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Abstract: 
 

Recently, much interest has been shown for fuel cells and electrolyzers working at medium 

temperatures, 200-500 °C. Polymer-based cells working at low temperatures have fast start-up 

times, support materials are cheap and they are suitable for mobile applications. Unfortunately, 

they rely on noble metal catalysts, and water management is usually necessary. In contrast, the 

high temperature solid oxide cells, 650-1000 °C, use noble metal-free catalysts, require no water 

management and exhibit great efficiency. But the support materials are exotic and expensive, the 

start-up times are long and the cells are limited to stationary applications. It is hoped that cells 

working at medium temperatures will benefit from the advantages of both high- and low-

temperature cells and suffer few of the disadvantages.  

Many of the inorganic materials investigated for use as an electrolyte membrane in medium 

temperature cells are phosphate compounds. Cesium dihydrogen phosphate (CsH2PO4) is one such 

compound and is also part of the solid acid family. At room temperature CsH2PO4 has a monoclinic 

crystal structure and exhibits rather low protonic conductivity. When heated to 230 °C, the crystal 

structure changes to a cubic structure accompanied by a leap in conductivity of several orders of 

magnitude. This conductivity is pure intrinsic protonic conductivity and does not rely on water as a 

carrier. Unfortunately, the transition temperature is close to the temperature where the material 

exhibits dehydration to the non-conductive CsPO3. Furthermore, CsH2PO4 is very water soluble 

and has low mechanical strength. In this project, composite powders were made of CsH2PO4 and 

SiC-whiskers. It was the intention that the introduction of the whiskers would increase the 

mechanical strength of pellets made of the composite powders compared with pellets made of 

pure CsH2PO4, much like steel wires increase the strength of concrete in reinforced concrete. SiC-

whiskers were chosen due to their hardness, chemical inertness and low electronic conductivity. It 

was shown that CsH2PO4/SiC-whisker composite pellets could easily be made by precipitation with 

5 and 7.5 wt% SiC-whiskers, respectively. The SiC-whiskers seemingly act as nucleation sites for 

the precipitation of CsH2PO4. The conductivity of the composite pellet with 5 wt% SiC-whiskers 

was shown to be virtually unchanged compared with a pellet of pure CsH2PO4, while the 

conductivity of the composite pellet with 7.5 wt% SiC-whiskers was visibly lower. Mechanical tests 

of the pellets revealed that the composite pellets were much better at retaining their structure 

after mechanical pressure was exerted on them. This indicated that the SiC-whiskers were able to 

add mechanical strength to CsH2PO4. 

NbOPO4, among other metal phosphates, have shown large protonic conductivities at medium 

temperatures. Some controversy exists in the literature regarding the origin of this conductivity. 

The reason for this is that metal phosphates often are synthesized from their metal oxide and 

orthophosphoric acid. It has been hinted that the large conductivity is in fact due to residual 
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phosphoric acid and not an intrinsic property of the metal phosphate. In this project, NbOPO4 was 

synthesized by a precipitation method to avoid the presence of residual acid. Since it was not 

possible to press a pellet of pure NbOPO4, composite pellets with controlled amounts of 

phosphoric acid were prepared by adding P2O5 to the NbOPO4 powder. Impedance spectroscopy 

revealed that the conductivity of the composite pellets increased with increasing acid content. 

Extrapolation showed that NbOPO4 has no significant conductivity of its own. The dehydration 

behavior of the composite powders was also investigated with solid state NMR to see if NbOPO4 

might suppress the dehydration of orthophosphoric acid to pyrophosphoric acid which has lower 

conductivity. When heated to 200 °C, the composites showed little evidence of dehydration, but 

when heated to 300 and 400 °C, heavy dehydration of orthophosphoric acid to pyrophosphoric 

acid was evident. Some rehydration was detected after cooling to room temperature. The results 

from this study do not indicate that composites of NbOPO4 and free phosphoric acid are suitable 

materials for medium temperature fuel cells or electrolyzers. 

The metal phosphates showing the best performance in the literature are the indium doped tin 

pyrophosphates, Sn(1-x)InxP2O7. As with NbOPO4, controversy exists regarding the origin of the high 

conductivity. Literature reports including 31P NMR indicates that residual phosphoric acid is 

responsible. The acid is apparently present as an immobilized orthophosphoric acid phase. This is 

confirmed by NMR measurements in this project. Promising fuel cell test have been published in 

the literature, but no reports are known of electrolysis measurements using tin pyrophosphates as 

the electrolyte membrane. In this project it is shown that it is possible to construct an electrolysis 

cell using both SnP2O7 and Sn0.9In0.1P2O7 as electrolyte membranes.   
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Dansk resumé 
 

Der udvises stigende interesse for brændselsceller og elektrolysatorer der opererer ved 

middeltemperaturer, 200-500 °C. Polymerbaserede celler der opererer ved lave temperaturer har 

en hurtig opstartstid, støttematerialerne er billige og de er egnede til mobile anvendelser. 

Desværre kræver de ædelmetalbaserede katalysatorer og kontrol med vandbalancen. 

Fastoxidbrændselsceller der opererer ved høje temperaturer, 650-1000 °C, kan anvende 

katalysatorer fri for ædelmetaller, kræver ingen vandbalance og er effektive. Derimod er 

støttematerialerne eksotiske og dyre, opstartstiden er lang og cellerne er begrænsede til 

stationære anvendelser. Ved at anvende celler der opererer ved middeltemperaturer håber man 

på at opnå mange af fordelene ved begge typer af celler og få af ulemperne. 

Mange af de uorganiske forbindelser der undersøges til elektrolytmembranen i 

middeltemperatursbrændselceller, er fosfatforbindelser. Cæsiumdihydrogenfosfat (CsH2PO4) er en 

sådan forbindelse, og er også en del af familien af faste syrer. Ved stuetemperatur har CsH2PO4 en 

monoklin krystalstruktur og udviser en ganske lav protonledningsevne. Ved opvarmning til 230 °C, 

ændres krystalstrukturen til en kubisk struktur, og ledningsevnen stiger med flere 

størrelsesordener. Ledningsevnen er en egenskab ved materialet, og beror ikke på vand som en 

bærer for ledningen. Desværre ligger overgangstemperaturen tæt på temperaturen hvor 

materialet dehydrerer til CsPO3 som er ikke-ledende. Desuden er CsH2PO4 meget vandopløselig og 

udviser lav mekanisk styrke. I dette projekt fremstilledes kompositpulvere af CsH2PO4 og SiC-fibre. 

Intentionen med indførelsen af fibrene var at øge styrken af tabletter fremstillet af 

kompositpulverne, sammenlignet med tabletter af ren CsH2PO4, sammenlignelig med den 

forøgelse af styrke der opnås når stålwire støbes ind i forstærket beton. SiC-fibrene blev valgt på 

grund af deres hårdhed, kemiske inerthed, og lave elektroniske ledningsevne. Det blev påvist, at 

CsH2PO4/SiC-fiber komposittabletter nemt kunne fremstilles ved udfældning med 5 og 7.5 

vægtprocent SiC-fibre, henholdsvist. SiC-fibrene agerer sandsynligvis som nukleationspunkt for 

udfældning af CsH2PO4. Ledningsevnen af komposittabletten med 5 vægtprocent SiC-fibre blev 

påvist at være overvejende uændret sammenlignet med en tablet af ren CsH2PO4, mens 

ledningsevnen af en tablet med 7.5 vægtprocent SiC-fibre var tydeligt lavere. Mekanisk test af 

tabletterne viste at komposittabletterne var markant bedre til at opretholde deres struktur efter 

at være udsat for mekanisk tryk. Dette indikerer, at SiC-fibre kan tilføre CsH2PO4 mekanisk styrke. 

NbOPO4 er, blandt andre metalfosfater, påvist at have høj protonledningsevne ved 

middeltemperaturer. Kontrovers er opstået i litteraturen vedrørende oprindelsen af denne 

ledningsevne. Baggrunden for dette er at metalfosfater ofte fremstilles fra deres respektive 

metaloxider og orthofosforsyre. Det anfægtes, at ledningsevnen er en egenskab ved metalfosfaten 

men i stedet skyldes overskydende fosforsyre. I dette projekt blev NbOPO4 i stedet fremstillet ved 

en udfældningsreaktion for at undgå tilstedeværelsen af overskydende fosforsyre. Da det ikke var 
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muligt at presse en tablet af ren NbOPO4, blev komposittabletter fremstillet med varierende 

indhold af fosforsyre ved at tilsætte P2O5 til NbOPO4-pulveret. Impedansspektroskopi viste at 

ledningsevnen af kompositpillerne steg med stigende fosforsyreindhold. Ekstrapolation viste at 

NbOPO4 ikke selv besidder nævneværdig ledningsevne. Dehydreringsprofilen af kompositpillerne 

blev også undersøgt med faststofs-NMR for at se om NbOPO4 undertrykker dehydreringen af 

orthofosforsyre til pyrofosforsyre som har lavere ledningsevne. Ved opvarmning til 200 °C udviste 

kompositterne ringe tegn på dehydrering, men ved opvarmning til 300 og 400 °C fandtes tydelige 

tegn på dehydrering af orthofosforsyre til pyrofosforsyre. Der blev påvist nogen grad af 

rehydrering efter afkøling til stuetemperatur. Resultaterne fra dette studie tyder ikke på af 

kompositter af NbOPO4 og fri fosforsyre er egnede materialer til brug i 

middeltemperatursbrændselscelller og –elektrolysatorer.  

Metalfosfaterne der i litteraturen udviser den bedste performance er indiumdoterede 

tinpyrofosfater, Sn0.9In0.1P2O7. Som ved NbOPO4, er der opstået kontrovers i litteraturen 

vedrørende baggrunden for den høje ledningsevne. Der er for nylig publiceret 31P faststofs-NMR-

resultater der peger på at overskydende fosforsyre er ansvarlig. Denne syre er åbenbart tilstede 

som en immobiliseret orthofosforsyrefase. Dette bekræftes af NMR-målinger foretaget i dette 

projekt. Lovende brændselscelletests er publiceret i litteraturen, men der findes indtil videre ingen 

rapporter om elektrolysemålinger med tinpyrofosfater som elektrolytmembran. I dette projekt 

påvises det at det er muligt at fremstille en elektrolysecelle der anvender både SnP2O7 og 

Sn0.9In0.1P2O7 som elektrolytmembraner.  
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1.  Introduction 
 

 

 

1.1 Renewable energy and the role of hydrogen 
Recent decades have seen an increasing incentive to move from fossil fuels to more renewable 

energy sources. The reasons for this are many and include environmental concerns, a desire for 

independent energy sources and the eventual depletion of fossil fuels. Denmark has set ambitious 

goals for the transition from fossil fuels to renewable energy which include1: 

 50% grid electricity from wind power in 2020 and 40% lower CO2 emissions. 

 100% renewable energy for electricity and heating by 2035. 

 100% renewable energy for all energy consumption, including transportation, by 2050.  

The main sources of renewable energy are currently solar, wind and wave power. The energy from 

these sources is unreliable and often produced in remote locations. Clearly a method for storing 

the energy is necessary in order to have a chance to compete with fossil fuels. In this regard, 

hydrogen is expected to play a major role. Hydrogen is a ‘green’ gas as its combustion products are 

only pure water.  Unfortunately, being a gas, it must be stored under pressure, and even then the 

energy per volume is low.  

 A rather new idea is to use hydrogen to increase the energy extracted from burning bio mass. If 

biomass is expected to be a major energy source, calculations have shown that the bio mass itself 

will be a limiting factor in the future due to limited landmass, which is surprising as carbon is 

usually thought of as being overabundant2. Below is shown a simplified reaction of biomass with 

hydrogen. The combustion enthalpy per mole of biomass is also shown3. 

 
        
     

 
    

      
 

    

     
 
    
   

 1.1 

Using this approach, the combustion enthalpy of the fuel has been increased. Methane has a 

larger combustion enthalpy per mole than hydrogen and is easier to store. The approach is only 

useful if hydrogen is available in large quantities. Another idea is to produce methane from carbon 

dioxide and hydrogen. 

 
    
   

 
    

     
 

    

     
 
     
   

 1.2 

Hydrogen itself is not available in large quantities in Nature, but must instead be produced. So far 

this has mostly been by reforming carbon fuels such as methane. There’s a large incentive to move 
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the production from reforming to electrolysis of water but so far it has not been an economically 

viable alternative due to the relatively low efficiency. If hydrogen could be produced efficiently by 

water electrolysis, surplus energy from renewable sources could be stored as chemical energy in 

hydrogen or methane as shown above. Another central technology in a society based on 

renewable energy is the fuel cell. Fuel cells can convert chemical energy to electrical energy and 

can be used both for stationary applications and for transportation. Stationary systems can be 

used as back-up power or simply to feed electricity back into the grid at times of high demand. 

Fuel cells in vehicles are also desirable, for example in combination with batteries. Batteries have a 

high power output but a low energy density, while the opposite is true for fuel cells. A battery/fuel 

cell hybrid could therefore be a solid rival to today’s combustion engine vehicles.  

 

1.2  Fuel cells and electrolyzers 
Fuel cells and electrolyzers are both electrochemical cells but fuel cells are galvanic cells, i.e. they 

use a spontaneous chemical reaction to create a current, while electrolyzers are electrolytic cells, 

i.e. they use an external current to drive a non-spontaneous reaction. A fuel cell converts chemical 

energy into electrical energy while an electrolyzer converts electrical energy into chemical energy. 

Fuel cells and electrolyzers are therefore apparently each other’s opposite, but while some cells 

are reversible (they can run in both fuel cell and electrolyzer mode) most cells are designed to 

fulfill only one role. This is usually because the used materials are not able to tolerate the 

conditions of both operation modes. 

  

Figure 1.1: Left: Sketch of a solid state fuel cell with a proton conducting electrolyte. Right: Sketch of a solid state electrolyzer 
with a proton conducting electrolyte. Red spheres are hydrogen, blue spheres are oxygen and yellow dots are electrons. Red 
arrows show the movement of hydrogen gas or ions, blue arrows show the movement of oxygen and black arrows show the 
direction of the electron current flow. 
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Figure 1.1 shows sketches of a fuel cell and an electrolyzer in operation. Both cells consist of an ion 

conducting electrolyte with two electrodes on opposite sides, the anode and the cathode. The 

overall reaction in the cells is 

                   1.3 

For the fuel cell, the reaction proceeds in the forward direction with water as the product, while 

the reaction for the electrolyzer proceeds in the backwards direction with water as the reactant. 

The purpose of the cell is to separate the reaction into its half reactions, each proceeding at one of 

the electrodes. For the fuel cell in acidic medium with a proton-conducting electrolyte, the 

following half reactions take place: 

 Anode:                     1.4 
 

 Cathode:                     1.5 

It is seen that the sum of the half equations can be equal to Equation 1.3.  For the electrolyzer in 

acidic medium with a proton-conducting electrolyte, the reactions are 

 Anode:                             1.6 
 

 Cathode:                1.7 

It is important that the electrolyte membrane is ion conducting but not electron conducting as this 

would lead to a short circuit of the cell. The electrodes must be electron conducting and may also 

be ion conducting (thus a mixed conductor). If it is not electron conducting, the electrode is often 

porous to increase the contact area between gas phase, electron conducting electrode and ion 

conducting electrolyte, known as the triple phase boundary (TPB).  

Fuel cell type Electrolyte Ion conducted Fuel used 
Operating 

temperature 

Phosphoric acid 
fuel cell (PAFC) 

Concentrated 
H3PO4 

H+ H2 150-250 °C 

Alkaline fuel cell 
(AFC) 

Concentrated KOH OH- H2 <100 °C 

Polymer 
electrolyte fuel 

cell (PEMFC) 

Sulfonated 
polymers 

H+ H2, CH3OH <120 °C 

Solid acid fuel cell 
(SAFC) 

Solid acid, eg. 
CsHSO4 

H+ H2, CH3OH 180-250 °C 

Solid oxide fuel 
cell (SOFC) 

Yttrium stabilized 
zirconia 

O2- H2, CH3OH, 
hydrocarbons 

600-1000 °C 

Table 1.1: Basic overview of fuel cell types
4
. Electrolyzers based on similar systems also exist, except for the solid acid system. 
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The above examples consider cells based on a proton conducting membrane but many other types 

exist and they are usually grouped according to the ion the electrolyte membrane conducts and 

the optimal operating temperature. Table 1.1 gives a simple review of the various fuel cell types.  

The general trend is that low temperature fuel cells (operating at less than around 120 °C) need 

platinum-based electrodes to function efficiently5,6. On the other hand their start-up time is short 

and they are therefore suited for mobile applications. High-temperature fuel cells (operating at 

higher than 650 °C) have kinetics fast enough to substitute platinum by other materials, but their 

start-up times are long and are more suited for stationary applications7. Also, exotic materials are 

needed to withstand the very high temperatures for extended periods of time. Looking at Table 

1.1, it is striking that the fuel cell types are more or less divided into low temperature (<120 °C) 

and high temperature (>650 °C) fuel cells. Only PAFCs and SAFCs are moving into the medium 

temperature range (200-500 °C). It is thought, that if a fuel cell could be developed that could 

operate efficiently in this range, it might have many advantages of the high and low temperature 

fuel cell types and few of their disadvantages, that is, non-platinum electrodes, relatively low 

start-up times and cheap substrate materials such as stainless steel. So far, however, many of the 

attempted materials suffer from low durability and platinum based electrodes are usually still 

needed. SAFCs exhibit true anhydrous protonic conduction above a certain temperature8; they are 

treated more thoroughly in Section 2. Most other attempted materials in the medium 

temperature range are based on phosphoric acid due to its remarkably low vapor pressure9. One 

such material is the polymer polybenzimidazole (PBI) which has seen extensive research lately10,11. 

PBI is able to soak up huge amounts of phosphoric acid due to hydrogen bonding with nitrogen, 

Figure 1.2. 

 

Figure 1.2: Illustration of the PBI repeat unit.  

Fuel cells based on PBI are on the verge of commercialization, but they still suffer from durability 

issues. There is therefore still great incentive to look for other electrolyte materials that are 

optimal for use in the medium temperature range. 

 

1.2.1 Thermodynamics of electrolysis 

When we consider the splitting of a water molecule in an electrolysis reaction, the energy needed 

is equal to the formation enthalpy of one mole of water,    . Part of the energy must be supplied 
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in the form of heat, according to the Second Law of Thermodynamics:       .     is the 

entropy change for the water splitting while   is the temperature. The difference between the 

enthalpy and the product of the temperature and entropy change is the change in the Gibbs free 

energy. 

              1.8 

In electrolysis,     is paid by applying a potential across the electrodes, if the cell is kept at a 

constant temperature.      will be collected by the system from the surroundings. Figure 1.3 

shows the temperature dependence of     and    . 

 

 

Figure 1.3: Temperature dependence of     and    , drawn after T. Smolinka
12

. The sharp decrease in     is due to the 
vaporization of water. 

The overall cost of electrolysis,    , increases slightly with temperature while     decreases with 

temperature. This means that there is an advantage in going to high temperatures if waste heat is 

available, since more of the overall energy can be supplied as heat compared to low temperatures. 

The reversible thermodynamic cell voltage can be determined from 

    
   
  

 1.9 

  is the moles of electrons needed to produce a mole of hydrogen, which is 2.   is Faraday’s 

constant. At standard conditions, the reversible cell voltage is 1.239V. This is the theoretically 

lowest voltage needed to perform water splitting at standard conditions. Since     decreases 

with temperature, the reversible cell voltage also decreases with temperature, as shown in Figure 

1.4.  
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Figure 1.4: Reversible cell voltage as a function of temperature
7
. 

 

If       is also supplied by the applied voltage (the electricity will be converted to heat first) then 

the system is not required to extract energy from its surroundings. This potential, called the 

thermo-neutral potential, is given as 

     
   

  
 
        

  
 1.10 

Actual electrolyzers usually operate at potentials higher than both the thermodynamic and the 

thermo-neutral potential. This is because the internal resistances in the cell give rise to electrode 

overpotentials and Ohmic potentials. The real cell voltage       can be written as  

                                  1.11 

       is the anode overpotential,          is the cathode overpotential and     is the potential 

drop caused by the area-specific resistance of the cell,   . Figure 1.5 shows an illustration of the 

cell voltage as a function of the current density. For very high potentials the current density will 

also be limited by the diffusion of steam to the electrode surface 

For a given cell, the efficiency coefficient can be calculated to determine its performance. Various 

types of efficiency coefficients are in use, and it is important to distinguish between them. One 

way is to relate the efficiency to the thermo-neutral voltage. At standard conditions, the higher 

heating value (HHV) when combusting hydrogen in oxygen is 285.8 kJ/mole12. This gives a thermo-

neutral voltage of 1.481V. An efficiency coefficient can then be calculated as 

  
   

 
   
     

 
      

     
 1.12 

For cell voltages above the thermo-neutral voltage the process is exothermic and endothermic for 

cell voltages below the thermo-neutral voltage.  
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Figure 1.5: Cell voltage as a function of the current density, drawn after T. Smolinka
12

. The contributions to the overpotential are 
shown in the right side. 

 

1.3 Phosphoric acidsi 
 

When discussing the use of phosphoric acid in fuel cell and electrolyzer systems, it is necessary to 

treat also the rich chemistry that phosphoric acid displays. When using the word ‘phosphoric acid’ 

one usually refers to the single molecular unit orthophosphoric acid, H3PO4, but many other 

species of phosphoric acids exist, some of which are shown in Figure 1.6. 

 

Figure 1.6: Selection of members of the phosphoric acid family.  

                                                           
i
 This section is based on the book: Chemistry of the Elements

15
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Many of these compounds are formed upon heating orthophosphoric acid which leads to a 

condensation reaction such as 

                   1.13 

Further such condensation steps will add multiple units of orthophosphoric acid to the chain under 

the exclusion of a water molecule for each added unit.  For linear chains the formula is 

 

Branched chains and rings are also known to exist. Removing all water from the system will yield 

phosphorous pentoxide or phosphoric anhydride, P2O5 (the molecule is actually P4O10). This is 

formed from orthophosphoric acid when heated above 800 °C. Since its sublimation point is 360 

°C, it will vaporize immediately at this temperature. Phosphorous pentoxide reacts violently with 

water and it is widely used as a strong desiccant. Some of the various phosphoric acids can be 

made by hydrolyzing phosphorous pentoxide with the correct amounts of water. When discussing 

mixtures of phosphoric acids, it is common to label different phosphoric acids by their equivalent 

content of phosphorous pentoxide in weight percent, even though no phosphorous pentoxide 

might be present. For example, 85 wt% orthophosphoric acid can also be described as 61.5 wt% 

phosphorous pentoxide, the rest being water. Jameson investigated the contents of samples with 

varying weight percents of phosphorous pentoxide obtained both by dehydration of ortho-

phosphoric acid and hydrolysis of phosphorous pentoxide13. His findings are shown in Table 1.2. 

Total 
P2O5 
wt% 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 High-
poly 

Tri-
meta 

Tetra-
meta 

67.4 100.0                 

68.7 99.7 0.33                

70.4 96.2 3.85                

71.7 91.0 8.86 Trace               

73.5 77.1 22.1 0.79               

73.9 73.6 25.1 1.34               

75.7 53.9 40.7 4.86 0.46              

77.5 33.5 50.6 11.5 2.68 0.74 Trace            

79.1 22.1 46.3 20.3 7.82 2.26 1.02 0.34           

80.5 13.8 38.2 23.0 13.0 6.86 3.38 1.67 1.03 0.22         

81.0 12.2 34.0 22.7 14.6 8.42 4.36 2.27 1.41 0.56 Trace        

81.2 10.9 32.9 22.3 15.0 9.36 5.41 2.85 1.75 0.97 0.36 0.05       

82.4 7.32 23.0 19.3 15.9 12.3 8.21 5.73 3.89 2.52 1.36 0.91 0.14   Trace   

84.0 3.92 11.8 12.7 12.0 10.5 8.97 7.99 6.62 5.63 4.54 3.72 3.03 2.46 1.68 6.63   

85.0 2.28 6.36 7.32 8.01 8.17 7.67 7.22 6.93 6.42 5.89 5.27 4.69 3.99 3.83 16.9   

85.3 1.87 4.73 6.33 6.58 6.66 6.71 6.36 6.11 5.88 5.46 5.07 4.90 4.64 4.38 25.6   

86.1 1.46 2.81 3.74 4.43 4.52 4.77 4.79 4.93 4.67 4.54 4.67 4.63 4.38 4.17 43.5 0.17  

87.1 0.83 1.81 2.17 2.53 3.09 3.39 3.46 3.33 3.55 3.47 3.45 3.52 3.26 3.24 61.1 Trace  

87.9 0.50 0.82 1.56 1.76 1.72 2.03 2.13 2.26 2.07 2.26 2.06 2.20 1.99 2.30 76.4 0.42 0.11 

89.4 1.88 1.52 0.77 0.61 0.62 0.68 0.54 0.71 0.86 1.03 0.98 1.16 1.23 1.37 86.8 1.17 0.41 

Table 1.2: Compositions of phosphoric acids prepared by Jameson
13

 by reacting P2O5 with varying amounts of water. 1 = H3PO4, 2 
= H4P2O7, 3 = H5P3O10 etc. The acid concentrations are in molar percentages. 
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Shigeru Ohashi and Hiroko Sugatani14 investigated the contents of orthophosphoric acid samples 

treated at different temperatures, Table 1.3. 

Sample 
No. 

Temp. [°C] Total P2O5 
[wt%] 

H3PO4 
[wt%] 

H4P2O7 

[wt%] 
H5P3O10 
[wt%] 

H6P4O13 
[wt%] 

H2O [wt%] 

1 161 62.5 86.3    13.7 

2 183 66.7 90.9 1.1   8.0 

3 203 68.5 89.9 4.4   5.8 

4 220 68.9 90.5 4.2   5.3 

5 244 69.2 90.0 5.0   5.0 

6 260 71.8 89.8 8.1 0.3  1.8 

7 280 75.1 66.1 29.3 4.6   

8 301 76.2 53.8 39.5 6.8   

9 340 78.3 29.4 47.4 22.7 0.5  

10 380 80.1 16.7 38.6 24.8 19.9  
Table 1.3: Compositions of phosphoric acids prepared by Shigeru Ohashi and Hiroko Sugatani

14
 by heating 85 wt% 

orthophosphoric acid to various temperatures followed by anion-exchange chromatography.  

 It is clear that a complicated system is created when heating phosphoric acid based electrolytes to 

medium temperatures (200-500°C). It appears that a given wt% P2O5 will give rise to an 

equilibrium composition of phosphoric acids that is independent of synthesis history. But both 

dehydration and rehydration of phosphoric acids are slow which has led to difficulties when 

attempting to determine compositions of phosphoric acids. For example, pure orthophosphoric 

acid is a solid with a melting point of 42 °C. When freshly crystallized it contains no H4P2O7. But 

over the course of several weeks, the equilibrium in Equation 1.13 will slowly settle when the 

temperature is kept near the melting point15.  

Orthophosphoric acid is used in fuel cell and electrolyzer systems due to its remarkably large 

protonic conductivity. Its high conductivity is surprising as the viscosity of pure H3PO4 is very high. 

Thus very little of the conductivity originates from normal ionic migration but is mostly due to a 

rapid proton-switch mechanism15,16. H3PO4 has a substantial self-ionization (autoprotolysis) which 

creates a significant concentration of H2PO4
- which is the interesting species concerning the 

conduction: 

             
       

  1.14 

The pyrophosphoric acid formed in equation 1.13 is a stronger acid than orthophosphoric acid, 

and a more correct formulation might be 

             
     

        
   1.15 

Combining equilibrium 1.14 and 1.15 yields 

           
        

       
        

   1.16 
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Ronald A. Munson17 determined the concentrations of these defects in phosphoric acid to  ~7 

mol% compared to ~10-5 in water16.  

 

1.4 Solid state MAS NMRii 
One of the central experimental techniques employed in this project is solid state Magic Angle 

Spinning (MAS) Nuclear Magnetic Resonance (NMR). In the following, a brief description is given of 

the basic concepts of the technique.  

Protons and neutrons possess the intrinsic property of spin. Being leptons, they are spin-½ 

particles. If the overall spin of a nucleus is non-zero this spin has a magnetic moment which can 

interact with an external magnetic field. The magnetic moment,  , depends on the overall spin,  , 

of the nucleus and its gyromagnetic ratio, which is the ratio of the magnetic dipole moment to its 

angular momentum. 

      1.17 

The angular momentum of the nuclear spin is quantized with the associated quantum number   

having values between +  and – .  This gives 2 +1 quantum states. Nuclei with overall spin equal 

to ½, such as 1H, 19F and 31P, thus only have two quantum states. Isolated, the two quantum states 

are degenerate, but when positioned in an external magnetic field the two states have different 

energies (Zeeman effect) with the following energy difference 

    
  

  
   1.18 

  is the Planck constant and    is the magnitude of the external magnetic field. Due to this energy 

difference there will be a small overpopulation of spins in the lower energy state. If 

electromagnetic radiation of the correct frequency,  , is applied, spins in the low energy state can 

be excited to the high energy state. The energy of the photons,      must be equal to   . By 

controlling the applied electromagnetic radiation, information can be obtained about the energy 

levels of the sample nuclei. The intensity of resonance peaks in NMR spectra is proportional to the 

number of nuclei with the corresponding resonance frequency. Since electrons surrounding the 

nucleus also possess spin, they will produce a magnetic field that will oppose the magnetic field 

produced by the nucleus. This will reduce the magnetic field locally at the nucleus and cause a 

shift in    and also a shift in the frequency of the electromagnetic radiation needed to excite the 

nucleus. This shift is called the chemical shift and makes it possible to distinguish between 

different molecules containing similar atoms.  

                                                           
ii
 This section is based on the books: Basic One-and Two-Dimensional NMR Spectroscopy

73
 and Introduction to Solid-

State NMR Spectroscopy
74

. 
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Normally, the shielding effect of the electrons will depend on the orientation of the molecule with 

respect to the magnetic field. The chemical shift is therefore also orientation-dependent, and this 

is called chemical shift anisotropy. In liquid NMR the rapid molecular tumbling motion will average 

out this effect and give rise to an average or isotropic chemical shift. In solids, the molecules can 

often only perform restricted motion such as vibration and rotation at room temperature. They 

are also typically in local environments that differ slightly in electronic structure and they may be 

coupled to other nearby nuclei. These effects lead to small variations in the resonance frequency 

which leads to broad overlapping peaks in the NMR spectrum, containing little or no information 

about the molecular structure. Theoretical calculations show that the magnetic dipole interactions 

cancel out for a specific angle with respect to the external magnetic field. As such, spinning the 

sample at an angle of 54.74°, the magic angle, will average the chemical shift anisotropic bands to 

their isotropic values if spun fast enough. This will often lead to much sharper lines compared with 

static NMR, though still broader than what is typically achieved in liquid state NMR spectroscopy. 

If the sample is rotated at a frequency lower than the magnitude of the dipolar coupling, so-called 

spinning sidebands will appear. These are separated from the main isotropic peak by the spinning 

rate. For example, the 31P MAS NMR spectrum of K4P2O7 reveals two visible spinning side bands 

aside from the main isotropic peak, Figure 1.7. 

 

Figure 1.7: 
31

P MAS NMR spectrum of K4P2O7 made by Zhongqi He et al
18

. Spinning side bands are indicated with asterisks. 

The pyrophosphate group contains asymmetry which leads to chemical shift anisotropy. In 

contrast, the orthophosphate group has such a symmetric electronic environment that spinning 

sidebands are usually not seen. 

 



12 
 

1.5 Impedance spectroscopyiii 
When applying a potential across an electrode, the current-response depends on the processes in 

the electrode reaction. Some of these might be very fast and some might have overlapping time 

constants. Direct current measurements must therefore be extremely sensitive in order to gain 

information about the various processes. An alternative is to use an alternating potential in order 

to separate the electrode processes on the frequency scale. This is the concept behind impedance 

spectroscopy. This technique also allows for easy measurements of the ionic conductivity in pure 

ion conductors. The high frequencies will cause the ions to shuttle back and forth and no net 

transport of ions is needed to measure a conductivity. 

Generally, the impedance is complex and is given as 

           
    

    
 1.19 

   is the real part of the impedance,     is the imaginary part and   is the imaginary number.   and 

  are the frequency dependent potential and current, respectively.   is the angular frequency 

related to the frequency by      . In analyzing impedance spectra, the response of the system 

is often compared with an equivalent circuit of ideal electronic components which will give an 

identical response. A simple charge-transfer reaction at an electrode can be compared with an 

ideal resistor, while the double-layer is compared with an ideal capacitor. The capacitor and 

resistor is placed in parallel to create an RC-circuit with the following impedance. 

     
 

      
 1.20 

The time constant for the RC-circuit is equal to RC. When the imaginary part of the impedance is 

plotted against the real part of the impedance, a so called Nyquist plot, the RC circuit will give rise 

to a semicircle. At the apex of the semicircle, the frequency is equal to      
 

  
. Movement of 

ions in a purely ionic conductor, the electrolyte, will also give rise to a resistance which will be in 

series with the RC-circuit from the electrode interface. Figure 1.8 shows a constructed semicircle. 

The semicircle is displaced from the origin by a serial resistor. This will thus depict charge transfer 

at an electrode as well as electrolyte resistance. 

                                                           
iii
 This section is based on the book: Electrochemical Impedance Spectroscopy

75
. 
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Figure 1.8: Constructed Nyquist diagram of an RC-element in series with a resistor. Rs = 4, R = 10, C = 10
-5

. 

If the impedance equipment is able to go to very high frequencies or the electrolyte resistance is 

high, it is sometimes possible to see a semicircle at very high frequencies. This is due to a 

capacitance from the cell itself, cables, contacts, etc. This capacitance is usually on the order of 10-

12-10-10 F. An equivalent circuit of an idealized symmetrical cell is shown in Figure 1.9. 

 

Figure 1.9: Equivalent circuit for an idealized symmetrical cell. R_interface and C-interface must contain contributions from both 
the anode and the cathode. The figure is made using the impedance fitting program Zview

19
. 

The parameters related to the system under investigation are most often obtained by performing 

complex fitting of equivalent circuits to the experimentally obtained impedance response. 

Impedance measurement on real systems will often give depressed semicircles. A reason for this 

can be inhomogeneities in the system. If the surface of the electrode is rough, different time 

constants for electrode reactions can exist at different points on the surface. This will give rise to a 

distribution of time constants instead of just a single as in the RC-circuit. This is handled 

mathematically by a so-called constant phase element where a distribution of time constants is 

allowed. The constant phase element usually replaces the ideal capacitor in the RC-circuit to give 

an RQ-circuit which has the following impedance: 

     
 

         
 1.21 

  and   are empirical fitting parameters.  An estimate of the equivalent capacitance of the RQ-

circuit can be obtained as 
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 1.22 

If several semicircles are obtained in a measurement on a real system, clues about the nature of 

the processes can be obtained by extracting the equivalent capacitances by fitting RC- or RQ-

circuits to the experimental response. Double layer capacitances are usually on the order of        

10-6 F/cm-2, while the capacitance from the cell setup is on the order of 10-12-10-10 F.  

An impedance contribution may also arise if the reaction at the electrode is limited by the rate at 

which reactants reach the electrode surface. This can be modeled by the so-called infinite 

Warburg element with an impedance given by 

    
 

  
  

 

  
 1.23 

The real and imaginary impedance are equal which gives rise to 45° angle with the real axis in the 

Nyquist plot.   is given as  

   
  

       
 

 

  
    

 
 

  
    

  1.24 

  is the number of transferred electrons during the electrode reaction,   is the gas constant,   is 

the Faraday constant,   is the electrode area,   
  and   

  are the bulk concentrations of the 

oxidant and reductant respectively and    and    are the diffusion constants of the oxidant and 

reductant respectively. A Warburg impedance is often seen along with a semicircle from the 

Faradaic electrode reaction. Figure 1.10 shows an example of such a circuit along with a serial 

resistor modeling the electrolyte resistance (the cell capacitance is omitted). The corresponding 

Nyquist plot is also shown. 

 

 

Figure 1.10: Left: Equivalent circuit for modeling a diffusion impedance along with the impedance for a faradaic process. A serial 
resistor is also included. The figure is made using the impedance fitting program Zview

19
. Right: Constructed Nyquist diagram for 

the equivalent circuit shown left. 
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1.6 Project outline 
This project treats a number of phosphates which are shown to possess properties desired for 

electrolyte membranes in fuel cells and electrolyzers working at medium temperatures. 

Phosphates are deemed interesting since they are apparently resistant towards reduction, in 

contrast to sulphates, which have shown evidence of reduction under the reducing atmospheres 

of the hydrogen electrode20. The thesis consists of three main chapters which can largely be read 

independently. Chapter 2 treats the solid acid cesium dihydrogen phosphate (CsH2PO4) which 

exhibits large protonic conductivities when heated above a certain temperature. The compound is 

soft and has poor mechanical properties which is the focus of the chapter. Chapter 3 treats the 

metal phosphate niobium oxide phosphate (NbOPO4) which is reported to have a large protonic 

conductivity. The focus of the chapter is to investigate the origin of this conductivity by using the 

experimental technique solid state nuclear magnetic resonance. Finally, Chapter 4 treats the metal 

pyrophosphates tin pyrophosphate (SnP2O7) and niobium pyrophosphate (Nb2P4O15). The tin 

pyrophosphates are the metal phosphates which have exhibited the most promising performance, 

mostly through fuel cell testing. In this project, an electrolysis cell has been constructed, using 

prepared metal pyrophosphates as electrolyte membranes.  
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2.  Reinforcement of the CsH2PO4 electrolyte using 

SiC-whiskers 
 

 

 

2.1 Introduction 
In the search for new anhydrous proton conductors for conduction in the medium temperature 

range (200-500 °C), the so-called oxyanion solid acids have shown promise20,8,21. They contain 

tetrahedral oxyanion groups and have the general formula22  

MxHy(AO4)z  where M = Li, K, Rb, Cs, NH4; A = S, Se, P, As 

The various solid acids all show very low conductivities at room temperature, but when heated 

above a certain transition temperature the conductivity increases by several orders of magnitude. 

A dispute has been present in the literature for some years regarding the origin of this increase in 

conductivity. Some authors have attributed the increase to a thermal decomposition of the 

material23,24: 

                                      2.1 

The produced water is suggested to be responsible for increased conductivity. Others authors 

attribute the conductivity increase to a change in the crystal structure of the material, a so-called 

superprotonic transition8,25. Following this transition, the rotational freedom of the oxyanion 

groups increases which in turn increases the number of ways the oxyanion groups can form 

hydrogen bonds between each other and transfer a proton. Only a fraction of the possible 

hydrogen bonding sites will be occupied at any one time, which will allow for protons jumping 

between the various sites. Some authors describe this as the proton sublattice being disordered or 

‘molten’25. In recent years, the general consensus has shifted towards explaining the increase in 

conductivity as a genuine superprotonic transition rather than a byproduct of a thermal 

decomposition. A convincing argument in the dispute has been the development of high-

temperature X-ray diffraction techniques which clearly show the change in crystal structure upon 

heating26. 31P MAS NMR studies confirm the observations27. 

Figure 2.1 shows the temperature dependence of the conductivity for the most studied solid acids. 



17 
 

 

Figure 2.1: Temperature dependence of the conductivity for some of the most studied solid acids
22

. 

The jump in conductivity following the change in crystal structure is clearly visible. A benefit in the 

use of solid acids compared to traditional polymer electrolytes28 is the completely anhydrous 

conduction mechanism. Protons are jumping between available hydrogen bonding sites and are 

not moving as hydronium ions8,25. This eliminates the complicated water management systems 

usually needed. The pellets formed from solid acids are quite dense and show high impermeability 

to both oxygen and hydrogen.  

On the other hand, the solid acids exhibit their own set of problems. The thermal decomposition, 

Equation 2.1, that lead to the confusion regarding the origin of the conductivity, has, for some 

solid acids, an on-set temperature quite close to the superprotonic transition temperature29. Since 

the products of the decomposition reaction have very low conductivity careful control of the 

temperature is necessary. The decomposition can be suppressed by feeding water vapor to the 

solid acid since the on-set decomposition temperature is dependent on the water partial 

pressure30. This, however, complicates any fuel cell/electrolyzer system that uses solid acids as 

electrolytes and reduces the advantage of anhydrous conduction as some water management is 

now still necessary. All solid acids are also water soluble which can be problematic, especially 

during cell shutdown. CsHSO4 was among the first of the solid acids to emerge as a viable fuel cell 

electrolyte. Evidence of reduction to hydrogen sulfide20 shifted the focus more towards the 

phosphate analog, CsH2PO4, which is reduction resistant. 

Solid acids are crystalline materials and are all quite ductile. This makes it difficult to fabricate a 

thin membrane which is mechanically stable. Several composites have been attempted, mostly 

with  -Al2O3, TiO2 and SiO2, which reinforces the material31–35. SiO2-based composites have been 

most intensively studied by far, with the SiO2 particles having a wide variety of microstructures 

and surface properties. SiO2 with silanol groups (SiOH) on the surface is hydrophilic, while SiO2 

with methyl groups on the surface, by treatment with for example silicone oil, is hydrophobic. The 



18 
 

usual approach is to mechanically grind polycrystalline CsH2PO4 with the appropriate amount of 

SiO2 powder. The composite powder is then uniaxially pressed into a pellet, and its conductivity is 

measured. The impact on the conductivity by doping with different kinds of SiO2 powder is shown 

in Figure 2.2. 

 

Figure 2.2: Temperature dependence of the conductivity for composite pellets of CsH2PO4 and different types of SiO2
35

. S1: 
hydrophilic 135 m

2
/g. S2: Hydrophobic 82 m

2
/g. S3: hydrophilic 277 m

2
/g. 

Doping CsH2PO4 with hydrophobic SiO2 will yield a material with lower conductivity than pure 

CsH2PO4, both in the high-temperature (HT) and low-temperature (LT) regime of the conductivity 

plot. Doping CsH2PO4 with hydrophilic SiO2 will increase the LT conductivity, especially very close 

to the transition temperature. The effect is more pronounced for SiO2 with high surface area. The 

HT conductivity decreases for all types of SiO2 compared with pure CsH2PO4. The increase in 

conductivity has been explained as a so-called space-charge effect35. This concept was formulated 

by Joachim Maier36 to explain anomalously high conductivities in metal ion conductors 

heterogeneously doped with an insulator phase. An example is the doping of the Li-ion conductor 

LiI with the insulator Al2O3. The conductivity of this composite, depending on the doping level, can 

be 1-2 orders of magnitude higher than the conductor phase on its own. This increase in 

conduction was explained as a surface conduction where metal ions are displaced from their 

crystallographic sites to interfacial sites near the interface between the ion conductor phase and 

the insulator phase. The process can be described as  

         
    

  2.2 

   is a metal ion on a metal ion crystallographic site,    is a vacancy site in the interfacial region, 

  
  is a metal ion occupying a interfacial vacant site and   

  is a metal vacancy site in the bulk 

phase. This process is said to occur if the interfacial region stabilizes interstitial metal ions at the 

interfacial region. This accumulation of metal ion defects near the interfacial region increases the 
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ionic conductivity near this region. The observed large increase in conductivity in certain 

composite materials can thus be explained as a surface conduction mechanism caused by an 

increase in the defect concentration near the surface. Similarly, a destabilizing effect can occur if 

the interfacial region does not stabilize interstitial metal ions near the interface. In this case, the 

formation of interstitial metal ion defects in the bulk phase is more likely, and the following 

equilibrium is driven to the right: 

   
           2.3 

   is a vacant interstitial site in the bulk phase and    is a metal ion on an interstitial site in the 

bulk phase. In this case, no increase in the surface conduction is observed. 

Many authors report increased mechanical strength for composite powders of CsH2PO4
22,35, but to 

this author’s knowledge there have been no actual quantitative reports of the increases in 

mechanical strength. All reports appear to be qualitative, based upon visual inspection and 

handling of the composite. The reason for this is probably the apparent lack of suitable methods 

for testing the mechanical strength of these materials. When testing metals, tests measuring 

tensile, fatigue, torque or bending strength are often used37. Viscoelastic properties are tested in 

polymers while fracture toughness is tested in ceramics. None of these methods are ideal for 

testing the improvement of the mechanical properties in CsH2PO4. Instead, since pellets of pure 

CsH2PO4 show a certain degree of fluidity, a suitable testing method may be to heat a pellet under 

mechanical pressure for a certain amount of time and observe the change in pellet dimensions. 

 

2.1.1 Structure of CsH2PO4 

CsH2PO4 is one of the most studied members of the solid acid group and exhibits a large 

conductivity and good fuel cell performance31,38. In the following, its structure and proposed 

proton conduction mechanism is briefly discussed. 

 

2.1.1.1 Room temperature 

The room temperature structure of CsH2PO4 is the paraelectric, monoclinic phase with space 

group P21/m. The phosphate groups in the structure are connected by hydrogen bonds and two 

types exist: short zig-zag chains along the b-axis (2.47Å) and linear chains along the c-axis 

(2.54Å)39. The hydrogen-bonded phosphate groups form layers with cesium ions in-between, 

Figure 2.3. Since the hydrogen bonds are ordered, the protonic conductivity is low. 
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Figure 2.3: Room temperature structure of CsH2PO4
8
. Cesium ions are magenta and phosphate is shown as cyan tetrahedra. The 

protons are not shown for clarity. 

 

2.1.1.2 High temperature 

When heated to 230 °C, CsH2PO4 changes its crystal structure to a CsCl-like cubic structure with 

space group Pm  m with              8. This transition is often referred to as the material’s 

superprotonic transition, as the structure change is accompanied by an increase in conductivity of 

several orders of magnitude29. The structure can be represented by a unit cell with cesium ions at 

the corners and a phosphate group in the center, Figure 2.4. 

  

 

Figure 2.4: High-temperature structure of CsH2PO4
8
. Left: 3D-view. The six possible orientations of the phosphate group are 

shown superpositioned on each other. Cesium ions are magenta, phosphorous ions are yellow and oxide ions are red. b) Side-
view. For a given oxygen, four oxygen-oxygen distances with oxygen atoms in a neighboring cell are considered. Of these, the 
distance labeled (2) is the shortest at 2.46Å.  
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As the phosphate group is tetrahedral, it must be disordered since its tetrahedral symmetry is not 

compatible with the octahedral environment if the overall symmetry is to be cubic. Six possible 

orientations exist, as indicated in Figure 2.4a, with the oxide ions pointing towards the edges of 

the cubic cell. Hydrogen bonds exist between phosphate groups in neighboring cells through the 

faces of the unit cell. The shortest length between two oxygen ions in neighboring phosphate 

groups is 2.46Å which corresponds to single minimum hydrogen bond8. Molecular dynamics 

modeling indicates that the phosphates groups are not free to tumble around since it requires the 

breaking of two hydrogen bonds per phosphate group39. Reorientation of the phosphate group is 

thus believed to be the rate-limiting step in the proton-conduction mechanism, with proton-

transfer between phosphate groups being fast in comparison.  

 

2.1.2 SiC-whiskers 

An insulator phase which might prove useful heterogeneous doping with CsH2PO4 is -SiC-

whiskers. -SiC-nanowhiskers exhibit interesting properties such as hardness, chemical inertness, 

high thermal stability, large band gap and cheap manufacture40,41. These properties make the 

material suited as a support material for reinforcing electrolyte materials. Rajnish Dhiman et al. 

developed a very cheap synthesis route where Danish beech wood is the carbon source while 

tetraethylorthosilicate (TEOS) is the silicon source40. The same overall synthesis route has been 

used in this project, but the procedure has been optimized slightly to obtain whiskers of higher 

purity. The proposed reaction mechanism is as follows. 

Heating the beech wood sawdust soaked in TEOS to high temperatures in argon will induce 

carbonization of the sawdust. Silica (SiO2) will form from TEOS when heated above 600°C. As the 

temperature reaches around 1500 °C, a carbothermal reduction of silica will take place to produce 

SiC-clusters: 

                           2.4 

 

                           2.5 

The formed SiC-clusters then act as nucleation sites for the gas-gas reaction between SiO and CO 

to form SiC-whiskers. Stacking faults in the crystal layers in the SiC-whiskers drive the reaction 

forward40,42,43. 

                                         2.6 
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When the reaction is finished, a mixture of carbon, SiC-clusters and SiC-whiskers will be present. 

The cluster and whiskers will be hydrophilic while the carbon is hydrophobic, but since the large 

clusters are covered in carbon, it will be possible to separate the whiskers by chemical extraction. 

2.1.3 Project aim 

It is the aim of the project to make a composite material of CsH2PO4 powder and SiC-whiskers in 

order to make a material with increased mechanical strength without sacrificing conductivity in 

the superprotonic state. Conductivity will be measured with impedance spectroscopy while the 

mechanical strength improvement will be investigated by applying mechanical pressure to pellets 

with and without SiC-whiskers at 200 °C and monitor any change in pellet dimension. 

 

2.2 Experimentals 
 

2.2.1 CsH2PO4 

CsH2PO4 is made by mixing Cs2CO3 and H3PO4 with the acid in slightly overstoichiometric amounts. 

For example, 38.05g of Cs2CO3 (Sigma-Aldrich 99.9%) was dissolved in 100 mL distilled water. 

28.30g of H3PO4 (Sigma-Aldrich 85% w/w aqueous solution) was added dropwise. The solution was 

stirred for 10 minutes. The following reaction occurs: 

                                               2.7 

Methanol was then slowly added until a white crystalline precipitate appeared. The precipitate 

was filtered off by suction and washed with methanol. The powder was then heated overnight at 

80 °C. 

 

2.2.2 SiC-whiskers 

72g of beech wood saw dust was soaked in 180 mL 96% ethanol in a beaker. 22 mL HCl (Sigma-

Aldrich 37%) was then added followed by 40 mL TEOS (Sigma-Aldrich 99.999%). The mixture was 

stirred and a lid placed on top. After 6 hours the slurry was transferred to a crystallization jar and 

left to dry overnight. The now solid material was then ground in a mortar and transferred to an 

alumina crucible. The crucible was placed in a tube furnace and heated to 1500 °C at a rate of 5 °C 

per minute. The crucible was kept at 1500 °C for 6 hours and then cooled to room temperature at 

10 °C per minute. During the heat treatment argon was flowed through the tube at a rate of 300 

mL per minute to prevent combustion of the carbon. The SiC-clusters must be covered in enough 

carbon to make them hydrophobic. 
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The crucible now contained a mixture of carbon, SiC-clusters and SiC- whiskers. The SiC-whiskers 

were separated from the carbon and SiC-clusters using the following method. The mixture was 

shredded to a fine powder and dispersed in 500 mL distilled water in a separating funnel. 5g of 

aluminum sulfate (Al2(SO4)3) was added which acts as flocculating agent for the carbon. The funnel 

was thoroughly shaken and then left to rest. A thick layer of carbon and SiC-cluster settled at the 

surface. The whisker-rich bottom part was transferred to a beaker and the carbon slurry was 

discarded. The whisker-rich part still contained many carbon and SiC-cluster impurities. The 

mixture was transferred back to the separating funnel and 20 mL of toluene was added along with 

another 1g of Al2(SO4)3. The funnel was thoroughly shaken and the carbon-rich part was removed. 

This procedure was repeated with chloroform instead of toluene. The bottom part was now the 

carbon-rich phase. Extracting with toluene and then chloroform will yield SiC-whiskers of 

increasing purity. In this project, 10-15 successive extractions were usually sufficient. The pure 

whiskers are light grey. The whiskers were then washed and centrifuged with water several times 

to remove residual Al2(SO4)3. Finally, the whiskers were dried at 100 °C overnight. Pictures of the 

synthesis procedure are shown in Appendix A. 

 

2.2.3 Depositing CsH2PO4 onto SiC-whiskers 

CsH2PO4/SiC-whisker composites were made in SiC-whiskers weight percentages of 5 and 7.5 by 

the following procedure using 5% w/w as an example. 0.1158g of SiC-whiskers was dispersed in 10 

mL distilled water in a 100 mL centrifuge tube. It was found that this dispersion is easier the purer 

the SiC-whiskers are. 2.1918g of CsH2PO4 powder was added and dissolved. Methanol was then 

added dropwise under stirring to the solution until the tube was filled. This will cause CsH2PO4 to 

precipitate out of solution and onto the SiC-whiskers. The suspension at this stage has a very wool-

like appearance. The dispersion was then centrifuged and the water/methanol phase was 

discarded. The tube was refilled with methanol and centrifuged again. The powder was then dried 

at 110 °C overnight. If the tube is not refilled with methanol, residual water redissolves some of 

the CsH2PO4 which will precipitate out as white crystals upon drying. Pictures of the precipitation 

process are shown in Appendix A. 

 

2.2.4 Powder X-ray Diffraction (XRD) characterization 

The powders were analyzed using a Siemens D5000 Powder X-ray diffractometer using CuK 1 

radiation with a wavelength of 1.540Å. Data were collected from 2θ = 5 to 70° in steps of 0.02°, 

each step lasting 5 seconds. 
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2.2.5 Scanning Electron Microscopy (SEM) characterization 

The SiC-whiskers were examined with a Hitachi S-4800 equipped with a cold field-emission 

electron source. All samples were coated with a thin nanolayer of gold prior to examination to 

prevent charge build-up from the electron beam. 

 

2.2.6 Impedance spectroscopy 

Powders of pure CsH2PO4 and CsH2PO4/SiC-whisker composites were pressed into pellets of 1.5 

mm thickness and 13 mm diameter using a uniaxial press. 4 tons of pressure was applied. The 

surfaces of the pellets were covered with gold by sputtering. The edges of the samples were not 

covered to avoid short-circuiting the sample.  

 

Figure 2.5: Sketch of cell for impedance measurements. a: outer alumina capsule. b: inner alumina capsule. c: sample holder 
between platinum discs. d: gas inlet. e: thermocouple. f: spring loaded alumina shaft for applying pressure to the platinum discs 

holding the sample. g: platinum wires for electrical contact to the platinum discs. 

An in-house built measuring cell was used for conductivity measurements. It consists of an outer 

alumina capsule that fits tightly around an inner alumina capsule which contains a sample 

between two platinum discs. These discs are held together by a spring-loaded alumina shaft in the 

inner alumina capsule. The whole setup can be placed in a tube furnace for temperature control, 

and a gas inlet in the outer alumina capsule allows for control of atmosphere. A sketch of the 

measuring cell is shown in Figure 2.5. The conductivity of the samples was measured with a 

Hewlett Packard 4192A LF Impedance Analyzer using a frequency range of 5 Hz to 13MHz and AC 

amplitude of 100 mV. The temperature was varied between 180 and 234 °C in intervals of 2 °C. For 

each temperature step, the furnace was allowed 20 minutes to reach the new temperature and 

stabilize after which an impedance spectrum was recorded. The conductivity was measured both 

for heating and cooling. The humidity was controlled using a humidifier with pure argon as the 

carrier gas. Water partial pressures of 0.46 atm were obtained by keeping the humidifier in a 

water bath at 80 °C. 

 

2.2.7 Mechanical strength testing 

Pellets of CsH2PO4 with and without SiC-whiskers were fabricated and their thickness was 

measured 10 times with a digital caliper to account for any error made during measurement. A 

pellet was then inserted into a mechanical press between two Teflon© plates with spring plates 

and a heating cap around it. Pressure was then applied with a torque wrench until and a constant 
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torque of 20 Nm was achieved. The heating cap was then heated to 200 °C and kept there for one 

week. After cooling to room temperature the thickness of the pellet was again measured 10 times. 

A sketch of the setup is shown in Figure 2.6. 

 

Figure 2.6: Sketch of the setup used for testing of mechanical strength. 

 

2.3 Results and discussion 
The powder X-ray diffractograms of CsH2PO4 and SiC-whiskers are shown in Figure 2.7. 

  

Figure 2.7: Left: XRD-diffractogram of pure CsH2PO4 along with literature values
44

. Right: XRD-diffractogram of pure SiC-whiskers. 
The peaks are labeled with crystal layer reflections.   

 

Both materials match the literature results. CsH2PO4 has a monoclinic structure at room 

temperature8 and the -SiC-whiskers have a cubic zinc blende structure40,42. As already 

mentioned, it is hypothesized that defects such as stacking faults, grain boundaries, dislocations 

etc act as nucleation sites for the whisker formation. Peaks for these defects are also seen in the X-
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ray diffractogram. The X-ray diffractogram for the CsH2PO4/SiC-whisker composite powders only 

showed reflections for CsH2PO4 due to the low concentration of whiskers. As seen below, the 

whiskers are also all covered in CsH2PO4 which is likely to create a shielding effect. 

Figure 2.8 shows the SEM-images of the pure SiC-whiskers. 

 

  

  

Figure 2.8: SEM-images of pure SiC-whiskers. From inspection of multiple of such SEM-images it is estimated that the diameter 
of the whiskers are in the range 100-400nm while the lengths are in the range 1-30µm.  

 

The synthesis produces SiC-whiskers in many shapes and sizes. From inspection of multiple SEM-

images it is estimated that the diameter of the whiskers are in the range of 100-400 nm while the 

length ranges anywhere between 1-30 µm. This is similar to what was obtained by Rajnish Dhiman 

et al40. Figure 2.9 shows the SEM-images of SiC-whiskers with CsH2PO4 deposited on them. 
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Figure 2.9: SEM-images of CsH2PO4 precipitated on SiC-whiskers. The whiskers are well distributed and CsH2PO4 is smeared onto 
them.  

 

The SEM-images reveal that the SiC-whiskers are well distributed and are smeared in CsH2PO4. It 

would seem that the SiC-whiskers act as nucleation centers for the precipitation of CsH2PO4. That 

there is some sort of interaction between CsH2PO4 and the whiskers is also evident from the 

pictures in Appendix A. CsH2PO4 is clearly precipitated on the whiskers, yielding a cotton-like look, 

and not, for example, precipitated out in the bottom of the container, separate from the whiskers.  

 

Typical impedance spectra for pure CsH2PO4 consist of a simple, slightly depressed semicircle at 

low temperatures and a line intercepting the real axis at high temperature, Figure 2.10. 
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Figure 2.10: Impedance spectra for pellets of pure CsH2PO4. Left: low-temperature region. Right: high-temperature region. 

At low temperatures, the resistance of the pellet is determined from the diameter of the 

semicircle. At high temperatures, the resistance of the pellet is determined from the intercept 

with the real axis8. The straight line is interpreted as blocking behavior from the gold contacts. A 

typical impedance spectrum for composite pellets at low-temperature is shown in Figure 2.11. 

 

Figure 2.11: Impedance spectrum for a composite pellet at a low temperature. 

The spectrum consists of what appears to be two overlapping depressed semicircles. Fits of the 

spectra reveal equivalent capacitances on the order of 10-12-10-11 F/cm2. The values indicate that 

the semicircles are not related to phenomena near a double-layer capacitance. Instead, the 

resistance values are interpreted as ionic conduction in the bulk of CsH2PO4 and in the region near 

the SiC-whiskers, respectively. Formation of defect-rich phases near the interface between 

CsH2PO4 and the whiskers are likely to create an area with a conductivity of slightly different size 

than the bulk. The resistance of the pellet is thus determined as the sum of the semicircle 

diameters.  

The temperature dependence of the conductivity for pure CsH2PO4 and CsH2PO4/SiC-whisker 

pellets is shown in Figure 2.12. 
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Figure 2.12: Temperature dependence of the conductivity for composite pellets and pellets of pure CsH2PO4. Arrows indicate the 
heating and cooling. 

The conductivity of CsH2PO4 is seen to be a little lower than the literature values (Figure 2.1). The 

reason for this is not clear. A clear hysteresis loop is seen between heating and cooling. This due to 

slow kinetics when reverting back to the monoclinic phase8. The conductivity of the composite 

pellets in the low-temperature region is apparently lower than for pure CsH2PO4 which stands in 

contrast to what is found for oxide composites (Figure 2.2). This could indicate that a stabilizing 

space-charge effect is not active in this material. In the high-temperature region, the conductivity 

of the 5 wt% composite pellet is similar to that of pure CsH2PO4, which, again, stands in contrast to 

oxide-based composites where the conductivity is consistently, and often significantly, lower than 

pure CsH2PO4. The reason for this might be that a space-charge effect arises in the volume around 

the whiskers when the crystal structure of CsH2PO4 changes from monoclinic to cubic which has a 

beneficial effect on the conductivity. Another reason might simply be that the volume fraction of 

the SiC-whiskers (roughly equal to the mass ratio, since the densities of CsH2PO4 and -SiC are 

roughly equal) is so small that the effect on the conductivity is relatively insignificant. In other 

composite studies, the insulator phase was as large as 50 mol% which is significantly larger than in 

this study35. In any case, an unchanged conductivity in the high-temperature regime is desirable, 

since any fuel cell or electrolyzer will operate in this temperature region. For the 7.5 wt% pellet 

the conductivity is visibly lower in the high-temperature region and quite unstable. Multiple 

measurements produced the same result. It is not clear what the reason is for the significant 

difference in conductivity between the 5 and 7.5 wt% pellets. 

 

The pressed pellets of CsH2PO4/SiC-whiskers appeared to be significantly more robust than their 

pure CsH2PO4 counterparts.  Small flakes can sometimes chip off from pellets of pure CsH2PO4 
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which never happened for pellets of CsH2PO4/SiC-whiskers, making the handling much easier. 

Table 2.1 shows the results of the mechanical strength testing. 

 Pure CsH2PO4 CsH2PO4 + 5% w/w 
SiC-whiskers 

CsH2PO4 + 7.5% w/w 
SiC-whiskers 

Average thickness 
before 

3.378±0.002 mm 2.141±0.0005 mm 2.142±0.003 mm 

Average thickness 
after 

3.12±0.02 mm 2.120±0.002 mm 2.110±0.002 mm 

Thickness decrease 7.5% 1.0% 1.5% 

Table 2.1: Changes in dimension of pellets of CsH2PO4, both pure and mixed with SiC-whiskers. The results are based on ten 
measurements before and after heat treatment under mechanical pressure. The standard deviation is also shown. 

There seem to be a definite strengthening effect from the added SiC-whiskers. The decrease in 

thickness was 7.5% without the whiskers and 1.0 and 1.5% for pellets with 5 and 7.5% w/w 

whiskers, respectively. The pellet of pure CsH2PO4 had lost some of its uniformity after the heat 

treatment. This meant that slightly different values were obtained depending on where on the 

pellet the measurement was made. This is reflected in the standard deviation of the measurement 

of the thickness. In contrast, the standard deviation for the thickness measurements on the 

composite pellets was significantly lower, indicating that these pellets have retained their 

uniformity to a higher degree. 

 

2.4 Conclusion 
SiC-whiskers have been investigated as a suitable support material for CsH2PO4. The produced 

whiskers had diameters in the range 100-400nm and lengths in the range 1-30µm. There seems to 

be an interaction between CsH2PO4 and the SiC-whiskers, where the whiskers act as nucleation 

sites for the precipitation of CsH2PO4 with SEM-images showing good contact between the two 

phases.  

Impedance spectroscopy showed lower conductivity in the low-temperature regime and similar 

conductivity in the high-temperature regime for the one of the composite pellets compared with 

pellets of pure CsH2PO4.  

By measuring the thickness of pellets of pure CsH2PO4 and composite powders heated to 200 °C 

under mechanical pressure for one week it was found that the composite pellets had retained 

their shape to a significantly higher degree than a pellet of pure CsH2PO4. This indicates that SiC-

whiskers lend strength to CsH2PO4 and makes the constructed pellets more resilient towards 

mechanical stress. 
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3.  Conduction properties of NbOPO4 
 

 

 

 

3.1 Introduction 
The Nb2O5 – P2O5 system is rich and quite a few phases can be prepared45. In this project, focus 

has been on the phases, niobium oxide phosphate, NbOPO4, and niobium pyrophosphate, 

Nb2P4O15. Much of the work on the structure determination was done in the 1950-1970’s, with 

Richard Hahn being one of the first to prepare the orthophosphate, NbOPO4, and study it using 

powder crystallographic methods46. He was not able to index the structure, however, this was 

done by S.Z. Haider47 who found the crystal structure to be tetragonal with          and 

        . The unit cell contains two NbOPO4. In the same work he also managed to produce the 

pyrophosphate, Nb2P4O15, and index its diffraction pattern, yielding a cubic structure with 

        . Haider found that Nb2P4O15 transformed into NbOPO4 in a monoclinic phase when 

heated to 1070°C which reverted to the tetragonal phase when heated further to 1250°C. Longo 

and Kierkegaard48 managed to produce single crystals of NbOPO4 and acquire more detailed 

structural information using single crystal X-ray diffraction techniques. Their result is shown in 

Figure 3.1. The structure of tetragonal NbOPO4 can be described as chains of corner-sharing NbO6-

octahedra running parallel to the c-axis. These chains are connected by PO4 tetrahedra in the basal 

plane. Each NbO6 octahedra is thus connected to four PO4 tetrahedra in the basal plane and two 

other NbO6 octahedra along the c-axis. 

 

Figure 3.1: The structure of tetragonal NbOPO4 as obtained by Longo and Kierkegaard
48

. Yellow octahedra contain niobium ions 

at their centre and cyan tetrahedra contain phosphorous ions at their centre. Oxide ions are red. 
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Finally, Levin and Roth45 attempted to identify the whole Nb2O5 – P2O5 system, their result is 

shown in Figure 3.2. 

 

Figure 3.2: Phase diagram of the Nb2O5:P2O5 system as determined by Levin and Roth
45

. 

 

Besides the ortho and pyrophosphate (Nb2O5: P2O5 and Nb2O5: 2P2O5) a niobium-rich compound is 

note-worthy, namely tetragonal 9Nb2O5: P2O5. They also found that the low-temperature 

tetragonal NbOPO4 changes to a high-temperature form at 1250 °C which they indexed on the 

basis of a monoclinic cell. 

Recently, it was found by Jianfeng Zhu and Yining Huang49 that NbOPO4 can exist in layered 

hydrated states as well as a dehydrated state if made by a precipitation reaction between NbCl5 

and phosphoric acid. The tri- and dihydrate phases coexist at room temperature. The monohydrate 

is formed upon heating to 70 °C, an anhydrous phase is formed upon heating to 140 °C and a 

completely dehydrated phase is finally formed when heated to 250 °C. Their structures are shown 

in Figure 3.3. 
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Figure 3.3: Heating sequence of hydrated NbOPO4 to the dehydrated NbOPO4

49
. Niobium ions are magenta, phosphorous ions 

are yellow, oxide ions are red and protons are green. 

The structure of niobium pyrophosphate has been a lot less studied than the structure of niobium 

oxide phosphate. Haider noticed that the powder X-ray diffractogram of the phase Nb2O5 : 2P2O5 

was very similar to that of cubic ZrP2O7 but since zirconium exists as Zr4+ while niobium is usually 

Nb5+, the unit cell must contain more oxygen47. He proposed the formula Nb2P4O15 but was unable 

to account for the position of the extra oxide ions. Oyetola et al. produced single crystals of 

tantalum(V) pyrophosphate and found that the structure was also the ZrP2O7-type but with Ta- and 

P-vacancies50. They found that the structure of Nb2P4O15 was actually pseudo-cubic and speculated 

that it may also contain Nb- and P-defects. The presence of these defects caused the structure to 

deviate slightly from a cubic structure. Hiroshi Fukuoka et al. were able to produce Nb(IV)P2O7 

which also exhibit the cubic ZrP2O7-structure51. Their compounds were all non-white while the 

compounds of Haider were all pure white, indicative of Nb(V). When heating Nb(IV)P2O7 in 

nitrogen they obtained a white powder which they identified as the cubic niobium(V) 

pyrophosphate. From phosphorous contents found in the nitrogen exhaust gas they argued that P-

vacancies are likely to exist in Nb2P4O15. The cubic structure is shown in Figure 3.4. It consists of a 
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face-centred cubic structure of NbO6-octahedra connected by PO4-octahedra. Each PO4-

octahedron shares an oxide ion with another PO4-octahedron forming a pyrophosphate unit. 

 
Figure 3.4: Cubic structure of Nb2P4O15

51
. NbO6-octahedra are yellow. PO4-tetrahedra are cyan. 

Recently, niobium phosphates, as well as other phosphates, have been investigated for use in 

medium temperature fuel cells and electrolyzers5,52–56. Tin and niobium pyrophosphate will be 

discussed in Section 4. Conductivities on the order of 10-2 S/cm have been achieved. The promising 

aspect of the materials is that this conductivity can apparently be retained at temperatures up to 

250 °C, which makes the materials suitable for use in medium temperature fuel cells and 

electrolyzers. NbOPO4 is one such material, and an example of the reported high conductivities is 

shown in Figure 3.5. 

 

  

Figure 3.5: Conductivity measurements on NbOPO4 made by Yunjie Huang et al
55

. Left: Temperature dependence of conductivity. 

Right: Time-dependence of conductivity. 
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NbOPO4 can be made using several different synthesis routes. Two examples are shown in 

equation 3.1 and 3.257. 

                   
 
                    3.1 

 

                                               3.2 

The reported high conductivities are measured on samples prepared by the reaction in Equation 

3.1. Some authors56 have hinted that the high conductivities in related materials are actually from 

residual phosphoric acid from the synthesis and that the metal phosphates may have no 

significant conductivity of their own. Since phosphoric acid is amorphous, it will not be detected 

using X-ray diffraction, which is the most commonly used characterization method for inorganic 

powders. Using the precipitation method in Equation 3.2, it may be possible to wash away all 

remnants of phosphoric acid and make a more thorough investigation of the conductivity of 

NbOPO4. If NbOPO4 has no intrinsic conductivity, it may be able to stabilize phosphoric acid at high 

temperatures to yield the stability observed in Figure 3.5. 

 

3.1.1 Project aim 

In this project NbOPO4 has been made using reaction 3.2 in order to investigate whether the 

material actually possesses intrinsic protonic conductivity. Since it was not possible to fabricate a 

solid pellet of pure NbOPO4, composite powders were made with varying amounts of phosphoric 

acid which were much easier to press into pellets. Solid state MAS NMR was used in order to 

detect any amorphous phases and to investigate the dehydration behavior of the composite 

pellets. Lastly, the conductivity of the composite pellets was measured using impedance 

spectroscopy. Nb2P4O15 was also synthesized and characterized in order to check for its presence 

when analyzing the composite pellets 

 

3.2 Experimentals 
 

3.2.1  Synthesis of niobium oxide phosphate, NbOPO4 

The synthesis route for NbOPO4 in this work is inspired by other authors45,46,48,57.  50g of NbCl5 

(99.995% Sigma-Aldrich) was dissolved in 400 mL 37% w/w hydrochloric acid (ACS reagent grade, 

Sigma-Aldrich). An 85% w/w aqueous solution of phosphoric acid (Sigma-Aldrich) was added 

dropwise in slightly overstoichiometric amounts. A precipitate was formed after few minutes of 

stirring and the solution was heated at 80 °C for 12 hours. The solution was then neutralized with 
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an ammonia solution until the pH reached a value of approximately 7 which was checked with a 

piece of pH-paper. The precipitate was washed with distilled water and centrifuged several times, 

and then dried overnight at 80 °C. The powder was then calcined at 900 °C for 12 hours. 

An important point in the preparation of NbOPO4 was the pH of the solution before filtering off 

the powder. If the pH was below 7, the powder was hard and very hard to grind, making the 

material difficult to handle. If the pH was raised above 7, the powder was very loose and soft and 

no grinding was needed. Both powder types had identical X-ray diffraction patterns. Optical 

microscopy revealed the hard powder to consist of a mixture of different grain sizes, whereas the 

soft powder had a narrower size distribution with smaller grains than the hard powder. In all 

experiments, the loose powder was used. It should also be noted, that NbOPO4 exists as a layered 

structure after precipitation with water in between the layers. Heating the powders above 250 °C 

will remove the water and create a 3-dimensional structure49. 

 

3.2.2 Synthesis of niobium pyrophosphate, Nb2P4O15 

5g Nb2O5 (99.99% Sigma Aldrich) and 2.3g (NH4)H2PO4 (99.99% Sigma Aldrich) were mixed in a 

mortar with the phosphate in slight stoichiometric excess. The mixture was heated from room 

temperature to 300 °C in air in an alumina crucible with a matching lid, at a heating rate of 1°C per 

minute and then kept at 300 °C for 6 hours. The mixture was then heated to 650 °C with a heating 

rate of 3 °C per minute and kept at 650 °C for 12 hours. The oven was then turned off and the 

sample allowed to cool to room temperature. After cooling, the mixture was ground with an 

additional 2.3g (NH4)H2PO4. This new mixture was then given the same heat treatment as before.  

 

3.2.3  Powder X-ray Diffraction (XRD) characterization 

The niobium phosphate powders were analyzed using a Siemens D5000 Powder X-ray 

diffractometer using CuK 1 radiation with a wavelength of 1.540Å. Data were collected from 2θ = 

5 to 60° in steps of 0.02°, each step lasting 4 seconds. 

 

3.2.4 NbOPO4 and H3PO4 mixtures 

To obtain a uniform mixture of NbOPO4 and H3PO4, NbOPO4 was mixed with appropriate amounts 

of P2O5 in a glove box. The mixtures were prepared in glass vials and simply stirred with a spatula 

for around 10 minutes as both powders were very fine grained. The mixtures were then allowed to 

equilibrate with atmospheric moisture for at least five days. During that period the following 

reaction happens 

                           3.3 
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Mixtures were prepared with P2O5 contents between 5 and 50% w/w. 

 

3.2.5 Solid state MAS NMR 

 31P and was performed at 11.7 T (202.3 MHz for 31P) on a Varian INOVA spectrometer using a 3.2 

HX MAS NMR probe tuned to 1H and 31P. 31P and 1H NMR spectra are referenced relative to 85% 

H3PO4 ((31P) = 0 ppm) and TMS using a secondary reference of H2O ((1H) = 4.6 ppm). 31P MAS 

NMR spectra were recorded using 10 kHz spinning and a relaxation delay of 400 s with 1H 

decoupling. In addition, single pulse liquid state 1H and 31P NMR was recorded using relaxation 

delays of 1.5 and 2 seconds, respectively. The 31P NMR spectra were analyzed using SpinWorks58.  

 

3.2.6 Dehydration experiments 

Hydrated composite samples were made by mixing NbOPO4 with P2O5 such that the P2O5 content 

constituted 20% w/w. The samples were heated in glass vials to 200, 300, 400 and 500°C, 

respectively, for 18 hours, in order to investigate the dehydration of phosphoric acid. After the 

heat treatment, the vials where immediately sealed with Parafilm© to suppress rehydration and 

an NMR spectrum was recorded. The glass vials were then left open in atmospheric air at room 

temperature to allow the samples to rehydrate. After 10 and 24 hours, respectively, NMR spectra 

were again recorded. Furthermore, 85% w/w phosphoric acid was heated at 180 °C for 24 hours 

and investigated with 31P liquid state NMR in order to obtain the chemical shifts of any 

polymerization products produced from the acid alone. 

 

3.2.7 Conductivity measurements 

Powders of hydrated NbOPO4/H3PO4 mixtures were pressed into pellets of 1 mm thickness and 13 

mm diameter using a uniaxial press. 4 tons of pressure was applied. The surfaces of the pellets 

were covered with gold by sputtering. The edges of the samples were not covered to avoid short-

circuiting the sample.  

 

Figure 3.6: Sketch of cell for impedance measurements. a: outer alumina capsule. b: inner alumina capsule. c: sample holder 

between platinum discs. d: gas inlet. e: thermocouple. f: spring loaded alumina shaft for applying pressure to the platinum discs 

holding the sample. g: platinum wires for electrical contact to the platinum discs. 
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An in-house built measuring cell was used for conductivity measurements. It consists of an outer 

alumina capsule that fits tightly around an inner alumina capsule which contains a sample 

between two platinum discs. These discs are held together by a spring-loaded alumina shaft in the 

inner alumina capsule. The whole setup can be placed in a tube furnace for temperature control, 

and a gas inlet in the outer alumina capsule allows for control of atmosphere. A sketch of the 

measuring cell is shown in Figure 3.6. The conductivity of the samples was measured with a 

Hewlett Packard 4192A LF Impedance Analyzer using a frequency range of 5 Hz to 13MHz and AC 

amplitude of 20 mV. The temperature was varied between 110 and 250 °C in intervals of 10 °C. For 

each temperature step, the furnace was allowed 35 minutes to reach the new temperature and 

stabilize after which an impedance spectrum was recorded. The conductivity was measured both 

for heating and cooling. The humidity was controlled using a humidifier with pure argon as the 

carrier gas. Water partial pressures of 0.04, 0.13 and 0.31 atm were obtained by keeping the 

humidifier in a water bath at 30, 50 and 70 °C, respectively. Measurements were conducted 

starting from high humidity levels and going down and then back up to investigate whether 

equilibrium was achieved. For samples with high acid contents, the impedance Nyquist plots 

revealed only a high-frequency intercept with the real axis which was taken as the resistance of 

the pellet. For the samples with 5 and 10% w/w P2O5, a slightly suppressed semicircle was seen at 

high frequencies and the diameter of this semicircle was taken as the resistance of the pellet. 

 

3.3 Results and discussion 
Figure 3.7 shows the XRD diffractograms of the prepared powders of NbOPO4 and Nb2P4O15. 

  

Figure 3.7: Left: X-ray diffractogram of NbOPO4. The peaks obtained by Longo and Kierkegaard
48

 are shown for comparison along 

with the hkl-indices. Right: X-ray diffractogram for Nb2P4O15. The peaks obtained by Levin and Roth
45

 are shown for comparison 

along with the hkl-indices.  
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NbOPO4 has the tetragonal phase while Nb2P4O15 has the cubic structure, as reported in the 

literature. 

 

3.3.1 Acid content in composite powders 

The 31P MAS NMR spectra of as-prepared NbOPO4 and Nb2P4O15 are shown in Figure 3.8. It is clear 

that they can be distinguished by their isotropic chemical shifts (iso(31P)) which are -24 ppm for 

NbOPO4 and -35 ppm for Nb2P4O15. Moreover, the 31P MAS NMR spectrum of Nb2P4O15 contains 

several spinning side bands separated from the main peak by 49.5 ppm, equivalent to the 10 kHz 

spinning rate. This is caused by the chemical shift anisotropy characteristic for pyrophosphates in 

the solid state, see Section 1.4. No other phases were observed confirming the purity of the 

samples.  

 

Figure 3.8: 
31

P MAS NMR spectra of as-prepared NbOPO4 and Nb2P4O15 using 10 kHz spinning. The isotropic resonances are 

marked on the figure. The remaining resonances in the spectrum for Nb2P4O15 are spinning side bands, separated from the main 

peak by the spinning rate, 10 kHz (49.5 ppm). 

 

Composites of NbOPO4 and H3PO4 were prepared by hydrating mixtures of NbOPO4 and 5 to 50 

wt% P2O5 in order to investigate the effect of phosphoric acid content on conductivity.  31P NMR 

spectra of the mixtures were recorded to confirm the relative contents of phosphoric acid and 

niobium oxide phosphate, Figure 3.9.  
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Figure 3.9: a) 
31

P MAS NMR spectra of powders of NbOPO4 mixed with H3PO4 with MAS spinning at 10 kHz. The peak at 0 ppm 

corresponds to H3PO4, and the broad peak at around -24 ppm corresponds to NbOPO4. The top part of the H3PO4 resonance peak 

has been cut off to increase clarity. b) Mole percent H3PO4 as a function of weight percent P2O5. Both measured and calculated 

values are shown. The measured values are obtained from integration of the resonance peaks in a) while the calculated values 

are determined from the NbOPO4 / P2O5 ratios used when preparing the powders. 

The 31P MAS NMR spectra consist of a broad peak at around iso(31P) = -24 ppm from NbOPO4 and 

a sharp peak at 0 ppm from liquid-like H3PO4, which is most likely situated on the surface of the 

NbOPO4 particles. The peak at iso(31P) =  0 ppm is seen to increase in intensity compared with the 

peak at iso(31P) = -24 ppm for increasing contents of H3PO4. There are also two small peaks near 

iso(31P) =-6 and -12 ppm. These are likely to originate from various polyphosphoric acids, i.e. the 

hydration to orthophosphoric acid is incomplete. Liquid state 31P NMR of phosphoric acid heated 

to 180 °C and cooled to room temperature (not shown) showed two major peaks. One at iso(31P) = 

0 ppm, corresponding to residual orthophosphoric acid, and another at iso(31P) = -12 ppm, 

corresponding to pyrophosphoric acid. A liquid state 31P NMR study of orthophosphoric acid and 

some of it polymerization products observed pyrophosphoric acid (H4P2O7) near iso(31P) = -12 ppm 

and tripolyphosphoric acid (H5P3O15) near iso(31P) =  -29 ppm59. The exact nature of the small peak 

at iso(31P) = -6 ppm remains unidentified. By integration of the peaks, the relative contents of 

NbOPO4 and H3PO4 can be found. The obtained ratios are shown in Table 3.1. 

Sample % H3PO4 

measured 

%H3PO4 

calculated 

%NbOPO4 

measured 

%NbOPO4 

calculated 

%H4P2O7 %other 

5% 12.1 13.1 86.1 86.9 - 1.8 

10% 25.1 24.2 74.9 75.8 - - 

15% 32.8 33.6 64.6 66.4 0.6 2.0 

20% 38.4 41.8 58.9 58.2 1.0 1.7 

30% 54.2 55.2 45.8 44.8 - - 

40% 62.2 65.7 37.8 34.3 - - 

50% 67.7 74.2 32.3 25.8 - - 

Table 3.1: Relative concentrations of phosphorous species as determined by 
31

P MAS NMR. The concentrations are in mole 

percentages.  
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The measured ratio of NbOPO4 to H3PO4 is seen to match reasonably well with the calculated 

ratio. There is some deviation from the expected value at high H3PO4-content. The uncertainty 

from integration of the peaks was estimated to be around 1.5% and can therefore not explain the 

deviation. As the measured values are generally slightly lower than the calculated values it is likely 

that the used P2O5 was not completely dry but contained trace amounts of water. This leads to a 

lower content of H3PO4 than the calculated value. 

 

3.3.2 Dehydration behavior of NbOPO4 / H3PO4 
31P MAS NMR spectra for composite powders heated at different temperatures are shown in 

Figure 3.10. 

  

  

Figure 3.10: 
31

P MAS NMR spectra of 20% w/w P2O5/NbOPO4 powders heated at different temperatures. The top part of the 

H3PO4 resonance peak has been cut off to increase clarity. a) 200°C for 18 hours and after subsequent rehydration at room 

temperature for 10 and 24 hours, respectively. b) 300°C for 18 hours and after subsequent rehydration at room temperature for 

10 and 24 hours, respectively. c) 400°C for 18 hours and after subsequent rehydration at room temperature for 10 and 24 hours, 

respectively. d) 500°C for 18 hours and after subsequent rehydration at room temperature for 4 weeks. 
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The samples heated at 200-400 °C all have clear peaks at around iso(31P) =  -12 ppm, indicative of 

substantial pyrophosphoric acid formation. Peaks at around -4 and -6 ppm have also appeared, 

indicative of formation of other polymerization products of phosphoric acid. Furthermore, the 

orthophorsphoric acid peak at iso(31P) =  0 ppm has significantly lower intensity. Clear signs of 

rehydration are visible after the samples were left in air at room temperature: the relative 

intensity of the peak at iso(31P) =  -12 ppm decreased while the intensity of the peak at iso(31P) =  

0 ppm increased. The samples are seen to rehydrate, but only partly and the process is slow. A 

small resonance is seen on the peak at iso(31P) =  -28 ppm for some of the samples. It is possible 

that this originates from small amounts of tripolyphosphoric acid59. No attempt has been made to 

deconvolute the dent from the peak, though, and the area under the whole peak has been 

assigned to NbOPO4.  Table 3.2 shows the intensities of the peaks obtained by integration. 

Sample %H3PO4 %NbOPO4 %H4P2O7 %other 
%Phosphoric 

acids 

20% Large Batch 42.8 55.0 0.5 1.7 45.5 

200C 27.4 63.7 7.4 1.5 43.7 

200C Rehy10h 39.1 57.2 1.5 2.2 44.3 

200C Rehy24h 38.9 58.3 0.9 1.9 42.6 

300C 14.0 74.8 8.8 2.4 34 

300C Rehy 10h 31.5 62.9 1.4 4.2 38.5 

300C Rehy 24h 33.0 62.2 0.5 4.3 38.3 

400C 8.7 84.2 3.0 4.1 18.8 

400C Rehy 10h 18.6 76.2 1.9 3.3 25.7 

400C Rehy 24h 22.4 73.7 1.1 2.8 27.4 

Table 3.2: Relative concentrations of phosphorous species as determined by 
31

P MAS NMR. The concentrations are in mole 

percentages. Note that the percentages for samples containing traces of H4P2O7 have been calculated assuming that there are 

two phosphorous atoms per unit of H4P2O7, which effectively doubles the integral of its peak. Last column shows the sum of 

orthophosphoric and pyrophosphoric acid calculated in equivalent orthophosphoric acid units. This means that one unit of 

pyrophosphoric acids yields two units of orthophosphoric acid when hydrated. 

From Table 3.2 it is clear that, aside from the dehydration, loss of phosphoric acid has also taken 

place, especially at high temperatures. In the stock batch, around 43% is orthophosphoric acid 

while it is 39, 33 and 22% after being heated at 200, 300 and 400 °C, respectively, and being 

allowed to equilibrate in air for 24 hours. From these results, it must be concluded that heating at 

300 and 400 °C induce dehydration/vaporization to a degree that is unacceptable if the material is 
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to be used as an electrolyte material, provided that phosphoric acid is responsible for the 

conductivity. At 200 °C the loss of H3PO4 might be low enough to make the material useful as an 

electrolyte material. It should be noted that it is possible that appropriate humidification during 

heating of the composites could suppress some of the dehydration. Upon inspection of the 31P 

MAS NMR spectra for the sample heated at 500 °C (Figure 3.10d), it is clear that the stability limit 

of the composite has been reached. The phosphoric acid peak has completely disappeared, and a 

shoulder peak at -35 ppm, indicative of niobium pyrophosphate formation, has appeared, see the 
31P NMR spectrum for niobium pyrophosphate in Figure 3.8. The spinning side bands from this 

shoulder peak are also visible. Thus, phosphoric acid has reacted with niobium oxide phosphate 

and formed niobium pyrophosphate.  

                                          3.4 

Most protons have been removed from the system rendering it useless as a proton conductor. 

When left in air to rehydrate, resonances around iso(31P) =  0 ppm reappear. Thus, some remnant 

polymerization products of phosphoric acid have been rehydrated. It is, however, far from fully 

hydrated, and the shoulder peak at -35 ppm remains indicating that the formation of niobium 

pyrophosphate is irreversible. From the 31P NMR spectra, it can be concluded that keeping the 

composite material at 500 °C will most likely destroy its capabilities as a proton conductor due to 

the irreversible formation of niobium pyrophosphate. It should be noted that it is possible that 

niobium pyrophosphate formation initiates at a temperature between 400 and 500 °C. These 

results have only established that 500 °C will certainly induce the irreversible formation under 

conditions of no humidification.  

 

3.3.3 Conductivity measurements 
 

  

Figure 3.11: Measured conductivity for NbOPO4/P2O5 composite pellets as a function of temperature and humidity. The samples 

were heated from 110 to 250 °C and subsequently cooled in steps of 10°C. Each step consists of 35 minutes of heating and 

stabilization of the temperature. a) Composite with 20% w/w P2O5. b) Composite with 40% w/w P2O5.  
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Figure 3.11 shows the temperature dependence of the conductivity of pellets containing 20% w/w 

and 40% w/w of P2O5. The conductivity drops initially probably due to the loss of surface water. 

After this water loss the conductivity stabilizes and is only slightly dependant on humidity. There is 

a hysteresis loop for each heating/cooling cycle at each humidity level. This is probably due to 

polymerization of phosphoric acid at high temperatures which only partially rehydrate upon 

cooling as the reaction is slow. This gives a lower conductivity upon cooling. Increasingly humid 

atmospheres seem to suppress the dehydration somewhat, by suppressing the following reaction: 

                            3.5 

The hysteresis loops are less pronounced at the later runs which could indicate that continued loss 

of surface water also plays a role for the lowering of the conductivity.  

Figure 3.12 shows the dependence of acid concentration on conductivity for the highest humidity. 

  

Figure 3.12: a) Measured conductivity for NbOPO4/P2O5 composite pellets as a function of temperature and P2O5 content at 0.31 

atm of water. The percentages refer to the weight percentage of P2O5 used. The samples were heated from 110 to 250 °C and 

subsequently cooled in steps of 10°C. Each step consists of 35 minutes of heating and stabilization of the temperature. b) 

Average of the conductivity as a function of the P2O5 content. The conductivity data are seen to have an approximately linear 

dependence on acid content. 

 

The conductivity increases for increasing acid concentrations, but is largely independent of 

temperature.  The highest conductivity reached is 2.5·10-3 S/cm for 50 wt% P2O5.  Due to the 

temperature independence, the average of the conductivity was calculated for the entire 

temperature range and plotted against the acid content, Figure 3.12b. Except for a single outlier, 

the conductivity depends approximately linearly on the acid content. The main conclusion to draw 

from the conductivity data is that NbOPO4 has no significant conductivity of its own, and all 

reports of the opposite55,60 is likely to result from residual acid from the synthesis. 
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3.4 Conclusions 
31P NMR measurements on NbOPO4/P2O5 composite powders revealed that, upon hydration, 

phosphoric acid is present as a free and mobile phase. It was demonstrated that 31P MAS NMR is a 

useful technique which can distinguish between phases of NbOPO4 and Nb2P4O15. It was also 

found that phosphoric acid dehydrates to pyrophosphoric acid when heated to 200 °C and above 

with no humidification. Evidence of rehydration back to orthophosphoric acid was found, but it 

was very slow. After 24 hours at ambient conditions full rehydration was still not complete. A 

temperature between 400 and 500 °C was found to be the limiting temperature for the stable 

composites as NbOPO4 was found to have reacted with phosphoric acid at 500 °C to form 

Nb2P4O15. This reaction is irreversible and will remove protons from the system, rendering it 

useless as a proton conductor. It is unlikely that the NbOPO4/P2O5 composite material will be 

useful as an electrolyte material above 200 °C due to dehydration and vaporization of H3PO4. 

 Conductivity measurements reflected the NMR results as the conductivity was highest for the 

most acid rich samples and decreased slightly at high temperatures due to the mentioned 

dehydration. Humidity seems able to suppress the dehydration somewhat. It was shown that it is 

unlikely that NbOPO4 has any significant conductivity of its own. 
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4.  Metal pyrophosphates and electrolysis 
 

 

 

4.1 Introduction 
In the search for new electrolyte materials for use in medium temperature fuel cells and 

electrolyzers, metal pyrophosphates have emerged as interesting candidates. Among the first to 

be investigated were the tin pyrophosphates, showing very high protonic conductivities and good 

temperature stability52–54. SnP2O7 showed good results on its own, but it was especially when 

doped with In3+ that the highest conductivities were obtained, giving a solid solution with the 

nominal formula Sn(1-x)InxP2O7. The reasoning behind the doping was to exchange Sn4+ with In3+ 

which would lead to a nominal deficiency in positive charges. This would lead to formation of 

proton defects to make up for the apparent charge imbalance. A suggested53 mechanism is 

               
  

 

 
      4.1 

where    is an electron hole and   
  is a proton on an interstitial crystal site. These interstitial 

protons should then be able to increase the protonic conductivity as the conduction mechanism is 

expected to be a proton hopping mechanism. An advantage of such a mechanism is that it is 

anhydrous which means that it does not depend on water acting as a carrier for the protons as is 

the case in, for example, the Nafion© polymer membranes28. 

 A peculiar observation regarding the performance of metal pyrophosphates is that their 

conductivity is extremely dependent on their synthetic history61,56,62. The metal pyrophosphates 

can be made by heating their metal oxides with liquid phosphoric acid, at around 650 °C. For the 

formation of tin pyrophosphate, the reaction can be written as  

                  
 
                   4.2 

Usually, an excess of phosphoric acid is used to ensure complete conversion to the 

pyrophosphate. Tin pyrophosphate can also be made by a precipitation reaction between SnCl4 

and (NH4)2HPO4. 

                                                      4.3 

The tin pyrophosphate formed by the acid method tends to yield a product with a very high 

conductivity53, while the product formed by the precipitation method tends to yield a product 

with very low conductivity62. An example of the difference in conductivity is shown in Figure 4.1. 
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Figure 4.1: Left: Conductivities obtained by M. Nagao et al. by the acid method
53

. Right: Conductivities obtained by S. Tao by the 
precipitation method

62
. 

The largest conductivity was observed for the solid solution with the composition Sn0.9In0.1P2O7. 

From Equation 4.1, one would expect that the composition Sn0.8In0.2P2O7 would have a higher 

conductivity due to additional proton defects. However, M. Nagao found that the solid solution is 

apparently not stable for x higher than 0.1 as additional peaks were observed in the X-ray 

diffractograms for these concentrations of x53. Instead, new crystalline phases appear to have 

formed which may have low conductivity. This could explain why Sn0.8In0.2P2O7 exhibit lower 

conductivity than samples with lower values of x. 

Solid state Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) Spectroscopy is a 

technique that has seen a lot of use in research on inorganic systems recently18,27,49,63. Its ability to 

detect both amorphous and crystalline phases makes it very valuable in combination with crystal 

diffraction techniques. Shanwen Tao et al. were among the first to use solid state 31P MAS NMR on 

tin pyrophosphates to investigate their compositions56. They investigated SnP2O7 made using both 

the acid and the precipitation method. They found relatively large quantities of residual 

phosphoric acid in the samples prepared by the acid method, while the sample prepared by the 

precipitation method showed only the tin pyrophosphate. As discussed in Section 1.3, phosphoric 

acid has a very low vapor pressure9, and some of it may survive the high temperatures used during 

synthesis. They hinted that the observed high conductivity for samples prepared by the acid 

method is not due to proton defects in the pyrophosphates but may just be due to residual 

phosphoric acid from the synthesis. In fact, metal pyrophosphates may have no significant 

protonic conductivity of their own. Still, the conductivity of the metal pyrophosphates has shown 

good temperature stability56, so they may still possess interesting properties such as the ability to 

stabilize the residual acid somehow. An interesting discovery made by Shanwen Tao et al. in their 
31P NMR investigation was a peculiar broad peak at 0 ppm56. Its chemical shift suggests an 

orthophosphate species, most likely H3PO4. Free orthophosphoric acid usually has a much sharper 

peak similar to the spectra seen in Figure 3.9. Shanwen Tao et al. interpreted it as a glassy solid 
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phase of H3PO4. Interestingly, this sample exhibited the highest conductivity of all their 

investigated samples. The 31P MAS NMR spectrum is shown in Figure 4.2. 
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Figure 4.2: 
31

P MAS NMR spectrum of SnP2O7 made by the acid method by Tao Shanwen et al
56

. They assigned the peak at 0 ppm 
to glassy H3PO4. The peaks at -45 and -52 ppm were assigned to tin phosphates with two or more P-O-P bonds. 

The broad peak was only observed in one out of five samples prepared by almost identical 

methods. Other spectral features also featured in only few of the samples, such as various tin 

phosphates and phosphoric acids, which show that it is difficult to control the outcome of the 

synthesis and reproduce earlier results. 

Fuel cell testing has been performed on cells with an electrolyte of Sn0.9In0.1P2O7 made by the acid 

method54. Power densities of 264 mW cm-2 were achieved, and the cell showed excellent 

tolerance towards CO impurities. To this author’s knowledge, there have been no reports of 

electrolysis measurements using tin pyrophosphates as electrolyte.  

 

4.1.1 Project outline 

The aim of this project was to synthesize metal pyrophosphates using the acid method. 

Sn0.9In0.1P2O7 was chosen as the target indium doped phase as it has the highest reported 

conductivity. Since Nb2P4O15 can also be made from the acid method, it too was tested for 

comparison. The materials were investigated using mainly 31P MAS NMR in order to know the 

phosphorous contents of the samples, especially residual phosphoric acids from the synthesis. 

Finally, attempts were made to construct electrolysis cells with pellets of the metal phosphates 

acting as the electrolyte membrane.  
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4.2 Experimentals 
 

4.2.1 SnP2O7 

The synthesis used here is the same as is used in the literature52,56. SnO2 (Sigma-Aldrich, 

nanopowder) is mixed with H3PO4 85% w/w (Sigma-Aldrich) with Sn:P molar ratios between 1:3 

and 1:4 in an alumina crucible. 50 mL of distilled water is added and the mixture is stirred on a 

heating plate with a plate temperature of 250 °C until all water is vaporized and a uniform viscous 

slurry is left. The crucible is transferred to an oven and heated to 300°C at 2.5° per minute and 

kept there for 2.5 hours. The dry phosphoric acid will react with the tin oxide to form tin 

pyrophosphate, though the product was paste-like due to residual acid. The oven is then heated to 

650 °C at 3° per minute and kept there for 2.5 hours. The oven is then allowed to cool to room 

temperature and the now solid product is removed from the crucible and ground in a mortar.  

 

4.2.2 Sn0.9In0.1P2O7 

The synthesis of Sn0.9In0.1P2O7 is identical to the synthesis SnP2O7 except that In2O3 is added in the 

initial mixture. The (Sn+In):P molar ratios are 1:3 to 1:4.  

 

4.2.3 Nb2P4O15 

The synthesis of Nb2P4O15 is identical to the synthesis of SnP2O7 except that Nb2O5 is used instead 

of SnO2.  The Nb:P molar ratios are 1:3 to 1:4. 

 

4.2.4 X-ray powder diffraction 

The niobium phosphate powders were analyzed using a Siemens D5000 Powder X-ray 

diffractometer using CuK 1 radiation with a wavelength of 1.540Å. Data were collected from 2θ = 

5 to 70° in steps of 0.02°, each step lasting 4 seconds. 

 

4.2.5 Solid state 31P MAS NMR 
31P NMR was performed at 11.7 T (202.3 MHz for 31P) on a Varian INOVA spectrometer using a 3.2 

HX MAS NMR probe tuned to 1H and 31P. 31P and 1H NMR spectra are referenced relative to 85% 

H3PO4 ((31P) = 0 ppm) and TMS using a secondary reference of H2O ((1H) = 4.6 ppm). 31P MAS 

NMR spectra were recorded using 12 kHz spinning and a relaxation delay of 400 s with 1H 

decoupling. The 31P NMR spectra were analyzed using SpinWorks58. 
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4.2.6 Electrolysis 

All electrolysis measurements were conducted at DTU Energy Conversion in Lyngby, Denmark. 

Pellets of SnP2O7, Sn0.9In0.1P2O7 and Nb2P4O15 have been investigated. The used approach is similar 

for each of the metal pyrophosphates. 

 

4.2.6.1 Anode 

12 mg IrO2 and 12 mg metal pyrophosphate were mixed with 5 mL ethanol in a glass vial and 

sonicated for an hour. The suspension was transferred to an airbrush and all 5 mL was sprayed 

onto two tablets of tantalum coated steel mesh. The tablets act both as electrode and gas 

diffusion layer. The tablets are 1.3 cm in diameter and 0.5 mm in thickness. This yields two anodes, 

only one is used per cell. 

 

4.2.6.2 Cathode 

Platinum on carbon (HiSPEC 9100, 55.5-58.5 wt% Pt) was suspended in ethanol by sonication for 

one hour and air brushed onto carbon paper (TGP-H-120, 0.381mm). 10mg Pt/C per cm2 was used. 

 

4.2.6.3 Cell setup 

The electrolysis cell consists of the membrane electrode assembly (MEA) sandwiched between 

two flow plates and two endplates. The endplates are made of stainless steel and lead steam to, 

and oxygen away from, the anode flow plate and hydrogen away from the cathode flow plate. The 

anode flow plate is made of tantalum coated stainless steel and has flow channels that distribute 

the steam evenly across the anode. The cathode flow plate is identical to the anode flow plates 

but is made of stainless steel.  

For a typical measurement, a pellet was pressed of the investigated metal pyrophosphate in a 

uniaxial press at 10 tons. A die diameter of 2 cm was used. The thickness typically varied between 

0.5 and 1.5 mm. The anode was placed on the anode flow plate and end plate and polyimide 

gaskets were placed around the anode to reach a similar height. The gaskets ensure an airtight 

seal upon heating. The metal pyrophosphate pellet was placed on top of the anode; gaskets with 

larger holes were placed on top until an equal height was reached. Finally, the cathode was placed 

onto the pellet and gaskets placed around it. The cathode flow plate and end plate was then 

placed onto the assembly. Screws and bolts held the assembly together, and the bolts were 

tightened with a torque of 0.5 Nm using a torque wrench. A sketch of the MEA and flow plates is 

shown in Figure 4.3. 
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Figure 4.3: Sketch of the electrolysis cell. The end plates and screws used to hold the cell together are not shown. 

Steam is supplied to the anode end plate through a tube connection by pumping 0.25 mL of 

distilled water through a vaporizer kept at 170 °C. Oxygen is produced at the anode and hydrogen 

is produced at the cathode (Section 1.2). The cell itself is kept at 200 °C for the duration of the 

experiment using heating elements inserted into holes in the endplates. The measurement starts 

by sending 10 mA through the cell and monitoring the voltage. The anode is the working electrode 

and the cathode is the counter and reference electrode (2-electrode setup). If the voltage reaches 

a stable value after an hour, polarization curves (cyclic voltammetry) are measured along with 

impedance spectra at OCV (Open Circuit Voltage), 1.2V, 1.4V, 1.6V and 1.8V. The voltage is kept at 

the bias potential for two minutes prior to the impedance measurement. The voltage is then again 

monitored at 10 mA and another set of polarization curves and impedance spectra are recorded 

etc. All electrochemical measurements were made using a Princeton Potentiostat VersaSTAT 4 

with the software Versa Studio version 2.3.4182.15745. A sketch of the measurement routine is 

shown in Figure 4.4. 

 

 

Figure 4.4: Illustration of the electrolysis measurement routine. The measurement is divided into identical segments each 
consisting of electrochemical impedance spectroscopy (EIS), polarization curves (PC) and chronoamperometry (CA). 
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4.3  Results and discussion 
The obtained x-ray diffraction patterns for SnP2O7 and Sn0.9In0.1P2O7 are shown in Figure 4.5. All 

prepared samples of SnP2O7 and Sn0.9In0.1P2O7 have essentially identical diffractions patterns. M. 

Nagao et al. investigated Sn1-xInxP2O7 as a function of x and found that all samples with x less than 

or equal to 0.1 had identical diffraction patterns53. For samples with x larger than 0.1 additional 

peaks were observed, indicating formation of new crystalline phases. The X-ray diffractogram of 

Nb2P4O15 is not shown but it was identical to the one shown in Figure 3.7b. The diffractogram for 

the tin pyrophosphates can be fitted with a cubic structure, but R. K. B Gover64 found that a 3x3x3 

superstructure is needed to adjust for small variations in P-O-P bond angle. No other crystalline 

phases are visible. The ideal cubic structure of SnP2O7 consists of SnO6 octahedra on all corners 

and faces, bonded together with corner-sharing PO4-tetrahedra similar to Nb2P4O15, Figure 3.4. 

  

Figure 4.5: X-ray diffractograms of a) SnP2O7 and b) Sn0.9In0.1P2O7. The diffractograms reasonably match the cubic SnP2O7 
reported in the literature
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4.3.1 Solid state 31P MAS NMR 

As discussed in Section 4.1, the used synthesis procedure can yield a wide variety of different 

products. For SnP2O7 and Sn0.9In0.1P2O7, most samples showed sharp peaks for H3PO4 and H4P2O7. 

However, a few samples showed broad peaks near 0 ppm in accordance with what was observed 

by Shanwen Tao et al56. For Nb2P4O15, the broad peak at 0 ppm was never observed. It should be 

noted that it is difficult to reproduce any obtained spectrum due to the chaotic nature of the 

synthesis. Therefore it does not necessarily mean that Nb2P4O15 cannot have this peak and it is 

entirely possible that chance dictated that the broad peak near 0 ppm was never observed.  

Sample name Identity Nominal M : P ratio Peak at 0 ppm 

Pyro1 SnP2O7 1:4 Broad 

Pyro2 Sn0.9In0.1P2O7 1.3 Broad 

Pyro3 Sn0.9In0.1P2O7 1:4 Sharp 

Pyro4 Nb2P4O15 1:4 Sharp 
Table 4.1: Overview of the samples investigated. The nominal M : P ratio is the metal ion to phosphorous ratio used during the 
synthesis. The last column refers to the signal observed at 0 ppm in the 

31
P MAS NMR spectra. Pyro2 was prepared by Carsten 

Prag Brorson from DTU, Lyngby, Denmark. 
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Four samples were chosen for further investigation based on their NMR signature: A SnP2O7 and a 

Sn0.9In0.1P2O7 sample, respectively, showing broad signals at 0 ppm in their respective 31P NMR 

spectra, a sample of Sn0.9In0.1P2O7 showing sharp phosphoric acid peaks in its 31P NMR spectrum, 

and a sample of Nb2P4O15 likewise with sharp phosphoric acid peaks in its 31P NMR spectrum. Their 

individual 31P NMR spectra are shown in Figure 4.6. An overview of the samples is shown in Table 

4.1. Since the work on metal phosphates has been conducted in close collaboration with the staff 

at DTU, Department of Energy Conversion and Storage, some of the measurements and sample 

preparations were conducted by different people during a half-a-year time period. The sample 

‘Pyro2’ was prepared by Carsten Prag Brorson who also conducted all electrochemical 

measurement on that particular sample. 

  

  

Figure 4.6: 
31

P MAS NMR spectra of Pyro1-4. The spectra are obtained at a spinning rate of 12 kHz. Spinning side bands are 
indicated by asterisks. 

  

The 31P NMR spectra of Pyro1, Pyro2 and Pyro3 all contain peaks at iso(31P) = -38 ppm from solid 

metal pyrophosphate56 along with the spinning side bands shown in the figure by an asterisk. This 
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indicates that indium has little influence on the chemical environment close to the pyrophosphate 

group. The corresponding peak for Pyro4 is at iso(31P) = -35 ppm. It is possible that the defects in 

the niobium pyrophosphate structure are responsible for the slight change in chemical shift 

compared with the tin pyrophosphates, see Section 3.1. Pyro3 shows sharp peaks at iso(31P) = 0 

and -12 ppm, corresponding to liquid-like or mobile H3PO4 and H4P2O7, respectively66. This result is 

quite expected: SnO2, In2O3 and H3PO4 have reacted to form Sn0.9In0.1P2O7. Unreacted H3PO4 

remains, some of which have dehydrated to form H4P2O7 due to the high temperatures. It is seen 

that quite a lot of phosphoric acids remain. Pyro4 shows a small peak near iso(31P) = -6 ppm and -

49 ppm which is likely to be niobium phosphate impurities. There seem to be little sign of 

pyrophosphoric acid, but it is possible that this sample has experienced heavier rehydration. 

Overall though, the NMR signature for Pyro3 and Pyro4 is quite similar. This stands in contrast to 

the spectra for Pyro1 and Pyro2 which, beside the resonance at iso(31P) = -38 ppm, only contains a 

broad resonance at 0 ppm. For Pyro1 it is difficult to detect any peak at all beside the resonance at 

iso(31P) = -38 ppm. However, compared with the baseline there seems to be a very flat and broad 

peak at 0 ppm. The peak is not visible enough to allow for meaningful integration. The peak 

position would indicate an orthophosphate phase, but the broadness suggests that the phase is 

much less mobile than the orthophosphate phase observed for Pyro3 and Pyro4. Likewise, Pyro2 

has a broad peak near 0 ppm. Shanwen Tao interpreted this as glassy H3PO4
56. It is not clear from 

the NMR spectra where the immobilized phase might be situated. Another interesting observation 

is that the spectra for Pyro1 and Pyro2 contain no resonance for other phosphoric acids. No 

pyrophosphoric acid or higher condensation products are observed. The reason for this is not 

clear.   

The relative molar percentages of the various detected species in the 31P NMR spectra were 

estimated by integration of the peaks. The result is shown in Table 4.2. 

Sample % H3PO4 % H4P2O7 % Metal 
phosphate 

% other 

Pyro2 17.6 - 82.4 - 

Pyro3 17.0 5.5 77.5 - 

Pyro4 10.5 - 84.8 4.7 
Table 4.2: Relative concentrations of phosphorous species determined by 

31
P MAS NMR. The concentrations are in molar 

percentages. Results are not shown for Pyro1 due to the difficulties in integrating the peak at iso(
31

P) = 0 ppm. 

 

The orthophosphoric acid content in Pyro2 and Pyro3 are seen to be quite similar, while Pyro4 

contains less of the acid. It should be noted that the orthophosphoric acid content in Pyro3 can 

increase if the present pyrophosphoric acid were to hydrolyze.  
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4.3.2 Electrolysis 

The electrolysis measurements were conducted separately during a half-a-year timespan and by 

different persons. As such, the experimental parameters vary slightly for the different 

measurements. Table 4.3 shows the experimental parameters used for each sample. 

 Impedance spectroscopy Cyclic voltammetry Chronoamperometry  

Sample Frequency 
interval / Hz 

Potential 
amplitude / 

mV 

Scan rate / 
mV s

-1 
Potential 
interval 

Current / mA Duration / s Thickness 
/ mm 

Pyro1 100k – 0.1 5 20 OCV – 2V 10 14400 1.22 

Pyro2 100k – 0.1 50 20 OCV – 2V 10 7200 0.60 

Pyro3 100k – 0.1 50 20 OCV – 2V 10 14400 0.78 

Pyro4 100k – 0.1 50 20 OCV – 2V 10 14400 1.09 

Table 4.3: Experimental parameters used in the electrochemical measurements. OCV is Open Circuit Voltage. The thickness is of 
the metal pyrophosphate pellet. Measurements on Pyro2 were conducted by Carsten Prag Brorson from DTU, Lyngby, Denmark. 
The rest were conducted by the author of this work.  

Figure 4.7 shows the potential versus time data for the entire electrolysis measurement for every 

sample. 

  

  

Figure 4.7: Plots of the measured potential versus time for the entire measurement for Pyro1-4. The measurement is divided 
into segments of chronoamperometry, impedance spectroscopy and cyclic voltammetry (polarization curves). Vertical lines 
appear during impedance spectroscopy and polarization curves. In-between these measurements the current is kept at 10 mA. 
During the measurement of Pyro4 the cell was turned off and on shortly. The time of this restart is indicated with an asterisk. 
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The measured potential during the chronoamperometry for Pyro1 and Pyro2 is seen to be quite 

stable, only increasing a few millivolts across the entire measurement (150k and 80k seconds, 

respectively). The potential is around 1.4V for 10mA. In contrast, the potential measured for Pyro3 

and Pyro4 starts closer to 1.5V and rises steadily during the measurement.  

From the impedance spectra obtained along with the polarization curves, information can be 

obtained regarding which part of the cell deteriorates the fastest. The impedance spectra are 

shown in Appendix B. The spectra obtained at OCV and 1.2V are seen to consist of a very small 

semicircle at high frequencies along with a low frequency-part which can be interpreted either as 

blocking behavior or as another semicircle with a very large diameter (this semicircle is mostly 

outside the used frequency window). This makes sense as 1.2V is not enough of an overpotential 

to make the electrode reactions proceed at a significant rate. A high-frequency intercept with the 

real axis is also seen.  

The impedance spectra obtained at 1.4 to 1.8V show at least two semicircles which are smallest at 

1.8V and largest at 1.4V, as expected. For Pyro1, the semicircle at low frequencies is slightly noisy, 

probably owing to the low voltage amplitude (5 mV) used for this sample. The semicircles are also 

quite depressed, especially the one at high frequencies. For fitting purposes this is usually handled 

by using the constant phase element instead of the ideal capacitor. The fitting strategy for the 

spectra at 1.4V to 1.8V is therefore as shown in Figure 4.8. The impedance fitting program Zview19 

was used for fitting the impedance spectra. No attempts were made to fit the spectra obtained at 

OCV and 1.2V. 

 

Figure 4.8: Illustration of the equivalent circuit used to fit the impedance spectra in Zview. 

The serial resistor, Rs, is the high-frequency intercept which is usually associated with the 

electrolyte resistance. In some spectra, a tail is present at very low frequencies. No sensible fitting 

can be performed on these data points and they have therefore been ignored. The result of the 

fitting procedure can be seen in Appendix B where the obtained fitting parameters have been 

used to simulate the spectra, also outside the used frequency window. The equivalent 

capacitances and apex frequencies are also available in Appendix B. The capacitances associated 

with the semicircles are in the order of 10-6 F or above, which makes it safe to assume that the 

semicircles correspond to processes in the electrodes. As the main interest is in the electrolyte 

material, no serious attempts have been made to associate the individual semicircles to particular 

electrode processes. Contributions would be expected from the Faradaic reactions at the 

electrodes, but it is seemingly unlikely that the current is diffusion-limited, as the impedance 

spectra contain no parts with a 45° angle with the real axis (Section 1.5). A so-called gas 

conversion impedance is known to exist for cells with the working and reference electrodes in 
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different atmospheres67. This impedance arises due to the changes in gas composition caused by 

the fluctuating potential. The impedance is therefore Nernst potential effect. Semicircles from gas 

conversion effects are usually seen at very low frequencies with apex frequencies of a few Hertz.  

Generally, the diameters of the semicircles increase significantly across the segments, while the 

high-frequency intercept is relatively constant. An attempt has been made to illustrate this more 

clearly in Figure 4.9, where Re is the resistance associated with the electrodes, which is the sum of 

R1 and R2. The values of Rs at 1.4 to 1.8V were obtained from the fitting parameters. The values of 

Rs at OCV and 1.2V were obtained by direct read-offs of the intercepts of the impedance with the 

real axis at high frequencies in the impedance spectra. 

  

  

Figure 4.9: Area specific resistances of the electrode and electrolyte at different bias potentials as a function of time. Rs is the 
electrolyte resistance, while Re is the electrode resistance. It is important to note that the four experiments did not run for equal 
amounts of time. 

For Pyro1 and Pyro2 the resistance from the electrodes is higher than from the electrolyte at 1.4 

and 1.6V, and keeps increasing as time goes on. At 1.8V, the resistance from the electrodes 

actually starts lower than the resistance from the electrolyte, but eventually rises above it. It 

seems likely that any degradation of the cell is mainly due to losses in electrode performance and 

not in the electrolyte performance. Since the electrode and electrolyte resistance are in the same 
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order of magnitude there is definitely something to gain from fabricating thinner electrolytes. For 

Pyro3 and Pyro4 the electrode resistance quickly increases over time while the electrolyte 

resistance is relatively stable (the electrolyte resistance actually decreases initially for Pyro4). The 

reason for the large increase in electrode resistance is not clear. It is possible that the free 

phosphoric acid in Pyro3 and Pyro4 is able to leak into the electrode structure blocking the active 

sites while the phosphoric acid is immobilized in the electrolyte to a higher degree in Pyro1 and 

Pyro2.  

The electrolyte conductivity is shown in Figure 4.10 as a function of time. 

  

  

Figure 4.10: The electrolyte conductivity at different bias potentials as a function of time for Pyro1-4.  

The conductivity decreases slightly for Pyro1 and Pyro2 while it actually increases slightly for Pyro3 

and Pyro4. Interestingly, the conductivity of Pyro2 is larger than Pyro3 despite containing less 

phosphoric acid. It would seem that the immobilized state of the acid has a beneficial effect on the 

conductivity just as was found by Shanwen Tao et al56.  

Figure 4.11 shows the obtained polarization curves for Pyro1 and Pyro2, both corrected for 

electrolyte resistance and uncorrected. Correction is made by subtracting the product of the 

electrolyte resistance and the current from the potential. 
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Figure 4.11: Left: Polarization curves for the electrolysis cell for Pyro1 and Pyro2. The current has been normalized by the 
electrode area. Right: Polarization curves for the electrolysis cell for Pyro1 and Pyro2. The potential has been normalized by the 
electrolyte resistance which is obtained from impedance spectroscopy. The current has been normalized by the electrode area. 

 

Pyro1 and Pyro2 exhibit roughly the same initial performance with 0.2 A/cm2 at 1.6V for the 

electrolyte corrected polarization curves. Due to the different segment lengths, Pyro2 seems to 

show much greater stability than Pyro1. In fact, the stability is roughly the same with 0.12 A/cm2 

at 1.6V after 21 hours for Pyro2 compared to 0.10 A/cm2 for Pyro1 after 22 hours. Naturally, this 

performance is rather low compared with state-of-the-art alkaline electrolyzers with 

demonstrated performances of 0.5 A/cm2 at 90 °C12. This is, however, with optimized electrodes 

and experimental setup. This electrolysis measurement has demonstrated that it is possible to 

construct a functioning electrolysis cell using metal phosphates as electrolyte materials at 200 °C. 

The polarization curves for Pyro3 and Pyro4 are shown in Figure 4.12.  
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Figure 4.12: Left: Polarization curves for the electrolysis cell for Pyro3 and Pyro4. The current has been normalized by the 
electrode area. Right: Polarization curves for the electrolysis cell for Pyro3 and Pyro4. The potential has been normalized by the 
electrolyte resistance which is obtained from impedance spectroscopy. The current has been normalized by the electrode area. 

The performance is much worse than for Pyro1 and Pyro2, especially for Pyro4. The performance 

for Pyro3 is actually decent during the first polarization curves, but it quickly deteriorates after few 

hours. Pyro4 never exhibits performance comparable to that shown for Pyro1 and Pyro2. These 

results match the impedance results nicely: The electrode resistance is significantly larger than for 

Pyro1 and Pyro2 and increases quickly over time. It should be noted that it cannot be ruled out 

that the poor performance of the electrode is unrelated to the electrolyte. It can be imagined that 

contact problems can be responsible. However, many different samples were tested in the 

electrolysis setup using identical electrodes and satisfactory results were only obtained for 

samples showing broad signals at 0 ppm in their 31P MAS NMR spectra. Therefore, the available 

evidence suggests that the immobilized phosphate phase is responsible for the increased 

performance over samples with a mobile phosphate phase. 
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4.4 Conclusion 
Four samples of metal phosphates were synthesized. Their compositions were analyzed with 31P 

MAS NMR spectroscopy and their performance as an electrolyzer electrolyte was tested in an 

electrolysis setup. NMR showed two ‘types’ of NMR signature: a broad and a narrow signal at 0 

ppm. The narrow signal was interpreted as mobile orthophosphoric acid, while the broad signal 

was interpreted as immobilized orthophosphoric acid. It is still unclear in which way the acid is 

immobilized and where it might be located in the samples. 

Electrolysis measurements showed much better stability and performance for the samples with 

the broad NMR signals. Impedance spectroscopy indicated that deterioration was mainly occurring 

in the electrodes. It is speculated that the free orthophosphoric acid in the samples with narrow 

NMR signals is able to leak into electrodes and block active sites. It should be noted that it cannot 

be ruled out that the deteriorating electrode performance is in fact just due to poor cell assembly 

such as poor electrode/electrolyte contact. However, many samples were tested which all showed 

similar results. The available evidence therefore suggests that the immobilized state of the 

phosphoric acid has a beneficial effect on the electrolyte performance.  

The initial performance of the samples with immobilized acid was 0.2 A/cm2 after correcting for 

electrolyte resistance. This performance dropped to around 0.1 A/cm2 after 22 hours. This 

performance is significantly lower than state-of-the-art alkaline electrolyzers. The setup has, 

however, not been optimized, and the experiments have demonstrated that functioning 

electrolyzers can be constructed with phosphoric acid doped metal pyrophosphates as the 

electrolyte. 
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5.  Further work and outlook 
 

 

 

 Reinforcing the CsH2PO4 matrix with SiC-whiskers looks promising since a definite 

strengthening effect was observed in this project. The exact effect on the conductivity is 

still unclear and requires additional investigation. A more thorough study of the relation 

between conductivity and the concentration of SiC-whiskers is needed. It would, for 

example, be interesting to establish if the conductivity is inversely proportional to the 

volume fraction of the whiskers. 

 The tin pyrophosphates show promise as electrolyte membranes in both fuel cells and 

electrolyzers. The results in this work and in some literature reports suggest that the key to 

the best performance is the broad signal near 0 ppm in the 31P MAS NMR spectrum. If this 

is true, it is vital to establish the exact experimental conditions for obtaining this phase. As 

it is now the experimental results are difficult to reproduce, and the broad signal is only 

observed in few samples. 

 NbOPO4 was shown to exhibit low conductivity even with relatively high concentrations of 

phosphoric acid. However, this phosphoric acid was added after the synthesis of NbOPO4 

and must be expected to exist as a surface layer on NbOPO4. It is possible that NbOPO4 can 

be synthesized containing a broad signal near 0 ppm in the 31P MAS NMR spectrum, and it 

is possible that this is the case for the samples presented in the literature exhibiting high 

conductivities. Pure NbOPO4 is, however, difficult to prepare using the acid method since a 

mix of many different phases is usually obtained. Therefore, it seems more straightforward 

to optimize the synthesis of the pyrophosphates, niobium or tin pyrophosphates, since no 

phase apparently exists with a higher metal ion to phosphate ratio.  
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Appendix A: Synthesis of SiC-whiskers 
 

 

  
Figure A.1: Left: Untreated beech wood saw dust and sawdust treated with TEOS and hydrochloric acid. Right: Product after heat 
treatment at 1500 °C. The black side is covered in carbon since the argon flow has blown the SiO-gas away. The side turned 

inwards in the crucible is grey due to the conversion to SiC-whiskers and –clusters. 

 

 

  
Figure A.2: Left: Chemical extraction with toluene. The hydrophobic carbon stays in the top organic phase. Right: Chemical 
extraction with chloroform. The hydrophobic carbon stays in the organic bottom part. 
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Figure A.3: Left: Pure SiC-whiskers suspended in water after separation from carbon and SiC-clusters. Right: Pure SiC-whiskers 
after drying. 

 

 

 

 

Figure A.4: Left: Wool-like methanol-suspension of CsH2PO4 deposited on SiC-whiskers. Right: Pellet of CsH2PO4/SiC-whisker 
composite pellets with and without gold coating. 
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Appendix B: Electrolysis Impedance Spectra 
 

Pyro1 
 

  
Figure B.1: Impedance spectra for SnP2O7, Pyro1. The voltage amplitude is 5 mV. Left: OCV. Right: bias-potential of 1.2V vs. the 
cathode. 

 

 

Figure B.2: Impedance spectrum for SnP2O7, Pyro1. The voltage amplitude is 5 mV. Bias-potential of 1.4V vs. the cathode. The 
solid line is the result of the fitting routine.  
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Figure B.3: Impedance spectrum for SnP2O7, Pyro1. The voltage amplitude is 5 mV. Bias-potential of 1.6V vs. the cathode. The 
solid line is the result of the fitting routine. 

 

 

 

Figure B.4: Impedance spectrum for SnP2O7, Pyro1. The voltage amplitude is 5 mV. Bias-potential of 1.8V vs. the cathode. The 
solid line is the result of the fitting routine. 
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Pyro2 

 

  
Figure B.5: Impedance spectra for Sn0.9In0.1P2O7, Pyro2. The voltage amplitude is 50 mV. Left: OCV. Right: bias-potential of 1.2V 
vs. the cathode. 

 

 

 

Figure B.6: Impedance spectrum for Sn0.9In0.1P2O7, Pyro2. The voltage amplitude is 50 mV. Bias-potential of 1.4V vs. the cathode. 
The solid line is the result of the fitting routine. 
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Figure B.7: Impedance spectrum for Sn0.9In0.1P2O7, Pyro2. The voltage amplitude is 50 mV. Bias-potential of 1.6V vs. the cathode. 
The solid line is the result of the fitting routine. 

 

 

 

 

 

Figure B.8: Impedance spectrum for Sn0.9In0.1P2O7, Pyro2. The voltage amplitude is 50 mV. Bias-potential of 1.8V vs. the cathode. 
The solid line is the result of the fitting routine. 
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Pyro3 

 

  
  
Figure B.9: Impedance spectra for Sn0.9In0.1P2O7, Pyro3. The voltage amplitude is 50 mV. Left: OCV. Right: bias-potential of 1.2V 
vs. the cathode. 

 

 

Figure B.10: Impedance spectrum for Sn0.9In0.1P2O7, Pyro3. The voltage amplitude is 50 mV. Bias-potential of 1.4V vs. the 
cathode. The solid line is the result of the fitting routine. 
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Figure B.11: Impedance spectrum for Sn0.9In0.1P2O7, Pyro3. The voltage amplitude is 50 mV. Bias-potential of 1.6V vs. the 
cathode. The solid line is the result of the fitting routine. 

 

 

 

 

Figure B.12: Impedance spectrum for Sn0.9In0.1P2O7, Pyro3. The voltage amplitude is 50 mV. Bias-potential of 1.8V vs. the 
cathode. The solid line is the result of the fitting routine. 
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Pyro4 

 

  
Figure B.13: Impedance spectra for Nb2P4O15, Pyro4. The voltage amplitude is 50 mV. Left: OCV. Right: bias-potential of 1.2V vs. 
the cathode. 

 

 

 

 

Figure B.14: Impedance spectrum for Nb2P4O15, Pyro4. The voltage amplitude is 50 mV. Bias-potential of 1.4V vs. the cathode. 
The solid line is the result of the fitting routine. 
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Figure B.15: Impedance spectrum for Nb2P4O15, Pyro4. The voltage amplitude is 50 mV. Bias-potential of 1.6V vs. the cathode. 
The solid line is the result of the fitting routine. 

 

 

Figure B.16: Impedance spectrum for Nb2P4O15, Pyro4. The voltage amplitude is 50 mV. Bias-potential of 1.8V vs. the cathode. 
The solid line is the result of the fitting routine. 
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Fitting parameters 
 

 

Pyro1 1.4V 1.6V 1.8V 

Segment 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2 ] 
f2_max 

[Hz] 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2 ] 
f2_max 

[Hz] 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2] 
f2_max 

[Hz] 

1 7.5E-05 3.5E+03 7.6E-02 6.0E-01 5.7E-05 6.0E+03 5.3E-02 3.4E+00 2.8E-05 1.4E+04 4.0E-02 8.7E+00 

2 3.0E-05 6.1E+03 7.3E-02 4.6E-01 2.0E-05 1.0E+04 4.9E-02 3.1E+00 2.2E-05 1.4E+04 3.5E-02 8.1E+00 

3 2.2E-05 6.9E+03 7.2E-02 4.1E-01 2.0E-05 9.8E+03 4.3E-02 2.9E+00 1.8E-05 1.4E+04 3.4E-02 6.9E+00 

4 1.6E-05 7.8E+03 6.8E-02 4.2E-01 1.8E-05 9.5E+03 4.2E-02 2.8E+00 1.9E-05 1.1E+04 2.5E-02 7.4E+00 

5 1.5E-05 7.3E+03 6.6E-02 4.1E-01 1.6E-05 8.1E+03 4.2E-02 2.2E+00 1.7E-05 1.1E+04 2.8E-02 7.5E+00 

6 1.5E-05 6.9E+03 6.8E-02 3.7E-01 1.5E-05 7.8E+03 3.8E-02 2.5E+00 1.6E-05 1.1E+04 2.8E-02 5.8E+00 

7 1.5E-05 6.4E+03 6.9E-02 3.5E-01 1.5E-05 7.8E+03 3.7E-02 2.4E+00 1.5E-05 1.1E+04 2.9E-02 5.4E+00 

8 1.5E-05 6.1E+03 7.1E-02 3.0E-01 1.4E-05 7.3E+03 3.3E-02 2.6E+00 1.4E-05 1.0E+04 2.4E-02 7.9E+00 

9 1.4E-05 6.1E+03 7.1E-02 2.9E-01 1.3E-05 7.0E+03 3.7E-02 2.1E+00 1.4E-05 1.0E+04 2.1E-02 7.3E+00 

10 1.3E-05 5.7E+03 6.3E-02 3.5E-01 1.3E-05 6.8E+03 3.3E-02 2.3E+00 1.3E-05 9.7E+03 2.1E-02 7.1E+00 

Table B.1: Fitting parameters obtained by fitting the circuit RsR1Q1R2Q2 to the impedance spectra for Pyro1. C1 and C2 are the 
equivalent capacitances for the R1Q1 and R2Q2 elements, respectively, while f1_max and f2_max are the apex frequencies for 
their suppressed semicircles. 

 

Pyro2 1.4V 1.6V 1.8V 

Segment 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2 ] 
f2_max 

[Hz] 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2 ] 
f2_max 

[Hz] 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2] 
f2_max 

[Hz] 

1 3.5E-02 1.6E+01 1.2E-01 2.9E-01 2.4E-02 3.4E+01 1.1E-01 2.1E+00 5.2E-03 9.5E+02 4.6E-02 8.2E+00 

2 5.0E-02 6.9E+00 1.2E-01 2.6E-01 1.8E-02 2.9E+01 1.0E-01 2.2E+00 1.8E-03 1.3E+03 5.1E-02 7.3E+00 

3 6.3E-02 4.5E+00 1.2E-01 2.4E-01 1.0E-02 5.2E+01 8.6E-02 2.3E+00 9.8E-04 1.3E+03 6.0E-02 6.6E+00 

4 5.9E-02 4.5E+00 1.2E-01 2.3E-01 1.4E-02 2.6E+01 9.9E-02 2.1E+00 6.0E-04 1.4E+03 7.0E-02 6.0E+00 

5 5.3E-02 4.7E+00 1.2E-01 2.1E-01 4.8E-03 7.0E+01 9.5E-02 2.0E+00 2.3E-04 4.1E+03 5.9E-02 6.2E+00 

6 3.9E-02 5.9E+00 1.2E-01 2.1E-01 2.5E-04 1.8E+03 8.0E-02 2.0E+00 1.4E-04 6.3E+03 5.5E-02 6.3E+00 

7 1.5E-02 1.4E+01 1.1E-01 2.0E-01 6.2E-05 5.7E+03 8.0E-02 1.9E+00 9.2E-05 8.3E+03 5.4E-02 6.2E+00 

8 3.5E-03 5.7E+01 1.1E-01 2.0E-01 5.6E-05 7.7E+03 7.4E-02 1.9E+00 8.3E-05 9.3E+03 5.0E-02 6.4E+00 

9 4.1E-02 4.6E+00 1.1E-01 2.1E-01 3.9E-05 1.0E+04 7.3E-02 1.9E+00 5.9E-05 1.1E+04 5.2E-02 6.2E+00 

10 6.2E-03 2.9E+01 1.1E-01 2.1E-01 3.4E-05 1.2E+04 7.1E-02 1.9E+00 4.7E-05 1.3E+04 5.2E-02 6.0E+00 

Table B.2: Fitting parameters obtained by fitting the circuit RsR1Q1R2Q2 to the impedance spectra for Pyro2. C1 and C2 are the 
equivalent capacitances for the R1Q1 and R2Q2 elements, respectively, while f1_max and f2_max are the apex frequencies for 
their suppressed semicircles. 
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Pyro3 1.4V 1.6V 1.8V 

Segment 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2 ] 
f2_max 

[Hz] 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2 ] 
f2_max 

[Hz] 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2] 
f2_max 

[Hz] 

1 2.7E-08 1.1E+06 1.9E-02 1.1E+00 7.8E-06 1.8E+04 4.4E-03 1.3E+01 5.2E-05 2.0E+04 2.1E-04 4.6E+02 

2 1.6E-06 2.4E+04 1.7E-02 9.4E-01 1.3E-05 1.3E+04 2.9E-03 1.6E+01 3.3E-05 1.8E+04 9.2E-05 7.0E+02 

3 1.6E-06 2.3E+04 1.5E-02 8.6E-01 9.0E-06 1.2E+04 3.3E-03 1.3E+01 2.5E-05 1.5E+04 7.2E-05 7.6E+02 

4 2.7E-06 1.2E+04 1.5E-02 8.1E-01 9.0E-06 1.0E+04 2.9E-03 1.2E+01 2.0E-05 1.3E+04 7.8E-05 6.4E+02 

5 2.8E-06 1.1E+04 1.3E-02 7.3E-01 8.9E-06 8.2E+03 2.7E-03 1.1E+01 1.6E-05 1.1E+04 1.0E-04 4.6E+02 

6 3.5E-06 7.8E+03 1.2E-02 6.9E-01 8.9E-06 6.5E+03 2.4E-03 1.0E+01 1.3E-05 8.9E+03 1.5E-04 2.9E+02 

7 4.5E-06 5.2E+03 1.1E-02 6.5E-01 9.4E-06 4.8E+03 2.1E-03 9.8E+00 1.2E-05 7.0E+03 2.5E-04 1.7E+02 

8 6.3E-06 2.9E+03 9.3E-03 6.2E-01 1.0E-05 3.4E+03 1.6E-03 9.7E+00 1.1E-05 5.1E+03 4.2E-04 9.6E+01 

9 8.5E-06 1.7E+03 8.3E-03 5.7E-01 1.1E-05 2.3E+03 1.3E-03 9.9E+00 1.1E-05 2.2E+03 5.4E-04 4.8E+01 

10 1.1E-05 8.8E+02 6.2E-03 5.9E-01 1.2E-05 1.4E+03 8.3E-04 1.1E+01 1.1E-05 1.3E+03 7.0E-04 2.8E+01 

Table B.3: Fitting parameters obtained by fitting the circuit RsR1Q1R2Q2 to the impedance spectra for Pyro3. C1 and C2 are the 
equivalent capacitances for the R1Q1 and R2Q2 elements, respectively, while f1_max and f2_max are the apex frequencies for 
their suppressed semicircles. 

 

Pyro4 1.4V 1.6V 1.8V 

Segment 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2 ] 
f2_max 

[Hz] 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2 ] 
f2_max 

[Hz] 
C1 

[F/cm2 ] 
f1_max 

[Hz] 
C2 

[F/cm2] 
f2_max 

[Hz] 

1 2.3E-06 4.0E+04 7.8E-02 8.9E-02 6.4E-06 1.7E+04 1.3E-02 1.5E+00 7.7E-06 1.5E+04 5.7E-03 5.8E+00 

2 5.9E-06 1.1E+04 8.2E-02 7.8E-02 1.1E-05 9.9E+03 8.2E-03 2.5E+00 1.2E-05 1.1E+04 2.6E-03 1.3E+01 

3 1.1E-05 5.2E+03 5.9E-02 9.9E-02 1.3E-05 6.5E+03 4.9E-03 4.1E+00 9.3E-06 1.3E+04 2.9E-03 1.4E+01 

4 1.1E-05 4.8E+03 4.3E-02 1.2E-01 1.2E-05 5.4E+03 3.7E-03 5.1E+00 8.9E-06 1.1E+04 2.5E-03 1.6E+01 

5 1.2E-05 3.8E+03 3.3E-02 1.5E-01 1.2E-05 4.2E+03 2.9E-03 5.8E+00 8.4E-06 9.1E+03 2.2E-03 1.7E+01 

6 1.2E-05 3.2E+03 2.7E-02 1.7E-01 1.2E-05 3.6E+03 2.2E-03 6.7E+00 1.2E-05 3.8E+03 7.7E-04 2.9E+01 

7 1.5E-05 2.1E+03 2.2E-02 1.7E-01 1.3E-05 2.4E+03 1.3E-03 8.8E+00 1.4E-05 2.6E+03 4.1E-04 3.8E+01 

8 1.8E-05 1.6E+03 1.3E-02 2.6E-01 1.5E-05 1.9E+03 7.8E-04 1.1E+01 1.5E-05 2.1E+03 2.8E-04 4.3E+01 

9 2.2E-05 1.1E+03 4.3E-03 7.5E-01 1.8E-05 1.5E+03 4.7E-04 1.4E+01 1.7E-05 1.7E+03 2.0E-04 4.3E+01 

10 2.5E-05 7.7E+02 1.5E-03 2.2E+00 2.1E-05 1.2E+03 3.2E-04 1.6E+01 1.8E-05 1.4E+03 1.7E-04 4.0E+01 

11 3.0E-05 6.0E+02 5.1E-04 5.6E+00 2.4E-05 1.0E+03 2.1E-04 1.8E+01 2.0E-05 1.2E+03 1.3E-04 3.4E+01 

12 3.9E-05 8.2E+02 1.7E-04 1.2E+01 2.7E-05 9.9E+02 1.4E-04 1.7E+01 2.0E-05 9.4E+02 1.2E-04 2.5E+01 

13 3.4E-05 1.1E+03 1.3E-04 1.3E+01 2.4E-05 9.8E+02 1.2E-04 1.6E+01 2.0E-05 8.1E+02 1.2E-04 1.9E+01 

Table B.4: Fitting parameters obtained by fitting the circuit RsR1Q1R2Q2 to the impedance spectra for Pyro4. C1 and C2 are the 
equivalent capacitances for the R1Q1 and R2Q2 elements, respectively, while f1_max and f2_max are the apex frequencies for 
their suppressed semicircles. 
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Appendix C: Solid state 31P MAS NMR and 

Conductivity Measurements on NbOPO4 and 

H3PO4 composite materials 
 

 

 

The following paper, based on the measurements on NbOPO4 as described in Chapter 3, has been 

submitted to the Journal of Solid State Chemistry.   
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Abstract: 

A systematic study of composite powders of niobium oxide phosphate (NbOPO4) and phosphoric acid (H3PO4) has been 

performed in order to characterize the material’s ability to perform as an electrolyte material in medium temperature 

fuel cells and electrolyzers. Powders of  H3PO4 contents between 13.1 and 74.2 molar percent were produced and 

characterized with powder X-ray diffraction, 
31

P MAS NMR and impedance spectroscopy. NMR revealed that a 

significant degree of dehydration and vaporization of H3PO4 takes place above 200 °C and increases with temperature. 

At 500 °C the NbOPO4 and H3PO4 has reacted to form niobium pyrophosphate (Nb2P4O15). Impedance spectroscopy 

showed an increase in conductivity with increasing acid concentration, whereas the conductivity decreased slightly with 

increasing temperature. The highest conductivity measured was 2.5·10
-3

 S/cm for a sample containing 74.2 molar 

percent of H3PO4. Lastly, it was shown that NbOPO4 has no significant conductivity of its own. 
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1. Introduction: 

Solid phosphates have recently drawn attention for use as electrolytes in medium temperature fuel cells and 

electrolyzers working in the temperature range of 100-500 °C. It is hoped that working in this temperature range will 

yield higher CO tolerance compared with Nafion©-based low-temperature fuel cells, and may even allow for non-

platinum catalysts due to the better kinetics at higher temperatures
5
. At the same time the start-up time should be shorter 

compared with solid oxide fuel cells and the long-term stability improved
6
.  

Fuel cells working above 100 °C need water management systems unless they have based on electrolytes with 

anhydrous conduction, and phosphoric acid based systems have been commercially available for many years since 

phosphoric acid has a very low vapor pressure below 200 °C
68,9

. In phosphoric acid fuel cells pure phosphoric acid is 

immobilized in a polytetrafluoroethylene (PTFE) coated silicon carbide matrix which yields mechanical strength
7
. Since 

the phosphoric acid is only immobilized by capillary forces in the porous matrix, phosphoric acid tends to leave the 

matrix and flood the electrodes
7
. It would therefore be advantageous to find another support material or another material 

entirely for conduction. Much research has been performed on the polybenzimidazole (PBI) membrane system
10,11

. This 

membrane is capable of soaking up huge amounts of phosphoric acid by hydrogen bonding to nitrogen in the polymer 

backbone giving high conductivities, though the membranes contain more acid than can pair with the PBI repeat unit. 

These materials, however, suffer from long-time stability problems
10,69

 too.  

Recently, phosphate-based systems have emerged with oxo-anion solid acid systems with cesium hydrogen sulfate 

(CsHSO4) and cesium dihydrogen phosphate (CsH2PO4) being among the most successful. CsH2PO4 exhibits a change 

in crystal structure around 230 °C from a monoclinic phase to a cubic phase accompanied by a large increase in 

conductivity to around 10
-2

 S/cm 
8,27

. Good fuel cell performance has been demonstrated using this material as the 

electrolyte
38

. Unfortunately, the material exhibits an irreversible dehydration to cesium metaphosphate close to the 

transition temperature which has no significant conductivity
8
. Strict water partial pressure management is needed to 

suppress the dehydration
70

.  

Recently, reports of other phosphates such as NbOPO4
55,71,60

 and SnP2O7, having high anhydrous conductivities at 250 

°C have been published. 1.95 ·10
-1 

S/cm has been reported for SnP2O7 doped with 10% In
53,54

. The detailed conduction 

mechanism in these materials is as yet unknown but it has been shown that the synthetic history of the materials has a 

high impact on the conductivity
56,62

. Both NbOPO4 and SnP2O7 can be prepared from their respective oxides and 
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phosphoric acid. Some authors have ascribed the observed conductivity is due to residual phosphoric acid even though 

the prepared powders have been calcinated at  temperatures as high as 650 °C
56,62

 where the phosphoric acid would be 

expected to have been lost by evaporation or dehydration
13,14

. If phosphoric acid is responsible for the conductivity, it 

seems that these materials are somehow able to stabilize the acid at high temperatures.  

   In the present paper, an investigation of the conductivity of NbOPO4/H3PO4 composites with 13.1 to 74.2 molar 

percent phosphoric acid is performed. Here, NbOPO4 is not made from Nb2O5 and phosphoric acid but instead from 

NbCl5 and phosphoric acid in order to perform a precipitation reaction after which any remaining phosphoric acid is 

washed out. Since dehydration and evaporation is an issue in all phosphoric acid based systems we have also 

investigated the dehydration behavior of the samples at different temperatures. Solid state NMR has proven to be 

extremely useful in the investigation of samples containing amorphous phases
56

 and in the present work solid state 
31

P 

MAS (Magic Angle Spinning) NMR was used to probe the contents of the samples. Niobium pyrophosphate (Nb2P4O15) 

was also prepared in order to be able to check for its formation in the composite pellets. This work is a continuation of 

the work done by our collaborators
55,71,60

. 

 

2. Materials and methods: 

2.1 Synthesis of niobium oxide phosphate, NbOPO4: 

The synthesis route for NbOPO4 in this work is inspired by other authors
46,45,48,57

.  50g of NbCl5 (99.995% Sigma-

Aldrich) was dissolved in 400 mL 37% w/w hydrochloric acid (ACS reagent grade, Sigma-Aldrich). An 85% w/w 

aqueous solution of phosphoric acid (Sigma-Aldrich) was added dropwise in slightly overstoichiometric amounts. A 

precipitate was formed after few minutes of stirring and the solution was heated at 80 °C for 12 hours. The solution was 

then neutralized with an ammonia solution until the pH reached a value of approximately 7 which was checked with a 

piece of pH-paper. The precipitate was washed with distilled water and centrifuged several times, and then dried 

overnight at 80 °C. The powder was then calcined at 900 °C for 12 hours.  

An important point in the preparation of NbOPO4 was the pH of the solution before filtering off the powder. If the pH 

was below 7, the powder was hard and very hard to grind, making the material difficult to handle. If the pH was raised 

above 7, the powder was very loose and soft and no grinding was needed. Both powder types had identical X-ray 

diffraction patterns. Optical microscopy revealed the hard powder to consist of a mixture of different grain sizes, 
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whereas the soft powder had a narrower size distribution with smaller grains than the hard powder. In all experiments, 

the loose powder was used. It should also be noted, that NbOPO4 exists as a layered structure after precipitation with 

water in between the layers. Heating the powders above 250 °C will remove the water and create a 3-dimensional 

structure
49

. 

 

2.2 Synthesis of niobium pyrophosphate, Nb2P4O15: 

5g Nb2O5 (99.99% Sigma Aldrich) and 2.3g (NH4)H2PO4 (99.99% Sigma Aldrich) were mixed in a mortar with the 

phosphate in slight stoichiometric excess. The mixture was heated from room temperature to 300 °C in air in an alumina 

crucible with a matching lid, at a heating rate of 1°C per minute and then kept at 300 °C for 6 hours. The mixture was 

then heated to 650 °C with a heating rate of 3 °C per minute and then kept at 650 °C for 12 hours. The oven was then 

turned off and the sample allowed to cool to room temperature. After cooling, the mixture was ground with an 

additional 2.3g (NH4)H2PO4. This new mixture was then given the same heat treatment as before.  

 

2.3 Powder X-ray Diffraction (XRD) characterization:  

The niobium phosphate powders were analyzed using a Siemens D5000 Powder X-ray diffractometer using CuK 1 

radiation with a wavelength of 1.540Å. Data were collected from 2θ = 5 to 60° in steps of 0.01°, each step lasting 4 

seconds. 

 

2.4 NbOPO4 and H3PO4 mixtures: 

To obtain a uniform mixture of NbOPO4 and H3PO4, NbOPO4 was mixed with appropriate amounts of P2O5 in a glove 

box. The mixtures were prepared in glass vials and simply stirred with a spatula for around 10 minutes as both powders 

were very fine grained. The mixtures were then allowed to equilibrate with atmospheric moisture for at least five days. 

During that period the following reaction happens 

                           1 

Mixtures were prepared with P2O5 contents between 5 and 50% w/w. 
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2.5 Solid state MAS NMR: 

 
31

P and 
1
H MAS NMR was performed at 11.7 T (202.3 MHz for 

31
P and 

1
H at 499.9 MHz) on a Varian INOVA 

spectrometer using a 3.2 HX MAS NMR probe tuned to 
1
H and 

31
P. 

31
P and 

1
H NMR spectra are referenced relative to 

85% H3PO4 ((
31

P) = 0 ppm) and TMS using a secondary reference of H2O ((
1
H) = 4.6 ppm). 

31
P MAS NMR spectra 

were recorded using 10 kHz spinning and a relaxation delay of 400 s with 
1
H decoupling. In addition, single pulse 

liquid state 
1
H and 

31
P NMR was recorded using relaxation delays of 1.5 and 2 seconds, respectively. The 

1
H and 

31
P 

NMR spectra were analyzed by deconvolution using SpinWorks
58

. 

 

2.6 Dehydration experiments: 

Hydrated composite samples were made by mixing NbOPO4 with P2O5 such that the P2O5 content constituted 20% 

w/w. The samples were heated in glass vials to 200, 300, 400 and 500°C, respectively, for 18 hours, in order to 

investigate the dehydration of phosphoric acid. After the heat treatment, the vials where immediately sealed with 

Parafilm© to suppress rehydration and an NMR spectrum was recorded. The glass vials were then left open in 

atmospheric air at room temperature to allow the samples to rehydrate. After 10 and 24 hours, respectively, NMR 

spectra were again recorded. Furthermore, 85% w/w phosphoric acid was heated at 180 °C for 24 hours and 

investigated with 
31

P liquid state NMR in order to obtain the chemical shifts of any polymerization products produced 

from the acid alone. 

 

2.7 Conductivity measurements: 

Powders of hydrated NbOPO4/H3PO4 mixtures were pressed into pellets of 1 mm thickness and 13 mm diameter using a 

uniaxial press. 4 tons of pressure was applied. The surfaces of the pellets were covered with gold by sputtering. The 

edges of the samples were not covered to avoid short-circuiting the sample.  
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Figure 1: Sketch of cell for impedance measurements. a: outer alumina capsule. b: inner alumina capsule. c: sample holder between platinum discs. d: 

gas inlet. e: thermocouple. f: spring loaded alumina shaft for applying pressure to the platinum discs holding the sample. g: platinum wires for 

electrical contact to the platinum discs. 

 

An in-house built measuring cell was used for conductivity measurements. It consists of an outer alumina capsule that 

fits tightly around an inner alumina capsule which contains a sample between two platinum discs. These discs are held 

together by a spring-loaded alumina shaft in the inner alumina capsule. The whole setup can be placed in a tube furnace 

for temperature control, and a gas inlet in the outer alumina capsule allows for control of atmosphere. A sketch of the 

measuring cell is shown in figure 1. The conductivity of the samples was measured with a Hewlett Packard 4192A LF 

Impedance Analyzer using a frequency range of 5 Hz to 13MHz and AC amplitude of 20 mV. The temperature was 

varied between 110 and 250 °C in intervals of 10 °C. For each temperature step, the furnace was allowed 35 minutes to 

reach the new temperature and stabilize after which an impedance spectrum was recorded. The conductivity was 

measured both for heating and cooling. The humidity was controlled using a humidifier with pure argon as the carrier 

gas. Water partial pressures of 0.04, 0.13 and 0.31 atm were obtained by keeping the humidifier in a water bath at 30, 

50 and 70 °C, respectively. Measurements were conducted starting from high humidity levels and going down and then 

back up to investigate whether equilibrium was achieved. For samples with high acid contents, the impedance Nyquist 

plots revealed only a high-frequency intercept with the real axis which was taken as the resistance of the pellet. For the 

samples with 5 and 10% w/w P2O5 a slightly suppressed semicircle was seen at high frequencies and the diameter of 

this semicircle was taken as the resistance of the pellet. 

 

3. Results and discussion: 

3.1 Acid content in composite powders: 

The purity of the prepared samples of NbOPO4 and Nb2P4O15 was confirmed by powder XRD. NbOPO4 had the 

tetragonal phase while Nb2P4O15 had the cubic phase reported in the literature
45,72

.  
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The 
31

P MAS NMR spectra of as-prepared NbOPO4 and Nb2P4O15 are shown in figure 2. It is clear that they can be 

distinguished by their isotropic chemical shifts (iso(
31

P)) which are -24 ppm for NbOPO4 and -35 ppm for Nb2P4O15, as 

illustrated in figure 2. Moreover, the 
31

P MAS NMR spectrum of Nb2P4O15 contains several spinning side bands 

separated from the main peak by 49.5 ppm, equivalent to the 10 kHz spinning rate. This is caused by the chemical shift 

anisotropy characteristic for pyrophosphates in the solid state. No other phases were observed confirming the purity of 

the samples.  

 

Figure 2: 31P spectra of as-prepared NbOPO4 and Nb2P4O15 using 10 kHz spinning. The isotropic resonances are marked on the figure. The remaining 

resonances in the spectrum for Nb2P4O15 are spinning side bands, separated from the main peak by the spinning rate, 10 kHz (49.5 ppm). 

 

Composites of NbOPO4 and H3PO4 were prepared by hydrating mixtures of NbOPO4 and 5 to 50 wt% P2O5 in order to 

investigate the effect of phosphoric acid content on conductivity.  
31

P NMR spectra of the mixtures were recorded to 

confirm the relative contents of phosphoric acid and niobium oxide phosphate, figure 3.  
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Figure 3: a) 31P spectra of powders of NbOPO4 mixed with H3PO4 with MAS spinning at 10 kHz. The peak at 0 ppm corresponds to H3PO4, and the 

broad peak at around -24 ppm corresponds to NbOPO4. The top part of the H3PO4 resonance peak has been cut off to increase clarity. b) Mole percent 

H3PO4 as a function of weight percent P2O5. Both measured and calculated values are shown. The measured values are obtained from integration of 

the resonance peaks in a) while the calculated values are determined from the NbOPO4 / P2O5 ratios used when preparing the powders. 

 

The 
31

P MAS NMR spectra consist of a broad peak at around iso(
31

P) = -24 ppm from NbOPO4 and a sharp peak at 0 

ppm from liquid-like H3PO4, which is most likely situated on the surface of the NbOPO4 particles. The peak at iso(
31

P) 

=  0 ppm is seen to increase in intensity compared with the peak at iso(
31

P) = -24 ppm for increasing contents of H3PO4. 

There are also two small peaks near iso(
31

P) =-6 and -12 ppm. These are likely to originate from various 

polyphosphoric acids, i.e. the hydration to orthophosphoric acid is incomplete. Liquid state 
31

P NMR of phosphoric acid 

heated to 180 °C and cooled to room temperature (not shown) showed two major peaks. One at iso(
31

P) = 0 ppm, 

corresponding to residual orthophosphoric acid, and another at iso(
31

P) = -12 ppm, corresponding to pyrophosphoric 

acid. A liquid state 
31

P NMR study of orthophosphoric acid and some of it polymerization products observed 

pyrophosphoric acid (H4P2O7) near iso(
31

P) = -12 ppm and tripolyphosphoric acid (H5P3O15) neariso(
31

P) =  -29 ppm
59

. 

The exact nature of the small peak at iso(
31

P) = -6 ppm remains unidentified. By integration of the peaks the relative 

contents of NbOPO4 and H3PO4 can be found. The obtained ratios are shown in table 1. 
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Sample 

% H3PO4 

measured 

%H3PO4 

calculated 

%NbOPO4 

measured 

%NbOPO4 

calculated 

%H4P2O7 %other 

5% 12.1 13.1 86.1 86.9 - 1.8 

10% 25.1 24.2 74.9 75.8 - - 

15% 32.8 33.6 64.6 66.4 0.6 2.0 

20% 38.4 41.8 58.9 58.2 1.0 1.7 

30% 54.2 55.2 45.8 44.8 - - 

40% 62.2 65.7 37.8 34.3 - - 

50% 67.7 74.2 32.3 25.8 - - 

Table 1: Relative concentrations of phosphorous species determined by 31P MAS NMR. The concentrations are in mole percentages.  

 

The measured ratio of NbOPO4 to H3PO4 is seen to match reasonably well with the calculated ratio. There is some 

deviation from the expected value at high H3PO4-content. The uncertainty from integration of the peaks was estimated 

to be around 1.5% and can therefore not explain the deviation. As the measured values are generally slightly lower than 

the calculated values it is likely that the used P2O5 was not completely dry, but contained trace amounts of water. This 

leads to an a lower content of H3PO4 than the calculated value. 

 

3.2 Dehydration behavior of NbOPO4 / H3PO4 

31
P MAS NMR spectra for composite powders heated at different temperatures are shown in figure 4. 
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Figure 4: 31P MAS NMR spectra of 20% w/w P2O5/NbOPO4 powders heated at different temperatures. The top part of the H3PO4 resonance peak has 

been cut off to increase clarity. a) 200°C for 18 hours and after subsequent rehydration at room temperature for 10 and 24 hours, respectively. b) 

300°C for 18 hours and after subsequent rehydration at room temperature for 10 and 24 hours, respectively. c) 400°C for 18 hours and after 

subsequent rehydration at room temperature for 10 and 24 hours, respectively. d) 500°C for 18 hours and after subsequent rehydration at room 

temperature for 4 weeks. 

 

The samples heated at 200-400 °C all have clear peaks at around iso(
31

P) =  -12 ppm, indicative of substantial 

pyrophosphoric acid formation. Peaks at around -4 and -6 ppm have also appeared, indicative of formation of other 

polymerization products of phosphoric acid. Furthermore, the orthophorsphoric acid peak at iso(
31

P) =  0 ppm has 

significantly lower intensity. Clear signs of rehydration are visible after the samples were left in air at room 

temperature: the relative intensity of the peak at iso(
31

P) =  -12 ppm decreased while the peak at iso(
31

P) =  0 ppm 

increased. The samples are seen to rehydrate, but only partly and the process is slow. A small resonance is seen on the 

peak at iso(
31

P) =  -28 ppm for some of the samples. It is possible that this originates from small amounts of 
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tripolyphosphoric acid
59

. No attempt has been made to deconvolute the dent from the peak, though, and the area under 

the whole peak has been assigned to NbOPO4.  Table 2 shows the intensities of the peaks obtained by integration. 

Sample %H3PO4 %NbOPO4 %H4P2O7 %other 
%Phosphoric 

acids 

20% Large 

Batch 
42.8 55.0 0.5 1.7 45.5 

200C 27.4 63.7 7.4 1.5 43.7 

200C Rehy10h 39.1 57.2 1.5 2.2 44.3 

200C Rehy24h 38.9 58.3 0.9 1.9 42.6 

300C 14.0 74.8 8.8 2.4 34 

300C Rehy 10h 31.5 62.9 1.4 4.2 38.5 

300C Rehy 24h 33.0 62.2 0.5 4.3 38.3 

400C 8.7 84.2 3.0 4.1 18.8 

400C Rehy 10h 18.6 76.2 1.9 3.3 25.7 

400C Rehy 24h 22.4 73.7 1.1 2.8 27.4 

Table 2: Relative concentration of phosphorous species as determined by 31P MAS NMR. The concentrations are in mole percentages. Note that the 

percentages for samples containing traces of H4P2O7 have been calculated assuming that there are two phosphorous atoms per unit of H4P2O7, which 

effectively doubles the integral of its peak. Last column shows the sum of orthophosphoric and pyrophosphoric acid calculated in equivalent 

orthophosphoric acid units. This means that one unit of pyrophosphoric acids yields two units of orthophosphoric acid when hydrated. 

 

From table 2 it is clear that, aside from the dehydration, loss of phosphoric acid has also taken place, especially at high 

temperatures. In the stock batch, around 43% is orthophosphoric acid while it is 39, 33 and 22% after being heated at 

200, 300 and 400 °C, respectively, and being allowed to equilibrate in air for 24 hours. From these results, it must be 

concluded that heating at 300 and 400 °C induce dehydration/vaporization to a degree that is unacceptable if the 

material is to be used as an electrolyte material, provided that phosphoric acid is responsible for the conductivity. At 

200 °C the loss of H3PO4 might be low enough to make the material useful as an electrolyte material. It should be noted 

that it is possible that appropriate humidification during heating of the composites could suppress some of the 

dehydration. 
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Upon inspection of the 
31

P MAS NMR spectra for the sample heated at 500 °C (figure 4d), it is clear that the stability 

limit of the composite has been reached. The phosphoric acid peak has completely disappeared, and a shoulder peak at -

35 ppm, indicative of niobium pyrophosphate formation, has appeared, see the 
31

P NMR spectrum for niobium 

pyrophosphate in figure 2. The spinning side bands from this shoulder peak are also visible. Thus, phosphoric acid has 

reacted with niobium oxide phosphate and formed niobium pyrophosphate.  

 

                                         

 

2 

Most protons have been removed from the system, rendering it useless as a proton conductor. When left in air to 

rehydrate, resonances around iso(
31

P) =  0 ppm reappear. Thus, some remnant polymerization products of phosphoric 

acid have been rehydrated. It is, however, far from fully hydrated, and the shoulder peak at -35 ppm remains, indicating 

that the formation of niobium pyrophosphate is irreversible. From the 
31

P NMR spectra, it can be concluded, that 

keeping the composite material at 500 °C will most likely destroy its capabilities as a proton conductor due to the 

irreversible formation of niobium pyrophosphate. It should be noted, that it is possible that niobium pyrophosphate 

formation initiates at a temperature between 400 and 500 °C. These results have only established that 500 °C will 

certainly induce the irreversible formation under conditions of no humidification.  

3.3 Conductivity measurements: 

Figure 5 shows the temperature dependence of the conductivity of pellets containing 20% w/w and 40% w/w of P2O5. 

  

Figure 5: Measured conductivity for NbOPO4/P2O5 composite pellets as a function of temperature and humidity. The samples were heated from 110 

to 250 °C and subsequently cooled in steps of 10°C. Each step consists of 35 minutes of heating and stabilization of the temperature. a) Composite 

with 20% w/w P2O5. b) Composite with 40% w/w P2O5.  
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The conductivity drops initially probably due to the loss of surface water. After this water loss the conductivity 

stabilizes and is only slightly dependant on humidity. There is a hysteresis loop for each heating/cooling cycle at each 

humidity level. This is probably due to polymerization of phosphoric acid at high temperatures which only partially 

rehydrate upon cooling as the reaction is slow. This gives a lower conductivity upon cooling. Increasingly humid 

atmospheres seem to suppress the dehydration somewhat, by suppressing the following reaction: 

                            3 

The hysteresis loops are less pronounced at the later runs which could indicate that continued loss of surface water also 

plays a role for the lowering of the conductivity.  

Figure 6 shows the dependence of acid concentration on conductivity for the highest humidity. 

  

Figure 6: a) Measured conductivity for NbOPO4/P2O5 composite pellets as a function of temperature and P2O5 content at 0.31 atm of water. The 

percentages refer to the weight percentage of P2O5 used. The samples were heated from 110 to 250 °C and subsequently cooled in steps of 10°C. Each 

step consists of 35 minutes of heating and stabilization of the temperature. b) Average of the conductivity as a function of the P2O5 content. The 

conductivity data are seen to have a approximately linear dependence on acid content. 

 

The conductivity increases for increasing acid concentrations, but is largely independent of temperature.  The highest 

conductivity reached is 2.5·10
-3

 S/cm for 50 wt% P2O5.  Due to the temperature independence, the average of the 

conductivity was calculated for the entire temperature range and plotted against the acid content, figure 6b. Except for a 

single outlier, the conductivity depends approximately linearly on the acid content. The main conclusion to draw from 
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the conductivity data is that NbOPO4 has no significant conductivity of its own, and all reports of the opposite is likely 

to result from residual acid from the synthesis. 

 

4. Conclusions: 

31
P NMR measurements on NbOPO4/P2O5 composite powders revealed that, upon hydration, phosphoric acid is present 

as a free and mobile phase. It was demonstrated that 
31

P MAS NMR is a useful technique which can distinguish 

between phases of NbOPO4 and Nb2P4O15. It was also found that phosphoric acid dehydrates to pyrophosphoric acid 

when heated to 200 °C and above with no humidification. Evidence of rehydration back to orthophosphoric acid was 

found, but it was very slow, after 24 hours at ambient conditions full rehydration was still not complete. A temperature 

between 400 and 500 °C was found to be the limiting temperature for the stable composites, as NbOPO4 was found to 

have reacted with phosphoric acid at 500 °C to form Nb2P4O15. This reaction is irreversible and will remove protons 

from the system, rendering it useless as a proton conductor. It is unlikely that the NbOPO4/P2O5 composite material will 

be useful as electrolyte material above 200 °C due to dehydration and vaporization of H3PO4. 

 Conductivity measurements reflected the NMR results as the conductivity was highest for the most acid rich samples 

and decreased slightly at high temperatures due to the mentioned dehydration. Humidity seems able to suppress the 

dehydration somewhat. It was shown that it is unlikely that NbOPO4 has any significant conductivity of its own. 
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