite (REFCO3), while CeO2/∑REO is approximately as high as 45–50% in 
monazite (REPO4) [12]. Table 1 gives the chemical compositions of different light RE concen-
trates [12]. Cerium atoms’ electronic configuration is [Xe]4f15d16s2. Losing two 6s electrons and 
one 5d electron, it forms the most common Ce(III). Ce(III) has the tendency to lose electron to 
become 4f0 and forms Ce(IV) [13]. Ce(IV) can exist stably in the aqueous solution because of 
the lowest standard electrode potential of Ce(IV)/Ce(III) [14]. Ce(IV) exhibits a markedly dif-
ferent chemical behavior compared to other RE(III). The use of the variable valence properties 
of cerium and its stable structure is of great significance in RE separation [15]. Solvent extrac-
tion is reported to be one of the most effective techniques to extract Ce(IV) [16]. When Ce(III) 
was oxidized into Ce(IV), it can be easily separated from RE(III) because of high separation 
factor values of Ce(IV) to Th(IV) (>100) and RE(III) (>600) [17].

Compared with other rare earth elements, Ce(IV) has strong complexation and coordination 
ability because of its small ionic radius [18]. Ce(IV) can form stable complexes with F−, NO3

−, 
HSO4

−, and H2PO4
− in solution, which are easy to be extracted by organic extractants [19–21]. 

Utilizing complex properties of Ce(IV) with these anions, the recovery of Ce and these associ-
ated resources from rare earth ore by solvent extraction can be realized.

A number of extractants such as acidic organophosphorus extractants [22–27], neutral organo-
phosphorus extractants [28–36], amines [37], bifunctional ionic liquid extractants (Bif-ILEs) 
[38–40], and others [41–48] have been used for the extraction and separation of Ce. When Ce was 
extracted into organic phase, pure cerium solution can be obtained by stripping, and then cerium 
products can be obtained by adding ammonium carbonate, oxalic acid, ammonia water, and so 
on. The high purity cerium oxide can be produced by calcination of these cerium products.

In China, there are three main RE ores, about 80% mixed RE ores in Bayan Obo, 10% bastnaesite 
in Sichuan and Shandong, and 2.9% ion adsorption ores in South of China. Bayan Obo ores, the 
largest light rare earth sources in the world, are known as the most refractory rare earth miner-
als for processing due to the complicated mineral structures and compositions [49]. There are 
7–8% fluorine element (F) and 4–6% phosphorus element (P) in Bayan Obo mixed RE ore [15]. 
The classical process of decomposing mixed RE concentrate by roasting with concentrated 
sulfuric acid at a high temperature cannot recover F and P, which could cause environmental 
pollution and waste of resources [50]. Our group proposed a process for Bayan Obo mixed RE 

REO CeO2/∑REO F P2O5

Bayan Obo mixed ore 60% 50% 7–8% 6–7%

Bastnaesite (Sichuan) 60% 50% 8–10%

Monazite (Guangdong) 55–65% 45–50% 25–30%

Table 1. Chemical compositions of different light RE concentrates.
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ore by utilizing the property of valence change of cerium. The diagram of this process is shown 
in Figure 1. When Ce(III) was oxidized to Ce(IV), F(I) and P can be easily recovered from leach-
ing liquor by solvent extraction in virtue of the complex properties of Ce(IV) with F(I) and P 
[18]. After extraction, Ce products can be obtained by reductive stripping.

2. Aqueous chemistry of Ce(IV)

2.1. Ce(IV) in aqueous solution

Ce is the only lanthanide element that can form stable molecular complexes in the +4 oxidation 
state. The stability of the +4 state of cerium is attributed to the 4f0 electron configuration [51]. 
However, much less is known about the properties of Ce(IV) aqueous species than those of 
Ce(III). For example, the hydration structure of Ce(II) has been extensively studied by many 
methods [52–58]. In most cases, it is a part of the systematic study of the trivalent rare earth 
series. In contrast, even for the simplest aqua species of purely hydrated complex, there is little 
success in the identification of Ce(IV) aqua complexes in solution. In fact, in the scientific litera-
ture, Ce(IV) aqua species are often described only as “Ce(IV)” or “Ce(IV) complex,” without 
specifying their chemical species or composition, simply because of a lack of information [59]. 
Moreover, because of their high electric charge, Ce(IV) has a strong tendency toward hydrolysis 
in aqueous solution and undergoes polynucleation or further, leading to colloid formation [60]. 
Several precedent studies have also implied the formation of soluble polymeric species with 
oxo- and/or OH-bridging [61]. Based on an extended X-ray absorption fine structure (EXAFS) 
study and density functional theory (DFT) calculations, Ikeda-Ohno et al. have demonstrated 
that the Ce(IV) ion in perchloric acid exists in the form of oxo-bridged dimer (Figure 2) [59]. 

Figure 1. Oxidation and separation of Ce(IV) [18].
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Using synchrotron X-ray and Raman spectroscopies and EXAFS, Ellis et al. also found that in 
strong acidic nitrate solution, ammonium ceric nitrate is a dinuclear Ce(IV) complex with a 
bridging oxo ligand, formulated as [(H2O)xCeIV-O-CeIV(OH2)x]6+ (x = 6 or 7) [62]. On the contrary, 
the present quantum chemical calculations confirm that the Ce4+ coordination number is 9 and 
the relative free energies of Ce4+ is the 10- and 8-coordinate isomers in aqueous solutions.

2.2. Ce(IV) complexes with anions in aqueous solution

Ce(IV) is unstable in perchloric acid aqueous solution because its standard electrode potential 
in perchloric acid aqueous solution is 1.61 V [19]. Therefore, when water decomposes and 
releases oxygen, Ce(IV) would be slowly reduced to Ce(III). In addition, Ce(IV) is very easy 
to hydrolyze and polymerize like other tetravalent cations. It is necessary to maintain high 
acidity in the medium to avoid it. Due to these difficulties, the data of the stability constants 
of Ce(IV) complexes are very scarce.

Although the studies on nitrato-cerium complexes started earlier, there is contradictory infor-
mation about these complexes in the relevant literature [63–66]. It was found by potentiometric 
method that when [NO3

−] < 3.2 mol/L, there was only one complex in the form of Ce(NO3)3+ in 
nitric acid aqueous solution [67]. The other two methods, the spectrophotometry and the extrac-
tion method, indicate that the ligand number of nitrato-cerium complexes may vary from 1 to 6. 
The distribution of Ce(IV) species in aqueous media was studied by measuring the total optical 
absorbance of Ce(IV) species in different nitric acid-perchloric acid mixture solutions. The sta-
bility constants of the nitrato-cerium complexes were determined spectrophotometrically [67].

There are considerable evidences of complex formation between ceric ions and sulfate ions 
in aqueous solution. Jones et al. have measured the migration in high sulfur concentration 
solutions and found that the color migrated to the anode. Some researchers [68–70] have 
measured the electromotive force of the cerium sulfuric acid solution; the results show that 
a complex is certainly formed, but its nature cannot be determined clearly. Besides, evidence 
for complexing has been found by Moore et al. [71] from kinetic studies on the reaction of 
Ce(IV) with arsenite ions. The first complex of Ce(IV) and sulfate in perchloric acid solution 
was studied by spectroscopic method [72]. The results show that the instability constant of 
the first complex varies with the concentration of total Ce(IV) ion plus sulfate and a higher 
complex was also found in this system. Hardwick et al. [73] made a spectral study on the 
association of Ce(IV) with sulfate. The results show that Ce(IV) interacts with one, two, and 
three sulfate ions in turn to form complexes. As is expected, as the number of sulfate ions in 
the complexes increases, the trend of association becomes smaller. Nevertheless, there were 
no higher complexes of more than three sulfate complexes with Ce(IV).

The stability constants of the fluoride complexes of cerium(IV) in 1 M (HCIO4, NaClO4) medium 
have been measured potentiometrically using a fluoride ion-selective electrode. This procedure 
ensures the stability of the oxidation state and prevents hydrolysis and polymerization of Ce(IV). 
Logarithms of the average values of ß1, ß2, ß3, and ß4 were estimated to be 7.57 ± 0.04, 14.50 ± 0.03, 

Figure 2. A proposed structure of the cationic dinuclear Ce(IV) species present in perchloric acid.
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20.13 ± 0.37, and 24.14 ± 0.10, respectively [19]. Besides, in sulfuric acid medium, Qiao studied the 
complexation behavior of fluorine (I) with Ce(IV). The results show that Ce(IV) and F(I) could form 
a stable complex in the form of [CeF2

2+] and logarithm of the average values of ß was 10.67 [20].

3. Solvent extraction of Ce(IV)

Many extractants have been reported and applied in nitric acid and sulfuric acid for Ce(IV) 
extraction, for example, acidic organophosphorus extractants [22–27], neutral organophos-
phorus extractants [28–36], amines [37], and bifunctional ionic liquid extractants (Bif-ILEs) 
[38–40]. Among them, tributyl phosphate (TBP), di-(2-ethylhexyl) 2-ethylhexyl phosphate 
(DEHEHP), di-(2-ethylhexyl) phosphate (P204), 2-ethylhexylphosphoric acid mono 2-ethylhe-
xylester (P507), and Cyanex 923 are the most commonly used extractants for Ce(IV) extraction 
(listed in Table 2). Synergistic extraction [26, 35] is also an important method to enhance the 
extraction efficiency. It was reported that P204 + P507 and P204 + Cyanex 923 had synergistic 
extraction effects for Ce(IV) extraction from sulfuric acid medium.

3.1. Acidic organophosphorus extractants

Several acidic organophosphorus extractants [22–27] were used to extract cerium(IV); among 
these extractants, P204 or P507 is a great extractant for Ce(IV) with a high capacity, extraction 
efficiency, and selectivity. Peppard et al. studied the extraction of Ce(IV) from HNO3 solution 
with P204 in 1957. Tedesco et al. studied the extraction of cerium in kerosene from sulfuric 
acid solution by di(2-ethylhexyl) phosphate (P204, HA). The effects of DEHPA concentration 
and pH on the extraction of cerium were determined. However, the mechanism of extraction 
of Ce(IV) by P204 is not clear. Tedesco et al. considered that the possible extraction mecha-
nism is as follows [22]:

When pH < 1.0

   Ce   4+  + 4   (HA)   2   =  CeH  4    A  8   +  4H   +   (1)

   nCe   4+  + 2   (HA)   2   =   ( CeA  4  )   n   +  2nH   +   (2)

when pH = 1.7–2.0

   CeO   2+  + 2   (HA)   2   =  CeOH  2    A  4   +  2H   +   (3)

   nCeO   2+  + n   (HA)   2   =   ( CeOA  2  )   n   +  2nH   +   (4)

When the R-O group in dialkyl phosphoric acid molecule is replaced by R group, such as 
P507, its pKa value increases and its acidity increases. The distribution ratio of rare earth ele-
ments extracted by P507 is lower than that of P204. Li et al. [24] have studied the separation of 
Ce(IV) with P507 in nitric acid system and sulfuric acid system. The mechanism of extraction 
of Ce(IV) in sulfuric acid system by P507 is as follows:
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Low acidity:

   Ce   4+  + 3   (HA)   2   =  CeL  2     ( HL  2  )   2   +  4H   +   (5)

High acidity:

   Ce   4+  +   2HSO  4     −  +   SO  4     2−  +   (HL)   2   =  H  2   Ce   ( SO  4  )   3   • 2HL  (6)

However, it is difficult to extract F− from sulfuric acid solution by P204 and P507 [30]. The 
addition of boric acid and other masking agents eliminates the effect of F− [74], which would 
introduce impurities and increase cost.

3.2. Neutral organophosphorus extractants

Neutral organophosphorus extractants were applied widely in recently years for Ce(IV) 
extraction. Tri-butyl-phosphate (TBP) was used to recover Ce(IV) from high acidic HNO3 
solutions by adding an appropriate quantity of H3BO3, and high-purity CeO2 was recovered 
[75]. However, high extraction acidity and severe co-extraction of mineral acids make TBP 
extraction of Ce(IV) not superior. Besides, a low extraction efficiency was also a serious 
problem for Ce(IV) extraction compared with others. Therefore, a new extractant named 
di-(2-ethylhexyl) 2-ethylhexyl phosphonate (DEHEHP) was used to extract and recover 
Ce(IV) from HNO3 solution by Li’s group [28, 29]. However, a low extractability and a low 
loading capacity limit the application of this extractant. In addition, the problem of reduc-
tion of cerium(IV) in DEHEHP extraction was also a challenge. Because of its low solubility 
in aqueous phase, liable hydroxylation, high miscibility with ordinary organic diluents, 
and low extraction acidities compared to other neutral organophosphorus extractants, 

Extractants Functional group Ref.

Neutral organophosphorus TBP P=O [15]

DEHEHP [28, 29]

Cyanex 923 [30–34]

Acidic organophosphorus P507 [25, 26]
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Amines N1923 RNH2 [37]

Bif-ILs [A336][P507] [39]

[A336][P204] [38]
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Cyanex 923 (a mixture of straight-chain alkylated phosphine oxides) is considered to be 
the most used extractant in Ce(IV) extraction [76].

In recent years, our group has used extractant Cyanex 923 to extract and separate Ce(IV) 
from nitric acid system and sulfuric acid system. Lu et al. [30, 31] studied the extraction and 
separation of Ce(IV), Th(IV), RE(III), and Fe(III) from sulfuric acid system by Cyanex 923. The 
experimental results show that the order of extracting metal ions in H2SO4 media was Ce(IV) 
> Th(IV) > RE(III) > Fe(III).

Liao et al. had studied the thermodynamics and kinetics of Cyanex 923 extraction of Ce(IV) 
from the liquor of bastnaesite in detail. The results showed that Cyanex 923 could effectively 
extract Ce(IV) from sulfuric acid system. The extraction mechanism was as follows:

Cyanex 923 extracts Ce(IV) from a sulfuric acid solution without fluorine:

   Ce   4+  +   SO  4     2−  +   2HSO  4     −  + 2Cyanex 923 = Ce ( SO  4  )    ( HSO  4  )   2   • 2Cyanex 923  (7)

Cyanex 923 extracts Ce(IV) from a sulfuric acid solution with fluorine:

   Ce   4+  + HF +   SO  4     2−  +   2HSO  4     −  + 2Cyanex 923 = Ce (HF)  ( SO  4  )    ( HSO  4  )   2   • 2Cyanex 923  (8)

Li et al. studied the extraction and recovery Ce(IV) from nitrate solutions by Cyanex 923. The 
extraction mechanism was as follows:

Without fluorine:

   Ce   4+  +   4NO  3     −  + 2Cyanex 923 → Ce   ( NO  3  )   4   • 2Cyanex 923  (9)

With fluorine:

   Ce   4+  +   4NO  3     −  +  F   −  +  H   +  + Cyanex 923 → Ce (HF)    ( NO  3  )   4   • Cyanex 923  (10)

3.3. Amines extractants

The mechanism of extracting Ce(IV) from sulfuric acid solution with primary amine extract-
ant N1923 was studied by Li et al. It was found that the mechanism of extraction of Ce(IV) by 
N1923 had a great relationship with acidity.

Low acidity:

   Ce   4+  +   2SO  4     2−  + 2   ( RNH  3  )   2    SO  4   =   ( RNH  3  )   4   Ce   ( SO  4  )   4    (11)

High acidity:

   Ce   4+  +   2SO  4     2−  + 4 ( RNH  3  )   HSO  4   =   ( RNH  3  )   4   Ce   ( SO  4  )   4   +  2H  2    SO  4    (12)
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3.4. Bifunctional ionic liquid extractants

In recent years, quaternary ammonium salts have been widely used in ionic liquids, includ-
ing surfactants, extractants, catalysis and biodegradation, and many other fields [77–79]. 
Common ionic liquids are divided into four categories, including imidazole, pyridines, 
quaternary ammonium salts, and quaternary phosphine salts [80]. Among them, ammonium 
and phosphorus ionic liquid extractants were investigated in REs separation because of this 
low price and little toxicity [81]. The neutral complexation mechanism of Bif-IlEs has higher 
extractability and selectivity, and lower acid and base consumption and no emission of 
ammonia, nitrogen, Na+ or Ca2+ wastewater.

A series of high purity quaternary ammonium salt ionic liquids ([A336][P507], [A336][P204], 
[A336][C272]) have been synthesized by Chen’s team using the simple and efficient acid-base 
neutralization method. The synthetic route is given in Figure 3 [82].

[A336][P507] as shown in Figure 4 can be used for the separation of Ce(IV) from sulfuric acid 
solution [39]. Zhang has studied the extraction equilibrium of Ce(IV) from sulfuric acid by 
using [A336][P507], the extraction mechanism was as follows [39]:

   Ce   4+  +   SO  4     2−  +   2HSO  4     −  + 2 [A336]  [P507]  = Ce ( SO  4  )    ( HSO  4  )   2   • 2 [A336]  [P507]   (13)

Zhang [21] has investigated the extraction of Ce(IV) in H2SO4/H3PO4 system [42]. The possible 
extraction equilibrium is shown in Eq. (5):

   

 CeSO  4       2+  + 0.  5H  2    PO  4        −  + 0.  5HSO  4        − 

    
 
                        + 0.  5SO  4       2−  +   [  A336 ]     [  P507 ]    = Ce  (   SO  4   )     (   H  2    PO  4   )   0.5  (   HSO  4   )   

       
                                                                                                   0.5  (   SO  4   )   0.5 ·   [  A336 ]     [  P507 ]   

 
   (14)

3.5. Synergistic extraction system

Synergistic extraction is an important method to enhance the extraction efficiency [26, 35] 
and has been applied for the extraction and separation of rare earths [83]. Recently, Li et al. 
have reported the synergistic extraction of lanthanum and Y using a mixture of Cyanex 
272(BTMPPA) and 1-phenyl-3-methyl-4-benzoyl-pyrazolone-5 (HPMBP) [84]. Sun et al. 

Figure 3. Synthesis route of quaternary ammonium salt bifunctional ionic liquid extractant [82].
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have found the enhanced extraction and separation of yttrium from heavy rare earth using 
BTMPPA (Cyanex 272) and bis(2,4,4- three methyl amyl) phosphoric acid (CA-12) [85]. In 
addition, Reddy et al. have studied the synergistic extraction of rare earth elements by Cyanex 
923 and Cyanex 301 [86]. These findings have contributed to the study of a new mixed system 
using Cyanex 923 as an extractant to recover Ce(IV).

Li et al. [35, 36] reported the extraction of Cyanex 923 + P204 for Ce(IV) in sulfuric acid sys-
tem. The experimental results show that Cyanex 923 + P204 has a positive correlation with 
the extraction of Ce(IV) solution. The largest synergistic coefficient of Ce(IV) is obtained at 
the mole fraction XCyanex 923 = 0.8. The synergistic enhancement coefficients (Rmax) obtained for 
Ce(IV) are 23.12 in Ce(IV) solution. The synergistic extraction can be expressed as

  Ce   ( HSO  4  )   4   +   (HA)   2   + 1 . 5B = Ce   ( HSO  4  )   2    A  2   · 1 . 5B +  2H   +  +   2HSO  4     −   (15)

The synergistic extraction of cerium(IV) from sulfuric acid medium using a mixture of 2-ethylhexyl 
phosphoric acid mono 2-ethylhexyl ester (HEH/EHP, HL) and Di-(2-ethyl hexyl) phosphoric 
acid (HDEHP, HA) as extractants was studied [26]. The results showed that HEH/EHP = 0.6 was 
extracted as an organic phase in the form of Ce(SO4)0.5HL2A2. The synergistic extraction reaction 
is as follows:

   Ce   4+  + 0 .   5SO  4     2−  +  H  2    L  2   +  H  2    A  2   = Ce   ( SO  4  )   0.5
    HL  2    A  2   +  3H   +   (16)

4. Preparation of Ce product

Cerium and its compounds are widely used in many fields. For example, monocrystalline 
CeO2 due to its excellent redox ability has an important application value in the fields of CO 
catalytic oxidation, organic synthesis catalysis, photocatalysis, biological oxidation resistance, 
and so on. Generally speaking, the preparation of Ce products can be divided into two main 
methods: one is the sulfuric acid double salt precipitation method and the other is the method 
of solvent extraction. The process of sulfuric acid double salt precipitation is as follows:

Figure 4. Chemical structures of [A336][P507].
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Sulfuric acid rare earth solution containing Ce(IV) → reduces Ce4+ to form Ce3+ → NaOH base 
decomposition → HCl solubilization → Oxalic acid precipitation → Calcination.

However, the process of this method is long; there are many steps of solid-liquid separation, 
the yield of rare earth is low (65–67%) and the purity of CeO2 product is low (95–99%). In 
addition, the associated resources such as F, P, and Th in sulfuric acid leach liquor were not 
recovered effectively, resulting in waste of resources and radioactive pollution. In contrast, 
however, solvent extraction has many advantages. The loaded organic phases could be used 
to prepare nano-size CeF3 and CePO4 by reductive stripping.

Our group developed a method to prepare high-purity CeF3 nano-powder. This method was 
to extract from the sulfuric acid liquor of bastnaesite to obtain the loaded organic phase firstly, 
and then the CeF3 can be obtained by reduction stripping used H2O2. The purity of CeO2 can 
be reached to 99.99% [87]. The preparation of CePO4 nanoparticle was also invented by our 
group. This method was to extract Ce(IV) by [A336][P507] in H2SO4/H3PO4 system, and then 
the CePO4 can be obtained by reduction stripping also using H2O2 [26].

5. Conclusions and outlook

Based on the introduction of solution chemistry and extraction chemistry of cerium(IV) and 
preparation of cerium products, the mechanism, methods, and objectives of extraction and 
recovery of cerium from rare earth ore are described in detail in this chapter. It is of great 
significance to make use of the changeable valence properties and the strong complexation 
and coordination ability of Ce4+ in REs separation. The cerium in rare earth ores can be effi-
ciently oxidized to Ce(IV) and can be separated and recovered by solvent extraction easily. 
According to these studies, Li and our group established an important process to recover 
Ce(IV) by Cyanex 923 from rare earth ore. The Ce(III) in rare earth ore can be effectively 
oxidized into Ce(IV) by oxidizing roasting Baotou mixed rare earth ore. The complexation 
property between Ce(IV) with F and/or P in acidic solution can help to separate and recover 
Ce(IV), F, and P by solvent extraction. This invention can realize the comprehensive utiliza-
tion of resources and avoid resource waste and environmental pollution by utilizing the asso-
ciated resources of the Baotou rare earth ore to recover the Ce. It also provides a convenient 
condition for the subsequent separation of Th and other RE(III). More efforts on the studies of 
mechanism, process intensification, and equipment will be needed in the future.
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recovery of cerium from rare earth ore are described in detail in this chapter. It is of great 
significance to make use of the changeable valence properties and the strong complexation 
and coordination ability of Ce4+ in REs separation. The cerium in rare earth ores can be effi-
ciently oxidized to Ce(IV) and can be separated and recovered by solvent extraction easily. 
According to these studies, Li and our group established an important process to recover 
Ce(IV) by Cyanex 923 from rare earth ore. The Ce(III) in rare earth ore can be effectively 
oxidized into Ce(IV) by oxidizing roasting Baotou mixed rare earth ore. The complexation 
property between Ce(IV) with F and/or P in acidic solution can help to separate and recover 
Ce(IV), F, and P by solvent extraction. This invention can realize the comprehensive utiliza-
tion of resources and avoid resource waste and environmental pollution by utilizing the asso-
ciated resources of the Baotou rare earth ore to recover the Ce. It also provides a convenient 
condition for the subsequent separation of Th and other RE(III). More efforts on the studies of 
mechanism, process intensification, and equipment will be needed in the future.
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Abstract

Die-cast AZ91D magnesium alloy (8.9 wt.% Al, 0.6 wt.% Zn, 0.2 wt.% Mn, and balance Mg), 
as novel alternative biodegradable material, has received great attention due to their potential 
use in biomedical implants. However, their poor corrosion resistance in physiological fluids 
restricts practical applications. Cerium-based coatings have been studied as an environmental 
friendly option to enhance the corrosion resistance of magnesium alloys. In order to control 
the biodegradation rate of AZ91D magnesium alloy in simulated physiological solution, the 
formation of a coating from a solution containing cerium nitrate (Ce(NO3)3) was studied. The 
effect of different additives in the treatment solution (ascorbic acid, citric acid, and sodium 
citrate) on the anticorrosive properties of the coatings was evaluated. The characterization 
of the coatings was done using electrochemical techniques and SEM/EDS, XRD, and XPS 
analyses. The corrosion properties were examined in Ringer solution by polarization studies, 
open circuit measurements, and faradaic impedance spectroscopy. Results showed that the 
incorporation of additives improves the anticorrosive properties of the Ce-based film. The 
coating modified with ascorbic acid provides the best corrosion resistance. According to XPS 
results, the film is mainly composed by Mg oxides or hydroxides and Ce oxides.

Keywords: cerium oxide, corrosion resistance, AZ91D magnesium alloy, coating, 
physiological solution

1. Introduction

Magnesium and its alloys are biodegradable and biocompatible materials which exhibit an 
attractive combination of low density and high strength/weight ratio making them ideal can-
didates for biomedical applications like substitution and generation of tissues [1]. Temporary 
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implants of biodegradable materials eliminate the need of a second surgery for implant 
removal since they are destined to corrode and dissolve postoperatively [2]. However, 
magnesium-based materials present poor corrosion resistance in physiological environments 
limiting their applications in the biomedical field. AZ91D magnesium alloy is one of the most 
commonly used materials, and its corrosion resistance depends on the presence of impure 
elements acting as active cathode on the microstructure [3].

In order to improve the corrosion resistance of magnesium alloys, some environmentally 
friendly chemical treatments has been developed [4]. Among them, coatings based on rare 
earth elements appear as a promising system. Cerium has been studied as alternative to 
generate protective films. Several researches demonstrated that treatments with cerium salts 
solutions inhibited the metal corrosion. The formation of cerium oxides and hydroxides on 
the metal surfaces is generally the reason of this inhibition process because it gives rise to a 
blocking effect and reduces the rate of reduction reactions [1, 5, 6]. It is known that magnesium 
alloys oxidation is accompanied with the reduction of hydrogen ions as cathodic reaction. 
This hydrogen discharge promotes the reaction of Ce3+ and Ce4+ species with OH− to form 
insoluble salts of Ce(OH)3 and Ce(OH)4 due to the increase of the pH in the interface between 
the substrate and the electrolyte solution [7, 8]. On the other hand, it has been reported that 
dissolved oxygen can promote the oxidation of Ce3+ to Ce4+ species. Yu et al. have reported 
that the cerium precipitation reaction could be affected by the presence of oxygen when the 
pH solution is in the proper range (pH 4–6) [9]. In addition, Yang et al. demonstrated that the 
presence of oxygen in the cerium solution promotes the anodic formation of CeO2 which is 
better for the formation of compact ceria films [10].

It has been showed that the addition of additives in a cerium solution improves the corro-
sion resistance of magnesium alloys [11]. Scholes et al. show that the addition of H2O2 to the 
cerium solution is intimated and involved in the deposition process. Hydrogen peroxide acts 
as oxidant agent and when it is added to the conversion solution, Ce3+ ions oxidize to Ce4+. 
Several studies expose a model of the mechanism by which the cerium-based coatings are 
formed in the presence of H2O2 [12–14]. The addition of hydrogen peroxide in the cerium 
conversion solution promotes the formation of a cerium hydroxide/oxide coating containing 
mainly Ce(IV) species which are associated with higher degrees of protection. Chen et al. [15] 
expose that the concentration of H2O2 added to the solution has an important role. In adequate 
concentrations, H2O2 can accelerate the conversion reaction in the formation process; however, 
if the content of the oxidant exceeds some break value, the coating formed will not be protec-
tive for the substrate [6]. In addition, it has been demonstrated that the addition of hydrogen 
peroxide (H2O2) to cerium salts solutions leads to the formation of yellow color coatings due 
to the presence of Ce(IV). Dabalà et al. report that as the amount of H2O2 in the cerium conver-
sion solution increases, more intense yellow color of the coating is obtained on the magnesium 
alloy surface [6].

With the objective to reduce the velocity of corrosion of AZ91D Mg alloy in physiological 
simulated solution, the generation of cerium-based coatings on AZ91D Mg alloy was studied 
in this work. The influence of both the presence of additives in the treatment solution and 
employed technique on the properties of the coatings was evaluated. Electrochemical and 
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surface analysis techniques such as SEM, EDS, X-ray diffraction, and X-ray photoelectron 
spectroscopy (XPS) were employed for characterization of the coatings. The anticorrosive 
performance of the films was investigated in Ringer solution at 37°C by polarization studies, 
open circuit measurements, and faradaic impedance spectroscopy.

2. Coating formation

All measurements presented in this chapter were obtained using working electrodes pre-
pared from AZ91D magnesium alloys rods embedded in a Teflon holder with an exposed area 
of 0.070 cm2 [16]. The potentials were measured against a saturated Ag/AgCl and a platinum 
sheet was used as a counter electrode. All chemicals were reagent grade and solutions were 
made with twice distilled water.

Optimal conversion parameters such as applied potential, pH of the solution, and additives 
concentrations were determined in order to obtain protective cerium coatings on AZ91D Mg 
alloy. Potentiodynamic polarization tests in Ringer solution at 37°C were performed to evalu-
ate the corrosion behavior of the electrodes treated in different cerium-based solutions. Thus, 
the best formation conditions were established.

First, the formation of coating by immersion of AZ91D alloy in a 50 mM Ce(NO3)3 solution of 
pH 4.7 at 50°C under open circuit potential conditions was investigated. After 30 min, a dis-
continuous and not adherent white coating was obtained on the substrate. Different potentials 
were applied to the working electrode employing the same electrolyte solution in order to 
check the effects of polarization. Figure 1 presents the polarization curves in Ringer solution 
obtained for cerium coatings synthesized at different potentials on AZ91D alloy. The curve for 

Figure 1. Polarization curves in Ringer solution at 37°C for: (a) AZ91D Mg alloy uncoated and covered with RCe 
films electrosynthesized in a solution containing 50 mM Ce(NO3)3 during 30 min at (b) −0.60 V, (c) −0.75 V, and  
(d) −0.90 V. The scan rate was 0.001 Vs−1.
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implants of biodegradable materials eliminate the need of a second surgery for implant 
removal since they are destined to corrode and dissolve postoperatively [2]. However, 
magnesium-based materials present poor corrosion resistance in physiological environments 
limiting their applications in the biomedical field. AZ91D magnesium alloy is one of the most 
commonly used materials, and its corrosion resistance depends on the presence of impure 
elements acting as active cathode on the microstructure [3].

In order to improve the corrosion resistance of magnesium alloys, some environmentally 
friendly chemical treatments has been developed [4]. Among them, coatings based on rare 
earth elements appear as a promising system. Cerium has been studied as alternative to 
generate protective films. Several researches demonstrated that treatments with cerium salts 
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This hydrogen discharge promotes the reaction of Ce3+ and Ce4+ species with OH− to form 
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dissolved oxygen can promote the oxidation of Ce3+ to Ce4+ species. Yu et al. have reported 
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pH solution is in the proper range (pH 4–6) [9]. In addition, Yang et al. demonstrated that the 
presence of oxygen in the cerium solution promotes the anodic formation of CeO2 which is 
better for the formation of compact ceria films [10].

It has been showed that the addition of additives in a cerium solution improves the corro-
sion resistance of magnesium alloys [11]. Scholes et al. show that the addition of H2O2 to the 
cerium solution is intimated and involved in the deposition process. Hydrogen peroxide acts 
as oxidant agent and when it is added to the conversion solution, Ce3+ ions oxidize to Ce4+. 
Several studies expose a model of the mechanism by which the cerium-based coatings are 
formed in the presence of H2O2 [12–14]. The addition of hydrogen peroxide in the cerium 
conversion solution promotes the formation of a cerium hydroxide/oxide coating containing 
mainly Ce(IV) species which are associated with higher degrees of protection. Chen et al. [15] 
expose that the concentration of H2O2 added to the solution has an important role. In adequate 
concentrations, H2O2 can accelerate the conversion reaction in the formation process; however, 
if the content of the oxidant exceeds some break value, the coating formed will not be protec-
tive for the substrate [6]. In addition, it has been demonstrated that the addition of hydrogen 
peroxide (H2O2) to cerium salts solutions leads to the formation of yellow color coatings due 
to the presence of Ce(IV). Dabalà et al. report that as the amount of H2O2 in the cerium conver-
sion solution increases, more intense yellow color of the coating is obtained on the magnesium 
alloy surface [6].

With the objective to reduce the velocity of corrosion of AZ91D Mg alloy in physiological 
simulated solution, the generation of cerium-based coatings on AZ91D Mg alloy was studied 
in this work. The influence of both the presence of additives in the treatment solution and 
employed technique on the properties of the coatings was evaluated. Electrochemical and 
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surface analysis techniques such as SEM, EDS, X-ray diffraction, and X-ray photoelectron 
spectroscopy (XPS) were employed for characterization of the coatings. The anticorrosive 
performance of the films was investigated in Ringer solution at 37°C by polarization studies, 
open circuit measurements, and faradaic impedance spectroscopy.

2. Coating formation

All measurements presented in this chapter were obtained using working electrodes pre-
pared from AZ91D magnesium alloys rods embedded in a Teflon holder with an exposed area 
of 0.070 cm2 [16]. The potentials were measured against a saturated Ag/AgCl and a platinum 
sheet was used as a counter electrode. All chemicals were reagent grade and solutions were 
made with twice distilled water.

Optimal conversion parameters such as applied potential, pH of the solution, and additives 
concentrations were determined in order to obtain protective cerium coatings on AZ91D Mg 
alloy. Potentiodynamic polarization tests in Ringer solution at 37°C were performed to evalu-
ate the corrosion behavior of the electrodes treated in different cerium-based solutions. Thus, 
the best formation conditions were established.

First, the formation of coating by immersion of AZ91D alloy in a 50 mM Ce(NO3)3 solution of 
pH 4.7 at 50°C under open circuit potential conditions was investigated. After 30 min, a dis-
continuous and not adherent white coating was obtained on the substrate. Different potentials 
were applied to the working electrode employing the same electrolyte solution in order to 
check the effects of polarization. Figure 1 presents the polarization curves in Ringer solution 
obtained for cerium coatings synthesized at different potentials on AZ91D alloy. The curve for 

Figure 1. Polarization curves in Ringer solution at 37°C for: (a) AZ91D Mg alloy uncoated and covered with RCe 
films electrosynthesized in a solution containing 50 mM Ce(NO3)3 during 30 min at (b) −0.60 V, (c) −0.75 V, and  
(d) −0.90 V. The scan rate was 0.001 Vs−1.

Cerium Oxides for Corrosion Protection of AZ91D Mg Alloy
http://dx.doi.org/10.5772/intechopen.79329

25



the bare alloy shows an active dissolution process which starts at −1.478 V (Figure 1, curve a). 
When the substrate is covered by the coating, this process is retarded. The major improvement 
in corrosion resistance is observed for the film formed at −0.750 V (Figure 1, curve c). The cor-
responding curve exhibits the lowest current densities in the applied potential range. A shift 
to more positive potentials was also observed indicating that the corrosion reaction of AZ91D 
alloy is retarded by the presence of the coating. Thus, this potential was selected for further 
experiments.

Uniform white coatings were obtained on the AZ91D alloy in a 50 mM Ce(NO3)3 solution 
at −0.75 V during 30 min. For simplicity purposes this film will be called RCe. It has been 
demonstrated that the use of additives in the treatment solution could improve the anticor-
rosive performance of the RCe films [11]. Thus, the effect of the addition of different hydrogen 
peroxide concentrations (1–20 mM) in the cerium-based baths was evaluated. A more uniform 
film was formed from the solution containing 50 mM Ce(NO3)3, 6 mM H2O2, and pH 3.6. This 
additive produces the oxidation of Ce3+ to Ce4+ favoring the incorporation of cerium(IV) in 
the film [15]. A yellow coating is observed on the substrate after the potentiostatic formation. 
This coating will be called RCe-H2O2. According to the literature, cerium(IV) is responsible of 
the appearance of the yellow coating [17], while the presence of Ce2O3 or Ce(OH)3 is related 
to the white color.

It is known that both Mg and Al are immediately oxidized during immersing of AZ91D alloy 
in a solution containing Ce(NO3)3 and H2O2. The stable species of Mg in solutions with pH 
value less than 8.5 is Mg2+ while in the case of aluminum is Al3+ for solutions with pH value 
less than 4 [18]. Proton, oxygen, and H2O2 reductions can occur simultaneously with the oxi-
dation of the substrate. Based on the experimental conditions of our work, H2O2 is the main 
oxidizing agent, in accordance with the proposition of Yu et al. [9]. Moreover, the addition 
of H2O2 to the treatment solution is necessary for the development of a yellowed coating 
which is associated with the presence Ce4+ species. As was mentioned above, H2O2 is a strong 
oxidizing agent, and its presence in the cerium solution can promote the oxidation which 
accelerates the precipitation of the conversion coating. On the other hand and, as was stated, 
the presence of H2O2 can produce the oxidation of Ce(III) to Ce(IV). Ce(III) and Ce(IV) species 
react with OH− to form insoluble salts of Ce(OH)3 and Ce(OH)4 as film components. As the pH 
in the interface between the substrate and the solution increases as a result of the hydrogen 
discharge, the precipitation reaction is favored. On the other hand, it has been informed that 
when H2O2 concentration is around 80 mg/L, an increase in the deposition rate of insoluble 
salts occurs, and in effect, a porous coating is formed on the substrate surface [15]. Thus, 
the incorporation of a proper amount of H2O2 in the treatment bath improves the corrosion 
performance of Ce-based film on AZ91D alloys.

Polarization curves for the bare alloy and alloy covered with cerium-based coatings are 
presented in Figure 2. In comparison with RCe, a considerable potential shift to more posi-
tive values is observed for RCe-H2O2. Thus, the addition of oxidant in the cerium-based bath 
enhances the corrosion performance of RCe coating.

In order to improve the corrosion resistance of the cerium-based coating obtained in the pres-
ence of H2O2, different additives were evaluated. Thus, the inhibition effect of three additives 
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(citric acid (H3Cit), ascorbic acid (Hasc), and sodium citrate (Na citrate)) on the electrochemi-
cal response of bare AZ91D alloy in Ringer solution was studied. For each additive a range 
of concentrations was evaluated in order to establish the best conditions to be used in Ce film 
formation. Figures 3–5 show the polarization curves of AZ91D magnesium alloy in Ringer 
solutions containing different additive concentrations. It can be observed that the degradation 

Figure 2. Polarization behavior in Ringer solution at 37°C for: (a) AZ91D Mg alloy, (b) RCe coating, and (c) RCe-H2O2 
coating. The scan rate was 0.001 Vs−1.

Figure 3. Polarization behavior for AZ91D alloy at 37°C in Ringer solution containing different H3Cit concentrations: (a) 
0 mM, (b) 5 mM, (c) 10 mM, and (d) 15 mM. The scan rate was 0.001 Vs−1.
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to more positive potentials was also observed indicating that the corrosion reaction of AZ91D 
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less than 4 [18]. Proton, oxygen, and H2O2 reductions can occur simultaneously with the oxi-
dation of the substrate. Based on the experimental conditions of our work, H2O2 is the main 
oxidizing agent, in accordance with the proposition of Yu et al. [9]. Moreover, the addition 
of H2O2 to the treatment solution is necessary for the development of a yellowed coating 
which is associated with the presence Ce4+ species. As was mentioned above, H2O2 is a strong 
oxidizing agent, and its presence in the cerium solution can promote the oxidation which 
accelerates the precipitation of the conversion coating. On the other hand and, as was stated, 
the presence of H2O2 can produce the oxidation of Ce(III) to Ce(IV). Ce(III) and Ce(IV) species 
react with OH− to form insoluble salts of Ce(OH)3 and Ce(OH)4 as film components. As the pH 
in the interface between the substrate and the solution increases as a result of the hydrogen 
discharge, the precipitation reaction is favored. On the other hand, it has been informed that 
when H2O2 concentration is around 80 mg/L, an increase in the deposition rate of insoluble 
salts occurs, and in effect, a porous coating is formed on the substrate surface [15]. Thus, 
the incorporation of a proper amount of H2O2 in the treatment bath improves the corrosion 
performance of Ce-based film on AZ91D alloys.

Polarization curves for the bare alloy and alloy covered with cerium-based coatings are 
presented in Figure 2. In comparison with RCe, a considerable potential shift to more posi-
tive values is observed for RCe-H2O2. Thus, the addition of oxidant in the cerium-based bath 
enhances the corrosion performance of RCe coating.

In order to improve the corrosion resistance of the cerium-based coating obtained in the pres-
ence of H2O2, different additives were evaluated. Thus, the inhibition effect of three additives 
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(citric acid (H3Cit), ascorbic acid (Hasc), and sodium citrate (Na citrate)) on the electrochemi-
cal response of bare AZ91D alloy in Ringer solution was studied. For each additive a range 
of concentrations was evaluated in order to establish the best conditions to be used in Ce film 
formation. Figures 3–5 show the polarization curves of AZ91D magnesium alloy in Ringer 
solutions containing different additive concentrations. It can be observed that the degradation 
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coating. The scan rate was 0.001 Vs−1.

Figure 3. Polarization behavior for AZ91D alloy at 37°C in Ringer solution containing different H3Cit concentrations: (a) 
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rate of AZ91D alloy is retarded by the presence of the H3Cit at concentrations up to 10 mM 
(Figure 1, curve c), while the effect is opposite for higher concentrations (Figure 3, curve d). 
Thus, the best inhibitive performance was obtained for 10 mM H3Cit. A similar procedure was 
carried out in order to analyze HAsc (Figure 4) and Na citrate (Figure 5), respectively. The 
optimum concentration of HAsc was 5 mM (Figure 4, curve b), while for Na citrate the best 
inhibitor effect was obtained for 15 mM (Figure 5, curve c).

It is known that compounds with functional groups containing oxygen act as effective cor-
rosion inhibitors for metallic materials in aqueous chloride solution by a surface complex 
formation [19]. Also, it is known that a chelating agent should have two opposite effects on 

Figure 5. Polarization behavior for AZ91D alloy at 37°C in Ringer solution containing different Na citrate concentrations: 
(a) 0 mM, (b) 1 mM, (c) 5 mM, and (d) 15 mM. The scan rate was 0.001 Vs−1.

Figure 4. Polarization behavior for AZ91D alloy at 37°C in Ringer solution containing different HAsc concentrations: (a) 
0 mM, (b) 1 mM, (c) 5 mM, and (d) 10 mM. The scan rate was 0.001 Vs−1.
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the corrosion of metals and may act as either an inhibitor or corrosive [20]. With respect to the 
effects of H3Cit, Wang reported that a cerium conversion coating on AZ91 magnesium alloy 
formed from ethanol solution containing Ce(NO3)3 and citric acid showed good corrosion per-
formance [17]. The authors postulated that Mg ions originated from the dissolution of the alloy 
during immersion in the treatment bath reacted with Cit3− and partly deposited on the alloy 
surface in the form of Mg3Cit2 that is insoluble in ethanol. According to the theory of chemical 
adsorption of organic inhibitors, the chelating agent which forms a stable and insoluble chelate 
with a metal in certain medium can inhibit corrosion. HAsc is a well-known inhibitor for sev-
eral metallic materials. The inhibitor character of HAsc has been extensively studied for steel in 
acid and neutral media [21–23]. Valek et al. reported that the generation of a protective oxide 
film on steel is associated with the formation of an insoluble surface chelate at an optimal con-
centration of 10−3 M [23]. However, these authors also informed that the formation of a soluble 
chelate has a stimulatory action in Fe dissolution at concentrations above 5 × 10−3 M. It has been 
informed that HAsc presents a dual role, in some conditions it can act as corrosion inhibitor, 
and in other cases, it can increase the corrosion rate of stainless steel (SS)X4Cr13 in HCl solutions 
[24]. At the present time the inhibition effect of HAsc on the corrosion of magnesium alloys has 
not been reported. The results obtained here are in accordance with the tendency informed in 
the bibliography for other metallic materials. So, for an optimal HAsc concentration (5 mM), 
the precipitation of an insoluble surface chelate confers protection to the magnesium alloy 
through the formation of a physical barrier. On the other hand, for a HAsc concentration above 
5 mM, the degradation rate of AZ91D alloy increases due to the formation of soluble chelates.

It has been demonstrated that sodium citrate can act as brightening, leveling, and buffering 
agent in electrodeposition electrolytes and, thus, eliminates the need for other additives [25]. 
Moreover, it is mainly known as a complexing agent. Organic compounds with carboxylate 
group have been presented as promising corrosion inhibitors of carbon steel in high-alkaline-
media-containing chloride ions [26–29]. In addition, citrate ions were presented as good pit-
ting inhibitors, as they could adsorb on the carbon steel (without a passive layer), avoiding 
chloride ions adsorption due to a steric effect [28]. It has been reported that citrate ions present 
a chelating effect, forming soluble complexes with Fe(II) and Fe(III) [30]. Bahramian et al. 
show that sodium citrate proved to be an effective and economical additive to improve the 
properties of Ni-P coatings obtained on Cu substrate; its impact depended only slightly on 
its concentration [31]. The effect of Na citrate as corrosion inhibitor in chloride solution was 
studied for AZ31D and AM60 Mg alloys [32, 33]. It has been demonstrated that Na citrate 
forms chelates with Mg2+. Although the chelate is soluble, it can be absorbed on the surface of 
the substrate by the oxygen atom, hindering the adsorption of Cl− [33].

From the corrosion inhibition behavior shown above, the optimal concentration of each 
additive for coating formation was selected. Thus, the treatment solutions contain 50 mM 
Ce(NO3)3, 6 mM H2O2, and:

• 10 mM H3Cit. This film will be called RCe-H3Cit.

• 5 mM HAsc. This film will be called RCe-HAsc.

• 15 mM Na citrate. This film will be called RCe-citrate.
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the corrosion of metals and may act as either an inhibitor or corrosive [20]. With respect to the 
effects of H3Cit, Wang reported that a cerium conversion coating on AZ91 magnesium alloy 
formed from ethanol solution containing Ce(NO3)3 and citric acid showed good corrosion per-
formance [17]. The authors postulated that Mg ions originated from the dissolution of the alloy 
during immersion in the treatment bath reacted with Cit3− and partly deposited on the alloy 
surface in the form of Mg3Cit2 that is insoluble in ethanol. According to the theory of chemical 
adsorption of organic inhibitors, the chelating agent which forms a stable and insoluble chelate 
with a metal in certain medium can inhibit corrosion. HAsc is a well-known inhibitor for sev-
eral metallic materials. The inhibitor character of HAsc has been extensively studied for steel in 
acid and neutral media [21–23]. Valek et al. reported that the generation of a protective oxide 
film on steel is associated with the formation of an insoluble surface chelate at an optimal con-
centration of 10−3 M [23]. However, these authors also informed that the formation of a soluble 
chelate has a stimulatory action in Fe dissolution at concentrations above 5 × 10−3 M. It has been 
informed that HAsc presents a dual role, in some conditions it can act as corrosion inhibitor, 
and in other cases, it can increase the corrosion rate of stainless steel (SS)X4Cr13 in HCl solutions 
[24]. At the present time the inhibition effect of HAsc on the corrosion of magnesium alloys has 
not been reported. The results obtained here are in accordance with the tendency informed in 
the bibliography for other metallic materials. So, for an optimal HAsc concentration (5 mM), 
the precipitation of an insoluble surface chelate confers protection to the magnesium alloy 
through the formation of a physical barrier. On the other hand, for a HAsc concentration above 
5 mM, the degradation rate of AZ91D alloy increases due to the formation of soluble chelates.

It has been demonstrated that sodium citrate can act as brightening, leveling, and buffering 
agent in electrodeposition electrolytes and, thus, eliminates the need for other additives [25]. 
Moreover, it is mainly known as a complexing agent. Organic compounds with carboxylate 
group have been presented as promising corrosion inhibitors of carbon steel in high-alkaline-
media-containing chloride ions [26–29]. In addition, citrate ions were presented as good pit-
ting inhibitors, as they could adsorb on the carbon steel (without a passive layer), avoiding 
chloride ions adsorption due to a steric effect [28]. It has been reported that citrate ions present 
a chelating effect, forming soluble complexes with Fe(II) and Fe(III) [30]. Bahramian et al. 
show that sodium citrate proved to be an effective and economical additive to improve the 
properties of Ni-P coatings obtained on Cu substrate; its impact depended only slightly on 
its concentration [31]. The effect of Na citrate as corrosion inhibitor in chloride solution was 
studied for AZ31D and AM60 Mg alloys [32, 33]. It has been demonstrated that Na citrate 
forms chelates with Mg2+. Although the chelate is soluble, it can be absorbed on the surface of 
the substrate by the oxygen atom, hindering the adsorption of Cl− [33].

From the corrosion inhibition behavior shown above, the optimal concentration of each 
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In all cases, a golden-yellow-colored coating was observed with the naked eyes when the 
substrate was polarized at −0.75 V during 30 min in the treatment solution at 50°C.

3. Evaluation of the anticorrosive properties of the coatings

Polarization measurements in Ringer solution were carried out in order to study the corrosion 
behavior of the coating formed in the presence of additives (Figure 6). A positive potential 
shift and the low current density measured indicate a better corrosion resistance of the coated 
samples. In the case of the RCe-HAsc film, a significative increase in the anodic current can 
be observed at more anodic potential values (Figure 6, curve d). It can also be noted that the 
addition of H3Cit or Na citrate in the treatment solution does not improve the anticorrosive 
performance of RCe-H2O2 coatings.

Based on the above results, we decided to only study the anticorrosive performance of RCe-
H2O2 and RCe-HAsc coatings. First, it is important to mention that the RCe coating was very 
adherent and could be removed only by mechanical polishing. Adherence force of RCe-H2O2 
and RCe-HAsc was 34.3 and 43.4 N, respectively. Thus, adhesion of the films increases when 
the additive is added to the treatment solution.

To evaluate the degree of corrosion protection attained after covering the substrate, the varia-
tion of the open circuit potential (OCP) as a function of time was carried out in Ringer solution 
(Figure 7). Uncoated sample reaches the pitting potential (−1.503 V) after approximately 5 h 
of immersion (Figure 7, curve a). The electrode covered with the coating obtained without the 
additive reached the corrosion potential of the uncoated AZ91D alloy after 36 h of immersion 
(Figure 7, curve b). In the case of the coating generated in the presence of the HAsc, at the 
beginning, the OCP value was −1.320 V (Figure 7, curve c). Then, the OCP reached −1.150 V 

Figure 6. Polarization behavior in Ringer solution at 37°C for: (a) uncoated AZ91D alloy, (b) RCe-H2O2 coating, (c) RCe-
H3Cit coating, (d) RCe-HAsc coating, and (e) RCe-citrate coating. The scan rate was 0.001 Vs−1.
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and kept the same value during 18 h. The OCP was approximately −1.350 V after 72 h of 
immersion. This potential value was still nobler than that for the uncoated electrode.

Figure 8 shows the Tafel polarization plots for uncoated and coated AZ91D alloy. Estimation 
of the corrosion parameters (Ecorr, cathodic (Bc) and anodic (Ba) Tafel slopes and corrosion 
current (icorr)) is reported in Table 1 for RCe-H2O2 and RCe-HASc coatings. The icorr values 
measured for the coatings are lower than that for the bare AZ91D alloy. In the case of treated 
samples, the icorr value is one order of magnitude lower than that of the uncoated substrate. 
However, higher displacement of Ecorr to more noble potentials was obtained for the RCe-
HAsc film compared to RCe-H2O2 coating (Table 1).

To obtain more information about the anticorrosion protection of RCe-H2O2 and RCe-HAsc 
film, EIS measurements were conducted in Ringer solution (Figure 9). For comparison, the 
impedance response of uncoated substrate was also presented in Figure 9, curve a. Two 
capacitive loops and one inductive loop were observed in the Nyquist diagram of the AZ91D 
Mg alloy as was observed for other magnesium alloys [34]. It has been postulated that relax-
ation processes of adsorbed species (Mg(OH)+ or Mg(OH)2) on the surface of untreated alloys/
pure Mg leads to an inductive response at low frequencies [35]. After 5 min of immersion, the 
impedance response for the coated electrodes exhibit two capacitive loops in the high- and 
low-frequency ranges. It is known that the diameter of the capacitive loops is associated with 
the charge-transfer resistance (Rct) and therefore with the corrosion resistance. The Rct values 
for RCe-HAsc coating are much larger than that of RCe-H2O2 film indicating a better corrosion 
protection.

The performance of the RCe-HAsc at different immersion times in Ringer solution was 
analyzed by Nyquist plots (Figure 10). After 6 h of immersion, all the impedance diagrams 

Figure 7. Time dependence of the OCP in Ringer solution for: (a) AZ91D magnesium alloy, (b) RCe-H2O2 film, and (c) 
RCe-HAsc coating.

Cerium Oxides for Corrosion Protection of AZ91D Mg Alloy
http://dx.doi.org/10.5772/intechopen.79329

31
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and kept the same value during 18 h. The OCP was approximately −1.350 V after 72 h of 
immersion. This potential value was still nobler than that for the uncoated electrode.

Figure 8 shows the Tafel polarization plots for uncoated and coated AZ91D alloy. Estimation 
of the corrosion parameters (Ecorr, cathodic (Bc) and anodic (Ba) Tafel slopes and corrosion 
current (icorr)) is reported in Table 1 for RCe-H2O2 and RCe-HASc coatings. The icorr values 
measured for the coatings are lower than that for the bare AZ91D alloy. In the case of treated 
samples, the icorr value is one order of magnitude lower than that of the uncoated substrate. 
However, higher displacement of Ecorr to more noble potentials was obtained for the RCe-
HAsc film compared to RCe-H2O2 coating (Table 1).

To obtain more information about the anticorrosion protection of RCe-H2O2 and RCe-HAsc 
film, EIS measurements were conducted in Ringer solution (Figure 9). For comparison, the 
impedance response of uncoated substrate was also presented in Figure 9, curve a. Two 
capacitive loops and one inductive loop were observed in the Nyquist diagram of the AZ91D 
Mg alloy as was observed for other magnesium alloys [34]. It has been postulated that relax-
ation processes of adsorbed species (Mg(OH)+ or Mg(OH)2) on the surface of untreated alloys/
pure Mg leads to an inductive response at low frequencies [35]. After 5 min of immersion, the 
impedance response for the coated electrodes exhibit two capacitive loops in the high- and 
low-frequency ranges. It is known that the diameter of the capacitive loops is associated with 
the charge-transfer resistance (Rct) and therefore with the corrosion resistance. The Rct values 
for RCe-HAsc coating are much larger than that of RCe-H2O2 film indicating a better corrosion 
protection.

The performance of the RCe-HAsc at different immersion times in Ringer solution was 
analyzed by Nyquist plots (Figure 10). After 6 h of immersion, all the impedance diagrams 

Figure 7. Time dependence of the OCP in Ringer solution for: (a) AZ91D magnesium alloy, (b) RCe-H2O2 film, and (c) 
RCe-HAsc coating.
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exhibit a capacitive loop in the high- and medium-frequency ranges. As can be observed, the 
diameter of capacitive loop increases gradually with increasing time until 36 h, indicating an 
improvement in the anticorrosion performance of the coating with time. This result corrobo-
rates that the RCe-HAsc can effectively improve the corrosion resistance of the alloy.

In order to confirm the improvement in the corrosion protection of the AZ91D alloy imparted 
by the RCe-HAsc film, the quantity of Mg released in Ringer solutions after 5 h of immersion 
under open circuit potential conditions was determined. When the substrate was covered 
with the RCe-HAsc coating, the amount of Mg released was 2.01 mg/L and for the uncoated 
sample the value was 3.90 mg/L. So the corrosion rate is nearly twice less for the sample 
coated by the RCe-HAsc film. This result confirms a good performance of the RCe-HAsc coat-
ing even after a long exposure time.

Ecorr/V icorr/mAcm−2 Ba/V Bc/V

AZ91D −1.501 ± 0.050 0.1050 ± 0.0050 0.045 −0.293

RCe-H2O2 −1.002 ± 0.020 0.0057 ± 0.0002 0.034 −0.122

RCe-HAsc −0.952 ± 0.015 0.0054 ± 0.0002 0.032 −0.126

The mean values and their standard deviation are presented.

Table 1. Corrosion parameters estimated from Tafel polarization plots for uncoated AZ91D, RCe-H2O2, and RCe-HAsc 
formed on AZ91D alloy.

Figure 8. Tafel curves obtained in Ringer solution at 37°C for: (a) uncoated AZ91D alloy, (b) RCe-H2O2, and (c) RCe-
HAsc. The scan rate was 0.001 Vs−1.

Cerium Oxide - Applications and Attributes32

When the uncoated AZ91D alloy is immersed in simulated physiological solution, it suffers sig-
nificant degradation. As mentioned above, it is proposed that the general corrosion mechanism of 
Mg alloys implies Mg oxidation to Mg2+ with simultaneous water reduction. Cathodic reactions 
lead to a local alkalization which produces Mg(OH)2 precipitation [36, 37]. The β-phase acts as 
the cathode and α-phase acts as the anode. The active surface area is reduced by RCe-HAsc film, 
and in consequence, less area of the substrate is available to be corroded. The potential difference 

Figure 9. Nyquist plots of the impedance spectra obtained at OCP conditions after 5 min of immersion in Ringer solution 
at 37°C for: (a) AZ91D Mg alloy, (b) RCe-H2O2 film, and (c) RCe-HAsc film.

Figure 10. Nyquist plots of the impedance spectra obtained at OCP conditions in Ringer solutions at 37°C for RCe-HAsc 
coating, after different immersion times: (a) 5 min, (b) 6 h, (c) 12 h, (d) 24 h, (e) 36 h, and (f) 48 h.
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between α- and β-phases becomes smaller when the AZ91D alloy is coated by an adherent and 
stable film. Thus, the micro-galvanic couple effect is reduced [38, 39]. In summary, the coat-
ing confers a physical barrier between the substrate and the corrosive medium. In addition, the 
improvement in the corrosion resistance is associated with the presence of insoluble precipitates 
of cerium and the inhibitor effect of ascorbic acid. As mentioned previously, the HAsc has inhibi-
tion ability by insoluble chelates formation and it is responsible for the increased corrosion pro-
tection of RCe films. The presence of HAsc decreases the dissolution rate of the substrate during 
the coating formation allowing the formation of a more compact and protective film.

4. Morphological and compositional characterization of RCe-HAsc 
coating

Figure 11 presents the SEM image of the film obtained in solution containing 50 mM Ce 
(NO3)3 + 6 mM H2O2 (Figure 11A) or 50 mM Ce(NO3)3 + 6 mM H2O2 + 5 mM HAsc (Figure 11B). 
A cracked mud morphology is observed of RCe film. The dehydration of the surface film after 
the deposition leads to crack formation [40]. It has been suggested that the formation of gas 
bubbles on the substrate, combined with a dehydration process or also with shearing stresses 
between the alloys and the obtained film, is responsible of the cracked structure [41].

A more uniform and compact film with the presence of only some microcracks was obtained 
by the addition of HAsc in the conversion solution. From the SEM cross-sectional microgra-
phy, the thickness of the RCe-HAsc coating is approximately 5 μm (Figure 12).

The presence of cerium in the coating was confirmed by EDX analysis (Figure 13). It is known 
that RCe coatings are obtained from the precipitation of oxides, due to an increase in local pH 
at the interface substrate/solution.

Figure 14 presents the XRD patterns of the AZ91D alloy and treated samples. By comparison 
it can be concluded that the coatings are composed of CeO2, Ce2O3, and Mg(OH)2.

Figure 11. SEM image of the films obtained on AZ91D alloy. The film was formed at - 0.75 V during 30 min in 50 mM 
Ce(NO3)3 and 6 mM H2O2: (A) without HAsc and (B) with 5 mM HAsc.
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In order to determine the surface chemical composition of RCe-HAsc coating, the XPS was 
employed. The XPS results are shown in Figure 15.

The main components are magnesium, oxygen, and cerium. Figure 16 shows the XPS analysis of 
the specific electron binding energies of Mg, O, and Ce elements. From the Mg 2p spectrum, pre-
sented in Figure 15, it can be determined that Mg in the coating is present as MgO and Mg(OH)2 [2]. 

Figure 12. SEM micrograph showing the cross-section of RCe-HAsc coating. The coating was electrosynthesized at 
−0.75 V during 30 min in a solution containing 50 mM Ce(NO3)3, 6 mM H2O2, and 5 mM HAsc.

Figure 13. EDS spectrum of RCe-HAsc coating formed on AZ91D alloy. The coating was electrosynthesized at −0.75 V 
during 30 min in a solution containing 50 mM Ce(NO3)3, 6 mM H2O2, and 5 mM HAsc.
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Figure 15. XPS survey spectrum of RCe-HAsc coating formed on AZ91D alloy. The coating was electrosynthesized at 
−0.75 V during 30 min in 50 mM Ce(NO3)3, 6 mM H2O2, and 5 mM HAsc.

Figure 16B shows the spectrum of O 1 s. The peak at 531.25 eV is attributed to metallic oxides [2].  
The Ce 3d5/2 and Ce 3d3/2 peaks are presented in Figure 16C. The analysis established that the 
binding energies at 916.0, 897.89, and 880.90 eV correspond to CeO2, CeO, and Ce2O3, respec-
tively. The satellite peak around 916.0 eV confirms the presence of Ce(IV) ions in the coating. The 
ratio between Ce(IV) and Ce(III) was 1.503. In summary, from the XPS results, it was concluded 
that the RCe-HAsc film is mainly composed of CeO2, CeO, Ce2O3, MgO, and Mg(OH)2.

Figure 14. XRD spectra for: (a) AZ91D alloy and (b) RCe-HAsc coating.
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5. Conclusions

Adherent and uniform cerium-based coatings were obtained on AZ91D magnesium alloy 
in solutions containing cerium nitrate, H2O2, and three different additives (H3Cit, HAsc, 
and Na-citrate). The most adherent films were obtained by a potentiostatic polarization at 
−0.75 V. The RCe-HAsc-coated AZ91D alloy exhibited better corrosion resistance in Ringer 
solution. Magnesium oxides or hydroxides and cerium oxides are the main components of 
the film. The anticorrosive properties of RCe-HAsc film in simulated body fluid solution is 
superior to those of films formed in the absence of HAsc. The improvement in the corrosion 
resistance is associated with the presence of insoluble precipitates of cerium and the effect of 
the additive through the formation of insoluble chelates.

Figure 16. XPS intensities of: (A) Mg 2p, (B) O 1 s, and (C) Ce 3d. The coating was electrosynthesized at −0.75 V during 
30 min in 50 mM Ce(NO3)3, 6 mM H2O2, and 5 mM HAsc.
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Abstract

Lower valent cation-doped CeO2 materials have attracted remarkable research interest 
for the electrolyte application in solid oxide fuel cells operating in the intermediate tem-
perature range (500–700°C). At these temperatures, the oxygen-ion conductivity of gad-
olinium-doped ceria is about an order of magnitude higher than that of yttria-stabilized 
zirconia. The oxygen-ion diffusion in the cubic fluorite structure of CeO2 is dependent 
on several factors such as charge valence and size of dopant cation, doping amount, etc. 
In the literature, several conductivity trends have been reported as a function of these 
parameters and are explained by the atomistic computational models. This chapter 
describes the highlights of the various activities that have been done in this regard to 
provide insights into the mechanisms underlying the oxygen-ion conduction process in 
acceptor-doped ceria.

Keywords: bulk ionic conductivity, doped ceria, local defect complexes, defect 
chemistry, solid oxide fuel cells, electrolyte

1. Introduction

Cerium oxide is the most thoroughly investigated material for the application in solid oxide 
fuel cells (SOFCs) working in the intermediate-temperature range (500–700°C) [1, 2]. This 
is because of its pronounced catalytic properties, substantial oxygen-ion conductivity (on 
doping with lower valent metal oxides) and good phase and thermal stability in the given 
temperature range. The high catalytic activity in ceria is associated with the presence of Ce4+/
Ce3+ redox couple which is a key to improve the electrochemical properties of the electrodes. 
Although this is one area where most of the papers related to ceria have been produced, in 
this chapter, we restrict our discussion to its usefulness as an electrolyte in SOFCs [3].
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Ceria exhibits a cubic fluorite crystal structure that possesses a relatively large interionic open 
space facilitating fast oxygen-ion diffusion inside the lattice (shown in Figure 1). This open 
structure is stable from room temperature to its melting point (~2400°C) and allows to accom-
modate high levels of point defect disorder [4]. Several properties such as ionic conduction, 
thermoelectric effect, mixed ionic-electronic conductivity, etc., can be altered and tailored by 
controlling the concentration of these zero-dimensional defects [5]. As a result, the defect engi-
neering in ceria plays a vital role in improving its properties for the electrolyte application.

Oxygen-ion conduction in ceria is mediated through a vacancy diffusion mechanism. In 
oxidizing atmospheres, the cubic fluorite structure of pure CeO2 does not have any oxygen 
vacancy defects. As a result, pure CeO2 itself is a poor oxygen-ion conductor. The oxygen 
vacancy defects are introduced into the CeO2 structure by partially substituting Ce4+ with 
acceptor cations inside the lattice. This can be expressed through the following defect reaction 
in Kröger-Vink notation.

     A  2    O  3       ⎯ → 
Ce O  2  

  2  A  Ce  /   + 3  O  O  ×   +  V  O  ••   (1)

Thus, the impurity center   ( A  
Ce

  /  )   and oxygen vacancy   ( V  
O
  •• )   are the dominant extrinsic ionic defects 

in trivalent metal oxide doped ceria. Nearly, all oxygen anions vibrate in the region of their 
tetrahedral sites and under a sufficient driving force, jump from their respective site to the 
adjacent vacant oxygen-ion site in (100) direction. Though the other conduction pathways are 
also present, they have a substantially large jump barrier [6]. As a result, the jump distance 
of oxygen-ion is half the length of the unit cell. During migration from one tetrahedral site 
to another, oxygen-ion is required to pass through an edge formed by cations shared by the 
involved tetrahedrons (shown in Figure 2).

Figure 1. Schematic of a cubic fluorite structure of CeO2. Ce4+ and O2− are shown by blue and red spheres, respectively.

Cerium Oxide - Applications and Attributes44

For a pure oxygen-ion conductor, oxygen-ion conductivity (σ) can be expressed by,

  σ =  (1 −  [ V  O  •• ] )   N  o    q  i    μ  i    (2)

where No is the concentration of oxygen sites,   [ V  
O
  •• ]   is the fraction of oxygen-ion vacancy and 

μi is the mobility of oxygen-ions with charge denoted as qi. Several studies have demon-
strated that at high temperatures (>700°C) and under the reducing environments (present 
on the anode side of SOFC device), Ce4+ present in ceria tends to reduce to Ce3+ leading to 
the formation of oxygen vacancy and two additional electrons as a charge compensating 
defect.

  2  Ce  Ce  ×   +  O  O  ×   →   1 __ 2    O  2   +  V  O  ••  + 2  Ce  Ce  /    (3)

These electrons are typically localized in the periphery of Ce3+, leading to the formation of 
small polarons (  Ce  

Ce
  /   ). These polarons not only break the translation symmetry of crystal but 

also induce a local lattice distortion around the   Ce  
Ce

  /    site. The migration of polaron results in 
electronic conduction which contributes a portion of the measured total conductivity in bulk 
ceria. However, for the solid oxide electrolyte, the electronic conductivity should be kept as 
low as possible not only to minimize the leakage current which if present decreases the over-
all cell efficiency, but also to avoid the warping and delamination of electrolyte layer because 
of the chemical expansion [4]. As a result, the use of doped ceria is restricted to conditions 
(less than ~700°C,   P  

 O  
2
  
    > 10−18 atm) where the electronic conduction is substantially lower than 

the ionic conduction and thus can be neglected [7].

Figure 2. Schematic showing the jump of an oxygen vacancy from one tetrahedral to another through a migration edge. 
Ce4+, A3+ and O2− are shown by blue, green, and red spheres, respectively, while oxygen vacancy is shown by red cube.
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Oxygen-ion diffusion in doped ceria is a thermally activated process. The temperature dependent 
behavior of the oxygen-ion conductivity can be expressed through Arrhenius relationship given by,

  𝜎𝜎T =  σ  o   exp (−   
 E  A  

 ___ kT  )   (4)

where σo is a pre-exponential factor and EA is the activation energy of oxygen-ion conduction. 
The value of EA is determined from the gradient of the linear-fit of the σ data plotted between 
logσT versus 1/T. The detailed form of Eq. (4) is given by,

  𝜎𝜎T =   
 q  V  2 

 __ k   [ V  O  •• ]  (1 −  [ V  O  •• ] )   N  o    a   2   ν  o   exp (  
Δ  S  m  

 ____ k  ) exp (−   
Δ  H  m  

 ____ kT  )   (5)

where a is the jump distance of oxygen-ion,   ν  
o
    is an appropriate lattice vibration frequency, 

and ΔSm and ΔHm are the change in entropy and enthalpy, respectively, during oxygen-ion 
diffusion. On comparing Eqs. (4) and (5), it is apparent that the change in enthalpy during 
oxygen-ion diffusion (ΔHm) is, in fact, the activation energy (EA) shown in Eq. (4). Thus, an 
explicit relationship between the conductivity and temperature is provided in Eq. (5).

It is noteworthy to mention that even though the total conductivity of polycrystalline samples 
is influenced by the conductivity inside the grains and grain boundaries, in this chapter, we 
only refer to the grain (bulk) conductivity which occurs by oxygen-ion jump through the regu-
lar lattice and is not affected by the microstructural characteristics of the sample. Thus, the 
bulk ionic conduction is the inherent property of the doped material [8]. On the other hand, the 
conduction in grain boundaries is dependent on several factors such as impurity segregation, 
space-charge region, etc. [9]. Both the bulk and grain boundary conductivity can be estimated 
by acquiring an impedance spectrum over a frequency range (typically 10 MHz to 0.01 Hz) 
on the polycrystalline sample [10]. As grain boundaries show higher capacitance value (in the 
range from 10−8 to 10−11 F) compared to the bulk region (~ 10−12 F), two distinct arcs are typi-
cally observed associated with these phenomena [10]. On fitting the impedance data using an 
analog equivalent electric circuit, the resistance offered by bulk and grain boundary regions is 
estimated which can be then be used in determining the corresponding conductivities.

The bulk conductivity has a significant dependence on the concentration of oxygen vacancy 
which is controlled by the doping amount according to  2 [ A  

Ce
  /  ]  =  [ V  

O
  •• ]   in A2O3-doped CeO2. It 

can be observed from Eq. (5) that the conductivity would likely to follow a parabolic behavior 
as a function of oxygen vacancy concentration and reaches its maximum value when half of 
the oxygen sublattice is unoccupied. From several investigations on fluorite-structured oxides 
(including ceria), it has been found that even though conductivity exhibits maxima when 
plotted against the dopant concentration, the maximum in conductivity appears at signifi-
cantly lower dopant fractions (less than 0.4) [11–13]. Figure 3 shows the bulk conductivity of 
Smx/2Nd x/2Ce1-xO2-x/2 as a function of doping amount (x) at various temperatures [8]. At 550°C, 
the maximum in conductivity is found at x = 0.15. On lowering the temperature, the doping 
fraction leading to the maximum in conductivity (xmax) shifts toward the lower value. Thus, the 
conductivity data obtained at low temperatures results in low xmax, while the high-temperature 
data will possess a high value of xmax [6]. Further, the xmax value is also dependent on the charge 
valence and size of acceptor dopant used to generate oxygen vacancies in ceria. This is attrib-
uted to the formation of local defect complexes which are discussed in the later section.
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Figure 3. Bulk ionic conductivity is plotted against the dopant concentration (x) in Smx/2Ndx/2Ce1-xO2-δ and GdxCe1-xO2-δ [8, 14].

Figure 4. Bulk ionic conductivity of AxCe1 − xO2 − x/2 (with x = 0.1) at 400°C plotted against the radius of dopant cation. The 
conductivity data are taken according to references a [15], b [23], c [14], d [24], e [25], f [26], g [27], h [28], i [29], k [30], l 
[31], m [32] and n [33]. The lines show a linear relationship between the ionic radius and the conductivity (solid lines) or 
the logarithm of the conductivity (dashed lines) [6].
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Oxygen-ion diffusion in doped ceria is a thermally activated process. The temperature dependent 
behavior of the oxygen-ion conductivity can be expressed through Arrhenius relationship given by,

  𝜎𝜎T =  σ  o   exp (−   
 E  A  

 ___ kT  )   (4)

where σo is a pre-exponential factor and EA is the activation energy of oxygen-ion conduction. 
The value of EA is determined from the gradient of the linear-fit of the σ data plotted between 
logσT versus 1/T. The detailed form of Eq. (4) is given by,
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where a is the jump distance of oxygen-ion,   ν  
o
    is an appropriate lattice vibration frequency, 

and ΔSm and ΔHm are the change in entropy and enthalpy, respectively, during oxygen-ion 
diffusion. On comparing Eqs. (4) and (5), it is apparent that the change in enthalpy during 
oxygen-ion diffusion (ΔHm) is, in fact, the activation energy (EA) shown in Eq. (4). Thus, an 
explicit relationship between the conductivity and temperature is provided in Eq. (5).
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only refer to the grain (bulk) conductivity which occurs by oxygen-ion jump through the regu-
lar lattice and is not affected by the microstructural characteristics of the sample. Thus, the 
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conduction in grain boundaries is dependent on several factors such as impurity segregation, 
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cally observed associated with these phenomena [10]. On fitting the impedance data using an 
analog equivalent electric circuit, the resistance offered by bulk and grain boundary regions is 
estimated which can be then be used in determining the corresponding conductivities.

The bulk conductivity has a significant dependence on the concentration of oxygen vacancy 
which is controlled by the doping amount according to  2 [ A  
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can be observed from Eq. (5) that the conductivity would likely to follow a parabolic behavior 
as a function of oxygen vacancy concentration and reaches its maximum value when half of 
the oxygen sublattice is unoccupied. From several investigations on fluorite-structured oxides 
(including ceria), it has been found that even though conductivity exhibits maxima when 
plotted against the dopant concentration, the maximum in conductivity appears at signifi-
cantly lower dopant fractions (less than 0.4) [11–13]. Figure 3 shows the bulk conductivity of 
Smx/2Nd x/2Ce1-xO2-x/2 as a function of doping amount (x) at various temperatures [8]. At 550°C, 
the maximum in conductivity is found at x = 0.15. On lowering the temperature, the doping 
fraction leading to the maximum in conductivity (xmax) shifts toward the lower value. Thus, the 
conductivity data obtained at low temperatures results in low xmax, while the high-temperature 
data will possess a high value of xmax [6]. Further, the xmax value is also dependent on the charge 
valence and size of acceptor dopant used to generate oxygen vacancies in ceria. This is attrib-
uted to the formation of local defect complexes which are discussed in the later section.
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Figure 3. Bulk ionic conductivity is plotted against the dopant concentration (x) in Smx/2Ndx/2Ce1-xO2-δ and GdxCe1-xO2-δ [8, 14].

Figure 4. Bulk ionic conductivity of AxCe1 − xO2 − x/2 (with x = 0.1) at 400°C plotted against the radius of dopant cation. The 
conductivity data are taken according to references a [15], b [23], c [14], d [24], e [25], f [26], g [27], h [28], i [29], k [30], l 
[31], m [32] and n [33]. The lines show a linear relationship between the ionic radius and the conductivity (solid lines) or 
the logarithm of the conductivity (dashed lines) [6].
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Besides the doping amount, the physical properties of dopant cations also influence the bulk 
conductivity of ceria. Numerous investigations have been performed to understand these corre-
lations in doped ceria systems [1, 15–19]. Figure 4 depicts the dependence of ionic conductivity 
in A0.10Ce0.90O1.95 on the ionic size of the trivalent dopant cation (A3+) at 600°C. While the work 
performed by Omar et al. [15] showed a continuous increase in the bulk conductivity with the 
increase in ionic size, others [17, 20–22] reported a conductivity maximum around Gd3+ and 
Sm3+. It is interesting to note that the maximum in conductivity observed around these cations is 
independent of dopant concentration [6]. In the literature, several empirical, semi-empirical and 
atomistic models have been reported to clarify this and elucidate the effect of doping amount 
and the dopant-type on the conductivity. This chapter reviews some of these models to provide 
insights into the mechanisms underlying the oxygen-ion conduction process in doped ceria.

2. Formation of local defect complexes

Whenever charged point defects (  A  
Ce

  /   ) are incorporated into the crystal structure, to maintain 
electroneutrality, defects possessing opposite charges must be created. These oppositely 
charged defects strongly interact with each other because of electrostatic attraction. Further, 
the elastic interactions also exist to relax the local stresses surrounding these defects. For 
example, an oversized substitutional impurity cation may attract an open space of vacancy. 
This leads to the formation of local defect complexes such as   ( A  

Ce
  /   −  V  

O
  ••  −  A  

Ce
  /  )   and    ( A  

Ce
  /   −  V  

O
  •• )    •  . These 

defect complexes trap the oxygen vacancies and effectively reduce the number of mobile 
oxygen-ions. In most literature, it is commonly accepted that the primary reason for the sig-
nificant decrease in ionic conductivity of doped ceria at higher dopant content is essentially 
because of the formation of local defect complexes.

Figure 5 depicts a case where   V  
O
  ••   defect is trapped in a tetrahedral site of the fluorite structure sur-

rounded by oppositely charged dopant cations and neutral host cations. There are several experi-
mental studies which support the formation of local defect structures. Extended X-ray absorption 

Figure 5. Oxygen vacancy defect trapped inside the tetrahedral void to form local defect complex. Ce4+, A3+ and O2− are 
shown by blue, green, and red spheres, respectively, while oxygen vacancy is shown by red cube.
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fine structures (EXAFS) have been extensively utilized to study the local structures around the 
cations and anions in lower-valent cation-doped ceria [34–36]. In case of GdxCe1-xO2-x/2, the addition 
of Gd3+ leads to a decrease in the interatomic distance Gd-O which is attributed to the formation 
of the defect complexes with two Gd3+ and one oxygen vacancy [37]. The formation of local defect 
structure is also evident in the nuclear magnetic resonance study where the average coordination 
number is estimated for cations in Y3+- and Sc3+-doped CeO2 [38]. The tendency of oxygen vacan-
cies to preferentially associate with Sc3+ was found to be stronger than with Y3+ in these systems.

The binding energy associated with the local defect structures is mainly dependent on the elec-
trostatic attraction of the defects caused by the effective charges in the lattice. Further, it also 
includes terms due to the relaxation of the lattice around the defect which depends on the polar-
izability and the size of dopant cation. Several groups have found a difference in the magnitudes 
of EA when measured in the high- and low-temperature regimes [14, 39]. Typically, the activation 
energy value estimated in a low-temperature regime is higher than that in the high-temperature 
region. In a few investigations, a kink is noticed around 350–600°C in the Arrhenius plot of the 
measured ionic conductivity [14]. Nevertheless, there are several other studies where instead of 
a sharp, a gradual change in slope with temperature is reported [8, 40]. It has been argued that 
in a low-temperature regime, most of the oxygen vacancies are bound to various traps to form 
local defect complexes [41]. However, at higher temperatures, the thermal vibrations of the local 
defect structures become dominant. At a certain temperature, the thermal energy overcomes the 
binding energy of these local defect complexes, and the majority of oxygen vacancy defects are 
set free to migrate from one site to another. Thus, the oxygen vacancies require only migration 
(ΔHm) to cross the energy barrier at higher temperatures. As a result, in the low-temperature 
region, the total EA is composed of ΔHm and association enthalpy (ΔHa), whereas in the high-
temperature region, the measured EA is only because of migration enthalpy of oxygen-ions.

In the literature, several methods have been used to determine the association enthalpy. Omar 
et al. [42] have taken a difference in the magnitudes of EA obtained in the high- and low- 
temperature regimes and reported the association enthalpy in Smx/2Ndx/2Ce1-xO2-x/2 in the range 

Figure 6. Association enthalpy (ΔHa) is plotted against the Nd3+ doping amount in Ce1 − xNdxO2 − x/2. For the calculation of 
ΔHa, the minimum value of the EA measured in the low-temperature range (i.e., below 350°C) has been assumed to be 
equal to the enthalpy of migration [32].
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Besides the doping amount, the physical properties of dopant cations also influence the bulk 
conductivity of ceria. Numerous investigations have been performed to understand these corre-
lations in doped ceria systems [1, 15–19]. Figure 4 depicts the dependence of ionic conductivity 
in A0.10Ce0.90O1.95 on the ionic size of the trivalent dopant cation (A3+) at 600°C. While the work 
performed by Omar et al. [15] showed a continuous increase in the bulk conductivity with the 
increase in ionic size, others [17, 20–22] reported a conductivity maximum around Gd3+ and 
Sm3+. It is interesting to note that the maximum in conductivity observed around these cations is 
independent of dopant concentration [6]. In the literature, several empirical, semi-empirical and 
atomistic models have been reported to clarify this and elucidate the effect of doping amount 
and the dopant-type on the conductivity. This chapter reviews some of these models to provide 
insights into the mechanisms underlying the oxygen-ion conduction process in doped ceria.

2. Formation of local defect complexes

Whenever charged point defects (  A  
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  /   ) are incorporated into the crystal structure, to maintain 
electroneutrality, defects possessing opposite charges must be created. These oppositely 
charged defects strongly interact with each other because of electrostatic attraction. Further, 
the elastic interactions also exist to relax the local stresses surrounding these defects. For 
example, an oversized substitutional impurity cation may attract an open space of vacancy. 
This leads to the formation of local defect complexes such as   ( A  
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defect complexes trap the oxygen vacancies and effectively reduce the number of mobile 
oxygen-ions. In most literature, it is commonly accepted that the primary reason for the sig-
nificant decrease in ionic conductivity of doped ceria at higher dopant content is essentially 
because of the formation of local defect complexes.

Figure 5 depicts a case where   V  
O
  ••   defect is trapped in a tetrahedral site of the fluorite structure sur-

rounded by oppositely charged dopant cations and neutral host cations. There are several experi-
mental studies which support the formation of local defect structures. Extended X-ray absorption 

Figure 5. Oxygen vacancy defect trapped inside the tetrahedral void to form local defect complex. Ce4+, A3+ and O2− are 
shown by blue, green, and red spheres, respectively, while oxygen vacancy is shown by red cube.
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fine structures (EXAFS) have been extensively utilized to study the local structures around the 
cations and anions in lower-valent cation-doped ceria [34–36]. In case of GdxCe1-xO2-x/2, the addition 
of Gd3+ leads to a decrease in the interatomic distance Gd-O which is attributed to the formation 
of the defect complexes with two Gd3+ and one oxygen vacancy [37]. The formation of local defect 
structure is also evident in the nuclear magnetic resonance study where the average coordination 
number is estimated for cations in Y3+- and Sc3+-doped CeO2 [38]. The tendency of oxygen vacan-
cies to preferentially associate with Sc3+ was found to be stronger than with Y3+ in these systems.

The binding energy associated with the local defect structures is mainly dependent on the elec-
trostatic attraction of the defects caused by the effective charges in the lattice. Further, it also 
includes terms due to the relaxation of the lattice around the defect which depends on the polar-
izability and the size of dopant cation. Several groups have found a difference in the magnitudes 
of EA when measured in the high- and low-temperature regimes [14, 39]. Typically, the activation 
energy value estimated in a low-temperature regime is higher than that in the high-temperature 
region. In a few investigations, a kink is noticed around 350–600°C in the Arrhenius plot of the 
measured ionic conductivity [14]. Nevertheless, there are several other studies where instead of 
a sharp, a gradual change in slope with temperature is reported [8, 40]. It has been argued that 
in a low-temperature regime, most of the oxygen vacancies are bound to various traps to form 
local defect complexes [41]. However, at higher temperatures, the thermal vibrations of the local 
defect structures become dominant. At a certain temperature, the thermal energy overcomes the 
binding energy of these local defect complexes, and the majority of oxygen vacancy defects are 
set free to migrate from one site to another. Thus, the oxygen vacancies require only migration 
(ΔHm) to cross the energy barrier at higher temperatures. As a result, in the low-temperature 
region, the total EA is composed of ΔHm and association enthalpy (ΔHa), whereas in the high-
temperature region, the measured EA is only because of migration enthalpy of oxygen-ions.

In the literature, several methods have been used to determine the association enthalpy. Omar 
et al. [42] have taken a difference in the magnitudes of EA obtained in the high- and low- 
temperature regimes and reported the association enthalpy in Smx/2Ndx/2Ce1-xO2-x/2 in the range 

Figure 6. Association enthalpy (ΔHa) is plotted against the Nd3+ doping amount in Ce1 − xNdxO2 − x/2. For the calculation of 
ΔHa, the minimum value of the EA measured in the low-temperature range (i.e., below 350°C) has been assumed to be 
equal to the enthalpy of migration [32].
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of 0.02–0.05 eV [42]. Nowick et al. [43] obtained the association enthalpy by estimating the 
migration enthalpy in pure CeO2 to be 0.67 eV. Stephen and Kilner [32] have taken the mini-
mum value of EA measured in the low-temperature regime in NdxCe1-xO2-x/2 as a migration 
enthalpy. The association enthalpy initially decreases and then increases after reaching a mini-
mum value at x = 0.03 (shown in Figure 6) [32]. The increase in association enthalpy is attrib-
uted to the development of deep vacancy association. A similar trend in association enthalpy is 
also observed for other dopant cations such as Y3+, Gd3+ and Sm3+ and so on [11, 14, 44].

3. Elastic lattice strain

The amount of local defect structures increases with the incorporation of oxygen vacancies 
inside the lattice. For achieving high oxygen-ion conductivity, the association of defects needs 
to be minimized. Kilner and Brook [45] stated that the oxygen-ion conductivity in doped 
CeO2 could be enhanced if the elastic strain present in the lattice is lowered. Kim [46] partially 
replaced acceptor cations in fluorite-structured MO2 (where M is a tetravalent cation) and 
studied the change in lattice parameter of the host oxides. By performing multiple regres-
sion analysis, an empirical model was developed that can predict the elastic strain in doped 
ceria systems for any given dopant cation. This model takes into consideration the size mis-
match and difference in charge valence between the dopant and host cations and the dopant 
concentration. Further, Kim [46] proposed the concept of critical ionic radius (rc) which was 
described as the ionic radius of a cation which on doping leads to a negligible distortion in the 
host fluorite lattice. For the trivalent dopant cation and host ceria, the value of rc was estimated 
to be 1.038 Å. Based on Kilner and Brook’s prediction, the cation with the ionic radius of rc is 
the optimal dopant that can lead to the maximum oxygen-ion conductivity in CeO2 [45]. As a 
result, the oxygen-ion conductivity in doped CeO2 depend upon the (   |  r  

d
   −  r  

c
   |   ) value, where rd 

is the ionic radius of dopant. The lower the    |  r  
d
   −  r  

c
   |    value for a particular dopant, the higher 

the ionic conductivity for that system is expected to be. Kim [46] argued that the highest ionic 
conductivity is observed around Gd3+ (see Figure 4) as rc value is close to the ionic radius of 
Gd3+ (  r  

Gd,VIII
  3+    = 1.053 Å).

In a similar study, Hong and Virkar [47] calculated the rc value to be 1.024 Å using a simple 
analytical model that can also predict the elastic lattice strain present in doped CeO2. In this 
model, the oxygen vacancy is treated as one of the chemical species whose size remains con-
stant irrespective of the size and concentration of dopant cation.

To examine the validity of minimum strain’s hypothesis, Omar et al. [23] have carried out 
the experimental studies using a novel co-doping strategy in ceria. A co-dopant pair of Lu3+ 
and Nd3+ were chosen and added in a ratio such that the weighted average dopant ionic 
radius of co-dopants matches the magnitude of rc. Using this approach, it is expected that, 
on average, the positive elastic strain because of larger dopant cation (i.e., Nd3+) is compen-
sated by the negative elastic strain caused by the smaller dopant cation (i.e., Lu3+). This, as a 
result, prevents any distortion in fluorite lattice that is usually present in singly doped ceria 
systems. On calculating the lattice parameter, almost negligible elastic lattice strain was seen 
in these systems (see Figure 7). However, the ionic conductivity in Lu3+ and Nd3+ co-doped 
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CeO2 system was found to be lower than that of Gd3+-doped CeO2 [23]. Thus, even though the 
co-doped CeO2 system exhibits minimal elastic strain, its oxygen-ion conductivity remains 
inferior to that of Gd3+-doped CeO2.

On plotting the activation energy for oxygen-ion diffusion in trivalent cation-doped CeO2, it 
has been found that the minimum value for activation energy occurs for Sm3+ which possesses 
a much larger ionic radius than the rc value [15]. Thus, both co-doping results and the obtained 
activation energy values do not support the hypothesis given by Kilner and Brook [45] that 
the highest oxygen-ion conductivity is obtained in the system having a negligible elastic lat-
tice strain. However, it is noteworthy to mention that all the rc values reported in the literature 
are derived from the empirical relationships which are based on the lattice expansion data 
acquired at room temperature. As the oxygen-ion conductivity of doped CeO2 materials is 
usually measured between 400°C and 700°C, there is a possibility that the rc value increases 
with the increasing temperature. Omar et al. [15] tested this hypothesis by measuring the 
lattice distortion for various doped CeO2 systems (with 10 mol.% dopant concentration) at 
higher temperatures. The rc value was then determined, where the lattice parameter mismatch 
between doped and pure CeO2 becomes zero (see Figure 8). It was noticed that the rc value 
decreases with the increase in temperature and does not follow the conductivity trend. The 
obtained results clearly indicate that the oxygen-ion conductivity is not solely dependent on 
elastic strain, and therefore, a structure-conductivity relationship based on the critical ionic 
radius concept is insufficient to describe the conduction behavior in doped ceria.

Figure 7. Elastic strain is plotted against the dopant concentration [23]. Data for NdxCe1-xO2-δ were taken after Stephens 
et al. [32].
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of 0.02–0.05 eV [42]. Nowick et al. [43] obtained the association enthalpy by estimating the 
migration enthalpy in pure CeO2 to be 0.67 eV. Stephen and Kilner [32] have taken the mini-
mum value of EA measured in the low-temperature regime in NdxCe1-xO2-x/2 as a migration 
enthalpy. The association enthalpy initially decreases and then increases after reaching a mini-
mum value at x = 0.03 (shown in Figure 6) [32]. The increase in association enthalpy is attrib-
uted to the development of deep vacancy association. A similar trend in association enthalpy is 
also observed for other dopant cations such as Y3+, Gd3+ and Sm3+ and so on [11, 14, 44].

3. Elastic lattice strain

The amount of local defect structures increases with the incorporation of oxygen vacancies 
inside the lattice. For achieving high oxygen-ion conductivity, the association of defects needs 
to be minimized. Kilner and Brook [45] stated that the oxygen-ion conductivity in doped 
CeO2 could be enhanced if the elastic strain present in the lattice is lowered. Kim [46] partially 
replaced acceptor cations in fluorite-structured MO2 (where M is a tetravalent cation) and 
studied the change in lattice parameter of the host oxides. By performing multiple regres-
sion analysis, an empirical model was developed that can predict the elastic strain in doped 
ceria systems for any given dopant cation. This model takes into consideration the size mis-
match and difference in charge valence between the dopant and host cations and the dopant 
concentration. Further, Kim [46] proposed the concept of critical ionic radius (rc) which was 
described as the ionic radius of a cation which on doping leads to a negligible distortion in the 
host fluorite lattice. For the trivalent dopant cation and host ceria, the value of rc was estimated 
to be 1.038 Å. Based on Kilner and Brook’s prediction, the cation with the ionic radius of rc is 
the optimal dopant that can lead to the maximum oxygen-ion conductivity in CeO2 [45]. As a 
result, the oxygen-ion conductivity in doped CeO2 depend upon the (   |  r  
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   |   ) value, where rd 
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the ionic conductivity for that system is expected to be. Kim [46] argued that the highest ionic 
conductivity is observed around Gd3+ (see Figure 4) as rc value is close to the ionic radius of 
Gd3+ (  r  

Gd,VIII
  3+    = 1.053 Å).

In a similar study, Hong and Virkar [47] calculated the rc value to be 1.024 Å using a simple 
analytical model that can also predict the elastic lattice strain present in doped CeO2. In this 
model, the oxygen vacancy is treated as one of the chemical species whose size remains con-
stant irrespective of the size and concentration of dopant cation.

To examine the validity of minimum strain’s hypothesis, Omar et al. [23] have carried out 
the experimental studies using a novel co-doping strategy in ceria. A co-dopant pair of Lu3+ 
and Nd3+ were chosen and added in a ratio such that the weighted average dopant ionic 
radius of co-dopants matches the magnitude of rc. Using this approach, it is expected that, 
on average, the positive elastic strain because of larger dopant cation (i.e., Nd3+) is compen-
sated by the negative elastic strain caused by the smaller dopant cation (i.e., Lu3+). This, as a 
result, prevents any distortion in fluorite lattice that is usually present in singly doped ceria 
systems. On calculating the lattice parameter, almost negligible elastic lattice strain was seen 
in these systems (see Figure 7). However, the ionic conductivity in Lu3+ and Nd3+ co-doped 
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CeO2 system was found to be lower than that of Gd3+-doped CeO2 [23]. Thus, even though the 
co-doped CeO2 system exhibits minimal elastic strain, its oxygen-ion conductivity remains 
inferior to that of Gd3+-doped CeO2.

On plotting the activation energy for oxygen-ion diffusion in trivalent cation-doped CeO2, it 
has been found that the minimum value for activation energy occurs for Sm3+ which possesses 
a much larger ionic radius than the rc value [15]. Thus, both co-doping results and the obtained 
activation energy values do not support the hypothesis given by Kilner and Brook [45] that 
the highest oxygen-ion conductivity is obtained in the system having a negligible elastic lat-
tice strain. However, it is noteworthy to mention that all the rc values reported in the literature 
are derived from the empirical relationships which are based on the lattice expansion data 
acquired at room temperature. As the oxygen-ion conductivity of doped CeO2 materials is 
usually measured between 400°C and 700°C, there is a possibility that the rc value increases 
with the increasing temperature. Omar et al. [15] tested this hypothesis by measuring the 
lattice distortion for various doped CeO2 systems (with 10 mol.% dopant concentration) at 
higher temperatures. The rc value was then determined, where the lattice parameter mismatch 
between doped and pure CeO2 becomes zero (see Figure 8). It was noticed that the rc value 
decreases with the increase in temperature and does not follow the conductivity trend. The 
obtained results clearly indicate that the oxygen-ion conductivity is not solely dependent on 
elastic strain, and therefore, a structure-conductivity relationship based on the critical ionic 
radius concept is insufficient to describe the conduction behavior in doped ceria.

Figure 7. Elastic strain is plotted against the dopant concentration [23]. Data for NdxCe1-xO2-δ were taken after Stephens 
et al. [32].

Doped Ceria for Solid Oxide Fuel Cells
http://dx.doi.org/10.5772/intechopen.79170

51



4. Dopant cation-oxygen vacancy interaction energetic

In the past, multiple atomistic computer simulation techniques have been used to study the inter-
action energetic involved between the cations and oxygen vacancies in acceptor cation-doped 
CeO2. Butler et al. [48] reported that the ionic radius of dopant has a major influence on the stabil-
ity of defect complexes. Minervini et al. [49] studied the binding energy of an oxygen vacancy 
with dopant cation using the energy minimization techniques. It was found that the oxygen 
vacancies prefer to reside in the first neighboring sites of small dopant cations and in the second 
neighboring sites of large dopant cations. For Gd3+ dopant cation, the oxygen vacancy shows 
similar preference to reside in first and second neighboring sites. Moreover, the binding energy 
was also estimated to be lowest in Gd3+-doped CeO2. Although these theoretical studies show a 
close match with the experimental results, they are based on empirical atomistic models.

Andersson et al. [16] performed the quantum mechanical calculations within the density 
functional theory (DFT) formalism in trivalent cation-doped CeO2. Both electrostatic and 
elastic interaction energies between the dopant cation and oxygen vacancy located in nearest 
neighbor (NN) site and in the next to nearest neighbor (NNN) site (of dopant cation) were 
predicted using the ab-initio calculations. It was found that for Pm3+ dopant cation, the total 
interaction energy values are similar for both the configurations (shown in Figure 9). As a 
result, the Pm3+-doped CeO2 system contains the maximum number of oxygen sites with equi-
interaction energy inside the host lattice. There will be no site preference for oxygen vacancies 

Figure 8. Lattice parameter mismatch between A0.10Ce0.90O2-δ and CeO2 is plotted against the ionic radius of dopant cation 
(A3+) at 500°C. The grain (bulk) oxygen-ion conductivity of A0.10Ce0.90O2-δ at 500°C is also shown [15].
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which leads to minimal deep traps inside the doped ceria lattice. Thus, Pm3+-doped CeO2 
was predicted to exhibit higher oxygen-ion conductivity than any other acceptor-doped ceria 
materials.

Unfortunately, Pm is a radioactive element and cannot be used as a dopant in ceria. The best 
dopant should be having an effective atomic number around Pm3+ (61) with an ionic radius 
of 1.093 Å. According to Andersson et al. [16], a co-doping approach, with Sm3+ and Nd3+ as 
co-dopants, provides an experimental scenario for examining the validity of this hypothesis. 
Omar et al. [8, 42] have studied the influence of co-doping Sm3+ and Nd3+ on the oxygen-ion 
conductivity of CeO2. Sm3+ and Nd3+ were added in an equal ratio to obtain the effective atomic 
number of Pm3+, that is, 61. By doing so, similar total interactions between the dopant cations 
and oxygen vacancies sitting in NN and NNN sites (of dopant cations) are expected, which 
may lead to enhancement in the oxygen-ion conductivity. It was reported that for composi-
tions containing 10 mol.% of dopant, Sm3+ and Nd3+-doped ceria exhibits 14% higher grain ionic 
conductivity than that of Gd0.10Ce0.90O2.95 at 550°C, in air (shown in Figure 3). The obtained high 
conductivity of co-doped samples validates the density functional theory prediction about 
Pm3+ to be the best dopant cation for achieving high oxygen-ion conductivity in CeO2.

Figure 9. Total interaction energy between dopant cation and oxygen vacancy sitting in nearest neighbor (NN) and next 
to nearest neighbor (NNN) site (of dopant cations) for rare- earth dopant cations. The negative numbers imply attractive 
interactions. The   r  Sm/Nd  Effective   is the weighted average ionic radius of Sm3+/Nd3+. The figure is modified after Andersson et al. [16].
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4. Dopant cation-oxygen vacancy interaction energetic
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CeO2. Butler et al. [48] reported that the ionic radius of dopant has a major influence on the stabil-
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elastic interaction energies between the dopant cation and oxygen vacancy located in nearest 
neighbor (NN) site and in the next to nearest neighbor (NNN) site (of dopant cation) were 
predicted using the ab-initio calculations. It was found that for Pm3+ dopant cation, the total 
interaction energy values are similar for both the configurations (shown in Figure 9). As a 
result, the Pm3+-doped CeO2 system contains the maximum number of oxygen sites with equi-
interaction energy inside the host lattice. There will be no site preference for oxygen vacancies 

Figure 8. Lattice parameter mismatch between A0.10Ce0.90O2-δ and CeO2 is plotted against the ionic radius of dopant cation 
(A3+) at 500°C. The grain (bulk) oxygen-ion conductivity of A0.10Ce0.90O2-δ at 500°C is also shown [15].
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which leads to minimal deep traps inside the doped ceria lattice. Thus, Pm3+-doped CeO2 
was predicted to exhibit higher oxygen-ion conductivity than any other acceptor-doped ceria 
materials.

Unfortunately, Pm is a radioactive element and cannot be used as a dopant in ceria. The best 
dopant should be having an effective atomic number around Pm3+ (61) with an ionic radius 
of 1.093 Å. According to Andersson et al. [16], a co-doping approach, with Sm3+ and Nd3+ as 
co-dopants, provides an experimental scenario for examining the validity of this hypothesis. 
Omar et al. [8, 42] have studied the influence of co-doping Sm3+ and Nd3+ on the oxygen-ion 
conductivity of CeO2. Sm3+ and Nd3+ were added in an equal ratio to obtain the effective atomic 
number of Pm3+, that is, 61. By doing so, similar total interactions between the dopant cations 
and oxygen vacancies sitting in NN and NNN sites (of dopant cations) are expected, which 
may lead to enhancement in the oxygen-ion conductivity. It was reported that for composi-
tions containing 10 mol.% of dopant, Sm3+ and Nd3+-doped ceria exhibits 14% higher grain ionic 
conductivity than that of Gd0.10Ce0.90O2.95 at 550°C, in air (shown in Figure 3). The obtained high 
conductivity of co-doped samples validates the density functional theory prediction about 
Pm3+ to be the best dopant cation for achieving high oxygen-ion conductivity in CeO2.

Figure 9. Total interaction energy between dopant cation and oxygen vacancy sitting in nearest neighbor (NN) and next 
to nearest neighbor (NNN) site (of dopant cations) for rare- earth dopant cations. The negative numbers imply attractive 
interactions. The   r  Sm/Nd  Effective   is the weighted average ionic radius of Sm3+/Nd3+. The figure is modified after Andersson et al. [16].
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5. Migration enthalpy in the local environment

Although several investigations have shown the formation of local defect structures in doped 
ceria systems, only a few models exist which describe the doping fraction at which they start 
appearing and directly influencing the conductivity. Also, in several experimental investiga-
tions, the observed trend in macroscopic migration enthalpy is attributed to the microscopic 
level association between dopant cation and oxygen vacancies without a thorough under-
standing of underlying atomistic level mechanisms. In earlier studies, the local defect struc-
tures are considered as one of the chemical species whose concentration is described using the 
equilibrium thermodynamics [1, 39]. However, this approach does not take into account the 
interactions between the local defect structures, especially at higher doping concentrations 
(>10 mol.% A2O3).

Multiple atomistic simulations studies have been performed to comprehend the relationships 
between the macroscopic conductivity and the migration in various local environments. In 
one of the earlier theoretical studies, Murray et al. [50] used Kinetic Monte Carlo (KMC) simu-
lations to consider the migration enthalpy in the local environment to estimate the oxygen-ion 
conductivity as a function of doping level. It was reported that at higher doping concentra-
tion, oxygen vacancies tend to reside next to dopants, and thus do not contribute toward ionic 
conduction.

In a similar investigation, Nakayama et al. [51] used ab-initio density functional theory calcu-
lations to identify two key relationships that govern the oxygen-ion migration in rare-earth 
cation-doped ceria. First, the lowering of migration energy barrier by doping with a smaller 
trivalent cation would be accompanied by trapping of an oxygen vacancy at the nearest 
neighboring sites of the dopant. Second, doping with a larger trivalent cation increases the 
energy barrier but decreases the trapping effect of oxygen vacancies. Thus, the relative mag-
nitude of these two effects is dependent on the size of dopant cation which in turn decides the 
magnitude of oxygen-ion conductivity.

In recent work by Koettgen et al. [6], the oxygen-ion conductivity was calculated as a function 
of the doping amount by combining ab-initio density functional theory and Kinetic Monte 
Carlo simulations. A model was developed that can estimate migration energies for all the 
possible jump configurations present in rare-earth-doped CeO2 system. Migration energies 
were analyzed for energy contributions that are either energetically symmetric for both 
migration directions, that is, forward and backward jumps or energetically asymmetric for 
the forward and backward directions. If the presence of dopant changes the migration energy 
identically in both the backward and forward directions, the energy contribution, in this case, 
is referred to as blocking. On the other hand, if the migration energy is different for forward 
and backward jumps, the energy contribution is referred to as trapping.

Figure 10 shows the schematic of trapping and blocking effects. The energy of the system 
as a function of a reaction coordinate for the corresponding configuration is also shown. It 
was demonstrated that both these effects have an impact on the observed ionic conductivity. 
While blocking effect determines the doping fraction at which the maximum in conductiv-
ity is observed, it is the trapping effect which limits the maximum ionic conductivity value. 
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Thus, this study clarifies that the optimal doping concentration to achieve the maximum ionic 
conductivity cannot be predicted only by trapping effect (association between dopant cation 
and oxygen vacancies) which is commonly assumed in the literature.

6. Summary and conclusion

This chapter reviews some of the highlights of investigations performed on lower-valent cation-
doped ceria materials which have been considered strong candidates for the electrolyte applica-
tion in SOFCs operating at the intermediate-temperature range. Some of the basic characteristics 
of doped ceria relating to its high oxygen-ion conductivity are discussed. The maximum in con-
ductivity observed by adding a large amount of lower-valent dopant cation is explained on the 
basis of formation of local defect structures. The extent of formation of these local defect struc-
tures cannot be lowered by just minimizing the elastic lattice distortion. It has been emphasized 

Figure 10. The energy of the system as a function of the reaction coordinate for the configuration change that is shown 
below in rare-earth-doped ceria. In trapping effect, migration enthalpy increases if the oxygen-ion jump weakens the 
association between the oxygen vacancies and the dopants. In case of blocking effect, the migration energy increases for 
an increasing number of large dopants at the migration edge: cerium ions (green), rare-earth ions (blue), oxygen ions 
(red spheres), and oxygen vacancies (red boxes) [6].
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5. Migration enthalpy in the local environment
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lations to consider the migration enthalpy in the local environment to estimate the oxygen-ion 
conductivity as a function of doping level. It was reported that at higher doping concentra-
tion, oxygen vacancies tend to reside next to dopants, and thus do not contribute toward ionic 
conduction.

In a similar investigation, Nakayama et al. [51] used ab-initio density functional theory calcu-
lations to identify two key relationships that govern the oxygen-ion migration in rare-earth 
cation-doped ceria. First, the lowering of migration energy barrier by doping with a smaller 
trivalent cation would be accompanied by trapping of an oxygen vacancy at the nearest 
neighboring sites of the dopant. Second, doping with a larger trivalent cation increases the 
energy barrier but decreases the trapping effect of oxygen vacancies. Thus, the relative mag-
nitude of these two effects is dependent on the size of dopant cation which in turn decides the 
magnitude of oxygen-ion conductivity.

In recent work by Koettgen et al. [6], the oxygen-ion conductivity was calculated as a function 
of the doping amount by combining ab-initio density functional theory and Kinetic Monte 
Carlo simulations. A model was developed that can estimate migration energies for all the 
possible jump configurations present in rare-earth-doped CeO2 system. Migration energies 
were analyzed for energy contributions that are either energetically symmetric for both 
migration directions, that is, forward and backward jumps or energetically asymmetric for 
the forward and backward directions. If the presence of dopant changes the migration energy 
identically in both the backward and forward directions, the energy contribution, in this case, 
is referred to as blocking. On the other hand, if the migration energy is different for forward 
and backward jumps, the energy contribution is referred to as trapping.

Figure 10 shows the schematic of trapping and blocking effects. The energy of the system 
as a function of a reaction coordinate for the corresponding configuration is also shown. It 
was demonstrated that both these effects have an impact on the observed ionic conductivity. 
While blocking effect determines the doping fraction at which the maximum in conductiv-
ity is observed, it is the trapping effect which limits the maximum ionic conductivity value. 
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Thus, this study clarifies that the optimal doping concentration to achieve the maximum ionic 
conductivity cannot be predicted only by trapping effect (association between dopant cation 
and oxygen vacancies) which is commonly assumed in the literature.

6. Summary and conclusion

This chapter reviews some of the highlights of investigations performed on lower-valent cation-
doped ceria materials which have been considered strong candidates for the electrolyte applica-
tion in SOFCs operating at the intermediate-temperature range. Some of the basic characteristics 
of doped ceria relating to its high oxygen-ion conductivity are discussed. The maximum in con-
ductivity observed by adding a large amount of lower-valent dopant cation is explained on the 
basis of formation of local defect structures. The extent of formation of these local defect struc-
tures cannot be lowered by just minimizing the elastic lattice distortion. It has been emphasized 

Figure 10. The energy of the system as a function of the reaction coordinate for the configuration change that is shown 
below in rare-earth-doped ceria. In trapping effect, migration enthalpy increases if the oxygen-ion jump weakens the 
association between the oxygen vacancies and the dopants. In case of blocking effect, the migration energy increases for 
an increasing number of large dopants at the migration edge: cerium ions (green), rare-earth ions (blue), oxygen ions 
(red spheres), and oxygen vacancies (red boxes) [6].
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that the concept of critical ionic radius alone cannot explain the maximum oxygen-ion conduc-
tivity observed in Pm3+-doped CeO2 as found by the first-principles density functional theory 
calculations. Particular attention has been given to a more recent atomistic simulations study on 
rare-earth-doped ceria which calculates the migration energies for all the possible jump configu-
rations that may present in rare-earth-doped CeO2. This study explains the importance of the 
shape of migration energy barrier and its impact on the ionic conductivity.
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rare-earth-doped ceria which calculates the migration energies for all the possible jump configu-
rations that may present in rare-earth-doped CeO2. This study explains the importance of the 
shape of migration energy barrier and its impact on the ionic conductivity.

Acknowledgements

Author would like to acknowledge IIT Kanpur for supporting in writing this chapter.

Author details

Shobit Omar

Address all correspondence to: somar@iitk.ac.in

Department of Materials Science and Engineering, Indian Institute of Technology Kanpur, 
Kanpur, Uttar Pradesh, India

References

[1] Inaba H, Tagawa H. Ceria-based solid electrolytes - review. Solid State Ionics. 1996;83:1-16

[2] Steele BCH. Appraisal of Ce1-yGdyO2-y/2 electrolytes for IT-SOFC operation at 500o C. Solid 
State Ionics. 2000;129:95-110

[3] Mogensen M, Sammes NM, Tompsett GA. Physical, chemical and electrochemical prop-
erties of pure and doped ceria. Solid State Ionics. 2000;129:63-94

[4] Omar S, Nino JC. Consistency in the chemical expansion of fluorites: A thermal revision 
of the doped ceria. Acta Materialia. 2013;61:5406-5413

[5] Tuller HL, Bishop SR. Tailoring material properties through defect engineering. 
Chemistry Letters. 2010;39:1226-1231

[6] Koettgen J, Grieshammer S, Hein P, Grope BOH, Nakayama M, Martin M. Understanding 
the ionic conductivity maximum in doped ceria: Trapping and blocking. Physical 
Chemistry Chemical Physics. 2018;20:14291-14321

[7] Zhu H, Ricote S, Coors WG, Chatzichristodoulou C, Kee RJ. Equilibrium and transient 
conductivity for gadolium-doped ceria under large perturbations: II. Modeling. Solid 
State Ionics. 2014;268:198-207

[8] Omar S, Wachsman ED, Nino JC. Higher ionic conductive ceria based electrolytes for 
SOFCs. Applied Physics Letters. 2007;91:144106

Cerium Oxide - Applications and Attributes56

[9] Guo X, Waser R. Electrical properties of the grain boundaries of oxygen ion conductors: 
Acceptor-doped zirconia and ceria. Progress in Materials Science. 2006;51:151-210

[10] Irvine JTS, Sinclair DC, West AR. Electroceramics: Characterization by impedance spec-
troscopy. Advanced Materials. 1990;2:132-138

[11] Wang DY, Park DS, Griffith J, Nowick AS. Oxygen-ion conductivity and defect interac-
tions in Yttria-doped ceria. Solid State Ionics. 1981;2:95-105

[12] Yahiro H, Eguchi Y, Eguchi K, Arai H. Oxygen ion conductivity of the ceria-samarium 
oxide system with fluorite structure. Journal of Applied Electrochemistry. 1988;18:527-531

[13] Yahiro H, Ohuchi T, Eguchi K, Arai H. Electrical-properties and microstructure in the 
system ceria alkaline-earth oxide. Journal of Materials Science. 1988;23:1036-1041

[14] Zhang TS, Ma J, Kong LB, Chan SH, Kilner JA. Aging behavior and ionic conductivity of 
ceria-based ceramics: A comparative study. Solid State Ionics. 2004;170:209-217

[15] Omar S, Wachsman ED, Jones JL, Nino JC. Crystal structure-ionic conductivity relation-
ships in doped ceria systems. Journal of the American Ceramic Society. 2009;92:2674-2681

[16] Andersson DA, Simak SI, Skorodumova NV, Abrikosov IA, Johansson B. Optimization 
of ionic conductivity in doped ceria. Proceedings of the National Academy of Sciences 
of the United States of America. 2006;103:3518

[17] Balazs GB, Glass RS. AC-impedance studies of rare-earth-oxide doped ceria. Solid State 
Ionics. 1995;76:155-162

[18] Butler V, Catlow CRA, Fender BEF, Harding JH. Dopant ion radius and ionic-conductiv-
ity in cerium dioxide. Solid State Ionics. 1983;8:109-113

[19] Gerhardt-Anderson R, Nowick AS. Ionic conductivity of CeO2 with trivalent dopants of 
different ionic radii. Solid State Ionics. 1981;5:547-550

[20] Perez-Coll D, Marrero-Lopez D, Nunez P, Pinol S, Frade JR. Grain boundary con-
ductivity of Ce0.8Ln0.2O2-d ceramics (Ln = Y, La, Gd, Sm) with and without co-doping. 
Electrochimica Acta. 2006;51:6463-6469

[21] Zając W, Molenda J. Electrical conductivity of doubly doped ceria. Solid State Ionics. 
2008;179:154-158

[22] Mogensen M, Lindegaard T, Hansen UR, Mogensen G. Physical properties of mixed 
conductor solid oxide fuel cell anodes of doped CeO2. Journal of the Electrochemical 
Society. 1994;141:2122-2128

[23] Omar S, Wachsman ED, Nino JC. A co-doping approach towards enhanced ionic con-
ductivity in fluorite-based electrolytes. Solid State Ionics. 2006;177:3199-3203

[24] Sánchez-Bautista C, Dos santos-García AJ, Peña-Martínez J, Canales-Vázquez J. The 
grain boundary effect on dysprosium doped ceria. Solid State Ionics. 2010;181:1665-1673

[25] Tianshu Z, Hing P, Huang H, Kilner J. Ionic conductivity in the CeO2–Gd2O3 system 
(0.05≤Gd/Ce≤0.4) prepared by oxalate coprecipitation. Solid State Ionics. 2002;148:567-573

Doped Ceria for Solid Oxide Fuel Cells
http://dx.doi.org/10.5772/intechopen.79170

57



[26] Fuentes RO, Baker RT. Structural, morphological and electrical properties of Gd0.1Ce0. 
9O1.95 prepared by a citrate complexation method. Journal of Power Sources. 2009;186: 
268-277

[27] Keqin H, Man F, Goodenough JB. Synthesis and electrical properties of dense 
Ce0.9Gd0.1O1.95 ceramics. Journal of the American Ceramic Society. 1998;81:357-362

[28] Reddy KR, Karan K. Sinterability, Mechanical, Microstructural, and electrical prop-
erties of gadolinium-doped ceria electrolyte for low-temperature solid. Journal of 
Electroceramics. 2005;15:45-56

[29] Cioateră N, Pârvulescu V, Rolle A, Vannier RN. Effect of strontium addition on euro-
pium-doped ceria properties. Solid State Ionics. 2009;180:681-687

[30] Li LP, Lin XM, Li GS, Inomata H. Solid solubility and transport properties of Ce1-x 
NdxO2-d Nanocrystalline solid solutions by a sol-gel route. Journal of Materials Research. 
2001;16:3207-3213

[31] Aneflous L, Musso JA, Villain S, Gavarri JR, Benyaich H. Effects of temperature and 
Nd composition on non-linear transport properties in substituted Ce1-xNdxO2-δ cerium 
dioxides. Journal of Solid State Chemistry. 2004;177:856-865

[32] Stephens IEL, Kilner JA. Ionic conductivity of Ce1-xNdxO2-x/2. Solid State Ionics. 
2006;177:669-676

[33] Zhu JX, Zhou DF, Guo SR, Ye JF, Hao XF, Cao XQ, Meng J. Grain boundary conductivity 
of high purity neodymium-doped ceria nanosystem with and without the doping of 
molybdenum oxide. Journal of Power Sources. 2007;174:114-123

[34] Yamazaki S, Matsui T, Sato T, Arita Y, Nagasaki T. EXAFS study of reduced ceria doped 
with lanthanide oxides. Solid State Ionics. 2002;154-155:113-118

[35] Yamazaki S, Matsui T, Ohashi T, Arita Y. Defect structures in doped CeO2 studied by 
using XAFS spectrometry. Solid State Ionics. 2000;136-137:913-920

[36] Deguchi H, Yoshida H, Inagaki T, Horiuchi M. EXAFS study of doped ceria using mul-
tiple data set fit. Solid State Ionics. 2005;176:1817-1825

[37] Ohashi T, Yamazaki S, Tokunaga T, Arita Y, Matsui T, Harami T, Kobayashi K. EXAFS 
study of Ce1−xGdxO2−x/2. Solid State Ionics. 1998;113-115:559-564

[38] Jain P, Avila-Paredes HJ, Gapuz C, Sen S, Kim S. High-resolution 89Y and 45Sc NMR 
spectroscopic study of short-range structural order in Nanocrystalline Y- and Sc-doped 
CeO2 and ZrO2. The Journal of Physical Chemistry C. 2009;113:6553-6560

[39] Kilner JA, Waters CD. The effects of dopant cation-oxygen vacancy complexes on the 
anion transport properties of non-stoichiometric fluorite oxides. Solid State Ionics. 
1982;6:253-259

[40] Rai A, Mehta P, Omar S. Ionic conduction behavior in SmxNd0.15-xCe0.85O2-δ. Solid State 
Ionics. 2014;263:190-196

Cerium Oxide - Applications and Attributes58

[41] Nowick AS, Lee WK, Jain H. Survey and interpretation of pre-exponentials of conductiv-
ity. Solid State Ionics. 1988;28:89-94

[42] Omar S, Wachsman ED, Nino JC. Higher conductivity Sm3+ and Nd3+ co-doped ceria-
based electrolyte materials. Solid State Ionics. 2008;178:1890-1897

[43] Nowick AS, Wang DY, Park DS, Griffith J. Oxygen-ion conductivity and defect structure 
of CeO2 doped with CaO and Y2O3. In: Vashishta P, Mundy JN, Shenoy GK, editors. 
Fast Ion Transport in Solids: Electrodes and Electrolytes. Amsterdam: Elsevier, North-
Holland Publishing Co.; 1979

[44] Zhan ZL, Wen TL, Tu HY, Lu ZY. AC impedance investigation of samarium-doped ceria. 
Journal of the Electrochemical Society. 2001;148:A427-A432

[45] Kilner JA, Brook RJ. A study of oxygen ion conductivity in doped nonstoichiometric 
oxides. Solid State Ionics. 1982;6:237-252

[46] Kim DJ. Lattice-parameters, ionic conductivities, and solubility limits in fluorite-struc-
ture MO2 oxide (M = Hf4+, Zr4+, Ce4+, Th4+, U4+) solid-solutions. Journal of the American 
Ceramic Society. 1989;72:1415-1421

[47] Hong SJ, Virkar AV. Lattice-parameters and densities of rare-earth-oxide doped ceria 
electrolytes. Journal of the American Ceramic Society. 1995;78:433-439

[48] Butler V, Catlow CRA, Fender BEF, Harding JH. Dopant ion radius and ionic conductiv-
ity in cerium dioxide. Solid State Ionics. 1983;8:109-113

[49] Minervini L, Zacate MO, Grimes RW. Defect cluster formation in M2O3-doped CeO2. 
Solid State Ionics. 1999;116:339-349

[50] Murray AD, Murch GE, Catlow CRA. A new hybrid scheme of computer simulation 
based on Hades and Monte Carlo: Application to ionic conductivity in Y3+ doped CeO2. 
Solid State Ionics. 1986;18-19:196-202

[51] Nakayama M, Martin M. First-principles study on defect chemistry and migration of 
oxide ions in ceria doped with rare-earth cations. Physical Chemistry Chemical Physics. 
2009;11:3241-3249

Doped Ceria for Solid Oxide Fuel Cells
http://dx.doi.org/10.5772/intechopen.79170

59



[26] Fuentes RO, Baker RT. Structural, morphological and electrical properties of Gd0.1Ce0. 
9O1.95 prepared by a citrate complexation method. Journal of Power Sources. 2009;186: 
268-277

[27] Keqin H, Man F, Goodenough JB. Synthesis and electrical properties of dense 
Ce0.9Gd0.1O1.95 ceramics. Journal of the American Ceramic Society. 1998;81:357-362

[28] Reddy KR, Karan K. Sinterability, Mechanical, Microstructural, and electrical prop-
erties of gadolinium-doped ceria electrolyte for low-temperature solid. Journal of 
Electroceramics. 2005;15:45-56

[29] Cioateră N, Pârvulescu V, Rolle A, Vannier RN. Effect of strontium addition on euro-
pium-doped ceria properties. Solid State Ionics. 2009;180:681-687

[30] Li LP, Lin XM, Li GS, Inomata H. Solid solubility and transport properties of Ce1-x 
NdxO2-d Nanocrystalline solid solutions by a sol-gel route. Journal of Materials Research. 
2001;16:3207-3213

[31] Aneflous L, Musso JA, Villain S, Gavarri JR, Benyaich H. Effects of temperature and 
Nd composition on non-linear transport properties in substituted Ce1-xNdxO2-δ cerium 
dioxides. Journal of Solid State Chemistry. 2004;177:856-865

[32] Stephens IEL, Kilner JA. Ionic conductivity of Ce1-xNdxO2-x/2. Solid State Ionics. 
2006;177:669-676

[33] Zhu JX, Zhou DF, Guo SR, Ye JF, Hao XF, Cao XQ, Meng J. Grain boundary conductivity 
of high purity neodymium-doped ceria nanosystem with and without the doping of 
molybdenum oxide. Journal of Power Sources. 2007;174:114-123

[34] Yamazaki S, Matsui T, Sato T, Arita Y, Nagasaki T. EXAFS study of reduced ceria doped 
with lanthanide oxides. Solid State Ionics. 2002;154-155:113-118

[35] Yamazaki S, Matsui T, Ohashi T, Arita Y. Defect structures in doped CeO2 studied by 
using XAFS spectrometry. Solid State Ionics. 2000;136-137:913-920

[36] Deguchi H, Yoshida H, Inagaki T, Horiuchi M. EXAFS study of doped ceria using mul-
tiple data set fit. Solid State Ionics. 2005;176:1817-1825

[37] Ohashi T, Yamazaki S, Tokunaga T, Arita Y, Matsui T, Harami T, Kobayashi K. EXAFS 
study of Ce1−xGdxO2−x/2. Solid State Ionics. 1998;113-115:559-564

[38] Jain P, Avila-Paredes HJ, Gapuz C, Sen S, Kim S. High-resolution 89Y and 45Sc NMR 
spectroscopic study of short-range structural order in Nanocrystalline Y- and Sc-doped 
CeO2 and ZrO2. The Journal of Physical Chemistry C. 2009;113:6553-6560

[39] Kilner JA, Waters CD. The effects of dopant cation-oxygen vacancy complexes on the 
anion transport properties of non-stoichiometric fluorite oxides. Solid State Ionics. 
1982;6:253-259

[40] Rai A, Mehta P, Omar S. Ionic conduction behavior in SmxNd0.15-xCe0.85O2-δ. Solid State 
Ionics. 2014;263:190-196

Cerium Oxide - Applications and Attributes58

[41] Nowick AS, Lee WK, Jain H. Survey and interpretation of pre-exponentials of conductiv-
ity. Solid State Ionics. 1988;28:89-94

[42] Omar S, Wachsman ED, Nino JC. Higher conductivity Sm3+ and Nd3+ co-doped ceria-
based electrolyte materials. Solid State Ionics. 2008;178:1890-1897

[43] Nowick AS, Wang DY, Park DS, Griffith J. Oxygen-ion conductivity and defect structure 
of CeO2 doped with CaO and Y2O3. In: Vashishta P, Mundy JN, Shenoy GK, editors. 
Fast Ion Transport in Solids: Electrodes and Electrolytes. Amsterdam: Elsevier, North-
Holland Publishing Co.; 1979

[44] Zhan ZL, Wen TL, Tu HY, Lu ZY. AC impedance investigation of samarium-doped ceria. 
Journal of the Electrochemical Society. 2001;148:A427-A432

[45] Kilner JA, Brook RJ. A study of oxygen ion conductivity in doped nonstoichiometric 
oxides. Solid State Ionics. 1982;6:237-252

[46] Kim DJ. Lattice-parameters, ionic conductivities, and solubility limits in fluorite-struc-
ture MO2 oxide (M = Hf4+, Zr4+, Ce4+, Th4+, U4+) solid-solutions. Journal of the American 
Ceramic Society. 1989;72:1415-1421

[47] Hong SJ, Virkar AV. Lattice-parameters and densities of rare-earth-oxide doped ceria 
electrolytes. Journal of the American Ceramic Society. 1995;78:433-439

[48] Butler V, Catlow CRA, Fender BEF, Harding JH. Dopant ion radius and ionic conductiv-
ity in cerium dioxide. Solid State Ionics. 1983;8:109-113

[49] Minervini L, Zacate MO, Grimes RW. Defect cluster formation in M2O3-doped CeO2. 
Solid State Ionics. 1999;116:339-349

[50] Murray AD, Murch GE, Catlow CRA. A new hybrid scheme of computer simulation 
based on Hades and Monte Carlo: Application to ionic conductivity in Y3+ doped CeO2. 
Solid State Ionics. 1986;18-19:196-202

[51] Nakayama M, Martin M. First-principles study on defect chemistry and migration of 
oxide ions in ceria doped with rare-earth cations. Physical Chemistry Chemical Physics. 
2009;11:3241-3249

Doped Ceria for Solid Oxide Fuel Cells
http://dx.doi.org/10.5772/intechopen.79170

59



Chapter 5

Prototyping a Gas Sensors Using CeO2 as a Matrix or
Dopant in Oxide Semiconductor Systems

Lucian Pîslaru-Dănescu, Gabriela Telipan,
Ioana Ion and Virgil Marinescu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.80801

Provisional chapter

Prototyping a Gas Sensors Using CeO2 as a Matrix or
Dopant in Oxide Semiconductor Systems

Lucian Pîslaru-Dănescu, Gabriela Telipan,
Ioana Ion and Virgil Marinescu

Additional information is available at the end of the chapter

Abstract

In this chapter, two important aspects of using CeO2 in the field of gas sensors are
presented. Firstly, for CO2 detection in the range of 0–5000 ppm, a binary semiconductor
oxides CeO2-Y2O3 was used. Secondly, as a dopants, in oxide semiconductor systems,
used to detect the NO2. In this case, CeO2 is used as a dopant in hybride composite,
consisting of reduced graphene oxide/ZnO, in order to increase the sensibility in NO2

detection at low concentration in the range of 0–10 ppm. The structural and morphologi-
cal characterization of sensitive materials by X-ray diffraction, SEM, adsorption desorp-
tion isotherms, thermal analysis and RAMAN spectroscopy are presented. Also, the
sensing element of the sensor that detects the NO2 is achieved by depositing the
nanocomposite material on the interdigital grid. The electronic conditioning signal from
the sensing element is achieved by using a Wheatstone bridge together with an instru-
mentation operational amplifier.

Keywords: ceria oxide, yttrium oxide, zinc oxide, reduced graphene oxide, sensing
element, electronic conditioning, X-ray diffraction, scanning electron microscopy

1. Introduction

Cerium represents one of the most abundant elements in the Earth’s crust (66.5 ppm) than
copper (60 ppm) or tin (2.3 ppm). Ce possesses an unique electronic configuration ([Xe] 4f26s2),
and presents two common valence states Ce3+ and Ce4+ [1–3], which give CeO2 excellent chem-
ical and physical properties: 1/4 O2, at most, can be released from each CeO2 unit cell. It serves as
an active oxygen donor inmany reactions, such as three-way catalytic reactions to eliminate toxic
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automobile exhaust [1, 4], the low-temperature water gas shift reaction [1, 5], oxygen sensors,
oxygen permeation membrane systems and fuel cells [1, 6]. Cerium oxide CeO2 is a semiconduc-
tor oxide with a band gap energy (3.19 eV) [7, 8]. The crystalline structure consists of a cubic
fluorite structure (Fm3m) with a cell parameter of 5.41 Å at room temperature and presents a
high dielectric constant ɛ = 26, almost of silicon, that it makes use in spintronic devices with
silicon microelectronic devices [9, 10]. Synthesis of CeO2 nanoparticles comprise various
methods as: solvothermal [2, 11, 12], sol gel [2, 13, 14], sonochemical [2, 15], hydrolysis [2, 16],
hydrothermal [2, 17, 18], precipitation [2, 19] and reverse micelles [2, 20]. The dual oxidation state
mentioned above means that these nanoparticles have oxygen vacancies or defects [19]. The loss
of oxygen and the reduction of Ce4+ to Ce3+ in accordwith Eq. 1, is accompanied by creation of an
oxygen vacancy. This property is responsible for the interesting redox chemistry exhibited by
ceria nanoparticles and makes them attractive for many catalytic applications [21].

CeO2

reducing
 ������
oxidizing
������! CeO2�y þ y=2O2 (1)

Also all ceria applications are based on its potential redox between Ce3+ and Ce4+, high oxygen
affinity and absorption/excitation energy bands associated with the electronic structure [22].
Another important property of CeO2 consists in their ability to release and absorb oxygen
during alternating redox conditions and hence to function as oxygen buffer. The addition of
dopants leads to increase of concentration of oxygen vacancies and improves the thermal
stability of the parent oxide [23]. Also, CeO2 presents a great chemical stability and high
diffusion coefficient with values between 10�8 and 10�6 cm2/s in the temperature range of
800–2200 K coming from oxygen vacancies (V ∙

o has been used for gas sensing for oxygen, NOx,
acetone and H2S sensors). Besides, CeO2 is also used for improving sensing properties of
semiconductor oxides such as ZnO, TiO2 and In2O3 [24, 25]. On the other hand, the ionic
conductivity of CeO2 is improved by doping with rare earth oxides such as Sm2O3, Gd2O3

and Y2O3 and the size of conductivity of the doped ceria depends on the ionic radius of the
doping ion. The introduction of trivalent ions in ceria leads to production of anion vacancies

Sensitive
material

Gas detected Range
concentration,
[ppm]/[%]

Operation
temperature, [

�
C]

Detection
limit, [ppm]

Response/
recovery time, [s]

Ref.

CeO2-SnO2 CO 0–500 ppm 430 <5 26/30 [27]

ZnO/Al2O3/CeO2 ethanol 0–2000 ppm 260 * 2/10 [28]

CeO2-Fe2O3 methanol 1–1000 ppm 400 1–3 * [29]

CeO2 formaldehyde 0.5–50 ppm 30 — 36/1 [30]

CeO2 activated
ZnO-TiO2

CO2 286 ppm exposure 290 * 24/72 [31]

Ce(1-x) ZrxO2 O2 1–100% 500–700 * * [32]

*Data unavailable.

Table 1. Gas detection with sensitive materials based on CeO2.
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which may enhance catalytic and gas sensing properties [26]. In Table 1, several sensitive
materials based on ceria for gas detection and their gas sensing characteristics is presented.

As doping with other ions could lead to enhanced activity for different reasons. Ceria doped
with pentavalent ions as Nb, could insert extra oxygen anions that would be more easily
removed [26]. In this chapter, the mixed oxides CeO2-Nb2O5, Y2O3-doped CeO2 as sensitive
materials for CO2 detection and sensitive materials composed from CeO2-doped rGO (reduced
graphene oxide) and CeO2-doped rGO-ZnO for NO2 detection are presented.

To conditioning the signal provided by sensing element, high-performance electronic circuits
such as precision operational amplifiers, digital analogue converters and analog multipliers
have been used [33, 34].

2. Sensor for CO2 detection with mixed binary oxide CeO2-Nb2O5

sensitive material

Niobium oxide has some properties that make it in principal as promising for catalytic appli-
cations. Niobia-based materials are effective catalysts in selective oxidation reactions due to its
redox properties. Also, niobia-doped ceria materials have shown a good carbon deposition
and excellent properties as solid oxide fuel cell (SOFC) anodes [35]. Nb5+ ions (ionic radius of
Nb5+: 78 pm) may initiate the reduction of Ce4+ to Ce3+ by the doping Nb into the CeO2

structure, which results in formation of oxygen vacancies. Using the Kröger-Vink notation,
it can mention two mechanisms for the dissolution: one of which occurs by electronic compen-
sation (Eq. 2) and the other by consumption of vacancies (Eq. 3), as shown below [3, 36, 37].

Nb2O5 þ CeM∗ ! 2Nb∙M þ 4O∗
0 þ

1
2
O2 þ 2Ce=M (2)

Nb2O5 þ V ∙∙
0 ! 2Nb∙M þ 5O∗

o (3)

where O∗
o , V

∙∙
o represent oxygen and oxygen vacancies on the oxygen sites, Ce∗M, Ce

=
M represent

cerium (Ce4+) and negatively charged cerium ions (Ce3+) on metal sites M, Nb∙M metal vacancy.
Nb2O5 it is known as an n-type oxide semiconductor with a band gap about 3.4 eV. Because of
its good physicochemical properties and structural isotropy, it is used in other range of
applications such as: in construction of gas sensing, field-emission displays and microelectron-
ics electrochromics display and photoelectrodes [38].

2.1. Synthesis of mixed oxides CeO2-Nb2O5 sensitive material

In our case, we used the mixed binary oxides CeO2-Nb2O5 for CO2 detection. Sensitive element
is composed from mechanical mixing of CeO2 (97%) and Nb2O5 (3%); both reagents purchased
from Merck. The powder oxides were treated with a few drops of ethylic alcohol for ink
obtaining and then introduced in a ball mill for homogenization followed by calcination at
500, 600 and 800�C for 1 hour. The powder calcined at 600�C was pressed in disc form at 2 tons
force/cm2 with the dimensions ∅4 � 1 mm and mounted on the ambasis transistor. The sensor
image is showed in Figure 1 [39].
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its good physicochemical properties and structural isotropy, it is used in other range of
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2.2. Structural characterization

Calcined mixed powder oxides were characterized by X-ray diffraction using a diffractometer-
type X Bruker-AXS type D8 ADVANCE in conditions: CuKα radiation (λ =1.54059 Å), 40 kV/
40 mA, filter kβ of Ni. pas: 0.04

�
, measuring time on point: 1 s, measure range 2θ = 10–100

�
. The

mixed oxides powder with composition CeO2–3%Nb2O5 was calcined at 500, 600 and 800�C
for 1 hour. It shows a cubic phase for CeO2 and orthorhombic phase for Nb2O5, Figure 2. Also,
for this powder that was calcined at 800�C, was identified in addition a hexagonal Ce2O3 phase
(Figure 3). It obtain for CeO2 cell parameter a = b = c = 5.407 Å. This is in accord with

Figure 1. Image of the CO2 sensor made with mixed oxides CeO2-Nb2O5 sensitive material.

Figure 2. X-ray diffraction of CeO2-Nb2O5 calcinated at: (a) 500�C; (b) 600�C and (c) 800�C.
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theoretical value of a = 5.404 Å as well as in according with card number 03–065-5923. The cell
parameters for Nb2O5 orthorhombic phase were a = 6.175 Å, b = 29.175 Å and c = 3.930 Å in
accord with card number 30-0873 [4]. Corresponding to hkl (Miller indices) 111, 200, 220 and
311, the crystallites size determined with Scherrer formula give values of 160.9, 145.6, 117.4
and 63.5 nm.

2.3. CO2 gas sensor made with mixed oxides CeO2-Nb2O5 sensitive material tested
in automated process mode

The gas sensors testing were performed with the apparatus as presented in Figure 4. It is
realized by SYSCOM-18 Romania for National Institute for Research and Development in

Figure 3. X-ray diffraction of CeO2-Nb2O5 calcinated at 800�C.

Figure 4. The testing gas sensor installation.
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for this powder that was calcined at 800�C, was identified in addition a hexagonal Ce2O3 phase
(Figure 3). It obtain for CeO2 cell parameter a = b = c = 5.407 Å. This is in accord with

Figure 1. Image of the CO2 sensor made with mixed oxides CeO2-Nb2O5 sensitive material.

Figure 2. X-ray diffraction of CeO2-Nb2O5 calcinated at: (a) 500�C; (b) 600�C and (c) 800�C.
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theoretical value of a = 5.404 Å as well as in according with card number 03–065-5923. The cell
parameters for Nb2O5 orthorhombic phase were a = 6.175 Å, b = 29.175 Å and c = 3.930 Å in
accord with card number 30-0873 [4]. Corresponding to hkl (Miller indices) 111, 200, 220 and
311, the crystallites size determined with Scherrer formula give values of 160.9, 145.6, 117.4
and 63.5 nm.

2.3. CO2 gas sensor made with mixed oxides CeO2-Nb2O5 sensitive material tested
in automated process mode

The gas sensors testing were performed with the apparatus as presented in Figure 4. It is
realized by SYSCOM-18 Romania for National Institute for Research and Development in

Figure 3. X-ray diffraction of CeO2-Nb2O5 calcinated at 800�C.

Figure 4. The testing gas sensor installation.
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Electrical Engineering ICPE-CA. The voltage measurements were effected by testing module,
in automated process mode. A control panel provides a lot of measuring values, at rate 1/10 s.
The bench of testing for the gas sensor consists in an enclosure where there are set of testing
conditions for the sensor as well as in connected equipment. The whole process of testing is
automated, being controlled by a programmable automaton. The gas for testing is introduced
in a controlled way in the testing enclosure, through a mass debit meter. In the testing,
enclosure is set a constant temperature, controlled by a temperature regulator.

The gas testing was done in concentration of 10,000 ppmCO2 at the 25, 50 and 70�C chamber test
temperature. The sensor was developed the voltages values of 48, 50 and 770 mV (Figure 5) [39].

The experimental data shows a good sensor response for CO2 detection with increasing
temperature.

2.4. Signal conditioning of the sensing element for CO2 detection with mixed
binary oxide CeO2-Nb2O5 sensitive material

The Analog Devices AD620 operational amplifier is used to build the signal conditioning
electronic module, provided by the sensing element. A preamp section comprised of Q1 and
Q2, Figure 6, provides additional gain up front. Feedback through the Q1-A1-R1 loop and the
Q2-A2-R2 loop maintains a constant collector current through the input devices Q1 and Q2,
thereby impressing the input voltage across the external gain setting resistor, RG.

This creates a differential gain from the inputs to the A1/A2 outputs given by Eq. (4):

Figure 5. Variation of the voltage depending on time for CO2 sensor, made with mixed oxides CeO2-Nb2O5 sensitive
material.
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Figure 6. A simplified schematic of the AD620 [39].

Figure 7. AD620 closed-loop gain versus frequency [39].
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Figure 6. A simplified schematic of the AD620 [39].

Figure 7. AD620 closed-loop gain versus frequency [39].
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G ¼ R1þ R2
RG

þ 1 (4)

The unity-gain subtractor, A3, removes any common-mode signal, yielding a single-ended
output referred to the REF pin potential. The value of RG also determines the transconductance
of the preamp stage [34]. As RG is reduced for larger gains, the transconductance increases
asymptotically to that of the input transistors. The open-loop gain is boosted for increasing
programmed gain, thus reducing gain related errors. Also, the gain bandwidth product (deter-
mined by C1, C2 and the preamplifier transconductance, Figure 6) increases with programmed
gain, thus optimizing the amplifier’s frequency response. In Figure 7, the closed-loop gain of
AD620 versus frequency is shown. Finally, the input voltage noise is reduced to 9 nV/√Hz, which
is determined mainly by the collector current and base resistance of the input devices. The
internal gain resistors, R1 and R2, are laser trimmed to an absolute value of 24.7 kΩ, allowing
the gain to be programmed accurately with a single external resistor. The gain equation is Eq. (5).

Figure 8. The electronic module for signal conditioning provided by sensing element, designing with AD620 analog
devices.
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G ¼ 49:4kΩ
RG

þ 1 (5)

So that,

RG ¼ 49:4kΩ
G� 1

(6)

where the resistor RG in kΩ, according to Eq. (6).

The value of 24.7 kΩ was chosen so that standard 1% resistor values could be used to set the
most popular gains. For the input resistors, R1a and R1b were used, capacitor C2p approxi-
mately five times to 0.047 μF to provide adequate RF attenuation (Figure 8). With the values
shown, the circuit �3 dB bandwidth is approximately 400 Hz and noise levels 12 nV/√Hz. It
requires the circuitry preceding the in-amp to drive a lower impedance load and results in
somewhat less input overload protection. The output signal VOUT (Figure 8) is a common
mode voltage, picked at the output of the operational amplifier. The capacitor groups, 0.01 μF
and 0.33 μF make a decoupling of the supply voltage (Figure 8) in the immediate closeness of
the operational amplifiers. The supply voltage +Vcc and -Vee, respectively, stabilized is differ-
entiated, �15Vcc, in comparison with the reference potential bar.

3. Sensor for CO2 detection with Y2O3-doped CeO2 sensitive material

The ion conductivity of CeO2 can be significantly improved upon substitution with some
trivalent oxides of lanthanides like Y2O3, Sm2O3 and Gd2O3, because the number of oxygen
vacancy will be considerably increased for charge compensation. The electrical conductivity in
doped ceria is influenced by factors such as: the dopant ion, the dopant concentration, the
oxygen vacancy concentration and the defect association enthalpy. An example is constituted
by combination Y2O3-doped CeO2 which has been used usually as the solid electrolyte for
moderate temperature solid oxide fuel cells [40]. In our case, we used the Y2O3-doped CeO2 as
sensitive material for CO2 detection. For Y2O3-CeO2 synthesis, it utilizes several methods such
as hydrothermal [41], electrospinning [23], thermolysis [42] and sol gel [43].

3.1. Synthesis method

Sol gel method applied for synthesis of Y2O3-doped CeO2 sensitive material, is in accord with
ref. [44] and used as starting reagents Ce(SO4)2 � 4H2O (97% purity, Merck) and Y
(NO3)3 � 3H2O (98% purity Karlsrushe GmbH in molar ratio CeO2/Y2O3 = 4:1). The salts were
dissolved in deionized water. To 100 ml salt solution, 25 ml solution of 1 M citric acid as
chelating agent was added. To obtain gel, the salt solution was heated to 70�C under constant
stirring. To this solution, 40 ml ethylene glycol was added to promote citrate polymerization
and heated at 90�C. The gel formed was filtered, washed and heat treated in oven at 100�C.
The powder obtained was calcined at 800�C for 2 hours. The powder was pressed to disc form
using 10 ton force/cm2, with dimensions diameter 4 mm, height 1 mm and then sinterized at
1100�C for 6 hours [44].
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Sol gel method applied for synthesis of Y2O3-doped CeO2 sensitive material, is in accord with
ref. [44] and used as starting reagents Ce(SO4)2 � 4H2O (97% purity, Merck) and Y
(NO3)3 � 3H2O (98% purity Karlsrushe GmbH in molar ratio CeO2/Y2O3 = 4:1). The salts were
dissolved in deionized water. To 100 ml salt solution, 25 ml solution of 1 M citric acid as
chelating agent was added. To obtain gel, the salt solution was heated to 70�C under constant
stirring. To this solution, 40 ml ethylene glycol was added to promote citrate polymerization
and heated at 90�C. The gel formed was filtered, washed and heat treated in oven at 100�C.
The powder obtained was calcined at 800�C for 2 hours. The powder was pressed to disc form
using 10 ton force/cm2, with dimensions diameter 4 mm, height 1 mm and then sinterized at
1100�C for 6 hours [44].
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3.2. The construction of the sensor for CO2 detection designed with Y2O3-doped CeO2

sensitive material

On both sides of disc, gold electrodes in circular form with diameter of 1 mm was deposed.
The gold was deposed by e-beam evaporation method using Baltzer equipment with condi-
tions: pressure P = 10�5 Torr and current I = 8 mA, for 60 s time deposition. The disc with
electrodes deposed was mounted on a 12 pin TO-8 package base. Below the base, the heater
element composed of Ni wire with a diameter of 0.1 mm was placed, the winding is composed
from 18 turns with a diameter of d = 3 mm. Figure 9 shows how it built the CO2 sensor [44].

3.3. Structural and morphological characterization of sensitive material Y2O3-doped CeO2

Thermal analysis was performed with NETZSCH STA 409 simultaneous thermogravimetric
balance, in the analysis conditions: inert atmosphere of argon, heating rate of 10�C/min in
alumina crucible and the mass sample was 15.7 mg. Figure 10 presents the thermal analysis
TG, DTA and differential thermogravimetry (DTG) curves for the dried gel. The DTA curve

Figure 9. CO2 sensor, component parts: 1. Ce2O2-Y2O3 disc; 2. Gold electrode, thin film deposition of Au, in the form of
the disc; 3. Ag micro-wire connections; 4. The positioning piece; 5. TO-8 package plated base; 6. The pins; 7. A, B terminals
of 18 turns heating resistance.
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releases two endothermic peaks at 159.2 and 225.1�C. The last one has a correspondent in DTG
curve at 219�C, the total mass loss was 86.95% from initial mass. Other thermal transformation
appears at 430�C which represents on in a TG curve a loss of 4.91% which correspond to the
decomposition of precursors, consisting in cerium sulfate and yttrium nitrate and in the end
only Ce-Y-related oxides are obtained [44].

The X-ray diffraction patterns of the CeO2-Y2O3 oxides powder calcinations at 800�C for
2 hours are shown in Figure 11. For comparison, Figure 12 shows the X-ray diffraction for
commercial CeO2 powder. For this oxides system, the XRD pattern reveals the formation of
well crystallized phases, CeO2 indexed with the cubic fluorite structure and Y2O3 with cubic
structure. Also, a secondary phase with cubic structure and composition Ce0.6Y0.4O1.8 was
identified [44].

Table 2 presents X-ray parameters for Y2O3-doped CeO2, cell parameters and crystallite sizes
determined with Scherrer formula.

The morphological structure of Y2O3-doped CeO2 was investigate by SEM measurements
using FESEM-FIB type Auriger model Carl Zeiss SMT GmbH at a high voltage acceleration of
2 and 3 kV. The SEM sample morphology was investigated trough SESI (combined detector in
SEM chamber–Evernhart Thornley type with Faraday cup). Figure 13 shows the SEM image
for disc CeO2-Y2O3 sintered, where it can be seen as a relative homogeneous structure and the
crystallite sizes of CeO2 and Y2O3 were in range of 26–54 nm in good accord with X-ray
diffraction analysis. Figure 14 shows the SEM images for CeO2-Y2O3 powder calcined at

Figure 10. Thermal analysis TG, DTA and DTG curves for dried gel of CeO2-Y2O3.
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800�C for 2 hours, where it can be see a nonhomogeneous structure composed by agglomer-
ates [44].

N2 adsorption desorption isotherms were performed with the AUTOSORB-1, Quantachrome
Instruments, United Kingdom in the following conditions: working gas N2, measured tempera-
ture: �196�C and relative pressure range P/Po = 0.001–0.99. For binary oxides CeO2-Y2O3,
powder calcined at 800�C for 2 hours, BET analysis revealed the results: the specific surface area
was 3.13 m2/g, the total volume of the pores was 1.066x10�3 cm3/g and pore sizes of 8.93 Å. There
is a specific ratio P/Po = 0.02898 for the pores with diameters smaller than 6.9 Å [44].

Figure 11. X-ray diffraction of Y2O3-doped CeO2 synthesized by sol gel method.

Figure 12. X-ray diffraction for commercial CeO2.
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3.4. The CO2 gas sensing mechanism and gas sensors testing

The improved sensing response at CO2 can be attributed to synergistic effects between Y2O3-
doped CeO2. In certain conditions such as high temperature, reduced state or pure CeO2, lose
some amount of oxygen and generate oxygen vacancies in accord with Eq. (7),

2CeO2 ! Ce2O3 þO�: (7)

When CO2 comes in contact with CeO2-activated surface, this forms carbonates as a product
through the participation of surface oxide ions in accordance with Eq. (8),

Phase Crystal structure Unit cell parameter (Å) a = b = c 2Θ Crystalline face
indexes hkl

Crystallites-size (nm)

Experimental Theoretic card no.:

CeO2 Cubic 5.41325 5.41100
PDF 01-071-4199

28.536 111 48.1

Y2O3 Cubic 10.61131 10.61060
PDF 01-076-8044

29.121 222 27.0

Y0.4Ce0.6O1.8 Cubic 5.39449 5.39300
PDF 01-075-0177

28.639 111 49.2

CeO2 Merck Cubic 5.384 111 154.9

Table 2. X-ray parameters for Y2O3-doped CeO2.

Figure 13. SEM images for sintering disc CeO2-Y2O3.
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O2� þ CO2 ! CO2�
3 : (8)

The carbonates disappear when they are exposed to oxidizing conditions [31]. The sensor
characteristic was performed using test installation presented in Figure 4. The sensor was
exposed at CO2 atmospheres in the concentration range of 0–5000 ppm CO2 in the climatic
conditions: T = 20�C and two relative humidity testing 40% RH and 80% RH, respectively. The
sensor functions at 135�C, temperature provided by the heating resistance (Figure 9, Pos. 7).
Figure 15 shows the variation of sensor voltage with the gas concentration. The characteristics
show a slow linear decreasing of voltage with CO2 concentration which allows an easy signal
conditioning. In the concentration range 0–5000 ppm CO2, the sensor presents a voltage
variation as follows: 378.17–377.32 mV for T = 20�C, RH 40% and 377.11–376.61 mV for
T = 20�C, RH 80%. The sensor data show a little dependence of voltage with relative humidity
that makes usable in environment with high relative humidity. The sensitivity of the sensor
was 0.3 V/ppm and the response time was less than 30 s [44].

3.5. Signal conditioning of the sensing element for CO2 gas detection with Y2O3-doped
CeO2 sensitive material

The operational amplifier ADA4627-1, provided by analog devices (Figure 16) is a broadband
and high precision amplifier. It is recommended in applications like “sensor conditioning” and
electronic conditioning of the signal, due to its exceptional attributes: low noise, very low offset
voltage, very high common-mode rejection ratio (CMMR) and very high slew rate. This
operational amplifier combines the best “DC” features and very good dynamic characteristics

Figure 14. SEM images for oxidic powder CeO2-Y2O3 calcined at 800�C for 2 hours.
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Figure 15. The sensor voltage function with CO2 concentration, for T = 20�C and two relative humidity testing 40% RH
and 80% RH, respectively.

Figure 16. The electronic module for signal conditioning provided by sensing element, designing with ADA4627-1
analog devices.
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[33], like: slew rate 60 V/μs; extended range of differential supply voltage: �5 Vcc….� 15 Vcc;
opn loop gain 120 dB; low offset voltage maximum 200 μV and the bias current: maximum
5 pA.

4. NO2 gas sensor made with rGO-doped CeO2 and CeO2-doped rGO/ZnO

4.1. Synthesis of sensitive materials rGO-doped CeO2 and CeO2/rGO-doped ZnO

In order to study the CeO2 sensor properties for NO2 detection, two sets of sensitive materials
for sensors was synthesized: (a) 1%rGO/CeO2 nanocomposite as sensitive material to study the
effect of rGO adding on the sensitivity and (b) 1%(wt. %)CeO2 was added at 1%(wt.%)
rGO/ZnO-nanocomposite, in order to study the effect of CeO2 adding on the sensitivity.

A. Synthesis of 1%rGO/CeO2: 1%(wt.%) rGO/CeO2 nanocomposite was synthesized in situ
by precipitation method using Ce(NO3)3 and NH3 (25% conc) at 90�C and 30 min matu-
ration time.

B. Synthesis of 1%CeO2/1%rGO/ZnO: The 1%(wt.%)GO and 1%CeO2 was mixed with ZnO
in ethanol. The resulted powder after ethanol evaporation was heat treated at 150�C. The
GO was synthesized by Hummers’ modified method using as strong oxidant potassium
permanganate (mass ratio C:oxidant = 1:3) in a solution of sodium nitrate and
concentered sulfuric acid (1 g/150 ml) and graphite [45, 46].

4.2. Structural and morphological characterizations of the sensitive materials

UV-Vis diffuse reflectance spectroscopy measurements were performed a Jasco V-570 Spectro-
photometer, Japan, equipped with integrating sphere for diffuse reflectance measurement
mode and SPECTRALON reference as etalon, and bang gap software in order to evaluate the
optical properties and band gap values of the CeO2, doped CeO2 with 1%rGO and doped
1%GO-ZnO nanocomposite with 1%CeO2. The diffuse reflectance spectrum was converted in
absorbance spectrum and presented in Figure 17. The band gap was calculated using Kubelka-

Munk equation with associated plot
ffiffiffiffiffiffiffiffi
αhv
p

versus photon energy Eg [eV], where α is extinction
coefficient [cm�1] and h is Planch constant 4.135x10�15 [eVs], υ is light frequency [s�1] and
wavelength [nm] [47–49]. The linearity coefficient was in all case bigger than 0.99.

In Table 3, the UV-Vis spectra parameters of UV-Vis measurements, for 1%rGO/CeO2 and
CeO2 is also presented.

Legend: Aabs represents absorbance plasmon resonance (APR) and I represents intensity of
APR.

The effect of doping of CeO2 with 1%rGO leads to blue shift of APR presented in Table 3 and
Figure 17 accompanied by the hyperchromic effect for both peaks, while the band gap are
narrows, keeping the same characteristic shape of the ceria spectrum. The same effect—a blue
shift has been described in literature for both TiO2 aditived with GO and for ZnO aditived with
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GO [50, 51]. The introduction of 1%GO(wt.%) in CeO2 leads to a decrease in the effective
optical band gap value from 3.16 eV to 3.05 eV, with a variation of 0.11 eV. This shows that
the 1%GO(wt.%) acted as a band gap modifier [47–49, 52]. The same effect has been described
in literature for the introduction of GO and related materials rGO in TiO2 leads to a decrease in
band gap [50]. Earlier, a lot of researchers attempt to tailor the properties of oxide semicon-
ductors by using band gap modifiers and in this way to improve the catalytic, photovoltaic
and sensing properties; this new trend is named bend gap engineering [47–49, 52]. Many
researchers obtained a band gap narrowing after heat treatment of CeO2 [52] and doping with
different metals as Co [52], Gd [53], functionalized by different techniques [47], etc. Rare earth
oxides present a high basicity related to ordinary oxide semiconductors such as TiO2, WO3,
SnO2 and ZnO, fast oxygen ion mobility and interesting catalytic properties which are impor-
tant in gas sensing application [54–56]. Table 4 presents UV-Vis spectra parameters of UV-Vis
measurements for 1%CeO2/1%rGO/ZnO and 1%rGO/ZnO.

In the case of doping with 1%(wt.%)CeO2 of the 1%(wt.%)rGO/ZnO nanocomposite, the effect is
the same, an increasing of APR accompanied by the hyperchromic effect with the preservation of
the characteristic spectra shape. But in opposite with the first case of CeO2 dopedwith 1%GO(wt.
%), there is a decrease in effective optical band gap value from 3.24 to 3.19 eV, with a variation of
0.05 eV. This shows that the 1%CeO2(wt.%) acted as a band gap modifier. The UV-Vis spectra
present a strong absorption bands below 400 nm in UV region for the nanocomposites with the
main component ZnO which are attributed to ZnO NP. The APR of ZnO nanocomposites are

Samples Absmax1 I1 Absmax2 I2 Band gap, [eV]

1%rGO/CeO2 249 1.065 335 1.535 3.05

Blue shift Hyper chromic effect Blue shift Hyper chromic effect band gap narrowing

CeO2 -standard 252 1.051 339 0.99 theoretical Commercial type

3.19, Ref. [47] 3.16

Table 3. UV-Vis spectra parameters of UV-Vis measurements.

Figure 17. Diffuse reflectance UV-Vis spectroscopy spectra for CeO2 (red), (1%CeO2/1%rGO) ZnO (blue), 1%rGO/ZnO
(lagun) and 1%rGO/CeO2 (green).
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lower, in generally, than the absorption band of bulk ZnO (373 nm) that had a wide direct band
gap at room temperature of 3.37 eV [48, 57–60]. CeO2 adding on ZnO nanocomposite surface
leads to a significant increase of the absorption in the UV light spectrum and decrease in the
visible light spectrum. Based on the above results, UV-Vis and transformed Kubelka–Munk
function plots suggested that are necessary energy for generation of electrons in conduction
bands and holes in valence bands is smaller for the doped 1%rGO/CeO2 than the CeO2, this
makes the doped CeO2 more reactive and sensitive. Other researchers tried to improve the
sensing properties of ZnO sensor, for ethanol detection, by adding noble metals such as Pd [61],
Pt [62] and Au [63], other metals such as Al, In, Cu, Fe and Sn [64], oxides as TiO2 [65], CuO [66],
CoO [67], RuO2 [68] and SnO2 and not in the end Ce and CeO2 [55]. There is a current practice to
use band gap modifiers. Many researchers use a band gap modifier in order to improve the
functional properties of nanocomposite based on semiconductors oxides. The functional proper-
ties are ranging from the photocatalytic properties, sensitivity and selectivity for different sensor
types, catalysts and others [52]. Raman spectroscopy measurements was performed with Raman
dispersive spectrometry–LabRam HR Evolution, Horiba Jobin Yvone, France, equipped with
Laser wave 532 nm, acquisition time 5 s, 10 accumulation, 0.1% laser power, used in order
characterized the order-disorder degree in the synthetized nanocomposite. Figure 18 shows the
RAMAN spectra for CeO2 and rGO/CeO2.

Samples Absmax1 I1 Absmax2 I2 Band gap, [eV]

1%CeO2/1%rGO-ZnO 260 1.104 293 1.103 3.19

Blue shift Hyper chromic effect Blue shift Hyper chromic effect Band gap narrowing

1%rGO-ZnO-etalon 265 1.059 294 1.056 3.25

ZnO 376
Ref. [60]

— — — Theoretic

3.37
Ref.: [48], [57–60]

Legend: Aabs represents absorbance plasmon resonance (APR) and I represents intensity of APR.

Table 4. UV-Vis spectra parameters of UV-Vis measurements for 1% CeO2/1%rGO/ZnO and 1%rGO/ZnO.

Figure 18. Raman spectra for CeO2 powder (a) and synthetized 1%rGO/CeO2 (b).
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Figure 18(a) presents the Raman spectrum of CeO2 powder which reveals a peak situated at
462.5 cm�1 characteristic for CeO2, corresponding to the Raman active modes F2g for Ce–O
symmetric breathing mode of oxygen atoms around the Ce atoms [49]. Figure 18(b) shows the
Raman spectrum of 1%rGO/CeO2 with characteristic peak of ceria at 449 cm�1 corresponding
to the Raman active modes of CeO2 and characteristics graphene oxide peaks [69] at
1348.54 cm�1 (D band), 1593.30 cm�1 (G band), 2681.42 cm�1 (2D band), 2938.30 cm�1

(2D + D’ band) and 3180.64 cm�1 (G + D’ band). According to the Raman line, broadening is
equivalent with lattice constant cell crystallographic parameter ao of CeO2 can be estimated by
Eq. (9) [49], with 0.9 nm for CeO2 powder and 0.43 nm for the CeO2 from the 1% rGO-CeO2

nanocomposite. The characteristic peak of CeO2 was shifted with 13.05 cm�1 at lower wave
number as a doping effect of 1%rGO.

FW cm�1
� � ¼ 10þ 124; 7

d
nm½ � (9)

where the FW is full wide at half-maximum of the Raman active mode F2g and d is the
diameter particle in nm. Figure 19(a) shows the Raman spectrum of GO with characteristic
peaks of graphene oxide peaks at 1347.96 cm�1 (D band), 1595.33 cm�1 (G band), 2681.77 cm�1

(2D band), 2914.68 cm�1 (2D + D’ band) and 3196.75 cm�1(G + D’ band). Figure 19(b) shows
the Raman spectrum of 1%CeO2/1%rGO/ZnO with characteristic peaks of graphene oxide
peaks at 1350.87 cm�1 (D band), 1605.74 cm�1 (G band), 2684.22 cm�1 (2D band) and charac-
teristic peaks of ZnO and active modes F2g, CeO2 (462.79 cm

�1), where the ID/IG can be used to
evaluate quantitative the crystallinity/disorder degree and are varying between 1.05 and 1.24,
lower value indicates the less defects in graphitic structure [69]. Figure 20 shows the morphol-
ogies for the three sensitive materials reveals for (a) CeO2 was evidentied a polycrystalline
structure, for (b) CeO2/rGO - the micrographic image presents a 3-D layered structured of GO
mixed with small polycrystalline particles of ceria and for (c) CeO2/rGO/ZnO was evidentied a
mixed polycrystalline structure of preponderant small particles of wurtzite hexagonal types
ZnO and minor faces of cubic CeO2 and carbon faces.

Figure 19. Raman spectra for rGO (a) and synthetized 1%CeO2/1%rGO/ZnO (b).
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4.3. The construction of the sensing element for NO2 gas detection designed with
rGO-doped CeO2 and CeO2-doped rGO/ZnO sensitive material

The sensor module is constituted from printed circuit board (PCB), substrate with interdigi-
tated Ag array electrode deposed by photolitografic technology and the sensitive material in
amounts 15–20 mg was deposited on surface electrode. The active area for sensitive material
was 10 mm � 0.5 mm, Figure 21(a) and (b).

4.4. The NO2 gas sensing mechanism

In metal oxide semiconductor gas sensors, the resistance is measured as a function of the gas
concentration. Generally, this devices function at elevated temperature between 200 and 600�C
in air. The grain of metal oxide is covered by adsorbed oxygen molecules. Oxygen molecules
present the character of electronegativity, they extract electrons from the conduction band of

Figure 20. SEM images for: (a) CeO2; (b) CeO2/rGO; (c) CeO2/rGO/ZnO.

Cerium Oxide - Applications and Attributes80

metal oxide causing the formation of oxygen ions O�2 , O
�, O2�, adsorbed at the surface of

metal oxide. Since electrons are removed from the metal oxide, the concentration of free charge
carriers is reduced forming a depletion layer at grain boundaries. The surface reactions can be
written according with Eqs. (10–12):

O2 gasð Þ þ e� ! O�2 adsð Þ (10)

1=2O2 gasð Þ þ e� ! O� adsð Þ (11)

O� þ e� ! O2� adsð Þ (12)

As is it known, nitrogen oxides specify as NOx have the character of oxidizing gases with very
high electron affinity 2.28 eV as compared with oxygen 0.43 eV. The NOx molecules interact
with the surface of metal oxide through surface adsorbed oxygen ions, thus increasing the
potential barrier at grain boundaries. The redox reactions taking place on the surface of a metal
oxide can be written according with Eqs. (13–14) [70].

NO=NO2 gasð Þ þ e� ! NO�=NO�2 adsð Þ (13)

NO=NO2 gasð Þ þO�2 adsð Þ ! NO�=NO�2 adsð Þ þO2 gasð Þ (14)

As result, the thickness and resistance of the depletion layer increase and resistance change is
reversible at operating temperature [70]. The oxygen vacancies can significantly enhance the
adsorption of oxygen molecules and electrons will transfer from the oxygen vacancies from
CeO2 to the oxygen molecules, resulting in more oxygen species (especially O2�). These
oxygen species will react with NO2, resulting in an abrupt change in the conductivity of the
sensor [71]. The graphene sheets by their good properties as: high surface area 2630 m2/g,
thermal conductivity in the range of 3000–5000 W/mK at room temperature carrier mobility up
to 200,000 cm2/Vs [72], electrical conductivity of 7200 S/m [73], coming from their structure
two-dimensional (2D) single atom layer is used in gas sensing and in the composite leads to
increase of the electrical conductivity of CeO2 and thus improve the performance to gas
sensing room temperature [71].

4.5. The NO2 gas sensors testing and sensing characteristics

The sensors with sensitive materials 1%rGO-doped CeO2, and 1% CeO2/1%rGO-doped ZnO
were tested in NO2 atmosphere in concentrations 5 and 10 ppm. The gas testing was effected

Figure 21. The NO2 gas sensing element structure (a) PCB substrate with interdigitated Ag array electrode; (b) the
sensing element made with PCB substrate and sensitive material deposed on surface electrode.
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with testing installation presented in Figure 4. The gas testing was performed in order to
establishment of the sensitivity sensors and response time. The sensor sensitivity was
expressed in accord with Eq. (15), as the ratio of resistance in air to that in target gas, in this
case NO2,

S ¼ Ra
Rg

(15)

where Ra is the resistance of sensor in air and Rg is the resistance of sensor in gas.

The response time is expressed by formula:

Ra� 90%x Ra� Rgð Þ (16)

Notations are the same with Eq. (15) [28]. Having the resistance values, from the graph, the
response time can be determined. Figure 22 shows the resistance variation with time exposure
gas and Figure 23 shows the sensitivity (response) for sensing element with time exposure gas
for two sensitive material: 1%rGO/CeO2 and 1%CeO2/1%rGO/ZnO. All the characteristics are
considered for the 1 hour time exposure. Since the resistance of sensors decreases sharply, for a
good view we opted for a semilogarithmic scale representation of resistance and sensors
response with exposure time. The decreases of resistance denotes a character of type p semi-
conductors for both sensitive materials in oxidant gas like NO2, character given by reduced
graphene oxide which is a semiconductor type p.

The sensors performances can be resumed in Table 5.

Figure 22. Resistance variation function with time.
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Analyzing the obtained results, it can be concluded that the both sensitive materials show the
good performance at NO2 exposure at room temperature. However, the sensitive material
composed by 1%rGO/CeO2 presents very good sensitivity at NO2 exposure for 5 and 10 ppm
concentrations of 2000 and 1818 and very short response time of 2.5and 3.5 s. Thus, sensitive
materials with CeO2 in majority concentration in matrix with reduced oxide graphene presents
the best performance at NO2 detection, face to sensitive materials 1%CeO2/1%rGO/ZnO where
ZnO is majority and are a promising sensitive materials for NO2 detection.

4.6. Signal conditioning of the sensing element for NO2 gas detection designed with
rGO-doped CeO2 and CeO2-doped rGO/ZnO sensitive material

Resistance of sensor sensing element ES, R + ΔR, Figure 24 may vary from less than 10 kΩ to
several hundred kΩ, depending on the design of the sensor and the physical environment to

Figure 23. The sensitivity variation function with time.
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1%rGO/CeO2 10 2800 1.54 1818 3.5

1%CeO2/1%rGO/ZnO 10 3180 9.9 321.2 2.2
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response with exposure time. The decreases of resistance denotes a character of type p semi-
conductors for both sensitive materials in oxidant gas like NO2, character given by reduced
graphene oxide which is a semiconductor type p.

The sensors performances can be resumed in Table 5.
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be measured. The sensing element ES of the NO2 gas sensor is disposed in one of the Wheat-
stone bridge arms and shows the resistance R for a NO2 concentration of zero ppm. The
resistances of resistors disposed in all of other branches of the bridge show the same value,
namely R. A DC voltage excitation source U1 is connected to one of the bridge diagonals [74].

If the gas concentration of NO2 is zero ppm, the sensing element ES shows the resistance R.
The Wheatstone bridge is in this case at equilibrium so that the voltage measured on the other
diagonal of the bridge is 0 V. Variation of NO2 gas concentration in the range from zero ppm to
10 ppm causes a voltage variation with ΔU0, which can be measured on the other diagonal of
the bridge. The voltage variation up to ΔU0 is given by the relation (17):

ΔU0 ¼ U1
2

ΔR
2

Rþ ΔR
2

" #
(17)

The operational amplifier that can be used with the best performance is instrumentation type
amplifier (in-amp), “resistor programmable” (Figure 24). Considering the transfer function of
the electronic amplifier module and taking into account the relation (17), we obtain [74]:

U2 ¼ U1
2

ΔR
2

Rþ ΔR
2

" #
A ¼ K

ΔR
2

Rþ ΔR
2

" #
, (18)

where A is the amplification factor, depending on the Rg resistance value and K ¼ U1
2 A, is a

constant. In-amps such as the AD620 family, the AD623 and AD627, Analog Devices type can
be used in single (or dual) supply bridge applications.

4.6.1. Realization of the continuous U1 excitation voltage source

The continuous U1 excitation voltage source is made using a D/A digital/analog converter, a
Uref reference voltage and an operational amplifier (OA) (Figure 25). Thus, depending on the
values set for the least significant bit (LSB) up to the most significant bit (MSB), the resulting
word can establish a desired U1 continuous excitation voltage. Figure 25 shows the schematic
of the electronic block for the U1 excitation voltage source.

Figure 24. Schematic of the electronic block for signal conditioning generated by the sensing element.
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4.6.2. Bridge-linearization electronic circuit

Schematic of the electronic linearization block of the signal generated by the Wheatstone
bridge, via an operational amplifier, in-amp uses an analog multiplier [75], AD 534 or AD
734, produced by analog devices (Figure 26). The transfer function associated with the AD 534
or AD 734 analog multiplier is written [76, 77]:

W ¼ A0
X1� X2ð Þ Y1� Y2ð Þ

SF
� Z1� Z2ð Þ

� �
(19)

Figure 25. Schematic of the electronic block for the U1 excitation voltage source.

Figure 26. Schematic of the electronic linearization block of the signal generated by the Wheatstone bridge, via an
operational in-amp instrumentation amplifier.

Prototyping a Gas Sensors Using CeO2 as a Matrix or Dopant in Oxide Semiconductor Systems
http://dx.doi.org/10.5772/intechopen.80801

85



be measured. The sensing element ES of the NO2 gas sensor is disposed in one of the Wheat-
stone bridge arms and shows the resistance R for a NO2 concentration of zero ppm. The
resistances of resistors disposed in all of other branches of the bridge show the same value,
namely R. A DC voltage excitation source U1 is connected to one of the bridge diagonals [74].

If the gas concentration of NO2 is zero ppm, the sensing element ES shows the resistance R.
The Wheatstone bridge is in this case at equilibrium so that the voltage measured on the other
diagonal of the bridge is 0 V. Variation of NO2 gas concentration in the range from zero ppm to
10 ppm causes a voltage variation with ΔU0, which can be measured on the other diagonal of
the bridge. The voltage variation up to ΔU0 is given by the relation (17):

ΔU0 ¼ U1
2

ΔR
2

Rþ ΔR
2

" #
(17)

The operational amplifier that can be used with the best performance is instrumentation type
amplifier (in-amp), “resistor programmable” (Figure 24). Considering the transfer function of
the electronic amplifier module and taking into account the relation (17), we obtain [74]:

U2 ¼ U1
2

ΔR
2

Rþ ΔR
2

" #
A ¼ K

ΔR
2

Rþ ΔR
2

" #
, (18)

where A is the amplification factor, depending on the Rg resistance value and K ¼ U1
2 A, is a

constant. In-amps such as the AD620 family, the AD623 and AD627, Analog Devices type can
be used in single (or dual) supply bridge applications.

4.6.1. Realization of the continuous U1 excitation voltage source

The continuous U1 excitation voltage source is made using a D/A digital/analog converter, a
Uref reference voltage and an operational amplifier (OA) (Figure 25). Thus, depending on the
values set for the least significant bit (LSB) up to the most significant bit (MSB), the resulting
word can establish a desired U1 continuous excitation voltage. Figure 25 shows the schematic
of the electronic block for the U1 excitation voltage source.

Figure 24. Schematic of the electronic block for signal conditioning generated by the sensing element.

Cerium Oxide - Applications and Attributes84

4.6.2. Bridge-linearization electronic circuit

Schematic of the electronic linearization block of the signal generated by the Wheatstone
bridge, via an operational amplifier, in-amp uses an analog multiplier [75], AD 534 or AD
734, produced by analog devices (Figure 26). The transfer function associated with the AD 534
or AD 734 analog multiplier is written [76, 77]:

W ¼ A0
X1� X2ð Þ Y1� Y2ð Þ

SF
� Z1� Z2ð Þ

� �
(19)

Figure 25. Schematic of the electronic block for the U1 excitation voltage source.

Figure 26. Schematic of the electronic linearization block of the signal generated by the Wheatstone bridge, via an
operational in-amp instrumentation amplifier.
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where A0 is the open loop gain, X1, X2, Y1, Y2, Z1 and Z2 represent the inputs of the analog
multiplier, SF a scale factor, typically SF = 10 V and W = OUT, according to Figure 26.

Since A0! 72 dB can be considered as W/A0! 0 and the relation (19) becomes:

X1� X2ð Þ Y1� Y2ð Þ ¼ SF Z1� Z2ð Þ (20)

Since Z1 = W it is obtained:

W ¼ X1� X2ð Þ Y1� Y2ð Þ
SF

þ Z2 (21)

Since Z2 = U2, Y1-Y2 = βU2, 0 ≤ β < 1, X2 = 0 and X1 = Z1 = W=U3, according to Figure 26.
Finally,

U3 ¼W ¼ U2

1� βU2
SF

(22)

is obtained

The relation (6) together with the relation (2) represents the calculation method regarding the
linearization of the signal generated by the Wheatstone bridge, via an operational in-amp
instrumentation amplifier.

4.6.3. Resulting structures for the electronic block for signal conditioning generated
by the sensing element

By considering the three previously analyzed electronic blocks, the electronic block for signal
conditioning generated by the sensing element is obtained. Figure 27 shows the schematic of

Figure 27. Schematic of the electronic block for signal conditioning generated by the sensing element, single supply
bridge applications.
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the electronic block for signal conditioning generated by the sensing element, single supply
bridge applications.

It is possible to reconfigure circuits so as to improve the performance in terms of reduces the dc
common-mode voltage to zero. Figure 28 shows how the use of split U1 tension in order to
reduce the dc common-mode voltage to zero.

An isolation amplifier can be useful for this application, with respect to the signal-conditioning,
so that it does not exist galvanic connections between the bridge and grounded instrumenta-
tion circuitry.

5. Conclusions

Cerium, by its unique electronic configuration ([Xe] 4f26s2) and by the two common valence
states Ce3+ and Ce4+ allowing a redox reaction between them which gives CeO2 excellent
chemical and physical properties, is used in many applications, like as: three-way catalytic
reactions to eliminate toxic automobile exhaust, the low-temperature water gas shift reaction,
oxygen permeation membrane systems for fuel cells as well as gas sensors. For gas sensing
applications, several sensitive elements based on CeO2 were tested to determine both this
detection function as well as this performances:

• By doping the CeO2 with oxides semiconductor, for example, Nb2O5 introduced in CeO2

structure, the followingmechanism is triggered: Nb5+ ions initiate the reduction of Ce4+ to Ce3+

resulting in the formation of oxygen vacancies with consequences in increasing the sensitivity.

• The ionic conductivity of CeO2 is improved by doping with rare earth oxides such as
Sm2O3, Gd2O3 and Y2O3. The size of conductivity for doped ceria depends on the ionic

Figure 28. Schematic of the electronic block for signal conditioning generated by the sensing element, dual supply bridge
applications.

Prototyping a Gas Sensors Using CeO2 as a Matrix or Dopant in Oxide Semiconductor Systems
http://dx.doi.org/10.5772/intechopen.80801

87



where A0 is the open loop gain, X1, X2, Y1, Y2, Z1 and Z2 represent the inputs of the analog
multiplier, SF a scale factor, typically SF = 10 V and W = OUT, according to Figure 26.

Since A0! 72 dB can be considered as W/A0! 0 and the relation (19) becomes:

X1� X2ð Þ Y1� Y2ð Þ ¼ SF Z1� Z2ð Þ (20)

Since Z1 = W it is obtained:

W ¼ X1� X2ð Þ Y1� Y2ð Þ
SF

þ Z2 (21)

Since Z2 = U2, Y1-Y2 = βU2, 0 ≤ β < 1, X2 = 0 and X1 = Z1 = W=U3, according to Figure 26.
Finally,

U3 ¼W ¼ U2

1� βU2
SF

(22)

is obtained

The relation (6) together with the relation (2) represents the calculation method regarding the
linearization of the signal generated by the Wheatstone bridge, via an operational in-amp
instrumentation amplifier.

4.6.3. Resulting structures for the electronic block for signal conditioning generated
by the sensing element

By considering the three previously analyzed electronic blocks, the electronic block for signal
conditioning generated by the sensing element is obtained. Figure 27 shows the schematic of

Figure 27. Schematic of the electronic block for signal conditioning generated by the sensing element, single supply
bridge applications.

Cerium Oxide - Applications and Attributes86

the electronic block for signal conditioning generated by the sensing element, single supply
bridge applications.

It is possible to reconfigure circuits so as to improve the performance in terms of reduces the dc
common-mode voltage to zero. Figure 28 shows how the use of split U1 tension in order to
reduce the dc common-mode voltage to zero.

An isolation amplifier can be useful for this application, with respect to the signal-conditioning,
so that it does not exist galvanic connections between the bridge and grounded instrumenta-
tion circuitry.

5. Conclusions

Cerium, by its unique electronic configuration ([Xe] 4f26s2) and by the two common valence
states Ce3+ and Ce4+ allowing a redox reaction between them which gives CeO2 excellent
chemical and physical properties, is used in many applications, like as: three-way catalytic
reactions to eliminate toxic automobile exhaust, the low-temperature water gas shift reaction,
oxygen permeation membrane systems for fuel cells as well as gas sensors. For gas sensing
applications, several sensitive elements based on CeO2 were tested to determine both this
detection function as well as this performances:

• By doping the CeO2 with oxides semiconductor, for example, Nb2O5 introduced in CeO2

structure, the followingmechanism is triggered: Nb5+ ions initiate the reduction of Ce4+ to Ce3+

resulting in the formation of oxygen vacancies with consequences in increasing the sensitivity.

• The ionic conductivity of CeO2 is improved by doping with rare earth oxides such as
Sm2O3, Gd2O3 and Y2O3. The size of conductivity for doped ceria depends on the ionic

Figure 28. Schematic of the electronic block for signal conditioning generated by the sensing element, dual supply bridge
applications.

Prototyping a Gas Sensors Using CeO2 as a Matrix or Dopant in Oxide Semiconductor Systems
http://dx.doi.org/10.5772/intechopen.80801

87



radius of the doping ion. Therefore, the introduction of trivalent ions in ceria leads to the
production of anion vacancies which may enhance catalytic and gas sensing.

• CO2 detection using sensitive material based on mixed binary oxide CeO2-Nb2O5 in ratio
97%/3%, for 10,000 ppm CO2 at the 25, 50 and 70�C chamber test temperature, the sensor
was developed voltage values of 48, 50 and 770 mV.

• CO2 detection with Y2O3-doped CeO2 molar ratio CeO2/Y2O3 = 4:1 with characteristics: the
CO2 concentration in the range of 0–5000 ppm, function temperature 135�C, climatic condi-
tions T = 20�C, 40% RH and 80% RH, voltage values 378.17–377.32 mV for T = 20�C, 40% RH
and377.11–376.61 forT=20�C,80%RH.Sensitivity is 0.3V/ppmandresponse time30 seconds;

• Sensitive materials based on 1%rGO/CeO2 and 1%CeO2/1%rGO/ZnO was analyzed with
UV-Vis spectroscopy showing that a decreasing of band gap of CeO2 in matrix with rGO
from 3.19 eVat 3.05 eV what allows for sensor to function at room temperature. The sensors
were tested for 5 and 10 ppm NO2 obtaining the sensitivities of 2000 and 1818, response
times of 2.5 and 3.5 s for sensitive material 1%rGO/CeO2 and sensitivities of 41.29 and 321.2,
response times of 2.8 and 2.2 s for sensitive material 1%CeO/rGO/ZnO. The sensitive mate-
rials made so that the matrix in which CeO2 is in majority presents the best performance.

• Also, the sensing mechanism in CO2 and NO2 detection was discussed.

Based on these results, it can be stated that CeO2 is a good candidate in gas sensors applications.
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Abstract

The encapsulation of inorganic nanoparticles into polymer particles opens the door to 
countless applications taking advantage of the properties of both phases. In this chapter 
the UV absorbing capacity of CeO2 nanoparticles and the film forming capacity of acrylic 
polymers are combined. A synthetic route to produce waterborne acrylic/CeO2 hybrid 
nanocomposites for UV absorbing coatings applications is presented. This strategy leads 
to encapsulated morphology of the CeO2 nanoparticles into the polymer particles and 
therefore to the lack of agglomeration during film formation. A mathematical model 
developed for inorganic/organic hybrid systems is able to explain the morphology evolu-
tion from the initial monomer droplet to the polymer particles. The films cast from these 
latexes are transparent and show excellent UV absorption that increases with the amount 
of cerium oxide nanoparticles in the hybrid latex. Finally, the photoactivity behavior that 
the CeO2 nanoparticles may have on the polymeric matrix is studied, discarding addi-
tional effects on the acrylic polymer matrix.

Keywords: waterborne polymer dispersions, CeO2 nanoparticles, hybrid 
nanocomposites, encapsulation, UV absorption

1. Introduction

The incorporation of metal oxide nanoparticles into polymer matrices opens the way to the 
production of novel nanocomposite materials due to the synergetic effect of each phase in the 
final properties, as well as the possibility to use them in many different applications. In this 
direction, in the last decade, many authors have studied the benefits in properties that could 
be obtained when combining CeO2 nanoparticles with polymers. For instance, catalytic [1–3], 
thermal [4], mechanical [5, 6], optical [7–9], anticorrosion [10–12], and barrier properties [13] 
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The encapsulation of inorganic nanoparticles into polymer particles opens the door to 
countless applications taking advantage of the properties of both phases. In this chapter 
the UV absorbing capacity of CeO2 nanoparticles and the film forming capacity of acrylic 
polymers are combined. A synthetic route to produce waterborne acrylic/CeO2 hybrid 
nanocomposites for UV absorbing coatings applications is presented. This strategy leads 
to encapsulated morphology of the CeO2 nanoparticles into the polymer particles and 
therefore to the lack of agglomeration during film formation. A mathematical model 
developed for inorganic/organic hybrid systems is able to explain the morphology evolu-
tion from the initial monomer droplet to the polymer particles. The films cast from these 
latexes are transparent and show excellent UV absorption that increases with the amount 
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of polymers have been considerably improved with the incorporation of CeO2 nanoparticles. 
Moreover, CeO2 nanocomposites can find application in many different fields such as chemi-
sensors and photocatalyst for environmental applications [14–16], temperature and humidity 
sensors [17] or extractants for yttrium ions [18].

Taking advantage of the excellent UV absorption capacity of the CeO2 nanoparticles, it is really 
interesting to incorporate these nanoparticles into polymer matrices in the field of outdoor 
clear coatings. Waterborne acrylic polymers, synthesized mainly by emulsion polymerization 
process, are widely used as protective coatings for different surfaces due to their low toxicity 
and good quality film forming properties [19]. However, the main drawback of these coatings 
is the photodegradation they suffer under UV light. Traditionally, organic UV absorbers and 
hindered amine light stabilizers (HALS) were used, but due to the increasing environmental 
pressure to reduce the volatile organic compounds (VOC) content in coatings, the use of metal 
oxides such as TiO2 [20, 21], ZnO [22, 23] and CeO2 [24, 25] have been considered as an attrac-
tive alternative. All of them absorb radiation around 400 nm [26] and posses a band gap energy 
of around 3 eV [27], which makes them good candidates for UV absorption purposes. There 
are some works in which TiO2 [28–31] and ZnO [32–35] nanoparticles have been incorporated 
into polymer matrixes to improve the UV absorbance capacity of the coating. Nevertheless, the 
photocatalytic activity of CeO2 nanoparticles is lower than that of TiO2 and ZnO [36], which 
might prevent a faster degradation of the acrylic coatings due to the presence of the metal 
oxide, making CeO2 nanoparticles ideal candidates for their incorporation into waterborne 
acrylic coatings.

In waterborne hybrid coatings, the final morphology of the hybrid system is governed by the 
different nature of the inorganic nanoparticles and polymer. Therefore, the control of the mor-
phology of the hybrid system is challenging. The compatibility between both phases (thermo-
dynamics) as well as the polymerization process (kinetics) will define the final morphology 
of the nanocomposite and thus, the final application [37]. In the literature a variety of CeO2 
nanoparticles (hydrophilic or hydrophobically modified) have been incorporated following 
different polymerization processes.

For instance, Fischer [2] and Mari [3] synthesized CeO2/polystyrene (PS) and CeO2/polymethyl-
methacrylate (PMMA) hybrids with raspberry like morphology, following the same procedure. 
They synthesized PS and PMMA latexes incorporating active groups (acrylic, methacrylic or 
phosphate groups) on the surface of either the PS or PMMA polymer particles, synthesized 
previously by minimemulsion polymerization. These active groups served as nucleating agents 
for the crystallization of the CeO2. As the CeO2 nanoparticles were generated in the surface of 
the polymer particles, this morphology was very favorable to take advantage of the catalytic 
behavior of the CeO2, giving for instance very efficient catalyst for the hydration reaction of 
2-cyanopiridine to 2-picolinamide.

Another possibility to obtain pickering morphology is to use the inorganic nanoparticles to 
stabilize the polymer particles. CeO2 nanoparticles were used as pickering stabilizers in the 
miniemulsion polymerization of acrylates by Zgheib et al. [38]. It was found that at least 35 wt% 
of CeO2 nanoparticles were necessary to obtain stable hybrid latexes at intermediate solids 
content (25 wt%). Therefore, the large amount of nanoparticles used and the solids content 
obtained, limited their application as coating. However, using other inorganic nanoparticles, 
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such as SiO2 or TiO2, it has been possible to obtain high solids content latexes [39]. The ability 
of these hybrid nanocomposites with Pickering morphology as protective coatings [40, 41] has 
been successfully proved.

Hawkett was the first one adsorbing amphiphilic macro-RAFT agents on the surface of 
inorganic nanoparticles and starting the polymerization from the macro-RAFT agents 
to obtain encapsulation of the inorganic nanoparticles [42, 43]. Garnier [44, 45], Warrant 
[46] and Zgheib [47] followed this method to encapsulate CeO2 nanoparticles. The hybrid 
acrylic/ CeO2 latexes were obtained by semibatch emulsion polymerization starting the 
polymerization from the macro-RAFT agent modified CeO2 nanoparticles. In general, good 
distribution of the CeO2 nanoparticles in the polymer particles was obtained and the CeO2 
nanoparticles were located close to particle-aqueous phase interface and even encapsulated 
in some examples.

In this Chapter, a polymerization approach to produce waterborne hybrid (polymer/CeO2) dis-
persions with encapsulated CeO2 nanoparticles will be presented. The prediction of the evolu-
tion of the morphology during the polymerization will be illustrated by means of a mathematical 
model and finally the UV absorbing properties of the clear coatings produced from these hybrid 
latexes and the potential photochemical degradation of the coatings will be discussed.

2. Synthesis of acrylic/CeO2 hybrid nanocomposites by seeded 
semibatch (mini)emulsion polymerization

In the production of waterborne binders (for coatings), emulsion polymerization is the most 
popular process. However, when it comes into hybrid waterborne binders, miniemulsion 
polymerization emerged as an alternative process, to overcome the limitations of emulsion 
polymerization when the inorganic material must be incorporated into the polymer par-
ticles [48–50]. Moreover, equilibrium morphology simulations have demonstrated that if 
the nanoparticles present good wettability in the monomer phase, they can be encapsulated 
in monomer nanodroplets and hence hybrid latexes with encapsulated morphology can be 
produced [51].

The approach presented here to produce waterborne acrylic/CeO2 nanocomposite dispersions 
uses a two-step seeded semibatch (mini)emulsion polymerization process. The approach is 
well suited to produce hybrid latexes with CeO2 contents spanning between 0.5 and 5 wt% 
based on the polymer [52, 53]. In the first step, hybrid seed particles are synthesized by batch 
miniemulsion polymerization. In the second step the solids content and the final concentra-
tion of the CeO2 nanoparticles can be tuned by controlling the composition of the feed of the 
semibatch process. Two feeding strategies can be used:

(i) Neat monomer preemulsion feeding. A preemulsion is fed containing monomers, emul-
sifier and water, to grow the already formed seed hybrid particles. In this case, all the 
CeO2 nanoparticles present in the final hybrid are only added in the seed prepared in the 
first step. Hybrid latexes with 40–50% solids content were synthesized [53, 54] with CeO2 
contents up to 1 wt% in the final hybrid composite.
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Figure 1. (a) Cryo-TEM image and (b) TEM image of the latexes, (c) and (d) CeO2 aggregate size distributions in the 
hybrid latex and (e) and (f) TEM of the hybrid films for the sample containing 1% CeO2 and 40% SC produced by neat 
monomer preemulsion feeding strategy (a,c,e) and for the sample containing 5% CeO2 and 40% SC synthesized using 
the hybrid miniemulsion feeding (b,d,f).

(ii) Hybrid monomer/CeO2 miniemulsion feeding. The same formulation of the miniemul-
sion used to synthesize the seed is used as feed allowing higher concentration of CeO2 
in the final latex. Hybrid latexes with CeO2 contents up to 5 wt% were obtained at 40% 
of solids content [55].

Figure 1 presents the transmission electron microscopy (TEM) images of relevant latexes 
with low (1 wt%) and high (5 wt%) content of CeO2 nanoparticles produced using the two 
feeding strategies discussed above, respectively. As it can be seen, the polymer particle size 

Cerium Oxide - Applications and Attributes98

distribution (PSD) obtained by both feeding strategies is different. Even if the PSD obtained 
for the hybrid seed is the same for both cases, with particles around 100 nm, the final PSD dif-
fers depending on the feeding strategy. When neat monomer preemulsion is fed (Figure 1a) 
the final PSD is narrow, suggesting lack of secondary nucleation during the semibatch pro-
cess. Nevertheless, the PSD obtained when feeding the miniemulsion (second strategy) is 
broader, as particles between 25 and 600 nm can be found (Figure 1b). This is related to 
the miniemulsion stability and to the monomer droplet nucleation efficiency in the reactor. 
According to Rodriguez et al., the nucleation efficiency in a seeded semibatch miniemulsion 
polymerization is related to the stability of the miniemulsion fed (the higher the stability, the 
higher the nucleation of the entering droplets), and also to the ratio of the number of entering 
droplets with respect to the number of particles in the seed (the higher this ratio, the higher 
the number of fed droplets nucleate because their efficiency for capturing radical is higher) 
[56]. In Figure 1b, very small polymer particles can be seen containing nanoceria, which is 
an indication that hybrid monomer droplets serve as monomer reservoirs when they enter 
into the reactor, but they do not lose their identity and finally they end up nucleating [55, 57].

In any case, the CeO2 nanoparticles (darker spots) are all present in the polymer particles in 
both cases (Figure 1a and b), and no one is present in the continuous water phase. It can be seen 
that the CeO2 nanoparticles aggregates are more centered in the polymer particles synthesized 
using the first strategy whereas they are more close to the border of the polymer particle in the 
hybrids synthesized using the second strategy. The difference comes from the feeding strategy 
used in each case. When the neat monomer preemulsion strategy is used, the monomer enter-
ing the reactor in the semicontinuous process covers de hybrid seed particles containing the 
CeO2 nanoparticles. However, in the case of the miniemulsion feeding, a large fraction of the 
entering hybrid droplets nucleates, and hence not all the fed monomer is used to grow the seed 
particles and as a consequence CeO2 nanoparticles aggregates are not fully encapsulated.

Nevertheless, the encapsulation of inorganic nanoparticles inside polymer particles cannot 
be proved just by TEM images, as sometimes the micrographs are not conclusive enough. 
Therefore, TEM Tomography studies were carried out to a representative area of the hybrid 
latexes prepared following the seeded semibatch (mini)emulsion strategy presented so far. 
The results demonstrated that the CeO2 nanoparticles were surrounded by polymer in all 
directions in both, the seed and the final polymer particles, demonstrating beyond any doubt 
the encapsulated morphology [54].

Furthermore, it is remarkable that every polymer particle contains one CeO2 nanoparticle 
aggregate in average. In Figure 1a and b it can be seen that the number of polymer particles 
with zero, two and three nanoparticles is very small. It is observed that the CeO2 aggregate size 
increases with the nanoceria content in the formulation of the hybrid nanocomposite; namely, 
the higher the CeO2 content, the larger the aggregates. Figure 1c and d presents the quantifica-
tion of the CeO2 aggregate sizes in the hybrid latexes containing 1 and 5% of CeO2 nanopar-
ticles. As it can be seen, aggregate sizes between 3 and 73 nm can be found for the hybrid latex 
containing 1% of CeO2 nanoparticles, whereas aggregate sizes between 3 and 123 nm can be 
found for the nanocomposite containing 5% of CeO2 nanoparticles. Volume average aggregate 
sizes are 26 and 50 nm, respectively. However, it should be mentioned that the initial average 
size of the CeO2 nanoparticles dispersed in the monomer mixture was 12 nm (measured by 
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the hybrid miniemulsion feeding (b,d,f).

(ii) Hybrid monomer/CeO2 miniemulsion feeding. The same formulation of the miniemul-
sion used to synthesize the seed is used as feed allowing higher concentration of CeO2 
in the final latex. Hybrid latexes with CeO2 contents up to 5 wt% were obtained at 40% 
of solids content [55].

Figure 1 presents the transmission electron microscopy (TEM) images of relevant latexes 
with low (1 wt%) and high (5 wt%) content of CeO2 nanoparticles produced using the two 
feeding strategies discussed above, respectively. As it can be seen, the polymer particle size 
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distribution (PSD) obtained by both feeding strategies is different. Even if the PSD obtained 
for the hybrid seed is the same for both cases, with particles around 100 nm, the final PSD dif-
fers depending on the feeding strategy. When neat monomer preemulsion is fed (Figure 1a) 
the final PSD is narrow, suggesting lack of secondary nucleation during the semibatch pro-
cess. Nevertheless, the PSD obtained when feeding the miniemulsion (second strategy) is 
broader, as particles between 25 and 600 nm can be found (Figure 1b). This is related to 
the miniemulsion stability and to the monomer droplet nucleation efficiency in the reactor. 
According to Rodriguez et al., the nucleation efficiency in a seeded semibatch miniemulsion 
polymerization is related to the stability of the miniemulsion fed (the higher the stability, the 
higher the nucleation of the entering droplets), and also to the ratio of the number of entering 
droplets with respect to the number of particles in the seed (the higher this ratio, the higher 
the number of fed droplets nucleate because their efficiency for capturing radical is higher) 
[56]. In Figure 1b, very small polymer particles can be seen containing nanoceria, which is 
an indication that hybrid monomer droplets serve as monomer reservoirs when they enter 
into the reactor, but they do not lose their identity and finally they end up nucleating [55, 57].

In any case, the CeO2 nanoparticles (darker spots) are all present in the polymer particles in 
both cases (Figure 1a and b), and no one is present in the continuous water phase. It can be seen 
that the CeO2 nanoparticles aggregates are more centered in the polymer particles synthesized 
using the first strategy whereas they are more close to the border of the polymer particle in the 
hybrids synthesized using the second strategy. The difference comes from the feeding strategy 
used in each case. When the neat monomer preemulsion strategy is used, the monomer enter-
ing the reactor in the semicontinuous process covers de hybrid seed particles containing the 
CeO2 nanoparticles. However, in the case of the miniemulsion feeding, a large fraction of the 
entering hybrid droplets nucleates, and hence not all the fed monomer is used to grow the seed 
particles and as a consequence CeO2 nanoparticles aggregates are not fully encapsulated.

Nevertheless, the encapsulation of inorganic nanoparticles inside polymer particles cannot 
be proved just by TEM images, as sometimes the micrographs are not conclusive enough. 
Therefore, TEM Tomography studies were carried out to a representative area of the hybrid 
latexes prepared following the seeded semibatch (mini)emulsion strategy presented so far. 
The results demonstrated that the CeO2 nanoparticles were surrounded by polymer in all 
directions in both, the seed and the final polymer particles, demonstrating beyond any doubt 
the encapsulated morphology [54].

Furthermore, it is remarkable that every polymer particle contains one CeO2 nanoparticle 
aggregate in average. In Figure 1a and b it can be seen that the number of polymer particles 
with zero, two and three nanoparticles is very small. It is observed that the CeO2 aggregate size 
increases with the nanoceria content in the formulation of the hybrid nanocomposite; namely, 
the higher the CeO2 content, the larger the aggregates. Figure 1c and d presents the quantifica-
tion of the CeO2 aggregate sizes in the hybrid latexes containing 1 and 5% of CeO2 nanopar-
ticles. As it can be seen, aggregate sizes between 3 and 73 nm can be found for the hybrid latex 
containing 1% of CeO2 nanoparticles, whereas aggregate sizes between 3 and 123 nm can be 
found for the nanocomposite containing 5% of CeO2 nanoparticles. Volume average aggregate 
sizes are 26 and 50 nm, respectively. However, it should be mentioned that the initial average 
size of the CeO2 nanoparticles dispersed in the monomer mixture was 12 nm (measured by 
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dynamic light scattering). Therefore, it seems that all the nanoparticles present in each mono-
mer droplet aggregate during the first stages of the polymerization process to form a CeO2 
aggregate per polymer particle. This effect will be discussed deeply in the following section.

One of the main advantages of having inorganic nanoparticles encapsulated in polymer 
particles is the lack of agglomeration during the film formation process, obtaining homo-
geneous distribution of the nanoparticles in the polymeric film and avoiding their leaching 
during the lifetime of the coating. Figure 1e and f show the hybrid films obtained after drying 
hybrid latexes with 1 and 5% of CeO2 nanoparticles. It can be seen that after film formation 
the nanoceria aggregates are homogeneously dispersed in the polymer matrix in both cases. 
The average CeO2 aggregate size was also analyzed and it was found that the average size in 
volume of the CeO2 nanoparticles in the film is 26 nm for the film containing 1% of CeO2 and 
46 nm for the film with 5% of CeO2. Therefore, the average size of the CeO2 aggregates does 
not change during the film formation process in which the polymer particles coalesce between 
them, indicating that the encapsulation is an efficient method to avoid the agglomeration of 
the inorganic nanoparticles in the final film.

3. Evolution of particle morphology during the synthesis of acrylic/
CeO2 hybrid nanocomposites synthesized by miniemulsion 
polymerization

The morphology obtained in a hybrid nanocomposite may affect directly the final application 
of the composite material as it has been shown in Section 1 of this chapter. The particle mor-
phology will develop during the polymerization and the final particle morphology will be 
determined by the interplay of thermodynamics and kinetics. The equilibrium morphology is 
the one that minimizes the total interfacial energy ( 𝜽𝜽 ) of the system, for an organic/inorganic 
system being the organic phase polymer (monomer), and it is given by:

  𝜽𝜽 =  A  PW   ∙  𝜸𝜸  PW   +  A  IW   ∙  𝜸𝜸  IW   +  A  IP   ∙  𝜸𝜸  IP   +  A  II   ∙  𝜸𝜸  II    (1)

where, Aij and 𝜸𝜸ij are the interfacial area and interfacial tensions respectively, between phase 
i and j, where P, I and W are polymer (monomer), inorganic material, and aqueous phase, 
respectively. In this particular case the CeO2 inorganic nanoparticles were previously modi-
fied in order to make them hydrophobic and more compatible with the monomers, so the 
interfacial tension 𝜸𝜸II should be very low because when the inorganic particles come into 
contact, the contact occurs between the same hydrophobic materials. Neglecting 𝜸𝜸II, Eq. 
(1) reduces to an equation that has the same mathematical form that the equation used to 
calculate equilibrium morphologies of two phase polymer-polymer systems [58–60]. Using 
the morphology map developed in these studies, Asua showed a similar one (see Figure 2) 
adapted to a polymer/inorganic system [61], where the gray phase represents the inorganic 
material and the white the polymer (monomer).

According to this morphology map presented in Figure 2, the possible equilibrium mor-
phologies that can be obtained in a polymer/inorganic hybrid nanocomposite are core-shell 
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(encapsulated), inverted core-shell, hemispherical or separated particles. During the miniemul-
sion polymerization, the system and thus, the composition of the monomer droplets, are 
changing as polymerization proceeds. The monomer becomes polymer, initiator or other 
compounds may incorporate into the polymer and grafting might occur between the polymer 
being formed and the inorganic material. All these factors will alter the interfacial tensions 
between the phases and hence, the final equilibrium morphology. In this way, it would be 
possible to shift from encapsulated morphologies in the initial miniemulsion to hemispherical 
or separated phases after polymerization. There are some examples in the literature in which 
the initiator type [62, 63], emulsifier amount [64] and monomer type [65] variations affected 
strongly the final particle morphology.

Figure 2. Morphology map and evolution of the particle morphology for (a) acrylic/CeO2 monomer droplets, (b) 1% 
monomer conversion, (c) 8% monomer conversion, (d) 18% monomer conversion, (e) 40% monomer conversion, and (f) 
100% conversion. Reprinted from [67] with permission from ACS Publications.
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dynamic light scattering). Therefore, it seems that all the nanoparticles present in each mono-
mer droplet aggregate during the first stages of the polymerization process to form a CeO2 
aggregate per polymer particle. This effect will be discussed deeply in the following section.

One of the main advantages of having inorganic nanoparticles encapsulated in polymer 
particles is the lack of agglomeration during the film formation process, obtaining homo-
geneous distribution of the nanoparticles in the polymeric film and avoiding their leaching 
during the lifetime of the coating. Figure 1e and f show the hybrid films obtained after drying 
hybrid latexes with 1 and 5% of CeO2 nanoparticles. It can be seen that after film formation 
the nanoceria aggregates are homogeneously dispersed in the polymer matrix in both cases. 
The average CeO2 aggregate size was also analyzed and it was found that the average size in 
volume of the CeO2 nanoparticles in the film is 26 nm for the film containing 1% of CeO2 and 
46 nm for the film with 5% of CeO2. Therefore, the average size of the CeO2 aggregates does 
not change during the film formation process in which the polymer particles coalesce between 
them, indicating that the encapsulation is an efficient method to avoid the agglomeration of 
the inorganic nanoparticles in the final film.

3. Evolution of particle morphology during the synthesis of acrylic/
CeO2 hybrid nanocomposites synthesized by miniemulsion 
polymerization

The morphology obtained in a hybrid nanocomposite may affect directly the final application 
of the composite material as it has been shown in Section 1 of this chapter. The particle mor-
phology will develop during the polymerization and the final particle morphology will be 
determined by the interplay of thermodynamics and kinetics. The equilibrium morphology is 
the one that minimizes the total interfacial energy ( 𝜽𝜽 ) of the system, for an organic/inorganic 
system being the organic phase polymer (monomer), and it is given by:

  𝜽𝜽 =  A  PW   ∙  𝜸𝜸  PW   +  A  IW   ∙  𝜸𝜸  IW   +  A  IP   ∙  𝜸𝜸  IP   +  A  II   ∙  𝜸𝜸  II    (1)

where, Aij and 𝜸𝜸ij are the interfacial area and interfacial tensions respectively, between phase 
i and j, where P, I and W are polymer (monomer), inorganic material, and aqueous phase, 
respectively. In this particular case the CeO2 inorganic nanoparticles were previously modi-
fied in order to make them hydrophobic and more compatible with the monomers, so the 
interfacial tension 𝜸𝜸II should be very low because when the inorganic particles come into 
contact, the contact occurs between the same hydrophobic materials. Neglecting 𝜸𝜸II, Eq. 
(1) reduces to an equation that has the same mathematical form that the equation used to 
calculate equilibrium morphologies of two phase polymer-polymer systems [58–60]. Using 
the morphology map developed in these studies, Asua showed a similar one (see Figure 2) 
adapted to a polymer/inorganic system [61], where the gray phase represents the inorganic 
material and the white the polymer (monomer).

According to this morphology map presented in Figure 2, the possible equilibrium mor-
phologies that can be obtained in a polymer/inorganic hybrid nanocomposite are core-shell 
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(encapsulated), inverted core-shell, hemispherical or separated particles. During the miniemul-
sion polymerization, the system and thus, the composition of the monomer droplets, are 
changing as polymerization proceeds. The monomer becomes polymer, initiator or other 
compounds may incorporate into the polymer and grafting might occur between the polymer 
being formed and the inorganic material. All these factors will alter the interfacial tensions 
between the phases and hence, the final equilibrium morphology. In this way, it would be 
possible to shift from encapsulated morphologies in the initial miniemulsion to hemispherical 
or separated phases after polymerization. There are some examples in the literature in which 
the initiator type [62, 63], emulsifier amount [64] and monomer type [65] variations affected 
strongly the final particle morphology.

Figure 2. Morphology map and evolution of the particle morphology for (a) acrylic/CeO2 monomer droplets, (b) 1% 
monomer conversion, (c) 8% monomer conversion, (d) 18% monomer conversion, (e) 40% monomer conversion, and (f) 
100% conversion. Reprinted from [67] with permission from ACS Publications.
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In order to analyze the effect that polymerization may have on the morphology of the system 
described in this chapter, the evolution of the acrylic/CeO2 nanocomposite is followed during 
the polymerization process (the hybrid seed preparation by batch miniemulsion polymer-
ization) by cryo-TEM, analyzing samples withdrawn from the reactor at different monomer 
conversion, and the morphology map (Figure 2) is used as a reference to explain the different 
morphologies obtained, even if some of the morphologies presented are not at equilibrium. 
It can be observed that at the beginning in the miniemulsion, the CeO2 nanoparticles are 
well dispersed in the monomer droplets (Figure 2a). This means that the compatibility of 
the nanoceria with the monomer mixture is really good in the monomer droplets or in other 
words, that the interfacial tension between the acrylic monomers and the inorganic material, 
𝜸𝜸IP, is low and the interfacial tension between the CeO2 nanoparticles and water, 𝜸𝜸IW, is high. 
This morphology is presented by the core-shell morphology on the left side where 𝜸𝜸IP/ 𝜸𝜸PW < 1 
and | 𝜸𝜸PW- 𝜸𝜸IP|/ 𝜸𝜸IW < 1. It should be mentioned that the nanoparticles are sterically stabilized 
by the hydrophobic modification they bear in the monomer droplets.

In Figure 2b the acrylic/CeO2 nanocomposite system at 1% of conversion is shown. The 
morphology observed is completely different, as the nanoparticles tend to aggregate, which 
means that the incompatibility between the newly formed polymer and the surface of the CeO2 
nanoparticles has increased or that 𝜸𝜸IP has become higher. This change in the morphology with 
the presence of polymer is observed too when the acrylic/CeO2 hybrid miniemulsion is pre-
pared adding a polymer in order to increase the stability of the miniemulsion [66]. At 8% of con-
version, the difference becomes more evident, the nanoparticles are more aggregated and they 
tend to move towards the border of the polymer particles. The fraction of the polymer increases 
and thus, 𝜸𝜸IP increases. This way, the equilibrium morphology evolves following the red arrow 
crossing to the hemispherical region as shown in Figure 2. At 18 and 40% of conversion the 
CeO2 aggregates are more compact and most of the aggregates are situated in the border of the 
polymer particle (equilibrium position). It should be mentioned that all these morphologies 
are not at equilibrium, since more than one nanoceria aggregate can be found in the polymer 
particles. However, when full conversion is achieved, one single aggregate can be seen in each 
polymer particle, which corresponds to the hemispherical equilibrium morphology.

In the literature there are some mathematical models to predict equilibrium morphologies of 
hybrid systems [51, 59, 61]. However, these models are not enough to explain the evolution 
of the acrylic/CeO2 hybrid nanocomposites, since equilibrium morphology is not obtained 
until 40% of conversion is reached. Recently, Hamzelou et al. [67] developed a mathematical 
model for the dynamic evolution of this particular nanocomposite system. This approach pro-
vides the distribution of particle morphologies in the whole population of polymer particles. 
The distribution of particle morphologies is described by a distribution of clusters of CeO2 
nanoparticles (aggregates) dispersed in the monomer phase (see Figure 3). According to their 
position in the particles, the clusters are divided into two different categories: those at equi-
librium positions (red dashed line in Figure 3) and clusters at non-equilibrium positions (blue 
line in Figure 3). Thermodynamics are used to calculate the equilibrium morphology and all 
relevant kinetic events of the system including cluster nucleation, polymerization, polymer 
diffusion and cluster aggregation are taken into account. Figure 3 shows the simulated weight 
distributions for the CeO2 aggregates (clusters). It is shown that at 1% of conversion, most 
of the nanoceria aggregates are in nonequilibrium positions. At 18% of conversion, most of 
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the aggregates are at equilibrium, however, in some of the polymer particles more than one 
aggregate can be found. At 100% conversion all the nanoceria aggregates are in equilibrium. 
TEM-like images are generated and they can be compared to the cryo-TEM images presented 
in Figure 2. It can be seen that CeO2 nanoparticles aggregates follow the same evolution in 
the experimental cryo-TEM images and in the TEM-like images generated from the model.

To summarize, the morphology evolution of the whole acrylic/CeO2 nanocomposite is as 
follows. During the first step, homogeneous distribution of the CeO2 nanoparticles in the 
monomer droplets is obtained in the hybrid miniemulsion. During the miniemulsion polymer-
ization, the CeO2 nanoparticles aggregate and migrate to the surface of the polymer particles. 
Up to 40% of conversion, the concentration of monomer is high enough and the nanopar-
ticles are able to move inside the monomer droplets towards equilibrium positions. Thus, the 
nanoceria aggregates are at the edge of the polymer particles, mostly surrounded by polymer, 
but not always encapsulated [66]. During the second step (neat monomer feeding), the migra-
tion of the CeO2 aggregates is constrained due to the high internal viscosity of the particles. 
The monomer feeding is done under starved conditions and thus, the seed hybrid particles 
are covered by a shell of polymer leading to an encapsulated morphology. The proposed 
mechanism is graphically described in Figure 4.

Figure 3. Simulated weight distributions (m and n represent aggregates in non-equilibrium and equilibrium positions, 
respectively) and the TEM-like images obtained from the distributions. Reprinted from [67] with permission from ACS 
Publications.

Figure 4. Schematic representation of the morphology evolution of the acrylic/CeO2 nanocomposite system.
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version, the difference becomes more evident, the nanoparticles are more aggregated and they 
tend to move towards the border of the polymer particles. The fraction of the polymer increases 
and thus, 𝜸𝜸IP increases. This way, the equilibrium morphology evolves following the red arrow 
crossing to the hemispherical region as shown in Figure 2. At 18 and 40% of conversion the 
CeO2 aggregates are more compact and most of the aggregates are situated in the border of the 
polymer particle (equilibrium position). It should be mentioned that all these morphologies 
are not at equilibrium, since more than one nanoceria aggregate can be found in the polymer 
particles. However, when full conversion is achieved, one single aggregate can be seen in each 
polymer particle, which corresponds to the hemispherical equilibrium morphology.

In the literature there are some mathematical models to predict equilibrium morphologies of 
hybrid systems [51, 59, 61]. However, these models are not enough to explain the evolution 
of the acrylic/CeO2 hybrid nanocomposites, since equilibrium morphology is not obtained 
until 40% of conversion is reached. Recently, Hamzelou et al. [67] developed a mathematical 
model for the dynamic evolution of this particular nanocomposite system. This approach pro-
vides the distribution of particle morphologies in the whole population of polymer particles. 
The distribution of particle morphologies is described by a distribution of clusters of CeO2 
nanoparticles (aggregates) dispersed in the monomer phase (see Figure 3). According to their 
position in the particles, the clusters are divided into two different categories: those at equi-
librium positions (red dashed line in Figure 3) and clusters at non-equilibrium positions (blue 
line in Figure 3). Thermodynamics are used to calculate the equilibrium morphology and all 
relevant kinetic events of the system including cluster nucleation, polymerization, polymer 
diffusion and cluster aggregation are taken into account. Figure 3 shows the simulated weight 
distributions for the CeO2 aggregates (clusters). It is shown that at 1% of conversion, most 
of the nanoceria aggregates are in nonequilibrium positions. At 18% of conversion, most of 
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the aggregates are at equilibrium, however, in some of the polymer particles more than one 
aggregate can be found. At 100% conversion all the nanoceria aggregates are in equilibrium. 
TEM-like images are generated and they can be compared to the cryo-TEM images presented 
in Figure 2. It can be seen that CeO2 nanoparticles aggregates follow the same evolution in 
the experimental cryo-TEM images and in the TEM-like images generated from the model.

To summarize, the morphology evolution of the whole acrylic/CeO2 nanocomposite is as 
follows. During the first step, homogeneous distribution of the CeO2 nanoparticles in the 
monomer droplets is obtained in the hybrid miniemulsion. During the miniemulsion polymer-
ization, the CeO2 nanoparticles aggregate and migrate to the surface of the polymer particles. 
Up to 40% of conversion, the concentration of monomer is high enough and the nanopar-
ticles are able to move inside the monomer droplets towards equilibrium positions. Thus, the 
nanoceria aggregates are at the edge of the polymer particles, mostly surrounded by polymer, 
but not always encapsulated [66]. During the second step (neat monomer feeding), the migra-
tion of the CeO2 aggregates is constrained due to the high internal viscosity of the particles. 
The monomer feeding is done under starved conditions and thus, the seed hybrid particles 
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4. UV absorption properties of acrylic/CeO2 hybrid nanocomposites

One of the main reasons to incorporate the CeO2 nanoparticles into waterborne clear coat-
ings is their excellent UV absorption capacity. This can be assessed by measuring the UV 
absorbance of 50 μm thick hybrid films. It should be mentioned that all the hybrid films are 
transparent and yellowish (Figure 5). The color of the films increases with the CeO2 nanopar-
ticle content from 1 to 5 wt% and hence, the transparency decreases. Even if the dispersion of 
the nanoparticles is good in all the hybrid films, the large sizes measured for the hybrid film 
containing 5% of CeO2 nanoparticle affect the transparency.

Figure 6 shows that the UV absorption of the hybrid films is higher in the presence of the 
nanoceria in the whole spectrum range (250–600 nm), but the absorption enhancement is most 
noticeable above 300 nm, where the pristine copolymer absorption is negligible. Furthermore, 
the higher the amount of CeO2 nanoparticles, the higher the absorption. However, scattering 
is observed for the film containing 5% of CeO2 nanoparticles due to the large size of aggre-
gates obtained for this nanocomposite.

Photodegradation of the hybrid film is a major concern due to the photocatalytic activity 
of the CeO2 nanoparticles. In the literature, the photodegradation of hybrid acrylic coatings 
has been studied in different substrates such as glass, stone or wood [68–71]. In these cases, 
the hybrid film was tested in a substrate and there might be two sources of radicals. One 
coming from the substrate and the other one from the nanoparticles present in the polymer 
matrix. To skip this problem the degradation behavior of the bare acrylic/CeO2 hybrid films 
was analyzed. Accelerated weathering tests were conducted in a solar box, for the nanocom-
posite film without nanoparticles and for the one containing 1% of CeO2. Different proper-
ties of the hybrid films exposed to UV light were measured [72]. Thermal properties reveal 
one step thermal degradation (around 380°C) and negligible changes in the glass transition 
temperature (Tg) values for all the hybrid films before and after the exposure. Regarding the 
microstructure, molecular weight distributions (MWD) and the formation of cross-linked or 
gel structures were also analyzed. The results show that there is degradation of the polymeric 
film since the cross-linked fraction increases in the films, but there is no additional effect in the 
films containing metal oxide nanoparticles. On the other hand, neither the Fourier Transform 
Infrared Spectra (FTIR) nor the TEM micrographs show any significant difference in the films. 
It is therefore concluded that the possible photodegradation that CeO2 nanoparticles may 
produce in the bare hybrid films is negligible, owing to the similar properties obtained for 
the blank film and the hybrid film containing 1% CeO2 nanoparticles after the UV irradiation.

Figure 5. Picture of films cast at room temperature for different CeO2 loadings: (a) 0% CeO2, (b) 1% CeO2 and (c) 5% CeO2.
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To study the effect of different metal oxides nanoparticles, a nanocomposite film with 1% 
ZnO nanoparticles was also synthesized following the same seeded semibatch polymeriza-
tion approach as described in Section 2 [34]. The morphology obtained in the final hybrid 
films was different to that obtained for the CeO2 hybrid films. The ZnO nanoparticles 
aggregate sizes were much bigger (~75 nm), preventing the homogeneous distribution of 
the nanoparticles in the film. However, the acrylic/ ZnO hybrid films presented higher UV 
absorption above 350 nm than the counterpart hybrids with CeO2. In the photodegradation 
studies carried out in the work mentioned above [72], even if it is known that the photocata-
lytic activity of the ZnO is larger than that of the CeO2, as it was mentioned in the introduc-
tion, the behavior of the hybrid films containing both types of nanoparticles did not differ 
significantly.

5. Conclusions and future perspectives

A polymerization strategy to synthesize waterborne hybrid acrylic/CeO2 nanocomposites for 
their application as UV blocking coatings has been discussed in this Chapter. The designed 
two-step polymerization approach is able to produce different loadings of CeO2 nanoparticles 
with industrially relevant solids content. Moreover, the strategy ensures the encapsulation of 
the nanoparticles in the polymer particles that avoids agglomeration during film formation 
process and provides good UV absorption properties, making these coatings good candi-
dates as clear coats for outdoor applications. A mathematical model developed to predict the 
evolution of the particle morphology for polymer-polymer systems has been applied for the 
polymer-CeO2 hybrids and it is able to predict the evolution of the morphology of the two 
stage semicontinuous polymerization opening the door to the use of the model for optimiza-
tion and control of waterborne polymer-inorganic particle morphology purposes.

The designed strategy opens the possibility to encapsulate other nanoparticles and extend the 
application region. The incorporation of hydrophobically modified ZnO nanoparticles has also 
been tested, providing film forming hybrid latexes with improved UV absorption capacity [73]. 
Moreover, with the incorporation of a fluorinated monomer to the acrylic/ZnO hybrid system, 

Figure 6. UV–vis absorption capacity of 50 μm hybrid films.

Waterborne Acrylic/CeO2 Nanocomposites for UV Blocking Clear Coats
http://dx.doi.org/10.5772/intechopen.81332

105



4. UV absorption properties of acrylic/CeO2 hybrid nanocomposites

One of the main reasons to incorporate the CeO2 nanoparticles into waterborne clear coat-
ings is their excellent UV absorption capacity. This can be assessed by measuring the UV 
absorbance of 50 μm thick hybrid films. It should be mentioned that all the hybrid films are 
transparent and yellowish (Figure 5). The color of the films increases with the CeO2 nanopar-
ticle content from 1 to 5 wt% and hence, the transparency decreases. Even if the dispersion of 
the nanoparticles is good in all the hybrid films, the large sizes measured for the hybrid film 
containing 5% of CeO2 nanoparticle affect the transparency.

Figure 6 shows that the UV absorption of the hybrid films is higher in the presence of the 
nanoceria in the whole spectrum range (250–600 nm), but the absorption enhancement is most 
noticeable above 300 nm, where the pristine copolymer absorption is negligible. Furthermore, 
the higher the amount of CeO2 nanoparticles, the higher the absorption. However, scattering 
is observed for the film containing 5% of CeO2 nanoparticles due to the large size of aggre-
gates obtained for this nanocomposite.

Photodegradation of the hybrid film is a major concern due to the photocatalytic activity 
of the CeO2 nanoparticles. In the literature, the photodegradation of hybrid acrylic coatings 
has been studied in different substrates such as glass, stone or wood [68–71]. In these cases, 
the hybrid film was tested in a substrate and there might be two sources of radicals. One 
coming from the substrate and the other one from the nanoparticles present in the polymer 
matrix. To skip this problem the degradation behavior of the bare acrylic/CeO2 hybrid films 
was analyzed. Accelerated weathering tests were conducted in a solar box, for the nanocom-
posite film without nanoparticles and for the one containing 1% of CeO2. Different proper-
ties of the hybrid films exposed to UV light were measured [72]. Thermal properties reveal 
one step thermal degradation (around 380°C) and negligible changes in the glass transition 
temperature (Tg) values for all the hybrid films before and after the exposure. Regarding the 
microstructure, molecular weight distributions (MWD) and the formation of cross-linked or 
gel structures were also analyzed. The results show that there is degradation of the polymeric 
film since the cross-linked fraction increases in the films, but there is no additional effect in the 
films containing metal oxide nanoparticles. On the other hand, neither the Fourier Transform 
Infrared Spectra (FTIR) nor the TEM micrographs show any significant difference in the films. 
It is therefore concluded that the possible photodegradation that CeO2 nanoparticles may 
produce in the bare hybrid films is negligible, owing to the similar properties obtained for 
the blank film and the hybrid film containing 1% CeO2 nanoparticles after the UV irradiation.

Figure 5. Picture of films cast at room temperature for different CeO2 loadings: (a) 0% CeO2, (b) 1% CeO2 and (c) 5% CeO2.
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To study the effect of different metal oxides nanoparticles, a nanocomposite film with 1% 
ZnO nanoparticles was also synthesized following the same seeded semibatch polymeriza-
tion approach as described in Section 2 [34]. The morphology obtained in the final hybrid 
films was different to that obtained for the CeO2 hybrid films. The ZnO nanoparticles 
aggregate sizes were much bigger (~75 nm), preventing the homogeneous distribution of 
the nanoparticles in the film. However, the acrylic/ ZnO hybrid films presented higher UV 
absorption above 350 nm than the counterpart hybrids with CeO2. In the photodegradation 
studies carried out in the work mentioned above [72], even if it is known that the photocata-
lytic activity of the ZnO is larger than that of the CeO2, as it was mentioned in the introduc-
tion, the behavior of the hybrid films containing both types of nanoparticles did not differ 
significantly.

5. Conclusions and future perspectives

A polymerization strategy to synthesize waterborne hybrid acrylic/CeO2 nanocomposites for 
their application as UV blocking coatings has been discussed in this Chapter. The designed 
two-step polymerization approach is able to produce different loadings of CeO2 nanoparticles 
with industrially relevant solids content. Moreover, the strategy ensures the encapsulation of 
the nanoparticles in the polymer particles that avoids agglomeration during film formation 
process and provides good UV absorption properties, making these coatings good candi-
dates as clear coats for outdoor applications. A mathematical model developed to predict the 
evolution of the particle morphology for polymer-polymer systems has been applied for the 
polymer-CeO2 hybrids and it is able to predict the evolution of the morphology of the two 
stage semicontinuous polymerization opening the door to the use of the model for optimiza-
tion and control of waterborne polymer-inorganic particle morphology purposes.

The designed strategy opens the possibility to encapsulate other nanoparticles and extend the 
application region. The incorporation of hydrophobically modified ZnO nanoparticles has also 
been tested, providing film forming hybrid latexes with improved UV absorption capacity [73]. 
Moreover, with the incorporation of a fluorinated monomer to the acrylic/ZnO hybrid system, 

Figure 6. UV–vis absorption capacity of 50 μm hybrid films.
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anticorrosion properties have been improved. It was demonstrated that the incorporation of the 
ZnO nanoparticles by blending was not enough to improve the corrosion protection, whereas 
when the nanoparticles were encapsulated and hence, well distributed in the polymeric film, 
the benefits were substantial [74]. Recently, many authors’ investigation has been directed to 
improve anticorrosion properties with the incorporation of CeO2 nanoparticles. For instance, 
polyurethane coatings containing CNT/CeO2 [10], polyacrylic acid/CeO2 coatings [11], CeO2/
graphene-epoxy nanocomposite coatings [12] and water based polyurethane/ CeO2 coatings 
[13]. None of these works obtained encapsulated morphology and hence, the possible aggrega-
tion of the nanoparticles during film formation and leaching could be a problem, even though 
the anticorrosion properties were improved in all the cases. This means that combining the 
strategy developed in this work, with the appropriate monomers and the anticorrosion proper-
ties that CeO2 nanoparticles exhibit in all the works mentioned above, synergetic effects could 
be obtained making these nanocomposites ideal candidates for corrosion protection.

Very recently, De San Luis et al. [75] incorporated quantum dots into core-shell particles 
made of polystyrene/divinyl benzene (DVB) as core and PMMA/DVB as shell. The cross-
linked polymeric phases were synthesized in two stages following the strategy developed in 
this Chapter. Thanks to the encapsulated morphology obtained, the fluorescence emission 
of the QD containing core-shell particles was preserved for more time than any other work 
published so far. The same authors incorporated CeO2 nanoparticles obtaining PS/QD/CeO2/
PMMA hybrid particles. Interestingly, the films casted from these hybrid particles exhibit 
increasing fluorescence under sunlight exposure [76]. This opens the possibility to use CeO2 
nanoparticles to enhance the optical properties of different technological devices.
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strategy developed in this work, with the appropriate monomers and the anticorrosion proper-
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be obtained making these nanocomposites ideal candidates for corrosion protection.
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