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Abstract 

Monophasic hexagonal precursors, obeying to the formula Ce1-xLnx(OH)CO3, are introduced herein as 

versatile precursors for the obtainment of Ln(III-IV) substituted nanocrystalline ceria. To this aim, 

three hexagonal Ce1-xLnx(OH)CO3 families increasingly substituted with Ln(III)=Sm(III), Gd(III) or 

Pr(III), were prepared with high (quantitative) precipitation yields. Once Ce1-xLnx(OH)CO3 precursors 

are submitted to moderate thermal treatment (5 h, 723 K, air atmosphere), the oxidation of Ce(III) 

centers triggers a single step massive decomposition (dehydroxilation/decarbonatation), developing 

monophasic Ce1-xLnxO2-δ solid solutions with Ln(IV-III) substitutions up to 30%. These binary oxides 

exhibit large surface areas, up to 130 m2 g-1, even larger than those obtained by means of costly 

procedures.  

 

1. Introduction  

Ceria and related lanthanide (Ln) substituted CeO2-like phases play a key role in current development 

of clean energy technologies. The unique redox chemistry of the reversible Ce(III)/Ce(IV) redox pair 

results in stable oxides holding a high oxygen storage capacity (OSC)1,2 and eventually, ionic 

conductivity.3 On one hand, these phases textured in the form of high surface area nanoparticles or 

mesoporous monolithic catalysts, are able to minimize the impact of established technologies as 

combustion motors, providing effective exhaust treatment including CO oxidation,4,5 combustion of 

organic compounds6 or three way catalysts.7 On the other, their high ionic conductivity reached at 

moderate temperatures (above 600 oC), allows their application as electrolytes for intermediate 

temperature solid oxide fuel cells.8,9 In both scenarios, the obtainment of phases exhibiting optimum 

Ln(III-IV)-Ce(IV) interdispersion (solid solution) combined with textural control is mandatory.10 
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Several preparative strategies can be found in literature, ranging from sophisticated procedures based 

on molecular templates or micro emulsions, involving non-green and costly solvents and/or 

surfactants.11,12 In the search of high yield sustainable procedures, thermal decomposition of suitable 

crystalline precursors prepared by the urea method arise as green water based alternative that prevents 

the use of aggressive starting reagents or the release of harmful byproducts.13 Carboxylates,14 

carbonates,15 basic carbonates,16 basic chlorides,17 layered double salts18,19 or layered double 

hydroxides20 revealed an enormous potential as precursors for nanocrystalline multicationic oxides, 

either as stable solid solutions21 or metastable phases of tuned stoichiometry.22 In particular, the 

thermal treatment of crystalline Ce1-xLax(OH)CO3 demonstrated to allow the high yield obtainment of 

nanocrystalline Ce1-xLaxO2-δ oxides under mild temperatures.23,24 Based on this strategy, the present 

paper explores the thermal decomposition of several Ce1-xLnx(OH)CO3 phases as precursors of 

nanotextured Ce1-xLnxO2-δ. In order to evaluate the role the inherent redox stability of employed 

Ln(III), either stable Sm(III) or Gd(III) as well as non-stable Pr(III) were evaluated. Finally, the 

catalytic activity of nanotextured Ce1-xLnxO2-δ towards CO oxidation as a function of Ln content is 

also analyzed.  

2. Experimental 

2.1. Synthesis and chemical characterization of precursors. Precursors were prepared by the urea 

method,13 by aging several solutions containing Cerium(III) nitrate and Ln(III) nitrate (keeping a total 

cationic concentration of 0.1 mol dm−3) with urea (0.5 mol dm−3). Typically 50 cm3 of each solution 

was filtered, bubbled with nitrogen and aged at 473.0 ± 0.5 K for 10 days in Teflon lined autoclaves. 

The precipitated solids were collected by filtration through 0.2 µm pore size cellulose nitrate 

membranes, washed three times with cold water, and dried at 373 K overnight. Ln(III) to Ce(III) ratio 

in the solid was assessed by ICP analyses. Remnant Ln(III) and Ce(III) in mother liquor indicate a 

precipitation yield higher than 99.5 ± 0.5 %. Carbon elemental analyses were carried out in a Carlo 

Erba CHON-S analyzer. 

2.2. Thermal treatment of precursors. Precursors thermal stability was explored by TGA (Shimadzu 

TG 51) analysis, heating the samples under air flow (50 cm3 min−1) at 1.0 K min−1 from room 

temperature to 1173 K, and holding the final temperature for 30 min. Mixed oxides were obtained by 

heating precursors under an air flow (50 cm3 min−1) at 5.0 K min−1 from room temperature to 723 K 

and holding these value for 5 h. 
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2.3. Characterization of solids. All synthesized solids were characterized by powder X-ray 

diffraction (PXRD) using a graphite-filtered Cu Kα radiation (λ=1.5406 Å), scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and Fourier-transform infrared 

spectroscopy (FTIR). Nitrogen sorption isotherms were performed at 77 K on an ASAP 2020 

apparatus; surface area was estimated based on Langmuir’s model.  

3. Results and discussion 

 

3.1. Synthesis, chemical characterization and yield of precursors 

All the samples were prepare from parent nitrates salts except Pr(III)-Ce(III) samples, that developed 

partial oxidation on certain binary samples. The formation of these undesired impurities was avoided 

employing chloride salts instead. The ratio [urea] / ([Ce(III)]o + [Ln(III)]o) was kept constant at 5 in all 

preparations and the Ln(III) cationic percentage, 100 [Ln(III)] / ([Ln(III)] + [Ce(III)]), was explored in 

the range 0-50. Samples were labeled as LnX where X represents the cationic percentage; bare Ln100 

were prepared as reference for thermal decomposition exploration. Due to the excess of urea 

employed, the precipitation of all samples reached a final pH value of 9.20, imposed by the NH4
+/NH3 

buffer. Under such conditions the precipitation of both Ce(III) and Ln(III) cations was quantitative, 

resulting in a yield of 22 g of Ce1-xLnx(OH)CO3 per dm3.  

3.2. Structure of Ln(III)-Ce(III) precursors  

Figure 1 shows the PXRD patterns recorded for Ce(III)-Pr(III) set of samples; all samples can be 

indexed as hexagonal (P62c symmetry) Ce(III) basic carbonate (Ce(OH)CO3; PDF 52-0352). The 

strong signal of the most stable form of Ln(III) basic carbonates in addition with the absence of the 

kinetically preferred orthorhombic phase confirmed the effectiveness of aging.25,26  
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Figure 1 Upper panel: PXRD patterns of binary precursors Ce(III)-Pr(III) with increasing Pr(III) 

content. Lower panel: main reflections of hexagonal Ce(OH)CO3 reference (PDF 52-0352).  

 

Similar results were observed for Ce(III)-Sm(III) set, were hexagonal phase is observed up to a 50% of 

Sm(III) substitution (see Figure 2). However bare Sm(III) crystallized in the form of orthorhombic 

Sm(OH)CO3 (PDF 41-0663).27 The Ce(III)-Gd(III) set also presents the hexagonal structure up to 30% 

of substitution while for compositions ranging from 50 to 100%, bare carbonate Gd2-xCex(CO3)3 (PDF 

37-0559) was the only crystalline phase observed, in agreement with previous reports (see Figure 

S1).28 Once confirmed the occurrence of monophasic products, the dependence of cell parameters as a 

function of Ln(III) substitution was explored. Figure 3 compiles the dependence of cell volume for all 

the hexagonal Ce(III)-Ln(III) compounds obtained herein as well as Pr(OH)CO3, Sm(OH)CO3 and 

Gd(OH)CO3 reference hexagonal phases. For the three hexagonal set of binary compounds families, a 

continuous contraction with increasing Ln(III) contents can be observed. For each set, these values 

agree with the linear trend predicted by Vegard´s law for solid solutions, indicating the occurrence of a 

binary monophasic Ce1-xLnx(OH)CO3 within the aforementioned ranges.29 
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 5 

 

 

 

Figure 2 Lower panel: PXRD patterns of binary precursors Ce(III)-Sm(III) with increasing Sm(III) 

content. Upper panel: main reflections of orthorhombic Sm(OH)CO3 reference (PDF 41-0663). 

 

The occurrence of solid solution with La(III)24 and Pr(III) in the whole range of compositions is not 

surprising; it was observed in related systems that Ce(III) tend to share the same lattice with La(III) 

and Pr(III) due to their similar radii and coordination environments.30 However, Gd(III) and Sm(III) 

tend to adopt lower coordination environments due to lanthanide contraction.31 
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Figure 3. Cell volume of Ce1-xLnx(OH)CO3 precursors as a function of Ln(III) content, XLn(III), 

with Ln(III) = Sm(III) (filled circles), Gd(III) (filled triangles) and Pr(III) (filled squares). 

Reference values (empty symbols) of hexagonal Sm(OH)CO3 (PDF 26-0948), Gd(OH)CO3 

(PDF 24-0421), Pr(OH)CO3 (PDF 27-1376) and Ce(OH)CO3 (PDF 52-0352) were also added 

for comparison. 

The hexagonal samples present the characteristic FTIR spectra recorded for hexagonal Ce1-

xLax(OH)CO3 (see Figure S2).24,32 Hydroxyl groups present three ν bands (centered at 3631, 3487 and 

3618 cm-1) and one band corresponding to a δ mode (at 595 cm-1). Two triplets (1512, 1435, 1408 and 

872, 849 and 777 cm-1) corresponding to the ν3 and the ν2 modes of ion CO3
= and a duplet (727 and 706 

cm-1) corresponding to the ν4 vibration confirm the presence of non-equivalents groups within the 

structure. The complexity of the spectra agrees with the presence of six CO3
=, three Ln(III), and five 

non-equivalent OH- groups that characterize the hydroxyl-bastnaesite structure.33 The chemical 

analysis of the obtained samples confirmed the phases indicated by PXRD analysis; FESEM 

inspection revealed well developed polycrystalline particles of 1 µm. The absence of the typical 

spherical particles of quasi-amorphous Ln(OH)CO3.H2O or the ellipsoids of orthorhombic 

Ln(OH)CO3 confirmed the effectiveness of total recrystallization process (data not shown).31,33–37 

 

3.3. Thermal decomposition of Ln(III)-Ce(III) precursors 
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 7 

Preliminary reports revealed that under an oxygen atmosphere, either orthorhombic or hexagonal 

Ce(OH)CO3 decompose in a single step centered at 550 K. Simultaneous decarbonation and 

dehydroxilation is triggered by Ce(III) oxidation (eq. 1, Table 1).38,39 Further annealing oxidizes 

remnant Ce(III)-rich shell belonging to a nanometric CeO2-δ phase.40,41 This behavior rules the 

formation of oxidic phase, even after the partial isomorphic substitution of stable La(III) ions within 

the Ce(OH)CO3 precursor. As a first step to assess the stability of binary samples obtained herein, 

TGA analysis was performed at 1 K min-1 heating rate, in order to have a closer insight of phase 

decomposition temperature. It was observed that heating rates of 5 K min-1 increased the observed 

transition temperature in almost 50 K.24 Figure 4 presents the TGA trace of samples belonging to the 

Sm-Ce and Pr-Ce families; samples of the Gd-Ce family are presented in Figure S3. For all hexagonal 

Ce1-xLnx(OH)CO3 samples, the decomposition features are essentially similar to Ce(OH)CO3 (sample 

Ce100), presenting only one main decomposition step of ca. 21% mass loss. For precursors holding 

increasing degrees of Ln(III) substitution the decomposition temperature, Tdesc, continuously rises (see 

Figure 5) reaching the value reported for dehydroxilation the observed for bare Ln(OH)CO3 (first step 

of decomposition, eq. 2). However, mass spectrometry coupled with TGA analysis revealed that CO2 

and H2O are released simultaneously from Ce-Ln precursors, indicating that Ce(III) oxidation governs 

the process, according to eq. 1 ( Figure S4). The slightly higher values of Tdesc observed for Ce-Pr 

samples indicate that the eventual oxidation of Pr(III) is not driving the decomposition process. This 

shift can be interpreted in terms of a passive oxidic surface layer. For pure Ln(OH)CO3 phases 

composed by non aliovalent lanthanides as Sm(III) or Gd(III), the formation of the oxide is preceded 

by a first step corresponding to a total dehydroxilation and a partial decarbonation processes to give a 

well-defined Ln2O2CO3 crystalline phase (eq.2), that subsequently decompose to Ln2O3 at higher 

temperatures (eq.3).28,42  
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Figure 4 Thermogravimetric trace of Ce1-xPrx(OH)CO3 (upper panel) and Ce1-xSmx(OH)CO3 samples 

(lower panel) recorded at 1 K min-1 under air atmosphere. Scale bar represents a 21 % mass loss jump. 

 

Pure carbonates evolve into their oxides in a single step (see eq. 4, Table 1). In the case of Pr(OH)CO3 

decomposition, dehydroxilation (eq. 5) precedes the partial oxidation of Pr(III) and the subsequent 

decarbonation (eq. 6), which leads to the well-defined mixed valence oxide, Pr6O11 (PDF 42-1121), in 

which only two thirds of Pr ions reach the tetravalent state. However, further annealing completes the 

oxidation process (eq. 7), resulting in a PrO2 phase isostructural with cerianite (CeO2).
43–45 
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 9 

Table 1. Thermal decomposition step of Ce(OH)CO3, Pr(OH)CO3, Ln2(CO3)3 and Ln(OH)CO3 being 

Ln a non aliovalent lanthanide. 

Reaction in air atmosphere T / K Mass 

loss 

Eq. 

1/4 O2 + Ce(OH)CO3 → CeO2 + 1/2 H2O + CO2 550 K 21 % 1 

2 Ln(OH)CO3 → Ln2O2CO3 + H2O + CO2 700-800 K 14 % 2 

Ln2O2CO3 → Ln2O3 + CO2 980-1100 K 10 % 3 

Ln2(CO3)3→ Ln2O3 + 3 CO2 700-800 K 27 % 4 

2 Pr(OH)CO3 → Pr2O2CO3 + H2O + CO2 700 K 14.2 % 5 

O2 + 3 Pr2O2CO3 → Pr6O11 + 3 CO2 825 K 8.9 % 6 

1/2 O2 + Pr6O11 → 6 PrO2 1100-1200 K -2 % 7 
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Figure 5. Temperature of decomposition, Tdesc, of Ce1-xLnx(OH)CO3 precursors as a function of XLn(III) 

for Ln(III)=Sm(III) (filled circles), Gd(III) (filled triangles) and Pr(III) (filled squares). Reference data 

from Ce(OH)CO3 (empty square) and Ce1-xLax(OH)CO3 (empty circles) from ref.13 were also added. 
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3.4. Structure of Ln(III-IV)-Ce(IV) oxides 

TGA analysis confirmed that massive decomposition of Ce1-xLnx(OH)CO3 can be achieved at 

moderate temperatures (723 K) for samples with 0<x<0.5. The resulting oxides exhibit high specific 

surface areas of 70-130 m2/g (see Table S1), indicating an average particle size of 7-8 nm.24,41 PXRD 

inspection of Ce1-xLnx(OH)CO3 decomposed in air at 723 K (5 h) presents the main reflections of 

cubic CeO2 except for the bare Ln(III) samples, that remains partially decomposed in the form of the 

correspondent oxocarbonate, Ln2O2CO3, according to equations 2 and 5 (see Figures 6, 7 and ESI S5) .  

 

 

 

 

Figure 6. PXRD patterns of the oxides obtained after decomposition of Ce1-xPrx(OH)CO3 in air at 723 

K. Upper panel: main reflections of Pr2O2CO3 reference (PDF 37-0805). Lower panel: main 

reflections of cubic CeO2 reference (PDF 65-2975). 
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Figure 7. PXRD patterns of the oxides obtained after decomposition of Ce1-xSmx(OH)CO3 samples at 

723 K (5 h, under air atmosphere). 

Concerning the structural properties of the oxidic phases, the present samples were compared with 

related reference oxides reported elsewhere (see Figure 8). Both Gd(III) and Sm(III)-containing ceria 

phases revealed a cell expansion expectable for such cations. In both cases the values recorded of cell 

parameter exceed those predicted by well-established empirical models of Ln(III) substituted 

CeO2.
46,47 This fact indicates the presence of a significant amount of Ce ions that remain in the 

trivalent state, as was observed for Ce1-xLaxO2-δ obtained under similar conditions.48–53 Typically, the 

crystal coarsening and the massive oxidation of these Ce(III) defects start at 873 K.54,55 In the case of, 

Ce(III)-Pr(III) family, the developed oxides depict a linear expansion of a parameter,56,57 while these 

values remain in between those reported for Pr(III)-Ce(III-IV) and Pr(IV)-Ce(IV) oxide solid 

solutions, indicating the existence of a Pr(III-IV)-Ce(III-IV) oxide,47,58 in good agreement with 

previous reports.59 
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Figure 8. Upper panel: dependence of a cell parameter as a function of Ln(III) substitution, XLn(III), for 

oxides obtained at 723 K containing Sm(III) (filled circles), Gd(III) (filled triangles). Dotted and 

dashed lines represents a values of Ce(IV)-Sm(III) and Ce(IV)-Gd(III) binary oxides, respectively (ref. 

60). Lower panel: dependence of the a value vs. XPr for oxides obtained at 723 K (filled squares). 

Reference for Pr(III)-Ce(III-IV) (full line, ref. 58) and Pr(IV)-Ce(IV) (dashed line, ref. 46, 47) oxidic 

solid solutions are also included. In both panels, empty square represents bare Ce(IV-IIII) sample 

obtained at 723 K. 

Electron microscopy based inspection of solids submitted to thermal decomposition revealed that the 

parent polycrystalline Ce(III)-Ln(III) basic carbonates develop subtle surface roughness, as was 

reported for related phases (see Fig. 9).15 However, HRTEM inspection revealed that these particles 

consisted in stable mesoporous agglomerates of single crystalline oxide particles of a few nanometer 
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in diameter, in accordance with PXRD based estimations and surface area determinations (see Figure 

S6 and Table S1).24,41 
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Figure 9. FESEM (upper panel) and HRTEM (middle and lower panel) images of sample Gd20 after 

thermal decomposition at 723 K. 
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4. Conclusions 

Monophasic crystalline Ce1-xLnx(OH)CO3 hexagonal phases are effective precursors for the 

obtainment of pure nanocrystalline Ce1-xLnxO2-δ solid solutions in a single step of oxidative 

decomposition. Controlled low temperature decomposition preserves high surface area of the obtained 

oxidic solids, even higher than the values reported by advanced procedures. Because of the inherent 

tendency of Ln(III) to develop hexagonal basic carbonates, a variety of Ln(III)-Ce(III) phases, or even 

multicationic systems arise as very attractive precursors for the obtainment of complex ceria-based 

nanotextured multielement oxides.  

Supporting information  

PXRD, Coupled GA-MS determinations, N2 sorption isotherms. This information is available 

free of charge via the Internet at http://pubs.acs.org. 
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