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Abstract 

Nano-crystalline CeO2 was synthesized via the urea-hydrothermal method without templates or 

structure-directing  agents. The synthesis parameters Ce3+ to Ce4+ and urea to cation molar 

ratios, reaction temperature and reaction time were varied to analyze their effect on 

morphology, texture and reducibility. The analysis of the obtained morphologies provides 

strong evidence of a hierarchical and sequential template-free self-assembly process that 

evolves from shuttles to dumbbells to spheres. In all cases, the morphology of samples remains 

unchanged even after calcination at 500 °C. The presence of Ce4+ in the initial solution clearly 

provides the full self-assembly sequence and is decisive for obtaining non-hollow spheres of 

CeO2 with high specific surface area and high pore volume. Besides, if only Ce3+ is present, 

typical CeOHCO3 shuttle-like particles with orthorhombic structure are obtained. The use of 

Ce3+ in combination with Ce4+ produces partial sequences of the self-assembly process that 

provide a strong indication of the hierarchical sequence. 
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The urea to cation molar ratio controls the nucleation process and proves to be crucial to 

obtain the self-assembly sequence. On the other hand, temperature and reaction time 

show a moderate effect on morphology.  

Keywords: ceria; hydrothermal synthesis; self-assembly morphologies 
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Introduction 

CeO2-based materials have many applications as catalysts, electrocatalysts, electrolytes and 

electrodes in Solid Oxide Fuel Cell (SOFC), gas sensors, and photocatalysts in the UV-visible 

region, among other uses [1, 2]. The rapid and reversible inter-conversion between its two 

oxidation states, Ce3+ and Ce4+, gives this oxide the ability to easily exchange oxygen with the 

surroundings, which determines its extraordinary catalytic properties [3]. The great influence 

of crystal shape and size on redox properties and the outstanding physicochemical properties 

observed in nanomaterials triggered the development of many synthesis routes and methods to 

obtain nanosized and nanostructured ceria-based materials. Among them, the hydrothermal 

method has proved to be a good alternative to obtain samples with controllable morphology and 

crystallite size. Many studies with different reactants, solvents, reaction temperatures and 

reaction times were performed [4−9]. 

Regarding the reactants, NaOH and Ce(NO3)3 were used to obtain nanorods[10], nano-cubes 

and nanowires [11]. However, the elimination of Na+ ions from the final solids is difficult and 

the presence of ions on the ceria surface negatively affects the reactivity of the material. In other 

studies, urea was used to obtain nanorods [12],  acrylamide to get nano-cubes [13], templates as 

PVP (polyvinylpyrrolidone) to produce table-like nanostructures, triangular prism-like 

nanotubes [14], PVP K30 to obtain hierarchical microspheres [15], and PVA (polyvinyl 

alcohol) to obtain flower-like and pyramidal polycrystalline particles [16]. Hierarchical flower-

like microspheres of CeO2 were obtained with N-containing organic compounds after 

calcination of CeOHCO3 precursors [17]. Other researchers reported the use of hexadecyl 

trimethyl ammonium bromide (CTAB) to obtain star-like self-assembled CeO2 structures 

formed by nano-rectangular blocks [18] or the use of amine surfactants to obtain rod-like and 

ellipsoid shaped particles [19].  

Some studies reported the synthesis of shuttle-like particles using urea and cerium (III) nitrate 

(Ce(NO3)3) as reagents [20, 21], observing nanosphere particles as urea to Ce(NO3)3 molar ratio 

increases [22]. It was noted that the solvent used to prepare the initial solution also influences 

the morphology observed in the final powder [23, 24]. Besides, it was reported that different 
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sources of Ce4+ in the initial solution produces variations in crystallinity, crystallite size and 

specific surface area [25]. 

Regarding the reaction temperature and the reaction time, the increase of both parameters 

increases the crystallite size and decreases the specific surface area of CeO2 [20, 23, 25].  

The analysis of all these reports indicates that the combination of the hydrothermal method 

with templates has proved to be effective to control morphology. However, despite all the work 

done, there has been no systematic study of template-free hydrothermal synthesis of ceria so far. 

The aim of this work is to contribute to this field by systematically examining the main 

parameters controlling the template-free hydrothermal synthesis of CeO2 and their effect on 

morphology, structure, specific surface area, porosity and redox behavior. 

 

2. Experimental 

Synthesis process 

The reactants used in the synthesis are urea (CO(NH2)2, Merck 99.5%), Ce(III) nitrate 

hexahydrate (Ce(NO3)3.6H2O, Merck 99%) and ammonium Ce(IV) nitrate ((NH4)2Ce(NO3)6, 

Merck 99%). Scheme 1 summarizes the main steps of the process. 

The reactants were dissolved in distilled water in the appropriate proportion to obtain a solution 

with the desired urea to Ce3+/Ce4+ molar ratio. The solution was stirred for 15 min at room 

temperature and the pH was measured using pH-indicator strips. Afterwards, the solution was 

poured into a Teflon® lined autoclave reactor with a capacity of 100 ml. In all the experiments 

50% of the vessel capacity was filled. The autoclave reactor was heated to the selected 

reaction temperature, maintaining this temperature for the reaction time selected for each 

specific synthesis. The precipitate obtained was collected by centrifugation at 4000 rpm in two 

steps of 10 min each and dried at 80 °C for  4 h. These solids are named “precursors”. These 

precursors were then calcined at 500 °C for 2h (heating ramp of 10 °C min-1). The absence of 

turbidity after the addition of NaOH pellets in 10 ml of the mother liquor was used to confirm 

the complete precipitation of cerium cations during the reaction. Additionally, Ehrlich's reagent 

test was used to confirm the absence of remnant urea in the mother liquor [26]. 
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Scheme 1. Main steps of the template-free hydrothermal synthesis of CeO2. 

 

Four synthesis parameters were varied to analyze their effect on the final solids: i) Ce3+/Ce4+ 

molar ratio: 0/1, 1/3, 1/1, 1/0; ii) Urea to cation molar ratio (U/C): 0/1, 1/1, 2/1, 4/1; iii)  

Reaction Temperature: 100 ºC, 120 ºC, 150 ºC and 180 ºC and iv)  Reaction Time: 8h, 16h and 

24h. We use structured identifiers to name the samples. As an example, in the name “CeO2 U21 

C3C411 120 8 500”, U21 stands for samples with U/C= 2/1, C3C411 for Ce3+/Ce4+= 1/1, 120 

for a reaction temperature of 120 °C, 8 for a reaction time of 8 h and 500 for a calcination 

temperature of  500 °C. When the sample is not calcined after the drying process the name ends 

with a P, indicating it is a precursor. 

 

 

Centrifugation 

CeO2 final product 

Heat the hydrothermal reactor to the selected reaction temperature, 
maintaining this temperature for the selected reaction time. 

Drying the solid in electric oven at 80 °C 

Washing the precursor solid two times with water 

Heating from room temperature to 500 °C, with a 10 °C min-1 ramp 

Pouring the solution into the Teflon® vessel 

Stirring the solution at room temperature 

Ce(NO3)3.6H2O (NH4)2Ce(NO3)6 Urea 
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Characterization techniques 

The crystal structure of the samples was studied by conventional X-ray powder diffraction 

(XPD) analysis performed with a Panalytical Empyrean diffractometer with a PIXCEL3D 

detector and a Ni filter, operated with Cu-Kα radiation (λ=1,5405980 Å, 40 kV, 40 mA) in the 

Bragg-Brentano configuration. Data was collected in the 20−100° 2θ range with a time per step 

of 70 s. Lattice parameters were obtained from Rietveld refinement and compared to the value 

assumed for pure CeO2 (a = 0.5413 nm, JCPDS 34-0394). The Williamson-Hall method (WH) 

[27] was used to determine crystallite size (Dv
WH) and lattice strain (ε). Microcrystalline LaB6 

was used as standard reference material to determine the equipment peak broadening.  

Textural characterization was performed by N2-physisorption isotherm at (−−−−196 °C) determined 

with an automatic Micromeritics ASAP-2020 HV volumetric sorption analyzer. Prior to gas 

adsorption measurements, samples were degassed at 120 °C under helium flow for 2 hours. 

Specific surface areas were determined by applying the standard Brunauer Emmett Teller (BET) 

procedure. Pore size distributions were obtained from N2 adsorption isotherm data using the 

DFT plus software (Micromeritics Instrument Corp) based on nonlocal Density Functional 

Theory. 

The morphology of the samples was studied by Scanning Electron Microscopy (SEM, Zeiss 

Electron Beam SEM-Supra40). SEM images were obtained with the samples placed over an 

adhesive carbon-filled conductive tape to avoid charging problems. Transmission Electron 

Microscopy (TEM) analysis was performed with the FEI Talos F200a equipment. Samples were 

dispersed in ethanol by sonication for five minutes. A drop of the solution was transferred onto 

a TEM copper grid coated with a carbon film and allowed to air dry.  

Hydrogen temperature-programmed reduction (H2-TPR, Micromeritics Chemisorb 2720) was 

performed to study sample reducibility. The mass employed for each experiment was 40 mg. 

Prior to H2-TPR tests, samples were pretreated in a 50 cm3(STP)min-1 flow of highly pure 

helium at 300 °C for  30 min to remove any adsorbed species on the solid surface. H2-TPR 

experiments were carried out with a 50 cm3(STP)min-1 flow of 5 vol.% H2 in argon, from room 
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temperature up to 900 °C following a heating ramp of 10 °C min-1. Hydrogen uptake was 

estimated using a calibrated Thermal Conductivity Detector (TCD). 

Results and discussion 

Effect of Ce3+ to Ce4+ molar ratio in the initial solution 

XPD patterns for samples synthesized with different Ce3+ to Ce4+ molar ratios (Ce3+/Ce4+) 

show the Bragg peaks corresponding to the fluorite structure of pure CeO2 (see Figure S1 

supplementary information). In Table 1 is possible to see that samples obtained with 

Ce3+/Ce4+ of 0/1 and 1/3 show a smaller lattice parameter than the accepted for pure CeO2 

(0.5413 nm). Regarding the average crystallite size, it is possible to see a clear tendency to 

lower values as Ce3+/Ce4+ decreases. All the values are in the nanometric range. 

SEM and TEM results are presented in Figure 1. Even though the Ce3+/Ce4+ ratio has a very 

mild influence on the crystalline structure, it does have a fundamental influence on the 

morphology and textural properties. The micrographs show that the increment of Ce4+ 

concentration in the initial solution produces a well-defined evolution of ordered structures 

going from shuttles to dumbbells, to almost complete spheres and finally to fully formed 

spheres. In this succession, the preceding morphology is required to achieve the subsequent one 

[28, 29] (see Scheme 2). 

 

Scheme 2. Schematic representation of the self-assembly sequence.  

It is worth to mention that this complete sequence was previously reported, but not for 

CeO2 synthesis. In fact, as far as we know, this is the first time that a complete self-

assembly growth sequence is observed in CeO2 synthesis without the use of structure-

directing agents, such as organic polymers or surfactants [30, 31]. It can be clearly seen in 

Figure 1(b) that in the case of equimolar Ce3+/Ce4+ molar ratio, only dumbbells and 

irregular spheres are observed. Besides, in Figure 1(c) referred to Ce3+/Ce4+ molar ratio 
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equal to 1/3, particles very close to regular spheres with a small proportion of dumbbells 

are observed. In the sample, CeO2 U21 C3C401 120 8 500 only non-hollow spheres are 

present with a distribution of sizes in the 100 nm−−−−2 µµµµm range (Figure 1(d)). The obtained 

results strongly indicate that the complete hierarchical self-assembly sequence is induced 

by the presence of Ce4+.  

It is known that the change in physicochemical properties of water under high-pressure 

conditions is one of the main characteristics of the hydrothermal method. A very important 

modification is the decrease in the water dielectric constant [4], which has a deep impact in 

water hydration and ion diffusion capabilities, since a lower dielectric constant means less 

stabilization for ionic species in solution. Particularly, in our case, the dielectric constant value 

goes from 80 at ambient temperature and pressure, to a value as low as 53 at our experimental 

conditions. 

Scheme 3 presents the nucleation process we propose for the Ce4+ precursor. When ceric 

ammonium nitrate is used, the true species in solution is not Ce4+ but the complex ion 

[Ce(NO3)6]
2- [32], which loses the ligands when the CeO2 precursor nucleation starts. As shown 

in Scheme 3, since the water in the reaction medium cannot adequately stabilize those NO3
- 

anions, they tend to stay near the growing nuclei, keeping them confined in its vicinity. 

Consequently, the nucleation process develops at a slow rate, in turn providing a very moderate 

supply of additional cerium to the growth process, thus giving the system the necessary time to 

complete the entire sequence of self-assembly, which results in fully formed spheres. 

 

Scheme 3. Proposed nucleation process for Ce4+ precursor. 
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In turn, when only Ce3+ is used, which is a nonahydrate species [32, 33], the nucleation process 

involves the loss of only water molecules. Hence, as seen in Scheme 4, the growth process 

occurs at a faster rate since the supply of cerium to the growing nuclei is much more direct, not 

allowing the full sequence of self-assembly to manifest. As a result, a partial process is 

observed, with the result of samples with only shuttles and dumbbells morphologies. 

 

Scheme 4. Proposed nucleation process for Ce3+ precursor. 

Related to this explanation, the effect of Ce4+ can be further examined by analyzing the 

ionic strength of the solution at the beginning and the end of the synthesis process. These 

values are presented in Table 2. Since the hydrothermal water has a lower dielectric 

constant, a reaction medium with increasing ionic strength should be more difficult to 

stabilize. The values presented in Table 2 indicate that the increase in the content of Ce4+ 

decreases the initial ionic strength. In the case of Ce3+/Ce4+ = 0/1, the ionic strength doubles 

during the reaction. On the contrary, in the Ce3+/Ce4+=1/0 case, the value decreases 

sharply. The other Ce3+/Ce4+ ratios tested show intermediate positive values of ionic 

strength. These results confirm the nucleation schemes already presented. 

XPD patterns of precursors obtained with only Ce3+ in the initial solution show the 

presence of the Bragg peaks of CeOHCO3 orthorhombic structure (Figure S2). As the 

content of Ce4+ increases, it is evident the presence of Bragg peaks corresponding to 

hexagonal CeOHCO3 and fluorite CeO2 structures. The precursor obtained using only 

Ce4+ in the initial solution showed only Bragg peaks corresponding to the fluorite-like 

structure.  
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Textural properties of the samples are also influenced by the Ce3+/Ce4+ molar ratio. In Figure 2 

N2-physisorption isotherms and pore size distribution are plotted. The results obtained from 

the analysis of these isotherms are summarized in Table 1. Samples synthesized with the 

presence of Ce4+ in the initial solution showed isotherms with shapes similar to type IV of 

IUPAC classification, which is characteristic of mesoporous materials with the presence of 

micropores in the low-pressure region (Figure 2). The sample obtained without Ce4+ in the 

initial solution has a markedly low adsorbed volume in the mesopore zone. Specific surface area 

and total pore volume dramatically increase with the increment of Ce4+ concentration in the 

initial solution, while the percentage of micropore volume drops from 50% to ∼25%. The pore 

size distribution is very symmetrical in all cases and located in the mesoporous range (2−−−−50 

nm), with a progressive shift of peak maxima to lower pore sizes as Ce4+ concentration 

increases in the initial solution.  

It is worth to point out the high specific surface area obtained for sample CeO2 U21 C3C401 

120 8 500. Similar values were previously reported, like in the case of the reviews by Eastoe et 

al. [34, 35]. These reviews compiled the highest values of specific surface area so far 

reported. However, it should be emphasized that these syntheses require complicated 

procedures and large amounts of organic solvents that constitute an environmental 

hazard. On the contrary, in the present work, we use no organic solvents and follow a very 

easy synthesis scheme (see Scheme 1). 

Table 1. Lattice parameters, lattice strain, and crystallite size obtained from Rietveld 

refinement, total percentage of reduction obtained from H2-TPR, BET specific surface area, 

total pore volume, and percentage of micropore volume of samples synthesized with different 

Ce3+/Ce4+ molar ratios in the initial solution. 

Sample 
a  

[nm] ǫ 
DV

WH 
[nm] 

Percentage 
of 

Reduction 
(%) 

SBET 
[m2.g-1] 

Total pore 
Volume 
[cm3.g-1] 

Micropore 
to Total 

pore 
volume 

(%) 

CeO2 U21 C3C410120 8 500 0.5413(7) 2.1 10
-3

 15 27 89 0.070 50 

CeO2 U21 C3C411 120 8 500 0.5414(0) 9.0 10-4 10 43 86 0.157 23 

CeO2 U21 C3C413 120 8 500 0.5412(6) 1.1 10-3 8 39 105 0.197 21 

CeO2 U21 C3C401 120 8 500 0.5411(2) 1.5 10-3 6 22 142 0.190 28 
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(a) CeO2 U21 C3C410 120 8 500. 

(b) CeO2 U21 C3C411 120 8 500. 

 

(c) CeO2 U21 C3C413 120 8 500. 
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(d) CeO2 U21 C3C401 120 8 500. 

Figure 1. SEM and TEM micrographs of samples synthesized with different Ce3+/Ce4+ molar 
ratios. 

 

 

Table 2. Initial and final values for the ionic strength of the reaction medium and their 

difference for samples synthesized with different Ce3+/Ce4+ molar ratios in the initial solution. 

Sample Iinitial (M) Ifinal (M) ∆I (M) 

CeO2 U21 C3C410120 8 500 0.765 0.391 -0.374 

CeO2 U21 C3C411 120 8 500 0.574 0.606 0.033 

CeO2 U21 C3C413 120 8 500 0.478 0.686 0.208 

CeO2 U21 C3C401 120 8 500 0.382 0.766 0.383 
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Figure 2. N2 adsorption isotherms and pore size distribution of samples synthesized with 

different Ce3+/Ce4+ molar ratios. 

 

In order to reveal the role of urea in the synthesis process, it was performed an extra 

synthesis without urea. Figures 3 and 4 present, respectively, XPD patterns and SEM 

micrographs for precursors CeO2 U01 C3C410 120 8P and CeO2 U21 C3C401 120 8P. It is 

confirmed that the presence of Ce4+ always leads to a fluorite structure. Spherical particles 

are only obtained if urea is used during the synthesis. If not, it takes place the hydrolysis of 

the strongly acidic Ce(NO3)6
2-, which is confirmed by the final pH value close to zero in the 

mother liquor, with no morphological control. Thus, not only the presence of Ce4+ but also 

urea are determining factors in the self-assembly process. At the temperature and 

pressure used in the hydrothermal process, urea decomposes increasing the pH to a value 

close to 9.25 which corresponds to that of the NH3/NH4
+ buffer and provides a high 

number of nucleation centers, a uniform and controlled nucleation rate, and a full 

precipitation reaction.  



1 

 

 

Figure 3. XPD patterns of the precursors CeO2 U21 C3C410 120 8P, CeO2 U21 C3C401 120 

8P and CeO2 U01 C3C401 120 8P. 

 

 

 

 

 

(a) CeO2 U21 C3C401 120 8P. 
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(b) CeO2 U01 C3C401 120 8P. 

 

Figure 4. SEM micrographs of precursors. 

 

H2-TPR profile of samples synthesized with different Ce3+ to Ce4+ molar ratios are presented in 

Figure 5(a). Profiles show two peaks, one at low temperatures (ca. 500 ºC) and the other one at 

high temperatures (ca. 700 ºC) usually assigned to the reduction of superficial and bulk Ce4+ 

species, respectively [36]. High-temperature peaks are similar while the influence of 

morphology is observed in the low-temperature reduction peaks. It is important to notice that 

despite the differences in specific surface area values, samples CeO2 U21 C3C413 120 8 500 

and CeO2 U21 C3C411 120 8 500 have a similar percentage of reduction: 39% and 43%, 

respectively. Besides, the H2-TPR profile for sample CeO2 U21 C3C401 120 8 500 shows a 

negative peak in the 550-700 °C region. Laachir et al. [37] and Zotin et al. [38] have observed, 

in CeO2 with a very high specific surface area, the same lowering of the first TPR-peak 

area and the presence of the negative peak, assigning it to the desorption of gases strongly 

adsorbed on the surface, probably CO2. Figure 5 (b) presents the H2-TPRs of sample CeO2 

U21 C3C401 120 8 500 submitted to two different degassing pre-treatments: i) degassing 

at 300 °C for 30 minutes; ii) degassing at 450 °C for 30 minutes. In the case ii) the area of 

the negative peak was reduced and there was a corresponding increase in the area of the 

first TPR-peak, confirming the above-mentioned observations of other researchers [37, 
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38]. These results justify the similarities observed in the first TPR peak of samples CeO2 

U21 C3C410 120 8 500 and CeO2 U21 C3C401 120 8 500. 

In summary, it is possible to say that the presence of Ce4+ and urea in the initial solution is 

crucial to gain control of the morphology, high specific surface area, high pore volume and 

pores in the mesopore region, with a strong effect on the TPR profile. 

 

Figure 5.(a) H2-TPR profile of samples synthesized with different Ce3+/Ce4+ molar ratios. (b) 

H2-TPR profile of sample CeO2 U21 C3C401 500 and degassed for 30 minutes i) at 300 °C 

and ii) at 450 ºC.  

 

Effect of Urea to Cation molar ratio in the initial solution 

Figure 6 presents XPD patterns for samples obtained with different urea to cations molar ratios 

(U/C). In all cases, the Ce3+/Ce4+ molar ratio is 1/0 and calcination temperature is 500 °C. It can 

be observed that all samples have the fluorite structure of pure CeO2, with a face-centered cubic 

unit cell and  space group. Table 3 summarizes the main results obtained from Rietveld 

refinement and characterization techniques. Lattice parameters are slightly larger than the 

accepted for pure CeO2 (a = 0.5413 nm, JCPDS 34-0394) possibly due to the presence of Ce3+ 

and oxygen vacancies. Crystallite sizes are in the nanometric range and lattice strain is very low 

and tends to decrease as the U/C ratio increases. SEM and TEM micrographs, as well as some 

Electron Diffraction (ED) patterns, are presented in Figure 7. The morphology is strongly 

influenced by the U/C ratio. With U/C equal to 1/1 (Figure 7 (a1) and (a2)) shuttle-like particles 

in the micrometer range are obtained. These big particles are polycrystalline with no ordered 
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aggregation of the crystallites (see ED pattern presented in Figure 7 (a3)). As mentioned in 

the previous section, the decomposition of urea controls the pH and the nucleation rate. 

With an U/C molar ratio of 1/1, the final pH is 7 and shuttle-like particles are observed 

(see Figure 7 (a)). It is important to note that, of all the experiments performed, only in 

this case turbidity was observed when adding NaOH to the mother liquor, indicating the 

presence of unreacted Ce3 + species. Then, nucleation centers are not enough for complete 

precipitation.  

With the increase in the U/C molar ratio to 2/1, the reaction is complete, with a final pH 

close to 9.25. As can be seen in Figure 7 (b), the process proceeds to an intermediate step in 

the hierarchical sequence and dumbbell-type morphologies are observed. 

Finally, with an U/C molar ratio of 4/1, the excess of urea favors the speed of nucleation 

over the growth of the seeds, hindering the evolution of the self-assembly sequence (see 

Figure 7 (c)). 

XPD patterns of precursors (see Figure S3) show the presence of CeOHCO3 with 

orthorhombic structure (JCPDS No. 41-0013). The precipitation process starts with the 

strong hydration of Ce3+ that precipitates with the carbonate anions (CO3
2-) provided by 

the decomposition of urea, as shuttle-shaped particles of CeOHCO3 [21]. As U/C molar 

ratio increases, these shuttles evolve to dumbbell-like particles [28, 29]. No spheres were 

observed but other authors reported the synthesis of polycrystalline sphere-like structures 

with U/C ratios as high as 12 [17] and 67 [22]. It is worth to mention that these authors did 

not describe self-assembly mechanisms. 

From the characterization results presented in Table 3, it is possible to say that U/C molar 

ratio has a mild effect on textural properties and reducibility. The pore size distribution is 

in the mesopore region with maxima in the 6-9 nm range and some porosity in the 

macropore region with maxima shifting to larger sizes as U/C increases (see Figure 8). 
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Table 3. Lattice parameter, lattice strain and crystallite size obtained from Rietveld refinement, 

total percentage of reduction obtained from H2-TPR, BET specific surface area, total pore 

volume, and percentage of micropores volume of samples synthesized with different urea to 

cation molar ratios. 

Sample 
a  

[nm] ǫ 
DV

WH 
[nm] 

Percentage 
of 

Reduction 
(%) 

 SBET 
[m2.g-1] 

Total pore 
Volume 
[cm3.g-1] 

Micropore 
to Total 

pore 
volume 

(%) 

CeO2 U11 C3C410 120 8 500 0.5414(4) 2.5 10
-3

 18 33 86 0.056 66 

CeO2 U21 C3C410 120 8 500 0.5413(7) 2.1 10
-3

 15 27 89 0.070 50 

CeO2 U41 C3C410 120 8 500 0.5414(1) 2.0 10
-3

 16 38 81 0.072 47 

 

 

Figure 6. XPD patterns of samples synthesized with increasing urea to cation molar ratio. 
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(a) CeO2 U11 C3C410 120 8 500.  

 

 

(b) CeO2 U21 C3C410 120 8 500. 

 

(c) CeO2 U41 C3C410 120 8 500. 

Figure 7. SEM and TEM micrographs of samples synthesized with different urea to cation 
molar ratios. 

  

(a1) (a2) (a3) 
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Figure 8. Pore size distribution of samples synthesized with different urea to cation molar 
ratios. 

 

Effect of Reaction Temperature 

For these experiments, samples were synthesized with a C3/C4 molar ratio equal to 1/0. 

The increase in the reaction temperature increases the nucleation rate. It takes place rapid 

precipitation of crystallites that agglomerate in shuttles, which evolve into dumbbells and 

spheres, highlighting the hierarchical self-assembly process (Figure S4). The increase in 

the reaction temperature produces a decrease in the dielectric constant of the water [4]. 

Therefore, strongly charged Ce3+ ions are hindered in their approach to growing nuclei, 

which provides more time for the self-assembly nucleation process to progress in its stages. 

The XPD results of the precursors confirm the presence of CeOHCO3 with both 

orthorhombic and hexagonal structures, with an increase in the proportion of the 

hexagonal phase. At 150 °C and 180 °C, it is observed the appearance of a small amount of 

the fluorite phase (Figure S4). Concurrently, the presence of octahedral particles is 

observed in the SEM micrographs (Figures S4 and S5).  

Structural, textural and redox properties do not show a clear influence of the reaction 

temperature (Table S1). Only the crystallite size clearly increases with its increment, and 

pore size distributions are in the 5.9-7.5 nm range. 
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Effect of reaction time 

For these experiments, samples were synthesized with a C3/C4 molar ratio of 1/0. The 

precursors obtained with different reaction times have XPD patterns corresponding to the 

orthorhombic structure of CeOHCO3 (Figure S6). For reaction times above 16 hours, a 

very small amount of CeO2 appears probably due to the decomposition of CeOHCO3 [21]. 

SEM micrographs showed in Figure S7 present morphologies corresponding to the self-

assembly process already proposed in previous sections, but a detrimental effect is 

observed with the increase in reaction time.  

Related to textural properties and reducibility it is clear, from results presented in Table 

S2, that BET specific surface area decreases and the reduction percentage increases with 

the increment in reaction time. 

 

Conclusions 

In this work, we report a comprehensive evaluation of a clean, extremely low waste, and 

green hydrothermal method to synthesize CeO2. Our main conclusion is that it is possible 

to achieve high morphological control without using common templates, like surfactants 

or organic polymers, which generate hazardous effluents [39, 40, 41]. 

The present study shows the impact of the synthesis parameters of the hydrothermal 

method, Ce3+/Ce4+ and urea to cation (U/C) molar ratios, reaction temperature and 

reaction time, on the properties of the obtained CeO2 nanopowders. The results show that 

the presence of Ce4+ in the initial solution is crucial because it influences the precursor to get 

fluorite structures and is determinant to obtain non-hollow spherical particles, high specific 

surface area, high pore volume, and high reduction percentage. The urea to cation molar ratio 

controls the nucleation process and the morphology of the obtained particles, which evolve from 

shuttles to dumbbells and spheres as the ratio increases. The increase of urea in the starting 

solution results in a more crystalline precursor and demonstrated to be crucial to obtain the self-
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assembly sequence. If only Ce3+ is present, CeOHCO3 is obtained in the precursor and typical 

shuttle-like particles are obtained.  

SEM results suggest the existence of a shuttle-dumbbell-sphere sequence [28, 29], which, to the 

best of our knowledge, was never reported without the aid of a template or structure-directing 

agent [30, 31]. It is worth to mention that the precursor samples morphology remains unchanged 

after calcination at 500 ºC. Hence, the morphologies here obtained and the variations on the 

applied conditions provide strong evidence of a hierarchical, template-free, sequential self-

assembly process. The increase in ionic strength due to the different precursor salts used and the 

decrease of the dielectric constant, which is very important in hydrothermal conditions, seem to 

destabilize the reaction medium and induce the completion of the self-assembly sequence.  

The increment in reaction temperature improves crystallinity and has a strong influence on 

the morphology but has no effect on the specific surface area, total pore volume and 

percentage of micropores.  

The increment of the reaction time decreases the BET specific surface area and increases 

the reduction percentage. 
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