CATHODE DEVELOPMENT FOR SOLID OXIDE ELECTROLYSIS
CELLS FOR HIGH TEMPERATURE HYDROGEN PRODUCTION

Xuedi Yang

A Thesis Submitted for the Degree of PhD
at the
University of St. Andrews

2010

Full metadata for this item is available in the St Andrews
Digital Research Repository
at:
https://research-repository.st-andrews.ac.uk/

Please use this identifier to cite or link to this item:
http://hdl.handle.net/10023/979

This item is protected by original copyright


http://www.st-andrews.ac.uk/
http://hdl.handle.net/10023/979

Cathode Development for Solid Oxide
Electrolysis Cells for High Temperature
Hydrogen Production

A thesis presented for the degree of Doctor of

Philosophy

Xuedi Yang

University of St Andrews

Supervised by Prof. John. T. S. Irvine

Submitted September 2009



Declaration

I, Xuedi Yang, hereby certify that this thesis, @rhis approximately 30,000 words in
length, has been written by me, that it is the r@@d work carried out by me and that
it has not been submitted in any previous appbecetor a higher degree.

| was admitted as a research student in Septendi®ér@nd as a candidate for the
degree of Doctor Philosophy in September 2007htpleer study for which this is a
record was carried out in the University of St Aewls between 2006 and 20009.

Date signature of caatkd

| hereby certify that the candidate has fulfillée tonditions of the Resolution and
Regulations appropriate for the degree of Doctd?lafosophy in the University of St
Andrews and that the candidate is qualified to stbwrs thesis in application for that
degree.

Date signature of caatkd

In submitting this thesis to the University of Stdkews we understand that we are
giving permission for it to be made available feeun accordance with the
regulations of the University Library for the tirbeing in force, subject to any
copyright vested in the work not being affected¢hy. We also understand that the
title and the abstract will be published, and thabpy of the work may be made and
supplied to any bona fide library or research woriteat my thesis will be
electronically accessible for personal or reseasshunless exempt by award of an
embargo as requested below, and that the libraayHearight to migrate my thesis
into new electronic forms as required to ensurdioaad access to the thesis. We
have obtained any third-party copyright permissitbrag may be required in order to
allow such access and migration, or have requésedppropriate embargo below.

Date signature of candidate sigreatd supervisor



Acknowledgements

This work is dedicated to my parents, Jing Panladgxian Yang; without your
love and support from 5000 miles away, | would melvave made it. Thanks for
waiting and bearing with me in the past three years

| would like to express my sincere gratitude to sapervisor, professor John. T. S.
Irvine, who gave me opportunity to work with hime lgrovided me with suggestions,
understanding and encouragement when | was far frasayyhome.

My keen appreciation goes to all members of acacleamd technical staff in JTSI
group, University of St Andrews. They gave me hafol advice on my work during
my study. Special thanks go to Matlassidy for his help with screen printing; Sujitra
Klinsrisuk for help with gas chromatography; G&wsrre and Cristian Savaniu for
help with testing measurements; Jiiairn for her help with tape casting; Xiangling
Yue and Xiaoxiang Xu for their discussion and helgidvice.

Sincere thanks go to my friends in St Andrews, valooompanied and supported
me in the past three years when | was studyingviay from home. They made my

life here more interesting.

For financial support | wish to thank the EaStCHena Postgraduate Scholarship.



ABSTRACT

This study has been mainly focused on high temperatolid oxide electrolysis
cells (HT-SOECSs) for steam electrolysis. The contss, microstructures and metal
catalysts for SOEC cathodes based oR {§3.25)0.99MNo sCrp 503 (LSCM) have been
investigated. Hydrogen production amounts from S®&@&h LSCM cathodes have
been detected and current-to-hydrogen efficientée® been calculated. The effect of
humidity on electrochemical performances from SOBGE cathodes based on

LSCM has also been studied.

LSCM has been applied as the main composite in BES cathodes in this study.
Cells were measured at temperatures up to°®@2@ith 3%steam/Ar/4%H or
3%steam/Ar supplied to the steam/hydrogen electr8@ECs with LSCM cathodes
presented better stability and electrochemical gperénces in both atmospheres
compared to cells with traditional Ni cermet catt®dBy mixing materials with
higher ionic conductivity such as YSZ{{s-stabilized ZrQ) and
CGO(Ce dGth 10199 into LSCM cathodes, the cell performances havenbe

improved due to the enlarged triple phase boun(idP).

Metal catalysts such as Pd, Fe, Rh, Ni have kegmegnated to LSCM/CGO
cathodes in order to improve cell performanceslsGeére measured at WD using
3%steam/Ar/4%Hk or 3%steam/Ar and AC impedance data and |-V cumese
collected. The addition of metal catalysts has essiully improved electrochemical

performances from cells with LSCM/CGO cathodes.

Improving SOEC microstructures is an alternatwvamprove cell performances.
Cells with thinner electrolytes and/or better eledé microstructures were fabricated
using technics such as cutting, polishing, tapéragsimpregnation, co-pressing and

screen printing. Thinner electrolytes gave reduckahic resistances, while better



electrode microstructures were observed to fatlithectrode processes.

Hydrogen production amounts under external pw@ksntfrom SOECs with
LSCM/CGO cathodes were detected by gas chromathgragd current-to-hydrogen
efficiencies were calculated according to the laW conservation of charge.
Current-to-hydrogen efficiencies from these celts9@FC were up to 80% in

3%steam/Ar and were close to 100% in 3%steam/Ar/4%H

The effect of humidity on SOEC performances wWithCM/CGO cathodes has
been studied by testing the cell in cathode atmargshwith different steam contents
(3%, 10%, 20% and 50% steam). There was no lafeeirce on cell performances
when steam content was increased, indicating teatsdiffusion to cathode was not

the main limiting process.
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CHAPTER 1: INTRODUCTION

Chapter 1 Introduction

1.1 Hydrogen economy

Hydrogen is the most abundant element on earthsacmhsidered as a leading fuel
candidate in the fututeHowever, elemental hydrogen is not in significantounts
on earth and hydrogen has to be extracted fronil fasts or renewable energy,

Hydrogen is a flexible energy carrier that can bedpced from a variety of energy
resources and used in many sectors of the econdmyenergy system based on
hydrogen from renewable resources, if accomplisired large scale, could improve
energy security, air quality, and greenhouse gasagement. Such a system will
require development across a series of technolotpeshydrogen production,

transportation, storage, and fise

1.1.1 Energy history

The trend of energy use is to use fuel with lonagbon to hydrogen ratio (see
Figure 1.1). Initially, mankind burnt wood for hewgf and lighting. In 1780s, coal
replaced wood to be the prime energy source. Itatleel 9th century, oil was
introduced and replaced coal for many applicatitmghe middle of 20th century,

natural gas was found in large volume and becaprere fuef.

1.2
1
0.8 ] —
0.6 - —
mEcC
0.4 - — OH
02 - I -
n 1 T T T l T 1

Wood Coal Ol Matural Hydrogen
Gas
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Figure 1.1 Trend in energy usé

As the combustion of fossil fuels is attribute®the main cause of the global
climate change and correlated environmental prob)eve need a fuel that is clean
which would not cause global warming or people’altreproblem3 Hydrogen is
such a kind of energy as it is clean, especiallgmih is produced from non-fossil
energy.

Apart from causing damages to our environment,guissil fuels has the
problem of increasing price of crude oil due to deereasing oil resenfeddydrogen
has the potential to be produced from renewablecesuwhich are clean and

sustainable.

1.1.2 The Hydrogen economy

Hydrogen is already widely used as a chemicaldustry. Apart from as a
chemical, hydrogen could also be employed as aafuebla fuel carrier especially if
fuel cells are to be successful. The global maskétydrogen is already greater than
$40 billion per yedr

The basis of hydrogen energy is that hydrogen sesith oxygen to produce
energy and water (see Equatiorf: 1)

H, + 1/12Q > H,O AH°=-286 kd/mol  at 28C; Equation. 1

AG°® =-237.2 kJ/mol  at 2%C.

Hydrogen has a high gravimetric energy densitya# BJ/g (kilojoule per gram),
which is 2.75 times greater than hydrocarbon fuels

Figure 1.2 is a schematic diagram of hydrogemggngystem. It is regarded as an
ideal system which could be the solution to theletegn of conventional fuels and

global environmental problems.
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Figure 1.2 A sustainable Hydrogen Economy.

Utilizing renewable resources, such as solar, wirdhl, wave and geothermal
sources, is the trend of future energy, which fabesproblem of time mismatch of
energy supply and demand in that the electricitydpction from these sources
depends on variable weather conditidnslydrogen produced from excess electricity
can be easily stored and transported, and it doelldonsumed by fuel cells to supply
electricity later and elsewhere. Hydrogen produdesim renewable sources is
regarded to be an environmentally friendly enengg eould be a substitute of oil to

feed the increasing demand of energy while weratba exhaustion situation of olil.

1.1.3 Hydrogen storage and transportation

One of the key issues of hydrogen economy is efiiciand affordable
store/distribution of hydrogen produced in largeescentral plants or ismall-scale

local plants.

1.1.3.1 Gaseous hydrogen

There are three major ways to storage/transpoetogeshydrogeit?:

Pipeline.Via pipeline is the most obvious way to convey togeen to market.
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Hydrogen can be transmitted through pipelines simd those for natural gas.
Hydrogen is compatible with low-carbon steels, pwdys, aluminum and brass; new
pipelines or modified natural-gas pipelines carimployed in delivering hydrogen.

Large scale storagél.o store hydrogen in bulk is based on the expeegof
natural gas. Depleted gas and olil fields or agsiifeuld be used for holding natural
gas in huge scale. It depends on the nature agbttiestrata.

Gas cylinder Smaller scaled hydrogen could be stored and toatespin
substantial cylinders or tanks at high pressurechviequire special compressors.
Industrial users of hydrogen often use cylindensrassures ranging from 20 MPa to

80 MPa.

1.1.3.2 Liquid hydrogen

Liquid hydrogen (LH) has a low density of 70.8 &g* and boils at a very low
temperature (20.6 K) The problem of storage is bulk and low tempemtGaseous
hydrogen is liquefied and held in a cryostat. Adregen liquefaction and cryostat are

both costly, liquid hydrogen is mostly used foiceaft rather than road vehicles.

1.1.3.3 Metal hydrides

Some metal alloys absorb hydrogen reversibly tmforetal hydrides, which

serves as an alternative way to store hydrogen.

1.1.4 Hydrogen future

Hydrogen serves as a chemical and as a fuel. Asvaenergy, the introduction of
hydrogen energy will be based on an adequate piattd science, engineering and
economics concerning hydrogen production, purifacgt storage, distribution and

utilization.
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1.2 Hydrogen production

All primary energy sources can be used in the hyeingroducing proceSs There
are many ways to produce hydrogen such as fronil fasts, from biomass, and by
electrochemical means.

Among the several methods of producing hydrogeioymang fossil fuels, such as
natural gas and oil, is currently the major wayhgtirogen production. However,
carbon dioxide is a byproduct from hydrocarbon maiag, and is considered to be
the main cause of the ‘greenhouse effect’. Considathe global environment and
people’s health, the world needs to turn gradutdlyenewable energy resources.
Hydrogen production without carbon emissions, tkatfrom renewable energy

sources, will be needed in the future.

1.2.1 Hydrogen from fossil fuels

Much of current hydrogen production relies on fosels which occupy above 90%
percent of hydrogen production (see Figure 1.31 st of the hydrogen produced

is obtained from natural gas, which is mainly mageof methane.

Electrolysis
4%

Figure 1.3 Global hydrogen production share by soue™.

There are three major ways of producing hydrogemfnydrocarbon fuels: steam

reforming, partial oxidation (POX), and autothermebrming (ATR}**°
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The reactions can be generalized as follows:

Steam reforming .

ChHm + NHO 2 nCO + (n+m/2)H

CO+HO>CO;+H;

Partial oxidation (POX).

2CyHn + mG, > 2mCO + nH

Autothermal reforming.

ACyH, + 2mHO + mQ > 4mCO + 2(m+n)H

All three methods have large amount of carbon mmlegroduced and usually
have one or more water-gas-shift (WGS) reactotearprocesses to convert CO to
low level.

Through producing hydrogen from fossil fuel is emtty preferred method,
pollutants (CO, C@ C.Hm, SO, NO,, radioactivity, heavy metals, ash®smitted
by fossil energy systems are much more than theseoms that might be produced by

renewable hydrogen system.

1.2.2 Hydrogen from biomass

Biomass is a carbon-containing fuel but is a rerevéuel of energy. It derives
from the carbon dioxide in atmosphere by phototsgsis. It is available from a wide
range of sources such as agriculture waste, ammmstle, municipal waste, and many
moré’. There are currently several technologies for gdn production from
biomass:

Biological hydrogen production from biomadBiological hydrogen production
works through dark fermentation or photofermentatidark fermentation of biomass
is a microbial processes under anaerobic conditi®ome substrates are oxidized and
some others are reduced. Protons are reduced tecatad hydrogen by electrons
produced in this process. The low yield and theaiaing substrates from dark
fermentation were used in a bacterial photosynthstilrogen production process.

Biomass conversion in biorefinerieA. biorefinery is a facilitaty that combines

6
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biomass conversion with production of fuels, powded chemicals. Hydrogen and
methane could be produced in two steps. By producimultiple products, a
biorefinery could take advantage of biomass witfedent components and maximize
the value from the biomass feedstock.

Chemical conversion of biomass to hydrogeydrogen could also be produced
from biomass in chemical ways, which are similarctmal gasification or steam
reforming. In principle, one molecule of glucoseilcbbe steam reformed to produce

12 molecules of hydrogen in the presence of proptlysts.

1.2.3 Hydrogen from water

Water is a clean and abundant source of hydrogaittiisy water to produce
hydrogen and oxygen for commercial use dates hmattet 18905. Breaking water
molecule to hydrogen and oxygen molecules reqeinesgy input as water is very
stable compared to hydrogen and oxygen. Theréhege major ways to produce

hydrogen from water: electrolysis, thermolysis ahdtoelectrolysi&™.

1.2.3.1 Electrolysis

Though water electrolysis is not currently mairastnefor hydrogen production,
from a long-term perspective, producing hydrogenelsctrolytic water splitting is
viable in that it is simple, reliable, carbon-frased produces high purity hydrogen. It
is historically important and plants have beentbaoiseveral countries.

Three major methods currently under consideratorelfectrolytic hydrogen
production are alkaline electrolysis, proton exgdemembrane (PEM) electrolysis

and ceramic oxide electrolysis.

Alkaline electrolysis.
An alkaline electrolysis cell usually contains twlectrodes, an aqueous alkaline
electrolyte and a microporous ion-conduction separdhe OH produced at cathode

are transported to anode side and thedmaining at cathode combine with electrons
7
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to form hydrogen gas. The cathode is typically daneoated with catalysts and the
anode is usually a metal with a layer of oxide icwatFor aqueous electrolyte, a ~30
wt% KOH or NaOH solution are commonly employed. Tmicroporous
ion-conducting separator allows the transit of "Cathd prevents the mixing of
produced hydrogen and oxygen. Efficiencies of atiealvater electrolysis could reach
70%",

The electrolysis process is driven by the applocatf an external potential. During
the process, a reduction reaction takes placesaté¢bative electrode (cathode) and an

oxidation reaction occurs at the positive electr@ede) (see Figure 1.4).

1 L
i
I
@ Hzl 02 @
(I
-
1
I
oM~
I
Cathode | Anode
Electrofyte

Figure 1.4 Alkaline electrolysis process’

The electrode reactions of alkaline electrolysésas follow$™>
Atanode: 4HO + 4e > 2H, + 40H
At cathode: 40H-> 2H,O + 4é+ O,
Overall reaction: BO > H, + 1/2Q;  AH = -288 kimol™*

Proton exchange membrane (PEM) electrolyZéf:*®

A PEM electrolyzer typically involves a Nafion memhe which is
proton-conducting and could separate hydrogen agdem at two electrodes. Water
is split into protons and oxygen at the anode aedototons produced are transported
to the cathode side via the Nafion membrane. Th#ps at cathode combine with

electrons to form hydrogen gas. PEM electrolyzesaldt achieve efficiencies of

8
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55-70%°. Reactions are as follows:
At anode: 2H0 > O, + 4H'
At cathode:  4H+ 46> 2H,
Overall reaction: 2D > O, + 2H,

Solid oxide electrolysis cells.

Solid oxide electrolysis cells (SOECs) are expetdgurovide the highest
efficiency of electrolytic hydrogen product@@nWhat is more, high temperature
SOECs have a potential to be combined with highpeature nuclear reactors to
utilize the nuclear heat generated. The solid og&lks operate at temperatures
ranging from 750-100C*.

The process of solid-oxide high temperature elgdi® of steam is the reverse
reaction of the solid oxide fuel cell. Because tiswice is all solid state, it has a
longer lifetime by avoiding the corrosion and evabion caused by liquid electrolyte.
And as the cell works at high temperature(@Q000C), it needs lowenG and is
not necessary to use expensive noble metals adeittrodes. In addition, the heat
discharged by a system could also be utilized. éleetrical efficiencies of solid oxide
electrolyzers can be 85-96%

The details of solid oxide electrolysis cells via# explained in detail in section 1.3.

1.2.3.2 Thermochemical hydrogen production

Water will decompose at 2500, but heat sources and stable materials at this
temperature are not easily feastBleTherefore, some methods to lower the
temperatures have been developed. However, mdkegiroposals that reduced the
temperature significantly require higher pressured aggressive chemical systems.

There are some main processes

Ispra Mark-10
2H,0 + SQ + I + 4NHs > 2NHyl + (NH4),SO; T =50C
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2NH; + 2NH; 2> Ho + | T=63C

Sulfuric acid decomposition:

SO, + HO > H,O + SQ + 1/2G
2H,0 + Br, + SGQ 2 H,SO, + 2HBr
2HBr-> Bra + H;

2H 0 + b +SQ > I+ H,

ZnO/Zn:
Zn0O-> Zn + 1/2Q T = 1806C
Zn + HO = ZnO(s) + H T =478C

The overall efficiencies could reach 50% for thtsgemochemical proces$ésBut

they are still not competitive compared to othedriegen production technologies.

1.2.3.3 Water splitting with solar energy

There are three types of water splitting withasoénergy: solar cell driving
electrolysis, semiconductor photoelectrode and qaiettrolysis. Photoelectrolysis
uses solar energy to directly split water to hyérgnd oxygen. The device converts
solar energy to electricity via photovoltaic(PV)llse Semiconductor materials are
employed as photoanode and photocathode (commomdyngunction). The two
photoelectrodes immersed in an aqueous electradydsorb solar energy and

dissociate water. The target solar energy to hyehragficiency is >16%".

1.2.3.4 Conclusion

Electrolytic hydrogen is a very clean fuel, whishfriee from carbon and sulfur
impurities. The high purity is an important necgs8ir proton-exchange membrane

fuel cells. In the short term, it is costly comphte producing hydrogen from fossil

10
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fuels. But from a long-term perspective, produdygrogen by water splitting is

viable in that it is simple, reliable, carbon-fi@ed produces high purity hydrogen.

1.3 High Temperature Solid Oxide Steam Electrolysisells

1.3.1 Theory background

1.3.1.1 Solid oxide steam electrolysis principles

The principle of a solid oxide oxide electrolyselas illustrated in Figure 1.5.
Solid oxide electrolysis reactions are reversetreas of SOFC. When the SOFC
runs backwards it works as a SOEC.

H, Hz 2e; SOFC

Porous hydrogen q H,+0% > H,0+2e"
electrode (anode)
Electrolyte

SOEC H.0 H : -
- Porous oxygen 1/20,+2e—>0%
electrode (cathode). % 2

-l'-i

Porous - - " o, — b
cathode v v v _

WY WV HO 2% »H+0
Elecirolyie o*

0O =0+ 2
Porous o - ‘:‘U O =0,
anode e
i
a 0,
28

Figure 1.5 a. Process of Hydrogen production by Solid Oxide Steam

Electrolysis (SOSEY>; b. Process of a solid oxide fuel cell.

The chemical reactions in an solid oxide electriglgell are:
Cathode #D (g) + 26> Ha(g) + O~

Anode @ 1/20,(g) + 2¢
11
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Overall HO (gas, cathodep H; (gas, cathode) + 1/2@gas, anode)
Using external electricity, the® molecule splits to Hand &, and H combines
with e to form H,. The oxygen ions produced are transported throlglelectrolyte,
which is an oxygen ionic conductor. At the anode, & transfers its charge to the

anode, and combines with anothéit® form Q.

1.3.1.2 Energy Equation

The reaction can be expressed by:
HO(g) > Ha(g) + 1/20(9)
The equation of energy change is:
AH =AG + TAS
Where T is absolute temperatufgy is enthalpy chang&sS is entropy change; and
AG is the Gibb's Free Energy, the maximum work fornfation of water, or

specifically the minimum work to split water. Thesiergy equation can be seen in

Figure 1.6.
(KWhm3H,) (MJ/kgH,)
35 16 =37 T T T T
al AH (Total energy demand)
30
‘.\.
M-
120N T -
© 25 T
E 10 . AG  TTTeel ]
o (Electrical energy demand) ~——
- 20F
& 8| .
@ Water
=
wo1SE 6l Steam N
1.0 <L Q=TAS ___v__.-’_'
A (Heat demand) _ ="~
Vi —_“—“
0.5 2L Py - ]
L= 0.1MPa
ol | L | 1 !

o] 200 400 600 800 1000 1200
Temperature (°C)

Figure 1.6 Energy demand for water and steam eleattysis™,

The minimum demand for electrical energy¢G, decreases with increasing
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temperature. In the gas phase, with temperatun@asmg, thermal energy AB)
provides a larger portion of the total energy deth@H) and the electrical energy
demand AG) decreases. The decrease of electrical energwartterieads to higher
electrical efficiency. High operating temperatuteoagenerally improves electrode
reaction kinetic®*
The total energy required for splitting water isegi by*:
H,O 2 Hx+ 1/2G
AH° = 285.8 kJ/mol at 2&;
The Gibbs free energy may also be impressed by
AG = -zEF = -2EF.
z is the number of electrons involved in reactigns the reversible voltage of the
cell (at equilibrium when the current is zero; aksmwn as ‘open circuit voltage’); F

is the Faraday constant (charge on one mole etex;tF=96485 coulombs).

1.3.1.3 Nernst Equations and OCV

From the energy equation,
for

H20(g)—>H2(9)+ 1/2G(9),
there is

AG = -zEF = -2EF,

which can also be expressed by

AG _ AG° RT (Po/P°)

. RT (R, IP)'(Po,IP)

= - n n
2F ~  2F 2F 1 = o2
(P, | P)(Ps, 1 P*)? (P IP)

E=

Such equations, which give a potential in termgrofduct and reactant activity or
partial pressure are known as Nernst Equations.Nrast potential E, which is also
known as the open circuit potential (OCV), is thdtage difference between the

anode and the cathode under open circuit conditi®gs is the oxygen partial

13
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pressure in the cathode gasy Rnd Ryo are respectively the partial pressures of
hydrogen and steam in the anode gas. R is theagessant, which equals 8.314 J'K
mol™? if pressure is in kiloPascals(kPa), volume is iine$(L), temperature is in
Kelvin(K). T is the absolute temperature.

Over the temperature range between®60f 1500C, E° for this reaction can be

written ag”:
AG®
E° = oF =1.29-0.000292(T- 273)

1.3.1.4 Polarisation

From the Nernst Equations we know that if the pagressures of different species
Pu2, Po2, Py2o are fixed regardless of the local current densitg,Nernst potential, E,
is not a function of current density. This assumptis only valid when the flow rate
of each species is high enough that the gas compora¢ anode and cathode are

actually fixed. If it is not the case, E is a fupatof current density.

concentration
polarization =

™~

cell voltage polarization
-
activation losses
polarization

ohmic
-
losses

Voltage

ocv -

v

Current density
Figure 1.7 Schematic plot of voltage versus currerdensity showing different

types of polarizations.

With no potential load, the cell is reversible amdrks at OCV. With an applied

potential the system becomes irreversible and thera voltage loss known as

14
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polarization or overpotential. The different potation are termed: ohmic
polarization, concentration polarization and adto polarization.
N =Nohm* Neonct Nact

Wheren is the total cell polarizatiomonm are the ohmic polarizatiomgoncis the
concentration polarizatiomgc is the activation polarization (see Figure 1.7).

Activation polarisation is usually dominant at loaurrent densities, while
concentration polarization is usually dominant ahhcurrent densities when the
transport of reactive species to the electrolysetedde interface becomes a limiting

factor for the cell reaction.

(1) Nohm

All materials (except superconductors) have a tast® to the movement of
electrical charge. The linear relationship betweeltage drop and current density is a
material property which can be described by restgtiThe ohmic losses, also called
resistance polarization, are electrical resistanmie the electrical contacts,
interconnections, lead wires, and electrodes, dé agethe ionic resistance of the
electrolyte. The ohmic polarization at a given eatrdensity can be expressed by:

Nohm = (Pele + pala + pclc + Reontad) |

Wherenonm is the ohmic polarizatiome,pa andp. are the resistivities of electrolyte,
anode and cathode, |, and | are the thicknesses of electrolyte, anode anddath
Reontactrefers to any contact resistance. i is the curdensity.

The ohmic polarization shows a linear responseexipdessed by:

Nohm= I
Where i is the cell current density; r is the asistance of the céit?®

The ohmic resistance of electrolyte correspondhéctransportation of oxide ions
through YSZ electrolyte; ohmic resistances of etet#s are correlated with the
transportation of electrons through electrodese®©tomponents generally have much
higher conductivity than the electrolyte. Therefatee ohmic losses can be roughly

equal to the electrical resistance of electrolyte.
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(2) MNconc

The reactants and products are all gaseous. Aededions occur at a three-phase
boundary (TPB), the reaction species need to hespated from the surfaces of
electrodes to the electrode/electrolyte surfaced e products need to leave.
Cathode processess involve diffusion, adsorptibantgcal reaction, surface diffusion,
and desorption. One possible scheme is that steadissociated to ©and H at
cathode/electrolyte interface where the producédcould be transported through
YSZ electrolyte to the anode side to form oxyges. dais also possible that some
intermediates are produced at gas/cathode bounldairyg water splitting and diffuse
to the cathode/electrolyte surface for further tiems. H remaining at cathode
combines with electrons to form hydrogen. The poeduuhydrogen and oxygen gases
must be transported away from the cathode/elettolgnd anode/electrolyte
interfaces respectively. The concentration poldionais caused by the resistance to
the transport of reactant and product species. ddwcentration polarization is
affected by the diffusivities of gases, the porelectrode microstructure, the partial
pressures of species.

Neonc = T ( Diffusivity, Microstructure, Partial Pres&s, Current Density)

The concentration polarizations can be generalpressed by:
RT [
=—In(1-—
T’ICOFIC ZF ( || )

Where j is the limiting current density at which the stesnused up at a rate equal
to its maximum supply speed and is a function ef diffusivity of the gas and the

partial pressure. It is non-linear to curférnt??

(3) Nact

The activation polarization is related to the eledé kinetics at the reaction site. It
represents the overpotential due to the activateressary for charge transfert is
highly dependent on the charge transfer mechanrsinetectrocatalysis at the three
phase boundaries.

In general, the activation polarization is in fuoot of material properties,
16
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microstructure, temperature, atmosphere and cudesmgity.

nace = f (material properties, microstructure, terapge, atmosphere, current
density)

A relation between activation polarization and euatr density is given by
Butler-Volmer equation. When the current density high, the Butler-Volmer

eqguation can be written as:

o~ —lIni ﬂln' ~ a+blni
nact BZF o BZF I I

This equation is also known as Tafel equation. @hgilis the exchange current
density, which can be affected by several factors

io = f (TPB, partial pressure of oxygen in the atni@sp, oxygen vacancy
concentration in the electrolyte, oxygen vacancyititg in the electrolyte, electron

concentration in the electrocatalyst, and tempeetl

1.3.1.5 SOEC Advantages and disadvantages

Comparing with other methods of producing hydrogersection 1.2, the high
temperature solid oxide electrolysis has advantages

® High efficiency
Carbon free
Produce high purity hydrogen

Small-scale and responsive

Potential to utilize solar concentrator and geatta@rheat and nuclear heat
generated by nuclear reactors

® All solid state device, long lifetime

However, it has some drawbacks that need to become:
® High operating temperature
® Fragile ceramic componerits

® High electrode polarization

17
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1.3.2 SOEC components

1.3.2.1 Electrolyte

The electrolyte of an SOEC serves as an ionitsprarter between two electrodes.
As the electrolyte is solid state, the cell maydast into different shapes such as
tubular and planar. The electrolyte material foghhtemperature SOECs must be
stable in both oxidizing and reducing environmeatshigh temperatures. It also
required to possess high ionic conductivity and lelectronic conductivity at
operating temperatures. Moreover, it needs to e tabbe made into thin but strong
and nonporous films. Nowadays;O-stabilized ZrQ, with a fluorite structure, is the
most favoured material for SOEC electrolyte axlftileits good thermal and chemical
stability, high oxide-ionic conductivity, and mecheal strength at high
temperature 333

The fluorite structure is a face centered culbiaregement of cations with a cubic
arrangement of anions in the ceftefsee Figure 1.8). At high temperatures, the
zirconia (ZrQ) has a cubic fluorite structure which could bebsized to lower
temperatures by substitute*Zmwith divalent or trivalent larger cations suchGe or
Y. Doping lower valence cations could also introgludefects. When 2t are
substituted by lower valence cations, the conceatraf oxygen ions would decrease
to maintain electroneutrality. Thus, oxygen vacascand therefore oxide-ionic
conductivity are introduced. Sufficient dopants egquired for stabilizing the cubic

structure. About 8~9 mol% 05 is needed for zirconia cubic structure stabilimatl.
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r{ @ Cation
® ’ (\({h‘qa () Anion

Figure 1. 8 The cubic fluorite structure™.

The dissolution of yttria into the fluorite phadeZoO, can be expressed by:
Y,0,(Zr0,) — 2Y'zr +30; +V

Each Y,O3 creates one oxygen vacancy.

1.3.2.2 Anode

Reaction at anode:
0" > 1/20,(g) + 26.

The most important properties that high temperaB@&C anode needs to possess
are: electronic conductivity, catalytic activityrfanodic reaction, and compatibility
with electrolyte material. Noble metals such agiplan could be used as the anode
material but is not practical in cost-effective guoprcial cells due to its high cost.
Some metal oxides have the required propertieS@EC anode but are much less
expensive.

Strontium-doped lanthanum manganite (LSM), whicbveha good performance in
SOFC as a cathode when YSZ is used as an eleeffof{tis a commonly favorable
material for SOEC anodes. Pure LaMnG@hows orthorhombic structure or

rhombohedral structuf® When L&" is substituted by lower valence cations such as
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S* and C&', the amount of Mfi increases and therefore the oxygen content
increases. And the transformation temperature isntenally reduced. Sr doped
LaMnO; ((La;xSk)MnOg3) shows cubic perovskite structure at high tempeest

The LaMnQ based perovskites have electrical conductivitpmdve 10 $m’ at
700°C?°. The electrical conductivity originates from thalence change of Mn. Mh
content is increased when the LaMni® doped with lower valence cations such as

Sr**, thus the electrical conductivity is enhanced.
(La,Sr,)MnO, ~La’ +Sr>* +Mn> +Mn:" +0,

Another interesting property of LaMnObased perovskite structure is its
nonstoichiometry of oxygen and therefore the oxygerancieS* Figure 1.9 shows
the oxygen defect and excess regions of Lapn@xygen-excess shows up at high
oxygen partial pressure, and oxygen-defect (whiohld/supply oxygen vacancies) is

exhibited when oxygen partial pressure is low.

I Saturation of
Oxygen content

-+ - Oxygen excess

NN

Oxygen deficjent

Log p(0,)

Figure 1.9 . Schematic representation of oxygen nonstoichiometry bAMnO 3.4

as a function of oxygen partial pressure.

1.3.2.3 Cathode

Reaction at cathode:
HO (g) + 26> Ha(g) + O
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For cathode of high temperature SOECs, the nahtgould have catalytic activity
for water splitting which is necessary for the kiog of the reaction. Besides, the
cathode is required to have ionic conductivity viahatlows the transportation of
oxygen ions to the anode/electrolyte border. Intaad the cathode material has to
be electrical conductivity in order to convey thectrons produced at cathode to the
outside circuit.

One of the possible reaction schemes at cathodd beu
1. Adsorption of HO molecule to the surface of cathode, which is dise

electrocatalyst.
H,O(gas)~> H,O(cathode)
2. Surface diffusion of adsorbed,@ to the three phase boundary (TPB)
H,O(cathode)> H,O(TPB)
3. Electrochemical reaction at TPB
H,O(TPB) + 2e (cathode)+ V' (electrolyte) = H, (TPB) + O} (elextrolyte)

Reactions take place at the three phase boundB&)(Where the electrolyte,
electrocatalyst and gas reactants meet. Watedimte porous cathode side and
dissociated into Hand G at the three phase boundary where electrocaialyst
available. Oxygen ions produced are transportenlsacY SZ electrolyte to anode side
via the oxygen vacancies in electrolyte. Hydrogersiremaining at cathode side
combine with electrons supplied by electronic cantishg cathode to form hydrogen

gas and diffuses out of the electrode (see Figur@).1
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LSCM(cathode)

H,0 +2e - H, + 0%

ooy

Figure 1.10 Schematic cathode reactions at three phase boundaryarsOEC
with YSZ electrolyte and LSCM cahtode. The reactive sites are the contact zes

of the two conducting phases which are accessible to gases througé pores.

Reactions in SOECs are the reverse reactions irCSOFa SOFC runs backwards,
it works as a SOEC. In high temperature SOFCs,rakveaterials have attracted
attention as anode materials. Platinum, as sone¥ athble metals, which is stable at
high temperatures and has high catalytic activityetectrode processes as well as
electronic conductivit}, is expensive and may bond with the electréRitalickel
metal is high in catalytic activity and low in cpdiut it has evidently thermal
mismatch to Stabilized Zircoriia A cermet which has the nickel catalytic activity
and proper thermal match with the ceramic, is pcedby mixing nickel metal with a
ceramic support. Nickel cermet, a porous compasitdi and YSZ, is the currently
favoured  cathode material for SOEC  cathode. The ovséite
(Lag.75510.25)0.09MNo sCrp 503 (LSCM) is an active and redox-stable material aad
attracted a lot of attention in the high tempemasolid oxide fuel cell fieff**

And the anode materials of SOFCs could be the dates for cathode materials
for SOECs. Platinum is not a cost-effective SOEth@ae material due to its high
price. Ni/'YSZ cermet is currently preferred cathodaterial for high temperature
solid oxide electrolysis system due to its exceltzialytic properties and good

current collection. But Ni cermets do display satisadvantages, such as low
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tolerance to oxidizing condition and reduction &fB due to agglomeration after long
operation and poor redox cycling causing voluméalnitity*". It requires a significant
concentration of Kflowing over it, if it is not to be oxidized to NiQack of reducing
atmosphere would not only cause a loss of elearoomductivity but is also likely to
lead to mechanical failure of the electrdd&€SCM has attracted much attention as an
SOFC anode material or as anode/cathode materialdgmmetrical SOF¢¥**42
Nevertheless, LSCM has not been reported as ahp@ssithode for high temperature
solid oxide steam electrolysis cells, which workhahigh temperature steam and

under external potential load.

LSCM.

Perovskite-related material, (§.&S10.250.9MNosCrps0s (LSCM), has been
reported for its remarkable stability with reductior oxidation occurring at high
temperature, say 980*. The A-site deficiency in (LS 250.08MNo.sCros03 has
been question&d It also shows chemical compatibility with yttiséabilized zirconia
to at least 1300°€. It has been reported to be able to work effettier both
cathode and anode operation in a symmetrical riblerSOFC*. This character
enables LSCM to work as a cathode material in gh témperature solid oxide steam
electrolysis cell.

Introduction of alkaline earth and first seriemsiion metal elements into LaC5O
has been shown to improve promote the catalytipgties for methane reformitfy
The electrochemical properties and electrochenpiegbrmance of LSCM catalyst in
SOFC have been reporféd’. Some other substitutions such as Fe at B-sitenare
commonly used for steam reforming.

In general, a minimum electronic conductivity o84m is required to minimize
the ohmic loss. The transitions of Riio Mn** and Cf* to C#** provides high

conductivity.
1
EOZ +VJ +2Mn}, =2Mn;, +0}

Mn},, , the charge carrier for p-type conduction, woudde&duced at low oxygen
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partial pressure, and therefore the conductivityufe 1.11 shows the conductivity of
LSCM versus oxygen partial pressure. WheniB in the range of 18-10° atm,
conductivity of LSCM increases with oxygen parpagssure increase. Wheg,P

108, the conductivity changes little. In reducing aspere, LSCM conductivity will
be lowered. At 900°C, its total conductivities at®ut 38.6 S/cm in air and 1.49
S/cm in 5% H (poz~ 10%%atmY™,

L a |16
‘x -
e il £-%
S
e 1.4 E
_,-;_'A' i o
. v —_
s i 125
P 2 f,'l."ﬁ b7
R =
s ' 13
] ¥ X=0D2 ;,7
e | 3 m A=025 0.8
id & X=02
0.6

B 18 <14 <12 10 B 8 4 B 0
Log [p(Oaz)/atm]

Figure 1.11 Loge) vs. 0g(fb2) for La1xSrxCro.sMnos0s:s

1.3.2.4 SOEC designs

Research on high temperature solid oxide elgai®for hydrogen production has
been carried on in several groups in the world.rRost of the work, cells were made
with LSM anode, YSZ electrolyte and Ni/YSZ cermattmdé®>°. Proton conducting
ceramic has been used as an electrolyte at lowareratures in some groups?
Stacks have been developed in a number of grougbsasuthe Idaho National
Laboratory in the US and the Risg DTU in Denmaxkn8 of the water electrolysis
were carried out by coelectrolysis of steam anbaadioxide to produce syngas,(H

+ COY>° And some are the electrolysis only of w&te?>®

Anode| electrolyte cathode SOEC desigEklectrolysis mode
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LSM | lonic conductor (YSZ) Ni/YSZ Planar Coelectrolysis
LSF | Proton conductor Noble metal Tubular Steam electrolysis
LSCM Stake
1.4 Catalysis

1.4.1 Principle of Catalysis

Catalyst is a chemical substance by which the oatihe reaction is increased or

decreased. Catalyst may participate in multiple mdbal processes but is not

consumed by the reaction itself. Positive catalystks by providing a different

transition state with lower activation energy (s€egure 1.12).

thermodynamics and the final results are not chadubgecatalysts.

E, (no catalyst)

Energy

E, (with catalyst)

AG

Reaction Progress

Figure 1.12 Principle energy diagram of catalysis.

The overall

Reagents are adsorbed on the surface of solid/satafore catalysis process takes

place. Reactions happen on the exterior surfatieeafolid catalyst. The diffusion and

adsorption of reactants onto the surface is a ségder the chemical reactions on the

surface which are followed by the desorption anifusion of products from the

surface. The process of a reaction with catalystoeaillustrated in Figure 1.12.
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O

Diffusion to surface Diffusion from surface

Adsorption Desorption

Chemical reaction

S

VAN A A A A Al
Surface

Figure 1.12 Schematic steps of a catalysis process on surfdéa

1.4.2 Perovskite Catalysts

Oxides play an important role in catalysis. In SQERRy can work as active
components themselves and as supports for activeriai€’. It has been reported
that materials with mixed electronic and ionic coctivity could accelerate the

methane oxidatidfi.

Figure 1.13 ABQ; perovskite structure®”.

Perovskites (AB@), containing A" and B cations, is a structure has potential to
be partially substituted with a wide range of icaisboth A and B sit8& The
substitution of ABQ with alkali earth elements on the A sites andditgzn metal
elements on the B sites allows modification of &t@tic and catalytic behavidfs

Perovskites with mixed electronic and ionic condutés are considered to promote
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oxidation reactiorfé.

1.4.3 Metal catalysts

Metals have been widely used in catalysis. Ni, PFd and Rh are the most
frequently used in heterogeneous cataf{sidletal catalysts such as iron and
ruthenium are used for synthesis of ammonia, pailfadfor hydrogenation and
hydrogenolysis, platinum for hydrocracking of @hd nickel for partial saturation of
oils™.

Catalytic reactions happen at catalyst surfacesctinic structures of metal atoms
on surfaces affect the interaction between catadyst reactants. The unsaturated
coordination of metal atoms on catalyst surfacésnal available d orbits to accept
electrons. Metal catalysts are usually transiticetais rather than alkali earth metals

or alkali metals.
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Chapter 2 Experimental

2.1 Fabrication of electrolysis cells

Electrolysis cells with different cathodes wererfasited in different ways. Typical
solid oxide electrolysis cells (SOECs) with 2mmckiYSZ electrolyte were
fabricated for initial tests. Thereafter, severay® have been tried to decrease
electrolyte thicknesses and to improve electroderostructure to enhance cell

performances.

2.1.1 Cells with 2mm YSZ electrolytes

Cathode

YSZ } Electrolyte

LSM+YSZ(1:1)
LSM }Anode

Figure 2.1. a. Structure of a SOEC with 2mm YSZ electrolyte; b. photo of a
SOEC with 2mm pressed YSZ electrolyte.

2.1.1.1 Electrolyte preparation

Approximately 3.7g 8% commercial YSZ;(Rem) powder was uniaxially pressed
at a pressure of approximately 1.5 tons/amsing 2.5mm discs in stainless steel pellet
dies to form pellets. The mass of powder was watigbn an electronic balance. The
powder was then grounded using a pestle and gheidie. A small depression in the
centre of the powder was formed using a stainléssl solumn before pressing in
order to avoid uneven compaction due to the frictietween the powder and the die
walls. Uneven compaction can lead to cracks andrifracture in the sintered pellet.
The pellets pressed were placed on an alumina glatethen sintered at 150D for

10 hours, with a raising rate ol per minuté
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2.1.1.2 Electrode preparation

The electrode is made by firing electrode ink whiglapplied on YSZ electrolyte.
Commercial LSM and CGO powders from Praxair compamy LSCM powder from
EMPA company were used in electrodes.

Ink preparation.

Ball milling is a method that can be used to griahemicals to a finer consistency.
It is often useful to grind chemicals in order terease their surface area and make
mixtures more homogendus

An exact mass of electrode materials was weigheédtotal mass of materials was
10 grams) with 0.2 gram of polyester/polyamide dpmer KD-I dispersant, which
helps to enhance the consistency of the ink. Theedhpowder was put in a plastic
bottle with fixed number of ceramic balls. Acetomas then added to the bottle until
just covering the balls. The bottle was put onleerdall milling machine for a fixed
period of time at 28 volt to mill the powder.

The mixture was then poured into a 250ml beakeh widg medium (Johnson
Matthey Direct Screen Medium Batch PO5AP24). Acetawras added to about 1/3
volume of the beaker and then the mixture wasestion a electromagnetic plate for
about 3 days to evaporate acetone to form ink.

Screen printing.

Screen printing consists of three elements: theescwhich is the image carrier, the
blade, and ink. The screen printing process uggs@us mesh stretched tightly over a
frame made of metal. Proper pressure is essentigddcurate ink registration. The
mesh is made of porous fabric. A stencil is produae the screen, defining the image
to be printed

Electrode ink was applied to the substrate by ptatihe screen over the pellet. Ink
with a paint-like consistency was placed onto the d@f the screen. The ink was then
forced through the fine mesh openings using a hilaaewas drawn across the screen,
applying tension to force the ink through the opesas of the screen. Ink will pass

through only in areas where no stencil was applieds forming an image on the
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pellet. The diameter of the threads and the thamaoht of the mesh will determine
how much ink was deposited onto the substratesfigpee 2.2).

The screen printing process was repeated sevenalstion each electrode for
enough electrode thicknesses. The printed electragee dried in T for about 20
minutes before next printing. The samples shoul#dy away from dust during the
whole process. For LSM anode, two layers of LSM/Y(82% LSM by weight) ink
were printed next to the YSZ pellet, and one layfgoure LSM ink was then printed.

For cathode, generally three layers of ink wereetprinted.

—— Screen

Mesh openings

S YSZ electrolyte

Figure 2.2. Schematic of screen printing.

Sintering electrodes.

The screen printed electrodes are sintered in amerombine together and to
adhere to electrolyte. The electrode with highatesing temperature was calcined
first. In the electrode sintering process, the eéasing rate was°@ per minute for
temperatures from 5G to 506C and was % per minute for temperatures above

500°C. Sintering temperatures for different materiats a

Electrode Material Sintering Temperature
LSM, LSM/YSZ (Anode) 125%C for 3h
NiO/YSZ 1300C for 5h

LSCM 1200C for 2h
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LSCM/YSZ 1200C for 2h
LSCM/NIO 1300C for 3h
LSCM/CGO 1306C for 1h

Table 2.1 Sintering temperatures for electrode materials.

2.1.2 Cells with ~250 micron YSZ electrolytes

Cells with thinner YSZ electrolyte disks (~250 naigrthickness) were also made.
These were prepared similarly to the thick oneepiby cutting and polishing the
pressed and sintered YSZ pellet with a diamond ebliaxd ~250 micron thickness
electrolytes.

First, YSZ thick pellets were prepared in the samag as preparing 2mm YSZ
discs. The thick die was then fixed to a cuttingchiae with diamond blade. The
distance between the blade and the sample edgadjtested to the thickness required.
Cooling fluid was added till the blade was dippadhe liquid. The die was cut at a
lower speed on the edge and higher speed latercithin YSZ pellet was polished

by sand paper to get an appropriate thickness aodth surface.

2.1.3 Tape-cast and impregnated cells

Cells with LSCM cathode and LSF anode were alspared by tape casting and
impregnation methods. The first step of preparihg ttell was to make a YSZ
backbone, by casting three YSZ tapes, two with and without graphite pore
formers, and then laminating them together

Tape casting is an easy and low cost way to faleritdan and flat ceramic sheets
and multilayer structures mainly for the electroimidustry. Tape casting process
basically involves preparing a suspension congsbh the ceramic powder in a
solvent, with addition of dispersants, binders plasticizers. This suspension is then
cast to a tape moving at a fixed speed. The tafie seivents is then dried in air and
could be cut to an appropriate shafieThe dispersant controls the stability of the

slips, and the binder and plasticizer are resptsé$ds proper strength and flexibility
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to the tape, respectivélysee figure 2.3).The detailed process is: 30 g Y8&der
with acetone was milled by ‘planetary micro millimgachine for 2 hours at the speed
of 2.5. The milled YSZ was dried for 20 minutesam and room temperature to
evaporate acetone and then transferred to a plastile with 36 balls. 14g solvent
(3AEK:2LETH) and 0.195g dispersant (Phosphate pstere added into the YSZ
which was then ball milled for 18 hours under 2@¥ter that, 2.19g DBP, 2.43g PEG,
3.36g PVB and 0.5g solvent were added to the maxtoir another 4 hour ball milling
under 18 volts. Then the slurry was ready to bé dde height of the blade was set to
be 0.125mm which can produce 0.100mm YSZ tape sitéering (~25% shrinkage).
The suspension was cast through the blade to ang@lastic tape at a speed of 50.
This tape was dried overnight and then cut to adahape (R= 1.5cm), and sintered

at 1356C for 5 hours.

tape
’ @),

Figure 2.3. Schematic process of tape casting.

An aqueous solution containing La(B)e6H.O, Sr(NQ),, Cr(NGO;)39H,O and
Mn(CH3COO)4H,0 was impregnated to the porous YSZ cathode suppagach a
50 wt% LSCM content. An aqueous solution containirafNOs)s6H,O, Sr(NQ),
and Fe(NQ)39H,0 was impregnated to the porous YSZ anode supparach 40
wt%®®® (see figure 2.4). The impregnated solutions weasteimed at relevant

temperatures.
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Figure 2.4 . Schematic process of impregnation.

The cell made by tape casting and impregnation adetias a 50 micron thick
dense YSZ electrolyte, a 110 micron thick poroug ¥&thode support with about 50%
weight impregnated LSCM load and a 120 micron tipokous YSZ anode support
with about 40% weight impregnated LSF load.

2.1.4 Cells with tape-casted electrolytes and priat

electrodes

SOECs with thin YSZ electrolyte were also madeapylying electrode inks on
sintered single layer dense YSZ tape. As the aldetiis thin, the inks are painted
onto the surfaces of YSZ disk by soft brush rathan by screen printing. In this way,
a cell with 50 micron thick electrolyte and 20~3@ran thick electrodes was made.
These cells do not have high mechanical strengdittaums need careful handling with.
These cells have the same thin YSZ electrolyte wélis made by tape casting and

impregnation methods..

2.1.5 Other methods

Some other ways were tried to produce cells wlithner YSZ electrolytes but

failed.

2.1.5.1 Cells with thin YSZ by co-pressing method
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LSCMTYSZ(M) Co-press Sinter Electrolyte s |
+Graphite powder Cathode notflat

—
Electrolyte-YSZ

YSZ powder

| /
YSZ separated from the cathode

Figure 2.5. fabricating process and picture of a co-pressed cell wi¥SZ

electrolyte and LSCM/YSZ cathode.

The cell was planned to be made by applying anode on co-pressed
YSZ-LSCM/YSZ pellet. LSCM/YSZ (50% LSCM by weighpowder was poured
into the pressing die and pressed lightly by handhake surface flat. YSZ powder
was then poured on top of cathode powder. The tawers of powders were
co-pressed to form a disk which is fired to higmperature subsequently.

| failed to make a good cell by co-pressing in mgrk. Thermal expansion
coefficients of the electrolyte and cathode did maitch well. It might be improved
by adjusting components of the powders. Photogaré 2.5 shows the separation of

the two parts after sintering.

2.1.5.2 Cells with screen printed thin YSZ electrgte

LSM interlayer

YSZ electrolyte

Figure 2.6. A cell with screen printed YSZ electrolyte.
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LSCM/YSZ powder was pressed to a column and calcitee form a cathode
support. An interlayer and a layer of YSZ ink wapplied on one side of the cathode
pellet and then sintered. Figure 2.6 is the phoid SEM picture of the pellet after
been sintered. It does exhibit any problem of sspar between electrolyte and
electrode however the YSZ electrolyte was not asel@s was required. The density

might be improved by changing the formula of YSK.in

2.1.5.3 Electrodes with pore formers

Glassy carbon and/or flour were added to cathoadedprs and ball milled for 18
hours to get homogeneous distribution of pore fesmeThe mixed powders were
made into cathode inks and applied on surface & ¥l8ctrolyte by screen printing.

SEM pictures of sintered cathodes were obtained.

2.2 Characterization

2.2.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) can tell us thicrostructures and the local
compositions’. When the sample is hit by the electron beam ri@sef signals are
generated by the interaction of the beam electemnsthe atoms of the sample (see
Figure 2.7). These beams can include secondaryr@bsc(electrons from the sample
itself), backscattered electrons (beam electroom fthe filament that bounce off
nuclei of atoms in the sample), X-rays, light, hesmid even transmitted electrons

(beam electrons that pass through the sample)ndemeon sampléa
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Specimen Beam Interactions

Primary

Light

electrons  Backscattered
electrons

Specimen

fl

Transmitted electron

Figure 2.7. Structure and principle of SEM>.
Scanning electron microscopy (SEM) was performedgudEOL JSM-5600 to

characterize the morphology of the cross sectidrieenelectrolysis cells before and

after electrochemical tests.

2.2.2 Energy Dispersive System (EDS)

Augar alactons

"

y slachans

Chamcionstic X-mys m—

Continuum X-ays

Fluorescent X-ays

Figure 2.8. Structure and principle of EDS®.

EDS system is often works integrated with SEM talgre the x-ray emitted from
a sample. The detector is at the end of a longwaitmis cooled by liquid nitrogen.
The most common detector is made of sensitive Batyistals to absorb x-rays and

produce free electrons. Thus the x-ray energy rveded into electrical voltages
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which could be amplified and analyzed. The energesespond to diverse atoms and

therefore the local chemical compositions coulébalyzed.

2.2.3 X-Ray Diffraction (XRD)

X-ray diffraction is a versatile and nondestruetimethod to analyze chemical
composition and crystallographic structure of matsr

A crystal lattice is a three dimensional arrangetof atoms. These atoms are
arranged in a series of parallel planes separatea distancal. For a crystal, planes

exist in a number of directions - each with its amterplanar spacing.

3 /éV )

Figure 2.9. Bragg diffraction.

The two parallel incident rays have an angle withste plane9j). The most intense
reflection beam will occur when the two waves arglhase. That is, reflection beam
with maximum intensity occurs when the differenégath length between A-B and
A’-B’ is an integral number of wave length.

2dSing = nA

The compositions of the cathode before and aftactellysis tests were
characterized by X-ray diffraction (XRD). XRD wasarded out using a Stoe
STADI/P powder diffractometer over the range ofta®(, step width B. Incident
radiation was generated using a Giksource X = 1.54056 A).
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2.3 Electrochemical tests

2.3.1 Current collector

Gold paste and Au mesh were applied on electrodacas as current collector.
For cathode with Ni, Ni pieces were used (but pnot® be oxidized when using
steam without k) rather than Au as current collector in order v@id unwanted
reaction between Ni and Au. The specimens with galste were fired at 960 for 2

hours.

2.3.2 Electrochemical tests

Two-probe and four-probe tests were done for witceleimpedance and |-V

measurements.

2.3.2.1 Two-probe tests

Initial thick cells were measured by two-probe gesthe jig for the two-probe
electrolysis measurement is illustrated in figur&02 It can provide the cell with
controlled atmosphere at both electrode surfacésngperatures up to 9%D. The jig
is a custom-made alumina cylinder with holes fas fiaw and electrode access. The
counter electrode was made from single-bore alurhiba with a Pt-wire electrical
contact. The working electrode was a two-bore ahantube with Pt wire electrical
contact and Pt/Rh thermocouple wire which meastimeseal temperature inside the
jig. The prepared pellets were then sealed initheith gold rings and with pressures
on top to help sealing. Gas inlet for the anode Wasand for the cathode was
3%steam/Ar/4%Hk or 3%steam/Ar. Steam was produced by sending &8 H, or
pure Ar though a steam generator. The steam gemesats a gas bubbler in water
surrounded by a heating mantle set at temperatureefuired amount of steam. The
electrodes were connected to a Solartron SI 12Bfuency Response Analyzer for

impedance measurements.
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CE

Oxygen «— - — Oxygen
Furnace .__ Anode Counter
electrode (Anode)
Electrolyte
Gold ring *\@
Cathode Working electrode
(Cathode)
Hydrogen «1]|l*— Steam

Thermocouple WE

Figure 2.10. a. Two-probe test setup for polarizations measuremesn b.

Schematic drawing of the four probe test.

SOECs with 2mm YSZ electrolyte and six differenthcale structures were tested:
NiO/YSZ (35% YSZ by weight), LSCM, LSCM/CGO (50% C™ by weight),
LSCM/YSZ (75% LSCM by weight), LSCM/YSZ (50% LSCMybweight), and
LSCM/NiO(50% LSCM by weight). Cathodes with NiO wepre-reduced to Ni by

checking OCV stabilization before test.

2.3.2.2 Four-probe tests

The four-probe test is a test that could elimintite stray resistance from the
system, eg from thin leads. An SOEC was fixed irel@ctrolysis measurement jig by
attaching the pellet to the alumina tube in the yging Ceramabond 552-VFG
(Aremco Products, INC.), which could prevent leakagd separate two atmospheres
for the two electrodes. The method for sealingsceith Ceramabond, which avoids
compressive stresses, could also prevent cracKitigirocells that do not have high
mechanical strength. Cells were tested by two-eldetfour-wire measurement. Two

wires on the same side should be insulated to edltty. The cells worked with
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controlled flowing mixture gas (either 3%steam/AtM, or 3%steam/Ar) for the
cathode surface and with the anode side open td&#am in the mixture gas for
cathode side was generated by a gas bubbler i sititeg in a heating mantle which

provides different water temperatures for requaetbunts of steam compositions.

CE RE2

Furnace —— Air _~ Anode

CE RE1l
@ anode

Electrolyte ——
R Ceramabund@ cathode
Alumina tube
Cathode WE  RE2
ik
Hydrogen « ' Steam

WE RE1

Figure 2.11. a. Four-probe, 2-electrode test setup for polarizatio

measurements; b. Schematic drawing of the four probe test.

Measurements of impedance, current-voltage curdepatential step were done by
a Solartron Sl 1255 Frequency Response Analyzéiffarent temperatures and in
two different cathode atmospheres (3%steam/Ar/4@t8%steam/Ar). The potential
step was set to sweep the potential between -1raV-A5V / -2.0V across cell in
three discrete potential steps and to keep eaghfete960 seconds. Each step was
long enough for cell stabilization. Gas chromatpbgsawas applied to analyze the

composition of outlet gas from testing jig whilenstant voltage was applied.

2.3.2.3 AC Impedance

AC impedance is a powerful method for characteiopat of many
electrochemical properties of materials and therfates between electrolyte and

electrodes.
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AC impedance.
A monochromatic signal V(t) = ¥ sin(wt), involving the single frequency f=
w/2r, is applied to a cell and the resulting steadyestairrent i(t) = } sin(wt +0)

measured. The complex resistance can be illustatédgure 2.12.

Y axis
Im(Z}
2 ———
|
|
z| {
|
|
6 } X oxis
% z Re(2)

Figure 2.12. The impedancé& plotted as a planar vector using rectangular and

polar coordinates'’

The total impedance, which is termed as Z, carnxpeessed by:
Z=12Z|cosp)+ | ZIsin@®)
Re(2)=Z'=1|Z| cosp)
Im(Z2)=2"= | Z | sin@)
Where Re(Z) and Im(Z) are the real impedance arafjinary impedancdl is
the phase difference between the voltage and tirertuit is zero for purely resistive

behaviot*

Equivalent circuits.

The real circuit may be very complicated and we egproximate the real
system to an equivalent circuit to determine ttiedint contributions.

The impedance of a typical electrochemical systemnldc consist of the
resistance of electrolyte R the capacitance of the interfacegCand Faraday
Impedance (g4 which is caused by the charge move and spea@aesfar during the
oxidation and reduction. When it works under alaimg current (AC), Warburg
Impedance (&), which is due to the resistance and capacitanosex by periodical

change of species concentrations in the interfasiesuld also be considered. The
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equivalent circuit can be shown by Figure 2.13.

R, C, R

Figure 2.13. Equivalent circuit. Where R, is the resistance of electrolyte, £is the
capacitance of the interface, Zis the Faraday Impedance, Ris the resistance in
Zs;, Cq is the capacitance in £ Z,, is the Warburg Impedance, R is the

resistance of charge transféef.

Suppose that the electrochemical reaction is omigeu control of charge
movement and species transfer, the total impedeacde illustrated in the following

(Figure 2.14):

(U —> OO charge move control

Wy = I/CdRm

2 Rn“‘R“*ZAzC‘
Figure 2.14. Complex impedance spectroscopy picture. Where)ks the
resistance of electrolyte, gis the capacitance of the interface, 4s the Faraday

Impedance, R is the resistance in £ Cgq is the capacitance in 4 Z,, is the
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Warburg Impedance, Rq is the resistance of charge transféf.

2.4 Gas Components by Gas Chromatography (GC)

Gas chromatography is a gas separation technoldgysample mixture is injected
and vaporized, if a liquid, at the beginning of tt@umn. The sample mixture is
carried through the column by a carrier gas.

Adsorption and partitioning occur according to ttiearacteristic concentration
ratio when the sample is introduced to the two phdstationary phase and a mobile
phase). Gas components are separated through wounsimepetition of concentration
equilibration. Different levels of adsorption orrpigon for each component results in
differences in the moving rate for each componerthe columfi”?® The schematic

diagram and principle of a gas chromatograph isveha figure 2.15.

Gas Chromatograph

| |
! Column Detector |
| Injection [~TTTTTTTTTTTTT TG TS ! I
. : Port } } | ! :
Gas Cylinder ! \ I | |
_— — — L1 ! i,
| PEGRERS 00000
| |
| Carrier gas ! N ‘ | |
| Controller b [ S ! !
| | |
| :
- ___ r ,,,,,,,
Data Processor
Sample Column Detector
J \ ‘
Carrier gas — [ [ ||
l S [ |
| -
\ 3 —
|

Figure 2.15. a. schematic diagram of a gas chromatograph; Brinciples of

Gas Chromatography.

An Agilent 3000 Micro gas chromatograph, equippedhwan injector, was

connected with the testing jig to check hydrogeodpction while external potential

46



CHAPTER 2: EXPERIMENTAL

load was applied to the SOEC. The Agilent 3000 MIicgC has a thermal
conductivity detector (TCD) which is more sensittban conventional TCDs and a
performance enhancement that allows the CG to aedhace-level in the low ppm
rangé”’. Hydrogen was detected by the chromatograph atmprtb the relative
retention time. And the volume percentage of hydrogias given by GC analysis on
the mixture gas going out from the jig. A coolirgitsng was applied to the outlet gas
in order to get rid of water before the sample emgethe gas chromatograph. Six gas
samples were collected at each potential step gddofen production level kept

constant under constant potential load.

2.5 Calculation of Efficiency

The current-to-hydrogen production efficiency fradfTSE is the ratio of the
amount of hydrogen actually produced to the thémaktamount of hydrogen
production. The theoretical amount of hydrogen podidn was calculated from cell
current obeying the law of conservation of char@lee real amount of hydrogen
production was calculated by the gas flow rate #amel volume percentage of

hydrogen which was given by gas chromatogfaph

2.6 Generation of Steam

Steam was generated by a water bubbler sittinghieaéing mantle which can

provide different required temperatures for genegasteam (see figure 2.16).
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Thermometer

v%H,0/gas1

Heatingtape :Hj'

o

Heatingmantle e | 1"’"&— -0,

2

gasl

ik

Figure 2.16. Schematic process of generating different amounts steam.

Gas going through the bubbler with water at a giesnperature would come out
with a fixed steam content. The relationship betwwater temperature and
percentage of steam could be calculated accordittget‘'Saturated water vapor
pressures at different temperatures’.

For example,

3% Steam=0.03atm=0.03*101.3*Fa =3.039*16Pa

According to ‘Saturated water vapor pressuresfégrént temperatures’,
3.039*10Pa corresponds to the temperature SE£24Vater temperatures for required

water content in my work are shown in table 2.

X%H >0 3%H0 10%H,0 30%H,0 50%H,0

Water (t) 24°C 46°C 69°C 81°C

Table 2 . Temperatures required for given steam percentages.

The generated steam then passed a gas line whizbated by a heating tape to
keep the mixture of gas at a high temperaturehelivtay between water bubbler and
testing jig. This could help preventing steam liguwéon during the path (see figure
2.16).
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Chapter 3 Initial Studies on (L& 755r¢.25)0.99MIN ¢.5Cr 9 503
Cathodes for Solid Oxide Electrolysis Cells

3.1 Introduction

The cathode material is an important factor in heteing the overall performance
of the solid oxide electrolysis cell (SOEC). Cataadaterials for high temperature
SOECs should have catalytic activity for watertsiply which is necessary to enhance
the kinetics of the reaction. Furthermore, the edé¢his required to have ionic
conductivity which allows the transport of oxygeons to the anode/electrolyte
interface. The cathode material has also to beralacconductive in order to convey
the electrons produced at cathode to the outsidriiti Several materials have
attracted attention as possible SOEC cathode rakeri

Platinum, is stable at high temperatures and hgis tatalytic activity as well as
electronic conductivity but is expensive and may bond with the electedlyt

Ni cermet, the currently preferred cathode matdorahigh temperature solid oxide
electrolysis systems, requires a significant cotre¢ion of H flowing over it, if it is
not to be oxidized to NiO. Not only would this causloss of electronic conductivity
but is also likely to lead mechanical failure oé telectrode. Most reported work has
been done with an inlet gas containing a consideramount of hydrogen, typically
with pre-reduction of the cathoté

Here we are seeking an electrode that can stat kWt content of H or even
without H, and work with high efficiency. The perovskite §lz&5.25)0.909MNo 5Cro.s03
(LSCM), which satisfies many of the requirementsS®EC cathode, is an active and
redox-stable material and has attracted a lottehtion in the high temperature solid
oxide fuel cell field®. Nevertheless, LSCM has not been reported as sipes
cathode for high temperature electrolysis cellsjctvtwork with high temperature
steam and under external potential load. In thidystmaterials based on LSCM were

applied in SOEC cathode and measured with contt@tenospheres at temperatures
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up 926C. Small amount of hydrogen (3%BIAr/4%H,) or no hydrogen (3%#D/Ar)

were supplied for cathode atmosphere. AC impeddateand current-voltage curves
were obtained using a Solartron SI 1255 FrequenegpBnse Analyzer. Scanning
electron microscopy (SEM) was performed using alJHOM 5600 to characterize

the morphology and local compositions of the csesgions of the electrolysis cells.

3.2 NilYSZ

SOECs (solid oxide electrolysis cells) with 2 mmckhYSZ electrolyte and
different cathodes were made and tested (2-termieat) at 928C using
3%steam/Ar/4%HkK and 3%steam/Ar for cathode and oxygen for anodefr&m
these cells has been subtracted from the data.v@hee of Rs, at 3.%)cn?,
corresponds to the sum of the ionic resistancenefeectrolyte and the electrical
resistance of the Pt leads.

Figure 3.1 shows the morphology of Ni/YSZ cathoééobe electrochemical test.
The screen printed Ni/YSZ cathode, with a thicknelsaround 20 microns, shows
a microstructure with good porosity.

Figure 3.2 shows the performance of the cell withYS8Z (65% NiO by weight)
cathode and LSM anode with 3%steam/Ar/4%#&t 920C. As shown in the
impedance data and polarization property, the perdmces from Ni/YSZ cell in
low content of hydrogen (4% hydrogen) is acceptatileough it is not as good as
state of the atf.

On changing from reducing to inert atmospheres(8%stAr) at open circuit,
after a short period of operation the impedancénhefcell increased dramatically,
to several thousand ohms. Althrough the cell haallemresistances when higher
voltages were applied, data shown in figure 3.3nfrthe electrolysis cell with
Ni/YSZ (65% NiO by weight) cathode and LSM anode3itbsteam/Ar at 92C
reveal that with a fairly bad performance, Ni/YSatlode is not practicable for
high temperature steam electrolysis in atmosphergisout hydrogen or other

reductant. The current-voltage curve, with a veaggé slope, also illustrates an
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extremely high resistance. The poor performancéhaight to result from Ni
oxidation in the cathode during the test. Figui2 &.the photo of Ni/YSZ cathode
after test using gas with no hydrogen content &@Zor about two hours, shows
clearly that a considerable amount of Ni metal @hhis black) turned to NiO
(which is green) after test. It is obvious thathdis been seriously oxidized during
the electrolysis in wet Ar without hydrogen. As Nidbes not have very good
electronic conductivity, Ni oxidation suppressee therformance of Ni/YSZ in
electrolysis. Therefore, the traditional Ni/YSZ lcatle is not suitable for the

operation in feed-in gas with no hydrogen.

Figure 3.1. SEM picture of the cross-section of Ni/YSZ cathode .
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Figure 3.2. Performance from an SOEC with Ni/YSZ cathode2mm thick YSZ
electrolyte and LSM anode at 917C with 3%steam/Ar/4%H ,. a. AC impedance

data measured at OCV, 1.0V, 1.5 V; b. Current-voltage curve.
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Figure 3.3. Performance from an SOEC with Ni/YSZ cthode, 2mm YSZ
electrolyte and LSM anode at 927C with 3%steam/Ar. a. AC impedance data

measured at OCV, 0.5V, 1.0 V; b. Current-voltage wrve.
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3.3 LSCM/CGO

3.3.1 LSCM/CGO and LSCM

(Lag.75510.25)0.09MNo sCrp 503 (LSCM), has been reported for its remarkable tgbi
with respect to reduction or oxidation occurrinchith temperature, eg 9% . It has
also been reported to show chemical compatibilith WSZ to at least 1300%€and
to work efficiently as an anode for a SOFG my work, cells with LSCM cathode
were initially tested and were found to have prongigerformance, meriting further
study.Whilst not as good as best state of the art madariehydrogen containing gas
streams the data obtained were better than celie oy similar methodology with a
Ni/YSZ cathode (see figure 3.4).

Cey.dGth 101,95 (CGO) has been reported as a promising electrohgtrial due to
its high oxygen ion vacancy conductivity*? And it has been reported that a CGO
interlayer between LSCM and YSZ could improve ti@FE performancé. Cathode
ionic conductivity could be increased by mixing U8CGwnith CGO, and therefore
extend the three phase boundary zones in cathede@@ite interface region. Figure
3.4 shows that the performances are improved bingddGO to pure LSCM cathode.
The series resistance (Rs), at about &8¢, has been subtracted from the data in
figure 3.4. LSCM/CGO has smaller polarization resises than LSCM either under
open circuit voltage or under -1.5 V potential agql This might be due to the
increased cathode ionic conductivity and improvhce¢ phase boundary. Water
splitting which takes place at the three phase Baoncould be facilitated by TPB
increasing and the oxygen ions produced at cathmdevater splitting could be
transported faster to the electrolyte. AC impedaarcs from two cells have different
shapes. The cell with CGO has fairly small highgérency arcs under open circuit or
at -1.5 V. By comparison, the cell with pure LSClslstobvious high frequency arcs.
These high frequency arcs might stem from chargester limitations. Pure LSCM

has comparatively lower ionic conductivity thanhmte with CGO and therefore
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poorer charge transfer processes. The low frequarcirom LSCM/CGO is slightly
smaller than that from pure LSCM under open circuihich might relate to the
enlarged three phase boundary (TPB). Under -1t6é/Jow frequency arc from pure
LSCM is much larger than that from LSCM/CGO. Thigght be due to the large
activation polarization (electrode activation/LSCkduction) at this potential.

Different cathode composites based on LSCM wiltllseussed later in this chapter.

2.0 -1.5

— 920-0cv2,h2,3LSCM.z —{— 920-(-1.5v)2,h2,3L.SCM z
—=— 920-ocv,h2,Iscm+CGO.z —&— 920-(-1.5/),h2,lscm+CGO.z

-1.0

N 3405

05~

? 0
0
05 I I | I | I | I 05 I | I | I | I
05 0 0.5 1.0 15 2.0 0 0.5 1.0 1.5 2.0

z

Figure 3.4. Impedance data from cells with LSCM cathode and LGM/CGO (50%
CGO by weight) cathode at 928C in 3%steam/Ar/4%H ..

3.3.2 LSCM/CGO in 3%steam/Ar/4%H.

Figure 3.5 shows the SEM pictures of the crostigae of LSCM/CGO cell. The
cell has a 2mm thick dense YSZ electrolyte andraysocathode of ~30 micron thick.

The morphology of the LSCM/CGO composite cathodeasha good porosity.
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Figure 3.5. SEM picture of the cross-section of LSCM/CGO cell.

Figure 3.6 shows the performance of the electrslgsils with LSCM/CGO (50%
CGO by weight) cathode running with 3%steam/Ar/4%6t 920C. The impedance
data and current-voltage curve reveal a good pedace of cathode composed of
materials based on (b.&Slo.25)0.09MNo sCr0.503 (LSCM) in gas with a low content of
hydrogen (4% ). Compared to the Rp value of more thanctén? from the cell
with Ni/YSZ cathode operated in 3%steam/Ar/4%kbt 917C, the cell with
LSCM/CGO cathode shows a better Rp of around onfych?. The overall area
resistance of LSCM/CGO cell in 3%steam/Ar/4%isl 6.77Q-cm? (ohmic resistance

from the jig is estimated to be around 2p(see figure 3.6b).
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Figure 3.6. Performance from an SOEC with LSCM/CGO cathod, 2mm thick
YSZ electrolyte and LSM anode at 928C with 3%steam/Ar/4%H ,. a. AC
impedance data measured at OCV, 1.0V, 1.25V, 1.5 V; b. @ent-voltage curve.

Water splitting at the SOEC cathode might involveas g diffusion,
desorption/adsorption of 8, surface diffusion of D to the three phase boundary
(TPB), water splitting and charge transfer at TBBg transportation of oxygen ions
produced at TPB through the electrofté> Several steps could be the rate limiting
processes.

Figure 3.7 shows Bode plots (real and imaginaryspairimpedance vs. frequency)
of the LSCM/CGO electrolysis cell at three differ@applied potentials at 920 with
3%steam/Ar/4%Hkl Impedance arcs below 10 kHz are related to tleetrelde
processe$. For this cell, two limiting process affected timepedance and the low
frequency one is dominating. The summit frequerfaye low frequency arc drops in
the range of 0.35~0.50Hz. The low frequency procesise dominating rate limiting
process which may be caused by gas diffusion liinitaat one of the electrod8s'’.
The summit frequency of the low frequency arc shiform 0.50 Hz to 0.32 Hz with
increasing potential from ocv to -1.5 V. The sumfréguency of the high frequency
arc is around 316 Hz. The high frequency peakschvisire below 0.0%xcn? in
magnitude, are not obvious. Thg,fof the high frequency arc is independent of the
applied potential. The low frequency process ingeean magnitude as the potential
is increased, and the high frequency arc is indégetnof potential. The phenomena
shown in figure 3.6 indicate that the cause forifpeasing as potential is increased

could be ascribed to the low frequency process.
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Figure 3.7. Bode plot obtained at different potentials from LS®/CGO cell at
920°C in atmosphere of 3%steam/Ar/4%H.

Polarization data from this LSCM/CGO cell in 3%si#Ar/4%H, at three different
temperatures are shown in figure 3.8. The curreftage curves are close to linear
and the slope of current-voltage curve decreasts teimperature increase. And the
slope increases faster from 760to 84CGC than from 848 to 920C due to

significant ohmic resistance.
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Figure 3.8. polarization properties at different temperatures froma cell with

LSCM/CGO anode in 3%steam/Ar/4%H-.

Figure 3.9 shows a comparison of typical EIS rasultom the cell with the
LSCM/CGO cathode running with 3%steam/Ar/4%akthder open circuit at different
temperatures. The cell exhibits less total impeddRs+ R;) at higher temperature in
humidified hydrogen, which is in good agreementwtiite results shown in figure 3.8.
Figure 3.9 also shows that Rp is higher at highetemqtial for 9206C and 846cC;

however it is higher at open circuit voltage fo07G.
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Figure 3.9. Impedance data under open circuit from LSCM/CGO ell at different

temperatures in3%steam/Ar/4%H..

The slope of current-voltage curve correspondshi dell resistances and is
referred to as the area specific resistance (ABBR data to be presented are taken
from the linear fit of the current-voltage curvésgure 3.10 shows the overall ASR,
series resistance and polarization resistance e themperatures which are
determined from the current-voltage curves in feg®.8 and impedance spectra
(under open circuit) in figure 3.9. For this cellith 2 mm YSZ electrolyte), Rs is the
main contributor for overall ASR. ASR decreaseshwi¢mperature increase. As
temperature is increased, the ionic conductivityY&Z electrolyte is reduced and
therefore the Rs decreases. Higher temperature dcalso facilitate the
electrochemical reaction as well as species trarahel as a result, Rp is reduced. Rp

is decreased by 74% when temperature increases T6AC to 920C, and Rs is

61



CHAPTER 3: INITIAL STUDIES ON (Lag 755¢0.25)0.05Mng 5Cro.s0; CATHODES FOR SOLID OXIDE ELECTROLYSIS CELLS

reduced by 37%.
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Figure 3.10. Overall area specific resistance, series resistance (endpen circuit)
and polarization resistance (under open circuit) at three temperaturesdm

LSCM/CGO cell in 3%steam/Ar/4%H ,.

Series resistance (Rs) and polarization resistéiRpg of the LSCM/CGO cell at
different potentials at 75Q, 840C and 920C with 3%steam/Ar/4%klare plotted in
figure 3.11. Rs shifts very slightly as the potahthanges for all temperatures and Rp
has different trends with potential for differeetriperatures. Rp increases a bit with
potential at 928C and almost maintains the same at°850while it has a small
decrease with potential at 780 This result also means that the current-voltage
curves shown in figure 3.8 are not strictly lineer;other words, the area specific

resistance values are slightly in dependence witreat/voltage.

62



CHAPTER 3: INITIAL STUDIES ON (Lag 755¢0.25)0.05Mng 5Cro.s0; CATHODES FOR SOLID OXIDE ELECTROLYSIS CELLS

8.0 T T T T T T T T T T T T [ 3.6
/ [ 3.4
754 A A A L 3.2
- 3.0
i @ 840°C,Rp 26
~ 654 B 920°C, Rp [ 24 o
g | A 750°C,Rs [ 5o 2
) @ 840°C,Rs | [®)
< 6.0 20 o
" W 920°C, Rs i 3
4 -1.8
5.5 - 1.6
1 d ° o—e - 1.4
. —® [
5.0 io/. C 12
45 . . . . . . . . . . " , 0.8
-1.5 -1.4 -1.3 -1.2 -1.1 -1.0 -0.9
Potential / v

Figure 3.11. Series resistance (Rs) (ohmic resistance from the iggestimated to
be around 2.8Q) and polarization resistance (Rp) under different potentials at

three temperatures from LSCM/CGO cell running with 3%steam/Ar/4%H.

Figure 3.12 shows Bode plots at open circuit vatagthree different temperatures
with 3%steam/Ar/4%bklwhich are given by impedance data in figure 3.9.

At all three temperatures, there are two rate inmgitprocesses affecting the
impedance. From figure 3.12, it is assumed thaidheand high frequency arcs for
different temperatures represent the same low aigh Hrequency processes
respectively. The low frequency process with chiréstic frequency of 0.2 Hz ~ 0.5
Hz might stem from gas diffusion and/or adsorpt@sorption limitations. The low
frequency process is much higher in magnitude tharhigh frequency process for all
temperatures and is regarded to be the dominatmtig process. The characteristic
frequency for low frequency arc shifts from 0.5 Kz 0.2 Hz with decreasing
temperature from 92C to 750C. And the low frequency process decreases by 70%
in magnitude as temperature climbs from G 926C.

The summit frequency of the high frequency arc drioghe range of 350 Hz ~ 550

Hz and shows an increase from 390 Hz to 510 Hermaperature decreases. The high
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frequency process, which might be charge transfecgss, decreases in magnitude
with increasing temperature; it almost disappe&r@26’C and is easy to identify as

temperature decreases to %0
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Figure 3.12. Bode plot obtained under open circuit at differentemperatures

from LSCM/CGO cell in atmosphere of 3%steam/Ar/4%H,.

3.3.3 LSCM/CGO in 3%steam/Ar

The main purpose for this study is that SOECs widkhodes based on LSCM
material might be promising candidates in high terafjure steam electrolysis when
there is no hydrogen content in the feed-in gafis@ath LSCM/CGO (50% CGO by
weight) cathode performed a lot better than thal wiaditional Ni cermet cathode in
3%steam/Ar at 92T. Its performances are displayed in figure 3.18% TSCM/CGO
cell has a fairly small Rp when the external pasrbad is comparatively low, say,

below -0.5 V, which is close to the open circuiltage (The OCV is -0.14 V in
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3%steam/Ar at 92TT). However, it seems that something happenedeadet under
higher loading voltages during the electrolysigrfithe impedance data, the cell with
LSCM/CGO cathode shows larger Rp when the potensisd higher compared to the
Rp values under lower voltages. And the currentagd curve also show an abrupt
increase in gradient when the voltages are hidfigure 3.14 shows dE/dI data from
IV curve (see figure 3.13) at OCV (-0.14 V), -0.¥5and -0.75 V. dE/dI value is
around 5.8Ycn? at -0.25 V and goes up to 48cnt’ at -0.75 V. Rs at voltages is also
shown in figure 3.14. Rs takes a majority of therall dE/dI at comparatively low
potentials and shows a slightly drop as potensiahcreased to -0.75 V. The value of
dE/dl minus Rs, which is roughly the value of Rhpws a similar increase with

potential and is a dominating contributor to thema dE/dI at -0.75 V.

LSCM+CGO/YSZ/LSM

920°C 1 9204v0GQ M h2 lsam+CGOcar b
-10 |- 3%HZO/AI’ L

-05 —
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Figure 3.13. Performance from an SOEC with LSCM/CGO cathode2mm thick
YSZ electrolyte and LSM anode at 92%C with 3%steam/Ar. a. AC impedance
data measured at ocv, 0.25V, 0.5V, 0.75V, 1.0 V; bufent-voltage curve.
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Figure 3.14. dE/dI, polarization resistance and series resistaa from

LSCM/CGO cell at 920°C with 3%steam/Ar.

Polarization data at three temperatures are shioviigure 3.15. Current-voltage

curves for three temperatures give essentiallysdrae response, with a bit higher

slope for lower temperature. There is a turningnpdor every curve where slope

increases sharply when potential is increaseddarat -0.5 V. The higher potential

curve has much bigger slope than the lower poteatisre. The IV curve at 92Q

has the biggest increase as potential turns tovagre. However, the turning of curve

becomes smoother as temperature is decreased0a & cell has the highest slope

of segment B-C in IV curve which might relate to @8 redox and electrode

activation.
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Figure 3.15 . Polarization properties at three temperatures from LEM/CGO

cell with 3%steam/Ar.

Polarization properties in 3%steam/Ar and 3%steampPaH, from LSCM/CGO
cell at 926C are compared in figure 3.16. The cell has an a@penit voltage of -0.95
V in 3%steam/Ar/4%kand -0.14 V in 3%steam/Ar at 920 The current-voltage
curve is close to linear for test in 3%steam/Ar/42bldwever in 3%steam/Ar
atmosphere it has a sudden change at around -0 Ae/segment A-B in I-V curve
with 3%steam has a slope of 8:6n7, which is close to the slope of I-V curve in

3%steam/Ar/4%H (6.25)cn).
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Figure 3.16. Polarization properties in 3%steam/Ar and 3%stean#r/4%H ;

from LSCM/CGO cell at 920°C.

Figure 3.17 shows the impedance data from thieatel50C, 84FC and 926C
with 3%steam/Ar. Impedance measurements were takére frequency range of 10
Hz~0.1 Hz. The spectrum has two semicircles at’@5@hile the high frequency
semicircles become smaller at 880and 920C. This indicates that the high
frequency process becomes less influencial as textyse increases which could also
be illustrated by Bode plots in figure 3.19. The lfvequency process shows roughly
a shape of semicircle at OCV and -0.25 V. And tive frequency semicircle becomes
bigger as voltage gets higher and is almost lim¢al.0 V in frequency range of 20

Hz~0.1 Hz. Polarization resistance becomes very Wigen high voltage is applied.
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Figure 3.17. Impedance data at different temperatures from LSCMZGO cell

running with3%steam/Ar.
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Impedance data from measurements in 3%steam/Ard&0H 3%steam/Ar/4%H
are compared in figure 3.18. Impedance in 3%steams a slightly smaller series
resistance (Rs) than impedance in 3%steam/Ar/4%hpedance data are roughly in
shape of semicircle except for those in 3%steanwih high potentials applied.
Impedance data in 3%steam/Ar at high potential® lsawilar Rs but much larger Rp
than impedance at low potentials. The polarizatesistance is the main contributor

for the high slope in |-V curve at high potentiedgse figure 3.16).
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L L J
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: |
- L 4
S ¥ o ooV, Fosteam/Arid H,
2 v —m -1.25¢, 3% stean/A1r/ 4% H,
e - b J —o— -1.5v, 3% steam'Arid%H,
. & 00, 3% steamdAr
7 g 025y, 3 stean/Ar
.,Y v— -0.75, 3% steam/Ar
B ¥
Y
-1 -
0 ;

Figure 3.18. Impedance data in 3%steam/Ar and 3%steam/Ar/4%Hkifrom

LSCM/CGO cell at 92¢°C.

Bode plots which drives from impedance data urgbemn circuit (see figure 3.17)
at three temperatures in 3%steam/Ar are showmindi3.19. At 75(C, there are two
limiting processes for atmosphere of 3%steam/Athwhe summit frequencies of
0.50 Hz and 501.19 Hz for low and high frequenaycpsses respectively. Neglecting
the noisy points, there are similar characteriggguency of around 1 Hz for low
frequency arcs at 840 and 926C. However, the high frequency process is not

evident at 84% and 920C. It indicates that the low frequency processhs t
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dominating rate limiting process in 3%steam/Ar, ethiis similar to results in

3%steam/Ar/4%kK  The comparison of

3%steam/Ar/4%Hklas illustrated in figure 3.20.
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Bode plots in 3%steam/Ar and 3%steam/Ar/42@lHthree temperatures are shown

in figure 3.20. With similar characteristic frequess, it is assumed that there are

similare rate limiting processes for both atmospheSummit frequencies of low and

high frequency processes are in the range of Ok22&nd 300~500 Hz respectively.

The dominating rate limiting process for both atpleeyes are the low frequency

process.

Low frequency process might be gas diffusion intagisant gas layer above the
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electrode structure, or surface adsorption proaéssdectrodes. Maximum frequency
of low frequency arc is slightly lower in 3%steami4?H, than in 3%steam/Ar. Low
frequency process in 3%steam/Ar is almost twice niagnitude of that in
3%steam/Ar/4%ki at 750C; the difference between two atmospheres is mizgthas
temperature increasing.

The high frequency processes for both atmospheeediminished in magnitude as
temperature is increasellaximum frequencies of the high frequency arcstioo
atmospheres are close to each other at one temperand both decrease slightly
with temperature. It has been reported that thiaseradsorption of chemical species
could decrease with temperature increase, howéwerreported adsorption process

occurs at a low frequency of around 0.1"Hz

71



CHAPTER 3: INITIAL STUDIES ON (Lag 755¢0.25)0.05Mng 5Cro.s0; CATHODES FOR SOLID OXIDE ELECTROLYSIS CELLS

Z'/0.cm

Z'/0.cm

Z'/O.cm

10

12

10

- -
,x‘!kq
- Am
) A
-~ A, A
Ta - ATALA ’/

A 3%steam/Ar 920°C
0.50 Hz B 3%steam/Ar/4%H,

A
% - Aa, ’(
-y Al v
‘- Ay
- A
oo my A b ¢
Poog SrEamaidtesss ol
= h o nl
PAAAA Co0ooogon
AV V.N OO0 DoDO00000000 00000000000 o o0 ogd

DAL,
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAQQgQﬁ1

. Al
--._-- ALAALLLALL

A A

LI LTI Tl T A
"mpagl

LI

-- ~e.,, . 39811HZ £

RAR,
JaVAUN
BOO0y
BQEBEEEDZDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD[
DADMNNAANLDANAANAN
zas AAAAAAAAAAAAAAA4

.1 1 10 100 1000 1000

— 0

T T T T T T T
.1 1 10 100 1000 10000

0.

/

- e ta 501.19 Hz

12 o ---------:::::AAAAA““““““‘“‘ ,K
I

flHz

5

‘- o

wo'of .zl

woof .zl

woof 1.zl

Figure 3.20. Bode plots in 3%steam/Ar and 3%steam/Ar/4%H from

LSCM/CGO cell at three temperatures.

3.2 Other cathode composites based on LSCM

Performances from cells with 2 mm YSZ electrolyteSM anodes and cathodes

with different composites based on LSCM have bdedisd. Cathode composites

studied were LSCM, LSCM/CGO (50% CGO by weight)AMYYSZ (50% YSZ by

weight), and LSCM/YSZ (25% YSZ by weight). Cathadeic conductivity and three

phase boundary were considered to be improved bjn@dCGO to the cathode.
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Thermal expansion matching and adherence betwettiodsa and electrolyte were
expected to be improved by adding YSZ into LSCMhode. The high ionic
conductivity of YSZ could also facilitate the elexthemical reaction at cathode.
Figure 3.21 displays impedance data under opemitiiom cells with different
cathodes with 3%steam/Ar/4%Ht 920C. The value of Rs, at about 3¥cn?, has
been deducted from the data. The four cells handagi polarization resistances. The
cell with LSCM/CGO cathode shows an Rp value of7Q8cn? at open circuit.
LSCM/YSZ (50% YSZ by weight) cell also has a snigl value of below 1.0 cn?.

-0.75
—— LSCM
—— LSCHMCGOE0% CGO0 by weight
—(= LSChY SZ[25% ¥ 52 by weight |
& LESChY SZ[50% ¥ 52 by weight )
-0.50 =

-
-0.25
0
|:| 25 i i i | i |
0 0.23 0.a0 .73 1.00
zn

Figure 3.21. Impedance data under open circuit from cells witklifferent

cathodes at 928C in 3%steam/Ar/4%H ,.

Figure 3.22 shows impedance data under -1.5 V frells with different cathodes
with 3%steam/Ar/4%kl at 920C. The Rs value has been deducted from the data.
Under -1.5 V potential applied, the LSCM/CGO celsca shows the smallest
polarization resistance (of ~1Qcnf) among all the cells. The cell with LSCM

cathode shows the largest Rp value at -1.5 V.
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Figure 3.22. Impedance data under -1.5 V from cells with difrent cathodes at

920°C in 3%steam/Ar/4%H ,.

Bode plots derived from impedance data (under ajrenit) of four cells at 9AT
in 3%steam/Ar/4%Hkl are shown in figure 3.23. All four cells have avifrequency
limiting process which might be gas diffusion arrdddsorption/desorption processes.
The characteristic frequency of low frequency psscecreased when YSZ or CGO
was added to pure LSCM. The summit frequency of fimguency arc from the cell
with LSCM cathode is 0.15 Hz; while the maximumginencies from the other three
cells are at 0.40 Hz. The low frequency processtifwith pure LSCM cathode is the
largest in magnitude. This means the cell with LSE€dthode has a more difficult low
frequency process. This might relate to the contpaigt smaller three phase
boundary (TPB) zones (where the gas, electrolyteedectrocatalyst meet) from pure
LSCM cathode compared to cathodes with ionic cotatac

Comparing to cells with 50 weight% YSZ (or CGO ttell with 25 weight% YSZ
has an extra limiting process at around 4 Hz. Phixess may also relate to the gas
diffusion and/or adsorption/desorption limitatioNgith comparatively lower amount

of ionic conductor, the cathode may have decre@B&izones.
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The LSCM/CGO cell has the smallest high and lovgdiency process among the

four cells.
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Figure 3.23. Bode plots (under open circuit) from cells with dierent cathodes at

920°C in 3%steam/Ar/4%H ,.

3.3 Conclusions

The conventional cathodes for YSZ-based SOECs aféSK cermets, which
exhibit good catalytic properties and current adlten; however, they suffer from
such problems as poor redox cycling and low tolegaio non-reducing environment.
The nickel metal in the cermet may also have problef agglomeration in prolonged
operation, resulting in reduced three phase boyndar order to overcome the
drawbacks of Ni/YSZ cermet anode, alternative oddiso based on
(Lag.75510.25)0.09VINg sCrp 503 (LSCM) were investigated for SOECs. LSCM, with
remarkable stability with reduction or oxidationcacring at high temperature, gives
good performances when working as cathodes for SOBHC atmosphere of

3%steam/Ar/4%Hk and 3%steam/Ar.
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By mixing Ce ¢Gdy 10195 (CGO) to LSCM cathode, cell performances could be
improved further. Compared to the Rp value of nthesm 10Q-cnm? from the cell with
Ni/YSZ cathode operated in 3%steam/Ar/4%ad 917C, the cell with LSCM/CGO
cathode shows a better Rp of around onl2tnm?. Running with 3%steam/Ar,
LSCM/CGO cell has a fairly small Rp when the exa&trpotential load is
comparatively low, say, below -0.5 V. However, thsistance increased sharply when
applying higher potentials. It seems that somethingnown happened to the cell
under higher loading voltages during the electiislys

There are two rate limiting processes for LSCM/CE&#l with both atmospheres
(3%steam/Ar/4%Hhkl and 3%steam/Ar). The summit frequencies of lowdiency arcs
locate in the range of 0.2 Hz~1 Hz. The low frequeprocess, which is much larger
in magnitude than high frequency process, is thmidating rate limiting process
which might stem from gas diffusion limitation instagnant gas layer above the
electrode structure or a surface adsorption linoitatThe high frequency process has
a characteristic frequency of 300 Hz~500 Hz, whiaight relate to charge transfer
processes, is quite small in magnitude and almlostecto zero as temperature is

increased to 92C.
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Chapter 4 Studies on Catalyst Addition

4.1 Introduction

The solid oxide electrolysis cell (SOEC), whicbngerts electricity to chemical
energy of fuels through electrochemical processespnsidered as an efficient clean
method for hydrogen production. Although the comiypon used
Ni/YSZ(Y ,Os-stabilized ZrQ) cathodes perform well in hydrogen based steam, Ni
cermets do display some disadvantages such asolevance to oxidizing condition
and reduction of TPB due to agglomeration afterglaperation and poor redox
cycling causing volume instability It requires a significant concentration of H
flowing over it, if it is not to be oxidized to NiQack of reducing atmosphere would
not only cause a loss of electronic conductivity iswalso likely to lead to mechanical
failure of the electrode

Development of Ni-free materials as alternativehodes has attracted attention
recently. In chapter 3, cathodes based on {430 25)0.99MNo 5Crp 503 (LSCM) have
been discussed and reasonable performance hasabgqaited in gas with small
amount of hydrogen or without hydrogen. The additad precious metals porous
electrodes is known to improve the electrocatalgtiivity and performance. Pd, Ce,
Rh and Fe have been reported to promote electred®rmance significantly in
SOFC *® Niis well known as an efficient catalyst for SOEathodic reactions and
SOFC anodic reactions. In order to investigatedfiect of precious metals on the
performance of high temperature SOECs, a small atnofumetals (Pd, Fe, Rh, and
Ni) were impregnated into LSCM/CGO(£4650h 10195 (50% CGO by weight)
cathodes. A Solartron Sl 1255 Frequency Responsaly2er was applied to
characterize the electrochemical properties froesehcells with various catalysts and
without catalyst. In this study, the obvious implion is that adding catalysts
(especially Pd) could enhance performance from SO®&{th LSCM/CGO cathode
running at high temperature in steam with low cohtd hydrogen (3%b0D/Ar/4%H,)
or without hydrogen (3%#D/Ar). Among the four metal catalysts, the LSCM/CGO
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cathode impregnated with palladium particles sholes best performance. Cells
with LSM anodes, ~1.93 mm YSZ electrolytes and L3CBO cathodes were made
and loaded with various catalysts in LSCM/CGO cdécCells with diverse catalysts
were tested in 3%4D/Ar/4%H, and 3%HO/Ar at 900C. Their electrochemical

performances are discussed in this chapter.

4.2 Cells with various catalysts running with

3%H 20/Af/4%H 2

Five SOECs were fabricated in an approach sinlahat described in chapter 3.
The cells have LSCM/CGO cathodes, ~1.93 mm thickZ ¥&ctrolytes and LSM
anodes. Four of these cells were loaded with PdREe Ni catalysts respectively at
LSCM/CGO cathodes.

As five cells were made in the same batch andctdmglitions for fabricating the
cells are quite similar to each other, it is feksiio compare the performances from
different cells and discuss the effect of catalgstscell performances. Thicknesses of
electrolytes for different cells are: 1.93 mm fetlavith Pd, 1.88 mm for cell with Fe,
1.94 mm for cell with Rh, 1.93 mm for cell with ldhd 1.92 mm for cell without
catalyst. Electrolyte thicknesses of cells are #®31 mm except the cell with Fe
(1.88 mm), however the thickness difference wowddult in an YSZ resistance
difference of less than 0.@xcm’ at 900C theoreticall§. Electrode inks are painted
and sintered to form electrodes.

All cells were tested at 980 with 3%HO/Ar/4%H,. Figure 4.1 shows the
polarization properties of the cells. Open ciraailtages are -0.93%#005 volt for the
cells at 908C with 3%H0/Ar/4%H, at the cathode and air at the anode, as expected
from the Nernst equation

Polarization curves from all cells are close toedin in fuel cell mode. In
electrolysis mode, as potential is increased, atxveltage curves from all cells show
a slightly slope increase starting from around AL.8nd then a decrease at the final

voltage (around -2.0 V). The higher slope at -1,5ich might be due to the heated
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cell when thermoneutral point is exceeded, is indgaccordance with AC impedance
data in figure 4.2. The small slope at the finahp¢~ -2.0 V) might be not reliable as
it is not consistent with the high impedance dat2#® V in figure 4.2. Cell currents

are around 40 mA as highest potential is applied.

It can be seen in figure 4.1 that the additionathlysts increased cell performance
in 3%H,0/Ar/4%H,. Neglecting the slightly differences in electr@yhickness, the
cells show a sequence of their performances: Pd& > Rh > Ni > no catalyst.
According to their polarization performances, cellsh Pd and Fe work well and
cells with Rh and Ni catalysts have only slightiyprovements in cell performances.
Current at the highest potential (OCV+(-1.0 V))rfraell with Pd catalyst is 45 mA
(at -1.92 V), compared to 35 mA (at -1.93 V) frometcell without catalyst.
Polarization performance from the cell with Fe batlais almost as good as that from
cell with Pd. As all other cells have electrolytécknesses of 1.9801 mm except
cell with Fe (1.88 mm), the performance improvenfeoitn the cell with Fe catalyst
could partially be due to the thinner electrolyhel dherefore smaller ohmic resistance.
However, as the difference in YSZ thickness (0.06)rhetween the cell with Fe and
other cells results in ohmic resistance of less @1 Qcn’ at 906C theoretically,
the thickness influence is negligible comparedh c¢ell resistances of several ohms.
Therefore, comparisons of results from the celhvidie and other cells are reasonable.
It is shown that the cheap material, Fe, perfornedl ws a catalyst for cell with

LSCM/CGO cathode at 960 with 3%H,0/Ar/4%H,.
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3%steam/Ar/4%H,

-0.80 -035 0.10 0.15 040

| (Amps/cm?)

Figure 4.1. Polarization properties from cells having various catgstsin

LSCM/CGO cathodes at 908C with 3%H >O/Ar/4%H ».

Figure 4.2 displays the AC impedance data froncelk with Pd catalyst in
LSCM/CGO cathode at 980 with 3%H0O/Ar/4%H,. It has a series resistance of
1.52 Qcn? and a small polarization resistance of 032’ under open circuit.
Impedance data from the cell with Pd at -1.0 V guéde similar to that under open
circuit. The total resistance under open circuit tfee cell with Pd catalyst is 1.85
Qcn’. When potential increases to -1.5 V, the low fimry semicircle gets bigger
and Rp value increases to 0@%n?. This is in good accordance with the 1-V curve
displayed in figure 4.1. At -2.0 V, impedance idtigg even bigger which conflicts
with the small slope at -2.0 V from |-V curve igtire 4.1. The series resistance value
decreases slightly when increasing potential. Thight relate to improved

conductivity in the electrode structure as potengiancreased.
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-0.75

3%H,0/Ar/4%H,

-0.50

0.25 - | | | |
1.25 1.50 1.75 2.00 2.25

Figure 4.2. AC impedance data from a cell with Pd in LSCM/C® cathode at
900°C with 3%H ,0/Ar/4%H ».

dE/dI values taken from |-V curve (see figure)4rbm the cell with Pd catalyst at
900°C with 3%HO/Ar/4%H, are displayed in figure 4.3. When potential change
from fuel cell side to -1.5 V (electrolysis mod#)e dE/dI value has a decrease and
then an increase but always keeps at around a saia# of -1.85)cn?. However,
the dE/dI value increases a lot as potential irs@edo above -1.5 V. The highest
value is around 3.8cn¥ and occurs at -1.8 V. The dE/dI value decreasms f1.8
V and has a smallest value of XXxn? at -2.0 V, which conflicts with impedance
data. The low resistance values at around -2.0 prodably unreliable in that the
resistance of YSZ electrolyte (ohmic resistancell.5 Q.cn’ at 906C and it is
unreasonable to have a resistance ofcd’ for the whole cell. That is, impedance

gets larger when potential is higher than -1.5 V.
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Figure 4.3. dE/dI value taken from I-V curve from a cell with Pdcatalyst at

90(°C with 3%H ,O/Ar/4%H ».

Comparisons of impedance data under open ciftaih cells with different
catalysts and without catalyst at 9G0with 3%H0O/Ar/4%H, are shown in figure 4.4.
Neglecting the small difference in ohmic resistacaased by thickness of electrolyte,
the series resistances are compared as followsidiesistances are 1cnr to 1.9
Qcn? for these cells. There are not complete semicirfde low frequency process
for these cells except the cell with Pd catalydte Tcell with Pd catalyst, with a
complete low frequency semicircle, has the smallRept value (see figure 4.5).
Interactions between Pd and Ce have been repootdthie an enhancement in
catalytic activity'®. It was reported that Pd/Ce catalyst does not \bgrkteract with
LSCM™. And Pd/Ce@has been reported to have a good catalytic acfwitfuel cell
with LSCM anode, although it is unclear how theabgts play its rofe As there is
CGO in cathode material, Pd in LSCM/CGO cathodehiigprks in a similar way.

Impedance from the cell with Rh catalyst showséhdistinct semicircles/processes
within the measurement limit of 100 KHz ~ 0.1 Hzh€r cells only have two evident

processes in the measurement frequency range. @ity is that there are only
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two processes for other cells; or the two high gty processes overlap with each
other and become undistinguishable. The processésbe analyzed by bode

presentations in figure 4.6.

-1.00
-0.75 | 3%H,0/Ar/4%H,
-0.50
4 L
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Pd Fe No catalyst
r 0S¥e,
_,.I---’.‘-—_-&é‘ /-‘" “
0 g &Q«@@@&(@((((I(((ﬁ(@k
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0.25 \ \ \ \
1.25 150 1.75 2.00 2.25 250

-
Figure 4.4. AC Impedance data under open circuit from cells havipvarious

catalysts in LSCM/CGO cathodes at 90 with 3%H ,O/Ar/4%H .

Polarization resistances under open circuit frdifferent cells are displayed in
figure 4.5. Rp values are decreased by addingystsalespecially by the addition of
Pd. The cell with Pd catalyst has a small Rp valu@.32Q cn?, compared to the Rp
value of 0.65Qcn? from cell without catalyst. Polarization resistarfcom the cell
with Pd is smaller than other cells, indicatinghizs the best enhancement for cathode
processes.

Fe is also a good catalyst for SOEC cathode restiat is much cheaper than Pd.
It results in a polarization resistance of 0@tm’ at 906C with 3%HO/Ar/4%H;,
which is the second smallest value among the cEfis.cell with Ni has an Rp value
of 0.43 Qcn?, which is only a bit higher than the cell with P¥i reduced the
polarization resistance much more than Rh did. Shiggests Ni might have a better
catalytic activity than Rh for electrode proces8%H,O/Ar/4%H,.

Cell with Rh catalyst gives an polarization valdedb6 Qcn?. Although it is the
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highest Rp among cells with catalysts, it redudediRp value by 0.Qcn? from the
cell without catalyst.

All catalysts have improved electrode performanceSOECs with LSCM/CGO
cathodes. Pd did best in reducing the polarizatesistance. Fe and Ni, which are

much cheaper than Pd, also work well in improvilegode processes.

CATALYST

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7

. . . 2
Polarization resistance / O.cm

Figure 4.5. Polarization resistances under open circuit from cells hawy various

catalysts in LSCM/CGO cathodes at 90 with 3%H ,O/Ar/4%H .

Figure 4.6 shows Bode presentations under opemitciirom cells with various
catalysts in LSCM/CGO cathodes at 8D@Qvith 3%H0O/Ar/4%H,.

The cell without catalyst has two rate limiting pesses with characteristic
frequencies of 0.2 Hz and 63 Hz respectively. Amel low frequency process is the
major process. By adding catalysts, the low freqyeprocess is reduced in
magnitude but the summit frequency of the low festry arc does not change. The
magnitude sequence of the low frequency processesdells with different catalysts
is: Pd < Ni < Fe < Rh < no catalyst. The low fregeye process might originate from
gas diffusion limitation or surface adsorption/dpsion limitation. Gas diffusion
processes are commonly affected by the microstreicfielectrode. It is less easy to
change cathode microstructure by loading catalstthe low frequency process is

affected much by catalysts, it is more likely todreadsorption/desorption processes
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rather than a gas diffusion process. The adsorigsorption processes occurring at a
cathode might include: adsorption of water, desonpbf hydrogen, desorption of
oxygen intermediates and oxygen ions. Adsorptisdd&ion of species on different
metals are distinct. This could result in variousgmitude of the process.

Cells with different catalysts and without catalysive different characteristic
frequencies for the high frequency processes, whight relate to charge transfer
processes. Cells with smaller characteristic freqigs have more reduced high
frequency processes in magnitude. There might kird process with highest
frequency and it overlaps with the high frequenoycpss (13~63 Hz). When the third
process (at highest frequency) decreases in maignithe overlapped peak would
shift to lower frequencies. In figure 4.6, therdhe trend that Bode plots with smaller
magnitude at around 1000 Hz have lower charadterigequencies for high
frequency process (13~63 Hz). The third processafatind 1000 Hz) stem from
charge transfer limitation. The magnitude of higbgliency processes from cells are
in sequence of Pd < Fe < Rh < Ni < no catalyst. Rigé frequency process has the
same sequence as the low frequency process exceglis with Ni and Fe. The cell
with Ni has a larger high frequency process andnaller low frequency process
compared to the cell with Fe. This results in simpolarization resistances for these
two cells (see figure 4.5).

The cell with Pd catalyst has the smallest mageitfiokr both low and high
frequency processes. It confirms Pd as a bestysatébr cathode process with

3%H,O/Ar/4%H,.
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Figure 4.6. Bode plots under open circuit from cells having varigs catalysts in

LSCM/CGO cathodes at 908C with 3%H >O/Ar/4%H ».

When an external potential is applied, the cethwiPd shows a more obviously
better performance than other cells. Figure 4.p@ldys AC impedance data under -1.5
V from cells with various catalysts at @with 3%H0/Ar/4%H,. Impedance from
the cell with Pd has a complete low frequency sentecand has a small polarization
resistance of 0.68cn?. Cells without catalyst and with other catalystsrit have

complete semicircles within the measurement lirh@.@ Hz.
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-1.0

3%Steam/Ar/4%H, Z(-1.5v)
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Figure 4.7. AC Impedance data at -1.5 V from cells having vasus catalysts in

LSCM/CGO cathodes at 908C with 3%H ,O/Ar/4%H ».

4.3 Cells with various catalysts running with 3%H0O/Ar

Polarization properties from cells with differemttalysts at 90 with 3%H0/Ar,
figure 4.8, have slight differences between eatierotin fuel cell side, catalysts has
the same impact on cell performance in 3%FH\r/4%H, with that in 3%HO/Ar. In
electrolysis mode, the differences from cells ragnwith 3%HO/Ar are less than
running with 3%HO/Ar/4%H, (see figure 4.1).

Current-voltage curves from all these cells havgnments with high slopes when
cells are running with 3%}D/Ar. The high slope occurs when applying -0.3 750
V potentials. This is the same phenomena with dselts discussed in section 3.3.3.
For segment C-D (see figure 4.8), the additionadélysts promoted cell performance
and have a same trend with 3%MAr/4%H, for different catalysts. Cell with Pd
catalyst has the smallest slope in segment C-Iyvield by Fe, Rh and Ni.

However, something unusual happed to the cell hages of -0.3 to -0.75 V and
there is a strange phenomena that the catalystssseehave a negative effects on cell

performances for segment B-C. In segment B-C, watkages of -0.3 to -0.75 V, cell
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with no catalyst has a comparatively small slopes@jment B-C. In addition, cell
with no catalyst has the highest current when #meesvoltage is applied. By contrast,
cell with Pd catalyst has the largest slop as wsllower currents when the same
voltage is applied. There is similar strange phesmanin section 3.3.3 (figure 3.15),
polarization curve from LSCM/CGO cell running wig%H,O/Ar has a bit higher
slope at higher temperature, while it is supposdtbtve better performances at higher

temperatures. In segment B-C, it seems that callgoorer performance in better

conditions.
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Figure 4.8. Polarization properties from cells having various catgsts in

LSCM/CGO cathodes at 908C with 3%H ,O/Ar.

It could be seen from figure 4.8 that the cell wirll catalyst performs slightly
better than other cells except in segment B-C (4#0.3-0.75 V) at 90%C with
3%H,O/Ar. AC impedance data at different voltages fritra cell with Pd are shown
in figure 4.9. It has bigger resistance under ogeguit than at high voltages (-1.0 V,
-1.25 V and -1.5 V). Low frequency process hasrapete semicircle at open circuit.
Impedance at high voltages (-1.0 V, -1.25 V and -¥) do not have complete

semicircles within the measurement limit of 0.1 bi# have smaller resistances than
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under open circuit. This could be confirmed by dB/dlue (see table 4.1) derived
from the I-V curve of cell with Pd catalyst.

dE/dI values are derived from the linear fit of reunt-voltage curve (see figure 4.8)
from the cell with Pd catalyst at 9D with 3%H0/Ar. They could be roughly
regarded as total resistances of the cell. Rs saue taken from AC impedance data
in figure 4.9. When Rs values are deducted fronddalues, the values could be
considered as the Rp values. Table 4.1 shows th,dEs and dE/dI-Rs values from
the cell with Pd catalyst running at @0 with 3%HO/Ar. It has higher series
resistance at open circuit than at high voltagdsichvis similar to the phenomena
with 3%H,O/Ar/H,. Polarization resistance (roughly equal to dE/dIARlue) under
open circuit is much larger than at high voltagdsQ(V, -1.25 V and -1.5 V). This is

a different phenomena to that in 3%Ar/H, (see figure 4.2)

-0.50

3%Steam/Ar

-0.25

1.50 1.75 2.00 2.25

Figure 4.9. AC impedance data from a cell with Pd in LSCM/GO cathode at
900°C with 3%H ,O/Ar.

Potential (v) ocv (-0.14 V -1.0 -1.25 15
dE/dl (Qcn?) 4.10 2.48 2.23 2.20

Rs Qcnd) 1.72 1.62 1.60 1.58
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dE/dI-Rs Q-cnr) 2.38 0.86 0.63 0.62

Table 4.1 dE/dI, Rs and dE/dI-Rs values from a cell with &@in LSCM/CGO
cathode at 906C with 3%H ,O/Ar.

Figure 4.10 shows the comparison of AC impedanda da-1.0 V from the cell
with Pd in 3%HO/Ar/4%H, and 3%HO/Ar. Rs value is a bit higher in more
oxidizing atmosphere than in 4%.HPolarization resistance at -1.0 V in 3%MAr is

much higher than in 3%®/Ar/4%H,.

-0.75

 Pd 1.0V

-0.50 +~

’0.25 |-
%H,0/Ar
3%H,0/Ar/4%H,

1.25 150 175 2.00 2.25

Figure 4.10 AC impedance data at -1.0 V from a cell with Pd ihSCM/CGO
cathode at 900C with 3%H ,0/Ar/4%H , and 3%H,O/Ar.

Bode presentations in figure 4.11 show the difiee in rate limiting processes
under different potentials from the cell with Pd9@PC with 3%HO/Ar. The low
frequency process shifts to lower frequencies whigh potential is applied. On the
other side, the magnitude of high frequency proeésmst decreased to zero at high
potential than at OCV. The main process might stesm LSCM reduction under

open circuit and may relate to steam dissociatiopogentials. The decrease of high
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frequency process might be the reason of the lo&l tesistance at high potential. As
higher potential could result in better charge s¢fan process, there is a chance that
the high frequency characteristic frequency of X might be charge transfer

process.
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Figure 4.11. Bode plots under open circuit from a cell with Pdni LSCM/CGO
cathode at 900C with 3%H ,O/Ar.

AC impedance data under open circuit from cellshwiarious catalysts are
compared in figure 4.12. Series resistances ameeset 1.7Qcm? and 2.4Q-cn’ for
these cells which are in agreement with the explealtenic resistance of a 2 mm YSZ
electrolyte, 1.8 cn?. Total resistances are 3.5~4XnY for these cells. Running
with 3%H,O/Ar, cell with Ni has a slightly larger total regnce than cell without
catalyst. The cell with Fe catalyst has the smatiesistance instead of cell with Pd.

Polarization resistances taken from impedance asahown in figure 4.13. The
cell with Fe has the smallest Rp value of 1¢rent, followed by the cell without
catalyst. Cells with other catalysts have slighélgger polarization resistances than
the cell without catalyst. Electrode processesetisainder open circuit at 98D with

3%H,O/Ar are discussed in figure 4.14.
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Figure 4.12. AC Impedance data under open circuit from cells havivarious

catalysts in LSCM/CGO cathodes at 90 with 3%H ,O/Ar.

0.0 0.5 1.0 15 2.0 25 3.0

Figure 4.13. Polarization resistances under open circuit from cells ¥ various

catalysts in LSCM/CGO cathodes at 90 with 3%H ,O/Ar.

Figure 4.14 is the Bode presentations from agith various catalysts under open
circuit at 900C with 3%HO/Ar. There are two major rate limiting processesdll

cells in this atmosphere.
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Cells with different catalysts differ a lot in the2lectrode impedance processes.
Cell without catalyst has the smallest low frequemcocess however this gives
largest high frequency process. In contrast, céh Wd catalyst has the highest low
frequency process but smallest high frequency pocgell with Fe has the smallest
high frequency process and comparatively small feeguency process. Fe has the
best effect on electrode process which is in agem¢nvith the Rp value.

The low frequency process for all cells have a sunfraquency of 0.79 Hz, and
the magnitude of low frequency process from thesiés an 3%HO/Ar are quite
different from each other. The low frequency precesght be a gas diffusion process
or an adsorption/desorption process. It has bescugsed in section 4.2 that with
quite distinct magnitude for different cells, thewl frequency process is more
probable to be surface adsorption/desorption psasesather than gas diffusion
process. The adsorption of species on the surfaca catalyst might affect the
adsorption/desorption process. As different mea¢e diverse binding energies of
species, it could result in different magnitude different adsorption/desorption
processes. Supposing the low frequency process Btam adsorption/desorption
process, adsorption of hydrogen molecule on metalfase would affect
adsorption/desorption of water molecule in atmospheith hydrogen. And this
might result in the lower characteristic frequerafylow frequency process with
3%H,O/Ar/4%H,.

The characteristic frequency of low frequency pssce 3%HO/Ar is higher than
the frequency in 3%$D/Ar/4%H,. If suppose the low frequency processes in two
atmospheres both stem from adsorption/desorptionegss, this indicates that these
cells could have better low frequency processes 3¥H,O/Ar than in
3%H,O/Ar/4%H,. Adsorption/desorption processes occurring at ackth might
include: adsorption of water, desorption of hydmgelesorption of oxygen
intermediates and oxygen ions. Hydrogen has begortexl to have a small
adsorption energy on pure metal surfAc€he adsorption of hydrogen might compete
with the adsorption of water on the surface of lyataFor cathode reactions, better

adsorption/desorption process means better watarptibn and/or better hydrogen
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desorption. The presence of hydrogen in cathode himiglepress the
adsorption/desorption process in cathode. If the foequency processes for two
atmospheres are both surface adsorption/desornptanesses, it is reasonable to have
a slightly better low frequency process in 33G#HAr/4%H,. And the similar
phenomena from another cell shown in figure 3.2@t(en 3.3.3) could be explained
as well.

Cells with different catalysts are also quitdetént in magnitude of high frequency
process. The high frequency process has a sumeguéncy of 126 Hz except the
cell with Rh (63 Hz). The high frequency processeght be the transport of oxygen
intermediates/oxide ions Cells with Pd and Fe have the lowest high fregyen
processes while cells with Rh and without cataljave larger high frequency
processes. High frequency process decreases tatab@® in magnitude for the cell
with Pd catalyst when high potential is appliede($gure 4.10). This indicates
potentials could affect the high frequency procéssl it is reasonable to have better

charge transfer at higher voltages.
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Figure 4.14. Bode plots under open circuit from cells having vaous catalysts in

LSCM/CGO cathodes at 908C with 3%H ,O/Ar.
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Cells have diverse performances when externanpal is applied. Figure 4.15
shows AC impedance data at -1.25 V from cells wiéthious catalysts at 900 with
3%H,O/Ar. Total resistances at -1.25 V are smaller thiatler open circuit for all
these cells. AC impedance data do not have comgéetécircles for low frequency
process. Cell with Pd has the smallest polarizagsistance under -1.25 V among the
cells. Cells without catalyst and with Rh catalyate bigger Rpvalues (from the

first semicircle of impedance data) than otherscell

-1.0

3%Steam/Ar -1.25V

05 | |
15 2.0 2.5 3.0

Figure 4.15. AC Impedance data at -1.25 V from cells having viaus catalysts in

LSCM/CGO cathodes at 908C with 3%H ,O/Ar.

Bode presentations (derived from impedance datiigure 4.15) under -1.25 V
from cells at 908C with 3%H0/Ar are shown in figure 4.16. The high frequency
process decreases a lot in magnitude for all celtspared to that under open circuit.
This confirms that applied potential would decre#tse high frequency process in
magnitude for all these cells. All the cells (exceell with Rh) have smaller
characteristic frequency for high frequency proas4.25 V than under open circuit.
The low frequency processes shift to lower freqyess potential is applied. Pd has

the smallest low frequency process as well as highuency process, which is in
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good accordance with the smallest polarizationstasce of cell with Pd shown in

figure 4.15.
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Figure 4.16. Bode plots under -1.25 V from cells having varigucatalysts in

LSCM/CGO cathodes at 908C with 3%H ,O/Ar.

4.4 Conclusions

The additions of catalysts in SOEC cathodes hosvs to have enhancements on
electrode performances.

The In 3%HO/Ar/4%H,, Pd is able to catalyze the highest cathode pedoce.
With presence of hydrogen, the cell with Pd hasdimallest Rp value and lowest
magnitude in rate limiting processes. Fe, whichmeach cheaper than Pd, also
catalyzes a high cathode performance in 3@tAr/4%H,.

In 3%H,O/Ar, the cell with Fe has the smallest polarizatiesistance under open
circuit. At -1.25 V, the cell with Pd has the sneall Rp value. The cell with Pd has a
good performance except when potentials are -0.35-%. There is a strange

phenomena that, between -0.3 and -0.75 V, |-V ctéiwe the cell without catalyst
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has lowest slope but from the cell with Pd hadhiigaest slope in 3%D/Ar.

There are two obvious rate limiting processes fé&oH3O/Ar/4%H, and
3%H,O/Ar . The low frequency processes are the majocgss for both atmospheres.
Different catalysts result in diverse magnitudel@iv frequency process in each
atmosphere. The characteristic frequency of lowescy process in 3%B/Ar is
smaller than that in 3%®/Ar/4%H,. It could be supposed that the low frequency
process might stem from surface adsorption/desorpinitations.

Future work could examine the measurement of tiiecebf concentration and

distribution of added catalysts on the electrodéopeance.
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Chapter 5 Improvements on cell microstructures

5.1 Introduction

SOEC performance could be promoted by improvied eicrostructures.
Among various cell configurations, planar and tabutells are the most common
designs in recent yedrsn this study, measurements were done with plaels.

Total cell resistance consists of ohmic resistar polarization resistance. Ohmic
resistance is mostly composed of electrical restgtaof YSZ electrolyte, and
polarization resistance mainly stems from speciesster and charge transfer
limitations in electrodes.

The electrical resistand®of a conductor of uniform cross section can be pated

as

R=/(plA
¢ is the length of the conductod is the cross-sectional area,s the electrical

resistivity. The electrical resistance of a conduatould be reduced by decreasing

length/ or increasing areA. As ohmic resistance of the cell mainly originsnfr YSZ

electrolyte, decreasing YSZ electrolyte thicknessamn alternative to decrease the
ohmic loss in order to improve cell performancelidSoxide electrolytes for SOFCs
have to present sufficient mechanical strengthpoes or cracks, which is difficult
for a thin membrane. Several methods have beerestadd reported in making cells
with thin electrolytes. Tape casting has been tegoto be a promising method to
fabricate thin electrolyfe®“ It has also been reported to prepare electropposted
cells with thin electrolytes using co-pressing tegae’ °.

Improving electrode microstructures is importamtdecreasing cell polarization
resistance. Sufficient porosity in electrodes cofadilitate gas diffusion processes.
Gorte et al fabricated cells with thin electrolyte and impmated electrodes which
present good electrochemical performafides

In this study, several improvements on cell configions have been attempted to
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promote cell performances, such as tape casting@miessing ways to fabricate thin

electrolytes and impregnation method to obtaindpetticrostructure in electrodes.

5.2 Cell performance from cells with 250 micron thtk YSZ

electrolytes

Cells with 250 micron thick YSZ electrolytes (butting YSZ column) were
made to improve the performances and were testeter(dinal test) in
3%steam/Ar/4%k and 3%steam/Ar at 920. SEM pictures of LSCM/CGO
cathode and cell cross-section are shown in figdreWhich show that the
LSCM/CGO cathode has a porous structure and tloi&rikss of the electrolyte is

about 250 microns.

LSCM/CGO YSZ LSM
cathode electrolyte anode

LSCM/CGOD cathode

by painted ink

Zeku

Figure 5.1. SEM pictures of cross-section from a cell with LGM/CGO cathode,
250 micron thick YSZ electrolyte and LSM anode.

The cell performance at 92D with 3%steam/Ar/4%Hlis presented in figure 5.2.
The ionic resistances are about @4n?, under open circuit or under different
external potential load. The cell has the highedapzation resistance under -1.5

volt and the Rp has smaller values under lowertagher voltages. This is in good
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agreement with the nonlinear current voltage cunviggure 5.2. In chapter 3, it is
shown that there is no obvious slope change inddwes when the thick cell is
running with 3% steam/Ar/4%}H But diverse Rp values under different potentials
indicate that the I-V curve with 3%steam/Ar/4%i$ not strictly linear and the
impedance for these thick cells shows the highesarpzation resistance under
-1.5 volt (see section 3.3.2). Results in figur@ Show that a SOEC with
LSCM/CGO cathode has a nonlinear relationship is [tV curve with
3%steam/Ar/4%kwith regions of high slope between -0.07 and -0.&Nd
between -1.2 and -1.6 V.
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Figure 5.2. Performance from an SOEC with LSCM/CGO cathod, 250 micron
thick YSZ electrolyte and LSM anode at 928C with 3%steam/Ar/4%H ,. a. AC
impedance data measured at OCV, 1.0V, 1.25V, 1.5V, 1V52.0V; b.

Current-voltage curve.

Figure 5.3 shows the cell performance in 3%steandfAr920C. The ionic
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resistances in hydrogen-free gas under differetgri@l loads are also very small
which are about 0.@cn?, while the Rp have the same problem with thosthef

thick cells under higher potentials and the curesitage curve also shows a steep

slope at voltages between 0.2 and 0.9V.
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| 3%steam/Ar
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Figure 5.3. Performance from an SOEC with LSCM/CGO cathode, 20 micron
thick YSZ electrolyte and LSM anode at 926C with 3%steam/Ar. a. AC
impedance data measured at OCV, 0.25V, 0.5V, 0.75V, M0b.

Current-voltage curve.

In order to find out the possible reason for theuat slope in the current-voltage
curve under higher voltages from the cells with Ms€athodes in gas with no
hydrogen supplied, a cell with 250 micron thick Y®ZEctrolyte, LSCM/CGO

cathode and Au anode was made and tested in 3%#ean 920C. The cell
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performance is displayed in Figure 5.4. The curaitage curve shows a strange
large slope (almost vertical) under higher voltagekich is similar to that of the
cell with 250 micron thick YSZ electrolyte, LSCM/@5cathode and LSM anode.
The impedance data also shows that large Rp whemtternal potential load is
comparatively high. Figure 5.4 ¢ shows comparisbh\é curves from cells with
Au anode and LSM anode. In fuel cell side, the ppéaon has been dramatically
reduced by replacing Au anode with LSM anode, whialficates LSM is better
fuel cell cathode than Au. In electrolysis modeerthis only small differences
between two cells and both |-V curves have incrdasepes at higher potentials
(-0.3 to -0.8 V). As in this cell, LSM anode wagea place by Au, it is confirmed
that this behaviour is related to the LSCM cathtid results in the sharp slope in

polarization curve.
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Figure 5.4. Performance from an SOEC with LSCM/CGO cathod, 250
micron thick YSZ electrolyte and Au anode at 928C with 3%steam/Ar. a. AC
impedance data measured at OCV, 0.25V, 0.5V, 0.75V, M0b. Current-voltage

curve; c. Comparison of I-V curves from cells with Au anode and.SCM anode.

5.3 Cell performance from cells with 50 micron thik YSZ
electrolytes made by tape casting and wet impregnan

A cell with LSCM cathodes with improved microstruct was made by tape
casting and wet impregnation methods. The celleh&® micron thick dense YSZ
electrolyte, a 110 micron thick porous YSZ cathalgport with about 50%
weight impregnated LSCM load and a 120 micron thpokous YSZ anode support
with about 40% weight impregnated LSF load. Celbssrsection and cathode
morphology are shown in figure 5.5. The electrolase good adherence with
electrolyte and have a good microstructure of bayep in the YSZ support

together with small pores in the YSZ/LSCM structure
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LSCM YSz LSF
cathode electrolyte anode

LSCM cathode by impregnation
to porous YSZ support

Y O

Figure 5.5. SEM pictures of the cell with 50 micron thick YSZ ectrolyte made

by tape casting and wet impregnation.

This tape cast electrolysis cell was tested byef#tnal test) 700, 750C,
800P°C, 850C. Figure 5.6 shows its performances in 3%steamdAdifferent
temperatures. The ionic resistances at°858 0.17Q:cm?, which is much smaller
compared to the Rs of 3@ cm? from cell with 2 mm YSZ electrolyte. However,
the polarization resistance has high values undghen voltages, which is the
same phenomena with those cells mentioned befe® gsction 3.3.3 and section
5.2). However the largest Rp does not come withhilg@est voltage (-1.0 V); the

largest polarization resistance occurs when -0.718 &pplied.
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Figure 5.6 AC impedance data from cells with 50 mion thick YSZ
electrolytes made by tape casting and wet impregniain measured at OCV, 0.1

V,0.25V, 0.5V, 0.75V, 1.0 V at 885G with 3%steam/Ar.

Polarization curve from this cell at 88D with 3%steam/Ar is shown in figure
5.7 a, which also has a sharp slope at higher ge#ta

The high slope in I-V curve at higher voltages frahe cell made by tape
casting and impregnation methode is similar to ltiigh slope in |-V curve from
the cells discussed before (see section 3.3.3 aBd %he sharp slopes strat at
around -0.3 V and ends at around -0.8 V. Currenteiase is quite small when
potential increases within this range. Currenttstay increase faster as potential is
increasd to above -0.8 V and slopes of I-V curviest4o decrease from around

-0.8 V. This is in good accordance with AC impedanesults in figure 5.6.
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Figure 5.7. a. Current-voltage curve from an SOEC with 50 micron titck YSZ
electrolytes made by tape casting and wet impregnation measured at 860with
3%steam/Ar; b. Current-voltage curve from an SOEC with LSCM/CGO
cathode, 2mm thick YSZ electrolyte and LSM anode at 92C with 3%steam/Ar.

Figure 5.8 shows Bode plots obtained at differeteptials from the cell with 50
micron thick YSZ electrolytes made by tape casang wet impregnation measured
at 850C with 3%steam/Ar. At open circuit and -0.1 V, theare two limiting
processes with characteristic frequencies of ardutiz and 30 Hz for low and high
frequency arcs respectively. The low frequency @ssc(1 Hz) might stem from gas
diffusion limitation in a stagnant gas layer on tbkectrode surface or surface
adsorption/desorption process of speti@sHigh frequency process (30 Hz) may be
the one-dimensional diffusion in a gas layer oftéirthicknes' or transportation of
oxygen ions. At higher potentials, however, the suihfrequencies do not show up
within the low frequency measurement limit of 0.2.H he summit frequencies at
higher potentials drop at frequencies below -0.1wMjch indicates a considerable
time constant that might ascribe to a very poordjéigsion process or segregates at
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TPB and/or poor surface adsorption/desorption. eénss that impedance under
different potentials do not have the same limitipgpcesses. Processes at high
voltages are much larger in magnitude than proseas&w potentials (open circuit

and -0.1 V). However, when potential increased 0 V, impedance is decreased and

is smaller than that at -0.75 V and -0.5 V.
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Figure 5.8. Bode presentations obtained at different potentialsdm an SOEC
with 50 micron thick YSZ electrolytes made by tape casting and &t

impregnation measured at 856C with 3%steam/Ar.

Figure 5.9 is the comparison of bode presentatimrm the cell with 50 micron
thick YSZ electrolytes made by tape casting andr@gpation measured at 8&0and
a cell with 2 mm thick YSZ electrolyte measure@4f’C with 3%steam/Ar. The two

cells with different thicknesses of electrolytestbbave two limiting processes. Thin
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cell has the same low frequency process (with ssumamit frequency of 1 Hz) as the
thick cell, however its low frequency process isslevident than the thick cell (see
figure 5.9). This indicates that thin cell made thpe casting and impregnation is
probably better in low frequency process. On theeoside, the thin cell has lower
characteristic frequency (of 40 Hz) of high freqexerarc than the thick cell (500 Hz)

and its high frequency process is much larger ignitade than the high frequency
process of thick cell. The dominating processeshagh frequency process for thin

cell and low frequency process for thick cell regpely. The low frequency process
might stem from gas diffusion process in a stagra# layer above the electrode
structure and/or adsorption/desorption process. figa frequency process (with

characteristic frequency of 40 Hz) of thin cell imidpe the one-dimensional diffusion
in a gas layer of finite thicknessAs the thin cell has a thick electrodes (110 oricr

thick cathode and 110 micron thick anode, see égdrs) and a good porous
microstructure in electrodes, it is possible foe ttmin cell to have comparatively
bigger one-dimensional diffusion limitation in asgéayer of finite thickness and

smaller gas diffusion limitation in a stagnant ¢mger above the electrode structure.
The thick cell with thinner electrodes (of ~30 naierthick) and comparatively poorer
porosity in electrodes, could have a dominatingtlilg process of gas diffusion in a
stagnant gas layer above the electrode structthierrthan one-dimensional diffusion

limitation in a gas layer.

109



CHAPTER 5: IMPROVEMENTS ON CELL MICROSTRUCTURES

I I I I I
24 -
22+ _ .
20 ®  Thick cell, 840°C
- 1Hz .
] . A Thin cell, 850°C * o4
18 Ny m p? ’
1 i om "am
16 u ] |
{ = n .
N 14 4 u 1 Hz - 40 Hz
§ 121" e A Ay - fo2 N
8 " A‘A abaas .l AAA n Al =
-~ 10 ‘:AA‘A .I. AAA A 5
- 4 n n A | ¢
N g '-.---"i.‘nﬁl:ﬂ‘ A %
6 -][]D[][] ..'A:l““ A‘A v
-1 Dooon,
1 D[]D[]D[][][][][][][]DD[][]DDDDDDDDDDDDDDDDD;DD[][][]DGA 00
4 -
2] 00000000
0 OOOOOOOOOOOOOOOOOOOOOOOOOoooooooooooooooooooooooooo<
e 0.2
0.1 1 10 100 1000 10000 100000

flHz

Figure 5.9. Bode plots obtained at open circuit from an SOEC ith 50 micron
thick YSZ electrolytes made by tape casting and wet impregnation @asured at
850°C with 3%steam/Ar and an SOEC with LSCM/CGO cathode, 2mm tlick
YSZ electrolyte and LSM anode measured at 840 with 3%steam/Ar.

The ionic resistances at A 750C, 800C, 850C are 0.43ycnv, 0.29Q cn?,
0.21 Qcn?, and 0.17Qcn? (see figure 5.10). And there are larger polarirati
resistances at higher potentials at all temperatifgyure 5.11, the current-voltage
curves at 708, 750C, 800C, 85CC, with strange higher slopes, confirms this
phenomena. Current-voltage curve has the biggegtesthange at 88Q, with
almost vertical segment B-C. And the strange slopeler higher potentials
becomes smaller as temperature is decreased. A&t ayeuit, the I-V curves at
four temperatures starts with curves of distinopsls, however terminate at points
with similar current values (45.2 mA at 0.847 V 850°C, 43.2 mA at 0.846 V for
800°C, 40.9 mA at 0.846 V for 75Q, 39.4 mA at 0.845 V for 706Q).
Comparasions of AC impedance data at different srapires under open circuit

and -0.75 V (see figure 5.12) are in good accordamith this phenomena. Similar
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phenomena could also be seen in thick SOEC witht@86%/Ar (see section 3.3.3).
Within this potential range, it seems like the emtrwas restricted to be not higher

than a value regardless of temperature increassipat increase.

5 -35
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Figure 5.10. AC impedance data from cells with 50 micron tek YSZ

electrolytes made by tape casting and wet impregnation measured at OC¥.1 V,
0.25V, 0.5V, 0.75V, 1.0 V at different temperatures with 3%eam/Ar.a. 850C;
b. 800C; c. 750C; d. 700°C.
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Figure 5.11. Current-voltage curve from cells with 50 micron thick Y5Z
electrolytes made by tape casting and wet impregnation measured at 860

800PC, 750°C, 700°C with 3%steam/Ar.
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Figure 5.12. AC impedance data under open circuit and -0.75fxom cells with 50
micron thick YSZ electrolytes made by tape casting and wet impregtion

measured at 858C, 80FC, 750C, 700°C with 3%steam/Ar.

Figure 5.13 shows comparisons of bode plots uagen circuit from cells with 50

micron thick YSZ electrolytes made by tape casang wet impregnation measured
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at 850C, 800C, 750C, 700C with 3%steam/Ar. There are two rate limiting
processes under open circuit however the two psesesverlap with each other at
lower temperatures. The high frequency processshadler characteristic frequency
as temperature is decreased (from 39.8 Hz af@36 3.2 Hz at 70) which
indicates higher time constant as decreasing teatyrer for high frequency process.
If supposing the high frequency process is the dineensional gas diffusion, it is
reasonable to have poorer gas diffusion as temperdecreases. The low frequency
process increases in magnitude as temperaturecieased however it has close

summit frequencies at different temperatures.
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Figure 5.13. Bode plots under open circuit from cells with 5énicron thick YSZ
electrolytes made by tape casting and wet impregnation measured &@®C,

800°C, 750°C, 700C with 3%steam/Ar.

Figure 5.14 is the comparison of bode presemtatai -0.25 V from cells with 50
micron thick YSZ electrolytes made by tape casang wet impregnation measured
at 850C, 800C, 750C, 700C with 3%steam/Ar. When -0.25 V is applied, thehhig
frequency process has an increase in characterfstiguency as decreasing

temperature, which is opposite phenomena to thdemunopen circuit. It still needs
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further explanation.
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Figure 5.14. Bode plots under -0.25 V from cells with 50 ieron thick YSZ
electrolytes made by tape casting and wet impregnation measured &@®C,

800°C, 750°C, 700C with 3%steam/Ar.

Figure 5.15 is the XRD of cathode materials befnd after electrolysis at 8%D
in 3% HO/Ar. Though there is no obvious change of XRD Hssufrom the
current-voltage curves with 3%.,8/Ar, there probably may be some chemical or
microstructure change in the electrode in elecsislyprocess which needs more

attention in future work.
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Before test

After test

Figure 5.15. a. XRD of cathode before and after electrolysisithr 3% H ,O/Ar; b.
SEM picture of the cross section of the LSCM/CGO cathode.

5.4 Cell with thin YSZ electrolyte by co-pressing

Figure 5.16 are photos of cells made by co-pngssBECM/YSZ cathode and YSZ
electrolyte. Thermal expansion coefficients of #lectrolyte and cathode do not
match well under the experimental conditions. Itgimi could be improved by
adjusting components of the powders. Photo in &dufié shows the separation of the

two parts after sintering.
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Electrolyte is
not flat

YSZ separated from the cathode

Figure 5.16. Picture of of co-pressed cells with YSZ electrolyte andSCM/YSZ

cathode.

5.5 Cell with thin electrolyte by screen printing YSZ ink

Lscm interlayer YSZ electrolyte

Figure 5.17. A cell with screen printed YSZ electrolyte.
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Figure 5.17 is the photo and SEM picture of a edth screen printed YSZ
electrolyte. It does not have the problem of seafieg between electrolyte and
electrode. However, the YSZ electrolyte is not eassg as it is required. The density

of YSZ electrolyte might be improved by changing tbrmula of YSZ ink.

5.6 Increase porosity of cathode by adding pore fomners

5.6.1 LSCM + Glassy Carbon

Figure 5.18 shows SEM picture of cathode from &wgh glassy carbon as pore
formers in LSCM cathode. Pores produced from bgrroff glassy carbon are in
round shape and with an average pore size ofufrl2n general, the distribution of
the pores in the cathode material is homogeneowusveMer, the big pores are
unconnected with each other and therefore couleffioiently facilitate gas diffusion

through the material.

x®oHEa  S8km ZE 47 SET

Figure 5.18. Micrograph of cathode from a cell with glassgarbon as pore

former in LSCM cathode.

5.6.2 LSCM + flour and Glassy Carbon

In order to increase porosity, flour was added $&M cathode as a kind of pore
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former. However, pores produced from sintering iflpawders are in big size (around
100 um) and unconnected. What is worse, there are soask<s in cathode which

might origin from burning off big size flour powde(see figure 5.19).

Figure 5.19. Micrograph of cathode from a cell with flour aad glassy carbon as

pore former in LSCM cathode.

5.7 Conclusions

Several methods have been tried to improve pedoces of SOECs with LSCM
cathodes.

By cutting and polishing dense YSZ column, thin Y&8EZctrolyte could be made.
In this way, the electrolyte is strong but its #mess is limited and could not be thin
enough. A cell with 50 micron thick YSZ electrolyteade by tape casting and wet
impregnation has good electrochemical performanttefias much smaller ionic
resistance than the cell with 2 mm thick YSZ elggte. It has a low frequency
limiting process at around 1 Hz at 860with 3%steam/Ar, which is similar to the
cell with screen printed LSCM/CGO cathode and 2 thiok YSZ electrolyte. And
with improved microstructure, the impregnated ceigjht have a better gas diffusion
at low frequency.

However, electrode microstructures of the cells endny tape casting and

impregnation are not stable enough at temperahigker than 85{C. A cell with 50
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micron thick YSZ electrolyte (made by tape castiagd painted LSCM/CGO cathode
has stable electrode microstructure and performkatdiigh temperatures. It has a
high current density of 140 mA at -1.5 V and 126 matA-1.25 V at 90U with
3%steam/Ar.

Some other methods to improve cell microstrugurave been tried but failed.
Co-pressing LSCM/YSZ cathode and YSZ electrolyté bt succeed because of the
mismatch of thermal expansion coefficients. Falingathin electrolyte by printing
YSZ ink on LSCM/YSZ cathode failed because theesgd YSZ ink is not dense
enough. By adding glassy carbon as pore former,pibres are homogeneously
distributed in cathode but unconnected with eadterotAdding flour does produce

good porosity but leads to mechanical failure ef¢athode.
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Chapter 6 Hydrogen production from SOECs with
cathodes based on LSCM

6.1 Introduction

In order to decompose steam into hydrogen and exyg&OECs, thermal energy
and electrical energy are supplied. The total enelgmand for steam electrolysis
without any losses can be calculated as

AH =AG + TAS  (Eg. 6.1)

AH is the enthalpy chang@AG, the Gibbs free energy change, is supplied with
electrical energy input.AS is the thermal energy input.

In real systems, losses are inevitable. Efficiencage important performance
parameters for solid oxide steam electrolyzer plahie most commonly discussed
efficiency is the overall energy efficienty 3

The efficiency discussed in this chapter is refitrte the current-to-hydrogen
production efficiency from HT-SOECSs. It is the dhaxal efficiency, which is the ratio
of the amount of hydrogen actually produced tottieoretical amount of hydrogen
production. The theoretical amount of hydrogen podidn was calculated from cell
current obeying the law of conservation of charfjee actual amount of hydrogen
production was calculated by the gas flow rate #amel volume percentage of
hydrogen which was given by gas chromatogtaph

To demonstrate the capability of hydrogen produacby HT-SOECs with LSCM
cathodes, cells with LSCM/CGO (50% CGO by weiglatthodes (some were loaded
with catalysts), YSZ electrolytes and LSM anodegewntested. An Agilent 3000
micro gas chromatograph, equipped with an injest@s connected to the testing jig
to determine hydrogen production while externaleptal load was applied to the
SOEC. Hydrogen was detected by chromatograph aogptd the relative retention
time, with the volume percentage of hydrogen gibenGC peak analysis on the
mixture gas going out from the jig. The gas wasleddo get rid of water before the
sample entering the gas chromatograph. Test condiias atmosphere pressure,

900°C in operation temperature. 3%BYAr or 3%H0O/Ar/4%H, was supplied to
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cathode and anode was open to air.

6.2 Hydrogen production from cells with LSCM/CGO
cathode, 2 mm thick YSZ electrolyte and LSM anode
6.2.1. 3%H,O/Ar

Electrochemical performances from an SOEC with LSCGIO cathode, 2 mm
YSZ electrolyte and LSM anode in 3%®Ar at 900C are shown in figure 6.1.
OCV in 3%H0/Ar at 90GC for this cell is -0.093+-0.001V. The frequencynga
used in the impedance measurement is from 100 &Hkz1lt Hz. The impedance data
includes an ohmic resistance mainly originating mfrahe electrolyte and a
polarization resistance which is due to severattedee processes. Ohmic resistance
decreases with temperature increase. Series msstdrom this cell at 96G are
between 2.082cn’ and 2.9Q.cn?’ under different potentials, which are reasonable
compared with the expected ohmic resistance ofra2YSZ electrolyte, 1.8 cnv.

At 90C°C, ohmic resistance of the cell in 3%®Ar decreases with potential, which
is similar to the phenomena described before (setom 3.3.3). This may relate to
improved conductivity in the electrode structurgher to a more reducing condition
for the LSCM cathode, although conductivity would éxpected to decrease under
reduction or possibly to more oxidizing conditidos the LSM anode. Impedances at
higher potentials (-1.0 V, -1.25 V, -1.5 V) have timore difficult electrode process at
low frequency (around 0.1 Hz).

The I-V curves were measured from electrolysis gide5 V) to fuel cell side
(around 1.0 V) (see arrow in figure 6.1). They haigher slopes at -0.35to -0.8 V
and -1.25 to -1.5 V. At potentials approaching -¥,5the current increases sharply
and the slope of I-V curve at -1.5 V is even snrdl@n the ohmic resistance of the
cell. It is suspected that the very initial dataing® at high potentials might be
unreliable. The real slope may be higher thanghatvn in the I-V curve. The strange
high slope near -1.5 V might relate to the hightstg current at the beginning of the

measurement.
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Figure 6.1. a, b, c. Performance from an SOEC with LSCM/GO cathode, 2 mm
thick YSZ electrolyte and LSM anode measured at 80C, 850°C and 900C with
3% H,O/Ar. a, b, c. Impedance data (OCV(-0.093+-0.001 V), -1.0 V1.25V, -1.5

V); d. Current-voltage curves.

The cell was applied various constant potentialgprtoduce hydrogen. Six gas
samples were collected at each potential step gddofen production level kept
constant under constant potential load. Hydrogexyced was monitored by a micro
gas chromatograph and efficiencies were calculaedording to the volume
percentage of hydrogen and gas flow rate. Cellecyrhydrogen production and
current-to-hydrogen efficiency are plotted versageptial in figure 6.2-6.4.

Figure 6.2 displays the current as a function aéptial load at 80, 850°C and
900°C with 3% HO/Ar in cathode atmosphere. Current increase isllsmahen
voltage changes from -1.25 to 1.5 V than from 4©01.25 V, which is in good
accordance with the I-V curve in figure 6.1-d. Guntr rises very slightly (from 56
mA/ cnf to 60 mA/ cnd) from -1.25 to -1.5 V at 908C (see figure 6.2), which
suggests that the high current at -1.5 V showrh@ltV curve in figure 6.1 is only
stable in the short-term.

The increase of current as potential is depressddgaer temperatures. It is a
similar phenomena described in section 3.3.3. Tireent-voltage curve at 800 is

more linear comparing to those at higher tempeeatut -1.5 V, current at 900 is
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not higher than at 85G. Cell current seems to be restricted at highrgizteand high
temperature which are supposed to give the highedbormance. As gas at the
cathode only contains 3% steam, steam concentratight be not high enough for
steady state reactions when high potential andgr temperature are applied. And
gas diffusion could be a possible reason for timétdid performance at high potential.
The impedance data in figure 6.1 also shows somdemrse for gas diffusion

limitation appearing at low frequencies when higltages are applied.
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Figure 6.2. Currents at -1.0V, -1.25V and -1.5 V from aBOEC with
LSCM/CGO cathode, 2 mm thick YSZ electrolyte and LSM anode masured at
800°C , 850°C and 900°C using 3% H,O/Ar.

Figure 6.3 shows hydrogen production amount atewhfit potentials in 3%
H,O/Ar . It is shown that starting with fed-in gasn¢aining no hydrogen, SOEC with
LSCM/CGO cathode could produce hydrogen when eatgrotential is applied.

The hydrogen production amount shows similar tremitls the current. The line at
800°C is almost linear. At each potential, the yieldhydrogen at 85T is about
twice of that at 80T and is close to the yield at 900 By increasing voltage from
-1.0 to -1.25 V, hydrogen production increasestaHowever, hydrogen production
only rises a little when potential is improved frein25 to -1.5 V and the increase is

more evident at lower temperature. Steam convergias up to 67% when no
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hydrogen was supplied.
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Figure 6.3. Amounts of hydrogen production (ml/min) at -10 V, -1.25V and -1.5
V from an SOEC with LSCM/CGO cathode, 2 mm thick YSZ electrdyte and
LSM anode measured at 808C , 850°C and 900°C using 3% H,O/Ar.

Measurements on other SOECs with the same composbiolv that hydrogen
could be produced by SOECs with LSCM/CGO cathoddsveer voltages. Figure
6.4 is hydrogen production (by volume percentageinfanother SOEC (thin YSZ
electrolyte) at potentials from -0.25 to -2.0 Vidtillustrated that hydrogen could be
produced at potentials lower than -1.0 V. The hgéro production amount at low
potentials could not be easily detected. At lowateptial, current was mainly used in
reducing electrode material and activating eleard@/hen current is higher, steam
starts to decompose obviously. And as the systesrslght leakage, a small amount
of air could be detected at cathode and the hydragéally produced is consumed
by oxygen. When the oxygen is all consumed, it isereasy to detect hydrogen. This

might be the reason for the big increase of hydnage1.0 V.
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Figure 6.4. Hydrogen production rate (volum percentage) at voltagdsom

another SOEC with LSCM/CGO cathode and thin YSZ electrolyte.

The current-to-hydrogen efficiencies were calculates the ratio between the
amount of hydrogen produced and the amount of lgairaheoretically produced,
which was calculated from the charge consumed dutie experiment obeying the
law of conservation of charge. Results are showfigure 6.5. From this figure, the
current-to-hydrogen production efficiency is up8@. Hydrogen production at -1.5
V is considered to be close to the amount of thexaevalue calculated from applied
current.

Though the performance seems limited at high p@teand high temperature,
these results show that starting with no contertiyalrogen, the current-to-hydrogen
efficiency from SOECs with LSCM/CGO cathodes corddch up to 80% under -1.5
V at 850C.
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Figure 6.5. Current-to-hydrogen production efficiencies at -1.0»1.25v and -1.5v
from an SOEC with LSCM/CGO cathode, 2 mm thick YSZ electrolye and LSM
anode measured at 808C , 850°C and 900°C using 3% H,O/Ar.

Hydrogen production amount versus current at difiertemperatures in 3%
H,O/Ar are plotted in figure 6.6. The dashed linewfidhe theoretical hydrogen
production amount calculated by cell current obgythe law of conservation of
charge. Lines at three temperatures are a bit b#lewheoretical line. The errors may
stem from leakage, flowmeter and GC. When curr@tomes higher, the distance
between hydrogen actually produced and hydrogeorétieally produced becomes a
smaller portion compared to the total hydrogen potidn amount and therefore the
efficiency increases with current.

Lines are almost linear and roughly parallel to tiweoretical line. This indicates
hydrogen production increases with current at astaon rate which equals to the
theoretical rate for all temperatures. Lines at’80@nd 8568C overlap with each other,
which means hydrogen production at 80@&nd 856C are the same when the cell has
the same current. The line at 900s slightly lower.

The three dots in each line are at -1.0 V, -M2&nd -1.5 V respectively. It could

be seen that although the cell has similar hydragerent lines at three temperatures,
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the current and hydrogen amount at the same pateare higher when the cell is

running at higher temperatures.
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Figure 6.6. Hydrogen production with current density from anSOEC with
LSCM/CGO cathode, 2 mm thick YSZ electrolyte and LSM anode masured at
800°C , 850°C and 900°C using 3% H,O/Ar.

Figure 6.7 shows current-to-hydrogen efficiencysusrhydrogen production. This
figure indicates that hydrogen production efficigmecreases imccordance with the
rise of hydrogen production but becomes almost teomhsafter hydrogen reaches a

high value.
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Figure 6.7. Efficiency with current density from an SOEC withLSCM/CGO
cathode, 2 mm thick YSZ electrolyte and LSM anode measured a08°C ,

850°C and 900°C using 3% H,O/Ar.

6.2.2 3%H,0/Ar/4% H,

The cell with LSCM/CGO cathode, 2 mm YSZ electrelgnd LSM anode were
then tested in 3%}D/Ar/4%H,. Figure 6.8 displays the performance at“@)®B50C
and 906C with 3% HO/Ar/4% H,. OCV in 3% HO/Ar/4% H, is -0.92+-0.01 V. The
frequency range used in impedance measuremenons 100 kHz to 0.1 Hz. |-V
curves were measured from -2.0 to 1.0 V (see amdwgure 6.8-d).

With slightly bigger Rs but smaller Rp, performasda 3% HO/Ar/4% H, are
better than those in 3%,8/Ar. Comparing with Z(ocv) in 3% #D/Ar, Z(ocv) in
3%H,O/Ar/4%H, has no intercept with real axis at low frequenasognd 0.1 Hz).
Ohmic resistance drops slightly when potential ppli@d, which is the same
phenomena with many other results discussed befdre. impedance data at low
frequency range indicates a slow species transtereps. As a similar cell described
in other chapters has no such problem in 3@MAr/4%H, (see section 3.3.2), the
poor low frequency process might relate to long rappen time in hydrogen

production measurements.

129



CHAPTER 6: HYDROGEN PRODUCTION FROM SOECS WITH CATHODES BASED ON LSCM

From figure 6.8-d, it can be seen that I-V curvest this cell in 3%HO/Ar/4%H,
are not linear. It has a more obvious slope inaedshigh potential than that from
other cells described in previous chapters. Thightrbe due to comparatively low gas
flow rate in this test (13~15ml/min).

Slope at -2.0 V is very small which is similar tat in 3% HO/Ar (see figure 6.1).
However, from impedance data, Z(-2.0 V) is no bettan Z(-1.0 V). It shows an
inconsistency with the I-V curve. The initial dagaints at around -2.0 V in |-V curve
may be unreliable (see figure 6.8).

Figure 6.9 shows two I-V curves with different sweadirections (from -2.0 to 0.8
V and from 0.8 to -2.0 V, see arrows in figure 68pm another cell in
3%H,0/Ar/4%H,. It could be seen that the two curves overlap wabh other except
at the very high voltage when potential sweeps frar V. It is suspected that the
initial data points with very small slope are urable because of the high current

when potential starts to be applied.

900°C
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Z(Qlcm?)
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Figure 6.8. a, b, c. Performance from an SOEC with LSCM/GO cathode, 2 mm
thick YSZ electrolyte and LSM anode measured at 80C, 850°C and 900C with
3% H,O/Ar. a, b, c. Impedance data (OCV(-0.92+-0.01V), -1.0 V, -1\g -2.0 V);

d. Current-voltage curves.
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Figure 6.9. I-V curves with different sweep directions (from -2.0 to 8.V and
from 0.8 to -2.0 V) from a cell with LSCM/CGO cathode, 2 mm thek YSZ
electrolyte and LSM anode in 3%H0/Ar/4%H ».

The cell was investigated at various constant piatsn(-1.0 V, -1.5 V and -2.0 V)
with 3%H,O/Ar/4%H, to produce hydrogen. Six gas samples were colleatezhch
potential and hydrogen production level kept camstander constant potential load.
Hydrogen produced was detected by a micro gas citagraph and efficiencies were
calculated according to the volume percentage odfdgen and gas flow rate. Cell
current, hydrogen production rate and current-tdrbgen efficiency versus potential
are shown in figure 6.10-6.12.

Figure 6.10 is cell current versus voltage at défe temperatures. Current
increases significantly as potential increases fr@rf to -1.5 V but only rises a bit
when potential is from -1.5 to -2.0 V. It is in agment with the I-V curves (see
figure 6.8-d) and is similar to the phenomena inH3@/Ar. Cell current increases
with temperature but has no big difference at diifé temperatures. Correspondingly,

the amount of hydrogen production has similar teefsee figure 6.11).
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Figure 6.10. Currents at -1.0 V, -1.5 V and -2.0 V from aBOEC with
LSCM/CGO cathode, 2 mm thick YSZ electrolyte and LSM anode mesured at
800°C , 850°C and 900°C using 3% H,O/Ar/4% H ».

The amounts of hydrogen production at different taggs and different
temperatures are displayed in figure 6.11. As hgenoproduction relates to cell
current, hydrogen production is in accordance witlrent. Three curves at different
temperatures only differ slightly from each oth€he yield of hydrogen increases
quicker at lower potentials than at higher potésatia

Hydrogen production reaches a maximum amount afrat®.35 ml/min at -1.5 V,
and keeps consistent as potential increases tov-ZThe flow rate for cathode gas is
13~15 ml/min, which gives a flow rate of 0.39~0#%min for steam. According to
the equation of bD > H, +1/20,, it is supposed to yield 0.39~0.45 ml/min hydrogen
with 0.39~0.45ml/min steam theoretically. There is 0.35 ml/mirdiggen actually
produced at -1.5 V, and is close to the maximumuarhof hydrogen production from
0.39~0.45 ml/min steam. And I-V curves in figur@-@. indicates current increases
slowly when the operating voltage is over -1.5 WisTmight stem from higher J@
conversion ratio as shown in figure 6.11. It isuased that high steam decomposition
ratio restricted cell current because of steanvatam. According to literature survey,

steam starvation has been reported to cause cattwaentration overpotential®
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And it has been reported by Kobayastti al that current efficiency of steam
electrolysis from a cell with proton conductive atelyte depends on the partial

pressure of water vapor
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Figure 6.11.Amounts of hydrogen production (ml/min) at-1.0 V, -1.5V ad -2.0
V from an SOEC with LSCM/CGO cathode, 2 mm thick YSZ electrdyte and
LSM anode measured at 808C , 850°C and 900°C using 3% H,O/Ar/4% H ».

Figure 6.12 shows the efficiencies under -1.0 V5 M and -2.0 V at 80fC , 850
°C and 900C. With a small content of hydrogen (4%)Hthe current-to-hydrogen
efficiencies reaches around 100% which are highan tefficiencies in 3% }D/Ar.
Efficiencies at different potentials and differef@mperatures do not show much
difference. As hydrogen production rate is high ragh potentials, hydrogen
production might be limited by the amount of fedsiteam (only 3% steam in inlet
gas for cathode). Some efficiencies are slightghbr than 100%. This might be due

to the precision of gas chromatograph and gas rfiater.
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Figure 6.12.Current-to-hydrogen production efficiencies at-1.0 V, -1.5 V and

-2.0 V from an SOEC with LSCM/CGO cathode, 2 mm thick YSZelectrolyte

and LSM anode measured at 808C , 850°C and 900°C using 3% H,O/Ar/4%
Ho.

Hydrogen production amount versus cell currentdiffierent temperatures are
plotted in figure 6.13. Lines are roughly paraNgth the theoretical line except at
high currents. Hydrogen production amounts at lawrents are almost equal to
theoretical amounts. The amount increases sligaflycurrent is increased until
hydrogen amount reaches 0.35 ml/min. Comparedstateein 3%HO/Ar (see figure
6.6), actual hydrogen production in 3%bIAr/4%H, is higher and is more close to
the theoretical line. Although some hydrogen praéidimcamounts are slightly higher
than theoretical amount due to precision, it isuassd the cell has a satisfactory
current-to-hydrogen efficiency from this SOEC in B3@/Ar/4%H,.

The three dots in each line represent data @t\V¥1-1.5 V and -2.0 V. At -2.0 V,
cell has a higher current but the same hydrogeruatrat 906C compared to those at

lower temperature. It results in the low efficieratythis point (see figure 6.12).
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Figure 6.13. Hydrogen production with current density from anSOEC with
LSCM/CGO cathode, 2 mm thick YSZ electrolyte and LSM anode masured at
800°C , 850°C and 90FC using 3%H,0/Ar/4%H ».

Comparing hydrogen production for cells with LS@NEO cathode, 2 mm YSZ
electrolyte and LSM anode running at 800n 3%H0/Ar and in 3%HO/Ar/4%H,,
it could be seen that higher current-to-hydrogdiciehcy could be gained in gas with
4%H, (see figure 6.14 and figure 6.15).

It is shown in figure 6.14 that hydrogen prodomtiis in accordance with cell
current in both atmospheres except when hydrogeduged is close to theoretical
amount. Hydrogen production has a similar increagiate with current in both
atmospheres. A cell could produce more hydroger8%H,O/Ar/4%H, than in
3%H,O/Ar at the same current.

Figure 6.15 shows efficiency versus current irtB@/Ar and in 3%HO/Ar/4%H,.
Efficiency in 3%HO0/Ar is up to 80% and increases with cell currevttile efficiency
in 3%H,O/Ar/4%H, varies around 100% and decreases when curremncisased.
The decrease of efficiency with current in 3%#Ar/4%H, might be due to the
steam starvation when steam decomposition ratigts.

As gas chromatograph has a low tolerance limitatfon steam, hydrogen
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production with higher ED content has not yet been acquired. Accordingesailts
discussed above, current and hydrogen productigtnie restricted by low steam
content in fed-in gas. And it is supposed to hawighdr current and produce more

hydrogen if sufficient steam is supplied.

== 3% H20/Ar
—@— 3% H20/Ar/4% H2
- ~--theoretical line

o o o
S w w
al S a
1 1 ]

0.20

0.15

Hydrogen production (ml/min)
© ©
o =
a1 o

0.00 T T T T T T T T T T T 1
0.00 -0.01 -0.02 -0.03 -0.04 -0.05 -0.06
| (Amps/cm2)

Figure 6.14. Hydrogen production versus current from a cell witlLSCM/CGO
cathode, 2 mm YSZ electrolyte and LSM anode running at 86C in 3%H ,O/Ar
and in 3%H,O/Ar/4%H ».
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Figure 6.15. Current-to hydrogen efficiency versus current from a cell ith

LSCM/CGO cathode, 2 mm YSZ electrolyte and LSM anode runningit 80CC in
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3%H ,O/Ar and in 3%H >O/Ar/4%H ».

6.3 Hydrogen production from an SOEC with 50 micron
thick YSZ electrolyte

Electrochemical measurement was done using an S@IECthe same electrodes
as the cell described above but with thinner YS&tteblyte (~50um thickness, see
section 5.4). Figure 6.16 shows cell currents umtiféerent potential loads at 990
and with 3%HO/Ar for cathode. This measurement was to sweep pthtential
between four separate potential set points in eisgootential steps: from -0.75 V to
-1.5V and -1.5 V to -0.75 V and then from -0.750/-1.5 V. Each step was 0.25V.
The linear step (from -0.75V to -1.5V or from -1.5¥ -0.75V) was repeated three
times. The performance of the thin SOEC declinghty after each cycle; however,
the performance has been improved dramatically emetpto the cell with 2mm thick
YSZ electrolyte. Even in the last cycle, the cutrisnabout 140 mA at -1.5 V and is
126 mA at -1.25 V. By comparison, the current af f#mm cell at 908C with 3%
H,O/Ar is 60 mA at -1.5 V and is 56 mA at -1.25 V.adeding to results shown above,
the amount of hydrogen production is in accordamitke current. Therefore, the thin
cell is supposed to produce more hydrogen tharthick& cell if sufficient steam is

supplied.
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Figure 6.16. a. Current of SOEC with 5Qum thick YSZ electrolyte in potential
step measurement at 90 with 3% H ,O/Ar for cathode; b. SEM picture of the
cross section of SOEC with 5@m thick YSZ electrolyte.

6.4 Hydrogen production from cells with various caalysts in

LSCM/CGO cathodes

In order to study influence of catalysts on SOE@gemances, a series of cells
with LSM anodes, 2mm YSZ electrolytes and LSCM/C@G&hodes with various
catalysts have been made. Test conditions arellasvéo Operating temperature is
900°C, operating pressure is atmosphere pressure, galgtof cathode (hydrogen
electrode) is 3%bkD/Ar or 3%HO/Ar/4%H,, and anode (oxygen electrode) is open to
air. AC impedance data and |-V curves are obtai(esk chapter 4). Hydrogen
production is measured by gas chromatography dintegicies are calculated when

constant potentials are applied.

6.4.1 3%H,O/Ar

Figure 6.17 displays current-voltage curves froells with various catalysts

measured at 960 with 3%H0/Ar (see section 4.3). performances are improved b
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adding catalysts. At potentials more negative taf V, catalysts have a rating on

improving cell performance: Pd > Fe > Rh > Ni >qadalyst.
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Figure 6.17. Polarization properties from cells having various catgsts in

LSCM/CGO cathodes at 908C with 3%H ,O/Ar.

Figure 6.18 shows cell current, hydrogen productaomd current-to-hydrogen
efficiency at potentials of -1.0 V, -1.25 V and5 V.

Generally speaking, cell current and hydrogen pectido at -1.0 V, -1.25 V and
-1.5 V from cells with various catalysts could la#ed as: Pd > Fe > Rh > Ni > no
catalyst (see figure 6.18-a and figure 6.18-b)sTikiin accordance with result in |-V
curves and indicates that hydrogen production frinese cells depends on cell
current.

Current-to-hydrogen efficiencies from cells withrieais catalysts are close to 100%
at -1.0 V, -1.25 V and -1.5 V when cells are rugnat 906C with 3%HO0/Ar (see
figure 6.18-c). Efficiency at -1.5 V from the cellth Pd is not shown in figure 6.18-c
because the calculated efficiency is much highan th00% (see figure 6.18-a and

figure 6.18-b). The cell with Pd, followed by thellcwith Fe, has the highest

efficiency.
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Figure 6.18. Current, hydrogen production and current-to-hydrogenefficiency at
-1.0V, -1.25 V and -1.5 V from cells with LSM anodes, 2mYSZ electrolytes
and LSCM/CGO cathode with various catalysts running at 90%C with
3%H ,O/Ar.

In order to find out possible reasons for thargge low current at -1.5 V from the
cell with Pd, the cell was measured again by apglgiontinuous constant potentials
(-1.0V, -1.25V and -1.5 V) in 3%J@/Ar. Results are shown in figure 6.19.

The black line is the result from original test,igthshows a high current of 200
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mA/cn? at -1.25 V but a highly decreased current of 120am? after 1300 seconds
when -1.25 V and -1.5 V are applied. It is strat@bave a sudden decrease in current
at 1300 seconds when the cell is still appliedsdwme potential (-1.25 V) and has no
improvement in current at a higher voltage (-1.5 Vhe corresponding hydrogen
production amount versus time is plotted in bluee lin figure 6.19. It could be seen
that at 1300 seconds, there is an increase in ggdrproduction while current drops
a lot. It is reasonable to assume high steam degositign ratio decreases cell current
because of steam starvation.

After a long time operation, the cell was again &nrl1.0 V, -1.25 V and -1.5 V
continuously and the current-time curve is showmed line. As is shown in figure
6.19, the repeated test has a poorer performarct@aslower currents than the first
test. The red line shows that current increased wibtential in the repeated
measurement, which is different from the resultha original test. The difference
between two tests is that repeated measurementdused performance. This
indicates that the decreased current at 1300 sednorife first test could probably not
come from change in cell materials but may be thgh hcurrent/high steam
decomposition ratio and insufficient steam supply.

There is another possibility that the strange lowrent at -1.5 V from the cell with

Pd might relate to instrumental artifact.
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Figure 6.19. Current versus time while continuous constant potentials1.0 V,
-1.25 V and -1.5 V) are applied. Black line: first test; red line: repead test; blue

line: hydrogen production versus time in the first test.

Figure 6.20 is hydrogen production with current signfrom cells with various
catalysts running at 960 with 3%H0/Ar. Neglecting the high hydrogen amount at
-1.5 V from the cell with Pd, traces from variowgls are linear. They are parallel and
almost overlap with the theoretical line. This raies a satisfying hydrogen

production amount from these cells at 9D@vith 3%H0/Ar.
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Figure 6.20. Hydrogen production with current density from SOECs with LSM
anodes, 2 mm YSZ electrolytes and LSCM/CGO cathode with vari@ucatalysts
running at 900°C with 3%H ,O/Ar.

6.4.2 3%H,0O/Ar/4% H,

Cells with various catalysts were then teste@CfC in 3%H0/Ar/4%H,. Figure
6.21 shows polarization properties from cells hgwarious catalyst®y LSCM/CGO
cathodes at 96Q with 3%H,0/Ar/4%H,. Performance has been improved bt adding
catalysts. Cell with Pd and Fe has the best pedooms in electrolysis mode in

3%H,O/Ar/4%H, (see section 4.2).
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Figure 6.21. Polarization properties from cells having various catgstsin

LSCM/CGO cathodes at 908C with 3%H >O/Ar/4%H ».

Constant voltages were applied on these cell8%tH,O/Ar/4%H,, while gas
chromatograph was applied to detect hydrogen ptamu@at each potential. Cell
current, hydrogen production and efficiency vergokage are shown in figure 6.22.
Current at potentials are in accordance with I-Yves in figure 6.21. Cells with Pd
and Fe have the highest currents, followed by tHevath Ni. Hydrogen production
from cells with various catalysts are in accordanith cell currents except the cell
with Pd. The cell with Pd has a lower current-taltogen efficiency which could not
be explained. There seems to be no steam starnatmnring in these measurements.
This might be due to higher gas flow rates for ¢hessts (40 ~ 50 ml/min). And
accordingly, the slope increase at around -1.5 W\Mrcurves in figure 6.21 are not as
much as the slope increase in figure 6.8. Curmiitytirogen efficiencies from these
cells are around 100%. Up to 86% steam was decadpims hydrogen using cells

with catalysts with no hydrogen supply when suéfitisteam is supplied.

145



CHAPTER 6: HYDROGEN PRODUCTION FROM SOECS WITH CATHODES BASED ON LSCM

-0.4
-0.35
-0.3
-0.25
-0.2
-0.15
-0.1
-0.05

1 (Amps/cm?)

1.2

0.8

0.6

0.4

Hydrogen (ml/min)

0.2

1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0

Efficiency

3% H,0/Ar/4% H,

/

-1.2

“1.4 -1.6 -1.8

Applied potential (V)

.

/

/

—&— No catalyst
—i—Pd
Rh
—>é=Fe
== Ni

—&— No catalyst
——Pd
Rh
Fe

-1

Applied potential (V)

-1.2 -1.4 -1.6 - 1.8 -2

Applied potential (V)
% [E é‘v )
-1.2 -1.4 1.6 - 1.8 -2

== Ni

—&— No catalyst
—i—Pd
Rh
—>¢—Fe
== Ni

Figure 6.22. Current, hydrogen production and current-to-hydrogenefficiency at

-1.0V,-1.5V and -2.0 V from cells with LSM anodes, 2 mMSZ electrolytes and

LSCM/CGO cathode with various catalysts running at 908C with

6.5 Conclusions

3%H ,O/Ar/4%H ,0.

Herein we have demonstrated that hydrogen coulprbguced efficiently starting

with a small amount of hydrogen (4%;)Hor with no content of hydrogen using

SOECs with LSCM/CGO cathodes. Current-to-hydrogéniency from SOECs with

LSCM/CGO cathodes could reach 80% at €5t 3%H0O/Ar. Efficiencies are even
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higher (close to 100%) in 3%B/Ar/4%H,0 at 800~90fC. There seems to be steam
starvation at high current when hydrogen productémnount is approaching the
theoretical value. It is supposed that high slop&V curves at high potentials may
also relate to steam starvation. Hydrogen prodnasan good accordance with cell
current when steam supply is sufficient. The cosieer rates of steam to hydrogen
was up to 86% with no hydrogen supply when sufficeeam is supplied.

Cell performance has been improved by adding cstealLells with catalysts have
smaller resistance and produce more hydrogen. &hevith Pd has a high hydrogen
production amount at -1.5 V at @ in 3%H0/Ar while has a highly reduced cell
current in the meantime. This may stem from stetarvation which caused by high
steam decomposition ratio.

Though more study on electrolysis processes iE@G&Owith LSCM cathodes,
LSCM is a good candidate for cathode material ofEE® for high temperature

hydrogen production especially starting with lowbsamtent of hydrogen.
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STEAM/HYDROGEN ELECTRODE

Chapter 7 SOEC performance with differentcompositions of
the gas supplied to the steam/hydrogen electrode

7.1 Introduction

According to literature survey, it has been repbrtieat solid oxide electrolysis
cells (SOECs) perform better with more steam imeodé atmospheteAnd SOEC
operation can be limited by the gas diffusion ia sheam/hydrogen electrode, notably
at moderate humiditiés

It is discussed in last chapters that cell perforoeais suspected to be restricted by
gas diffusion when running with 3% steam. At cathaide, steam diffuses to the
three phase boundary and hydrogen produced diffusesf the cathode. Increasing
steam concentration is expected to facilitate stel#ffnsion process and therefore
cathode reactions. As reactions at anode sidexa/gen production and diffusion of
oxygen from anode, increasing oxygen concentradtoanode is not helpful for gas
diffusion process.

If the performance is restricted by steam diffusionchange steam concentration at
cathode is expected to improve SOEC performancehitnchapter, to find out the
effect of steam concentration, SOECs with LSCM/C@D% CGO by weight)
cathodes (some were loaded with catalysts), YSarelgtes and LSM anodes were
tested in atmospheres with/without hydrogen andl watrious steam contents.

3%, 10%, 20% and 50% steam were generated by ftpeanrier gas (Ar/5%klor
Ar, with flowrates of 20~30 ml/min) through watet different temperatures. A cell
with LSCM/CGO cathode, 2 mm YSZ electrolyte and L@kbde was tested with
different compositions of the gas supplied to the steam/lgetio electrode.
Performances from this cell in different water @mis and with/without hydrogen are
discussed in this chapter.

Cells with various catalysts in cathodes (see @rapt were tested with 3% steam
and 50% steam with and without presence of hydroddéw performances with
different steam contents are discussed in sectin 7

According to the results in this chapter, humidifythe gas supplied to the cathode
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has not much effect on the performance. And resultslifferent conditions are

discussed in the following.

7.2 Ar/H, with different humidities

Ar/H, with different steam contents (3%,®, 10% HO, 30% HO, 50% HO)
were generated for cathode by passing Ar/3%Hough water at different
temperatures (room temperature?@769C, 81°C). A cell with LSCM/CGO cathode,
2 mm thick YSZ electrolyte and LSM anode was teste@00C with different steam
contents for cathode and with presence of hydrogen.

The polarization properties with presence of hydrognd different water contents
are displayed in figure 7.1. For all atmosphefes,durrent-voltage curves are close to
but not absolutely linear, which is similar to gheenomena in cells described before
(see section 3.3.2). For fuel cell mode, the cadl the best performance with 3%
and the poorest performance with 50%0H For electrolysis side, there is no big
difference between current-voltage curves in diifératmospheres. Current-voltage
curve with 50% HO has slightly larger slope than with other thremaspheres. With
3% HO, 10% HO and 30% HO, slopes of |-V curves in electrolysis mode argequ
similar to each other. The cell has a slightly é&egerformance when running with 3%
H,O than with higher water contents. Current at tigidst potential (OCV plus -1.0
V) decreases with steam content (0.3815 Amps withH30, 0.3642 Amps with 10%
H,0, 0.3535 Amps for 30% 4@, 0.3354 Amps for 50% D). According to literature
survey, it was reported that SOECs with Ni/YSZ odis perform better with more
steam in cathode atmosphere within the humiditgeaof 30% steam ~ 70% steam
and with presence of hydrogernd they found the SOEC operation can be limited
by the gas diffusion in the steam/hydrogen eleeyaomtably at moderate humidities
below 70 vol.% AH. Uchidaet af. reported that an SEOC with Ni-dispersed SDC
cathode has reduced overpotential with increasjr@@] and the IR-loss of this cell
was found to increase with p[H20]. The decreasavefpotential was suspected to be

due to an increased transfer rate of water vaptrdaeaction sites. And the increase
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of Er was ascribed to a decrease in the n-type electroanductivity in the

mixed-conducting SDC.

2% steam/Ar/H,

05| 2% = 3% 5730% H,0
10%
- 30%
50%

E (Volts)

-15 —

20 1 |
-0.9 -0.25 0 0.25

I (Amps/cm?d

Figure 7.1. Current-voltage curves from an SOEC with LSCM/C® cathode,
2mm thick YSZ electrolyte and LSM anode at 908 with 3%, 10%, 30%,

50%steam/Ar/H, for cathode.

The steam/hydrogen ratio have influence on opeauitirvoltages of SOECs.

Theoretically, the OCV decreases with increasiegrsthydrogen ratfo

AG_ aG® RT =~ (R/P) _, RT (R, /P°)* (P, I P°)
2F T 2F 2F B 4F 0)2
Py, 1 P*)(Po, 1P°)? (P TP

E=

Where B is the standard electrode potential, R is theagmstant, F is the Faraday
constant, B, is the oxygen partial pressure in cathode atmasplis, and R0 are
partial pressures of hydrogen and steam in catgade

Figure 7.2 shows open circuit voltages at°@®ith presence of hydrogen and
with 3% HO, 10% HO, 30% HO, 50% HO respectively. In general, OCV
decreases with water content as expected excdpB@®# HO. The decrease of open
circuit potential could stem from increased watentent. And as cell performances
with higher water contents were measured afteretivath lower water contents, the

decrease of OCV could also relate to the slightéyeased leakage as time passes by.
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Figure 7.2. Open circuit voltages from an SOEC with LSCM/CGCcathode, 2mm
thick YSZ electrolyte and LSM anode at 908C with 3%, 10%, 30%,

50%steam/Ar/H, for cathode.

Figure 7.3 shows the dE/dI as a function of piaéfrom the cell with 3%, 10%,
30%, 50%steam/Ar/iHat the cathode. The dE/dI values were derived fiiogar fit
of points in |-V curves in figure 7.1. In fuel cathode, the dE/dI value decreases
when voltage is approaching open circuit voltage.

In electrolysis mode (when potential is more negathan -0.9 volt), dE/dI value
increases and then decreases as potential is seckdeom OCV to (OCV plus —1.0
V) . dE/dI has higher values with 50%,® than with other atmospheres. In each
atmosphere, dE/dIl reaches the maximum value anfaiteof around -1.5 volt. The
summit dE/dI values (at around -1.5 volt) with 30 and 50% KO are higher than
those with 10% KO and 30% KO.
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Figure 7.3. dE/dI at potentials from an SOEC with LSCM/CGOcathode, 2mm
thick YSZ electrolyte and LSM anode at 908C with 3%, 10%, 30%,

50%steam/Ar/H, for cathode.

Figure 7.4 shows the AC impedance data from aBG@ith LSCM/CGO cathode,
2 mm thick YSZ electrolyte and LSM anode at 9DOwith 3%, 10%, 30%,
50%steam/Ar/H for cathode. Generally, resistance of the cefhgly increases with
increased water content in cathode atmosphere.dampe spectra show arcs under
all potentials except at -2.0 V. The cell has tamést resistance and the highest
polarization resistances with 50% steam at eachnpiat. It could be seen that Rs
value increases with water content at open ciretif V and -1.5 V. At -2.0 V, Rs
values with different water contents does not diffeat much as those at lower
potentials. Series resistances and polarizatiastaeses with different steam contents

are discussed in the following section.
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Figure 7.4. AC impedance data from an SOEC with LSCM/CGO code, 2mm
thick YSZ electrolyte and LSM anode at 908C with 3%, 10%, 30%,

50%steam/Ar/H, for cathode.

Figure 7.5 displays series resistances at valtéigen the cell running with 3%,
10%, 30%, 50%steam/Arfd Generally, series resistance of the cell deceeasgth
potential, which might relate to improved conduijivin the electrode structure or
improved electronic conductivity in YSZ electrolytander SOEC operation with
high potentials. There is an exception that wheming with 3%steam, the cell has
higher series resistance at -2.0 V than at lowétages. At each potential (except at
-2.0 V), Rs has higher values when the cell runmiity more steam content. At -2.0
V, the cell has smaller series resistances witthdrigsteam contents than with
3%steam/Ar/H. The increase of Rs with steam content could eédlatmore resistive
CGO in more oxidizing cathode atmosphere as watetent increases. There is also

the possibility that the increase of ohmic resiséawith steam might also relate to the
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performance decline as time passes by.
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Figure 7.5. Series resistances at voltages from an SOEC witisCM/CGO
cathode, 2mm thick YSZ electrolyte and LSM anode at 96C with 3%, 10%,
30%, 50%steam/Ar/H, for cathode.

dE/dI values derived from I-V curves (see figiité) could be considered as the
total resistances. dE/dI-Rs values can be rougityanded as Rp values. As the |-V
curves have unreliable small slopes at -2.0 V di&ll values for discussion are only
taken from data at OCV, -1.0 V and -1.5 V. Figuré displays dE/dI-Rs values at
potentials when the cell running with differentaste contents. It could be seen that
polarization resistance generally increases wiarstcontent. As measurements with
higher water contents were done after measuremvétitsiower water contents, the
decline of performance with steam content mightateelto depressed electrode
processes with more water and/or relate to longeraiion time. There is a strange
high polarization resistance at -1.5 V when thé¢ eining with 3% steam which is

the similar to the phenomena in Rs (see figure 7.5)
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Figure 7.6. dE/dI-Rs values at potentials from an SOEC withSCM/CGO
cathode, 2mm thick YSZ electrolyte and LSM anode at 96C with 3%, 10%,
30%, 50%steam/Ar/H, for cathode.

Figure 7.7 shows the Bode presentations frontétieat 906C with 3%, 10%, 30%,
50%steam/Ar/H for cathode. There are two rate limiting processesl atmospheres.
The high frequency process at around 3000 Hz miglate to transportation of
oxygen ions/oxygen intermediates between LSCM a&¥>Mand is very small in
magnitude for all atmospheres. The dominating tatating process is the low
frequency process. The summit frequencies of the flequency arcs remain the
same with different atmospheres, which suggestcéilemight have the same low
frequency limitation when running with different i@a contents. With characteristic
frequency of 2 Hz, the low frequency process mgjbtn from gas diffusion and/or
surface adsorption/desorption limitations. It isowh that the magnitude of low
frequency process is increased by increasing watetent in cathode atmosphere.
The low frequency process is small in magnitude mmtiee cell is running with 3%
steam and is much higher when the cell is runniitg 80% steam. Bode plots with
10%steam/Ar/H and 30%steam/Ar/iHare quite similar to each other.

With more water content, the steam concentratfameases and the hydrogen
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concentration decreases. It is expected to haverbsteam diffusion with higher
steam contents in cathode atmosphere. Therefdiee ibw frequency process relates
to steam diffusion, the increase of water contenexpected to facilitate the low
frequency process. However, it is shown that tleegss increases in magnitude with
higher steam contents. Therefore, there is a ch#ratethe low frequency process
might have no relation with steam diffusion. Anathpossibility is that the steam
concentrations at cathode were not as high asweeg generated although a heating

tape has been applied on the pathway.
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Figure 7.7. bode plots under open circuit from an SOEC with SCM/CGO
cathode, 2mm thick YSZ electrolyte and LSM anode at 96C with 3%, 10%,
30%, 50%steam/Ar/H, for cathode.

Figure 7.8 shows bode plots under -1.0 V, -1.&8nd -2.0 V with different steam
contents. The low frequency process at each patentreases with steam content.
The cell has a more difficult low frequency proce$s1.0 V than at -1.5 V in all
atmospheres. At -2.0 V, bode plots with varioussteeontent differ a lot with each

other.
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Figure 7.8. bode plots under open circuit from an SOEC with SCM/CGO

woo/ .zl

wo o/ .zl

cathode, 2mm thick YSZ electrolyte and LSM anode at 96C with 3%, 10%,

30%, 50%steam/Ar/H, for cathode.

7.3 Ar with different humidities

Ar with different steam contents (3%®, 10% HO, 30% HO, 50% HO) were

generated for cathode by passing Ar though watdiffarent temperatures (room
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temperature, 4T, 69C, 81°C). The cell with LSCM/CGO cathode, 2 mm thick YSZ
electrolyte and LSM anode was tested at’@0@ith different steam contents for
cathode without presence of hydrogen.

Polarization performances without presence ofdyen have steep slopes within
potential range of -0.5~-0.9 V (see figure 7.9)jalihis the same phenomena to the
results from cells described before (see secti8r88.Compared to the performances
from atmospheres with hydrogen, the performancésont hydrogen have smaller
differences between different steam contents. éhdell mode, when running with no
hydrogen, the cell has a smaller slope of I-V cunviewer water content than in
higher water content. However, in electrolysis mdte difference between
performances from diverse steam contents is quitdlsvhen no hydrogen is present.
The highest current at the maximum potentials 04-Q.01 V) for each atmosphere is:
96 mA for 3% HO, 92 mA for 10% HO, 90 mA for 30% KO, 89 mA for 50% HO.
As the cell was measured with lower steam contefdrb with higher steam content,
the decline of performance with steam content migivie some relationship to the

longer operation time.

10
50%H,0 30%H,0

05~ 10%H,0

E (Volts)

x% steam/Ar
-05 [~
X% = 3%

» 10%
10— ot 30%
50%

| (Amps/cm?)

Figure 7.9. Current-voltage curves from an SOEC with LSCM/C® cathode,
2mm thick YSZ electrolyte and LSM anode at 908 with 3%, 10%, 30%,
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50%steam/Ar for cathode.

Figure 7.10 shows open circuit voltages from etght steam concentrations
without presence of hydrogen. The open circuitaget decreases with steam content
as expected except when the cell is running witbo 3deam. This phenomena is
similar to that with presence of hydrogen (see riégd.5), implying that that

humidification was incomplete at 30%, probably $amto that at 10%.
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-0.088 Ar with different water contents n
S -0.090
) |
& -0.092+
<_>3 |
£ -0.094
=
5
< -0.096
()
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3% H20 10% H20 30% H20 50% H20

water content

Figure 7.10. Open circuit voltages from an SOEC with LSCM/C® cathode,
2mm thick YSZ electrolyte and LSM anode at 908 with 3%, 10%, 30%,

50%steam/Ar for cathode.

Figure 7.11 shows the AC impedance data fromctileat 906C with 3%, 10%,
30%, 50%steam/Ar for cathode. Under each potentiad, cell has quite similar
impedance data when running with different watertents. Total resistance for each
atmosphere gets smaller as potential is increased.

Series resistances of the cell are 2.4 ~Bc3, which is in reasonable agreement
with the expected ohmic loss associated with a 2 ¥8# electrolyt& at 906C, 1.8
Qcn?. Figure 7.12 plotted the series resistances at ojeuit, -1.0 V, -1.25 V and
-1.5 V with different atmospheres. At each potdntizs value gets slightly bigger

when the cell is running with higher steam conteRts values with 10%, 30% and 50%
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steam are close to each other but much highertiamwith 3% steam.

Figure 7.13 is the polarization resistances aVQC.0 V, -1.25 V and -1.5 V from
the cell at 908C with 3%, 10%, 30% and 50% steam. The polarizaisistances are
derived from impedance data in figure 7.11. Theg &p values within the
measurement limit, neglecting the large diffusiamve for the lowest frequency
process. Rpvalue decreased with potential for each atmospaedevaried between
3.0 and 8.00cn?. Polarization resistance with higher water coniena bit larger
than the value with lower water content. And thiéedénce between different steam

contents decreased as potential is increased.

5 2
x% steam/Ar Z(ocv) x% steam/Ar Z(-1.0v)
4L x%=3% T x%=3%
10% 10%
- 30% e 30% 30%H,0,
3 50% !
NOoF NT

2 3 4 5
15 0.75 Z
%% steam/Ar/H, Z(-1.25v) x% steam/Ar Z(-1.5v)
1% = 3% X% =3%
a0l 10% -0.50 - 10%
30% 30%
o 50% L 50%
N05 - R0.25 - ) 30%H,0

50%H,0

2.0 2.5 3.0 3.5 40 225 2.50 275 3.00 3.25

Figure 7.11. AC impedance data from an SOEC with LSCM/CGQathode, 2mm
thick YSZ electrolyte and LSM anode at 908C with 3%, 10%, 30%,

50%steam/Ar for cathode.
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Figure 7.12. Series resistance from an SOEC with LSCM/CGO tiode, 2mm

thick YSZ electrolyte and LSM anode at 908C with 3%, 10%, 30%,

Rp/0O.cm’
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Figure 7.13. Polarization resistance from an SOEC with LSCMZGO cathode,

2mm thick YSZ electrolyte and LSM anode at 908 with 3%, 10%, 30%,

50%steam/Ar for cathode.
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Figure 7.14 is the bode plots at OCV, -1.0 V, -1\2%nd -1.5 V from the cell
running with 3% HO, 10% HO, 30% HO and 50% HO. There is only slight
difference between bode presentations for differ@mhospheres. There are two
limiting processes at different potentialsbut tleenthating rate limiting processes at
OCV and at potentials are different.

For all atmospheres, characteristic frequencieddbin processes are lower at high
voltages (-1.0 V, -1.25 V and -1.5 V) than at opewcuit. The summit frequency of
low frequency arc at OCV is 100 Hz, and varies frb35 Hz to 2.51 Hz at high
potentials. The main limiting process at OCV (a0 Hz) might relate to electrode
activation while the main process at potentials1&8 Hz) may steam from water
electrolysis processes. With maximum frequencieseferal thousands, the high
frequency processes could relate to transportatan oxygen ions/oxygen
intermediates.

Under open circuit, the cell has larger magnituatebioth processes when running
with higher water contents. The low frequency psscender open circuit and -1.0 V
are smaller in magnitude with 3%® than with other atmospheres. However, at -1.5
V and -1.25 V, the cell has slightly larger magdéauor both processes when running

with 3% HO.
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Figure 7.14. Bode presentations under different potentials frorman SOEC with
LSCM/CGO cathode, 2mm thick YSZ electrolyte and LSM anode at 90°C with
3%, 10%, 30%, 50%steam/Ar for cathode.

7.4 Cells with catalysts running with different conpositions

of gas supplied to cathode
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7.4.1 Ar/H, with different humidities (with catalysts)

Performances form cells with various catalystd 8CM/CGO cathodes running
with 3%H,O/Ar/4%H, were discussed in section 4.2. In this sectionfop@@ances
from these cells running with 50%8/Ar/H, are discussed. 50%8/Ar/H, were
generated by flowing Ar/5%jthrough 82C water.

Figure 7.15 shows polarization properties froisoith various catalysts running
with 50%H0/Ar/H, and 3%HO/Ar/H,. With high steam content, catalysts have the
same ranking on improving cell performance compatedthe ranking with
3%H,O/Ar/4%H,. The cell with Pd has the best performance in 589¢Ar/H,. Ni
and Fe, which are much cheaper than Pd, also haa gptalystic activity when the
cell is running with 50%b0D/Ar/H,. Performance from the cell with Ni was close to
the cell without catalyst when running with 3% Ar/4%H,, while it is close to the

performances from cells with Pd and Fe when runmiitig 50%H0/Ar/H,.

50% steam/Ar/H2

-05 —

3%steam/Ar/4%H,

. E (Volts) |

-25 ‘ ! ‘ — {Ampstem?)
-0.9 -0.25 0 0.25 0.50

| (Amps/cm?)

Figure 7.15. Polarization properties from cells having various dalystsin

LSCM/CGO cathodes at 908C with 50%H ,O/Ar/H > and 3%H,0O/Ar/4%H .

Figure 7.16 are comparisons of polarization gemtnces from cells with Pd, Fe
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and Ni when running with 50%i@/Ar/H, and 3%HO/Ar/4%H,. Performances in
different atmospheres only have slight differenicesall the cells. It can be seen that
slope of |-V curve from cells with Pd and Fe is heg in 50%HO/Ar/H, than in
3%H,O/Ar/4%H,. However, the cell with Ni has slightly smalleogé when running
with 50%H0O/Ar/H.. It is in agreement with the results shown in fegid.15.

50% stean-:d_,.i'
Pd ~
= 3% steam

E (Volts)

I (Amps/cm?)

0% steam ==
ﬁﬂam

E (Volts)

I (Ampsicm?)

5

3% steam

E (Volts)

0
I (Amps/cm?)

Figure 7.16. Comparisons of polarization performances from ckl with Pd, Fe

and Ni when running with 50%H,0/Ar/H , and 3%H,O/Ar/4%H ».

AC impedance data from the cell with Pd runninghws0%H0/Ar/H, and
3%H,O/Ar/4%H, are displayed in figure 7.17. In general, resistagets bigger when
running with higher steam content.

Under OCV and -1.0 V, there are three processesO% steam while only two
obvious arcs in 3% steam. The low frequency art©@V and -1.0 V) with 50%

steam have no intercept with x axis. Polarizatiesigtances with 50% steam are
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larger than that with 3% steam.

Under higher potentials, the low frequency procskews lower characteristic
frequencies and larger magnitude. This indicates dbll has more difficult low
frequency process under -1.5 V and -2.0 V comp#oetiat under open circuit. On
the other hand, the low frequency process at -1&m® -2.0 V could be harder when

the cell is running with higher steam content.

-0.75

Pd

ocv

-0.75

-0.50 |

0.2 Hz

0.25 . | . | . | . s ) | ) | ) |

-0.75 -3 1

-0.50

Nl

Figure 7.17. AC impedance data from a cell with Pd in LSCM/GO cathode at
900°C with 50%H ,O/Ar/H , and 3%H,0/Ar/4%H ».

7.4.2Ar with different humidities (with catalysts)

The differences in the |-V curves from cells witArious catalysts at 980 in
50%H0/Ar and 3%HO/Ar remain small (see figure 7.18). Running witd%
steam, cells have high slopes at potentials betweéhV and -0.85 V, which is
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similar phenomena to that in 3% steam. The celhwie has slightly better
performance than other cells in 50%MAr. With a bit higher slopes of I-V curves,
cells with Pd and Ni also performance well in 509¥Ar. By comparison, the cell
with Pd has the smallest slope in I-V curve (whesteptials > -0.85 V) in

3%H,O/Ar. Between -0.3 V and -0.85 V, the cell with Ras the highest slope of

I-V curves for both atmospheres.

50% steam/Ar

E (Volts)

I (Amps/cn?)

Figure 7.18. Polarization properties from cells having various dalystsin

LSCM/CGO cathodes at 908C with 50%H ,O/Ar and 3%H ,O/Ar.

Figure 7.19 and figure 7.20 are impedance regsofiem cells with Fe and Pd in
atmospheres containing 3% steam and 50% steaneamBAr mixtures. It could be
seen that total resistance and polarization registrom the cell with Fe are reduced
a bit when steam content is increased (Figure 7.U8)der open circuit, total
resistance and polarization resistance from thedHdare smaller in 50% steam than
in 3% steam (see figure 7.20). At high potentialkQ V, -1.25 V and -1.5 V),
polarization resistances in 50% steam from botls ecelmain similar to those in 3%

steam.
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2.0

1.0 -

Fe ocv

3% steam 50% steam

-0.75

225

Figure 7.19. AC impedance data from a cell with Fe in LSCM/GO cathode at

900°C with 50%H >O/Ar and 3%H ,O/Ar.
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Pd ocv I -1.0v

-0.50

3% steam

50% steam

Figure 7.20. AC impedance data from a cell with Pd in LSCM/GO cathode at
900°C with 50%H ,O/Ar and 3%H ,O/Ar.

7.5 Conclusions

It was expected to have better performance by asing steam content in cathode
atmosphere. But from the results in this chaptédferént steam concentrations in
cathode atmosphere do not benefit cell performanpegeasing water content did not
facilitate the low frequency process (which coutthte to gas diffusion process) in
atmospheres with or without hydrogen. This indisatieat the main rate limiting
process might not be steam diffusion, as the pm#dn resistance was not reduced
by increasing humidity. The possible limiting facfor cathode reactions might be
desorption/adsorption of species rather than stelsaociation. The real steam

concentration at cathode may be not as it was g@terThe gas mixture might lose
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some steam content in the gas pathway althouglatinetape was applied to keep
gas temperature. Another possible reason is thahessurements were taken in a
sequence of 3% steam - 10% steam - 30% steam -s&®, longer operation time

could cause decline in cell performance.
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CONCLUSIONS

Traditional Ni/'YSZ cathodes suffer from problemglswas poor redox cycling and
low tolerance to atmospheres without hydrogen oheotreductant. LSCM
((Lap.75510.25)0.99MNg 5Crp 503), exhibited many characteristics that make it gable
cathode material for electrolysis, performed well athodes for HT-SOECs (high
temperature solid oxide electrolysis cells) wittvino hydrogen supply. Adding metal
catalysts to LSCM cathodes and improving cell nstmactures were able to improve
cell electrochemical performances. Hydrogen gaspraduced with high efficiencies

using SOECs with LSCM/CGO cathodes starting with/im content of hydrogen.

Ni/YSZ cathodes were not practicable for non-redgcienvironments or
intermittent hydrogen production despite of thaod catalytic properties and current
collection. By comparison, LSCM showed good stapiland electrochemical
performance when working as cathodes for SOECs tmospheres of
3%steam/Ar/4%Hk and 3%steam/Ar. Mixing pure LSCM with ionic contlrs such
as CGO (CgdGdy 101,95 and YSZ (¥%0s-stabilized ZrQ) could further improve cell
electrochemical performances due to the enlarggde tphase boundary (TPB).
LSCM/CGO cell has a smaller polarization resistatRp) of around 1Qcn? in
3%steam/Ar/4%ki at 920C, compared to the Rp value of more thanti€@m’ from
the cell with Ni/'YSZ cathode. With no hydrogen slyppghe LSCM/CGO cell has

fairly small Rp values when working under compaliy low potentials.
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Electrochemical characteristics from SOECs with MBCGO cathodes are
schematised in the graph shown above. The I-V cisveomposed of two parts:
working as an electrolysis cell (when potentialm®re negative than OCV) and
working as a fuel cell (when potential is less negathan OCV). The whole
polarization curve could be divided into five segise Processes 1, 3 and 5 refer to
ohmic losses and electrochemical processes suclaage transfer. Processes 2 and 4

could be activation polarization and chemical cleang

Adding metal catalysts to LSCM/CGO cathodes coaltlitate cathode reactions.
The addition of Pd, Fe, Rh and Ni have changedtrelée processes and improved
cell performances. The cell with Pd has the smialfgdarization resistance in
3%H,0O/Ar/4%H,, followed by the cell with Fe. In 3%/Ar, cells with different
catalysts and with no catalyst have various eléetforocesses. There are two obvious
rate limiting processes for 3%8/Ar/4%H, and 3%HO/Ar. The low frequency
process is the major process which might relate ges diffusion and/or

adsorption/desorption limitations.

Improving cell microstructures was another waydtie improve cell performances.
By decreasing the thickness of YSZ electrolyte fr@mmm to 50p, the ohmic

resistance of the cell has been dramatically redluSeveral techniques were used to



decrease electrolyte thickness such as cuttingipaly, tape casting, co-pressing and
screen printing. The most practical way of makihon tYSZ is tape casting. Some
methods were tried such as tape casting/impregnatid addition of pore formers to
get better electrode microstructures. But the igpated electrodes were not stable

enough at high temperatures.

Hydrogen production amounts from SOECs with LSCMEZ@Gathodes were
detected by gas chromatograph and current-to hgdrefficiencies were worked out
according to the law of conservation of charge.diemwe have demonstrated that
hydrogen could be produced efficiently startinghaatsmall amount of hydrogen (4%
H,) or with no content of hydrogen using SOECs witBAM/CGO cathodes.
Current-to-hydrogen efficiency LSCM/CGO cells wap to 80% at 85{C in
3%H,0/Ar. Efficiencies in 3%HO/Ar/4%H,0 at 800~908C were even higher (close
to 100%).

It was supposed to be able to enhance gas diffueidntherefore to improve cell
performance by increasing humidity of the gas sepplto the steam/hydrogen
electrode. Measurements were taken with 3%, 10% 20d 50% steam supplied to
the cathode however the electrochemical performdrase not been improved by
increasing humidity. The series resistance incikas@ghtly under higher steam
contents and less reducing conditions indicatingt tRs changes were governed
mainly by p(Q) linked to a decrease of n-type conduction propatile to Ce
oxidation. There was a small increase in polamratesistance under higher humidity,
although the polarization resistance did not chawgh reducing conditions. This
possibly indicates that hydrogen evolution is timiting process rather than steam

reduction.



