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� Akadémiai Kiadó, Budapest, Hungary 2009

Abstract Two series of lanthanide oxides with different

morphologies were synthesized through calcinations of two

types of citrate polymeric precursors. These oxides were

characterized by XRD patterns, SEM electronic micros-

copy, and N2 adsorption isotherms. SEM microscopy

analysis showed that the calcination of crystalline fibrous

precursors [Ln2(LH)3�2H2O] (L = citrate) originated

fibrous shaped particles. On the other hand, the calcination

of irregular shaped particles of precursors [LnL�xH2O]

originated irregular shaped particles of oxide, pointing out

a morphological template effect of precursors on the for-

mation of the respective oxides.

Keywords Lanthanide oxides � Oxide morphologies �
Polymeric precursors � SEM analysis

Introduction

Materials designing on a nanometer scale remain still a

challenge on chemistry and materials science [1–4]. The

increasing necessity for nanostructured materials is a con-

sequence of the demand for smaller and more efficient

device building [5] among other high technology applica-

tions [6, 7] and academic investigations [8, 9].

On this way, lanthanide oxides-based and doped nano-

particles represent an interesting investigation field. On

optical displays, for instance, europium oxide is utilized on

visible light phosphors [10], catalysts and supports for

noble metal catalysts [11]. Lanthanum oxide finds appli-

cations on solid oxide fuel cells [12]. CeO2 is utilized as on

three-way catalysts as oxygen storage for automotive pol-

lution abatements [13].

Lanthanide oxides can be synthesized in several ways

such as: sol–gel [14], hydrothermal [15], carbonate [16],

templates [17], spray pyrolysis [18], homogeneous pre-

cipitation [19], alumina template [20] thermal treatment of

polymeric precursors [21, 22], Pechini’s method [23],

reverse micellar system [24], and solvothermal methods

[25]. Among them, the polymeric precursor method is very

attractive, since it consists of a moderate temperature cal-

cination of lanthanide organic polyacid salts, yielding high

purity oxides. Besides its low cost, this method can be

applied on large scale preparations due to its simplicity.

Recently, synthetic methods for achieving oxides with

specific morphologies have been reported [26, 27] and

consequently these oxide-based materials with character-

ized morphologies have been exploited as catalysts [28],

phosphors [29], electrochemical electrode coatings [30],

and thermoelectric applications [31].

Despite the amount of work on this subject, correlations

between molecular properties of a solid precursor and
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oxide morphology are still an open field of investigation.

Few studies point out its importance [32–34].

This study shows a correlation between the character-

istics of two citrate precursors (crystalline and amorphous)

and the morphology of lanthanide oxides obtained by

calcination.

Experimental

Syntheses

Lanthanide citrates [LnL�xH2O] and [Ln2(LH)3�2H2O],

L = (C6H5O7)3- and LH = (C6H6O7)2- were synthesized

following procedures already published [32]. These salts

were named, respectively, precursor type 1 and 2. Calci-

nation of the two precursors yielded, respectively, oxides

type 1 and 2. These syntheses were carried out by heating

ca. 1 g of precursor’s type 1 and 2 simultaneously in a

furnace, EDG mod. 3 P-S, under 50 mL min-1 air flux

using a heating program of 10 �C min-1 up to 100 �C

above the temperature of the last decomposition event

determined by TG/DTG/DTA analyses [32], considering

the respective phase diagrams for oxides formation [37, 38]

(Table 1). All samples were kept at that temperature for

1 hour and left to cool down to room temperature in a

desiccator, under anhydrous CaCl2.

Characterizations

Precursor characterizations were reported previously [32].

Lanthanide oxides were characterized by X-ray diffraction

patterns (XRD), BET multipoint surface analysis and

scanning electron microscopy (SEM). XRD patterns of

precursors were collected in h/2h geometry between 10�
and 90�; counting times were 2 s per point for a step size of

0.05� - 2h, using Cu Ka (k = 0.1518 nm) monochromatic

radiation, operating at I = 20 mA, V = 40 kV. The Y2O3

standard was prepared by heating 99.99% purity Y2O3

(Aldrich) up to 1,200 �C. That temperature was maintained

during 72 h, followed by slow cooling to room temperature

for 36 h prior to the analyses. The XRD pattern of Y2O3

was collected in a h/2h geometry between 5� and 120�,

counting time 5 s per point, for a step size of 0.02� - 2h.

Calculations of oxide crystallite size from XRD patterns

were performed through a Rietveld GSAS refining program

[33–35]. Raman spectra of CeO2 samples were recorded on

a Renishaw mod. 3000 imaging system coupled to a He–Ne

laser (Spectra Physics mod. 127, k = 632.8 nm) equipped

with an Olympus metallurgical microscope and a CCD

detector. Crystallite size calculations through Raman

spectroscopy were carried out by the phonon confinement

model approach [36]. SEM images were recorded on a

JEOL Field Emission Scanning Electron Microscope, JSM

7401F using a LEI detector. Oxide samples were previ-

ously recovered with 3 nm Au on an Edwards Scancoat

operating at 15 mA and 1.5 kV. Surface area measure-

ments were carried out on a Quantachrome analyzer

NOVA 1200 e. Prior to surface area measurements, oxide

samples were degassed at 300 �C under vacuum during

3 h. Surface areas were measured by N2 adsorption at

77 K.

Results

Oxide series types 1 and 2 were prepared by calcin-

ing precursors type 1, [LnL�xH2O], and type 2,

[Ln2(LH)3�2H2O]. XRD patterns of these oxides are shown

in Fig. 1. Analysis of these patterns showed that, except for

neodymium oxides, all products were composed by only

one crystallographic phase.

La2O3 obtained from both precursor types were identi-

fied as hexagonal A phase with P-3m1 space group

(PDF#05-0602). CeO2 and Pr6O11 showed a cubic fluo-

rite structure with Fm3m space group, respectively

(PDF#34-0394), and (PDF#42-1121). Sm2O3 and Eu2O3

showed sesquioxide cubic C phases with IA3 space group,

respectively (PDF#42-1461), and (PDF#43-1008). Nd2O3

obtained from both precursors showed different propor-

tions of two phases: a sesquioxide P-3m1 hexagonal A

phase (PDF#41-1089) and a sesquioxide IA3 cubic C phase

(PDF#21-0579).

The phase diagram of lanthanide oxides has been

determined by Tranverse [37, 38]. According to that the

temperature used in La2O3 synthesis allows only the A

phase stabilization. Both Nd2O3 types presented two phases

(hexagonal A phase and cubic C phase). Rietveld XRD

phase quantification analysis of both types show that type 1

is composed by approximately 59% of cubic phase and

41% of hexagonal phase. On the other hand, Nd2O3 type 2

is composed by 64% of hexagonal phase and 36% of cubic

phase. Considering that the oxide with larger surface area

Table 1 Temperatures used for the synthesis of each pair of lan-

thanide oxides

Oxide Temperature/�C

La2O3 900

CeO2 600

Pr6O11 800

Nd2O3 750

Sm2O3 900

Eu2O3 900
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has the larger cooling rate, the difference in the composi-

tions of two type of neodymium oxides were attributed to

different cooling rates as a consequence of their different

surface areas. The temperatures utilized for Sm2O3 and

Eu2O3 syntheses are high enough for the formation of cubic

C phase only. In the synthesis of CeO2 and Pr6O11, the low

oxidation potentials of Ce3? and Pr3? (3? to 4?) made

them to form cubic fluorite phases. Additionally, Rietveld

XRD analysis of neodymium oxides type 2 showed also a

preferential orientation along the (001) Miller direction of

the hexagonal phase. Selected crystallographic data and

results of average crystallite size calculations of all syn-

thesized oxides are shown in Table 2.

Raman spectra of CeO2 are shown in Fig. 2. One can

observe the first order Raman active mode of CeO2 at

*465 cm-1 attributed to the triply degenerated symmet-

rical stretching vibration of the CeO8 vibrational unit

pointing out the fluorite structure of these oxides [39]. This

vibration was used for all crystallite size calculations. Its

FWHM, fitted by Lorentzian function, followed the

sequence CeO2 (1) [ CeO2 (2) varying inversely with

crystallite size, as discussed above. Comparison of crys-

tallite size between CeO2 1 and 2 is shown in Fig. 2.

XRD and Raman spectroscopy crystallite size calcula-

tions are in reasonable agreement. Average crystallite size

calculations through XRD patterns yielded, respectively,

20 and 21 nm for oxides type 1 and 2. Raman spectroscopy

yielded 16 and 20 nm for oxides type 1 and 2. Due to the

fact that the phonon confinement model is valid in the

range of 20–50 nm crystallite size, our calculation has used

this model on its borderline region, explaining this differ-

ence in the values obtained for type 1 [40]. XRD and

Raman data do not suggest any meaning precursor influ-

ence on average crystallite size.

N2 adsorption isotherms could be classified as Brunauer

type III, evidencing the non-porous character of all oxides
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Fig. 1 XRD patterns of all

synthesized oxides and line

identifications

Table 2 Crystallographic,

structural data, and surface

areas of Lanthanide oxides

Oxide

Type

Space

Group

Cell

Type

Structure

Type

Crystallite

Size/nm

BET/m2 g-1

La2O3 1 P3m1 h Sesq. A [100 8

2 P3m1 h Sesq. A [100 5

CeO2 1 Fm3m c Fluorite 20 37

2 Fm3m c Fluorite 21 19

Pr6O11 1 Fm3m c Fluorite 35 24

2 Fm3m c Fluorite 43 10

Nd2O3 1 IA3 c Sesq. C 36 19

P3m1 h Sesq. A 35

2 IA3 c Sesq. C [100 8

P3m1 h Sesq. A 68

Sm2O3 1 IA3 c Sesq. C 68 36

2 IA3 c Sesq. C 66 8

Eu2O3 1 IA3 c Sesq. C 40 25

2 IA3 c Sesq. C 61 8
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of both series [41]. BET surface area analyses of these

oxides are presented in Table 2. These analyses point out

the striking morphological differences between these two

oxide series. Systematically, type 1 oxides showed larger

surface areas than oxides type 2. Considering that the

calculated average crystallite sizes of both oxide types are

approximately the same, for each pair, the surface area

differences must be due to morphological differences.

SEM images of representative precursors type 1,

[LaL�xH2O] and [SmL�xH2O] and precursors type 2

[La2(HL)3�2H2O] and [Sm2(HL)3�2H2O], and their respective

oxides are shown in Fig. 3. These images show that precur-

sors type 1 are composed by irregularly shaped particles and

precursors type 2 are composed by fibrous particles. Figure 4

shows XRD analysis of all precursors type 2 and infrared

spectra of two cerium citrates, as representative of the series

[32]. These analyses evidence the crystalline character of

precursors type 2 and amorphous character of precursors type

1 (including infrared broad bands in the latter).

SEM images of oxides obtained by calcination of pre-

cursors type 1 and 2 show that the initial morphologies of

the respective precursors are held on the oxide particles.

So, oxides type 1 presented irregularly shaped particles and

oxides type 2 presented fibrous shaped particles. These data

suggest strongly that the crystalline habit of precursor type

2 acts as a template, driving the formation of morphology

of the corresponding oxide, yielding fiber shaped particles.

On the same way, the irregularly shaped aggregates of

precursors type 1 drive the formation of particles of oxides

type 1, yielding irregular particles. This behavior was

observed on the synthesis of all lanthanide oxides

(La through Eu).
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Fig. 2 Raman spectra of CeO2

types 1 and 2. Comparison of

CeO2 crystallite size

determinations from Raman

spectroscopy and XRD patterns

Fig. 3 SEM images of

precursors and oxides types 1

and 2 of lanthanum and

samarium
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Fig. 4 a XRD patterns of
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pattern of amorphous

[CeL�xH2O] (background
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Conclusions

Two series of lanthanide oxides with different morphologies

were synthesized and characterized. Clear dependence

between morphologies of oxide and precursors are evidenced

by SEM images. The fibrous character of precursor type 2 and

irregular particles of precursor type 1 are held during calci-

nation and, consequently, the respective oxides present

similar morphologies. The present study points out the tem-

plate effect of precursor morphology during the syntheses of

lanthanide oxides through thermal decomposition of lantha-

nide citrates. Investigations of catalytic properties of these

two oxide series are under way in our laboratory.
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