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Current proton exchange membranes (PEMs) are based on polymeric materials 

such as perfluorosulphonic acid (Nafion™) which have an upper limit to their 

temperature of operation (approximately 100oC).  To overcome this limitation ceramic 

PEM materials are being investigated for transportation applications, where operating 

temperatures in the range of 200oC–600oC are desired.  In this study, the conductivity 

behavior and electrical properties of three families of phosphate compounds (namely 

SnP2O7, LaP5O14, and LaPO4) have been studied in order to better understand crystal 

structure - proton conduction relationships in this class of ceramic materials.   

From the phosphate-rich region of the La2O3 - P2O5 binary phase diagram, the 

orthophosphate (LaPO4) and ultraphosphate (LaP5O14) materials are chosen for a 

comparative study of the electrical properties.  The conductivity of the lanthanum 

phosphates (doped and undoped) is measured using impedance spectroscopy in the 

temperature range 300oC – 600oC.  The conductivity of 5 mol% Sr2+ doped LaP5O14 

(1.01 x 10-4 S/cm, 600oC) is found to be an order of magnitude higher than similarly 

doped LaPO4 (7.00 x 10-6 S/cm, 600oC) which is a well investigated proton conducting 
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material.  In addition, it is observed that the activation energy for protonic conduction is 

much lower for doped LaP5O14 (0.80 ± 0.01 eV) as compared to LaPO4 (1.09 ± 0.01 

eV).  A hypothesis relating the oxygen to oxygen ion distance in a material to the 

activation energy for proton conduction is presented and the experimental results 

obtained are critically examined on the basis of the hypothesis and other relevant 

literature.  From this analysis it is shown that the condensed nature of the phosphate 

anion in LaP5O14 can provide low energy avenues for proton transport within the 

material leading to enhanced conductivity.   

In addition, the electrical properties of undoped and acceptor doped tin 

pyrophosphate (SnP2O7) are investigated, which is regarded as a potential candidate 

electrolyte material for PEMFCs.  Within the dopants analyzed, Zn0.1Sn0.9P2O7-δ shows 

the highest conductivity of 2.84 x 10-6 S/cm at 600oC.  However, this value is several 

orders of magnitude lower than previously reported for doped tin pyrophosphate 

compounds but it is consistent with a recent publication.  The reason for the 

discrepancy is investigated and a possible explanation has been proposed based on 

results obtained from 31P MAS – NMR spectroscopy.  It is observed that the as-calcined 

powder of doped SnP2O7 contained a significant fraction of residual phosphoric acid 

from synthesis procedure which is likely to be responsible for the high conductivity 

values for acceptor doped SnP2O7 reported previously by other research groups.   
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CHAPTER 1 
INTRODUCTION 

1.1 Statement of Problem and Motivation 

There is growing scientific consensus regarding the existence of a direct relation 

between the increasing levels of greenhouse gas emissions and global warming.1  The 

natural greenhouse gases include CO2, N2O, CH4 and ozone which are essential to 

support life on earth.  However since the beginning of the industrial revolution in 1765, 

there has been a drastic increase in the production of carbon dioxide.  The average 

temperature of the earth has risen by 1oC since the mid-19th century.2  In addition to the 

global warming concerns, the limited crude oil reserves and the exponential increase in 

fuel prices has lead to worldwide interest in cleaner and sustainable sources of energy.3   

Proton exchange membrane fuel cells (PEMFCs) present a viable alternative to 

obviate the above current problems in the energy sector.4  Compared to the 

conventional internal combustion engines which use direct combustion of fuel to 

produce energy, fuel cells utilize electrochemical combustion to generate electricity from 

fuel which is intrinsically much more efficient and leads to a much lesser wastage of 

energy.  Moreover, the use of hydrogen as a fuel for fuel cells is an attractive option as 

it has zero emission of toxic gases and greenhouse gases.5  The only by - products 

from the electrochemical combustion of hydrogen in a fuel cell are water and heat.   

One of the other critical advantages of the fuel cell technology is the ease of 

scalability so as to suit a variety of applications.  Due to this reason hydrogen fuel cells 

are being looked at as a potential technology to provide small scale power to daily 

electronic devices such as laptops as well as for high power applications such as 

domestic power and heating and also for transportation applications.   
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However, some major obstacles need to be overcome to make this technology 

more economical to ensure its widespread use.  The currently used materials are 

polymer based (NafionTM) and have an upper limit to their temperature of operation 

(<100oC).6,7  A higher temperature of operation in the range 300oC – 600oC is highly 

desirable because of increased efficiency in this temperature range as well as increased 

tolerance of the electrodes to CO (carbon monoxide) poisoning.7-9  The commonly used 

electrode material contains platinum which is very expensive and hence prevention of 

electrode poisoning has the potential of lowering the overall cost of the technology 

significantly.10  According to the targets laid down by DOE (department of energy) for 

transportation applications, by 2015, a hydrogen fuel cell system needs to be developed 

with a peak efficiency of 60% with a cost of $30/kW or lower.   

Thus, there is need for the development of new materials which exhibit optimum 

properties in this temperature range.  The focus of this study is on achieving enhanced 

conductivity in phosphate based materials by expanding the realm of knowledge to 

higher condensed phosphates which have so far received very limited attention as 

candidate proton conducting electrolyte materials.   

1.2 Scientific Approach 

For achieving higher temperatures of operation numerous investigations (in the 

last decade or so) have focused on ceramic based materials.  The conductivities of 

various proton conducting materials reported in literature are plotted in Figure 1-1.  

Broadly all proton conducting materials can be classified into three distinct categories 

on the basis of their temperature range of operation.   

In the low temperature range there are mainly polymeric materials such as 

NafionTM which show very high proton conductivity.  However, these materials tend to 
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dry up as the temperature is increased beyond the boiling point of water and hence their 

use is limited to lower temperatures.  Solid acidic salts such as CsHSO4, and KHSO4 

show appreciably high conductivity at slightly higher temperatures than polymer based 

materials.  However, their use at higher temperatures is restricted due to a low 

decomposition temperature (~ 180oC).  Also, their practical applications as electrolyte 

material are limited due to the high solubility in water.   

 

Figure 1-1.  Comparison of conductivities of proton conducting materials.8   
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In the high temperature range (> 600oC) the doped perovskite type oxide materials 

such as BaZrO3, BaCeO3, SrCeO3 exhibit high conductivities.  This leaves the 

intermediate temperature range (300oC – 600oC) where no material with suitably high 

conductivity is currently known.  This region is labeled as ‘gap’ in the Figure 1-1 and 

was first recognized by Norby et al.7,8  As explained in the previous section, this 

temperature range of operation is desirable for PEMFCs.   

In this respect, several different orthophosphate materials have been investigated 

as PEMs, including RPO4 (R = La, Sm, Nd, Ce), Ba3Ce(PO4)3, and some 

pyrophosphate materials such as SnP2O7, and TiP2O7.  However, the number of studies 

on higher condensed phosphate materials such as metaphosphates (A(PO3)n) and 

ultraphosphates (A3(P5O14)n) is quite limited.  In the phosphate rich region of the La2O3 - 

P2O5 binary phase diagram four stoichiometrically different lanthanum phosphate 

materials exist, namely LaPO4 (orthophosphate), La2P4O13 (tetraphosphate), La(PO3)3 

(metaphosphate/polyphosphate) and LaP5O14 (ultraphosphate).  The difference in 

stoichiometry in the above compounds is accommodated crystallochemically by 

changes in the degree of interlinking or condensation of the phosphate anion which 

leads to a different yet closely related structure.  This project investigates the effect of 

structural variation across the entire range of condensed phosphate compounds on the 

proton conductivity in the material.   

1.3 Organization of the Dissertation 

Chapter 2 covers the background information that is referred to on several 

occasions throughout the dissertation.  In the beginning a brief history and introduction 

to electrochemistry is presented along with a broad classification of fuel cells.  This is 

followed by a brief review on PEMFCs which include the basic working principle, the 
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main advantages and potential applications of this technology and also the current 

materials challenges in this field.  A detailed overview of the various approaches 

towards development of an optimum electrolyte material and a classification of the 

different types of materials that are being investigated as proton exchange membranes 

(PEMs) is presented.  The remainder of the chapter introduces the rich chemistry of the 

condensed phosphate materials which is analogous to that observed and well known in 

the silicates.  The phosphate rich region of the La2O3 – P2O5 phase diagram is 

discussed based on which the two materials chosen for this comparative study were 

selected.  At the end of the chapter the relevant information about electrical 

characterization used in this study is presented.   

In Chapter 3, the materials and experimental procedures and a description of the 

experimental setup used in this study is presented.  The experimental details about all 

the characterization techniques used are also stated.  

Chapter 4 is dedicated to all the characterization studies performed on lanthanum 

ultraphosphate (LaP5O14).  A crystallochemical analysis of the same is presented which 

will be crucial to the comparative discussion of electrical behavior presented in Chapter 

6.  The results from conductivity measurement on the three different compositions of 

LaP5O14 are presented followed by the results from atomistic simulation studies on the 

material.  Chapter 5 contains the results from all the experimental characterization 

studies performed on lanthanum orthophosphate (LaPO4).  The compositions of the 

prepared samples of LaPO4 were kept consistent with those of LaP5O14 in terms of 

dopant cation and concentration to aid the comparative discussion that follows in 
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Chapter 6.  These are followed by the results obtained from the atomistic simulation 

studies on the same.   

The electrical properties of LaPO4 and LaP5O14 are compared in Chapter 6.  The 

obtained differences in the conductivity are critically analyzed on the basis of the 

proposed model for proton conduction in these materials.  The enhancement in 

conductivity achieved in LaP5O14 led to the extension of the study to other 

ultraphosphates which are discussed in Chapter 7.  The results from experimental 

characterization of SnP2O7 are presented in Chapter 8.  This is followed by summary of 

the entire work and description of the possibilities for future extension of the work in 

Chapter 9.   
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CHAPTER 2 
BACKGROUND 

2.1 Solid State Electrochemistry 

Solid state electrochemistry is a broad field that deals with all types of solid state 

ionically conducting materials.  Under the influence of an electrochemical gradient these 

materials allow the passage of electric current by the transport of ions such as protons, 

oxygen ions, silver ions, lithium ions or any other mobile charged species in the 

material.   

Ionic conduction in solid materials was reported by Warburg et al. as early as 1884 

by carrying out transference number measurements in which the charge transport was 

equated with the mass transport in the material.11  The concept of defects (interstitials 

and vacancies) was introduced by Joffe for the first time to explain to observed high 

ionic conductivity in some materials.12  One of the earliest well investigated ionic 

conductors was AgI (silver iodide) which exhibits very high conductivity (cationic 

conduction) above 149oC.13  The oxygen ion conduction in doped zirconia (ZrO2) was 

extensively investigated by Kiukkola et al. in 1957 and is now commonly used as 

electrolyte material in SOFCs.14  Sodium ion conduction was studied by Weber et al. in 

1967 in the material NaAl11O17, which is used as the electrolyte material in sodium-

sulfur batteries.15  The presence of protons in oxides such as Cu2O, CuO and NiO was 

discussed by Wagner et al. as early as 1966.  However, significantly high proton 

conduction was reported for the first time by Iwahara et al. in 1981 in doped strontium 

cerates (SrCeO3).
16   

Solid state electrolyte materials have various technological applications which 

include battery materials (such as lithium batteries and alkaline batteries), gas-sensors, 
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gas separation membranes, efficient gas synthesis methods (such as methane and 

ammonia), electrolytic combustion of hydrocarbons in car exhausts, and various types 

of fuel cells.   

Table 2-1.  Classification of fuel cells.   

Fuel Cell Type Operating 
Temperature (oC) 

System 
Output (kW) 

Efficiency 
(Electric,%) 

Applications 

Alkaline (AFC) 90 – 100 10 - 100 60 – 70 Military, space 

Phosphoric Acid 
(PAFC) 

150 – 200 50 – 1000 36 – 42 Distributed 
generation 

Proton 
Electrolyte 
Membrane 
(PEMFC) 

50 – 100 250 50 – 60 Portable power 
transportation(cars), 
small distributed 
generation 

Molten 
Carbonate 
(MCFC) 

600 – 1000 < 1000 60 Large distributed 
generation 

Solid Oxide 
(SOFC) 

650 – 1000 5 – 1000 60 Auxillary power, 
large distributed 
generation 

 

Depending on the type of electrolyte used in the fuel cell, they can be classified 

broadly into five different categories namely, phosphoric acid fuel cells (PAFCs), 

alkaline fuel cells (AFCs), proton exchange membrane fuel cells (PEMFCs), solid oxide 

fuel cells (SOFCs), and molten carbonate fuel cells (MCFCs).  The range of 

temperature of operation and system output of each type of fuel cell are summarized in 

Table 2-1.  In terms of capacity PAFCs, SOFCs and MCFCs can be designed to 

generate up to 1000 kW and hence are mostly being considered for large scale 

distributed power generation.  On the contrary, PEMFCs which can generate up to 250 

kW are being looked at for transportation applications as well as for domestic power 

generation.  Currently employed PEMFCs use polymer based electrolyte materials 
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which have an upper limit to their temperature of operation (< 100oC).  However, a 

higher temperature of operation is highly desirable for reasons described in detail in 

section 1.1.   

2.2 Proton Exchange Membrane Fuel Cells (PEMFCs) 

2.2.1 Introduction 

Since the beginning of the industrial revolution in 1765, there has been an 

exponential increase in the production of carbon dioxide.1  There is worldwide concern 

regarding the direct relation between the increasing levels of greenhouse gas emissions 

and global warming.2  In addition to the global warming concerns, limited crude oil 

reserves and the exponential increase in fuel prices has lead to interest in cleaner and 

sustainable sources of energy.  Fuel cells present a viable alternative to obviate the 

above current problems in the energy sector.  Hydrogen as a fuel for fuel cells is an 

attractive option as it has zero emission of toxic gases and greenhouse gases.  The 

only products from the electrochemical combustion of hydrogen in a fuel cell are water 

and heat.4   

The fuel cell technology also represents a paradigm shift from the mechanism by 

which power is produced from fuel (electrochemical versus conventionally used direct 

combustion in an internal combustion engine (ICE)).  There are significant advantages 

of a fuel cell over an ICE.  The former has efficiencies ranging from 40-60% as 

compared to much lower efficiencies of the latter (~ 20%).  This is mainly because: 

 The electrochemical combustion of fuel inside a fuel cell and subsequent 
conversion to mechanical energy through an electric motor is inherently much 
more efficient than the direct combustion inside an ICE 

 Efficiency of a fuel cell is not limited by the Carnot cycle as in ICE 

 Reduced wastage of heat from tail-pipe emissions or exhaust gases 
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 Reduced energy wastage from friction because a fuel cell has much less number 
of moving parts 

 No power wastage during idling if fuel cells are used in combination with an 
auxiliary power storage unit (such as lithium batteries) 

 

Figure 2-1.  Individual fuel cell unit of a hydrogen fuel cell 

2.2.2 Hydrogen Fuel Cell Unit 

A fuel cell produces electricity directly from the electrochemical reaction between 

hydrogen (used as fuel) and oxygen from the air as shown in Figure 2-1.  An individual 

fuel cell unit consists of a proton conducting electrolyte sandwiched between two 

electrodes, an anode and a cathode.  Hydrogen gas flows through channels to the 

anode, where a catalyst causes the hydrogen molecules to separate into protons and 

electrons.  The proton conducting electrolyte is insulating to electrons and hence allows 

only the protons to pass through it.  The electrons follow an external circuit to the 

cathode resulting in an electronic current which can be utilized to do work.  Each such 
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unit of a fuel cell produces about 0.7 V of potential difference.  By stacking multiple such 

units in series a fuel cell unit of the desired capacity can be designed.   

2.2.3 Potential Applications 

The power capacity of a PEMFC unit is in the range of ~ 250 kW which makes it 

ideally suited for use in the transportation industry to provide power to automobiles.  

However some critical road blocks need to be overcome to make this technology 

sufficiently economical so as to ensure its widespread use in the automotive industry.  

Proton exchange membrane fuel cells are also being looked at for small scale 

applications such as to provide portable power for computers, laptops and other daily 

electronic devices.  Their low temperature of operation as compared to other types of 

fuel cells makes them suitable for this purpose.  In addition PEMFCs are also being 

considered for combined heat and power generation for domestic purposes.   

2.3 Crystalchemistry of Condensed Phosphates 

2.3.1 Structural Comparison with the Silicates  

The structural complexity of the condensed phosphates is analogous to that 

observed in the silicates.  It is important to draw the analogy considering that the 

structure of silicate compounds is more well known compared to phosphate compounds 

due to their abundance in the earth’s crust.  The structural unit for the anion in all the 

silicate compounds is an [SiO4]
4- tetrahedron.  Structurally the tetrahedron can form 

diverse anion structures by corner sharing one or more of its oxygen ions with other 

neighboring tetrahedra.  A structural classification of silicate compounds is presented in 

Table 2-2.  The orthosilicates are the least complex structurally and consist of isolated 

[SiO4]
4- tetrahedra which are held together by cations.  The most common examples of 

this type of compounds are the olivines and garnets which are found in the earth’s crust.   
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According to the arrangement of the tetrahedra, the anion can attain either ring-like, 

linear chain-like or sheet-like morphology leading to the formation of different types of 

silicates.   

Table 2-2.  Structural classification of silicates 

Nomenclature Structural 
arrangement 

Chemical 
formula 

O/Si 
ratio 

Example 
compounds 

Mineral names 

Neosilicates / 
Orthosilicates 

Isolated 
tetrahedra 

[SiO4]
4- 4 (MgO.9Fe0.1)2Si

O4 
Forsterite, 
Fayalite, 
Monticellite, 
Tephroite 

Sorosilicates / 
Pyrosilicates  

Paired 
tetrahedra 

[Si2O7]
6- 3.5 Na6Si2O7, 

Nd2Si2O7, 
Y2Si2O7, 
Sc2Si2O7 

Thortveitite, 
Thalanite 

Cyclosilicates / 
Ring – 
silicates 

Tetrahedra 
rings 

[SinO3n]
2n- 3 NaAl3Al6B3Si6O

30(OH) 
Tourmaline, Beryl, 
Cordierite 

Inosilicates / 
Chain silicates 

Ribbons [Si4nO11n]
6n- 2.75 Ca2(Mg,Fe)5Si8

O22(OH)2, 
Na2(Mg,Fe)3Al2
Si8O22(OH)2 

Actinolite, 
Glaucophane 

Sheet silicates Sheets [Si2O5]n
2n- 2.5 Mg3Si4O10(OH)

2 
Muscovite, Biotite, 
Talc 

Tectosilicates 3D network [SiO2] 2 CaAl2Si2O8 Anorthite 

 

The structure of the silicates has a significant impact on the physical properties of 

the material.  For example, the naturally occurring micas (a class of silicate minerals) 

have a common property that they can all be easily cleaved along one plane.  This is 

because their silicate anion structure has a sheet-like morphology and the intra – layer 

bonds are strong covalent bonds whereas the adjacent layers are held together by only 

weak van der Waal’s bonds.  The ring silicates have very low thermal expansion 

coefficient and is thus commonly used to produce refractory material that is highly 

resistant to thermal shock.   
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2.3.2 Temperature Dependent Equilibrium in Fused Phosphoric Acid 

Orthophosphoric which has the chemical formula H3PO4 undergoes a 

condensation reaction when heated above room temperature.  Since condensation 

reaction is thermally aided and occurs with the elimination of a water molecule it is 

termed as thermal dehydration of phosphoric acid.  The reaction proceeds as shown in 

equation 2-1 starting with two orthophosphoric acid molecules that condense to form 

pyrophosphoric acid (or diphosphoric acid) with the release of a water molecule.  The 

condensation reaction is shown schematically in Figure 2-2.  The reaction can proceed 

further by condensation to yield more complex acids such as triphosphoric acid, 

metaphosphoric acid and so on.   

OH+OPHOPH+POH

OH+OPHOPH+POH

OH+OPHPOH+POH

21346103543

2103572443

27244343

→

→

→

       (2-1) 

The extent to which the condensation reaction occurs is temperature dependent 

and was investigated in detail by Chudinova et al. by studying the effect of temperature 

on dilute mixtures of bismuth oxide (Bi2O3) and orthophosphoric acid (H3PO4).
17  The 

crystallization of four stoichiometric compounds was reported namely BiPO4, Bi2P4O13, 

BiH(PO3)4, and BiP5O14 in the temperature ranges <200oC, 200oC-280oC, 280oC-380oC, 

and >400oC respectively.  Within each temperature range the condensation reaction in 

phosphoric acid continues until equilibrium is reached which is followed by precipitation 

of the salt containing the cation from the oxide material in the starting mixture.  A similar 

trend has been observed in preparation of several other phosphates and a 

comprehensive list of the same can found in a compilation by Durif et al.18   
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A similar trend is observed in the lanthanum phosphates.  The synthesis of 

lanthanum metaphosphate (La(PO3)3) from phosphoric acid was carried out by 

Znamierowska et al. at 400oC while crystals of lanthanum ultraphosphate (LaP5O14) 

were prepared by Park et al. at a higher temperature (600oC).19  A similar trend is also 

observed in the preparation of neodymium phosphates by Hong et al.20   

 

 

 

 

Figure 2-2.  Thermal dehydration of phosphoric acid leading to formation of poly-
phosphoric acids of higher complexity. 

2.3.3 Structural Classification of Phosphate Compounds 

The structural units for the condensed phosphate compounds are PO4 tetrahedra.  

Depending on the degree of condensation (corner sharing) among the tetrahedra to 

form the phosphate anion, the phosphates can be classified as shown in the flowchart in 

Figure 2-3.18  The oxyphosphates can be found in the phosphate poor regions of the 

phase diagram of the metal oxide – phosphorus pentoxide phase diagram.  The O/P 

ratio for the oxyphosphates is greater than 4, which means that there is an excess of 

oxygen ions in the structure beyond those required to form PO4 tetrahedra.  Thus as the 

name suggests the anion in these materials consists of a mixture of isolated PO4 

tetrahedra and isolated oxygen ions.   

The orthophosphates (or monophosphates) separate the oxyphosphates from the 

condensed phosphates in the phase diagram and have and O/P ratio of exactly 4.  They 
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are structurally least complex among the phosphates and their anion consists of 

isolated PO4 tetrahedra.  There is a large variation in the possible structures and 

stoichiometries in the category of condensed phosphates depending on the nature of 

corner sharing of tetrahedra in the anion as seen in Figure 2-3.18   

 

Figure 2-3.  General structural classification of condensed phosphates. 

The formation of a particular type of phosphate has strong temperature 

dependence as explained in section 2.3.  Broadly, the condensed phosphates can be 

classified as polyphosphates, cyclophosphates (or ring-phosphates) and 

ultraphosphates.  The anion in polyphosphates with the general formula [PnO3n+1]
(n+2)- 

consists of pairs (n = 2), triplets (n = 3), quads (n = 4) and so on of corner sharing 



 

32 

(linear) tetrahedra.  The metaphosphates are an extreme case of polyphosphates when 

theoretically n approaches infinity.  In the cyclophosphates the tetrahedra are corner 

sharing to yield a ring like morphology of the phosphate anion and can be further 

classified depending on the ring size.  The anion in ultraphosphates in general has a 

ribbon-like morphology but can occur in a variety of structures with minor differences 

which are described in more detail in section 4.1.   

2.3.4 La2O3 – P2O5 Binary Phase Diagram  

As shown in Figure 2-4, the phase diagram includes the compounds LaPO4, 

La2P4O13, La(PO3)3 and LaP5O14.
19  The difference in stoichiometry in the above 

compounds is accommodated (crystallochemically) by changes in the degree of 

condensation (corner sharing) in the phosphate anion and thus leads to a different yet 

closely related crystallochemical arrangement.  This crystallochemical variation across 

stoichiometry, and in particular, as a function of O/P ratio, is analogous to that observed 

in silicates (correspondingly O/Si ratio).21   

Structurally, lanthanum orthosphosphate (LaPO4, O/P = 4) is least complex and 

consists of isolated PO4 tetrahedra which are held together by LaO9 polyhedra.  In 

lanthanum tetraphosphate (La2P4O13, O/P = 3.25) the phosphate anion group consists 

of a quartet of corner sharing PO4 tetrahedra that are held together by LaO8 polyhedra.  

As the O/P ratio further decreases to lanthanum metaphosphate (La(PO3)3, O/P = 3) the 

phosphate anion group is significantly more complex (with more condensation in PO4 

tetrahedra) and consists of theoretically infinitely long helical chains of corner sharing 

tetrahedra.  In lanthanum ultraphosphate (LaP5O14, O/P = 2.8) the phosphate anion 

consists of theoretically infinitely long ribbons of corner sharing PO4 tetrahedra which 

are parallel to each other and are held together by LaO8 polyhedra.   
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Thus, as the O/P ratio decreases from LaPO4 to LaP5O14 the degree of corner 

sharing of the PO4 tetrahedra increases leading to a structurally more complex anion 

structure.  As will be evident in the discussion in Chapter 6, the O-O distance decreases 

along the crystallographic direction of condensation in the specific lanthanum phosphate 

as the degree of condensation in the phosphate anion increases. 

 

Figure 2-4.  Binary phase diagram for the system La2O3 – P2O5. 

A comparison of the experimentally measured conductivities and activation 

energies (across the range of compounds) in such a case can be directly correlated with 

the oxygen to oxygen distances.  In this study, we present a scientific evaluation of this 
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crystallochemical approach towards the development of enhanced proton conducting 

materials by contrasting strontium doped LaPO4 with strontium doped LaP5O14.   

2.4 Electrical Characterization 

2.4.1 Impedance Spectroscopy 

Some parts of following text in this section are based on the book by MacDonald 

et al. which presents a comprehensive discussion on fundamentals and applications of 

impedance spectroscopy.22  At any interface in a material, the local physical properties 

of the material such as crystal structure, composition, mechanical and electrical 

properties change quite abruptly.  Such discontinuities in the material properties lead to 

partial obstruction of the flow of charge carrying species which are being driven by an 

electrochemical gradient.  The obstruction of flow leads to preferential charge depletion 

or accumulation along the path.  This causes heterogeneous charge distributions (also 

termed polarization) at the material interface, which affects the electrical properties of 

the material.   

In case of materials that are used for solid state electrochemical devices the three 

commonly encountered interfaces are grain boundaries, electrolyte-electrode and the 

triple phase electrolyte-electrode-atmosphere interface.  Upon application of a potential 

difference to a material charge each interface polarizes in a unique way.  However, the 

rate at which the direction of polarization will reverse when the applied potential 

difference is reversed is characteristic of the particular type of material interface.  

Generally bulk grain response is the quickest followed by grain boundary polarization 

and electrode polarization.  Essentially this means that if electrical properties are 

measured as a function of the frequency of the input AC signal over a wide range of 

frequencies then it can be used to obtain information about the dynamics of the mobile 
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charge carriers and characteristics of the interfaces in the material.  Thus, impedance 

spectroscopy has emerged as a very powerful technique for investigating the electrical 

properties of a material as it has the ability to isolate the contributions from the various 

microscopic processes occurring within the material which contribute to the overall 

electrical response.   

The frequency dependent impedance data collected can be written as a sum of 

the real and imaginary parts. 

)ω("Z+)ω('Z=)ω(Z          (2-2) 

If one plots the imaginary part of the impedance versus the real part, i.e. Z’’(ω) 

versus Z’(ω), the resulting locus shows distinctive features for certain combinations of 

circuit elements.  Such a plot is commonly referred to as a Nyquist plot.  The 

characteristic Nyquist plots for a purely resistive circuit and a pure capacitance is shown 

in Figure 2-5 (a).  The Nyquist plot for a commonly used R-C circuit is shown in Figure 

2-5 (b).  It can be seen that the shape of the plot is different for different combinations of 

circuit elements although it is not necessarily unique.22  Complex impedance plots are 

useful for determining an appropriate equivalent circuit for a system and for estimating 

the values of the circuit parameters.   

In general polycrystalline ceramic materials exhibit a three arc response which 

corresponds to bulk, grain boundary and electrode polarization phenomena.  Each of 

the observed arcs is modeled using a separate R – C circuit similar to that shown in 

Figure 2-5 (b).  Physically the individual circuit elements can be interpreted as 

resistance of the material to the flow of the mobile charge carriers and the capacitance 

due to charge accumulation due to discontinuities at the interfaces within the material as 
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explained previously.  The reason for the polarization in the bulk is explained by saying 

that the flow of charge carrying species is partially blocked at the grain boundary.  In the 

same way the charge carriers inside the grain boundary are partially blocked at the 

interface which explains the observed capacitance associated with grain boundary 

impedance.  The interpretation of the origin of each arc observed in the Nyquist plot for 

a polycrystalline ionically conductive material was provided by Bauerle et al. from 

conductivity measurements on yttria stabilized zirconia.23  The area / thickness ratios of 

the samples were varied by a ratio of about 100 while the thickness was varied 

independently by a ratio of about 10 by using wafer specimens and long bars.  The 

reasoning behind the above experiment was that the electrode impedance arc in the 

Nyquist plot should be affected only by the change in area while be unaffected by the 

change in length of the sample.  Similarly, the arcs corresponding to the electrolyte 

would be unaffected by the changes in the ratio of area / thickness.  Thus it is clear that 

the impedance spectra (Nyquist plots) are very sensitive to the microstructure of the 

material and can be used effectively to study the effect of varying the material 

processing parameters (which influence the microstructure) on the electrical properties.   

Examples of two R – C circuits in series are shown in Figure 2-5 (c) and (d).  

These Nyquist plots were generated by inputting the relevant equivalent circuit elements 

and parameters in ZViewTM software.  The values of the resistances are kept the same 

in both the circuits however the capacitance were given different values.  It can be seen 

by comparing Figure 2-5 (c) and (d) that a large difference in the capacitance values 

leads better resolution of the two arcs.  In a more general sense the resolution of the 

arcs is determined by the differences in the peak frequencies (ωp) of the two 
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microscopic polarization phenomena responsible for the observance of the arcs in the 

Nyquist plot.   

1=RCωp           (2-3)
 

If there is a large difference in the capacitance values then good resolution of the 

arcs is obtained in the impedance spectrum but if there is large difference in the 

resistance values then good resolution is obtained in the modulus spectrum.  

(a) (b) 

(c) (d) 

Figure 2-5.  Nyquist plots for (a) R and C, (b), single R – C circuit, (c) partially resolved 
arcs, and (d) resolved arcs for two R- C circuits in series.   

In most of the real material samples neither spectra give very good resolution but 

the equivalent circuit parameters can be accurately estimated by fitting the data.  The 

above R-C circuits use a single value of capacitance for a certain type of polarization 
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phenomenon over the entire sample which is generally not true.  For example the grain 

boundary in a material cannot be assumed to be completely homogeneous over the 

entire sample.  At the atomic level its thickness may be different in some places or the 

degree of crystallographic mismatch between the two adjacent grains may be higher or 

lower depending on the relative orientations.   

 

Figure 2-6.  Nyquist plots corresponding to single R – CPE circuits.  For the CPE, alpha 
is varied from 0.90 to 1.   

Thus the equivalent circuit parameters vary over a certain range about a mean 

value over the entire material.  However, the macroscopic impedance data collected is 

representative of the average properties of the interface.  As the peak frequency (ωp) is 

dependent on the equivalent circuit parameters (R and C) it leads to a distribution of 

peak frequencies in the arc and a corresponding depression in the observed semi – 

circle in the Nyquist plot.  This observation is accounted for by considering a constant 
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phase element (CPE) instead of a capacitance element.  The impedance of a CPE is 

mathematically denoted as follows: 

α-

CPE )ωj(A=Z           (2-4) 

The effect of varying the parameter α from 0.90 to 1 on the shape of the observed 

Nyquist plot of and R – CPE circuit is shown in Figure 2-6.  The numbers along the plots 

indicate the logarithm of the corresponding frequency for the individual data point.  A 

value of α = 1 corresponds to a pure capacitance while α = 0 corresponds to a purely 

resistive circuit element.   

2.4.2 Transference Number Measurements 

In most electrochemical materials there is always more than one type of charge 

carrier species.  As such the total conductivity in these materials can be expressed as 

the sum of the partial conductivities of the individual species as shown below: 

∑
j

jσ=σ           (2-4) 

Usually for application as an electrolyte material the partial conductivity of one of 

the charge carrying species is much higher than the others and it is the dominant 

charge carrier in that material.  In such a situation it is important to ascertain the 

individual contribution of each of the mobile charge carriers and can be accomplished 

by carrying out transference number measurements.  The transference number of a 

charge carrier d can be represented as: 

total

d

d σ

σ
=t           (2-5) 

Where td is the transference number, σd is the conductivity of the charge carrier d 

and σtotal is the total measured conductivity.  Three different techniques have been 
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commonly used to perform transference number measurement, namely mass transfer 

measurements, emf measurements using galvanic cells and polarization 

measurements.   

The mass transfer measurements involve the passage of current through the 

electrolyte material and comparison of the charge flown with the mass transported 

between electrodes.  This is the oldest method for transference number measurement 

and its first use dates back to 1888 by Warburg et al.24  The transference number of 

silver iodide (silver ion conductor) was experimentally calculated by Tubandt et al. by 

calculating the mass of silver transported across the electrolyte by measuring the weight 

of the electrodes before and after passing current.24  The necessary condition for this 

type of measurement is that the electrode must be a good electronic conductor as well 

as a good conductor of the ion that is being transported through the electrolyte.   

In the second measurement method the material to be studied is setup as an 

electrolyte in a galvanic cell.  This type of measurement was used in the current work 

for the measurement of the proton transference number.  In a galvanic cell, the 

electrical work done is equal to the decrease in Gibbs free energy of the system 

(constant temperature and pressure).  The overall electrical work done is also equal to 

the product of the potential difference and the charge transported.  Hence the following 

equation can be written for a galvanic cell (Nernst equation)24: 

zFE-=GΔ           (2-6) 

Where ΔG is the Gibbs free energy of the cell reaction, E is the emf of the cell, F is 

the Faraday’s constant and z is the number of electrons transferred per cell reaction.  

For proton transference number measurement the galvanic cell utilizes a differential 
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hydrogen partial pressure setup.  Thus the difference in partial pressure (or chemical 

potential) of hydrogen across the sample provides the electrochemical gradient required 

for charge transport.  In such a situation the following expression applies to the emf of 

the cell24: 
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Where tion is the transference number of the mobile ionic charge carriers.  For the 

case of pure ionic conduction the tion = 1 and knowing that the dependence of chemical 

potential on the partial pressure of hydrogen can be represented by 
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Where R is the universal gas constant, T is the absolute temperature and PH2 

represent the partial pressures of hydrogen in the two chambers of the galvanic cell.  

However, if the electrolyte material shows some partial electronic conductivity in 

addition to ionic conductivity then the measured value of emf across the cell is lower 

than the theoretical emf and the transference number can be calculated as below:   

ltheoretica

measured

ion E

E
=t .          (2-8) 

The third method of calculating the transference number consists of direct 

measurement of the partial conductivity of each of the mobile charge carrier species by 

using the appropriate blocking electrodes.  The advantage of this method is that the 
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transference number of the minority charge carrier can also be calculated accurately 

and was used for the first time by Hebb and Wagner.24   
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CHAPTER 3 
MATERIALS AND EXPERIMENTAL PROCEDURES 

 3.1 Synthesis of Materials 

This section describes the synthesis procedure used to prepare the samples of 

doped and undoped LaP5O14, LaPO4 and SnP2O7.  Due to the comparative nature of 

the study the dopant content (undoped, 1 mol% and 5 mol% Sr2+) was kept consistent 

across the lanthanum phosphate compounds.  The dopant cations for SnP2O7 (D = In, 

Mg, Ga, Sc, and Zn) were chosen on the basis on the minimization of lattice strain upon 

incorporation of the dopant cation.   

3.1.1 Lanthanum Ultraphosphate (LaP5O14) 

Single crystals of LaP5O14 were synthesized by precipitation from concentrated 

phosphoric acid solutions as previously described by Park and Kreidler.19  A flowchart of 

the synthesis process is shown in Figure 3-1 (a).  The initial mixture was prepared by 

mixing 1 g of lanthanum oxide (La2O3, Alfa Aesar, 99.99%) with 30 mL of 85% 

phosphoric acid (Fisher Chemical) which was then allowed to stand at 300oC for about 

4 h until the oxide was completely dissolved and a transparent solution was formed.  

The oxides are generally insoluble in phosphoric acid at room temperature.  However, 

the oxides readily dissolve after the initial heat treatment of H3PO4 (at 300oC) which is 

accompanied by vigorous bubbling due to the evaporation of water from the mixture.  

After the evaporation of water the oxides remain dissolved even if the solution is cooled 

down to room temperature.  To prepare single crystals of strontium doped LaP5O14 the 

initial mixture consisted of lanthanum oxide and strontium oxide (SrO, Alfa Aesar, 

99.99%) in the appropriate molar ratio.  The above solution was then transferred to a 

furnace (pre – heated to 300oC) to prevent thermal shock to the crucible.  After 
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transferring the contents to the furnace the temperature was allowed to increase to 

650oC at a ramp rate of 100oC/h and the solution was allowed to stand there for a 

period of 7 to 10 days.  All of the above described reactions were carried out in covered 

vitreous carbon crucibles which are resistant to chemical attack by fused 

polyphosphoric acid.   

 
 

(a) 

 
(c) 

 

 
(b) 

 

Figure 3-1.  (a) Flowchart for synthesis of single crystals of LaP5O14, (b) vitreous carbon 
crucible, and (c) setup used for dissolution of polyphosphoric acid.   

Vitreous carbon crucibles are extremely susceptible to cracking resulting from the 

existence of a thermal gradient in the material.  In addition, the material undergoes a 

phase transition at about 100oC which is also accompanied by a volumetric change.  



 

45 

Thus to prevent cracking during the heat treatment procedure low ramp up and ramp 

down rates were used and the crucibles were removed from the furnace only after the 

samples had cooled down to room temperature.   

After cooling, the excess phosphoric acid solidifies to form a gel like transparent 

semi-solid.  High temperature leads to the thermal dehydration of phosphoric acid which 

consists of the condensation of the isolated PO4 tetrahedra in acid with the elimination 

of a water molecule.  The condensation gradually leads to the formation of acids of 

much higher complexity such as di-phosphoric acid, tri-phosphoric acid, meta - 

phosphoric acid and so on.  Pure orthophosphoric acid is a viscous liquid at room 

temperature but the condensed form of the acid is a soft semi-solid.  Since the 

condensed acid is the de-hydrated form of orthophosphoric acid it has great affinity for 

water and can be dissolved by placing the crucible in warm water (~70oC) as shown in 

Figure 3-1 (c).  Upon dissolution of the gel, rhombus shaped crystals in the form of thin 

platelets were recovered from the bottom of the crucible.  The habit planes of the crystal 

growth are indicated in Figure 3-3 (b).  The obtained crystals were washed several 

times with deionised water and then dried in air and stored in a desiccator for further 

experimentation.   

3.1.2 Lanthanum Orthophosphate (LaPO4) 

Lanthanum orthophosphate was prepared by the precipitation from an aqueous 

solution.  Lanthanum nitrate (La(NO3)3.6H2O, 99.9%, Alfa Aesar) was dissolved in 

deionised water to produce a 1 M solution.  In a separate vessel a 1 M solution of di-

ammonium hydrogen phosphate ((NH4)2HPO4, 98%, Alfa Aesar) was prepared by 

dissolving the solid in deionised water.  Both the above powders are readily soluble in 

water and the bottom of the vessel was inspected regularly to ensure the completion of 



 

46 

the dissolution process.  The di-ammonium hydrogen phosphate solution was added to 

the lanthanum nitrate solution drop wise which almost instantaneously lead to the 

formation of a white precipitate.  The solution was allowed to stir for 2 h after the mixing 

of the solution for the reaction to complete.  The solution containing the precipitate was 

allowed to drip through filter paper to remove the precipitate from the solution by 

filtration.  The obtained precipitate was then dried at 120oC and ground with mortar and 

pestle under ethanol.  Grinding under ethanol is more effective as compared to dry 

grinding and leads to more efficient reduction of agglomeration in the material.  The 

dried precipitate was then calcined at 1000oC for 2 h using ramp rate of 200oC/h.  At 

each step of the synthesis procedure a small part of the powder was kept aside for x-ray 

diffraction analysis to evaluate the evolution of the sample at each step of the synthesis 

process.   

The calcined powder was then mixed with 2 wt% of polyvinyl alcohol (PVA) using 

a mortar and pestle.  The PVA acts as a binder material and contributes to the 

strengthening of the green body.  The powder was then uniaxially pressed into 

cylindrical samples using a hydraulic press (~200 MPa).  The green pellets were 

sintered at 1400oC for 10 h using a ramp up and ramp – down rate of 200oC/h.  

Sacrificial powder of the same composition was placed below the green body to restrict 

possibility of contamination from the surface of the alumina setter used for sintering.  

During the ramp up step of the sintering heat treatment procedure the sample was held 

at 450oC for 2 h to allow for the combustion of the organic compound used as binder 

during green body preparation.   
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3.1.3 Tin (IV) Pyrophosphate (SnP2O7) 

The tin (IV) pyrophosphate powders (SnP2O7) were prepared by heating SnO2 (tin 

(IV) oxide, 99.9%, Alfa Aesar) with some excess of H3PO4 (phosphoric acid, 85%, ACS) 

as summarized in Figure 3-2.  A 1:3 ratio of Sn:P was used instead of 1:2, to 

compensate for the loss of phosphoric acid during the heating procedure.  To prepare 

the acceptor doped SnP2O7 samples, an appropriate mixture of the oxide of the dopant 

(D = In, Al, Ga, Zn, and Sc) and SnO2 was used to react with the phosphoric acid.   

 

Figure 3-2.  Flowchart for powder synthesis, sample preparation and the various 
characterization techniques used.   

To the above mixture 100 mL of deionised water was added and the contents 

were heated and maintained at a temperature of 300oC.  The solution was stirred 

throughout at 300 rpm using a TeflonTM magnetic stirrer to aid the dissolution.  At 

temperatures in excess of 200oC vigorous boiling takes place in the phosphoric acid 
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due to rapid evaporation of the water in the solution.  After evaporation of the water a 

clear thick viscous solution is formed.   

The oxides are soluble in pure phosphoric acid at these temperatures.  

Throughout the process the bottom of the glass beaker was regularly inspected and any 

oxide powder which was stuck to the bottom of the beaker was scraped off using a 

spatula.  In the initially prepared samples SnO2 impurities could be detected from 

powder XRD which was most likely due to unreacted SnO2.   

The prepared viscous slurry was then transferred to an alumina crucible.  The 

crucible was covered with a ceramic cover and calcined for 2.5 h at 650oC.  Phosphoric 

acid is volatile above 600oC and rapidly evaporates above this temperature.  The use of 

a crucible cover and excess phosphoric acid in the starting mixture compensate for the 

loss of phosphoric acid during calcination.  The calcined powder obtained was ground 

using mortar and pestle and then sieved though a 212 m mesh.   

A small part of the powder was removed for x-ray diffraction (XRD) analysis.  To 

prepare a green body, the powder sample was mixed with 2 wt. % of PVA which is used 

as a binder.  The synthesized powder was mixed with the binder using mortar and 

pestle until the powder was dry.  The prepared powder was uniaxially pressed into flat 

cylindrical samples using a hydraulic press.  The pressure during compaction was kept 

constant at 200 MPa by modifying the applied force according to the inner diameter of 

the die used for pressing.  Flat cylindrical pellets with diameter of 7 mm and 12 mm with 

a thickness of about 1 – 3 mm were synthesized.  The pellets with the larger diameter 

(12 mm) were required for transference number measurements.  This is because the 

inner cylindrical ceramic tube inside the quartz reactor needs to be completely covered 



 

49 

and sealed using the sample to cover the tube so that differential partial pressures of 

hydrogen can be maintained across the sample.   

The green pellets were placed in a covered alumina crucible with sacrificial 

powder of the same material and then the crucible cover was sealed using ceramic 

cement (EA139-B50, Saint GobainTM).  The sacrificial powder restricts potential 

contamination of the sample from the inner surface of the crucible while sealing of the 

crucible using ceramic cement is required to prevent decomposition of the sample 

during sintering.  Decomposition of the pyrophosphate to the orthophosphate with the 

release of volatile phosphorus pentoxide (P2O5) during the sintering heat treatment 

procedure leads to insufficient densification of the sample.  The sealed crucibles were 

then heated to 1400oC for 10 h using a ramp up and ramp down rate of 200oC/hr.  

During the ramp up step of the sintering heat treatment procedure, the sample was held 

at 450oC for 2 h to ensure complete combustion of the organic binder used for preparing 

the green body.  The relative density of the sintered pellets was above 90%.  Undoped 

SnP2O7 pellets had a higher relative density of about 95%.  Some pellets were crushed 

and ground for powder XRD analysis.   

3.2 Phase Analysis 

3.2.1 X-Ray Diffraction (XRD) 

A small part of the prepared LaP5O14 crystals were crushed to powder with a 

mortar and pestle under acetone.  These powders were then sieved through a 212 μm 

sieve.  The theoretical powder pattern of LaP5O14 used for comparing with the 

experimental powder pattern was generated using CrystalDiffractTM from previously 

reported crystal structure data.25  In addition, XRD was also performed on single 

crystals of the prepared samples.  The relative orientation of the crystal during single 
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crystal XRD data collection is shown in the schematic in Figure 3-3 (a).  The main facet 

of the crystal is indicated as the (100) plane on the SEM image shown in Figure 3-3 (b).   

The synthesized pellets of LaPO4 and SnP2O7 were crushed and ground under 

acetone for powder XRD analysis.  The powders were sieved through a 212 μm sieve.  

The XRD data was collected on the instrument (Phillips APD 3720) using CuKα 

radiation and the operating parameters for the same were set to 40 kV and 20 mA.   

 

(a) 

 

 

(b) 

Figure 3-3.  (a) Orientation of LaP5O14 crystals during single crystal XRD data collection 
(b) SEM image of an LaP5O14 crystal showing the (100) plane.  

3.2.2 Energy Dispersive Spectroscopy (EDS) 

Previous to all further experimentation the crystals of LaP5O14 were dried in air at 

600oC for 3 h.  This was done to remove any remaining phosphoric acid that could have 

been sticking to the surface sample since the crystals were grown from a fused 

phosphoric acid.  Initial samples that were not subjected to this heat treatment showed 

a very high P:La ratio as compared to the expected value in EDS analysis.  The pellets 

of LaPO4 and SnP2O7 were sintered at temperatures above 1000oC and hence did not 

require the drying heat treatment procedure.   
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Previous to EDS analysis the samples were attached to a cylindrical aluminum 

holder using conductive double sided carbon tape.  The prepared samples were then 

gold coated using the sputter coating technique for 3 min at 30 mA to deposit a 

conductive coating on the surface of the sample.   

3.2.3 Scanning Electron Microscopy (SEM) 

The ceramic samples were ultrasonicated in ethanol for 5 min to remove any 

surface contamination and dust particles previous to SEM analysis.  The samples were 

then placed on aluminum holders using conductive double sided carbon tape.  To 

deposit a conductive coating on the sample surface was sputter coated with gold for 3 

min at 30 mA.  SEM analysis was performed on the instrument JEOL 6400.  During 

SEM analysis an accelerating voltage of 15 kV was used and sample working distance 

was set to 15 mm.   

3.2.4 Magic Angle Spinning – Nuclear Magnetic Resonance (MAS – NMR) 

Powder samples were prepared by crushing sintered samples of SnP2O7 under 

ethanol.  The samples were then packed tightly into 4 mm zirconia rotors for MAS - 

NMR spectroscopy.  It was ensured that the powder was packed firmly and uniformly in 

the rotor as uneven packing prevents the rotor from spinning at high speeds.  Inside the 

instrument the rotor is levitated using an upward bearing pressure of nitrogen gas while 

spinning is accomplished by using a transverse drive pressure of flowing nitrogen.  Thus 

a non-uniform weight distribution resulting from uneven packing in the rotor leads to 

improper balancing of the rotor in the chamber which is detrimental to achieving high 

spinning speeds.   

The 31P MAS - NMR spectra were acquired at a magnetic field of 9.4 T using a 

Bruker Avance NMR spectrometer operating at 161.974 MHz.  Each sample was spun 
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at approximately 10 kHz.  The fully relaxed 31P spectra were acquired at ambient 

temperature by signal averaging 128 transients using a recycle delay of 4 s and a π/2 

pulse width of 5 µs.  A Gaussian line broadening of 50 Hz was applied prior to Fourier 

transformation.  Chemical shifts are referenced to 85% orthophosphoric acid.   

 

Figure 3-4.  Setup used for conductivity measurement and proton transference number 
measurement.   

3.3 Electrochemical Impedance Spectroscopy (EIS) and Proton Transference 
Number Measurement 

3.3.1 Experimental Setup 

Ionic conductivity measurements and proton transference measurements were 

made using setup shown in Figure 3-4.  This setup includes one furnace (Lindberg/Blue 
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M, HTF55322A), three mass flow controllers (Sierra instruments, C100L), one custom 

designed quartz reactor (Analytical Research Systems) and an impedance analyzer 

(Solartron 1260). A schematic diagram showing the setup is shown in the inset in Figure 

3-4.   

(a) 
 

 (b) 
 

Figure 3-5.  (a) Schematic diagram and (b) picture of quartz reactor used for 
conductivity measurement and transference number measurement.   

The mass flow controllers (located behind the furnace) control the flow and 

concentration of gases flowing into the quartz reactor which is located inside the 

furnace.  For impedance measurements at different temperatures, the sample was 

placed inside the quartz reactor, itself placed inside the tube furnace.  To minimize the 

errors in temperature measurement an independent thermocouple was placed right next 

to the sample.   
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A schematic of the design of the quartz reactor, and the reactor itself are shown in 

Figure 3-5.  The reactor has two separate gas inlets and outlets for two different 

chambers (flow of gases indicated by arrows) such that the atmosphere in both the 

chambers can be controlled independently.   

 
(a) 

 
(b) 

 
(c) 

 

Figure 3-6.  Prepared samples of (a) SnP2O7, (b) LaP5O14, and (c) sealed sample of 
SnP2O7 for proton transference number measurement.   

Such a design is needed for proton transference number measurement since it 

requires a hydrogen partial pressure gradient to be maintained across the sample.  The 

two chambers are separated by placing the sample to be measured on the alumina tube 

so that it produces an airtight junction as described in a later section.  Within the reactor 

gold wires are used to make the connection from the sample surface to the BNC 

connectors attached to the reactor which are then connected to the impedance 

analyzer.  Within the reactor the connecting gold wires are encased in an alumina tube 

the exterior of which is covered in platinum paint.  Temperature regulation of the furnace 

was done by connecting the thermocouple within the reactor to the furnace controller.   
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3.3.2 Sample Preparation and EIS 

For conductivity measurement on crystals of LaP5O14, the crystals were gold 

sputtered on both the main facets (the (100) surfaces) with the sputter coater.  An SEM 

image of a coated and wired sample of LaP5O14 is shown in Figure 3-6 (b).   

To prevent the sputter coater from coating the sides of the sample a masking 

paper with a hole of appropriate dimensions was used to cover the sample during the 

coating procedure.  For conductivity measurement on sintered LaPO4 and SnP2O7 

pellets, the pellets were painted on both sides with platinum paste (CL11-5349, 

Heraeus) to serve as the electrode.  The pellets were sintered at 900oC for 1 h using a 

ramp rate of 200oC/h.  Platinum wires (99.9%, 0.127 mm dia.) were attached to the 

electroded surfaces of the coated pellets/crystals using silver paste (part # 5063, SPI 

Supplies) as shown in Figure 3-1.  Three samples with each composition were used for 

conductivity measurement.  A typical coated and wired sample of SnP2O7 is shown in 

Figure 3-6 (a).   

EIS measurements were done in unhumidified or humidified air (obtained by 

bubbling nitrogen gas through a saturated solution of MgCl2 in de-ionized water) in the 

temperature range of 300oC - 600oC using the two point probe technique (Solartron SI 

1260).  For humidified argon measurements the gas was flown through a water bubbler 

before passing through the reactor.  The AC amplitude during impedance data 

collection was kept at 1000 mV.  Frequency sweeps were taken in the range 32 MHz – 

0.1 Hz.  Fitting of the spectra was carried out using ZViewTM software. 

3.3.3 Transference Number Measurement 

The experimental setup used for transference number measurement is shown in 

Figure 3-4.  Platinum paste was applied to both sides of the sample and platinum wires 
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were attached using silver paste as described previously.  The sample was attached to 

the tube using ceramic sealing cement (Cermabond 503, Aremco).  An optical image of 

the sealed sample is shown in Figure 3-6 (c).  The whole setup was heated to 450oC 

and held at that temperature overnight for the seal to form.  Gas flow into the reactor 

was controlled by using mass flow controllers.  Open circuit voltage was measured by 

using a multimeter (model # 34410A, Agilent Technologies).   

The transference number measurement was carried out by using the following dry 

hydrogen concentration cell,  

)P( I

H2
, 80 vol.% H2 + balance N2, Pt/D0.1Sn0.9P2O7-δ/Pt, 4 vol.% H2 + balance N2, )P( II

H2
.   

The total flow rate was controlled at 100 sccm in both the chambers of the reactor.  

Under a hydrogen partial pressure gradient the theoretical electromotive force can be 

expressed as follows: 

P

P
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=E II
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        (3-1) 

Where R is the universal gas constant, T is the absolute temperature and F is the 

Faraday’s constant.  If the material is a mixed ionic conductor then the measured value 

of the electromotive force is less than the theoretical value calculated above.  The 

protonic transference number can be expressed as follows.   

ltheoretica

measured

ion E

E
=t           (3-2) 

Proton transference number measurements were performed on undoped and 10 

mol% In3+ doped SnP2O7 samples in the temperature range 300oC – 500oC.   
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3.4 Simulation Methods 

The starting point for performing lattice simulations on a material is the 

development of a suitable potential model for the system under consideration.  The 

potential model is a mathematical description of the energy of the system as a function 

of the particle co-ordinates. The reliability of the results predicted from the simulations 

then depends on how aptly the potential model depicts the material system.   

3.4.1 Potential Model 

In accordance with Born model, the interatomic forces are separated into the long-

range Coulombic terms and short - range terms that correspond to electron cloud 

overlap (Pauli repulsion) and attractive Van der Waals interactions.  Mathematically the 

interatomic potential model can be represented as follows26. 

∑ ∑∑
ij ijk

ijkijkijij
ij ij

ji

L .....+)r(Φ+)r(V+
r

qq
=E       (3-3) 

The first term on the right hand side of the equation is the summation of all the 

energy terms arising from the electrostatic (or Coulombic) interaction between the 

component ions of the lattice.  The second and the third terms represent the summation 

of the two – body and three - body interactions which arise due to the short – range 

interaction between the ions in the system.  The importance of the short – range 

interaction terms and their overall contribution to the lattice energy increases with 

increasing deviation from ionic bonding in the compound under investigation.  

3.4.2 Buckingham Potential 

The two - body interactions are generally described by the Buckingham 

interatomic potential model which shown below26: 
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Where Aij, ρij and Cij are empirically derived parameters for each set of ion-ion 

interactions in the material.  Equation 3-4 is the summation of a repulsive and an 

attractive interaction term.  The exponential term always has a positive value (since A is 

positive) and hence represents a repulsive force in the interaction.  The second 

potential energy term always has a negative value (since C is positive) and hence 

represents an attractive force in the interaction.   

The interatomic potential parameters used for the lanthanum phosphate 

compounds are summarized in Table 3-1.  The parameters for La-O and O-O 

interactions have been transferred from previously published work, but those for P-O 

were empirically derived for this study.   

Table 3-1.  Interatomic potential parameters for LaPO4 and LaP5O14. 

Interaction A (eV) ρ (Å) C (eV. Å6) Reference 

La3+… O2- 4579.23 0.3044 0.00 27 
P5+… O2- 1250.00 0.3240 0.00 Empirically derived. 
O2-… O2- 22764.30 0.1490 27.88 27 

 

The shape of the Buckingham potential when plotted as a function of the distance 

r shows a potential well at an equilibrium distance.  At distances lower than the 

equilibrium distance the potential rises rapidly due to a high value of repulsion while at 

distances greater than the equilibrium distance the potential gradually rises to almost 

zero at large distances.  The two-body interaction term represented by the Buckingham 

potential does not have any angle dependent components unlike the three body 

interaction term described in the following section.   
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3.4.3 Harmonic Angle Bending Potential 

The three body term takes the form of a harmonic angle-bending potential about 

the central ion26: 

( )2

obody3 θ-θk
2

1
=V          (3-5) 

Where k is the force constant and θo is the equilibrium bond angle.  The three 

body interaction terms are generally used for only selective interactions in the material.  

They are commonly used to account for the angle dependent nature and rigidity of the 

polyhedral structural units that occur in some compounds such as silicates (SiO4 

tetrahedra), gallates (GaO4 tetrahedra), niobates (NbO4 tetrahedra) and phosphates 

(PO4 tetrahedra).27  For the both lanthanum phosphate compounds (LaPO4 and 

LaP5O14) the three body interaction term was applied to all the O-P-O interactions within 

each PO4 tetrahedron in the materials.  Specifically for LaP5O14 an additional three body 

term was included in order to account for the P-O-P bond in the material.  The overall 

contribution from three – body interaction terms to the lattice energy is small.  However, 

they are known to have significant impact of the vibrational properties of the material.  

The P-O-P bond angle is the angle between two neighboring corner sharing PO4 

tetrahedra which has an average value of ~134o for all condensed phosphates.  Since 

the structure of LaPO4 does not have any corner sharing PO4 tetrahedra the P-O-P 

three body interaction term was not included in the input file.   

3.4.4 Ionic Polarization (Shell Model) 

As the presence of charged defects in the material will polarize the ions in the 

surrounding lattice, the ionic polarizability of the ions must be accounted for in the 

potential model.  The shell model developed by Dick and Overhauser28 accounts for 
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such effects by treating each ion in terms of a core and a shell which are connected by 

a harmonic spring.  The core represents the nucleus and the core electrons.  The mass-

less shell represents the polarizable valence shell electrons.  A schematic 

representation of the shell model of an ion and the relevant parameters is shown in 

Figure 3-7.  The spring constant is denoted by K and the core and shell charges by Yc 

and Ys (which must add up to the total charge on the ion being modeled).   

 

Figure 3-7.  Diagrammatic representation of shell model parameters.   

The shell model parameters are treated as variables and are evaluated by ‘fitting’ 

to known physical properties of the material such as dielectric constant, elastic modulus 

or the crystal structure of the material.  The polarization of the ion resulting in a dipole 

moment is caused due to the displacement of the shell with respect to the core.  The 

shell model parameters used for LaPO4 and LaP5O14 were obtained from previously 

published literature and are listed in Table 3-2.   
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3.4.5 Defect Simulation (Mott – Littleton Approach) 

The existence of a charged defect in a lattice causes a significant alteration in the 

positions of the surrounding lattice ions.  Thus there is significant rearrangement of the 

nearby lattice in response to the presence of a defect site which is commonly referred to 

as relaxation.  In the case of ionic solids the effect is much more pronounced because 

the perturbation provided by the defect is mainly Coulombic in origin which is a long – 

range force.  Thus to accurately calculate the energies associated with the formation of 

a defect an intensive treatment of lattice relaxation is necessary while restricting the 

required computation time to a reasonable value.   

Table 3-2.  Shell model parameters for LaPO4 and LaP5O14. 

shell model 

Species Y (e) K (eV. Å-2) Reference  
La3+ -0.25 145.0 27  
P5+ 5.00 99999.0 29  
O2- -2.96 65.0 29  

 

For this purpose the region around the defect is divided into two concentric 

spherical regions.  This approach for calculating the defect energy is commonly referred 

to as the Mott – Littleton approach.30  The inner region which consists of about 250 

atoms is atomistically simulated using the specified interatomic potentials.  Within this 

region all the coordinates (shell and core coordinates for each ion) are adjusted until the 

configuration with the minimum energy is obtained.  In this inner region the neighboring 

lattice experiences strong forces due to the close vicinity of the defect and hence 

atomistic simulation is necessary to model the relaxation phenomenon accurately.  By 

increasing the size of the inner region and observing the effect on the calculated energy 
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of the defect it can be ascertained if the values are sensitive to an expansion of the 

region.   

The forces experienced by the ions in the outer region are much weaker and 

hence the ions in the outer region are treated by more approximate quasi-continuum 

methods.  According to the Mott – Littleton approximation the response of the outer 

region can be regarded as a dielectric response to the charged defect introduced in the 

lattice.30   

Table 3-3  Parameters for the O-H interaction 

Morse potential Dc (eV) α (Å-1) ro (Å) 

O ... H 7.05 2.1986 0.9485 
Buckingham potential A (eV) Ρ (Å) C (eV Å-6) 
O … H 311.97 0.2500 0.0000 

 

3.4.6 Proton – Oxygen (O – H) Interaction 

For the protonic defect, the O-H interaction was modeled using an attractive Morse 

potential.  The Morse potential can be mathematically expressed according to the 

following equation: 

2

o ))]r-r(β(- exp-1[D=)r(V         (3-6) 

Where D is the depth of the potential well, ro is the equilibrium distance between 

the oxygen ion and the associated proton and β is an empirically obtained parameter.  

The values used for the above parameters were obtained from previously published 

literature and are summarized in Table 3-3.27  The values listed in Table 3-3 were 

derived from quantum mechanical cluster calculations by Saul and Catlow on sodium 

hydroxide (NaOH).31,32  The surrounding lattice was represented using point charges 

corresponding to the ions in the lattice.  The dipole of the hydroxyl species was 

distributed across both ions with O assigned -1.4263 and H +0.4263 to give and overall 
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charge of -1 for the protonic defect.  Such a charge distribution across the hydrogen-

oxygen correctly mimics the dipole moment of the hydroxyl group and is in good 

agreement with the charge distribution calculated from quantum mechanical studies on 

perovskite type proton conducting material.33  To describe the interaction between the 

hydroxyl group and the lattice ions an additional Buckingham potential was included 

which was incorporated from previous studies of water incorporation in silicates.27   

3.4.7 Energy Minimization 

Energy minimization is used during calculation of defect energies as well as to 

reproduce the crystal structure of the material using the relevant interatomic potential 

parameters.  The simplest energy minimization procedure consists of scanning the 

entire parameter space to find the minimum energy configuration.  However, such a 

process is computationally expensive and almost impossible in most cases due to the 

large number of parameters involved.   

Gradient techniques are much more efficient for energy minimization as compared 

to a simple scanning of the parameter space.  The Newton – Raphson procedure is 

commonly used to locate the energy minimum in the structure.  According to this 

procedure if the initial value of a parameter is known then the next guess can be made 

according to the following equation26: 
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n1+n          (3-7) 

Where xn is the initial guess, xn+1 is the new guess, f’(xn) is the first derivative of 

the function f(x) to be optimized and f”(x) is the second derivative of the same.  The 

basic principle of this procedure is to find the root to the equation f’(xn) which 
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corresponds to a minima in the function f(x).  The use of this procedure can greatly 

reduce the number of iterations required for the optimization process.   
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CHAPTER 4 
CHARACTERIZATION OF LANTHANUM ULTRAPHOSPHATE (LaP5O14) 

4.1 Ultraphosphates 

Ultraphosphate anions have the general formula [P(n+2)O(3n+5)]
n- where commonly n 

= 2, 3, 4, or 6.  However, a compound calcium yttrium ultraphosphate (CaYP7O20) with n 

= 5 has also been reported.34  A list of the several of the synthesized ultraphosphate 

materials is summarized in Table 4-1.  In general, the type of ultraphosphate that is 

formed depends on valence of the participating cation.  For example, the rare - earths 

with a valence of +3 generally tend to form ultraphosphates with the general formula 

RP5O14 where n = 3.  However, exceptions are seen in the case of calcium 

ultraphosphates which have been synthesized with at least three different 

stoichiometries CaP4O11 (n = 2), Ca3(P5O14)2 (n = 3) and Ca2P6O17 (n = 4) which 

depend upon the synthesis conditions.35-37   

All the types of ultraphosphates share some similarities in the general 

arrangement of PO4 tetrahedra in the condensed phosphate anion.  The arrangement 

consists of rings of corner sharing PO4 tetrahedra which yield a ribbon - like morphology 

of the phosphate anion in most cases.  However the key difference lies in the number of 

PO4 tetrahedra participating in the formation of the condensed rings which is ten (for 

n=2) and eight (for n=3).25,38  In the rare earth ultraphosphates (RP5O14 where R = rare-

earth elements) four different structural types have been observed.18  The differences 

(between the I and II type) mainly lie in the slightly different orientations of some 

tetrahedra that either lend inversion symmetry or mirror symmetry to the anion.  In the 

materials of type III, the anion structure is considerably different from the first two types.  
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Some materials such as HoP5O14 exhibit all the three structures depending on the 

synthesis conditions while only one material belonging to type IV is known (CeP5O14).
18   

There have been studies on several ultraphosphate materials with a mixed cation 

stoichiometry such as Na3MP8O23 (M = Cr, V, Mn, Al, Fe or Ga), NdLa(P5O14) and 

YbEr(P5O14), CaYP7O20, and NiHP5O14 most of which are only structural 

investigations.34,39,40   

Table 4-1.  Classification of ultraphosphate compounds with examples.   

Type Compounds References 

N = 2 ZnP4O11, CaP4O11, NiP4O11, CuP4O11, Na2P4O11, 
MgP4O11, SrP4O11, CdP4O11, MnP4O11, CoP4O11, 
SrP4O11 

41-47 

N = 3 LaP5O14, EuP5O14, DyP5O14, MnP5O14, GaP5O14, 
NdP5O14, GdP5O14, BiP5O14, CeP5O14, HoP5O14, 
SmP5O14, YP5O14, YbP5O14, LuP5O14, 
YbEr(P5O14)2, NdLa(P5O14)2, Ca3(P5O14)2, 
NiHP5O14 

25,36,48-57 

N = 4 Sr2P6O17, Cd2P6O17, Ca2P6O17 
37,46 

N = 5 CaYP7O20 
34 

N = 6 Na3MP8O23 (M = Cr, V, Mn, Al and Ga), 
Na3FeP8O23 

39,40 

 

The synthesis of ultraphosphates has almost exclusively been performed by 

precipitation from concentrated phosphoric acid solutions containing the dissolved 

oxides of the respective cations in the temperature range of 400oC – 800oC.  This is 

because fused orthophosphoric acid (H3PO4) tends to form condensed polyphosphoric 

acids of higher complexity at elevated temperatures by thermal dehydration.  Details 

about the process of thermal dehydration can be found in section 2.4.2.   

There has been extensive research on single crystals of neodymium 

ultraphosphates as a potential candidate material for application in lasers.56,58  Also 
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alkaline ultraphosphates, mainly those of sodium and calcium have been investigated 

as food preservatives.44,59-61  From the viewpoint of prospective applications as proton 

exchange membranes several different orthophosphates have been investigated, 

including RPO4 (R = La, Sm, Nd, Ce), Ba3Ce(PO4)3, and some pyrophosphate materials 

such as SnP2O7, and TiP2O7.
62-65   However, the number of studies on higher 

condensed phosphate materials such as metaphosphates and ultraphosphates is very 

limited.66   

 

Figure 4-1.  View of LaP5O14 along the [001] direction. La3+ ions shown in orange, PO4 
tetrahedra shown in green and oxygen ions are shown in red. 

4.1 Crystallochemical Analysis 

The crystal structure of LaP5O14 along the [001] direction is shown in Figure 4-1 

(using structural data by Schonherr et al.67).  LaP5O14 is isomorphic with other 

ultraphosphates such as EuP5O14, and GdP5O14 and belongs to a monoclinic crystal 

system (space group: P21/c (No. 14), a = 8.8206 Å, b = 9.1196 Å, c = 13.1714 Å, and β 

= 90.661o).67  The basic structural units comprising the phosphate anion are PO4 

tetrahedra (shown in green) which are common to all condensed phosphates as shown 
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in Figure 4-1.  The La3+ ions (shown in orange) are located in an eight-coordinated 

oxygen ion environment.   

 

Figure 4-2.  Eight coordinated La3+ ion (shown in orange).  The eight oxygen ions 
belong to PO4 tetrahedra from adjacent phosphate anion ribbons.   

The phosphate anion structure can be visualized as consisting of theoretically 

infinitely long ribbons of condensed PO4 tetrahedra (formed by corner sharing an 

oxygen ion between neighboring tetrahedra) which extend along the [100] direction in 

the crystal structure.  Such a ribbon-like structure for the phosphate anion is commonly 

observed in ultraphosphates.25  The length of the ribbon is theoretically considered to be 

infinite, but practically its length is obviously limited by material defects and 

discontinuities in the crystal.  The individual anionic ribbons are held together by the 

La3+ ions as shown in Figure 4-2.  Each La3+ ion is bound to eight oxygen ions 

belonging to four pairs of PO4 tetrahedra from four surrounding ribbons. 

The structural arrangement of PO4 tetrahedra in an individual ribbon segment is 

shown in Figure 4-3 along two orthogonal directions, namely [010] and [001].  Individual 

ribbons are made up of rings composed of 8 corner - sharing PO4 tetrahedra.  It can be 
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seen by comparing the two figures that the spatial arrangement of the condensed 

tetrahedra leads to a three dimensionally networked phosphate anion structure.   

 

Figure 4-3.  Segment of phosphate anion ribbon composed of PO4 tetrahedra as viewed 
along two directions (a) [010] and (b) [001] direction.   

In the following part of this section a crystallochemical analysis of LaP5O14 is been 

presented.  It is known that proton transport in solid state proton conducting materials 

takes place via the Grötthuss mechanism, and hence the (O-O) distance (or proton 

jump distance) is a key parameter which governs the magnitude of the activation energy 

for the proton transfer process.  A detailed description of the above can be found in 

section 6.2.  The oxygen ions in the structure of LaP5O14 can be broadly classified in 

two categories, namely bridging oxygen and terminal oxygen ions.  The former are 
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oxygen ions that are bound to two P5+ ions and thus are at the vertex of two corner 

sharing tetrahedra.  The terminal oxygen ions, on the contrary are bound to one P5+ ion 

and La3+ ion.  The difference is illustrated in Figure 4-4 (a) which shows a small 

segment of the condensed phosphate anion.   

 
(a) 

 
(b) 

 
(c) 

 

Figure 4-4.  (a) Location of bridging and terminal oxygen in LaP5O14.  Pair distribution 
function for LaP5O4 centered at (b) bridging (c) terminal oxygen ion.   



 

71 

The differences in the oxygen coordination environment of the two types of oxygen 

ions are shown using pair distribution functions in Figure 4-4 (b) and (c).  Around the 

bridging oxygen ion there are six neighboring oxygen ions available for the proton jump 

with distances in the range 2.39 – 2.58 Å.  This can be correlated easily with the 

illustration in Figure 4-4 (a) where it can be seen that the six corresponding nearest 

oxygen ions would be O5, O7, O25 and O4, O14, and O34 belonging to the two corner 

sharing tetrahedra at whose vertex O45 is located.  At larger distances in the range 3.0 

– 3.2 Å three other oxygen ions can be seen which belong to either second nearest 

neighbor tetrahedra or to tetrahedra from the adjacent phosphate ribbon.  As the 

activation energy for the proton transfer process is directly related to the (O-O) distance, 

the jump coordination for the bridging oxygen ion is denoted as six in Figure 4-4 (b).   

Table 4-2.  Comparison of mean inter and intra-tetrahedral oxygen – oxygen ion 
distances in LaPO4 and LaP5O14. 

LaP5O14 Mean oxygen – oxygen ion distance (Å) 
 Intra-tetrahedra Inter-tetrahedra 

P1O4 2.5150 ± 0.05 3.0706 ± 0.14 
P2O4 2.5055 ± 0.07 3.1382 ± 0.12 
P3O4 2.5217 ± 0.05 3.0683 ± 0.12 
P4O4 2.5032 ± 0.07 3.1176 ± 0.10 
P5O4 2.5155 ± 0.04 3.0807 ± 0.11 

 

Similarly, the pair distribution function for the terminal oxygen ion shown in Figure 

4-4 (c) can be correlated to the illustration in Figure 4-4 (a).  Around the terminal oxygen 

ion O4 there are three nearest oxygen ions (O4, O14 and O45) with distances in the 

range 2.57 – 2.60 Å.  At larger distances in the range 2.85 – 3.0 Å there are two 

additional oxygen ions which either belong to the second nearest neighbor tetrahedra or 

to tetrahedra from the adjacent phosphate ribbon.  Thus, the jump coordination number 

is denoted as 3 for the proton transfer process. 
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Figure 4-5.  Theoretical powder pattern for LaP5O14 compared with experimental 
powder patterns for the LaP5O14 samples.   

Although the above analysis is only presented for the P4O4 tetrahedron it applies 

to all the five crystallographically different tetrahedra in the structure.  The resulting 

mean (O-O) distances for all the tetrahedra are summarized in Table 4-2.  Thus, it can 

be seen that within the same tetrahedron the O-O distances are always < 2.6 Å.  Since, 

the tetrahedra are linked together (by corner sharing an oxygen ion) the jump distances 

encountered by a diffusing proton will always be less than this value, provided the 

proton diffuses along the three dimensional network of condensed PO4 tetrahedra.  In 

light of the above analysis it can be inferred that proton conduction along the networked 
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anion structure is more energetically favorable as compared to other possibilities 

available for conduction (detailed discussion in section 6.2).   

 

Figure 4-6.  Theoretical powder pattern for LaP5O14 compared with experimental 
powder patterns for the LaP5O14 samples (15o – 35o).   

4.2 Phase Analysis 

4.2.1 X-Ray Diffraction (XRD) 

The experimental powder diffraction pattern (powder prepared from crushed 

crystals) for all the prepared compositions of LaP5O14 is compared with the theoretical 

pattern for the same in Figure 4-5.  The same plot can be seen in greater detail in 

Figure 4-6.  The theoretical pattern was generated (using Crystal Diffract software) from 

the structural data reported previously by Schonherr et al.25 for LaP5O14.  All the peaks 
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observed correspond to the lanthanum ultraphosphate phase.  The obtained XRD 

patterns of both the doped materials were compared with other compounds containing 

Sr, La, P and O namely, SrP4O11, Sr2P6O17 and Sr3La(PO4)3 to see if the addition of the 

dopant had lead to the formation of any additional phases.  However, no secondary 

phase formation could be detected from the obtained XRD pattern.  The geometrical 

density of the undoped crystals measured was 3.23 g.cm-3 (99.4% of the relative 

density), while the Archimedes density was 3.20 g.cm-3 (98.5% of the relative density).  

These values are close to the theoretical density which is 3.25 g.cm-3.  The density 

measured by the Archimedes method was slightly lower than the geometrically 

measured density most likely due to the presence of minute air bubbles on the crystal 

surface.   

 

(a) 
 

(b) 

Figure 4-7.  (a) SEM image and (b) EDS spectrum of a typical crystal of undoped 
LaP5O14.   

4.2.2 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) image of a typical sample of undoped 

LaP5O14 crystal is shown in Figure 4-6 (a).  Undoped LaP5O14 crystals were in the form 
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of rhombus shaped flat sheets.  The main facet of the crystals (which can be seen in the 

two SEM images) was placed parallel to the surface of the sample holder for single 

crystal XRD data collection.   

Table 4-3.  Results from quantitative EDS analysis on the undoped and 1 mol% Sr 
doped LaP5O14 samples.   

Undoped LaP5O14 1 mol% Sr doped LaP5O14  

La 13.15 ± 0.29  La 13.27 ± 0.45   
P 66.65 ± 0.69 P 67.01 ± 0.70   
Au 20.21 ± 0.40 Au 19.72 ± 1.15   
P:La 5.07 ± 0.12 P:La 5.05 ± 0.12   

 

4.2.3 Energy Dispersive Spectroscopy (EDS) 

In the electron dispersive spectra (EDS) obtained from the undoped and doped 

LaP5O14 samples peaks corresponding to La, P, O, and Au (since samples were sputter 

coated with Au previous to EDS) were detected as shown in Figure 4-6 (b).  The P/La 

ratio for both the doped and the undoped samples was ~ 5 as expected for LaP5O14 as 

shown in Table 4-3.  The signal from strontium atoms could not be distinctly observed 

since their expected concentration is 0.05 atomic % which is below the detection limit of 

the instrument (~1 atomic %).   

Previous to sputter coating the crystal samples for EDS, the crystals were dried in 

air at 600oC for 2 hours.  This was done to ensure that the crystals were free of any 

surface phosphoric acid which may interfere with the quantitative EDS analysis.  The 

initial samples that were not subjected to this heat treatment showed very high 

phosphorus content.   

4.2.4 Single Crystal X-Ray Diffraction 

The XRD pattern obtained for LaP5O14 single crystals is shown in Figure 4-8 (a).  

For XRD data collection the crystal was placed on the holder with its surface with 
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maximum area facing the surface of the holder.  The relative orientation of the crystal 

with respect to source and detector is shown in Figure 4-8 (b).  In this orientation peaks 

corresponding to the (100) plane (from several orders of reflection) could be seen in the 

XRD pattern obtained from crystals of undoped LaP5O14.   

 
(a) 

 

 
 
 
 

(b) 
 

Figure 4-8.  (a) Single crystal XRD pattern for LaP5O14 samples.  (b) Relative orientation 
of the crystal during XRD data collection. 

Similarly peaks from the (100) plane were also observed for 1 mol% and 5 mol% 

Sr doped LaP5O14 (Figure 4-8 (a)).  It is clear from the above information that the main 

facet of the crystal is the (100) plane for the doped and the undoped crystals.  The 

relative orientation of the phosphate anion ribbons with respect to the (100) plane in the 

crystal can be seen in the schematic representation in Figure 4-8 (b).  To investigate the 

effect of structural anisotropy in the material on the electrical properties conductivity 

measurements were made along the [100] direction as well as along a transverse 

direction.  All the peaks seen in the single crystal XRD pattern of the doped and the 
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undoped samples were accompanied by an adjacent satellite peak with about half the 

relative intensity.  These peaks were due to the presence of Kα2 (λ = 1.544390 Å) in the 

incident x-ray beam.   

  

 

Figure 4-9.  Nyquist plots for 5 mol% Sr doped LaP5O14 samples measured at two 
different temperatures. 

4.3 Conductivity Measurement  

4.3.1 Effect of Dopant Content 

Single crystals with three different compositions, undoped LaP5O14, 1 and 5 mol% 

Sr-doped LaP5O14, were grown for conductivity measurements.  Three crystals of each 

composition were measured and the average conductivity values at each temperature 

were calculated.  Typical Nyquist plots for 5 mol% Sr doped LaP5O14 samples at two 

different temperatures are shown in Figure 4-9.  All the plots obtained for all samples of 

LaP5O14 exhibited two impedance arcs corresponding to the bulk impedance (at higher 



 

78 

frequency) and the electrode impedance (lower frequency).  In general ceramic 

materials exhibit a three arc response, where each arc corresponds to bulk, grain 

boundary and electrode impedance in decreasing order of frequency.23  However, due 

to absence of grain boundaries in the single crystals of LaP5O14 we observe a two arc 

response in the Nyquist plot.  An equivalent circuit consisting of a two R (resistance) – 

CPE (constant phase element) circuit elements in series was used to fit the obtained 

impedance spectra.  The conductivity of the sample was calculated by normalizing the 

obtained resistance with the known dimensions of the crystal sample.   

Table 4-4.  Peak frequencies and capacitances associated with bulk and electrode 
impedance for all compositions of LaP5O14 

Dopant content Cbulk (pF) 

Undoped 13.31 ± 0.43 
1 mol% 2.79 ± 0.23 
5 mol% 8.70 ± 0.29 

 

The capacitance associated with any impedance arc can be calculated by knowing 

the peak frequency for the arc which is shown in Figure 4-9.  The capacitance 

associated with the bulk impedance for 5 mol% Sr doped LaP5O14 was found to be 

independent of the temperature and the calculated value was 8.70 ± 0.29 pF (see Table 

4-4).  The value is similar to the capacitance for bulk impedance for other ionic 

conductors thus confirming that the arc observed in the Nyquist plot was correctly 

ascribed to the bulk impedance.23  On the contrary, the capacitance calculated for the 

electrode impedance was much lower as expected.   

The measured conductivity of the LaP5O14 samples increased as the dopant 

content was increased upto 5 mol% as seen in Figure 4-10.  For the undoped and 1 

mol% Sr doped LaP5O14 samples the highest value of conductivity which was obtained 
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at 600oC, was 3.04 x 10-6 S/cm and 1.86 x 10-5 S/cm respectively.  For the 5 mol% Sr 

doped LaP5O14 samples the highest conductivity measured was 1.01 x 10-4 S/cm at 

600oC.  The activation energies obtained for the undoped, 1 mol% Sr and 5 mol% Sr 

doped samples were 0.85 ± 0.01 eV, 0.76 ± 0.02 eV and 0.80 ± 0.01 eV respectively 

which are summarized in Table 4-5.  Within 1 mol% doped LaP5O14 samples the 

conductivity measurements were made in two different crystal orientations, that is along 

the ribbon direction and along the transverse direction (along the z-axis in Figure 4-3 

(a)).  Along the transverse direction the obtained conductivity was 6.64 x 10-6 S/cm (at 

600oC).  This value is slightly lower than measured conductivity along the phosphate 

anion ribbon direction in 1 mol% Sr doped crystals.  The activation energy calculated for 

protonic conduction along the transverse direction was only slightly higher than along 

the phosphate anion ribbon direction (0.76 eV and 0.89 eV).   

Table 4-5.  Measured conductivity at 600oC and calculated activation energy for three 
different compositions of LaP5O14.   

Material Activation energy (eV) Conductivity (S/cm) 

Undoped 0.85 ± 0.01 3.04 x 10-6 
1 mol% Sr 0.76 ± 0.02 / 0.89 ± 0.02 (t) 1.86 x 10-5 / 6.64 x 10-6 (t) 
5 mol% Sr 0.80 ± 0.01 1.01 x 10-4 

‘t’ indicates conductivity measurement along the transverse direction. 
 

With regards to the mechanism of proton conduction in undoped ultraphosphates 

there is an alternate model that has been proposed by Hammas et al.  According to the 

model protonic conduction shown by condensed phosphate materials occurs along 

chemically adsorbed water molecules which lie all along the condensed phosphate 

anion in the material structure rather than along the phosphate anion itself.68  The 

proton transfer process is described as occurring by cleavage and formation of 

hydrogen bonds between a hydronium ion and an adjacent water molecule.  This could 
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probably explain the measured conductivity in the undoped material reported at low 

temperatures, but it does not explain how protonic conduction can be observed in 

phosphates at much higher temperatures (~700oC) where chemically adsorbed water 

does not exist in the material.  Also, since the material measured by Hammas et al. is 

undoped (and it does not contain any structural protons) it is unclear how a proton 

would be incorporated in the material leading to the formation of a hydronium ion from a 

water molecule.   

 

Figure 4-10.  Variation of conductivity with dopant concentration as measured under 
unhumidified atmosphere.   

It can be envisioned that the defect chemistry in LaP5O14 is likely to be similar to 

LaPO4.
69  Analogous to LaPO4 oxygen deficiencies created from acceptor doping can 

be expected to lead to additional local condensation in the ultraphosphate structure.  
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The locally condensed phosphate group can then by hydrolyzed in the presence of 

ambient water vapor to form protonic defects in the material.   

4.3.2 Effect of Atmospheric Humidity 

It is known that proton incorporation in those ceramic materials (which are 

intrinsically devoid of protons) can be accomplished by acceptor doping as represented 

by the following equation62: 

•

O

x

O2

••

O OH2O+OH+V ↔         (4-1) 

Acceptor doping leads to the formation of charge compensating oxygen ion 

vacancies which may be filled up by protonated oxygen ion species ( 

OOH ) formed by 

the dissociative absorption of ambient water vapor.  These protons (which are 

associated to an oxygen ion) are free to hop around (Grötthuss mechanism) between 

oxygen ions maintaining a dynamic equilibrium within the material.  Under suitable 

electrochemical gradient these protons can diffuse along the gradient leading to charge 

transport within the material.8   

Alternatively, holes can also be generated at the expense of oxygen ion vacancies 

in an atmosphere containing oxygen according to the following equation70: 

•X

O2

••

O h2+O→O
2

1
+V          (4-2) 

In general, holes are more dominant at higher temperatures (generally above 

800oC) while protonic defects are the majority carriers at lower temperatures.  The 

overall charge neutrality equation can be written as follows: 

]Sr[=]OH[+p+]V[2 I

La

•

O

••

O         (4-3) 
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Where p represents hole concentration and square brackets indicate the concentration 

of the respective charged species.   

 

Figure 4-11.  Conductivity measurement under wet/dry argon atmosphere on 5 mol% Sr 
doped LaP5O14.   

Samples of 5 mol% Sr doped LaP5O14 showed a higher conductivity when the 

measurements were carried out in a humidified argon atmosphere as can be seen in 

Figure 4-11.  An increase in conductivity of a material with increase in humidity is an 

indication that the charge transport is significantly protonic.  An increase in 

concentration of protonic defects is expected with an increase in humidity in accordance 
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with equation (4-1), leading to a higher conductivity and has been observed previously 

in other phosphates.62,69,71   

4.4 Atomistic Simulation 

4.4.1 Structural Modeling 

The experimentally observed crystal structure of LaP5O14 was reproduced prior to 

carrying out the defect calculations.  The experimental and calculated lattice parameters 

are compared in Table 4-6.  The differences in the observed and calculated lattice 

parameters are small indicating the potentials used to reproduce these structures 

modeled the structures accurately.   

Table 4-6.  Experimental and calculated lattice parameters for LaP5O14. 

Parameter Exp (Å) Calc (Å) Δ (Å) 

a 8.8206 8.8809 0.06 
b 9.1196 9.0823 -0.03 
c 13.1714 12.9774 -0.19 
β 90.66o 90.20o -0.46o 

 

As mentioned previously the structural units comprising the phosphate anion in 

LaP5O14 are PO4 tetrahedra.  Within these tetrahedra the P - O (phosphorus – oxygen) 

bonds can be classified into either ‘bridging’ or ‘terminal’ P - O bonds.  If the oxygen ion 

is located at the vertex of two corner sharing PO4 tetrahedra (so that it is bonded to two 

P5+ ions) then the P – O bond is termed as ‘bridging’ P – O bond.  If the oxygen ion is 

bonded to one La3+ and one P5+ then it is termed as a ‘terminal’ oxygen bond.   

In all the five different tetrahedra in LaP5O14, the terminal P-O bonds are 

considerably shorter than the bridging P-O bonds as can be seen in Table 4-7.  Such 

difference in bond lengths is commonly observed in condensed phosphates.  For 

example in P2O5 each P atom is bonded to three bridging oxygen (-P-O-P- bonds) while 

the fourth, which is a terminal bond, has considerable double bond character (P=O) and 
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hence is much shorter (~1.60 Å and ~1.45 Å respectively).  This difference in bond 

lengths is correctly reproduced in the calculated structure for LaP5O14 and the results 

are summarized in Table 4-7.  The mean bond length of terminal P - O bonds is 1.519 ± 

0.01 Å while that of the bridging P – O bonds is 1.615 ± 0.04 Å.   

Table 4-7.  Experimental and calculated average bond lengths for LaP5O14. 

Parameter Average bond length (Å) 
Diff (abs) 

 EXP SIM 

P – Ot 1.474 ± 0.01 1.519 ± 0.01 0.02 
P – Ob 1.593 ± 0.03 1.615 ± 0.04 0.02 
P1O4 1.547 ± 0.08 1.582 ± 0.07 0.04 
P2O4 1.540 ± 0.05 1.564 ± 0.03 0.02 
P3O4 1.553 ± 0.08 1.591 ± 0.08 0.04 
P4O4 1.540 ± 0.05 1.564 ± 0.04 0.02 
P5O4 1.548 ± 0.09 1.584 ± 0.08 0.04 

La – O 2.423 ± 0.05 2.503 ± 0.04 0.08 

 

In addition to comparing the lattice parameters of the experimental and calculated 

structure, it is also important to compare the bond lengths and bond angles in the 

materials to gauge the accuracy of the potential parameters used in describing the 

structure.  The average calculated bond length for P – O bonds (in the 5 

crystallographically distinct PO4 tetrahedra) and La – O bonds in the LaO8 polyhedron is 

compared with the average experimental value in Table 4-7. 

The difference between the values is very small for all the bond lengths compared.  

It is interesting to note that the length of the P - O bond is very similar across a variety 

of different ultraphosphates like EuP5O14 (1.5427 ± 0.06 Å), GdP5O14 (1.5450 ± 0.06 Å) 

and also metaphosphates such as Pr(PO3)3 (1.5418 ± 0.06 Å) and CsMn(PO3)4 (1.5417 

± 0.06 Å).25,72,73   

The average calculated intra-tetrahedron O – P – O bond angles are compared 

with the experimental values in Table 4-8.  The difference between the values are small 
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(< 0.4o) indicating that the bond angles were modeled accurately.  The average values 

of the bond angles in each PO4 tetrahedron are close to the expected value for an ideal 

tetrahedron 109o28’, but the standard deviation is quite large for both the experimental 

and simulated values.  This is because the PO4 tetrahedra in the ultraphosphate are 

quite distorted.   

Table 4-8.  Experimental and calculated bond angles for LaP5O14.   

Parameter Average bond angle (o) Diff (Abs) 
 EXP SIM  

O – P – O    
P1O4 109.12 ± 7.39 108.94 ± 10.14 - 0.17 
P2O4 109.20 ± 7.01 108.91 ± 09.36 - 0.29 
P3O4 109.05 ± 7.59 108.73 ± 10.41 - 0.32 
P4O4 109.12 ± 7.56 108.84 ± 10.15 - 0.27 
P5O4 109.13 ± 7.22 108.95 ± 09.70 - 0.17 
P – O - P 133.63 ± 1.79 134.62 ± 03.64 0.98 

 

The average calculated values of the P-O-P bonds are also compared with the 

experimental values in as shown in Table 4-8.  The average value calculated was 

134.62 ± 3.64o which is close to the experimental value.   

4.4.2 Intrinsic Atomic Defect Formation 

The energies of isolated point defects such as vacancies and interstitials were 

calculated for all the anions and cations in the structure of LaP5O14.  To evaluate the 

energy of a vacancy, an ion was removed from its original lattice position and then 

placed at an infinite distance.  The structure around the vacancy was then allowed to 

relax and the energy of the relaxed structure was then compared with the original 

structure to calculate the vacancy energy.  Similarly the energy of the interstitials was 

also calculated.  The energies of the isolated defects were then combined to evaluate 

the energies of formation of Frenkel and Schottky defects that are summarized in Table 
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4-9.  To evaluate the partial Schottky defect energies (La-Schottky type and P-Schottky 

type) the lattice energies for La2O3 and P2O5 were obtained by modeling their respective 

crystal structure using the same interatomic potential that was employed to model the 

lanthanum phosphates.   

Table 4-9.  Calculated energies for intrinsic material defects (Frenkel and Schottky) in 
LaP5O14.   

Type Defect equilibrium E (eV) 

Full Schottky  
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lllll
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P P+VP →  19.76 
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La V+LaLa →  14.69 
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O

X

O O+VO →  7.31 

La Schottky-type 
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X
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X

La OLa+V3+V2O3+La2 →  40.95 

P Schottky-type 
52

••

O

lllll

P

X

O

X

P OP+V5+V2O5+P2 →  34.23 

 

As seen from the Table 4-9 the energies of formation of Frenkel defects of P, La 

and O are 19.76 eV, 14.69 eV and 7.31 eV respectively.  All the above values are very 

high indicating that formation of such defects is highly unlikely in the temperature range 

of operation of the material.  In some materials such as Ba2In2O5 a low oxygen Frenkel 

formation energy (0.91 eV) is regarded as the explanation for the high oxygen ion 

conductivity observed at low temperatures.74-76  Due to the ease of formation of oxygen 

vacancies a significant concentration is expected to be present even at low 

temperatures which can contribute to oxygen ion transport.  However, in the case of 

LaP5O14 the O Frenkel formation energy is much higher and thus the concentration of 

intrinsic oxygen ion vacancies can be expected to be almost negligible.  The high defect 

energies for the formation of the P Frenkel and O Frenkel can also be taken as an 

indication of the structural integrity of the PO4 tetrahedra in the material.   



 

87 

The formation energy for partial Shottky defects of two types namely, La Schottky 

– type and P Schottky – type were calculated to be 40.95 eV and 34.23 eV respectively.  

These values are also very large indicating that such defects are very unlikely to be 

formed in significant concentration in the temperature range of stability of the material.  

Overall high formation energies were obtained for all the types of intrinsic defects 

considered in these calculations which suggests that the degree of intrinsic disorder in 

LaP5O14 is almost negligible in the temperature range of thermal stability of the material.  

Thus the extrinsic defects formed upon acceptor doping are likely to mainly control the 

defect chemistry in doped LaP5O14 samples.   

 

Figure 4-12.  Calculated dopant incorporation energy for D2+ = Mg, Ca, Sr and Ba on 
the La-site. 

4.4.3 Dopant Incorporation 

In solid state proton conducting materials it is known that oxygen ion vacancies 

can lead to the production of protonic defects by the dissociative absorption of ambient 
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water vapor (Equation 4-1).  The protons thus incorporated are mobile and can lead to 

charge transport via the Grötthuss mechanism.  However, to achieve a significant 

concentration of oxygen ion vacancies, extrinsic acceptor dopant substitution at the 

cation site is required which leads to the formation of oxygen ion vacancies as 

represented by the following equation in Kröger-Vink notation.   

32

••

O

X

O

l

La

DO2X

La

X

O OLa+V+O2+D2→La2+O3     (4-4) 

In the above equation l

LaD  is the negatively charged defect formed due to dopant 

incorporation at the La-site, which leads to the formation of oxygen ion vacancies ( 

OV ).  

By calculating the energies of these isolated defects and using the equation above the 

energetics of divalent dopant (D =Mg2+, Ca2+, Sr2+, Ba2+) substitution on the La3+ site 

were calculated.  The interatomic potentials for the dopant cations are obtained from the 

respective metal oxides.  The obtained solution energies for LaP5O14 are shown in 

Figure 4-12 plotted as a function of the dopant ionic radius.  For comparison the ionic 

radius of La3+ is also shown.  Out of the four dopant ions selected Ca2+ and Sr2+ seem 

to be most favorable while Ba2+ and Mg2+ seem to be most unfavorable.  The trend 

obtained is in good agreement with that observed in acceptor doped LaGaO3 which is 

also an ionic conductor.77  In addition, calculations were performed to evaluate the 

possibility of dopant ion incorporation on the P-site instead of the La-site.  However, the 

obtained energies for such an arrangement were too high indicating that dopants are 

likely to be incorporated almost exclusively on the La-site.  Thus according to the trend 

shown below Ca2+ can be expected to be a suitable ion for extrinsic dopant substitution 

in LaP5O14.  However, to the best of our knowledge no experimental study has been 
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reported on the investigation of electrical properties in calcium doped LaP5O14 to 

compare the above calculated results. 

4.4.4 Proton Incorporation and O – H Configuration 

It is known that protons incorporated in ceramic materials by acceptor doping are 

closely associated to an oxygen ion.  Infrared spectroscopy and NMR spectroscopy 

have been used previously to probe the oxygen proton interaction in proton conducting 

materials.69,78-89  However, these techniques cannot provide detailed information on the 

location of such protons in the structure.  Neutron diffraction can be used to obtain 

information regarding location of the proton in the material and has been used to study 

some materials which intrinsically contain protons such as CsH2(PO4).
86,90  However, 

the concentration of protons in acceptor doped ceramic materials is very low making 

such studies difficult.   

Atomistic simulations can be used to probe the local environment around a proton 

to determine the most energetically favorable configuration for the proton within the 

structure.  In this study a proton was placed at a distance of ~1 Å from an oxygen ion in 

the structure and the entire structure was allowed to relax so that it could attain the 

minimum energy configuration.  Such calculations were performed for all the 14 

crystallographically different oxygen ions in the structure.  In the relaxed structure an 

equilibrium O – H distance of ~ 0.98 Å was obtained for all the calculations.   

However, common to all the calculations, it was noticed that in the relaxed 

structure the O - H bond was directed in such a way that the equilibrium position of the 

proton was located in either of the two hollow channels located along the a - axis or the 

c - axis.  The equilibrium positions for the protons bonded to oxygen ions O1 and O14 

are shown in Figure 4-13 (a) and (b) respectively.  Along both crystallographic directions 
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it can be seen that the proton is located within the hollow channels that exist in the 

crystal structure.  This is most likely due to the electrostatic repulsion exerted on the 

proton by the La3+ and P5+ ions in the structure.   

 
(a)                                                             (b) 

 

Figure 4-13.  View of LaP5O14 along (a) c-axis and (b) a-axis showing the location of 
hollow channels in the structure.  (Proton shown in blue). 

A protonic defect ( 

OOH ) is essentially a positively charged defect which is 

generated to maintain charge neutrality in the material upon acceptor doping on the 

cation site which leads to the formation of negatively charged defects ( l

LaD ).  If there is 

association between the two oppositely charged defects it can adversely affect the 

proton conductivity in the material and hence it is of interest to calculate the energetics 

of such an interaction.  The cluster binding energy for such an interaction can be 

calculated by considering the energy of the cluster (Ecluster) and comparing it with the 

sum of the energies of isolated individual defects as shown in the general equation 

below: 

( )∑ defect_isolatedclusterbind EE=E         (4-5) 



 

91 

A negative Ebind in such a case would indicate that such an association is 

energetically favorable.  In the case of the lanthanum ultraphosphate compound the 

relevant equation would be as follows: 

)]D(E+)OH(E[)D...OH(E=E l

La

•

O

l

La

•

Obind       (4-6) 

The calculated binding energies obtained by varying the dopant cations are listed 

in Table 4-10.  It can be seen that for all the dopants the values are negative which 

implies that such an association is favorable.  The lowest energy calculated was for the 

strontium dopant (-0.39 eV) while calcium dopant exhibited the highest binding energy (-

0.50 eV).   

Table 4-10.  Proton-dopant interaction in LaP5O14 

D3+ Ebinding (eV) D-H (Å) ΔD-H (Å) Δθ (o) 

Mg -0.44 2.50 -0.387 -15.700 
Ca -0.50 2.69 -0.199 -15.099 
Sr -0.39 2.82 -0.068 -14.283 
Ba -0.45 3.30 0.411 -14.014 

 

If the charge carrying species (protonic defect in this case) is ‘trapped’ at the 

dopant site, then it would have to overcome a higher energy barrier which would be due 

to a contribution from the binding energy term to the activation energy for conduction.  

For these calculations the dopant ion and protonic defect were kept at nearest 

neighboring positions for which the degree of interaction would be the highest.  

However, it can be envisioned that as the distance between the two are increased the 

interaction energy would gradually decrease.  Indeed it has been found that the 

activation energy for protonic conduction increases slightly with the increase of dopant 

concentration in the material.  The high value of binding energy for the calcium dopant 
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cation suggests that a greater change in the activation energy of the dopant with 

increase of dopant concentration in the material can be expected.   

4.5 Other Materials  

Based on the energetics of dopant incorporation in LaP5O14 which were calculated 

from atomistic simulations, the conductivity of Ca doped LaP5O14 was measured.  In 

addition the conductivity of NdP5O14 samples using Ca and Sr as dopants 

(independently) was also measured to investigate the effect of change of the host cation 

on the electrical properties of the ultraphosphate materials.   

 
(a) 

 
(b) 

 

Figure 4-14.  Conductivity of (a) 5 mol% Ca doped LaP5O14 (b) 5 mol% Ca doped and 5 
mol% Sr doped NdP5O14 (unhumidified air).   

The measured conductivity of 5 mol% Ca doped LaP5O14 samples is shown in 

Figure 4-14 (a) where conductivities of other compositions of LaP5O14 are also shown 

for reference.  The conductivity of 5 mol% Ca doped (4.50 x 10-5 S/cm, 600oC) samples 

was slightly lower than the conductivity of 5 mol% Sr doped LaP5O14.  This is in good 

agreement with the dopant incorporation energies calculated from atomistic simulations 

according to which the solution energy for Ca2+ was found to be slightly higher than 
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Sr2+.  A higher dopant incorporation energy implies that a lower concentration of 

substitutional defects ( '

LaD ) may have been formed in the bulk, leading to a lower 

concentration of protonic defects and hence the lower conductivity in the material.   

The measured conductivity of 5 mol% Ca doped NdP5O14 and 5 mol% Sr doped 

NdP5O14 is shown in Figure 4-14 (b).  The Sr doped NdP5O14 samples showed higher 

conductivity as compared to the Ca doped samples.  This trend is similar to that 

observed in doped LaP5O14 samples.  However, the conductivity of 5 mol% Sr doped 

NdP5O14 (5.55 x 10-5 S/cm, 600oC) was slightly lower than similarly doped LaP5O14 

samples.  A probable explanation for this could be smaller ionic radius of the Nd3+ 

cation (1.11 Å) in comparison to the La3+ cation (1.16 Å) which causes a larger lattice 

strain in the material upon incorporation of the dopant cation Sr2+ which has an ionic 

radius of 1.26 Å.   

4.6 Summary and Conclusion 

Synthesis of lanthanum ultraphosphate (LaP5O14) single crystals of three different 

compositions (undoped, 1 mol% and 5 mol% Sr2+ doped) was carried out by 

precipitation from concentrated phosphoric acid solutions.  Phase purity of the prepared 

crystals was established by comparing the experimental powder diffraction pattern with 

the theoretical pattern and also from quantitative EDS analysis.  Conductivity 

measurements were performed on crystal samples of all the above prepared 

compositions along the [100] direction in the temperature range 300oC – 600oC using 

electrochemical impedance spectroscopy.  Within the 1 mol% Sr-doped LaP5O14 

samples conductivity was also measured along the transverse direction.   
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The conductivity was found to increase with increase of dopant concentration upto 

5 mol% Sr doping.  The highest measured conductivity was for the 5 mol% Sr doped 

LaP5O14 samples which was 1.01 x 10-4 S/cm at 600oC.  The activation energies 

obtained for the undoped, 1 mol% Sr and 5 mol% Sr doped samples were 0.85 ± 0.01 

eV, 0.76 ± 0.02 eV and 0.80 ± 0.01 eV respectively.  The activation energy calculated 

for protonic conduction along the transverse direction was only slightly higher than 

along the phosphate anion ribbon direction (0.76 eV and 0.89 eV) indicating that the 

structural anisotropy did not have any significant impact on the electrical properties of 

the material.  Humid atmosphere measurements on the doped samples indicate that the 

charge transport is proton dominated in these materials.   

The experimentally obtained crystal structure of LaP5O14 was accurately 

reproduced using atomistic simulations and previously reported interatomic potential 

parameters.  Defect calculations on LaP5O14 indicate that intrinsic defects of all types 

are energetically unfavorable and hence the defect chemistry in the material is likely to 

be entirely controlled by extrinsic dopant substitution.  Dopant dissolution studies 

indicated that strontium and calcium were the most suitable dopants for conductivity 

enhancement in LaP5O14 while barium and magnesium were unfavorable.  Proton 

dopant interaction studies indicated that strontium doping in LaP5O14 was most suitable 

for conductivity enhancement because of lowest interaction energy.   
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CHAPTER 5 
CHARACTERIZATION OF LANTHANUM ORTHOPHOSPHATE (LaPO4) 

5.1 Orthophosphates 

Lanthanum orthophosphate (LaPO4) occurs at 50 mol% P2O5 in the La2O3 – P2O5 

binary phase diagram.  The structure of anion in LaPO4 is least complex among all the 

phosphate compounds that occur in the phosphate rich region of the phase diagram, 

the most structurally intricate being LaP5O14.  In the previous chapter the conductivity of 

three different compositions of LaP5O14 samples (undoped, 1 mol% and 5 mol% Sr 

doped) was measured.  Since the main objective of this study was to evaluate the effect 

of structural variation across the range of lanthanum phosphate compounds on the 

electrical properties of the same, the conductivity of LaPO4 samples with exactly the 

same dopant composition was also measured.   

This was done to eliminate the possibility of experimental variation among different 

research groups so that the observed differences in properties could be attributed to 

differences in material conduction behavior.  The current chapter discusses the results 

from characterization of lanthanum orthophosphate (LaPO4).  The measured properties 

of the two lanthanum phosphate compounds are contrasted and critically analyzed on 

the basis of crystallochemical concepts in the following chapter.   

5.2 Crystallochemical Analysis  

The crystal structure of LaPO4 as seen along the z-axis is shown in Figure 5-1.  

The structure is isomorphic with other rare-earth orthophosphates (RPO4 where R = Pr, 

Nd, Eu, Gd and Sm) and belongs to a monoclinic crystal system with space group: 

P21/n (No. 14), with lattice parameters a = 6.8313 Å, b = 7.0705 Å, c = 6.5034 Å, and β 

= 103.27o).91,92  The structure of LaPO4 consists of isolated PO4 tetrahedra (shown in 
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green) which are common to all condensed phosphates.  However, unlike LaP5O14 the 

tetrahedra are not corner-shared and thus do not form a phosphate anion network.  The 

La3+ ions (shown in orange) are located in a nine-coordinated oxygen ion environment.   

 

Figure 5-1.  Crystal structure of LaPO4 as seen along the [001] direction.  The PO4 
tetrahedra (green), La3+ ions (orange) and O2- (red) are depicted. 

Here, a crystallochemical analysis of LaPO4 is presented similar to the analysis for 

LaP5O14 described in the previous chapter.  It is known that proton transport in solid 

state proton conducting materials takes place via the Grötthuss mechanism, and hence 

the (O-O) distance (or proton jump distance) is a key parameter which governs the 

magnitude of the activation energy for the proton transfer process.  A detailed 

description of the above can be found in section 6-1.   

The pair distribution functions for LaPO4 centered on each of the four 

crystallographically different oxygen ions are shown in Figure 5-2.  It can be seen that 

around each of the four oxygen ions there are three other oxygen ions in the range 2.44 

– 2.58 Å.  These are the oxygen ions that belong to the same PO4 tetrahedron as the 

centered oxygen ion.  The O-O distances within the same tetrahedron are almost the 



 

97 

same as the tetrahedra in LaP5O14 (~ 2.38 – 2.58 Å).  At larger distances (> 2.85 Å) 

there are other ions which belong to the neighboring tetrahedra.   

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 5-2.  Pair distribution function for LaP5O4 centered at (a) O1, (b) O2, (c) O3, and 
(d) O4.   

As the activation energy for the proton transfer process is directly related to the 

(O-O) distance, the jump coordination for all the oxygen ions is denoted as three in 

Figure 5-2.  Details regarding the relation between the activation energy and (O-O) 

distance are presented in section 6.2.  In LaP5O14, the oxygen ions were classified as 

either bridging or terminal oxygen ions.  The former had a jump coordination of six 
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whereas the latter had a jump coordination of three.  It can be seen that all the oxygen 

ions in LaPO4 are terminal oxygen ions since the tetrahedra are all isolated from each 

other and hence the lower jump coordination number.   

 
 

Figure 5-3.  Comparison of theoretical and experimental XRD powder pattern of 
the uncalcined, calcined and sintered LaPO4 samples.   

It can be seen that within the same tetrahedron the O-O distances are always less 

than 2.6 Å.  However, for long range proton transport to occur in LaPO4 a jump must be 

accomplished by the proton between oxygen ions belonging to two adjacent tetrahedra.  

The jump distance for such an event is much higher (> 2.8 Å).  On the basis of the 

above, LaPO4 may be expected to show an overall higher activation energy (and 

correspondingly lower conductivity) in comparison to LaP5O14. 



 

99 

5.3 Phase Analysis  

5.3.1 X-Ray Diffraction (XRD) 

The powder XRD pattern obtained for as-precipitated powder, calcined powder 

and sintered pellet of undoped LaPO4 is compared with the theoretical powder pattern 

in Figure 5-3.  As can be seen from the figure the as-precipitated powder shows broad 

peaks which indicates that the powder is considerably amorphous and not 

homogeneous.  By comparison, the XRD profile of the calcined powder shows much 

narrower peaks indicating that crystalline powder was obtained after the calcination 

process.  The experimental powder XRD pattern of the sintered pellet of undoped 

LaPO4 was found to be in good agreement with the theoretical powder pattern indicating 

that the synthesized material was phase pure within the instrument resolution.   

 
(a) 

 
 

(b) 
 

Figure 5-4.  (a) Experimental XRD patterns and (b) calculated lattice parameters for 
pellets of the three different LaPO4 (W standard) compositions  

The experimental powder XRD pattern obtained for sintered samples of undoped, 

1 mol% Sr doped and 5 mol% Sr doped LaPO4 is compared with the theoretical pattern 
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in Figure 5-4.  Tungsten was used as an internal standard for the above measurement 

(labeled in the graph).  All the obtained peaks in the XRD patterns match well with the 

theoretical pattern indicating that the synthesized materials were phase pure within the 

instrument resolution.  Further, the lattice parameters were calculated by fitting the 

experimental data using the MAUD software using previously know lattice parameters 

and atomic positions for LaPO4 as the starting point.  The variation of unit cell volume 

and the lattice parameters (a, b and c) is plotted as a function of dopant concentration in 

Figure 5-4 (b).  It can be seen that lattice expansion occurs on dopant incorporation as 

expected since the ionic radius of strontium is larger than the lanthanum cation.  

Moreover the lattice expansion is uniform along all the three axes.  The trend shown by 

the lattice parameters indicate that lattice saturation limit of dopant incorporation is 

achieved around slightly above 1 mol% dopant concentration.  

The obtained XRD patterns of both the doped materials were compared with other 

compounds containing Sr, La, P and O namely, Sr2P2O7 and Sr3La(PO4)3 to see if the 

addition of the dopant had lead to the formation of any additional phases.  However, no 

secondary phase formation could be detected from the obtained XRD pattern.   

5.3.2 Scanning Electron Microscopy (SEM) 

A typical microstructure of the fractured surface of the sintered pellet is shown in 

Figure 5-5.  Some closed porosity can be observed from the SEM image.  The average 

grain size was estimated by observing the microstructure inside one of the closed pores 

similar to the one indicated by the arrow.  The average grain size was about 1.5 μm.  

The EDS (energy dispersive spectroscopy) spectra for undoped LaPO4 samples is 

shown in an inset in Figure 5-5.  In the spectrum peaks belonging to La, P, O and C 

(since the samples were carbon coated prior to EDS analysis) were seen as expected.   
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Figure 5-5.  SEM image and EDS spectrum (inset) of the fractured surface of a typical 
sintered sample of undoped LaPO4.   

5.4 Conductivity Measurement 

The Nyquist plots obtained for undoped and 1 mol% Sr doped LaPO4 obtained 

under unhumidified atmosphere are shown in Figure 5-6.  In general ceramic materials 

exhibit a three arc response, where each arc corresponds to bulk, grain boundary and 

electrode impedance in decreasing order of frequency.23  Further background details 

regarding the Nyquist plots of ceramic materials can be found in section 2.5.1.  In the 

plots for undoped LaPO4 obtained at 600oC, 520oC, 440oC, and 360oC (shown in Figure 

5-6 (a) and (b)) only one distinct arc can be seen with a slight bulge in the low frequency 

region (right side of the arc).  The distinct arc is due to the bulk impedance while the 

bulge is most likely to be due to the grain boundary impedance which is not well 
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resolved from the bulk impedance.  The relative magnitude of the grain boundary 

resistance is much smaller compared to the bulk resistance due which it is mostly 

obscured by the bulk impedance arc.  The grain boundary arc is more prominently 

observed at lower temperatures.   

 (a)  (b) 

 (c) 
 

(d) 
 

Figure 5-6.  Nyquist plots obtained under unhumidified air for undoped LaPO4 samples 
(a), (b) and for 1 mol% Sr doped LaPO4 (c), (d).   

On the contrary, two distinct and reasonably well resolved arcs can be seen in the 

Nyquist plots for 1 mol% doped LaPO4 at all temperatures as shown in Figure 5-6 (c) 
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and (d).  Similarly the arcs were also well resolved for the 5 mol% Sr doped samples.  

The arc in the high frequency region is due to bulk impedance while the arc seen at 

lower frequencies is due to the grain boundary impedance in the sample.  By comparing 

the relative sizes of the arcs in Figure 5-6 (c) and (d) it can be observed that the bulk 

impedance is more prominent at higher temperatures.   

However, at lower temperatures (360oC) the grain boundary impedance is higher 

than the bulk impedance.  A partial electrode impedance arc can be seen in Figure 5-6 

(c) at low frequency.  A comparison of the normalized Nyquist plots of the 1 mol% and 5 

mol% doped samples shows that the magnitude of the grain boundary impedance of the 

5 mol% doped sample is much higher as compared to the 1 mol% doped sample.  This 

may be due to the grain boundary segregation of dopant ions since the lattice 

parameter calculations show that saturation of dopant ion incorporation is achieved at a 

dopant concentration slightly above 1 mol%.   

Table 5-1.  Normalized capacitances associated with bulk and grain boundary 
impedance for all compositions of LaPO4.   

Dopant Cbulk (pF) Cgrain boundary (pF) d / D ratio G.B. thickness 

Undoped 28 ± 1.98 N.A. N.A.  
1 mol% 7.76 ± 0.69 977.88 ± 237.35 0.01 15 nm 
5 mol% 25.89 ± 1.33 2400.79 ± 283.61 0.01 15 nm 

‘d / D’ is the ratio of grain boundary thickness to the grain diameter.   
 

The capacitance associated with any impedance arc can be calculated by knowing 

the peak frequency for the arc which is shown in Figure 5-6.  All the calculated values of 

the capacitances are summarized in Table 5-1.  The capacitance associated with the 

bulk impedance arc for both the 1 mol% and 5 mol% Sr doped LaPO4 samples (7.76 ± 

0.69 and 25.89 ± 1.33 pF) is much smaller as compared to the capacitance of the grain 

boundary impedance arc (977.88 ± 237.35 and 2400.79 ± 283.61 pF).  The values 
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obtained are similar to the capacitance for bulk and grain boundary impedance for other 

ionic conductors thus confirming that the arcs observed in the Nyquist plots were 

correctly ascribed to the respective polarization phenomena.23  Due to the poor 

resolution of the arcs corresponding to the grain boundary and bulk impedance the 

capacitance associated with grain boundary impedance could not be calculated for the 

undoped samples.   

Using the brick layer model to describe the electrical properties of a polycrystalline 

material, the relative thickness of the grain boundary can be estimated according to the 

equation shown below22: 

bulk

gb

gb

bulk

ε

ε
.

C

C
=

D

d
         (5-1) 

Where d and D are the thickness and diameter of the grain boundary and grain 

respectively, Cbulk and Cgb are the capacitances associated with the grain and grain 

boundary, and εbulk and εgb are the dielectric constants of the bulk and grain boundary 

phases.  The average value of the grain diameter has been estimated from the SEM 

images of the fractured cross section of the samples.  The calculated values of the d / D 

ratio and the estimated grain boundary thickness are shown in the Table 5-1.   

5.4.1 Effect of Dopant Content 

The temperature variation of conductivity for all the samples of doped and 

undoped LaPO4 is shown in Figure 5-7.  All the measurements were made in 

unhumidified atmosphere.   

Undoped LaPO4 exhibited the lowest conductivity in the measured temperature 

range (5.15 x 10-7 S/cm, 600oC).  Its conductivity was about an order of magnitude 

lower than 1 mol% Sr doped LaPO4 over the entire temperature range.  Overall 5 mol% 
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Sr doped LaPO4 showed the highest conductivity (7.00 x 10-6 S/cm, 600oC).  The 

conductivity enhancement from 1 mol% to 5 mol% dopant concentration was much 

lower than that from undoped to 1 mol% dopant concentration.  This is in good 

agreement with the lattice parameter calculations which indicate that the dopant 

saturation is achieved in the lattice slightly above 1 mol%.   

 

Figure 5-7.  Measured conductivity for undoped and doped LaPO4 (unhumidified air).   

The activation energy for conduction was calculated from the plot by fitting the 

data using the Arrhenius equation as shown below: 

)kT/E-exp(A=Tσ a          (5-2) 
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Where, σ is the conductivity, T is the absolute temperature, A is the pre-

exponential, k is the Boltzmann’s constant, and Ea is the activation energy for 

conduction.   

The activation energy for conduction for undoped LaPO4 (1.27 ± 0.03 eV) was 

much higher than that for 1 mol% Sr doped LaPO4 (1.04 ± 0.01 eV) and 5 mol% Sr 

doped LaPO4 (1.09 ± 0.01 eV) as summarized in Table 5-2.   

Table 5-2.  Measured conductivity at 600oC and calculated activation energy for three 
different compositions of LaPO4 (unhumidified atmosphere). 

Material Activation energy (eV) Conductivity (S/cm) 

Undoped 1.27 ± 0.03 5.15 x 10-7 
1 mol% Sr 1.04 ± 0.01 1.77 x 10-6 (560oC) 
5 mol% Sr 1.09 ± 0.01 7.00 x 10-6 

 

The overall conductivity for all the synthesized compositions of LaPO4 was lower 

than the corresponding LaP5O14 samples at all temperatures.  In addition, the activation 

energy for conduction obtained for all the LaP5O14 samples were lower than those 

obtained for the LaPO4 samples.  These results will be analyzed and discussed in detail 

in the following chapter.   

Table 5-3.  Measured conductivity at 600oC and calculated activation energy for three 
different compositions of LaPO4 under humidified atmosphere. 

Material Activation energy (eV) Conductivity (S/cm) 

Undoped 1.28 ± 0.01 6.33 x 10-7 
1 mol% Sr 1.07 ± 0.02 9.98 x 10-6 
5 mol% Sr 1.05 ± 0.02 3.24 x 10-5 

 

5.4.2 Humidified Atmosphere Conductivity Measurement  

Conductivity measurements were made on the three prepared compositions of 

LaPO4 samples under humidified atmosphere.  The obtained results are shown in 

Figure 5-8 along with the measured conductivity under unhumidified atmosphere for 

comparison.  The measured conductivities and calculated activation energies have 
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been summarized in Table 5-3.  Both doped samples showed an increase in 

conductivity under humidified atmosphere conditions.  Such a trend has been observed 

previously in several other proton conducting materials and is explained as 

follows.62,70,91   

It is known that proton incorporation in those ceramic materials (which are 

intrinsically devoid of protons) can be accomplished by acceptor doping as represented 

by the following equation62: 

•

O

x

O2

••

O OH2O+OH+V ↔         (5-3) 

Acceptor doping leads to the formation of charge compensating oxygen ion 

vacancies which may be filled up by protonated oxygen ion species ( •

OOH ) formed by 

the dissociative absorption of ambient water vapor.  The above equation is analogous to 

the equation shown below which is more applicable to the phosphate based proton 

conducting materials69: 

[ ] [ ] -2

4

-4

722 HPO2OP+OH →         (5-4) 

In orthophosphates acceptor doping leads to the formation of charge 

compensating oxygen ion vacancies, which is equivalent to formation of a 

pyrophosphate group.  The pyrophosphate is formed by the local condensation of two 

adjacent PO4 tetrahedra, one of which is missing an oxygen ion.  In the presence of 

ambient water vapor the hydrolysis of the pyrophosphate leads to the formation of 

protonic defects as represented by the equation 5-4.  It can be seen from both the 

equations that an increase in humidity would lead to an increase in concentration of 

protonic defects which contribute to the charge transport leading to an increase in 

conductivity under humidified conditions.   
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Further it was observed that the enhancement in conductivity in humidified 

atmosphere was higher for LaPO4 samples with higher dopant content.  It can be seen 

from Figure 5-8 that the conductivity of undoped LaPO4 is almost independent of the 

humidity while in 5 mol% Sr doped LaPO4 almost an order of magnitude increase in 

conductivity is observed under humidified atmosphere.   

 

Figure 5-8.  Measured conductivity for undoped and doped LaPO4 as measured in 
humidified atmosphere (wet air). 

This is in good agreement with the expected trend and is explained as follows.  In 

the doped material with a higher dopant content, a higher concentration of oxygen 

vacancies are formed in accordance with the charge neutrality equation shown below: 

]Sr[=]OH[+p+]V[2 I

La

•

O

••

O         (5-5) 
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Where p represents hole concentration and square brackets indicate the 

concentration of the respective charged species.  Thus under humid atmosphere, the 

concentration of charge carrying protonic defects formed in the sample with higher 

dopant content is higher leading to a higher enhancement in conductivity.  For the same 

reason almost no difference in conductivity is observed in the undoped sample under 

the two different atmospheres.   

Table 5-4.  Comparison of experimental and calculated lattice parameters for LaPO4.   

Parameter Exp (Å/o) Calc (Å/o) Δ 

a 6.8313 6.8302 -0.02 Å 
b 7.0705 6.9922 -0.08 Å 
c 6.5034 6.6258 0.12 Å 
β 103.27 104.42 1.15o 

 

5.5 Atomistic Simulation 

5.5.1 Structural Modeling 

Atomistic simulations were performed using the GULP (Generalized Utility Lattice 

Program) technique to study the dopant incorporation, intrinsic defects, defect 

chemistry, and proton dopant interactions in LaPO4.  Simulation studies are a useful tool 

for probing the local atomic environment within the material and also defect structures 

which are crucial for understanding the electrical properties of a material.  Thus they 

can prove useful in explaining some of the experimentally obtained results as well as 

give directions for further experimentation in certain cases.  The experimentally 

observed crystal structure of LaPO4 was reproduced prior to carrying out the defect 

calculations.  The experimental and calculated lattice parameters are compared in 

Table 5-4.   

The differences in the observed and calculated lattice parameters are small 

indicating the potentials used to reproduce these structures modeled the structures 
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accurately.  In addition to comparing the lattice parameters of the experimental and 

calculated structure, it is also important to compare the bond lengths and bond angles in 

the materials to gauge the accuracy of the potential parameters used in describing the 

structure.  The average calculated bond length for P – O bonds (in the 5 

crystallographically distinct PO4 tetrahedra) and La – O bonds in the LaO9 polyhedron is 

compared with the average experimental value in Table 5-5.  The difference between 

the values is very small for all the bond lengths compared.  It is interesting to note the 

structural similarity of PO4 tetrahedra across the range of condensed phosphate 

compounds in the La2O3 – P2O5 binary phase diagram.  For example the average P – O 

bond length in LaPO4 (1.564 ± 0.03 Å) is quite similar to the same in LaP5O14 (1.577 ± 

0.01 Å).   

Table 5-5.  Comparison of the experimental bond distances and bond angles in LaPO4 
with the calculated values.   

P-O EXP (Å) 
SIM 
(Å) 

Diff 
(Abs) 

O-P-O (o) (o) Diff (Abs) 

P-O1 1.523 1.545 0.02 O1-P-O2 104.59 103.22 -1.37 
P-O2 1.537 1.547 0.01 O1-P-O3 105.53 105.45 -0.08 
P-O3 1.541 1.549 0.01 O1-P-O4 108.31 107.49 -0.82 
P-O4 1.553 1.615 0.06 O2-P-O3 112.28 110.99 -1.29 
P-O 

(mean) 
1.539 
± 0.01 

1.564  
± 0.03 

0.03 
O2-P-O4 112.99 114.25 1.26 
O3-P-O4 113.23 115.32 2.09 

La-O 
(mean) 

2.579 
± 0.10 

2.621  
± 0.11 

0.03  
109.49 
± 3.9 

109.45 
± 4.9 

0.04 

 

As mentioned previously that within the PO4 tetrahedra in LaP5O14 the P - O bonds 

can be classified into either ‘bridging’ or ‘terminal’ P - O bonds depending upon the 

nature of bonding of the oxygen ion.  However, in LaPO4 there is no corner sharing of 

oxygen ions between two neighboring tetrahedra and hence all the P – O bonds are can 

be considered terminal bonds.   
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5.5.2 Intrinsic Atomic Defect Formation 

The energy of isolated point defects such as vacancies and interstitials was 

calculated for all the anions and cations in the structure of LaPO4.  To evaluate the 

energy of a vacancy, an ion was removed from its original lattice position and then 

placed at an infinite distance.  The structure around the vacancy was then allowed to 

relax and the energy of the relaxed structure was then compared with the original 

structure to calculate the vacancy energy.  Similarly the energy of the interstitials was 

also calculated.  The energy of the isolated defects was then combined to evaluate the 

energy of formation of Frenkel and Schottky defects that are summarized in Table 5-6.   

Table 5-6.  Calculated energies of Frenkel and Schottky type intrinsic defects in LaPO4.   

Type Defect equilibrium E (eV) 

Full Schottky  
4

••

O

lllll

P

lll

La

X

O

X

P

X

La LaPO+V4+V+VO4+P+La →  46.09 

P Frenkel  •••••

i

lllll

P

X

P P+VP →  41.33 

La Frenkel  lll

La

•••

i

X

La V+LaLa →  17.06 

O Frenkel  ll

i

••

O

X

O O+VO →  12.74 

La Schottky-type 
32

••

O

lll

La

X

O

X

La OLa+V3+V2O3+La2 →  29.94 

P Schottky-type 
52

••

O

lllll

P

X

O

X

P OP+V5+V2O5+P2 →  74.51 

 

To evaluate the partial Schottky defect energies (La - Schottky type and P - 

Schottky type) the lattice energy for La2O3 and P2O5 was obtained by modeling their 

respective crystal structure using the same interatomic potential that was employed to 

model the lanthanum phosphates.  As seen from the Table 5-6 the energy of formation 

of Frenkel defects of P, La and O is 41.33 eV, 17.06 eV and 12.74 eV respectively.  All 

the above values are very high indicating that formation of such defects is highly 

unlikely in the temperature range of operation of the material.  In some materials such 

as Ba2In2O5 low oxygen Frenkel formation energy (0.91 eV) is regarded as the 
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explanation for the high oxygen ion conductivity observed at low temperatures.  Due to 

the ease of formation of oxygen vacancies a significant concentration is expected to be 

present even at low temperatures which can contribute to oxygen ion transport.74  

However, in the case of LaPO4 the O Frenkel formation energy is much higher and thus 

the concentration of intrinsic oxygen ion vacancies can be expected to be almost 

negligible.  The high defect energy for the formation of the P Frenkel and O Frenkel can 

also be taken as an indication of the structural integrity of the PO4 tetrahedra in the 

material.   

The formation energy for partial Schottky defects of two types namely, La Schottky 

– type and P Schottky – type was calculated to be 29.94 eV and 74.51 eV respectively.  

These values are also very large indicating that such defects are very unlikely to be 

formed in significant concentration in the temperature range of stability of the material.  

Overall high formation energies were obtained for all the types of intrinsic defects 

considered in these calculations which suggests that the degree of intrinsic disorder in 

LaPO4 is almost negligible in the temperature range of thermal stability of the material.  

Thus the defect chemistry in LaPO4 is likely to be entirely controlled by extrinsic dopant 

substitution in the material.  The results from atomistic simulation studies on LaP5O14 

are presented and discussed in section 4.4. 

5.5.3 Dopant Incorporation 

In solid state proton conducting materials it is known that oxygen ion vacancies 

can lead to the production of protonic defects by the dissociative absorption of ambient 

water vapor (Equation 5-3 and 5-4).  The protons thus incorporated are mobile and can 

lead to charge transport via the Grötthuss mechanism.  However, to achieve a 

significant concentration of oxygen ion vacancies, extrinsic acceptor dopant substitution 
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at the cation site is required which leads to the formation of oxygen ion vacancies as 

represented by the following equation in Kröger-Vink notation.   

32

••

O

X

O

l

La

DO2X

La

X

O OLa+V+O2+D2→La2+O3      (5-6) 

In the above equation 
l

LaD  is the negatively charged defect formed due to dopant 

incorporation at the La-site, which leads to the formation of oxygen ion vacancies ( 

OV ).  

By calculating the energies of these isolated defects and using the equation above the 

energetics of divalent dopant (D =Mg2+, Ca2+, Sr2+, and Ba2+) substitution on the La3+ 

site were calculated.   

 

Figure 5-9.  Calculated dopant incorporation energy for D2+ = Mg, Ca, Sr and Ba on the 
La-site. 

The interatomic potentials for the dopant cations are obtained from the respective 

metal oxides.  The obtained solution energies for LaPO4 are shown in Figure 5-9 plotted 

as a function of the dopant ionic radius.  For comparison the ionic radius of La3+ is also 
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shown.  Out of the four dopant ions selected Ca2+ and Sr2+ seem to be most favorable 

while Ba2+ and Mg2+ seem to be unfavorable.  The trend obtained is in good agreement 

with that observed in acceptor doped LaGaO3 which is also an ionic conductor.77  In 

addition, calculations were performed to evaluate the possibility of dopant ion 

incorporation on the P-site instead of the La-site.  However, the obtained energies for 

such an arrangement were too high indicating that dopants are likely to be incorporated 

almost exclusively on the La-site.  Thus according to the trend shown below Ca2+ can 

be expected to be a suitable ion for extrinsic dopant substitution in LaPO4.   

5.5.4 Proton Incorporation and Defect Chemistry 

The equilibrium between water, pyrophosphate ion (which is formed in response to 

acceptor doping) and the hydrogen phosphate ion (formed by dissociative adsorption of 

ambient water vapor) is represented by equation 5-4 which was proposed by Amezawa 

et al. on the basis of NMR investigations.69  The formation of the pyrophosphate ion in 

phosphates is analogous to an oxygen vacancy in proton conducting perovskite type 

oxides.  It is formed by corner sharing an oxygen ion between two adjacent PO4 

tetrahedra one of which is missing an oxygen ion.  Using atomistic simulations the local 

structure around the relevant defect structures was investigated and the results are 

depicted in Figure 5-10.  The relevant defect (such as an oxygen vacancy or a protonic 

defect) was introduced in the structure and the ions around the defect were allowed to 

relax to a minimum energy configuration.   

The normal distance between phosphorus ions from two neighboring [PO4]
3- 

groups is 4.187 Å as shown in Figure 5-10 (c) and the average P–O distance within 

each tetrahedron is 1.564 ± 0.03 Å.  However, on the formation of an oxygen vacancy 
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due to acceptor doping the two adjacent tetrahedra are pulled closer together and share 

an oxygen ion to form the pyrophosphate anion as shown in Figure 5-10 (b).   

This result is in good agreement with experimental observation of the 

pyrophosphate group in doped LaPO4.
69  The inter-phosphorus ion distance in this 

arrangement is reduced to 3.175 Å while the P–Ob (bridging oxygen ion) bond distance 

increases to 1.719 Å.   

 
(a) 

 
 

(b) 

 
(c) 

 

Figure 5-10.  Resulting local relaxed structures of (a) hydrogen phosphate, (b) 
pyrophosphate, and (c) orthophosphate.   
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This is in accordance with the observation for higher condensed phosphates such 

as LaP5O14 that the bridging P–O bonds are always longer than the terminal P–O 

bonds.  The relevant interatomic distances for the defect structures shown in Figure 5-

10 are summarized in Table 5-7.   

Table 5-7.  Interatomic distances in the pyrophosphate ion, orthophosphate ion and 
hydrogen phosphate ion in LaPO4.   

-4

72 ]OP[  -3

4 ]PO[  -2

4 ]HPO[  

Ion – Ion d (Å) Ion– Ion d (Å) Ion – Ion d (Å) 

P1-P2 3.175 P – Padj  4.050 P - Padj  4.038  

P1-Ob  1.719 P – O1 1.574 P – Oproton  1.882 

P2-Ob  1.719 P – O2 1.576 P – O2 1.558 

P1-O2 1.550 P – O3 1.583 P – O3 1.542 

P1-O3 1.564 P – O4 1.604 P – O4 1.541 

P1-O4 1.552 
    

P2-O2 1.547 
    

P2-O3 1.553 
    

P2-O4 1.572 
    

 

To evaluate the local structure around the hydrogen phosphate [HPO4]
2- ion which 

is formed by hydrolysis of a pyrophosphate ion in the presence of ambient water vapor 

a proton was placed close to an oxygen ion and the resulting structure was allowed to 

relax to attain the minimum energy configuration.  It can be seen in Figure 5-10 (a) that 

the proton prefers to lie outside the PO4 tetrahedron.  In addition, its inclusion also leads 

to a higher P – O distance (1.882 Å) for the oxygen ion to which the proton is 

associated, most likely due to electrostatic repulsion from the P5+ ion.   

A protonic defect ( •

OOH ) is essentially a positively charged defect which is 

generated to maintain charge neutrality in the material upon acceptor doping on the 

cation site which leads to the formation of negatively charged defects ( l

LaD ).  If there is 

association between the two oppositely charged defects it can adversely affect the 
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proton conductivity in the material and hence it is of interest to calculate the energetics 

of such an interaction.  The cluster binding energy for such an interaction can be 

calculated by considering the energy of the cluster (Ecluster) and comparing it with the 

sum of the energies of isolated individual defects as shown in the general equation 

below: 

( )∑ defectisolatedclusterbind E-E=E        (5-7) 

A negative Ebind in such a case would indicate that such an association is 

energetically favorable.  In the case of the lanthanum orthophosphate compound the 

relevant equation would be as follows: 

)]D(E+)OH(E[-)D...OH(E=E l

La

•

O

l

La

•

Obind       (5-8) 

The calculated binding energies obtained by varying the dopant cations are listed 

in Table 5-8.  It can be seen that for all the dopants the values are negative which 

implies that such an association is favorable.  The highest binding energy calculated 

was for the magnesium dopant (-0.75 eV) while for all the other dopants the values 

were quite similar (~ 0.55 eV).   

Table 5-8.  Binding energies and other relevant parameters of proton-dopant interaction 
in LaPO4. 

D3+ Ebinding (eV) D-H (Å) ΔD-H (Å) Δθ (o) 

Mg -0.75 2.94 0.054 -19.051 
Ca -0.59 3.04 0.152 -0.984 
Sr -0.57 3.19 0.296 3.695 
Ba -0.56 3.37 0.478 8.723 

 

The dopant ion – proton distances (D - H) listed in Table 5-8 show that the same 

increases with increase of the ionic radius of the dopant cation (RBa > RSr > RCa > RMg).  
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The angular deviation (Δθ) in the location of a proton upon substitution of a neighboring 

La-site with a dopant cation also increases with the increase of the dopant ionic radius.   

5.6 Summary and Conclusion 

Three different compositions of LaPO4 were synthesized namely undoped, 1 mol% 

and 5 mol% Sr doped LaPO4.  Phase purity of the prepared compositions was 

confirmed by x-ray diffraction (XRD) and energy dispersive spectroscopy (EDS).  

Scanning electron microscopy (SEM) was used to observe the microstructure of the 

sintered pellets and to confirm the densification of the samples.  Conductivity 

measurements were performed on all the prepared samples in the temperature range 

300oC – 600oC under humidified and unhumidified atmosphere separately.  The 

conductivity was found to increase with increasing dopant concentration.  The highest 

conductivity obtained for 5 mol% Sr doped LaPO4 samples was 3.24 x 10-5 S/cm 

(humidified atmosphere, 600oC) and 7.00 x 10-6 S/cm (unhumidified atmosphere, 

600oC).  For both the doped compositions the conductivity was found to increase under 

humidified atmosphere which is in good agreement with the known model for proton 

conduction in acceptor doped ceramic proton conducting materials.  The activation 

energy for proton conduction in the undoped, 1 mol% and 5 mol% Sr doped samples 

was 1.27 eV, 1.04 eV and 1.09 eV.   

The experimentally obtained crystal structure of LaPO4 was accurately reproduced 

using atomistic simulations and previously reported interatomic potential parameters.  

Defect calculations on LaPO4 indicate that intrinsic defects of all types are energetically 

unfavorable and hence the defect chemistry in the material is likely to be entirely 

controlled by extrinsic dopant substitution.  Dopant dissolution studies indicated that 

strontium and calcium were the most suitable dopants for conductivity enhancement in 
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LaP5O14 while barium and magnesium were unfavorable.  The local structures around 

oxygen vacancies and protonic defects were investigated using atomistic simulations 

and the results obtained support the formation of pyrophosphate ion and hydrogen 

phosphate ion in acceptor doped LaPO4.  The experimental results obtained for LaPO4 

are discussed in comparison with LaP5O14 and critically analyzed on the basis of 

crystallochemical concepts in the following chapter.   
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CHAPTER 6 
COMPARISON OF LaPO4 AND LaP5O14 

6.1 Factors Affecting Protonic Conductivity 

Since the diffusion of charged species (proton jump which leads to electrical 

conduction in this case) is a thermally activated process, it generally follows the well 

known Arrhenius relationship which is shown below: 

)RT/E-exp(σ=Tσ ao          (6-2) 

Where σ is the conductivity, σo is the pre – exponential factor, Ea is the activation 

energy, R is the universal gas constant and T is the absolute temperature.  

 

Figure 6-1.  Effect of variation of the pre – exponential factor (σo) and activation energy 
(Ea) on the conductivity.   

The temperature dependent conductivity data is usually plotted as log (σT) vs. 1 / 

T as shown in Figure 6-1.  In such a plot a linear dependence is obtained if the pre – 
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exponential factor and the activation energy are constant over the entire temperature 

range of measurement (which is generally true).  Using such a plot the activation energy 

can be directly interpreted from the slope of the graph.  For achieving an enhancement 

in conductivity at a particular temperature a higher value of the pre – exponential factor 

as well as lower activation energy is desirable.  This is shown schematically in Figure 6-

1.  The activation energies and pre – exponentials for the individual lines are indicated 

alongside on the graph.  It can be seen that as the pre - exponential is multiplied by a 

factor of 10 while the activation energy is kept constant, the line shifts towards the 

higher conductivity region parallel to itself.  However, if the activation energy is varied 

keeping the pre – exponential constant then the slope of the line changes leading to a 

higher conductivity corresponding to a lower activation energy and vice versa.   

Taking into consideration the atomistic view of diffusion, the pre-exponential term 

can be expressed by the following equation 93: 

k

SΔ
expΛαζλνq

k

C
=A

*

m2

o

2

v

i
        (6-3) 

Where Ci is the concentration of charge carriers (protonic defects), k is the 

Boltzmann’s constant, qv is the charge on the conducting species, vo is the pre-

exponential of the attempt jump frequency, λ is the jump distance, α is a geometrical 

constant dependant on the crystal structure of the material, ζ is the defect coordination 

number, Λ is the mole fraction of protonic defects, and ΔSm is the entropy difference 

between ground states and activated states of the proton.  It is clear from the above 

equation that a larger value of jump distance (λ) for the proton and a higher value of 

coordination number would contribute towards higher proton conductivity.  In addition, a 

higher concentration of mobile charge carriers Ci (which can be controlled by varying 
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the dopant concentration) also contributes to a higher conductivity.  In this case, the 

defect coordination number is the number of nearest neighbor oxygen ions available for 

the proton jump.   

6.2 Effect of Inter Oxygen Distance on Activation Energy 

Based on computational investigations it is known that the proton spends most of 

its time performing rotational diffusion around an oxygen ion without much restriction 

since this type of diffusion has low activation energy ~ 0.1 eV.94-96  From quantum 

molecular dynamics (QMD) simulations and from quasielastic neutron scattering 

experiments on perovskite type oxides it is understood that the proton resides in one of 

several potential wells which are located around an oxygen ion, preferentially along the 

direction of the neighboring oxygen ion.90,95-102  Rotational diffusion refers to the 

dynamic transfer process of the proton around a single oxygen ion across these 

potential wells.  The proton jump (between two neighboring oxygen ions), which actually 

contributes to electrical conduction (charge transport) is a much rarer event (since it 

requires a much higher activation energy).  Typical activation energies for proton 

conduction in ceramics range from 0.4 eV to 1.3 eV.62,63,69,70,95,96,103-106   

Table 6-1.  Oxygen to oxygen ion separation and corresponding activation energy 
calculated by Cherry et al. for perovskite oxides.33   

O – O separation (Å) Activation energy (eV) 

2.67 0.29 
2.76 0.40 
2.90 0.66 

 
The relation between the activation energy for the proton jump and the inter–

oxygen distance in perovskite oxides has been previously investigated by Cherry et al 

using quantum mechanical techniques.33  They calculated the activation energy for the 

proton jump by calculating the energy difference between the ground state and the 
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barrier or the transition state.  The oxygen to oxygen separation and corresponding 

activation energies obtained are shown in Table 6-1.  It can be seen that the activation 

energy for the proton jump decreases as the separation between the two oxygen ions 

decreases.   

The relationship between the activation energy for the proton jump and the oxygen 

to oxygen distance can also be qualitatively understood from the plot shown in Figure 6-

2.  The authors here wish to clarify that the Coulombic interaction between the ions 

were not considered in the preparation of this graph and this graph is shown solely for 

the purpose of a qualitative understanding of the relationship between the activation 

energy and the oxygen to oxygen ion distance.  A more detailed analysis involving the 

Coulombic interactions and quantum mechanical considerations is more appropriate but 

is outside the scope of this study.  The parameters used for plotting the graph are listed 

in section 3.4 and a detailed description of the same can be found in Saul et al.32 

According to the interaction function there is a potential well close to an oxygen ion 

while the value of the potential increases to a constant value at larger distances from 

the oxygen ion.33,107  The proton is generally located along the line joining two 

neighboring oxygen ions (although it may be slightly displaced due to repulsion from 

neighboring cations 95) in a potential well close to one of the oxygen ions.  To jump to 

the adjacent potential well (close to the neighboring oxygen ion) the proton has to cross 

the region between the two oxygen atoms where the potential is high because the 

proton is far away from either of the oxygen ions.33  The above behavior also implies 

that if the oxygen to oxygen distance is lowered (assuming the other factors affecting 

the shape of the well remains unchanged) then it will lead to lower activation energy.  
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Such a decrease in the activation energy for the proton jump on lowering the oxygen to 

oxygen distance is reported for a perovskite type oxide from computational 

investigations which we hereby extend to the phosphate materials.33,108   

 

Figure 6-2.  The effect of reducing the oxygen – oxygen ion distance on the barrier for 
proton jump (or activation energy). 

It is thereby here proposed that tailoring a material to lower the jump distance for 

the proton or a lower O-O distance, should lead to a smaller activation energy and 

higher proton conductivity, provided all other relevant factors in the material are 

minimally disturbed.  In addition, it is also expected that other factors such as a higher 

oxygen to oxygen coordination, concentration of protonic defects and proton jump 

distance would favor a larger pre-exponential factor, also enhancing the proton 

conductivity in a material.  This work investigates the combined effect that these two 

enhancement avenues have on the proton conductivity of ceramic compounds. 
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6.3 Comparison of Conductivity and Model for Proton Conduction 

In LaPO4 and in LaP5O14, three different compositions were synthesized for 

conductivity measurement.  The measured conductivity of the LaP5O14 samples was 

found to increase as the dopant content was increased up to 5 mol% as seen in Figure 

6-3.  The highest conductivity measured for the 5 mol% Sr doped LaP5O14 samples was 

1.01 x 10-4 S/cm at 600oC.   

 

Figure 6-3.  Conductivity of undoped, 1 mol% Sr and 5 mol% Sr doped LaPO4 (○-open 
symbols) and LaP5O14 (●-closed symbols). 

Conductivity measurements on LaPO4 exhibited a similar trend of increasing 

conductivity with increasing dopant concentration.  The maximum conductivity 

measured for the 5 mol% Sr doped LaPO4 sample was 7.00 x 10-6 S/cm at 600oC.  
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However, for all compositions synthesized, the conductivity of LaP5O14 samples was 

higher than the respective LaPO4 samples in the entire temperature range.  It can also 

be observed from Figure 6-3 that a greater enhancement in conductivity is observed in 

LaP5O14 as compared to LaPO4 as we move from 1 mol% to 5 mol% dopant 

concentration.  This could be due to differences in the homogeneity of dopant 

distribution within the single crystals of LaP5O14 as compared to the sintered samples of 

LaPO4.   

Considering the synthesis procedure for LaPO4 and given the polycrystalline 

nature of the sample, dopant segregation at the grain boundary is quite probable.  This 

would result in a lower dopant concentration in the bulk grain leading to a poorer 

enhancement in bulk conductivity.  Previously dopant segregation and secondary phase 

formation has been observed by Norby et al. in acceptor doped samples of LaPO4.
109  

On the contrary, the crystals of LaP5O14 were grown slowly from a phosphoric acid melt 

containing dissolved oxides of the host and the dopant cation which may have led to a 

more homogeneous distribution of the dopant and correspondingly a higher 

enhancement in conductivity upon increasing dopant concentration from 1 mol% to 5 

mol%.  Another possibility to consider could be the relative solubility limit for dopant 

incorporation which may be higher for LaP5O14 as compared to LaPO4.   

The activation energies for the undoped, 1 mol% and 5 mol% Sr2+ doped LaPO4 

samples were 1.29 eV, 1.04 eV and 1.09 eV respectively.  The activation energies for 

the similarly doped LaP5O14 samples were much lower and had values of 0.85 eV, 0.76 

eV and 0.80 eV as summarized in Table 6-1.  The difference in the activation energies 
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of the two materials (~ 0.3 eV) can be correlated with the respective crystal structures 

and is explained as follows.   

Table 6-1.  Obtained activation energies for three different compositions of LaPO4 and 
LaP5O14. 

LaPO4 LaP5O14 
Material Activation energy (eV) Material Activation energy (eV) 

Undoped 1.27 Undoped 0.85  
1 mol% Sr 1.04 1 mol% Sr 0.76 / 0.89 
5 mol% Sr 1.09 5 mol% Sr 0.80 

‘t’ indicates conductivity measurement along the transverse direction as indicated. 
 

The crystal structures of the two materials have been discussed previously in 

sections 4.2 and 5.2.  The basic difference between the two structures lies in the 

isolated versus condensed structure of the phosphate anion which presents vastly 

different avenues for proton transport within the material.  The various possibilities for 

proton migration in LaPO4 and LaP5O14 have been graphically depicted in Figure 6-4.  

In both the structures La3+ cations are not shown for purposes of clarity.  The jump 

distances for the migrating proton are also depicted in Figure 6-4 (a) and (b).  Due to 

the close dimensional resemblance of the PO4 tetrahedra in both the phosphates, the 

energetics of proton migration within a tetrahedron which includes rotational motion 

around a single oxygen ion or a jump between adjacent oxygen ions can be expected to 

be similar.  This is obvious when comparing the mean intra – tetrahedron oxygen to 

oxygen ion distances for LaPO4 and LaP5O14 which are very similar and have the 

values 2.5113 Å and 2.5150 Å respectively as summarized in Table 6-2.   

However, in LaPO4 the jump distance is much higher when the proton has to hop 

between oxygen ions belonging to two neighboring tetrahedra (> 2.8 Å).  On the 

contrary in LaP5O14 the condensed nature of the tetrahedra in the phosphate anion 
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allow for an easier pathway for conduction.  Thus a migrating proton will encounter a 

smaller jump distance and hence a smaller energy barrier (activation energy) for proton 

conduction which is in agreement with the experimental results.   

 
 

Figure 6-4.  Proton jump distances in (a) LaPO4 and (b) LaP5O14 

Since the corner sharing PO4 tetrahedra in LaP5O14 form a three dimensional 

networked structure multiple paths are available for the protons to travel along different 

directions in the material.  This can probably explain the similar activation energy 

calculated for protonic conduction along two different directions in 1 mol% Sr doped 

LaP5O14 (0.76 ± 0.02 eV and 0.89 ± 0.02 eV).   

However, one must treat the above analysis with some caution as there could be 

some obvious problems with treating the structure as a static rigid lattice.  For example 

it has been observed previously in the case of perovskite oxide materials that the 

picture at the atomic level is significantly distorted by the local alterations caused in the 

material due to atomic vibrations.33  Compared to the perovskite oxides the situation in 

these complex phosphate materials could be much more intricate which would entail a 

much deeper analysis.  Nonetheless, our current analysis which relies on the average 
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spatial arrangement of ions in a lattice (as can be obtained from XRD measurements) 

can be used as the fundamental basis for detailed investigations in the future.  

Table 6-2.  Comparison of mean inter and intra-tetrahedral oxygen – oxygen ion 
distances in LaPO4 and LaP5O14. 

System Mean oxygen – oxygen ion distance (Å) 
 Intra-tetrahedra Inter-tetrahedron 

LaPO4 2.5113 ± 0.06 2.8410 ± 0.04 
LaP5O14 2.5150 ± 0.05 - 

 

In addition to the justification presented above, there could be other factors that 

also affect the mobility of protonic defects (and hence the activation energy) such as 

protonic defect-dopant site association ( '

LaO SrOH  ).  There have been computational 

investigations on such defect interactions for perovskite type oxide conductors where it 

has been mentioned that higher interaction energy could lead to a lower conductivity by 

defect trapping.110,111  In case of lanthanum phosphates, higher interaction energy for 

the proton-dopant association in LaPO4 could be a potential explanation for the lower 

conductivity and higher activation energy observed as compared to LaP5O14.  The 

calculated value of association energy for Sr doped LaPO4 (-0.57 eV) is indeed lower 

than that for similarly doped LaP5O14 (-0.39 eV) and is in support of the above potential 

explanation.   

According to DFT studies by Jonghe et al. on energetics of proton migration in 

LaPO4, both inter-tetrahedral and intra-tetrahedral proton transfer processes have 

almost similar but relatively high activation energies (~ 0.8 eV).112  However, the 

activation energy for rotational motion around an oxygen ion is comparatively much 

lower (0.15 eV).  Such low energy values for rotational motion are consistent with other 

computational investigations on proton conducting perovskite oxides.94-96  The rotational 
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motion of a proton does not contribute to proton-transport directly but can substantially 

assist in the process in LaP5O14.  Essentially this means that an inter-tetrahedral proton 

jump which has a high energy barrier in LaPO4 can be substituted for by an 

energetically inexpensive low barrier rotation around an oxygen ion in LaP5O14.   

With regards to the mechanism of proton conduction in undoped ultraphosphates 

there is an alternate model that has been proposed by Hammas et al.  According to the 

model, protonic conduction shown by condensed phosphate materials occurs along 

chemically adsorbed water molecules which lie all along the condensed phosphate 

anion in the material structure rather than along the phosphate anion itself.66  The 

proton transfer process is described as occurring by cleavage and formation of 

hydrogen bonds between a hydronium ion and an adjacent water molecule.  This could 

probably explain the measured conductivity in the undoped material reported at low 

temperatures, but it does not explain how protonic conduction can be observed in 

phosphates at much higher temperatures (~700oC) where chemically adsorbed water 

does not exist in the material.  Also, since the material measured by Hammas et al. is 

undoped (and it does not contain any structural protons) it is unclear how a proton 

would be incorporated in the material leading to the formation of a hydronium ion from a 

water molecule. 

Although not focus of the current study, it can be envisioned that the defect 

chemistry in LaP5O14 is quite similar to LaPO4.
69  Analogous to LaPO4 oxygen 

deficiencies created from acceptor doping can be expected to lead to additional local 

condensation in the ultraphosphate structure.  The locally condensed phosphate group 
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can then by hydrolyzed in the presence of ambient water vapor to form protonic defects 

in the material.   

In this study it has been observed that the condensation of the phosphate anion 

facilitates the proton transfer process in the material leading to enhanced proton 

conductivity.  Although the obtained conductivity is otherwise modest it shows a proof of 

concept which can be applied to other phosphate systems (Ln2O3 – P2O5, Ln = 

lanthanides) and other material systems such as germanates which also exhibit a rich 

and diverse anion chemistry similar to the phosphates.17,20,113,114   
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CHAPTER 7 
CHARACTERIZATION OF TIN (IV) PYROPHOSPHATE (SnP2O7) 

7.1 Pyrophosphates 

According to the structural classification of condensed phosphates presented in 

section 2.4.3 the pyrophosphates belong to the category of oligophosphates with n = 2.  

Thus they are also sometimes referred to as diphosphates.   

Several pyrophosphate materials have been investigated for a variety of 

applications.  Mixed cation pyrophosphate materials of the type ABP2O7 such as 

LiM1.5P2O7 (M = Fe, Ni, Co and Cu) have been investigated as electrode material for 

lithium ion batteries.115 Some binary phosphates such as CuFeP2O7 have been 

investigated for ferromagnetic properties while others such as K2Cu3(P2O7)2.3H2O have 

been studied as micronutrient material to boost fertilizers.116,117   

However, the number of investigations on pyrophosphate materials focusing on 

the conductivity of the same are somewhat limited and can be summarized as follows.  

The conductivity of pyrophosphates of the type (AP2O7 where A = V, Ti, Zr) has been 

studied for potential application of the material as a catalyst for oxidative 

dehydrogenation of organic compounds.65,118  The sodium ion conduction in undoped 

sodium pyrophosphate (Na4P2O7) is well investigated.   

For application as proton conducting electrolyte materials the following 

pyrophosphate materials have been investigated.  In the low temperature range (0 – 

100oC) and under humid conditions zirconium pyrophosphate based materials show 

moderately high conductivity.119-121  The proton conduction in these materials is believed 

to be mainly occurring along the surface via adsorbed water molecules or surface 



 

133 

hydroxyl groups and as such many of the investigations have focused on conductivity 

enhancement by increasing the surface area of the synthesized material.   

Solid acid orthophosphate materials exhibit high proton conductivity but low 

thermal stability at high temperatures.  To enhance their thermal and chemical stability 

at high temperatures some pyrophosphate – solid acid orthophosphate composite 

materials of the type CsH2(PO4) – SiP2O7 were studied by Eguchi et al.122-124   

In general the pyrophosphate materials that have been studied so far for proton 

conduction do not contain any stoichiometric protons in the chemical formula.  The 

protons are incorporated as charge compensating defects by acceptor doping on the 

cation site in such materials.  However, it could be interesting to study some solid acid 

pyrophosphate materials (which contain intrinsic protons) such as GdHP2O7, LaHP2O7, 

SmHP2O7, and LuHP2O7 which have all been synthesized previously.125  Such 

pyrophosphates containing an acidic proton are analogous to the well investigated solid 

acid sulfates such as CsHSO4.  It is known that the solid acid sulfate and selenate salts 

show very high protonic conductivity but their practical applications are very limited due 

to high solubility in water and low decomposition temperature (~150oC).  The hydrogen 

phosphates on the contrary are thermally stable to much higher temperatures (~500oC) 

and are insoluble in water.125   

In this chapter, the results from the synthesis and characterization of acceptor 

doped tin pyrophosphate (SnP2O7) are discussed.   

7.2 Crystal Structure 

In the last few years there have been several structural studies on compounds 

belonging to the family of pyrophosphates with the general formula AP2O7 and 
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ABP2O7.
126-131  This family of materials was initially thought of having a simple cubic 

structure as shown in Figure 7-1 (a) consisting of AO6 octahedra and PO4 tetrahedra.   

 
(a) 

 

(b) 

 
(c) 

 
(d) 

 

Figure 7-1.  (a) Ideal crystal structure of SnP2O7 as seen along the [100] direction (b)  
[P2O7]

4- (c) 3 x 3 x 3 superstructure (d) P – O – P bond angle. 
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The space group of such a structure is Pa3  (No. 205).  The Wyckoff position of Sn 

is 4a and as shown in Figure 7-1 (a) and it occupies the corners and face centers of the 

unit cell.  The P and the O atoms take up the positions 8c and 4b, 24d respectively.  

The octahedra of SnO6 and the tetrahedra of PO4 are arranged in a corner sharing 

pattern to produce a three dimensional network.  The two PO4 tetrahedra are paired 

together by corner sharing one oxygen ion to form a P2O7 group.  This is an ideal 

structure for the general family of compounds of the type AM2O7 and restricts the P-O-P 

bond in the P2O7 group to 180o.  However, this is an energetically unfavorable 

orientation as it leads to very short P-O-P bond lengths.  The required bond lengths are 

accommodated in the structure by bending at the bridging oxygen in the P2O7 group and 

this is shown clearly in Figure 7-1 (c) and (d).  The value of the average P-O-P bond 

angle for SnP2O7 is 134o which is quite similar across the entire range of condensed 

phosphate materials including metaphosphates and ultraphosphates.25,72,73,132-134   

The energetically favorable structure for SnP2O7 is slightly different from the ideal 

crystal structure described earlier and can be more accurately represented by 

considering a 3 x 3 x 3 cubic superstructure.  A comparison of the two structures is 

shown in Figure 7-1.  The ideal cubic unit cell has the P-O-P bond angles restricted to 

180o (shown in Figure 7-1 (a)) while in the superstructure the same is no longer 180o.  A 

blown up image of the same can be seen in Figure 7-1 (d) where it can be seen clearly 

that the two adjacent PO4 tetrahedra are bent with respect to each other.  The relative 

size of the ideal unit cell with respect to the superstructure is shown in Figure 7-1 (c).   
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7.3 X-Ray Diffraction (XRD) 

The powder XRD pattern obtained for all the doped and undoped samples of 

SnP2O7 is shown in Figure 7-2.  All the peaks observed for all of the undoped and 

doped samples (except Ga doped) were indexed according to the compound SnP2O7 

(JCPDS 29-1352).  The powder pattern from the Ga doped sample showed one very 

low intensity impurity peak which matched with the tallest peak from the theoretical XRD 

pattern of gallium metaphosphate (Ga(PO3)3).   

 

Figure 7-2.  Powder XRD patterns of crushed as-sintered pellets of doped and undoped 
SnP2O7.   

The crystal structure was SnP2O7 originally proposed to be cubic (Pa3 ), however 

recent studies by Gover et al.130 suggest that the room temperature symmetry may be 

lower than cubic due to reasons described in the previous section.  The peaks in the 
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XRD were labeled according to JCPDS 29-1352 and the unit cell parameter for SnP2O7 

was determined as 7.9331 ± 0.001 Å (the peak positions were obtained by fitting the 

data with the Pseudo – Voigt function using XfitTM software).  The effect of sample 

displacement during XRD data collection was accounted for as described elsewhere.135  

The calculated lattice parameters are summarized in Table 7-1 and are in accordance 

with the expected trend since the Ga3+ ion has a smaller ionic radius as compared to 

Sn4+ while all the other dopant cations have higher ionic radii.  The ionic radii are also 

listed in Table 7-1 for comparison.   

Table 7-1.  Comparison of lattice parameters for the various doped and undoped 
materials. 

Dopant (10 mol %) Lattice parameter (Å) Ionic radii (Å) 

Ga 7.9327 ± 0.003 Å 0.620 
Undoped 7.9331 ± 0.001 Å 0.690 
Mg 7.9350 ± 0.001 Å 0.720 
Zn 7.9407 ± 0.003 Å 0.740 
Sc 7.9412 ± 0.001 Å 0.745 
In 7.9429 ± 0.002 Å 0.800 

 

In the samples that were initially prepared, impurity peaks corresponding to 

unreacted SnO2 were observed which were due to the loss of phosphoric acid during 

calcination.  This was overcome and phase pure samples were obtained by increasing 

the (Sn+D):P ratio from 1:2 to 1:3 in the starting mixture.   

Sintering in an open crucible resulted in insufficient densification of the pellet 

which was also accompanied by weight loss.  Such weight loss has been previously 

reported during sintering of other phosphate materials such as GeP2O7 and CeP2O7.  In 

a study on the sintering of cerium pyrophosphate (CeP2O7), conventional sintering, 

spark plasma sintering and hot pressing techniques were used by Tanaka et al.136  It 

was found that the former two methods led to insufficient densification in the material.  
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However, according to the study the weight loss issues were largely avoided by using 

hot pressing.  Decomposition associated weight loss has also been observed during the 

high temperature heat treatment of higher condensed phosphates of lanthanum such as 

LaP5O14 and La(PO3)3 by Park et al.19,126  In these cases, the weight loss was attributed 

to the loss of P2O5 (due to decomposition) and the issue was overcome by using a 

sealed vessel.   

The problems of weight loss and insufficient densification in the current work were 

avoided when sealed alumina crucibles were used for sintering heat treatments (as 

described in section 3.1.3).   

 
(a) 

 
(b) 

Figure 7-3.  SEM images of fractured surface of SnP2O7 sample sintered at 1400oC for 
10 h.  (a) Average grain size ~10 μm.  (b) Porosity at triple grain junctions.   

7.4 Scanning Electron Microscopy (SEM) 

A typical microstructure of the fractured surface of the sintered pellet is shown in 

Figure 7-3 (a).  The average grain size was about 10 μm (as seen in Figure 7-3) which 

is much larger than the initial average particle size (before sintering) which is less than 1 

μm.  This indicates that there is significant grain growth occurring during the sintering 

process.  Some porosity can be seen mainly concentrated at the triple grain junctions 

(as seen in Figure 7-3 (b)).   
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7.5 Conductivity Measurement 

7.5.1 Comparison with Previously Published Data 

Given the interest of the present work in elucidating the nature of the contrasting 

conductivity data for tin pyrophosphate reported in literature, and as a foundation for 

data reliability and calibration of the measurement setup, the conductivity of 20 mol% 

Eu doped SrCeO3 and 5 mol% Sr doped LaPO4 was measured.  The conductivity was 

measured under dry atmospheric conditions (under flowing dry N2).  The measured 

conductivity for these two materials is shown in Figure 7-4 and compared with 

previously published results in literature measured under similar atmospheric 

conditions.62,69,137  The latter was synthesized by using the experimental procedure 

described by Norby et al.62  The measured values were found to match well (within 5%) 

with published values.   

Since the purpose of this work is to contrast the obtained conductivity data with 

previously reported data, the atmosphere conditions (unhumidified air) were kept 

consistent throughout this study with those used in previously reported studies.64,138  

The conductivity values for undoped SnP2O7 and 10 mol% In3+ doped SnP2O7 as 

measured here are also shown in Figure 7-4.  These values compare well with the 

conductivity values as reported by Tao for undoped SnP2O7 and 8 mol% In doped 

SnP2O7 in the temperature range 300oC - 900oC.138  Dopant addition increases the 

conductivity of SnP2O7 by about an order of magnitude as observed from reported 

values of Tao and also results from the current study.  By contrast, Hibino et al. report a 

much higher conductivity for 10 mol% In3+ doped SnP2O7 (1.95 x 10-1 S/cm).   
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Moreover, there is also a significant difference in the activation energies for 

conduction.  The activation energy for conduction was calculated by fitting the 

temperature variation of conductivity with the well known Arrhenius relationship: 

)
RT

E
exp(A=Tσ

a
         (7-1) 

Where σ is the conductivity, A is the pre-exponential, Ea is the activation energy, R 

is the universal gas constant, and T is the absolute temperature.   

 

Figure 7-4.  Measured conductivity values of 5 mol% Sr:LaPO4 and 20 mol% 
Eu:SrCeO3 as compared with conductivity values for SnP2O7 samples.   

The values of activation energy obtained in this study are compared with 

previously published values in Table 7-2.  The activation energy values obtained are as 



 

141 

follows: 1.36 eV for 10 mol% In doped SnP2O7 (current work), 1.02 eV for 8 mol% In 

doped SnP2O7 (Tao) and 0.21 eV for 10 mol% In doped SnP2O7 (Hibino et al.).  The 

drastically different activation energy value obtained by Hibino et al. is a clear indication 

that the mechanism of conduction in the latter (Hibino et al.) is significantly different 

from the previous two (Tao and current work). 

Table 7-2.  Activation energies obtained for In3+ doped samples as measured in this 
study compared with previously published literature.   

Material 
Activation energy 

(eV) 
Sintering 

temperature (oC) 
Reference 

In0.08Sn0.92P2O7-δ 1.02 1000 Tao (2009)138 
In0.1Sn0.9P2O7-δ 1.36 1400 Current work 
In0.1Sn0.9P2O7-δ 0.21 *650 Hibino et al. (2006)139 
H3PO4 (fused) 0.29 N.A. Greenwood et al. (1959)140 

The temperatures used for sintering heat treatment on the pellets previous to 
conductivity measurement are also shown.  *Sintering was not performed on the 
pressed pellets.  Temperature shown represents the calcination temperature.   

 

High temperature ceramic protonic conductors generally have activation energy 

values in the range 0.4 eV – 1.31 eV.62,63,69,95  One of the possible explanations for the 

above difference in activation energy values could be that leftover phosphoric acid from 

synthesis (due to insufficient annealing time) played a major role in the charge transport 

in samples prepared by Hibino et al.  It appears to be so since the conductivity reported 

by Hibino et al. is close to the conductivity of fused phosphoric acid in a similar 

temperature range (also shown in Table 7-2).140  The activation energy for H3PO4 was 

calculated to be 0.29 eV which is also close to the value (0.21 eV) obtained for samples 

prepared by Hibino et al.  It has to be remembered that Hibino et al. did not use any 

sintering procedure but rather measured conductivity on pressed powder (pellets).  By 

contrast, high sintering temperatures used by Tao (1000oC) and in the current work 
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(1400oC) eliminate the possibility of any leftover phosphoric acid from synthesis in these 

samples.   

7.5.2 31P MAS – NMR Spectroscopy 

To investigate the reason for the differences in obtained conductivity data by 

different research groups 31P MAS – NMR spectroscopy was used to compare the as-

calcined and sintered samples.  The NMR spectra obtained for crushed powder made 

by grinding a sintered sample are compared with that obtained for the as-calcined 

powder sample in Figure 7-5 (a).  Spectrum of sintered sample shows a large number of 

closely spaced peaks with chemical shifts between 25 ppm and 50 ppm.   

  

Figure 7-5.  Comparison of crushed powder and as-sintered pellets of doped SnP2O7 by 
using (a) 31P MAS – NMR spectroscopy and (b) XRD.   

These peaks correspond to the phosphorus atoms belonging to the pyrophosphate 

group (P2O7
4-) in SnP2O7, as previously reported by Gover et al.130  The spectrum for 

the as-calcined powder shows only a single broad peak centered at the same chemical 

shift and with the same overall shape as the pyrophosphate group in the sintered 

sample.  It can be assumed to be due to the pyrophosphate group in the calcined 

powder.  It could be that the annealing effect during sintering has reduced the disorder 



 

143 

in the crystal lattice, permitting most of the crystallographically distinct phosphorous 

sites to be resolved.  This interpretation is consistent with the reduced line broadening 

observed in the XRD of the sintered sample compared to the as-calcined sample.  

Furthermore, the calcined powder shows an additional prominent peak with a chemical 

shift of almost 0 ppm.  Since the reference standard used was orthophosphoric acid this 

peak can be safely ascribed to phosphorus atoms belonging to the orthophosphate 

group (PO4
3-).  The XRD patterns for the sintered and the as-calcined samples are 

compared in Figure 7-5 (b).  The two XRDs show peaks only corresponding to SnP2O7, 

hence it can be safely assumed that the orthophosphate group (seen in NMR spectrum) 

belongs to some amorphous phase in the as-calcined powder.  This amorphous phase 

is most likely leftover phosphoric acid (surface adsorbed) from the synthesis procedure 

due to insufficient calcination time.  Thus it was confirmed that an additional phase was 

present in the as-calcined samples which was absent in the sintered samples.   

7.5.3 Acceptor Doped SnP2O7 (D = In, Mg, Sc, Zn, and Ga) 

The Nyquist plot obtained for 10 mol% In3+ doped SnP2O7 at 600oC is shown in 

Figure 7-6.  Three distinct but not completely resolved arcs can be seen representing 

grain, grain boundary and electrode polarization phenomena.  Since, the arc 

corresponding to the electrode impedance was unstable at lower temperatures, for the 

sake of consistency only the part of the data representing the grain and grain boundary 

impedance was considered during the fitting process at all temperatures.  The low 

frequency data representing the electrode impedance was not used in the fitting 

process.  Therefore, the equivalent circuit used to fit the data consisted of 2 R – CPE 

(constant phase element) circuits in series with an inductance (shown in Figure 7-6).  

Inset shows Bode plot where Im(Z) is plotted as a function of the frequency which 
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shows three distinct ‘humps’ corresponding to the three different polarization 

phenomena.  As mentioned previously, only the part of the data representing the grain 

and grain boundary impedance was used in the data fitting process.  Since the grain 

and grain boundary arcs (in the Nyquist plots) are not well resolved the Bode plots were 

used to ensure that the fitting process had accounted correctly for the grain and grain 

boundary impedance.   

 

Figure 7-6.  Nyquist plot of 10 mol% In doped SnP2O7 (600oC).   

The temperature variation of grain boundary, grain and total conductivity of 10 

mol% In doped SnP2O7 is shown in Figure 7-7.  At temperatures below 325oC the 

impedance of the sample was too large and fell outside the measurement limit of the 

instrument.  The grain ionic conductivity was higher than the grain boundary 

conductivity in the entire temperature range of measurement.   
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It is well known that introduction of dopant cation in a host lattice produces strain 

in the host lattice due to ionic radii mismatch of the dopant cation and the host cation.  

For this study dopant cations were shortlisted on the basis of their ionic radii to minimize 

lattice strain produced upon dopant incorporation in the host lattice.  Since the crystal 

structure of SnP2O7 consists of SnO6 octahedra, the ionic radii of dopant cations in six 

fold coordination were used.129,141  Based primarily on these two criteria, In, Ga, Zn, Mg, 

and Sc, were selected as dopant for this study.  Multivalent cations were excluded from 

the list of dopants.   

 

Figure 7-7.  Variation of grain boundary, grain ionic and total conductivity in 10 mol% In 
doped SnP2O7 with inverse temperature.   

Figure 7-8 shows the temperature dependence of total conductivity for undoped 

SnP2O7 and D0.1Sn0.9P2O7-δ (D = In, Zn, Mg, Ga, and Sc).  Among the dopants analyzed 
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Zn0.1Sn0.9P2O7-δ shows the highest conductivity of 2.84 x 10-6 S/cm at 600oC.  Below 

400oC, Mg0.1Sn0.9P2O7-δ shows the highest conductivity.  Sc0.1Sn0.9P2O7-δ and 

In0.1Sn0.9P2O7-δ exhibit the lowest conductivity among the dopants analyzed.   

 

Figure 7-8.  Total conductivity of undoped SnP2O7 and D0.1Sn0.9P2O7-δ (D = In, Zn, Mg, 
Ga, and Sc) plotted as a function of inverse temperature.   

This result is expected since partial substitution of the tin cation by a cation of 

lower valence produces negatively charged defect sites which can be compensated by 

the formation of oxygen ion vacancies in the structure.  Acceptor doped SnP2O7 shows 

a much higher conductivity than undoped SnP2O7.  In the presence of ambient moisture 

these vacancies may be filled up to form protonic defects leading to a higher 

conductivity.   
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This equilibrium can be represented as shown below, 

•

O

x

O2

••

O OH2O+OH+V ↔
.
        (7-2) 

Among the other pyrophosphate materials investigated for conductivity are TiP2O7, 

ZrP2O7 and CeP2O7.
65,136  The conductivity of TiP2O7 was 2.51 x 10-8 S/cm while that of 

ZrP2O7 was 7.94 x 10-9 S/cm at 500oC.  These values are slightly lower than those 

obtained for undoped SnP2O7 at the same temperature.   

It has been shown for acceptor doped LaPO4 that protonic defects are the 

dominant defects at low temperatures.62  At temperatures in excess of about 900oC the 

formation of oxygen ion vacancies is favored since reaction shown in equation 7-2 is 

generally exothermic.  However, in this study conductivity measurements were carried 

out in the intermediate temperature range, hence protonic defects can be expected to 

be the majority charge carriers in the material as compared to oxide ion vacancies.  

Alternatively, the oxide ion vacancies may also adsorb oxygen from ambient 

atmosphere leading to the formation of holes (p-type electronic conduction) as 

expressed in the following equation. 

h2+OV+O
2

1 x

O

••

O2 ↔          (7-3) 

High temperatures and partial pressures of oxygen promote p-type electronic 

conduction as obvious from equation 7-3.  Such behavior has been observed in doped 

LaPO4 and also in doped SrCeO3 and BaCeO3.
69,70   

7.6 Proton Transference Number Measurement 

Proton transference number measurements were carried out on the undoped and 

10 mol% In doped SnP2O7 samples as described previously in the temperature range 

from 300oC – 500oC as shown in Figure 7-9.  Proton transference number 
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measurements are required to ascertain the exact contribution of protonic conduction to 

the overall charge transport in the material.   

 

Figure 7-9.  Proton transference number of undoped and 10 mol% In doped SnP2O7 as 
a function of temperature (300oC – 500oC).   

The undoped sample shows a low transference number of (~0.3) in the measured 

temperature range.  A low transference number is expected since the undoped sample 

itself does not contain any structural protons or protonic defects.  However, the doped 

sample shows a much higher transference number of about (~0.7) which is due to the 

contribution to charge transport from protonic defects incorporated in the material 

according to equation 7-2.  It is likely that p-type electronic conduction (according to 

equation 7-3) is responsible for the remaining charge transport (~30%) in the material in 

the measured temperature range.   
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7.6 Summary and Conclusion 

Materials with the composition, D0.1Sn0.9P2O7-δ (D = In, Ga, Mg, Zn, and Sc) in 

addition to undoped SnP2O7 were prepared.  Sufficient densification (>90%) was 

achieved and weight loss issues were minimized by optimizing the sintering heat 

treatment procedure.  The conductivity of the system D0.1Sn0.9P2O7-δ was measured in 

the intermediate temperature range from 300oC – 600oC.  Acceptor doping led to an 

increase in conductivity of about an order of magnitude for all the dopants in 

comparison to undoped SnP2O7.  Proton transference number measurements indicated 

that the charge transport in acceptor doped SnP2O7 was mostly protonic (~70%) as 

compared to undoped SnP2O7 in which electronic conduction was the dominant charge 

transport mechanism.  Within the dopants analyzed Zn0.1Sn0.9P2O7-δ showed the highest 

conductivity of 2.84 x 10-6 S/cm at 600oC.  This conductivity value was several orders of 

magnitude lower than the previously reported conductivity for acceptor doped SnP2O7, 

but consistent with values recently reported in literature.  The results of 31P MAS – NMR 

spectroscopy revealed that the as-calcined powder of doped SnP2O7 contained a 

significant fraction of leftover phosphoric acid from synthesis procedure.  The difference 

in conductivity values in the previously reported studies was ascribed to the presence of 

leftover phosphoric acid in the as-calcined powder which results in a higher conductivity.  

Thus adequate measures need to be taken while dealing with samples for which the 

synthesis method involves phosphoric acid, so as to ensure that surface contamination 

does not adversely affect the characterization of the material.   
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CHAPTER 8 
SUMMARY AND FUTURE WORK 

8.1 Summary 

Proton exchange membrane fuel cells (PEMFCs) present a viable alternative to 

obviate the problems in the energy sector posed by increasing levels of greenhouse gas 

emissions.  However, some major obstacles need to be overcome to make this 

technology more economical so as to ensure its widespread use.  To bring down the 

overall cost of the technology electrolyte materials need to be developed which can 

function in a higher temperature range (300oC – 600oC) than currently possible.  At 

these temperatures increased efficiency and increased tolerance of the platinum 

electrodes to CO (carbon monoxide) poisoning can be achieved in fuel cells.  The focus 

of this study was on exploring the class of phosphate ceramic materials for achieving 

enhanced conductivity in the desired temperature range.  In addition, the aim of the 

study was also to expand the realm of knowledge to higher condensed phosphates 

which have so far received very limited attention as candidate proton conducting 

electrolyte materials.  In this respect three different phosphate compounds namely, 

LaP5O14, LaPO4 and SnP2O7 were investigated (about 14 different compositions).   

From the phosphate rich region of the La2O3 - P2O5 binary phase diagram the 

orthophosphate (LaPO4) and ultraphosphate (LaP5O14) materials were chosen for a 

comparative study of the electrical properties to investigate the structure – property 

relationships in phosphates.  The synthesis of lanthanum ultraphosphate (LaP5O14) 

single crystals of three different compositions (undoped, 1 mol% and 5 mol% Sr2+ 

doped) was carried out by precipitation from concentrated phosphoric acid solutions.  

Phase purity of the prepared crystals was established by comparing the experimental 
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powder diffraction pattern with the theoretical pattern and also from quantitative EDS 

analysis.  Conductivity measurements were performed on crystal samples of all the 

above prepared compositions along the [100] direction in the temperature range 300oC 

– 600oC using electrochemical impedance spectroscopy.  Within the 1 mol% Sr-doped 

LaP5O14 samples conductivity was also measured along the transverse direction.   

The conductivity was found to increase with increase of dopant concentration upto 

5 mol% Sr doping.  The highest measured conductivity was for the 5 mol% Sr doped 

LaP5O14 samples which was 1.01 x 10-4 S/cm at 600oC.  The activation energies 

obtained for the undoped, 1 mol% Sr and 5 mol% Sr doped samples were 0.85 ± 0.01 

eV, 0.76 ± 0.02 eV and 0.80 ± 0.01 eV respectively.  The activation energy calculated 

for protonic conduction along the transverse direction was only slightly higher than 

along the phosphate anion ribbon direction (0.76 eV and 0.89 eV) indicating that the 

structural anisotropy did not have a significant impact on the activation energy for 

protonic conduction in the material.  The conductivity of the samples was higher when 

the measurements were performed under humid atmosphere.  This implies that the 

materials are pre-dominantly proton conducting because in the presence of moisture 

additional protonic defects are formed by the dissociative absorption of water vapor 

which leads to an enhancement in conductivity.   

To aid the comparison between the two lanthanum phosphates the three different 

compositions of LaPO4 synthesized were kept consistent with those of LaP5O14 in terms 

of the type of dopant cation and concentration.  Phase purity of the prepared 

compositions was confirmed by x-ray diffraction (XRD) and energy dispersive 

spectroscopy (EDS).  Scanning electron microscopy (SEM) was used to observe the 
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microstructure of the sintered pellets and to confirm the densification of the samples.  

Conductivity measurements were performed on all the prepared samples in the 

temperature range 300oC – 600oC under humidified and unhumidified atmosphere 

separately.  The conductivity was found to increase with increasing dopant 

concentration.  The highest conductivity obtained for 5 mol% Sr doped LaPO4 samples 

was 3.24 x 10-5 S/cm (humidified atmosphere, 600oC) and 7.00 x 10-6 S/cm 

(unhumidified atmosphere, 600oC).  For both the doped compositions the conductivity 

was found to increase under humidified atmosphere which is in good agreement with 

the known model for proton conduction in acceptor doped ceramic proton conducting 

materials.  The activation energy for proton conduction in the undoped, 1 mol% and 5 

mol% Sr doped samples was 1.27 eV, 1.04 eV and 1.09 eV respectively.   

Overall the conductivity of all the LaPO4 samples was lower than the LaP5O14 

samples in the entire temperature range while the estimated activation energy for 

conduction was significantly higher in the former.  To explain the above observation a 

crystallochemical principle relating the oxygen to oxygen ion distance in a material to 

the activation energy for proton conduction was proposed and the experimental results 

obtained this work and other relevant literature were critically examined and further 

validated this principle.  From this analysis it is shown that the condensed nature of the 

phosphate anion in LaP5O14 can provide low energy avenues for proton transport within 

the material leading to enhanced conductivity in the material.   

The relevant properties of the lanthanum phosphates were further investigated by 

using atomistic simulations.  Using a combination of empirically derived and previously 

reported interatomic potential parameters the crystal structures of LaPO4 and LaP5O14 
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were accurately reproduced.  Defect calculations indicated that intrinsic defects of all 

types are energetically unfavorable in the lanthanum phosphates and hence the defect 

chemistry in these materials is likely to be entirely controlled by extrinsic dopant 

substitution.  Dopant dissolution studies indicated that out of the four dopants 

considered (D = Sr, Mg, Ca, and Ba) strontium and calcium were the most suitable 

dopants for conductivity enhancement while barium and magnesium were unfavorable.  

Proton - dopant cation interaction studies indicated that strontium doping in LaP5O14 

was most suitable for conductivity enhancement because of lowest interaction energy.  

The local structures around oxygen vacancies and protonic defects were also 

investigated using atomistic simulations.  In both materials it was found that the proton 

tends to lie outside the PO4 tetrahedron most likely due to repulsion from the closely 

vicinity of the P5+ ion.  In LaP5O14, it was found that for all the fourteen 

crystallographically different oxygen ions in the structure the associated protons tend to 

lie in the hollow channels that exist along the a-axis and c-axis due to the open 

framework structure of the material.  In LaPO4 the results from atomistic simulations on 

protonic defects support the formation of pyrophosphate ion and hydrogen phosphate 

ion upon acceptor doping.   

In addition to the lanthanum phosphates, the electrical properties of undoped and 

acceptor doped tin pyrophosphate (SnP2O7) were investigated, which is regarded as a 

potential candidate electrolyte material for PEMFCs.  Materials with the composition, 

D0.1Sn0.9P2O7-δ (D = In, Ga, Mg, Zn, and Sc) in addition to undoped SnP2O7 were 

prepared by the conventional solid state route.  Sufficient densification (>90%) was 

achieved and weight loss issues were minimized by optimizing the sintering heat 
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treatment procedure.  The conductivity of the system D0.1Sn0.9P2O7-δ was measured in 

the intermediate temperature range from 300oC – 600oC.  Acceptor doping led to an 

increase in conductivity of about an order of magnitude for all the dopants in 

comparison to undoped SnP2O7.  Proton transference number measurements indicated 

that the charge transport in acceptor doped SnP2O7 was mostly protonic (~70%) as 

compared to undoped SnP2O7 in which electronic conduction was the dominant charge 

transport mechanism.  Within the dopants analyzed Zn0.1Sn0.9P2O7-δ showed the highest 

conductivity of 2.84 x 10-6 S/cm at 600oC.  This conductivity value was several orders of 

magnitude lower than the previously reported conductivity for acceptor doped SnP2O7, 

but consistent with values recently reported in literature.  The results of 31P MAS – NMR 

spectroscopy revealed that the as-calcined powder of doped SnP2O7 contained a 

significant fraction of leftover phosphoric acid from synthesis procedure.  On the basis 

of results from NMR spectroscopy and EIS measurements the difference in conductivity 

values in the previously reported studies was ascribed to the presence of leftover 

phosphoric acid in the as-calcined powder which results in a higher conductivity.   

8.2 Future Work 

8.2.1 Other Ultraphosphates 

The current study focuses on the comparison of electrical properties of the 

orthophosphate and the ultraphosphate material.  According to the La2O3 – P2O5 binary 

phase diagram two other phosphate materials exist at intermediate phosphate 

concentrations namely, lanthanum tetraphosphate (La2P4O13) and lanthanum 

metaphosphate (La(PO3)3) in addition to lanthanum orthophosphate (LaPO4) and 

lanthanum ultraphosphate (LaP5O14).  The crystal structures of the same are shown in 

Figure 8-1.   
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To complete the trend of proton conductivity shown in this study across the 

phosphate compounds strontium doped materials of similar composition need to be 

synthesized and characterized.  In addition the trend could also be extended to the 

phosphate poor regions of the phase diagram which includes oxyphosphate compounds 

such as La3PO7 and La7P3O18.   

 

(a) 

 

(b) 

Figure 8-1.  Crystal structure of (a) La2P4O13 along [010] direction and (b) La(PO3)3 
along [110] direction. 

8.2.2 Other Systems (Germanates, Niobates, Borates and Arsenates) 

The rich and diverse crystal chemistry exhibited by the phosphates (which is 

analogous to the well known silicates) is also found in other systems such as 

germanates, niobates, borates and arsenates.142-144  In germanates the condensation of 

the GeO4 tetrahedra can lead to a variety of anion structures, such as Li2Ge2O5 (sheet – 

structure), Li2GeO3 (chain – structure), Li6Ge2O7 (paired tetrahedra), Li4GeO4 (isolated 

tetrahedra) and Li8O2GeO4 (isolated tetrahedra).145   

Some ortho – germanates, ortho – niobates (such as acceptor doped LaNbO4 and 

GdNbO4) and ortho – tantalates (acceptor doped RETaO4 where RE = La, Nd, Gd, Tb 
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and Er) have been studied previously for proton conduction.27,146-150  An approach 

similar to the one used in this study for achieving enhancement in conductivity in the 

phosphates can thus be extended to the niobates, tantalates and germanates for the 

optimization of conductivity in these materials.   

8.2.3 Condensed Hydrogen Phosphates 

In general the pyrophosphate materials that have been studied so far for proton 

conduction do not contain any stoichiometric protons in the chemical formula.  The 

protons are incorporated as charge compensating defects by acceptor doping on the 

cation site in such materials.  However, it could be interesting to study some solid acid 

pyrophosphate materials (which contain intrinsic protons) such as GdHP2O7, LaHP2O7, 

SmHP2O7, and LuHP2O7 which have all been synthesized previously.125  Such 

pyrophosphates containing an acidic proton are analogous to the well investigated solid 

acid sulfates such as CsHSO4.  It is known that the solid acid sulfate and selenate salts 

show very high protonic conductivity but their practical applications are very limited due 

to high solubility in water and low decomposition temperature (~150oC).  The hydrogen 

phosphates on the contrary are thermally stable to much higher temperatures (~500oC) 

and are insoluble in water and thus are more suitable for potential applications as 

proton conducting electrolyte material in the intermediate temperature range (300oC – 

600oC) .125   

In addition higher condensed hydrogen phosphates have also been synthesized 

previously such as LnH(PO3)4 (methaphosphates where Ln = Bi, Sm, Eu, Gd, Tb, Dy, 

Ho, and Er) and NiHP5O14 (ultraphosphate).18,54  By contrasting the electrical properties 

across the range of condensed hydrogen phosphates of varying structural complexity, it 

can be ascertained if the condensation of the phosphate anion leads to enhancement in 
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conductivity similar to the condensed phosphates which were the focus of the current 

study (not containing a structural proton).   

 

Figure 8-2.  Setup for modified hydrothermal synthesis of large ultraphosphate 
crystals.151   

8.2.4 Growth of Larger Crystals 

The size of the largest defect free crystal that was grown in this study was about 6 

x 6 x 0.5 mm.  However, to be used as a material for practical applications crystals of 

much larger size will need to be grown.  The ultraphosphate materials are susceptible to 

decomposition at high temperatures (decompose to orthophosphate) prior to melting.  

Hence the commonly used techniques such as Czochralski method cannot be used to 

grow single crystals of these materials.   
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However, hydrothermal single crystal growth technique which has been previously 

used for synthesizing single crystals of several different inorganic compounds is suited 

for the ultraphosphates.  The slight modification to the technique is that instead of using 

water as the liquid medium for dissolution and growth of single crystals, phosphoric acid 

is used.  This modified crystal growth technique has been used previously for the 

growth of crystals of phosphates such as AlPO4 and GaPO4.
152   

In the current study the relevant oxide powder was dissolved in phosphoric acid 

and the ultraphosphate compound was allowed to crystallize at the crystallization 

temperature.  However since the crystal is being grown from a saturated solution this 

leads to the formation of several nucleation sites within the crucible.  Thus several small 

crystals are formed instead of a few large ones.  To obviate this problem for the growth 

of single crystals a setup similar to the one shown in the Figure 8-2 can be used.  The 

main benefit of using such a setup is that the chamber is partitioned into a distinct 

dissolution zone and a crystal growth zone.  The dissolution of the oxide powder in 

phosphoric acid can occur at temperatures above 200oC (after the evaporation of water) 

while the condensation of the phosphoric acid and crystal growth occurs at higher 

temperature of about 600oC.   

Due to the physical separation between these two zones the solute has to diffuse 

through the length of the tube to reach the other zone under a concentration gradient.  

Thus the concentration of the solute in the crystal growth zone can be restricted to a 

suitable value such that the growth occurs exclusively on the seed crystal.  The main 

parameters to control in such a growth technique are external pressure, temperature of 

the two zones, length of the chamber and temperature gradient.   
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8.2.5 Performance Testing 

The growth of large single crystals of the ultraphosphate will enable the 

performance testing of the material in a fuel cell.  In the experimental setup used in the 

current work the sample is sealed to an alumina tube so that it can be subjected to 

different atmospheres on opposite faces.  The diameter of the cylindrical ceramic tube is 

~2.5 cm and hence the crystal sample must sufficiently large so as to cover the tube.   

The I-V characteristics of the sample are measured and the open circuit potential 

(V) is plotted as a function of the current density (A / cm2).  From the data obtained the 

power density (W/cm2) can be calculated and plotted as a function of the current density 

which is indicative of the fuel cell performance.   
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APPENDIX A 
STRUCTURAL CLASSIFICATION OF THE SILICATES 

The structural classification of the silicate compounds is presented in Table A-1.  

The silicates are naturally occurring materials in the earth’s crust and their structures 

have been studied extensively previously.  The classification of the silicates is based on 

the O/Si ratio in the materials.  The structural unit in the anion is the [SiO4] tetrahedron.  

The extent to which the tetrahedra are corner sharing in the anion structure leads to 

different structures and different O/Si ratios in these materials.  Structurally the simples 

compounds are the neosilicates in which the O/Si ratio is 4 and their structure consists 

of isolated tetrahedra of SiO4 which are held together by cations.  As the structural 

complexity in the anion structure increases due to a higher degree of corner sharing in 

the anion the O/Si ratio decreases as can be seen in Table A-1.  The corner sharing of 

the tetrahedra can lead to either a linear morphology of the anion (sorosilicates) or a 

ring morphology (cyclosilicates) or a planar morphology (inosilicates).  Within these 

broad categories the structure can be further classified on the basis of the extent of 

linear corner sharing or size of the ring or the type of planar structure in the material.  

Structurally the most complex are the tectosilicates in which the corner sharing leads to 

a three dimensional networked structure of the anion.  The structure of the silicates is 

analogous to the phosphates in which the structural unit comprising the structure is the 

PO4 tetrahedron.  Corner sharing in the phosphates anion structure between adjacent 

tetrahedra by sharing a corner oxygen ion leads to complex anion structures in these 

materials.   
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Table A-1.  Structural classification of the silicates.   

Type O/Si 
ratio 

 Archetype 

Neosilicates 4 

 
 

           

Isolated 

tetrahedra 

[SiO4]
4- 

Sorosilicates 3.5 

 

               

Paired tetrahedra 

[Si2O7]
6- 

Cyclosilicates 3 

 

        

Tetrahedra rings 

[SinO3n]
2n- 
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Inosilicates 2.75 

 

          

Ribbon 

[Si4nO11n]
6n- 

Tectosilicates 2 

 

 

3D framework 

[SiO2] 
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APPENDIX B 
SYNTHESIS OF LANTHANUM METAPHOSPHATE – La(PO3)3 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B-1.  Segment of PO4 chain seen along (a) [010] and (b) [001].  Crystal structure 
of La(PO3)3 seen along (c) [110] and (d) [001] direction. 

Lanthanum metaphosphate occurs in the phosphate rich region of the La2O3 – 

P2O5 phase diagram at 75 mol% P2O5.  The crystal structure of La(PO3)3 is shown along 

the [110] direction and [001] direction in Figure B-1 (c) and (d) where LaO8 polyhedra 
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are shown in orange whereas PO4 tetrahedra are depicted in green.  The PO4 

tetrahedra are corner sharing in the anion so as to attain a helical chain like morphology 

that extends along the [001] direction.  The top view and side view of a segment of an 

individual chain of tetrahedra in helical arrangement are shown in Figure B-1 (a) and 

(b).  The degree of condensation of the phosphate anion in the material can be said to 

be intermediate between the orthophosphate and the ultraphosphate.  Thus it is 

interesting to investigate the electrical properties of this material from the view point of 

comparison with the other lanthanum phosphate materials.   

 

Figure B-2.  XRD pattern for the as synthesized powder of La(PO3)3.3H2O using 
aqueous method. 

The synthesis of La(PO3)3 was carried out by two different methods.  In the 

aqueous method the powder was prepared by mixing two aqueous solutions (1 M) of 

lanthanum nitrate (La(NO3)3) and NaP3O9.  The solution was allowed to stir for 2 hrs for 
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the precipitation reaction to complete.  The obtained precipitate was then filtered out of 

the solution and washed with deionised water and allowed to dry at 120oC.  To confirm 

the phase of the samples the theoretical XRD pattern was compared with the 

experimental powder pattern of the samples.  The patterns were found to match well 

indicating the obtained powder was phase pure as shown in Figure B-2.  Due to 

precipitation from aqueous solution the formed phase contained water of crystallization 

and had the chemical formula La(PO3)3.3H2O.   

 

Figure B-3.  X-ray diffraction pattern for synthesized powder of anhydrous La(PO3)3 
using aqueous method. 

The second method used for the preparation involved mixing powders of 

lanthanum oxide (La2O3) and di-ammonium hydrogen phosphate ((NH4)2HPO4) in the 

appropriate molar ratio.  The mixture was then heated to a temperature of 900oC in a 

sealed alumina vessel for 3 h.  After the completion of the heat treatment the powders 



 

166 

were reground under acetone and the heat treatment was repeated two times to ensure 

completion of the solid state reaction.  To ensure the phase purity of the samples the 

experimental powder XRD pattern was compared with the theoretical powder pattern for 

the same and the patterns were found to match well as shown in Figure B-3.  However, 

since this method involved a high temperature synthesis procedure the powder obtained 

was anhydrous.   

 

Figure B-4.  XRD pattern of a sintered sample of La(PO3)3 as compared to the 
unsintered powder.   

There are two main problems with synthesis of consolidated La(PO3)3 samples by 

conventional sintering.  The first is that when heated to temperatures above 1235oC, the 

material undergoes a phase transformation to LaPO4 and a phosphorus rich liquid (refer 

to Figure 2-4).  Moreover when heated to temperatures above 1000oC the kinetics of 

the following decomposition reaction become appreciable.   
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52433 OP+LaPO→)PO(La  

Thus to prepare consolidated samples of La(PO3)3 spark plasma sintering (SPS) 

technique was employed which can provide extremely fast heating rates which would 

minimize the time available for the decomposition at temperatures above 1000oC.  The 

sintering procedure was carried out at 1200oC for 5 min.  The powder XRD patterns of 

the initial powder and sintered sample are compared in Figure B-4.  It can be seen that 

the powder XRD pattern of the sintered sample is considerably different from that of the  

initial powder implying that decomposition had taken place during the synthesis 

process.  There is a possibility that the kinetics of the decomposition could be slowed 

down by using a process such as hot pressing.  This is because the decomposition 

reaction leads to the formation of a volatile product (P2O5).  The use of a high pressure 

and a sealed vessel for the process could in theory be restrict the volatilization and 

hence decomposition of the material.   
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APPENDIX C 

IMPEDANCE CALCULATION FOR A RESISTANCE – CAPACITANCE (R - C) 
CIRCUIT  

An R-C circuit is commonly used as the equivalent circuit for interpreting Nyquist 

plots obtained for ionically conductive materials.  The circuit consists of a resistance and 

a capacitance in parallel.  The values obtained by fitting the data can then be used to 

calculate the relevant properties of the material by normalizing the material with the 

dimensions of the samples.   

R=ZR    
Cωi

1
=ZC     

The total impedance of an R – C 

circuit is derived as follows: 

CRtotal Z

1
+

Z

1
=

Z

1
 

Cωi+
R

1
=

Z

1

total

 

R

RCωi+1
=

Z

1

total

 

RCωi+1

R
=Z total  

)RCωi-1)(RCωi+1(

)RCωi-1(R
=Z total  

)CRω+1(

CRωi-R
=Z 222

2

total  

In the Nyquist plot the imaginary part of 

impedance is plotted as a function of the real part.  

Hence to obtain the relation between the real and 

imaginary parts, the input frequency ω must be 

eliminated from equations (1) and (2) which is 

worked out as follows. 
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The total impedance can be 

expressed as a sum of the 

imaginary and real parts as 

follows. 
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The equations (1) and (2) 

represent the real and imaginary 

parts of impedance as a function of 

the applied frequency.   

2222 )2/R(=)]ω("Z[+)2/R(+)ω('Z)2/R-)]ω('Z[ 2(  

222 )2/R(=)]ω("Z[+)]2/R-)ω('Z[ (  

The above equation represents the equation of a 

circle whose center is displaced along the x-axis 

by a distance a as shown below. 

222 a=y+]a-x[  

However, since ω cannot have negative values 

the imaginary part of impedance can only have 

negative values (refer to equation (2)).  Thus the 

Nyquist plot only shows a semicircle as 

theoretically ω varies from 0 to ∞. 
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APPENDIX D 
STRUCTURAL PARAMETERS AND ATOMIC POSITIONS FOR LaPO4 AND LaP5O14 

The atomic positions for a unit cell of lanthanum ultraphosphate are summarized in 

Table D-1 below.  The crystal structure belongs to the P 21/c space group and the lattice 

parameters are, a = 8.8206 Å, b = 9.1196 Å, c = 13.1714 Å, and β = 90.661003o.  The 

structure contains 14 crystallographically distinct oxygen ion sites, 5 phosphorus sites 

and 1 lanthanum site.  The labeling scheme for the oxygen sites is such that the 

terminal oxygen ions have a single digit in their label while the corner shared oxygen 

ions have two digits in their label.  Thus the oxygen ion that is shared between P1O4 

and P2O4 tetrahedra is labeled as O12 and so on.  The only exception is O11 which is 

a terminal oxygen ion.   

Table D-1.  Atomic positions for lanthanum ultraphosphate (LaP5O14). 

Atom Label Fractional coordinates 
  x y z 

La La 0.77697 0.6903 0.99852 

O O1 0.91680 0.61900 0.15360 

O O2 0.71720 0.91140 0.89110 

O O3 0.03570 0.81560 0.99290 

O O4 0.72870 0.90710 0.11590 

O O5 0.58310 0.61440 0.87130 

O O6 0.78910 0.41270 0.00160 

O O7 0.57640 0.62080 0.11750 

O O11 0.91380 0.61320 0.84540 

O O12 0.91080 0.06780 0.79560 

O O14 0.1320 0.90130 0.77550 

O O23 0.72290 0.19200 0.89970 

O O25 0.63780 0.08010 0.74410 

O O34 0.70250 0.18380 0.08650 

O O45 0.58630 0.08270 0.23360 

P P1 0.00965 0.99290 0.70770 

P P2 0.74624 0.04856 0.83606 

P P3 0.81164 0.25206 0.00034 

P P4 0.72357 0.05249 0.16222 

P P5 0.49426 0.00245 0.32262 
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The atomic positions for a unit cell of LaPO4 are summarized in Table D-2.  The 

crystal structure belongs to the space group P 21/n with lattice parameters, a = 6.8313 

Å, b = 7.0705 Å, c = 6.5034 Å, and β = 103.27o.  The structure has 4 crystallographically 

different oxygen ions, 1 phosphorus ion and 1 lanthanum ion.  Thus each of the four 

oxygen ions constituting the PO4 tetrahedra are crystallographically unique.   

Table D-2.  Atomic positions of lanthanum orthophosphate (LaPO4).   

Atom Label Fractional coordinates 
  x y z 

La La 0.2815 0.1603 0.1007 
O O1 0.2503 0.0077 0.4477 
O O2 0.3799 0.3315 0.4964 
O O3 0.4748 0.1071 0.8018 
O O4 0.1277 0.2168 0.7101 
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