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ARTICLE INFO ABSTRACT

Keywords: Given the scientific and technological interest in cerium oxide (ceria), in this paper nanoparticles of ceria (ceria-
Ceria-NPs NPs) were synthesized using a modified polymer complex process (modified Pechini), while varying the pH of
Synthesis the system. This methodology made it possible to obtain, in a reproducible and controlled way, nanoparticles of
Characterization

ceria (< 100 nm) of a high chemical purity at low temperatures. The precalcined cerium solid obtained at 350 "C
was characterized using differential thermal analysis (DTA), thermogravimetric analysis (TG) and IR spectro-
scopy. Very little organic phase was found in the respective spectra, indicating that the inorganic phase, cerium
oxide, is predominant. Carbonaceous residues still present in the solids were removed by heating at temperatures
above 500 °C and the samples obtained were characterized using X-ray diffraction (XRD), IR, UV-vis absorption
and diffuse reflectance spectroscopies, and Transmission Electron Microscopy (TEM). The diffractograms of the
samples showed that the only crystalline phase present was CeO,. From the results of UV-vis absorption and
diffuse reflectance spectroscopy, two important energy values were obtained, 3.8 eV and 3.4 eV. These could be
attributed to the energy gap value (3.8 V) and to a possible “mid-gap” (3.4 €V). Furthermore, on increasing the
synthesis pH, a reduction in particle size results, the particle being between 10 and 20 nm, with a spheroidal
shape. By looking at the different stages of the synthesis process, a mechanism is proposed to explain how
nanoparticles of ceria are formed.
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1. Introduction

Given the current importance of nanotechnology, nanoparticles are
of immense interest due to their scientific and technological sig-
nificance. This is because of special properties they exhibit that their
bulk counterparts do not [1,2]. As a result of these novel properties,
nanoparticles have multiple applications, including catalysts [3,4],
drug delivery [5], antibacterial [6], electronics, optoelectronics, plas-
monics, information storing, optical sensing, bio-imaging and biome-
dicine [2,7,8]. Specifically, nanoparticles have the advantage, when
applied in life science and the environment, that their size is compar-
able with the dimensions of small molecules (~1-10 nm) or viruses
(~10-100 nm), which allows them to attack biological entities without
changing their functions. In the environment, the small size of the
particles, together with their large surface area, enables them to detect
specific contaminants, from the presence of which pollution often
arises. In addition, nanoparticles can actively interact with a pollutant
and treat it [9].

Furthermore, looking specifically at cerium, it is very reactive in the
presence of atmospheric oxygen, generating stable oxides [10] that vary
in composition and are commonly known as ceria. Bulk cerium oxide
has at least two stable stoichiometrics, the dioxide (CeO,) and dicerium
trioxide (Ce»O3), commonly referred to as sesquioxide [11,12]. Pure
CeO,, has a fluorite-type structure, with a special Fm3m group, espe-
cially in the temperature range from room temperature to melting
point. CeO,-Ce,03 phase transition depends on the oxygen pressure in
the system and on temperature [11,13], a transition of reduction that
can be attributed to the formation and migration of oxygen vacancies, a
process that can be linked to a quantum process of ionization/deloca-
lization of the 4f electrons of cerium, as proposed by Skorodumova
et al. in their work [14]. The close thermodynamic stability of CeO, and
Ce,03 favors an easy and reversible transition between these two
compounds, giving rise to a range of partially reduced CeO,., phases
that serve as oxygen reservoirs by creating or eliminating oxygen va-
cancies. The study of these intermediate phases has been going on since
the mid-twentieth century [15,16], driven by technological develop-
ments that have been made, utilizing the capacity of ceria for oxygen
storage. It is worth noting that undesirable properties are also evident,
such as chemical expansion with increasing temperature, on changing
the concentration of oxygen vacancies [17].

The formation of a single oxygen-vacancy is an elementary process
in the reduction of CeO, to Ce;0O3. With the formation of the oxygen
vacancies, an increase in the Ce>* fraction is produced in the structure
of the ceria in order to maintain electroneutrality [18]. The valence and
defect structures of CeO, are dynamic and can change spontaneously or
in response to physical parameters such as temperature, partial oxygen
pressure, doping with other ions, and on applying an electric field or
surface stress [12]. The energy cost of forming an oxygen vacancy in
ceria (387 = 13 KJ/mol [19,20]), is relatively low considering the
energy involved in the reduction of CeO; to Ce;O3 (~382KJ/mol
[20,21]), where oxygen is released and an oxygen vacancy is formed
through the following reaction:

(€8]

Considering the above reaction, the formation of the oxygen defect
would be accompanied by the localization of the electrons left behind in
Ce 4f states, leading to the formation of two Ce®*. Although it was long
considered that the cations of Ce in the nearest neighbor position to the
oxygen defect become reduced, recent computations indicate that the
Ce®™ resulting from formation of an oxygen vacancy is located at sites
farther away from the vacancy position [22]. This process would be
possible due to the ability of the cerium atom to facilitate and adjust its
electronic configuration to best fit with its immediate environment so
that the formation of the oxygen vacancy would be linked closely to the
quantum effect of localization/delocalization of the 4f electrons of

0,° + 2Cece” <= Vo~ + 2 Cece + ¥204(g)
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cerium, an action that would be the basis for explaining the oxygen
storage capacity of the cerium oxide [14]. The formation of reduced
oxides can be viewed upon as a formation, migration, and ordering of
virtual Ce3+-vacancy complexes [14,23].

The wide technological application of ceria is due mainly to the
capacity to store and release oxygen in its intrinsic n-type fluorite
structure, i.e. its ability to repeatedly pass through redox cycles rapidly.
This behavior would be related to the ease of forming and repairing
oxygen vacancies at the solid ceria surface [20]. These unique redox
properties have opened up new and promising applications for ceria in
the area of catalysis [21,24], production and purification of hydrogen
[25] and removal of CO from vehicle exhaust [26]. Because of the
mobility of oxygen vacancies, which favors high ionic conductivity,
ceria is considered as a promising electrolyte for solid oxide fuel cells
[27]. Furthermore, due to the electronic structure of ceria, it can be
used as a UV absorber in the cosmetics industry and in the manufacture
of window glass, as well as in light harvesting devices and optical
displays [28]. Ceria also plays an important role in the treatment of
toxic emissions, removal of soot from diesel engine exhaust and organic
molecules from wastewater [29], in biomedicine [30], as an oxygen
sensor [31], in pharmacology [32] and for degrading inks [33].

The behavior of ceria, its redox properties for example, is closely
related to its crystalline structure, which depends on the synthesis
process used to obtain it [12]. Review articles are found in the scientific
literature on obtaining ceria [10,12,34,35], highlighting the methods of
hydrolysis [36], thermal deposition [37], sol-gel[38], combustion [39],
hydrothermal and solvothermal [40,41], microemulsion [42], sono-
chemical synthesis [43] mechanochemical [44] and precipitation
[45,46], among others.

The production of Ce materials with a good performance at an in-
dustrial level is necessary to be able to understand the chemical activity
of the oxide, which depends mainly on its electronic structure that, at
the nanoscale level, is affected by particle morphology. At this size
scale, the chemical activity of ceria increases, mainly due to the for-
mation of vacancies and to the increase of the surface to bulk ratio
[12,47]. This has led researchers to conduct studies on the control of
the morphology and size of the ceria through the synthesis process
[12,24,35,48], by using surfactants [49,50] and controlling certain
synthesis parameters such as temperature [51], the acidic or basic
character of the system [52], and the nature of the solvent of synthesis
[53,54], among others. Knowing and understanding the processes of
synthesis of ceria would make it possible to control its final structure,
both at surface and bulk level, and therefore the properties of the
product.

The nanoparticles of CeO, (CeO»-NPs) are special because their
physicochemical properties, and therefore their functionality, are de-
fined by the synthesis method used. In their paper, Karakoti et al. [55]
showed that the methods of synthesis of ceria and its processing history
may signicantly impact particle behavior. This is why to understand
and predict the behavior of nanoparticles it is necessary to guarantee
the reliability and reproducibility of the production methods. Although
many stages of the synthesis process are well understood and re-
producible in the hands of experienced researchers, the results of Kar-
akoti et al. [55] indicate that small and apparently insignificant dif-
ferences could strongly alter the properties of the final product or its
aging process. In general, it is assumed, for example, that toxicity is
increased on reducing the size of the nanoparticles [56,57] which for
the specific case of nanoceria would imply a large surface area:volume
ratio that would favor a large surface Ce®>*/Ce*™ ratio and hence the
higher toxicity for the smaller CeO,-NPs [58]. But this is not always so.
Studies with large particles of ceria showed that their toxicity differed
little or not at all from that of nanoparticles toward eukaryotic cells
[59]. Kumar et al. [60] noticed that small modifications in the synthesis
process could have a major impact on the biological activity and toxi-
city of ceria, and in general on its functionality, so reproducibility in
nanomaterial synthesis often constitutes a challenge. These
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investigators [60] indicated that it was necessary to determine what
would be the most appropriate way to synthesize CeO5-NPs for relevant
environmental/toxicology/safety studies. For this, it is necessary to
take into account, as indicated by Reed et al. in their work [61] that,
since not all CeO,-NPs are synthesized in the same way, their tox-
icological profiles are expected to be different. This leads to the need to
determine what the synthesis parameters, particle size, stabilizers and
other chemistries are that would affect these profiles. Considering the
above, present work and its results are of interest since, in addition to
describing the synthesis method and making an adequate character-
ization of the obtained product, it proposes a tentative mechanism to
explain the different stages of formation of the nanoparticles. Knowing
tentatively the mechanism of formation of the particles, the properties
of the final product could be affected in a predetermined and favorable
way.

It is thus necessary to control the synthesis process very closely to
manipulate the shape, exposed crystal planes and particle size of the
ceria required in its many technological applications. Particular atten-
tion must be paid to the mechanisms of particle formation to establish
synthesis strategies, morphological manipulation, and assembly beha-
viors of the nano-building blocks [62]. In the work of Hsu et al. [63] the
purpose of knowing the effect of some synthesis parameters for con-
trolling the shape and size of the particles obtained is evident. They
synthesized cerium (IV) oxide nanoparticles with a narrow size dis-
tribution, starting from the hydrolytic deprotonation of cerium (IV) ions
in the presence of dilute sulfuric acid. The results of the research in-
dicated that the morphology of the particles was altered by the con-
centration of the reactants and the nature of the anions in solution.
They obtained spherical particles of ceria at low concentrations of
cerium sulfate and H,SO4 and, depending on the acidity of the aging
time, the diameter of the particles ranged from 30 to 240 nm. Another
work in which the mechanism of formation of ceria nanoparticles was
discussed is that of Zhang et al. [54]. They used the solvothermal
method to obtain ceria nanospheres using a mixture of water and die-
thylene glycol as the reaction solvent with the aid of poly-
vinylpyrrolidone (PVP). From the results of their research they con-
cluded that the surfactant and the solvent of synthesis are determining
factors in the mechanism of formation of the nano-spheres and that
adjusting the reaction temperature and time could control their size. In
the feature article of Yuan et al. [62] a careful description of various
methods of synthesis for obtaining ceria-based nanomaterials was car-
ried out, highlighting the effect that some of the critical parameters of
synthesis have on the size and shape of the particles obtained, as well as
the high sensitivity of these processes of synthesis to the nature of the
solvent or surfactant, pH gradients, environmental conditions (tem-
perature, pressure and humidity), contaminants, time, etc.

In this work, nanoparticles of ceria (ceria-NPs) were synthesized
using a modified polymer complex process (modified Pechini), varying
the pH of the system, a methodology made it possible to obtain ceria
nanoparticles in a controlled and reproducible way with high chemical
purity at low temperatures. The solids obtained were characterized
using DTA/TG, FTIR spectroscopy, X-ray diffraction (XRD), UV-vis
absorption spectroscopy and diffuse reflectance and transmission elec-
tron microscopy (TEM). Considering the different stages of the synthesis
process used, a tentative mechanism was proposed to explain the for-
mation of the ceria-NPs.

2. Experimental procedure
2.1. Cerium oxide synthesis

2.1.1. Formation of resin

To synthesize the ceramic powders of the CeO, system, using the
modified Pechini method, hydrated cerium nitrate (Alfa Aesar, 99.5%)
was used as precursor. To obtain 5 g of cerium oxide, 12.6 g of pre-
cursor was used in a mixture of citric acid (CA — Merck 99.5%) and
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ethylene glycol (EG — Mallinckrodt 99.8%) in a 1: 4 mass ratio
(13.5 mL of ethylene glycol and 4 g citric acid), a mixture that was
heated to a temperature of 100 °C, maintaining it in continuous and
constant agitation to favor the dissolution of the citric acid in the
polyol. After 30 min of heating the system. it was allowed to cool and
the precursor proceeded to be added, the 12.6 g of hydrated cerium
nitrate (Ce(NO3)36H,0) dissolved in 40 mL of water, maintaining the
agitation of the system to guarantee a homogeneous mixture. It must be
ensured that the solution, a result of the previous process, is completely
transparent, a condition that guaranteed a uniform mixing of the dif-
ferent reagents and the homogeneous formation of the citrate.
Subsequently, ammonium hydroxide NH4,OH (Merck 25%) was
added to the obtained solution at a delivery rate of 0.1 mL/s using a
meterer (Metrohm Dosimat 685), and the system was brought to a
higher pH value (which was called working pH) ensuring that the so-
lution remained transparent; simultaneously, water was gradually
added to the solution until a total volume of 220 mL was obtained,
independent of the working pH value. A strict control was maintained
over the pH changes to avoid the formation of precipitates, observing
that for pH values above 2.5 a solid phase formed within the system.
This mixture was subjected to the action of a high shear equipment
(Ultraturrax T50) to eliminate the presence of the precipitates that had
been formed during the process. For the other sample, synthesized at
pH ~9.2, more NH,OH was added to the solution until this pH value
was reached, ensuring total transparency of the solution. To guarantee
the reproducibility of the synthesis process, the variation in pH of the
solution was recorded during the addition of NH,OH. The solution
obtained, independent of the pH value, was then heat treated at a
temperature of 150 °C, for 3 h, under constant stirring, to favor the
polyesterification reactions and therefore the formation of the resin.

2.1.2. Synthesis of ceramic powders

On obtaining the resin, it was subjected to a pre-calcination process
at a temperature of 350 °C in an oven (HACEB model HL40) for 2 h to
give a pale yellow powder with a low carbon content such as was in-
dicated by the IR spectroscopy tests performed on these samples. The
final heat treatment was carried out following a pre-structured heating
program which involved a first treatment at 150 °C for 30 min and then
at 550 °C for 3 h to remove the remaining organic material.

2.2. Characterization of ceramic powders

Various characterization techniques were used to determine the
characteristics of the synthesized solids.

2.2.1. Thermal analysis

In order to determine the effect of the heat treatments on the
samples obtained and to define the most appropriate temperature at
which the sample should be subjected to obtain the oxide of interest,
differential thermal analysis (DTA) and thermogravimetric analysis
(TGA) tests were carried out using the Thermogravimeter SDT Q600 —
TA Instruments, at a heating rate of 5 °C/minute.

2.2.2. Fourier transform infrared spectroscopy (FTIR)

In this work the technique of infrared spectroscopy was used in
order to determine the functional groups present in the samples and the
effect on them of the different chemical and thermal treatments to
which the synthesized solids were submitted. For this purpose, the
Thermo Scientific ™ Nicolet ™ iS ™ 10 FT-IR spectrometer spectro-
photometer was used.

2.2.3. X-ray diffraction (XRD)

The crystalline structure of the ceria samples synthesized in this
work was identified using the X-ray diffractometer — Pro PANalytical
X'Pert X-ray using the K, radiation of Cu (A = 1.5418740 A), in a Bragg-
Bretano configuration. The powder samples were analyzed in the range
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Fig. 1. (a) Diagram of modified Pechini method used to obtain CeO, powders and (b) Potentiometric titration curve of the cerium system.

between 20 and 100°, with a step of 0.004 and a time per step of 90 s.

The Scherrer formula was used to obtain the average crystallite size,
using the most intense peak of the diffractogram, a formula given by
[64]:

K4
T=
BCosé

(2)

where 7 is the mean crystallite size, K is a dimensionless form factor (in
this work the value of 0.9 was used), A is the wavelength of the incident
X-rays, (3 the width at the mean peak height (FWMH) and 6 the dif-
fraction angle. To determine the network constants, Rietveld refine-
ment was employed, using the MAUD program.

2.2.4. Ultraviolet-visible absorption spectroscopy (UV-vis)

The absorption of ultraviolet and visible radiation was used to de-
termine the most important electronic transitions caused by the in-
cidence of UV-vis radiation and that causes the excitation of the
bonding electrons. In this case, as with the ion spectra of the lanthanide
and actinide series, the electrons responsible for the absorption of these
elements are the 4f and 5f, respectively.

The absorption spectra of the samples of cerium oxide synthesized
in this work were taken with a Thermo Scientific Genesys 6 UV-vis, in
the range of wavelengths between 200 and 900 nm, using quartz cuv-
ettes of 1 cm in length. The ceria powders were macerated in an agate
mortar to then take a sample of approximately 2.0 mg, which was
dispersed in 20 mL of distilled water. This suspension, with a con-
centration of ~100 ppm, was sonicated for 15 min. Subsequently, ab-
sorption spectra were taken of the samples of interest.

2.3. Ultraviolet-visible spectroscopy of diffuse reflectance

This technique makes it possible to obtain, from the UV-vis diffuse
reflectance spectra, the energy gap value of a semiconductor solid using
the following equation [65]:
_ B(hw — Eg)"

B hv

and using the Kubelka-Munk model [66]:

o (3a)
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[F(Ro)hv] = B(hv — Eg)" (3b)
with:
- 2 R
F(Ro() - (l R(x) . Ro( — Sample
2R« Rsandart (30)

The terms of the equation correspond to: a, absorption coefficient,
hv absorbed energy, B absorption constant, Eg energy gap energy, F(R.)
Kubelka-Munk function, R reflectance, n constant with values Y2 (direct
transition) or 2 (indirect transition), which in the case of ceria is a di-
rect transition (n = %2). When the value a;, absorption coefficient, takes
zero or F(R,) is zero, applying equation 3a or 3b, respectively, the
energy absorbed is equal to the energy of the gap. Therefore, by re-
presenting (a,hv)? or [F(Ri)hv]? as a function of hv, a line can be ob-
tained at the absorption edge, tangent to the curve represented, and if it
is extrapolated, to cut the energy axis, the cutting point would make it
possible to obtain the energy value of the gap. The diffuse reflectance
spectrum of the predetermined ceria samples were recorded using the
JASCO V-670 UV-vis-NIR spectrophotometer in the wavelength range
of 200-800 nm at a scanning speed of 100 nm/min.

2.3.1. Transmission electron microscopy (TEM)

In this work TEM was used to determine the size and morphology of
the particles of the samples obtained, using the Jeol JEM1200EX elec-
tron microscope of the Electron Microscope Unit, UME, of the
University of Cauca.

3. Results and discussion

The diagram of the synthesis process used to obtain the cerium
oxide is illustrated in Fig. 1(a). Fig. 1(b) shows the potentiometric ti-
tration curve obtained during the process of addition of NH,OH to the
system, a curve that can be used as a reference to ensure the reprodu-
cibility of the process; in it the different stages of the process are ob-
served and the values of the working pH are indicated: ~0.8, ~2 and
~9.

Fig. 2 shows the ATG/ATD curves corresponding to the solid pre-
viously treated at 350 °C. It can be seen that the sample did not show an
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Fig. 2. DTA/TGA curves, in air, corresponding to the solid synthesized and heat treated at
350 °C.

appreciable loss of weight, only 1% of the total weight up to 800 °C. The
weight loss between room temperature and 100 °C, approximately
0.4%, can be associated with the evaporation of the physisorbed water
on the surface of the solid, so subtle that the corresponding en-
dothermic peak is not evident in the ATD curve. The additional loss,
0.6%, can be attributed to the oxygen output of the samples. The
change in the baseline of the ATD curve, between ambient temperature
and 150 °C, would indicate a subtle change in the thermal capacity of
the solid. From 150 °C to 800 °C, there is a slight exothermic behavior
that could be associated with the exit of the oxygen, which would favor
the formation of the different non-stoichiometric CeO,_ phases, as in-
dicated by the phase diagrams of the Ce-O system[10,67-69]. Over-
lapping this behavior of the ATD curve, in this temperature range, there
may also be a change in the baseline associated with the variation of the
thermal capacity of the sample.

3.1. IR spectroscopy of samples synthesized at different pH values

Fig. 3 shows the IR spectra, in the range of 4000-400 cm ™!, taken
from the powders synthesized by the modified Pechini method obtained
at different working pH values, without (Fig. 3(a)) and with heat
treatment (Fig. 3(b)) after the resin precalcination process. All spectra
showed a large band around the 400-630 cm ™", an absorption band
that can be attributed to the vibrational mode of tension of the Ce—O
[70-72], corresponding to the active F;y mode in the IR for the fluorite
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structure, which would confirm the presence of ceria in the solid
[72,73]. In addition, a large band around 3450 cm ™" is present, which
can be associated with the vibrational tension mode of the O—H [74]
corresponding to residual water and/or hydroxyl groups. The bands
around 1300 and 950 cm™' might correspond to the vibrational
stretching mode of H,O [71,75,76], bands that are attenuated after the
treatment at 550 °C, the band corresponding to the synthesized CeO,
being that of the lowest intensity at pH 2. The band at ~1625 cm ™’
may be associated with H—O—H flexion that overlaps with the band
corresponding to the O—C—O stretching [74,76], which varies in in-
tensity following calcination or on modifying the synthesis pH.

It should be noted that the absorption bands located in the
2300-3000 cm ™! region can be attributed to the hydrocarbon (C—H)
stretching modes and are present in all IR spectra. As reported by
Vantomme et al. [76] and Chen et al. [77], these bands show the re-
activity of ceria with these species, at the surface level, a higher re-
activity being observed for the samples synthesized at acid pH.

In the regions ~2340-2370 and 1000-1500 cm ™ the bands asso-
ciated with carbonate-type species related to the surface of the oxide
particles, such as atmospheric CO, for example, which interact with the
cerium cations [74,77,78] generating species that would decompose
after treatment of the solid at high temperatures [64,71]. As can be seen
in Fig. 3, the oxides synthesized at very acid (~1) and basic (9.14) pH
values show a high reactivity with the atmosphere if they have not been
thermally treated at high temperatures (Fig. 3(a)), a behavior that de-
creases for the sample synthesized at pH ~ 2. In the IR spectra in Fig. 3,
a small band at 1060 cm™' is observed that may be attributed to
stretching vibrations of the Ce—O—C [71].

Fig. 4 shows the major bands of the deconvolved spectrum, in the
400-1000 cm ! range, of the solids synthesized at different pH values
precalcined (“without HT”) or treated at 550 °C/3 h (“with HT”), a
region where the characteristic bands associated with the bonds of
cerium with oxygen are found. The location of these bands is sum-
marized in Table 1. Observing Fig. 4, and Table 1, the band around
388 cm ! is characteristic of the synthesized cerium compounds, ex-
hibiting a slight shift towards high wave numbers, both on increasing
the pH of synthesis and heat treating the solids. The bands located at
~494 and ~550 cm ™! were present in all the IR spectra (Fig. 4) and
can be associated with the vibrational stretching mode of Ce—O
[79,80]. The IR spectra of the heat treated samples showed a band
at ~ 714 cm ™' which could be attributed to the enveloping of the
phonon band of the metal oxide network [81,82].

100 4
80+
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204

o T Y T ¥ T ¥ T ¥. T = T ’ T
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Fig. 3. IR spectra corresponding to powders obtained at different pH values of synthesis: (a) without heat treatment (precalcined at 350 °C) and (b) treated at 550 °C/3 h.
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Fig. 4. Deconvolution of the IR spectra in the 400-1000 cm ™! range corresponding to solid samples of cerium compounds synthesized at pH 0.8, ~pH 2 and pH 9.14 (a) precalcinated

(without HT) and (b) treated at 550 °C/3 h (HT).

Table 1

Bands in IR spectra in the 400-1000 cm™"' range, corresponding to solid samples of
cerium compounds obtained at different pH values precalcined (without HT) and treated
at 550 °C (with HT).

CeO,— without CeOy CeO, CeO, CeO, — CeOy

HT. pH~1 —with - —with without —with
HT. witho- HT. HT. HT.
pH~1 ut HT. pH~2 p- p-

pH~2 H =914 H=9.14
v(em™1) viem™)  v(em™) viem™)  v(em™) v(em™1)

220 386 358 388 367 396

497 492 492 495 489 497

563 559 557 549 548 557

845 709 682 711 761 721

3.2. Crystal structure of synthesized ceria

On subjecting the synthesized samples to a heat treatment, 550 °C/
3 h, a yellow powder characteristic of ceria was obtained. Fig. 5 shows
the X-ray diffractograms corresponding to the powders synthesized at
different pH values and treated at 550 °C/3 h.

Observing Fig. 5, it can be seen that the diffraction peaks are well
defined and correspond to a fluorite type cubic structure (JCPDS 34-
0394). No other phase of the ceria or other crystalline compound was
observed in the samples studied. Using Rietveld refinement, it was
found that the pure samples had the following network parameters:
5.4093003 A for CeO,, for that obtained at pH ~1, 5.4140615A for that
obtained at pH ~2.0 (value close to standard 5.41134A (JCPDS 34-
0394)), and 5.392175A for that synthesized at pH = 9.14.

Calculations made using the Scherrer formula showed that the
crystallites had dimensions of the order of Angstroms as follows: 2.05 A
(synthesis pH~1), 2.47 A (~pH 2) and 2.27 A (pH 9.14). To perform
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Fig. 5. X-ray diffractograms corresponding to the ceria synthesized at different pH values

and heat treated at 550 °C/3 h.

10

these calculations, we take the diffraction peak (111).

3.3. UV-vis absorption spectra of the synthesized cerium oxides

Fig. 6(a) shows the UV-vis absorption spectra corresponding to the
samples of commercial cerium oxide and those synthesized at pH 0.8,
2.01 and 9.16, subjected to a thermal treatment at 550 °C/3 h. It was
observed that the first had a prominent band between 250 nm and
400 nm, with a maximum absorption at 335 nm. For the synthesized
oxides, at different pH values, it is observed that the maximum ab-
sorption wavelengths occur at 330 nm (pH 0.8), 348 nm (~pH 2) and
330 nm (pH 9.16). The maximum absorption of the ceria synthesized at
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Fig. 6. (a) Absorption spectra in the UV-vis corresponding to commercial cerium oxide and those synthesized at different pH and heat treated at 550 °C/3 h, and deconvolutions of these
spectra: (b)-(e). Concentration of the sample used for the 100 ppm test.

~pH 2 was maintained in the near ultraviolet, but suffered a slight shift
toward the visible.

A mathematical treatment similar to that carried out for the IR
spectra (Fig. 4) was performed with the UV-vis spectra in Fig. 6(a). The
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results of this mathematical modeling are shown in Fig. 6(b)-(e), where
the presence is highlighted of three important bands, which make up
the respective UV-vis absorption spectrum, for which energy values
corresponding to each transition were determined using the equation
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Table 2
Location of the UV-vis absorption bands and their energy values obtained from the
spectra corresponding to the different synthesized CeO, samples.

Sample Wavelength (nm) Energy (eV)
Commercial CeO, 213 5.8
337 3.7
340 3.6
CeO, pH = 0.8 209 5.9
326 3.8
366 3.4
CeO, pH = 2.01 213 5.8
337 3.7
351 3.5
CeO, pH = 9.14 209 5.9
328 3.8
364 3.4

E= % Table 2 shows the values obtained on performing these cal-
culations.

The UV-vis absorbance shown by cerium oxide could be accounted
for in the main by considering the stoichiometry of the compound [11],
a quite controversial issue that has led to different points of view re-
garding the electronic behavior of ceria [83,84]. Therefore, the activity
in the visible spectrum of the synthesized nanoparticles can be attrib-
uted both to the unique electronic structure of the ceria, as well as to
the presence of defects, mainly oxygen vacancies, and those due to the
bi-valence of the Ce.

Regarding its electronic configuration, the way in which the elec-
trons occupy the 4f orbital of Ce has not been clearly defined, because
this state is sometimes treated as a part of the interior of the nucleus of
Ce,03, while in others it is treated as a state of the CeO, valence band.
One of these theories considers that the 4f electron of Ce, in CeQO,, is in
a mixed valence state, due to the presence of Ce**, a condition that
would coexist with the insulating properties of CeO, by means of a
Specific local mixed-valence mechanism between 2p states of oxygen
and 4f states of cerium [85,86]. Other authors [87], based on experi-
mental results specifically using X-ray Photoemission Spectroscopy
(XPS), concluded that the 4f orbital of the Ce, in the CeO,, would be
unoccupied and the Ce ion would be found in the quadrivalent state.
Therefore, with respect to the nature of the formation and electronic
behavior of CeO,, there are different points of view, depending on the
author, and therefore different theories regarding the occupation of the
4f orbitals. Furthermore, because there is no precise information on the
optical properties of the sesquioxide (Ce,O3), specifically on its ab-
sorption in the UV-vis, and that the purity of the ceria cannot be
guaranteed, there is much uncertainty relating to the UV-vis absorption
behavior of CeO,.

Considering the deconvolutions of the UV-vis absorption spectra
(Fig. 6), the following energy values corresponding to the respective
absorption bands were obtained: 5.8, 3.8 and 3.4 eV, where the last
band could be considered as evidence of the presence of energy states in
the gap (known as “midgap states”) [88-90]. The absorption band with
an energy value of 5.8 eV could be associated to the O 2p — Ce 5d6s
transition; the band corresponding to the value of 3.8 eV could be at-
tributed to the 0>~ —Ce*" charge transfer, between the bands O 2p
and Ce 4f, and the band with energy 3.4 eV could be attributed to the f-
d transition in the Ce3* ions isolated in CeO,.

Because the sample with the highest absorbance in the UV-vis was
the cerium oxide synthesized at pH ~2, studies were made on this
sample of the effect of the heat treatment times and the temperature
value. The absorbance curves in Fig. 7 show a marked variation in both
the amplitudes and absorption bandwidth as the heat treatment times
are modified.

The wavelength at which the maximum absorbance occurs (around
347 nm) varies very little in the samples treated at 550 °C (see Fig. 7),
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Fig. 7. UV-vis absorption spectra of cerium oxide powders obtained at ~pH 2 treated at
550 °C for different times.

values that coincide with those reported in the literature [64,91], but
the sample treated at 1000 °C showed a shift of its absorption maximum
towards the visible.

3.4. UV-vis diffuse reflectance results of the synthesized cerium oxides: gap
energy values

Based on the results obtained using UV-vis absorption spectroscopy,
it was decided to analyze in more detail the CeO, sample synthesized at
pH 2.01, with different thermal treatments, using the UV-vis Diffuse
Reflectance Spectroscopy (DRS) technique. The UV-vis diffuse re-
flectance spectra of the ceria nanoparticles of interest are shown in
Fig. 8. They show little variation and all exhibit absorption peaks at 270
and 327 nm. These peaks would be generated by the charge transfer of
level 2p of O to level 4f of Ce and by the 4f — 5d electronic transition in
ce®*.

The graph of the transform of the Kubelka—Munk function was
obtained from the DRS measurements (Fig. 8). The coefficient of atomic
absorption (a) was calculated using the diffuse reflectance data and the
Kubelka-Munk equation: F(R) ~ a = (1 — R)?/2R, where R is the per-
centage of light reflected. The incident photon energy (hv) and bandgap
energy (E;) are related through the function of the Kubelka-Munk
transform[92], as mentioned above. In Fig. 8(b)-(d), the gap energy
values, as well as those of the “mid-gap” states, are shown to be in
agreement with those calculated using UV-vis absorption measures
(Table 2): 3.9 eV and 3.4 eV respectively.

3.5. Transmission electron microscopy: morphology and particle size

Fig. 9 shows TEM images of the ceria obtained by the modified
Pechini method, at the different pH values of synthesis. Despite the
samples being subjected to ultrasound during their preparation, the
images show that the particles tend to agglomerate, as is typical of
nanoparticles. Moreover, the increase in the pH value of synthesis
caused a reduction in the particle size, of between 10 and 20 nm, and
they had a spheroidal morphology; it is necessary to emphasize that
there was a greater particle size homogeneity with the cerium oxide
synthesized at pH 2 (Fig. 9(b)), with particles smaller than 10 nm.

3.6. Proposed mechanism for the formation of ceria nanoparticles

By considering the different stages of the process carried out in this
work, in order to synthesize nanoparticles of ceria, the following
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Scheme 1. Mixture of citric acid (CA) and ethylene glycol (EG), and dissolution of the CA in the EG.

mechanism is proposed to explain their formation. Looking at the re-
agents used in the process, the chemistry in the process is quite com-
plex. The process was initiated with the mixture of citric acid (CA) and
ethylene glycol (EG), at a temperature of 70 °C, which would favor the
reactions indicated in Scheme 1, proposed by Kakihana in his work [93]
and related to the dissolution of the CA in the EG:

During this process of dissolution, a large amount of ester products
with similar structures would be formed that would favor formation of
the following diester species [93] Schemes 2 and 3:

If this system is heated at temperatures =100 °C, successive ester-
ification reactions will be promoted to form polyester molecules
through the following reaction [93]:

Since CA has three functional carboxylic groups, branched polyester
molecules can be formed. According to the theoretical calculations
made by Tai and Lessing [94], the critical composition of the CA/EG
mixture, at which gelation begins, is CA/EG = 2/3 (mole ratio) and not
the one used in this work, CA/EG = 1/4, so it is expected that in the
system there would be an excess of EG that would serve to increase the
solubility of the cerium nitrate during the first stage of the process.

On dissolving the Ce(NO3); in the water, prior to its incorporation
into the CA-EG mixture, there must have been a partial dissociation of
the same, a reaction that can be expressed as:

Ce(NO3)3.6H,0 — Ce3* + 3NO; + 6H,0 4

with the possible presence and/or formation, in the solution, of
species such as [Ce(NO3)s]?~, in which the 5 bidentate nitrate groups
define a trigonal bipyramid leading to tenfold coordination of cerium,
and [Ce(NO3)g]1®~, which feature nearly regular icosahedral coordina-
tion of the metal by 12 O atoms, since the NOs;~ is an inorganic
counterpart and is notable for the high coordination numbers that it
yields [95]. Considering the hydrolysis of Ce®*, the possible species
that could be formed in the system would be: CeOH?"

0]

HO—C——COOH

Hzcvﬁ—O—CHQCH2—OH

0
A Al vl
H,C——C—0—CH,CH,—OH

(LogKyy = —8.3), Ce(OH),** (LogKy, < —15.5) and Ce3(OH)s**
(LogKyy = —33.5) [96], given the affinity of Ce®* for the OH™.

On adding the Ce(NO3); — H,O solution to the citric acid — ethylene
glycol mixture, several reactions may occur, including that of the non —
dissociated Ce(NO3); with an excess of ethylene glycol, as indicated in
Scheme 4:

Where a complex of Ce (III) would form and HNO3; would be pro-
duced in the system, similar to what Xin et al. [48] suggested in their
work. In this case the Ce®" ions can only chelate with the terminal
hydroxyl groups. On the other hand, the Ce®" that exists in the new
mixture would be able to form other chelate complexes with a structure
such as indicated in Scheme 5, a molecular structure proposed by
Thompson and Wiseman in their work [97]:

On adding the NH4OH to the solutionformed, to increase the pH of
the system, reactions such as in Scheme 6 would be favored:

Such that for greater amounts of NH4OH added, and therefore
higher pH values of the system, the oxidation reactions of Ce (III) to Ce
(IV) [48] would be favored:

considering the oxygen dissolved in the solution, and the reaction:

Ce’* + H,0 — Ce(OH)* + H* + e~ 5)

with subsequent hydrolysis to Ce(OH)3, as well as hydrolysis reac-
tions that would lead to the formation of complexes, with the water
molecules and OH™, of the type [Ce(OH)x(HZO)y](“—x) where x +y
would be the coordinate number of Ce*™.

With the subsequent addition of water to the system, to make up the
220 mL of solution, the reaction of Scheme 7 would mainly be favored
and reactions such as 6 and 7 should be found [98]:

Ce** + XOH™ + yH,0 — [Ce(OH),(H,0),|¢-+ 6)

[Ce(OH),(H,0),]4=* + H,0 — Ce0,. nH,0 + H;O* )

Scheme 2. Diester species.

H,C—COOH
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Scheme 5. A cerium (III) chelate complex.

Since Ce®** may still exist in the solution, the following reaction
could also occur [49]:

Ce** + 40H™ + xH,0 — Ce(OH),. xH,0 8)

Independent of the working pH, the final mixture obtained on
adding NH4OH and H,0 to the Ce(NO3);—CA — EG system was subjected
to a treatment at 150 °C for 3 h, giving a resin. Finally, during the heat
treatment to which the resin was subjected, at 320 °C, reactions such as
the breakdown of resin would be favored [93] as well as the following
ones Scheme 8:

Ce(OH),. xH,0 — Ce(OH), + xIH,0 (9a)

Ce(OH),; — CeO, + 2H,0 (9b)

Considering the CO, arising during the breakdown of resin, it is
possible to obtain the transient intermediate precursor of cerium Ce
(OH)CO; through the following reactions [75]:

CO, + H,0 — CO5%~ + 2H' (10)

Ce3* + OH™ 4 COs*~ — Ce(OH)COs an
or:

Ce3t + NH;. H,O + COs2~ — Ce(OH)CO; + NH** 12)

such that during the calcination the following decomposition reac-
tions of Ce(OH)CO; would be favored [99]:

synthesis process (treatment of the resin at 320 °C), the system there
would be: CeO,, Ce;03 and a small organic residue as indicated by the
results of IR spectroscopy (Fig. 3) and XRD (Fig. 5).

4. Conclusions

The methods of synthesis of ceria and its processing history may
signicantly impact particle behavior. As such, the reliability and re-
producibility of the production methods need to be ensured to be able
to understand and predict nanoparticle behavior. In the course of this
work, a reproducible and reliable synthesis methodology was devel-
oped for obtaining ceria nanoparticles at low synthesis temperatures.
Considering the different stages of the process, a possible mechanism of
nanoparticle formation was proposed taking account of the cerium
precursor used (Ce(NO3)s3), the solvents used (ethylene glycol, water
and NH4OH), citric acid and the various heat treatments to which the
system was subjected, a mechanism that predicts the production of a
mixture of sesquioxide (Ce,O3) and dioxide (CeO,). The different
techniques used to characterize the synthesized ceria confirmed that
cerium oxide nanoparticles ( < 100 nm) were obtained and that on
increasing the pH of the synthesis, a reduction in particle size resulted
of between 10 and 20 nm, the particles having a spheroidal mor-
phology. Furthermore, two energy values, 3.8 eV and 3.4 eV, were
derived from the results of UV-vis absorption and diffuse reflectance
spectroscopy, which could be attributed to the energy gap value
(3.8 eV) and to a possible “mid-gap” (3.4 eV), where the latter would be
formed by the energy states generated by defects of the ceria, within the
gap, mainly by oxygen vacancies that exist in these nanoparticles and
that could be formed by the CeO, to Ce,O3 reduction reaction.

2C€(OH)CO3 - C€203 + Hzo + 2COZ (13)
— Scheme 6. Effect of NH,OH on a cerium
O3N HO CH2 HO\Hlo CH2 intermediate complex.
“Ce(lll) + 2NHOH —— ﬁ?emn +  2NH4(NOy)
\\\“,c | - -
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——— Scheme 7. Oxidation reactions of Ce (III) to Ce (IV) by the presence of
HO, HO——CH, HO o CH,
_ NH,4OH added.
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