Journal of Physics: Conference
Series

PAPER « OPEN ACCESS You may also like

- Preparation of Structural Phase Diagram

Features of formation and evolution of crystal and gL CuO, (LieL Pr o S
u) as New Cathode Materials: Variation

local structures in nanocrystalline Ln22r207 (Ln = e -—-—-—...H .
La _ Tb) :_ZLL;I;ih?ggt;gi.Chengkun Wang, Tomoki

- Structures, magnetic and dielectric
To cite this article: V V Popov et al 2017 J. Phys.: Conf. Ser. 941 012079 properties of the ordered double
perovskites LnPbNiSbO, (Ln = La, Pr)
Lin Han, Yijia Bai, Xiaojuan Liu et al.

- Electrochemical Properties of
Ln(Sr.Ca),(Fe,C0),0,, + Gdy ,Ce, O, o

View the article online for updates and enhancements. Composite Cathodes for Solid Oxide Fuel
Cells
Y. N. Kim and A. Manthiram

c '. o ; " - DISCOVER

how sustainability

The ., Ak intersects with
Electrochemical ¢ ' |
Society

Advancing solid state &
electrochemical science & technology

This content was downloaded from IP address 3.144.86.134 on 05/05/2024 at 19:38


https://doi.org/10.1088/1742-6596/941/1/012079
https://iopscience.iop.org/article/10.1149/MA2017-03/1/50
https://iopscience.iop.org/article/10.1149/MA2017-03/1/50
https://iopscience.iop.org/article/10.1149/MA2017-03/1/50
https://iopscience.iop.org/article/10.1149/MA2017-03/1/50
https://iopscience.iop.org/article/10.1149/MA2017-03/1/50
https://iopscience.iop.org/article/10.1149/MA2017-03/1/50
https://iopscience.iop.org/article/10.1149/MA2017-03/1/50
https://iopscience.iop.org/article/10.1149/MA2017-03/1/50
https://iopscience.iop.org/article/10.1149/MA2017-03/1/50
https://iopscience.iop.org/article/10.1088/2053-1591/1/3/036101
https://iopscience.iop.org/article/10.1088/2053-1591/1/3/036101
https://iopscience.iop.org/article/10.1088/2053-1591/1/3/036101
https://iopscience.iop.org/article/10.1088/2053-1591/1/3/036101
https://iopscience.iop.org/article/10.1088/2053-1591/1/3/036101
https://iopscience.iop.org/article/10.1149/1.3621718
https://iopscience.iop.org/article/10.1149/1.3621718
https://iopscience.iop.org/article/10.1149/1.3621718
https://iopscience.iop.org/article/10.1149/1.3621718
https://iopscience.iop.org/article/10.1149/1.3621718
https://iopscience.iop.org/article/10.1149/1.3621718
https://iopscience.iop.org/article/10.1149/1.3621718
https://iopscience.iop.org/article/10.1149/1.3621718
https://iopscience.iop.org/article/10.1149/1.3621718
https://iopscience.iop.org/article/10.1149/1.3621718
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsuXkPP5sxx_4uVWuLhLmlrWIa47OANYvbYvIvR8tstZ0N3HVe8Zk24CQPWM8YztA5QjkjG6-b39jzm4gFZ-ex3EeSBVge7WHXIJSXMvD7Wv0icI5M46uj8SM-H3Dhq9l3bQPJI9ZIxUqXjUWE-ps1zkS_n-ob5I8w1Iwq2MsBlA63TF9sKJtEmmUzcpPQQKqVAawf2R_C4vfV61k07jY5DngGr2oxOZist7O-qj5iRZFVp_X8-WUTE4Sp5V2_Z1LkvywmuQ0W_gbRWUXT-sBMaPwSDmqDOYSMNTcDprxZkW_fPKT3RXJuzkZiJx_QR90pR-sFdZEaYKwPc3_-RJgtbiq0GV1g&sig=Cg0ArKJSzCqb5h8UUKYI&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA

IIT International Conference on Laser and Plasma Researches and Technologies IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 941 (2017) 012079 doi:10.1088/1742-6596/941/1/012079

Features of formation and evolution of crystal and local
structures in nanocrystalline Ln,Zr,0O; (Ln =La- Th)

V V Popov*?, A P Menushenkov?, B R Gaynanov?, Ya V Zubavichus®,
R D Svetogorov', A A Yastrebtsev’, A A Pisarev?, L A Arzhatkina®,
K V Ponkratov*

'NRC “Kurchatov Institute”, pl. Akademika Kurchatova 1, 123182 Moscow, Russia
National Research Nuclear University MEPhI (Moscow Engineering Physics
Institute), Kashirskoe sh. 31, 115409 Moscow, Russia

$JSC “Scientific Research Institute of Chemical Technology”, Kashirskoe sh. 33,
115309 Moscow, Russia

*Renishaw plc, Kantemirovskaya st.58, 115477 Moscow, Russia

E-mail: BRGaynanov@gmail.com

Abstract. The formation of nanocrystal powders of Ln,Zr,0; (Lh=La - Th) compounds upon
calcinations up to 1500°C has been investigated by using of X-ray absorption fine structure
spectroscopy combined with X-ray powder diffraction and Raman spectroscopy. It was found
that the fluorite-pyrochlore phase transition occurs at calcination temperature in the range of
900-1200 °C (except Tb, T~1500 °C). The appearance of the ordered pyrochlore structure at
calcination temperatures above 900 °C was fixed as an observation of superlattice peaks in dif-
fraction and splitting of the first oxygen coordination shell in the local lanthanides environment
in EXAFS and Raman spectra. In addition the scheme of fluorite-pyrochlore transition temper-
ature dependence on radii of lanthanide cations was constructed.

1. Introduction
Rare-earth zirconates Ln,Zr,0O; (Ln=La-Tb) have received considerable attention in recent years [1-5].
These systems contain several phases: pyrochlore (Fd-3m), fluorite (Fm-3m) types of crystalline struc-
ture and a phase with rhombohedral structure (R-3), formulated as Ln;M301, [6]. The thermodynamic
stability of the pyrochlore type compounds can be determined using empirical rule, which identifies
the effective radii ratio y = rips+/fvs+ Of REE and metal ions ratio as 1.46 <y < 1.78 [1]. Earlier we
investigated and refined the temperature dependence of the fluorite-pyrochlore phase transition in a
“boundary” zirconates Dy,Zr,0; (y = 1.43) [7-8], Gd,Zr,0; (y = 1.46) [9] and Pr,Zr,0O (y = 1.56) [10].
The aim of the present work is to study the crystallization processes of an amorphous precursor up-
on isothermal calcination and to study the specific features of fluorite - pyrochlore phase transition in
Ln,Zr,O; (Ln=La-Tb) (y=1.44-1.61), using combined X-ray diffraction (XRD), X-ray absorption fine
structure spectroscopy (EXAFS) at synchrotron radiation and Raman spectroscopy.

2. Experimental section
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The starting materials were Ln(NO3)s-6H,0 (more than 99,8% pure), ZrOCl,-8H,0 (99% pure). Pre-
cursor (mixed Ln-Zr hydroxide) was prepared by co-precipitation of metal salts solution with ammo-
nia NH3-H,O (analytical grade). The Ln,Zr,0; powders were prepared by isothermal calcination of
amorphous precursors at 600-1500°C for 3 h in air. A more detailed experimental procedure was de-
scribed in Refs. [11-14].

X-ray diffraction investigations were carried out at the “Structural Materials Science” beamline of
the Kurchatov synchrotron radiation source. The measurements were implemented in the Debye-
Scherrer geometry (transmission mode) using an environment optimized for high quality experimental
data: the distance the sample - detector - 200 mm; beam size 200x200 mm; the exposure time of 15-30
minutes, the wavelength A = 0.68886 A. Six series of Ln,Zr,0; compounds with Ln=La-Tb were ex-
amined. Each series included 8-10 samples obtained by calcination of initial precursor at different
temperatures in a temperature range 600 — 1500°C. The Rietveld full profile analysis of X-ray diffrac-
tion patterns was performed with the Jana2006 software [15].

EXAFS spectra of Ln,Zr,0; (Ln=La-Th) above the Ls-Ln (for La 5483 eV) and K-Zr (17998 eV)
absorption edges, were measured at i811 beamline of MAXLab (Lund, Sweden) and P65 beamline of
DESY (Gamburg, Germany) in a transmission mode at room temperature. Processing and modeling of
XAFS-spectra were carried out using the VIPER [16] and Demeter [17] program packages. The ampli-
tudes and phases of photoelectron back scattering in the local environment of zirconium, REE and
hafnium atoms were calculated by program FEFF-8.20 [18] using the crystal structure parameters of
pyrochlore and fluorite, taken from the diffraction data for Ln,Zr,0; (where Ln= La-Tb).

The Raman spectra were collected on a inVia Reflex confocal Raman microscope (Renishaw) (la-
ser A=>532 nm and A,=785 nm) at room temperature [19].

3. Results and discussion

XRD study showed that precursors La,03-2ZrO,-12,6H,0 calcinated at temperatures below 800°C
have the X-ray amorphous structure. An increase in the atomic number along the La-Tb series leads to
a decrease in the crystallization temperature. However, structure can’t be considered as completely
disordered, since from one to several broad peaks were observed in the region 13-21° of double Bragg
angle. The increasing of the calcination temperature above 800 °C leads to appearance of about ten X-
ray reflections on XRD patterns for all samples, which corresponds to the fluorite structure formation.
Besides at the annealing temperature above 1000°C we observed the gradual narrowing of the diffrac-
tion reflexes and the appearance of superlattice peaks (Figure 1), which point to the increase of the
structure ordering. This is also correlated with increase of crystallite size and decrease of microstrain
values obtained from the analysis of the diffraction patterns (see Figure 2).

These superstructure reflections are substantially wider than the main peaks of the fluorite-type
structure. It suggests that cationic ordering with formation of the pyrochlore phase upon calcination
occurs inside the separate regions (nanodomains) distributed over well-crystallized fluorite matrix.

Using EXAFS spectroscopy we have studied the evolution of the Ln,Zr,O; (Ln=La-Tb) local atom-
ic structure upon the gradual heat treatment from initially amorphous precursors to well-crystallized
powders.

Figure 3 shows the Fourier transform moduli of Ls-Nd EXAFS-functions y(k)k? of Nd,Zr,0; pow-
ders calcinated at different temperatures. The first maximum at R~1.9 A corresponds to the nearest
oxygen coordination shell around Nd. For the sample calcination at 600 °C, which is still amorphous
and for the samples calcination at temperatures <1000 °C with the distinct fluorite structure, the shoul-
der at ~2.2 A on the right slope of the main peak is quite small. But with an increase of calcination
temperature the oxygen coordination shell starts to split into two components.

The observed splitting peak corresponds to two shorter Nd-O(2) and six longer Nd-O(1) distances.
The second large features at 3.1 A and 3.5 A include contributions from Nd-Zr and Nd-Nd interatomic
bonds. Amplitude of this features increases significantly with calcination temperature and the position
drifts to larger radius (Figure 3). This indicates gradual ordering of the overall crystal structure. At
calcination temperature exceeding 1300°C the peak shape and amplitude substantially stabilize, which
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corresponds to the end of the pyrochlore structure formation. Analysis of EXAFS data showed that
spectra for samples prepared at calcination temperature <800°C are well reproduced by the model of
fluorite structure (Figure 4). However, at higher calcination temperatures the fluorite structure model

can no longer provide an adequate simulation of E

XAFS-function and the analysis was conducted us-

ing the pyrochlore structure model. Thus above 1000 °C there is clearly observed splitting of the Nd-O
bond length (Figure 4). This directly points to the restructuring of the local oxygen environment of

rare-earth ions as a result of the observed fluorite-p

yrochlore phase transition.
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Figure 1. XRD patterns of Ln,Zr,0; powders
obtained by precursor annealing in vicinity of the
phase transition. Diffraction reflexes (111), (311)
u (331) indicate presence of the pyrochlore phase.
La,Zr,0; (1- 1000°C, 2- 1100°C), Pr,Zr,0O; (3-
1000°C, 4- 1100°C), Nd,Zr,0; (5- 1100°C, 6-
1200°C), Sm,Zr,0; (7- 1100°C, 8- 1200°C),
Eu,Zr,0; (9' 1100°C, 10- 12000C), szzr207 (11-
1500°C).
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Figure 3. Fourier transform moduli of EXAFS
experimental spectra measured above the Ls-Nd
edge for Nd,Zr,0; calcinatated at different tem-
peratures.

Figure 2. Microstrains (1) and coherent scattering
lengths (2) of the series Eu,Zr,0; established by
Rietveld method. Similar results were obtained
for other Ln compounds.
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Figure 4. Figure 4. The interatomic bond lengths

Nd-O and Zr-O in Nd,Zr,0; extracted from the

EXAFS date.
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Also, we have conducted a Raman spectroscopy study for each series of samples Ln,Zr,O,. The ef-
fect of the type of rare-earth ions on the Raman spectra is represented in Figure 5. As seen in Figure 5,
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Raman mode peaks for compounds from La to Th become wider and shift to higher wavenumbers.
Thus the most intense F,, mode (=305 cm™) in the Raman spectra of Th,Zr,O; is approximately one
order of magnitude broader than that of La,Zr,0-.

The results of our complex study of the phase transition in the Ln,Zr,05 series using EXAFS, XRD
and Raman spectroscopy methods are summarized in Figure 6. EXAFS curve shows the beginning of
the fluorite-pyrochlore transition, while Raman data point to the end. The initial crystallization of
amorphous precursors leads to the formation of nanocrystalline oxides with the fluorite structure, re-
gardless the Ln** cation type. The crystallization onset temperature is lower for Ln,Zr,0; with a small-
er Ln* cation radius (or v ratio). In contrast, the fluorite-pyrochlore phase transition temperature be-
comes higher across the Ln,Zr,0; series.
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Figure 5. Raman spectra of Ln,Zr,0; (Ln=1-La,
2-Pr, 3-Nd, 4-Sm, 5-Eu, 6-Tb) powders with cal-
cination temperature 1400 °C measured using 532
nm excitation.

Figure 6. Scheme of the phase transition tem-
perature for Ln,Zr,O; (Ln=La-Th) compounds
obtained from EXAFS-data analysis (1), XRD (2)
and Raman spectra (3).

4. Conclusion
Local and crystal structure evolution of Ln,Zr,0; (Ln = La-Th) upon the initial X-ray amorphous pre-
cursors calcination in the temperature range 600 — 1600 °C has been studied by using a combination of
X-ray powder diffraction, XAFS-spectroscopy at synchrotron radiation and Raman spectroscopy. It
was found that the fluorite-pyrochlore phase transition occurs at calcination temperature in the range
of 900-1200 °C. The appearance of the ordered pyrochlore structure at calcination temperatures above
900 °C was fixed as an observation of superlattice peaks in diffraction and splitting of the first oxygen
coordination shell in the local lanthanides environment in EXAFS and Raman spectra. Although X-ray
diffraction data does not show crisp signs of superstructure in Th,Zr,O-, the results of the EXAFS data
analysis show traces of pyrochlore ordering also in this boundary compound calcinated at 1500 °C.
Characteristic temperatures for the ordering in the cationic and anionic sublattices are slightly dif-
ferent (lower for the anionic sublattice) but both temperatures increase with decreasing of Ln** cation
radius (or y ratio). It was shown that the phase transition from fluorite to pyrochlore structure for Ln =
La-Tb proceeds via the intermediate emergence and gradual growth of pyrochlore-type nanodomains
in a fluorite matrix. In addition the scheme of fluorite-pyrochlore transition temperature dependence
on radii of lanthanide cations was constructed.
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