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Abstract

Cerium-oxide based nano-materials attract increasing interest for their use in multiple applications. In particular,
the substitution of Ce atoms by other elements with lower or higher oxidation state is used to control oxygen
vacancies within the oxide structures, which can greatly enhance the material properties for catalysis applications.
Among the synthesis approaches, spray freeze drying method has been proved to be an extremely efficient
method for the preparation of uniform nano-partical for different application. In this method, the pure solution or
mixed solutions were directly sprayed into liquid nitrogen and immediately frozen to form a suspension, then,
the iced droplets were dried in the freeze-dryer to reach the final product. However, in this work we deal with,
the preparation of ultra-fine materials based on CeQO, fluorite structures and the substitution in its lattice with La
and/or Co metal. The effect of Ce/La ratio on the properties of the final product was also investigated. During the
experiment, the advantage of spray-freeze-drying process was successfully achieved. The characterization of the
powder product was analyzed by means of EDX, TGA, XRD, DLS, and TEM which confirm the formation of
nano-particles in the fluorite structure. For Ce:Co and when the Ce: La ratio is 0.2, 0.5, only cubic phase of
Ce0,-MO; solid solution with fluorite structure is observed with hig oxygen storage capacity, while Ce-La,
show the hcp structure of lanthanum.
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1. Introduction

Over the past decades, cerium oxide based materials (pure or substituted) have been intensively studied as they
have been proven to be effective materials in a wide range of applications including catalysis, as three-way
samples to control auto-mobile exhaust, adsorpent, oxygen storage, polishing, optics or biomedicine [1-6]. The
fluorite structure of ceria oxides have face-centered-cubic (FCC) crystal structure in which each tetravalent metal
jon is surrounded by eight equivalent nearest O> ions forming the vertices of a cube. CeO, has excellent redox
properties due to the easy reduction of Ce™ to Ce™ associated to the formation of surface oxygen vacancies in
the crystalline lattice. Oxygen vacancies are also created when a fluorite oxide is doped by divalent or trivalent
impurity ions. Thus, the fluorite oxides have been extensively studied as oxygen ion-conducing materials, due to
their high oxygen vacancy concentration and mobility properties. In the catalysis field, fluorite oxides have been
explored recently as samples for the oxidation of carbon monoxide and methane. Cerium oxide, associated with
other metal oxides, is shown to promote oxygen storage and release, enhance oxygen mobility, form surface/bulk
oxygen vacancies, and improve the redox properties of the materials [7, 8].

During the past few years, attention has been paid to surface reaction of Ce—La material [9, 10]. The
motivation for these works came from the different application of this material as catalysts, adsorpents or in
electronic promotion of the 4f electrons to the 5d conduction band. The doping of La into CeO, could decrease
the particle size, inhibit the sintering and increase the reducibility of CeO, [11]. Bueno-Lopez et al. [12] proved
that La®" inserted into the lattice of fluorite structure to form the solid solution, and the reduction temperature of
CeO, decreased. Belliere et al. [13] revealed that the La enrichment at the surface of cerium—lanthanum solid
solutions was an averaged effect and that the occurrence of segregation in a mixed oxide phase was observed by
using electron energy-loss spectroscopy in combination with scanning transmission electron microscopy. This
segregation did occur within a crystalline particle, where the dopant-rich phase was located at the surface of the
dopant-deficient phase.

However, the generally high calcination temperature of the materials during the preparation leads to
large grain size and reduces the specific surface area [14], so, the potential applications of these materials are
limited. Therefore, in order to increase the specific surface area, the synthesis at a lower temperature would be
required. Many studies have been conducted to increase the specific surface area via the various preparation
methods such as evaporation drying method using citrate precursor [15], firing method using polyacrylate
precursor [16], drip pyrolysis method [17], and spray-freezing/freeze-drying method using nitrate precursor [18].
Most of the applications seek for synthesis processes displaying high reproducibility and advanced control over
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the material characteristics, physicochemical properties and composition.

Among those processes, spray freeze drying method demonstrated their efficiency for the synthesis of
ultra-fine nano particles, the solution is first sprayed frozen, then vacuum dried at a low temperature and low
pressure and finally thermal decomposition the salt in an appropriate atmosphere is carried out to obtain ultra-
fine powder [19]. Several works have used spray freeze drying method in the preparation of different ultra-fine
metal powders [20], super-conducting materials [21], ultra-fine ceramics [22], high-energy batteries [23], and
catalytic materials [24, 25].

This technique has several advantages compared to the conventional method which are prospective for
many applications. It is simple, economic, continuous, and rapid process that is compatible with various
materials to produce high-purity product [26, 27]. Furthermore, this method produces spherical particles with
controllable size that are agglomeration-free and promotes uniform drying to produce a relatively mono-
dispersed size, also the removal of ice in small droplets makes the porous structure which is sound very attractive
for material processing.

However, there are no published reports on the preparation of CeO, and substitution of Ce atoms by
other elements via spray freeze drying techniques for catalysis application. Only a few publications were studied
the preparation of oxide materials using spray freeze drying method [28-30].

Based on the above-mentioned considerations, this study first deal with the continuous synthesis of
pure CeO, by spray freeze drying method and study the physico-chemical characteristics of the synthesized
materials. Then, synthesis of substituted cerium oxide nano-particles are investigated using two different
elements with higher and lower ionic redii (lanthanum and cobalt). Experiments were performed to study the
influences of the precursor type and Ce/La ratio on the properties of the final product. Based on the obtained
results, protocols are proposed to synthesize Co/Ce-La with controlled compositions.

2. Experimental

2.1. Material preparation

Figure (1) shows a schematic illustration of the main procedures for spray freezing method, which mainly
involves three steps: freeze granulation, vacuum drying and heat treatment.

2.1.1. Preparation of ultra-fine Ce,O; powder

The raw material cerium nitrate (Ce(NOj;),.6H,0, 99% Fluka) was dissolved in deionized water to get 0.05M
solution. Then the aqueous solution was fed into the injector by the dosing pump (solution rate 50ml/h) air
carrier was used (flow rate of 50ml/min) to sprayed the solution into the three neck flask containing about
1500ml of liquid nitrogen, resulting in frozen droplets. The frozen droplets were put into the chamber of the
freeze-dryer (Tray- Dryer MNL-031-A). The freeze-drying program was set based on the lowest melting point of
the solution. So, the frozen droplets were dried at —15°C, 3x10—1 Torr for 45h, and then at —=5°C, 1.5x10—1 Torr
for 20h. After freeze-drying, the Ce,O; powders were synthesized by calcined the freeze-dried precursor
powders at 6000C for 6h in the presence of purified air.

Water trap

Figure (1): spray freeze drying method

2.1.2. Preparation of Co,0; doping Ce,O; support

Cerium nitrate (Ce(NO3),.sH,0, 99% Fluka) and Cobalt nitrate (La(NO;);.6H,0, 99% Cambrian chemicals) are
used. 0.05M ceria/ cobalt solution (Ce/Co= 4) is prepared. The solution is dispersed in liquid nitrogen, and then
the frozen droplets were placed in a freeze-dryer for the same above conditions. The samples were calcined at
600°C for 6h.

2.1.3. Preparation of La,O3 doping Ce,O; support

Using Cerium nitrate (Ce(NO3)2.6H20, 99% Fluka) and Lanthnium nitrate (La(NO3)3.6H20, 99% Cambrian
chemicals) as the raw materials. 0.05 M ceria solution with different lanthanam concentrations (Ce:La= 1:0.2,
1:0.5, 1:1, 1:1.5 and 1:2) are prepared. The solutions were dispersed in liquid nitrogen, and then the frozen
droplets were placed in a freeze-dryer for the same above condition. The samples were calciened at 600°C for 6h.
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2.1.4. Preparation of Co/Ce-La material

A 250ml cobalt nitrate solution was prepared by dissolving Co(NO3),.6H,0 (99% Fluka) in deionized water to
get 0.05M concentration. Appropriate amount of the previously prepared CeO,-La,0; oxide powder was added
to the cobalt nitrate solution to get different Co loading (5 & 10wt% of Co), and left for 48h under vigorous
stirring. Then the suspensions were sprayed into liquid nitrogen to form frozen droplets. The frozen droplets
were put into the chamber of the freeze-dryer. The obtained powders were calcined at 600°C for 6h.

2.2. samples characterization

2.2.1. Thermal gravimetric analysis (TGA)

Was carried out using SETARAM Labsys TG-DSC16 equipment in the temperature range of room temperature
up to 1000°C under a nitrogen flow, in order to follow the thermal stability of the prepared samples.

2.2.2. X-ray Diffraction Analysis (XRD)

Was carried out by Shimadzu XD-1 diffractometer using Cu-target& Ni-filtered radiation, to trace the various
changes in the crystalline structure and the different phases accompanied preparation method. Sample powders
were packed in glass holder, during the measurement of the diffraction intensity with step scanning in 26 range
between 4 and 90°. The phase identification was made by comparing to the Joint Committee on Powder
Diffraction Standards (JCPDS). The crystalline size, Dxgp was calculated according to the Scherer equation:
Dxrp = 0.90/B cos©, where A is the wavelength of the radiation, and © is the diffraction angle. B is the corrected
half-width of the diffraction peak. The reflection from the (1 1 1) plane was used to calculate the crystallite size.
The geometrical specific surface area (Sxrp) Was also determined, assuming spherical particles, according to
Sxrp = 6><103/pDXRD, where p(g cm73) is the theoretical density. Scherrer analysis was performed to determine
the average crystalline domain size, which was calculated by the Scherrer formula (D = 0.89A B cos 0) with the
FWHM and a peak position (20) of several peaks, where D is the crystallite size, A is the wavelength of the
radiation, B is the corrected peak width at half-maximum intensity, and 0 is the peak position. The average value
is given as the mean crystallite size.

2.2.3. Temperature programmed reduction (TPR) measurements

Were carried out to investigate the redox properties (the ease of reducibility of the metal oxide) over the resultant
materials. The experiments were performed in automatic equipment (ChemBET 3000, Quantachrome). Typically,
100 mg of the pre-calcined sample was loaded into a quartz reactor and pretreated by heating under an inert
atmosphere (20 ml min™' N5) at 200°C for 3h prior to running the TPR experiment, and was then cooled to room
temperature in N,. Then the sample was submitted to a constant rate of heat treatment (10°C min™ up to 1000°C)
in a gas flow (80 ml min™) of the hydrogen/nitrogen (5/95 Vol%) mixture as a reducing gas. A thermal
conductivity detector (TCD) was employed to monitor the amount of hydrogen consumption.

2.2.4. High resolution transmission electron microscopy (HRTEM) spectroscopy

Was conducted using a JEOL 2100F TEM at an accelerating voltage of 200 KV. To prepare the TEM samples, a
dilute particle—ethanol colloidal mixture was ultra sonicated for 30 min and a drop of the solution was placed on
a carbon coated Cu TEM grid.

2.2.5. The textural properties

Were determined from the N, adsorption-desorption isotherms measured at liquid nitrogen temperature (-196°C)
using NOVA2000 gas sorption analyzer (Quanta Chrome Corporation) system. All samples were degassed at
200°C for 17h in nitrogen atmosphere prior to adsorption to ensure a dry clean surface. The adsorption isotherm
was constructed as the volume adsorbed (Vem® g'l) versus the equilibrium relative pressure P/Po, where P is the
equilibrium pressure and Po is the saturated vapor pressure of nitrogen. The BET surface area (Sggr) was
calculated using the five-point Brunauer—Emmit-Teller (BET) theory. Mean particle size (Dggr) Was calculated
from the BET data according to DBET = 6/(pSggr).
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3. Result and discussion
3.1. Energy dispersive X-ray spectroscopy (EDX)

Figure (2): EDX pattern of the prepared Ce-La samples

Energy dispersive X-ray spectroscopy pattern (Fig. 2) of the three Ce-Lay powders was take place to
improve the material composition. It is worth to note that, EDX shows elemental analysis of one surface point
only, so, the average results of five points were tested and shown in Table 1. EDX elemental mapping (Fig. 2)
showed the presence of the cerium, lanthanum and oxygen in all the catalysts, there are peaks at about 1.1, 4.8
keV corresponded to Ce and others around 0.8 and 4.6 keV corresponded to La. As stated before, Ce-La, oxides
were prepared by spray freeze drying method with different Ce:La molar ratio (where, x= 0, 0.2, 0.5 and 1).
From Table 1 it can be found that, a mean atomic ratio was obtained in excellent agreement with the nominal
composition used in the synthesis step.

Table (1): Ce:La atomic ratio

Atomic%
Element CeOzLaoleu C602L30,501,5 CeOzLaOM
La 6.32 12.8 19.64
Ce 33.68 27.2 20.36
O 60 60 60
Ce: La atomic ratio 0.188 0.471 0.965

3.2. Thermal gravimetric analysis (TGA)
Thermal gravimetric analysis (TGA) of dried samples was take place in order to choose the correct calcination
temperature. The DTA and TGA profiles of prepared CeO,-CoO, and Ce-La, (x=0, 0.2, 0.5 and 1) samples from
room temperature to 1000°C are illustrated in Fig. 3.

On the TGA curve, the trends of weight change according to the metal incorporated to CeO, lattice.
Ce-La, solid solution shows many steps in weight loss compared with CeO,-CoO,. for the later one (CeO,-Co0,)
sample there was a slight decrease (~6wt%) at 60°C due to adsorbed water on powder, and then a large weight
loss (~25wt%) was observed to start at 240°C due to the crystalline water. The total weight loss was 32%.
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Figure (3): TGA profiles of the prepared samples

While for Ce-La, samples, from the TGA-DTA analysis shown in Fig. 3, its decomposition was
complete at 500°C, so all this samples were calcined at this temperature to reach the stable oxide form. TGA data
shows a slight decrease at 100°C due to adsorbed water on powder, and then a large weight loss was observed
about 250°C, then smaller decreasing step at 350°C. The total weight losses were 25.27%, 32.08% and 43.77%
for Ce-Lag,, Ce-Lags and Ce-La,; respectively. The weight loss and the corresponding endothermic reactions
suggested the decomposition reactions of the compound or mixture. And the small exothermic peak detected at
300-C may be due to a crystallization phenomenon and formation of Ce-La solid solution [31]. This can be
confirmed by XRD data which indicate the absence of individual oxides, such as La,O3; or CeO,, this is in
agreement with the presence of the solid solution between La,0; and CeO,.

100 05
95 .-
’ A
Pid \
90 4 R 1
1
)
85 - ! —
| L s S
N ] ! e
2 % i z
.%“ i §
z 75 i o
] -2 ©
70} 1 =
b
65 {1 !
{ H - -2.5
[
60 1 \
\J
55 3

0

200

400

600

800

1000

temperature, oC
Fig. 4: TGA and DTA profiles of the Ce-Lay sample
We can note that in case in Ce-La, sample (Fig. 4), there is an endothermic peak was observed at about
430°C, which can be attributed to the formation of LaOOH from free La(OH); present which can’t form solid
solution with Ce atoms due to high La concentration [32]. This also confirmed by XRD data.

3.3. X-ray diffraction
X-ray diffraction was used to determine the nature of the phases present in the CeO,, CeO,-Co0,, Ce-La, (Ce:La

atomic ratio 1:0.2, 1:0.5 and 1:1) and Co,/Ce-Lay, (y = 4 and 10) samples (Fig. 5- 7). An interesting observation
noted from XRD measurements, peaks are detected corresponding to the typical face centered cubic (fcc) fluorite
structure of CeO, (JCPDS 00-002-1306) [33-34], however, a detailed analysis of these peaks reveals shift to
higher or lower angle side depending on the ionic radius of the dopant cations and also on the Ce:La ratio.

In case of Ce0,-Co0O, sample (Fig. 5), diffraction peaks are slightly shifted to higher angle side (from
28.507° to 28.5911 for (111) plane), also, the lattice parameters shift to lower value (Table 1). These results
indicate that a solid solution of Ce0,-CoO, was formed by introducing smaller ionic radius of Co*" (0.54A°) into
the lattice of ceria Ce*" (0.97 A°). The diffractogram clearly exhibit crystalline features of Co;0y spinel phase

(JCPDS 00-043-1003).
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Fig. 5: XRD pattern of fresh CeO, and CeO,Co00, samples
(ss: solid solution)

On the other hand, XRD pattern of Ce-La, samples (x=0, 0.2, 0.5 and 1) is represented in Fig. 6. It was
found that, as the La content increase, the (111) plane for CeO, fluorite structure shift to lower angles (28.5070
in CeO, shifted into 28.31, 28.09 and 27.4° for Ce-Laj,, Ce-Lays and Ce-La; respectively) which is also
reflected by an increase in the lattice parameter “a”, as reported in Table 1. This shift can be explained as the
lattice expansion of CeO, and formation of ceria lanthanum solid solutions [35]. The lattice expansion can be
attributed to a combination of the effects of increasing number of oxygen vacancies due to La doping, and the
larger radius of La** (1.10 A°) versus Ce*" (0.97 A°) which would be consistent with other reports [36]. There
are no second phases or additional reflections were found indicating the formation of a single phase (solid
solution), except in case of Ce-La, sample, in which other lines due to hexagonal close-packed (hcp) structure of
La,05 (JCPDS 00-002-0688) were observed.

Interestedly, when we calculated the lattice parameter (a parameter) of the (101) peak (represents
La,O5 phase) appeared in Ce-La; sample, it was found to be 0.420nm which is larger than that of pure La,0O;
phase. This may be refer to the incorporation of Ce*" (0.97) cation into the La’* (1.10 A°) cation to form La-
CeO; solid solution in hexagonal phase structure (larger particle size). Theoretical investigations on mixed Ce;.
«La,0,.x» oxides, reported by Wilkes et al. [37] have highlighted the partial solubility of CeO, and lanthanum
oxide. The authors have observed that, at low ionic fraction of lanthanum (X, ranging between 0<x<0.5),
lanthanum dissolved in ceria with lanthanum segregation on its surface occurs; while, at high lanthanum content
(x>0.9) cerium dissolved in lanthanum with ceria segregation can be predicted [38].
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Fig. 6: XRD pattern of CeLa, samples
XRD patterns of the Co,/Ce-Lag, (x=5, 10%) samples impregnated with different Co loadings (Fig. 7),
showed peaks corresponding to the cubic fluorite structure of the Ce—Lag, solid solution. No separate CoO
phases were found by XRD for Cos/Ce—Lay,, this indicates that the CoO species are finely dispersed on the
support beyond the XRD detection limit (< 3 nm). The peak position of Ce-La,, was invariant with the Co
content, and the peak width changed only marginally. At higher Co loading (10%), the diffractogram clearly
exhibit crystalline features of Co3;0, spinel phase (JCPDS 00-043-1003).
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Fig. 7: XRD pattern of Co,/CeLa,, samples
In general, the XRD peaks for all samples are quite broad indicated that, the samples prepared by spray

freezing method are in nano-size range [39]. The average crystallite size determined by applying the Scherrer
equation to the characteristic (111) peak of CeO, from the XRD results after structure refinement are listed in
Table 2. In comparison to the pure ceria, which had a crystalline size of 11 nm, CeO,-CoO, solid solution
exhibited much smaller crystallite sizes. While, Ce-La had larger crystallite sizes which increase by increase of
La content. interestingly, the impregnation of Co by spray freeze drying method lead to slightly increase in
crystal size.

Table (2): XRD data of the prepared samples

SXRD DBET d/DXRD

Phase Dxgrp, nNm  a, nm m’ /em am
Ce0, 11.4 0542 367 47 0.42
Ce0,Co0, (111) flourite 8.6 0.540 546 60 0.7
CeO,La,,0, 5 17.1 0543 211 49 0.29
CeO,La,50, < 18.7 0545 162 41 022
(111) flourite 193 0.554

Ce0,La0,s (101) hexagonal La,O, 413 0420 13027 135
Co/Ce-La,, (111) flourite 17.6 0543 201 50 031
Co;¢/Ce-Lay, (111) fluorite + Co30, spinel phase 18.32 0.543 193 53 0.32

When using the Scherer equation, we assume that the particle size effects are only peak broadening;
however, if the particles are non-uniform, the particle size will be under estimated. The mean particle size (Dggr)
can be obtained from the BET data assuming that the particles are spherical. The calculated Dggr values are
always bigger than those of the Dygp. This deviation can be explained by a potential presence of small
agglomerates and grain boundary interfaces in Ce—cation powders, which are not available to N, gas during the
BET analysis. Moreover, XRD can detect the sub grains within particles [40]. It is well known that, the ratio
d/Dxrp is an estimative to the degree of agglomeration of the primary crystallites [41], where “d” is the particle
size calculated as d = 6/(pA) (p is the theoretical density). From Table (1), it was shown that, Co cation slightly
increase the particle agglomeration, while, La cation decrease the agglomeration (d/Dxgrp) except high La content
(Ce-La,), lead to great particle agglomeration [42]. On the other hand, Co/Ce-La0.2 show slightly increase in a
agglomeration dgree.

3.3. Raman characterization of mixed oxides

Fig. (8, 9) shows Raman spectra of pure CeO,, CeO,-CoO, and Ce-Lay samples with different La ratio. For pure
Ce0,, the single sharp band around 461cm™, ascribed to the Raman F,, mode of CeO,, as asymmetric breathing
mode of the oxygen atoms surrounding each cation, is aband of fluorite structural material [34]. Since only
oxygen atoms move, the mode frequency should be nearly independent of the cation mass [44].
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Fig. 8: Raman spectra of pure CeO, sample

For Ce-Lay samples with low content of La (0.2, 0.5), a strong band around 458cm ' and 452cm !
respectively is observed, ascribed to the Raman F,, mode of CeO, [34]. Moreover, the addition of La into CeO,,
the band shifts to low wave numbers, and its intensity becomes weaker, because the atomic mass of La is larger
than that of Ce and the insertion of La ions can decrease the vibration frequency of metal anion bond [45].
Additionally, there appear for four bands,one at 110cm ™', the other two at 590-740cm ™', and the fourth one at
1100cm'. Mc Brideetal.[46] reported that, band at 590—740cm ', is linked with the oxygen vacancies in the
CeO, lattice. The reason for the formation of the band at 590cm ' is that when two Ce*" ions are substituted by
two La*" ions, one oxygen vacancy is introduced into the fluorite lattice in order to maintain the electrical
neutrality, so as to cause the broad peak on the high frequency side of the F,, band. Thus the band can be linked
with lattice defects which result in the creation of oxygen vacancies. It is noted that the changing trend of the
intensity for the band at 110cm ™' can be correlated with that of the band at 590cm ™', indicating that the band at
110cm ™' may be due to the other asymmetric vibration caused by the formation of oxygen vacancies [47]. finally,
the band at 1077cm ™" can be attributed to La,0,CO; [48]. With the increase of La ratio higher than 0.5, Fig 5b,
the concentration of oxygen vacancies decrease, and the action of cations on oxygen vacancies becomes strong,
so, the intensity of band at 590-740cm ™' decrease. And also the intensity of F 2 mode of CeO, decrease, which
may be attributed the formation of La(OH); phase as ascribied by XRD data.

A \
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SN i M
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Fig. 9: Raman spectra of the prepared samples
This behavior of Ce-Lay different from that in case of doping ceria with Co cations (Fig. 9), in which
the oxygen vacancies are orderly arranged in the solid solutions and the proportion of Ce and Co can be well
situated. F,, band shifts to high wave numbers 470 cm'l, and its intensity becomes weaker, because the atomic
mass of Co is smaller than that of Ce [49].

3.4. Temperature programmed reduction (TPR)

Temperature programmed reduction of the prepared samples shows reduction profile with the occurrence of two
peaks, the small and intense peak located at higher temperature (600°C) due to bulk reduction of CeO,. The H,
uptake at this temperature was decreased by increasing amount of lanthanum, due to the quantities of ceria and
hence its oxygen vacancies become increasingly fewer. The second is a high intense peak located at lower
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temperature (512°C) due to surface reduction. The doping of ceria with lower valence La’" leads to the
introduction of oxygen vacancies that can be expressed by Kroger—Vink notation as:

La,0; X903 2La'c.+30F +V,"

Where La/Ce represents the Ce*" site occupied by La®". As reported by Zhang et al. [50], the increase
addition of La203 into CeO2 system would lead to the formation of more oxygen vacancies due to the charge
compensation in the material, the vacancies (VOe<¢) with positive charge may attract the doping ions (La/Ce)
with negative charge to produce complexes (2 La'Ce V'0'2 La'CeV’O La') due to electrostatic attractions. In
accordance, as the La concentration increases the peak at 5120C shift to higher temperature due to increase
interaction between Ce and La, this because, at low concentration the VOee are probably free and easily
reducible while at a high level of doping, the defects association near the dopants begin to form [51].

>
£
] CelLa,
20
wv
Cela, 5
CelLa,,
o 200 400 600 800 1000

Temperature, oC
Fig. 10: H, consumption profiles during TPR of CeO,La;0, 5 samples

Moreover, Fig. 10, shows that the lower temperature peak (512°C) is accompanied by a shoulder at
about 450°C that can ascribe to the surface oxygen adsorbed on the Ce*" vacancies produced due to the
replacement of Ce*" by smaller valence La®". Further increase in dopant addition causes an increase in the
intensity of this shoulder (that becomes a peak at 500°C with shoulder at 530°C in case of Ce-Lal). The presence
of this new peak at lower temperature (500°C) can confirm a higher Ce*" replacement by La’* ions that promote
the diffusion of O*" anion within the lattice, facilitating the bulk and surface reduction at lower temperature [52].
It is well known from XRD analysis, the expansion of CeO, lattice due to La’" doping lead to lattice strain and
the formation of free volume can facilitate the equilibrium of oxygen atom between the surface and bulk
promoting the surface-bulk oxygen transport. This phenomenon is responsible for the observed reduction
behavior [53].

3.4. Texture properties (BET surface area):
Specific surface area, pore volume and average pore diameter play an important role espcially in the
performance of the materiales as catalyst, adsorpent and supports. The supports must have the properties of
larger specific surface area, pore volume and suitable pore diameter. Significant information about the textural
properties of the prepared mixed oxides and its metal loading samples were obtained by the analyses of nitrogen
adsorption—desorption isotherms (Fig. 11) and collected in Table 3.

Table (3): Textural properties for the prepared samples

Surface SxrD Pore Pore Micro pore Micro External
Aream’g m’/gm  Volume Radius A volume cc/g porearea  Surface Area

cc/g m’/g m’/g

CeO, 87.8 367 0.086 2391 0.025 52.59 35.2
Ce0,C00, 90.2 546 0.092 10.38 0.016 34.37 433
Ce-La,, 74.7 211 0.084 18.45 0.017 36.93 36.7
Ce-Lags 72.3 162 0.062 18.50 0.019 38.27 36.0
Ce-La, 9.6 130 0.030 11.38 0.000 0.00 9.6

Coy/Ce-Lag, 71.5 201 0.063 14.32 0.013 28.66 35.13

Co;¢/Ce-Lay, 68.3 193 0.055 12.85 0.011 25.72 33.56

Fig (11) shows that, all samples (except Ce-LaO, sample) show type II isotherm according to
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Brunauer's classification, indicating the adsorption to proceed by unrestricted monolayer-multilayer adsorption
on micropore. The inflection point or knee of the isotherm indicates the stage at which monolayer coverage is
complete followed by multilayer adsorption. The first part of the isotherm is very pronounced consequently
materials present microporosity as confirmed by the t-plot analysis (Fig. 12). The intercept of the t-plot is almost
zero for each sample and the surface area due to micropores are comparable to that of the BET surface area
which may be indicate that the surface area of all samples are due to micropore. Though the isotherms are type II
yet they exhibit closed hysteresis loops with varying closure pressures depending on the incorporated cation and
the Ce:La ratio. The occurrence of a hysteresis loop in type II isotherms has been observed with samples having
parallel plate pores. On the other hand, Ce-La; sample isotherm (Fig. 11) is type II without hysteresis loop (i.e.
desorption points lie on the same adsorption isotherm) this may indicate either nonporous structure or the
mesoporosity of entire texture. This also confirmed by v-t plot (Fig.12) and data in Table (3). BJH pore size
distribution curve (Fig. 12) shows that, the incorporation of another cation into the CeO, lattice induces changes
in the pore size distribution with a shift to lower pore diameter.

S0 ov

CeO,La,, O, 5

&
<
&
=
L

20 -

Volume @STP (cc/g)
g
Volume @STP (cc/g)
w
=]

N
<

10

0.0 0.2 04 0.6 0.8 1.0
50 - 50 1
CeO,La0, 5
CeO,La;; O, 5
S o 40
3 N
o & 30
= 12
wn
® ®
D
@ £ 20
g E
—_— =l
IS >
10
10 . ; . . s 0 T T T T )
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure P/Po Relative Pressure P/Po
R Ce0, Co0,
i
1>
<
a 40 4
H
wn
®
g 30 -
=
S
>
20
10 : : : . .
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure P/Po
Fig. 11 : N, adsorption desorption isotherm of the prepared samples
From data illustrated in Table (3), CeO,CoO, sample showed higher specific surface area than CeO,.
This means that, incorporation of Co*" into the ceria lattice significantly enhanced the surface area of the mixed
oxide. Judging from our experimental findings, it is likely that the increase of pore volume is related to the
incorporation of CoO, ion into the lattice of cubic fluorite structure of CeO, makes the lattice more defective,
which eventually enhances the mobility of oxygen in the bulk of the CeO,Co0, mixed oxides [54]. On the other
hand, the incorporation of trivalent cation (La’") decrease the specific surface area, which can be confirmed by
increase of the crystallite size as shown from XRD data, these results are nearly similar to those recently reported
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[55]. The addition of Co over Ce- La, using spray freezing method slighity affected texture properties and
specific surface area.

The geometrical surface areas (Sxrp) of the prepared oxides calculated from XRD data are much
higher than that obtained from BET analysis (Table 3). This variation can be related to the fact that Sxgrp is
calculated basing on the diffraction peaks of crystallites with the initial Ce-MxOy solid solution composition,
whereas Sggr corresponding to all particles in the sample [40]. What is more, solid solution may contain small
agglomerates and grain boundary interfaces which are not available to N, gas during the BET analysis. We also
believe that some internal porosity associated with the grain boundary regions have an influence on the obtained
results.
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Fig (12): pore size distribution of the prepared samples

3.5. Dynamic light scattering (DLS):

Fig. 13 shows the particle size distribution measured for CeO,, CeO,Co00, and CeO,-La,0O, 5 (with different
Ce:La ratio). The results obtained indicate that the particle sizes of all samples were in nano-scale (in the range
of 18-50nm), and the distribution of the powders was well-proportioned, except in case of CeO,La0, 5 with 1:1
atomic ratio.

eLa
CelLa 5
X
by
g CeLa,,
=
4 [
=
S
=
Ce-Co
Ce
0 20 40 60 80 100 120

Size , nm

Fig. 13: particle size distribution of the prepared samples

In the process of spray freezing [56], the droplets were sprayed into liquid nitrogen (—196°C). Due to
the rapid cooling rate, the chances of nucleation were greatly improved, but the growth rate decreased, resulting
in the solute precipitating in the form of ultrafine grained salts. During the rise of temperature (the process when
the frozen droplets were taken out of the liquid nitrogen before the first step of freeze drying), the crystal
transformation of ice (ice sublimation) resulted in some aggregation of ultrafine grained salts. When the ice
sublimated, the ultrafine grain salts turned into precursors, this confirms the broad particle size distribution of all
samples.

The incorporation of cobalt onto CeO, lattice keep the distribution and particle size as it is. While La
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incorporation lead to increase in particle size distribution due to the high atomic radius of La®* than that of Co**
as indicated by XRD data. Also noticeable,, high concentration of La in CeO,La0 5 allows some disaggregation
of the material showing a non-uniform particle size distribution pattern. This data also confirmed by XRD data.

3.6. Transmission electron microscope (TEM)

HR-TEM images gave us visual impressions of the morphology of the samples. So, TEM investigations, were
carried out on freshly prepared samples and reported in Fig. 14, 15, 16. Analysis of these figures showed that,
The TEM images of the cerium oxide nanoparticles (Fig. 14), indicate that dense nanoparticles, the overall
particle shape was non-spherical and appeared slightly aggregated. The nonspherical shape of particles for the
coarse mode may be due to the fact that particles that consist of a single crystal or a large number of crystals will
tend to be spheroidal [51].

3

N
S

Mean number, %
3

12 22 39
partical size, nm

CCOZLaoAsolj

Mean number, %

()
25 46 82 148 266 478

Fig. 14: TEM image of the prepared samples
The incorporation of Co*" in the CeO, leads to decrease the particle size and agglomeration degree to
some extent. While the incorporation of La®* (Ce: La atomic ratio = 1:0.2 and 1:0.5) lead to formation of a
spherical shape particles with increase in particle size and decrease in degree of agglomeration as clearly shown
from Fig. (14). On the other hand, Ce-La, exhibit very large particle size with high degree of agglomeration (Fig.
15a). And more magnified images of this sample (Fig. 15b), shows another phase was present due to hexagonal
close-packed (hep) structure of La,Os, which accorded well with the XRD and DLS data.

123



Chemistry and Materials Research www.iiste.org
ISSN 2224- 3224 (Print) ISSN 2225- 0956 (Online) J!L.irl
Vol.6 No.12, 2014 “s E

: C802L301.5 |
(a)

Fig (15): TEM image of the Ce-La, samples
HRTEM images of Co,/Ce-La,, samples (Fig. 16) confirm the successes of spray freezing method in
loading the Co over Ce-La,, with no effect on the partical siz distribution or agglomeration degree as confirmed
by XRD data.

Cos/Ce-La

—6—Ce02-Co02

&= C010/Ce-La

—&—Co5/Ce-La

mean number, %

size, nm

Flg (16): , T EM image and DLS pattern of the Co/Ce-La,, sample

Conclusion

To the best of our knowledge, these experiments are the firstreporting the synthesis of CeO, substituted with
lanthanum (Ce-La,) and cobalet (CeO,-Co00,) using a spray freez drying process. From the characterization data
of all samples, the advantage of spray-freeze-drying process was successfully achieved. The samples were
prepared in uniform and ultra-fine partical size distribution. Aditionally, Co Os e frist time to use this process as
an impregnation method to loading Co over Ce-La solid solution without marked effect on the structure and
texture properties of the support.
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