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a b s t r a c t 

Stabilized fluorites and pyrochlores with different types of substitution in the (Nd 2 O 3 − ZrO 2 system 

(NdZrO)) have been studied by Raman spectroscopy, X-ray diffraction, and impedance spectroscopy meth- 

ods. Ionic and proton conductivity maps for 9 compositions in the NdZrO system are presented. Oxygen 

partial pressure measurements show a typical ionic conductor behavior, with a significantly increase of 

conductivity for (Nd 2 −x Zr x )Zr 2 O 7 + x /2 ( x = 1.27) fluorite and (Nd 2 −x Zr x )Zr 2 O 7 + x /2 ( x = 0.4, 0.2) pyrochlores. 

For the same compositions the strong luminescence was observed. Strong luminescence and high oxygen- 

ion conductivity of these solid solutions can be associated with the presence of phases with the different 

degree of structural disorder (tetragonal phase, fluorite) in local nanodomains in fluorite or pyrochlore 

matrix in the ZrO 2 − Nd 2 Zr 2 O 7 region. Really, Raman spectra of (Nd 2 −x Zr x )Zr 2 O 7 + x /2 ( x = 0.5 − 0.2) solid 

solutions demonstrated the fluorite + pyrochlore structural type in the short-range order. Fluorite nan- 

odomains in pyrochlore matrix (ZrO 2 – Nd 2 Zr 2 O 7 region) resulting from an order–disorder transition can 

only be detected at a radiation wavelength comparable to the fluorite nanodomain size. Thus, using Ra- 

man spectroscopy the broad isomorphism range in the ZrO 2 – Nd 2 Zr 2 O 7 system has been shown to be 

nonuniform. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Fluorite and pyrochlore solid solutions in ZrO 2 – Ln 2 O 3 systems 

ave a wide range of properties suitable for a variety of practical 

pplications: high oxygen ion conductivity, low thermal conductiv- 

ty, high radiation resistance, luminescence [1–9] . As a rule, there 

s a relationship between the properties of compounds and solid 

olutions in these systems and a pronounced tendency toward the 

ormation of cation and anion defects as a result of order–disorder 

ransitions [10] . 

Yttria-stabilized zirconia (6 – 8% mol.% Y 2 O 3 ) is currently used 

s an electrolyte material for fuel cells and thermal barrier coatings 
∗ Corresponding author: Kinetic and Catalysis, Institut Himiceskoj Fiziki Imeni N 

emenova RAN, ul. Kosygina 4, Moscow 119991, Russia, 119991 Moscow, Russia. 
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TBCs) protecting the high-temperature details of aero-engine and 

as turbine [11] . Lanthanide additives were studied as phosphors 

or noncontact thermometer detection of corrosion and defects in 

rO 2 – based TBCs [ 12 , 13 ]. However, the phase transition from the 

tabilized cubic phase to the tetragonal and monoclinic phases dur- 

ng service and the high sinterability of the fluorites above 1200 °C 

imit the use of ZrO 2 doped Y 2 O 3 or Sc 2 O 3 in its main applica-

ions. In view of this, pyrochlores are currently studied as an al- 

ernative to the stabilized fluorites and potential materials for the 

ame purposes. Another application of the rare-earth zirconates is 

he development of more and more powerful semiconductor laser 

iodes operating at room temperature. There is an intensive search 

or materials for solid-state lasers that could be used as diodes for 

ptical pumping. Previously, effort was concentrated on Nd- and 

b-doped single crystals and ceramics, but recently nanocrystalline 

d 2 Zr 2 O 7 has been shown to be a potential solid-state laser mate- 

ial for optical pumping of Nd 

3 + ions [14] . 

https://doi.org/10.1016/j.electacta.2021.139632
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2021.139632&domain=pdf
mailto:annashl@inbox.ru
https://doi.org/10.1016/j.electacta.2021.139632
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Phase diagram data [15] show that, at low degrees of Nd sub- 

titution for Zr (6 –14 mol.% Nd 2 O 3 ), there are stabilized cubic 

uorite solid solutions. At higher degrees of substitution, there 

re a broad range of (Nd 2 −x Zr x )Zr 2 O 7 + x /2 (14 ≤ x < 33.3 mol.%

d 2 O 3 ) pyrochlore solid solutions. Stoichiometric Nd 2 Zr 2 O 7 exists 

t 33.3 mol.% Nd 2 O 3 . A broad range of Nd 2 (Zr 2 −x Nd x )O 7 −x /2 solid

olutions, in which partial Nd substitution for Zr is accompanied 

y oxygen vacancy formation, locates at (33.3 – 50 mol.% Nd 2 O 3 ). 

At room temperature, ZrO 2 has a monoclinic structure, which 

ransforms into a tetragonal one above 1170 °C. The tetragonal-to- 

ubic phase transition is known to occur above 2370 °C [ 16 , 17 ].

xides (CaO or Ln 2 O 3 ) can stabilize the high-temperature, cubic 

hase, with high oxygen ion conductivity, if the ionic radius of 

n 

3 + approaches that of Zr 4 + and the oxide has a cubic struc- 

ure [18] . According to more recent work, an important factor for 

he stabilization of the cubic phase at relatively low temperatures 

s the existence of a lower limit for its stabilization: the highest 

onductivity of ZrO 2 (Y 2 O 3 ), the most widely used materials, was 

bserved at 8 – 11 mol.% Y 2 O 3 , and that of ZrO 2 (Sc 2 O 3 ), at 9 –

1 mol.% Sc 2 O 3 [19] . It was assumed previously that the addition 

f higher dopant concentrations would reduce the ionic conductiv- 

ty of the material as a result of the more active formation of asso- 

iates of oxygen vacancies and dopant cations [ 20 , 21 ]. As shown in

20] , the tendency toward the formation of associates is stronger in 

he case of a large difference between Zr 4 + and Ln 

3 + . At the same

ime, according to Uehara et al. [22] and Arsent’ev et al. [23] the 

n 2 O 3 – ZrO 2 systems with large and intermediate cations con- 

ain pyrochlore Ln 2 Zr 2 O 7 compounds that also have high oxygen 

on conductivity, and the highest conductivity among the Ln 2 Zr 2 O 7 

irconates is offered by the europium and gadolinium compounds 

2] . Comparatively recently, Shlyakhtina et al. [4] and Anithakumari 

t al. [5] studied (Nd 2 −x Zr x )Zr 2 O 7 + x /2 (18 – 33.3% Nd 2 O 3 ) inter-

titial oxide ion conductors lying in the broad ZrO 2 – Nd 2 Zr 2 O 7 

somorphism range, with Nd substitution on the Zr site, some of 

hich, in the range x = 0.2 to 0.4, had 700 °C oxygen ion con-

uctivity as high as 5 × 10 −3 to 1.78 × 10 −2 S/cm, comparable to 

hat of Li doped Gd 2 Zr 2 O 7 [24 ]. It should be emphasized that the

road isomorphism of the Ln 2 Zr 2 O 7 compounds in these systems 

s characteristic of the light and some intermediate lanthanide zir- 

onates, whereas the Gd 2 O 3 – ZrO 2 system, the most promising 

rom the viewpoint of conductivity, has no broad Gd 2 Zr 2 O 7 iso- 

orphism range [23] . 

Thus, in the case of the light and intermediate lanthanides, in- 

luding the Ln 2 O 3 – ZrO 2 ( Ln = Nd – Gd) systems, a few maxima

n conductivity are possible, whereas the R 2 O 3 – ZrO 2 ( R = Tb-Lu; 

, Sc) systems contain no pyrochlore compounds, and only ZrO 2 - 

ased fluorites (6–11 mol.% R 2 O 3 ) demonstrate a maximum in con- 

uctivity. It seems likely that the maxima in the oxygen ion con- 

uctivity as a function of Ln 2 O 3 content are due to the nonunifor- 

ity of the broad isomorphism range, which can include related 

nd crystallographically similar pyrochlore and fluorite phases in 

ifferent ratios. In particular, this conclusion is supported by the 

ather large R-factors obtained in Rietveld refinement of param- 

ters of nonstoichiometric (Nd 2 −x Zr x )Zr 2 O 7 + x /2 ( x = 0.32 – 0.48) 

yrochlore solid solutions [4] and discrepancies between phase di- 

gram data reported by different groups, e.g. for the Nd 2 O 3 –ZrO 2 

ystem [ 15 , 25 ]. Unlike M. Perez Y Jorba [15] , A. Rouanet assumes

he presence of an F + P two-phase field to the left of Nd 2 Zr 2 O 7 

nd a P + F field to the right of it, thus denying the continuity

f the fluorite–pyrochlore phase transition with increasing Nd 2 O 3 

ontent in the ZrO 2 – Nd 2 Zr 2 O 7 and Nd 2 Zr 2 O 7 – Nd 2 O 3 regions

t temperatures below 20 0 0 °C [25] . To identify such phases, ad-

anced structural spectroscopic methods are needed (XANES, Ra- 

an spectroscopy) [26] . 

In addition to the study of the oxygen ion conductivity of Ln 2 O 3 

doped ZrO 2 and the Ln 2 Zr 2 O 7 -based pyrochlore zirconates, these 
2 
ompounds are of interest as luminescent materials owing to their 

hemical and photochemical stability, higher refractive index and 

ower phonon energies [27–31] . As pointed out in [30] , the high- 

emperature, cubic phase of ZrO 2 can be stabilized not only by 

oping with Ln 2 O 3 but also by reducing of the particle size to 

anosize. Nd 2 Zr 2 O 7 nanoparticles synthesized by a molten salt 

ynthesis method, were stabilized in the defect fluorite phase and 

howed an intense photoluminescence blue band and a weak green 

and after excited with 281 nm [31] . Thus, in the case of Nd 2 Zr 2 O 7 

yrochlores the cubic fluorite structure can be stabilized by re- 

ucing the crystallite size to the nanoscale, and it is nanomate- 

ials that demonstrate luminescence. A previous research on the 

r 2 O 3 -TiO 2 system revealed, for example, that Er 2 Ti 2 O 7 nanoparti- 

les stabilized in defect fluorite-type structure (T syn ≤ 700 °C) ex- 

ibit a pink coloration. At higher temperature (800 °C), an atomic 

earrangement into a pyrochlore structure significantly reduces this 

ffect [32] . Because of this, the main direction in the research 

f LnZrO materials for luminescence is investigation of powders 

repared, as a rule, by wet chemistry methods and consisting of 

anoparticles (40–50 nm). 

Light-emitting properties of pure and doped materials depend 

n the concentration of defects (e.g. oxygen vacancies), which are 

etermined by the degree of crystallinity of the material and the 

opant concentration and distribution. Thus, both the oxygen ion 

onductivity and luminescence properties of Ln 2 O 3 doped ZrO 2 

nd the Ln 2 Zr 2 O 7 – based zirconates are related to their defect sys- 

em, which depends significantly on their structure, composition, 

nd crystallite size. 

A number of similar systems [ 26 , 33–35 ] were reported to un- 

ergo nanostructuring, which was observed in rare-earth titanate 

olid solutions and was due to their structural inhomogeneity. As 

hown in a precision XANES spectroscopy study [26] , the broad 

somorphism range in the Tm 2 (Ti 2 −x Tm x )O 7 −x /2 ( x = 0 – 0.67) 

ystem can be divided into three distinct regions: at x = 0 – 0.1, 

here only a pyrochlore phase exists; x = 0.134 – 0.563, where 

wo pyrochlore phases coexist, one of which is thulium-deficient, 

nd the other, thulium-enriched; and x = 0.563 – 0.67, where a 

efect fluorite phase prevails. The highest oxygen ion conductivity 

as found at x = 0.27, where the system was phase-separated into 

wo pyrochlores. 

Slow cooling (5 °C/h) of the Ln 2 (Ti 2 −x Ln x )O 7 −x /2 ( Ln = Dy –

u; x = 0.67) stuffed titanates with the fluorite structure made it 

ossible to grow nanodomains of the pyrochlore phase to a mi- 

ron size and detect them by X-ray diffraction [ 34 , 35 ]. Thus, py-

ochlore nanodomains resulting from an order–disorder transition 

an only be detected at a radiation wavelength comparable to the 

omain size. It is, therefore, important to study such systems using 

ot only diffraction methods but also spectroscopy. 

In this paper, we report the ionic (oxygen ion and proton) con- 

uctivity (impedance spectroscopy) of compounds and solid so- 

utions in the NdZrO system, starting from (Nd 2 −x Zr x )Zr 2 O 7 + x /2 
 x = 1.27, 1.14, 0.96) stabilized fluorites and varying the compo- 

ition to give (Nd 2 −x Zr x )Zr 2 O 7 + x /2 ( x = 0.78, 0.67, 0.5, 0.4, 0.2,

.1, 0.05) pyrochlore solid solutions, containing Zr substituted on 

he Nd site, and the stoichiometric compound Nd 2 Zr 2 O 7 . In ad- 

ition, we synthesized solid solutions containing Nd on the Zr 

ite, Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.05, 0.1, 0.7), as potential oxy- 

en vacancy and proton conductors. The objectives of this study 

ere as follows: to compare the oxygen ion conductivity of the 

Nd 2 −x Zr x )Zr 2 O 7 + x /2 ( x = 1.27, 1.14, 0.96) solid solutions (Nd- 

tabilized fluorite structure), (Nd 2 −x Zr x )Zr 2 O 7 + x /2 ( x = 0.78, 0.67, 

.5, 0.4, 0.2, 0.1, 0.05) solid solutions (containing excess Zr on the 

d site), undoped Nd 2 Zr 2 O 7 , and Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.05,

.1, 0.7) oxygen vacancy conductors; assess the proton conductiv- 

ty of Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0, 0.05, 0.1, 0.7); examine the ef-

ect of oxygen partial pressure on the total conductivity of the 
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Table 1 

Samples under investigation. 

Sample 

number 

% Nd 2 O 3 x in formula 

(Nd 2- x Zr x )Zr 2 O 7 + x /2 

x in formula 

Nd 2 (Zr 2- x Nd x )O 7- x /2 

Structure according 

to Raman data 

Structure according 

to XRD and ND data 

1 10 1.27 T F 

2 12 1.14 T + F F 

3 15 0.96 F F 

4 18 0.78 F P 

5 20 0.67 F P 

6 23 0.5 F + P P 

7 23.5 0.48 ∼0.5 F + P P 

8 25 0.4 F + P P 

9 25.3 ∼0.4 F + P P 

10 29 0.2 F + P P 

11 30.1 0.1 – P 

12 32.2 0.05 – P 

13 33.3 0 P P 

14 34.4 0.05 P P 

15 35.5 0.1 – P 

16 51 0.7 F F 
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ighest conductivity ceramics; evaluate the luminescence of the 

ighest conductivity ceramics; and investigate the structure of 

Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 1.27, 1.14, 0.96,0.78, 0.67, 0.5, 0.4, 0.2, 0.1,

.05) and Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0, 0.05, 0.1, 0.67), by Raman

pectroscopy. 

. Experimental 

(Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 pyrochlore materials (0 ≤ x ≤ 1.27) and 

d 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.05, 0.1, 0.7) were prepared by mechan-

cal activation of the oxide mixtures, sintered at high tempera- 

ure (1550 °C, 10 h) of uniaxial pressed pellets. We used the fol- 

owing starting materials: Nd 2 O 3 (99.9% purity, Ganzhou Wanfeng 

dvanced Materials Technology Co., Ltd.) and ZrO 2 (99%, Aldrich 

hem Company, Inc.). The Nd 2 O 3 was predried at 10 0 0 °C for 2 h

n air. Appropriate mixtures of the neodymium and zirconium ox- 

des ( ∼21 g) were placed in an Aronov eccentric vibrating mill 

 36 , 37 ]. The oscillation amplitude and frequency of the vial con- 

aining balls and the powder were 0.5 cm and 50 Hz, respectively; 

he vial volume was 120 cm 

3 ; and the ball-to-powder weight ratio 

as 15. 

For clarity, Table 1 lists all of the ceramics prepared in this 

tudy and presents their compositions in two ways: (1) as a per- 

entage of neodymium oxide (mol.% Nd 2 O 3 ) and (2) as x in solid

olutions with substitutions on the Nd site ((Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 or 

r site Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ). 

Raman spectra of samples in the form of pellets and powders 

ere taken without any sample preparation, on a Raman Station 

00 dispersive Raman spectrometer (PerkinElmer, USA) at an opti- 

al resolution of 2 cm 

–1 . Excitation was provided by a 785-nm, 30- 

W laser. The signal acquisition time was 30–60 s. X-ray diffrac- 

ion (XRD) patterns of powder samples were collected at room 

emperature on a DRON-3 M automatic diffractometer (Cu K α radi- 

tion, λ = 1.5418 Å, Bragg-reflection geometry, 35 kV, 28 mA) in 

he 2 θ range 10 ° to 75 ° (scan step of 0.1 ° τ = 3 s.). 

The microstructure of the ceramic samples was examined by 

canning electron microscopy (SEM) on a JEOL JSM-6390LA, which 

as also used to perform X-ray fluorescence analysis and obtain 

elected-element X-ray maps. Using the SEM method, we analyzed 

he cation ratio on a freshly cleaved ceramic surface without pol- 

shing or thermal etching. 

The electrical conductivity of all samples was characterized by 

wo-probe AC impedance spectroscopy. Both faces of disk-shaped 

olycrystalline samples sintered as described above (2–3 mm thick 

ith a diameter of 9–10 mm) were covered with Pt ink (ChemPur 

3605) and fired at 950 °C for 30 min. Electrical conductivity 
3 
easurements of the samples were performed on cooling using 

 P-5X potentiostat/galvanostat combined with frequency response 

nalyzer module (Electrochemical Instruments, Ltd, Russia) over 

he frequency range of 500 kHz to 0.1 Hz at signal amplitude 

f 150 mV in the temperature range of 10 0–90 0 °C. Dry atmo- 

phere was created by passing air through a KOH and wet atmo- 

phere - through a water saturator held at 20 °C. The air flow rate 

as 130 mL/min. The measurements were made during cooling in 

et and dry air, with isothermal holding at each temperature for 

0 min. 

Electrical characterization of some oxygen-ion conductors was 

arried out by impedance spectroscopy in the frequency range of 

0 Hz to 1 MHz, with a signal amplitude of 200 mV(a moderately 

ow value to avoid over-polarization and high enough to minimize 

ignal interferences), using a Hewlett-Packard 4284A precision LCR 

ridge, as a function of temperature (300 - 1000 °C) and a function 

f the oxygen partial pressure, during reoxidation, after reduction 

ith a mixture of 95% N 2 and 5% H 2 , at 80 0, 850, 90 0, 950, and

0 0 0 °C. 

. Results and discussion 

.1. Oxygen ion and proton conductivity in the Nd 2 O 3 – ZrO 2 system 

Fig. 1 a show 3D mapping of total conductivity (dry air) in 

he Nd 2 O 3 – ZrO 2 system. Fig. 1 b presents oxygen ion and pro- 

on conductivity data in the composition range under discussion 

10–51 mol.%) in the Nd 2 O 3 – ZrO 2 system, which stands out 

mong the Ln 2 O 3 – ZrO 2 zirconate systems in that it has a broad 

somorphism range symmetric with respect to Nd 2 Zr 2 O 7 accord- 

ng to phase diagram data [15] . It is worth noting first of all

hat the conductivity of the (Nd 2-x Zr x )Zr 2 O 7 + x /2 ( x = 0.4, 0.2) 

olid solutions, containing 25 – 29 mol.% Nd 2 O 3 ( Fig. 1 , curves 

, 7), differs little from that of stabilized fluorite ZrO 2 (10 mol.% 

d 2 O 3 ) ((Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( х = 1.27)) ( Fig. 1 , curve 9): ∼ 5 ×
0 −3 S/cm at 700 °C. The conductivity of the boundary composi- 

ion ((Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( х = 0.96)), containing 15 mol.% Nd 2 O 3 ,

s a factor of 5 lower ( Fig. 1 , curve 8). The (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 

 x = 0.05, 0.1) interstitial oxide ion conductors, rich in neodymium 

xide, have a lower oxygen ion conductivity, ∼ 1 × 10 −4 S/cm at 

00 °C ( Fig. 1 , curves 4, 5), which however exceeds that of nomi-

ally stoichiometric pyrochlore Nd 2 Zr 2 O 7 ( Fig. 1 , curve 3). 

Proton conductivity is observed in Nd 2 Zr 2 O 7 and the 

d 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.05, 0.1) oxygen vacancy conduct- 

ng solid solutions. As the degree of substitution increases, both 

he oxygen ion and proton contributions to their conductivity 
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Fig. 1. (a) Total conductivity of the Nd 2 (Zr 2 −x Nd x )O 7 −x /2 and (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 solid solutions in dry air (3D image) and (b) total conductivity of the Nd 2 (Zr 2 −x Nd x )O 7 −x /2 

and (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 solid solutions in dry and wet air (2D image): 

1 - Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.1); 

2 - Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.05); 

3 - Nd 2 Zr 2 O 7 ; 

4 - (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.05); 

5 - (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.1); 

6 - (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.2); 

7 - (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.4); 

8 - (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.96); 

9 – (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 1.27). 

4 
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Table 2 

Data of SEM/EDX point analysis of some solid solution in the ZrO 2 - Nd 2 O 3 . 

Sample 

number 

% Nd 2 O 3 x in formula 

(Nd 2- x Zr x )Zr 2 O 7 + x /2 

x in formula 

Nd 2 (Zr 2- x Nd x )O 7- x /2 

Nd/Zroriginal 

ratio 

Nd/Zr(SEM/EDX) 

data 

Analysis 

area μm 

1 10 1.27 0.22 0.26 ± 0.02 140 × 200 

3 15 0.96 0.35 0.38 ± 0.02 

5 20 0.67 0.5 0.53 ± 0.02 

9 25.3 0.4 0.67 0.76 ± 0.02 

10 29 0.2 0.81 0.83 ± 0.10 

11 30.1 0.1 1 1.06 ± 0.02 

12 32.2 0.05 0.95 1.1 ± 0.03 

13 33.3 0 1 1.1 ± 0.02 

15 35.5 0.1 1.11 1.28 ± 0.02 

Fig. 2. 500 °C impedance spectra of the (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 1.27, 0.67, 0.4, 0.2) 

solid solutions. 
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ecrease ( Fig. 1 , curves 1, 2). A similar effect for oxygen-ion 

onductivity, seemingly contradicting the defect chemistry, was 

bserved previously in the titanate system Yb 2 O 3 – TiO 2 [38] . It 

s reasonable to assume that the large Nd 

3 + cations can consid- 

rably narrow down oxygen diffusion channels, thereby reducing 

xygen mobility in the system. Another possible cause is Nd 2 O 3 

olatility in the Nd 2 (Zr 2 −x Nd x )O 7 −x /2 oxygen vacancy conducting 

olid solutions and the associated deviations from the intended 

omposition, as demonstrated below by EDX data ( Table 2 ). 

According to Fig. 1 , the highest oxygen ion conductivity in the 

ystem was offered by the (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.4, 0.2) solid
Fig. 3. Total conductivity as a function of oxygen partial pressure for the 

5 
olutions and the (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 1.27) stabilized fluorite 

olid solution, which are the subject of the next sections. 

.2. Effect of oxygen partial pressure on the conductivity of the 

Nd 2-x Zr x )Zr 2 O 7 + x /2 ( x = = 1.27, 0.96, 0.67, 0.4, 0.2, 0) solid 

olutions 

Fig. 2 shows 500 °C impedance spectra of the 

Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 1.27, 0.67, 0.4, 0.2) solid solutions. 

learly, (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.2) has the lowest resistivity at 

his temperature, that of (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.4) pyrochlore 

s slightly higher, and the (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 1.27) stabilized

uorite solid solution, containing 10 mol.% Nd 2 O 3 , has still higher 

esistivity. Therefore, the pyrochlore solid solutions in which the 

d site is partially occupied by Zr ((Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ; х = 0.4,

.2)) have the highest 500 °C conductivity. 

Fig. 3 shows total conductivity as a function of oxygen par- 

ial pressure for the (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 1.27, 0.96, 0.67, 

.4, 0.2, 0) solid solutions at a higher temperature of 800 °C. 

t this temperature, the (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.2) solid so- 

ution has the highest conductivity, and the (Nd 2-x Zr x )Zr 2 O 7 + x /2 
 x = 0.96) solid solution, containing 15 mol.% Nd 2 O 3 and lo- 

ated on the boundary between the tetragonal solid solutions 

nd stabilized fluorites [4] , has the second highest conductivity. 

he conductivity of (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.67, 0.4) is slightly 

ower. The conductivity of the stoichiometric ceramic Nd 2 Zr 2 O 7 , 

1 × 10 −4 S/cm at 800 °C, is 1.5 orders of magnitude lower 

han that of the highly conductive (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.2)

aterial. Figs. 4 a and b show total conductivity as a function of 
(Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 1.27, 0.96, 0.67, 0.4, 0.2, 0) solid solutions. 
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Fig. 4. Total conductivity as a function of oxygen partial pressure at different temperatures (a) for the nominally stoichiometric material Nd 2 Zr 2 O 7 and (b) the highest 

conductivity sample, (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.2). 
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xygen partial pressure at different temperatures for the nomi- 

ally stoichiometric material Nd 2 Zr 2 O 7 and the highest conductiv- 

ty material, (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.2), respectively. It is seen

hat the region of pure oxygen ion conduction is shifted to higher 

xygen partial pressures. Note also that the region of oxygen ion 

onduction decreases with increasing temperature and shifts to 

igher oxygen partial pressures in going from (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 

 x = 0.2) to Nd 2 Zr 2 O 7 . 

.3. Structure of the Nd 2 O 3 −ZrO 2 solid solutions studied by Raman 

pectroscopy 

Almost all of the samples indicated in Table 1 , except sam- 

les 11, 12, and 15, were characterized by Raman spectroscopy. 

he results are presented in Fig. 5 . Analysis of the Raman spec- 

ra of the samples in the range 10 – 51 mol.% Nd 2 O 3 shows that

hey can be divided into five groups according to the structure 

f their spectra. One group comprises the stabilized fluorites as 

hown by XRD [4] . According to their Raman spectra, samples 1 
6 
nd 2 ( Table 1 ), having the lowest (10 and 12 mol.% Nd 2 O 3 ) con-

ent ((Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 1.27, 1.14)) consist of a tetrago- 

al phase [ 39 ] or a mixture of a tetragonal and a fluorite phase,

ather than being pure fluorites. The next group has a fluorite- 

ike short-range order and comprises samples 3–5 ( Table 1 ), con- 

aining 15–20 mol.% Nd 2 O 3 ((Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.96, 0.78, 

.67). According to previous data [31] , their spectra resemble that 

f Nd 2 Zr 2 O 7 nanoparticles prepared by molten salt synthesis, fol- 

owed by low-temperature (650 °C) annealing. The three spectra 

ave a broad band between 360 and 440 cm 

−1 due to F2g vibra- 

ion of the disordered fluorite structure ( Fig. 5 , spectra 3–5). In ad- 

ition, all three samples have a band in the range 540–630 cm 

–1 , 

hich can be attributed to the F2g vibrational mode correspond- 

ng to the stretching of the Hf(Zr)–O bond. The line at ∼500 cm 

–1 

A1g mode), which usually indicates the presence of a pyrochlore 

hase [ 40 ], is missing in spectra 3–5 in Fig. 5 . Thus, we observe a

uorite-like short-range order in the (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.96, 

.78, 0.67) ceramics. Recall that, according to XRD and neutron 

iffraction data, the (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.78, 0.67) solid so- 
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Fig. 5. Raman spectra: 

(1) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 1.27); 

(2) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 1.14); 

(3) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.96); 

(4) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.78); 

(5) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.67); 

(6) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.5); 

(7) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.5); 

(8) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.4); 

(9) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.4); 

(10) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.2); 

(11) Nd 2 Zr 2 O 7 ; 

(12) Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.05); 

(13) Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.7). 
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Fig. 6. Luminescence spectra of the (1) Nd 2 Zr 2 O 7 , (2) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.2), 

and (3) (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.5). 
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utions have the pyrochlore structure [4] . A similar discrepancy be- 

ween diffraction and spectroscopy data was reported by Mullens 

t al. [26] for stuffed pyrochlores TmTiO system. 

The third group comprises the solid solutions containing 23–

9 mol.% Nd 2 O 3 (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.5, 0.4, 0.2)). Accord-

ng to the Raman spectroscopy data ( Fig. 5 , spectra 6 – 10), they

onsist of a mixture of a nanoparticulate fluorite phase (with the 

ain bands at 360 – 440 and 540 – 630 cm 

–1 present) and a py- 

ochlore phase (the main lines at ∼300, 403, 520, and 590 cm 

–1 ). 

ote that, in the spectrum of the highest conductivity sample, 

Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.2), the 500 cm 

–1 line (A1g mode), the

ignature of the ordered pyrochlore structure [ 39 , 40 ], is missing. 

According to XRD and neutron diffraction data, the 

Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.5, 0.4, 0.2) solid solutions have a

yrochlore-like long-range order and the corresponding super- 

tructure reflections (111), (311), (331), (511) were presented in 

he XRD and ND [4] , whereas according to the present Raman 

pectroscopy data they consist of a mixture of a nanoparticulate 

uorite phase and a pyrochlore phase. 

The spectra of nominally stoichiometric pyrochlore Nd 2 Zr 2 O 7 

nd the Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.1) oxygen vacancy conducting 

olid solution based on it are typical of pyrochlores and contain 

he 500 cm 

–1 line (A1g mode), but, since Nd doping on the Zr site 

roduces oxygen vacancies, thus increasing the defect density in 

he system, this line in the spectrum of the Nd 2 (Zr 2 −x Nd x )O 7 −x /2 
7 
 x = 0.1) solid solution is broader than that in the spectrum of 

toichiometric neodymium zirconate ( Fig. 5 , spectra 11, 12). A1g 

ibration mode gives important information of the force constant 

rovided by the oscillations of La–O and Hf–O in lanthanum haf- 

ate [39] . The diffraction and spectroscopy data for Nd 2 Zr 2 O 7 and 

d 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.05, 0.1) agree well: in both cases, 

he pyrochlore structure is observed. Finally, the spectrum of the 

d 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.7) fluorite phase, containing 51 mol.% 

d 2 O 3 ( Fig. 5 , spectrum 13) and consisting of micron grains, is typ-

cal of fluorite phases and is dominated by a broad vibrational peak 

ue to the uniform oxygen distribution over all eight positions, 

hich leads to significant structural disorder [31] . In this case too, 

he diffraction data are well consistent with the spectroscopy re- 

ults. 

.4. Broadband luminescence of the (Nd 2-x Zr x )Zr 2 O 7 + x /2 ( x = 0.5; 

.2) highly conductive solid solutions in comparison with 

toichiometric Nd 2 Zr 2 O 7 

Fig. 6 shows luminescence spectra of the (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 

 x = 0.2) solid solution, having the highest conductivity, and the 

 Nd 2-x Zr x ) Zr 2 O 7 + x/2 ( x = 0.5) solid solution. According to the data

n Fig. 5 , they have similar Raman spectra. Also shown for com- 

arison in Fig. 6 is the spectrum of stoichiometric Nd 2 Zr 2 O 7 . All

hree samples have similar spectra, with bright luminescence in 

he range 1150 – 2350 cm 

–1 . Note that the broadband lumines- 

ence intensity rises in the order: Nd 2 Zr 2 O 7 < (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 

 x = 0.2) < (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.5). 

Borik et al. [41] reported luminescence of partially Y-stabilized 

nd Nd 

3 + doped ZrO 2 , grown by induction skull melting. They as- 

umed that the luminescence was due to Nd 

3 + localization in one 

f two tetragonal phases differing in parameters in single crys- 

als with a well-developed nanodomain structure. In their study, 

anoobjects (nanodomains) were formed at high temperatures as 

 result of the high-temperature tetragonal-to-fluorite phase tran- 

ition, unlike nanopowders prepared by various methods at rel- 

tively low temperatures [31] . Fig. 7 . shows the total spectrum 

Raman and luminescence components) of (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 

 x = 1.27), which is similar in shape to that reported by Borik et al.

41] . In our study the strong luminescence of (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 

 x = 1.27) ceramic may be due to Nd 

3 + localization in the tetrago- 

al phase nanodomains in accordance with Raman spectra ( Fig. 5 , 

can 1). 

Thus, the present results demonstrate that the fluorite phase in 

he ZrO – Nd Zr O system is stabilized at a higher rare-earth ox- 
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Fig. 7. Total spectrum of Nd 2 (Zr 2 −x Nd x )O 7 + x /2 ( x = 1.27) (Raman + Luminescence 

parts). 

Fig. 8. XRD data for the Nd 2 (Zr 2 −x Nd x )O 7 + x /2 ( x = 0.2) solid solution: (a) as- 

prepared, (2) after cooling at 0.3 °C/h from 1550 to 1300 °C. 

i  

a

N

o

(

3

h

w

t

a  

t

b

N

2

l

C

o

r

l

3

i  

N

i  

N

l

t  

a  

o

r

b

s

s

(

i

(

t

c  

Fig. 9. Microstructure of some solid solutions: (a) (Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 1.27), (b) (Nd 2-

( x = 0.4), (e) (Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 0.2), (f) (Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 0.1);(g) Nd 2 (Zr 2 −x N

8 
de concentration than in the ZrO 2 – R 2 O 3 ( R = = Y , Sc) systems

nd that fluorite-like short-range order is stable in the range 12 < 

d 2 O 3 % < 20. However, the presence of the tetragonal phase nan- 

domains should be noted for composition with 12 mol.% Nd 2 O 3 

 Fig. 5 , scan 2). 

.5. Growth of nanodomains in the (Nd 2-x Zr x )Zr 2 O 7 + x /2 ( x = = 0.2) 

ighly conductive solid solution 

The (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.2) highly conductive ceramic 

as reheated to 1550 °C, slowly cooled at 3 °C/h to 1300 °C, and 

hen furnace-cooled. Fig. 8 presents XRD data for the as-prepared 

nd slowly cooled (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.2) ceramic. It is seen

hat, after such cooling, there is an additional phase, which can 

e identified, according to ICDD PDF data, as the fluorite phase 

d 0.2 Zr 0.8 O 1.9 (ICDD PDF 78–1301) or Nd 0.25 Zr 0.75 O 1.875 (ICDD PDF 

8–678). 

Thus, we were able to grow fluorite structure nanodomains 

arge enough to be detected by not only spectroscopy but also XRD. 

learly, the two-phase system containing nanodomains of the flu- 

rite phase together with the pyrochlore phase in the composition 

ange near Nd 2 Zr 2 O 7 is unstable, so reducing the cooling rate al- 

ows nanodomain growth to be initiated. 

.6. Microstructure of the ZrO 2 − Nd 2 O 3 solid solutions 

The microstructure of some of the solid solutions was exam- 

ned by SEM. The results are presented in Fig. 9 and Table 2 .

ote that the composition of most sample differed little from the 

ntended one, except for the (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 ( x = 0.4) and

d 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.1) samples. The tetragonal and stabi- 

ized fluorite phases in (Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 1.27, 0.96, 0.67) 

ypically consisted of large grains ∼10 μm in size ( Figs. 9 a, b,

nd c). (Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 1.27) had an unusual morphol-

gy ( Fig. 9 a). According to Raman spectroscopy data, this mate- 

ial consisted of a tetragonal phase, was a good conductor, and had 

right luminescence. Clearly, this ceramic consisted of nanograins, 

ome of which formed large intergrowths, up to 10 μm in size, and 

ome were located at grain boundaries. The (Nd 2 −x Zr x )Zr 2 O 7 + x/ 2 

 x = 0.67) ceramic had a smaller grain size. 

The (Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 0.4, 0.2) highly conductive ceram- 

cs differed insignificantly in grains size from (Nd 2- x Zr x )Zr 2 O 7 + x /2 
 x = 0.1), which had a factor of 5 lower conductivity. Characteris- 

ically, it ranged widely in grain size, from 3 to 10 μm. Further in- 

reasing the Nd content of (Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 0.05) reduced
 

x Zr x )Zr 2 O 7 + x /2 ( x = 0.96), (c) (Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 0.67), (d) (Nd 2- x Zr x )Zr 2 O 7 + x /2 
d x )O 7 −x /2 ( x = 0.05), (h) Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.1). 
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he grain size, which was limited to 5 μm. This sample was more 

niform, with a very small scatter in grain size. According to SEM 

ata, the Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0.1) oxygen vacancy conductor, 

ith low conductivity, had the smallest average grain size: ∼2 μm. 

. Conclusions 

The broad isomorphism range in the ZrO 2 – Nd 2 O 3 system 

as been investigated by impedance and Raman spectroscopy 

echniques. In the ZrO 2 – Nd 2 Zr 2 O 7 subsystem, we have studied 

Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 1.27, 1.14, 0.96) solid solutions with a sta-

ilized fluorite structure and (Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 0.78, 0.67, 

.5, 0.4, 0.2, 0.1, 0.05) substitutional solid solutions with the py- 

ochlore structure in accordance with preliminary XRD and neu- 

ron diffraction study [4] . In the Nd 2 Zr 2 O 7 – Nd 2 O 3 subsystem, 

e have studied Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0, 0.05, 0.1, 0.7) sub-

titutional solid solutions. A narrow range of proton conduction 

as been found in Nd 2 (Zr 2 −x Nd x )O 7 −x /2 ( x = 0, 0.05, 0.1). The

Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 0.5, 0.4, 0.2) solid solutions, consisting 

f a mixture of a nanostructured fluorite phase and a pyrochlore 

hase, rather than being homogeneous, have high oxygen ion con- 

uctivity and appreciable broadband luminescence. All the prop- 

rties, including high conductivity and luminescence, that differ- 

ntiate the (Nd 2- x Zr x )Zr 2 O 7 + x /2 ( x = 0.5, 0.4, 0.2) solid solutions

rom the other materials studied in the ZrO 2 – Nd 2 O 3 system are 

bviously due to the presence of fluorite structure nanodomains 

n a pyrochlore structure matrix. Fluorite nanodomains in a py- 

ochlore matrix are difficult to detect by diffraction techniques 

XRD, synchrotron XRD, or neutron diffraction), but this can be 

one by spectroscopic methods (Raman scattering or XANES) or 

y growing nanodomains from such inhomogeneous solid solutions 

sing cooling rates as low as 3 °C/h in the 1550–1300 °C tem- 

erature range. High conductivity and strong luminescence have 

lso been found in the stabilized fluorite phase (Nd 2- x Zr x )Zr 2 O 7 + x /2 
 x = 1.27), in long-range order, which consists of a tetragonal phase 

anodomains according to Raman spectroscopy data and has an 

nusual morphology. 
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