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Abstract  

The glycothermal (GT) reaction of Ce acetate and Zr alkoxide directly yielded 

CeO2–ZrO2 solid solutions in a region of low Ce content ≤40 mol%. Of the CeO2–ZrO2 

solid solutions obtained by the GT method and subsequent calcination at 500 or 800 ºC, 

the sample with 20 mol% Ce content had the largest BET surface area. This sample 

exhibited the highest Ce-based oxygen release capacity in the whole Ce/Zr composition range. 

The oxygen release capacities of CeO2–ZrO2 solid solutions synthesized by the GT method were 

much larger than those of the samples prepared by a coprecipitation (CP) method. The Rietvelt 

analysis and the repetitive reduction–oxidation experiment indicated that the CeO2–ZrO2 solid 

solution synthesized by the GT method has a homogeneous structure as compared with that 

prepared by the CP method. 
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1. Introduction 

 

 The CeO2–ZrO2 solid solution is an important oxygen-storage component for the use in 

automobile catalysts [1–4]. It has been reported that the oxygen storage capacity (OSC) is 

generated by interconversion between Ce4+ and Ce3+ under oxidative and reductive conditions [5, 

6]. The OSC of the CeO2–ZrO2 solid solution depends largely on the method of preparation; 

many physical properties such as crystallinity, crystallite and particle sizes, and homogeneity 

change depending upon its preparation methods and, thus, influence the OSC [7], and many 

methods such as solid-state reaction [8], high-energy milling [9], coprecipitation method [10,11], 

sol-gel method [12,13], citrate complex method [14], polymerized complex method [15], 

combustion synthesis [16,17], and hydrothermal method [18,19] have been reported. 

We have been exploring the method for synthesizing inorganic materials in organic media at 

elevated temperatures. Various mixed oxides are directly crystallized when two suitable starting 

materials in the forms of alkoxide, acetylacetonate, acetate, etc. are allowed to react in glycol at 

200–300 ºC (glycothermal reaction) [20–23]. In most cases, the use of 1,4-butanediol (1,4-BG) 

is essential for the formation of well-crystallized homogeneous products. In a previous paper, 

the reaction of mixtures of zirconium alkoxide and Ce acetate in 1,4-BG at 300 ºC was reported 

to afford nano-crystalline tetragonal CeO2–ZrO2 solid solutions [24]. However, the properties of 

these solid solutions were investigated only for a limited Ce/Zr composition range. 

Various synthetic methods closely related to the glycothermal one have been reported: 

Rumruangwong and Wongkasemjit [25] synthesized CeO2–ZrO2 solid solutions by hydrolysis 

of mixtures of cerium glycolate and sodium tris(glycozirconate) and subsequent calcination. In 

the glycothermal reaction, glycolates are possibly formed as intermediates; however, they are 

not hydrolyzed but thermally decomposed. Suda et al. [26] synthesized CeO2–ZrO2 solid 

solutions by calcination of the gel obtained by treatment of cerium and zirconium nitrates in 

ethylene glycol at 150 °C and reported the thus-obtained materials had high OSC values. Zhang 

et al. [27] reported the formation of nanocrystalline CeO2–ZrO2 solid solutions by thermal 
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decomposition of cerium and zirconium acetylacetonates in oleylamine; however, the 

reducibility of their materials was not reported. Hydrothermal treatment of coprecipitated gels 

was reported to increase the thermal stability of the CeO2–ZrO2 solid solutions [28,29]  

In this work, CeO2–ZrO2 solid solutions were prepared by the glycothermal method with a 

wide composition range, and their OSC and physical properties were investigated in comparison 

with the CeO2–ZrO2 solid solutions obtained by a conventional co-precipitation method.  

 

2. Experimental 

 

2.1 Preparation of CeO2–ZrO2 solid solutions 

Glycothermal method (GT): Cerium acetate monohydrate and zirconium tetra-n-propoxide 

(Ce + Zr = 30 or 50 mmol) were suspended in 140 ml of 1,4-BG in a test tube; the tube was then 

placed in a 300-ml autoclave. An additional 40 ml of 1,4-BG was placed in the gap between the 

autoclave wall and the test tube. The autoclave was purged with nitrogen, heated to 300 ºC at a 

rate of 2.3 ºC/min, and maintained at that temperature for 2 h. After the assembly was cooled to 

room temperature, the resultant product was collected by centrifugation. The product was 

washed with methanol by vigorous mixing and centrifuging, and then air-dried.  

Co-precipitation method (CP): Cerium nitrate and zirconium oxynitrate (Ce + Zr = 20 mmol) 

were dissolved in 300 ml of deionized water. A hydroxide gel was precipitated from the solution 

at pH above 12 by adding 3 N NaOH. After the gel was stirred at room temperature for 1 h, it 

was filtered and washed with deionized water until the pH of the filtrate became <8, followed 

by drying at 90 ºC overnight.  

Both GT and CP samples were calcined at prescribed temperatures for 30 min unless 

otherwise specified. These samples are abbreviated as GT(x) or CP(x), where x stands for 

nominal molar content of ceria. If required, calcination temperature in degree Ceracius is given 

after the abbreviation. For example, GT(20)-800 means the GT sample with 20 mole% Ce 

content calcined at 800 ºC.  
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2.2 Characterization 

The X-ray powder diffraction patterns (Shimadzu XD-D1 diffractometer) were recorded 

using CuKα radiation. The crystallite sizes of the CeO2–ZrO2 solid solutions were calculated 

from the half-height width of the 111 diffraction peak at ~30º according to Scherrer’s equation. 

For Rietveld analysis, the XRD pattern was recorded on another diffractometer, Rigaku 

Rint 2500, and analyzed by a RIETAN-2000 program [30]. The TCH pseudo-Voigt 

profile function was used and parameters were optimized in the following order: the 

unit cell parameter, the fractional coordinate of oxygen, and then the partial 

substitution of Zr ions in the 2a sites with Ce ions. Specific surface areas were calculated 

by the BET single-point method on the basis of N2 uptake measured at 77 K by the use of a 

sorptionmeter (Micromeritics Flowsorb II 2300). Morphologies of the solid solutions were 

observed using a Hitachi H-800 transmission electron microscope operated at 200 kV. 

Temperature-programmed reduction (TPR) was carried out with a flow-type reactor. Hydrogen 

(2 vol % in Ar; 30 ml/min) was passed through the reactor charged with a sample (0.05 g) under 

atmospheric pressure. The reactor was heated with an electric furnace with a heating rate of 5 

ºC/min up to 950 ºC, and the amount of H2 consumed was monitored with a TC detector of a 

Shimadzu 4CPT gas chromatograph. In the repetitive reduction–oxidation experiment, the 

reduced catalyst after the first TPR run was re-oxidized with O2 (20 vol % in He) at 500 ºC for 1 

h and the second TPR run was performed after cooling to the room temperature. Atomic 

composition of the sample was determined by ICP atomic emission spectroscopy (AES; 

Shimadzu ICPS-1000IV) after the sample was dissolved in a hot mixture of H2SO4 and H2O2. 

 

3. Results and discussion 

The XRD patterns of the as-synthesized GT products are shown in Fig. 1. Tetragonal zirconia 

was formed for GT(0). With the increase in the Ce content, the diffraction peaks due to 

tetragonal zirconia shifted towards the lower angle side and were broadened. These results 
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indicate that CeO2–ZrO2 solid solutions were directly formed by the GT reaction and that their 

crystallinity decreased with the increase in the Ce content. For GT(100) and GT(90), the 

diffraction peaks were assigned to Ce(OAc)(OH)2 [31], although GT(90) exhibited peaks due to 

unknown phase(s). The samples with Ce contents of 50–80 mol% exhibited low intensity peaks 

due to the Ce(OAc)(OH)2 and unknown phases, suggesting that these samples were essentially 

amorphous.  

Figure 2 shows the representative data for thermal analysis of the GT products. A significant 

weight loss was observed at 200–300 ºC associated with an exothermic peak in DTA. The 

weight loss of GT(20) was much smaller than that of GT(80) and is due to the combustion of 

surface organic groups. It was reported that 4-hydroxybutyl groups are bound to the surface 

oxygen atoms of the GT products [20]. The large weight loss together with an intense 

exothermic peak observed for GT(80) suggests that a large amount of organic moieties are 

present in the framework of the product. Note that the theoretical weight loss due to the 

formation of CeO2 from Ce(OAc)(OH)2 is 26.2%.  

Figure 3 shows the XRD patterns of the calcined GT and CP products. The GT samples 

calcined at 500 ºC showed symmetrical diffraction peaks, and with the increase in the Ce 

content, the peak positions shifted toward the lower angle side, suggesting that CeO2–ZrO2 solid 

solutions were formed in the whole composition range without segregation to CeO2 and ZrO2 

phases. Although the as-synthesized GT products with Ce contents of 50–80 mol % were 

essentially amorphous (Fig. 1), solid solutions were formed by calcination at 500 ºC, indicating 

that the amorphous phase was composed of homogeneously mixed Ce and Zr ions.  

The pure ZrO2 sample obtained by the GT method (GT(0)) partly transformed to monoclinic 

ZrO2 on calcination at 800 ºC (Fig. 3b). Although calcination of GT(10) at 800 ºC produced a 

small amount of monoclinic ZrO2 by phase segregation (datum not shown here), other GT 

samples did not show any indication of the phase segregation.  

In the case of CP(50)-800, the diffraction peak apparently spitted into two peaks (Fig. 3c), 

suggesting that Ce and Zr ions are not homogeneously distributed in the CP samples as 
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compared with the GT samples. 

The effects of the composition on the crystallite size and BET surface area of the GT samples 

are shown in Fig. 4.  The crystallite size of the sample calcined at 500 ºC had a tendency to 

increase slightly with the increase in the Ce content: The samples with the Ce contents <60 

mol% had the crystallite sizes of ~5 nm, while that of single-component CeO2 was 12.3 nm.  

Calcination at 800 ºC increased the crystallite size: The samples with 20–60 mol% Ce had the 

crystallite size of ~8 nm, and those of both the Ce-rich (Ce, >70 mol%) and Zr-rich (Ce <20 

mol%) samples were much larger.   

Roughly speaking, the BET profile exhibited two maxima, although the data were largely 

scattered. Similar phenomena have been frequently observed [32,33]. GT(20) had the largest 

surface area irrespective of the calcination temperature (125 and 57 m2/g for GT(20)-500 and 

-800, respectively).  

Figure 5 shows the TEM images of the GT and CP samples obtained by calcination at 800 ºC. 

Spherical particles with 1–2 m diameter were observed for GT(20) (Fig. 5a), and its 

high-magnification image (Fig. 6b) indicated the spherical particles were composed of primary 

particles with ~10 nm size which is essentially identical with the crystallite size (8 nm). GT(60) 

and GT(80) were composed of irregularly shaped particles (Figs. 5c and 5d). The low surface 

areas of these GT samples seem to be due to their morphology. CP(20) was composed of 

irregularly-shaped aggregates of fine primary particles.   

Figure 6 shows the TPR profiles of the GT and CP CeO2–ZrO2 solid solutions calcined at 800 

ºC. The GT samples with Ce content ≤60 mol% had only one reduction peak at 400–600 ºC, 

while two peaks at 400–600 ºC and >700 ºC were observed for the samples with 60–90 mol% 

Ce contents (some data not shown in Fig. 6). Takeguchi et al. also observed a reduction peak at 

350–600 ºC for a CeO2–ZrO2 solid solution with 25 mol% of Ce which was prepared by the 

glycothermal method followed by calcination at 400 ºC [34].   

CP(20) had a sharp peak at ~260 ºC in addition to a broad peak at 500 ºC.  However, the 

peaks of the samples with Ce content of 50–80 mol% were essentially identical with those of 
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the GT samples. 

Table 1 gives representative data for the quantity of H2 consumed together with the BET 

surface area and crystallite size of the GT and CP samples calcined at 800 ºC for 30 min or 3 h. 

These samples had surface areas of 30–57 m2/g and crystallite sizes of 8–5 nm. For CP samples, 

the total H2 consumption (the sum of H2 consumptions at all the peaks) decreased with the 

decrease in Ce content. However, the total H2 consumption was not proportional to the Ce 

content; the sample with low Ce content exhibited much larger H2 consumption than that 

expected from the Ce content. Moreover, among the GT products, GT(50) showed the largest 

total H2 consumption. Therefore, H2 consumption per mole Ce was calculated, which increased 

with the decrease in the Ce content.  

Another important feature that can be abstracted from Table 1 is that the GT samples 

consumed larger amounts of H2 than the CP samples, and this point will be discussed later. 

As shown in Fig. 6, the reduction peaks were classified into low- and high-temperature peaks, 

and Figure 8 shows the dependence of Ce-based H2 consumption at either of the low- or 

high-temperature peak(s) upon the Ce content. The Ce-based H2 consumption at the 

low-temperature peak(s) increased with the decrease in the Ce content and the largest value was 

attained at 20 mol% of Ce for the GT samples. This phenomenon is interesting because the 

decrease in Ce content amplifies the redox action of the sample in spite of the fact that Ce plays 

a main role for the OSC, Other researchers have also reported similar phenomena [32, 35]. The 

H2 consumption at the high-temperature peak occurred in the Ce content region >60 mol% and 

increased with the increase in Ce content. The hydrogen consumption per mole Ce, however, 

was an order of magnitude smaller than that at the low-temperature peak(s).  Since 

low-temperature reducibility is required for practical application, OSC of CeO2–ZrO2 solid 

solution, in a general sense, is associated with the low-temperature peak [6]. The CP samples 

exhibited the same trend, although H2 consumption was slightly smaller. It is interesting to note 

that H2 consumption of CP(50)-800 was only slightly smaller than that of GT(50)-800 in spite 

of the fact that phase segregation was apparently observed for the former sample.  
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The TPR pattern for a single component CeO2 is rather simple. Yao and Yao have observed 

two reduction peaks at around 500 ºC and 750 ºC, and assigned the former peak as the reduction 

of the surface oxygen, while the latter peak was ascribed to the bulk oxygen reduction [36]. 

These assignments seem to be generally accepted [25].  Giordano et al. stated that although the 

high temperature peak is intrinsic to CeO2, the appearance of the low temperature peak closely 

depends on the sample history that the material has undergone before TPR experiment [37]. 

Therefore, the reduction peak due to surface oxygen is a subtle matter and whether it occurs or 

not depends on the nature and history of the CeO2 samples. Although CP(100) had both low- 

and high-temperature peaks, GT(100) did not exhibit the low temperature peak, which may be 

due to relatively low surface area of this sample.  

The redox behavior of CeO2–ZrO2 solid solutions is complex. Despite decades’ investigation, 

there are still disagreements and controversies about the origin of the redox behavior; therefore, 

interpretation of the TPR patterns is rather difficult.   

As is shown in Fig. 6, two TPR peaks were observed for both GT and CP samples with Ce 

content of 70–90 mol%, while only the low temperature peak(s) was present for the samples in 

lower Ce content region. Similar results were reported previously [25,38]. Fornasiero et al. 

[39] prepared Ce0.5Zr0.5O2 by a citrate method, and found that the sample exhibited a reduction 

peak at 921 K, while re-oxidation after TPR experiment gave a new reduction peak at ~658 K, 

besides the 921 K peak. Thus, the number of the peaks and their position differ depending upon 

the origin of the samples employed; slight differences in the preparation conditions lead to 

remarkable differences in the TPR profile of CeO2–ZrO2 mixed oxide. The low-temperature 

reduction peak of the Ce0.5Zr0.5O2 sample, nowadays, is explained by formation of -CeZrO4 

phase formed by reoxidation of pyrochlore-type Ce2Zr2O7 phase, which was formed by 

reduction at high temperatures [40–43]. However, if the formation of the-CeZrO4 phase is the 

sole reason for the low temperature peak of CeO2–ZrO2 samples, the low-temperature reduction 

peak of ZrO2-rich samples would be associated with the phase segregation. This was not the 

case (vide infra). The origin of these reduction peaks, therefore, is not so clearly understood as 
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those for single component CeO2. Kozolov et al. [44] assigned the low temperature (below 700 

ºC) peak of CeO2/ZrO2/Al2O3 as the reduction of highly dispersed CeO2 and the high 

temperature peak as that of large CeO2 crystallites. Liotta et al. [45] analyzed the phase 

composition of a Ce0.6Zr0.4O2 sample prepared by a sol-gel method and found that the 

pretreatment conditions severely affect the phase composition, thus altering the TPR profiles. In 

this report, however, we will not discuss further the origin of the TPR peaks but simply compare 

the physical and chemical properties of the GT and CP CeO2-ZrO2 solid solutions. An attention 

has been focused on the samples with the Ce content of 20 mol% which exhibited the highest 

oxygen release capacities. 

The TPR profiles of the GT and CP samples calcined at 800 ºC for 3 h are shown in Fig. 8 and 

quantitative results are given in Table 1.  Prolonged heating increased the H2 consumption for 

both the samples, and the GT sample exhibited larger H2 consumption than the CP sample. 

Although the CP sample calcined for 30 min had a sharp peak at around 250 ºC in addition to a 

broad peak at 500 ºC (Fig. 6a), the former peak disappeared by prolonged calcination and two 

unresolved peaks appeared at 400–600 ºC (Fig. 8b).  On the other hand, the TPR profile of the 

GT sample was essentially unchanged by prolonged heating except for the disappearance of a 

small shoulder peak at 261 ºC (Figs. 6a and 8a). These results indicate that the GT procedure 

gives homogeneous precursors, while the CP method yields segregated precursors, which 

requires severe calcination conditions to form stable structures. The crystallite size and surface 

area of GT(20)-800 scarcely changed after prolonged heating (Table 2). For CP(20)-800, on the 

other hand, surface area decreased and calculated “crystallite size” also decreased, which can be 

explained by the progress in phase segregation (see below).  

The results for the Rietveld analyses of the XRD patterns of GT(20) and CP(20) calcined at 

1100 ºC for 3 h are shown in Fig. 9. For the GT sample, the ZrO2-rich tetragonal phase was 

contaminated with a small amount of monoclinic ZrO2, and the calculated mass fractions of 

CeO2–ZrO2 and ZrO2 were 98 and 2 %, respectively. For the CP sample, on the other hand, at 

least three phases, ZrO2-rich tetragonal phase (88 %), Ce0.5Zr0.5O2 (4 %), and monoclinic ZrO2 
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(8 %), were required to simulate the XRD pattern. Table 2 summarizes the results of Rietveld 

analysis and the Ce content in the samples determined by ICP-AES analysis. The site occupancy 

of Ce in GT(20)-1100 was essentially identical with the Ce content determined by ICP-AES 

analysis. However, CP(20)-1100 had much lower site occupancy of Ce than the GT sample, 

because of the presence of a Ce-rich phase (Ce0.5Zr0.5O2) in the former sample. Smaller unit cell 

parameters also support the low Ce content in the solid solution of the CP sample. These results 

indicate that Ce and Zr ions in the GT samples are homogeneously dispersed as compared with 

those in the CP samples. 

Figure 10 and Table 3 show the results of the repetitive reduction–oxidation experiment for the 

samples calcined at 1100 ºC. Contrary to the samples calcined at low temperatures (≤800 ºC), 

both GT and CP samples exhibited only a high-temperature peak. Oxidation of the GT sample 

at 500 ºC after the first TPR procedure resulted in a significant change in the TPR profile: The 

reduction occurred at a low temperature region (300–600 ºC) in the second TPR. On the other 

hand only a slight shift to lower temperature was observed for the CP sample, and a broad 

low-intensity peak appeared in the lower temperature range of the second TPR. The XRD 

patterns of both the GT and CP samples (oxidized form) after the third reduction–oxidation 

cycle were the same as those shown in Fig. 9. 

The shift of the reduction peak by repeated reduction–oxidation procedures has been reported 

by other researchers [35, 39, 44–47]. However, reduction temperature depends on the 

temperature of re-oxidation [48]. When re-oxidation of a reduced Ce0.5Zr0.5O2 sample was 

carried out at 700 K, subsequent reduction occurred at lower temperature than the antecedent 

reduction, while re-oxidation at high temperature (1273K) restored the high temperature 

reduction peak. Although their textual properties associated with the structural modifications 

occurring in the bulk or surface are assumed to be the factors [35], details of the behavior of 

CeO2–ZrO2 solid solutions on the reduction-oxidation treatment have not yet understood, and 

therefore, accumulation of the empirical results is required. 

Homogeneity of CeO2–ZrO2 solid solutions is a crucial factor to increase their OSC capacity, 
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although the presence of nanodomains of Ce-rich and Zr-rich phases that cannot be detected by 

conventional diffraction analysis [48,49] in apparently homogeneous sample cannot be ruled out.  

The distorted environment around Ce and Zr ions derived from the ordered (homogeneous) 

solid solution is assumed to be the cause for the favorable low-temperature reduction properties 

[6, 50]. The CeO2–ZrO2 samples synthesized by the GT process have highly homogeneous 

structure as compared with CeO2–ZrO2 prepared by CP method, thus exhibiting favorable 

oxygen transfer properties. 

 

4. Conclusions 

In a low Ce content region, the glycothermal reaction of Ce acetate and Zr alkoxide 

directly yielded CeO2–ZrO2 solid solutions. The CeO2–ZrO2 solid solution with 20 mol% 

Ce content obtained by the GT method and subsequent calcination had the largest surface 

area of the samples in the whole Ce/Zr composition range irrespective of the calcination 

temperature (500 ºC: 125 m
2
/g, 800 ºC: 57 m

2
/g). This sample was composed of spherical 

particles with 1–2 m diameter; each sphere was composed of primary particles with about 10 

nm size. The oxygen release capacity of CeO2–ZrO2 solid solution synthesized by the GT method 

was much larger than that prepared by the CP method. The CeO2–ZrO2 solid solution with 20 

mol% Ce content exhibited the highest oxygen release capacity of the samples in the whole 

Ce/Zr composition range. From the results of Rietveld analysis, the CeO2–ZrO2 solid solution 

synthesized by the GT process has highly homogeneous structure as compared with that 

prepared by the CP method. The shift of the reduction peak towards lower temperature by 

reduction–oxidation procedures was observed in the GT CeO2–ZrO2 solid solution, but was not 

observed for the CP CeO2–ZrO2 solid solution. This result also indicates Ce and Zr ions in the 

GT samples are homogeneously dispersed as compared with those in the CP samples. 
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Figure captions 

Fig. 1. XRD patterns of as-synthesized GT samples. 

Fig. 2. TG-DTA profiles of as-synthesized GT(20) and GT(80) samples.  

Fig. 3. XRD patterns of: (a) and (b),  GT samples obtained by calcination at (a) 500 and (b) 

800 ºC; for 30 min; and (c), CP samples obtained by calcination at 800 ºC for 30 min. 

      Ce mol%: a, 0 [ZrO2]; b, 20; c, 50; d, 80; e 100 [CeO2]. 

Fig. 4. Effects of Ce content on: circle, crystallite size; square, BET surface area; of GT samples 

calcined at: open symbols, 500 ºC; closed symbols, 800 ºC. 

Fig. 5. TEM images of: a, b), GT(20)-800; c), GT(60)-800; d), GT(80)-800; e, f), CP(20)-800   

Fig. 6. TPR profiles for GT and CP samples obtained by the calcination at 800 ºC for 30 min. Ce 

mol%: a, 20; b, 50; c, 80; d, 100 [CeO2].  

Fig. 7. Effects of Ce content (x) on H2 consumption of: circle, GT(x)-800; square, CP(x)-800; at: 

closed symbols, low temperatures; open symbols high temperatures.  

Fig. 8. TPR profiles of: (a), GT(20)-800; and (b), CP(20)-800 samples each calcined for 3 h. 

Fig. 9. XRD patterns obtained from Rietveld analysis of GT (a) and CP (b) samples (Ce = 

20mol%) calcined at 1100 ºC for 3 h.  

Fig. 10. TPR profiles of: (a), GT(20)-1100; and (b), CP(20)-1100 in the repetitive 

reduction-oxidation experiment.  

 


