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Summary 
 

Protonic conduction has been found in many solids inherently without protons, and the best 

high temperature proton conductors are perovskites with large and basic A-site cations such 

as BaCeO3 and BaZrO3. [1]. These perovskites are acceptor-doped with a suitable lower 

valent cation, e.g. Y3+ on the B-site, to introduce oxygen vacancies, which can be hydrated 

and replaced by protons. However, BaCeO3 and BaZrO3 have yet to be commercialized due to 

the low stability in CO2-containing atmospheres and high grain boundary resistances. 

 

A high mobility appears to rely on the presence of large, polarizable cations, such as Ba2+ in 

BaMO3 perovskites, Cs+ in CsHSO4 and CsH2PO4, or La3+ in LaPO4. Compounds that have 

tetragonal SO4
2- and PO4

3- groups have been reported to facilitate the mobility of protons, 

such as in M-doped LaPO4 (M = Sr, Ca, Ba) [2, 3]. In this thesis, K-doped KBaPO4 will be 

evaluated as a potential proton conducting electrolyte. 

 

K1+xBa1-xPO4 compounds were synthesized by the Solid State Reaction (SSR) method and 

characterized by a number of techniques. X-ray Diffraction (XRD) and Scanning Electron 

Microscope (SEM) displayed secondary phases for K-doped KBaPO4 samples with more than 

2 mol% excess potassium. The secondary phase correspond to K3PO4. The electrical 

measurements were conducted using a 2-point 4-wires setup in dry and wet air condition and 

wet pure oxygen. However, K1+xBa1-xPO4 samples did not show any dependence of pO2 and 

pH2O, and are largely ionic conducting, with no contributions of protons. 

 

The conductivity of the 1 mol% K-excess KBaPO4 (KBP1) increased from 1.2•10-9 to 7.4•10-5 

Scm-1 in the temperature range 300-900 °C. The bulk conductivity of KBP1 is approximately 

one order of magnitude larger than the undoped stoichiometric KBaPO4 (KBP) at 700 °C. The 

higher conductivity in KBP1 compared to KBP is suggested to be due to the increase in 

potassium concentration, as the dominating charge carriers are the potassium ions.  

 

The conductivity of 6 mol% K-doped KBaPO4 (KBP6) was 9.0•10-7 to 3.4•10-2 Scm-1 in the 

temperature range 300 - 900 °C. The high ionic conductivity in KBP6 at high temperature is 

due to the percolating secondary phases of K3PO4.  

 

BaSO4 displayed low solid solubility as 1 mol% K-doped BaSO4 showed a secondary phase, 

corresponding to K2SO4.  The conductivities of undoped BaSO4 and 1 mol% K-doped BaSO4 

are independent of pO2 and pH2O.  

 

 

 

 

 

 



VI 

 

 

 



VII 

 

Contents 
1 Introduction ........................................................................................................................ 1 

1.1 Fuel cells...................................................................................................................... 1 

1.2 High temperature proton-conductors........................................................................... 2 

1.3 Master thesis’ aim and focus ....................................................................................... 3 

2 Theory ................................................................................................................................ 5 

2.1 Defect Chemistry.............................................................................................................. 5 

2.1.1 Kröger-Vink notation ........................................................................................... 5 

2.1.2 Formation of Point- and Electronic-defects ......................................................... 7 

2.1.3 Defects in various acceptor-doped phosphate compounds .................................. 8 

2.1.4 Concentration of defects as a function of pO2.................................................... 10 

2.1.5 Concentration of defects as a function of pH2O................................................. 12 

2.2 Electrical conductivity ............................................................................................... 14 

2.2.1 Isotope effect ...................................................................................................... 15 

2.3 Impedance Spectroscopy ........................................................................................... 16 

2.3.1 Alternating current and impedance .................................................................... 16 

2.3.2 Passive electrical circuit elements ...................................................................... 17 

2.3.3 Impedance sweeps .............................................................................................. 18 

3 Literature .......................................................................................................................... 21 

3.1 Proton conduction mechanism in oxyacid salts. ........................................................ 21 

3.2 KBaPO4 ..................................................................................................................... 22 

3.3 K2SO4 ........................................................................................................................ 23 

3.4 K3PO4 ........................................................................................................................ 25 

3.5 LaPO4 ........................................................................................................................ 27 

3.6 LaP3O9 ....................................................................................................................... 30 

3.7 Ba3La(PO4)3............................................................................................................... 31 

3.8 Ba3(PO4)2 ................................................................................................................... 32 

3.9 La2O2SO4 ................................................................................................................... 33 

3.10 Trends..................................................................................................................... 33 

3.10.1 Solubility of acceptor dopant in LaPO4.............................................................. 34 

4 Experimental .................................................................................................................... 35 

4.1 Synthesis .................................................................................................................... 35 



VIII 

 

4.1.1 Solid state reaction route (SSR) ......................................................................... 35 

4.1.2 Co-precipitation (CPR) ...................................................................................... 36 

4.1.3 Sample preparation............................................................................................. 36 

4.1.4 Electrodes ........................................................................................................... 37 

4.2 Sample characterization............................................................................................. 38 

4.2.1 X-Ray Diffraction (XRD) .................................................................................. 38 

4.2.2 Scanning Electron Microscopy (SEM) .............................................................. 38 

4.3 Apparatus................................................................................................................... 38 

4.3.1 Electrical measurement Cell............................................................................... 38 

4.3.2 Gas Mixers ......................................................................................................... 39 

4.4 Electrical measurements ............................................................................................ 41 

4.5 Errors and uncertainty ............................................................................................... 42 

5 Results .............................................................................................................................. 45 

5.1 K1+xBa1-xPO4-δ ........................................................................................................... 45 

5.1.1 X-Ray Diffraction .............................................................................................. 45 

5.1.2 Scanning Electron Microscope........................................................................... 46 

5.1.3 Impedance Spectroscopy and electrical measurement ....................................... 49 

5.2 BaSO4 ........................................................................................................................ 56 

5.2.1 X-Ray Diffraction .............................................................................................. 56 

5.2.2 Scanning Electron Microscope........................................................................... 58 

5.2.3 Impedance Spectroscopy and electrical measurements ..................................... 60 

6 Discussion ........................................................................................................................ 63 

6.1 K1+xBa1-xPO4-δ ........................................................................................................... 63 

6.1.1 Secondary phase ................................................................................................. 63 

6.1.2 Conductivity of KBP .......................................................................................... 65 

6.1.3 Conductivity of KBP1 ........................................................................................ 66 

6.1.4 Conductivities of KBP2 and KBP5 .................................................................... 72 

6.1.5 Conductivity of KBP6 ........................................................................................ 73 

6.2 Ba1-xKxSO4-δ .............................................................................................................. 75 

6.2.1 Synthesis of Ba1-xKxSO4-δ and Ba(SO4)1-x(PO4)x ............................................... 75 

6.2.2 Conductivity of BaSO4....................................................................................... 76 

6.2.3 Conductivity of BKS5 ........................................................................................ 76 

6.2.4 Conductivity of CPR BKS1 ............................................................................... 77 



IX 

 

6.2.5 Conductivity of BSP........................................................................................... 79 

6.3 Further work .............................................................................................................. 79 

7 Conclusions ...................................................................................................................... 81 

 

  



X 

 

 

 



1 

 

1 Introduction 

The International Energy Outlook 2016 presented an overview of energy used worldwide, 

showing rising levels of energy demands over the next three decades. The demand of energy 

is led strongly by countries outside of the Organization for Economic Cooperation and 

Development (OECD), particular by countries in Asia [4]. The rise in demands is due to the 

ever increasing world population in the less developed countries in the world [5]. Another 

challenge is to reduce greenhouse gas emission, thus developing renewable energy sources is 

becoming more important. Amongst the various renewable energy sources, hydrogen gas as a 

fuel for fuel cells can be considered efficient, safe and clean.  

1.1 Fuel cells 

A fuel cell is a device that generates electricity by a chemical reaction like a battery, but 

differs in the sense that it requires continuously flow of fuel. This section will present the 

basic concepts for Solid-Oxide fuel cell (SOFC) and Proton-Conducting fuel cell (PC-SOFC) 

as shown in Figure 1.1. The following equations relates to the PC-SOFC. Hydrogen gas is 

supplied at the anode where it is oxidized according to Equation 1.1. 

H2(g) → 2H+ + 2e−     1.1 

The generated electrons cannot pass through the electrolyte, and goes through an outer 

electrical circuit to the cathode. Oxygen is supplied at the cathode side, and reduces the oxide 

ions according to Equation 1.2. 

1

2
O2 (g) + 2H+ + 2e− → H2O(g)    1.2 

The protons from Equation 1.1 permeate through the electrolyte and combines with the oxide 

ion to form water as seen in Equation 1.3. 

H2(g) +
1

2
O2(g) → H2O(g)    1.3 

And thus the chemical energy of hydrogen has been used to generate electricity, with water as 

only as exhaust. 
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Figure 1.1: Schematic drawing of the operational principles of SOFC and PC-SOFC.  

1.2 High temperature proton-conductors 

Solid oxide fuel cells (SOFCs) presently must operate at very high temperatures (500-1000 

°C) to allow transport of oxygen ions and electrons through solid state electrolytes and 

electrodes. In a proton conducting SOFC (PC-SOFC) proton instead of oxygen migrates 

through the electrolyte. In a proton conducting SOFCs, hydrogen from the fuel oxidizes at the 

anode to form protons and electrons. The protons travel the electrolyte to the cathode. On the 

cathode side, the oxygen reduces into oxide ions and reacts with the protons to form water. 

The electrons travel from the anode to the cathode from an external circuit to produce current. 

In some oxides, the oxygen vacancies created by acceptor doping are readily hydrated in the 

presence of water vapor and the oxides become proton conducting. The protons are present 

bonded to oxide ions as hydroxide ion defects, and the protons move by tunneling to a water 

molecule to the next one (Grotthuss mechanism). Acceptor doping and consequent proton 

conduction has been described for LaNbO4 [6], and oxoacid salts, such as Sr-doped LaPO4 [7, 

8] and K-doped Ba3(PO4)2 [9, 10]. A high mobility appears to rely on the presence of large, 

polarizable cations, such as Ba2+ in BaMO3 perovskites, or Cs+ in CsHSO4 and CsH2PO4. This 

gives dynamics to the oxygen lattice which the protons use for transport, sometimes helped by 

rotational dynamics of entire oxyanion groups, e.g. PO4
3- and SO4

2- [11]. 
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1.3 Master thesis’ aim and focus 

In this thesis, we will investigate oxoacid salts nominally without protons or water, but 

acceptor-doped to form anion deficiency, which can be hydrated and replaced by protons. In 

2015 Goodenough and Singh measured a crystalline KBaPO4 compound in steam at 80 °C 

and estimated a protonic conductivity in the order of 10-2 S cm-1 at 70 °C [12]. The goal in 

this master project is to acceptor-dope KBaPO4 and BaSO4 and to study the compounds at 

intermediate temperatures.  

KBaPO4 will be prepared by the Solid State Reaction (SSR) route. Samples will be 

characterized using X-Ray Diffraction (XRD) and Scanning Electron Microscope (SEM) and 

the conductivity measured by Impedance Spectroscopy (IS). Acceptor doping may be 

accomplished by shifting the cation ratio, e.g. increasing the potassium content in KBaPO4  or 

by replacing the oxyanion with a more negatively charged species, e.g. silicate(SiO4
4-) for 

phosphate (PO4
3-), or phosphate for sulfate(SO4

2-), as recent studies have suggested that such 

anion substitution doesn’t give much proton-acceptor trapping [13]. 
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2 Theory  

2.1 Defect Chemistry 

In an ideal crystalline material, atoms, ions or molecules would be arranged perfectly in a 

periodic manner, however in a real crystal, there is always some deviation from long-range 

periodicity. At temperatures above 0 K, all crystalline solids will contain defects, although the 

concentration of defects may be too low to detect with presently equipments[14]. 

There are two main types of defects in crystalline solids: structural and electronic defects. One 

way of classifying the structural defects is by their dimensionality. If the imperfection is 

limited to one lattice site, it is referred as zero-dimensional defects, which are called point 

defects. These zero-dimensional defects may comprise vacancies of structural sites or foreign 

atoms. 

In addition to point defects, crystals can also contain one-dimensional defects like dislocation, 

two dimensional defects such as grain boundaries, stacking faults, internal interfaces and 

external surfaces and three-dimensional defects such as precipitation if it is considered to have 

an extension in all directions. The second main types of defects are the electronic defects 

which occur for two reasons: internal excitation of valence electrons and association with 

point defects. For the work done in this thesis, I’ve focused on point defects, electronic 

defects and grain boundaries, as these are the most likely to affect the electrical conductivity 

of the material. 

2.1.1 Kröger-Vink notation 

The Kröger-Vink (K-V) notation is widely used in defect chemistry to describe point defects 

and electronic defects. The K-V notation for a point defect in a crystal consists of three parts: 

the main symbol, A, describes the defects species, the subscript, S, is the lattice site it 

occupies and the superscript, C, indicate the effective charge.  

 

Figure 2.1: Kröger-Vink notation 
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Table 2.1: Kröger-Vink symbols 

Species (A) element symbol 

vacancy 

electron 

electron hole 

K, Ba, La, PO4, SO4, OH 

v 

e 

h 

Lattice site (S) element symbol 

interstitial 

K, Ba, La, PO4, SO4, OH 

i 

Effective charge (C) positive 

negative 

neutral 

• 

/ 

x 

 

K-V notations are used to write equation for defect equilibrium reactions of defect formation. 

In principle, all types of defects are possible to form in the material if three criteria are 

followed: 1) conservation of mass, 2) conservation of charge and 3) conservation of the ratio 

of structure sites. The latter meaning the number of structure sites has to remain the same as 

the host. MO2 has one cation site and two anion sites, meaning the number of cation and anion 

structure site has a ratio 1:2 and it has to be kept balanced [15] 

Table 2.2: Notation for selected defects for this thesis. 

 

 

 

In a binary metal oxide the metal ions on the standard lattice positions are thus written as M
M
X. 

Correspondingly, the oxide ions on normal lattice positions are written as O
O
X. These are the 

ideal lattice position for the structural elements. The native point defects in an oxide include 

M and O vacancies and/or interstitials atoms or ions.  Vacancies in a binary oxide are denoted 

“v” with a superscript M or O referring to the vacant metal or oxygen sites, respectively vM
//  

and v
O
••. Interstitial sites are denoted with a subscript “i” and are written M

i                             
•• and O

i
//. Electronic 

defects are described with either e/ as electrons or h• as electron holes. The concentration of 

electrons and electron holes are denoted respectively n or p.    

Defect Notation 

Oxygen vacancy vO
••  / P2O72PO4

••  

Potassium on barium site KBa
/

 

Electron e/ 

Hole h• 

Acceptor dopant [Acc/] 

Interstitial potassium Ki
• 

Hydroxide ion on oxygen site OHO
• /HPO4PO4

•  
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2.1.2 Formation of Point- and Electronic-defects 

An oxygen vacancy is formed by the transfer of an oxygen atom on regular lattice site to the 

gaseous state. Equation 2.1 shows that concentration of both oxygen vacancies ([v
O
••]) and 

electrons (n) are dependent on the partial pressure of oxygen, pO2. Low partial pressure of 

oxygen will shift the equilibrium to the product, which leads to a formation of oxygen 

vacancies, charge compensated by electrons.  

OO
x = vO

•• + 2e′ +
1

2
O2 (g)     2.1 

Composites containing oxygen vacancies can be exposed to either water vapor or hydrogen 

containing gases, hydrogen may dissolve in the oxides, which could result in protonic point 

defects. The hydrogenation can be written as: 

H2 + 2OO
x = 2Hi

x + 2OO
x = 2OHO

• + 2e′    2.2 

or 

 H2O(g) + 2OO
x = 2OHO

• + 2e/ +
1

2
O2 (g)    2.3 

The hydration reaction can be formulated by combining Equation 2.1 and Equation 2.3, which 

is crucial for the thermodynamic understanding of protonic conductors: 

H2O(g) + OO
X + VO

•• = 2OHO
•      2.4 

In the Equation 2.4, intrinsic and protonic effects are considered.  

However, it is possible to introduce lower valent dopants in the structure, also called acceptor-

doping, to promote certain defects in the structure, and also introduce higher valent dopants, 

which are called donor-doping. Acceptor-dopants are charge-compensated by positive 

effective charges while donor-dopants are charge-compensated by negative effective charges.  
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2.1.3 Defects in various acceptor-doped phosphate compounds 

As there are limited literature available on defect chemistry of KBaPO4, related phosphate 

compounds such as Ba3La(PO4)3, LaPO4 and are discussed to give an indication of its 

properties in relation to the work done in this thesis. In addition, the mechanism in 

isostructural K2SO4 is also considered when making a model for KBaPO4.  

Model 1 

Amezawa et al. proposed a defect structure for Sr-doped LaPO4 [7, 16]. La substitution with 

Sr expects to form acceptor defects which are termed as Sr La
/.. The effective negative charge 

of the dopant must be compensated by effectively positive charges, which comprise oxygen 

vacancies, electron holes and interstitial protons or hydroxide ions[17].  

1

2
Sr2P2O7 → SrLa

/ +
1

2
(P2O7 )2PO4

••     2.5 

As shown in Equation 2.5, P2O 
7
4- can be regarded as the intrinsic positive defects when P2O

7
4- 

situates in two PO
4
3- sites sharing one oxygen atom.  

1

2
(P2O7)2PO4

•• +
1

2
H2O(g) → (HPO4)PO4

•    2.6 

(P2O7)2PO4
⦁⦁ plays a similar role as oxygen vacancies in oxides while (HPO4)PO4

• corresponds 

to interstitial protons or hydroxide ions. In 2009, Sharova et al. suggested a similar defect 

structure for a Sr-doped Ba3La(PO4)3 [18], however if the phosphate ions in the structure of 

Ba3La(PO4)3 would have too big of a distance apart. It is then more reasonable to assume that 

oxygen vacancies are localized on individual tetrahedral phosphate groups and the reaction is 

then written as: 

3BaHPO4 + SrCO3 = 3Ba
M

1

4
/

+ Sr
M

1

4
/

+
5

2
(PO4)(PO4)

X +
1

2
(PO3)(PO4)

•• +
3

2
H2O + CO2      2.7 

And hydration 

(PO3)(PO4)
•• + (PO4 )(PO4)

X + H2O = 2(HPO4 )(PO4)   2.8 

 

Defects in K1+xBa1-xPO4-δ 

Following Model 1, acceptor-doped KBaPO4 with K2CO3 can result in KBa
/, which must be 

charge compensated by either positively charged point defects such as v
O
•• or h•. Note that v

O
•• is 

the same as (P2O7)2PO4
⦁⦁.  

P2O5 + 2K2O = 2KBa
/

+ 2KK
X + P2O7 2PO4

••    2.9 

or 
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1

2
O2(g) + P2O5 + 2K2O = 2KBa

/ + 2KK
x + 2PP

X + 8OO
X + 2h•  2.10 

Both of these equilibria may take place, but generally one is more dominant than the other. 

However oxygen vacancies may be hydrated in the presence of water or other hydrogen 

source and can therefore alter the equilibria as shown as: 

2P2 O5 + 2K2O + H2O(g) = 2KBa
/ + 2KK

X + 2HPO4PO4

• + OO
X  2.11 

The total electroneutrality for the samples studied is as follows: 

2 [P2O7 2PO4

•• ] + p + [HPO4 PO4

• ] = [Acc/] + n   2.12 

 

Model 2  

We suggest a second model based on Frenkel defects as the predominant charge carrier in the 

undoped KBaPO4 based on the research of the isostructural K2SO4 by Choi et al. [19]. The 

predominant defects in a Frenkel defect are either limited to the cations or anions, and the 

disorder involves the equal amount of vacancies and interstitial ions in the crystal lattice.  A 

stoichiometric Frenkel defect will look as following: 

KK
X + vi

X = vK
/

+ Ki
⦁     2.13 

The Frenkel disorder must then affect both of the cations, however Ba2+ being divalent and 

intuitively has low mobility, the predominating Frenkel defect will only comprise potassium 

vacancies and interstitials. Following model 2, acceptor-doping KBaPO4 with K2CO3 can 

result in KBa
/, which is charge compensated by an interstitial K.  

2K+ = Ki
• + KBa

/
     2.14 

The total electroneutrality can be written as: 

[Ki
•] = [KBa

/ ] + [VK
/ ]     2.15 

In this case it is wise to consider the following equilibria for the formation of Frenkel pairs. 

KF = [Ki
•] + [VK

/ ] 

Therefore, by assuming acceptor doping the compound will only yield extra potassium the 

acceptor dopant may result in two regimes. At the highest temperature the intrinsic defects 

will be dominating and the electroneutrality is given as: [KBa
/] << [VK

/             ] = [Ki
•     ]. This 

correlation can be inserted into the equilibrium constant giving us: 

[Ki
•] = √KF      2.16 
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As the temperature decreases the extrinsic region will take over: [VK
/             ] << [KBa

/] = [Ki
•     ] and 

inserted into the equilibrium constant will give the following: 

[VK
/ ] =

KF

[KBa
/

]
      2.17 

 

Defects in Ba1-xKxSO4-δ 

For K-doped BaSO4, the defect structure will, in this case, follow exactly as the K-doped 

KBaPO4 based on the same structure of BaSO4 and KBaPO4. As well as SO4 and PO4 behaves 

the same way.  

K2O + 2SO3 = 2KBa
/ + S2O7 2SO4

••     2.18 

Or 

1

2
O2(g) + K2O + 2SO3 = 2KBa

/ + 2SS
x + 8OO

x + 2h•  2.19 

 

2.1.4 Concentration of defects as a function of pO2 

Low partial pressure may favor the formation of oxygen vacancies but at higher partial 

pressure the reaction will be reversed. The correlation can be seen by defect equilibria given 

by the Equation 2.1 and 2.4. 

KVO
•• =

[VO
••]n2po

2

1
2

[OO
x ]

     2.20 

Khydr =
[OHO

• ]2

[VO
••][OO

X ]pH2O
     2.21 

The equilibrium constant for intrinsic electronic ionization is not dependent on pO2 and is 

written as: 

Ki = np      2.22 

As seen from earlier chapters a typical acceptor-doped phosphate compound may be 

effectively charge compensated by holes, electrons, oxygen vacancies, and/or interstitial 

protons. The total electroneutrality can be written as: 

2 [P2O7 2PO4

•• ] + p + [HPO4 PO4

• ] = [Acc/] + n   2.23 

At low oxygen partial pressure, Equation 2.1 is driven to the product side making the oxygen 

vacancies and electrons the majority defects in this region. Given this situation the 
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electroneutrality condition can be assumed as: p, [OH
O

•] <<  2[v
O
••] = n  >> [Acc /]. The reduced 

electroneutrality then becomes 2[v
O
••] = n, which can be inserted into the equilibrium constant 

for the formation of oxygen vacancies gives the following equation: 

n = 2[vO
••] = (2KvO

•• )
1

3 po
2

  −
1

6     2.24 

Similarly, one can insert the reduced electroneutrality in equations 2.21 and 2.22 to receive 

the proton and hole concentrations respectively.  

[OHO
• ] = K

hydr

        
1

2 (
KvO

••

4
)

1

3
p

O2

  −
1

12 p
H2O

        
1

2    2.25 

p = Ki(2KvO•• )
−

1

3 p
O2

     
1

6     2.26 

 

As pO2 increases, the material enters a new regime where the dopant is the dominating 

negative defect and the electroneutrality condition is given: p, [OH
O

•]  << 2[v
O
••] = [Acc /] >> n. 

Indicating that this region the concentration of ionic point defects will be independent of pO2 

while the electronic defects will have the following dependencies: 

n = (2KvO
•• )

1

2 [Acc/]
−

1

2p
O2

   −
1

4     2.27 

p = Ki(2KvO
•• )

−
1

2 [Acc/]
1

2p
O2

    
1

4      2.28 

At the highest pO2 the equilibrium in Equation 2.1 will be shifted towards the reactant side, 

meaning holes will be the dominating defect charge compensating the acceptor dopant, the 

condition now becomes: [OH
O

•], 2[v
O
••] << p =  [Acc /] >> n. Electronic defects are therefore 

independent of pO2 in this region. The concentration of the ionic defects can be found by 

substituting the electroneutrality into the equilibrium constant expressions Equations 2.20 and 

2.21. 

[vO
••] = KvO

• •Ki
−2[Acc/]

2
po2

−
1

2     2.29 

[OHO
• ] = (KvO

• •Khydr)
1

2 Ki
−1[Acc/]p

O2

−
1

4 p
H2O

      
1

2     2.30 
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2.1.5 Concentration of defects as a function of pH2O 

In addition to pO2, concentration of defects will also vary with the pH2O, and the basis for 

this derivation is hydration reaction (Equation 2.4). Under low pO2 and dry conditions the 

following electroneutrality condition is given as: [OH
O

• ], p  <<  2[v
O
••] = [Acc /] >>, n. In this 

region the concentration of electronic defects will remain constant while the concentration of 

protons will vary accordingly: 

OHO
• =

1

4
(Khydr )

1

2 [Acc/]
1

2p
H2O

         
1

2    2.31 

As pH2O increases, it can be assumed that the protonic defects charge-compensate the 

acceptors in the compound, [OH
O

•] = [Acc /]. The concentration of the minority defects can be 

found by substitution: 

[vO
••] = Khydr

           −1 [Acc/]
2
pH2O

        −1    2.32 

n = (KvO
•• Khydr)

1

2 [Acc/]
−1

p
O2

   −
1

4  p
H2O

        
1

2    2.33 

p = Ki(KvO
•• Khydr)

−
1

2 [Acc/]
1
p

O2

   
1

4  p
H2O

       −
1

2   2.34 
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Figure 2.2: The Brouwer diagram shows how the concentration of defects may vary as a   

function of pO2 and pH2O, a) and b), respectively, in general for an acceptor-doped compound.  
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2.2 Electrical conductivity 

When an electric field, E, is applied to a sample, charge carriers with charge zie are subjected 

to a force proportional to both the electric field and the charge of the species. This force gives 

rise to a current: 

ii = zieciuiE = σE     2.35 

where σi is the partial conductivity of the charge carrier i, and ui, ci and zie are the mobility, 

concentration and charge of the carrier, respectively. The total conductivity is the sum of all 

the partial conductivities.  

σtot = ∑ σii       2.36 

The transport number, ti, is an important parameter which specifies how much of the total 

conductivity that stems from which charge carrier i. 

ti =
σi

σtot
      2.37 

If the charge carriers follow an activated jump mechanics, one may relate mobility, random 

diffusion and partial conductivity through the Nernst-Einstein equation: 

Di = ui
kT

zie
= σi

kT

ci(zie)2    2.38 

Activating hopping processes include two temperature dependencies; one from the charge 

mobility ΔHmob, and one from the formation of the charge carrier (concentration), ΔHf. 

Evaluating equation 2.x (under) in an Arrhenius type plot gives the activation energy.  

σi =
σ0

T
exp(

ΔHd+ΔHmob

RT
)    2.39 

The activation energy is the sum of the enthalpy of formation and mobility. A plot of ln(σ iT) 

versus 1/T can be constructed to find the activation energy.  
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2.2.1 Isotope effect 

The isotope effect is the consequence of proton conductivity measurements in a hydrogen-

containing atmosphere compared to a deuterium-containing atmosphere. The reason behind 

the isotope effect is the large mass ratio of the respective hydrogen isotopes. The conductivity 

can be related directly to diffusion by rewriting Equation 2.32: 

σi =
(zie)2ciDi

kB T
       2.40 

where Di is the self-diffusion coefficient of the defect species i and kB is the Boltzmann 

constant. The self-diffusion coefficient is proportional to the frequency of sufficiently 

energetic jumps, ω, which is proportional to the vibration frequency: 

ν =
1

2π
√

k

μ
       2.41 

Where k is the force constant of the bond (in this case O-H or O-D) and the μ is the reduced 

mass. The reduced mass equals (mO+mH)/mOmH and is roughly inversely proportional to the 

mass of the hydrogen isotopes. Therefore, due to the large differences in masses in hydrogen 

isotopes, the proton conductivity should decrease when substituting with heavier isotopes. 

σOHO
• = √2σODO

• = 1.414σODO
•     2.42 

However, this is simplified as the oscillators themselves have different zero-point energies 

typically giving these protons 0.04-0.06 eV lower activation energy than deuteron diffusion. 

Furthermore, more factors are involved, connected to the fact that light protons and deuterons 

must be treated quantum mechanically, meaning the lighter isotope has a lower sticking 

probability and one has to consider quantum tunneling effects. 
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2.3 Impedance Spectroscopy  

2.3.1 Alternating current and impedance 

An impedance spectrum is recorded by subjecting a sample to either an alternating voltage or 

alternating current, which distinguishes and separates different electrochemical reactions 

taking place in the material, e.g. bulk, grain boundary or electrode process [20, 21]. These 

components respond to different frequencies thus enables separation.  

The alternating voltage, U, can be described by its angular frequency and amplitude, ω and U0 

respectively, shown as: 

U = U0 sin(ωt)     2.43 

As a sinusoidal voltage is applied to a sample, subsequently an alternating current will 

respond, but out of phase due to induction and capacitances within the sample. The current is 

described as: 

I = I0 sin(ωt + θ)     2.44 

where the θ is the phase offset. The current is a product of two components: one real in phase 

and one imaginary π/2 out of phase. The real phase is termed resistance while the imaginary is 

termed reactance, X. The general description of resistance including both of these parameters 

is the impedance, Z. The total impedance is shown as: 

Z⋆ = Zre + iZim = R + iX     2.45 

The inverse of impedance is called admittance, and also has a real and imaginary part called 

conductance and susceptance shown as: 

Y⋆ =
1

Z
= G + iB     2.46 
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2.3.2 Passive electrical circuit elements  

Resistor 

A resistor reduces the current flow and lowers the voltage in a circuit. The resistor is 

independent of ω and is thus the same for alternating- and direct-current. The resistance is 

given as: 

R =
U

I
=

U0sin (ωt)

I0sin (ωt)
=

U0

I0
    2.47 

Capacitor 

A capacitor consists of two conductors separated by either vacuum or a dielectric material. An 

applied voltage will induce charging on the plates and the capacitor’s ability to store charge 

depends on its capacitance, C, which is the ratio between stored charge and voltage applied as 

shown as: 

C =
Q

U
      2.48 

where Q is charge and U is voltage. If the medium separating the plates is polarizable, the 

orientation of the dipoles can reduce the voltage between the plates and thus increase the 

resulting capacitance as given by: 

C = ε0εr
A

L
     2.49 

where εr is the relative permittivity or dielectric constant, A is the area of the plates and L is 

the distant separating the plates. By applying an AC over the capacitor, a phase-shifted 

current will be produced with θ= π/2 and thus will contribute to the imaginary part of the 

impedance: 

Zcap =
1

iωC
     2.50 

Induction 

An inductor is the opposite of the capacitor, an ideal conductor. It often consists of a 

conducting wire shaped as a coil which generates a magnetic field when applied to a current. 

By applying a sinusoidal voltage, a phase shifted current with θ= -π/2 will be produced and 

thus will similarly contribute to the imaginary part of the impedance: 

Zind = iωL     2.51 

where L is the inductance of the inductor. 
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2.3.3 Impedance sweeps 

In an impedance spectroscopy sweep, the complex impedance of a system is measured over a 

range of frequencies (often 1MHz to 0.1 Hz) and is then plotted in a Nyquist diagram (-X 

versus R). A Nyquist representation of the impedance data of many polycrystalline materials 

exhibits one or more semicircles; each corresponding to a distinct part of the system. The 

impedance data can be fitted accordingly to an equivalent circuit. These arcs can correspond 

to contributions from bulk, grain boundary and the interface between the electrolyte and the 

electrode.  

A common way to describe one contribution is with a resistor and a capacitor connected in 

parallel (RC), hence three contribution would have three RC subcircuits connected in series 

could be used to describe a typical impedance response from a polycrystalline sample. A 

typical three RC subcircuits response can be seen in Figure 2.3. 

 

Figure 2.3: Typical impedance response with three contributions. Taken and modified from Haile [22]. 

The frequency at the apex of each of the arcs corresponds to the characteristic angular 

frequency, ω0, where the resistor and capacitance contribute to the conductivity and the 

relation is given as [23]: 

ω0 =
1

RC
=

1

(
L

σA
)(

ε0εrA

L
)

=
σ

ε0εr
     2.52 

Polycrystalline samples contain different sizes of grain and grain boundary and orientation to 

the current and therefore result in depressed semi circles. In order to evaluate these depressed 

semicircles, the equivalent circuit is described using a constant phase element (CPE) with the 

symbol Q. A CPE has an admittance given as: 

Y = Y0 (iω)n = Y0 [ωn cos (
nπ

2
) + iωn sin (

nπ

2
)]    2.53 
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Therefore bulk- and grain boundary semicircles are explained as a Resistance-CPE (RQ) 

circuit, where the characteristic angular frequency is given by Equation (2.54) 

ω0 = (
1

Y0R
)

(
1

n
)

     2.54 

and the real capacitance of the RQ is then given by: 

C =
1

Rω0
= Y

0

(
1

n
)
R

(
1

n
−1)

    2.55 
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3 Literature 

The electrical property of KBaPO4 is not well documented, however the structure is known 

and it shares the same structure with other well documented materials such as β-K2SO4. 

Additionally, many others phosphates has been investigated for exhibiting protons either if it 

is inherently structural protons, such as CsHPO4 or acceptor-doped such as Sr-doped LaPO4. 

Therefore, it is important to include other phosphate-compounds to learn and understand 

KBaPO4 

3.1 Proton conduction mechanism in oxyacid salts. 

In principle the protons may move by two different mechanisms: i) the free transport 

mechanism, which is also termed Grotthuss mechanism or ii) the vehicle mechanism1. The 

principal diffusion mechanism had been controversial for a long time but the general 

accordance is that proton transfer between fixed oxygen sites via the free transport mechanism 

[24]. The phosphates are tetrahedral and may therefore transport protons between the different 

phosphate groups for a continuously proton transport. Yu et al. have studied the proton-

transfer mechanism in LaPO4 using DFT and NEB2 [3]. The transport with the lowest 

activation energy was found to be the intertetrahedral transfer.  

 

Figure 3.1: Intertetrahedral proton transport in LaPO4 [3]. 

                                                 
1
 Vehicle mechanism: The proton is transported as a passenger on an oxide ion. 

2
 Nudged elastic band: Method for finding saddle points and minimum energy paths between known reactants 

and products 
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The energy barrier to transport a proton from a phosphate group to another was calculated to 

be approximately 0.8 eV. Intratetrahedral proton transport was also studied, but the energy 

barrier for this process was found to be quite high and unlikely to happen in LaPO4. Although 

the studied sampled was LaPO4 it is likely the process will be the same for other phosphate 

compounds with separated tetrahedral  

Andersen et al. have investigated the transport mechanism for lithium sulfate at high 

temperature. Analysis concerning electromigration, thermomigration and electrical 

conductivity were performed on Li2SO4,and it was concluded that the mobility of the cations 

is enhanced by strongly coupled rotational motions of the sulfate ions, and this was called the 

“paddle-wheel model” [11, 25-28]. 

3.2 KBaPO4 

In 1941 Klement and Uffelmann prepared several alkaline-earth-phosphates of the general 

formula MIMIIPO4 [29]. Amongst the phosphates was the KBaPO4 which was found to have 

an orthorhombic, Pnma, structure with a low- and high-temperature phase occurring at 1050 

°C [30]. The low-temperature phase has been characterized and refined with lattice 

parameters a = 5.66 ± 0.005 b = 9.959 ± 0.010 [30, 31]. The low-temperature phase is 

isostructural to the orthorhombic β-K2SO4, known as arcanite and the high temperature is not 

well documented.  

 

Figure 3.2: Simplified projection of KBaPO4 lattice [31]. 

 

 



23 

 

In 2015 Singh and Goodenough [12] measured a crystalline KBaPO4 compound in steam at 

80 °C, which effectively transformed into an amorphous phase that would exhibit protonic 

conductivity at low temperatures. The reported conductivity was of the order of 10-2 S cm-1 at 

70 °C as shown in Figure 3.3. 

 

Figure 3.3: Arrhenius plot and Nyquist curve at 97 °C formed by  

BaKPO4 exposed by water vapor at 70 °C [12]. 

 

3.3 K2SO4  

Potassium sulfate is isostructural to KBaPO4 in room temperature and undergoes a phase 

transition at 587 °C and changes to hexagonal. In 1992 Choi et al. [19] studied the electrical 

properties of a single crystal K2SO4 in the temperature range from 300 to 800 °C. The sample 

under investigation was mounted in an oven with a programmable temperature controller 

(Omega CN-2010) with a heating/cooling rate of 0.5 °C min-1, and impedance spectroscopy 

measured with a frequency range of 100 Hz to 10 MHz to get data for the bulk conductivity, 

with an applied AC of 200 mV. 

Figure 3.3 shows the results of the impedance spectra which consists of two parts: a high 

frequency region which can be approximated as a semi-circle in order to determine the real 

part of the impedance Z’ which corresponds to the ionic conductivity and a lower frequency 
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which is the electrode impedance. The electrode impedance is observed to be more dominant 

with increasing temperature as seen the Figure 3.4 (c) and (d).  

 

 

Figure 3.4: Complex impedance plots of single-crystal K2SO4 along the b-axis [19]. 

 

As shown in Figure 3.5 the conductivity of a single crystal K2SO4 is anisotropy in each phase 

and at the phase transition, the high-temperature phase shows an increase of ionic 

conductivity. Note the drastic increase of ionic conductivity at the phase transition. 

 

Figure 3.5: Arrhenius plots of β-K2SO4 for a cooling process along a-, b- and c-axis [19]. 
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The ionic conductivity along c-axis is higher than a- and b-axis. This can be discussed based 

on the crystal structure as seen in Figure 3.6. Figure 3.6.a) displays a projection along c-axis, 

which only half of the K+ ions are blocked off completely by sulfate groups, and the other half 

if relatively in an open structure and free. Along the b-axis, in Figure 3.6.b) the K+ ions 

hopping route it more or less blocked by the sulfate groups.  

 

 

Figure 3.6: Projection of the unit cell structure of β-K2SO4 along  

a) c- and b) b-axis [19]. 

3.4 K3PO4 

Potassium orthophosphate exists in two known polymorphs, with the high-temperature phase 

occurring at 550 ± 10 °C [32, 33].The low-temperature phase is less documented, but was first 

investigated by Voronin et al. [34] in 2006 and determined to be orthorhombic by neutron 

diffraction and Raman spectroscopy.  

In 1993 Mellander and Zhu investigated the high temperature cubic phase K3PO4 using heat 

treated commercial K3PO4∙nH2O in different humid atmospheres [35]. The electrical 

conductivity was reported to be a split contribution of ionic and protonic behavior, where the 

ionic conductivity was estimated to be 5.7∙ 10-3 S/cm and the protonic conductivity estimated 

to be 5.0 ∙ 10-3 S/cm at 600 °C. Protonic conductivity was determined using the electrolyte 

resistance for a concentration cell during external load. The concentration cell used in this 

particular situation was a H2/electrode/electrolyte/electrode/2% H2 in Ar. The conductivity 

measurement can be seen in Figure 3.7 and is measured within the temperature region of the 

phase transition that has been documented. 
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Figure 3.7: Total ionic- and proton-conductivity for heat-treated K3PO4 [35]. 

Mosin et al. investigated the electrical property of M3PO4 (M=K; Rb, Cs) based on the high 

cation-conductivity of Na3PO4 in hope for elevated alkaline-cation conduction [36]. K3PO4 

was reported with the same structure to the Na3PO4, while the Rb3PO4 and Cs3PO4 are 

isostructural. The compounds were synthesized following the conventional solid-state 

reaction and measured in the temperature range 300 to 800 °C using impedance spectroscopy. 

 

Figure 3.8 Temperature dependences of conductivity for (1) K3PO4,  

(2) Rb3PO4, (3) Cs3PO4, (4) Na3PO4 [36]. 
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Figure 3.8 displays the conductivity plot of the respective compounds in an Arrhenius –log σ 

[S/cm] vs 1000/T [K] plot. The conductivity has a dent at the temperature region 580-540 °C, 

and is in agreement with the documented high-temperature phase. Additionally, the dent is 

also similar to K2SO4 conductivity in Figure 3.5. The same dent is not observed in the 

transition temperature range in Mellander’s conductivity measurement. However, the 

conductivity does not seem to be linear, which could mean that the phase transition takes 

time, and they could have used a steep heating rate/cooling rate and therefore did not observe 

the phase transition.   

3.5 LaPO4 

Amezawa et al. investigated the electrical conduction in the monazite-type LaPO4 doped with 

1 mol% of earth alkaline earth metals (Mg, Ca, Sr and Ba) [2]. Four-probe DC measurements 

were conducted under wet and dry conditions at 500-925°C. Figure 3.9 shows the 

conductivities of the M-doped LaPO4 in wet and dry conditions at pO2 = 1 kPa. The wet 

measurements were performed in D2O at pO2 = 1 kPa. The solid and dashed lines are the 

conductivities of undoped LaPO4 from Kitamura et al. [37]. 

 

Figure 3.9: Conductivities of the 1 mol%: a) Mg-, b) Ca-, c) Sr-, and d) Ba-doped LaPO4 in wet and dry 

conditions at pO2 = 1 kPa and pH2O = 4.2 kPa. Figure taken from Amezawa et al. [2]. The solid and dashes lines 

represent the conductivities of undoped LaPO4 in wet and dry conditions, respectively, taken from Kitamura et 

al. [37]. 

The Sr-doped LaPO4 exhibited the highest conductivities, followed by Ca-doped LaPO4, 

which were in the same levels as those of the Sr-doped sample. Ba-doped LaPO4 showed 

almost half magnitude compared with the Sr- and Ca-doped samples, while Mg-doped LaPO4 

were much lower than those of the other doped samples. As seen from Figure 3.9 a) the Mg-

doped LaPO4 did not show significant protonic conduction. The difference of electrical 

properties depending on alkaline earth metals doped could be interpreted by the different in 

solubility of alkaline earth metals in LaPO4. 
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Table 3.1: Solubility limits of the different dopants in LaPO4 [2]. 

 

The solubility limits of Ca, Sr and Ba into LaPO4 are listed in Table 3.1, as well as the ionic 

radii of the alkaline earth metals. The solubility limit of the dopants seems related to the 

difference ionic radii.  

 

Figure 3.10: Isotope effect on the conductivities of the 1 mol%: a) Ca-, b) Sr-, c) Ba-doped LaPO4 at pH2O or 

pD2O = 4.2 kPa and pO2 = 1 kPa.  

Figure 3.10 displays the σ(H2O)/σ(D2O) conductivity ratio as a function of 1000/T. The ratios 

of the conductivities were 1.2-1.4 for all the samples (except Mg-doped LaPO4) and these 

values were close to 21/2, which is expected from the classical theory for proton jumping 

mechanism. 

Furthermore, Amezawa et al. have also investigated 5 mol% doped Sr-LaPO4 in the same 

conditions as the other doped-LaPO4 samples [7] . Figure 3.11 shows that the conductivity 

increaseses in wet atmosphere compared of that in dry atmosphere for the 5 mol% Sr-doped 

compound, which suggests protonic conduction in this material. The conductivity is 

independent of both partial pressure below 700 °C, but at higher the conductivity increases 

with both partial pressure. As seen in Figure 3.11.b) the conductivy increases with pO2, 

meaning there is p-type electronic conduction at higher temperatures as pH2O decreases, 

however the depedencency was quite low which suggests that protonic conducton was still 

predominant in the material. 
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Figure 3.11: Conductivities of 5mol% Sr-doped LaPO4 in various: a) water vapor pressures, and b) oxygen 

partial pressures. Taken and modified from Amezawa et al [7]. 

The activation energy for Sr-doped LaPO4 was estimated as 0.85 eV from the conductivity 

measurements below 700 °C. As for the activation energies for the protonic conductivities in 

the Ca-, Sr- and Ba-doped LaPO4 were estimated to be 0.95, 0.98, and 0.79 eV respectively. 

The activation energy is in the same order as that in high-temperature acceptore-doped proton 

conducting rare earth orthophosphates with monozite-type structure such as PrPO4, NdPO4, 

SmPO4 [37]. 
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3.6 LaP3O9 

In addition to LaPO4 compounds, Amezawa et al. have also studied the polyphosphate LaP3O9 

[38, 39], in which the La was 1 mol% substituted with M (M=Ca, Sr, Ba). Electrical 

measurements were performed at pH2O =0.1 – 5 kPa, pO2 = 0.001 – 100 kPa and T = 973 – 

563 K. LaP3O9 was not measured in the same temperature range as M-doped LaPO4, because 

it is not thermally stable at high temperatures [38].  

 

Figure 3.12: Conductivities of 1 mol% Ca-, Ba-, and Sr-doped LaP3O9 at pH2O, and pD2O = 4.2 kPa and pO2 = 

1kPa. The undoped compound of LaP3O9 is shown as the striped lines  [39]. 

 

Figure 3.12 shows the conductivities of the 1 mol% Ca-, Ba-, and Sr-doped LaP3O9. The 

conductivity ratios  σ(H2O)/σ(D2O) were estimated to be 1.27-1.32 for Ca-doped LaP3O9 and 

1.06-1.17 for Ba-doped LaP3O9, and similarly for the Sr-doped LaP3O9. This result suggests 

that the doped compounds exhibit significant protonic conduction. The conductivity of the 

doped LaP3O9 depend considerably on the dopant species, and increased in the order Ca < Ba 

< Sr, which shows similar conductivities with M-doped LaPO4, while 1 mol% Ba-doped 

LaPO4 showed lower conductivity [2]. This suggests that the variation in conductivities 

between dopant species as well as different phosphate remain unsolved, but may for instance 

be a complex influence of dopant solid solubility. 
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3.7 Ba3La(PO4)3 

Electrical measurements were performed on the eulytite compound Ba3La(PO4)3, with 2 

mol% Sr substitution of for La, as a potential high temperature proton conductor by Sharova 

et al. [18].The conductivity was measured under various atmospheres in the temperature 

range of 300 – 1300 °C at a constant frequency of 10 kHz. The atmospheres used were dry Ar, 

O2, H2 and wet Ar. The latter was done by bubbling dry Ar through a saturated solution of 

KBr in H2O or D2O. 

Figure 3.13.a) shows insignificant change in total conductivity in pO2 and pH2O, indicating 

no protonic conductivity. In order to identify possible proton conductivity, measurements 

were also carried out in H2O- and D2O- saturated Ar. At temperature lower than 600 °C a 

small change in conductivity can be observed in Figure 3.13.b), indicating protonic 

conduction at these temperatures.  

The curve marked with the number “2” does not seem compatible with a 

hydration/dehydration model. Therefore, Sharova et al. suggested that the s-shaped 

conductivity reflects a bulk conductivity transition to grain boundary conductivity. By 

modelling using equivalent circuit (RQ) the calculated constant phase element Qbulk and Qgb 

have parameter values typical for bulk and grain boundary, respectively. However impedance 

spectra were not included in this study, therefore further information cannot be obtained. 

 

Figure 3.13: Log AC conductivity at 10 kHz versus 1/T for 2mol% Sr-substituted  

Ba3La(PO4)3 in the range of 300 – 1300 °C: a) Ar in dry and wet condition; b) Ar  

wetted by D2O and H2O [18]. 
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The activation energy of Sr-doped Ba3La(PO4)3 were estimated to be 80 kJ/mol in bulk and 

the grain boundary conduction gets an activation energy of ca 85 kJ/mol, which is 

approximately 0.83 eV and 0.88 eV respectively. Zhang et al. [40] investigated nominally 

undoped Ba3Ce(PO4)3 in wet and dry oxidizing and reducing atmospheres. Based on the study 

of hydrogen concentration cell transport number in the undoped sample, it was concluded that 

the conductivities were largely protonic. The activation energies were estimated to be in the 

range of 0.78 – 0.93 eV, which is similar to the Sr-doped Ba3La(PO4)3 by Sharova et al. and 

other protonic conducting phosphate compounds. 

3.8 Ba3(PO4)2 

In 1998 Iwahara et al. [9] studied the ionic conduction in the sintered ceramic of pure barium 

phosphate Ba3(PO4)2 acceptor-doped with various content of K. Figure 3.14 b) shows the 

conductivities of Ba3-xKx(PO4)2-x with different K-content at 900 °C. When a small amount of 

potassium was substituted for barium, the conductivity increased and the maximum value was 

observed at x=0.03, which may correspond to the limiting composition of solid solution. 

Above x=0.05 doping, a secondary phase of KBaPO4 was observed (written as BaKPO4 in the 

literature). Figure 3.14 a) shows a decrease in conductivity in pH2O dependency with 

increasing temperature and an increase in conductivity with increasing pO2 dependency. This 

suggests that the total conductivity is protonic with contributions of electron holes. 

 

Figure 3.14: a) Total conductivity of pure Ba3(PO4)2 as a function of inverse temperature, and b) as a 

function of acceptor-dopant concentration at 900 °C. Figures are taken and modified from Iwahara [9]. 
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3.9 La2O2SO4 

Sulfate compounds are similar to phosphate compounds, in which the sulfates are also 

tetrahedral and may therefore transport protons between the different sulfate groups for 

continuously proton transport, if any such effect exists. Polfus et al. [13] utilized first-

principle3 calculations to estimate the thermodynamics of proton incorporation as well as 

proton migration barriers in selected sulfides, oxysulfides and oxysulfates. For sulfate 

compounds, phosphate groups can be considered as an anion acceptor dopant when 

substituting for sulfate denoted as (PO4) 
/
SO4

. La2O2SO4 was the investigated sulfate, which 

had a low binding energy between (PO4) 
/
SO4

 and a proton associated with the tetragonal group 

was calculated to be 0.15 eV. This may indicate that phosphates are suitable acceptor dopants 

to introduce protonic conductivity in sulfates. However, considering the variation of stability 

of different anion sites in the tetrahedral group, as well as the low symmetry of the protonated 

structure, implies that a long-range proton transport would exhibit considerable activation 

energy and low motilities in these materials.  

3.10 Trends 

Based on the studies of orthophosphate with different crystal structure and different cations it 

is possible to draw out some trends. There were no thermodynamics stated in the earlier 

reports, only the activation energy was given, but based on the result and pH2O, suggests that 

the activation energy in the most cases can be represented as the activation energy of protons. 

In orthophosphate it would seem that the activation energy is lower for eulytite structures (80-

85 kJ/mole) than for the monazite structure (90-95 kJ/mole), except Ba-doped LaPO4, which 

was estimated to be 0.79 eV (Approximately 76 kJ/mole). The same trend is suggested for 

orto-niobates of rare-earths. This suggests that the mobility of protons is higher in a crystal 

structure with higher symmetry.  

                                                 
3
 DFT calculation performed using projector-augmented wave (PAW) implanted in VASP and the generalized 

gradient approximation (GGA-PBE). 
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3.10.1 Solubility of acceptor dopant in LaPO4 

The conductivity of the acceptor-doped LaP3O9 have been reported to have an increasing 

conductivity in the order of Ca < Ba < Sr. Amezawa [2] reported Ca- and Sr-1 mol% doped 

LaPO4 to have conductivity of the same order of magnitude, while Norby and Christiansen [8] 

measured the 5 mol% Ca-doped LaPO4 to almost have an order of magnitude lower total 

conductivity than 5 mol% Sr-doped LaPO4. Studies of Ba-doped LaPO4 shows lower 

conductivity overall compared to Ca-, and Sr-doped LaPO4, and Mg-doped did not show any 

significant protonic conduction. These results are varying of Sr-doped LaPO4 and other 

acceptor dopant, suggests a limited solid solubility of dopants in the system.  

Amezawa et al. estimated the solid solubility by analyzing XRD patterns after heavily doping 

LaPO4. The secondary phases that occurred in the XRD patterns corresponded to M2P2O7 

peaks. Ca-doping in Ca-doped LaPO4 varied from 0 up to 19 mol%. When the doping level 

was above 7%, diffraction peaks of Ca2P2O7 appeared. The intensity of Ca2P2O7  peaks were 

plotted as a function of Ca content. A linear relationship was observed when the doping level 

was from 7 to 19 mol%. By extrapolating this line, an estimated value for the solid solubility 

limit was acquired as seen in Table 3.1. The solubility of Ca was estimated to be 4.2 mol%, 

while the solubility of Ba was found to be 0.4 mol%. The varying solubility can be explained 

by their difference in ion radius ration of the host cation and the substitute, La3+ and M2+ 

respectively. This also explains why Ca-doped YPO4 worked better than Sr-doped YPO4 [16]. 
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4 Experimental  

4.1 Synthesis 

Solid state reaction (SSR) and co-precipitation (CPR) reaction were used to synthesize 

samples in this work. The samples and the methods of synthesis are summarized in Table 4.1 

as shown: 

Table 4.1: Table of synthesized compounds with abbreviated form and synthesis method. 

Composition Abbreviated form Synthesis Method 

KBaPO4 KBP SSR 

K1.01Ba0.99PO4-δ KBP1 SSR 

K1.02Ba0.98PO4-δ KBP2 SSR 

K1.05Ba0.95PO4-δ KBP5 SSR 

K1.06Ba0.94PO4-δ KBP6 SSR 

BaSO4 BSO SSR 

Ba0.99K0.01SO4- δ CPR BKS1 CPR 

Ba0.98K0.02SO4- δ CPR BKS2 CPR 

Ba0.99K0.01SO4- δ BKS1 SSR 

Ba(SO4)0.995(PO4)0.005 BSP SSR 

Ba(SO4)0.99(PO4)0.01 BSP1 SSR 

4.1.1 Solid state reaction route (SSR) 

K1+xBa1-xPO4x-δ (x = 0.01, 0.02, 0.05 and 0.6), Ba1-xKxSO4-δ  (x = 0.01 and 0.05) and 

Ba(SO4)1-x(PO4)x (x = 0.005 and 0.01) compounds were synthesized using a route suggested 

by Zhang et al. [41], which is the conventional solid-state reaction method. The starting 

materials are listed in Table 4.2.  

 

Table 4.2: Starting materials used in the synthesis of KBaPO4 and BaSO4 

Material Purity Producer 

BaCO3 99 % Alfa Aesar 

KH2PO4 99.5 % Merck 

K2CO3 99 % Alfa Aesar 

(NH4)2SO4 99 % Alfa Aesar 

(NH4)H2PO4 98 % Alfa Aesar 

Ba(OH)2•8H2O 98 % Sigma-Aldrich 

KOH 90 % Sigma-Aldrich 
H2SO4 97 % Merck 
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4.1.2 Co-precipitation (CPR)  

Additional samples of CPR BKS1 and CPR BKS2 (abbreviated in Table 4.1.) were 

synthesized following the CPR method.  CPR is a type of wet-chemical method, where the 

oxides or salts of the different cations are dissolved in the same solution and the cations are 

precipitated together with addition of precursors such as carbonates or hydroxide. The 

powders are then calcined and sintered following the next section. 

4.1.3 Sample preparation 

Stoichiometric amounts of each precursor were weighed and mixed in an agate mortar, 

followed by ball milling for 2 hours at 300 rpm using isopropanol as the milling medium. The 

slurry obtained from milling was dried in a heating cupboard at 120 °C. The obtained powders 

were cold-pressed into 20 mm diameter pellets using a hydraulic Specac GS15011 press with 

approximately 100 MPa (5 tons). The pressed pellets were calcined at 800 °C for 8 hours with 

a heating/cooling ramp rate of 300 °C/h.  The calcined pellets were crushed, mixed by agate 

mortar and cold-pressed again. Several drops (15-20 drops per gram) of polymer binder4 were 

added to increase the contact of the powders in order to achieve denser pellets. The pressed 

pellets were sintered at 1000 °C for over 8 hours with a heating/cooling ramp rate of 300 

°C/h. However, pressed pellets of Ba1-xKxSO4-δ compounds were sintered with a 

heating/cooling rate of 200 °C/h due to cracks. 

Table 4.3: Temperature program for sintering and electrode firing temperature. 

Compound Sintering T 

[°C] 

Heating/Cooling 

rate °C/h 

Dwell time (h) Firing T [°C] 

Electrode 

K1+xBa1-xPO4x-δ 1000 300 8 1000 

Ba1-xKxSO4-δ 1000 200 8 1000 

Ba(SO4)1-x(PO4)x 1000 200 8 1000 

  

 

  

                                                 
4
 Paraloid B-60 and B-72 were used under this master project. It is a type of polymer resin which act as an 

adhesive 
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Table 4.4: Information on the samples synthesized in this work: sample name, relative density and secondary 

phases. 

Sample Relative Density Secondary phase 

KBaPO4 73 % No 

KBP1 70 % No 

KBP2 76 % Yes 

KBP5 67 % Yes 

KBP6 74 % Yes 

BSO 73 % No 

SSR BKS1 - Yes 

SSR BKS5 88 % Yes 

CPR BKS1 75 % No 

CPR BKS2 - Yes 

BSP 54 % Yes 

BSP1 - Yes 

 

4.1.4 Electrodes 

Circular Platina electrodes, approximately 1 cm in diameter were painted on each side of the 

specimens with Pt ink (Metalor A3788A) followed by drying for 30 minutes in a heating 

cabinet and the process was repeated three times. The samples were heated to 1000 °C in 

order to burn of the residue from the ink.  
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4.2 Sample characterization  

4.2.1 X-Ray Diffraction (XRD) 

MiniFlex 600 benchtop from Rigaku Corporation with CuKα,1 (λ=1.5046 Å) and CuKα,2 

(λ=1.5444 Å) was used to study the phase composition of all synthesized samples during this 

master thesis. A small amount of silicone standard (NIST640D) was added in order to observe 

peak shifts. The x-rays were scanned at angles ranging from 10 to 90 ° with a step size of 

0.2 °. The collected data was processed using DIFFRAC.EVA and compared to the patterns 

from Powder Diffraction File database (PDF). 

4.2.2 Scanning Electron Microscopy (SEM)  

A Quanta 200 FEG-ESEM electron microscope was used to study the microstructure, surface 

morphology and phase composition. The Field emission gun (FEG) scans the surface with a 

high-energy electron, exciting the atoms and generates a variety of signals, including 

secondary electrons (SE) and backscattered electrons (BSE).  This instrument has three 

operation modes: high vacuum (HV), low vacuum (LV) and environmental SEM (ESEM).LV 

was used and an acceleration voltage of 10 to 15 kV was typically used to study the samples. 

As an addition function to the SEM, an EDAX Pegasus 2200 EDX (Energy Dispersive X-Ray 

Spectroscopy) detector was employed to semi-quantitatively identify the elemental 

composition of the sample. 

 

4.3 Apparatus 

4.3.1 Electrical measurement Cell 

Conductivity measurements were performed using a Probostat measurement cell (NorECs 

AS, Norway) as illustrated in Figure 4.1. The cell consists of a long alumina support tube, 

which was placed inside a vertical tubular furnace with a PID-regulator (Eurotherm 2216e) 

connected to a thermocouple (S type Pt/Rh) inside the cell. The sample is mounted on top of 

the alumina tube, and two electrode contacts are connected to either side of the pellet, which 

are held together by a spring load. The cell is sealed using a quartz tube and a rubber O-ring.  
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Figure 4.1: Sketch of the Probostat measuring cell. The base unit has been omitted from the figure. Taken and 

modified from [42]. 

 

4.3.2 Gas Mixers 

The atmosphere in the measurement cell was controlled by an in-house built gas mixer as 

illustrated in Figure 4.2. The gas mixer is a series of gas lines and flowmeters (A-H) that 

arranges pairwise to form four stages of mixtures M1-M4. All excess gas from each dilution 

stage is bubbled over columns of descending heights of dibutyl phthalate (B1-B4) to ensure a 

constant overpressure through the system. Mixture 3 can be sent to either one of the two 

wetting stages, a drying stage or a bypass. In the two wetting stages the selected gas is sent 

through H2O or D2O saturated solution of KBr.  The solution of KBr ensures a water (or 

heavy water) vapor pressure approximately 0.03 atm (at 30 °C). The gas from mixture 3 may 

similarly be dried through a drying stage consisting of hygroscopic P2O5. Dry mixtures may 

also contain a small amount of water estimated to give a pH2O of about 3•10-5 atm [43].  
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Figure 4.2: Schematic of the gas mixer used in this thesis. 
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4.4 Electrical measurements 

The electrical measurements were conducted using a 2-point 4-wires setup on two different 

impedance spectrometers. The first of which was a Novocontrol Alpha-A High Performance 

Frequency Analyzer with a frequency operating range of 1MHz - 3μHz. An oscillating 

voltage ranging from 0.5 -3.0 V was used depending on the range of temperature. The 

instrument’s accuracy within this range is reported to be within 0.1%. The other instrument 

used was a LF Impedance Analyzer with a frequency operating range of 5 Hz – 13 MHz. Its 

oscillation voltage may be varied between 0 and 1.1 V. This instrument was only used for a 

total conductivity measurement at a constant frequency of 10 kHz. The instrument’s accuracy 

has been reported to be within 0.1 % with some larger discrepancies in the low frequency 

range  

Measurements were conductced in the same order for all the samples in this thesis. Firstly in 

dry air, which consist of a pO2 = 0.21 atm, followed by wet air, with a pH2O of about 0.03, 

and lastly in pure oxygen gas, with a pO2 =1 atm. 

 

 

Figure 4.3: Sketch of the equivalent circuit.  

 

The obtained impedance spectra were analyzed using ZView program from Scribner 

Associates and the spectra were fitted to correspond to an equivalent circuit as shown in 

Figure 4.3. 

The specific conductivities of the samples were corrected for porosity and geometry using the 

empirical Equations 4.1 and 4.2: 

σm = G ∙
l

A
      4.1 

σs =
σm

d2       4.2 

where σm and σs are the measured and specific conductivities, respectively,  l is the sample 

thickness, A is the area of the electrode, G is conductance and d is density [21].  
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4.5 Errors and uncertainty 

It is important to be aware of the errors that are present, and the uncertainties in the equipment 

and calculation that exists. Numerous of error sources are directly linked to sample 

preparation during synthesis and temperature gradients in the muffle furnaces. These errors 

have been reduced by extensively cleaning of equipments, and seal the sample in containers 

during sintering stages or generally keeping the samples stored in sealed containers. Samples 

were places in the middle of the muffle furnace to reduce the temperate gradient effect. 

For electrical measurements there are several factors that could have an effect on the final 

result. Prior to calculating the specific conductivity one must consider all the steps in the 

process of obtaining the rough data. The following sub chapter will include the sources of 

error and uncertainties in the steps of receiving the correct data. 

Measurement of Sample Geometry, Weighing, Temperature 

A digital caliper was used to measure the length and height of the sample. It has a 

documented uncertainty of 0.01 mm. The mass was determined using a digital balancer with a 

documented uncertainty of 0.1 mg.  Due to the difficulty of painting a perfect circular 

electrode on the samples the uncertainty is considered to be 0.1mm. The thermocouples have 

an uncertainty of ± 1-2 K, depending on the age and the temperature gradient in the muffle 

ovens has been reported to be very high, meaning the thermocouple has to be as close as 

possible to the sample. 

Impedance Measurement 

The instrument used in this thesis has an error and uncertainty of approximately 0.1% due to 

inherent imperfection in the calibration of the instrument. The 2-point 4-wires setup 

eliminates the parasitic impedance [21]. The parasitic impedance comprise the resistance and 

inductance in the wires that lead to the measuring cell and to the sample. The typically order 

of resistance is 1 ohm or less. 

Analysis and Fitting of Impedance Spectra 

The obtained impedance spectra were analyzed using all the same fitting parameters 

(Iteration, data weighing etc.) and used the same equivalent circuit as shown in the Figure 

4.4.1. The fit was made to approximately resemble the impedance spectra. Goodness of a fit 

was measured by the Chi-Squared which is the standard deviation between the original data 

and the calculated spectrum. A Chi-Squared value of 10-5 is a good fit and correlates to the 

data weighting. Calc-Proportional was used as data weighting for all the collected impedance 

spectra and is considered a good fit if the Chi-Squared value is reasonable and the fitting 

resembles the spectra. 
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Calculation 

The formulas for error propagation were applied to find the uncertainty of conductivities and 

activation energies. These uncertainties arise from the uncertainty in sample geometry, mass 

and the cell temperature. The method is shown for multiplication/division in Equations 4.3 

and 4.4. 

 

    R = a ∙
x∙y

z
= a ∙ x ∙ y ∙ z−1     4.3 

   
δR

R
= √(n

δx

x
)

2

+ (m
dy

y
)

2

+ (k
δz

z
)

2

     4.4 
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5 Results 

5.1 K1+xBa1-xPO4-δ  

5.1.1 X-Ray Diffraction  

The XRD diffractogram in Figure 5.1 shows that all the synthesized K1+xBa1-xPO4 compounds 

consist of KBaPO4. There are no indications of secondary phases except for KBP6, where the 

extra peaks are showed as arrows in Figure 5.1, and they correspond to the low temperature 

phase K3PO4 pattern. The black vertical lines in the same figure show the reference pattern of 

KBaPO4 from Masse et al. [31]. As there were not any obvious peak shifts detected with 

respect pattern compared to the doped compounds, suggests that the crystal structure did not 

change with increasing dopant concentration.  

 

Figure 5.1: XRD diffractograms obtained after sintering for KBP, KBP1, KBP2, KBP5 and KBP6 at 

1000 °C. The uppermost diffractogram is of KBP6 after measurements in humid atmosphere and the 

arrows are showing extra peaks that correspond to K3PO4 [34]. 
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5.1.2 Scanning Electron Microscope  

SEM images of KBP and KBP1 are presented in Figure 5.2. The average grain size of KBP is 

smaller than KBP1 as seen in the micrographs in Figure 5.2 a) and c) and the grain size 

distribution histogram in Figure 5.3 a) and b). No secondary phases were observed for any 

K1+xBa1-xPO4 compounds except for KBP6 before measurements in wet atmospheres. 

Micrographs of KBP2 and KBP5 displayed similar grain size distribution as KBP1 and their 

images were thus not included in this master. However, the grain size distribution histogram 

of KBP2 is presented in Figure 5.3. 

 

 

Figure 5.2: SSD Micrographs a) and b) show KBP, while c) and d) show KBP1. Figure a) and c) have the similar 

magnification and can be used to compare grain sizes. Both of the compounds are quite porous as also shown in 

Table 4.3. 
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Figure 5.3: Grain size distribution histograms for a) KBP, b) KBP1, c) KBP2 and d) KBP6. The average grain 

sizes of KBP and KBP2 is similar, whereas the average grain sizes of KBP1 is slightly bigger compared to the 

latter. The KBP6 has a big variation of sizes, where the smallest grain sizes are of 2 microns and the biggest are 

of 38 microns. The small grain sizes could be due to orientation of the grain, and not actually the true size of a 

grain. 

 



48 

 

After measurements in wet atmospheres, secondary phases were observed in KBP2, while 

KBP1 was unchanged. The SEM micrograph in Figure 5.4.b) shows localized secondary 

phases as dark grey areas, while the even darker areas along grain boundaries are cracks and 

pores. 

 

Figure 5.4: Micrographs of a) KBP1 unchanged after measurements in wet atmosphere and b) KBP2 changed 

after measurements in wet atmosphere showing localized secondary phases and cracks. 

The micrograph of KBP6 shows average bigger grain sizes compared to the rest of the KBP 

samples as shown in the grain size histogram. KBP6 shows a secondary phase before 

measurement in wet atmosphere as can be seen in the dark areas in the grain boundary in 

Figure 5.5.a). SEM image of KBP6 after measurements in wet conditions is presented in 

Figure 5.5.b), which looks similarly to KBP2. However, these secondary phases are not 

localized, but more uniformly spread in the structure.  

 

Figure 5.5: SEM micrographs of KBP6: a) after sintering and b) after measurements in wet atmosphere showing 

similar trends as KBP2, but more uniformly spread and bigger average grain sizes. 
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Table 5.1: Atomic percentages of several spot analyses from figure 5.5.b) 

of KBP6 using EDS. DA = dark area, and BA= bright area. 

Element DA Scan 1 DA Scan 2 BA Scan 3 BA Scan 4 

K 43.04 40.53 34.34 33.37 

Ba 24.57 29.54 39.23 39.07 

P 32.39 29.92 26.43 27.56 

 

Table 5.1 summarizes the atomic percentages of the grains of the KBP6 compound, as 

obtained using the EDS detector. The measured composition of KBP1 showed a close to the 

nominal compositions, but the scans in the KBP6 shows a variety of differences. The atomic 

percentages of KBP1 are not included here. Scan 1 and 2 are of the dark areas shown in 

Figure 5.5.b) and scan 3 and 4 are of the brigther areas. 

5.1.3 Impedance Spectroscopy and electrical measurement 

The electrical responses of K1+xBa1-xPO4-δ were recorded between 900-300 °C using 

impedance spectroscopy with a frequency interval 1 MHz – 1 Hz, if nothing else is stated. 

These spectra allowed the separation of grain boundary and bulk resistivity. The following 

impedance spectra are not corrected for geometry or porosity. 

The pure KBaPO4 compound was measured with a Solartron Instruments 1260 

Impedance/Gain-phase analyzer with the software Omega 2 supplied by NorECs. Figure 5.6 

shows an impedance spectroscopy of the undoped KBaPO4 compound in wet air and wet 

oxygen. The depressed semicircle exhibit two contributions and were therefore chosen to be 

deconvoluted using an equivalent circuit of (R1Q1)(R2Q2) corresponding to bulk and grain 

boundaries with specific capacitance of about 10-11 F and 10-10 F, respectively. 

 

Figure 5.6: Impedance spectra for KBaPO4 in wet air and wet oxygen at 500 °C. 

The specific capacitance for bulk and grain boundary is 10
-11

 F and 10
-10 

F, respectively. 
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Figure 5.7 presents selected impedance spectra of KBP1 and KBP2 recorded in wet air. At 

900 °C the spectra of KBP1 looks similar to the spectra of the isostructural β-K2SO4, where 

at high temperature, the electrode contribution is more dominant, and decreases as the 

temperature decreases [19]. The specific capacitance of bulk and electrode were estimated to 

be 10-11 F and 10-4 F, respectively.  

By increasing the potassium content, a second semicircle is observed in KBP2, where the first 

semicircle fits the description of bulk conductivity with a CPE of 10-11 F and the second 

semicircle has a higher capacity of 10-9 F, which can be attributed to a grain boundary 

contribution. Figure 5.7.c) represents the impedance sweep of KBP2. The grain boundary 

contribution semicircle increases in size as the grain boundary resistance increases in 

decreasing temperature. IS of KBP5 were similar to KBP2, as it shows a contribution from 

bulk and grain boundary contribution with the same specific capacitance and was therefore 

omitted from this master. 



51 

 

 

Figure 5.7: Impedance spectra: a) KBP1 at 900 °C showing a small bulk contribution and an electrode 

tail, b) KBP1 at 600 °C showing a bigger bulk contribution and a smaller electrode tail, and c) KBP2 at 

600 °C showing bulk and grain boundary contributions.   
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Figure 5.8 presents selected impedance spectra of KBP6. At high temperatures, ranging from 

900 - 700 °C, only the electrode contribution is visible with a capacitance of 10-5 F as shown 

in Figure 5.8.a). At lower temperatures, from 600 – 300 °C, the bulk resistance increases, and 

consequently, increase the semicircle as shown in Figure 5.8.b), where the bulk contribution 

is more visible. The specific capacitance of the bulk contribution was estimated to be 10-12 F. 

 

Figure 5.8: Impedance spectra: a) KBP6 at 900 °C showing only the electrode contribution, and b) 

KBP6 at 600 °C the end of a semicircle from bulk contribution and an electrode tail. 
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The deconvoluted IS of KBP are plotted in Figure 5.9.a), where it shows the separated 

contribution of bulk and grain boundary conductivity, whereas Figure 5.9.b) shows the 

conductivity of both bulk and grain boundary together.  As seen from Figure 5.9, the effect of 

wet atmosphere is negligible. This suggests little to no protonic conductivity in the pure 

compound. The IS for dry conditions at lower temperatures (>200 °C) were not possible to 

deconvolute because of the high degree of noise. 

 

Figure 5.9: Arrhenius plot of log(σ) vs 1000T for: a) separated contribution of bulk and grain boundary, and b) 

added contribution from both bulk and grain boundary. 

Below 200 °C, the conductivity was found to increase with decreasing temperature in 

humidified air. This can most likely be contributed to water being adsorbed on the surface of 

the porous sample [ref sindre]. Impedance spectroscopy was not conducted on the other 

samples below 300 °C, but it can be assumed that KBaPO4 compounds with lower potassium 

content would behave similarly to the pure compound, as high porosity is common in these 

compounds. 
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Figure 5.10: Conductivity measurements of all the KBP compounds in an Arrhenius plot log (σ) [S/cm] vs 

1000/T [K]: a) KBP, b) KBP1, c) KBP2, d) KBP5, e) KBP6, and f) all KBaPO4 compounds in wet air. 
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Figure 5.10 shows the bulk conductivities of all KBaPO4 compounds. As there are no 

significant effect of humidified air and varying oxygen partial pressures, suggesting that the 

KBaPO4 compounds, even with varying doping concentration, do not exhibit protonic or 

electronic conduction.  

Similar to KBP, KBP2 and KBP5 also show a grain boundary resistance. Above 600 °C the IS 

spectra of KBP2 only show one semicircle with a capacitance of 10-12 F, and below 600 °C 

the conductivity separates into bulk- and grain boundary contributions as represented in 

Figure 5.11. The grain boundary contribution shows an increase in conductivity in humid 

atmosphere in both wet air and wet oxygen. The only difference in wet air and wet oxygen is 

the amount of oxygen partial pressure, 0.21 atm vs 1 atm, respectively. The measurement in 

wet air and wet oxygen is equal in conductivity. This means that the KBP2 is independent of 

pO2.  

 

Figure 5.11: Arrhenius plot of log(σ) vs 1000/T [K] of KBP2 separated          

into bulk and grain boundary conductivities in wet air, dry air and wet oxygen.  
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5.2 BaSO4 

5.2.1 X-Ray Diffraction 

The XRD diffractogram in Figure 5.12 shows that CPR BKS2 and SSR BKS1 have secondary 

phases in the XRD scan as shown as arrows, which correspond to K2SO4. The K2SO4 

reference pattern is taken from McGinnerty [44]. 

 

Figure 5.12: XRD patterns of CPR BKS2 and SSR BKS1 sintered at 1000 °C for 8 hours. The arrow marks the 

corresponding K2SO4 peaks. 
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Figure 5.13: XRD patterns showing CPR BKS1 and BSP with a slight peak shift and                    

no secondary phase. 

Figure 5.13 displays the XRD patterns of CPR BKS1 and BSP with no secondary phases. A 

closer look at Figure 5.13 shows a slight shift of the peaks, which suggests a change in crystal 

structure. CPR BKS2 displays a secondary phase, implying that CPR BKS1 is close to the 

solid solubility limit as it does not show any peaks corresponding to K2SO4 as shown in 

Figure 5.12. Similarly to BKS1, there were not found any secondary phases in the XRD 

diffractogram for BSP and the peaks were slightly shifted. 
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5.2.2 Scanning Electron Microscope 

SEM images of SSR BKS1 are presented in Figure 5.14 showing a secondary phase with 

potassium-rich grains, which are in agreement with XRD diffractogram in Figure 5.12. Figure 

5.14.a) shows the topography of BKS1 and b) shows the composition of the compound. The 

darker grey contrast in Figure 5.14.b) corresponds to the potassium-rich phase. 

 

Figure 5.14: SEM images of BKS1: a) topography and b) composition. 

Figure 5.15 represents micrographs of selected SEM images of BaSO4, CPR BKS1 and BSP. 

BaSO4 and CPR BKS1 do not display any secondary phases, while BSP do show a secondary 

phosphate-rich phase. The XRD scan did not reveal any phosphate peaks in BSP, but it may 

be due to SO4 and PO4 being relatively similar. The rich-potassium phase in BSP looks evenly 

distributed throughout the sample, as it does not look densely localized but spread out as seen 

in Figure 5.15.c).  
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Figure 5.15: Selected micrographs of a) BaSO4, b) CPR BKS1, and c) BSP. It is important to notice that BaSO4 

was prepared by heat treatment of commercial BaSO4, whereas the other two were synthesized following the 

experimental section. This may have had an effect on the grain size, seeing as BaSO4  grains seems in average 

bigger compared to CPR BKS1 and BSP.  
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5.2.3 Impedance Spectroscopy and electrical measurements 

Electrical response for BaSO4 doped compounds were recorded between 900-400 °C using 

impedance spectroscopy. The measurements were planned to be carried out at 900 – 300 °C, 

but due to high degree of noise it was only measured to 400 °C. Figure 5.16 presents selected 

impedance spectra of K-doped BaSO4 and PO4 doped BaSO4 at 600 °C. None of the 

impedance spectra are corrected for geometry. 

The impedance spectra of the pure compound BaSO4 as seen in Figure 5.16.a) behaves as 

expected with only one contribution of bulk conductivity. The impedance sweep of BaSO4 in 

wet and dry air is similar in size, but the semicircle in wet oxygen is three times bigger 

compared to wet and dry air. The IS of BKS5 shows two semicircle as seen in Figure 5.16.b), 

which corresponds to bulk- and electrode contribution, respectively, with a small difference 

between humid air and dry air. The IS of CPR BKS1 is not affected by changes between dry 

and wet air, and show an increase in conductivity with increasing oxygen partial pressure. 

Lastly, Figure 5.16.c) show that BSP have negligible effect in wet and dry air, while having 

an increase in conductivity with increasing pO2. 
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Figure 5.16: Impedance spectra of: a) BaSO4, b) BKS5, c) CPR BKS1 and d) BSP at 600 °C  

in dry and wet air, and in pO2 = 1 atm, except for BKS5.  
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Figure 5.17: Conductivity measurements of all BaSO4 compounds in an Arrhenius plot log(σ) vs 1000/T 

[K]: a) undoped BaSO4, b) BKS5, c) CPR BKS1, and d) BSP. 

BaSO4 does not show any significant change in conductivity in wet air compared to dry air, 

suggesting a negligible protonic conductivity, but as pO2 increases the total conductivity 

decreases as seen in Figure 5.17 a). BKS5 show an increase in conductivity by half an order 

of magnitude in wet air compared to dry air. The CPR BKS1 has an overall lower total 

conductivity compared to the undoped BaSO4, and only displays negligible dependency of 

pH2O and pO2. Lastly, BSP shown in Figure 5.17.c) shows no protonic conductivity, but it 

has a dependency of pO2, which increases the total conductivity by almost an order of 

magnitude with increasing pO2 at 500 °C. 
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6 Discussion  

6.1 K1+xBa1-xPO4-δ 

6.1.1 Secondary phase 

The synthesis of K1+xBa1-xPO4 closely followed the procedure of Zhang et al. to produce 

acceptor-doped KBaPO4. However, the sintering condition was changed slightly as described 

in the section 4.1. Nevertheless, the change did not affect the end result, and pure single 

phased compounds were produced as seen in the XRD diffractogram in Figure 5.1 and SEM 

in Figure 5.2.  

The XRD diffractogram in Figure 5.1 shows that all the synthesized K1+xBa1-xPO4 compounds 

consist of KBaPO4 with no indication of secondary phases as sintered except for KBP6. The 

extra peaks correspond to K3PO4. KBP2 did not show any secondary phase peaks in the 

diffractogram after sintering. However, after measurement in wet atmospheres a secondary 

phase was observed in the SEM as shown in Figure 5.4.b). 

The secondary phase in KBP6 was further investigated by EDS, and a potassium-rich phase 

was suggested. The atomic weight of the scans is summarized in Table 5.1, which suggest that 

the secondary phase could be Ba-doped K3PO4. The potassium-rich secondary phases were 

observed for KBP2 and KBP6, and can be seen as the darker areas in Figures 5.4.b) and 

5.5.b), respectively. The atomic weight given by EDS is not in an agreement with the 

composition of K3PO4, but may stem from uncertainties related to the sample depth and the 

voltage of the EDS scan. A typical SEM electron beam will penetrate 1-3 μm into the sample, 

and this may scan several grains beneath the chosen area of the specified grain. Imagine that 

the secondary phase is pure K3PO4, and the electron beam penetrates a layer of pure K3PO4 

and also scan a KBaPO4 grain. This could explain why the composition does not match a 

nominal K3PO4.  

Furthermore, a phase diagram of Rb3PO4 – Ba3(PO4)2 shows that there is no solid solubility of 

Rb-doped Ba3(PO4)2, or Ba-doped Rb3PO4. However, a compound with a 1:1 ratio of 

rubidium, barium and phosphor exists, and is similar to KBaPO4. The solubility limit depends 

on the ionic radii of the cations. The structure of KBaPO4 from Masse [31] was studied in 

Diamond and VESTA and it was shown that potassium is ten coordinated, meanwhile barium 

is nine coordinated. A ten coordinated rubidium and potassium have an ionic radius of 1.66 Å 

and 1.59 Å, respectively, while nine coordinated barium has an ionic radius of 1.47Å. 

Rubidium is too big and will not be dissolved in Ba3(PO4)2 , while the size ratio of K/Ba 

allows for small concentrations of doping. Based on the size ratio of Rb/Ba compared to 

K/Ba, we can conclude that the size of Rb is not suitable as a dopant for Ba3(PO4)2, while the 

size ratio K/Ba makes it more compatible to be used as a dopant in Ba3(PO4). This means that 

the barium in the EDS scan of KBP6 is not solely because of the scan penetration of several 
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grains, but the barium exists in the secondary phase. The secondary phases observed in KBP2 

and KBP6 are therefore not pure K3PO4, but Ba-doped K3PO4. 

 

Figure 6.1: Phase diagram of the system Rb3PO4 – Ba3(PO4)2 [45]. 

 

Amezawa et al. estimated the solid solubility of Ca-doped LaPO4 [2] by varying the doping 

concentration from 0 to 19 mol%. A secondary phase occurred when the doping level was 

above 7 mol%, which corresponded to Ca2P2O7 peaks. The intensities of the secondary peaks 

were plotted as a function of Ca content. A linear relationship was observed between the peak 

intensity and Ca concentration, and by extrapolating the line, it was suggested that the 

diffraction peaks of Ca2P2O7 would disappear below 4.2 mol% of Ca concentration. Studies 

have shown that Ca-doped LaPO4 has a higher solid solubility compared to Sr and Ba-doped 

LaPO4. The solubility limits of Ca, Sr and Ba in LaPO4 are summarized in Table 3.1. 

Amezawa concluded that the solubility limit of the alkaline earth metals seemed to be related 

with the difference in the ionic radii. The successful high-level doping of KBP1 is in 

agreement with Amezawa’s results, where cations of the same size are more likely to be 

substituted. Amezawa estimated the ratio of Sr/La to be 1.08 and to have a solubility limit of 

1.9 mol% as shown in Table 3.1. Considering that the ratio of K/Ba was estimated to be 1.08, 

it is not surprising to be able to dope the material with 1 mol% with no formation of 

secondary phases. Note that KBaPO4 has two big cations for every tetragonal group, 
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compared to LaPO4 with only one cation for every phosphate group, which could have an 

effect on the solubility. 

6.1.2 Conductivity of KBP 

The IS of the undoped KBaPO4 (KBP) gives two set of specific capacitances estimated to be 

10-11 F and 10-10 F, which correspond to bulk and grain boundary, respectively. The fact that 

the grain boundary contribution can be observed for KBP and KBP2, but not in the other 

samples, may be due to average smaller grains of KBP and KBP2 samples. The average grain 

sizes of KBP and KBP1 were estimated to be 5-8 μm and 10-13 μm, respectively. Average 

smaller grain sizes, will consequently increase the amount of grain boundaries, which would 

result to higher grain boundary resistance. There is not a trend that can directly relate the grain 

boundary contribution to increasing K content, seeing as the KBP1 with the highest K 

concentration does not show a grain boundary contribution. 

According to the results in Figure 5.9, the conductivity of KBP shows no dependence of pO2 

and pH2O above 300 °C. However, the interesting part is the increasing conductivity as the 

temperature decreases below 200 °C in humidified air. A similar behavior has been observed 

in porous ceramics samples, where water is absorbed on the porous surface and affects the 

conductivity [46, 47]. Østby Stub et al. suggests that the increase in conductivity upon 

decreasing temperature can be a contribution from protonic transport across the surface, both 

as surface transport in the adsorbed water layer and one-dimensional transport between the 

surface layer and grain boundary [48]. Seeing as the conductivity of KBP shows no pO2 

dependency, the compound largely a potassium ion conductor. This is in agreement with 

literature research conducted on the isostructural β-K2SO4, where it was confirmed that the K-

ions were the dominant charge carrier [19].  

Table 6.1: Activation energy of KBP separated in bulk and grain boundary. 

 Activation Energy [kJ/mol] 

Bulk                                  GB                                      Total 

Dry Air 104 ± 3 116 ± 5 110 ± 4 

Wet Air 113 ± 3 124 ± 2 106 ± 6 
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6.1.3 Conductivity of KBP1  

The bulk conductivity of KBP1 is approximately one order of magnitude larger than KBP at 

700 °C, but both of the conductivities are equal below 500 °C. Assuming the dopant was fully 

dissolved as discussed earlier, the increase of conductivity must be due to the acceptor 

doping, where the dopant likely becomes the dominant negative defect due to the high doping 

concentration. 

The acceptor dopant, Acc/ must be compensated by a positive defect, e.g. electron holes, p, 

oxygen vacancy, v
O
••, or potassium interstitial, Ki

•. However, KBP1 does not show a pO2 

dependency, which suggests that if oxygen vacancies are the compensating defects in the 

region 2[v
O
••] = [Acc /] as shown in Figure 2.2.a), then the concentration of holes and electrons 

must be very low. If p are the compensating charge defects, p = [Acc /], then the electronic 

defects would be independent of pO2. However, electronic defects have a high mobility 

compared to potassium ions and oxygen vacancies, and would consequently show a much 

higher bulk conductivity than what we observe. Therefore, the dominating charge carrier in 

KBP1 will be discussed based on Model 1 or Model 2 from theory sections, as both could fit 

the observed dependencies. 

Model 1 

Model 1 assumes that the dopant is charge-compensated by pyrophosphates, P2O7, in two 

phosphate lattices, denoted as (P2O7)2PO4
⦁⦁, or charge-compensated by a hole as written in 

Equations 2.9 and 2.10, respectively. A pyrophosphate (P2O7) situated in two phosphate (PO4) 

sites is essentially an oxygen vacancy. As the conductivity of KBP1 is not dependent on pO2, 

this implies that if Model 1 is following Equation 2.10, that the acceptor-dopant is charge 

compensated by holes, must mean that we are measuring in the region p = [Acc /], where the 

electronic defects are independent of pO2. Electron holes have a higher mobility compared to 

ions, and would therefore show a higher conductivity if holes were compensating for the 

dopant. This means that Equation 2.10 is not applicable for Model 1. Furthermore, if the 

defect situation follows Equation 2.9, it means the dominating defects are oxygen vacancies 

compensating for the dopant, 2[v
O
••] = [Acc /]. As the conductivity did not change from dry to 

wet atmospheres, this means that oxygen vacancies are not hydrated.  
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The conductivity gap between KBP1 and KBP following model 1 would have to be a direct 

consequence of oxygen vacancy transport in the material. However, if vacancies are formed 

as pyrophosphate groups in the system, they should be very likely to be hydrated in 

humidified atmospheres. Amezawa et al. investigated Sr-doped LaPO4 using MAS-NMR 

spectroscopy and FT-Raman spectroscopy and revealed that hydrogen phosphate groups, 

possibly hydrogen phosphate ions (HPO4
2-), and pyrophosphate ions (P2O7

4-) existed in Sr-

doped LaPO4 under wet and dry conditions, respectively [7].As this model is assuming 

pyrophosphate is also formed for KBaPO4, thus it is possible to compare LaPO4 to KBaPO4.   

First principle calculation relaxation method5 was utilized to relax the structure of KBaPO4 

and LaPO4 with the help of Dr. Tor Svendsen. Figure 6.2 is a relaxed supercell of LaPO4 with 

32 La atoms, 32 P atoms, 127 oxygens, and one oxygen-vacancy, and it shows that an oxygen 

vacancy will exist in the form of a pyrophosphate ion. Formation of a pyrophosphate group in 

LaPO4 is upon the introduction of an oxygen vacancy is in agreement with experimental 

observation by Amezawa [2]. 

 

Figure 6.2: Relaxed supercell of LaPO4 showing a pyrophosphate ion. 

 

The structure of LaPO4 alters slightly to compensate for the pyrophosphate ion as seen in 

Figure 6.3, where a) shows the structure with oxygen vacancy and b) is the perfect relaxed 

structure of LaPO4. Lanthanum atoms in the altered structure have a coordination of 8 and 9, 

whereas the perfect structure has a coordination of 9.  

                                                 
5
 Relaxation method: By removing an oxygen vacancy and optimize the structure, the unit cell  will  reorganize 

the unit cell  to find the most energetically favorable positi on. 



68 

 

 

Figure 6.3: Relaxed supercell of: a) an altered structure of LaPO4 and b) a perfect LaPO4 

The same procedure was conducted on a KBaPO4 structure with an oxygen vacancy, and 

similar in LaPO4, a pyrophosphate group was formed. However, there are two big cations in 

KBaPO4, which have been altered to compensate for the pyrophosphate group. Figure 6.4 a) 

displays the structure of KBaPO4 with an oxygen vacancy, while b) shows the perfect relaxed 

structure. The coordination of potassium varies from nine to ten, and the coordination number 

of barium varies from eight to nine. 

 

Figure 6.4: Relaxed supercell of: a) an altered structure of KBaPO4 and b) a perfect KBaPO4. These figures only 

reveal the polyhedral of potassium. Polyhedral of barium was omitted in this figure because of similarities . 
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DFT calculations were only done for the comparison of the relaxation of the structures, but 

since the calculations are not the focus of this master thesis, the formation energy of the 

pyrophosphate were not calculated. Seeing as LaPO4 only has one big cation for every 

phosphate group, it has less steric repulsion, which would allow easier access between two 

phosphate groups. KBaPO4 has two big cations for every phosphate group, which may be a 

less favored way to form pyrophosphate.    

Additionally, the solid solubility of K-doped KBaPO4 is very low, which may be explained by 

the formation of pyrophosphates, as the solubility of acceptors in tetrahedral coordinated 

materials tends to be low. The formations of the pyrophosphates groups are thus not 

energetically favored. This theory is strengthened by a study of A- and B-site (co-)acceptor 

doped LaNbO4 by Ivanova et al, where the oxygen vacancy occurred as (Nb2O7) 2NbO4
⦁ and 

(Nb3O11)3NbO4
⦁⦁, however the intended doping concentrations did not exceed 1 mol% in 

LaNbO4 [49]. 

 

Model 2  

The second model suggests that the predominating defects in undoped KBaPO4 are Frenkel 

defects. The model was made based on the research of isostructural β-K2SO4 by Choi et al. 

[19], where it was stated that Frenkel defects were the predominating defect with potassium 

ions in interstitial sites. In this model, we assume that the mobility of barium is very low. 

Acceptor-doping the compound will not cause the formation of pyrophosphates as the 

compensating defect. The acceptor dopant, KBa
/, will instead be charge compensated by a 

potassium in an interstitial site, Ki
/ as seen in Equation 2.16. The conductivity gap between 

KBP1 and KBP following Model 2 must then be a direct consequence of the increased 

concentration of K interstitials. The conductivity of KBP and KBP6 is shown in Figure 6.5. 
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Figure 6.5: Bulk conductivity of KBP (red), and KBP1 (black). 

Figure 6.5 displays the bulk conductivity of KBP and KBP1 in wet and dry air. The 

conductivity of KBP1 is approximately 1 order of magnitude bigger than the conductivity of 

KBP at 700 °C 

Moreover, the conductivity of KBP1 decreases steeply from 600 to 500 °C and subsequently 

converges with the bulk conductivity of KBP. The gap between KBP and KBP1 in Figure 6.5 

could be due to a phase transition. However, phase transitions as seen in other phosphate 

compounds such as K3PO4 and K2SO4 are steeper, and a phase transition is not documented 

for the KBaPO4 at low temperatures. Therefore, this option has been disregarded for further 

discussion. The activation energy of the high temperature region (900-700 °C) and low 

temperature region (600-300 °C) of KBP1 are summarized in Table 6.2. As the temperature 

decreases, the activation energy increases 
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The conductivity in KBP1 can be explained by trapping. Ideally, as the temperature decreases, 

defect interactions will become increasingly more important in the extrinsic region as 

explained in the theory section. However, in this specific situation the defects may be frozen 

in at lower temperatures and as the temperature increases, the mobility of the defects increases 

and increase the conductivity. This can be seen as the conductivity gap that occurs at 500 °C. 

As Ki
• are assumed to be the dominant charge carrier in this model, as the temperature 

decreases the potassium interstitials are trapped by an oppositely charged defect, which could 

be KBa
/ or VK

/. The trapping theory is strengthened by the increase in activation energy with 

decreasing temperature, as the same trend of trapping has been observed in other heavily 

doped oxides [15]. Table 6.2 summarizes the activation energy of KBP and KBP1 at high- 

and low temperature.  

Table 6.2: Activation energies of KBP1 and KBP in kJ/mole at high- and low-temperatures. 

 Activation energy kJ/mol 

900-700 °C     500-300 °C 

KBP1 Wet 109 ± 4 132 ± 8 

KBP1 Dry 111 ± 5 130 ± 6 

KBP Wet 104 ± 3 - 

KBP Dry 113 ± 3 - 

 

It seems Model 2 is a better fit for KBP1 compared to Model 1, as it explains the conductivity 

of KBP1 fairy well. However, Model 2 is a very simple and generic model which could 

explain many types of systems. The formation of oxygen vacancies is also an applicable 

assumption, even if it seems as if the potassium interstitial is the dominant charge carrier. 

Therefore, further investigation concerning MAS-NMR spectroscopy and FT-Raman 

spectroscopy would reveal if pyrophosphate are formed in KBP1. EMF measurements would 

also be of great aid to experimentally find the dominant charge carrier. Additionally, DFT 

calculation can easily estimate the formation energy of pyrophosphate in KBaPO4 and 

compare the energies with a known compound, e.g. LaPO4 that has existing pyrophosphate 

groups. 
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6.1.4 Conductivities of KBP2 and KBP5 

As already discussed in the Secondary phase section in 6.1.2, KBP2 and KBP5 forms a 

secondary phase that corresponds to K3PO4. The SEM revealed that the secondary phases are 

only localized as seen in Figure 5.4.b) and not uniformly spread like in KBP6 as seen in 

Figure 5.5.b. However, since the SEM scans only reveal the surface, it is impossible to know 

if it the secondary phase is truly localized or if it is a percolating system.  

Similarly to KBP, the IS of KBP2 showed two semicircles, where the first semicircle 

correspond to bulk and the second semicircle correspond to grain boundary contribution. The 

specific capacitance was estimated to be 10-11F and 10-9F, respectively, at 500 °C. Figure 5.11 

shows an Arrhenius plot of log(σ) vs 1000/T where the bulk and grain boundary 

conductivities are split up in two separate contributions. Grain boundary contribution does not 

occur before 600 °C. Measurements in humid atmosphere show an increase in conductivity in 

the grain boundary compared to dry atmosphere at temperature below 600 °C. 

 

  



73 

 

6.1.5 Conductivity of KBP6 

The total conductivity of KBP6 does not change in different atmospheres, suggesting a largely 

ionic conductivity. The conductivity of KBP6 is 2.5 orders of magnitude higher than KBP1 at 

900 °C and it has a dent that occurs at 700 – 600 °C. The dent is very similar to the 

conductivity measurement of K3PO4 by Mosin et al. as seen in Figure 3.8, which was 

explained by a phase transition from the low temperature orthorhombic to the high 

temperature cubic phase. However, this transition peak has been reported to occur at 550 ± 10 

°C [32, 33].The phase transition of KBP6 could have been affected by the concentration of 

barium, as it is already stated earlier that the secondary phase in KBP2 and KBP6 is not pure 

K3PO4 but Ba-doped K3PO4. A phase transition can also be observed in SEM, seeing that a 

phase transition induces stress and strains on the structure, as seen in Figure 5.5.b) showing a 

SEM image of KBP6 after wet measurement.  

Mellander and Zhu did not document a phase transition at 550 °C for K3PO4, although the 

conductivity shown by Mellander in Figure 3.7 does not look linear. Furthermore, they 

estimated a protonic conductivity of K3PO4 to be in the order of 5.0 •10-3 S/cm at 600 °C and 

an ionic conductivity in the order of 5.7 •10-3 S/cm, whereas the conductivity of KBP6 is 

estimated to be 3.0 • 10-4 S/cm. The ionic conductivity documented by Mosin was evaluated 

to be approximately 1.58 •10-2 at the same temperature. The bulk conductivity of KBP6 is in 

the same order of magnitude as Mosins’ and Mellanders’ documented values. Table 6.3 

summarizes the conductivity at different temperatures. At higher temperatures the KBP6 is 

similar to Mosin’s results, while at lower temperature the KBP6 is similar to Mellanders.  

Table 6.3: List of conductivities  (S cm
-1

) of K3PO4 and KBP6 in the temperature range of 900 – 600 °C.  

T [°C] 900 800 700 600 

KBP6 3.4•10-2 1.9•10-2 7.9•10-3 3.0•10-4 

Mosin - 4•10-2 2.8•10-2 1.6•10-2 

Mellander - - - 5.0•10-3 
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Mellanders K3PO4 was prepared using commercial K3PO4 • nH2O heat treated in different 

humid atmospheres and was documented with protonic conductivity even at 600 °C, whereas 

Mosins synthesis was similar to the KBaPO4 route as written in the experimental section and 

reported ionic conduction for their compound, but not protonic.  

K3PO4 is a water soluble ionic salt which is highly likely that it would decompose in the 

humid atmosphere. Consequently, Mellanders compound could have decomposed K3PO4 to a 

compound with structural protons as shown in following Equations. 

K3PO4 + H2 O = K2HPO4 + K+ + OH/    6.3 

K2HPO4 + H2 O = KH2PO4 + K+ + OH/    6.4 

This may explain the protonic conductivity in Mellanders compound, but it seems improbable 

because the melting point of K2HPO4 and KH2PO4 are 465 and 263 °C, respectively, and 

Figure 3.7 does not show a trend that would suggest a phase transition to a molten solid. Due 

to the discrepancies with the other results, we would have to assume that Mellander either 

didn’t measure on pure K3PO4 or misinterpreted the protonic conductivity. Pure K3PO4 

appears to be intrinsic ionic conductive, and do not exhibit protonic conductivity [36].  

The high conductivity difference between KBP2 and KBP6 would have to be due to the level 

of concentration of excess potassium in the compound. Assuming that the secondary phase in 

KBP2 is only localized and the secondary phase in KBP6 forms a percolating system 

throughout the system, one can imagine that the conductivity measured in KBP6 is the 

contribution of the K-rich Ba-doped K3PO4 phase and not the KBaPO4 system.  The main 

transport mechanism in K3PO4 has been confirmed to be the “paddle wheel” mechanism 

described in the literature part. The total ionic transport depends on the rate of PO4 tetrahedral 

rotation [50]. The activation energy of KBP6 above 700 °C was estimated to be 72 kJ/mol, 

which is close to the literature value of approximately 55 kJ/mol [50]. 
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6.2 Ba1-xKxSO4-δ  

6.2.1 Synthesis of Ba1-xKxSO4-δ and Ba(SO4)1-x(PO4)x 

The main goal of measuring Ba1-xKxSO4-δ and Ba(SO4)1-x(PO4)x was because of its similarity 

to KBaPO4. BaSO4 have a documented high temperature cubic phase, which was 

unfortunately not investigated. Synthesis of Ba1-xKxSO4-δ following SSR route was not 

successful as it displayed secondary phases and the CPR route was chosen for the K-doped 

BaSO4 compound. The BSP samples were successfully produced following the SSR method. 

Phase diagram of K2SO4 - CaSO4 shows that potassium is not soluble in CaSO4, which seems 

similar to K-doped BaSO4 as 1 mol% K-doped SSR BKS1 displayed a secondary phase as 

shown in the XRD diffractogram in Figure 4.1. However, the CPR method used to synthesize 

CPR BKS1 did not show secondary phases in either XRD or SEM micrograph as seen in 

Figure 5.12 and 5.15.b) SEM, respectively. 

 

Figure 6.6: Phase diagram of the system K2SO4 – CaSO4 [51]. 
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6.2.2 Conductivity of BaSO4 

Impedance Sweep (IS) of BaSO4 show a slightly depressed semicircle in both wet and dry air, 

and even more depressed in oxygen gas. The IS conducted in wet oxygen shows an overall 

bigger bulk contribution compared to the bulk contribution measured in humid and dry air. 

This discrepancy is due to the electrode area, which was damaged after measurements in 

humid and dry air. However, the bulk conductivity was corrected with the geometrical values 

and is represented in Figure 5.17.a). The conductivity of BaSO4 has no significant effect of 

pO2 and pH2O, and is intrinsic ionic conductive. 

6.2.3 Conductivity of BKS5 

The synthesis of BKS5 following the SSR method was unsuccessful as it showed a secondary 

unwanted phase, which corresponded to K2SO4. The impedance sweep of BKS5 displayed 

two semicircles. The first semicircle correspond the bulk contribution, and the second 

semicircle correspond to the electrode contribution with a specific capacitance of 10-11F and 

10-5F, respectively. BKS5 was only measured in humid and dry air, where the conductivity 

increased with an increasing pH2O, but the difference is small. However, BKS5 was not 

measured in pure oxygen gas. The bulk conductivities of BKS5 and BaSO4 are similar as seen 

in Figure 6.7, but changes after 600 °C. This discrepancy that occurs at 600 °C is probably 

due to the secondary phase in BKS5, which was determined to be K2SO4.  
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Figure 6.7: Arrhenius plot log(σ) vs 1000/T of BaSO4 and BKS5 in  

humid air 

 

6.2.4 Conductivity of CPR BKS1 

CPR BKS1 was successfully produced using the Co-precipitation method as written in the 

experimental section and did not show any secondary phases in either XRD or SEM as 

displayed in Figures 5.13 and 5.15.a), respectively. The impedance sweep of CPR BKS1 

showed slightly depressed semicircles, where the semicircle size decreases with increasing 

pO2, but the difference when comparing wet air and dry air is negligible as seen in Figure 

5.16.c).  

The conductivity of CPR BKS1 is lower than the undoped BaSO4 and can be seen in Figure 

6.8. The conductivities of CPR BKS1 and BaSO4 are quite similar, suggesting an 

unsuccessful dopant reaction of K-doped BaSO4. This implies that the conductivity 

discrepancy between undoped BaSO4 and the CPR BKS1 could be due to geometrical and 

porosity corrections. 

BaSO4 was synthesized by heat treatment of commercial BaSO4 from Sigma Aldrich with 

99% purity. This means that the undoped BaSO4 is actually 1% doped with unknown dopants. 

Additionally, the activation energy of BaSO4 is slightly lower than CPR BKS1. The 

commercial BaSO4 could contain cations with similar properties as barium, e.g. strontium. 
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Based on the activation energy of BaSO4 compared to CPR BKS1 and assuming the CPR 

BKS1 contains potassium, one can imagine that the potassium substituted in BaSO4 needs to 

overcome a higher activation energy barrier to be able to move around. This would explain 

why CPR BKS1 has a smaller conductivity compared to BaSO4. The activation energy of 

BaSO4 compounds were estimated to be close to 150-160 kJ/mol as seen in Table 6.4. This is 

in agreement with the documented high activation energy for barium ion transport [52]. 

Table 6.4 Activation energies of BaSO4 and CPR BKS1 in wet atmosphere. 

 

 

 

 

Figure 6.8: Arrhenius plot log(σ) vs 1000/T of BaSO4 and  

CPR BKS1 in humid air. 

 

 

 Activation Energy 

[kJ/mol] 

BaSO4 148 ± 3 

CPR BKS1 160 ± 5 

BSP 160 ± 4 
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6.2.5 Conductivity of BSP  

BSP was synthesized based on Polfus et al. first principle studies of the thermodynamics of 

proton incorporation as well as proton migration barriers in selected compounds. One of the 

selected compounds was La2O2SO4, which had a low calculated binding energy between 

phosphate and sulfate. The interaction between the (PO4) 
/
SO4

 and a proton was calculated to be 

0.15 eV. 

The synthesis was successful according to XRD diffractogram in Figure 5.13, but SEM 

images showed a secondary phase. The secondary phased was studied in the EDS showing a 

rich PO4-phase scattered what seems to be uniformly. The impedance sweep looks similar as 

the other BaSO4 compounds, with a depressed semicircle that correspond to bulk and an 

electrode contribution. The conductivity of BSP increased in increasing pO2, but the 

difference compared to humid air and dry air is negligible. 

6.3 Further work 

Through the work done in this thesis, KBP1 was demonstrated to exhibit largely ionic 

conductivity following Model 2 as it fits the best with currently known theories and research. 

Model 1 could still be viable, and further investigation including FT-Raman spectroscopy and 

MAS-NMR spectroscopy would identify if pyrophosphate exists in the compound. 

KBP6 has displayed high ionic conductivity, due to the secondary phase Ba-doped K3PO4. A 

natural continuation of this work would be to study the system of K3PO4 inside KBaPO4 and 

how it affects the conductivity, seeing as the conductivity of KBP6 is marginally higher than 

KBP2.  

The high temperature phase of KBaPO4 and BaSO4 should be investigated, seeing as of phase 

transition in phosphate and sulfate compounds have shown to increase the conductivity 

moderately [19, 36].  

The binary phase diagram of K2SO4 – CaSO4 shows that potassium cannot be dissolved in to 

significant extents in CaSO4. However, mixing K2SO4 and CaSO4 homogeneously in a molar 

ratio 1:2 results in K2Ca2(SO4)3 [53].The structure of K2Ca2(SO4)3  belongs to the structure of 

langbeinite with the general formula M2M2´(SO4)3, which consist of a network of oxygen 

vertex-connected tetrahedral polyanions. K2Ca2(SO4)3 has an orthorhombic crystal structure at 

room temperature, and a high temperature cubic phase that forms above 544 K [54]. Choubey 

et al. have documented a thermal stability above 1273 K [53]. There are possibilities for a 

cation or anion substitution, e.g. PO4 in SO4 has been reported to be a suitable acceptor 

dopant to introduce protonic conductivity in sulfates [13]. Thus, an investigation regarding 

K2Ca2(SO4)3 , and perhaps K2Ba2(SO4)3 would be interesting. 
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7 Conclusions 

Based on the experimental results of K-doped KBaPO4, it can be concluded that the material 

is largely a non-protonic ionic conductor and the conductivities are independent of pO2 and 

pH2O. The undoped KBaPO4 displayed a grain boundary contribution, which could be due to 

the average grain sizes seeing as the KBP1 did not show any grain boundary contribution The 

average grain sizes of KBP and KBP1 were estimated to be 5-8 μm and 10-13 μm, 

respectively. Average smaller grain sizes, will consequently increase the amount of grain 

boundaries, which would result to higher grain boundary resistance. 

The bulk conductivity of KBP1 was best explained by Model 2, where the acceptor-dopant is 

charge compensated by potassium interstitials and not oxygen vacancies in the form of 

pyrophosphate. This is in agreement with the obtained activation energy of KBP and KBP1. 

The activation energies of KBP and KBP1 were estimated to be 104 and 109 kJ/mol, 

respectively, above 700 °C and 130 kJ/mol for KBP1 below 500 °C, meaning the 

concentration of Ki
• will be trapped by opposite negatively charge dopants such as KBa

/ or VK
/. 

However, further investigation by MAS-NMR spectroscopy and FT-Raman spectroscopy are 

needed to experimentally conclude if pyrophosphate is formed in KBP1.  

The KBP6 displayed high non-protonic ionic conductivity after 600 °C due to a phase 

transition in the secondary phases of Ba-doped K3PO4, which was in agreement with 

documented conductivities of K3PO4.  

The solubility of potassium in BaSO4 is low, as K-doped 1 mol% BaSO4 displayed a 

secondary phase. The result is in agreement with the binary phase diagram of K2SO4 – 

CaSO4, where it shows that potassium is not soluble in CaSO4. The conductivity of 1 mol% 

K-doped BaSO4 (CPR BKS1) is independent of pO2 and pH2O, and displayed a higher 

activation energy (160 kJ/mol) compared to undoped BaSO4 (148 kJ/mol).  
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