
Citation: Kalinina, M.V.; Dyuskina,

D.A.; Polyakova, I.G.; Mjakin, S.V.;

Kruchinina, I.Y. Effect of Synthetic

Approaches and Sintering Additives

upon Physicochemical and

Electrophysical Properties of Solid

Solutions in the System

(CeO2)1−x(Nd2O3)x for Fuel

Cell Electrolytes. Ceramics 2023, 6,

1100–1112. https://doi.org/10.3390/

ceramics6020065

Academic Editors: Gilbert Fantozzi

and Narottam P. Bansal

Received: 3 March 2023

Revised: 17 April 2023

Accepted: 8 May 2023

Published: 11 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

ceramics

Article

Effect of Synthetic Approaches and Sintering Additives upon
Physicochemical and Electrophysical Properties of Solid
Solutions in the System (CeO2)1−x(Nd2O3)x for Fuel
Cell Electrolytes
Marina V. Kalinina 1, Daria A. Dyuskina 1, Irina G. Polyakova 1, Sergey V. Mjakin 2,3,* and Irina Yu. Kruchinina 1,4

1 Institute of Silicate Chemistry of the Russian Academy of Sciences, 2 Makarova Emb, 199034 St. Petersburg, Russia
2 Department of Theory of Materials Sciences, Saint-Petersburg State Institute of Technology, Technical

University, 24-26/49A Moskovsky Prospect, 190013 St. Petersburg, Russia
3 Institute for Analytical Instrumentation, Russian Academy of Sciences, 31-33A Ivana Chernykh Str.,

198095 St. Petersburg, Russia
4 Department of Nanotechnology and Nanomaterials for Radioelectronics, Saint-Petersburg State

Electrotechnical University “LETI”, 5 Professora Popova Str., 197376 St. Petersburg, Russia
* Correspondence: svmjakin@technolog.edu.ru

Abstract: Finely dispersed (CeO2)1−x(Nd2O3)x (x = 0.05, 0.10, 0.15, 0.20, 0.25) powders are synthe-
sized via liquid-phase techniques based on the co-precipitation of hydroxides and co-crystallization
of nitrates. The prepared powders are used to obtain ceramic materials comprising fluorite-like solid
solutions with the coherent scattering region (CSR) of about 88 nm (upon annealing at 1300 ◦C) and
open porosity in the range of 1–15%. The effect of the synthesis procedure and sintering additives
(SiO2, ZnO) on physicochemical and electrophysical properties of the resulting ceramics is studied.
The prepared materials are found to possess a predominantly ionic type of electric conductivity
with ion transfer numbers ti = 0.96–0.71 in the temperature range of 300–700 ◦C. The conductivity
in solid solutions follows a vacancy mechanism with σ700 ◦C = 0.48 × 10−2 S/cm. Physicochemical
properties (density, open porosity, type and mechanism of electrical conductivity) of the obtained
ceramic materials make them promising as solid oxide electrolytes for medium temperature fuel cells.

Keywords: co-precipitation; co-crystallization; oxides; finely dispersed powders; nanoceramics;
density; porosity; fuel cells; electrolytes

1. Introduction

In view of unstable situation on the market of hydrocarbon resources and growing
environmental problems, the power supply sector is undergoing significant structural
changes, particularly involving the increase in the use of alternative (relating to convention-
ally applied timber, coal and oil) resources, opening new prospects for the development
of energy generation, accumulation and distribution systems. Particularly promising are
fuel cells (FC)—electrochemical devices directly converting the chemical energy of the fuel
and oxidizer separately supplied to electrodes into electric power. A high thermodynamic
efficiency and a permanent and environment friendly operation make FCs advantageous
over such power generation systems as microturbines, internal combustion engines and
solar cells [1–5].

The application of solid oxide fuel cells (SOFCs) affords the development of various
scale and purpose installations from portative to high power stationary ones. Medium
temperature SOFC operate at 300–700 ◦C that provides their high (50–70%) power efficiency,
reduction of risks relating to electrode catalyst poisoning and increased rate of electrode
reactions. SOFs are also promising in respect of their enhanced tolerance to impurities
in the fuel and versatility of applied combustible gases compared with other types of
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FCs [6–8]. Furthermore, SOFCs are full-ceramic systems causing no adverse impact on the
environment. The current trends in the development of SOFCs and high research activity
in this field indicate prospects for their extensive commercialization in the nearest years.

According to the above considerations, a promising research area relates to the develop-
ment of components for medium temperature solid oxide fuel cells (MT-SOFC) applicable
for electric power generation using a synthesis gas (H2-CO) fuel obtained from any hy-
drocarbons. The most promising material for solid electrolytes in MT-SOFC is cerium
dioxide (ceria) doped with oxides of rare-earth elements (REE). Nanoscale CeO2 based
electrolytes provide electric performances comparable with conventionally used zirconia
and allow a significant reduction of working temperature for fuel cells, thus increasing
their durability [9,10].

Different kinds of FCs being currently developed are classified primarily according
to the type of applied electrolytes, particularly divided by ion transport mechanisms to
anionic, protonic and mixed ion types. MT-SOFC operation is based on the transport of
oxygen ions (O2−) from cathode to anode. Since this mechanism requires the presence of
oxygen vacancies, electrolytes useful for these systems should contain anionic vacancies in
the crystal lattice [11–13]. Furthermore, to obtain solid electrolytes with optimal exploration
performances (ionic conductivity, gas tightness, thermal stability, mechanical strength), fine
powders are required [11,12].

The electric performance of CeO2-REE electrolytes depends on numerous factors
including the applied synthetic approach, dispersion of the prepared precursor powders,
ceramic density and grain size [8,14–17].

The preparation of ceramic materials with a certain density requires the proper choice
of the precursor powder synthesis procedure and analysis of the prepared powder consoli-
dation, involving the steps of compression (compacting) and subsequent sintering. One
of the most important procedures in the ceramic preparation technology is annealing to
provide the material sintering. In order to accelerate the sintering process, reduce the sinter-
ing temperature and improve the target performances of the resulting ceramics, so called
sintering additives are used to promote the intensification of physicochemical processes
in the course of annealing. Both specially introduced additives and even admixtures in
the applied reagents are known to affect the formation and sintering temperatures of the
prepared compounds, as well as their physical, chemical and technical performances. The
effect of each additive is determined by a certain specific mechanism [18].

The most preferable approaches to obtaining precursor powders for ceramics in-
volve such liquid-phase methods as hydrothermal synthesis, the sol-gel method, Pechini
method, the co-precipitation of hydroxides from solutions of inorganic salts, and the co-
crystallization of salts. A particularly promising one is the co-precipitation of hydroxides
followed by low-temperature treatment, providing a more precise adjustment of the dis-
persion and microstructure of the target products due to the variation of the synthesis
conditions and obtaining single phase xerogels and powders with a required composition
and high specific surface area [19–21].

The compression of ceramics largely depends on the controlled introduction of addi-
tives, significantly affecting the consolidation even in very small contents. For example,
some additives can provide a decisive effect on the compression in the course of sintering,
resulting in an increase in the mechanical strength of porous ceramics, as well as in the
reduction of the sintering temperature upon the addition in the amount of 10−2 %wt. The
action mechanism of such additives is different and is determined by the nature of the
base material and the additive, as well as by their high-temperature interaction. Additives
can activate the sintering process by blocking the growth of grains, being localized at the
grain boundaries.

The aim of this research Is the study of the effect of synthetic approaches and sintering
additives (SiO2 and ZnO) upon physicochemical and electrophysical properties of solid
solutions in the system (CeO2)1−x(Nd2O3)x for MT-SOFC electrolytes.
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2. Materials and Methods
2.1. Synthesis of (CeO2)1−x(Nd2O3)x (x = 0.05, 0.10, 0.15, 0.20, 0.25)

The precursor powders were synthesized using two different methods, including co-
precipitation of hydroxides followed by low temperature treatment and co-crystallization
of nitrates, providing various CeO2:Nd2O3 ratios in both cases.

For the synthesis, nitric acid salts of cerium Ce(NO3)3·6H2O (analytical purity grade
with the reagent content higher than 98 %wt.) and neodymium Nd(NO3)3·6H2O (chemical
purity grade with the reagent content higher than 99 %wt.) were used, from which diluted
(~0.1 M) solutions were prepared.

In the case of the co-precipitation of hydroxides, the precursor powder synthesis was
carried out by reverse titration followed by low temperature treatment. A 1 M aqueous
solution of ammonia hydrate (NH3·H2O) was used as a precipitating agent. The pH of
the reaction mixture was maintained on level 11–12. The precipitation was performed
with a minimal rate of 0.02 cm3/s at thorough mixing. The prepared gelatinous precip-
itate of hydroxides was filtered followed by freezing at −25 ◦C within 24 h to provide
deagglomeration and maintain a fine dispersion of the CeO2–Nd2O3 co-precipitate.

The co-crystallization procedure was carried out by the evaporation of water from
the solutions on a water bath within 3 h to obtain supersaturated solutions. Then the
resulting supersaturated solutions were cooled at 3–5 ◦C to promote the adsorption of the
crystallized compounds on the surface of the crystals formed during the evaporation.

The xerogels obtained by both methods were dried at 120 ◦C within 1 h followed by
heating at 600 ◦C within 1 h to form nanopowders with a stable crystal structure. Then
sintering additives (SiO2 or ZnO) were introduced to the prepared nanopowders in the
amount of 3 %wt. relating to the powder charge weight [21].

The prepared powders in the amount of 1.5–2.0 g were consolidated into tablets
(diameter 1.5 cm, height 0.2–0.4 cm) by single-axis cold compression in a steel mold under
a pressure of 150 MPa by isostatic cold pressing, followed by sintering at 1300 ◦C in air,
with the heating rate and furnace cooling 7 ◦C/min.

2.2. Characterization Methods

X-ray diffraction analysis (XRD) was performed using a D8-Advanse diffractometer
(Bruker, Billerica, MA, USA), CuKα radiation, 2θ = 15–60◦, in air. The international database
ICDD-2006 was used to interpret the diffraction patterns; the analysis results were processed
using the WINFIT 1.2.1 software using the Fourier transform of the reflex profile. The size
of coherent scattering regions (CSR) was estimated using a Selyakov-Scherrer equation:

DCSR = 0.9·λ/(β·cosθ)

where λ is the CuKα wavelength and β is the diffraction peak FWHM. CSR was estimated
on the basis of changes in XRD reflection profiles with changes in the grain size [22].

The open porosity was measured by hydrostatic weighting in distilled water according
to the Russian standard GOST 473.4-81 [23].

The surface functionality of the prepared samples was studied using a dynamic pH-
metry technique [24,25]. The acid-base properties of the powder surface were characterized
by measuring the changes in pH value of the suspensions obtained by immersing 30 mg of
the studied powders in 30 mL of distilled water at permanent agitation with a magnetic
stirrer. pH measurements were performed using a Multitest IPL-301 pH-meter (NPP
SEMICO, Novosibirsk, Russia) in 5, 10, 20, 30, 40, 50, 60 s after the sample immersion and
subsequently in every 30 s up to 10 min from the powder immersion.

The electrical resistance of the obtained ceramic materials was measured by a two-
contact method at direct current using the “Hardware-software installation for investigating
the electrical properties of nanoceramics in different gas media” [26]. To provide electrical
contact, silver electrodes were applied to the ends of the measured samples by annealing
a silver conductive paste. After drying the paste, the samples were slowly heated to 600 ◦C
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and held for 1 h at this temperature to burn out the organic components, followed by slow
cooling. The conductivity of ceramics was measured in the temperature range from 250 to
900 ◦C, because heating to higher temperatures can lead to the melting of the silver contacts.

The obtained materials generally feature a semiconductor type (increase with tem-
perature) and ionic mechanism of electrical conductivity according to the following quasi-
chemical reaction:

Nd2O3
CeO2−−−→ 2Nd′Ce + 3Ox

o + V

where Nd´Ce is a neodymium ion replacing Ce4+ and Vö is oxygen vacancy.
The transfer numbers of ions and electrons in bulky solid electrolytes were determined

by the West–Tallan method [19] using a CO2 + CO mixture (corresponding to an oxygen
partial pressure of 103 Pa) as an inert gas. The measurements were carried out using
a direct current in weak (U = 0.5 V) fields after a long (up to 30 min) drop of the current.
The contributions of ionic and electronic conductivity were estimated as:

te = Rair/Re

and
ti = 1 − te

where te and ti are the transport numbers of electrons and ions, respectively, Rair and Re
are the sample resistance measured in air and in an inert gas atmosphere.

The resulting ceramics microstructure was characterized using a Tescan Amber GMH
(Tescan, Chech Respublic) electron microscope with the secondary electron detector
(Everhard-Tornley) at magnification 75,000×.

3. Results and Discussion
3.1. Study of the (CeO2)1−x(Nd2O3)x (x = 0.05; 0.10; 0,15; 0,20; 0,25) Solid Solutions
Crystal Structure

XRD results for the (CeO2)0.85(Nd2O3)0.15 precursor powder synthesized by the co-
precipitation of hydroxides and annealed at 600 ◦C, as well as the ceramics sample obtained
by its subsequent sintering at 1300 ◦C (Figure 1 and Table 1), indicate the formation of
finely dispersed solid solutions with the fluorite-like cubic structure. For the nanopowder
annealed at 600 ◦C, the lattice parameter a = 5.4360 Å and CSR ~ 14 nm, while after
sintering at 1300 ◦C, a = 5.4545 Å and CSR = 88 nm. Thus, the resulting ceramics feature
a single-phase structure in the temperature range 600–1300 ◦C. The effect of the dopant
concentration upon the cubic solid solution formation XRD profiles for all the studied
(CeO2)1−x(Nd2O3)x compositions (x = 0.05; 0.10; 0.20; 0.25) is shown in Figure 2 and
Table 2.

Table 1. XRD parameters of (CeO2)0.85(Nd2O3)0.15 ceramics annealed at 1300 ◦C.

2θ, ◦ dhkl I hkl Indices Cubic Lattice Parameter, Å Structure

28.4453 3.14930 296.0 111

5.4545 Fm3m

32.9427 2.72737 88.9 200

47.0850 1.92854 137.9 220

55.8549 1.64467 101.1 311

58.5220 1.57465 28.3 222

68.7800 1.36369 20.1 400



Ceramics 2023, 6 1104
Ceramics 2023, 6, FOR PEER REVIEW    5 
 

 

 

Figure 1. XRD profiles for (СeO2)0.85(Nd2O3)0.15 precursor nanopowder (1) and ceramic sample (2) 

prepared by co‐precipitation of cerium and neodymium hydroxides. 

Table 1. XRD parameters of (CeO2)0.85(Nd2O3)0.15 ceramics annealed at 1300 °C. 

2θ,   dhkl  I  hkl Indices  Cubic Lattice Parameter, Å  Structure 

28.4453  3.14930  296.0  111 

5.4545  Fm3m 

32.9427  2.72737  88.9  200 

47.0850  1.92854  137.9  220 

55.8549  1.64467  101.1  311 

58.5220  1.57465  28.3  222 

68.7800  1.36369  20.1  400 

 

Figure 2. XRD profiles for (СeO2)0.85(Nd2O3)0,15 ceramics samples with x = 0.05 (1), 0.10 (2), 0.20 (3) 

and 0.25 (4) synthesized by co‐precipitation of hydroxides followed by annealing at 1300 °C. 

   

Figure 1. XRD profiles for (CeO2)0.85(Nd2O3)0.15 precursor nanopowder (1) and ceramic sample
(2) prepared by co-precipitation of cerium and neodymium hydroxides.

Ceramics 2023, 6, FOR PEER REVIEW    5 
 

 

 

Figure 1. XRD profiles for (СeO2)0.85(Nd2O3)0.15 precursor nanopowder (1) and ceramic sample (2) 

prepared by co‐precipitation of cerium and neodymium hydroxides. 

Table 1. XRD parameters of (CeO2)0.85(Nd2O3)0.15 ceramics annealed at 1300 °C. 

2θ,   dhkl  I  hkl Indices  Cubic Lattice Parameter, Å  Structure 

28.4453  3.14930  296.0  111 

5.4545  Fm3m 

32.9427  2.72737  88.9  200 

47.0850  1.92854  137.9  220 

55.8549  1.64467  101.1  311 

58.5220  1.57465  28.3  222 

68.7800  1.36369  20.1  400 

 

Figure 2. XRD profiles for (СeO2)0.85(Nd2O3)0,15 ceramics samples with x = 0.05 (1), 0.10 (2), 0.20 (3) 

and 0.25 (4) synthesized by co‐precipitation of hydroxides followed by annealing at 1300 °C. 

   

Figure 2. XRD profiles for (CeO2)0.85(Nd2O3)0,15 ceramics samples with x = 0.05 (1), 0.10 (2), 0.20 (3)
and 0.25 (4) synthesized by co-precipitation of hydroxides followed by annealing at 1300 ◦C.

Table 2. Cubic lattice parameters and CSR value for (CeO2)1−x(Nd2O3)x (x = 0.05, 0.10, 0.20 and 0.25)
ceramic samples.

Composition Structure, Parameter a, Å CSR, nm (1300 ◦C)

(CeO2)0.95(Nd 2O3)0.05 F, a = 5.4345 90

(CeO2)0.90(Nd 2O3)0.10 F, a = 5.4421 89

(CeO2)0.85(Nd 2O3)0.15 F, a = 5.4545 88

(CeO2)0.80(Nd 2O3)0.20 F, a = 5.4575 85

(CeO2)0.75(Nd 2O3)0.25 F, a = 5.4653 81
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According to Figure 2, all XRD profiles are similar and correspond to the cubic fluorite-
like structure.

The cubic lattice parameters depending on (CeO2)1−x(Nd2O3)x solid solution compo-
sition, as well as the corresponding CSR values are summarized in Table 2.

As shown in Table 2, the concentration of Nd2O3 additive in the studied range does
not cause any change in the cubic solid solution type, resulting only in a slight increase in
the lattice parameter with Nd2O3 content and CSR variation in the range of 81–90 nm.

The annealed (1300 ◦C) ceramics microstructure features prominent 200–700 nm sized
grains with well-defined boundaries intrinsic to ceramic samples (Figure 3).

Ceramics 2023, 6, FOR PEER REVIEW    6 
 

 

Table 2. Cubic lattice parameters and CSR value for (СeO2)1−x(Nd2O3)x (x = 0.05, 0.10, 0.20 and 0.25) 

ceramic samples. 

Composition  Structure, Parameter a, Å  CSR, nm (1300 °C) 

(CeO2)0.95(Nd 2O3)0.05    F, а = 5.4345  90 

(CeO2)0.90(Nd 2O3)0.10  F, а = 5.4421  89 

(CeO2)0.85(Nd 2O3)0.15  F, а = 5.4545  88 

(CeO2)0.80(Nd 2O3)0.20  F, а = 5.4575  85 

(CeO2)0.75(Nd 2O3)0.25  F, а = 5.4653  81 

According  to  Figure  2,  all XRD  profiles  are  similar  and  correspond  to  the  cubic 

fluorite‐like structure. 

The cubic lattice parameters depending on (СeO2)1−x(Nd2O3)x solid solution composi‐

tion, as well as the corresponding CSR values are summarized in Table 2. 

As shown in Table 2, the concentration of Nd2O3 additive in the studied range does 

not cause any change in the cubic solid solution type, resulting only in a slight increase in 

the lattice parameter with Nd2O3 content and CSR variation in the range of 81–90 nm. 

The  annealed  (1300  °C)  ceramics microstructure  features  prominent  200–700  nm 

sized grains with well‐defined boundaries intrinsic to ceramic samples (Figure 3). 

 

Figure 3. SEM image of (СeO2)0.90 (Dy2O3)0.10 ceramics sample. 

The density and porosity of all  the СeO2‐Nd2O3  ceramics  samples  synthesized by 

both co‐precipitation and co‐crystallization methods are summarized in Table 3. 

Table 3. Effect of sintering additives upon theoretical density , apparent density a and open po‐
rosity Po of (СeO2)1−x(Nd2O3)x samples prepared by co‐precipitation and co‐crystallization. 

Composition 
,   

g/cm3 

a,   
g/cm3 

Po, %  Composition 
,   

g/cm3 

a,   
g/cm3 

Po, % 

Co‐Precipitation    Co‐Crystallization 

Without sintering additives 

(СeO2)0.95(Nd2O3)0.05  5.59  5.47  23.9  (СeO2)0.95(Nd2O3)0.05  6.49  6.31  9.7 

Figure 3. SEM image of (CeO2)0.90 (Dy2O3)0.10 ceramics sample.

The density and porosity of all the CeO2-Nd2O3 ceramics samples synthesized by
both co-precipitation and co-crystallization methods are summarized in Table 3.

Table 3. Effect of sintering additives upon theoretical density ρ, apparent density ρa and open
porosity Po of (CeO2)1−x(Nd2O3)x samples prepared by co-precipitation and co-crystallization.

Composition ρ,
g/cm3

ρa,
g/cm3 Po, % Composition ρ,

g/cm3
ρa,

g/cm3 Po, %

Co-Precipitation Co-Crystallization

Without sintering additives

(CeO2)0.95(Nd2O3)0.05 5.59 5.47 23.9 (CeO2)0.95(Nd2O3)0.05 6.49 6.31 9.7

(CeO2)0.90(Nd2O3)0.10 4.84 4.67 29.9 (CeO2)0.90(Nd2O3)0.10 5.91 5.76 20.5

(CeO2)0.85(Nd2O3)0.15 4.86 4.74 29.4 (CeO2)0.85(Nd2O3)0.15 6.47 5.69 25.9

(CeO2)0.80(Nd2O3)0.20 6.32 6.16 16.2 (CeO2)0.80(Nd2O3)0.20 5.86 5.60 25.8

(CeO2)0.75(Nd2O3)0.25 5.32 5.11 21.8 (CeO2)0.75(Nd2O3)0.25 5.29 5.06 34.2

With SiO2 sintering additive

(CeO2)0.95(Nd2O3)0.05 6.12 5.57 23.5 (CeO2)0.95(Nd2O3)0.05 5.35 5.14 24.6

(CeO2)0.90(Nd2O3)0.10 6.32 4.30 32.9 (CeO2)0.90(Nd2O3)0.10 4.95 4.81 31.1
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Table 3. Cont.

Composition ρ,
g/cm3

ρa,
g/cm3 Po, % Composition ρ,

g/cm3
ρa,

g/cm3 Po, %

Co-Precipitation Co-Crystallization

(CeO2)0.85(Nd2O3)0.15 6. 25 4.53 23.8 (CeO2)0.85(Nd2O3)0.15 6.41 4.78 33.2

(CeO2)0.80(Nd2O3)0.20 6.31 4.13 29.6 (CeO2)0.80(Nd2O3)0.20 5.37 4.18 40.7

(CeO2)0.75(Nd2O3)0.25 4.81 4.69 25.6 (CeO2)0.75(Nd2O3)0.25 4.64 3.98 44.3

With ZnO sintering additive

(CeO2)0.95(Nd2O3)0.05 6.32 6.25 10.1 (CeO2)0.95(Nd2O3)0.05 6.70 6.41 0.6

(CeO2)0.90(Nd2O3)0.10 6.65 6.52 15.5 (CeO2)0.90(Nd2O3)0.10 7.15 7.02 3.4

(CeO2)0.85(Nd2O3)0.15 6.26 6.21 13.5 (CeO2)0.85(Nd2O3)0.15 6.85 6.62 6.5

(CeO2)0.80(Nd2O3)0.20 7.12 6.97 9.9 (CeO2)0.80(Nd2O3)0.20 6.62 6.54 0.6

(CeO2)0.75(Nd2O3)0.25 6. 56 6.38 14.0 (CeO2)0.75(Nd2O3)0.25 4.58 6.52 1.0

3.2. Characterization of the Powders Surface Properties by Dynamic pH-Metry

The data shown in Figure 4 indicate that the immersion of the additive-free CeO2
in water leads to a small (by about 0.02–0.03) pH decrease within 2.5 min followed by
the growth up to the initial level in 4–5 min, suggesting a relatively passive state of the
surface with a low content of active sites. The addition of 10% Nd results in a slight change
in pH change kinetics with a more prominent (by 0.04) decrease in pH value in the first
2–2.5 min and a similar increase to the initial level. The increase of Nd content to 20% leads
to a qualitatively similar but significantly more prominent pH changes including a drop
by 0.08 within the first minute followed by a gradual increase to the value exceeding the
initial level by 0.08.

Figure 4. pH changes with time in suspensions of (1) CeO2 , (2) (CeO2)0.95(Nd2O3)0.05 and
(3) (CeO2)0.80(Nd2O3)0.20.
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The observed pH changes in aqueous suspensions can be accounted for in the fol-
lowing mechanism. The decrease in pH value within the first minutes after the samples
immersion can be determined by the presence of Lewis (metal cations) and Broensted
(OH-groups dissociating with proton release) acidic centers, while the subsequent pH
growth is likely caused by Broensted basic centers (hydroxyls slowly dissociating with the
release of the whole OH-group). Broensted acidic and basic centers can be represented by
the groups M-OH and M(OH)2 (M = Ce, Nd), respectively. The addition of neodimium
probably results in a distortion of element-oxygen bridging bonds on the surface yield-
ing both types of such centers in the amount growing with the increase in Nd content.
The formation of Broensted acidic and basic centers can facilitate ceramics consolidation
due to their condensation resulting in the formation of oxygen bridging bonds between
neighboring particles.

3.3. Electrical Properties of (CeO2)1−x(Nd2O3)x (x = 0.05, 0.10, 0.15, 0.20, 0.25) Ceramics

The data on specific conductivity of (CeO2)0.90(Nd2O3)0.1 ceramics containing 3 %wt.
of SiO2 and ZnO sintering additives are shown in Figure 5 in comparison with a similar
additive-free material. All the samples feature an increase in conductivity with temperature,
suggesting a semiconductor type of conductivity. The addition of silica leads to a decrease in
conductivity in the entire studied temperature range, probably due to an increased porosity.
The addition of zinc oxide also results in a drop in the conductivity at low temperatures,
but at elevated temperatures, the conductivity significantly grows and exceeds the values
for the additive-free samples.
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Figure 5. Effect of SiO2 and ZnO sintering additives on the temperature dependence of
(CeO2)0.90(Nd2O3)0.1 ceramics conductivity.

Thus, it can be concluded that the use of ZnO as a sintering additive provides both
a reduction in porosity and increase in specific conductivity. Therefore, all the subsequent
studies were carried out using ZnO-containing samples.

The comparison of specific conductivity vs. temperature plots for the samples with differ-
ent Nd2O3 contents synthesized by the co-precipitation of hydroxides and co-crystallization
of salts is presented in Figure 6.
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Figure 6. Specific conductivity vs. temperature plots for (CeO2)1−x(Nd2O3)x ceramics prepared
using ZnO sintering additive by (a) co-precipitation with x = 0.15 (1), 0.10 (2), 0.25 (3), 0.20 (4), 0.05 (5)
and (b) co-crystallization with x = 0.15 (1), 0.10 (2), 0.20 (3), 0.05 (4), 0.25 (5).

These data indicate that the highest conductivity is observed for the samples con-
taining 10–15 %wt. Nd2O3. The further increase in Nd2O3 content leads to a decrease in
conductivity, probably due to the formation of “quasi-chemical complexes” (Nd′Ce–V••O )•

involving Nd3+ ions and oxygen vacancies V••O [8]. Consequently, the concentration of
mobile oxygen vacancies drops upon the increase of Nd content above the optimal value,
resulting in the observed decrease in specific conductivity.

These data indicate that the highest conductivity is observed for the samples con-
taining 10–15 %wt. Nd2O3. The further increase of Nd2O3 content leads to a decrease in
conductivity, probably due to the formation of “quasi-chemical complexes” (Nd′Ce –V••O )•

involving Nd3+ ions and oxygen vacancies V••O [8]. Consequently, the concentration of
mobile oxygen vacancies drops upon the increase in Nd content above the optimal value,
resulting in the observed decrease in specific conductivity.

For comparison, the specific conductivity values at the same temperature 700 ◦C for
the samples synthesized using different methods are shown in Table 4.
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Table 4. Specific conductivity of the samples prepared by different methods at 700 ◦C.

Composition
Specific Conductivity, σ700 ◦C ·10−2, S/cm

Co-Precipitation Co-Crystallization

(CeO2)0.95(Nd2O3)0.05 0.14 0.15

(CeO2)0.90(Nd2O3)0.10 0.36 0.26

(CeO2)0.85(Nd2O3)0.15 0.48 0.35

(CeO2)0.80(Nd2O3)0.20 0.18 0.19

(CeO2)0.75(Nd2O3)0.25 0.22 0.14

The effect of synthetic procedure on the conductivity of (CeO2)0.75(Nd2O3)0.25 ceramics
containing 3 %wt. ZnO in the temperature range 250–900 ◦C is illustrated in Figure 7.
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Figure 7. Specific conductivity of (CeO2)0.75(Nd2O3)0.25 ceramics prepared by coprecipitation (_____)
and co-crystallization (- - -) and containing 3 %wt. ZnO as a function of temperature.

These comparative data show that higher specific conductivity is achieved for the
samples prepared by co-precipitation, probably because this method provides more finely
dispersed powders and consequently ceramics with higher density-based thereon.

The transport numbers of ions (ti) and electrons (te) corresponding to the contributions
of electron and ionic components in the overall conductivity were determined using the
West-Tallan method and summarized in Table 5. The analysis of these data indicates
that the prepared solid oxide electrolytes feature a mixed type of conductivity with the
overall predominance of the ionic component and growth of the electronic component with
temperature increase. The transport number of ions in the temperature range 300–700 ◦C is
ti = 0.93–0.66 and the average conductivity at 700 ◦C is σ700◦C = 0.47 × 10−2 S/cm.
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Table 5. Transport numbers of ions and electrons in the synthesized ceramics samples.

Composition Preparation Method T. ◦C ti te

(CeO2)0.95(Nd2O3)0.05 co-precipitation
400 0.85 0.15

700 0.83 0.18

(CeO2)0.90(Nd2O3)0.10 co-precipitation
400 0.93 0.07

700 0.85 0.15

(CeO2)0.85(Nd2O3)0,15 co-precipitation
400 0.96 0.04

700 0.84 0.16

(CeO2)0.95(Nd2O3)0.05 co-crystallization
700 0.85 0.15

700 0.71 0.29

(CeO2)0.90(Nd2O3)0.10 co-crystallization
400 0.87 0.13

700 0.78 0.22

(CeO2)0.85(Nd2O3)0.15 co-crystallization
400 0.89 0.11

700 0.74 0.26

4. Conclusions

There is a series of finely dispersed powders in the system (CeO2)1−x(Nd2O3)x
(x = 0.05, 0.10, 0.20, 0.25) with CSR ~ 14 nm. The consolidation of the prepared precursor
powders provided ceramic materials with a fluorite-like structure, CSR 88 nm (1300 ◦C),
open porosity in the range of 0.6–15.5% and apparent density od 7.02–6.21 g/cm3.

The addition of neodymium oxide to ceria imparts the surface with increased Broen-
sted acid-base properties corresponding to the presence of acidic and basic hydroxyls that
can facilitate the ceramics sintering due to the formation of oxygen bridging bonds in the
course of sintering.

The comparative characterization of ceramic samples sintered with and without SiO2
and ZnO additives revealed that the addition of ZnO provided the lowest porosity and
highest density while the use of SiO2 as a sintering additive deteriorated these properties
towards the porosity growth and density reduction.

The electrical conductivity in CeO2-Nd2O3 solid solutions is found to proceed accord-
ing to the vacancy mechanism with the predominance of ionic conductivity characterized
by the transport number of ions ti = 0.96–0.71 in the temperature range 300–700 ◦C and
the average conductivity at 700 ◦C σ700 ◦C = 0.47 × 10−2 S/cm. The best conductivity per-
formances are achieved for the sample (CeO2)0.85(Nd2O3)0.15 prepared by co-precipitation
and containing 3 %wt. ZnO as a sintering additive.

According to their mechanical (density, open porosity) and electrophysical (conductiv-
ity value, type and mechanism) properties, the obtained ceramic electrolyte materials are
promising as components of solid oxide medium temperature fuel cells.
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