
E
n

e
rg

ie
 &

 U
m

w
e

lt
E

n
e

rg
y
 &

 E
n

v
ir

o
n

m
e

n
t

68

Energie & Umwelt / Energy & Environment
Band / Volume 68
ISBN 978-3-89336-633-0

M
itg

lie
d 

de
r 

H
el

m
ho

ltz
-G

em
ei

ns
ch

af
t

M
itg

lie
d 

de
r 

H
el

m
ho

ltz
-G

em
ei

ns
ch

af
t

O
sk

ar
 H

as
di

no
r 

Bi
n 

H
as

sa
n

O
x

id
e

s
 w

it
h

 p
o

ly
a

to
m

ic
 a

n
io

n
s
 a

s
 n

e
w

 e
le

c
tr

o
ly

te

Oxides with polyatomic anions considered as new  
electrolyte materials for solid oxide fuel cells (SOFCs)

Oskar Hasdinor Bin Hassan



Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment Band / Volume 68



 



Forschungszentrum Jülich GmbH
Institute of Energy Research (IEF)
Materials Synthesis and Processing (IEF-1)

Oxides with polyatomic anions considered 

as new electrolyte materials for solid oxide

fuel cells (SOFCs)

Oskar Hasdinor Bin Hassan

Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment Band / Volume 68

ISSN 1866-1793 ISBN 978-3-89336-633-0



Bibliographic information published by the Deutsche Nationalbibliothek.
The Deutsche Nationalbibliothek lists this publication in the Deutsche 
Nationalbibliografie; detailed bibliographic data are available in the 
Internet at http://dnb.d-nb.de.

Publisher and Forschungszentrum Jülich GmbH
Distributor: Zentralbibliothek

52425 Jülich
Phone +49 (0)2461 61-5368 · Fax +49 (0)2461 61-6103
e-mail: zb-publikation@fz-juelich.de
Internet: http://www.fz-juelich.de/zb

Cover Design: Grafische Medien, Forschungszentrum Jülich GmbH

Printer: Grafische Medien, Forschungszentrum Jülich GmbH

Copyright: Forschungszentrum Jülich 2010

Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment     Band / Volume 68

D 294 (Diss., Boc um, Univ., 2010)

ISSN 1866-1793
ISBN 978-3-89336-633-0

The complete volume ist freely available on the Internet on the Jülicher Open Access Server (JUWEL) at
http://www.fz-juelich.de/zb/juwel

Neither this book nor any part of it may be reproduced or transmitted in any form or by any 
means, electronic or mechanical, including photocopying, microfilming, and recording, or by any 
information storage and retrieval system, without permission in writing from the publisher.

h



Abstract 

   

i

Abstract 

 

Materials with Polyatomic anions of [Al2O7]
-8, [Ti2O8]

-8 and [P2O7]
-4 were investigated with 

respect to their ionic conductivity properties as well as its thermal expansion properties 

with the aim to use them as SOFCs electrolytes. The polyatomic anion groups selected 

from the oxy-cuspidine family of Gd4Al2O9 and Gd4Ti2O10 as well as from pyrophosphate 

SnP2O7. 

 

The pure oxy-cuspidine Gd4Al2O9, the series of Gd4Al2-xMgxO9-x/2 with x=0.10–1.0 and Gd4-

xMxAl2O9-x/2 (M=Ca, Sr) with x = 0.05–0.5 were prepared successfully by the citrate 

complexation method. All samples showed the crystal structure of monoclinic oxy-

cuspidine structure with space group of P21/c and Z=4. No solid solution was observed for 

Gd4Al2-xMgxO9-x/2 where additional phases of Gd2O3 and MgO were presence. XRD semi-

quantitative analysis together with SEM-EDX analysis revealed that Mg2+ was not able to 

substitute the Al3+ ions even at low Mg2+ concentration. The solid solution limit of Gd4-

xCaxAl2O9-x/2 and Gd4-xSrxAl2O9-x/2 was determined between 0.05-0.10 and 0.01-0.05 mol 

for Ca and Sr, respectively. Beyond the substitution limit Gd4Al2O9, GdAlO3 and 

SrGd2Al2O7 appeared as additional phases. The highest electrical conductivity obtained at 

900 °C yielded σ = 1.49 x 10-4 Scm-1 for Gd3.95Ca0.05Al2O8.98. In comparison, the 

conductivity of pure Gd4Al2O9 was σ = 1.73 x 10-5 Scm-1. The conductivities determined 

were in a similar range as those of other cuspidine materials investigated previously. The 

thermal expansion coefficient of Gd4Al2O9 at 1000 °C was 7.4 x 10-6 K-1. The earlier 

reported phase transition between 1100 and 1200 °C changed with increasing substitution 

of Ca and Sr. 

 

Consequently, the analogue materials of pure oxy-cuspidine Gd4Ti2O10, the series of 

Gd4Ti2-xMgxO10-x/2 with x=0.05 - 0.50 and the series Gd4-xMxTi2O10-x/2 (M=Ca, Sr) with x 

=0.05 - 0.50 were prepared successfully also by the citrate complexation method. All 

samples show the crystal structure of orthorhombic oxy-cuspidine structure with space 

group of Pnma and Z=4. No solid solution was observed for Gd4Ti2-xMgxO10-x/2 where 

additionally phase of monoclinic Gd2O3 was present. The solid solution limit of Gd4-

xCaxTi2O10-x/2 and Gd4-xSrxTi2O10-x/2 was determined between 0.20-0.30 and 0.05-0.10 mol 

for Ca and Sr, respectively. Beyond the substitution limit, GdTiO3 and SrTiO3 appeared as 

additional phases, respectively. The highest electrical conductivity obtained at 900 °C 

yielded σ = 2.50 x 10-4 Scm-1 for Gd3.80Ca0.20Ti2O9.90. In comparison, the conductivity of 

pure Gd4Ti2O10 was σ = 3.10 x 10-5 Scm-1. Again the conductivities determined were in a 

similar range as those of other cuspidine materials investigated previously. The thermal 
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expansion coefficient of Gd4Ti2O10 at 1000 °C was 7.9 x 10-6 K-1. No phase transition was 

observed below 1200 °C. 

 

The pure pyrophosphate SnP2O7 and Sn1-xFexP2O7-x/2 with x=0.05-0.3 were successfully 

synthesized via solid state reaction. XRD confirmed that main phase of SnP2O7 with 

space group of 3Pa  with Z=4 was present for all samples after calcination at 900 °C. 

Additional phases of SnO2 and Fe(PO4)3 also appeared after calcination. After sintering at 

1250 °C for 8 h, a [3 x 3 x 3] superstructure of the SnP2O7 unit cell was observed as well 

as SnO2 and Fe(PO)4. The highest electrical conductivity obtained was 7.96 x10-6 Scm-1 at 

900 °C for Sn0.92Fe0.08P2O7 which was not much different from conductivity of SnP2O7 with 

3.78 x 10-6 Scm-1. 

 

In general, the ionic conductivity of Gd4Al2O9 and Gd4Ti2O10 increased about an order of 

magnitude due to the oxygen vacancies created by Ca and Sr cations. The electrical 

conductivity of SnP2O7 also increased by a factor of 2 of Fe cations. 
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Kurzfassung 

Materialien mit mehratomigen Anionen [Al2O7]
8-, [Ti2O8]

8- und [P2O7]
4- wurden auf ihre 

ionische Leitfähigkeits- und thermischen Ausdehnungseigenschaften untersucht, um als 

geeignete Kandidaten für SOFC-Elektrolyte vorgeschlagen werden zu können. Im 

Mittelpunkt der vorliegenden Arbeit stehen die oxy-Cuspidine von Gd4Al2O9, Gd4Ti2O10 

sowie der Pyrophosphat SnP2O7. 

 

Die Synthese von einphasigem oxy-Cuspidin der Gd4Al2O9, Reihe von Gd4Al2-xMgxO9-x/2 

mit x = 0,10 - 1,00, und der Reihe von Gd4-xMxAl2O9-x/2 (M = Ca, Sr) mit x = 0,05 - 0,50, 

erfolgte über Citrat-Komplexierung. Beide Reihen zeigen die Hauptphase der monoklinen 

oxy-Cuspidin-Struktur mit der Raumgruppe P21/c und der Formeleinheit Z = 4 bzw. vier 

Formeleinheiten pro Elementarzelle. Keine Einphasigkeit wird bei Gd4Al2-xMgxO9-x/2 

beobachtet. Als weitere Phasen sind hier Gd2O3 und MgO präsent. 

Röntgenbeugungsanalyse (XRD) sowie quantitative Analyse am Rasterelektronen-

mikroskop (SEM – EDX - Analyse) ergaben, dass Mg2+ auch bei niedriger Konzentration 

am Gitterplatz des Al3+ nicht substituiert werden kann. Außerdem konnte die 

Substitutionsgrenze für Ca und Sr in den Systemen Gd4-xCaxAl2O9-x/2 und Gd4-xSrxAl2O9-x/2 

ermittelt werden (0,05-0,1 mol für Ca und 0,01-0,05 mol für Sr). Höherer Substitutionanteil 

führt zur Mehrphasigkeit, wobei als zusätzliche Phasen Gd4Al2O9, GdAlO3 und SrGd2Al2O7 

beobachtet werden. Die höchste elektrische Leitfähigkeit bei 900 °C ergab einen Wert von 

σ = 1,49 x 10-4 Scm-1 für Gd3.95Ca0.05Al2O8.98. Im Vergleich dazu liegt die Leitfähigkeit für 

reines Gd4Al2O9 bei einem Wert von σ = 1,73 x 10-5 Scm-1. Die Leitfähigkeitswerte liegen 

in einem ähnlichen Bereich wie auch zuvor untersuchte Materalien anderer Cuspidine.  

Der thermische Ausdehnungskoeffizient von Gd4Al2O9 bei 1000 °C beträgt 7,4 x 10-6 K-1. 

Der bekannte Phasenübergang im Temperaturbereich von 1100 - 1200 °C verschiebt sich 

zu höheren Temperaturen mit steigendem Substitutionsanteil von Ca oder Sr. 

 

Das oxy-Cuspidin der Gd4Ti2O10, Reihe Gd4Ti2-xMgxO10-x/2 mit x = 0,05 - 0,50, und die 

Reihe Gd4-xMxTi2O10-x/2 (M = Ca, Sr) mit x = 0,05, 0,10, 0,20, 0,30, 0,40 und 0,50 wurden 

ebenfalls erfolgreich durch die Citrat-Komplexierung synthetisiert. Alle Pulver zeigen als 

Hauptphase die orthorhombische oxy-Cuspidin-Struktur mit der Raumgruppe Pnma und Z 

= 4. Keine Einphasigkeit konnte bei der Gd4Ti2-xMgxO10-x/2, beobachtet werden, eine 

zusätzliche Phase von monoklinem Gd2O3 war stets vorhanden. Die Substitutionsgrenze 

für Ca und Sr in Gd4-xCaxTi2O10-x/2 und Gd4-xSrxTi2O10-x/2 Reihe, liegt für Ca zwischen 0.20-

0.30 und für Sr zwischen 0.05-0.10. Höherer Substitutionsanteil führt zur Bildung 

zusätzlicher Phasen (GdTiO3 und SrTiO3). Die höchste elektrische Leitfähigkeit bei 900 °C 

ergab den Wert σ = 2,50 x 10-4 Scm-1 für Gd3.80Ca0.20Ti2O9.90. Im Vergleich dazu liegt der 
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Leitfähigkeitswert für einphasiges Gd4Ti2O10 bei σ = 3,10 x 10-5 Scm-1. Auch hier zeigt 

sich, dass die Leitwerte in einem ähnlichen Bereich liegen, wie die zuvor untersuchten 

Cuspidin-Materialien. Der thermische Ausdehnungskoeffizient von Gd4Ti2O10 bei 1000 °C 

beträgt 7,9 x 10-6 K-1. Es konnte kein Phasenübergang unterhalb 1200 °C beobachtet 

werden. 

 

Einphasiges Pyrophosphat von SnP2O7 und Sn1-xFexP2O7-x/2 mit x = 0,05 - 0,30, wurde 

erfolgreich über Festkörperreaktion synthetisiert. Die Röntgenbeugungsanalyse bestätigt 

die Hauptphase SnP2O7 mit der Raumgruppe 3Pa  und Z = 4 bei allen Proben. Die 

Nebenphasen SnO2 und Fe(PO4)3 zeigen sich zusätzlich nach dem Kalzinieren bei 900 

°C. Nach dem Sintern bei 1250 °C für 8 h konnte die Überstruktur von SnP2O7 [(3 x 3 x 3 

Elementarzellen)] beobachtet werden, sowie SnO2 und von Fe(PO)4. Für die Verbindung 

Sn0.92Fe0.08P2O7 liegt die beobachtete elektrische Leitfähigkeit bei 900°C bei einem Wert 

von σ = 7,96 x10-6 Scm-1. Diese unterscheidet sich von der Leitfähigkeit von SnP2O7 mit σ 

= 3,78 x 10-6 Scm-1 nur gering.  

 

Im Allgemeinen stieg die ionische Leitfähigkeit von Gd4Al2O9 und Gd4Ti2O10 um etwa eine 

Größenordnung. Dies hat seine Ursache in den Sauerstoff-Fehlstellen, die durch Ca und 

Sr-Kationen erzeugt wurden. Die ionische Leitfähigkeit von SnP2O7 stieg ebenfalls um den 

Faktor 2 bei Anwesenheit von Fe-Kationen. 
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1 Summary and aim of the work 

As we know, electrical energy did not come in a direct way, but it is always a conversion 

of other energy sources from one type to the other. These energy sources are known as 

renewable and non renewable sources [1]. Part of the conversion processes was 

identified as the source for the global warming problem [2-4]. A fossil fuel power plant is 

one of the examples where CO2 and other gases are produced which contaminate the 

environment and create global warming in general [5, 6]. A nuclear power plant that 

produced electrical power with good efficiency, however results in an end problem of 

radioactive waste. This non-convertible waste will be a big problem for future generations 

[7]. 

 

The challenge to meet the needs of electrical energy by reducing the use of fossil fuel 

power plants and nuclear power plants, is paramount. The so-called alternative energy 

such as wind power, wave power, solar, bio-mass, fuel cells and many more are being 

optimized to cater the needs of electrical energies [8]. Some of these ways of producing 

alternative energy are already in operation and some still at the research level. One of it is 

fuel cells technology. The fuel cells technology is a promising technology since the 

efficiency of electrical power produced by it is so remarkable in terms of portability 

(mobile) and stationary. Several types of fuel cells have been introduced and investigated 

by various groups in the world where everyone has the same challenge which is to save 

the world for the future [1]. 

 

The fuel cells technology is based on electrochemical reactions and the final product is 

electrical energy. No moving parts is associated in the production of electrical energy. The 

details of various fuel cells technology is explained in the next section. In this work, the 

motivations of the research are focused on Solid Oxide Fuel Cells (SOFCs), which are 

known as an excellent stationary power generator. However, there are so many 

drawbacks for this technology to be commercialized since the manufacturing cost is still 

expansive. The key reactions in obtaining the electrical energy is from electrolyte 

materials. Normally this material is an oxygen ion conductor that can only conduct 

electricity efficiently at high temperatures such as between 600 to 900 °C [1]. 

 

The effort on researching new electrolyte materials for these applications is marvelous. 

From the modifications of available materials (optimizing ionic conductivity) until the 

suggestion of totally new family of materials, shows incredible dedications involving some 



  1 Summary and aim of the work

 

2

groups of people all over the globe working around the clock to answer this challenge. It is 

really motivating to join these people in contributing to this filed. In this work several 

oxides of polyatomic anions such as oxy-cuspidine Gd4Al2O9, oxy-cuspidine Gd4Ti2O10 [9] 

and pyrophosphate SnP2O7 [10] were suggested. These polyatomic anions were modified 

in such a way to induce oxygen vacancies that will allow the oxygen ions mobility in the 

parent structure. For the oxy-cuspidines, the divalent cations of Mg, Ca and Sr were used 

for that purpose. While for the pyrophosphate, Fe3+ is the candidate. Series of samples 

were synthesized via citrate complexation method where the solid solubility limits of 

substitution cations were determined. The ionic and electrical conductivity were evaluated 

together with thermal expansion behavior that could match the available electrolyte 

materials such as 8YSZ materials [1, 11] to be candidates as an electrolyte of SOFCs. 

 

Therefore the specific aims of this work are to obtain an applicable electrical conductivity 

of Gd4Al2O9, Gd4Ti2O10 and SnP2O7 via the modification methods as mentioned above. 

The expected electrical conductivity of those materials is in the range of 10-3 to 10-2 Scm-1 

at 600 or 700 °C. Together with those investigations, the thermal expansion coefficient 

also aims to be in good match with available electrode materials which should be in the 

range of 10 to 12 x 10-6 K-1 also at the same temperature. 
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2 Introduction 

2.1 Fuel cells 

Fuel Cells are known as an excellent efficient electrochemical device for direct conversion 

of chemical energy into electrical power. The idea of fuel cells was coined by the principle 

of galvanic gas batteries and was originally demonstrated by Sir W. R. Grove [12], who 

produced electricity by “cold combustion” of hydrogen with oxygen. The ionic conductivity 

of stabilized zirconia was later discovered by Nernst [13], which enabled the 

demonstration of the first fuel cell concept based on zirconium oxide by Baur and Preis 

[14]. Different types of fuel cells were developed that follow the same basic principle and 

share similar generic components. Fuel cells are composed of an oxygen electrode 

(cathode), an ionic conducting electrolyte and a fuel gas electrode (anode). Either on the 

cathode or on the anode side, gas is transported to the electrolyte were it is adsorbed, 

dissociated and ionized. The driving force for ionic diffusion across the electrolyte is the 

partial pressure difference between cathodic and anodic atmospheres. On the other side, 

gases adsorbed on the electrolyte react with conducted ions to form waste gases. A 

difference of potential between cathode and anode results from electrochemical reactions 

and an electrical current can be collected in an external circuit. Reactions taking place in 

the case of Solid Oxide Fuel Cells (SOFCs) will be presented in Chapter 2.1.2. 

2.1.1 Type of fuel cells 

There are several types of fuel cells which are named according to the electrolyte material 

e.g. alkaline fuel cell (AFC), polymer electrolyte membrane fuel cell (PEMFC), phosphoric 

acid fuel cell (PAFC), molten carbonate fuel cell (MCFC) and solid electrolyte fuel cell 

(SOFC). In the following fuel cells are explained accordingly and the reactions of each fuel 

cell are shown in Table 1, while Fig. 1 below shows a schematic diagram of the reactants 

in different cells.  

 

Table 1: Electrode reactions of fuel cells. 

 Anode reaction Cathode reaction 

AFC 2H2 + 4OH- → 4H2O + 4e- O2 + 2H2O + 4e-→ 4OH- 

PEMFC 2H2 → 4H+ + 4e- O2 + 4H++ 4e-→ 2H2O 

PAFC 2H2 → 4H+ + 4e- O2 + 4H++ 4e-→ 2H2O 

MCFC 4H2 + 2CO3
2- → 2H2O + 2CO2 + 4e- O2 + 2CO2

 + 4e- → 2CO3
2- 

SOFC 2H2 + 2O2- → 2H2O + 4e- O2 + 4e- → 2O2- 
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Fig. 1: Types of fuel cells and their reaction paths. 

 

Alkaline fuel cells (AFCs) 

Alkaline fuel cells (AFCs) have been used since the middle of 1960 by NASA in the Apollo 

and Space Shuttle programs. It was known at that time that AFCs were one of the most 

developed technologies. The fuel cells on board of these spacecrafts provided electrical 

power for on-board systems, as well as drinking water. The efficiency of the AFCs when 

generating the electricity is about 70 %, which make it the most efficient among other 

electric power producers [15]. The electrolyte in an alkaline fuel cells is an aqueous 

solution of potassium hydroxide (KOH) retained in a porous stabilized matrix. The 

concentration of KOH can be varied with the fuel cell operating temperature, which ranges 

from 65 to 220 °C. However, AFCs are not being considered for automobile applications. 

AFC is sensitive to carbon poisoning, and therefore requires the use of pure or cleaned 

hydrogen and oxygen that lead to an insurmountable obstacle at the present time. 

Conversely, AFCs operate at relatively low temperatures and are among the most efficient 

fuel cells, characteristics that would enable a quick starting power source and high fuel 

efficiency. 

 

Polymer electrolyte membrane fuel cells (PEMFCs) 

Polymer electrolyte membrane fuel cells (PEMFCs) are also known as proton-conducting 

polymer membrane fuel cells. The main electrolyte material that is commercially available 

is Nafion® which is the fibre of Polybenzimidazol. As a cell, the membrane is covered with 

a catalyst layer of platinum or Pt/Ru before being sandwiched with cathode and anode 

diffusion layers which are made of graphite. These graphite bipolar plates are then 
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connected with polymer or metal as interconnections to the other cells. As for basic cells 

operation, the oxygen or air is used as oxidants, and hydrogen or methanol as fuels. The 

disadvantages of these cells are the water management for the membrane during 

operation and the poisoning of the catalyst by carbon monoxide (CO). The efficiency of 

PEMFCs are about 40 to 55 % for systems in a power range of a few watts to 250 kW. 

PEMFCs were originally intended for aerospace applications, however it was favorable for 

the automotive industry and have been developed for 15 years [16]. 

 

Phosphoric acid fuel cells (PAFCs) 

Phosphoric Acid Fuel Cells (PAFCs) have been developed also since the middle of the 

1960s and field tested since the 1970s. They have improved significantly in stability, 

performance, and cost. Such characteristics have made the PAFC a good candidate for 

early stationary applications. The PAFC uses an electrolyte that is phosphoric acid 

(H3PO4) that can approach 100% concentration. The ionic conductivity of phosphoric acid 

is low at low temperatures, so PAFCs are operated at the upper end of the range of 150 to 

220 °C. The PAFCs operates at more than 40% efficiency in generating electricity. When 

operating in cogeneration applications, the overall efficiency is approximately 85 % [17]. 

 

Molten Carbonate Fuel Cells (MCFCs) 

Molten Carbonate Fuel Cells are high-temperature fuel cells that use an electrolyte 

composed of a molten carbonate salt mixture (Li2CO3, K2CO3 or Na2CO3) suspended in a 

porous, chemically inert ceramic matrix of beta-alumina (BASE). Cathodes are composed 

of Ag2O or lithium-coated NiO, anodes of Ni or Ni with 10 wt. % Cr. Due to high operating 

temperatures, methane can be internally converted to hydrogen, and cells are relatively 

insensitive to fuel impurities. The disadvantage is a highly corrosive environment reducing 

the cell life. The electrical efficiency lies by 55 to 65% and systems of up to 100 MW can 

be built. Currently being developed for natural gas and coal-based power plants, units of 

250 kW have shown overall efficiencies of up to 65%, combined to a steam turbine [18].  

 

Solid oxide fuel cells (SOFCs) 

Solid Oxide Fuel Cells rely on a dense, gas-tight oxide ceramic electrolyte, typically yttria 

stabilized zirconia (YSZ) that shows ionic conductivity by temperatures higher than 700 

°C. The electrolyte is sandwiched between two porous, electronically conducting 

electrodes. The cathode is typically made of a perovskite ceramic, whereas the anode is a 

cermet of Ni-YSZ. High-temperature fuel cells are insensitive to CO, which make them 

highly fuel-flexible. Different fuel gases like hydrogen, methane and other hydrocarbons 

can be utilised. High electrical efficiencies of 55 to 65% are possible for systems of up to 
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100 MW. Combined heat and power systems (CHP) and hybrid systems with gas turbines 

can reach efficiencies of 70%. Research is going on towards intermediate temperatures 

(ITSOFC), around 600°C, in order to decrease the materials costs and increase the life 

time of metallic interconnectors. Another issue is to reduce the start-up time to implement 

SOFCs in mobile applications such as Auxiliary Power Units (APU). More detailed 

information on the different types of fuel cells are available in [19-21]. 

 

Operating temperature 

In general the available fuel cell technology can be divided into two groups which are 

operating at low and high temperature. AFCs and PEMFCs are considered as low 

temperature fuel cells. These low temperature fuel cells are considered ideal for small-

scale transport, space and military applications due to their portability and lower 

temperature output. These fuel cell systems are sensitive to fuel type, fuel quality and are 

also susceptible to electrode poisoning. Fuel processing is a problem for these fuel cells 

and reduces the fuel cell efficiency to 30 to 50% [22]. The PAFCs, MCFCs and SOFCs 

are considered as intermediate and high temperature fuel cells due to their operating 

temperature at range of 200 to 1000 °C. With this operating temperature, those fuel cells 

can be optimized for stationary power generation and can produce significant power 

output. The PAFCs, MCFCs and SOFCs are also commonly described as first, second 

and third generation of fuel cells respectively based on its research and development [22]. 

 

2.1.2 Solid Oxide Fuel Cells (SOFCs) 

2.1.2.1 Comparison with conventional energy converters 

In conventional thermal power engines like combustion engines and gas turbines, the 

chemical energy contained in fossil fuels is converted by burning in thermal energy, then 

in mechanical and finally in electrical energy. The efficiency factor, η, which is the ratio of 

generated energy to spent energy, is limited by the second principle of thermodynamics. 

For a system constituted of a cold source at temperature Tc and a hot source at Th, the 

maximal efficiency is that of the reversible Carnot process: 

 

h

c
revCarnot T

T
−= 1.,η      Eq. 1 
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For a given cold source (e.g. at room temperature), the higher the combustion 

temperature, the higher is the reversible efficiency factor. A gas turbine working at Th 

=750 °C would have a maximal efficiency of about 71%. The actual efficiency of power 

engines is significantly lower due to irreversible dissipation losses throughout successive 

energy conversion stages. Modern gas turbines of 100 MW fabricated by General Electric 

reached a thermal efficiency of 46%, with the possibility to obtain in a combined cycle with 

steam turbines overall efficiencies of 58% [23]. In fuel cells, the chemical energy of fuels 

(i.e. hydrogen, methane) is directly converted into electrical energy. The reversible 

efficiency of the fuel cell is hence defined as the ratio of the Gibbs free enthalpy ΔrG to the 

reaction enthalpy ΔrH: 

 

H

STH

H

G
r

r
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Δ⋅−Δ
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Δ

Δ
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)(
.,η    Eq. 2 

 

where ΔrS is the entropy of the reaction, and TFC the operating temperature of the fuel cell. 

The theoretical electrical efficiency depends on the operating temperature and the fuel 

utilized. At an operating temperature of 800 °C, with the reaction enthalpy and entropy 

approximated values at standard conditions (25 °C, 1 bar), a reversible efficiency of 80% 

is obtained with hydrogen, whereas it reaches 99% with methane [24]. Real systems will 

have their efficiency reduced by ohmic losses, incomplete fuel gas utilization, gas 

leakages, and losses of peripherical devices. The limitations in real systems are detailed 

elsewhere [20, 24]. Despite the losses fuel cell systems still show high efficiencies, even 

as small power units and under partial load, and they are especially adapted to 

decentralized energy supply. Real efficiencies of different types of conventional power 

engines and fuel cell systems of 10 kW to 1 GW power are shown in Fig. 2. 

 



  2 Introduction

 

8

 

 

Fig. 2: Electrical efficiency (%) versus power of different power engines (Source: 

Siemens). 

 

High-temperature fuel cells have a unique potential to increase the efficiency of power 

systems when used in combined cycles with gas of steam turbines, in large power plants. 

A higher efficiency by use of fossil fuels implies a lower emission of CO2, whereas using 

H2 implies no carbon dioxide emissions. However dihydrogen is until now produced from 

hydrocarbon sources and the production processes generate CO2. Fuel cell systems are 

not competitive yet, due to high investment costs and insufficient long term stability with 

low degradation rates. Goal investment prices for SOFC systems are in the range of 250-

500 US $/kW [25, 26]. The life time of such systems should reach 50 000 h for stationary 

and 5000 h for mobile applications [25]. 

2.1.2.2 The principal operation  

Fig. 3 below shows the electrochemical reactions at the electrodes/electrolyte interfaces. 

At the cathode side of SOFCs three phases of materials i.e. electrolyte, cathode and air 

(oxygen) are in close contact and termed as three phase boundary (TPB). Similarly at the 

anode side the TPB consists of electrolyte/anode/fuel gas. At the TPB of 

electrolyte/cathode/oxygen, the O2 is reduced to oxygen ions as shown in the reaction 

below,  

 

−− →+ 2
2 24 OeO     Eq. 3 

while at the TPB of electrolyte/anode/fuel gas, the fuel gas (H2) is oxidized: 



2 Introduction 

   

9

 

    −− +→+ eOHOH 4222 2
2

2     Eq. 4 

 

The produced oxygen ions diffuse through the solid electrolyte from the cathode to the 

anode side. Concurrently, the electrons produced at the anode side are transported from 

anode terminal to cathode terminal via an outer circuit as shown in Fig. 3 below. The 

reduction and oxidation process taking place give an electrical power in terms of voltage 

and current. 

 

 

Fig. 3 : The schematic diagram of the ceramic SOFCs with reactants and products.  

 

In a current (I) – voltage (V) diagram several mechanisms that describe the overall 

performance of SOFCs can be recognized. Fig. 4 shows a typical I-V diagram 

characteristic. Initially a significant voltage drop at low current output is observed. This is 

due to the over-potential which means lack of catalytic activity at both electrodes. As the 

current increases, a linear decrease of voltage drop is observed which is due to the ohmic 

losses in the cell. And another complete voltage drop observed at high current indicates 

an insufficient supply of fuel gas.  
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Fig. 4: Typical current (I) – voltage (V) diagram.  

 

The cell performance can be described by the Nernst equation where the open cell 

voltage (OCV) Eo, can be determined, 

  

)(2

)(2ln
anode

cathode
o pO

pO

zF

RT
E =     Eq. 5 

 

where R is the universal gas constant (8.314 J mol-1 K-1), T is temperature in Kelvin, z is 

the number of transferred electrons (for oxygen z = 4), F is the Faraday constant, pO2 is 

the oxygen partial pressure at cathode and anode. Typical values for the open cell voltage 

of an SOFC are in the range of 1 V. The so-called bipolar interconnect components 

together with gas tight electrolyte arranged in series guarantee the gas separation and 

yield the voltage. 

2.1.2.3 Cell and stack designs 

In order to obtain high voltage and high power from SOFCs, single cells are stacked 

together in different ways. Today the dominant stack designs are of two main types: the 

tubular design presented in Fig. 5, and the planar design in Fig. 7. Tubular designs may 

be of a large diameter (> 15 mm) or a small diameter (< 5 mm). Large diameter tubular 

designs were developed in the first place by the company Westinghouse [27]. The main 

advantage of this concept is that it does not require a high-temperature seal to separate 

the oxidant from the fuel. This provides a long-term reliability to the system. Drawbacks 

are the large current and gas path lengths through the cells, which enhance the cells 
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resistance and limit the power density of the system. Furthermore, the processing 

technology is expensive and difficult to upscale – the electrolyte layer is formed by 

Electrochemical Vapor Deposition (EVD). The tubular design is the most advanced 

technology, power plants of up to 200 kW electrical power were tested for over 20,000 h, 

with an electrical efficiency of about 53% [28]. 

 

  

 

Fig. 5: (a) Tubular concept developed by Siemens Westinghouse [27], (b) Serial tubular 

concept by Mitsubishi Heavy Industry [29]. 

 

A variant of the technology is the “micro-tubular” design which emerged with the possibility 

of extruding thin-walled YSZ electrolyte tubes (diameter 1-5 mm, wall thickness 100-200 

μm, [30]. The concept presents two major benefits compared to the large tubular design: 

first an increased volumetric power density. Power density actually increases with the 

reciprocal of the tubes diameter. Secondly, structures show a higher thermal shock 

resistance, which enable a faster start-up of the fuel cell. However systems are still not 

commercialized due to high resistance induced by the geometry of the cells and to the 

complex interconnection and stacking.  

 

The main advantage of planar designs over other concepts is the potential to achieve 

higher power densities due to the short transport paths across the cell. An additional 

advantage lies in the more simple fabrication technology, with the possibility to use low 

cost processes like screen-printing or tape-casting representing a large-scale production 

potential [26]. The inconvenience of the design is the need of a high-temperature sealing. 

Furthermore, the ceramic layers show a lower tolerance to thermally induced stresses that 

will initiate cracking of the cells upon thermal cycling.  

 

(a) (b) 
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Planar SOFC designs can be divided into two categories: self-supported and externally 

supported configurations. In the self-supported configurations, one of the cell components 

acts as the structural support (Fig. 6). Electrolyte-supported cells offer a strong support 

from a dense thick electrolyte (t > 100 μm), but require a high operating temperature of 

about 900 to 1000 °C to minimize the ohmic losses of the electrolyte. Anode or cathode 

supported cells with thin electrolytes (5-20 μm) allow operating temperatures lower than 

800 °C. High conducting anode cermets have been favored as substrates but have a 

lower stability due to potential re-oxidation [31]. Externally supported configurations 

include interconnected supported cells that provide a lower electrical transport limitation 

than anode-supported cells and stronger metallic support. However a problematic issue is 

the interconnected oxidation. Porous metallic substrate is an alternative to improve the 

support properties, given new materials are found with oxidation-resistant properties [32]. 

 

The advantages of reduced operation temperature include a wider choice of materials, 

especially low-cost metallic materials for interconnects, reduced thermal stresses, hence 

improved reliability and longer cell life, together with reduced cell costs. Main drawbacks 

are slower electrode reaction kinetics and reduced thermal energy extracted from hot 

exhaust steams of the fuel cell. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Self-supported cell concept developed at Forschungszentrum Jülich: anode 

supported cell (right), compared to electrolyte supported cell concept (left) [33]. 
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Fig. 7: Planar stack design developed at Forschungszentrum Jülich [34] where a - cell 

(cathode side), b - interconnect plate, c - metallic frame, d - gas distribution channels, e - 

internal manifolds, f - is a stack cross-section. 

 

At Forschungszentrum Jülich, a planar anode supported cell concept was developed and 

integrated in different successive designs. The actual stack design for stationary 

applications is presented in  

Fig. 7 and the cell concept is detailed in Fig. 6. The concept presents the following 

advantages: 

� a thin electrolyte of 5 to 10 μm, which low resistance provides high power 

densities at low operating temperatures of 750-850 °C. 

� a thick anode substrate gives the mechanical stability to the cell, it can be 

produced to different thicknesses by warm pressing (1.0-1.5 mm) or tape casting 

(0.3-1.0 mm), with dimensions of up to 250 x 250 mm2. 

� the anode functional layer and electrolyte can be coated successively by 

different methods including vacuum slip casting and screen-printing, and co-

fired. 

� low operating temperatures allow the utilization of ferritic steels as 

interconnected plates instead of expensive high-temperature alloys or ceramics. 
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2.1.2.4 SOFCs component 

Anodes 

In typical NiO-YSZ anodes, Ni conducts electrons, YSZ conducts ions, and pores allow 

gases to vent [35]. The anode reaction occurs near the three phase boundary (TPB). The 

effective zone around the TPB has been reported with a width smaller than 1μm on the Ni 

surface [36].  

 

The main functions of the porous anode are to provide electrochemical reaction sites for 

oxidation of the fuel, to allow the fuel and by-products to be delivered and removed from 

surface sites, and to provide a path for electrons to be transported from the 

electrolyte/anode reaction sites to the interconnect [37]. Therefore, metal can be one 

component of the SOFC anode material and it must be non-oxidized at cell’s fuel inlet and 

cell’s fuel outlet. Suitable metals are limited to nickel, cobalt and noble metals, whereby 

nickel-YSZ cermet is the most commonly used material for SOFC. The electrical 

conductivity of NiO-YSZ cermet is strongly dependent on its Ni content. The conductivity 

of the cermet as a function of nickel content shows an S-shaped curve predicted by 

percolation theory [38, 39]. The conductivity of the cermet is also dependent on its 

microstructure.  

 

Since Ni has a higher thermal expansion coefficient than YSZ (10.5 x 10-6 K-1) of 30 

volume % of Ni, there are concerns about thermal expansion mismatch between the 

anode and the electrolyte. A significant degree of mismatch between the thermal 

expansion coefficients of the SOFC components can result in large stresses, causing 

cracking or delamination during fabrication or operation.  

 

Recently, ruthenium/YSZ cermets have been tested as SOFC anodes [40]. Ruthenium 

has the advantages of better resistance to sintering and higher reforming activity. In 

addition, Ru/SDC (Sm doped ceria) exhibits the lowest interfacial resistance at 800 °C 

compared with other metal catalysts (Pd, Pt, Rh, Pd, Ir, and Ni) in metal/SDC anodes [41]. 

Ru is also less susceptible to carbon deposition when hydrocarbon fuels are used. 

However, its high cost prevents it from replacing Ni extensively.  

 

Some oxide materials with good mixed conductivities and catalytic properties have been 

used as bulk electrodes; such as bulk Ti substituted YSZ anodes [42], or mixed with 

metals, primarily Ni, to form cermet anodes, such as Ni-ceria [41]. Therefore, the roles of 
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these oxides are the promotion of anodic reaction due to ease of redox reaction and 

collection of current due to high electronic conductivity.  

 

Among new anode materials and structures, there are only few reports about low 

temperature (<800 °C) operation. For most low temperature SOFCs, NiO-YSZ is still the 

most commonly used anode material. However, the information regarding the NiO-YSZ 

performance at low temperature is still not well developed. It is possible that NiO-YSZ 

anodes might limit the cell performance at low temperatures. Reducing NiO-YSZ 

interfacial resistances is thus important for low temperature SOFCs. 

 

Cathode 

Early stage SOFCs used tin-doped indium oxide (In2O3) as cathode material. This material 

gives excellent electrical conductivity [29]. However, In2O3 is the most costly and least 

thermodynamically stable component in the SOFC. Therefore, In2O3 has been replaced by 

other materials.  

 

Noble metals or electronically conducting oxides have been used as cathode materials. 

Noble metals, such as platinum, palladium, or silver are unsuitable for practical cathode 

material because of prohibitive cost. Substituted oxides have been investigated [43, 44]. 

However, the most common disadvantages of these materials are thermal expansion 

mismatching, incompatibility with the electrolyte, and lack of conductivity. At present, 

lanthanum manganites, LaMO3 (M = Co, Mn, Fe) is most commonly used. 

 

The thermal expansion coefficient of LaMnO3 is about 11.2 x 10-6 K-1 [45]. Lanthanum 

cobaltite (LaCoO3) is another cathode material of research interest [46]. LaCoO3 has 

higher electrical conductivity than LaMnO3. LaCoO3 phase is much less stable against 

reduction compared with LaMnO3. The thermal expansion coefficient of LaCoO3 is much 

higher than that for LaMnO3 [47]. In addition to this, Strontium (Sr) is normally used to 

substitute La A-site to increase the conductivity. In La1-xSrxMnO3 (LSM) systems, the 

highest conductivity is obtained at 0.3 < x < 0.7 [48]. However, the thermal expansion 

coefficient increases with increasing Sr contents. LSM cathodes with x ≈ 0.2 to 0.3 are 

typical cathodes because of high electronic conductivity, good catalytic property, and 

appropriate thermal expansion match with YSZ. Low ionic conductivity and reactivity with 

YSZ at elevated temperatures are problems with LSM. Due to low ionic conductivity, YSZ 

is added to the cathode to form more TPB. A reaction between LSM and YSZ can form 

highly resistive lanthanum zirconate phases and deactivates the effective TPB [49, 50]. To 
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avoid this reaction, the processing temperature should be <1200 °C, or A-site deficient 

LSM should be used [51]. 

 

(La,Sr)CO3 (LSC) and (La,Sr)(Co,Fe)O3 (LSCF) are electron and oxygen ion mixed 

conductors. The electrode reactions can occur on the surface of these materials. In 

addition, these materials have high oxygen surface exchange coefficients, which reduce 

the over potentials for oxygen reduction [52]. However, they might react with YSZ to form 

phases with high resistivity (La2Zr2O7). More than that, their thermal expansion coefficients 

(αLSC > 20 x 10-6 K-1 and αLSCF ≈ 15 x 10-6 K-1) [52] match poorly with YSZ (αYSZ ≈ 10 x 10-6 

K-1). These cathode materials seem to match better with ceria-based electrolytes (αceria ≈ 

13 x 10-6 K-1) and they will not react with ceria. Good performance has been reported for 

these cathodes on doped-ceria electrolytes at low temperatures [53, 54]. 

 

Ag has also been considered as the low temperature cathodes. Ag has a high conductivity 

and good catalytic property for oxygen reduction. However, Ag tends to sinter even at low 

temperatures (~600 °C). Mixing Ag with YSZ to form Ag-YSZ cathodes thus stabilizes the 

Ag and also produces three-phase boundary, which lead to lower interfacial resistance. 

Similar results have been found with Ag-LSC [53, 55, 56]. 

 

2.2 Electrolytes 

2.2.1 SOFCs electrolyte requirements 

Materials that need to function as an electrolyte for the SOFC applications required a 

number of specific requirements that must be satisfied. The requirements for solid 

electrolytes for SOFC applications have been discussed elsewhere [1, 56] and briefly 

summarized below [57],  

� It has to be a pure oxygen ion conductor. Other conduction species such as 

electrons or holes will reduce the oxygen ions mobility which effects the SOFC 

efficiency. During SOFCs operation, the low oxygen partial pressure 

environments (at the anode) can reduce the electrolyte materials to lower 

oxidation states and consequently introduce electronic conduction via mixed 

valence states in the electrolyte. This needs to be avoided.  

� High ionic conductivity of about 0.1 Scm-1 at 800 °C. Minimal ohmic loss across 

the electrolyte is desired to improve the overall voltage output and efficiency of 

the cell. 
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� Thermal expansion compatibility between cell components is crucial for the 

necessary cell integrity during fabrication and operation. The missmatch of the 

expansion or contraction of the cell components during heating and cooling 

cycles leads to cell failure. 

� Long-term phase stability in the electrolyte is required during SOFCs operation.  

This is very important in order to maintain the phase that contributes the oxygen 

ion thus changes in phases due to the aging process must be avoided. 

� The reaction between cell components has to be minimal during SOFC 

operation. Unwanted side reactions can poison electrodes and electrolytes and 

reduce the overall performance of the cell. 

� A good mechanical property of an electrolyte in term of thickness is required. 

Thin electrolyte material is suitable for an intermediate-temperature SOFC where 

ohmic resistance can be minimize, but at the same time must also be sufficiently 

robust to deal with shrinkage and expansion during thermal cycling. Therefore, 

compromise is needed in selecting materials that could have low conductivity but 

with practical strength and toughness, instead of materials with high conductivity 

but poor mechanical properties.  

 

It is often a balance between the above requirements that determines the solid electrolyte 

system to be used in an SOFC. Lowering the temperature can significantly improve the 

thermal expansion incompatibilities, the long-term phase stability within the cell and 

minimize the inter-diffusion mechanisms responsible for poisoning of the various cell 

components. However, by lowering the operating temperature of the fuel cell, the ionic 

conductivity of the electrolyte is significantly decreased. Therefore, in order to compare 

favorably with the outputs observed at higher temperature, oxygen-ion conductors 

superior to currently employed compounds are required [57].  

 

2.2.2 The conduction mechanism 

The electrical and ionic conductivities for solid oxide materials are always influenced by 

the presence of defects in a crystal lattice. Diffusion and ionic conductivity mechanisms 

have been studied over many years in an attempt to understand the variables involved in 

defect formation and ionic motion. From Kofstad [58] work, he explained that defects 

occurred in crystal lattices at all temperatures above absolute zero after relating it with the 

thermodynamics of materials. Additionally, vacancies in the lattice can be created 

internally within the crystal as a function of temperature, or they can be formed as a 

consequence of charge compensation when aliovalent cations are substituted for normal 
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cation lattice sites. Furthermore, the degree of cation aliovalent substitution can influence 

the concentration of anion vacancies. In SOFC, the ionic conductivity of electrolyte 

materials is based on this type of vacancies formation. Ionic motion is the action of ion 

hopping, under the influence of an electric field, through the lattice via defects. The rate of 

ion conduction is described by [59]; 

 

inqμσι =      Eq. 6 

 

σι is the ionic conductivity (Sm-1), n is the number of mobile ions in a given volume of 

lattice (m-3), q is the magnitude of the electronic charge for the oxygen ion (C) and μi is the 

ions mobility (m2s-1V-1). As described by Einstein relationship, ionic motion in the lattice 

can be related to the coefficient of ionic self-diffusion [59]. This coefficient can be further 

expanded into three-dimensions by relating it with random walk motion through the lattice 

and then the ions mobility can be expressed as [59]; 
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where z is the number of equivalent near neighbor sites (dimensionless), γ is a correlation 

factor (dimensionless), λ is the jump distance (m), υo is the attempt jump frequency (s-1) 

and ΔGm is the free energy for ion motion (eV). Based on Kilner’s work [59], the 

correlation factor always described as the deviation from randomness of the atomic 

jumps, and the factor is about 0.65 in a simple cubic lattice. In a given volume of a lattice, 

the term c is defined as the fraction of occupied equivalent sites and therefore, the term 

[1-c] is a fraction of unoccupied equivalent sites, where N is denoted as the total number 

of occupied and unoccupied equivalent sites in a given volume of lattice. 

 

When substituting Eq. 7 into Eq. 6 and rearranged n, the number of mobile ions in a given 

volume of lattice into the products of N and c, the ionic conductivity in a solid as a function 

of temperature can be expressed in the equation below [59]; 
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where ΔSm (eVK-1) and ΔHm (eV) are the entropy and enthalpy terms for ionic motion, 

respectively.  
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At this stage, the term [1-c] can also be expressed with [ ••
oV ] which also means a vacancy 

in the lattice. This was developed by Kröger and Vink [60]). And usually vacancy 

concentration is represented in terms of molar fraction. With this notation, Eq. 8 can be 

expressed in the form of the Arrhenius relationship:  
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and 
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From Arrhenius relationship, it is possible to plot ln(σT) vs 1/T and obtained straight line 

with a slope  of -ΔHm / (kT) by assuming that the term of ([ ••

oV ]s)(1-[ ••

oV ]s) is temperature 

independent. Then the enthalpy term is normally replaced by Ea which is a general 

activation energy term. Other parameters such as z, N, λ, γ and υo are not really influencing 

the ionic conductivity of one oxide to another when q and k being constants while the most 

influential parameters are [ ••

oV ] and ΔHm [59]. However it has been observed that the 

([ ••

oV ])s(1-[ ••

oV ])s term is temperature dependent as a consequence of induced-vacancy 

association [61]. 

 

 

Fig. 8: A schematic representation of the conductivity behavior of an oxide or halide ionic 

conductors [61]. 
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Examination of Arrhenius data for an oxide ionic conductor over a wide temperature range 

shows three separate regions as illustrated in Fig. 8. This illustration is base on oxides 

that undergo no substitution precipitation or phase changes and therefore the three 

regions described the mechanism of vacancies generated and interact in the ionic 

conductor. The slope of region I explains the existence of intrinsic vacancies in the lattice 

that has been generated and usually most common at high temperatures. Slope of region 

II explained the vacancies generated by the introduction of an aliovalent substitution and 

are considered extrinsic while slope of region III explains the induced-vacancy interactions 

that reduce the number of free vacancies at lower temperatures. Due to the already large 

extrinsic vacancy concentration and the high intrinsic (Schottky or Frenkel) defect 

formation energy found in substituted fluorite oxides, it is unlikely that region I behavior will 

be observed clearly in compounds with the fluorite structure [61]. However the formation 

of significant numbers of intrinsic defects for other structure types cannot be ruled out [57]. 

 

Oxides with ceria-based system match Arrhenius slope of region II and region III [62]. As 

previously mentioned, vacancies residing in region II of the Arrhenius plot are dissociated 

and the motion of the oxygen ions can be described by the theory linked to Eq. 6-10. 

However, at low temperature where region III predominates, the assumption that the free 

vacancy concentration is equivalent to the extrinsic substitution concentration (suggested 

in Eq. 8) does not hold. Kilner and Steele [63] proposed that electrostatic interaction 

between the charged substitution cations and oxygen-ion vacancies would make the 

bound vacancies energetically unfavorable for participation in the conduction process, 

thus reducing significantly the numbers of free vacancies available in the crystal lattice. 

Consequently, the concentration of free vacancies becomes dependent upon 

thermodynamic equilibrium between free and bound vacancies at low temperature [59, 

61]. Attempts to account for the occurrence of induced-vacancy couplings have resulted in 

induced-vacancy association enthalpy (ΔHa) and entropy (ΔSa) terms being introduced to 

the Arrhenius relationship [59, 63]. Where significant induced-vacancy association occurs 

it has been shown [63] that the activation energy value derived from Arrhenius data is 

dependent upon migration (ΔHm) and association (ΔHa) enthalpy terms.  

 

In dilute systems ([ ••

oV ] < 1%) it is assumed that vacancies only have one substitution 

cation in their nearest neighbor position and as a consequence only simple, induced-

vacancy interactions are expected to dominate at low temperature [63]. The type of 

induced-vacancy interaction has been shown to be dependent upon the charge of the 

substitution [63]. Employing mass action and charge neutrality laws to the defect 
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association equations below (Eq. 11 and 12), and assuming that vacancies are fully 

associated at low temperature, Kilner and Steele [63] demonstrated the thermodynamic 

relationship between free defects and substituted-vacancy associates. For systems with 

tetravalent cations (Zr4+, Ce4+, Th4+) it has been shown that the addition of divalent cations 

(Mg2+, Ca2+, Sr2+) result in the formation of neutral substituted-vacancy associates (Eq. 

11). For systems where trivalent cations are employed (Y3+, Nd3+, Gd3+, Ho3+, Yb3+, Sc3+, 

etc.) charged substituted-vacancy associates form (Eq. 12). Eq. 11 and 12 are expressed 

in the Kröger-Vink [60] notation: 

 

x
oCeoCe VCaVCa ][ '''' •••• −↔+     Eq. 11 

 

••••• −↔+ ][ ''
oCeoCe VYVY     Eq. 12 

 

For the neutral, substituted-vacancy associates formed at low temperature the electrical 

conductivity, in theory, varies as a function of the square root of the substitution 

concentration [63]. Furthermore, the activation energy term, Ea, can be equated to the 

sum of the migration enthalpy (ΔHm) and one half of the association enthalpy (ΔHa/2). For 

the charged associate, the electrical conductivity is theoretically independent of 

substitution concentration and the total activation energy is the sum of the migration and 

association enthalpy terms [63]. Analysis of the CeO2-YO1.5 system by Wang et al. [62] 

revealed that the predicted electrical conductivity versus activation energy and vacancy 

concentration trends at dilute vacancy concentrations were not experimentally observed 

and indicated that assumptions made during the development of induced-vacancy 

association theory were inaccurate [57]. 

 

However, during the development of thermodynamic expressions by Kilner and Steele 

[63] describing the equilibrium between free defects and induced-vacancy associates, an 

approximation was made where it was assumed that the concentration of induced-

vacancy associates was much greater than free vacancies at low temperature. Re-

examining the thermodynamic relationship between free defects and induced-vacancy 

associate formation, Kilner and Waters [61] attempted to explore the validity of this 

assumption. It was demonstrated that the transition between the induced-vacancy 

association range and the free vacancy range did not always occur as a sharp inflection 

as shown in Fig. 8. Rather the transition was often gradual and depended upon the 

strength of the induced-vacancy binding or association energy. Weak association between 

the substitution cations and the vacancies resulted in curvature of the Arrhenius data near 
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the transition temperature. While for strong associates, as found in the ZrO2-CaO system, 

the Arrhenius data exhibited a straight line with no inflection up to 1000 °C, suggesting 

that association persisted to high temperature [63]. 

 

The Arrhenius relationship stated in Eq. 8 has highlighted two primary variables that may 

be exploited to maximize the magnitude of oxygen-ion conductivity in an electrolyte 

material, namely the vacancy concentration, [ ••

oV ]s and the activation energy, Ea. It is 

apparent that the vacancy concentration and the activation energy must be maximized 

and minimized, respectively, in order to increase the ionic conductivity in an electrolyte. In 

most cases, the magnitude of the activation energy in oxygen-ion, conducting oxides is 

dependent upon on ion-migration enthalpy, ΔHm at intermediate and high temperatures 

(where vacancies are expected to be free). The ion-migration enthalpy has been shown to 

vary with structure type, substituting cation size and concentration [61, 63]. In the absence 

of induced-vacancy association, the level of substitution controls the vacancy 

concentration. However in most cases induced-vacancy association cannot be neglected 

at intermediate temperature. Therefore systems must be chosen that possess minimal 

induced-vacancy association for the intended, free vacancy concentration to be as high as 

possible [57]. 
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2.2.3 Investigated electrolyte materials 

Fluorite structured materials - zirconia based  

The most widespread electrolyte today is stabilized zirconia. It has a fluorite structure and 

is stabilized with yttria or scandia. Yttria stabilized zirconia shows an ionic conductivity of 

about 0.16 Scm-1 for 8YSZ at 1000 °C while scandia stabilized zirconia is about and 0.32 

Scm-1 for 8ScSZ at 1000 °C [64]. The Y3+ and Sc3+ always substitute in the form of Zr1-

xYxO2-x/2 and Zr1-yScyO2-y/2 respectively. The best performance for value x(Y3+) is 0.08-0.11 

and for  value y(Sc3+) is 0.09-0.11 mol per formula unit, respectively. The research on 

zirconia based materials is still ongoing in terms of new modification with different kinds of 

substitutions. One of the examples is Yb3+ or Nb3+ to substitute the Zr4+. However the 

introduced cation caused an electronic conductivity [65]. In Fig. 9a below, the total 

conductivity of zirconia based materials as a function of temperature is shown. 

     

 

Fig. 9: Total conductivity of fluorite structured materials of (a) ZrO2 based and (b) CeO2 

based solid electrolytes measured in air. 

 

Fluorite structured materials - ceria based 

This electrolyte is always expressed as Ce1-xMxO2-δ where M = Gd and Sm. The 

substitution of Gd3+ and Sm3+ to ceria sites is in the range between 10 to 20% per formula 

unit. The often used ceria based electrolytes with Gd substitution are commonly 

abbreviated as CGO10 and CGO20 that refers to Ce0.9Gd0.10O2-δ and Ce0.8Gd0.20O2-δ, 

respectively. The ionic conductivity obtained at 1000 °C for CGO10 and CGO20 is 0.16 

and 0.24 Scm-1, respectively [66, 67]. In Fig. 9b, the substitution of 2% Pr3+ to CGO20 did 

not give much change in the ionic conductivity. The substitution of 20% Sm3+ to the basic 

(a) (b) 
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compound also shows high ionic conductivity which is 0.30 Scm-1 at 1000 °C while 20% 

substitution of Y3+ gave lower ionic conductivity of 0.10 Scm-1 also at the same 

temperature [65]. 

 

Fluorite structured materials – bismuth oxide based  

Among oxygen ion-conducting materials, oxide phases derived from Bi2O3 are particularly 

interesting due to their high ionic conductivity with respect to other solid electrolytes [65]. 

The fast ionic transport is characteristic of stabilized δ-Bi2O3, which has a fluorite-type 

structure with a highly deficient oxygen sublattice. Substitution with rare earth elements 

such as Er3+, Nb3+ and Dy3+ will transform δ-Bi2O3 to an excellent ionic conductor. Fig. 10a 

shows the Bi0.8Er0.2O1.5 and Bi0.88Dy0.08W0.04O1.5 compounds that share almost the same 

ionic conductivity of about 0.31 Scm-1 at 750 °C [68]. However the substitution or Sr3+, 

Nb3+ and Ga3+ to the Bi sites, decreases the ionic conductivity to 0.01 Scm-1 also at 750 

°C [69]. The other derivatives of bismuth oxide based is the introduction of vanadium to 

the Bi2O3 which lead to Bi4V2O11 (parent of the so-called BIMEVOX materials), which 

belongs to the Aurivillius series. A stabilized γ-Bi4V2O11 modified with Cu metals gave 0.18 

Scm-1 also at 750 °C [70]. Unfortunately, Bi2O3-based materials possess a number of 

disadvantages, including thermodynamic instability in reducing atmospheres, volatilization 

of bismuth oxide at moderate temperatures, a high corrosion activity and low mechanical 

strength. Hence, the applicability of these oxides in electrochemical cells is considerably 

limited. 

   

 

Fig. 10: Total conductivity of (a) bismuth oxide based and (b) LaGaO3 based electrolytes.  

 

 

(a) (b) 
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LaGaO3 based electrolytes  

LaGaO3 is a material with a perovskite structure. This electrolyte has a good ionic 

conductivity at lower temperature for SOFC operation. It was observed that Sr2+ and Mg2+ 

substitution influences the LaGaO3 perovskite structures, also known as LSGM. The 

obtained ionic conductivity is 0.30 Scm-1 at 1000 °C for La0.90Sr0.10Ga0.80Mg0.20O3 (Fig. 

10b). When LSGM is substituted with transition metal cations such as Co and Fe, the 

electronic conductivity occurred. However the presence of electronic conductivity is rather 

small when the concentrations of the Co and Fe substitutions are limited to below 3-7%. 

Fig. 10b shows the conductivity value of La0.9Sr0.1Ga0.76Mg0.19Co0.05O3, 

La0.80Sr0.20Ga0.76Mg0.19Co0.05O3 and La0.90Sr0.10Ga0.76Mg0.19Fe0.05O3 are almost similar of 

about 0.04 Scm-1 at 1000 °C. It is known that the mechanical strength of LSGM based 

compounds is rather week. Therefore alumina has been introduced to LSGM in order to 

improve the mechanical strength. An amount of 2% Al2O3 gives good ionic conductivity to 

La0.90Sr0.10Ga0.80Mg0.20O3, but when the amount increased to 5% Al2O3 the ionic 

conductivity dropped to 0.25 to 0.05 Scm-1 at 1000 °C, respectively [65]. 

 

La2Mo2O9 (LAMOX) based electrolyte 

La2Mo2O9 is a fast oxygen ion conductor which is also known as LAMOX [71-74]. 

Maximum conductivity for LAMOX is shown in Fig. 11. At 750 °C, the total conductivity of 

LAMOX is 0.06 Scm-1. The substitutions of Bi5+ for La3+ decreases the conductivity to 0.01 

Scm-1 at 750 °C while substituting W6+ for Mo6+ gave the conductivity of 0.03 Scm-1 also at 

the same temperature. LAMOX based materials such as La2Mo1.7W0.3O9-δ exhibit 

degradation at moderate oxygen pressure (10-4 to 0.21 bar). The properties of LAMOX 

seem rather inappropriate for practical application. 

 

Fig. 11: Total conductivity of La2Mo2O9 solid electrolytes in air. 
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Brownmillerite based electrolytes  

One of the well known compounds as solid electrolyte is Ba2In2O5 [75]. In Fig. 12, the 

conductivity of Ba2In2O5 is 0.10 Scm-1 at 1000 °C. Ba2In2O5 is a mixed conductor where 

oxygen ion transport is more dominant in air atmosphere. A drastic increase in 

conductivity between 850 °C to 1000 °C is observed when structure changes from 

brownmillerite to perovskite. Substitution of indium with higher valent cations, such as Zr, 

Ce, Sn or Hf, makes it possible to stabilize the disordered cubic perovskite structure and 

thus increase the ionic transport in the intermediate temperature range as shown in Fig. 

12 [65]. 

 

Fig. 12: Total conductivity of Ba2In2O5 solid electrolytes in air. 

 

Apatites based electrolyte 

Investigation with apatite based materials as solid electrolyte was initiated in the 90’s. The 

formula of apatite is A10-x(MO4)6O2±δ where A = rare earth and M = Si and Ge. In the 

apatite lattice, A-site cations presence in the cavities created by MO4 tetrahedra with four 

distinct oxygen positions; additional oxygen sites (O5) form channels through the 

structure. Apatites with Si and Ge are commonly called germanate apatites and silicate 

apatites, respectively. Germanate apatites are not practical candidates as solid 

electrolytes in SOFC applications due to volatilization during high temperature operation, 



2 Introduction 

   

27

easy to form glass phase and expensive GeO2. Due to these shortcomings, silicate 

apatites are favorable over germanates apatites. Fig. 13 shows that La9SrGe6O26.5, 

La9.75Sr0.25Si6O26.9 and La9.83Si4.5Al1.5O26 compounds have ionic conductivity of about 6.3 x 

10-2 Scm-1 at 1000 °C, respectively. While the conductivity of Nd10Si6O27 compound is 1.25 

x 10-2 Scm-1. The drop of this conductivity is due to differences of the ionic radius of rare 

earth cation as reported in [76, 77]. Fig. 13 [65]. 

 

Fig. 13: Total conductivity of Apatite solid electrolytes in air. 

 

Pyrochlores based electrolytes 

Oxygen ion-conducting materials with pyrochlore structure have been studied since the 

1960s. The lattice of A2B2O7 pyrochlore can be considered as an (A,B)O2 fluorite-based 

structure with one vacant oxygen site per formula unit in which both the cations and anion 

vacancies are ordered. High ionic conductivity was observed for Gd2-xCaxTi2O7-δ series. In 

Fig. 14, the ionic conductivity of Gd1.8Ca0.2Ti2O7-δ is 6.3 x 10-2 Scm-1 at 1000 °C where it 

increases almost 3 orders of magnitude from pure Gd2Ti2O7 [78]. It is also observed that 

the ionic conductivity of Gd1.94Ca0.06Sn2O7-δ increases 1 order of magnitude from pure 

Gd2Sn2O7 [65]. 
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Fig. 14: Total conductivity of pyrochlore solid electrolytes as measured air [65, 78]. 

 

Thermal Expansion 

Thermal expansion of a material is an important engineering property while dealing with 

applications involving thermal cycles. In these cycles the volumes of materials will be 

expanding or shrinking due to the change of lattice at crystallographic level. At 

crystallographic level, the atoms when exposed to heat will move to certain directions that 

result in change of lattice volume. These accumulated changes of lattice volume will give 

a significant change of dimensions in the bulk material. When this material expansion is 

divided by the change of temperature, then it is called the material's coefficient of thermal 

expansion. This thermal expansion coefficient of a standard bar, width (w) x length (l) x 

thickness (t) mm3 is expressed in the equation below,  

 

Tl

l

oΔ

Δ
=α     Eq. 13 
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Where α is thermal expansion coefficient, Δl is the change of the length, lo is the original 

length and ΔT is the temperature change.  

 

The thermal expansion of electrolyte materials and electrode materials must be in same 

range to avoid mechanical stress due to mismatch of expansion. Thermal expansion 

coefficients (TEC) are use to express the expansion in terms of temperature intervals. 

TEC values of known electrolyte materials are shown in Table 2. Stabilized zirconias have 

TECs of about (10 -11) x 10-6 K-1 with temperatures ranging from 300-1273 K. TEC values 

for CGO compounds as observed at temperature range of 300-1273 K is 12.4 and 12.5 

x10-6 K-1 for Ce0.9Gd0.1O2−δ and Ce0.8Gd0.2O2−δ, respectively. 

 

Table 2: Thermal expansion coefficients of selected solid oxide electrolytes. 

Electrolyte  

 

Composition 

 

Temperature, T 

(K)

TEC 

α x 10-6(K−1) 

References 

8YSZ 300–1273 10.0 

10YSZ 30–1073 10.6 

8ScSZ 300–1273 10.4 

Zirconia Based 

 

 

 10ScSZ 300–1273 10.9 

[11, 79] 

Ce0.9Gd0.1O2−δ 300–1100 11.8 Ceria Gadolinium 

Oxide (CGO) Ce0.8Gd0.2O2−δ 323–1273  12.5 

[66, 80] 

La0.9Sr0.1Ga0.8Mg0.2O3−δ 300–1073 10.4 

La0.9Sr0.1Ga0.8Mg0.2O3−δ  

(2 wt % Al2O3) 

300-1073 10.6 

La0.8Sr0.2Ga0.8Mg0.2O3−δ 300–1073 12.4 

LSGM 

 

La0.8Sr0.2Ga0.76Mg0.19Co0.05O3−δ 300–1473 12.7 

[81-83] 

Bi2V0.9Cu0.1O5.5−δ 300–730 

730–1030 

15.3 

18.0 

Bi2O3 

 

 (Bi0.95Zr0.05)0.85Y0.15O1.5+δ 320–710 

710–1120 

13.8 

16.6 

[84] 

 
 

La1.7Bi0.3Mo2O9 373–1073 16.0 

373–623 14.4 

LAMOX 

La2Mo1.7W0.3O9 

623–1073 19.8 

 

[65] 

 

La9.83Si4.5AlFe0.5O26-δ 373–1273 8.9 Apatites 

 La7Sr3Si6O24 373–1273 8.9 

[85, 86] 

Pyrochlores Gd2Ti2O7±δ 323–1273 10.8 [87] 
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2.3 The oxy-cuspidine and phosphate based materials 

2.3.1 The oxy-cuspidines 

Minerals of the cuspidine group can be described by the formula M4(Si2O7)(O,OH,F)2, 

where M stands for cations in octahedral (or roughly octahedral) coordination [88]. The 

structure of the prototype cuspidine a4(Si2O7)-(OH,F)2 [89], (space group (SG) P21/a with a 

= 10.906 Å, b = 10.521 Å, c = 7.518 Å and β = 109.3° can be described as built up from 

ribbons of edge sharing Ca(O,OH,F)6 octahedra running parallel to the c axis, and Si2O7 

groups (Fig. 15). 

 

Fig. 15: [100] view of the cuspidine structure (Ca4Si2O7(OH,F)2). 

 

Such ribbons are interconnected by corner sharing to create an “octahedral” framework to 

which Si2O7 groups are linked via vertices. Within the columnar arrangement of Si2O7 

groups along the c axis, the inter-group Si–Si distance is rather short (4.3 Å), and the 

empty site in between can be considered as an anion vacancy. Therefore, the cuspidine 

structure can also be viewed as an M4X8 (X = O, OH, F) “octahedral” framework delimiting 

channels wherein (Si–O–Si)n infinite chains are running parallel to the c axis [88]. Its 

formula should better be written Ca4(Si2O7)(OH,F)2. As already indicated by Mamedov et 

al. [90], the cuspidine framework appears also in a group of natural and synthetic 

M4(B2O6)O2 borates [91-93], the Si2O7 group being replaced by two parallel BO3 groups, 

leading to (B-B)n infinite chains in the channels mentioned above. Interestingly M2TiO5 
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compound (M = La [94], Y [95], Nd, Eu [96]) also contain the M4O8 framework of the 

cuspidine structure, and a more meaningful formula is therefore M4(Ti2O8)O2. 

 

Fig. 16: Projections of the cuspidine-like structures of Nd4Ga2O9 along [010] and Nd4Ti2O10 

along [100], [97]. 

 

In this structure, the columnar arrangement of Si2O7 or BO3 groups is replaced by a single 

chain of corner sharing TiO5 trigonal bipyramids, leading to (Ti–O–Ti–O)n infinite chains 

(see Fig. 16). Together with cuspidine-like borates and silicates, this family of titanates 

illustrates the flexibility of the cuspidine. 

 

Recently, RE4Al2O9 has been modified as an ionic conductor to be a new candidate for 

SOFCs electrolyte. Several oxy-cuspidine materials were synthesized such as La4Ga2-

xTixO9+x/2 [98], Nd4Ga2-xTixO9+x/2 [97], La4Ga2-xGexO9+x/2 [99, 100], Nd4Ga2-xGexO9+x/2 [97, 

99], (Nd,Gd)4Al2-xGexO9+x/2 [9]. The total conductivity of the series is shown in Fig. 17. 

Pseudo-orthorhombic structures of the mentioned compounds were observed after 

substitution of 0.2 mol per formula unit of tetravalent cations. 
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Fig. 17: Electrical conductivity of the investigated oxy-cuspidines Ln4(Ga,Al)2-xMxO9+x/2 [9, 

97-100]. 

 

It is interesting to note that RE4Ga2O9 is more favorable over RE4Al2O9 to be investigated. 

However, Ga2O3 is much more expensive than Al2O3. Martín-Sedeño et al [9] opted to 

prepare Nd4Al2O9 and Gd4Al2O9. Several attempts to synthesize Nd4Al2O9 did not succeed 

because it always decomposed to Nd2O3 and NdAlO3. Finally, a special wet synthesis 

route described in [9] was able to produced single phase Nd4Al2O9. The difficulty of 

synthesizing the RE4Al2O9 in general was explained briefly by Yamane et al. [101]. From 

their work, RE4Al2O9 is easy to synthesize as the ionic radius of the rare earth ions is 

getting smaller to the end members, which is more compatible to Al3+ ionic radius. 

Modifying RE4Al2O9 and RE4Ti2O10as ion conductor on the A site or the B site with divalent 

cations never has been reported previously. The closest work was for perovskite structure 

of Gd1-xCaxAlO3-x/2 and the pyrochlore structure of Gd2-xCaxTi2O7-x/2 as reported in [102] 

and [78], respectively. 

 

Thermal expansion of oxy-cuspidine Gd4Al2O9 was investigated by Shimada et al. [103] 

and Gervais et al. [104]. They obtained TECs at 1000 °C is 8.1 and 6.5 x 10-6 K-1 

respectively. Both of them also reported a reversible phase transition in the range of 900 

to 1155 °C. Recently, Gd4Al2O9 and Gd4Ti2O10 were also investigated as burnable 

absorption in nuclear applications [105-107]. Thermal expansion was one of the key 

properties in that application. Chaudury et al [105] and Panneerselavam et al. [106] used 
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high temperature XRD for Gd4Al2O9 and Gd4Ti2O10, respectively to investigate the thermal 

expansion properties. The TECs value obtained from the measurements of Gd4Al2O9 and 

Gd4Ti2O10 is 6.91 and 9.25 x 10-6 K-1, respectively. 

2.3.2 Phosphate based electrolytes 

Recently SnP2O7 was investigated as electrolyte materials for SOFC application by Kwon 

et al. [108] and Nagao et al. [109, 110]. Nagao et al. investigated the In-substitution for Sn 

where Sn0.9In0.1P2O7 shows a conductivity of 1.95 x 10-1 Scm-1 at 250 °C in un-humidified 

air (see Fig. 18). A power density of 264 mW/cm2 was achieved at 250 °C when 

Sn0.9In0.1P2O7 was used as electrolyte in a fuel cell running on hydrogen. The fuel cell 

performance was not affected by the presence of 10% CO, even though Pt-based 

electrodes were used. Sn0.9In0.1P2O7 and materials with related compositions are thus 

promising electrolytes for intermediate temperature fuel cells. 

 

Fig. 18: Electrical conductivity of Sn1-xInxP2O7-x/2 (x=0-0.20 mol) in the range of 60 – 390 °C 

in air [109]. 

 

However, as reported by Nalini et al [111], the conductivity of similar metal 

pyrophosphates, such as TiP2O7 was 8 x 10-6 – 2 x 10-4 Scm-1 at 500–1000 °C in wet O2 

(pH2O=0.027 bar) and the conductivity in dry O2 is about an order of magnitude lower 

[111, 112]. The reported In-substituted SnP2O7 was synthesized through SnO2, In2O3 and 

H3PO4 precursors (acid method) [109]. Obviously, different methods may be used for 

preparation of pyrophosphates which may affect the property of materials. S. Tao also 

investigated SnP2O7 and In [10], Sc [113] substituted materials as oxygen ion conductor. 

However the obtained conductivity is rather low for any practical application.  
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3 Experimental methods 

3.1 Synthesis 

The materials investigated in this work were synthesized via citrate complexation and 

solid state reaction. The oxy-cuspidine series of substituted Gd4Al2O9 and Gd4Ti2O10 were 

synthesized by the citrate complexation method which involved metal nitrate salts, citric 

acid and ethylene glycol as the starting materials. Solid state reaction was used for the 

synthesis of pyrophosphates of substituted SnP2O7 which involved the use of metal oxides 

and NH4H2PO4 as the starting materials. Both methods are described below in the 

following section. 

3.1.1 Oxy-cuspidine materials 

The oxy-cuspidine series of substituted Gd4Al2O9 was synthesized by the citrate 

complexation method [97, 114]. Gd(NO3)3·6H2O, Al(NO3)3·9H2O, Mg(NO3)2·6H2O, 

Ca(NO3)2·4H2O and Sr(NO3)2 (all 99.99 % purity, Merck) were used as starting materials. 

The metal ions were complexed by adding citric acid (AR Grade, Merck) amounting to 

twice the molar concentration of cations used in the composition. Subsequently, ethylene 

glycol (AR Grade, Merck) was added in a molar ratio of citric acid and ethylene glycol 

which was 1:2 so that metal complexes with citric acid were interlinked. The gel obtained 

after dehydration of the solution was slowly dried at 300 °C overnight. The dried gel was 

pre-calcined at 600 °C for 0.5 h and calcined at 900 °C for 8 h. 

 

A similar procedure was adopted for the synthesis of substituted Gd4Ti2O10 series. For the 

Ti cation source, Ti (IV)-isopropoxide (Merck) solution was mixed with water to obtain a 

white precipitate which was filtered and washed several times. Finally this TiO·(NO3)2 

precipitate was dissolved in 65% HNO3 (AR Grade, Merck) to form a clear solution. 

3.1.2 Phosphate based materials 

The pyrophosphate series of substituted SnP2O7 was synthesized via solid state reaction. 

The starting materials, i.e. SnO2, Fe2O3 and NH4H2PO4 (all 99.99 % purity, Merck), were 

mixed in stoichiometric amount followed by ball milling with Al2O3 balls (99.99 %) in 

ethanol for 48 h. The mixtures were slowly dried in air and calcined at 300 °C for 2 h. The 

calcined powders were grinded and milled again for 48 h. After drying, the powders were 

pressed to bars and sintered at 1000 and 1200 °C for 6 h. 
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3.2 Characterizations 

3.2.1 Chemical analysis 

Chemical analysis was carried out to determine the stoichiometry of the cations in the 

synthesized powders. The method used for this purpose is known as Inductive Coupled 

Plasma-Optical Emission Spectroscopy (ICP-OES). It is used for qualitative and 

quantitative determination of metals and certain non-metals in solution. The liquid sample 

is nebulised into a plasma where the temperature is sufficiently high to break the chemical 

bonds, liberate elements present and transform them into a gaseous atomic state. A 

number of atoms passes into excited state and emit radiation. The frequency of this 

radiation is characteristic of the element emitting it and thus can be used for identification 

purposes [115]. In the present work, the measurement was carried out by dissolving 

powders in either acid or base. The solution was then nebulised as described above. All 

the traced elements were reported with relative errors of ±3 and ±10 wt % for elements 

above 1 and 0.1 wt %, respectively. The measurements and facilities was provided by 

Zentralabteilung für Chemische Analysen (ZCH) of Forschungszentrum Jülich (FZJ), 

Jülich, Germany. 

3.2.2 Thermal analysis (DTA/TGA) 

Some of the powders were studied using thermal analysis technique such as DTA/TGA. 

Differential thermal analysis (DTA) provided information about the reactions or processes 

of the powders within a temperature range. These reactions were recorded in terms of 

exothermic and endothermic signal which can be interpreted as the formation of a phase, 

phase transition and phase decomposition. These reactions are sometimes accompanied 

by change in weight and can be recorded by thermo gravimetric analysis (TGA). In the 

present work, the powders were heated at the rate of 3 K/min from room temperature to 

1400 °C. The powders were subsequently cooled to room temperature, after holding for 

0.5 h at 1400 °C. All the measurements were performed in static air. The DTA/TGA 

measurements were carried on a Netzsch STA 409C. 

3.2.3 X-ray diffraction (XRD)  

Room temperature XRD 

Phase characterization of the synthesized powders was carried out using XRD. Unit cell 

parameters were determined by Rietveld refinement. From the identified phases and unit 

cell parameters, the solid solution limit of the substitution cations was determined. The 

theoretical density, ρTD of the samples was determined by the equation below; 
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TD NV

Zm

⋅

⋅
=ρ      Eq. 14 

 

where, m is the molar mass, Z = number of atoms per unit cell, V is the volume of unit cell 

and NA is Avogadro’s number. With this theoretical density, the relative density of the bulk 

samples was determined by Archimedes method. The XRD results then were represented 

in terms of Cu-Kα,β radiation intensity (arbitrary unit) versus the diffraction. In the present 

work, the scan speed was set at 0.01 or 0.02 ° for 5-10 s. The measurements were 

performed either by Siemens D5000 or Bruker D4 diffractometer. 

High temperature XRD 

The experiment of high temperature XRD was performed in order to understand the 

thermal behavior of Gd4Ti2O10 sintered at 1400 °C. The experiment was carried out with 

Siemens D5000 diffractometer. The scanning angle was set at 2Θ=(29-39°). The heating 

was performed from room temperature, RT to 1000 °C (hold) and cooling down to RT. The 

data were collected at every 100 °C interval.

3.2.4 Archimedes method 

The relative density of sintered bars or pellets was determined by Archimedes method. 

The dry weight of the sample was determined by balance and denoted as Wdry. Later the 

sample was submerged in distilled water, vacuumed with a pump, weighted again in water 

and denoted as Wsub. Finally the sample was removed from the water and weighted again 

as Wwet. The apparent density of the sample, ρapp was determined according to 

 

OH
subwet

dry
app WW

W
2

ρρ ⋅
−

=    Eq. 15 

 

and the relative density, ρrel  was determined by,  

 

%100⋅=
TD

app
rel

ρ

ρ
ρ     Eq. 16 

 

where ρTD is the theoretical density of the materials obtained from XRD measurements. 
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3.2.5 Raman spectroscopy 

The Raman spectroscopic measurements were recorded with Horiba Jobin Yvon 

SpexT64000 equipped with two scanning mechanism, one for the foremonochromator and 

the other one for the spectrograph. SpexT64000 is equipped with 1800 grooves/mm 

gratings. The 488 nm line of an Ar+ ion laser (COHERENT Innova® 300C Series) was 

used for the probe excitation. The spectra were collected in backscattering geometry with 

a confocal Raman microscope equipped with Olympus MPlan 100x objective. The 

detection of the Raman signal was carried out with a CCD detector operating at liquid 

nitrogen temperature. The laser power and the acquisition time used in the measurements 

are indicated in each figure caption. This measurement and facilities were provided by 

Zentralabteilung für Chemische Analysen (ZCH) of Forschung Zentrum Jülich (FZJ), 

Jülich, Germany. 

3.2.6 Scanning electron microscopy (SEM) 

The microstructural analysis of the sintered bars was carried out by scanning electron 

microscopy (SEM, Ultra55, Zeiss). The samples were cut and embedded in resin so that 

they could be mirror polished. All the samples were sputtered with platinum of about 20 - 

30 nm and a copper band was attached in order to make the sample conducting. The 

measurements began with back scattered electron (BSE) source. From BSE image 

analysis, the main and additional phases present in the samples could be indentified by 

observing the difference in gray scale contrast. The densifications of the samples were 

concluded after the pores in the samples were determined with the aid of secondary 

electron (SE) source. From SE images analysis, the presence of glowing effect observed 

around the darker region of the image led to the conclusion of presence of pores. To 

confirm the phases observed from BSE and SE results, the elementals analysis were 

performed on the samples by energy dispersive X-ray (EDX) spectroscopy, (Energy355, 

INCA). From the trace elements, the additional phases were characterized. 

 

3.2.7 Electrical conductivity measurements 

4-probes DC measurements 

These measurements were carried out with powders that had been sintered to bars with 

dimensions of 5 x 40 x 2-3 mm3 at higher temperatures (1400 to 1600 °C) to obtain 

relative densities of more than 90%. The total electrical conductivity (σ) of the sintered 

bars were measured by 4-probes DC technique at temperatures between 200 and 900 °C 

in air using silver wires and silver paste as contacts. Fig. 19 below shows the schematic 

diagram of the 4-probes DC measurement set up. 
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Fig. 19: The schematic diagram of 4-probe DC conductivity measurement set up. 

 

The total electrical conductivity, σ  was calculated by the equation below,  

 

UA

Il

⋅

⋅
=σ      Eq. 17 

 

where l is the length in cm, I is the current in ampere, A is area of the cross section in cm2 

and V is the voltage in Volt. The unit of σ is (Ωcm)-1 or Scm-1. 

 

AC impedance spectroscopy 

Sintered pellets (diameter: 8 mm, thickness: 1-2 mm) were subjected to AC impedance 

spectroscopy measurements to determine the bulk and grain boundary conductivity using 

platinum paste as the contact material. The impedance spectroscopy data were collected 

using a frequency analyzer (Alpha–A Analyzer, Novocontrol) over the frequency range of 

100 mHz – 3 MHz with an applied voltage of Vrms = 50 mV. The stray inductance of the 

empty holder amounts to 18 nH. The measurement was performed in air in the 

temperature range from 400 to 900 °C. This measurement and facilities were provided by 

Lehrstuhl für Physikalische Chemie, Montanuniversität Leoben, Austria. 

 

3.2.8 Thermal expansion measurements 

Powders were uni-axially pressed with a pressure of 100 MPa for 3 minutes into bars with 

dimensions of 5 x 40 x 2-3 mm3. The pressed bars were sintered at higher temperatures 
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(1400-1600 °C) to achieve a relative density of more than 90%. The sintered bars were 

cut into 25 mm long specimens to fit into the dilatometer of Netzsch DIL 402C, Germany. 

The thermal expansion measurements were performed with heating rate of 3K/min in the 

range of 25 to 1400 °C.  
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4 Results and discussion 

4.1 Oxy-cuspidine Gd4Al2O9, Gd4Al2-xMgxO9-x/2 and Gd4-x(Ca,Sr)xAl2O9-x/2. 

In this section, results regarding Gd4Al2O9 and substituted oxy cuspidine series i.e. Gd4Al2-

xMgxO9-x/2 and Gd4-x(Ca,Sr)xAl2O9-x/2 are reported. In line with the objective of the thesis, 

chemical analysis was carried out to confirm the precision of the chemical compositions 

and phase analysis was carried out to confirm phase purity of Gd4Al2O9 and detect the 

solid solubility limits of the divalent cations substituting the Gd or Al site of Gd4Al2O9. 

Based on the similarity of ionic radius, Ca2+ and Sr2+ were substituted at Gd3+ while Mg2+ 

was substituted at the Al3+ [116]. Subsequently these materials were investigated for their 

electrical and thermal properties in order to validate their role as an ionic conductor for 

SOFCs application. 

4.1.1 Synthesis and chemical analysis 

The pure compound of Gd4Al2O9 and the series Gd4Al2-xMgxO9-x/2 and Gd4-x(Ca,Sr)xAl2O9-

x/2 were synthesized by citric complexation method as described in section 3.1.1. Chemical 

analysis by ICP-OES was carried out for powders calcined at 900 °C, in order to confirm 

the stoichiometry of the compounds. The results of the chemical analysis are tabulated in 

Table 3. 
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Table 3: The nominal and experimental compositions of Gd4Al2O9, Gd4Al2-xMgxO9-x/2 and 

Gd4-x(Ca,Sr)xAl2O9-x/2.  

 

No Nominal composition Experimental composition 

1. Gd4 Al2 O9 Gd3.96 Al1.95 O9 

2. Gd4.00 Al1.90 Mg0.10 O8.95 Gd3.96 Al1.95 Mg0.09 O9-δ 

3. Gd4.00 Al1.75 Mg0.25 O8.88 Gd3.95 Al1.76 Mg0.29 O9-δ 

4. Gd4.00 Al1.50 Mg0.50 O8.75 Gd3.90 Al1.50 Mg0.60 O9-δ 

5. Gd4.00 Al1.25 Mg0.75 O8.63 Gd3.96 Al1.27 Mg0.77 O9-δ 

6. Gd4.00 Al1.00 Mg1.00 O8.50 Gd3.97 Al1.03 Mg1.01 O9-δ 

7. Gd4.00 Al0.50 Mg1.50 O8.25 Gd3.97 Al0.51 Mg1.52 O9-δ 

8. Gd3.99 Ca0.01 Al2.00 O8.99 Gd4.00 Ca0.01 Al1.99 O9-δ 

9. Gd3.95 Ca0.05 Al2.00 O8.98 Gd3.95 Ca0.05 Al1.99 O9-δ 

10. Gd3.90 Ca0.10 Al2.00 O8.95 Gd3.91 Ca0.10 Al1.98 O9-δ 

11. Gd3.75 Ca0.25 Al2.00 O8.88 Gd3.75 Ca0.26 Al1.98 O9-δ 

12. Gd3.50 Ca0.50 Al2.00 O8.25 Gd3.43 Ca0.54 Al2.02 O9-δ 

13. Gd3.99 Sr0.01 Al2.00 O8.99 Gd3.98 Sr0.01 Al2.01 O9-δ 

14. Gd3.95 Sr0.05 Al2.00 O8.98 Gd3.94 Sr0.06 Al2.00 O9-δ 

15. Gd3.90 Sr0.10 Al2.00 O8.95 Gd3.89 Sr0.10 Al2.01 O9-δ 

16. Gd3.75 Sr0.25 Al2.00 O8.88 Gd3.76 Sr0.25 Al1.99 O9-δ 

17. Gd3.50 Sr0.50 Al2.00 O8.25 Gd3.51 Sr0.54 Al1.95 O9-δ 

 

Taking into consideration of the experimental errors, the stoichiometries of all synthesized 

powders seem are in good agreement with nominal stoichiometry.  

4.1.2 DTA/TGA 

The DTA / TGA measurements were performed to observe the phase stability in the 

temperature range of 25 to 1400 °C. A few of the calcined powders, of Gd4Al2O9, 

Gd4Al1.50Mg0.50O8.75, Gd3.95Ca0.50Al2O8.75 and Gd3.95Sr0.50Al2O8.75, were selected. High 

concentrations of cation substitution were selected so that the response of DTA to 

powders in term of cation influence can be observed distinctly. Gd4Al2O9 was used as 

comparison towards the substituted compositions by comparing the DTA/TGA results. Fig. 

20 shows the results of DTA and TGA of the respective powders.  

 

In Fig. 20, no significant reaction was observed from DTA results during heating except for 

Gd4Al1.50Mg0.50O8.75 (Fig. 20b). An exotherm was observed for this powder at 1250 °C 
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indicating the recrystallization of Gd4Al2O9 structure. This result is better discussed 

together with XRD analysis in the next section. In terms of substitutional influence the 

DTA curves of Gd3.95Ca0.50Al2O8.75 and Gd4Al2O9 have almost the same profile indicating 

that the Ca2+ substitutional did not give much influence thus showing that these materials 

are more stable upon heating. The DTA curves of Gd4Al1.50Mg0.50O8.75 and 

Gd3.95Sr0.50Al2O8.75 (Fig. 20d) did not follow the profile of pure Gd4Al2O9 thus showing clear 

influences of Mg2+ and Sr2+ in both materials.  
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Fig. 20: DTA and TG for (a) Gd4Al2O9, (b) Gd4Al1.50Mg0.50O8.75, (c) Gd3.95Ca0.50Al2O8.75 and 

(d) Gd3.95Sr0.50Al2O8.75. 
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In Fig. 20, small weight loss of less than 1% was observed for all the compositions. 0.17, 

0.31, 0.38 and 0.74 % weight loss was observed in the range of 1000 to 1350 °C for 

Gd4Al2O9, Gd4Al1.50Mg0.50O8.75, Gd3.95Ca0.50Al2O8.75 and Gd3.95Sr0.50Al2O8.75 as shown in Fig. 

20a, b, c and d respectively. However it was accompanied by distinct signal in the DTA 

profile. The plausible reason for the observed weight loss could be minor crystallite 

changes. Sintering temperature of 1600 °C was concluded for all the samples considering 

the DTA/TGA results. 

4.1.3 XRD analysis 

Phase characterization for the calcined and sintered powders was carried out using room 

temperature XRD. The results of phase confirmation, phase quantification and lattice 

parameter determination of the un-substituted and substituted Gd4Al2O9 are reported 

accordingly in the following section. 

4.1.3.1 XRD results of Gd4Al2O9 

From the XRD analysis of the Gd4Al2O9 sample, a single phase of polycrystalline Gd4Al2O9 

was obtained for both as-calcined and sintered powders. The room temperature XRD 

pattern matched with Gd4Al2O9 phase [117]. Both samples crystallize in monoclinic 

symmetry with space group P21/c. The formula per unit cell, Z, is 4. The as-calcined and 

sintered XRD pattern of Gd4Al2O9 is shown in Fig. 21a and b. In terms of crystallinity, the 

result shows that the sintered samples crystallized better than as-calcined samples. 
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Fig. 21: Room temperature XRD pattern at 20 < 2Θ < 80 °for (a) as-calcined and (b) 

sintered powders of Gd4Al2O9. 
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These XRD results were further analyzed using reported crystal structure data of Eu4Al2O9 

[118] and indexed accordingly to determine the lattice parameters using Rietveld 

refinement. The lattice parameters for as-calcined powder are a = 7.5363 (5) Å, b = 

10.6319 (5) Å and c = 11.1939 (5) Å and β = 109.03 (1) ° and for the sintered powder are 

a = 7.5347 (2) Å, b = 10.6306 (4) Å and c = 11.2010 (4) Å and β = 109.00 (2) °. The 

obtained lattice parameters are in good agreement with former reports [105]. The crystal 

structure of oxy-cuspidine Gd4Al2O9 obtained from the Reitveld refinement is similar to the 

structure obtained in [9]. Fig. 22 below shows the refined crystal structure of sintered 

Gd4Al2O9. 

 

 

 

Fig. 22: The refined crystal structure of as-sintered Gd4Al2O9 sample. 

 

4.1.3.2 XRD results of Gd4Al2-xMgxO9-x/2 series 

Only sintered samples of the series Gd4Al2-xMgxO9-x/2 with x=0, 0.10, 0.25 and 0.50 mol 

Mg per unit formula were investigated since the prime objective was to investigate the 

electrical conductivity and thermal expansion of sintered bulk samples. The XRD pattern 

of Gd4Al2-xMgxO9-x/2 (x =0, 0.10, 0.25 and 0.50) as shown in Fig. 23 corresponds to that of  

monoclinic Gd4Al2O9 with presence of additional Gd2O3 [117]. 
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The ionic radius of Al3+ and Mg2+ with the coordination number 4 is 0.54 and 0.72 Å 

respectively [116]. Thus, theoretically substitution of Al3+ or Ga3+ by Mg2+ should be 

feasible due to the smaller ionic radius. Such substitution for La1-xSrxGa1-yMgyO3 [119] and 

La1-xSrxAl1-yMgyO3 [120] has already been reported. However, the additional peaks 

observed could be easily attributed to Gd2O3.  

 

The semi-quantitative analysis from XRD showed that the amount of Gd2O3 increased 

with increasing Mg concentration. The amount in term of mass fraction of Gd2O3 was in 

the range of 3-12% (Table 4). From this observation, it was obvious that the Mg2+ was not 

able to substitute at Al3+ site thus inducing the formation of additional Gd2O3 phase. 

Therefore the substitution limit for Mg can be anticipated to be far below 0.10 mol Mg per 

formula unit.  
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Fig. 23: Room temperature XRD patterns at 24 < 2Θ < 44°of the series Gd4Al2-xMgxO9-x/2 

(x = 0, 0.10, 0.25, and 0.50) after sintering at 1600 °C for 6 h. The reflections marked with 

open and close triangle symbols indicate the appearance of Gd2O3 and MgO [117], 

respectively. 
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From the XRD results, only Gd2O3 was clearly observed as an additional phase resulting 

from Mg2+ substitution. In Fig. 19, the peaks for the MgO were marked to show if MgO 

could also be present as an additional phase. SEM investigation was performed to get 

more information about the formation of this additional phase and is discussed 

subsequently. Table 4 shows the lattice parameters and the semi quantitative analysis of 

Gd4Al2-xMgxO9-x/2 series. 

 

Table 4: Lattice parameter and semi-quantitative analysis of Gd4Al2-xMgxO9-x/2 series. 

Lattice 

parameters 

XRD 

(wt %) 
x 

(mol) 
a (Å) b (Å) c (Å) β (°) V (Å3) Gd4Al2O9 Gd2O3 

0 7.5347(2) 10.6306(4) 11.2010(4) 109.0 848.3 100 0 

0.10 7.5342(4) 10.6336(5) 11.2058(6) 109.0 848.9 97 3 

0.25 7.5333(5) 10.6305(9) 11.2033(9) 109.0 848.3 94 6 

0.50 7.5330(5) 10.6303(9) 11.2029(9) 109.0 848.2 88 12 

 

The lattice parameters along b-axis and β angle did not change with increasing Mg2+ 

concentration. Along the a and c-axis, a non linear trend was observed indicating no effect 

of Mg2+ concentration. Overall the unit cell volume did not change significantly with 

increasing Mg2+ concentration. 
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4.1.3.3 XRD results of Gd4-x(Ca,Sr)xAl2O9-x/2 series 

The XRD results of the sintered powders of the series Gd4-x(Ca,Sr)xAl2O9-x/2 with x=0, 0.01, 

0.05, 0.10 and 0.25 mol per formula unit are reported accordingly. Fig. 24a and b shows 

the XRD patterns of the Gd4-x(Ca,Sr)xAl2O9-x/2 series.  
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Fig. 24: Room temperature XRD patterns at 20 < 2Θ < 40 °of (a) Gd4-xCaxAl2O9-x/2 and (b) 

Gd4-xSrxAl2O9-x/2 at room temperature. The un-indexed peaks belong to the monoclinic 

Gd4Al2O9 phase [117]. 

 

The room temperature XRD pattern for the sintered powders revealed that the main phase 

of Gd4-xCaxAl2O9-x/2 and Gd4-xSrxAl2O9-x/2 samples was monoclinic Gd4Al2O9. According to 

the observed appearance of additional phases, the substitution limit for Ca and Sr was 

found between x = 0.05 - 0.10 mol and 0.01 - 0.05 mol, respectively. At higher substitution 

levels of Ca the phases GdAlO3, CaGdAlO4 and Al2O3 were observed in Fig. 24a [117] 

and for Sr substitution (Fig. 24b), SrGd2Al2O7 and Gd2O3 phases were detected [117]. The 

lattice parameters of phase pure samples are shown in Table 5. These results are also in 

good agreement with the data reported in [9] and [105]. 
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Table 5: The lattice parameters for the Gd4-x(Ca,Sr)xAl2O9-x/2 series. 

Samples a (Å) b (Å) c (Å) β (°) V (Å3) 

Gd4Al2O9 7.5347 (2) 10.6306 (4) 11.2010 (4) 109.00 (2) 848.3 

Gd4Al2O9 [9] 7.5382 (1) 10.6393 (2) 11.2113 (2) 108.9 (1) 850.2 

Gd4Al2O9 [105] 7.563 (2) 10.679 (6) 11.246 (2) 109.2 (2) 857.9 

Gd3.99Ca0.01Al2O8.99 7.539 (1) 10.639 (1) 11.211 (1) 108.99 (1) 850.3 

Gd3.95Ca0.05Al2O8.98 7.536 (1) 10.644 (1) 11.212 (1) 108.98 (1) 850.5 

Gd3.99Sr0.01Al2O8.99 7.541 (1) 10.643 (2) 11.215 (2) 108.99 (1) 851.1 

 

4.1.4 Raman spectroscopy 

4.1.4.1 Raman spectra of Gd4Al2O9 

The investigation of Raman spectra for Gd4Al2O9 or similar structure such as RE4Al2O9 

(RE = rare earth) has never been reported in literature. Therefore the information 

regarding vibrations assignment is not available thus making analysis difficult. The main 

concern in this measurement is to confirm the phase of materials as investigated by XRD. 

Fig. 25 below shows the Raman spectra of Gd4Al2O9. 
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Fig. 25: The Raman spectra of sintered Gd4Al2O9 and calcined powders (900 °C) of 

GdAlO3 and Gd2O3. Excitation: 488 nm, 2.6 mW, 50x, 10 cycles/30 seconds. 
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Since XRD result confirmed the presence of phase pure Gd4Al2O9 it can be concluded that 

the above Raman spectrum is characteristic of monoclinic Gd4Al2O9 structure. However, 

the presence of any additional phase less than 5 wt% could not be detected by XRD. 

Thus Raman spectra of GdAlO3 and Gd2O3 were compared with that obtained for 

Gd4Al2O9 sample. It was observed that none of those are equivalent to that of Gd4Al2O9. 

Therefore all of the bands observed in these spectra uniquely belong to the AlO4 

tetrahedra and GdO7/GdO8 octahedra. The bands of Gd4Al2O9 are 805, 772, 737, 709, 

587, 557, 528, 489, 474, 447, 433, 407, 371, 349, 336, 306, 265, 250, 213, 187, 161, 132 

and 112 cm-1. Due to the absence of any vibrations of Gd2O3 and GdAlO3 in the Raman 

spectra (Fig. 25), it can be pre-concluded that the oxy-cuspidine Gd4Al2O9 sample is a 

pure phase. 

 

4.1.4.2 Raman spectra of Gd4Al2-xMgxO9-x/2 series 

The Raman spectra of the sintered Gd4Al2-xMgxO9-x/2 with x=0, 0.10, 0.25 and 0.50 are 

shown in Fig. 26. All samples show a main phase of monoclinic Gd4Al2O9. This is an 

affirmative confirmation of the room temperature XRD results mentioned previously. 
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Fig. 26: Raman spectra of (a) Gd4Al2O9, (b) Gd4Al1.90Mg0.10O8.95,(c) Gd4Al1.75Mg0.25O8.88 

and (d) Gd4Al1.50Mg0.50O8.75 compounds. Excitation: 488 nm, 1.8 mW, 50x, 10 cycles/30 

seconds. 
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Through analyzing the spectra with high Mg content, it was found that it was almost 

identical to oxy-cuspidine Gd4Al2O9 except for the bands at 250 – 300, 460, 480 and 650 

cm-1. These additional vibration bands can be attributed to the presence of small amount 

of Gd2O3 phase as detected by room temperature XRD. The spectra of 

Gd4Al1.75Mg0.25O8.88 and Gd4Al1.50Mg0.50O8.75 clearly showed additional vibrational bands at 

300 cm-1 which belong to the hexagonal Gd2O3 bands [117] and were also detected by 

room temperature XRD.  

4.1.4.3 Raman spectra of Gd4-x(Ca,Sr)xAl2O9-x/2 series 

The Raman spectra of Gd4-x(Ca,Sr)xAl2O9-x/2 series are shown in Fig. 27. From these 

results, similar conclusions were derived as for the Gd4Al2-xMgxO9-x/2 series. From Fig. 27, 

all samples have monoclinic Gd4Al2O9 as the main phase. 

900 800 700 600 500 400 300 200 100

Gd
3.95

Sr
0.05

Al
2
O

8.98

Gd
3.99

Sr
0.01

Al
2
O

9

Gd
3.75

Ca
0.25

Al
2
O

8.88

Gd
3.90

Ca
0.10

Al
2
O

8.95

Gd
3.95

Ca
0.05

Al
2
O

8.98

Gd
3.99

Ca
0.01

Al
2
O

9R
am

an
 In

te
ns

ity
 / 

a.
u.

Wavenumber / cm-1

Gd
4
Al

2
O

9

 

Fig. 27: The Raman spectroscopy of Gd4-x(Ca, Sr)xAl2O9-x/2. Excitation: 488 nm, 1.8 mW, 

50x, 10 cycles/30 seconds. 
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Looking at the Raman spectra Gd4-xCaxAl2O9-x/2 in Fig. 27, all the substituted samples 

showed almost identical spectra as that of Gd4Al2O9. From the XRD results reported 

previously, the solid solution limit of Ca2+ is between 0.05 and 0.10 mol per formula unit. 

Above the limit, CaGdAlO4, GdAlO3 and Al2O3 were present as additional phases. It is 

expected to observe the significant bands that correspond to these additional phases. 

However, no distinct bands were observed. 

 

Since Ca2+ was introduced to substitute Gd3+ in Gd4Al2O9, the influences of Ca2+ 

concentration in the series were observed. Fig. 28 shows the shift of the bands either to 

low or high frequency corresponding to an increasing of Ca2+ concentration. Each point in 

Fig. 28 shows the bands of the series in the range of 200 to 600 cm-1. The shifts of the 

bands were compared to the strongest band of Gd4Al2O9 at 407 cm-1. Looking at this 

particular band in Fig. 28, no shift was observed for 0.01 and 0.05 mol Ca2+. However 

small shifts were observed for 0.10 and 0.25 mol Ca2+ of about 2 cm-1. Similar shifts were 

observed for others band except at 489, 433 and 336 cm-1 with average shifts about 2 cm- 1. 

 

It is rather weak to conclude that there is clear evidence that the increasing of Ca2+ 

concentration do effect the spectra because the difference of 2 cm-1 can be easily 

attributed to measurement or device errors. Nevertheless, if the finding from Raman 

spectra is analyzed together with the finding from XRD, it can be concluded that the 

influences of Ca2+ to the Gd4Al2O9 structure is agreeable. 
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Fig. 28: Deviation in the frequency of different bands with the increasing amounts of Ca2+ 

in Gd4-x(Ca,Sr)xAl2O9-x/2 series. 

 

For the Raman spectra of Gd4-xSrxAl2O9-x/2 as shown in Fig. 27 for Gd3.99Sr0.01Al2O8.99 and 

Gd3.95Sr0.05Al2O8.98, indicate the presence of oxy-cuspidine Gd4Al2O9 phase. However, 

additional bands at 632, 540, 505, 475, 325, 300 and 225 cm-1 were observed for the 

spectra of Gd3.95Sr0.05Al2O8.98. Comparing with XRD results, the additional bands of that 

particular spectrum can be attributed to SrGd2Al2O7. The influence of Sr2+ to Gd4Al2O9 

structure can be clearly observed in Fig. 29. The shifts of the band at 407 cm-1 of pure 

Gd4Al2O9 to higher frequency was observed with increase in Sr2+ concentration. As 

discussed previously with the increases of Ca2+ concentration, similar results were 

obtained with Sr2+ concentration. Clear bands that not belong to cuspidines were clearly 

observed at 225, 320 and 505 cm-1. 
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Fig. 29: Deviation in the frequency of different bands with the increasing amounts of Sr2+ 

in Gd4-x(Ca,Sr)xAl2O9-x/2 series. 
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4.1.5 Microstructural analysis 

The microstructure investigation was performed for the series of Gd4Al2-xMgxO9-x/2, Gd4-

xCaxAl2O9-x/2 and Gd4-xSrxAl2O9-x/2. Information about the phases present in the samples 

can be obtained by analyzing the contrast of the back scattered images. The secondary 

electron images confirm whether darker regions in the samples are additional phases or 

pores. Thus final conclusion of the phases present can be confirmed and related to the 

phases detected from RT-XRD results.  

 

4.1.5.1  Microstructural analysis of Gd4Al2-xMgxO9-x/2 

Microstructural investigations were carried on Gd4Al2-xMgxO9-x/2 with x = 0, 0.10, 0.25 and 

0.50 mol Mg. Back-scattered images obtained for the above mentioned samples are 

shown in Fig. 30. All the samples are rather dense and in good agreement with relative 

density obtained from Archimedes method. These values are shown in Table 6. 

 

 

Fig. 30: Back-scattered images of (a) Gd4Al2O9, (b) Gd4Al1.90Mg0.10O8.95, (c) 

Gd4Al1.75Mg0.25O8.88 and (d) Gd4Al1.50Mg0.50O8.75. In Fig. 30 b, c and d the dark spots 

indicate the presence of MgO while the light grey particles indicate Gd2O3. 
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Gd4Al2O9 is pure phase. However, it contains some pores which can be clearly seen in 

Fig. 30a. The substituted Gd4Al2O9 contains Gd2O3 and MgO as additional phases which 

were unambiguously identified by EDX analysis. The quantification of each phase was 

carried out via image analysis by measuring the area fraction of each phase. The results 

are shown in Table 6. 

 

The experimental volume fractions were determined by using the area fractions obtained 

from SEM results. The area fractions were multiplied by the correction factor [121] which 

is 1.13 and 1.56 for irregular and spherical shapes, respectively. 

 

Table 6: Relative density, Volume fraction of products by XRD and SEM analysis for 

Gd4Al2-xMgxO9-x/2.  

Volume fractions, Vf of products 

XRD analysis SEM image analysis 

 

x 

 

Relative 

density (%) 

(Archimedes) Gd4Al2O9 Gd2O3 Gd4Al2O9 Gd2O3 MgO 

0 98 1.00 - 1.00 - - 

0.10 98 0.97 0.03 0.91 0.08 0.009 

0.25 99 0.95 0.05 0.89 0.10 0.013 

0.50 99 0.91 0.09 0.77 0.18 0.047 

 

4.1.5.2  Substitution limit of Mg2+ in Gd4Al2O9 

SEM data revealed the presence of MgO in the substituted Gd4Al2-xMgxO9-x/2 along with 

monoclinic Gd4Al2O9 and Gd2O3. This MgO phase remained undetected in XRD due to its 

smaller particle size and presumably highly disordered crystal structure. Furthermore MgO 

peaks could have been overlapped with complex peaks of Gd4Al2O9 phase. The peaks of 

periclase MgO [117] are shown in Fig. 23 at 2Θ=38 and 43 °. Since the substitution with 

Mg always produced the additional phases of Gd2O3 and MgO, a chemical reaction 

according to Eq.18 can be concluded. 

 

xMgOOxGdOAlGd
x

OMgAlGd xxx ++⎟
⎠
⎞

⎜
⎝
⎛

−→−− 329242/924 2
1   Eq. 18 
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When this equation is converted into an expression of volume fractions, the theoretical 

product formation with increasing Mg2+ concentration can be compared with the 

experimental results as shown in Fig. 31. The theoretical volume fractions of each product 

were determined simply by dividing the mass of products with theoretical density of the 

product. The theoretical density of Gd4Al2O9, Gd2O3 and MgO are 6.41, 8.35 and 3.57 

gcm-3 respectively, as obtained from the crystallographic data [117]. From the SEM results 

shown in Fig. 30 Gd2O3 and MgO phases were interpreted as irregular and spherical 

particles, respectively. 
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Fig. 31: Plot of the product formation according to equation 1 (lines), while the open 

symbols are the experimental results. 

 

From Fig. 31 it can be seen that the amount of the experimental phase products follow the 

theoretical expectations, except for the compound with x = 0.10 mol Mg. Nevertheless, by 

assuming that all volume fractions fit very well with the theoretical values, no substitution 

is observed. This is a clear evidence that Mg2+ was not able to substitute the Al3+ in oxy-

cuspidine Gd4Al2O9. 
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4.1.5.3  Microstructural analysis of Gd4-x(Ca,Sr)xAl2O9-x/2 series. 

The results obtained from SEM show that the sintered bars are very dense. The relative 

density varied between 95 and 98 %. Fig. 32 and Fig. 33 show the back scattered images 

of Gd4-x(Ca,Sr)xAl2O9-x/2 series with x=0.05 and 0.10 mol Ca and Sr, respectively, after 

sintering at 1600 °C. 

 

From Fig. 32a, the dark areas were identified as pores as confirmed by secondary 

electron images. The light gray contrast was the enrichment of Gd atoms in the matrix of 

Gd4Al2O9. In Fig. 32b the observed additional gray phase indicated presence of Ca 

element by EDX analysis. Thus the additional phase could be attributed to CaGdAlO4 as 

observed in the XRD results (Fig. 24a). 

  

Fig. 32: Back-scattered SEM images of (a) Gd3.9Ca0.05Al2O8.98 and (b) Gd3.9Ca0.10Al2O8.95. 

 

Similarly the gray phase in Fig. 33a and b could be attributed to the SrGd2Al2O7 phase. 

This attribution was supported by EDX analysis where Sr element was clearly detected. In 

relation to the XRD results (Fig. 24b), the detected Sr elements belong to the phase of 

SrGd2Al2O7. The EDX also confirmed the observed white area in Fig. 33a as Pt due to the 

sputtering of the samples. The dark areas were pores. Both samples are in good 

agreement with XRD results as shown in Fig. 24b. 

  

Fig. 33: Back-scattered SEM images of (a) Gd3.9Sr0.05Al2O8.98 and (b) Gd3.9Sr0.10Al2O8.95. 

(a) (b)

pores CaGdAlO4 

(a) (b)

pores

SrGd2Al2O7 SrGd2Al2O7 
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4.1.6 Electrical conductivity 

Electrical conductivity was determined for selected samples by 4-probe DC measurement 

and AC impedance spectroscopy. The 4-probe DC conductivity measurements were 

performed for Gd4Al2-xMgxO9-x/2 and Gd4-x(Ca,Sr)xAl2O9-x/2. However, AC impedance 

spectroscopy measurements were carried out only on pure phase Gd4Al2O9, 

Gd3.9Ca0.05Al2O8.98 and Gd3.9Sr0.05Al2O8.98 samples. From the electrical conductivity values, 

the activation energy, Ea of the samples were calculated from the Arrhenius plot. 

4.1.6.1 4-probes DC measurements of Gd4Al2-xMgxO9-x/2 

The electrical conductivity results for Gd4Al2-xMgxO9-x/2 samples are shown in the form of 

an Arrhenius plot (Fig. 34). All samples showed increase in conductivity with temperature. 

This is typical semiconducting behavior of solids. The electrical conductivity of Gd4Al2O9 at 

900 °C was σ = 1.88 x 10-5 Scm-1. This value is in good agreement with previous work [9]. 

From the same work, the electrical conductivity increased by introducing Ge4+ cations on 

the Al sites [9]. The highest electrical conductivity of ≈ 7.9 x 10-4 Scm-1 was obtained for 

Gd4Al0.8Ge1.2O9.6 at 900 °C where the activation energy of 1.4 eV was reported [9], which 

gives clear evidence for a different conduction mechanism via interstitial oxygen ions or 

rotations of Al-O polyhedra. 
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Fig. 34: Arrhenius plot of electrical conductivity for Gd4Al2-xMgxO9-x/2 series. The open 

symbols belong to the series of Gd4Al2-xGexO9+x/2 [9]. 
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The formation of MgO did not increase the electrical conductivity significantly as 

compared to Gd4Al2-xGexO9+x/2 series [9]. The reason is that Mg2+ was not able to 

substitute the Al3+ as explained in section 4.1.5.2. Due to this result, no oxygen vacancies 

were created, thus showing poor conductivity results. The activation energy (Table 7) did 

not change much upon the increasing of Mg2+ concentration. In-fact the values are close 

to 1.4 eV. This is another clear evidence that no oxygen vacancies were created instead it 

was interstitial oxygen conductivity mechanism [9, 99] that gave the samples conductivity 

values. Table 7 shows the electrical conductivity and activation energies of Gd4Al2-xMgxO9-

x/2 series.  

 

Table 7: Electrical conductivity and activation energy, Ea of Gd4Al2-xMgxO9-x/2 series. 

Samples σT ( x 10-5 Scm-1) at 900 °C Ea(eV), 650 - 900 °C 

Gd4Al2O9 1.73 1.37 

Gd4Al2O9 [9]  0.32 1.40 

Gd4Al1.90Mg0.10O8.95 1.74 0.96 

Gd4Al1.75Mg0.25O8.88 2.15 0.97 

Gd4Al1.50Mg0.50O8.75 2.15 0.76 

Gd4Al0.8Ge1.2O9.6 [9]  12.18 1.36 

 

4.1.6.2 4-probes DC measurement of Gd4-x(Ca,Sr)xAl2O9-x/2 

For the materials substituted with Ca and Sr the highest electrical conductivity obtained at 

900 °C was σ = 1.49 x 10-4 S/cm and σ = 9.43 x 10-5 S/cm for Gd3.95Ca0.05Al2O8.98 and 

Gd3.95Sr0.05Al2O8.98, respectively. Generally speaking for Gd4-x(Ca,Sr)xAl2O9-x/2, the 

electrical conductivity increased as the amount of Ca and Sr increased up to x = 0.10 and 

0.05, respectively.  

 

Comparing this value with the oxy-cuspidines prepared in this work, neither type of 

aliovalent substitution led to a significant increase in conductivity that could make these 

materials interesting for electrochemical devices. The activation energies calculated in the 

range of 650 to 900 °C from the temperature dependence of the electrical conductivity 

(Fig. 35) varied from 0.8 to 1.4 eV. The data of activation energies are shown in Table 8. 

The activation energy obtained for Gd4Al2O9 was 1.37 eV, which is higher than the values 

obtained for the substituted compounds. These results show that the insulating Gd4Al2O9 

can accommodate oxygen vacancies with typical activation energies for oxygen ion 



  4.1 Results and discussion

 

60 

transport [122], but the number of oxygen vacancies is severely limited due to the low 

solubility of Ca and Sr in the lattice. 
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Fig. 35: Arrhenius plot of electrical conductivity of Gd4-xCaxAl2O9-x/2 and Gd4-xSrxAl2O9-x/2. 

 

 

Table 8: Electrical conductivity and activation energy, Ea of Gd4-x(Ca, Sr)xAl2O9-x/2 series. 

Samples σT ( x 10-5 Scm-1) at 900 °C Ea, eV (650 – 900 °C) 

Gd4Al2O9 1.73 1.37 

Gd3.99Ca0.01Al2O8.99 7.39 0.84 

Gd3.95Ca0.05Al2O8.98 14.9 0.84 

Gd3.90Ca0.10Al2O8.95 14.7 0.92 

Gd3.75Ca0.25Al2O8.88 13.9 0.94 

Gd3.99Sr0.01Al2O8.99 5.49 0.80 

Gd3.95Sr0.05Al2O8.98 9.43 0.87 

Gd3.90Sr0.10Al2O8.95 10.5 0.90 

Gd3.75Sr0.25Al2O8.88 7.88 0.89 

 

 

 

 

(a) (b) 
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4.1.6.3 AC impedance spectroscopy of Gd4-x(Ca,Sr)xAl2O9-x/2 

AC impedance spectroscopy was performed for Gd4Al2O9, Gd3.95Ca0.05Al2O8.98 and 

Gd3.95Ca0.05Al2O8.98. A typical impedance spectra of Gd4Al2O9 which consisted of two 

semicircles in the complex impedance plane (Fig. 36a), were analyzed by fitting two 

components of resistance (R) and constant phase element (CPE) in a parallel circuit 

(R│CPE) as shown in Fig. 37.  
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Fig. 36: Impedance spectra for (a) Gd4Al2O9, T = 800°C, and (b) Gd3.95M0.05Al2O9 (M = Ca, 

Sr), T = 500°C. The red lines are complex non-linear (CNLS) fits.  

 

Looking at Fig. 36a, the high frequency semicircle can be attributed to the bulk, whereas 

the low frequency semicircle seems to correspond to the electrode response which might 

overlap with the grain boundary contribution. Hence, the grain boundary resistivities could 

not be extracted from the AC measurements. While the impedance spectra of 

Gd3.95Ca0.05Al2O8.98 and Gd3.95Sr0.05Al2O8.98 were composed of three semicircles 

corresponding to the bulk, grain boundary and electrode response, which could be 

separated by fitting three R│CPE circuits to the experimental data. Examples of 

impedance spectra are given in Fig. 36b. The resistivities of the grain boundaries have 

been found to be significantly smaller than those for the bulk (especially at temperatures 

above 600 °C). 

 

(a) (b) 
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Fig. 37: Typical equivalent circuits of impedance spectra of Gd4Al2O9. L is the inductance 

of sample and Re is the resistance of electrode. 

 

The pertinent capacitance values of Gd4Al2O9 were almost independent of temperature 

(see Fig. 38) with typical values of 88.3 pF and 0.14 μF for bulk and electrode 

capacitance, respectively. Similarly, the capacitance values for Gd3.95Ca0.05Al2O8.98 and 

Gd3.95Sr0.05Al2O8.98  were also almost independent to temperature. The bulk capacitance for 

both compounds is about of 34 pF while the grain boundary capacitance is typically 

amounts in the range 0.23 – 0.35 nF. 
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Fig. 38: The capacitance of pure Gd4Al2O9 and Gd3.95M0.05Al2O8.98 (M=Ca,Sr). 
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Comparison of DC and AC conductivity measurements 

The DC and AC electrical conductivity values for pure Gd4Al2O9 shows a slight difference 

as indicated in Fig. 39. The DC conductivity value of pure Gd4Al2O9 is 4.5 μS cm-1 at 800 

°C [123] and the value of AC conductivity is 1.9 μS cm-1 at the same temperature. 

Nevertheless, despite the low conductivity both measurements yield similar conductivity 

values leading to satisfactory agreement. Better agreement of the DC and AC bulk 

conductivity results was observed for the substituted compounds Gd3.95(Ca,Sr)0.05Al2O8.98 

(Fig. 39). Overall, the conductivities of Gd3.95Ca0.05Al2O8.98 and Gd3.95Sr0.05Al2O8.98 

increased remarkably in comparison to the unsubstituted Gd4Al2O9. A typical value for the 

AC bulk conductivity of Gd3.95Ca0.05Al2O8.98 is 86 μS cm-1 at 800 °C, while for the DC 

conductivity the value at the same temperature is 58 μS cm-1. The AC data refer to bulk 

conductivities, which are somewhat higher than the corresponding DC values including 

both bulk and grain boundaries. 
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Fig. 39: Electrical conductivity of Gd4Al2O9 and Gd3.95M0.05Al2O9 (M = Ca, Sr) 

 

The activation energy calculated from the Arrhenius curves in Fig. 39 shows good 

agreement between both measurements (see Table 9). The activation energy for 

Gd4Al2O9 is around 1.4 eV for both AC and DC measurements. For the substituted 

compounds, the activation energy for Gd3.95Ca0.05Al2O8.98 is 0.97 and 0.84 eV for AC and 

DC conductivity measurements, respectively. The activation energy of the substituted 

compounds decreased significantly indicating that the oxygen vacancies created in the 
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lattice of the substituted compounds permitted the oxygen ions to move faster as 

compared to the unsubstituted Gd4Al2O9. It is interesting to note that tetravalent 

substitution for Al3+ as in Gd4Al0.8Ge1.2O9.6 [9] also results in an activation energy of 1.40 

eV as for the unsubstituted Gd4Al2O9 thus indicating that a higher energy barrier occurs for 

the transport of interstitial oxygen ions in the lattice. 

 

Table 9: Electrical conductivity and activation energy, Ea, for both AC and DC 

measurements. 

Electrical conductivity at 

800 °C / μS cm-1 

Activation energy, Ea / eV  

AC DC AC DC 

Gd4Al2O9 1.9 4.5 1.38 1.37 

Gd3.95Ca0.05Al2O8.98 86.0 58.0 0.97 0.84 

Gd3.95Sr0.05Al2O8.98 68.5 34.0 0.84 0.87 
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4.1.7 Thermal expansion 

4.1.7.1 Dilatometry of Gd4Al2-xMgxO9-x/2 

The linear thermal expansion of oxy-cuspidine Gd4Al2O9 shown in Fig. 40 was measured 

between 30 and 1400 °C. Above 1100 °C a shrinkage was observed during heating and 

an expansion observed at 900-1000 °C during cooling. This shrinkage and expansion 

indicates that at these temperatures the oxy-cuspidine Gd4Al2O9 undergoes a phase 

transformation. The result is in good agreement with measurements reported in [103, 

104]. The length difference at constant temperature in the regime of hysteresis is about 

0.2 %. Table 10 shows the onset temperatures of the phase transition during heating and 

cooling for different compositions. 
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Fig. 40: Thermal expansion of Gd4Al2O9. 

 

The TEC values at 1000 °C are also shown in Table 10. Gd4Al2O9 has a TEC of 7.4 x 10-6 

K-1 (Fig. 42). The TEC value reported in [105] was determined by high-temperature XRD 

between 200 and 1400 °C. The lattice volume of Gd4Al2O9 obtained at 1000 °C is given as 

873 Å3. If this volume expansion is converted to a linear TEC, a value of 6.91 x 10-6 K-1 is 

obtained, which is in reasonable agreement with the value measured by dilatometry. 
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Similarly, the thermal expansion of Gd4Al2-xMgxO9-x/2 series also shows shrinkage above 

1100 °C during heating and expansion during cooling in the range of 600-900 °C (see Fig. 

41). The onset temperatures of the series are shown in Table 10. 
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Fig. 41: Linear thermal expansion during (a) heating and (b) cooling for Gd4Al2-xMgxO9-x/2 

series with x=0, 0.10, 0.25 and 0.50. 

 

The onset temperatures on cooling of the Gd4Al2-xMgxO9-x/2 series also shifted significantly 

from the onset temperature of pure Gd4Al2O9 and the difference in length at constant 

temperatures in the hysteresis regimes are about 0.5% for all samples. 

 

Table 10: Onset temperatures of phase transition and TEC values of Gd4Al2-xMgxO9-x/2. 

Onset temperature (°C) Samples 

Heating Cooling 

TEC at 1000 °C 

( x 10-6 K-1) 

Gd4Al2O9 1142 1002 7.4 

Gd4Al2O9 [103] 1120 900 8.1 * 

Gd4Al2O9 [104] 1155 1068 6.5 * 

Gd4Al1.90Mg0.10O8.95 1173 772 7.2 

Gd4Al1.75Mg0.25O8.88 1173 802 7.6 

Gd4Al1.50Mg0.50O8.75 1163 854 7.9 

* derived graphically from thermal expansion curves  
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From the linear expansion curves, TEC of the samples were determined using Eq 13. Fig. 

42 shows the TEC curves with respect to temperature. 
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Fig. 42: TEC of Gd4Al2-xMgxO9-x/2 series with x=0, 0.10, 0.25 and 0.50 mol Mg. 

 

From Fig. 42 above, the TEC value increases linearly with increasing Mg2+ concentration 

after the onset temperature at 1102 °C, while below the onset temperature, the TEC 

seems to be independent of Mg2+ concentration. In the series, Gd4Al1.50Mg0.50O8.75 showed 

the highest TEC value of 8 x 10-6 K-1 at 1110 °C. However this value is low compared to 

the TEC value of 8YSZ, α = 10 x 10-6 K-1 at 900 °C [11]. Since the TEC values of Gd4Al2-

xMgxO9-x/2 series are relatively low, it also cannot be considered for other applications such 

as thermal barrier coatings, TBCs which require high TEC values of more than 10 x 10-6 K-

1 values at temperature more than 900 °C [124]. 

4.1.7.2 Dilatometry of Gd4-x(Ca,Sr)xAl2O9-x/2 series. 

Similar to the Gd4Al2-xMgxO9-x/2 series, samples of Gd4-x(Ca,Sr)xAl2O9-x/2 series also 

showed shrinkage above 1100 °C during heating. Fig. 43a shows the heating curves of 

Gd4-x(Ca,Sr)xAl2O9-x/2 series. Generally, the onset of phase transition during heating were 

similar to Gd4Al2O9 except the onset temperature of Gd3.75Sr0.25Al2O8.88 sample which 

shifted to higher temperature of about 1200 °C (Fig. 43). This is due to the multiphase 

character of the samples with high Sr2+ concentrations. The onset temperatures during 

heating for all samples are shown in Table 11. 
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Fig. 43: Linear thermal expansion during (a) heating and (b) cooling for Gd4-x(Ca,Sr)xAl2O9-

x/2 series with x=0, 0.05, 0.10 and 0.25. 

 

During cooling of Gd4-x(Ca,Sr)xAl2O9-x/2 the expansion was observed in the range of 800 to 

1000 °C (Fig. 43b). This expansion indicated the phase transition where the onset 

temperatures were shifted by 100 and 200 °C compared to the onset of Gd4Al2O9 (1000 

°C). This phase transition did not seem to be fully reversible leading to a very small 

remaining shrinkage after cooling down to room temperature.  

 

Table 11: Onset temperatures of phase transition and TEC values of Gd4-x(Ca,Sr)xAl2O9-x/2 

series with x=0.05, 0.10 and 0.25. 

Onset temperature (°C) Samples 

Heating Cooling 

TEC at 1000 °C 

( x 10-6 K-1) 

Gd3.95Ca0.05Al2O8.98 1112 942 7.5 

Gd3.90Ca0.10Al2O8.95 1132 932  7.5 

Gd3.75Ca0.25Al2O8.88 1142 902  7.8 

Gd3.95Sr0.05Al2O8.98 1152 972 7.6 

Gd3.90Sr0.10Al2O8.95 1142 912 7.8 

Gd3.75Sr0.25Al2O8.88 1202 842 8.1 

 

Comparing the TEC of Gd4Al2O9 with Ca2+ and Sr2+ substituted Gd4Al2O9, the values 

remained unchanged considering the experimental error of dilatometry (± 0.2 x 10-6 K-1). 

Fig. 44 shows the TEC values of all Gd4-x(Ca,Sr)xAl2O9-x/2 samples in the range of 7 to 8 x 

10-6 K-1 and after shrinkage at 1200 °C in between 6 to 7 x 10-6 K-1. The TEC values at 

1000 °C are shown in Table 11. 
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Fig. 44: TEC curves of Gd4-x(Ca,Sr)xAl2O9-x/2 series with x=0, 0.05, 0.10 and 0.25. 
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4.1.8 Summary of Gd4Al2O9, Gd4Al2-xMgxO9-x/2 and Gd4-x(Ca,Sr)xAl2O9-x/2 

The preparation of samples via the citrate complexation route produced homogeneous 

powders for Gd4Al2O9, Gd4Al2-xMgxO9-x/2 and Gd4-x(Ca,Sr)xAl2O9-x/2 compounds. The 

chemical compositions of the powders were confirmed by ICP-OES techniques and the 

stoichiometries of all samples were in good agreement within the experimental errors of 

ICP-OES technique towards the nominal stoichiometry of the powders. The phase stability 

of the powders was investigated by DTA/TGA measurements and it can be concluded that 

the powders were stable from room temperatures up to 1400 °C.  

 

The phase characterization of the powders was carried out by XRD analysis. The un-

substituted Gd4Al2O9 was obtained single phase for as-calcined (900 °C) and as-sintered 

(1600 °C) samples. Multiphase materials were obtained for all samples with Mg2+ 

substitutions. The additional phases were Gd2O3 and MgO and they increased linearly 

with increase in Mg2+ concentration. No solid solution of Gd4Al2O9 was found for Mg. 

However the solid solution limit of oxy-cuspidine Gd4Al2O9 at 1600 °C for Ca and Sr is 

below 0.10 and 0.05 mol/formula unit, respectively. Beyond this concentration, CaGdAlO4 

and SrGd2Al2O7 were found as additional phases in the two series, respectively. The 

Raman spectroscopy performed for all samples confirmed the finding of XRD results. 

Furthermore, the Raman spectra of oxy-cuspidine Gd4Al2O9 uniquely belonged to it and 

up to this work, the Raman assignments of any oxy-cuspidine types has never been 

reported in literature. 

 

The microstructural analysis by SEM revealed that all sintered samples were dense with 

relative density of more than 95%. This finding is in good agreement with the density 

obtained by Archimedes method. All of the additional phases detected in XRD were 

supported by EDX analysis. 

 

The electrical conductivity of Gd4Al2O9 did not change significantly after Mg substitution. 

However the conductivity of Gd4Al2O9 increased by one order of magnitude after the 

substitution of Ca or Sr. The highest electrical conductivity obtained by Gd3.95Ca0.05Al2O8.98 

is 1.4 x 10-4 Scm-1 at 900 °C. This result is in good agreement with both the 

measurements of 4-probe DC conductivity and AC impedance spectroscopy. The 

activation energy of the Gd site substitution is lower (0.8-1.0 eV) than the Al site 

substitution (1.2-1.5 eV) thus indicating that the substitution on the Gd sites by Ca and Sr 

induced oxygen vacancies. 
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The thermal expansion increased linearly upon heating and cooling from room 

temperature to 1400 °C. A phase transition occurred in the range of 900 to 1300 °C. 

Phase transition also occurred for the substitution of Mg, Ca and Sr in the range of 600 to 

1300 °C. The TEC value of Gd4Al2O9 remains nearly unchanged with increasing Mg, Ca 

and Sr concentration which is about 6.5 to 8 x 10-6 K-1. 
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4.2 Oxy-cupidine Gd4Ti2O10, Gd4Ti2-xMgxO10 and Gd4-x(Ca,Sr)xTi2O10 

As mentioned in chapter 4.1, the substitution of Gd4Al2O9 with tetravalent cations such as 

Ge4+ or Ti4+ [97-100], ends with Gd4Ti2O10 or Gd4Ge2O10 [9] crystallizing in orthorhombic 

structure. The mentioned approach is aimed at introducing additional oxygen so that 

oxygen ions are able to move within the interstitial oxygen sites. However the electrical 

conductivity obtained by this approach was rather low (see Fig. 17, conductivity this 

decade) as compared to known electrolyte materials such as stabilize zirconia [11] or 

ceria based materials [59]. In Gd4Ti2O10 the structure contains polyatomic anion group of 

[Ti2O8]
8- in comparison to [Al2O7]

8- of Gd4Al2O9 that can be modified by divalent cations to 

introduce the oxygen vacancies in the structure. 

 

In this chapter, the similar approach of modifying oxy-cuspidine Gd4Al2O9 was applied to 

the Gd4Ti2O10 where divalent cations of Mg2+, Ca2+ and Sr2+ were introduced in the form of 

Gd4Ti2-xMgxO10 and Gd4-x(Ca,Sr)xTi2O10 compositions. Similar investigations performed on 

aluminates were applied to the titanates analogues. 

4.2.1 Synthesis and chemical analysis 

The pure compound Gd4Ti2O10 and the series of Gd4Ti2-xMgxO9-x/2 and Gd4-x(Ca,Sr)xAl2O9-

x/2 were synthesized by citric complexation method as described in section 3.1.1. Chemical 

analysis by ICP-OES was carried out for powders calcined at 900 °C, in order to confirm 

the stoichiometry of the compounds. The results of chemical analysis are shown in Table 

12  
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Table 12: Chemical analysis of Gd4Ti2O10, Gd4Ti2-xMgxO10 and Gd4-x(Ca,Sr)xTi2O10-x/2 

 

No Nominal Composition Experimental Composition 

1. Gd4 Ti2 O10 Gd4.06 Ti 1.94 O10 

2. Gd4.00 Ti1.95 Mg0.05 O9.98 Gd3.96 Ti1.95 Mg0.09 O10-δ 

3. Gd4.00 Ti1.90 Mg0.10 O9.95 Gd4.05Ti 1.85 Mg 0.10 O10-δ 

4. Gd4.00 Ti1.80 Mg0.20 O9.90 Gd4.04Ti 1.76 Mg 0.20 O10-δ 

5. Gd4.00 Ti1.70 Mg0.30 O9.85 Gd4.06Ti 1.65 Mg 0.29 O10-δ 

6. Gd4.00 Ti1.60 Mg0.40 O9.80 Gd4.01 Ti1.58 Mg0.41 O10-δ 

7. Gd4.00 Ti1.50 Mg0.50 O9.75 Gd4.03Ti1.50 Mg0.47 O10-δ 

8. Gd3.95 Ca0.05 Ti 2 O9.98 Gd4.05 Ca0.05 Ti 1.90 O10-δ 

9. Gd3.90 Ca0.10 Ti 2 O9.95 Gd3.95 Ca0.10Ti1.95 O10-δ 

10. Gd3.80 Ca0.20 Ti 2 O9.90 Gd3.83 Ca0.20Ti1.96 O10-δ 

11. Gd3.70 Ca0.30 Ti 2 O9.85 Gd3.75 Ca0.29 Ti1.95 O10-δ 

12. Gd3.60 Ca0.40 Ti 2 O9.80 Gd3.66 Ca0.37 Ti1.96 O10-δ 

13. Gd3.95 Sr0.05 Ti 2 O9.98 Gd4.01 Sr0.05 Ti1.94 O10-δ 

14. Gd3.90 Sr0.10 Ti 2 O9.95 Gd3.94 Sr0.10 Ti1.96 O10-δ 

15. Gd3.75 Sr0.20 Ti 2 O9.90 Gd3.74 Sr0.23 Ti2.03 O10-δ 

 

After taking into consideration the experimental errors of ICP-OES, the stoichiometries of 

all synthesized powders are in good agreement with nominal stoichiometry.  
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4.2.2 XRD analysis 

4.2.2.1 XRD results of Gd4Ti2O10 

Gd4Ti2O10 was obtained as pure material after calcination and sintering. Fig. 45 shows the 

room temperature XRD of as-calcined (900 °C for 8 h) and sintered (1400 °C for 20 h) 

powders. Both samples crystallized in orthorhombic structure with the space group of 

Pnma. The lattice parameters were obtained by Rietveld refinements and are shown in 

Fig. 45. 
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Fig. 45: Room temperature XRD results at (10 < 2Θ < 65 °) for (a) as-calcined powder and 

(b) sintered powder of Gd4Ti2O10. 

 

The peaks of as-calcined Gd4Ti2O10 were broader than those of sintered Gd4Ti2O10 

indicating better crystallization of sintered Gd4Ti2O10. It was also observed that the unit cell 

volume decreases from V=446.16 Å3 (as-calcined) to V=445.64 Å3 (sintered). Fig. 46 

shows the crystal structure of oxy-cuspidine Gd4Ti2O10 after structure refinement using the 

Eu4Ti2O10 crystal structure information obtained from [125]. 

(b) 

(a) 

a = 10.487 (3) Å 

b = 3.764 (4) Å 

c = 11.303 (1) Å 

V = 446.16 Å3 

a = 10.4789 (2) Å 

b = 3.7557 (2) Å 

c = 11.3253 (2) Å 

V = 445.64 Å3. 



4.2 Results and discussion 

 

75

  

Fig. 46: The refined crystal structure of sintered Gd4Ti2O10 

 

The refined crystal structure is in good agreement as reported in [125]. From the 

respective structure, it is clearly observed that the formation of TiO5 polyhedra exists in 

corner sharing octahedra forming the long range order of (Ti-O-Ti-O)n infinite chains. 
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4.2.2.2  XRD results of Gd4Ti2-xMgxO10-x/2 series 

The RT-XRD results obtained for Gd4Ti2-xMgxO10-x/2 series shows that the main phase of 

orthorhombic Gd4Ti2O10 was present for all sintered samples. However an additional 

phase of Gd2O3 was also present. The amount of Gd2O3 phase increased as Mg 

concentration increased. Fig. 47 below shows the RT-XRD pattern of Gd4Ti2-xMgxO10-x/2 

series.  
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Fig. 47: Room temperature XRD patterns (20 < 2Θ <40°) of Gd4Ti2-xMgxO10-x/2 series with 

x=0, 0.05, 0.10, 0.20, 0.30 and 0.40 after sintering at 1400 °C for 20 h. The un-indexed 

peaks belong to single phase Gd4Ti2O10 and the indexed peaks are the monoclinic Gd2O3 

[117]. 
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The ionic radius of Ti4+ and Mg2+ at coordination number of 5 is 0.66 and 0.51 Å 

respectively, clearly indicating small difference in ionic radius. Thus the substitution is 

feasible as reported from other materials like Sr2Ti1-xMgxO4-x/2 [126]. However, the 

substitution limit for Sr2Ti1-xMgxO4-x/2 is very low of about 0.03 mol per formula unit. 

Similarly, from the results shown in Fig. 41, it was obvious that Mg2+ was not able to 

substitute Ti4+ even at very low concentration of Mg. Instead, Gd2O3 was formed as 

additional phase. 
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4.2.2.3 XRD results of Gd4-x(Ca,Sr)xTi2O10-x/2 series 

The room temperature XRD results of the sintered Gd4-xCaxTi2O10-x/2 series revealed 

single phase materials of orthorhombic Gd4Ti2O10 up to 0.20 mol Ca per formula unit. 

Additionally GdTiO3 was observed for Gd3.7Ca0.3Ti2O9.85 and Gd3.6Ca0.4Ti2O9.80. Fig. 48 

shows the RT-XRD patterns of Gd4-xCaxTi2O10-x/2 series. The observed amount of the 

additional phase is below 5 %. 

 

20 25 30 35 40

 

2Θ / 
ο

In
te

ns
ity

 / 
a.

u.

Gd
4
Ti

2
O

10

x = 0.05 mol Ca

 

x = 0.10 mol Ca

 

x = 0.20 mol Ca

 

x = 0.30 mol Ca

 

x = 0.40 mol Ca

 

 

Fig. 48: Room temperature XRD patterns (20 < 2Θ < 40 °) of Gd4-xCaxTi2O10-x/2 series with 

x=0, 0.05, 0.10, 0.20, 0.30 and 0.40 after sintering at 1400 °C for 20 h. The un-indexed 

peaks belong to Gd4Ti2O10 and the indexed peaks refer to the orthorhombic GdTiO3 [117]. 

 

XRD results of Gd4-xSrxTi2O10-x/2 series show that single phase materials are obtained for 

Gd3.95Sr0.05Ti2O9.98 and a minor additional phase of SrTiO3 is detected for 

Gd3.90Sr0.10Ti2O9.95 sample. Fig. 49 shows the room temperature XRD patterns for the Gd4-

xSrxTi2O10-x/2 series. 
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Fig. 49: Room temperature XRD patterns (20 < 2Θ < 40 °) of Gd4-xSrxTi2O10-x/2 series with 

x=0, 0.05 and 0.10 after sintering at 1400 °C for 20 h. The un-indexed peaks belong to 

single phase Gd4Ti2O10 and the indexed peaks are due to SrTiO3 [117]. 

 

The refined lattice parameters of single phase samples are shown in Table 13 below. The 

lattice volume does not differ significantly from each other except for the 

Gd3.90Sr0.10Ti2O9.95 sample where the volume is 446.14 Å3. Nevertheless, the obtained 

lattice parameter is in good agreement with [106]. 

 

Table 13: Lattice parameter for Gd4Ti2O10 and its substitutions as sintered at 1400 °C for 

20 h. 

Samples a/Å b/Å c/Å V/ (Å)3 

Gd4Ti2O10 10.4789(2) 3.7557(2) 11.3253(2) 445.64 

Gd4Ti2O10 [106] 10.482  3.756 11.316 445.52 

Gd4Ti2O10 [117] 10.4788  3.7547 11.3280 445.69 

Gd3.90Ca0.10Ti2O9.95 10.4846(3) 3.7585(2) 11.3049(3) 445.49 

Gd3.80Ca0.20Ti2O9.90 10.4911(3) 3.7625(1) 11.2851(4) 445.45 

Gd3.95Sr0.05Ti2O9.98 10.4815(3) 3.7574(1) 11.3176(3) 445.72 

Gd3.90Sr0.10Ti2O9.95 10.4881(3) 3.7600(1) 11.3133(4) 446.14 
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4.2.3 Raman Spectroscopy 

The investigation of Raman spectroscopy of Gd4Ti2O10 and the series of Gd4-

x(Ca,Sr)xTi2O10-x/2 series with x=0.05 – 0.2 was performed. From the XRD results as 

reported previously, the substitution limits for Ca2+ was in the range of 0.2 and 0.3 mol per 

formula unit and for Sr2+ was between 0.05 and 0.1 mol / formula unit. The pure Gd4Ti2O10 

crystallized into orthorhombic structure of Gd4Ti2O10 with space group, SG=Pnma and with 

the unit cell (factor) group, UCG= 16
2hD . 

 

Fig. 50 below shows the Raman spectra of pure Gd4Ti2O10 and the series of Gd4-

x(Ca,Sr)xTi2O10-x/2. Since it was confirmed from XRD that Gd4Ti2O10 is a single phase, 

therefore the bands observed in this spectra uniquely belong to orthorhombic oxy-

cuspidine Gd4Ti2O10. The Raman spectra in the range of 100 – 900 cm-1 are composed of 

strong bands at 837, 799, 704, 660, 594, 560, 507, 461, 427, 380, 336, 260, 248, 228, 

191, 176, 164, 146, 129 and 107 cm-1.   
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Fig. 50: The Raman spectra of Gd4Ti2O10 and Gd4-x(Ca,Sr)xTi2O10-x/2 series sintered at 

1400 °C for 20 h. Excitation: 488 nm, 2.6 mW, 50x, 10 cycles/30 seconds. 

 

In Fig. 50 the spectrum of oxy-cuspidine Gd4Ti2O10 was also observed for the Ca 

substituted samples. The samples of Gd3.90Ca0.10Ti2O9.95 and Gd3.80Ca0.20Ti2O9.90 were 

single phase; therefore all the bands observed belong uniquely to oxy-cuspidine Gd4Ti2O10 

structure. However, the influence of the Ca concentration was hardly observed since the 

spectra was almost identical with pure oxy-cuspidine Gd4Ti2O10. Similar results were 

observed for Sr2+ substitution. The spectrum of oxy-cuspidine Gd4Ti2O10 was also 
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observed for Gd3.90Sr0.05Ti2O9.98 and Gd3.90Sr0.10Ti2O9.95 samples. Interestingly these 

spectra were almost identical with pure oxy-cuspidine Gd4Ti2O10. From the XRD results, 

Gd3.90Sr0.10Ti2O9.95 sample was not a single phase and a small amount of SrTiO3 was 

detected. However, when looking at the spectra as shown in Fig. 50, no significant bands 

of SrTiO3 were observed. 

 

The assignment of the vibrational modes for this structure has never been reported in the 

literature. Therefore, it is not possible to assign which bands correspond to which 

vibrations without measurements in different polarizations performed on a single crystal.  
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4.2.4 Microstructural analysis 

4.2.4.1 SEM and EDX of Gd4Ti2O10 

The sintered samples of oxy-cuspidine Gd4Ti2O10 were cut and polished. The cross-

sections of the polished samples were investigated by SEM for the microstructural 

analysis. In Fig. 51a, the back-scattered image of pure Gd4Ti2O10 is shown. A number of 

darker spots were observed. With EDX analysis, it was confirmed that the matrix was oxy-

cuspidine Gd4Ti2O10 and the darker spots in that image were grains with an enrichment of 

Gd. 

 

  

Fig. 51: The SEM (back scattered image) of Gd4Ti2O10 for (a) as sintered at 1400 °C for 20 

h and (b) as sintered at 1300 °C for 10h. The observed white spots were Pt from 

sputtering. 

 

From that image, Gd4Ti2O10 seemed to be relatively dense and this was in good 

agreement with the relative density of 95 % obtained by Archimedes methods. Micro-

cracking was also observed in that image and it seemed that the presence of micro-cracks 

merely affected the relative density of the materials. The reason of this micro-crack was 

due to the built up of internal stress that took place during the cooling process after 

sintering at 1400 °C. The width of micro-cracks was in the range of 50 to 100 nm. Later 

Gd4Ti2O10 was sintered again at lower temperature of about 1300 °C for 10 h and the 

results are shown in Fig. 51b. Here the micro-cracks disappeared. The disappearance of 

micro-cracks was due to the internal stress relaxation due to the higher number of pores. 

The relative density obtained by Archimedes method was about 90 %. 
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4.2.4.2 Microstructure of Gd4-xCaxTi2O10-x/2 with x=0.10 and 0.20 

Similar effects were observed for Gd3.90Ca0.10Ti2O9.95 and Gd3.80Ca0.20Ti2O9.90 samples as 

shown in Fig. 52a and b. Micro-cracks were observed for both samples. The main phase 

of both samples was confirmed by EDX analysis as Gd4Ti2O10. A small number of darker 

spots were observed in Fig. 52a. From the EDX analysis, the darker spot was an 

enrichment of Gd in the Gd3.90Ca0.10Ti2O9.95 sample. Darker spots were also observed in 

Fig. 52b and it was due to Ca enrichment as analyzed by the EDX. 

 

  

Fig. 52: SEM back-scattered images of (a) Gd3.90Ca0.10Ti2O9.95 and (b) Gd3.80Ca0.20Ti2O9.90 

as sintered at 1400 °C for 10 h. The lines observed were micro-cracks.  

 

Both compositions were samples were also sintered at lower temperature of 1300 °C for 

10 h. The results are shown in Fig. 53. From Fig. 53a, the micro-cracking of 

Gd3.90Ca0.10Ti2O9.95 disappeared and instead pores were observed. However, the micro-

cracking remained in Gd3.80Ca0.20Ti2O9.90 after sintering at 1300 °C. No sintering effect i.e. 

nearly no shrinkage was observed at temperature below 1300 °C for Gd3.90Ca0.10Ti2O9.95 

and Gd3.80Ca0.20Ti2O9.90 samples (results not shown). 

  

Fig. 53: SEM back-scattering images of (a) Gd3.90Ca0.10Ti2O9.95 and (b) Gd3.80Ca0.20Ti2O9.90 

sintered at 1300 °C for 10 h. 

Gd4Ti2O10 

Gd enrichment

Micro-crack 
(a) (b) 

pores pores 

Ca enrichment

Micro-crack 

(a) (b) 

pores 



  4.2 Results and discussion

 

84 

4.2.5 Electrical Conductivity 

The electrical conductivity measurements were performed on Gd4Ti2O10, and the Mg, Ca 

and Sr substituted series. The 4-probes DC measurements were performed for 2 sets of 

samples, one sintered at 1400 °C / 20 h and the other at 1300 °C / 10 h. The results were 

then compared in order to understand the effect of micro-cracking on the electrical 

conductivity of the samples. A number of samples without micro-cracks were then 

selected for AC impedance spectroscopy. 

4.2.5.1 4-probes DC measurements of samples sintered at 1400 °C for 20 h 

A series of samples sintered at 1400 °C for 20 h were investigated for their electrical 

conductivity. Table 14 below shows the electrical conductivity and activation energy 

obtained from the measurements.  

 

Table 14: Electrical conductivity and activation energy of Gd4Ti2-xMgxO10-x/2 and Gd4-

x(Ca,Sr)xTi2O10-x/2 series. 

Samples Electrical conductivity 

at 900 °C (Scm-1) 

Activation energy,  

Ea (eV), 600 – 900 °C 

Gd4 Ti2 O10 1.71 x 10-5 1.15 

Gd4.00 Ti1.95 Mg0.05 O9.98 2.53 x 10-5 1.01 

Gd4.00 Ti1.90 Mg0.10 O9.95 4.41 x 10-5 0.96 

Gd4.00 Ti1.80 Mg0.20 O9.90 3.46 x 10-5 0.95 

Gd4.00 Ti1.70 Mg0.30 O9.85 2.96 x 10-5 0.99 

Gd4.00 Ti1.60 Mg0.40 O9.80 2.29 x 10-5 1.25 

Gd4.00 Ti0.50 Mg0.50 O9.75 2.37 x 10-5 1.10 

Gd3.95 Ca0.05 Ti 2 O9.98 5.58 x 10-5 0.92 

Gd3.90 Ca0.10 Ti 2 O9.95 7.33 x 10-5 0.80 

Gd3.75 Ca0.20 Ti 2 O9.90 1.17 x 10-4 0.91 

Gd3.70 Ca0.30 Ti 2 O9.85 5.64 x 10-5 0.92 

Gd3.60 Ca0.40 Ti 2 O9.80 1.11 x 10-4 0.90 

Gd3.95 Sr0.05 Ti 2 O9.98 6.85 x 10-5 0.91 

Gd3.90 Sr0.10 Ti 2 O9.95 1.11 x 10-4 0.94 

Gd3.75 Sr0.20 Ti 2 O9.90 9.23 x 10-5 0.94 

 

Form table 1 above, the electrical conductivity obtained for Gd4Ti2O10 at 900 °C was 1.71 

x 10-5 Scm-1. The highest electrical conductivity obtained by Mg, Ca and Sr substitutions at 

900 °C was 4.41 x 10-5, 1.17 x 10-4 and 1.11 x 10-4 Scm-1 for Gd4.00Ti1.90Mg0.10O9.95, 
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Gd3.75Ca0.20Ti2O9.90 and Gd3.90Sr0.10Ti2O9.95, respectively. From XRD result reported 

previously, it is known that Ca and Sr substitution below 0.2 and 0.05 mol per formula unit 

respectively leads to single phase materials which means that the oxygen vacancies was 

successfully created in the lattice. These oxygen vacancies provided an oxygen ion 

pathway to move in the lattice thus contributing to electrical conductivity. 

 

The activation energy of Gd4Ti1.90Mg0.10O9.95 series was determined from the slopes of 

Arrhenius plot as shown in Fig. 54. Mg substitution did not significantly increase the 

electrical conductivity. One of the reasons was that the material was not a single phase, 

therefore no oxygen vacancies were created by Mg substitution, thus limiting the oxygen 

ion mobility. 
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Fig. 54: Arrhenius plot of Gd4Ti2-xMgxO10-x/2 with x=(0 to 0.50) as sintered at 1400 °C. 

 

The substitution on the Gd site with Ca2+ and Sr2+ revealed better electrical conductivity 

results as the Mg2+ substitutions on Ti4+ sites. The electrical conductivity of Gd4Ti2O10 

increased about 2 orders of magnitude with Ca and Sr substitution, as shown in Fig. 55. 

Unfortunately, these results were doubtful due to the micro-cracking observed after 

sintering at 1400 °C for 20 h. These measurements were repeated for the samples 

sintered at 1300 °C so the micro-cracking could be avoided. 
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Fig. 55: The Arrhenius plot of (b) Gd4-xCaxTi2O10-x/2 and (c) Gd4-xSrxTi2O10-x/2 series as 

sintered at 1400 °C for 20 h. 

 

4.2.5.2 4-probes DC measurements of samples sintered at 1300 °C for 10 h 

The electrical conductivity results for Gd4-x(Ca,Sr)xTi2O10-x/2 series sintered at 1300 °C for 

10 h are shown in Table 15 below. 

 

Table 15: Effective electrical conductivity and activation energy of Gd4-x(Ca,Sr)xTi2O10-x/2 

series as sintered at 1300 °C for 10 h. 

Samples Electrical conductivity 

at 900 °C (Scm-1) 

Activation energy, Ea 

(eV), 650 – 900 °C 

Gd4Ti2O10 3.10 x 10-5 1.35 

Gd3.95Ca0.05Ti2O9.98 1.10 x 10-4 1.05 

Gd3.90Ca0.10Ti2O9.95 2.20 x 10-4 1.16 

Gd3.80Ca0.20Ti2O9.90 2.50 x 10-4 1.06 

Gd3.70Ca0.30Ti2O9.85 2.35 x 10-4 1.11 

Gd3.95Sr0.05Ti2O9.98 1.10 x 10-4 1.11 

Gd3.90Sr0.10Ti2O9.95 7.00 x 10-5 0.90 

Gd3.80Sr0.20Ti2O9.90 1.25 x 10-4 1.25 

 

 

(a) (b) 
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From Table 15 above, the obtained electrical conductivity of the samples sintered at 1300 

°C for 10 h was higher than those samples sintered at 1400 °C for 20 h by almost 1 order 

of magnitude. Gd3.80Ca0.20Ti2O9.90 revealed the highest electrical conductivity of 2.50 x 10-4 

Scm-1 at 900 °C. The activation energies obtained for these sintered samples were in the 

range of 0.90 to 1.35 eV. Fig. 56 below shows the Arrhenius plot of Gd4-x(Ca,Sr)xTi2O10-x/2 

series. 
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Fig. 56: The Arrhenius plot of conductivity of (a) Gd4-xCaxTi2O10-x/2 and (b) Gd4-xSrxTi2O10-x/2 

series sintered at 1300 °C for 10 h. 
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4.2.5.3 Comparison of DC electrical conductivity 

The electrical conductivity at 900 °C of all samples is compared as shown in Fig. 57. It 

was clearly showed that the electrical conductivity of micro-cracks sample (solid symbols) 

which were sintered at 1400 °C and 90% dense samples (open symbols) which were 

sintered at 1300 °C differed significantly. The electrical conductivity of all samples sintered 

at 1300 °C increased about half orders of magnitude than the sintered samples at 1400 

°C. A typical effective conductivity of Gd4Ti2O10 samples is 1.69 x 10-5 Scm-1 and 3.18 x 

10-5 Scm-1 for as sintered samples at 1400 and 1300 °C, respectively. While for 

Gd3.9Ca0.1Ti2O9.55 samples the conductivity was 1.14 x 10-4 Scm-1 and 2.2 x 10-4 Scm-1 for 

as sintered at 1400 °C and 1300 °C, respectively. This improvement of electrical 

conductivity is caused by the vanishing of micro-cracks sintered at lower temperature. 
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Fig. 57: The effective electrical conductivity at 900 C. The closed and open symbols are 

as-sintered sample of 1400 °C for 20 h and samples of 1300 °C for 10 h, respectively. 

 

From Fig. 57, the Ca and Sr substitution showed better conductivity as compared to Mg. 

The reason for this result was due to the oxygen vacancies created by Ca and Sr. It was 

also clearly observed that the substitution limit of Ca and Sr was below 0.1 mol and 0.05 

mol, respectively which also is very good agreement with XRD results mentioned 

previously. 
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4.2.5.4 AC impedance spectroscopy of Gd4-x(Ca,Sr)xTi2O10-x/2 

A similar set up of AC impedance measurements as reported previously with oxy-

cuspidine Gd4Al2O9 was used for Gd4Ti2O10 sintered at 1300 °C. The measurements 

revealed that impedance spectra of Gd4Ti2O10 at 800 °C consisted of two semicircles in 

the typical complex impedance plane (see Fig. 58a). These semicircles were analyzed by 

fitting two components of resistance (R) and constant phase element (CPE) in a parallel 

circuit (R│CPE). 
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Fig. 58: Impedance spectra for (a) Gd4Ti2O10 and (b) Gd3.95M0.05Ti2O10 (M=Ca, Sr). The red 

line is a CNLS fitting.  

 

Looking in Fig. 58a, the high frequency semicircle can be attributed to the bulk, whereas 

the low frequency semicircle seemed to correspond to the electrode response which might 

overlap with the grain boundary contribution. Hence, the grain boundary resistivities could 

not be extracted from the AC measurements.  

 

The impedance spectra of Gd3.95Ca0.05Ti2O9.98 and Gd3.95Sr0.05Ti2O9.98 were composed of 

three semicircles (see Fig. 58b) corresponding to the bulk, grain boundary and electrode 

response, which could be separated by fitting three R│CPE circuits (see Fig. 59) to the 

experimental data.  
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Fig. 59: Typical equivalent circuits of impedance spectra of Gd3.95M0.05Ti2O10 (M=Ca, Sr). L 

is the inductance of sample, R2 and R3 is the resistance of grain boundary and electrode, 

respectively. 

 

All of the observed pertinent capacitance values were almost independent of temperature. 

The typical bulk capacitance values of 29.5 pF were observed for all measured samples 

(Fig. 60). The average electrode capacitance of Gd4Ti2O10 was 59 nF while the average 

grain boundary (GB) capacitance was 0.18 and 0.39 μF for Gd3.95Ca0.05Ti2O9.98 and 

Gd3.95Sr0.05Ti2O9.98, respectively. 
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Fig. 60: The capacitance of pure Gd4Ti2O10 and Gd3.95M0.05Ti2O9.98 (M=Ca,Sr). 
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4.2.5.5 Comparison of DC and AC conductivity measurements 

The DC and AC electrical conductivity values for pure Gd4Ti2O10 shows a good agreement 

as indicated in Fig. 61. The DC conductivity value of pure Gd4Ti2O10 was 9.32 x 10-6 Scm-1 

at 800 °C and the value of AC conductivity was 8.12 x 10-6 Scm-1 at the same 

temperature. A good agreement of DC and AC bulk conductivity was also obtained with 

Gd3.95Sr0.05Ti2O9.98 where the conductivity value at 800 °C was 5.31 and 3.89 x 10-5 Scm-1, 

respectively. The DC and AC bulk conductivity of Gd3.95Ca0.05Ti2O9.98 at 800 °C was 5 and 

12.1 x 10-5 Scm-1, respectively. However, the magnitude of conductivity obtained by both 

measurements was rather low which was 10-5 Scm-1 that yielded similar conductivity 

values leading to satisfactory agreement. 
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Fig. 61: Effective electrical conductivity of Gd4Ti2O10 and Gd3.95M0.05Ti2O10 (M = Ca, Sr) 

 

Overall, both measurements show that the conductivities of Gd3.95Ca0.05Ti2O9.98 and 

Gd3.95Sr0.05Ti2O9.98 increased considerably in comparison to the unsubstituted Gd4Ti2O10 

(see Fig. 61). The activation energy calculated from the Arrhenius curves in Fig. 4 shows 

good agreement between both measurements (see Table 16). The activation energy for 

Gd4Ti2O10 is 1.35 and 1.45 eV for DC and AC measurements, respectively. For the 

substituted compounds, the activation energy for Gd3.95Ca0.05Ti2O9.98 was 1.05 and 1.20 

eV for AC and DC conductivity measurements, respectively. The activation energy of the 

substituted compounds decreased significantly indicating that the oxygen vacancies 
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created in the lattice of the substituted compounds permitted the oxygen ions to move 

faster as compared to the unsubstituted Gd4Ti2O10. Since no oxygen vacancies were 

created with oxy-cuspidine Gd4Ti2O10, the oxygen ions had to move via the oxygen 

interstitial site that led to high activation energy which was similar to the pseudo 

orthorhombic Gd4Al0.8Ge1.2O9.6 (1.4 eV) [9] and orthorhombic La4Ti2O10 (1.6 eV [98] and 

1.51 eV [127]). Both reported oxy-cuspidine compounds are known to have no oxygen 

vacancies. 

 

Table 16: Electrical conductivity and activation energy, Ea for both AC and DC 

measurements. 

Electrical conductivity at 

800 °C / Scm-1 

Activation energy, 

Ea / eV 

 

DC AC DC(550-800°C) AC (650-900 °C)

Gd4Ti2O10 9.32 x 10-6 8.12 x 10-6 1.35 1.45 

Gd3.95Ca0.05Ti2O9.98 5.00 x 10-5 1.21 x 10-4 1.05 1.20 

Gd3.95Sr0.05Ti2O9.98 5.31 x 10-5 3.89 x 10-5 1.11 1.13 
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4.2.6 Thermal expansion 

The reported work regarding thermal expansion of Gd4Ti2O10 or RE4Ti2O10 is very limited. 

However recently, few researches have been interested in using RE4Ti2O10 as part of 

nuclear application [106, 128, 129]. Interestingly, they used high temperature XRD 

measurements to study the RE4Ti2O10 expansions behavior. In this work, the high 

temperature XRD was investigated and compared with the dilatometry measurements. 

The results are discussed accordingly. 

4.2.6.1 Thermal expansion of Gd4Ti2O10 with high temperature XRD 

The as-sintered (1400 °C for 20) Gd4Ti2O10 pellet was powdered before the high 

temperature XRD measurements. Fig. 62 below shows the high temperature XRD result 

of Gd4Ti2O10 stacked in temperature (25 → 1000 → 25 °C). 

 

Fig. 62: High temperature XRD results (20 < 2Θ < 40 °) of Gd4Ti2O10 stacked in 

temperature. 

 

Obviously, the intensity of the main peaks changed as temperature changed, indicating 

that the occupancy of atomic positions was slightly changed during heating and cooling. 

However, no phase transition was observed. The change of peak position was also 

observed during heating and cooling due to the lattice expansion and shrinkage. The 

changes of the lattice constants are shown in Fig. 63. 
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Fig. 63: The lattice parameters and cell volume of Gd4Ti2O10 powder sintered at 1400 °C 

for 20 h during heating and cooling cycle. 

 

Lattice parameters on a and b increased as the temperature increased. However, the 

difference of lattice parameter values during heating and cooling were mainly because of 

the experimental limitation of the device. However the trends of the lattices changes were 

satisfactory in term of temperature dependent by average error between maximum and 

minimum values. In general, we can conclude that both lattice increased and decreased 

progressively upon heating and cooling. 

 

The lattice parameter on c a remained constant until 600 °C then decreased until 1000 °C. 

Similar values were obtained during cooling after considering the average errors. In 

general, the lattice parameter c differed strongly as compared to those reported in [106, 

(a) 

(c) 

(b) 

(d) 
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128]. The cell volume of Gd4Ti2O10 shown in Fig. 63d increased linearly upon heating. The 

lattice parameters plotted in Fig. 63 is shown in Table 17.  

 

The linear thermal expansion (%TE) and its coefficient (TEC) of Gd4Ti2O10 from HT-XRD 

were obtained by equations below; 
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Where aT is a lattice parameter at temperature T, and a298 is the respective value at 298 

K. The calculated values are then also shown in Table 17. 

 

Table 17: The lattice parameters, percentage thermal expansion and linear thermal 

expansion coefficient of Gd4Ti2O10 obtained from high temperature XRD. 
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The calculated values of %TE and TEC (α) then are displayed in charts as shown in Fig. 

64a and b, respectively. The thermal expansions of Gd4Ti2O10 on c was in negative 

expansion which again, strongly differed from [106, 128]. The reason for this result is 

explained in the next section. However, the average TEC of Gd4Ti2O10, α  was 6.1 (±0.2) 

x 10-6 K-1 which is in satisfactory agreement with TECs reported in [106, 128]. 
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Fig. 64: (a) The percentage thermal expansion of Gd4Ti2O10 along the a, b and c axes 

during heating as well as volume expansion, (b) shows the TEC values of Gd4Ti2O10. 
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4.2.6.2 Dilatometry of Gd4-x(Ca,Sr)xTi2O10-x/2 series 

Fig. 65 below shows the result of heating and cooling curves for un-substituted Gd4Ti2O10, 

Gd4-xCaxTi2O10-x/2 (x=0.10 and 0.20) and Gd4-xSrxTi2O10-x/2 (x=0.05 and 0.10) which were 

sintered at 1400 °C for 20 h. Looking at Fig. 65a, the expansion of Gd4Ti2O10 was 

constant in the range of 600 to 1000 °C and then linearly expanded beyond this 

temperature. Similar behavior was observed for Gd3.95Sr0.05Ti2O9.98 and Gd3.90Sr0.10Ti2O9.95 

samples. However, unusual behavior was observed for Gd3.90Ca0.10Ti2O9.95 and 

Gd3.90Ca0.20Ti2O9.90 samples which showed almost no expansion below 900 °C and then 

linearly expanded at higher temperature. 

 

Fig. 65b, shows the cooling curves of the same materials. Gd4Ti2O10 shrank linearly from 

1400 to 800 °C and then expanded again until room temperature. Similar shrinkage was 

observed for Ca and Sr substituted samples but the expansion points began at 650 °C.  

 

This unusual behavior was also observed in high temperature XRD measurement of 

Gd4Ti2O10 previously. The unusual expansion was clearly observed on c, where it shows a 

negative expansion (see Fig. 64a). This crystallographic negative expansion as observed 

in high temperature XRD can explain the unusual expansion as measured by dilatometry. 

 

0 200 400 600 800 1000 1200 1400
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

 Gd
4
Ti

2
O

10

 Gd
3.90

Ca
0.10

Ti
2
O

9.95

 Gd
3.80

Ca
0.20

Ti
2
O

9.90

 Gd
3.95

Sr
0.05

Ti
2
O

9.98

 Gd
3.90

Sr
0.10

Ti
2
O

9.95

Δ
L/

L 0 / 
%

Temperature / °C  

0 200 400 600 800 1000 1200 1400

-0.4

-0.2

0.0

0.2

0.4

0.6

 Gd
4
Ti

2
O

10

 Gd
3.90

Ca
0.10

Ti
2
O

9.95

 Gd
3.80

Ca
0.20

Ti
2
O

9.90

 Gd
3.95

Sr
0.05

Ti
2
O

9.98

 Gd
3.90

Sr
0.10

Ti
2
O

9.95

Temperature / °C   

 

Fig. 65: Expansion and shrinkage during (a) heating and (b) cooling of samples sintered at 

1400 °C for 20 h. 

 

From microstructure investigations, all samples sintered at 1400 °C showed micro-craking 

effects. At this point, it was pre-concluded that the unusual expansion behaviors were due 

to the micro-cracking effects after several samples sintered at 1300 °C were free form 

micro-cracking. 

(a) (b) 
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The dilatometric measurements were repeated with the samples sintered at 1300 °C. The 

thermal expansion of Gd4Ti2O10 expanded linearly up to 1100 °C as shown in Fig. 66a. 

Similar behavior was observed for Gd3.95Ca0.05Ti2O9.98 and Gd3.95Sr0.05Ti2O9.98 samples. 

However, Gd3.95Ca0.10Ti2O9.95 showed a slight shift of linear curve at 600 °C. Overall, the 

unusual expansion due to the micro-cracking disappeared instantly and confirmed the pre-

conclusion made previously. Also, the cooling curves did not show any unusual 

temperature dependence.  

 

It was clear that the micro-cracking effects were retarding the material expansions during 

heating cycle. Before the materials began to expand linearly (between 700 to 1100 °C), 

the initial thermal expansions were closing off the gaps between the micro-cracks until 

these open spaces came together at certain temperature (after 1100 °C). 

 

The TECs of the samples remained almost constant from 200 to 1000 °C. The TEC for 

Gd4Ti2O10 was about 7.6 x 10-6 K-1 while TEC for Gd3.95Ca0.05Ti2O9.98 and 

Gd3.95Sr0.05Ti2O9.98 was about 6.6 and 7.2 x 10-6 K-1. The TEC value of Gd3.90Ca0.10Ti2O9.95 

slightly fluctuated with an average of 6.7 x 10-6 K-1. 
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Fig. 66: (a) Linear expansion and (b) TEC curves vs temperature of samples sintered at 

1300 °C for 10 h. 
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4.2.6.3 Comparison of TECs between high temperature XRD and dilatometer 

The comparisons of the TECs values between both measurements are shown in Fig. 67. 

A satisfactory agreement of TEC values was obtained between Eu4Ti2O10 [128], 

(Gd,Dy)4Ti2O10 [106] and Gd4Ti2O10 [this work] as measured by high temperature XRD. 

The values are shown in Table 18. 
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Fig. 67: TECs (α) curves of materials as measured by high temperature XRD (closed 

symbols) and dilatometer (open symbols – sintered bars). *Gd4Ti2O10 is this work, 

Eu4Ti2O10 [128] and (Gd,Dy)4Ti2O10 [106].  

 

Dilatometer TEC value of Gd4Ti2O10 as sintered at 1300 °C is in a very good agreement 

with the TECs of high temperature XRD reported in [106, 128]. However, a significant 

difference of TECs value was observed between high temperature XRD and dilatometer 

of Gd4Ti2O10, respectively. The reason for this difference is because that the powder of 

Gd4Ti2O10 was sintered at 1400 °C and the bar of Gd4Ti2O10 for dilatometer was sintered 

at 1300 °C. While the bar of Gd4Ti2O10 as sintered at 1400 °C that have micro-cracking 

effects shows unusual and low TEC values. TEC values at 1000 °C were almost similar 

accept for the micro-cracking sample. The α1000 °C values are shown in Table 18 below. 
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Table 18: The average TECs (α ) and TECs (α) at 1000 °C. 

Samples  Average TEC 

(α  x 10-6 K-1) 

TEC at 1000 °C 

α x10-6 K-1 

**Gd4Ti2O10 (1400 °C) 2.13 1.32 

**Gd4Ti2O10 (1300 °C) 7.36 7.90 

Gd4Ti2O10 [this work] 6.09 6.26 

Gd4Ti2O10 [106] 6.67 7.99 

Eu4Ti2O10 [128] 6.73 7.78 

Dy4Ti2O10 [106] 6.69 7.92 

 ** - sintered bars with dilatometric measurements. 
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4.2.7 Summary of oxy-cuspidines Gd4Ti2O10, Gd4Ti2-xMgxO10 and Gd4-x(Ca,Sr)xTi2O10 

The synthesis of oxy-cuspidine Gd4Ti2O10, Gd4Ti2-xMgxO10 and Gd4-x(Ca,Sr)xTi2O10 was 

successfully prepared by citric complexation method. Chemical analysis confirmed all of 

the synthesized powders are in good agreement with nominal stoichiometries.  

 

Single phase materials were obtained for the un-substituted Gd4Ti2O10. No single phase 

material was obtained for Gd4Ti2-xMgxO10 series. An additional phase of Gd2O3 was 

present, thus no solid solution was observed for Mg substituting for Ti sites. However, 

single phase materials were obtained for Gd4-x(Ca,Sr)xTi2O10. The substitution limit for 

Gd4-xCaxTi2O10 and Gd4-xSrxTi2O10 were below 0.30 and 0.10 mol for Ca and Sr, 

respectively. Additional phases of GdTiO3 and SrTiO3 in each series were present beyond 

the substitution limits, respectively. 

 

Microstructural analysis revealed micro-crack formation for the sintered samples at 1400 

°C for 20 h. The micro-cracks mostly occurred along the grain and grain boundaries and 

had a width of about 1-2nm. Absence of micro-cracks was observed for the samples 

sintered at 1300 °C for 10 h. Small amount of pores were observed. However the relative 

density was about 90%. Raman spectrum of oxy-cuspidine Gd4Ti2O10 was obtained for the 

first time. The Ca and Sr substituted samples showed almost identical spectra as that of 

Gd4Ti2O10. No significant band could be assigned to the additional phases. 

 

The electrical conductivity of all samples is summarized in the Fig. 57. A significant 

increase was observed for the samples sintered at 1300 °C for 10 h. Gd3.80Ca0.20Ti2O9.90 

gave the highest electrical conductivity of 2.50 x 10-4 Scm-1 at 900 °C. 

 

The unusual thermal expansion of the samples sintered at 1400 °C for 20 h was due to 

micro-crack formation. The unusual expansion disappeared for the samples sintered at 

1300 °C for 10 h. The highest dilatometric TEC for these samples had Gd4Ti2O10 with α = 

7.5 (±0.2) x 10-6 K-1. The expansion of Gd4Ti2O10 as sintered at 1400 °C for 20 h then 

measured by HT-XRD revealed a linear expansion and the α = 6.1 (±0.2) x 10-6 K-1. 
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4.3 SnP2O7 and Sn1-xFexP2O7-x/2 

The electrical conductivity of oxy-cuspidine Gd4Al2O9 and Gd4Ti2O10 increased 1 order of 

magnitude with substitution of Ca and Sr. However, despite this increase the value of 

conductivity was still relatively low for an application as ionic conductor in SOFC. The 

investigated oxy-cuspidine structure revealed that the number of oxygen vacancies 

introduced in the structure was rather small, thus limiting the oxygen ion mobility [106]. 

Therefore a different type of material was investigated, a pyrophosphate based on SnP2O7 

with polyatomic anions of [P2O7]
4- were modified with trivalent cations such as In [10] [10] 

and Sc [113] to introduced oxygen vacancies in the lattice. 

 

The electrical conductivity of SnP2O7 and In-substituted compositions showed significant 

conductivity of 1-2 x 10-1 Scm-1 [109] in the range of 150 to 300 °C. However, the 

conductivity at high temperature (600 – 900 °C) was low, about 0.1-7.0 x 10-6 Scm-1 [10, 

113]. Similar results were obtained for Sn1-xScxP2O7-x/2 [10, 113]. Comparing the ionic 

radius of Sn4+ (0.69 Å) with In3+ (0.80 Å) and Sc3+ (0.74 Å) of coordination number (CN) = 

6, both candidates were ideal with a difference in ionic radius of about 20 %. Another 

candidate, Fe3+ with ionic radius of 0.65 Å of CN = 6 showed smaller difference as 

compared to the reported candidates [116]. 

 

Based on the ionic radius comparison, a series of Sn1-xFexP2O7-x/2 was synthesized via 

solid state reaction to evaluate the electrical conductivity with 4-probes DC conductivity 

measurements. 

4.3.1 Synthesis of SnP2O7 and Sn1-xFexP2O7-x/2 

The series Sn1-xFexP2O7-x/2 was synthesized via solid state reaction. The starting materials 

were SnO2, NH4H2PO4 and Fe2O3. The detailed synthesis process is described in the 

experimental section. The heated mixture of the series at 400 °C for 2 h showed sintered-

like appearance and the mixture was very hard but porous. This mixture was crushed, 

grinded and pre-calcined and then calcined at 650 °C for 2 h and 900 °C for 8 h, 

respectively. White powders were obtained for all samples. The powders were sintered at 

1250 °C for 8 h after pressing into bars.  

 

The sintered bars are shown in Fig. 68. They appeared to be cracked and bloated. The 

color of the sintered bars was totally differed as compared to the Sn1-xInxP2O7-x/2 series 

which were white in color [10]. Furthermore, the bars were also brittle and difficult to 
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handle. From these results, the sintering temperature at 1250 °C was already too high 

indicating that the materials were over sintered.  

 

 

Fig. 68: The sintered bars of Sn1-xFexP2O7-x/2 with (a) 0.05, (b) 0.10, (c) 0.20 and (d) 0.30 

mol Fe per formula unit. 

 

From Fig. 68, the gradual change of color from cream to reddish corresponds to the 

increase of Fe concentration. The change of morphology from cracked to bloated was 

also observed with increasing in Fe concentration. Due to this result, the calcined powders 

were investigated by DTA / TG in order to understand the reaction that had taken place 

during sintering of the bars. Phase analysis of as-calcined and sintered powders was 

carried out by XRD.  
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4.3.2 DTA/TGA of Sn1-xFexP2O7-x/2 

The DTA/TGA measurements were performed in the range of 25 – 1400 °C without 

holding time. The heating rate used for these measurements was 5 K / min. Fig. 69 shows 

the DTA/TGA results of Sn0.95Fe0.05P2O7 and Sn0.90Fe0.10P2O7. 
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Fig. 69: DTA/TGA for (a) Sn0.95Fe0.05P2O7 and (b) Sn0.90Fe0.10P2O7 for as-calcined powders 

at 900 °C for 8 h. 

 

An endothermic reaction was observed at 1133 °C accompanied with weight loss of about 

0.36 %. After this reaction, the Sn0.95Fe0.05P2O7 compound was stable up to 1200 °C. 

Since the compound was pre-calcined at 650 °C for 2 h and calcined at 900 °C for 8 h, no 

reaction was observed below 900 °C in DTA/TGA. However, the formation of cubic 

SnP2O7 phase occurred between 600 and 900 °C [10]. 

 

The surface of the sintered bar as shown in Fig. 68a was not homogenous and different 

tones of colors were observed. In relation with DTA/TGA result in, it is assumed that the 

cubic SnP2O7 decomposed to several phases at 1133 °C. The assumed decomposed 

phase such as SnO2 could be present as an additional phase which reacted again with 

SnP2O7 to form other phases. This reaction may explain the effects of the sintered bar as 

shown in Fig. 68a. A similar result was obtained for Sn0.90Fe0.10P2O7 as compared to 

Sn0.95Fe0.05P2O7. The DTA/TGA result in Fig. 69b showed the endothermic reaction at 

1108 °C after a 0.81 % weight loss. With this result, the same explanation of 

Sn0.95Fe0.05P2O7 is valid as for Sn0.90Fe0.10P2O7. 

 

 

 

 

(a) (b) 



4.3 Results and discussion 

 

105

4.3.3 XRD Results of SnP2O7 and Sn1-xFexP2O7-x/2 

The room temperature XRD results of all samples revealed cubic SnP2O7 as a main 

phase with space group of 3Pa . However, SnO2 was always present as an additional 

phase for all samples. Fig. 70 shows the room temperature XRD pattern of un-substituted 

SnP2O7 powders as-calcined and sintered. From Fig. 70a, cubic SnO2 phase was present 

in small amount for sample calcined at 650 °C for 2 h. When sintered at 1250 °C for 8 h, 

the additional phase of SnO2 was present. Interestingly, the cubic SnP2O7 was 

transformed into cubic (3 x 3 x 3) superstructure. This result is in good agreement with 

[10]. The plausible reason for the presence of additional phase of SnO2 could be that the 

NH4H2PO4 decomposed into H3PO4 acid and then this acid evaporated during calcination 

that led to the un-reacted SnO2. This finding confirmed the assumption made in DTA/TGA 

experiments.  
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Fig. 70: Room temperature XRD pattern of SnP2O7 (a) as-calcined at 650 °C for 2 h and 

(b) sintered 1250 °C for 8 h. Unmarked peaks and closed symbols is belong to SnP2O7 

and SnO2 [117], respectively. The marked peaks with open circle belong to superstructure 

(3 x 3 x 3) of SnP2O7 [117]. 
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The room temperature XRD results of Sn1-xFexP2O7-x/2 series are shown in Fig. 71. The as-

calcined series at 900 °C for 8 h revealed a main phase of cubic SnP2O7. However, SnO2 

appeared as an additional phase. At higher Fe concentration, monoclinic Fe(PO3)3 was 

also present as an additional phase. Both phases were also present in Sn0.80Fe0.20P2O7 

and Sn0.70Fe0.30P2O7 as shown in Fig. 71a. Consequently, similar results were obtained for 

sintered samples as shown in Fig. 71b. However the secondary phase of monoclinic 

Fe(PO3)3 transformed into hexagonal FePO4. The small peaks observed in the XRD 

patterns were the peaks of SnP2O7 superstructure as already shown in Fig. 70b. 
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Fig. 71: Room temperature XRD pattern (15 < 2Θ < 45 °) of Sn1-xFexP2O7-x/2 with x=0.05, 

0.10, 0.20 and 0.30 mol per formula unit after (a) calcination at 900 °C for 8 h and (b) 

sintering at 1250 °C for 8 h. The unmarked peaks belong to cubic SnP2O7 and closed 

triangles to tetragonal SnO2 [117] while open triangles and diamonds were monoclinic 

Fe(PO3)3 and hexagonal Fe(PO)4 respectively [117]. 

 

The presence of SnO2 phase at lower concentration of Fe could be due to the fact that the 

starting material, NH4H2PO4 evaporated during the calcination which led to excess of un-

reacted SnO2. The solid state reaction method seems to be an improper method of 

producing single phase cubic SnP2O7 which is contrary to the approach reported in [109]. 
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4.3.4 Microstructural analysis 

The cross section of Sn0.95Fe0.05P2O7 and Sn0.90Fe0.10P2O7 samples sintered at 1250 °C for 

8 h were studied to observe the phase distribution of the samples. Fig. 72 below shows 

the back-scattered image of Sn0.95Fe0.05P2O7 and Sn0.90Fe0.10P2O7. From both images, the 

matrix of cubic SnP2O7 was visible in light grey region while the darker grey region was 

FePO4. The white colored spots belonged to the un-reacted SnO2. All of the phases 

observed in the back-scattered image were deduced from EDX analysis of the elements 

present. Similar results were obtained for samples containing higher Fe concentration. 

 

   

Fig. 72: Back scattered image of (a) Sn0.95Fe0.05P2O7 and (b) Sn0.90Fe0.10P2O7 sintered at 

1250 °C for 8 h. 
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4.3.5 Electrical conductivity of SnP2O7 and Sn1-xFexP2O7-x/2 

The electrical conductivity of the Sn1-xFexP2O7-x/2 series with x=0, 0.05, 0.08, 0.10 and 0.12 

sintered at 1000 °C for 8 h was measured by 4-probes DC technique. The morphology of 

sample after sintering at 1000 °C for 8 h was better than that sintered at 1250 °C for 10 h. 

White colored bulk samples without cracking and bloating were obtained. The relative 

density of the samples was rather low of about 80 %; however this is in good agreement 

with [10]. Table 19 below shows the values of electrical conductivity at 900 °C and 

activation energy of the series Sn1-xFexP2O7-x/2. The values of Sn0.95In0.10P2O7 [10] and 

Sn0.95Sc0.10P2O7 [113] are also shown in Table 19. 

 

Table 19: Electrical conductivity as measured in air and activation energy of Sn1-xInxP2O7-

x/2 series. 

Samples Electrical conductivity

at 900 °C (Scm-1) 

Activation energy, Ea

(eV), 400 – 900 °C 

SnP2O7 3.78 x 10-6 0.82 

SnP2O7 [10] *2.57 x 10-6 1.09 

Sn0.95Fe0.05P2O7 1.02 x 10-5 0.89 

Sn0.90Fe0.10 P2O7 8.01 x 10-5 0.91 

Sn0.92In0.08P2O7 [10] *6.87 x 10-6 1.00 

Sn0.90Sc0.10P2O7 [113] *2.48 x 10-6 0.98 

Sn0.88Fe0.12P2O7 3.46 x 10-5 0.93 

*Electrical conductivity at 850 °C. 

 

From Table 19, the highest electrical conductivity was obtained by Sn0.88Fe0.12P2O7 of 

about 3.46 x 10-5 Scm-1 at 900 °C. The electrical conductivity at high temperature of 

SnP2O7 substituted with Fe did not differ much from materials substituted with In and Sc 

[10, 113]. This indicated that the oxygen ion mobility in the polyatomic anions of [P2O7]
4- 

structure was rather poor due to the limited oxygen vacancy concentration. The electrical 

conductivity in dependence of temperature is plotted in Arrhenius diagram as shown Fig. 

73. From the plot, the activation energy for all samples was calculated and shown in Table 

19. It is clear that the In, Sc and Fe substitutions in SnP2O7 did not elevate the ionic 

conductivity so as to be applied in intermediate or high temperature SOFCs. The 

activation energy of Sn1-xFexP2O7 series are in satisfactory agreement with [10, 113]. The 

basis of this bending is due to the contribution of additional phases present in the series. 

This is in agreement with the work reported in [10]. Tao obtained a single phase SnP2O7 
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as well as with substituted In and Sc up to some certain limit of solid solution. Linear 

curves were obtained from the Arrhenius plot as shown in Fig. 73 below. 
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Fig. 73: Arrhenius plot of electrical conductivity of SnP2O7 as sintered at 1000 °C for 8 h 

substituted by Fe (this work, closed symbol). In and Sc substituted SnP2O7 (open 

symbols) were taken from the reported work in [10, 113]. 

 

4.3.6 Summary of SnP2O7 and Sn1-xFexP2O7-x/2 

The synthesis of SnP2O7 and Sn1-xFexP2O7-x/2 series via solid state reaction was not 

successful to produce a single phase SnP2O7. Based on ionic radius analysis, Fe3+ has 

better capability of substituting Sn4+ than In or Sc. The room temperature XRD results 

confirmed that the main phase of SnP2O7 was detected in all samples. A superstructure of 

(3 x 3 x 3) of SnP2O7 was obtained for all samples sintered at 1250 °C for 8 h. However, 

additional SnO2 were present for the entire series along with FePO4 for Fe-substituted 

samples. The electrical conductivity of SnP2O7 at 900 °C was 3.78 x 10-6 Scm-1 and the 

highest electrical conductivity of 3.46 x 10-5 Scm-1 was obtained by Sn0.88Fe0.12P2O7 at 900 

°C presumably due to induced electronic conductivity of mixed valent of Fe3+ or Fe4+. 

Overall, the obtained electrical conductivity was rather low to be considered as ionic 

conductor for SOFCs, even in the case of a single phase material. 
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5 Conclusions 

As summarized previously, materials with polyatomic anions of [Al2O7]
-8, [Ti2O8]

-8 and 

[P2O7]
-4 in the oxy-cuspidine family of Gd4Al2O9 and Gd4Ti2O10 as well as in pyrophosphate 

SnP2O7 do not show an interesting ionic conductivity that is practical for SOFC 

application.  

 

However as overall conclusion, the oxy-cuspidines of monoclinic Gd4Al2O9 and 

orthorhombic Gd4Ti2O10 proved that the substitution of divalent cations on the Gd sites is 

possible and the total conductivity of both structures is similar and in-fact is often better 

than tetravalent substitution on the Al or Ti. Fig. 74 shows a summary of the total 

conductivity as plotted previously in Fig. 17, was including the data of this work.  
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Fig. 74: Summarized total conductivity of oxy-cuspidines. 

 

Pure pyrophosphate of SnP2O7 and Sn1-xFexP2O7-x/2 with x=0.05, 0.10, 0.20 and 0.30 were 

successfully synthesized via solid state reaction. XRD confirms that the main phase is 

SnP2O7 with space group of 3Pa  and is present in all samples. Additional phases of 

SnO2 and FePO4 were observed. The highest electrical conductivity is 3.5 x10-5 Scm-1 at 

900 °C for Sn0.88Fe0.12P2O7. The obtained results are in good agreement with work 

reported previously. 
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