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Abstract

Water electrolysis for hydrogen production has been predicted to play a prom-
inent role in the energy system of the future. Current low temperature tech-
nologies rely on expensive noble metal catalysts and high temperature sys-
tems requires special construction materials to withstand the high temperat-
ures. Electrolysis in the intermediate temperature (IT) region (200-400 °C) is of
interest as it would allow for the use of non-noble metal catalysts, due to the
improved kinetics, and a wide range of construction materials as a result of the
more benign temperature. At these temperatures water is supplied as steam.
This work centred on the design and development of a novel steam electro-
lysis concept based on phosphate electrolytes capable of operating in the IT
range. Central for the work was the selection and evaluation of the materials
and components for the test setup and cells as well as the technological issues
and challenges faced.

A setup suitable for intermediate temperature electrolysis has been construc-
ted in order to accommodate testing in the IT region. This included the evalu-
ation of multiple generations of components such as end plates and flow plates.
Chemical vapour deposition of tantalum was used to protect stainless steel
components from the highly oxidative environment of the oxygen side of the
electrolyser. While such protection should not be necessary on the hydrogen
side, it was found that the best results were obtained using tantalum coated
stainless steel flow plates not only on the oxygen side but at the hydrogen side
as well.

Additional key steps and components for electrolysis testing are detailed in
this thesis. This includes gas diffusion layers (GDL), sealing, cell assembly
techniques, test operation, electrolytes and electrocatalysts.

Gas diffusion layers of carbon with a PTFE bound micro-porous layer was used
for the cathode side and tantalum coated stainless steel felt was used for the
anode side due to the need of corrosion protection. For the cathode side a
platinum electrocatalyst was used as benchmark (Pt-black ~ 8 mg/cm?) and
iridium oxide was used for the anode (~ 3 mg/cm?). Symmetrical cell testing
for hydrogen pumping at 200 °C revealed the cathode gas diffusion layers to
be unstable over time. After 60 hours, the electrode resistance was more than
tripled. The most prominent reason for this was thought to be a softening of
the PTFE in the cathode micro-porous layer.

CsHyPO4 and Sng gIng 1P2O7 were used as proof-of-concept electrolytes, with
emphasis on the latter electrolyte. Evaluation of electrolysis cells with these
electrolytes was done with a range of tools constantly under development.
These tools included regression analysis of I-V curves, reference electrode meas-
urements and electrochemical impedance spectroscopy (EIS). While reference
electrode measurements were found hard to optimise, EIS, and especially com-
plex non-linear least-square (CNLS) fitting, was found very useful. CNLS al-
lowed for the estimation of electrolyte resistance and polarisation resistances
giving a detailed view of the novel system.

Electrolysis with CsHPOy as electrolyte revealed a need for steam on both



vi

cathode and anode in order to prevent dehydration of the electrolyte. Addi-
tional stabilisation in the form of SiC fibres was found to increase longevity
considerably. Highest achieved current density was 60 mA/cm? at 2.0 V and
250 °C.

Measurements using Sng glng 1P2O7 as electrolyte, Pt black as cathode elec-
trocatalyst and IrO; as anode electrocatalyst gave current densities as high as
313 mA/cm? at 1.9 V and 200 °C. The stability of the electrolyte was found to
be high at 200 °C and a water partial pressure of 0.05 atm. For stabilisation of
the electrolyte at 250 °C a higher water partial pressure is needed. Variation
of temperature from 200-250 °C showed both signs of activation of electrode
processes and electrode degradation.

Efforts were done to optimise the synthesis of Sng gIng.1P2O7 in order to es-
tablish a reproducible synthesis procedure. The synthesis used in this work
required two heat treatment steps. Fourier transform infrared spectroscopy
(FT-IR) shows an O-H band in the IR spectrum from 1500 cm~! to 3800 cm ™!
strongly dependent on the first heat treatment step of the synthesis. It was
found that initial heating of the synthesis precursors to 270 °C gave a high
quality sample in a reproducible fashion.

Investigations of two additional novel phosphates was attempted. These were
phosphoric acid treated NbsP7O3p and a mixture of BisP4O13, BiPO,4 and 2
wt.% Polybenzimidazole (PBI). Both were found to be lacking in stability.

As a central attraction of IT electrolysis is the possible use of non-noble elec-
trocatalysts such materials were tested using Sng 9Ing.1P2O7 as an electrolyte.
Tungsten carbide was tested as an alternative cathode electrocatalyst. Two
samples were prepared by carburisation and tested. One prepared from WOs
and one prepared from W3N. Current densities at 1.9 V were measured as high
at 129 mA/cm? and 73 mA /cm? for the two samples respectively. While WC
gave lower performance than Pt black its stability was found to be higher. Fur-
thermore, testing WC and Pt black at increasing temperatures revealed an in-
crease in performance for a WC cathode but a decrease for a Pt black electrode.
This bodes well for the further use of WC as cathode electrocatalyst.

Ni foam tested as a cathode electrocatalyst showed fair stability but lacked
activity. Ni was tested as anode electrocatalyst as well. Here it showed low
activity and poor stability. LaNiO3 was tested as cathode electrocatalyst where
it was found to be lacking in activity. It was however stable over polarisation
indicating the possible use of similar materials in this role.



Resumé

Brintproduktion via vandelektrolyse er blevet spaet en central rolle i fremtidens
energisystem. Dog kreever lavtemperaturteknologier inden for dette felt brug
af dyre eedelmetalkatalysatorer og hojtemperatur systemer kreaever seerlig kon-
struktionsmaterialer for at kunne modstade heje temperaturer. Elektrolyse i
mellemtemperaturomrdde (200-400 °C) er af interesse, da det ville give mu-
lighed for at anvende ikke-zedelmetalkatalysatorer pa grund af forbedret kin-
etik samt tillade anvendelse af en bred vifte af konstruktionsmaterialer som
folge af en mere godartet temperatur. I dette temperature omrade vil vand
brugt til elektrolyse optraede i form af damp.

Denne afhandling beskriver et indledende studie af elektrolyse i mellemtem-
peraturomradet hvor fosfatbaserede materialer er blevet brugt som proton-
ledende elektrolytter. Centralt i arbejdet var udveelgelsen og evalueringen af
materialer og komponenter brugt i savel elektrolyseopstillingen som elektro-
lysecellerne. Ligeledes blev der fokuseret pa teknologiske udfordringer medt
i arbejdet.

En elektrolyseopstilling designet til brug i mellemtemperaturomrddet blev byg-
get med henblik pd anvendelse i mellemtemperaturomradet. Dette arbejde
inkluderede en udveelgelse af komponentdesigns for komponenter sd som en-
deplader og flowplader. Komponenter beregnet til anvendelse pa oxygen siden
af opstillingen blev beskyttet mod korrosion ved hjelp af kemisk dampud-
feeldning af tantal. Dette var nedvendigt pga. det steerkt oxiderende milje pa
denne elektrode. Denne form for beskyttelse burde ikke veere nedvendig pa
hydrogen elektroden. De bedste resultater blev dog opndet ved brug af tantal
belagte rustfrit stil flowplader pd brintsiden af systemet savel som iltsiden.
En gennemgang af komponenter sa som gasdiffusionslag, pakninger, elektro-
lytter og elektrodematerialer er givet i denne athandling. Derudover behandles
samling af celler og test parametre.

Pa hydrogensiden af systemet blev et gasdiffusionslag pa carbon brugt. Dette
bestod af et mikroporest carbonlag med Teflon som binder. Et tantalbelagt
rustfritstal filt blev anvendt til anodesiden da beskyttelse mod det oxiderende
miljo er nedvendigt. En platin elektrokatalysator blev som udgangspunkt an-
vendt pa katodesiden (Pt loading ~ 8 mg/cm?) og iridiumoxid blev anvendt
pé anodesiden (=~ 3 mg/cm?).

Gasdiffusionslaget pad katodesiden var ustabilt over tid. Dette blev set vha. et
brintpumpe forseg pd en symmetrisk celle ved 200 °C. Elektrodemodstanden
mere end tredoblede over 60 timers forseg. Dette skennes hovedsageligt at
skyldes en bledgering af Teflonen i det mikroporese lag pa katoden.
CsHyPO4 og Sng.glng 1P2O7 blev brugt til at demonstrere den praktiske ud-
forelse af elektrolyse i mellemtemperatureomrddet. Den storste vaegt blev lagt
pa Sng gIng 1 P2O7. Elektrolysecellerne blev evalueret med en raekke veerktojer.
Her kan neevnes regressionsanalyse of I-V kurver, referenceelektrodemalinger
og elektrokemisk impedansspektroskopi (EIS). Det viste sig at veere sveert at
optimere referenceelektrodemalingerne. EIS blev fundet hejst brugbart, spe-
cielt ved anvendelse af complex non-linear least-square (CNLS) fitting. CNLS

tillod estimering af elektrolytmodstanden og polarisationsmodstanden i cellerne.

vii
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Dette gav et grundigt indblik i disse nye elektrolysesystemer.

Elektrolyse med CsH>PO, som elektrolyt viste sig at kraeve damp pa bade kat-
oden og anoden for at undga dehydrering af elektrolytten. Yderligere stabil-
isering af elektrolytten ved tilseetning af SiC fibre ogede levetiden betydeligt.
Den hgjeste opndede stromteethed var 60 mA /cm? ved 2.0 V og 250 °C.
Stremteetheder p& 313 mA/cm?, ved 1.9 V og 200 °C blev opnaet for elektro-
lyseceller med Sng gIng 1P2O7 som elektrolyt, platin som katodeelektrokatalys-
ator og IrO, som anodeelektrokatalysator. Stabiliteten af elektrolytten ved 200
°C og et vanddamptryk pa 0.05 atm var hegj. Det blev dog fundet at dette
vanddamptryk ikke var nok til at sikre en stabil elektrolyt ved 250 °C. Test ved
gradvist haevet temperature (200-250 °C) viste bdde tegn pa aktivering af pro-
cesserne i elektroderne samt degradering af selvsamme.

Optimering af syntesevejen for fremstilling af Sng 9Ing 1 P2O7 blev udfert. Syntesen
af dette materiale kreever varmebehandling af to omgange. En sammenhaeng
imellem temperaturen brugt i den forste varmebehangling og et band i IR-
spektrummet (1500 cm~! til 3800 cm™!) viste sig at veere tilstede. De bedste
resultater blev opndet ved en temperature pd 270 °C.

To yderligere elektrolytter blev forsegt anvendt. Det drejede sig om phsophor-
syrebehandlet NbsP70O3p og en blanding af Bi;P4O,3, BiPO4 og 2 wt.% Poly-
benzimidazole (PBI). Begge materialer udviste mangelfuld stabilitet.

Da en central fordel ved elektrolyse i mellemtemperaturomradet er den poten-
tielle anvendelse af elektrokatalysatorer som ikke er aedelmetaller blev sddanne
alternative elektrodematerialer undersogt. Wolframkarbid blev undersegt med
henblik pa anvendelse som katodeelektrokatalysator. To wolframkarbid prever
blev testede med Sng 9Ing 1 P2O7 som elektrolyt og IrO2 som anodeelektrokata-
lysator. Den ene var fremstillet ved opkulning af WO3 og den anden ved op-
kulning af WoN. Stremteetheder pa 129 mA / cm? og 73 mA/ cm? blev malt ved
1.9 V for de to prever henholdsvis. Disse stromteetheder var lavere end hvad
var set for platinelektroder. Dog var wolframkarbidelektroderne mere stabile
end platinelektroderne. Samtidig udviste de hojere aktivitet ved hojere tem-
perature, modsat platinelektroderne. Dette tyder godt for videre anvendelse
af wolframkarbid som katodeelektrokatalysator i vanddampelektrolyse.
Nikkel blev undersogt som en katodeelektrokatalysator. Nikkel udviste en
heederlig stabilitet, men dérlig aktivitet. Nikkel blev ogsd undersogt som an-
odeelektrokatalysator. Her blev det fundet uvirksomt. LaNiO3 blev undersegt
som katode elektrokatalysator. Det udviste mangelfund aktivitet men var sta-
bilt over polarisation. Dette tyder pa at andre lignende materialer ville kunne
bruges i denne funktion.
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CHAPTER

Introduction

Energy is one of our most precious resources on a global scale. It is contested only by
clean drinking water, and its scarcity will be one of the largest challenges in the history of
modern society. In the years from 1971 to 2011 the global energy consumption has all but
doubled ™ and recent estimates from the U. S. Energy Information Administration (EIA)
predicts a further growth 2 from 2010 to 2040 by 56 %.

For more than a century, the most important energy source has been fossil fuels. We rely
on coal, oil derivatives and natural gas for 84 % if our energy needs with 11 % renewable
and 5 % nuclear making up the rest.”! The depletion of fossil fuels has been predicted to
hit the following decade as far back as the 1950’s.Bl Advances in oil location and drilling
technology has continually pushed this boundary. However, the fossil resource deple-
tion is inevitable and we will need replacements within decades rather than centuries.
Furthermore, other factors than oil and gas availability points to the necessity of shifting
away from fossil fuels, some of which may very well be more pressing than the depletion
itself.

One factor is the addition of greenhouse gasses to the atmosphere caused by the com-
bustion of fossil fuels. Over the last 800.000 years, the amount of carbon dioxide in the
atmosphere has oscillated between 180 ppm and 280 ppm Bl and it has been established
that the mean temperature of the earth follows the amount of CO; in the atmosphere. At
time of writing, the amount of CO globally in the atmosphere is reported to be 396.33
ppm, Bl an increase of 116 ppm since the beginning of the industrial revolution. Secondly,
most nations rely on energy import from foreign nations. This need could be removed
by eschewing fossil fuels. Thirdly the risk of human and environmental catastrophe is
increasing in tact with easily accessible oil reservoirs are being depleted.

Such concerns have prompted the Danish parliament to set ambitious goals for Denmark’s
future energy supply. By 2020 Denmark must have reduced its greenhouse gas emissions
by 40 % (as measured against the 1990 emission levels), by 2035 heat and power genera-
tion must be entirely renewable and by 2050 every sector including transportation must
be covered entirely by renewable energy sources.™ Meeting these targets requires a fast
and decisive shift to non-fossil energy systems. The most prominent alternative energy
systems are based on energy from the sun e.g. solar and wind energy. It has been estim-
ated that the earth receives 3,850,000 exajoules (EJ) of energy from the sun each year.?
The world’s primary energy consumption for 2011 has been estimated to be in the range
of 370 to 565 EJ.2I This corresponds to approximately 0.01 % of the yearly solar energy
flux that reaches the Earth’s surface. Energy is in abundance. The challenge is to harness
it.

While technologies for solar and wind energy utilisation are commercially available and
widely used they have limitations. The intermittent nature of the energy sources are a bad

2
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fit for our energy consumption habits. The average pattern of consumption tends towards
peak hours around dinner time and off peak hours during the night. Solar and wind en-
ergy does not follow the same pattern meaning some sort of mitigation is needed. In 2013
energy storage was proposed as the prime solution for this problem in the DTU Interna-
tional Energy Report.

The Danish Energy Agency have in their recent report sketched out 4 different energy
scenarios® to evaluate which routes can lead Denmark to be self-sufficient in regards to
energy. The two scenarios that reaches this goal both requires hydrogen. If this goal of self-
sufficiency is to be coupled with sustainability this hydrogen cannot come from traditional
reforming processes. It must come from a sustainable source such as water electrolysis i.e.
the electrochemical splitting of water into oxygen and hydrogen.

1.1 Intermediate temperature electrolysers

The existing electrolysis technologies operates either below 100 °C or above 500 °C. Pro-
ton exchange membrane (PEM) electrolysers operates below 100 © and relies on expensive
transition metals such as platinum and iridium for electrode materials. Alkaline elec-
trolysis uses cheap electrode materials but have a lower performance than PEM electro-
lysis and requires a complex recirculation and handling system for its highly corrosive
potassium hydroxide electrolyte. Solid oxide electrolysis (SOE) operates above 500 °C re-
quiring advanced ceramic construction materials to withstand temperature cycling and
the high temperature requires the system to be stationary.

Solid materials suitable for operation in the temperature gap from 200 °C to 400 °C, the
so-called intermediate temperature (IT) range , would allow for the use of inexpensive
transition metal electrocatalyst not available for PEM as well as a higher performance due
to kinetic activation. Compared to alkaline electrolysis the electrolyte would be easier to
handle and would give a higher performance as well. Compared to PEM electrolysers no
liquid phase is present as water is supplied as steam. This allows for ease of handling and
strongly reduces the risk of flooding of the electrodes. Lowering the temperature com-
pared to SOE would allow for the use of cheaper construction materials such as readily
available metals, alloys and plastics. Furthermore no ceramic construction components
are needed.

1.2 Project objectives

The central goal of this project was to assemble and demonstrate electrolysis cells at 200 °C
to 400 °C. This required the construction of a setup designed for electrolysis in this temper-
ature range and capable of handling the harsh electrolysis conditions. This was achieved
by testing and selection of construction materials through multiple iterations. Secondly,
the components for the electrolysis itself needed to be selected and made into electrolysis
cells ready for testing at actual electrolysis conditions. Electrolytes and electrocatalysts
had to be selected and synthesised. Thirdly cheap alternative electrocatalyst materials
needed to be tested in conjunction with selected electrolyte materials and gas diffusion
layers (GDLs). This was considered the most prominent goal as this builds on the previ-



4 CHAPTER 1. INTRODUCTION

ous goals and the use of cheap electrocatalysts is the most alluring aspect of IT electrolysis.

1.3 Thesis outline

In Chapter ] the thermodynamic and kinetic considerations behind electrolysis will be
discussed together with a brief overview of the components of an electrolyser cell. This is
followed by an introduction to the three central types of electrolysis, alkaline electrolysis,
PEM electrolysis and SOE, available today.

Chapter [ gives a literature review on the available electrolyte and electrocatalyst
materials. Phosphate based electrolytes such as CsHaPO,4, SnP>O7 and its aliovalent
doped derivatives are discussed. Electrocatalysts such as IrO,, Pt and WC are treated
as well.

Chapter [ gives an overview of the experimental techniques used in this work.
Physicochemical techniques are considered known and only stated while electrochemical
techniques are treated in more theoretical depth.

The fabrication and synthesis of components used for electrolysis in this work are detailed
in Chapter This includes electrolytes, electrocatalysts, GDLs, electrode inks and
electrodes.

Chapter [f treats the construction and operation of the setup used for electrolysis
experiments. The choice of construction materials is discussed and the method of
assembly of test cells is explained. Sealing and start-up and shut-down procedures are
detailed as well. Lastly the influence of the electrolysis testing on the components of the
setup is discussed.

The results of the work with pyrophosphates are reported and discussed in Chapter[7} The
consequences of synthesis temperature of the electrolyte are illuminated and electrolysis
results with Sng gIng.1P2O7 as electrolyte are presented.

Test results for alternative electrolytes such as CsH>POy, niobium and bismuth phosphates
are given in Chapter|[§

Electrode materials for anode and cathode alike are discussed in Chapter )] Apart from
platinum this includes alternative materials such as WC and Ni.

Chapter[I0]gives the conclusions of this work together with thought on further works.
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CHAPTER 2

Theory and technology

In this Chapter hydrogen production and the theoretical aspects of water electrolysis will
be introduced. The material will be treated from a steam electrolysis vantage point. This
is especially relevant when thermodynamics is considered. After this theoretical back-
ground has been established different technologies applying these principles in practice
will be discussed.

2.1 Hydrogen production

For all practical purposes hydrogen is not found in free molecular form in Earth’s
atmosphere. It is however found bonded to other atoms in compounds all around us.
Therefore hydrogen must be produced from such hydrogen containing compounds. In
2004 it was estimated that 96 % of the hydrogen produced was made from coal, oil and
natural gas by steam reforming and partial oxidation. ™™ 4 % was produced by electrolysis
and the amount produced by technologies such as pyrolysis, fermentation, thermolysis
and photolysis was on a global scale insignificant.

If hydrogen is to become a central energy vector production must be increased. The
fossil material technologies are problematic as they require the introduction of more fossil
material into the carbon cycle when hydrogen is produced. As the effect of carbon on the
climate is cumulative this additional introduction of carbon is highly undesirable. The
possibility of depletion of fossil fuel sources should be taken into consideration as well
when the energy system of the future is designed. Additionally the technology does not
interface well with renewable energy sources and their intermittent nature.

It is assumed that a central point in securing our energy supply will be the storage
of hydrogen and recombination with oxygen into water in fuel cells. The hydrogen
produced by steam reforming and partial oxidation has a maximum purity of 75 % before
purification with CO levels between 1 and 4 %.M High temperature proton exchange
membrane fuel cells (PEMFCs) have a hard time handling impurities at 1% CO and
above™ and for solid oxide fuel cells (SOFCs) CO may promote the formation of free
carbon, called coke, on the fuel electrode. B3

A convenient way of alleviating the problems sketched above is by electrolysis water or
steam. Electrolysis gives very pure hydrogen (up to 99.9999% 1) with no emissions and
interfaces well with renewable energy sources.

6
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2.2 Electrolysis

The concept or perhaps more accurately the application of electrolysis dates back at least
200 years. The birth of electrolysis can be said to be 1789, 1775 or the third century
BC depending on preference.™ Most agree however that when William Nicholson and
Anthony Carlisle in 1800, building on the work of Alessandro Volta and the invention
of the voltaic pile, made hydrogen and oxygen by electrolysis of water they started the
proliferation of electrolysis. 18 Thus electrolysis has definitely been around for at least 200
years and been around since the birth of electrochemistry.

In electrolysis a direct current is passed between two electrodes through an electrolyte
resulting in chemical reactions on the two electrodes. At one electrode an oxidation takes
place and at the other a reduction happens. These electrodes are named the anode and the
cathode respectively. In the case of water electrolysis oxygen is evolved (oxygen evolution
reaction, OER) at the anode and hydrogen at the cathode (hydrogen evolution reaction,
HER). If the electrolyte transports protons the whole process can be described as:

1
Anode : H>O(g) — 502 (9) +H" +2e~
Cathode : 2H" + 2~ — Hs(g)
1
Total : H>O(g) — Ha(g) + 502(9)

here written for steam electrolysis as all reactants and products are in gas phase. As
oxygen is evolved at the anode and hydrogen at the cathode it is possible to isolate the
two gasses from each other giving products with a purity approximating 100 % purity. 2

2.21 Thermodynamics

Electrolysis of water converts electric energy into chemical energy. The energy is stored
in the hydrogen produced and can be (partly) regained by a conversion back to electrical
energy using a fuel cell. Electrolysis can only happen if energy is supplied. The amount of
energy needed for the process is determined by the reaction enthalpy AH. Part of this
can be supplied as heat and part of it must be supplied as electric energy. The part
corresponding to electric energy is the change in Gibbs’ free energy AG and the part
that can be supplied as thermal energy corresponds to the change in entropy times the
reaction temperature, T-AS. As electrolysis of water is not a spontaneous process and does
not release heat AG > 0 and AH > 0. The relation between enthalpy, entropy and Gibbs’
energy change is thus:

AG=AH-T-AS (2.1)

These concepts are related to the voltage of an electrolysis cell the following way:

AH
Emn=— 2.2
™ = (2.2)
AG
Erev = _ﬁ (23)

where F is Faradays constant, n is the amounts of electrons involved in the reaction, in
the case of water electrolysis 2, Ety is the thermoneutral voltage of the cell and E,.y is the
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reversible voltage. The reversible voltage is the lowest amount of electric energy that must
be supplied for electrolysis to happen. The thermoneutral voltage is the voltage needed
if all necessary energy is to be supplied as electric energy. It is also the voltage where the
process neither releases heat to nor requires heat from the surroundings. The enthalpy
and entropy can be calculated by the following relation:

H=H°+Cp-AT (2.4)
T
5=5"+Cp-lns (2.5)

where AT is the change from standard to reaction temperature and Cp is the specific heat

capacity. Using Equation 2.4)and 2.5 together with Equations and 2.3|the reversible
and thermoneutral voltages can be calculated. Figure [2.1] shows this from 25 °C to 1000

°C under the assumption of a constant specific heat capacity for water and steam when
temperature is varied.

350 T— -1.8
300 - AH inc. AHvap -1.6
1 | AH/E - 1.4
250 - | ™ L
| ; 1.2
3 200 —x— 1.0 _
g 4 rev L a
g 150 - -0.8
w 1 0.6
100 L
1 : -0.4
| { TAS F
50 ] 0.2
0 ' T T T T T T T T 0.0
200 400 600 800 1000
T (°C)

Figure 2.1: Enthalpy change, free Gibbs energy change and temperature times entropy change for
an electrolysis process as a function of temperature. Also shown is the proportionality of AH and
AG to the thermoneutral (Etn) and reversible (E,ey) potential respectively.

When temperature is raised the required amount of electric energy decreases. In turn
the amount of energy that can be supplied as heat rises. This is one of the attractive
features of elevated temperature electrolysis. Heat is commonly available as a cheap by
product from various processes. Below 100 °C the overall energy needed for the process
decreases with temperature. When going from liquid water to steam an abrupt fall in
energy demand is seen followed by a very slow increase. This fall may be a bit misleading.
It is due to the enthalpy of evaporation of water (AHya,p) not being included. The dotted
line shows the full picture as AHy,p is included. When discussing electrolysis on cell
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basis AHy,p is often not included and it is assumed that pre-evaporated water is supplied.
When looking at electrolysis from a system point of view this may make less sense as the
energy to evaporate the water must come from somewhere. If a process supplying steam
or heat at the right temperature is available e.g. as a by-product from another process
AHyap can be excluded but should be kept in mind. On any account it can, as mentioned,
be supplied as heat and does not impact the fact that the electrical energy needed for the
process decreases with temperature.

Assuming that all energy that can be supplied as heat is supplied this way and that steam
is readily available the reversible cell voltage (Erey) changes from 1.23 V at 25 °C to 1.14 V
at 200°C.

The previous considerations have been under the assumption that the pressure is constant
at 1 bar. If this is not the case the voltage of a cell in equilibrium, that is with no applied
current, is related to the activities of the reactants and products by the Nernst equation.
For the case of steam electrolysis all activities may be substituted by partial pressures:

1

A2
AG | RT | Py, Po, 26)

E=-—2 :
2F ' 2F P10

2.2.2 Kinetics

The thermodynamics described above is only applicable at no applied voltage. In order
to ensure an actual hydrogen production a current must be applied to the electrolysis cell.
When a current is applied the voltage of the cell will rise above the reversible voltage
due to kinetic losses. These are irreversibilities in the cell stemming from the different
components. The total voltage of an electrolysis cell can be expressed as:

Ecell = Erev + thm + Eact
= Erev +1- Rohm + Nan + 7Ncat (2~7)

Eohm is the ohmic contributions to the cell overpotential and where I is the current density.
These include contact resistance from electrodes, resistance from current collectors and
especially electrolyte resistance. The latter is dominating in most instances and the
ohmic resistance is from time to time assumed to be the electrolyte resistance. All these
contributions add up to an overall resistance, Ropm, and its contribution to the cell voltage
follows the current linearly as per Ohms law. E, is the activation overpotential which
primarily stems from the electrode kinetics. In the case of water and steam electrolysis
the anode contribution 7,, dominates the electrode overpotential dwarfing the cathode
contribution 7¢,¢. The electrode overpotential arises when the electrode reactions between
electrode, more specifically the electrocatalyst, and the electrolyte happens.

Figure illustrates Equation 2.7 and its different contributions of loss when current
is applied to an electrolyser cell. The losses are dominated by the ohmic loss, which is
in turn dominated by the electrolyte resistance, and the anodic overpotential. While the
figure is idealised it still illustrates the magnitudes of the contributions. The activation
overpotentials dominates the cell at small current densities as the electrode-electrolyte
processes are activated. At higher current densities the ohmic loss of the cell starts
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1.8
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Figure 2.2: Idealised polarisation curve detailing ohmic and activation losses

dominating as it grows linearly with current density. This gives rise to the linear nature
of the polarisation curve at increased current densities. Not shown here is the diffusion
losses which may happen at even higher current densities. If transport of reactant to the
electrode or transport of products away from the electrodes is not fast enough the voltage
will rise drastically reaching a current limit where the potential rises asymptotically.

For a simple electrode reaction with sufficient reactant present and at equilibrium the
relation between current density and overpotential at the electrode can be expressed by
the Butler-Volmer equation:

I=1 [exp (O{;fn) — exp( - (1_R,OE)HF77>] (2.8)

where I is the current density, Ij is the exchange current density (the equilibrium current
density), T is the temperature, R is gas constant, F is Faradays constant, n is the number of
electrons exchanged in the reaction, 7 is the overpotential. Iy and « are parameters linked
to the kinetics of the electrode reaction. Ij is the equilibrium current density, in the sense
that it is the absolute value of the cathodic and anodic currents that cancel each other out
at equilibrium. It is the current density at complete reversibility. « is a value between 0
and 1 and, as each of the parenthesis in Equation 2.8 describes one of the redox reactions
on the electrode, can be seen as a measure for how much one half reaction is favoured over
the other.

When going to higher anodic overpotentials away from equilibrium the Butler-Volmer
equation can be simplified and rewritten as the so-called Tafel equation:

—2.3RT 2.3RT

anF



2.2. ELECTROLYSIS 11

As the anodic overpotential in steam electrolysis dominates the cathodic overpotential this
expression can be used as a representation for the electrode overpotential. This expression
for the overpotential at the electrodes has the general form:

n=a+Db-log(I) (2.10)

This can be exploided to do fitting of recorded polarisation curves. With the addition of
a term for the ohmic resistance an expression for a polarisation curve can be found from

Equation 2.10}

Eeel = A+b-log(I)+I-R (2.11)

This will be used later in this work to separate the activation contribution of a polarisation
curve from the ohmic contribution. More on this in Section 4.2.7]

2.2.3 Electrolyser Cell Components

In practice an electrolyser consists of a number of components. The three main compon-
ents, already mentioned above, are the anode or oxygen electrode, the cathode or hydro-
gen electrode and the electrolyte which is responsible for insulating the electrodes electric-
ally, preventing gas crossover and conducting ions. The most important additional com-
ponents are the gaskets, flow plates and end plates. A schematic representation of these
components and their relative positioning in an electrolyser can be seen in Figure[2.3]

The electrolyte is the central component in an electrolyser. It is ionically conductive and
its nature defines the rest of the electrolyser. Because of its defining character electrolyser
technologies are named after the type of electrolyte used. The most prominent types of
technologies are treated in the next section and their deviations from the following stand-
ard description of components will be discussed.

In general electrodes consists of a gas diffusion layer (GDL), a support or microporous
layer and an electrocatalyst. An electrocatalyst is a material which lowers the activation
energy of the electrochemical process taking place at the electrode without itself being con-
sumed. As it catalyses an electrochemical process electric conductivity is highly important.
Furthermore a high number of available reactive sites is desired and high surface area ma-
terials with small particle sizes are preferably used. If the material itself lacks stability e.g.
its small particles sinters during operation they may be stabilised using a support. This
support should be highly electronically conductive. The microporous layer is a highly por-
ous material of small pore size, preferably a few microns or less, 8 onto which the catalyst
layer is sprayed. It allows for unhindered diffusion to the electrocatalyst and supports the
electrocatalyst at the same time. This is in contrast to the GDL which supports the micro-
porous layer and has larger pores and higher mechanical strength. Its role is to allow for
gas to diffuse into or out of the electrode structure and allowing for electrical contact from
the electrocatalyst through the microporous layer to the flow plates. For most technologies
the GDL is the structural backbone of the electrode. Apart from the mentioned parts of the
electrode some electrolyte may be added to the electrode together with the electrocatalyst.
The OER and HER can only happen at interfaces where electrocatalyst and electrolyte are
present as the ionic species involved in the reaction has to be transported to or from the
electrocatalyst surface. If no electrolyte is added to the structure the reaction can only take
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Figure 2.3: Exploded view of an electrolyser

place at the interface between the electrocatalyst and the bulk electrolyte severely limiting
the performance of the electrolyser as a whole. Lastly gas must be able to evolve at these
interfaces and water must be able to reach the interfaces on the relevant electrode.

The flow plates are also responsible for the electrical connection as the power source is
connected directly to them. Gas flowing in from the end plates or out from the electrodes
is distributed into flow channels and lead to or from the electrode structure. Lastly they
support the entire electrode/electrolyte system mechanically. The end plates are respons-
ible for gas in and out of the entire system as well as keeping the entire structure in place.

2.3 Water electrolysis technologies

2.3.1 Alkaline Electrolytes

Alkaline electrolysis is a highly mature technology based on highly alkaline solutions as
electrolytes. The most commonly used is KOH at concentratlons from 27 wt.% to 35 wt.
% chosen for optimal conditions at a given temperature. 2<% Temperatures are usually
between 25 °C and 100°C. The electrodes are immersed in the solution and to prevent gas
crossover a diaphragm separates them. Water present at the cathode side is converted
to hydrogen and hydroxide ions which are consumed at the anode to form oxygen and
water. The electrolyte is circulated to keep the hydroxide concentration constant.

These types of electrolysers are usually limited to fairly low current densities, such as
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0.4 A/cm? for commercial systems and have to compensate with large active areas. This
is possible as the materials used are inexpensive. The electrolyte is as mentioned KOH
and the electrodes are commonly nickel coated stainless steel felt. No high surface area
electrocatalyst or microporous layer is needed. Another method used to offset the low
current density is operation at higher pressure, typically 25-30 bar. 2

Previously the diaphragm was most commonly made of asbestos but due to corrosion
and it being highly toxic and carcinogenic it has been replaced by materials such as
Teflon® bonded potassium titanate (KQTiOg),m zirconium dioxide in a polysulfone
matrix (Zirfon®) 22 and Teflon® and polysulfone diaphragms. 2

Another direction this field has expanded into is hydroxide conducting polymer
membranes. These so-called zero-gap electrolysersZl use solid polymers allowing for
direct contact between the electrode and the membrane. This limits the distance between
the two electrodes and reduce the ohmic resistance considerably. A study using such a
membrane reported a stable current density of 1A/ cm? at 2.12 V,B3 60 °C and ambient
pressure.

Finally stabilisation of the liquid electrolyte in matrices has been done. Allebrod et al. 2
demonstrated a current density of 1 A/cm? at 1.5 V with immobilised KOH in mesoporous
SrTiO3 at 250 °C and 42 bar. The cell used very cheap materials such as a nickel foam anode
and an Inconel foam cathode.

2.3.2 PEM Electrolysis

Proton exchange membrane or polymer electrolyte membrane (PEM) water electrolysis is
defined by a thin (20 ym to 200 ym) proton conducting polymer electrolyte. Water is fed
to the anode where oxygen is evolved. Protons are transported over the membrane to the
cathode where hydrogen gas is evolved.

The most widely used membrane is Nafion®. This membrane relies on the protonic
conductivity of water and water is retained in the membrane. Sulphonic acid functional
groups in the membrane are responsible for this retention of water. Conductivity for this
membrane has been reported as high as 7.8-10~2 S.cm ™. Current densities as high as 2
A/cm? can be reached ™l and systems can be pressurised to 30 bar.

The low membrane thickness can be achieved due to a very low gas permeability of
the materials and the purity of hydrogen evolved is commercially reported as high as
99.9999%. 14

Among the more negative aspects of PEM is the need for expensive noble metal
electrocatalysts, a need created by the hostile electrolysis environment. The anode
usually uses IrO; or IryRu;_xO2 and the cathode uses Pt as electrocatalyst. All are very
expensive, Iridium in particular as it can only be obtained as a bi-product in platinum
mining. The hostile environment calls for expensive building materials as well. Expensive
sintered titanium GDLs have traditionally been used on the anode as the highly oxidative
environment corrodes the commonly used carbon materials.

Another limit is temperature. With the existing membranes all electrolysis is confined
to temperatures below 100 °C i.e. water electrolysis. This excludes cheap alternative
electrocatalyst materials which would function at higher temperature. Raising the
temperature would also allow for more effective electrolysers. Steam electrolysis with
alternative membranes such as Poly-[2,2’-(m-phenylen)-5,5"-bisbenzimidazole] (PBI) [28]
and Aquivion™ 22 has been attempted. Hansen et al. %l reached a current density of 700
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mA /cm? at 1.775 V with a phosphoric acid impregnated Aquivion™membrane (50 ym)

at 130 °C.

2.3.3 Solid Oxide Electrolytes

So far the only viable steam electrolysis technology is solid oxide electrolyser cells
(SOECs). This technology operates between 600 °C and 900 °C. The electrolytes used
conducts oxide ions and steam is fed to the cathode of the system. Here hydrogen is
evolved and oxide ions are conducted to the anode where oxygen is evolved. The most
commonly used electrolyte is yttria (Y2O3) stabilised zirconia (ZrO,) (YSZ) thin films of
10-15 um thickness.BY These ceramic layers are very dense even at low thickness. The
oxide ion conductivity of YSZ is highly dependent on the temperature®l and zirconia
stabilised with 8 mol% yttria can go from 5.9- 10~* S-cm~! at 600 °C to 3.8 - 1072 S-cm ™!
1000 °C. Ceramics like these allow for very thin dense electrolyte layers and operation at
lower temperatures is still viable for this reason, even with the diminished conductivity.
The electrodes are commonly composites of the electrolyte with an electrocatalyst formed
into thin porous layers (10-15 pm) with percolating networks of electrocatalyst and
electrolyte. This structure allows for utilisation of a larger volume of the electrode in
the electrochemical reaction. Cathodes are usually Ni/YSZ composited where the Ni is
introduced as NiO and reduced in situ to metallic nickel. The anodes are commonly
composites of electrolyte and perovskites doped with strontium. Commonly used
materials include strontium doped LaMnO3 (LSM), LaFeO3 (LSF) and LaCoO3 (LSC).
The high operation temperature allows not just for steam electrolysis but also electrolysis
of CO, to COBA and Co-electrolysism where CO, and water is converted to a mixture of
H, and CO called syngas. This gas mixture can be used as a precursor for synthesis of
hydrocarbons.

Most SOECs are solid oxide fuel cells (SOFCs) operated under reverse conditions and
it has been determined that they are much more prone to degradation in this reverse
operation mode.®# While sudden failure is rarely observed delamination of the ceramic
layers and poisoning of the cathode with silica from the sealing have been seen to cause
degradation over time. For commercial cells degradation rates as high as 16% per 1000
hours has been reported. B3l The highly oxidative environment on the anode has also been
proposed as detrimental to the ceramic components in general.

The system components need to be able to withstand the high temperature. This requires
highly specialised building materials. Also the high temperature makes the system
stationary of nature. Even if the issues with degradation could be solved these systems
will not be viable for mobile applications.






CHAPTER 3

Electrolyte and electrode materials

3.1 Ionic conductors

As mentioned in Section the defining component of an electrochemical cell is
the electrolyte. This component defines operation conditions such as temperature and
pressure and it dictates which materials can be used for additional components such as
electrodes. In the case of an electrolyser cell it also stipulates the materials for gaskets,
flow plates, cell housing, whether an electrolyte recycling system is needed and more. As
such itis important to select the correct electrolyte as exchanging it may require a complete
reworking of the system.

A lot of demands are put on the electrolyte. The most important are the following:

e JIonically conductive If the ions cannot move from electrode to electrode no
reaction happens. The higher the conductivity the thicker
the electrolyte may be without the ionic transport being the
bottleneck. Ionic conductivity is much harder to optimise
than electrode performance so it is better to optimise the
electrodes to fit the electrolyte than the other way round.

e Electronically insulating If the electrons can move through the electrolyte the
electrodes will short circuit and the desired reaction will not
happen. A small amount of electronic conductivity can be
accepted and is sometimes hard to avoid.

e low gas permeability Gas crossover can lower the potential of the cell giving
falsely enhanced "performance" results. Additionally it will
lead to impure gas and possible danger if a combustible
mixture of Hy and Oy is formed.

e Chemically stable Electrolysis conditions are harsh and the electrolyte must
be able to withstand oxidising and reducing environments,
elevated temperature, possibly high or low pH and high
potentials.

e Mechanically stable This ties into ionic conductivity and gas permeability
especially. The electrolyte must be thin enough to allow
for a good performance but may not allow for gas to
travel through. It must also be dimensionally stable during
heating and not become soft or brittle. All of these would
lead to failure of the cell.

When investigating novel electrochemical methods the first point of focus is the
selection of a suitable electrolyte. In the case of water and steam electrolysis this electrolyte
must be an oxide ion conductor, a protonic conductor or a proton conductor.

16
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3.1.1 Conductivity mechanisms

In general terms there are two types of conductivity mechanisms when it comes to trans-
port of protons. The Grotthuss mechanism and the vehicle mechanism. 28 For reasons
that will be made clear these two mechanisms will also be termed proton and protonic
transport respectively. While there are a host of transport pathways on a more detailed
level they all fall into one of these two categories on a higher level.

5 Ot“ JO" (+] ‘

Figure 3.1: The Grotthuss mechanism as seen for PO,. Rotation of PO, tetrahedra allows for
hydrogen bond delocalisation and thus makes proton hopping possible.

-

The Grotthuss mechanism is the transport of protons between two stationary but freely
rotating host species. As such it is a transport of free, or more precisely unaccompanied,
protons and we call it proton transport. This mechanism was first suggested by von
Grotthuss in 180622 as an explanation for the transport of charge during electrolysis of
water. Hydrogen bonds are constantly reorganised at a fast pace and if a proton is bonded
to a freely rotating species it may come into close enough contact with another anion to
become delocalised. This may trigger the delocalisation of a second proton bonded to the
second species leading to a "swap" of protons as seen in Figure Thus, while it is not
the same proton travelling from one end of this chain to another there is a net transport of
protons. In high temperature proton conductors such as perovskites a similar mechanism
is responsible for proton transport. Incorporation of water or hydrogen into the crystal
lattice gives mobile protons on lattice oxygen which can move from oxygen to oxygen.
The mechanism of incorporation for water is as follows:

H>0 (g) + O§ + V4 — 20H (3.1)

Where Opx, V4 and OHg denote a lattice oxide ion, an oxygen vacancy and a hydroxyl
ion respectively. An important fact surrounding this mode of transport is that it does
not require any presence of a mobile charge carrier and it is thus the most prominent
mechanism for conduction in anhydrous environments.

The vehicle mechanism relies on the mobility of various charged species for the transport
of protons. The protons are incorporated into a molecule which in turn moves by
electronic interactions. The protons are accompanied by a molecule. Since the protons do
not move themselves from molecule to molecule this type of transport is titled protonic.
While the net effect of the mechanism is a transport of protons they themselves are
merely passengers. The moving species may be proton carriers such as H3O1, NHy.,
OH™ or HS™. In water based systems, apart from the hydronium ion, it is ions such as
the Zundel (H507) and Eigen (HygOj}) cations that are involved in the transport. The
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more detailed explanation on how this transport occurs is still disputed B and a topic
currently investigated by computational chemists. The vehicle mechanism is the transport
mechanism seen in fluids and by extension the transport mechanism of PEM electrolytes.

3.2 Phosphate based electrolytes

Suitable solid non-polymer proton conducting electrolytes for IT operation are not
abundant. However, one class (or collection of classes) of compounds have shown
some promise the last decade and a half: the phosphate based electrolytes. This is
not a homogeneous group of materials. While they differ structurally, mechanically
and in regards to conductivity mechanism they all show high proton(ic) conductivity
in some part of the lower intermediate temperature range (200-270 °C). Among these
compounds are solid acids (SA) such as CsHyPO,4, mixed phosphate compounds such
as the niobium phosphates and pyrophosphates such as SnP2O7;. Most of them owe
their high conductivity at intermediate temperature to phosphoric acid in some way.
The exception is the solid acids where a structural changes at elevated temperatures are
responsible for the conductivity.

In the literature the compounds detailed in this section have mostly been investigated in
a fuel cell context. In seldom cases electrolysis have been tried. Thus by necessity these
next pages will concern themselves with fuel cells more than with electrolysis.

3.2.1 Caesium dihydrogen phosphate

Solid acids are materials with a behaviour lying in between those of actual acids and
normal salts. Their structure is typical one of oxyanions linked together by O+H
interactions. Prominent among these oxyanions are SO4 and PO,;. Compounds of the
general formula MH,XO4 (M = Cs, NH4 and Rb; X = S and P) began gathering attention
in regards to fuel cell application when Haile demonstrated an anhydrous cell with an
CsHSO, electrolyte B3l running at 160°C. This class of compounds undergoes a phase
transition at elevated temperatures leading to a greatly increased proton conductivity
(e.g. ~ 31076 to ~ 51073 S-.em ™! for CsHSO,). B This superprotonic material state and
the fact that the cell worked anhydrously drew attention. CsHSO, unfortunately turned
out to react with hydrogen to form H,S Bl leading to a switch of focus to CsH,PO,.Ell
This material has a phase transition at ~ 230 °C raising the conductivity from 8.5-107° to
1.8-1072 S-cm ! B8l making it ideal for IT operation.

CsH>PO4 has degradation behaviour which is highly dependent on humidity. It may
polymerise as by the following expression:

CSHQPO4 — CSQH2P207 — CSPOg (32)

At low partial pressures of steam this may happen in the region where conductivity is
seen to begin. This has previously caused some controversy as some authors believed the
dehydration to be the origin of the conductivity. 2l The general consensus has however
settled on the dehydration products not being responsible for the increased ionic conduct-
ivity. Instead it is the increased freedom of rotation of the phosphate groups that at elev-
ated temperature gives rise to fast proton hopping. B The dehydration and subsequent
decomposition of CsHyPO, does create a need for hydration during operation as can be
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Figure 3.2: (a) Dehydration of CsHyPOy is high%dependant of water partial pressure and can be
suppressed up to 280 °C with H20= 0.35 atm.®4 (b) Demonstration of a fuel cell with a 25 ym
CsH,POy electrolyte at 240 °C.

seen in Figure[3.2(a)} This makes a fuel cell or electrolyser with this electrolyte more com-
plex. Luckily the dehydration process is highly reversible as Tkeda has demonstrated 1!
and addition of water allows for regeneration of the lost conductivity. It has been determ-
ined that operation at 265 °C would require a water partial pressure of 0.22 atm to prevent
the dehydration. Care must be taken during start-up of such a system as CsH,POy, is wa-
ter soluble. In the context of electrolysis the need for steam is of little concern at least on
the anode as steam would have to be supplied anyway. This may however be less desir-
able for the cathode as the hydrogen would need to be dried after evolution which would
introduce an additional step in the production.

Multiple full fuel cells have been reported in the literature with CsHyPOj electrolytes. A
schematic of one reported by Uda and Haile is shown in Figure [3.2(b)|along with a power
curve for the operation of said cell. Peak power density is reported to be 415 mW /cm? at
~ 240 °C with humidified Hs and O;. The performance of this cell has yet to be beaten by
other authors. Hallinder et al. B2 investigated CsHyPOy, as electrolyte in CO; reduction
and co-electrolysis. While this endeavour was largely unsuccessful hydrogen evolution
was observed showing for the first time a working electrolysis cell using CsHyPO,. B
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3.2.2 Niobium phosphates

Amorphous niobium based phosphates show high surface acidity. P This trait has lead to
their use in solid selective catalysis e.g. of 3,3-dimethyl-1-butene into 2,3-dimethyl-1- and
-2-butenes. B3l Armaroli et al. B8l saw that prolonged treatment of Niobic acid (NbyOs-
nH>0) with phosphoric acid create an amorphous material with a highly acidic surface
and discrepancy in the coordination between surface and bulk. Weng and coworkers
showed that it is IE%I(I)SSible to make particles with a crystalline backbone with much of the
same properties. 24 Three different synthesis routes were used to create materials with the
bulk consisting mainly of NbyP4O15, NbOPO,4 and Nbj 91P2 82012 respectively. They did
show signs of amorphous residues and additional crystalline phases however, a trait seen
by other authors as well. Since amorphous niobium phosphate shows strong acidic
traits the surface acidity of crystalline samples may be related to phosphoric acid retention
on the surface and grain boundaries.
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Figure 3.3: Conductivity of niobium phosphate in (a) dry air and (b) as a function of humidity at
250 °C.*¥ Numbers in names denotes calcination temperature.

The high acidity seen for these compounds has lead to investigations into their possible
use as electrolytes for electrochemical cells. Work done in our group by Huang et al. 60
have shown niobium phosphates to have conductivities as high as 1.6:1072 S.«cm™! in
dry air (Figure B.3). The conductivity is highly dependant on calcination temperature.
Conductivity follows temperature with inverse proportionality. However, calcination at
350 °C gives a material that despite its high initial conductivity has poor stability. This
has been interpreted as an incomplete crystallisation as well as too loosely bonded or too
mobile phosphoric acid. The same interpretation may be given when looking at the effect
of water content in the atmosphere. Here conducting species may be lost during heat-up
for NbP350 giving a lower conductivity in general. Even though NbP500 shows some
signs of loosing conductivity after thermal cycling it does have promising conductivity
especially at high humidity making it of interest in electrolysis application.
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3.2.3 Metal Pyrophosphates
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Figure 3.4: Conductivity of (a) MP,;O7; samples (M= Ti, Sn, Si, Ge) and (b) Sn;_In, P20~
samples. Bl Both are under unhumidified conditions (pi,0 ~ 0.0075 atm)

Within the last decade a new group of electrolytes has attracted attention in connec-
tion with IT operation. This is the metal pyrophosphates, MP,O7; (M=5n, Tij, Zr, Si, Ge,...).
This group of compounds got noticed when TiP,O7 was investigated as a support for am-
monium polyphosphate based electrolytes and showed proton conductivity itself. < This
conductivity was reported to be 2.4-10~2 S-cm ™! at 250 °C in dry atmosphere and 6.6:10~2
S-em~! at 200°C in wet a’cmosphere.m At the same time SnP>O7 was reported to show
proton conductivity up to 1.0 S-cm~2E# above 80 °C in unhumidified air. A thorough in-
vestigation into the protonic conductivity was seen from Nagao and coworkers showing
at 250 °C of 1.7-1073, 4.6-10~2 and 4.7-10~2 S-cm™! for SiP,O5, TiP,O7 and SnP,O7 re-
spectively. BI3HEZl These results are presented in Figure The cubic form of SnP>0O7
gave the highest conductivity results spurring a focus on this material and away from e.g.
TiP2Oy7 for IT applications. For SnP,O7 other groups showed similar conductivities. Wang
and coworkers as an example showed conductivities as high as 2.17-1072 S-cm ™! for this
material at 448 K and in wet atmosphere.

These materials were all made by mixing of an oxide precursor (e.g. SnO2) with an ex-
cess of H3PO4 heated to 300 °C until a viscous paste was formed. They were heat treated
at 650°C or in the case of Wang et al.*® and Matsui et al.*<l 500 and 700°C respectively.
The excess of phosphoric acid was seen to have a huge impact on the conductivity of the
resulting compound. Nagao speculated that the reason for the lower conductivities repor-
ted by Matsui et al. B3 was a slight evaporation of phosphate species due to the slightly
higher heat treatment temperature giving a PoO7~ deficiency which in turn affected the
crystal structure.®Il This lead Nagao to the conclusion that the conductivity of SnPO5
was a form of bulk conductivity as this is more affected by structural changes than surface
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or grain boundary conductivity. In the case of Wang at al.!**! the SnP>,O7; was made with
a high initial excess of phosphorous (P/Sn = 2.8) in the form of phosphoric acid and heat
treated at lower temperature than what was seen from other groups (500°C). This gave
a material that performed well at low temperature, 175°C, with conductivities as high as
2.7107? S-em~!. Wang and coworkers attributed the performance of the material to an
amorphous phase in the grain boundary. This was contrary to what was suggested by
Nagao. This dispute will be detailed in Section B.2.4}

In the work of Nagao and coworkers products of aliovalent doping of the pyrophosphates
showed more promise than undoped materials and as will be seen in Section these
materials became the frontrunners of the pyrophosphate based IT electrolytes. As these
doped pyrophosphates began to dominate the IT regime the focus of research for the un-
doped materials has shifted to higher temperatures. For SnP,O7 alternative synthesis
routes such as a chlorite precursor method 8 and a acetate precursor method 2 have
lead to the study of high purity nano powder samples and they have shown bulk conduct-
ivities in the vicinity of 1.0-10~7 S-cm ™~ at 1000°C. B This is believed to be a combination
of bulk and grain boundary conductivity. At these high temperatures TiP2O7 has proven
to yield better results with values of conductivity ranging from 1.0-107° S-cm ™! t0 1.0-103
S-em~! at 900 °C depending on the wetness of atmosphere.

3.2.4 Aliovalent doped pyrophosphates

While looking at metal pyrophosphates Nagao et al. also investigated the aliovalent
doping of these materials with cations such as In®", Sc3*, Mg?* and AI** and its influ-
ence on the protonic conductivity of said dopees. These materials exhibited a substan-
tially higher conductivity than their undoped counterparts. An example of this can be
seen in Figure for In3t doping.m Of this class of compounds Sng gIng 1P2O7 has
shown the highest conductivity. Published conductivities are found to be as high as 2:10~!
S.em~! at 250°C in unhumidified air. These results all stem from the same group
of authors using the same synthesis, namely the previously mentioned oxide precursor
method. Authors using the alternative methods such as the chlorite or acetate precursor
methods have not been able to reproduce such results in the IT range. Park using the
acetate method did not provide conductivity results¥ but Tao reported a conductivity of
3.8:1078 S-em ™! at 250°C. 1% Going up in temperature to 900°C the conductivity reached
8.0-107% S.em™L.

For all materials made by the oxide route a conductivity maximum was seen at 200 - 220
°C. Chen and coworkers reported this maximum to be independent of water content in
the atmosphere. 73 While the conductivity increased with water partial pressure the max-
imum did not move (Figure[.5). This excludes the possibility that the loss of conductivity
is due to escape of water from the electrolyte surface or bulk as the maximum should
move towards lower temperature with lower water partial pressure. It was also seen that
water partial pressure had a profound effect on the conductivity of the material. These
two findings combined suggest a mode of conduction that does not in itself include water
but can be enhanced by water.

Nagao and coworkers investigated the conductivity mechanism of their synthesised com-
pounds by the H/D isotope effect. A lower activation energy (AE, = 0.03 eV) was seen for
D-0 than for HyO containing atmospheres. This was interpreted as a result of dissociation
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of the O-H bound being the rate-determining step in the proton conduction. This lead to
a Grotthuss mechanism interpretation. Based on their findings Nagao et al.***! proposed a
proton conductivity mechanism similar to that seen for high temperature perovskites with
a similar method of proton incorporation (see Equation for Sng gIng 1 P2O7 and similar
compounds. This choice of mechanism has been backed by Heo, 7 Sato 3l and Chen.
As an increase in conductivity is seen for addition of In** up to and including 10 mol %
this may be a result of an ease of formation for oxygen vacancies driving the formation
of interstitial protons. 8l Nagao observed a small change in the lattice parameter in XRD
from 0 to 10 mol % doping correlating with the theory that the larger In** ion (r = 0.92 A)
creates vacancies when substituting for the smaller Sn** ion. Other studies have not seen
this rise in lattice parameter until above 10 mol % dopingZ¥ and then the effect has been
much more pronounced.

The effect of water on conductivity seen in Figure 3.5 was explained as an effect of water
incorporation into the structure via oxygen vacancies.

Another tendency observed is the fact that phosphate deficiency substantially reduces the
conductivity of a material. B3l When a deficiency of above 5 mol % is introduced the con-
ductivity decreases by more than a factor of ten (Figure[3.6). At 15 % the conductivity is
in the order of 10~* S.cm™!. It should be noted that this deficiency was introduced by
withholding phosphoric acid in the first step of the oxide synthesis.

The bulk conductivity interpretation met some resistance. It was noted that higher firing
temperature of the material severely reduces the conductivity. ¥ This must be the result
of a loss of some sort of conductive component as the structure of the material does not
show signs of change. Furthermore Einsla at al.”Zl discovered by neutron scattering a
proton rich phosphate phase not detected by the most commonly used evaluation tech-
nique, X-ray powder diffraction (XRD) . This led them to speculate on the existence of a
phosphorous rich amorphous phase present at the grain boundaries and it being respons-
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ible for the protonic conductivity. This would be hidden from XRD due to its amorphous
nature. This thought has been supported by the work of Kreller et al."**! Here it was seen
that increasing the phosphate to metal ratio did not result in any structural changes as
seen in XRD but did have a drastic effect on the conductivity of Sng gIng 1P2O7. This may
be caused by residual phosphoric acid or a similar phosphorous containing species. Xu
and coworkers?! showed that higher conductivity in SnP,O; was related to a condensed
P rich phase. This was detected by 3!P NMR as well as seen as a broad O-H bond in Four-
ier transform infrared spectroscopy (FI-IR). They concluded that the conductivity was not
due to surface phosphoric acid which would be washed away easily but to an immobil-
ised or polymerised phase sitting at grain boundaries and between particles. This notion
was backed up by the work done by Harley et al. B where LaPO, was shown to owe its
conductivity at 500 °C exactly to such an amorphous phase. Such an amorphous phase
would be much harder to get rid of and still give rise to protonic conduction. While the
work of Xu et al.I”l was done on SnP,0r it is still believed to be valid for samples of
Sng gIng.1P2O7 made by similar synthesis methods. This theory also explains why Chen
and coworkers 3l did not see any loss of conductivity during washing of their samples. To
remove the amorphous phase much more drastic methods are needed, such as prolonged
boiling. This also explains the previously seen relation between deficiency of phosphorus
and loss of conductivity as less of the amorphous phase would have been created during
the synthesis when phosphoric acid was withheld.

While indium doped pyrophosphates are the most thoroughly described aliovalent doped
pyrophosphates in literature they are not unique. As the acidity of Sng gIng 1P2O7 was con-
jectured to promote degradation in carbon electrodes®Bll efforts were made to synthesise
less acidic versions of this material. Genzaki and coworkers < showed results comparable
to those of Sng gIng.1 P2O7 for Sng 9Mgp.1P2O7 and Sng g95Alg.05P2O7. The conductivities re-
ported were as high as 8.3:1072 and 7.5:1072 S-cm ™! respectively at 300 °C. These results
are in good agreement with the study of Tomita B3 on AP+ doping of tin pyrophosphate.
Here conductivities above 1.0-10~! was seen with the best performing doping level begin
5 mol % Al**. Another interesting material is Feg 4Tag 5 P2O7. This was reported in a study
by Shen and coworkers looking at the conductivity of material with the general formula
AFLBY . P2O5. It was seen that introducing a bulk deficiency into the material improved
the conductivity.'** Fej 4Tag 5 P2O7 gave the best results with 2.7-10~! at 300 °C. It should
be noted that these materials were calcined at the very low temperature of 450 °C. Even
though this material seems promising it has yet to be investigated by other groups.

3.2.5 Applications of doped pyrophosphates

Most groups working with the conductivity aspect of metal pyrophosphates and their
doped forms do so from a fuel cell point of view. This means that most electrochemical
application tests seen in the literature are of full fuel cells. Quite a variety can be found in
the literature with varying electrolyte thickness, catalyst loadings and conditions. The
first fuel cell seen was from Nagao et al. B3 The electrolyte was a pressed pellet of
Sng.9Ing.1P2O7 with a thickness 350 pm and Pt/C cathodes with a Pt loading of 0.6
mg/cm? (see Figure . This cell was tested at 250 °C with dry O, and Hy and reached a
maximum power density value of 264 mW /cm?. The cell showed a great tolerance for CO
with no loss of performance with up to 10 % CO in the fuel. Attempts of improving upon
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Figure 3.8: Performance of a sSEBS-

Figure 3.7: Fuel cell with Sng gIng ;P2O7 elec- Feg 4TagsP2O; composite fuel cell under
trolyte at 250 °C in dry Hy and O, unhumidified conditions B3l

these results have centred around methods of creating thin layers of pyrophosphates.
As sintering is made impossible by phosphate evaporation creation of composites have
been in focus. To date most successful result is again by Heo et al. B389 and can be seen
in Figure With the addition of sulfonated polystyrene-b-poly(ethylene/butylenes)-b-
polystyrene (sSEBS) to Fej 4Tag 5P2O7 they were able to create functional membranes of
thicknesses down to 50 um without any greater loss of performance and reaching a peak
power density of 265 mW /cm? at 150 °C. Unfortunately no stability data for these full
cells are published. This would be of great interest as recent results for TiP2O7 indicates
that long term stability may be an issue. &2

Apart from fuel cell applications Nagao also demonstrated an electrochemical cell for
NOy reduction using SngglngP2O7 with the intention of use as sensors or selective
catalytic reduction (SCR) of NOy in diesel exhaust. 87 As the preferred operation
temperature for Sng gIng 1P2O7 is close to the exhaust temperature of diesel engines (200-
350 °) integration would be somewhat easy. The principle was demonstrated using Pt and
Pt-Rh electrocatalysts.

Lastely, Hibino has reported identifyiﬂ%% hydroxide ion conductivity in antimony doped
tin pyrophosphate (Sng.92Sbg.0sP2O7). " Conductivity is reported to be as high as 1.0-10~2
S-em~!. With this material a possible alkaline fuel cell has been demonstrated with a 100
pm membrane stabilised by PTFE yielding a maximum power density of 147 mW/cm ™2 at
200 °C.* The same type of membrane has also been used to demonstrate a rechargeable
air battery. @1

3.3 Electrocatalysts

The benchmark electrocatalysts in PEM electrolysis are platinum for the hydrogen
evolution reaction (HER) and iridium oxide for the oxygen evolution reaction (OER). As
this work can be seen as an evolution of the PEM electrolyser tradition these benchmarks
have been inherited. This section will give a short presentation of these two benchmarks
as well as some interesting alternatives. First the oxygen evolution electrocatalysts will be
discussed and then the hydrogen evolution electrocatalysts.
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Figure 3.9: The activity towards oxygen evolution of oxides. Overpotential is represented as
a function of difference in Gibbs’ free of subsequent intermediates in the oxygen evolution
reaction B2

3.3.1 Anode electrocatalysts

As mentioned in Section the slow kinetics of the OER is responsible for the largest
contribution to the overpotential of an electrolyser cell. It is therefore of utmost importance
that the anode electrocatalyst intrinsically adds as little as possible to the overpotential
of the process. It must be able to bind the species involved in the reaction to its
surface strongly enough for reaction to occur but not so strong that reaction sites become
unavailable. In acidic environment binary oxides of transition metals are most commonly
used. RuO, and IrO, B3 are the most prominent of these. The difference in energy states
of two subsequent intermediates in the OER reaction has been seen to be an indicator of
catalytic activity. This is illustrated in a so called volcano-plot in Figure 3.9 where IrO,
and RuO; are seen to give rise to a low overpotential as neither of the two intermediates
limits the OER reaction. While RuO; has the lowest overpotential it is unstable. As part
of the OER mechanism RuO; is oxidised to RuO,4 which, depending on the operation
temperature of the electrolysis, is a liquid or a gas and can dissolve or evaporate.
Thus pure RuO; has poor stability and IrO; which has higher stability has lonE been
the preferred electrocatalyst. It has been used extensively in PEM electrolysis.
Combination of RuO; and IrOs (IryRu;_4O3) to stabilise the former and improve the
performance of the latter have been seen regularly in the literature as well. Marshall
et al. B8l reported a cell voltage of 1.567 V at 1A /cm? for Irg 6Rug 4O, with a Nafion 115
membrane, an improvement of 125 mV compared to IrO,. Addition of further elements
have also been seen. Cheng P2 reported a reduction of 40 mV at 1 A /cm? with the addition
of Mo to Irg.4Rug 602 (Irg.4Rug.6MoxOy). These are just to name a handful of the numerous
studies of transition metal oxides.
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Attempts to reduce the amount of IrO, due to costs have also been seen. Examples
of this includes the stabilisation of IrOy on TaC.MUIM Ag an example Polonsky and
coworkers I saw a 36% performance increase with the addition of 30 wt.% TaC to IrO,.
This was explained as due to a lowering of the contact resistance and reduced penetration
of electrocatalyst into the GDL during spraying.

While a host of variations have been seen over the binary and mixed transition metal
oxides no non-noble metal alternatives for acidic media have to this authors knowledge
been reported in a peer reviewed journal.

For low acidity electrolytes some possibilities may exist. Nickel is widely used in
alkaline water electrolysis where a surface layer of NiOOH is created on the metal during
operation. This surface oxide layer is believed to be the active species in the OER on
nickel in alkaline media.”3l Kjartansdéttir et al.2 showed in a Pourbaix diagram that
this oxide layer exists into the lightly acidic region, e.g. pH = 6, at voltages above 1.5 V. At
the same time Ni has been seen to have a remarkable stability in KH2PO, at 260 °C. [103]
This indicates a possible use with electrolytes such as CsH2PO4 and Sng gIng 1 P2 Oy if their
surface acidity is found to be on the scale of molten KH»PO,. This is however dependant
on a handful of factors including how the acidic media influences the mechanism of the
OER.

A second possibility would be mixed oxides such as perovskites and spinels. These
material classes includes electrocatalyst previously investigated as OER electrocatalysts
in the framework of alkaline electrolysis. This is materials such as LaNiOs, T4
Bag 55rp.5Cog sFeg2O3_s (BSCF) and NiC0204.Hm A lower acidity of the electrolyte
could allow for their use without corrosion. LaNiO3z have shown high electric
conductivity I and could be an interesting material for an initial test.

3.3.2 Cathode electrocatalysts

The most commonly used cathode electrocatalyst in PEM water electrolysis is platinum,
either as Pt-black or as Pt supported on carbon. Supporting platinum nano-particles on
high surface area carbon stabilises the platinum in regards to particle sintering, gives
a high active surface area and ensures a good electric conductivity. While loadings
of platinum are fairly low, in the range of 1 - 0.5 mg/cm?,2 further reduction or
complete substitution is still a goal due to the high cost of platinum and the fact that
86 % of the worlds platinum production is controlled by only two nations, Russia and
South Africa.l Ways of reducing the Pt contents in the cathode include core-shell
electrocatalyst such as Pt @ Cu, 1%l the production of platinum carbon nano-tubes T
and Pt Bulk metallic glass nanowires.

Contrary to the OER a range of alternative non-noble metal electrocatalysts have been
proposed for the HER such as MoS; ™I and boron-capped trix(glyoximato) cobalt
complexes.

In the context of phosphate based electrolytes two materials, namely Ni and WC,
have recently been seen to give good results for HER. Papandrew and coworkersT3
demonstrated the use of unsupported Ni nano particles for the HER with CsHyPOy, as
electrolyte at 250°C. By sequential uniaxial pressing at 125 MPa membrane electrode
assemblies with 60 pm electrolytes were formed. The Ni electrode had a loading of
3.5 mg/cm? and the Pt/C electrode had a Pt loading of 1.05 mg/cm?. Testing at -0.2
V with humidified hydrogen on both electrodes (0.3 bar water partial pressure) gave a
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stable reduction current of 207 mA/cm?. Measuring under identical conditions with two
Pt/C electrodes gave a current density of 558 mA /cm?. Measuring at steady-state (-0.2 V)
showed a stable result over 100 hours.

Secondly tungsten carbide (WC) has been known to be active for the HER since the
70’s.l4l Recent studies of its activity with elevated temperature™3M8 have shown
increasing activity in phosphoric acid at all measured temperatures from 22 °C to 186 °C.
As WC is a refractory ceramic it would be expected to be functional at temperatures where
Pt is unusable and increase in activity well into the intermediate temperature range. This
makes it an ideal candidate for an alternative HER electrocatalyst in IT electrolysis.

3.4 Conclusions based on the literature

The investigation of the literature lead to a focusing of the scope of the work. It was
decided to attempt to create functioning electrolyser cells with Sng gIng 1P2O7, CsH2PO4
and niobium and bismuth containing compounds as electrolytes. It was also decided
to investigate Mg?™ and AI*" doped pyrophosphates in the hopes of these replacing
the expensive indium doped material. Pt and IrO, electrocatalysts were chosen as
benchmarks for cathode and anode electrocatalysts respectively due to their ubiquity in
PEM water electrolysis. The alternative electrocatalysts chosen for investigation were WC,
Ni and LaNiO3. WC and Ni were to be tested as cathode electrocatalyst where it was the
hope that they would prove to be highly active and highly stable. Further it was the hope
that a raising of the temperature would give improved performances. Ni was also to be
tested as anode electrocatalyst to see if the acidity of the environment was low enough to
keep it from dissolving and instead forming an active oxide layer. LaNiO3 would also be
tested as anode electrocatalyst to get an idea of the feasibility of the use of mixed oxides
in this regard.
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CHAPTER 4

Experimental techniques

This chapter will present the techniques used to evaluate experiments. This includes
physicochemical techniques and electrochemical methods. The electrochemical methods
will be described in detail and the theoretical background will be given when appropriate.
The workings of the physicochemical techniques will be considered common knowledge.

4.1 Physicochemical techniques

41.1 X-ray powder diffraction

X-ray powder diffraction (XRD) was used for phase determination. This was done using
a Huber D670 diffractometer equipped with a CuKa radiation source (A = 1.54056 ). The
range was 3° to 100° in steps of 0.02° in 2¢. For determination of average crystallite size
for a chosen crystal plane the Sherrer equation was used:

QA
~ Bcos#

(4.1)

Where T is the average crystallite thickness as measured through the given plane, C
is the shape factor and B is the peak width at half maximum. C was assumed to be
0.9 independent of shape making the calculated values valid only as a means of size
comparison amongst similar samples and not as actual thicknesses to be compared with
arbitrary materials.

4.1.2 Scanning Electron Microscopy and Energy Dispersed Spectroscopy

Scanning electron microscopy (SEM) was done on a Zeiss Evo MA 10 scanning electron
microscope. Energy Dispersed Spectroscopy (EDS) was done with a Oxford EDX X-max
80mm? detectror.

4.1.3 Fourier transform infrared spectroscopy

FT-IR was done using a PerkinElmer Spectrum Two with a UATR single reflection
diamond. Spectra were recorded and treated using PerkinElmer Spectrum version
10.03.07.

4.1.4 3'P Nuclear Magnetic Resonance

All 3'P Nuclear magnetic resonance (NMR) measurements were done at Institute of
Chemical Engineering, Biotechnology and Environmental Technology, University of

30
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Southern Denmark (SDU).

3IP NMR measurements were done on a Varian INOVA spectrometer using a 3.2 HX
magic-angle spinning (MAS) NMR probe tuned to 'H and 3!P. Measurements were
performed at 11.7T corresponding to 202.3 MHz for 3'P. The spectra were referenced
relative to 85% H3PO, (6(*'P) = 0 ppm) and tetramethylsilane using a secondary reference
of HyO (5(*H) = 4.6 ppm). The 3'P MAS NMR spectra were recorded using 12 kHz
spinning and a relaxation delay of 400 s with 'H decoupling. The *'P NMR spectra were
analysed using the program SpinWorks.

4.2 Electrochemistry

4.2.1 Polarisation

As polarisation curves are an expression for losses in the cell as current is raised they can
yield important information about the performance of a cell. For an electrolyser lower is
better and a simple comparison of voltage at a given current density, or vice versa, between
cells can often give a good indication of which cell performs the best. This is however
rather qualitative and says nothing about the performance of the individual components
of the cell.

As discussed in Section a variety of processes add to the overpotential of an
electrolyser cell when current is applied. Estimations of the contributions from electrodes
and ohmic processes can be separated to better evaluate polarisation data. Rewriting
Equation ﬁand Equation shows how: 117

Ecell = Erev + Nan + Neat + I Rohm
= (A+b-log() + (I-R) (4.2)

Fitting Equation 4.2 to a polarisation curve allows for determination of parameters A, b
and R. A includes the reversible cell voltage and the Tafel equation constant (Equation[2.9]
in Section[2.2.2), b is the pre-log factor from the Tafel equation and R is the ohmic resist-
ance (Rohm) of the cell. This makes it possible to quantify the contribution of activation
and ohmic losses to changes in polarisation curves.

4.2.2 Platinum reference electrode

Polarisation curve fitting does not allow for a splitting of activation over voltage into an
anode contribution and a cathode contribution. If this is desired a reference electrode
can be introduced. Reference electrodes allows for measurements of potential differences
between an electrode of known potential (the reference) and an unknown electrode. This
allows for determination of the overpotential contributions of the electrodes in a cell. A
very commonly used reference is the Pt/Hs reference electrode. Such a reference was used
in this work to determine the anode and cathode contributions in electrolyser cells.

The reference measurements in this work were done with the platinum wire placed on
the cathode side of the electrolyte with a distance from the cathode of at least 3 times the
thickness of the electrolyte. Such a placement has in literature I8 been shown to measure
the same potential as an electrode placed halfway between the cathode and the anode.
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This means that the measured potential will need to be corrected by 3 the electrolyte
resistance if a single electrode potential is to be obtained.

4.2.3 Impedance

To supplement polarisation curve evaluation electrical impedance spectroscopy (EIS) was
employed. This allowed for determination of electrolyte resistance which in turn could
be compared to the estimated ohmic resistance from polarisation. It also allowed for
evaluation of electrode degradation over time or temperature.

Impedance can be seen as an extension of the concept of resistance. Where resistance is
a circuit elements ability to withstand the flow of direct electrical current impedance is
said elements ability to withstand alternating current. Impedance, contrary to resistance,
have a phase. This means that apart from the change of a signals magnitude, as per Ohms’
law seen for direct current, a change of phase may also be observed. Impedance is also
dependant of a signals frequency. The response of an ideal resistor is independent of
frequency. This is however not the case for different circuit elements such as inductors
or capacitors. This means that by sending a current or voltage signal and varying the
frequency, observation of shifts in phase and magnitude can give detailed information
about a system.

For a sinusoidal voltage signal, E = Eg sin (wt), the current response is I = Ij sin (wt + ¢).
Impedance is then defined as:

E(w)  Epsin(wt) sin (wt)
I(w) Ipsin(wt+¢) Osin (wt+ @)
where E; is the amplitude of the voltage, Iy is the amplitude of the current, Z is the

impedance magnitude, w is the radial frequency and ¢ is the phase shift. All these
parameters are functions of frequency. This relation can be rewritten to a complex form:

Z(w) =

(4.3)

Eoe(iwt)

2(@) = { e

= Zo(cos (¢) +1isin (¢)) (4.4)
where i = v/—1. This representation has the advantage that it lets the impedance be split
up into a real and an imaginary contribution, both functions of frequency. These contri-
butions are Z,. = |Z| cos (¢) and Zin, = |Z|sin (¢) respectively. This allows for ease of rep-
resentation via the so called Nyquist-plot. Here the real part of the impedance is plotted
along the x-axis and the imaginary part along the y-axis. Moving towards higher values
on the x-axis corresponds to lower frequency. Any point on the impedance curve can be
represented by an impedance vector from the origin. This is illustrated in Figure Note
that the y-axis is negative.

Processes or circuits will in general show up as semicircles or depressed simicircles in
Nyquist plots. These are in general a characteristic of a time constant of a specific phe-
nomenon but may hide more than one phenomena. This will be treated in more depth in
Sections4.2.5land [4.2.4].

Of note here is the fact that when the phase shift is zero (¢ = 0) then Z = Z,. as the imagin-
ary part of the impedance is 0. This is the special case of the ideal resistor and R = |Z| =
Zre. It means that at frequencies where a system behaves as an ideal resistor the resistance
of the system can be read of the real axis. For an electrochemical cell this is the ohmic res-
istance of the electrolyte. The impedance where the signal has an imaginary component
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Figure 4.1: An example of a Nyquistplot. The pure resistance is read as the left most intercept with
the x-axis. The right most intercept gives the polarisation resistance.

is termed the polarisation impedance. The distance measured along the real axis from the
beginning to the end of the polarisation impedance is called the polarisation resistance,
Ry

Tﬁe measurement of impedance can be done by sending a signal of a fixed amplitude
into the system and varying the frequency of said signal. Different processes or elements
will show different responses depending on frequency and covering as broad a range of
frequency as possible is desirable to get a complete picture. There is a trade off as low fre-
quency means long time for data collection. Frequency is usually varied over 6-8 decades
and 10 points of data recorded each decade. In this work spectra will be recorded from
10° Hz to 107! Hz.

An important factor is that an impedance response is only really meaningful if the region it
is recorded in is approximately linear. Otherwise the assumption of a sinusoidal response
from a sinusoidal signal will break down. To ensure this the amplitude of the signal used
must be chosen with care. Again there is a trade off however. If the amplitude is too little
the signal to noise ratio will be too small and the recorded data will be of poor quality. It
is conventional wisdom to use signals around 10 mV. In this work higher amplitudes have
been used due to signal to noise concerns.

4.2.4 Kramers-Kronig Analysis

When using impedance data it is important to validate it as many things may influence
and possibly corrupt the data. One possible, and popular, way of assessing the quality
of impedance data is by using the Kramers-Kronig (KK) transformations. The general
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principle of these transformations are based on causality of impedance data. If the data is
of good quality then the imaginary part of the impedance over a full frequency range can
be determined from the real part of the impedance with the exception of a possible stray
inductance. Likewise the real part of the impedance can be determined from the imaginary
impedance with the exception of possible zero or infinity frequency resistances. A more
detailed treatment of the mathematics behind this concept can be found in Appendix[A.T]

These mathematical concepts has the result that by doing transformations on the real and

imaginary part of impedance data respectively and comparing them to the measurements

the quality of the data may be gauged. Poor quality data will show deviations between
measurements and calculations. When looking at residual plots it is generally safe to use
data with no more that 1 % deviations.

For a data set to be considered "of good quality" by the KK transformation it must fulfil

the following conditions T2120I

e Causality The measured signal may not depend on anything but the applied signal.
No response may be present before the signal is applied. This may break
down due to stray inductances, systemic interferences and the like.

e Linearity As mentioned before there must be a linear relation between the applied
signal and the received. This may break down if too big a amplitude is
used.

e Stability = The system may not change during the duration of the entire measure-
ment. If the system is not in equilibrium or the signal induces change this
may break down.

e Finiteness A finite response must be received for all frequencies. It includes w — 0
and w — oo.

This last induces some problems as it requires responses for an impossible large range

of frequencies. If highest and lowest frequencies measurements give Zij, = 0 and Z,. = a

constant this may be disregarded. If not, an extrapolation of the data is needed. This is

also treated in Appendix[A.1} It is quite common to get signals due to inductances in the
system e.g. at high frequencies. If the rest of the conditions are met KK transformations
can be used to correct the impedance data for inductance.

In this work KK validation was done using the program written by Boukamp in 1999, 21l

Data with a residual distribution within +1 % was considered good data. In some special

cases higher percentages were allowed if the rest of the data was of good quality, no

patterns were seen in the residuals and the offending part of the data was not used for
any interpretation.

4.2.5 Distribution of relaxation times

Another way of evaluating impedance data is looking at the distribution of relaxation
times (DRT). DRT is a very useful tool for evaluating systems that are not yet well
understood and where a precise equivalent circuit model is not yet available. It can even
be used to separate overlapping u%larisation processes and requires no prior knowledge
of the processes of the system. This gives it a great advantage over e.g. Nyquist
representation where semicircles may hide more than one element.

The different polarisation processes in a cell have different time constants (relaxation
times). These processes contribute to the total impedance with a fraction of the
polarisation impedance at each frequency. It is in theory possible to distinguish different
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processes by observing at which characteristic frequencies there is a spike in impedance
contribution. This requires a link between the distribution of relaxation times and
polarisation impedance observed. This was determined in 1941 by Kirkwood and
Fuoss 2 with their convolution equation:

o0 ,Y T o0
Zpol(w) = Rpol /0 : +(1le7’ /0 y(r)dr =1 (4.5)

where 7(7) is the distribution function, Ry is the polarisation resistance and Z,, is
the impedance. It can be seen as a measure of how large a fraction of polarisation
resistance is contributed at a given relaxation time. We would like to isolate y(7) but this
is problematic. The relation requires measurements over the entirety of the impedance
spectrum which is not physically possible. This makes it impossible to solve analytically.
Even numerically it is problematic as even large samples of data are susceptible to
amplification of experimental errors.

These problems can be overcome however if the data obtained is of good quality. Then
it may be extrapolated to practically zero and infinite frequency by KK transformation.
This gives the possibility of estimating the ohmic resistance (Rs) and the total resistance
(Riot)- By extension the polarisation resistance (Rp) can be estimated as well as it is equal
to Riot - Rs. The extrapolated data can then be Fourier transformed, filtered for amplified
experimental errors and bé inverse Fourier transformation the distribution of relaxation
times can be obtained. This deconvoluted function can then be plotted as a function
of frequency (f = 27/7)) and the fractions of polarisation can be seen. Discerning peaks at
specific frequencies can give an idea of the number of elements in a system. Elements with
more than one relaxation time, such as electrode processes, gives a broader distribution
than ideal processes. This may cause overlap of relaxation peaks. However a further
benefit of this method is that changing reaction parameters such as temperature, gas
flow, gas composition and purity of feed can reveal which peaks belong to which kinds
of processes and help to further deconvolute the spectrum. Raising temperature, say,
would result in an activation of kinetic processes and a shrinking of peaks related to these
processes. A comparison of DRT at different temperatures would make this immediately
apparent. Thus mapping of processes to frequencies is possible if enough parameters are
changed. This can be used to get an idea of how approach fitting of the impedance spectra.
Theoretically it is possible to determine resistances related to each process by integration
of each peak. However it is not advisable as the fitting is still an approximation. DRT
should only be used as a way of evaluating qualitative trends.

In this work DRT was done using the software toolkit RavDav developed at DTU Energy
Conversion by Chris Graves. 12

The concepts detailed here are elaborated in Appendix|[A.2

4.2.6 Complex non-linear least-squares fitting

Certain phenomena give rise to a specific kind of impedance response. In the case of
electrochemical cells two very commonly seen responses are the capacitor and resistor
placed in parallel (RC), and a so-called constant phase element (CPE) and a resistor placed
in parallel (RQ). The CPE replaces the ideal capacitor in the case of a phenomenon which
does not have a single time constant but a distribution of time constants. The most
commonly seen example of this is electrode processes where surface roughness and other
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inhomogeneities result in such a distribution. The impedance of the RC and RQ responses
can be expressed as:

R R

= Z _- T = 4.
1+ iwRC R 1+ (iw)"RQ (46)

Zrc

where R is a resistance, C is a capacitance, Q is the constant phase proportionality factor
and n is the constant phase exponent with values between 0 and 1. Where a RC element
is seen in a Nyquist plot as a semi-circle the RQ element is seen as a depressed semi-
circle and n can be seen as a value of this depression. It is very important to note that
contrary to R and C, Q has no direct physical counter part and is a mathematical tool in
the investigation of heterogeneous processes.

These above mentioned elements can be fitted to recorded impedance data by complex
non-linear least-squares (CNLS) fitting. If the system investigated is sufficiently well
known, e.g. by prior investigation by DRT or similar, a selection of elements may be
ascribed to the two different processes in the system.

In this work this approach was used to quantify the resistance contributions from different
parts of the system. Fitting was done using the program ZView. A simple equivalent
circuit model consisting of R-RQ-RQ was used (Figure . This model was seen to be in
good agreement with not only the data fitted (y? less than 10~ for all fits) but also what
was observed in DRT.

R1 R2 R3
WA —
CPE1 CPEZ
L LN
L Fad

Figure 4.2: The equivalent circuit used for fitting electrolyser cell impedance in this work. A simple
R-RQ-RQ circuit was used.

4.2.7 Conductivity

In this work impedance spectroscopy was also used for determination of protonic con-
ductivity (o) of electrolyte samples. For samples of high conductivity the electrolyte res-
istance can be determined from the ohmic resistance seen in the impedance spectrum.
This method was used for determination of conductivity in this work.
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CHAPTER 5

Fabrication of components

This chapter deals with the fabrication of components used and tested in electrolysis. This
includes the synthesis of electrolytes and pressing of these into testable pellets, synthesis
or fabrication of electrocatalysts and GDLs and their assembly into functional electrodes.
Some thoughts and results on optimisation of these components for electrolysis operation
will be part of this chapter as well. This will be in anticipation of the next chapter where
the construction and operation of the electrolysis setup will be discussed thus describing
the use of the components presented here.

A note on the phraseology used: Here and in the following chapters an assembly of a GDL
and an electrocatalyst will be called an electrode. Similarly an assembly of two electrodes,
an anode and a cathode, and an electrolyte will be denoted as a cell or an electrolyser
cell. When referring to the components into which the electrolyser cell is placed when
electrolysis was attempted, the flow plates and end plates, the phrase cell housing will
be used. The cell housing and the additional components needed for electrolysis (e.g.
evaporators, temperature controller, condensation unit) will be termed the setup. While
this phraseology may not entirely line up with other authors conventions this was found
to be the least confusing by this author. Hopefully this will eliminate confusion on what
the usually rather loosely defined term "cell" actually refers to in this work.

5.1 Synthesis of proton conductors and catalysts

5.1.1 Iridium oxide

The iridium oxide used as anode electrocatalyst was synthesised by a modified Adams
fusion synthesis method. The Adams fusion method, first published by Adams and
Voorhees ™22 in 1922, is a still widely used technique for creating high yield, high purity
PtO,, from a chloride precursor. While PtO; is in itself not an active catalyst it is easy
to handle and can be reduced in situ to platinum black and thus making it catalytically
active. The synthesis has since been modified in various ways to create other metal oxides
such as RuOs, IrO4 as well as mixed oxides. [91128]

The technique relies on an ion exchange of C1~ by NO3', by mixing the chloride precursor
with a NO; source in a solvent. This can be done in a range of polar solvents, and
originally water was used. Today it is common to use isopropanol. The ion exchanged

metal nitrate and by-products are subsequently heat treated to eliminate NO, and
oxygen: 128l
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H>IrClg + 6NaNO3; — NaCl + IF(N03)4 + 2HNO3 (5.1)
Ir(NO;3)s 2 IrO, + ANO, + O, (5.2)

The synthesis is carried out in a furnace due to heat requirements as well as NO; and
NO evolution. Gas evolution be%ins around 350 °C, and to ensure full reaction heating
to 500 °C is usually employed.

The synthesis was in this case done as follows: Dihydrogen hexachloroiridate(IV)hydrate
(Alfa Aesar 99% metal base), 3214,87 mg, was weighed in a glove box under argon. The
inert atmosphere was a necessity to keep a fixed hydration level and by extension a true
measure of the amount of iridium weighed. The HIrClg-4H>O was brought to complete
dissolution in 75 mL isopropanol (Sigma-Aldrich, puriss). After complete dissolution,
generally after 3-4 hours under stirring, finely mortared sodium nitrate was added at
a molar excess of 100 times the amount of iridium, in this case 56.85 g. The addition
was done a little at the time under stirring and when all the NaNO3; was added the
mixture was heated to 70 °C still under stirring and evaporated to dryness (6-8 hours).
The resulting mixture was mortared, placed in a crucible and moved to a furnace which
had been preheated to 500 °C. After heat treatment in 5 hours the furnace was allowed to
cool freely. The reaction product was removed from the crucible, a process often requiring
hammer and chisel, ground and then washed by centrifugation in demineralised water
until addition of silver nitrate to the washing water showed no signs of residual chloride
ions. Up to 6 washes were needed for such a large batch. After drying the catalyst was
ready. Nominally the yield should be 1.500 g IrO; and in reality the yield was in the range
of 96-99 %.

Investigation by XRD showed a single crystalline phase compound. Using the Scherrer
equation the average crystallite size for the (110) plane was calculated to be 8.3 nm. SEM
showed individual particles in the range of a few hundred micron in loose agglomerates.
BET revealed a specific surface area of 121 m?/g.

5.1.2 Tungsten carbide

The following synthesis work was graciously done by PhD Simon Meyer from the
Inorganic Chemistry group at the Technical University of Munich, Germany:.

Tungsten carbide (WC) samples from two different precursors where synthesised for
testing. These precursors were mesoporous WO3 and W3N denoted mWO3 and mWsaN
respectively. mWO3 was made by impregnation of a mesoporous silica template (KIT-
6) with ammonium metatungstate. After calcination mesoporous tungsten trioxide
was obtained. Further ammonolysis of mWO3 gave the mW,N precursor. These
precursors where then treated with HF and water 3 times by centrifugation to remove
the silica template. They were then carburised in a gas steam of 25% CH, in Hy. The
resulting tungsten carbide powders were named mWO3; and mW>N after their respective
precursors. The BET surface areas of the resulting tungsten carbide powders were
measured to 6 m2g~! for mWOj; and 18 m2g~! for mW,N.
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513 CsH,PO,

CsHyPO4 was prepared by precipitation. 30 g CsCOs (Sigma-Aldrich, 99.9%) was
dissolved in 175 mL water. This was done under heavy stirring for a few hours to promote
degassing. Addition of 85 % H3PO, (Sigma-Aldrich, puriss) was carried out under
constant pH monitoring until a pH of 4.62 was reached. The CsH3PO, was precipitated
by slow addition of methanol and the precipitate was allowed to settle over night. The
powder was collected, washed in methanol and dried 2 days at 90 °C before use. XRD
showed a pure crystalline power.

As an alternative a SiC whisker reinforced CsHyPOj electrolyte was synthesised by PhD
Daniel Risskov Serensen from the University of Southern Denmark (SDU). 72 g beech
wood saw dust was soaked in 180 mL 96 % ethanol. 22 mL HCI (Signa-Aldrich, 37%) was
then added together with 40 mL tetraethyl orthosilicate (TEOS, Sigma-Aldrich 99.999%)
and the mixture was stirred for 6 hours. The resulting slurry was then allowed to dry
overnight and the resulting solid was ground, placed in an alumina crucible and heated
to 1500 °C at a ramp of 5 °C/min in a tube furnace under an argon flow of 300 mL /min.
It was kept at 1500 °C for 6 hours and allowed to cool to room temperature at 10 °C/min.
The resulting mixture was dispersed in 500 mL distilled water in a separation funnel.
5g of aluminium sulphate was added and after shaking the funnel and letting it rest the
bottom part of the water phase was transferred to a separation funnel. The process was
repeated first with 20 mL toluene and 1 g aluminium sulphate and then 20 mL chloroform
and 1 g aluminium sulphate. The process was repeated until the desired purity of SiC
whiskers was achieved. The whiskers were then washed, centrifuged and dried at 100
°C overnight. CsHsPO4 was the deposited onto the whiskers by dissolution and re-
precipitation in water. The material tested in this work had a reinforcement of 5 wt.%
SiC whiskers. The resulting product was denoted as CsH2PO,4-SiC.

Lastly a reinforced electrolyte was made by mixing CsHyPO,4 and ZrOj. 33 wt.% ZrO,
was added to CsH>PO,4 and the mixture was ground thoroughly in a mortar. This mixture
was denoted CsHyPO4-Z1rOs.

5.14 Sno_glno_1P207

Table 5.1: Synthesis details for Sng 9Ing 1 P2O7 samples. Ramp, texture and end temperature referes
to the paste formation process. For quenching a no denotes that the furnace was allowed to cool
before the sample was removed. A yes means that the crucible was removed from the furnace at
650 °C and left to quench in air.

Sample Ramp from 90 °C Texture End temp. Quenching

A Raised in increments of 50 °C Hard clay-like 285 °C No
dwell 15 min

B Raised in increments of 50 °C Soft clay-like 265 °C Yes
dwell 15 min

C Raised in increments of 50 °C Soft clay-like 285°C No
dwell 15 min

D Direct ramp to 300 °C Soft paste/hard paste ~ 298,5°C No

E Direct ramp to 280 °C Soft paste/hard paste 278 °C No

F Direct ramp to 280 °C Soft paste/hard paste 278 °C No
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All samples of Sng gIng 1P2O7 used in this work were synthesised by the previously

mentioned oxide synthesis route (Section B.2.3). A 80 nm SnO, precursor (Inframat
advanced Materials, 99.9%) was mixes with InoO3(Aldrich, 99.99% trace metals basis) and
mortared. The powder mixture was dispersed in 25 mL water and mixed with 85 wt%
H3PO4 (Sigma-Aldrich, puriss) in a phosphorous to metal ration of 2.8. The mixture was
placed in a Pyrex cylindrical beaker which was in turn in a cylindrical aluminium heat
exchanger. A glass spatula fixed to a motorised stirrer ensured an even and constant
stirring of the mixture. A thermocouple was placed in a wall of the aluminium heat
exchanger for temperature control. The temperature was first increased from room
temperature to 90°C within an hour, by which most of the water was evaporated. The
temperature controller was then set to 300°C and the mixture was kept under constant
stirring until a viscous paste was obtained. This happened before reacting 300°C and the
synthesis had to be monitored constantly so it could be interrupted the moment the paste
was formed. The resulting paste was transferred to an alumina crucible and further heated
with a lid to 650°C with a temperature ramp of 180°C/h and kept at this temperature for
3 hours. The furnace was allowed to cool before the crucible was removed. The material
obtained by the above synthesis procedure was ground and kept in a desiccator.
The oxide synthesis route is hard to control in a reproducible manner. Prior to settling on
the above described synthesis route other variations were tried. These are summarised
in Table The method described above corresponds to the sample denoted (F).
Characterisation of these materials will be covered in Chapter [/}

5.1.5 Sn0.95A10.05P207 and Sngthg0_1P207

Additional electrolytes were synthesised. Sngg5Alg 05P207 and SnggMgp 1P207 were
synthesised by a route analogous to the one described above for Sng 9Ing 1P207. InpO3
was substituted for AI(OH); and Mg(OH), in the respective synthesis.

5.1.6 Bismuth phosphate

The followinﬂ%?ynthesis work was done by PhD Y. . Huang during his stay at DTU Energy
Conversion.

BioO3 was mixed with 85 % H3PO, (Sigma-Aldrich, puriss) at an initial molar ratio of
P/Nb of 1.8. This mixture was then heated to 200 °C under conditions analogous to those
described in Sectionfor Sng gIng 1 P2O7. The paste was placed in a crucible and heated
to 650 °C for 3 hours. The furnace was allowed to cool down before the sample was re-
moved. The resulting powder was ground with a mortar and pestil and stored in a desic-
cator. The material was denoted Bi-P.

5.1.7 Niobium phosphate

The following synthesis work was done by PhD Y. J. Huang during his stay at DTU Energy
Conversion.

The synthesis was based on the work of Kishor et al. I3l who demonstrated a synthesis
route for making nano sized microporous niobium phosphate. The exact structure of this
material is undetermined. In our case an extra step was introduced where the microporous
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powder was heat treated together with phosphoric acid in order to increase its protonic
conductivity.

2 g of NbCl5 was added to water, approximately 40 g, for partial hydrolysis. H3PO, 85
wt.% (Sigma-Aldrich, puriss) was added in a molar excess of 2 relative to Nb. Additional
40 g water was added and after stirring for 30 min aqueous ammonia was added until pH
2.60 was reached. The formed precipitate was filtered, washed in demineralised water,
was placed in a beaker and 10 g of water was added. 1.10 g hexadecyl amine (Sigma-
Aldrich, 98 %) was added and after 30 min of stirring 0.68 g 85% phosphoric acid was
added as well. The mixture was stirred for 30 min while monitoring the pH making sure
it was under 3.88 and a gel was formed. This was placed in a Teflon lined stainless steel
autoclave. Reaction under autogeneous pressure was carried out for 2 days at 65 °C. The
resulting product was washed, filtered, dried at 100 °C and calcined at 450 °C for 6 hours.
The resulting powder was ground and an excess of phosphoric acid was added before it
was heat treated at 650 °C for 3 hours. The resulting product was denoted Nb-P.

5.2 Pellets and reinforcements

The synthesised powders were formed into testable electrolyte pellets by uniaxial
pressing. As will be discussed in Chapter [f the initial cell housing design required
electrolyte pellets of 40 mm diameter. For these pellets PBI was used as a binder. The
electrolyte was mixed with a 6.1 wt.% PBI in dimethyl acetamide (DMAC) solution (in-
house made) to add 6 wt.% PBI. The mixture was mortared thoroughly and the DMAC
was evaporated under suction at 150 °C. This mixture was used as a precursor for
electrolyte pellets. Pristine electrolyte was mixed with the PBI soaked electrolyte in a ratio
of 4:3 and ball milled in a planetary ball mill for 1 min at 300 rpm. The crucible and balls
used were lined with tungsten carbide and were heated to 90 °C to minimise the uptake
of water by the electrolyte during milling. The resulting powder mixture was transferred
to a pressing tool and hot pressed at 80 °C for 2.5 hours with 30 tonne. The die was cooled
and pressed for 1 min with 20 tonne to make disassemble easier. These electrolytes were
tremendously hard to handle and only one in eight actually made it to testing without
breaking during the pressing procedure or the cell assembly. For this reason these sizes of
pellets were abandoned and a new cell housing was made.

The new cell housing was designed for 20 mm pellets (Section[6.1.7land [6.1.8). These were
uniaxially pressed at room temperature in a pressing tool using 10 tonne for 5 min. For Nb-
P, CsH;POy4, CsHoPO4-SiC, CsHyPO4-ZrO4 and Sng gIng 1 PoO7 no binder was needed. The
powders were pressed as synthesised and gave easily handleable pellets. Bi-P however
needed a binder to be pressed into a cohesive pellet and 2 wt.% PBI was added by the
same procedure as described above.

As a result of shifting to smaller electrolytes the size of the electrodes was reduced to 13
mm in diameter (A = 1.33 cm?).

5.3 Tantalum coated Gas Diffusion Layers

The GDL on the anode side on an electrolyser needs to be able to handle the very oxidative
environment created by polarisation and oxygen formation. It will be in direct contact
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with the acidic electrolyte as well. As one of the great advantages of IT electrolysis
compared to SOEC is that materials used in PEM electrolysis may be applied it would
appear obvious to use titanium felt or sinter as GDL. However, work previously done
it our group®3 has shown that titanium has a high corrosion rate in the presence of
hot phosphoric acid and polarisation. Samples tested in 85 wt.% H3sPO, at 120 °C at
potentials up to 1.1 vs. standard hydrogen electrode (SHE) showed a corrosion current
of 6.3 mA corresponding to an approximate corrosion rate of 73.3 mm/year. While the
surface acidity of the electrolytes, a property notoriously hard to quantify and qualify,
used in this work may not in absolute terms be comparable to the acidity of the phosphoric
acid they may hold some of its properties. Especially the Sng gIng 1P2O7 which derives its
protonic conductivity from an immobilised phosphoric acid phase may at local contact
points with a GDL have properties sufficient for detrimental corrosion.

In order to avoid the least chance of corrosion interfering with our electrolysis tests
tantalum was chosen as a protector against corrosion. In the previously mentioned
study 3 it was seen that tantalum under the same conditions had a corrosion current of
6.3 -1075 mA corresponding to an approximate corrosion rate of 1:10~2 mm/year. Further
more its low electric resistivity, 12.2 p2- cm at room temperature and ~ 21.8 uf2- cm at
200 °CI3 ensures good conductivity through the protected component. The quoted
resistivity may be a bit misleading as it is not the pure tantalum that is responsible for the
actual corrosion stability. This seems to originate from a protective layer of Ta;O5 formed
on the surface of the metal. An XPS study by Lecuyer and coworkers3 indicated that
the naturally formed oxide layer was 3 nm thick with 1 nm thick suboxide TaO clusters
scattered along the interface of the tantalum and the TaxOs. This thin naturally formed
oxide layer did not impede heavily on the electronic conductivity. A study by Shimizu
et al. investigated the anodic formation of oxide layers in 85 wt.% phosphoric acid.
Using a 500 nm thin tantalum film on aluminium a current of 1 mA /cm? was applied and
an oxide layer began forming. The resulting voltage rose with the thickness of the oxide
layer and the experiment was stopped at 60 V. Specimens stopped at this forming voltage
showed an outer layer of POZ’ doped tantalum, 50 nm thick, and a 21 nm thick Ta2O5 at
the interface between the phosphate layer and the pure tantalum metal. Thus formation of
layers much thicker than the naturally occurring 3 nm were promoted by the anodisation.
This shows the importance of both the naturally occurring layer and keeping a low voltage
to hinder the oxide growth.

The anode GDLs used were made from woven stainless steel felts (SSF) 500 ym thick. One
side of the felt was woven with thin fibres (8um) and the other with thick fibres (12 um).
The side with the thin fibres gave smaller pores thus giving a larger surface area with more
contact points to be in contact with the electrolyte. The larger pores on the side with the
thicker fibres allowed for easier access of gas into the felt. To create a corrosion resistant
GDL tantalum was coated onto the felt by chemical vapour deposition (CVD) . In this
technique a solid phase is deposited onto the surface of a substrate from the gas phase.
A precursor compound containing the desired metal, in this case TaCls, is vaporised
allowing for the metal ions to reach the substrate surface in a uniform manner and form
solid metal. This method gives a highly uniform surface coating with great adhesion to
the substrate. It allows the coating to reach nooks and crannies other techniques cannot
reach. The layers of metal deposited generally have thicknesses in the order of 2-4 um.
Therefore when dealing with a geometry as sophisticated as a woven felt with varying
thread thickness CVD was seen as an ideal match.
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Going back to the protective oxide layer on the tantalum surface it should be mentioned
that Hansen et al.2 investigated Ta coated SSF similar to the GDLs just described.
Using tantalum foils and said felts to experimentally approximate the conditions at
the GDL/flow plate interface and measuring the contact resistance at given clamping
pressures it was seen that only a small contact resistance arose at the interface of these
materials, e.g. 3 mQ cm? at 2 MPa clamping pressure. These results were better than the
target of 10 m(2 set by the DOE for fuel cell GDL/bipolar plate contact resistance to be
reached in 2020 (no such target exists for electrolysers). This lead to the conclusion that
the naturally formed oxide layer on the tantalum did not impede the electric conductivity
significantly.

Table 5.2: The specific conditions, dimensions and results for the coating of tantalum onto two
pieces of stainless steel felt initially identical. Both were cut from identical 15 cm by 15 cm sheets
of felt. The deposition rate is for a reference sample

Sample Dimensions Temperature Time  Weightgain Deposition rate

Felt 1 15cm-5cm 825°C 6 Hours 0.397 g/cm? 5 pu/hour
Felt 2 15cm - 7.5 cm 825°C 2hours  0.270 g/cm? 10 p/hour

(b)

Figure 5.1: The difference in tantalum coatings of stainless steel felt (a): Felt 1 with a loading of
0.380 g/cm? (b): Felt 2, loading of 0.270 g/cm?.

The amount of tantalum deposited during CVD is highly dependant on reaction tem-
perature as well as the size of the substrate and position of the substrate in the furnace
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relative to the gas inlet. As an example of this can be considered the two kinds of Ta coated
felt used for anode fabrication in this work. Denoted felt 1 and felt 2 they are shown as
SEM images in Figure p.1]and their data and CVD conditions can be found in Table
The deposition rate is for a reference sample and is not a measure of the amount actually
deposited on the felt.

Prior to tantalum coating the felts were identical and as described above. It is clear that
even though the amount of tantalum deposited on felt 1 is larger than the amount on felt
2,0.380 g/cm? compared to 0.270 g/cm?, felt 2 has a much more closed surface. This in-
dicates a higher degree of coating on the surface of felt 2 where it can be assumed that the
gas stream has penetrated deeper into felt 1. The most likely explanation for this is the
higher deposition rate for felt 2. If faster growth of the deposited layer is promoted the
pores of the surface will close at a higher rate and less tantalum will penetrate into the
felt. This will accelerate the deposition on the surface as a smaller surface area is available
for deposition. Evaluation of each batch of felt was needed even for samples coated at
seemingly similar conditions.

The amount of tantalum and whether it was deposited heavily on the surface or through-
out the felt was also found to be of great importance for mechanical reasons. When mak-
ing anodes pieces of Ta coated stainless steel felt were cut from the coated sheets using
a swinging arm press (ATOM spa, SE series) using a die 13 mm in diameter. Whole un-
cracked felt pieces were needed and it was found that if amount of deposited tantalum was
too little, such as 0.240 g/cm? for felt type 1 and 0.167 g/cm? for felt type 2, the felt pieces
would bend rather than being cut from the sheet. On the other hand if too much tantalum
was deposited, examples include 0.486 g/cm? for felt type 2, the felt was to brittle for the
stamping process and the surface of the felt would crack exposing the stainless steel felt
fibres. These troubles are in large parts caused by the diminutive size of the pieces being
cut. Previous experiences in our group with larger felt pieces 28l did not reveal such prob-
lems.

5.4 Catalyst layer spraying

5.4.1 Anode

The majority of the anodes used in this work were based on the above described Ta coated
SSF and IrO,. All electrodes were made by hand spraying a catalyst ink onto the felt using
an air brush (Badger no 100LG). The ink consisted of 5 mL ethanol, 12 mg IrO; and 12
mg electrolyte or 12 mg IrO, and 3 mg electrolyte. The mixture was ultrasonicated for 2
hours before spraying. The ink was sufficient to spray two pieces of felt creating 2 anodes
simultaneously. This saved time and made it possible to make identical cells as the anodes
were essentially identical.

The Ta coated felt used had a large influence on the finished anode. This is illustrated
in Figure where anodes made with felt 1 and felt 2 are shown. The electrolyte is
Sng 9Ing 1 P2O7 for both anodes and the electrocatalyst is IrO,. As felt 2 has less tantalum
per cm? and smaller loading of catalyst and ionomer this must be a result of the more
closed surface the CVD of tantalum has created on felt 2. The anode made with felt 2
clearly has blocking of the pores making it impossible for the steam to get the surface of
the electrolyte. As the ethanol may have removed some or all of the protonic conduct-
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(a) (b)

Figure 5.2: The influence of the amount of tantalum on the surface of the anode GDL on the catalyst
layer (a): Felt 1, loading of 3.7 mg/cm?. (b): Felt 2, loading of 3.0 mg/cm?.

ing amorphous phase the ionomer in the electrode cannot be relied on for proton trans-
port to the electrolyte and the steam has to reach the electrolyte-electrode interface if we
want to be certain of reaction. Furthermore if reaction could only take place in the elec-
trode the protonic transport distance would become quite large the overall effect being
a less effective cell. For this reason the ink for anodes made with felt 2 had its contents
of Sng gIng 1P2O7 reduced to 3 mg. While optimisation of the electrodes was outside the
scope of this project the electrode structure was still monitored to ensure reasonably com-
parable electrodes were used.

Two alternative anode materials were explored preliminarily. LaNiO3 was made into an
ink as described for IrO,. 21.5 mg LaNiO3 and 2.5 mg Sng gIng 1 P2O7 was used. After
spraying the total loading of the electrode was 4.8 mg/cm?. The second alternative ma-
terial was a 1.1 mm thick Ni foam (American Elements, 110 PPI). This was cut to electrode
size and used directly as a combined GDL and electrocatalyst.

5.4.2 Cathode

Two different GDLs were used for cathode electrodes. One was the previously mentioned
Ta coated SSF and the other was a Toray paper GDL. The Toray paper was a Teflon treated
Toray paper (H120) with a tape-cast microporous carbon layer (Vulcan® XC72R carbon
black, PTFE). The most used electrocatalyst layer was platinum black (Sigma-Aldrich,
99.97% trace metals basis, < 20um), platinum supported on carbon (57 mass% Pt, Johnsson
Matthey) and ionomer which was suspended in ethanol and hand-sprayed onto the Toray
GDL. The ratios were 6:2:1 for the components respectively. The Toray paper was heated
to 70 °C and the ink was carefully sprayed onto the paper to avoid ignition of the carbon
and/or ethanol. Loading varied from batch to batch and will be specified at the relevant
experiments. The average Pt loading was around 9 mg/cm?.

For initial experiments only Pt/C was used. Otherwise the procedure was the same.
This gave platinum loadings of around 1 mg/cm?. Relevant loadings will be given at
the individual cell results.

For tungsten carbide electrocatalysts, mWO3; and mW,N alike, inks of 12 mg WC in
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ethanol were made, ultrasonicated and pipetted unto cut pieces of Toray paper of 13
mm diameter heated to 50 °C. This lower temperature was used to limit oxidation of the
tungsten carbide.

For Ni foam it was cut and used similarly to what was described for Ni as anode material.



CHAPTER 6

Setup construction and operation

A central part of this work was the design, selection and production of components
for the electrolysis setup used. This task built on the experience and materials from
work previously done in the group.'*® Unique challenges were met as the system had to
accommodate brittle electrolytes and temperatures between 200 °C and 400 °C in addition
to the harsh electrolysis conditions. This meant that a range of components had to be
developed. Operation and data collection from the setup will also be described in this
chapter.

A picture of the system, configured for testing with steam on both electrodes, can be seen

in Figure[6.]]

Figure 6.1: Picture of steam electrolysis setup used in this work.

48
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6.1 Construction of the setup

In this section the materials and components used in the setup will be presented. Iterations
of components will be discussed as well.

6.1.1 Components

The basic setup was of fairly simple design. It comprised of the following components:

e a VersaSTAT 4 potentiostat running VersaStudio v2.20.4631 (Prinston Applied
Research)

an in-house made data collection box

an in-house made temperature controller

two in-house made evaporators

two in-house made condensation units

two in-house assembled peristaltic pumps with PVC tubing of 1.42 mm
diameter (Mikrolab)

two 250 W heating rods, L = 60 mm, & = 6.5 mm (SAN Electro Heat)

e one type K thermocouple

¢ an in-house made electrolyser cell housing consisting of end plates and flow plates

2 inner

The piping was done with 316L stainless steel pipes (outer diameter = 6 mm, inner
diameter = 4mm) and the fittings used were 316L Swagelok® fittings. A schematic
drawing of the setup can be seen in Figure In the following part the different
components will be gone through in detail.

Temperature
controller

i Peristaltic
""""" pump

Peristaltic
pump

- Potentiostat

Figure 6.2: Schematic representation of steam electrolysis setup. Dashed lines indicated equipment
included only when steam was used on both sides of the setup.

6.1.2 Power supply/Potentiostat

Initially an in-house made power supply was used for the setup. This could provide
currents up to 20 A but had the tendency of supplying 20-40 mA more than it was set
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to. The current could be set either by using in-house made software which could also
control temperature and collect data or manually by turning a nob. As will be discussed
further down cells tested were initially 11.6 cm? of area. This meant that the oversupply
of current was a nuisance but not detrimental in any way as even cells only capable
of accommodating current densities of 30 mA/cm? were supplied 348 mA in total. At
such currents a 20 mA oversupply of current did little to influence the measurement.
However when a shift was made to cells of only 1.33 cm? (see Section this discrepancy
made the power supply unusable. As an alternative power supply and data collection
device a VersaSTAT 4 potentiostat was chosen. This allowed for experimentation with
high precision (£0.2% of range) at very low current densities. Further the potentiostat
had impedance capabilities making it possible to evaluate the cells by EIS, a considerable
improvement over the previously used power supply. The potentiostat was used for two
point measurements with the working and sense electrodes connected to the anode flow
plate and the counter and reference electrodes connected to the cathode flow plate. When
a reference electrode was introduced in the cell (see Section anode to reference
measurements were done with the anode as working and sense electrodes, the platinum
wire as reference and the cathode as counter. For reference electrode measurements of the
cathode it was set as working electrode and sense electrode and the platinum wire and the
anode were reference and counter electrodes respectively.

No results of experiments done with 11.6 cm? cells will be detailed here as they yielded
little to none usable information apart from the fact that were too unwieldy to be practical.
The power supply has only been detailed here in the interest of full disclosure.

6.1.3 Data collection box

The data collection box was only used in the initial version of the setup. When the
potentiostat was introduced it was dismissed. When used it was connected to the
temperature controller, the power supply and a computer. It allowed for temperature,
current and voltage to be recorded as a function of time.

6.1.4 Evaporator

The in-house built evaporators were designed by Ph.D. student Anton Vassilev. The
design is shown in Figure The core of them were a 250 mm long 316L stainless
steel pipe (¢ = 19 mm). At each end they were fitted with a Swagelok® fitting and a
copper gasket. At one end of the pipes a 100 mm piece of pipe, same kind as mentioned
in Section was fixed to allow for connection to the cell housing (see Section [6.1.7).
The large pipes were filled with stainless steel balls and stopped with a small piece of
316L stainless steel mesh in each end to prevent the balls from escaping the tube through
the hole in the fitting. In one end of the pipe a capillary tube was lead in through the
Swagelok® fitting and approximately 100 mm into the pipe. This was done to optimise the
evaporator for a continuous supply of steam as this allowed for evaporation of the water
before it hit the balls in the tube. The evaporator pipes were wrapped in heating tape.
In between the pipe and the heating tape was placed a type K thermocouple. The pipe
was dressed in vermiculite for insulation. The end of the pipe connected to the evaporator
pipe protruded form the insulation block allowing the evaporator to be connected to the
cell housing. The capillary tube was connected to the peristaltic pump via a flexible PVC



6.1. CONSTRUCTION OF THE SETUP 51

tube of inner diameter 1.42 mm? (Mikrolab).
The choice of having the capillary tube penetrate some two fifth into the evaporator pipe

Figure 6.3: Schematic representation of an evaporator. A capillary tube leads water into a pipe
filled with stainless steel balls. The pipe is encased in vermiculite for insulation. Heating tape and
thermocouple for heating the pipe is not shown.

was seen to be quite effective at low pump speeds and gave a steady supply of steam. It
was however seen that the steam supply had its challenges when the evaporator could
not be connected directly to the end plates, more on this in Section as additional
pieces of piping allowed for the steam to cool and condense in the pipe. This gave an
uneven distribution of steam to the cell housing as it had to penetrate the formed droplets
or carry them into the cell housing where they evaporated. As an attempt to alleviate this
the additional piping was insulated with HT/Armaflex®. This had some effect but did
not remove the problem entirely. How severely it impacted a cell was also seen to be tied
to the kind of GDL used, more on this in Section [6.4

6.1.5 Peristaltic pumps

The peristaltic pumps were assembled in-house. They used a HL149.24.43 geared motor
(Micro Motors) and were fitted with a 400A peristaltic pump head (Watson-Marlow). They
could supply a stable flow of water down to 0.25 mL/min. This was the default flow rate
as it was more than enough to supply the anode with steam continuously at the usual
operating current density of 7.5 mA/cm?. This was seen by calculating the amount of
water converted at the given current density using Faraday’s law. During polarisation
more steam was consumed than was supplied at higher current densities, above ~ 34
mA /cm?. This was initially not considered a concern as this was generally above what the
cells could handle before exceeding 2.0 V. When cells capable of going up to much higher
current densities were developed this had to be taken into account. It was noted that if
the supply was left at 0.25 mL/min no mass transport limitations were observed during
recording of polarisation curves. This was attributed to the polarisation experiments only
applying these higher current densities for short periods of time, too short time to deplete
the cache of steam in the cell housing and flow plates. Therefore this flow rate was still
used for these improved cells. At higher operation current densities higher flow rates were
needed. For 150 mA /cm? Faraday’s law showed the need of a minimum steam supply of
1.12 mL/min and the flow rate was set to 1.5 mL/min to ensure a large enough supply of
steam.
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6.1.6 Condensation units

The condensation unit was of in-house design and production. The central component
was a glass bottle insulated with HT/Armaflex®. Inside the bottle was fitted a cooling
spiral and the bottle was half-filled with water. The water circulated in the cooling spiral
was kept at 5 °C by a circulation of water cooled to this temperature. The circulated water
was cooled when it returned to a reservoir equipped with a cooler (Haake EK12). Thus
the water in the flask was kept at 5 °C as well and the outlet from the cathode side of the
electrolyser was lead through this water and chilled. The chilled gas was then allowed
through a pipe and disposed of.

6.1.7 End plates

(b)

Figure 6.4: The two types of electrolysis cell housings developed. (a) shows the initial design
where cells of active area 11.6 cm? could be accommodated. (b) shows the final design made for
cell with a 1.33 cm? active area.

The cell housing consisted of two components. A pair of end plates and a pair of flow
plates.
The end plates needed to withstand thermal cycling from room temperature to 400 °C
without deformation. At the same time they needed good thermal conductivity and the
material used needed to be easily machinable. This list of demands lead to the choice of an
aluminium copper alloy with the nominal composition of CuAl10Fe5Ni5 (JM7-20, John-
son metall). For previous work in the group aluminium had been used but it was deemed
too likely to oxidise at the high end of the temperature range. “*4 Two distinct generations
of end plates were made and used. These were denoted type 1 and type 3. Type 2 was an
intermediate type not actually used as it was made too thin. Type 1 and type 3 can be seen
in Figure[6.4}
Type 1 was designed to accommodate cells with electrolytes of 40 mm in diameter. As
was discussed in Section [5.2]this proved impractical and was abandoned. Apart from im-
practicality of cell size this design also had some design issues. First of all all four gas
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channels (cathode in and out, anode in and out) were on the same side of the cell hous-
ing which also was the side where the heating rods and the thermocouple were inserted.
The ends connecting the flow plates to the current supply also protruded from here. This
gave very little room for connection to these gas channels and an additional problem of
no sufficiently plane surface for a Swagelok® fitting and copper gasket, resulting in leaky
fittings. This was partly remedied by planing the surface of the end plate where the gas
channels were. An additional problem not so easily fixed was a deformation of the end
plates caused by the process used for machining them. This resulted in slightly crooked
plates and made it in practice impossible to make the cell housing gas tight as gas could
escape between flow plates and end plates. The third problem with type 1 was that it was
tightened with five 10 mm bolts. Disc springs were inserted in between bolt and end plate
and nut and end plate. The uneven number of bolts made it very hard to get an even
distribution of force even when the bolts were tightened in a star pattern. The large bolts
and springs required a large torque to be fastened, usually 2 N-m but sometimes as high
as 4 N-m.

Type 3 attempted to remedy all these issues all the while being designed for flow plates
with a smaller flow area. First of all the way the end plates were machined was changed
giving completely straight end plates. Secondly the general shape of the plate was changed
to a round cornered square. Here the gas inlets and outlets were placed on opposite sides
of the end plate and on flat surfaces making it easy to get a gas tight fitting. On one of
the two remaining surfaces the channel for the heating rod was drilled and in one of the
end plates the channel for the thermocouple was placed. To make the cell housing easier
to tighten eight bolts were used ensuring an even distribution of force. These were 6 mm
and also supplemented with disc springs. To make assembly of the cell easier holes for
steering rods were drilled all the way though the end plates and flow plates. The applica-
tion of these will be detailed Section[6.2.1] The bolts were tightened to 1 N-m which was
found to be enough for a good connection.

One problem seen was with connection of steam to both sides of the cell. When steam
was only needed on the anode side of the cell the evaporator could be connected directly
to the anode side with no need for additional piping. When steam on the cathode was
desired two evaporators were needed and due to the placement of the stationary parts
of the setup, such as piping and the condensation flask, they had to be connected to the
same side of the cell housing. In this case S-shaped pieces of pipe were needed due to the
spacial hindrances. As mentioned in Section [6.1.4this gave problems with the steam sup-
ply. As the evaporators were rather bulky no way of connecting the evaporators without
additional piping could be found. Apart from this problem no striking deficiencies were
found with this end plate design.

6.1.8 Flow plates

Figure [6.5| shows the flow plates of type 1 and type 3. Flow plate type 1 was made with
a 34.5 mm flow pattern. The pattern consisted of parallel channels 1 mm deep and 1 mm
wide encircled by a 1.5 mm deep and 2 mm wide channel. The parallel channels were
spaced by 1 mm. On opposite sides of the flow channels, as seen along them, an inlet and
an outlet hole was drilled. These matched with corresponding holes in the end plates. To
make assembly easier two small holes 3.5 mm deep and 4 mm in diameter were made in
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Figure 6.5: Two types of tantalum coated stainless steel flow plates. The left is of type 1 and the
right is of type 3.

the back of the flow plate again matching identical holes in the end plates. In these holes
small ceramic guiding pins were placed to keep the inlets and outlets of flow plates and
end plates aligned. This did not however ensure the placement of the anode, cathode and
electrolyte between the flow plates.

Shifting to smaller cells meant shifting to smaller flow patterns. Here a simple serpentine
pattern was used, 11.5 mm in diameter, 1 mm deep and 1 mm wide. The guiding pin
system from type 1 was replaced with a steering rod system where holes were drilled
through both end plates and flow plates allowing for stainless steel pins (& = 5 mm) to
keep end plates, flow plates and gaskets in place.

The flow plates intended for use on the anode side were CVD coated with a corrosion
resistant layer of tantalum by Tantaline®. This layer was approximately 50 um thick and
was a commercially available coating.

6.1.9 Sealing

Since the goal of this work was to test full cells with both anodes and cathodes a one at-
mosphere setup would not suffice and sealing was a necessity. Two types of sealing were
considered. The first one was sealing of the edges of the cell with a gas tight compound
akin to the way usually used for SOFCs. 138l It proved highly problematic to find a com-
pound that could be applied at room temperature but hardened at 200 °C. The second kind
was to use electrodes smaller than the electrolyte and use the larger electrolyte in conjunc-
tion with gaskets to make a gas tight seal. This method had been used in our group before
for polymer membranes 28l and ended up being the chosen method. In the previous work
the gaskets had been made of Viton®, a fluoroelastomer (DuPont™), but this was not
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suitable for operation at 200 °C or above as it decomposes. The choice fell on Kapton®, a
polyimide (DuPont™), as this is stable up to at least 400 °C. A thickness of 0.075 mm was
used. The practical application of the gaskets will be discussed in Section

6.1.10 Reference electrode

For some experiments a platinum reference electrode was used. This was only attempted
with cells of type 3. Here a platinum wire was placed on the cathode side of the electrolyte
and a small piece of cathode was cut and placed on top of the wire to increase the area of
the reference.

A reference placed onto the electrolyte on one side of the cell must be a distance of three
times the thickness of the electrolyte away from the electrodes.l3¥ This ensures that the
reference measures a potential corresponding to if it had been placed at the center of
the electrolyte. The thickness of the tested electrolytes were in general 600 m and the
reference was always placed at least 2 mm away from the cathode.

As pointed out by Adler and coworkers T30 positioning of the cathode and anode can
have a large effect on the potential measured by a reference. Misalignment of the two
electrodes may lead to the reference measuring an erroneous potential. At misalignments
equal to or above the thickness of the electrolyte the effect is substantial. A misalignment
of 600 pm could theoretically happen as the thickness of the knife on the cutting tool used
for GDLs and gaskets was approximately 600 ym in thickness. A smaller displacement
was however much more likely and the displacement difference was assumed to be
neglectable due to the relative thickness of the electrolyte.

The above sited works by Adler focus on SOFCs. It has been pointed out by He ™ that
there is a significant difference between PEM cells and SOFCs with regards to reference
electrodes. However these differences mostly relates to handling of liquids in electrodes
and in this regard it has been assumed that the cells presented here are much closer to
SOFCs than PEM cells due to their solid electrolyte.

6.2 Operation

With the previously detailed materials and equipment electrolysis experiments were
carried out. This section detailed the assembly of the components as well as operation
conditions and procedures. Lastly the effects of operation on some of the components in
the cells and the setup are discussed.

6.2.1 Assembling

A cell ready for testing in a cell house of type 3 is schematically shown in Figure[6.6] Cells
were assembled from the anode and up. Steering rods were placed through the corres-
ponding holes in the end plate and the anode flow plate. Gaskets with holes cut to the size
of the electrodes, 13 mm diameter, were then positioned and the anode was placed on top
of the flow pattern. The number of gaskets were usually less than what would nominally
be expected as this amount resulted in poor contact. Thus for an anode of 500 xm only 6
gaskets of 0.075 mm each were used. This trend of poor contact was seen for the electro-
lyte and the cathode as well and a similar reduction of the number of gaskets was applied
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Figure 6.6: Assembly of a cell for cell housing type 3. Here shown for a cell with a reference
electrode. Also shown in the order in which the cell is tightened. The figure is not drawn to scale.

Kapton gasket

for these components.

Gaskets with holes of 20 mm were placed on top of the anode gaskets to accommodate the
electrolyte pellet. After placement of the electrolyte gaskets similar to those used for the
anode were placed for the cathode. In the case a reference electrode was used the gaskets
had a small indent (2 mm by 2.5 mm). Here the platinum wire was slit in and on top of it
was placed the small piece of cathode. Care was taken to ensure that there was 2 mm from
reference to cathode. On top of the last gasket a small piece of Kapton® tape was placed
to seal the reference gas channel. The cathode flow plate was placed on top of the cell
assembly. Lastly the cathode end plate was placed. End plates, flow plates and gaskets
were all held in place by the steering rods.

Bolts and nuts were then put in place and tightened. This was done with a torque wrench
set to 1 N-m. The order in which the bolts were tightened is shown in Figure[6.6] This order
was chosen to get as evenly a distribution of force as possible. This tightening procedure
was done 3 times before the steering rods were removed. This required some degree of
effort as the gaskets were pressed tight around the rods. A parallel pin punch and a ham-
mer frequently had to be used. Even though the electrodes should be held in place by the
flow plates the nuts might loosen allowing for the electrodes to move. Therefore care had
to be taken. After the rods were removed the cell was tightened again as a way of testing
whether the bolts had loosened during the removal of the steering pins.

6.2.2 Startup

First the evaporator(s) were turned on and set to 170 °C. If steam was needed on both
electrodes two evaporators were used, otherwise only the anode evaporator was turned
on. When the desired number of evaporators had reached the desired temperature heat-
ing of the cell housing was initiated. The initial temperature was 100 °C. When the cell
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housing reached 100 °C the evaporator pumps were turned on and set to 0.25 mL/min.
At the same time the cell housing was set to heat further up to 200 °C. This allowed for
the first steam to reach the cell housing as it reached approximately 170 °C. This mitigated
condensation and allowed for a very short window of electrolyte dehydration. When the
cell housing reached 200 °C the cell was left for one hour before any testing was started.

6.2.3 Test procedure

When a cell had been warmed up electrochemical testing was initiated. First the cell was
left at the low current density of 7.5 mA /cm? for an hour to see if stabilisation happened.
If the cell appeared reasonably stable polarisation measurements were done at 50 mV/s or
20 mV/s. When impedance was being used for evaluation of the cell such measurements
were done at frequencies between 10! Hz and 10° Hz at EMF, 1.2V, 1.4V, 1.6V and 1.8V.
The amplitude was either 10, 30 or 50 mV depending on the cell. Between measurements
the cell was left at low current density (7.5 mA/cm?) for a number of hours. This number
was determined by the nature of the test and will be stated when the individual experi-
ments are discussed in the following chapters.

For reference electrode measurements hydrogen was generally supplied. This was done
at 33.5 mL/min (2.01 L/hour).

6.2.4 Shut down

First the steam was turned off and the evaporator disconnected. In the case where the
cell housing heated to above 200 °C temperature was set to 200 °C. The heating was left
on for 15-20 min. to make sure that flow channels, piping, evaporators and GDLs were
free of steam. The evaporators and the cell housing heating was then turned off and the
components were allowed to cool.

6.3 Conductivity measurements

The previously described cell housing was re-purposed for conductivity measurements.
Pellets of electrolytes were pressed for 5 min at 10 tonne, diameter = 13 mm. Silver paste
was painted on both sides of the pellet and it was placed between two flow plates, both
of stainless steel. Gaskets separated the two flow plates. The two end plates were con-
nected by tubing and air was lead through both sides of the cell. The flow was set to 100
mL/min and the air stream was lead through a heated water bottle to ensure constant
humidification. The humidification was calibrated to 0.15 atm. By two point impedance
measurements, from 1 MHz to 1 Hz, the conductivity of the electrolyte was measured at a
temperature range from 200 °C to 400 °C.
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Figure 6.7: A pristine and a used stainless steel flow plate. (a): the pristine cathode flow plate. (b):
a used flow plate bearing marks of use.

6.4 The effect of electrolysis operation on components

As mentioned multiple times the conditions for electrolysis are harsh. It was thus vital to
keep an eye on the equipment and materials to make sure that they actually stood up to
the conditions as well as expected.
The flow plates were in contact with the electrolysis cell itself and exposed to the same
conditions as the GDLs. Therefore evaluation of the state of the flow plates was done after
each electrolysis test. Visual inspection was mostly the only thing done but if this revealed
discrepancies measurement of resistance of the flow plate was done. SEM was used for a
more thorough visual inspection.

The stainless steel cathode flow plates were investigated. Initially a resistance of 0.4-0.5

Table 6.1: The contents of Mo, Ni, Cr and Fe in cathode flow plate in %. Before and after electrolysis
use is shown for surface, flow channel and the part of the surface under the electrode.

Flow plate location Mo Ni Cr PFe

Before Surface 20 92 18.0 707
Flow channel 2.1 11.1 181 68.7

After Surface 25 112 20.0 664

Electrode area 1.8 11.0 199 67.3
Flow channel 1.7 97 211 675

(2 was measured. This was measured both back to front and through plane of the flow
pattern side alike. It was seen that after use of a cathode flow plate for a length of time
corresponding to a least one week it became impossible to precisely measure the resist-
ance of the flow plate where it had been in contact with the GDL. Here the resistance as
measured with a voltmeter varied erratically and never stabilised.

SEM and EDS were used to investigate the cause of this behaviour. A pristine flow plate
and a used flow plate are shown in Figure The smooth surface of the pristine flow
plate was replaced by a much rougher surface. This was especially true for the part of
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the flow plate that had been in contact with the gas diffusion layer. The ratio of elements
in the flow plates were calculated from EDS data (Tabel 6.T). No clear trend was seen in-
dicating that no specific elemental oxide is covering the surface of the stainless steel flow
plate where it had been in contact with the electrode. A high presence of carbon, oxygen,
phosphorous and platinum was seen (not shown). Between each operation the flow plates
were rinsed with water in an ultrasonic bath for at least an hour. Thus these elements
were not present as lightly adhering detritus but instead a strongly adhering phase. It is
likely that corrosion on the cathode had created a rough surface making it possible for a
poorly conducting phosphate phase formed from the electrolyte to stick. For illustration
Figure 6.8 shows the interface between the part of the flow plate in touch with the elec-
trode (upper) and the part not in contact (lower). While some phosphate was found in
the dark blemishes in the lower part it was nothing compared to the rough surface in the
upper part. The platinum was found to be present all over the contact area as 10-25 pm
large particles. As mentioned in Section the platinum black used for the cathodes
were reported by the supplier to be < 20 ym.

Figure 6.8: A phosphate layer was formed on the part of the cathode flow plate in contact with the
electrode (upper part). This is believed to be the reason for the increased ohmic resistance in the
flow plate.

The clear corrosion observed lead to a shift to Ta-coated flow plates on the cathode as
well as the anode. While the Ta flow plates used on the anode showed the presence of
phosphorous on the surface as well (not shown) it was not concentrated around the flow
pattern and no apparent etchings were observed. The measured resistance of the flow
plate was 0.4-0.5, as with the pristine stainless steel flow plates, at all times. One concern
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with the shift to Ta coated flow plates for the cathode was hydrogen embrittlement. The
flow plates were investigated carefully after use on the cathode. No raising resistance was
seen. It was thus deemed suitable for these relatively short experiments. It may however
not be suitable for longer experiments with larger cells. Here hydrogen embrittlement
may become a serious factor.

PR SRS "Phqsphate phase

Figure 6.9: Phosphate built-up on the back of an anode due to condensation of water in the cell
housing and in the GDL.

Other components showed other modes of failure. The evaporators had to be serviced
if the steam flow was observed to become oscillating. It was generally found that steam
fluctuations were due to blockage of the capillary tube or the tube connecting the evapor-
ator pipe to the cell housing. The latter was especially a risk when two evaporators were
in use and as the spacing pipes made it hard to avoid condensation of water. If the shut
down protocol was not observed immediate blocking could happen. Figure [6.9shows the
repercussions of lowering the temperature of the cell housing too soon. Water condensed
in the channels and flooded the electrode. The water the flowed back into the piping car-
rying phosphate from the electrolyte with it. The figure shows the back of an anode of a
cell run after this incident. A phosphate rich phase with the shape of the flow channel was
seen. This had been pressed into the anode flow plate by steam and been deposited on
the anode backside. The steam flow behaved irregularly and the measurements recorded
were varying wildly. The evaporator had to be disassembled and cleaned and the flow
channels in the cell housing had to be cleaned by drilling.






CHAPTER 7

Pyrophosphates

This Chapter concerns pyrophosphates. Physico-chemical investigations and electrochem-
ical results from testing of electrolyser cells will be covered and discussed in the following.
This Chapter will in large parts be devoted to the material denoted Sng gIng.1P2O7. As will
be discussed in Section this composition is nominal not actual and should not be
taken as such.

7.1 Physico-chemical Analysis of Electrolytes

Physico-chemical characterisation was used to evaluate produced electrolytes before cell
testing. This allowed for a measure of prediction of the conductive properties and
performance of the electrolyte. Evaluated characteristics include chemical composition,
morphology, amorphous species and by extension ionic conductivity.

7.1.1 FT-IR spectroscopy

FT-IR spectroscopy was used to evaluate electrolyte materials after synthesis but before
electrochemical testing. This allowed for an evaluation of a given synthesis path without
the need of electrochemical testing.

As mentioned in SectionXu et al.!” established a correlation between conductivity
of Sng 9Ing.1P2O7 and the size of the broad band (2500 cm ™! to 3600 cm ™) found in FT-IR
spectra. This band is believe to stem from an O-H vibration, ™2 more specifically PO-H
stretches. ™3 1f it did not stem from a PO-H vibration it would have to stem from a HO-
H vibration. This is unlikely however as the materials have been heat treated at 650 °C.
Thus the IR signal is due to phosphoric acid ¥ either in a mobile form or a form with
restricted mobility. This relation between the IR band and the conductivity was used for a
qualitative comparison of samples from different batches.

Master students Troels Lie-Andersen and Erik Pristed Jensen synthesised a Sng 9Ing 1P2O7
sample, here denoted as (CA3), showed promising characteristics. It was attempted to
emulate this material. The synthesis pathways followed in this attempt are given in
Table[5.J]in Section5.1.4, A comparison of the FT-IR spectra for said batches can be found
in Figure[7.1}

It was seen that the synthesis procedure influenced the O-H stretching band drastically.
Direct ramping and lower ramp temperature gave a more pronounced response. Thus
the phosphoric acid species responsible for the signal was present in a larger quantity. A
phase with restricted mobility was desired as this would be harder to remove and give
a more stable electrolyte. The mobility of the phase cannot be determined by FI-IR. The

62
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question of the mobility of the phase will be revisited in the discussion of 3!P-NMR in
Section[Z.1.2)
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Figure 7.1: FT-IR spectra of the synthesised Sng 9Ing 1P2O7 compounds. The presence of a broad
O-H band between 1400 cm~! and 3600 cm~! was highly dependant on the synthesis procedure.
The synthesis conditions are detained in Table 5.1]in Section[5.1.4}
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Figure 7.2: Comparison of FT-IR spectra for a single material (sample F) after progressive amounts
of grinding. (a) Shows the data presented as collected and (b) shows the data normalised to the
highest peak.

The phosphate peaks located at 530 cm ™!, 970 cm~! and 1100 cm~! were affected by
the synthesis route as well. This effect was most likely a particle size effect. The FI-IR
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response is dependant on the surface area of a material actually in contact with sampling
surface and a variation in particle size between samples may change this factor. This
effect was investigated by grinding a sample progressively more and more. It was seen
(Figure[7.2(a)) that grinding of the material has a pronounced effect on the FT-IR spectrum.
Deagglomeration of the as synthesised or lightly ground particles gave a larger O-H bond.
There was no net gain from the grinding, as can be seen on Figure[/.2(b)} The effect seen in
Figure[7.2(a)|is one of smaller particles, more particle surface in contact with the diamond
of the IR spectrometer and ease of data collection. This does not mean that this is not a real
and important effect. This increased surface area gives increased access to the amorphous
phase of the material which in turn raises the effective conductivity. This does mean that
care must be taken when comparing samples. All samples had to be finely ground to elim-
inate discrepancies caused by degree of agglomeration of the as synthesised material.
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Figure 7.3: Normalised FT-IR spectra of the synthesised compounds. This allows for more direct
comparison and it is seen that samples E and F should have the best conductivity.

Doing the same normalisation for all samples synthesised gave a more correct
comparison of the synthesised materials (Figure . Sng gIng 1 P2O7 sample (D) showed
a strange O-H band. This was believed to be a magnification of the background and not
an actual O-H band. Therefore sample (D) was not considered in the following. None of
the synthesised materials showed as strong a signal as (CA3). Apart from sample (CA3)
samples (E) and (F) showed the largest relative O-H bands. These materials were both
synthesised with a direct ramp of temperature set to reach 280 °C and both were stopped at
278 °C. The materials tested electrochemically in this work were either (CA3) or materials
synthesised by same route as samples (E) and (F).

Figure shows a comparison of the additional Sng¢Ing1P2O7 samples (G) and (H).
These were used for cell tests when batch (F) was depleted. The IR response of batch (G)
was much closer to the level of batch (F) than batch (H). This latter batch showed a broad
enough O-H band to be expected to work as a electrolyte but it must be expected that
batch (G) is much better. The data is normalised to the highest peak making comparison
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Figure 7.4: Comparison of the additional batches (G) and (H) normalised to highest peak

Table 7.1: Sample temperature and time for Sng gIng 1 P2O7 synthesis

Sample number

Temperature 1 2 3 4 5
230 °C 20h 20h 40 min 24h40min 25 h 40 min -
270 °C 10 min 20 min 30 min 1h 1h30min
300 °C 5 min 10 min 15 min 30 min 1h

more directly possible.

A more systematised investigation of the effect of slurry forming temperature on the
Sng 9Ing.1P2O7 synthesis product was carried out. Samples were prepared by the synthesis
procedure described in Section with the exception of a variation over the slurry
forming temperature. When the desired temperature was reached the mixture was left
at that temperature and samples were taken at specified intervals. These intervals are
listed in Table|7.1} The extracted samples were then heat treated at 650 °C as per usual.
Samples before and after this final step were evaluated by IR spectroscopy.

For all samples not yet heat treated in the furnace a broad band was seen from 1500
cm™~! to 3800 cm ! indicating the presence of O-H groups or adsorbed H-O-H (additional
spectra are supplied in Appendix[A.3). In this case the signal comes from phosphoric acid
not incorporated into the structure of the pyrophosphate. This band was even seen for
samples left for more than a day at 230 °C. A difference arose between the samples after
high temperature heat treatment. Here the samples collected at 230 °C and 300 °C showed
no or little sign of this band, as seen in Figure This result was independent of slurry
formation time. Samples pre treated at 270 °C did however show this band strongly. The
sample in Figure[/.5 was left to dwell at 270 °C for 10 min. The PO-H band was strongly
seen for all dwelling times. A lessening of the band was seen for 1 h 30 min (not shown).
In practice this is inconsequential as it appears that 270 °C allows for a synthesis that is
not reliant on sudden termination, a vast improvement over the previously used method.
A sample batch may be heated to 270 °C and allowed to dwell for a number of minutes
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Figure 7.5: The effect of slurry formation temperature of Sng gIng ;P,O7. The broad IR band from
1500 cm™* to 3800 cm ™! is most prominent at 270 °C indicating a more conductive material. The
data is normalised to the highest peak.

after the ramping temperature has been reached without loss of the desired properties.
This would allow for a uniformity between batches not previously seen and a more direct
comparison between measurements for Sng gIng ;P2O7 made by different authors.

These results came too late to be acted on. Conductivity measurements and a cell test of
this material would be desirable to verify that the material has the expected conductivity
and stability. Should this be the case it would be sensible to make this new synthesis the
standard for ease of comparison.

7.1.2 31P NMR of Sn0,91n0,1P207

The following measurement was done by Daniel Risskov Serensen from SDU. The
measurements were done in the framework of the MEDLYS project.

Solid state >'P NMR was found to be very useful in the evaluation of synthesised samples
when coupled with FT-IR. The solid state 3!P NMR made it possible to distinguish
between mobile H3PO,4 and a phase of restricted mobility. This is illustrated in Figure
for a sample showing a large O-H band (sample F). The signal at § (*'P) = -38 ppm has been
seen to stem from the metal pyrophosphate. !l At § (3!P) = 0 ppm a broad signal was seen.
The placement of the signal corresponds to phosphoric acid. Mobile orthophosphoric
acid should give a very sharp peek.l# The broadness of the peek shown here indicates
an orthophosphate phase of restricted mobility.Z¥ This phase would be expected to be
stable as it is condensed. This condensation of the phase would explain why this phase
would not be removed by simple washing in water at room temperature.

The immobilisation of the phosphoric acid answered the question of why these materials
could function at temperatures above the boiling point of phosphoric acid (158 °C). If the
phosphoric acid phase present in the samples had been a mobile phase it would evaporate
fast at operation temperatures of 200 °C and above. The pyrophosphate samples were thus
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Figure 7.6: P3! NMR spectrum of Sng 9Ing 1 P2O7. The response at 0 ppm stems from an phosphoric
acid phase of restricted mobility.

seen to be more than a matrix for phosphoric acid. Phosphoric acid in such a matrix would
still be mobile enough to evaporate at these elevated temperatures.

Stopping the first heat treatment step in the synthesis at the point where the viscous paste
was formed thus created conditions that allowed for the formation of this condensed
phosphoric acid phase after the second heat treatment. This condensed phase was mobile
enough to allow for proton conduction but not so mobile that it was lost quickly during
operation, as will be discussed further below.

713 SEM

The morphology of the synthesised materials was visualised using SEM imaging. A
sample heated to 285 °C in increments of 50 °C is depicted in Figure (sample (A)).
The structure of this material was found to be flaky with a wide range of size of the
individual flakes. No phases were seen in between the agglomerated particles. In contrast,
samples heated directly to a given temperature and stopped when a viscous slurry was
formed showed smaller particles with a smaller range of sizes (Figure (sample
(E)). A phase of darker color in between the particles glued the sample together. The
sample was interpreted as having had less time for crystal growth giving smaller particles.
The dark phase was explained as the amorphous phase not only being present in grain
boundaries but being so plentiful as to form agglomerates with the crystalline particles.
This bountiful amorphous phase corresponded well with the IR, NMR and conductivity
results (see Section [7.2). It was concluded the large presence of this phase was the reason
for the difference of the two samples as seen in IR.
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(a) (b)

Figure 7.7: The difference in morphology of Sng gIng 1 P2O7 depending on preparation method. (a)
shows a sample heated to 285 °C in increments of 50 °C with its resulting flaky structure. (b) shows
the rounder particles resulting from a direct ramp to 280 °C and the amorphous phase in between
these particles.

7.1.4 Inductively coupled plasma mass spectrometry

Table 7.2: The different dissolution attempts for ICP-MS

Treatment# reagent Temperature (°C) Pressure (Bar)
1 HCl 145 ambient

2 HCI + HNOg (aqua regis) 60 ambient

3 HC1 + HNO3; + HF 140 40

4 HCI (37 %) + HF (40 %) 80 ambient

5 HCI + HNOs (1:1) 60 ambient

6 HCI (37 %) + HF (40 %) + Zn ) 80 ambient

7 LiBOs3 800 ambient

As mentioned in the beginning of this chapter the material investigated was nomin-

ally of the composition Sng gIng.1P2O7 (see Section and it has throughout this work
be denominated as such. This may not be the full truth however.
In an attempt to verify the structure inductively coupled plasma mass spectrometry (ICP-
MS) was applied. ICP-MS was to be done on an as synthesised sample of Sng 9Ing 1P20O7
with large FT-IR O-H bonds as well as a boiled sample. The boiling should remove the
amorphous phase present in the sample. The difference in atomic abundance between the
two samples should give an answer as to how much indium was incorporated into the
structure of the material and how much was in the amorphous phase. Unfortunately the
sample turned out to be impossible to prepare for ICP-MS. Dissolution in a medium is a
necessity for the analysis. A SnggIng 1P2O7 sample was attempted dissolved in a variety
of reagents and under a variety of conditions (see Table[7.2). Nothing worked. This was
quite remarkable. Thus the actual composition of the synthesised product was not de-
termined. In keeping with common practice seen in the literature the material was named
based on the nominal composition even though this may not be correct.
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7.2 Conductivity of pyrophosphates

Temp (C)
527 394 298 227 171 127 91 60 35
0.6 — 1 A 1 A ] . 1 )
-0.8 : EI,|:|.I:I' 0-0-0-.g o —®—Sn,n, P,0,
1 AA A —@—Sn, Al sP,0;
-1 'o —. A as AR " .. —A— sno.QMgo.1P207
1.2 o0 R, —e—snP0,
< 1 o © I/. A . o.‘.‘ [} EI\-\ --0-- Snygin, P,0; (G)
.E 1.4 —_ -/ A O o " O~ 8n Al ,P,0, (G)
‘: -1.6 ‘.A 0 u & - Sny Mg, PO, (G)
2 18- N PR
£ 1.8 A ° g
£ 1% A deetm ey O
5 2.0 - N
3 22 A %
c i A o
8 24 O
<] 1 N o
8 2.6
2.8 .
. A
3.0 -
3.2 T T T T T T T B J
1.3 1.5 1.8 2.0 23 25 2.8 3.0 3.3
1000T/(K™)

Figure 7.8: Comparrison of conductivty of In®*, AI** and Mg?" doped SnP>O7. Results marked
(G) are redrawn from Genzaki et al. B2 In house results were obtained with PH,0=0.155 atm and
results marked (G) at pp,0=0.0075 atm

Conductivity was measured for samples of SnP>O7, Sng 9Ing.1P2O7, Sng 95Alg 05P207
and Sng 9Mgp. 1P207. These compositions were chosen as they have been reported to have
the highest conductivities. B8 The Mg?* and AI** doped materials were of special in-
terest as they should be less acidic and cheaper compared to the In*" doped material but
still show high conductivity. The conductivity measurements presented here were ob-
tained in the manner described in Section 6.3}

Figure[7.8|shows the results of these measurements as well as the results reported by Gen-
zaki and coworkers.®4 The indium doped material shows the highest conductivity in both
studies. At 210 °C a conductivity of 7.29-1072 S-cm~! was measured. At low temperat-
ures Sng 95Alg.05P207 showed higher conductivity than Sng 9Mgp.1P2O7 but both studies
showed the latter surpassing the former at higher temperature. Contrary to our meas-
urements Genzaki’s results did not have a conductivity maximum centred at 210 °C. This
maximum has been reported in multiple studies and it was puzzling that it was shif-
ted as high as 380 °C.

In Figure [7.8 Sng9Mgp.1P2O7 appeared to have no conductivity maximum. This was a
result of the measurement being stopped at 300 °C. Additional measurements (shown as
a dashed line) determined that the conductivity decreased after 300 °C.

Comparing to pure SnP>O7 almost no conductivity seemed to be gained by the doping
with AI** and Mg?*. The exception was in the case of Sng yMg 1 P2O7 above 250 °C. Here
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the material showed a slightly elevated conductivity. Compared to the indium doped
pyrophosphate no gain was seen at all. If a gain is to be obtained it must be in the form
of a reduced surface acidity allowing for the use of materials sensitive to the acidity. This
reduced surface acidity of the grains is however not likely to make a marked difference.
If the electrolyte is to be conductive it must retain a conducting amorphous orthophos-
phoric phase which would loose none of its acidity. This corrosive phase would have to
be in contact with the sensitive materials and nothing would be gained.

721 Thermal cycling of Sng ¢In,;P>0~
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Figure 7.9: The effect on thermal cycling on the conductivity of Sng.gIng 1P2O7. Conductivity was
measured at pp,0=0.15 atm.

To evaluate the thermal stability of Sng 9Ing 1P2O7 a thermal cycling experiment was

carried out. Three cycles of conductivity measurements from 120 °C to 360 °C were
conducted (Figure [7.9). The third cycle was measured for rising temperature only.
Between the first and second cycle the cell was rested for 30 minutes and between the
second and third cycle the cell was rested for 5 minutes.
Higher conductivities were seen for ascending temperatures than for descending
temperatures. The conductivity decreased from cycle to cycle with a large drop from the
first to the second cycle and a smaller from the second to the third. This could indicate
a stabilisation of the conductivity. More cycles would be needed for verification of this
speculation. From first to second cycle some of the lost conductivity was regained. No
such regeneration was seen from the second to the third cycle.
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Aloss of conductivity is seen over time and temperature. The amorphous phosphoric acid
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Figure 7.10: Effect of humidification (py,0=0.15 atm) on a sample thermally cycled in
unhumidified air. Temperature was 120 °C.

phase may be dehydrating forming polymerised phosphoric acid species thus limiting
the conductivity. Thermal cycling in unhumidified air (not shown) gives a larger loss of
conductivity than seen for humidified air. Allowed to rest at 120 °C and pp,0=0.15 atm
for 120 min such a sample regained all of the lost conductivity, as seen in Figure[7.10} This
support the notion of a (partially) reversible polymerisation of the amorphous species. It
also explains why a regeneration of conductivity was seen between the first two cycles
where the cell was left for 30 min but not seen between the last two where the cell was
left for 5 min. It is not sure that the rehydrated phosphoric acid species was in the same
less mobile form as before polymerisation and it may have become more volatile as a
result. Experiments previously done in our group showed that simply adding H3PO, to
Sng 9Ing.1P2O7 and heat treating it at 650 °C gave a thermally much more unstable product.
Initial conductivity was high but it lost conductivity fast. The same may have been true for
the rehydrated samples. This may ultimately be the reason for the conductivity loss over
each cycle. The polymerisation may end up being irreversible or so slowly regenerating
that it makes no practical difference.

The relationship between conductivity, time and temperature will be returned to in
Section[0.]]

7.3 Electrolysis with Sng 9In( ;P,0O7

Electrochemical experiments were done with Sng gIng 1P2O7 as electrolyte. The materials
tested were either (CA3) or materials synthesised by the same method as material (F). The
general characteristics of the cells can be found in Table The specific characteristics of
the cells will be presented in the relevant sections. When it is stated that 1 Ta coated flow
plate is used it is for the anode side. In such cases an uncoated stainless steel flow plate
was used for the cathode side.
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Table 7.3: Components and loadings of Sng gIng ;P2O~ electrolyser cells. E., A. and C. denotes
electrolyte, anode and cathode respectively.

Cell # E.batch E.mass E. thickness A.loading A. felt type C. loading

SnInP-2xS CA3 0.5052 g 0.65 mm 2.86 mg/cm 2 1 7.11 mg/cm?
SnInP-1xS CA3 0.5055 g 0.60 mm 4.22 mg/cm 2 1 11.46 mg/cm?
SnInP-Imp F 0.5166g  0.65mm  3.75mg/cm? 1 11.46 mg/cm?
SnInP-Ref J 0.5052 g 0.64 mm 2.33 mg/cm 2 2 8.86 mg/ cm?
SnInP-HC F 07191g  090mm 323 mg/cm 2 1 11.46 mg/cm?
SnInP-Templ  CA3  05297g  060mm  4.75mg/cm? 1 7.11 mg/cm?
SnInP-Temp2 G 0.5169 g 0.64 mm 241 mg/cm 2 2 8.86 mg/cm?

7.3.1 Steam on both electrodes

Table 7.4: Conditions for testing of a Sng 9Ing.1P2O7 cell with steam on both electrodes.

Cell # Flowplates = Steam  temperature Impedance
SnInP-2xS 1 Tacoated 2x steam 200 °C no
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Figure 7.11: (a) Voltage as a function of time at 7.5 mA/cm? and (b) polarisation curves for an
electrolyser cell with a Sng 9Ing 1P2O7 electrolyte and steam on both electrodes (cell SnInP-2xS).
Recorded at 200 °C with a lowering to 150 °C after 40 hours.

A cell was tested with Sng gIng ;P2O7 using the (CA3) batch of electrolyte. The cell
is denoted SnInP-2xS. Steam was supplied to both electrodes under the assumption that
dehydration might be detrimental to the cell. The general performance of the cell at a
small current density (7.5 mA /cm?) can be seen in Figurem The cell was tested for a
total of 57 hours, 40 of these at 200 °C and the last 17 at 150 °.

Polarisation curves were done at 0, 20, 40 and 57 hours (Figure . At first
polarisation a current density of 241 mA/cm? was reached at 1.9 V. The cell was still
operational after 57 hours.

The average degradation for the first 20 hours and second 20 hours were 1.2 mV /h and
0.9 mV /h respectively (Table[7.5). After 40 hours the temperature was lowered to 150 °C.
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Figure 7.12: Example of a fit of a polarisation curve (cell SnInP-2x5).
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Figure 7.13: Activation (a) and ohmic (b) contribution to the polarisation curves of an electrolyser
cell with steam on two electrodes and a Sng gIng 1P2O7 electrolyte (cell SnInP-2xS).

This was done to see whether or not a temperature of 200 °C was a necessity for operation.
As expected the performance of the cell suffered from the lowering of the temperature
(Figure [7.11(a)). However, the average voltage loss over time fell to 0.5 mV/h. This
indicated a thermal acceleration of the degradation of one or more of the components
in the cell.

Figure shows the recorded polarisation curves. Degradation over time was
observed as with Figure To better evaluate the polarisation curves the fitting
routine described in Section was used. An example of such a fit is displayed in

Figure[7.12}
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Table 7.5: Resistance and conductivity estimated from polarisation curves for Sng gIng 1P2O~ cells
SnInP-2xS and SnInP-1xS.

Cell # Time R; (- cm?) o(S-cm™Y) Voltage loss (mV/hour)
SnInP-2xS 0 hours 141 £0.021 4.61072S-cm~! -

20 hours 1.41+0.015 4.6-1072S-cm™! 1.2

40 hours 1.67 £ 0.016 3.9-1072S-cm™! 0.9

57 hours (150 °C) 1.43 £0.009 4.5-1072S.cm~! 0.5
SnInP-1xS 1.3 hours 1.47 £0.009 4.1.1072S-cm~! -

3 hours 1.56 + 0.014 3.8-1072S-cm™! -

24 hours 1.74 +£0.016 3.4-1072S-cm™! 0.7

48 hours 1.81+0.014 3.3:1072S-cm™! 0.3

Figure [7.13(a)|and [7.13(b)| shown the activation parts and ohmic parts of the polarisation
curves respectively. The first 20 hours were the most detrimental to the electrode
processes. At all current densities a higher voltage response was seen after 20 hours. In
contrast to this there seemed to be next to no change in the ohmic resistance of the cell.
It is therefore likely that the potential loss seen in the first 20 hours is due to electrodes
and their processes. After 40 hours next to no additional activation loss was seen. On the
other hand the ohmic contribution was seen to change markedly. After this measurement
a leak at the cathode fitting was discovered and tightened. After an additional 17 hours
at the lower temperature of 150 °C the ohmic resistance was back at the levels seen after
20 hours. This indicated that the 50 °C lowering of the temperature had little effect on
the conductivity of the electrolyte and that the higher ohmic resistance seen after 40 hours
was due to the leak. As steam was supplied to the cathode an overpressure could have
built up giving a pressure gradient over the electrolyte. This gradient could have caused a
greater degree of crossover, lowering the voltage. When the leak caused the cathode side
to obtain a pressure closer to ambient pressure this effect on the potential was lost. In that
sense the measurement at 40 hours could be considered closer to the actual performance
of the cell than the other measurements.

The ohmic resistances calculated from the fits are shown in Table The standard error
of the fits were within + 1.5 % which was considered excellent. The ohmic resistances for
0, 20 and 57 hours were all within the standard error of the fit. Thus there seem to be little
degradation of the electrolyte. Table|7.5/also shows conductivity values calculated from
the ohmic resistance with the assumption that the electrolyte is the only source of ohmic
resistance. No standard error is given for these as the calculated confidence interval from
the fits are not trivially recalculated to make sense for 0. These conductivities were seen
to be lower than the previously measured 7.29-1072 S.cm™!. As the electrolyte was seen
to be stable over time this lower conductivity must be the result of contact resistance or a
similar ohmic loss.

7.3.2 Steam on anode side only

A cell with steam on only the anode was investigated in order to evaluate the effect of
steam.

The assembled cell was, apart from the steam conditions, identical to cell SnInP-2xS. It
was tested for 48 hours. As for the previous cell a general loss of performance was seen
with time (Figure . Average degradation at 7.5 mA/cm? was for the first 20 hours
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Table 7.6: Conditions for testing of a Sng 9Ing.1P2O7 cell with steam on the anode only (cell SnInP-
1xS).

Cell # Flowplates Steam temperature Impedance
SnInP-1xS 1 Ta coated steam on anode 200 °C no
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Figure 7.14: (a) Voltage as a function of time at 7.5 mA/cm? and (b) polarisation curves for an
electrolyser cell with a Sng gIng 1P2O7 electrolyte and steam on the anode only (cell SnInP-1xS).
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Figure 7.15: Activation (a) and ohmic (b) contribution to the polarisation curves of an electrolyser
cell with steam on anode only and a Sng gIng 1 P2O7 electrolyte (cell SnInP-1xS).

= 0.7 mV/h and for the second 23 hours = 0.3 mV /h.

The polarisation data for this cell was treated the same way as for the previous
cell. Initially a current density of 242 mA/cm? was achieved at 1.9 V. The activation
contribution (Figure matched the long term data (Figure as a continuous
degradation was seen with less loss from 24 hours to 48 hours than from 3 hours to 24
hours. The same trend held true for the ohmic contribution (Figure [7.15(b)).



76 CHAPTER 7. PYROPHOSPHATES

2.0 1
18-
2
[
(o]
S 1.6 SninP-2xS
] At startup
> ——20 hours
40 hours
1.4 SninP-1xS
1.3 hours
—— 24 hours
——48 hours
1.2 T T T T T T T " 1
0.0 0.1 0.2 0.3 0.4

Current density (A/cmz)

Figure 7.16: Comparison of polarisation experiments for electrolysers with (cell SnInP-2xS) and
without (cell SnInP-1xS) steam on the cathode respectively.

A continuous change in resistance was seen over time (see Table[/.5). Comparing with cell
SnInP-2xS (Figure it was seen that the "abnormal" measurement for cell SnInP-2xS
was in good correspondence with how this cell progressed. This appeared reasonable as
this measurement had the same conditions as the SnInP-1xS cell, as no pressure difference
was present.

As an ohmic loss over time was seen for the SnInP-1xS cell and no ohmic loss over time
was seen for the SnInP-2xS cell it would be sensible to continue the work with steam on
both electrodes. However, uncertainty of the precise nature of the ohmic contribution was
present. This might not be purely electrolyte resistance as ohmic contributions from the
electrode, such as contact resistance, could be responsible for the increased resistance. It
was also suspected that the pressure difference between the electrodes might influence
the measurements in this two atmosphere setup. Therefore it was decided to investigate
further without steam on the cathode to get a better idea of the electrodes contribution to
the ohmic resistance.

7.3.3 SngyIng;P>,0; with impedance measurements

In the following (Rs) will denote the ohmic resistance as estimated from polarisation
curves, (Re) will denote the electrolyte resistance as estimated from impedance results,
(Rp,) will denote polarisation resistance related to high frequency electrode processes and
(Rp,) polarisation resistance related to low frequency electrode processes.

Table 7.7: Test conditions of a Sng.glng.1P2O7 electrolyser cell with impedance spectroscopy
evaluation.

Cell # Flowplates Steam Temperature Impedance Amplitude

SnInP-Imp 1 Tacoated steam onanode 200 °C yes 50 mV
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Table 7.8: Test intervals for a Sngglng P20 electrolyser cell with impedance spectroscopy
evaluation (cell SnInP-Imp).

Day 1 Day 2 Day 3-5
Time tested 22 hours 50 min 24 hours 26 min 63 hours 3 min
Time between measurements 2 h 21 min. 2 h 25 min. 4 h 20 min.
Day 3
Day 2 31 ——R_ (polarisation)
: B
_ T 24 Day 2
S o :
[ 2 h 21 min g
> 11 h 45 min g ;
= 21 h 09 min c :
o 27 h 40 min s :
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Figure 7.17: (a) progression of polarisation results over time and (b) estimated ohmic resistance
(Rs) from these polarisations for a Sng gIng 1P2O7 electrolyser cell with impedance spectroscopy
evaluation (cell SnInP-Imp).

I order to qualify the overpotential contribution of the electrolyte and the electrodes
respectively cell SnInP-Imp was tested with both polarisation curve evaluation and im-
pedance spectroscopy. The cell was tested for 113 hours in total and its test conditions
and measurement times can be seen in Table[7.7|and [/.§ respectively. After the first day of
testing the cell was left at 200 °C with steam on the anode but no applied current. This was
done to evaluate the effect of polarisation on the degradation of the cell in comparison to
the effect of heat and steam. No such pause was taken between day 2 to day 3.
Figure[7.17(a)]shows the recorded polarisation curves collected over 5 days of testing. The
initial performance of the cell was 313 mA /cm? at 1.9 V and 200 °C. A progressively lower
performance was seen over time until almost stabilisation at a very low performance, ~ 90
mA /cm?, after approximately 85 hours of testing. It was also seen that after the interlude
with no applied current the cell performed worse and had a faster loss of performance.
Thus voltage was clearly not the only detrimental factor. The combination of heat and
steam over time was enough to affect the performance of the cell markedly. Inspection of
the polarisation curves showed a rather drastic change in slope of the linear part of the
curves after the hiatus indicating a change in ohmic resistance. This was backed up by
Figure where estimated ohmic resistance from polarisation fits were plotted as a
function of time. A clear jump in Rs was seen from the end of day 1 to beginning of day
2. A faster loss of ohmic resistance during day 2 compared to day 1 was also seen from
both graphs. At the end of day 2 and beginning of day 3 the ohmic resistance reached a
maximum, dropped a bit and then stabilised to within standard error of the fits. Thus R
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nearly tripled before levelling out giving the impression of a quickly degrading electro-
lyte.
To evaluate the quality of the impedance data Kramers-Kronig transformation (KK) was

25T 15[

2% L 1 1 1 1 1% L 1 L 1 1
1.00E-01 Hz BOTE+04Hz | 1.00E-01 Hz BOTE+04 He

(@) (b)

Figure 7.18: Kramers-Kronig validation of impedance data for cell SnInP-Imp. Data obtained at
1.6V polarisation are shown for (a) day 1 and (b) day3 (cell SnInP-Imp)

done on a representative portion of the data (about 20 %). It was found that at the data had
a somewhat high residual percentage (=~ 2 %) at low frequencies. This was seen less over
time especially for impedance collected at high polarisation (1.6V or 1.8V). Figures[7.18(a)]
and shows the KK residuals for the first measurement at 1.6V for day 1 and 3 re-
spectively. Care was taken when interpreting the data at the low frequency region. It
should be noted at even at this relatively high amplitude (50 mV) no systemic problems
were detected in the KK-validation at high frequencies. For some cells slightly higher re-
siduals were seen at high frequencies but they were still below 0.5 % and without any
periodical structure.

Figure shows the progression of the impedance recorded at 1.6V. The impedance
seen in Figure supported the general conclusions from the polarisation curves.
Between day one and day two there was a jump in Ry towards higher values. The two
depressed semi circles grew at different paces but ended up stable and roughly equal in
size. The ohmic resistance also stabilised at the beginning of day three.

The data from the impedance measurements were used to do a distribution of relaxation
times (DRT) plot. Figure[7.19(b) exemplifies this for impedance measurements recorded at
1.6V. This plot corresponded well with the previously presented data. The low frequency
element grew slowly during day one but after a day and a half without polarisation it
began to grow faster. This supported the idea that polarisation was not the only factor
in the degradation of the cell and time, steam and temperature definitely had a role in
the performance loss. During day three to five the peak almost stabilised. For the high
frequency element similar trends were seen except for days three to five. Here the peak
shrank until a stable point was reached. This makes sense when comparing to the changes
seen in the Nyquist plot. It should be noted that even though two low frequency peaks
were seen for early measurements the rightmost peak was a fitting artefact. It originated
from the fitting polynomial and was disregarded.

The high frequency element is most likely a collection of charge transfer processes from the
two electrodes and it would be expected to change little over time. This was unfortunately
not the case and indicates electrode degradation on one or both electrodes. It would be ex-
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Figure 7.19: Nyquist plot (a) and DRT evaluation (b) of impedance data recorded at 1.6V. Ohmic
resistance and resistance of two elements are seen to increase over time (SnInP-Imp).

pected that the anode dominates this arc as the OER is the most demanding reaction. This
is not a given however and the high frequency response should not be directly equated to
the anode. The faster cathode process may show up in this region if degradation begins
to increase the polarisation resistance in the electrode. The low frequency at only a few
Hz may be related to gas transfer in the GDL and flow plates and gas conversion in the
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electrode structure. In the work of Jespersen and coworkers#8 on PEM fuel cells such
features were seen at such frequencies. It may also be directly related to the sluggish oxy-
gen evolution reaction and is certainly linked to the anode side of the cell. When current
density was increased the response decreased for the low frequency impedance response.
As it would be expected that the OER on the anode would be the process most directly
affected by an increase in current this further points to the low frequency arc stemming
mostly from the anode.

CNLS fitting was employed to estimate the electrolyte resistance (Re), the high frequency
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Figure 7.20: Electrolyte and polarisation resistance estimated from impedance, recorded at 1.8 V,
by CNLS fitting as well as ohmic resistance estimated from polarisation curves as a function of
time (cell SnInP-Imp).

polarisation resistance (Rp ) and the low frequency polarisation resistance (Rp,). At low
or no voltage (1.2V and OCV) no actual electrolysis was happening. This made it practic-
ally impossible to estimate the polarisation resistances from the spectra recorded at these
voltages. It was attempted to estimate R from the data at OCV and 1.2V. While it is pos-
sible to do so the results varied widely in an unsystematic way. These estimations were
disregarded. For data recorded at a potential of 1.4V and above it was possible to fit the
spectra. Figure shows the resulting resistances calculated CNLS fit for 1.8V. It was
seen that after the cell had been left without current for 1.5 days the electrode degradation
picked up until it stopped during day 3. This was true for both elements but R, clearly
increases the most. At the first day 2 measurement R, dropped a bit compared to before
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the hiatus but increase form there. It stabilised before R, did. Re increased at a steady
pace throughout the entire measurement range. A small jump was seen from day 1 to
day 2. It should be noted that R. from the fits at 1.8 V, 1.6 V and 1.4 V all are within the
standard error of fit of each other and are thus not affected by polarisation. This fits with
what was expected of the electrolyte resistance.

R from the polarisation curves was also included in Figure[7.20]to allow for a comparison
with Rp . The two follow a similar pattern especially from day two and onward. The
same systematic trends were seen for impedance data recorded at 1.6V and 1.4V. This res-
ult could mean two things. Either the ohmic resistances estimated by the polarisation in-
cludes an ohmic resistance from the electrodes and is not a true measure of the electrolyte
resistance or the polarisation resistance estimated from the impedance actually includes
a part of the electrolyte resistance. If the latter was true then all big changes in electro-
lyte resistance would be seen in the estimated polarisation resistance. This is not the case
as for the first measurement in day 2 R jumps to a much higher value while R, does
not jump until the measurement 8 hours later. It is thus more likely that the polarisation
curve fit does not manage to split the contributions up entirely correctly and Rs should not
automatically be equated to the electrolyte resistance R.. So while the electrolyte certainly
degraded with time degradation in the electrodes made the electrolyte degradation seem
worse than it was.

As the degradation of the electrodes clearly picked up during day 2 it seemed likely that
one of the electrodes had in some way been destabilised during the gap between day 1
and day 2 and renewed polarisation of the cell accelerated a degradation of a vulnerable
electrode. Visual inspection of the flow plates after the experiment revealed a cathode
adhering strongly to the stainless steel flow plate. The carbon GDL was pressed into the
flow channels as well. This degradation of the GDL could be the reason for the increase
in one or both of the electrode elements from the fittings. As Ry, which is related to fast
electrode processes, showed the largest degradation this indicates a connection between
the cathode and Rp, . The anode was seen to be pressed into the electrolyte. This could
have lead to harder access for the steam to the IrO,. Other possible reasons for anode
degradation include IrO; being lost from the Ta coated SS or particle sintering.
Recalculation of the ohmic resistance estimated from impedance to conductivity gives val-
ues starting as high as 6.6:1072 S-cm ™! and with a minimum of 4.2.1072 S-cm™!. The con-
ductivity measured at 210 °C was 7.3-1072 S-cm L. Thus the conductivity estimated by the
impedance is close to that previously measured and the difference may partly be caused
by the difference in measurement temperature. As the electrolyte conductivity estimated
from the cell test is so close to the measured conductivity it can be assumed that a thinner
electrolyte would be very beneficial for the cell.

7.3.4 SnggyInyP,0; with reference measurements

Table 7.9: Test conditions for a Sng.9Ing.1P2O7 electrolyser cell with reference electrode.

Cell # Flowplates Steam temperature Impedance Amplitude Reference

SnInP-Ref 1 Tacoated steam on anode 200 °C yes 10 mV Pt/H,
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Figure 7.21: Reference electrode measurements at the beginning (a) and end (b) of 18 hours of
testing. A., C. and Ref. denotes anode, cathode and reference respectively (cell SnInP-Ref). The
reference electrode measurements seem to degrade the cell.

As impedance does not (necessarily) allow for a direct separation of the overpotential
contributions from the two electrodes reference electrodes must be used for this task. In an
attempt to distinguish the two electrodes in a Sng gIng 1P2O7 cell similar to cell SnInP-Imp
from each other a platinum wire reference electrode was introduced (see Section[#.2.2).
Figure[7.21(a)|and Figure[7.21(b)|depicts the efforts of reference electrode measurement for
cell SnInP-Ref. Polarisation curves were done before and after the reference measurements
and all measurements were done with a Hy flow of 2.01 L/hour on the cathode. Between
the two measurements the cell was tested for 18 hours with polarisation and impedance
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measurements every 4 hours and 30 minutes. The results have not been corrected for
electrolyte resistance contribution.
It was seen that in both cases the polarisation curves are not the same before and after
the reference electrode measurements. For the second reference electrode measurement
(Figure the reference to anode measurement was even higher than polarisation
curve. While it was clear that some part of the reference measurement process was
harmful to the cell the exact reason for the detriment was unclear. Between the two
reference measurements polarisation curves were recorded 4 times. A comparatively
small degradation was observed over these polarisations indicating that it was not the
mere act of polarising the cell that causes this large degradation. It should be mentioned
that the uncorrected cathode overpotential contribution was measured as 111 mV at 100
mA/cm? at first measurement and 49 mV at 100 mA/cm? at the second. It also seems
unlikely for the cathode to increase in performance over time.

Figure shows the estimated ohmic and polarisation resistances from impedance

74 Reference measurement
|

Resistance (Q cm?)

Time (hours)

Figure 7.22: Electrolyte and polarisation resistance estimated from impedance by CNLS fitting as
well as ohmic resistance estimated from polarisation curves as a function of time (cell SnInP-Ref).

CNLS fitting. All standard errors for the resistances were below 2 %. The ohmic resistance
measured from impedance does not increase, on the contrary it decreases a bit. The
polarisation resistances were seen to increase over time with a sharp spike after the second
reference electrode measurement showing its detrimental effect on the electrodes.

Similar reference electrode measurements suffered from worse loss of performance after
reference measurements. Fluctuations in the steam supply was also found to interfere
drastically with the measured overpotentials. For these reasons the reference electrode
was abandoned. While the rewards of having a functional reference electrode were
compelling it was found that too much time would be required to get to that point. Apart
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from a single experiment with WC as cathode electrocatalyst, see Section[9.2.T} no further
attempts were made.

7.3.5 The effects of temperature

Table 7.10: Test conditions for Sng gIng ; P2O7 electrolyser cells with variation of temperature.

Cell # Flowplates Steam temperature Incriment Impedance Amplitude
SnInP-Templ 1Tacoated steam onanode 200 -240°C 20°C no -
SnInP-Temp2 2 Tacoated steam onanode 200 -250 °C 10 °C yes 10 mV

As it had been established that atleast the electrode(s) and possibly also the electrolyte
was not entirely stable over time it was decided to investigate the effect of temperature.
Two experiments were done: one solely with polarisation evaluation and one with
impedance evaluation as well. For the first experiment the temperature was raised in
increments of 20 °C and for the second in increments of 10 °C.

Figure shows the polarisation curves recorded for cell SnInP-Templ. Two
measurements were done at each temperature. One after the cell had adjusted to
the temperature and one an hour after the first. An initial gain in performance was
seen from raising the temperature. However, after an hour much of that gain was
lost and ultimately there was a net loss with time. This degradation was faster at
higher temperatures. Comparing with Figure activation contribution as expected
decreases with increased temperature. Again, after one hour some of the initial gain
was lost and again at an accelerated pace with increasing temperature. The same trend
was seen for the ohmic contribution (not shown here). This could indicate either the
previously mentioned problem with the way the polarisation curves were fitted or an
actual electrolyte degradation.

To illuminate this a second experiment was done and evaluated with impedance as well
as polarisation (cell SnInP-Temp2). At each temperature the cell was left at 7.5 mA /cm?
for 1 hour before polarisation and impedance was recorded. The starting temperature was
200 °C and the temperature was raised in intervals of 10 °C until 250 °C was reached. This
temperature was chosen as end temperature for safety reasons as the cathodes used had
a small amount of Teflon binder in them. PTFE has been reported to have a melting and
decomposition onset as low as 280 °C 142 and even though the amounts of decomposition
products evolved at this temperature should be below what is harmful to humans it was
decided to keep below 250 °C at all times. Figure shows the polarisation curves
obtained over the temperature range. Only very slight changes in the polarisation curves
were observed. A slight activation of the electrode processes with increased temperature
was seen. A small increase in the ohmic resistance was also seen over time. The activation
contribution of the polarisation curve decreased (Figure[7.24(b)). This was to be expected
as the prominent electrode processes should be thermally activated.

The impedance results gave apparently conflicting results. When the voltage was
raised the low frequency response decreased while the high frequency response remained
unchanged (Figure[7.25(b)). This was entirely to be expected as mentioned in Section[7.3.3}
When temperature was raised and a small voltage was applied (not shown) the low
frequency element activated while the high frequency element deactivated. This
corresponds to what was seen in Figure When the polarisation was 1.6V or more
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Figure 7.23: (a) polarisation curves and (b) activation contribution to the polarisation for a

Sng 9Ing 1P2O7 electrolyser cell with variation of temperature (cell SnInP-Temp1)

both processes deactivated, as seen in Figure First of all this means that the part
of the electrode responsible for the high frequency process degrades over time. That the
low frequency arc behaves differently depending on polarisation could mean it includes
more than one element. This would have to be elements so close in time constants that
they were not separated by DRT. As the impedance was recorded with a low amplitude,
10 mV, this may also have been a signal-to-noise issue.
It would be expected that the high frequency element would be activated with
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Figure 7.24: The effect of temperature for cell SnInP-Temp?2 as seen in (a) Polarisation curves and
(b) activation contribution. The activation overpotential decreases with increasing temperature as
would be expected due to kinetic activation.

temperature as high frequency processes in this regime usually are related to fast electrode
processes (e.g. charge transfer and ionic conduction). That the opposite was the case
was a sign of degradation. Possible degradation mechanisms are e.g. platinum sintering
and degradation of PTFE or the carbon support in the cathode. The degradation slows
down over time/temperature which indicates that it was related to the PTFE binder or the
catalysts in the electrodes as they in regards to degradation are limited resources where
carbon cloth and support are not. As the platinum particles were already rather large, <
20 pm, sintering was found to be unlikely. Thus PTFE was deemed the most likely culprit.
The resistance estimated from CNLS fitting of impedance data recorded at 1.8 V and
1.4 V are shown in Figure[7.26(a)] and [7.26(b)| respectively. These underlined the previous
notions. The 1.8 V data showed a slight decrease in resistance for the electrolyte followed
by a slight increase. 1.4 V showed only increase but the size of the standard errors of the
200 and 210 °C data points means that an initial decrease would be within the confidence
interval and thus a decrease could not be ruled out. R, increased in both instances and
Rp, increased at 1.8 V but decreases at 1.4 V. All resistances were tested for Arrhenius
behaviour (not shown) standard errors were large (25 % to 100 %) and plots showed
parabola curving of the data points.
As Sng 9Ing 1P2O7 has been seen to lose conductivity above 200-210 °C an initial decrease
in Re followed by an increase would be expected. While the changes in conductivity with
temperature are noticeable they are not monumental. The difference between highest
and lowest resistance was 2.7 %. While degradation might have been happening in the
electrolyte longer term exposure to elevated temperature would be necessary to establish
this with certainty.
Rp, increases with temperature and degradation of the fast electrode process is evident.
This again leads back to the possibly instability of the cathode.
In conclusion, at low applied voltage the slow electrode processes, R, , showed activation
with temperature. This was to be expect as the kinetics of the electrodes should improve
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Figure 7.25: The variation of impedance with temperature and polarisation (cell SnInP-Temp2) as
seen in Nyquist plots and DRT. (a) shows data recorded over temperate at 1.6 V and (b) shows data
recorded over polarisation at 230 °C.

with temperature. At higher applied voltage however all electrode processes showed
signs of deactivation indicating degradation of both fast and slow electrode processes.

7.3.6 Higher operating current density

Table 7.11: Sng 9Ing.1P2O7 cell with higher current density.

Cell # Flowplates Steam temperature Impedance Amplitude
SnInP-HC 1 Tacoated steam on anode 200 °C yes 50 mV

The effect of polarisation on the electrolyser cells was investigated. Instead of the low
default operation current density a current density of 150 mA /cm? was chosen for a cell
tested for 24 hours. This cell was compared with the first day of the testing of cell SnInP-
Imp.

The polarisation curves for the two cells are shown in Figure Cell SnInP-HC
seemed to degrade faster than cell SnInP-Imp. The two cells were not directly comparable
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Figure 7.26: R, R, and R, as a function of temperature (cell SnInP-Temp2). The resistance were
estimated by CNLS fitting of impedance data recorded at (a) 1.8 V and (b) 1.4 V.
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Figure 7.27: The effect of 150 mA/cm? current density on a Sng gIng 1P2O7 cell (cell SnInP-HC).
A clearly rising potential over time is seen in (a) and (b) shows a faster degradation as seen by
polarisation curves than a cell operated at 7.5 mA/cm?.

however as cell SnInP-HC has an electrolyte thickness of 0.90 mm and cell SnInP-Imp is
only 0.65 mm thick.

Voltage loss every four hours at 150 mA /cm? was recorded as being: 10.9 mV /h, 5.7mV /h,
6.1 mV/h, 6.6 mV/h and 7.3 mV /h. As this is not directly comparable to values for other
current densities impedance results were used.

For a more direct comparison oe, Rp, and Ry, were estimated by CNLS fitting. oe is the
electrolyte conductivity. The results obtained for 1.8 V were compared to cell SnInP-Imp
in Figure The electrolyte conductivity showed a slightly more stable electrolyte for
cell SnInP-HC. The overall stability of both electrolytes lead to the conclusion that higher
current density did not promote electrolyte degradation.

Rp, saw a much higher increase for cell SnInP-HC than for the cell operated at low
current density. Over the cause of 20 hours the resistance increases sevenfold. Ry for
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Figure 7.28: Electrolyte conductivity and polarisation resistance estimated from impedance by
CNLS fitting recorded at 1.8 V for cell SnInP-Imp and cell SnInP-HC. Cell SnInP-Imp shows
less degradation over time for both electrode elements. Cell SnInP-HC a slightly more stable
electrolyte.

cell SnInP-Imp starts lower and increases fivefold over the same time scale. Values for
Rp, were initially identical for the two cells, but increased faster for cell SnInP-HC. Both
cells increased most initially. Both electrode elements were thus seen to be vulnerable to
polarisation over time. The high frequency element was evidently very sensitive with a
dramatic increase in resistance and a total resistance after 20 hours rivalling that of the low
frequency element.

As with cell SnInP-Imp visual inspection of the flow plates revealed a highly damaged
cathode GDL. It is reasonable to believe that the high current density could have
accelerated the degradation of the GDL. As R;, is related to the fast electrode processes a
heavy degradation of the cathode would affect Ry, .

7.4 Summary of results for pyrophosphates

The synthesis of Sngglng1P2O7 was seen to be profoundly affected by temperature.
A constant ramp temperature was seen to give better results than stepwise ramping.
While the electrochemically tested materials in this Chapter were made with a ramping
temperature of 280 °C it was seen that 270 °C would likely give a more easily reproducible
result.

Electrolysis was carried out using Pt-black as cathode electrocatalysts and IrO, as anode
electrolyte. The highest current density achieved at a voltage comparable across the
difference cells was 313 mA/cm? at 1.9V. The electrolysis cells worked with steam on
both electrodes as well as steam only on the anode. There may be a gain in stability of
the electrolyte if steam is supplied to both electrodes.

Impedance results suggested a stable electrolyte at 200 °C. This would seem to be in
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contrast to the results of ohmic resistances estimated from polarisation results. However a
link between the polarisation resistance estimated from impedance measurements and the
ohmic resistance from the fits was seen. It was deemed likely that part of the polarisation
resistance had been included in the ohmic resistance estimated from the fit.

One or possibly both electrodes were not stable with time. As the conducted reference
electrode measurements were of too poor quality to give anything conclusive it is still
uncertain which of the electrodes are degrading the most and at what time scale. The
following possible degradation reasons have been suggested: platinum particles on the
cathode may sinter, the carbon microporous layer on the cathode may erode, the PTFE
in the cathode may soften and lead to collapse of the electrode structure and increased
contact resistance, IrO; may be lost from the Ta coated SSF or particles may sinter and the
electrolyte may be pressed into the electrode structure covering the active particles.

A loss of electrolyte performance was seen with temperature. Initial activation of the
electrodes seemed to compete with degradation. The electrode elements related to charge
transfer were deactivated with temperature while low frequency processes were seen to
be both activated and deactivated. The deactivation was most likely degradation and
not an actual deactivation of the processes. The electrode degradation may increase with
temperature though this is not entirely conclusive.

Operation at increased current density accelerated degradation of the cell. The electrolyte
was not affected but both the high frequency and the low frequency element were affected.
Rp, increased the most and as the cathode was highly damaged after testing it was
concluded that this was the cause of the increase of the resistance at high frequency.
Many parameters of the electrodes could be optimised. First of all the stability issues seen
require attention. A thorough study of the stability of IrO, at temperatures above 200 °C
would be of great interest.

The electrolyte conductivity estimated from cell tests were found to be very close to
the measured conductivity. An estimation at 200 °C shoved an initial conductivity of
6.6:1072 S-.cm ™!, slightly lower than the conductivity at 210 °C 7.3-1072 S-cm™!. A great
improvement of performance would be expected from a thinner electrolyte.






CHAPTER 8

Other phosphates

To get a broader picture three other electrolytes were tested electrochemically. One of
them, CsHyPOy, was tested in the form of stabilised composites as well as its pure form.

8.1 Bismuth and niobium cells
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Figure 8.1: Polarisation curves for bismuth and niobium based cells. The insert illustrates the
instability of the polarisation as exemplified for Bi-P after 5 hours and 28 min.

Possible phosphate electrolyte materials based on bismuth and niobium were tested.
The materials were synthesised as described in Section and Section respect-
ively. The bismuth phosphate (Bi-P) was by XRD (not shown) identified as a mixture of
monoclinic Bi;P4Oq3 and BiPO4. The phosphoric acid treated niobium phosphate sample
(Nb-P) was found to be monoclinic Nb5P703 (not shown). The latter sample was pos-
sible to press into a pellet without the addition of a binder but the former had to have the
addition of 2 wt.% PBI. Otherwise the pressed pellet would crumble or break before they
could be transferred to the cell housing.

92
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Table 8.1: Components and loadings of Bi-P and Nb-P electrolyser cells. E., A. and C. denotes
electrolyte, anode and cathode respectively.
Cell#  Electrolyte @ A.GDL C.GDL A.loading C. loading Thickness

BiP Bi-P/PBI 2%) TaSSF Cpaper 241mg/cm? 0594 mg/cm? 0.92mm
NbP Nb-P TaSSF  Cpaper 234mg/cm? 1556 mg/cm?  0.61 mm

Prior to cell testing conductivity measurements were done for the two materials by PhD
Y. J. Huang (results not shown). Both samples were found to have conductivities above
11072 S-em~1! at 200 °C in air and as such satisfy the conductivity demands for an electro-
lyte.

Measurements for Bi-P were done with a purely Pt/C cathode and with an in-house built
power supply (see Section[6.1.2). Measurements for Nb-P were done with a Pt black cath-
ode and a potentiostat.

The most promising results for each of the two materials are shown in Figure The
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Figure 8.2: Short tests with Nb-P as electrolyte at 7.5 mA /cm?. The voltage never stabilised.

parameters for these cells are detailed in Table[8.1} The best polarisation results were seen
from the Bi-P cell where 75 mA /cm? were measured at 1.8 V. For cell NbP 1.95 V had to be
reached before this current density was achieved. This was even though the Nb-P sample
had 2/3 the thickness of the Bi-P electrolyte and nearly 30 times the platinum loading on
the cathode.
The cell BiP was not stable during testing, and after a handful of hours the lack of stabil-
ity was even noticeable during the measurement of polarisation curves. At this point it
was decided that it made no sense to do further polarisation curve measurements as the
voltage would not stabilise for the chosen current density. The instability of the cell may
be related to the binder used. It has previously been illustrated that PBI has thermohydro-
lytic stability problems especially in oxidative environments. 2838l Since the electrolyte
powder was impossible to press without a binder it was decided that it was not to be in-
vestigated further as more promising alternatives existed.

Nb-P showed better stability during polarisation. It was however not satisfyingly stable
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Figure 8.3: Polarisation fit for a Nb-P cell. Estimated values of Ry from the fit and conductivity
data respectively are shown.

over time as can be seen in Figure This data was recorded at 7.5 mA/cm? with just
one minute in between the first and the second chronopotentiometric measurement. The
voltage loss over time was calculated to 27.3 V /hour for the first hour and 18.7 V/hour
for the second hour. This was between 25 and 90 times as high as what was seen for
Sng.9Ing.1 P2O7 in Section[7.3.2]

The application of a potentiostat for polarisation of cell NbP gave the possibility of do-
ing a polarisation curve fit. The results can be seen in Figure From this fit the ohmic
resistance of the cell was calculated which could in turn be recalculated to a conductivity
(Rs = 6,08 Q -cm? -> 11072 S - em™!). This was of the same magnitude as the measured
value of conductivity (not shown). This means that the most pertinent focus apart from
the stability issues would be to reduce the thickness of the cell. Unfortunately this also
means that the electrolytes conductivity is limiting for the development of cells with this
material. This coupled with the poor stability of the material led to the conclusion that it
would not be worth the effort to continue the cell tests with this material.

8.2 CSH2P04

As CsH2POy has been the most prominent IT fuel cell electrolyte the past 10 years it was
attractive to test it as an electrolyte in IT electrolysis. The experiments carried out with
CsHyPOy based electrolytes are detailed in Table 8.2l and Table The baseline for cell
operation was a pure CsH,POy, electrolyte tested at 250 °C. The super protonic transition
of CsHyPOj4 at 229 °C is a necessity for operation and the temperature of 250 °C was chosen
to make sure any possible temperature gradient through the cell was inconsequential.
The initial cells were tested with steam on the anode only. The setup was later modified
to allow for steam on both electrodes to hamper the dehydration of the electrolyte.

The presented results were done with Pt/C as electrocatalyst and Toray paper as GDL
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for the cathode except for the cells CDP-TaSSF and CDP-Pt-b. Results obtained by
others in our group showed the Pt/C electrocatalyst to have insufficient activity for these
preliminary measurements. Therefore cell CDP-Pt-b was done with Pt-black in stead. For
cell CDP-TaSSF the cathode was made using a piece of tantalum coated stainless steel felt
(Ta SSF) as GDL. Here the ink used for electrocatalyst spraying was made with a 50/50
wt.% mix of electrolyte and electrocatalyst.

IrO, was used as anode electrocatalyst for all cells presented here. In the anode ink the
electrolyte/electrocatalyst ratio was 50/50 wt.%. This ratio was assumed constant when
calculating catalyst loading after anode spraying.

Table 8.2: Components and loadings for cells with CsH;POjas electrolyte. A. denotes anode and
C. denotes cathode. Support is electrolyte support

Cell # Support A.GDL C.GDL A.loading C. loading

CDP1 None TaSSF(1) Cpaper 090mg/cm? 1,11 mg/cm?
CDP-ZO ZrO5,33wt% TaSSF(1) Cpaper 1,09mg/cm? 1,11 mg/cm?
CDP-SiC1 SiC,50 wt.%  TaSSF(1) Cpaper 143mg/cm? 1,11 mg/cm?
CDP-SiC2  SiC,50wt.% TaSSF(1) Cpaper 1,39 mg/cm? 1,11 mg/cm?
CDP-Temp None TaSSF(1) Cpaper 1,20mg/cm? 1,11 mg/cm?
CDP-TaSSF None TaSSF(1) TaSSF(1) 1,32mg/cm? 0,98 mg/cm?
CDP-Pt-b None TaSSF(2) Cpaper 2,03mg/cm? 6,78 mg/cm?

Table 8.3: Operating conditions and electrolyte data for CsHyPOy, cells. E. denotes electrolyte.

Cell # Temp. Steam E.mass E.thickness
CDP1 250°C  Anode 0.6714g 0.68 mm
CDP-ZOa 250°C Anode 05323¢g 0.60 mm
b both
CDP-SiC1 250°C  Both 0.3412g 0.44 mm
CDP-SiC2 250°C  Both  0.5306 g 0.56 mm
CDP-Temp 239°C  Both 0.5011g 0.58 mm
CDP-TaSSF  239°C  Both 0.6234 ¢ 0.71 mm
CDP-Pt-b 250°C  Both  0.6027 g 0.70 mm

8.2.1 Pure CsH,PO, with steam on the anode only

An example of an electrolyser cell with a pure CsHyPOy electrolyte tested at 250 °C can be
seen in Figure After the start-up procedure a constant current was applied to the cell
and the voltage response quickly shot to over 2.0 V even at the very low current density
of 7.5 mA/cm?. Even at 2.0 V no signs of a horizontal plateau was seen. One possible
explanation for this could be failure for the electrolyte to reach the super protonic state.
This seemed unlikely at a cell housing temperature of 250 °C. It was considered more
likely that the lack of steam on the cathode allowed for dehydration on the cathode side
of the electrolyte thus forming dehydration products. This would lead to loss of proton
conductivity in the interface between the electrolyte and the cathode due to an insulating
layer of dehydration products. This cell behaviour was seen for multiple cells.

It was concluded that the pure CsH>PO, was too unstable. To investigate whether
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Figure 8.4: Pure CsH,PO, full electrolyser cell. At low current density (I = 7.5 mA/cm?) no stable
potential was achieved (cell CDP1).

dehydration or mechanical instabilities were responsible stabilisation of the electrolyte
and/or addition of steam to the cathode would be needed.

8.2.2 Stabilised composites of CsH,PO, and the effect of steam
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Figure 8.5: CsHyPO, + ZrO; (3:1) cell with steam on (a) the anode and (b) the anode and the
cathode. Tested at 250 °C and 7.5 mA /cm? (cell CDP-ZO).

Stabilisation of the CsHyPO,4 was attempted. Two types of stabilised electrolytes were
tested. The first was added 33 wt.% ZrOs. The second was stabilised with 50 wt.% SiC
fibres by co-precipitation (see Section[5.1.3).

The initial test was done with the ZrO, stabilised sample and only steam on the anode (cell
CDP-ZO). The result of this test can be seen in Figure[8.5(a)] This stabilised sample showed
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behaviour similar to pure CsHaPO4. On this time scale of tens of seconds it was impossible
to compare the two cells meaningfully. Should it be attempted anyway it would be noted
that the stabilised cell reached 1.95 V faster than pure CsH,PO, but it showed greater signs
of stabilisation.

The same cell was tested with steam added to the cathode side of the cell. Figure
showed a large gain both in stability and performance. The gain in performance was be-
lieved to be due to the regenerative nature of the dehydration of CsHyPO, at high water
partial pressures. % While the improvement was clear it was not long lasting. It was un-
certain what caused this failure as no dehydration products should be able to form. After
disassembly the cell housing no mechanical failures could be seen.
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Figure 8.6: Polarisation curves SiC stabilised CsH2PO, (1:1) electrolyser cell. Results from cells
CDP-SiC1 and CDP-SiC2 are shown.

Two SiC stabilised CsHsPO4 (50 wt.% /50 wt.%) cells were tested. Cells CDP-SiC1 and
CDP-SiC2, see Table Cell CDP-SiC1 was held at 7.5 mA /cm? for 2 hours, a polarisation
curve was measured, it was left at 7.5 mA/cm? for one hour and polarisation was done
again. The cell was then turned off and the experiment was repeated the following
day. Cell CDP-SiC2 was held at 7.5 mA/cm? for 20 hours, a polarisation curve was
measured and the process was repeated with the current density raised to 38 mA /cm?. All
experiments were done with steam on both electrodes. The resulting polarisation curves
are depicted in Figure[8.6]

The addition of SiC had a clear effect. These cells showed a much more stable performance
than what was seen for the pure and the ZrO, stabilised CsHoPO4. Cell CDP-SiC1
showed a degradation of 5.1 mV /hour at 7.5 mA/cm? during the initial two hours and
cell CDP-SiC2 showed an average voltage loss of 0.7 mV/hour during initial 20 hours
at 7.5 mA/cm?. Cell CDP-SiC1 showed little performance loss between polarisations. It
was however more pronounced after the cell was shut down and started up again. Cell
CDP-SiC2 showed high stability at 7.5 mA /cm? with a overall better performance after 20
hours than cell CDP-SiC1 had after two. At 38 mA/cm? the loss was higher, estimated
at 6.2 mV /hour. This value was comparable to the results seen for cell CDP-SiC1 at 7.5
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Table 8.4: Resistance and conductivity estimated from polarisation curves for CsH;PO,/SiC cells.

Cell # Time R, (2 ecm?) o(S-cm™1h)
CDP-SiC1 2 hours 14.30 3.1-1073

3 hours 13.89 3.2.1073

2 hours (day 2) 17.05 2.6:1073

3 hours (day 2) 17.67 251073
CDP-SiC2 20 hours (7.5 mA/cm?) 6.87 8.1-1073

40 hours (38 mA /cm?) 11.45 491073

mA/cm?. The reason for this difference in stability between the cells is uncertain. The
only notable difference between the two cells was the thinner electrolyte of cell CDP-SiC1.
That cell CDP-SiC2 needed a higher current density to degrade at the same pace as CDP-
SiCl1 is hardly explained by the difference in thickness of the electrolytes.

The current densities achieved for the two cells were rather low. Cell CDP-5iC2 showed
the best performance with 60 mA /cm? at 2.0V. This was still far below what was achieved
for Sng 9Ing.1P2O7 (313 mA /cm? at 1.9 V). Table shows the estimated ohmic resistance
from the polarisation curves along with the estimated values for proton conductivity
under the assumption that the electrolyte is the only contributor to the ohmic resistance. A
high resistance was seen for cell CDP-SiC1 throughout with a jump after shut down/start-
up. Cell CDP-SiC2 showed a conductivity close to 8.1:1073S.cm™! initially. This was
encouraging as this was relatively close to the conductivity of pure CsHyPO, at ideal
conditions (1.8-1072S-cm~! at 233 °CH8l). As the ohmic part of the polarisation fit may
include more than just the electrolyte the CsH>POy could still be working as intended and
the fault for the poor performance may lie with the electrodes. To investigate whether
the limited amount of platinum present on the cathode was partly responsible it was
attempted to test a SiC stabilised cell with Pt black. The experiment did not work however
and no more time could be devoted to this pursuit.

8.2.3 Variation of temperature

It was speculated that the temperature of 250 °C softened the electrolyte to a point where
it could deactivate the electrode surfaces by filling up the surface porosity. Therefore
an experiment with an initial temperature of 239 °C was done (CDP-Temp). Testing
ended when the cell voltage exceeded 2.0 V, some times a bit more. Testing was then
recommenced at a higher temperature. The additional experiments were done at 250, 260
and 270 °C. The initial temperature of 239 °C was used for testing two times before the
temperature was raised to 250 °C.

Figure shows the resulting time vs. voltage curves. Compared to cell CDP1
improvements were seen. However compared to cell CDP-ZO with steam on the
cathode this cell with pure CsHyPOj left something to be desired. The cell was tested
for a maximum of 10 minutes never stabilising. Raising the temperature lead to no
improvements and as a general trend the following measurement continued where the
preceding left off. We are hesitant to draw any conclusions based on this cell but what
can be inferred is that lowering the temperature is not enough to stabilise a cell with pure
CsH3POy,. It is possible that lowering the temperature 239 °C can be beneficial for cells
already somewhat stable.
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Figure 8.7: Cell testing initiated at a variety temperatures. Current density = 7.5 mA/cm? (cell
CDP-Temp).

As the literature predicts that the electrolyte should have no problems under these
conditions it is suspected that one or more of the electrodes are to blame for the fast
degradation. As the cathode had PTFE in the microporous layer the softening of this
could be the reason for the failure.

8.2.4 Alternative cathode GDL

The cathode microporous layer included PTFE as a binder. The softening of this could be
one of the reasons for the fast failure of the cells. To illuminate the role of the cathode
GDL in electrode degradation of pure CsHyPOj cells the carbon GDL was replaced by a
Ta-coated SSF GDL. No support was used and Pt/C was applied onto the felt by spraying
an EtOH based ink. The cell was tested at 239 °C as a small stability increase had been
seen at this temperature. The results are found in Figure and Figure

The resulting cell (cell CDP-TaSSF) was much more stable than what had previously
been seen for pure CsH,PO,. Before polarisation the cell lost approximately 9.0 mV /hour.
After polarisation the cell lost 5.6 mV /hour. Even though that was a clear improvement
the polarisation clearly had a detrimental effect on the cell. The voltage at 7.5 mA/cm?
increased markedly after polarisation. The polarisation curves themselves shows the
detriment to the cell (Figure [8.8(b)). Even though, this was the best performance seen
for a cell with pure CsHyPOy. It was tested for almost a full day before it was shut down
(Figure [8.8(a)). Even though it was not on par with the SiC stabilised cells the effect of
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Figure 8.8: CsH,PO, electrolyser cell a Ta coated stainless steel felt cathode GDL (CDP-TaSSF). (a)
Performance before polarisation was comparable to Sng 9Ing 1P2O7 (insert). Lower performance
was seen after polarisation but the stability was highly increased compared to previous cells. (b)
polarisation was seen to be detrimental to the cell. Scan rate = 5mV/s.

the change of GDL was not to be mistaken. The most likely reason for the increase in
stability was the lack of PTFE in the electrode structure. If the Ta-coated SSF is to be used
some kind of support layer would be needed and a different binder should be used. Both
cloth, micro-porous layer and electrocatalyst contains large amounts of carbon. This may
be unstable as well. For continued development the effect of the high temperature on the
carbon species in traditional cathodes should be investigated.
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Figure 8.9: The stability of the pure CsHyPOy cell with Pt-black for cathode electrocatalyst (cell
CDP-Pt-b). Current density = 7.5 mA /cm?.
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8.2.5 Pt-black as cathode electrocatalyst

Since it was conjectured that Pt/C was a bad match for the electrolysis conditions a cell
was made with pure Pt-black for the cathode electrocatalyst on a carbon GDL. The cell,
named CDP-Pt-b, was tested with steam on both electrodes.
During testing it was noticed that oscillations in the steam supply on the anode affected
the measured potential (Figure[8.9). Spikes (up and down) were observed in the potential
not previously seen in cell experiments. To allow for connection of two evaporators
additional piping was needed. These pipes did not have heating elements and relied
on insulation to keep the steam from condensing. The insulation could not ensure an
even temperature distribution along the entire length of the pipe resulting in an uneven
steam flow. This may in turn have affected the anode. While this was not observed for
previous experiments with steam on both electrodes this electrolysis cell had a anode GLD
of felt type 2 (Section[5.4.1). The more closed surface of the GDL may have resulted in a
filling of the surface porosity when the anode was sprayed. This would have given an
insufficient access of steam to the electrolyte-electrode interface. This could have left
the cell vulnerable to the steam fluctuations as starvation/flooding would follow the
oscillations.
Comparing with the results seen in Figure[8.8(a)] the Pt-black cell showed a lower potential
after polarisation. The voltage loss was 7.47 mV /hour for the 42 hour long test. The Pt-
black electrode was not affected by polarisation the same way as cell CDP-TaSSF.
Polarisation curves were recorded every 4 hours. They can be seen in Figure
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Figure 8.10: Polarisation curves recorded for a CsHyPO, electrolyser cell with a Pt-black cathode
electrocatalyst (cell CDP-Pt-b). (a) performance is lost over time. (b) a SiC stabilised electrolyte
gave a more stable performance than the pure CsH;PO, Pt-black cell.

Comparison with the cells with a SiC stabilised electrolyte (Figure [8.10(b)) showed that
while the Pt-black cathode cell performs better in the activation regime the part of the
polarisation curve associated with the ohmic part of the cell was outperformed by the SiC
stabilised cell. There was also a larger degree of degradation for the Pt-black cell over
time.

Too many factors influenced the experiment to make solid conclusions. The anode
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might have alternately been starved and flooded by steam fluctuations, the electrocatalyst
particles might have been lost during operation, the carbon cloth might have been
deteriorating and the electrolyte might have been degrading with time.

8.3 Summery of results for other phosphates

A mixture of monoclinic BioP4O13, BiPO4 and 2 wt.% PBI (Bi-P) was tested as electrolyte.
A phosphoric acid treated monoclinic NbsP7Os3y sample (Nb-P) was tested as well. Both
materials showed a reasonable but not impressive conductivity of 1-1072S-cm™!. Neither
were however stable during electrolysis. They degraded fast over a few hours and the
Bi-P sample was not even stable during polarisation. The stability issues together with the
somewhat low conductivity disqualified the materials from further testing.

CsH5PO,4 was tested with and without steam on the cathode. Steam on both electrodes
was found to be a necessity for stable measurements. To stabilise the electrolyte addition
of ZrOy (33 wt.%) and of SiC fibres (50 wt.%) was explored. ZrO, gave a more
stable electrolyte but a poorer performance. The gain was found to be too little for
further exploration. The SiC fibres gave a higher degree of stabilisation as well as
performance. The highest current density measured was 60 mA/cm? at 2.0 V. This
was far from the performances seen for Sngglng 1P2O7. The conductivity was initially
estimated to be 8.1:1073S-cm~! which is close to the conductivity reported in the literature,
1.8:1072S-cm~!. Thus the cells failure over time could be related to the electrodes rather
than the electrolyte.

For pure CsH>POy, it was seen that exchanging the default cathode felt, a carbon micro-
porous layer with a PTFE binder on carbon paper, with a tantalum coated stainless steel
felt gave higher stability over time. This was interpreted as a result of the absence of
PTFE in the electrode as softening of PTFE at temperatures of 250 °C would lead to higher
contact resistance and possible collapse of the micro-porous layer.

Pt black was attempted tested as cathode electrocatalyst with CsH2PO,4. The results
obtained from the experiment indicated a flooding/starvation of the anode with
oscillating steam. While this had nothing to do with the cathode it made interpretation
of the results difficult. A comparison with previous results for SiC-CsH,PO4 with Pt/C
electrocatalyst indicated a better electrode performance but worse stability. In an attempt
to get results that would be easier to interpret it was attempted to test a cell with SiC-
CsHyPO4 and a Pt-black cathode electrocatalyst. This was unsuccessful.

A thorough reworking of the electrodes would appear to be needed to make electrolysis
with CsH,POy possible. A different GDL would be necessary.






CHAPTER 9

Electrocatalysts and electrodes

9.1 Platinum as electrocatalyst

The results of Chapter [7] and Chapter [§] lead to speculation on whether the carbon
supported platinum electrodes with a PTFE binder was stable for the HER at temperature
of 200 °C and above. To investigate this a PtlSnggIng;P2O7 [Pt hydrogen pump
experiment was done. The symmetric cell was assembled with a Toray paper Pt-black on
microporous carbon electrode on both sides. The loading of platinum was 8.86 mg/cm?.
Humidified hydrogen (0.050 atm) was fed to the cell on one end plate and looped to
the other side of the cell. The flow rate was 50 mL/min. The electrolyte was 0.6025 g
Sng.9Ing.1P2O7 (batch (G)) and had a thickness of 0.65 mm. Impedance was measured
at 0 mV, 50 mV, 100 mV and 200 mV with an amplitude of 20 mV. Polarisation curves
were done at 5 mV/s from -200 mV to 200 mV in groups of 3. Between each group of
polarisation and impedance measurements chronoamperometry was done at 100 mV for
8 hours. The initial temperature of the cell was 200 °C. After 123 hours and 15 min the
temperature was raised to 250 °C.

DRT was done as a preliminary evaluation (not shown). A prominent inductance
contribution (= 3.5 107°Q-s) at high frequencies had to be corrected for. Two elements
were seen at 28.4 kHz and 1.56 Hz respectively. Resistance for these time constants were
seen to increase over time. To quantify the changes Re, Ry, (high frequency) and R, (low
frequency) were estimated by CNLS fitting. Here the inductance was included as part of
the fit instead of corrected by KK. Measurements done at 0 mV were impossible to fit with
sufficient confidence and were not included. The resistance plots for 200 mV polarisation
bias are shown in Figure[0.1] The values for 100 mV and 50 mV showed similar trends and
similar values. Fits of the data after the temperature was raised gave much larger errors
of fit (shown as error bars) than what was seen at 200 °C. Despite this the trend of the data
could still be followed and the data from the fits have been included.

The data at 200 °C for R, falls in two segments. Up to 82 h 30 min a stable ohmic resistance
around 5.15 Qlcm? was seen with variations almost falling within the uncertainty of the
fits (>1 %). The same stability was seen for 90 h 45 min and up except the values are
shifted down to around 4.85 Qcm?. In general these ohmic resistances are high compared
to what has been shown previously. One possible explanation of this behaviour could be
the relative high age of the electrolyte batch when this experiment was done. The batch
was 6 months old and could have taken up some amount of water. This could have made
the phosphoric phase more mobile and allowed for some of the protonic conductivity to
be lost as the water was pressed out of the powder during pellet pressing. This would
in turn mean a generally higher instability of the electrolyte. R, and Ry, show a sharp
increase from beginning to 41 hour 15 min. Both tripled in this time frame. A continued
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Figure 9.1: R, Rp, and Ry, over time in a Pt I Sng.9Ing.1P2O7 | Pt cell. Hydrogen on both sides,
PH,0=0.05 atm. Here shown for 200 mV polarisation. (a) shows the entire range and (b) is zoomed
for better presentation of the polarisation resistances.
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loss was seen over time for both processes. While the loss lessened it was clear that the
electrodes were not stable. As mentioned this could be a result of both loss of platinum
and degradation of the carbon structure either due to softening of PTFE or loss of carbon
in the microporous layer. More experiments would be needed to qualify this.

Rp, decreases with the elevated temperature indicating an activation. This would likely be
related to an activation of the OER reaction on the anode. R;, gets very high error values
for the fit making it very hard to find a trend apart from increasing errors. Such guesses
would be too speculative.

After raising the temperature to 250 °C it was clear that the ohmic resistance increased
and continued to do so. The rate of increase appeared to be linear. The instability
at this high temperature may result from the previously mentioned age of the sample.
If water uptake had happened the phosphoric acid could be much more mobile than
in an as synthesised sample. It is however likely that the electrolyte in itself was not
stable at elevated temperature as some of the previous experiments have pointed to. The
previously reported lowering of conductivity above 200-210 °CE2 could be due to slow
degradation and what was seen here could be an accelerated degradation of this sort.
This would fit well with the previously seen increases in electrolyte resistance at higher
temperature. The stability at 200 °C is noteworthy. Even though it exhibited a high
electrolyte resistance it was still entirely stable at 200 °C over 120 hours. Work done by
others in our group 50 have shown Sng gIng 1 P2O7 to be stable over thermal cycling up to
280 °C. These experiments were done at py,0=0.15 atm compared to the py,0=0.05 atm
used in this work. Thus the reason for the instability seen at 250 °C was likely due to a
too low water partial pressure. This is encouraging as Sng 9Ing 1 P2O7 may yet be found to
function above 200 °C for longer periods of time. Long term testing at higher water partial
pressure as well as higher temperature would be needed to verify this.

9.2 Alternative Catalyst materials

A selection of alternative electrode materials were tested with a tin indium pyrophosphate
electrolyte. Two types of tungsten carbide, each from a different synthesis route, were
used as cathode electrocatalyst. For the anode LaNiO3 powder and Ni foam was tried.
The foam was used as combined electrocatalyst and GDL while the LaNiO3 was applied
to a Ta coated stainless steel felt of the type normally used for anodes. The Ni foam was
also tried as cathode electrocatalyst.

Table 9.1: Components and loadings of Sng gIng 1 P2O7 cells with alternative electrode materials

Cell # E.batch E.mass E.thickness A.Mat. C. Mat. A.loading C. loading

SnInP-WC1  SnP-(J) 0.6014g  0.57 mm IrO,  WC(mWO;) 233mg/cm? 10.25mg/cm?
SnInP-WC2  SnP-(G) 0.6109g  0.62mm IrO;  WC(mW2N) 170mg/cm? 7.61 mg/cm?
SnInP-Ni-an  SnP-(I) 0.6011g 0.60 mm Ni Pt-black - 8.86 mg/cm?
SnInP-Ni-cat SnP-(H) 0.6027 g 0.69 mm IrO, Ni 2.26 mg/cm 2 -

SnInP-LNO  SnP-(G) 0.6602g  0.69mm  LaNiO; Pt-black 482mg/cm?  8.86 mg/cm?




9.2. ALTERNATIVE CATALYST MATERIALS 107

9.2.1 Tungsten Carbide as cathode electrocatalyst

Two types of WC electrocatalysts were tested. Cell SnInP-WC1 used WC(mWO3). This cell
was tested with hydrogen on the cathode from start to finish (Table in order to keep
oxide formation on the electrocatalyst to a minimum. The surface oxidation of WC would
be expected to especially be a problem during start up where no hydrogen is produced on
the cathode.

The WC(mWO3) cell (cell SnInP-WC1) was found to be functional(Figure . The cell

Table 9.2: Components and loadings of Sng 9Ing 1 P2O7 cells with WC cathodes.

Cell # Flowplates Steam temperature Impedance Amplitude H, flow
SnInP-WC1 2Tacoated Steam on anode 200 °C yes 10 mV 2.01 L/hour
SnInP-WC2 2 Tacoated Steam on anode 200 °C yes 30 mV -

S
(]
[=2]
s {
S 1.2 —— Pt-Black Day 1
: ——— Pt-Black Day 5
1.0 —— WC (mWO,) Day 1
—— WC (mWO,) Day 5

0.8

T T T T T T T
0.00 005 010 015 0.20 0.25 0.30

Current density (A/cm?)

Figure 9.2: Polarisation curves for a WC(mWOs) electrocatalyst cell (cell SnInP-WC1) at beginning
of testing and after 5 day. A Pt black cell is included for reference. Higher stability but lower
performance was seen for the WC(mWOs3) cell.

was tested for 5 days. The cell showed a quite reasonable stability but somewhat low
performance, in the range of what was seen for CsH>PO,, Nb-P and Bi-P cells rather than
what had previously been seen for cells with a Sng gIng 1P2O7. The highest initial current
density was 129 mA /cm? at 1.9V. The low performance might originate from a low active
surface area of the WC, incorrect loading, oxidation of the electrocatalyst surface or the
electrocatalytic activity of the material itself. Apart from the latter possibility all of the
above are improvable.

Figure shows a comparison of polarisation curves at day one and after five days
of operation for this cell and for cell SnInP-Imp. The Pt-black cathode cell clearly
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degraded much more from start to finish compared to the WC. This bodes well for the WC
electrocatalyst as stability over time may well be more important than raw electrocatalytic
activity in the long run. The low cost of WC also makes it viable to increase the loading of
electrocatalyst to alleviate the effect of a lower catalytic activity at 200 °C.

The comparison between the two electrocatalysts indicates that the performance loss in
the Pt electrode is related to the Pt electrocatalyst itself. While there may well be some
stability issues with the carbon cloth GDL, especially the PTFE binder in the micro-porous
layer, this cannot explain the difference in performance loss in the two cells as the same
GDL is used. One reason for the loss in the Pt cell may be agglomeration/ripening of Pt
particles. As the Pt particles are, as previously mentioned, fairly large this is improbable.
It is more likely that they adheres too loosely to the carbon structure and are transported
from the cathode by the gas flow.

Reference electrode experiments were done for this cell. The results for day 1 and day
5 can be seen in Figure and Figure respectively. These appear much more
stable than the ones seen for cell SnInP-Ref (see Section [7.3.4). The polarisation after 5
days seemed to do some damage to the cell. From these it was clear that the majority
of the change observed in the cell over 5 days stemmed from the cathode. This was not
necessarily a deactivation of the electrocatalyst and might as mentioned be related to the
micro-porous layer in the cathode.

The second WC sample tested was a mW;3N sample (cell SnInP-WC2). The cell was
started the same way as cell SnInP-WC1, with hydrogen at the cathode (2.01 L/hour).
However, it turned out that the hydrogen flow repressed the electrolysis process. When
current was applied a competing process kept the voltage at 0.19 V. While it was possible
to do chronoamperometric measurements chronopotentiometry was not. Therefore the
hydrogen flow was turned off. This made the cell behave as previously seen for cell SnInP-
WC1 and the cell was tested for 42 hours at 7.5 mA /cm?. It was speculated that the reason
for the competing process was related to hydrogen crossover through the electrolyte.
The electrolyte might not have been completely dense and it might be somewhat gas
permeable when a pressure gradient was existing across the membrane. As the anode
was at ambient pressure and the cathode was connected to the gas supply in one end and
a gas trap in the other a gradient may well have existed. The highest initial current density
measured was 73 mA/cm? at 1.9V.

The lack of hydrogen did not influence the cell in any obvious way. It does unfortunately
make it somewhat difficult to compare cells SnInP-WC1 and SnInP-WC2 directly as the
conditions are not identically. Both are shown in Figure for good measure and it can
be seen that the performances are quite similar in the end. It is also seen from the figure
that Cell SnInP-WC2 showed greater stability than cell SnInP-WC1 over time.

Cell SnInP-WC2 was after the experiment with temperature (see Section[9.2.2) left to run
at 250 °C for 65 hours. As can be seen in Figure this had a detrimental effect on the
cell. Impedance data (not shown) showed degradation of all parts of the cell.

9.2.2 Temperature experiment with WC cathode

A temperature experiment mirroring cell SnInP-Temp2 was done for the tungsten carbide
cell SnInP-WC2. It should be noted that the WC(mW32N) cell had a history, contrary to
the Pt cell. It had already been tested for 42 hours before the temperature experiment was
initiated. While this made direct comparison difficult it also had the possible positive side
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Figure 9.3: Reference electrode measurements for a WC(mWO3) (cell SnInP-WC1) electrocatalyst
(a) at beginning and (b) at the end of 5 days of testing. A., C. and Ref. denotes anode, cathode and
reference respectively.

effect of the cell having been allowed to stabilise. All initial time related losses would have
happened and all changes seen would be expected to be due to temperature.
Cell SnInP-WC2 mirrored cell SnInP-Temp?2 very closely. The only difference was the cath-
ode electrocatalyst. During the experiment temperature was raised after a cycle of 1 hour
of constant current (7.5 mA /cm?) plus polarisation and impedance measurements. The
temperature interval was 200-250 °C and the temperature was raised 10 degrees every
cycle.

Figure shows the polarisation data for cell SnInP-WC2 during the temperature ex-
periment. Its general behaviour was as hoped and expected. The activation part of the
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Figure 9.4: (a) shows the polarisation curves for a WC(mW3N) electrocatalyst (cell SnInP-WC2)
compared to a WC(mWOs3) electrocatalyst (SnInP-WC1). (b) shows the WC(mW;,N) samples
stability at 250 °C.

Table 9.3: Conditions of a Sng 9Ing.1P2O7 cell with variation of temperature and WC cathodes.

Cell # Flowplates Steam temperature Incriment Impedance Amplitude

SnInP-WC2 2 Tacoated steam onanode 200 -250°C 10 °C yes 30 mV

WC cell
2.0 2.0+
1.8
) 1.81
~ 1.6 3.9/ —R, (pol) _
> ? 38 b 16
S 144/ s S
S / s 7 £
° / g 3.5 3
> 1.2 § 34 > 144
: > Pt-black cell
1.0 €
30 1.2
0.8 200 220 240
Temperature (°C)
T T T T T T T T T T 1 1.0 T r T r T r T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.00 0.05 0.10 015 0.20

- 2
Current density (A/cm®) Current density (Alcmz)

(a) (b)

Figure 9.5: (a) Polarisation curves for a WC(mW;N) electrocatalyst at 200 to 250 °C (cell SnInP-
WC2). (b) The comparison of these results to a Pt black electrocatalyst cell (cell SnInP-Temp?2).

polarisation curve lowered with rising temperature indicating increased activity on the
electrodes. Fitting of the polarisation curves and estimating the ohmic resistance shows
R, to be changing somewhat erratically (insert in Figure [9.5(a)). One explanation can be
that an increase in electrolyte resistance is offset by an electrode component in the estima-
tion from the polarisation curve. Two such battling contributions may give strange results
as these.
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Figure compared the Pt black cell and the WC cell. The WC electrocatalyst had a
visibly lower performance.
Compared to the behaviour of the Pt black cell the WC cell behaved more as expected
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Figure 9.6: Nyquist plots and DRT over time for a WC electrocatalyst cell (cell SnInP-WC2). (a) is
recorded at a polarisation of 1.6V and (b) is recorded at 230 °C.

(Figure0.6(a)). The high frequency peak (4.2 kHz) was almost unchanged with temperat-
ure. In contrast to the Pt cell it may even be slightly activated with temperature. The low
frequency peak (1.0 Hz) is clearly activated with temperature. An activation of the slug-
gish OER on the anode would be expected. This again indicates that the low frequency
response is dominated by the processes on the anode.

Looking at Figure it was seen that the behaviour with voltage of the cell was similar
to that seen for cell SnInP-Temp?2.

Values for o, Rp, and Rp, were calculated from CNLS fits. The results obtained at 1.8 V
are shown in Figure[9.7land compared with the results from cell SnInP-Temp2. Both elec-
trolytes saw an overall decrease in resistance with temperature. Where cell SnInP-temp2
initially increased slightly cell SnInP-WC2 only decreased. The latter electrolyte exhibited
a generally lower conductivity, approximately a difference of 1-1072 S-cm™!, but other-
wise the losses with temperature seemed comparable between the two cells. Both cells
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Figure 9.7: Conductivity and resistances as a function of temperature for Pt and WC cathodes
obtained at 1.8 V.

were made with the same electrolyte and had similar thicknesses, 0.64 and 0.62 for SnInP-
Temp2 and cell SnInP-WC2 respectively. Thus the reason for the difference in electrolyte
conductivity is uncertain.

Rp, showed a trend of decreasing with temperature for the WC cell for all applied poten-
tials where an increase was seen for the platinum cell. This points to an activation of the
WC electrode while the platinum electrode degrades more than it activates.

Rp, decreases with temperature for all current densities for both cells except for the Pt cell
at 1.8 V (only 1.8 V shown). In general Rp,, was larger for the WC cell than for the Pt cell.
The reason for this is unclear as Ry, should mostly be related to the anode processes and
the anodes should be identical for these two cells. If there is a contribution from the cath-
ode to Rp, it may be the reason for the high low frequency polarisation resistance.

These results suggests an improvement of the performance of the WC electrocatalyst with
temperature. This is very important for the prospect of using WC at these temperatures
and higher. WC could work well with alternative electrolytes capable of functioning at
temperatures even higher than 250 °C.
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Table 9.4: Components and loadings of Sng 9Ing 1 P2O7 cells with Ni electrodes.

Cell # Flowplates Steam temperature Impedance Amplitude
SnInP-Nj-an 2 Tacoated Steam on anode 200 °C yes 10 mV
SnInP-Ni-cat 2 Tacoated Steam on anode 200 °C yes 10 mV
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Figure 9.8: (a)Polarisation curves and (b) Nyquist plots of a Sng.gIng.1P2O7 cells with a Ni anode
(cell SnInP-Ni-an). Low performance and high instability can be seen. Recorded at 200 °C.

9.2.3 Ni as electrocatalyst

Nickel was tested both as an anode and a cathode material. Figure shows the po-
larisation curve of Ni foam used as an anode (cell SnInP-Ni-an). It was seen that the cell
performed very poorly with a maximum current density of 15 mA /cm? at 2.0 V. The cell
even lost performance over the three scans recorded.

Impedance recorded prior to the polarisation showed both high polarisation resistance,
high ohmic resistance and only one clearly seen semi circle. Estimating R. from the im-
pedance data gave an ohmic resistance of 6.64 Q- cm?. This was higher than what has been
seen for other cells and could be indicative of contact problems.

The poor performance was thought to be a result of the formation of a thick oxide layer
on the surface of the Ni felt or dissolution of metallic nickel. The cell not being stable over
polarisation indicates a too acidic environment. Thus the surface acidity of the pyrophos-
phate lies outside the window of stability for nickel.

The preliminary investigation of Ni as cathode material yields much better results than
the testing of Ni as anode material. Again a cut piece of nickel foam was used as combined
electrode and GDL. No additional treatment or material was applied. The cell (cell SnInP-
Ni-cat) was first tested for one day and then subjected to an additional test of 60 hours. The
chosen amplitude for the impedance measurements, 10 mV, was too low giving signal-to-
noise problems at low frequencies. Therefore the impedance data for this experiment has
not been evaluated by DRT or CNLS.
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Figure 9.9: The stability of a Ni cathode electrolyser cell (cell SnInP-Ni-cat). The cell was (a) first
tested for 20 hours at 7.5 mA /cm? and then (b) 60 hours at 7.5 mA /cm?.

Oh
4 h 15 min
——8 h 30 min
——12 h 45 min
——17h
——21 h 15 min
g 84
= 7
N 6]
51
4
3_
2_
1
0_
T T T T
0 5 10 15 20
Z_ (Q)
(a)

Figure 9.10:

1

54

1|—55h 15 min

0h

8 h 30 min

17 h
——25 h 30 min
—34h
——42 h 30 min
—51h

Impedance recorded for a Ni cathode electrolyser cell (cell SnInP-Ni-cat). The

impedance is here shown for 1.6V polarisation and (a) recorded the first 20 hours of testing and (b)
the next 60 hours of testing.
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Figure and Figure shows the voltage response of the cell at 7.5 mA/cm?
over the first 20 hours and the next 60 hours respectively.
Compared to cells with Pt-black as electrocatalyst the voltage was very high. However,
the voltage loss over time is small at 1.14 mV /h and 0.70 mV /h for the first and second
test respectively. This was comparable to the degradation seen for the Pt black cell named
cell SnInP-2xS. It should also be kept in mind that the voltage was much higher at the
chosen current density for this cell compared to cell SnInP-2xS. It should be expected that
the larger the voltage the faster the degradation. Thus the Ni cell was under harsher con-
ditions but degraded at the same rate as the Pt cell thereby showing a greater stability.
Figure and Figure shows impedance recorded at 1.6 V for the first and
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Figure 9.11: Polarisation curves recorded for a Ni cathode electrolyser cell (cell SnInP-Ni-cat). (a)
shows the first 20 hours of testing and (b) shows the next 60 hours of testing.

second test respectively. The ohmic resistance grew over time and so did the polarisation
resistance. The growth in ohmic resistance slowed down during the second test but the
polarisation resistance did not.

These trends were also found in the polarisation curves for the cell (Figure and
Figure 0.11(b)).

Electrolyte batch H was found to be a bad batch. This can be qualified by Figure [7.4] as
seen in Section [7.1.1} Batch (H) appeared to have less or at least less available conducting
phase. This would most certainly have influenced the results of this experiment and have
a portion of the blame for the high ohmic resistance seen. Nickel may well be a much
better electrode material than what these results indicates. A less porous foam combined
with an electrolyte with higher conductivity could give a much better cell. As would high
surface area Ni powders if sufficiently supported. It is likely that nickel foam could be
used as a GDL instead of carbon cloth.

9.2.4 LaNiO; as anode material

LaNiO3 was used as anode electrocatalyst material (cell SnInP-LNO). It was sprayed onto
Ta-coated SSF with 10 % Sng gIng 1 P2O7 as binder.
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Table 9.5: Components and loadings for a Sng gIng 1 P2O7 cell with a LaNiO3 anode (cell SnInP-
LNO).

Cell # Flowplates Steam temperature Impedance Amplitude
SnInP-LNO 2 Ta coated Steam on anode 200 °C yes 10 mV
200 ocv
1.2V
207 1807 |——14v
1604 |— 1.6V
181 —18V
140 ———
s "% 120
S 14 g 100
‘l! E
° N 80
> 1.24 g
60 N
1.0 40 |
04
08 20 0 2z a4 6 8 10 12 14 16
0.000 0.005 0.010 0.015 0.020 0 25 50 75 100 125 150 175 200 225 250
Current density (A/lcm?) Z,(©@

(a) (b)

Figure 9.12: Polarisation curves (a) and impedance (b) recorded for a LaNiO3 anode electrolyser
cell.

Cell SnInP-LNO performed poorly. Polarisation reached 2.0 V at a current density of 10
mA/cm? (seen Figure . This high voltage at very low current density made it for
all practical purposes impossible to do testing for more than a few minutes.

Impedance data was recorded before the polarisation. As can be seen in Figure[9.12(b)] the
polarisation impedance for all voltages was very high. Only one semi circle is discernible
due to the poorly performing anode dominating all other processes.

While LaNiO3 gave low current densities it was stable over the polarisation experiment.
This was considered interesting as the interaction with the somewhat acidic electrolyte
and the highly oxidative environment did not destroy the material. Thus perovskites and
spinels may be a vein of further study.

9.3 Summary of results for electrocatalysts and electrodes

A PtlSngglng 1P2O7 Pt hydrogen pump experiment revealed a clear degradation in
the previously used Pt black on PTFE stabilised micro-porous cathodes. While the
degradation mechanism was not determined it was seen that the polarisation resistance for
each of the observed impedance arcs increased threefold. This indicated contact problems
or a similar mode of resistance increase. No true stabilisation was seen within the first
120 hours, only a lessening of the loss. Raising the temperature to 250 °C activated one
process. The other was not truly evaluable due to large errors from the CNLS fit. The
ohmic resistance from the same fit showed a stable electrolyte at 200 °C but clear instability
at 250°C. As the electrolyte was old the high temperature instability was ascribed to water
uptake and subsequent mobilisation of the conducting phase.

Two types of WC were tested, WC(mWO3) and WC(mW3:N), as cathode electrocatalysts
both showing lower performance than Pt black with highest recorded current densities



9.3. SUMMARY OF RESULTS FOR ELECTROCATALYSTS AND ELECTRODES 117

being 129 mA /cm? and 73 mA /cm? at 1.9V respectively. While WC(mWO3;) showed the
highest performance WC(mW;N) showed less loss over time. This may not be absolutes as
the electrocatalysts unfortunately were not tested under directly comparable conditions. It
was however certain that both materials showed catalytic activity and seemed well suited
for practical application in electrolysis. Optimisation of the electrocatalyst and electrode
structure could give electrodes with performances closer to that of Pt black and of higher
stability.

Testing material WC(mW3:N) at increasing temperature from 200 °C to 250 °C revealed
the expected improvement in performance with temperature. No maximum was seen
suggesting an even higher gain by further raising the temperature.

Additionally Ni foam was tested as a cathode electrocatalyst and showed a highest initial
current density of 40 mA/cm?. While this is low the stability of the material over the 80
hours tested was high suggesting a possible use as cathode GDL. Furthermore the activity
of the material may well be improved as the tested sample was a highly porous piece of
foam. A combination of a high surface area materials with a less porous foam as GDL
could be a next step.

Ni was also tested as an anode electrocatalyst this time to no great success. The
highest initial current density was 15 mA/cm? at 2.0V and performance was lost during
polarisation. The reason for this was believed to be the formation of a thick oxide layer or
the dissolution of Ni. Lastly LaNiO3 was tested as an anode electrocatalyst. While low in
activity it was stable over polarisation opening the possibility of other mixed oxides being
used.
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Conclusion and further work

10.1 Conclusion

This work centred on the design and development of a novel steam electrolysis concept
based on phosphate electrolytes capable of operating in the intermediate temperature (IT,
200-400 °C) range. Central for the work was the selection and evaluation of the materials
and components for this system as well as technological issues and challenges.

A setup allowing for electrolysis testing up to 400 °C was built. 3 different cell housing
designs were produced and two of them were tested in practice. A final design allowing
for testing of small electrolyser cells with 1.33 cm? active area was selected. Tantalum
coating via chemical vapour deposition (CVD) was used to create corrosion resistant layers
on components used on the oxidative anode side. Corrosion and formation of a phosphate
rich phase was seen on the cathode stainless steel flow plate and the use of Ta coated flow
plates on the cathode was introduced to good results.

The surface porosity of Ta coated stainless steel felt gas diffusion layers (GDLs) were found
to depend highly on deposition rate of Ta during the chemical vapour deposition. Samples
with the least Ta deposited, measured in weight per area, were found to be unusable due to
a lack of surface opening. This would make it impossible for steam to reach the electrolyte.
Furthermore, a more uniform distribution made the felt easier to cut without breaking the
tibres of the felt.

Sng 9Ing.1P2O7 was used as electrolyte and it was synthesised via a treatment of SnO,
with phosphoric acid. Investigation of the synthesis showed a dependence of the O-H IR
band from 1500 cm™! to 3800 cm ™! and the initial heat treatment temperature used in the
synthesis. This band had previously been seen to be related to protonic conductivity of
the electrolyte material. An initial heat treatment temperature of 270 °C was proposed.
Electrolysis using Sng 9Ing 1P2O7 as electrolyte, Pt black as cathode electrocatalyst and IrO»
as anode electrocatalyst gave current densities as high as 313 mA/cm? at 1.9 V. Stability
of the electrolyte was found to be high at 200 °C. Stability at higher temperatures is
dependant on water partial pressure. py,0=0.05 atm was insufficient to stabilise a sample
at 250 °C. Electrolyte conductivities calculated from impedance estimations of electrolyte
resistance were as high as 6.56:1072 S-cm™!, slightly lower than the 7.29-1072 S-cm™!
measured in a dedicated conductivity measurement. This high effective conductivity
boded well for the further use of Sng 9Ing 1 PoO7 as electrolyte and indicated thin electrolyte
layers as a good avenue for further study.

Variation of temperature from 200-250 °C showed a deactivation of the fast electrode
processes with increasing temperature. This was contrary to what would be expected
and believed to be caused by electrode degradation.

Testing of a mixture of monoclinic Bi;P4O13, BiPO4 and 2 wt.% PBI as well as phosphoric
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acid treated monoclinic NbsP7O39 showed fast degradation and they were deemed
unsuitable a electrolytes.

Testing of CsH2POy as electrolyte revealed a need for steam on both anode and cathode
as well as mechanical stabilisation. ZrOs and SiC were tested. SiC was found to give the
best stabilised composites with a highest measured current density of 60 mA /cm? at2.0 V
and 250 °C. Direct comparison with Sng 9Ing 1 P2O7 was not possible as Pt/C was used as
cathode electrocatalyst.

Electrodes for hydrogen evolution (HER) consisting of a carbon micro-porous layer with
a PTFE binder on carbon paper were found to be unstable at 200 °C and tripled in
polarisation resistance over 20 hours. This may have been caused by loss of Pt particles,
PTFE softening or degradation of carbon in the electrode.

Testing of Sng gIng 1P207 cells with two WC cathode electrocatalysts, named WC(mWO3)
and WC(mW-N), gave results of 129 mA/cm? and 73 mA/cm? at 1.9 V respectively.
WC(mWO3) was made by carburisation of WO3; while WC(mW;,;N) was made by
converting WO3 to WaN and then carburising. The WC(mW3;N) was deemed the most
stable. Even though the current densities were low these results were encouraging as
many parameters for optimisation are available. One such thing was temperature and it
was seen that increased temperature gave better performance. No plateauing was seen at
250 °C boding well for even higher temperature applications.

Ni tested as a cathode electrocatalyst showed fair stability but poor activity. Ni as anode
electrocatalyst and LaNiOj as cathode electrocatalyst were found to be lacking in activity
as well as stability.

10.2 Further Work

As with so many aspects of life time was a limiting factor. In the end not all questions
raised were answered, far from it. Here are some of the most prominent together with
suggested further work.

The exact nature of the stability of Sng gIng ;P2O7 was newer fully resolved. While not a
primary point of investigation it was important for much of this work and much would
be benefited if this was answered. A series of (long term) experiments testing the conduct-
ivity of the material at 200 °C and a range of water partial pressures would illuminate the
role of water in the suppression of degradation. Expanding further and testing at mul-
tiple temperatures could also resolve whether the conductivity drop seen above 210 °C is
caused by degradation and establish whether or not Sng 9Ing P20y is suitable for opera-
tion at these elevated temperatures.

The exact role of PTFE, carbon and Pt in the degradation of the cathodes is uncertain.
While it would at any rate be gainful to remove the PTFE from the electrodes to be able
to raise the temperature above 250 °C the other two components would be nice to keep
for the time being. Being able to assess components against a well known electrocatalyst
makes the work all the easier. A study of the effect of temperature on the micro-porous
layer and platinum particles using TEM would be suggested.

WC showed promise in this work. Only very preliminary experiments were done and lots
remains to be tested. A simple study of loading of carbide would be an easy way to start.
A study of techniques to lower the particle size and supporting said particles would be of
great interest. While WC have not shown catalytic activity on the level of Pt its limit has
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not been reached in this project and finding ways of testing it a even higher temperatures
with alternative electrolytes would be extremely interesting.

Another interesting thread of investigation would be Ni as HER catalyst and cathode GDL
alike. In this work a simple piece of high porosity foam was used but a more dimension-
ally stable sample could conceivably replace the Toray paper which may not itself be stable
at the required temperatures. Looking into ways of increasing the active surface area of
the nickel material could lead to much better results of the HER as well.
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APPENDIX A

Appendix

A1 Kramers-Kronig relation and derivation

If the four conditions mentioned in Section causality, linearity, stability and
finiteness, are fulfilled by a data set then the Kramers-Kronig relation states that the
imaginary and real part of the impedance are interdependant. More specifically the real
impedance can be calculated by one of the following equations:

Zre(w) = Roo + % /0 h XZ““(Q :Zfim(w)dx (A1)
Zre(w) = Roo + 27” /0  w/ X)Z;“;(f)cﬂ Zim(@) 4o (A.2)

A few things should be noted here. Some systems will show a ohmic resistance when
Z(w) — Z(0) (Roghm). Others will show a DC resistance at Z(w) — Z(0) (Rg). Both are
not transformable by KK transformation as can be seen from Equations and[A.2] This
is due to them only having real values. This means that for high quality data this is a
means of finding these resistances as the difference between the transformed data and the
recorded data at all frequencies will be said resistance. Care must however be taken as a
systematic error can hide in this difference.

The imaginary part can be calculated as:

Zim(10) = 2= /0 Zelt) = Zele) g (A3)

While not included this equation as an analog to the resistances seen in the previous
two equations. If a stray inductance, or any inductor not in parallel with another circuit
element, is present it will not be transformed by this transformation as it only has an
imaginary part. This is often used to do inductanse corrections of data as any discrepancy
between measured data and calculated data is assumed to be inductive in nature. This in
of cause dangerous as real errors may hide in the supposed inductance.

These equations are as previously mentioned only valid for data over the entirety of
frequencies. As this is a physical impossebility to record the data must be extended to
(approximately) w = 0 and w = oo. The method used in this work is based on the work
of Boukamp.I¥ Here the data was fitted to a series of parallel RC circuits. Every circuit
has a time constant associated with it defined as 7, = R Cy. For a data set of N values M
time constants are distributed over the range of the data and 7 = w; ' and 73y = wjy,' with
M<N. The impedance is the simulated by:

1 . WiTk
—1
2 2 22
1—|—wi7'k 1+wi7'k

M
Z(w;) =Roo + Y _Rif (A4)
k=1
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The difference between the original data set and the calculated data set is a set of linear
equations which may be solved by simple matrix manipulation. Residuals may then be
calculated between the original data set and the fit and these residuals are then the basis
of the evaluation of the KK test. If no clear system of the residuals around the frequency
axis is observed and the residuals are small then the data set can be said to fulfill the KK
requirements.

A.2 An elaboration on the concepts of Distribution of
Relaxation Times

As mentioned in Section the polarisation impedance of a given system can be
described by the convolution equation .5}

Zpo(w) =R /OO (1) 4 /OO()d 1 (A5)
w) = T, T)dr = .
pol pol 0 1 + iwT 0 7

This means that the polarisation impedance can be interpreted as the sum on an infinite
number of RC circuits. Due to the discrete and finite nature of impedance measurements
this expression cannot be solved analytically. Instead the impedance data is extrapolated
to as near infinity as possible by Kramers-Kronig and is fitted to a finite series of N RC
circuits. As 7 = RC this means that N relaxation times are treated. This is done in discreet
intervals which are equidistant on a logarithmic scale. This means that the polarisation
impedance is approximated by the following finite sum: 11!

N
N &n
Zpol(w) ~ Rpol7Z:1 1+ iwn, dr (A.6)

where g, is the desired distribution function, r, is the nt" relaxation time and 4, is the
distance between relaxation times on a log scale. The ntt resistance contribution, the
resistance contribution for a given relaxation time, can be calculated by R, = gy, - 6, Rpol-
Similarly the nth capacitance contribution can be calculated by C,, = 7,/R,. This is the
reason why 7(7) can be seen as the contribution distribution of R,

The above discrete form of the function is what the data is fitted to and the result is then
Fourier transformed. A suitable number of relaxation times, N, and frequency range is
chosen for the fitting of the obtained data. When the fitted data is transformed it is filtered
and transformed back to obtain g(f), which is the approximated distribution of relaxation
times. g(f) is a continuous function of frequency:.

When g(f) is presented it is always normalised to R, so integration over the entire
function gives R,,. While this is sensible it is a bit of a trap to unsuspecting readers
as the phrasing used gives the impression that g is presented in its raw form. Usually only
the unit gives this away.

A3 FT-IR
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