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Abstract

The utilisation of C&as a feedstock in the production of valuable products such as synthetic
fuel is a promising pathway for mitigating its atmospheric concentratfomeview of tfe

high temperature ceelectrolysis of C&and HO in a solid oxide cell for syngas production
has identifiedthat further understanding of the celectrolysis reaction mechanisisione of

three key area of development

In this work, a ceelectrolysistest facility was designed,developedand commissioned
Additionally, he performance of a NextCBllelectrolyte supported cellvasinvestigated for
CQ electrolysis andCQ/H20 co-electrolysiswith an aim to gain a better understanding of

the reaction mecharsim.

During CQ electrolysis,an increase in celbrea specific resistanceas observed with
increasing C@®concentration.In addition,AC mpedancespectrameasurementshowed a
significantincrease in polarisation resistance at the fuel electradéh increasing C&CO
ratio. Short term dirability studies carried out at0.5 A/cn?, 850°C and fuel electrode
compositions of 50% GO25% CO and 25% Nhoweda sharp increase in cell voltage
corresponding to goassivation rate of 120 mV/in the first 5 hoursof operation. This
increase in cell voltagevas caused by the adsorption of impurities to the Ni surface

promptingpartial blockage of the active Ni sites.

During C@H>O coelectrolysis,the exhaust gas compositions measured ogen circuit
voltage were £2 mol % of the thermodynamic equilibrium compositiodC impedance
spectra measurementshowed a slight increase in polarisation resistaratethe fuel
electrodewith increasing C&H>O concentration Directcurrent measurements showed
21% increase incell performance during GO cecelectrolysis compared to GO
electrolysis.Furthermore c-electrolysisdurability studies carried out ab.5 A/cnt showed
a significantly lowerdegradation rate of 1.3 mV/h over 44 hours of operatmmpared to

CQ electrolysis
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Introduction

Chapter 1

1. Introduction

The combustion of fossil fuels produces carbon dioxide, a greenhouse gas (GHG), generally
believed to be the major cause of climate change. Recent invéstigahave sought to
recycle and utilise this greenhouse gas to produce valuable producarbon dioxide
utilisation (CDU) The high temperature eceduction of C@ and HO in a solid oxide
electrolyser (SOE) is a promising and efficient pathway tow@@sitilisation. Synthesis gas
(syngas), primarily consisting of hydrogen and carbon monoxide, is produced during this
process. This fuel gas mixture is extremely valuable as it can be converted into liquid fuel via
chemical reactions, such as Fisclieopsch Synthesis (FTS). This work concentrates on
characterisation of the coeduction of CQandH.Oin aSolid Oxide Electrolysell SOE),

with a view to improving the process.
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1.1 Background

Carbon dioxid€CQ), a greerhouse gasis producedmainly from the combustion of fossil
fuelsand is considered to be a major cause of climate chgi€C 2007 Fossil fuelsare
widely availableandtheir usecurrently represent@approximately85% of total world energy
(IEA 2013 With new reserves continuously being discoveradd the prce of renewable
energy being substantially higher in comparisitrhas been predicted thafiossil fuelswill
continue to provide 80- 85% of the world energy consumption at least until 2030
(Plasseraud 2030

Monitoring of CQ levels has been ongoing since the industrialvotution when the
atmosphericconcentrationwasmeasuredto be around280 ppm(Butler and Montzka 2013

IPCC 200MNRC. 2010 Today,this valueis significantly higher at400 ppm due to man

made CQ largelyarising from fossil fuel consumptighlOAA 2013 The mostrecentreport

from the IntergovernmentalPanel @ Climate ChangélPCCpresents furtter evidence of

this occurrence(IPCC 2013 The report concludesi KI & WYaOASyGAada | NB
KdzYlya FNB GKS R2YAYylIyld Ol dza Fig@elcl shondthd f & I N
increase in pbal surface temperatures and thiese inatmosphericCQ concentrationover

the last200 yeardNOAA 2018

Figurelcl: Global annual average temperatures measuo@@r land and oceans indicating

how the earth has warmed over the past 200 yen©AA 2018
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As a resultof this environmentalissue significantresearch into the use of low carbon
energy options such as wind) Ol K A y Jay 201, rbiofuel (Demibras 2009Lin et al.
20117), solar(Mekhilef et al. 201}, hydropower(Huber 2004, geothermal(Chamorro et al.
2012, nuclear energyForsberg 200Pand carbon capture and storag@CCSjLeung et al.
2014 have been conductedAmongstthese low carbon optiondpssil fuels coupled with
CCSs currently the only technologyith the potentialto significantly reluce greenhouse
emissions whileallowing energy needso be met securely and affdably in developed
countries such as UK, USk. (Davey 2012 Some of the current issues witbCSncludes
high investment costs and variable operating teoparticularly regarding transportation
storage uncertainty and safety concerfisternational Energy Agency 2Q1Bires et al.

2017 Rai et al. 2010Styring et al. 2011

However, because of the potential of this technology to significamédguce GHG emissions

and the substantially higherenewable energy prices there is asignificantinvestment

within this area with an aim tamprove plant efficiency and reduceverallcosts.The UKfor

example is heavily relying on the successful impkmtation of this technology in order to

achieve its emission targets of 80% GHG reduction below base levels of year 1990.by 2050
CKA&d A& SOARSYOSR Ay Ala mMm o0AfftA2y Ay@Sady
capture and storage projes{DECC 2034

1.1.1 Carbon dioxide Utilisation

Carbon dioxide utilisation (CDU) is an emerging pathwayettuce CQ emissions.CDU
involves recycling the captureghsand converting tis dnegative feedstockinto a valuable
chemical.The conversion of Gnto valuable chemicals is a niaé process which has been
on-going for manyears(Grawes et al. 201 However the large scale utilisation of carbon
dioxide asa chemical feedstock is currently limited to a few processes (synthesis of urea,
salicylic acid, and polycarbonateQuadrelli et al. (201)lreviewssome potential industrial
applications availabldor recycling C® and also presentsome major R&Dtechnical
challengestowards achieving a valuable end produ&lthough the majority of these

investigations aretill at aresearch level, thie long term potentialis promising

Graves et al. (20)0eview a number of processes that have been previously investigated in

converting C@to hydrocarbon fuel A few of these processeswith the availability of k|

3
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directly produce hydrocarbons for example dstec hydrogenation of COto produce
methanol. However, in most cases, a tat@p process is employed with syngas produced

initially, followed by FTS to convert the syngas to longer chain hydrocarbons.

The production of syngas will not mistainablyiable in principle if hydrogen is produced
from fossil fuel sourcesTherefore, a cleagr hydrogen production sourcgsuch as
electrolysis of watefrom renewable or nuclear eneryjis needed to produce syngas wih
lower carbon footprint.The process of siggas production described in this thesis involves
the high temperature caeduction of C@and HO in a SQ Desired H/CO ratiosin syngas
vary from ~1.4 to 2.1to provide a usefuleedfor FTSKim et al. 2009

1.2 High Temperature Co -electrolysis of Steam and
Carbon dioxide ina SOE

The high temperatureo-reduction of CQand HO in aSGEhas the potential to produce an
overall carbon neutral synthetic fuel fuclear or renewablesources are usedheat &

electricity)as $iownin Figurelc2.

€0, )= Vehicle

Synthetic
fuel

Figure 1¢2: Sctematic diagram showinghe production of fuel via high temperature €o
reduction of CQand HO in aSCE
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1.2.1 Solid Oxide Electrolysis Cells

A solid oxidecell (SOCis made up of an oxygepn conducting electrolyte sandwiched
between two electrodes (cathode and anode). Tloperate at high temperatures (15¢
100C°C) to ensure oxygen ions aeffectively transported from one electrode to the other.

A SOEC is an electrochemical device that converts electric and thermal energy into chemical
energy stored in a fuel. The operating principle of a SOEC works in a reverse mode to a solid
oxide fuel ell (SOFC).

The history of SOCglates back toearly 1900 whena German physical chemjstvalther
Nernst developed a high temperature electrolyte material Z{@rconium oxideyith 15%
Y20z (yttrium oxide) This formed the basis for both solid oxide fusnd electrolysis cell
operationwith ZrQ evolving to be the most commonly used electrolyte matetiathe late
1960s, electrolysis of 2, CQ and HO/CQ mixtures inSOG was first demonstrated by
NASA for purpose of xQproduction for life supports @d propulsion in submarines and
spacecrafiElikan and Morris 196Elikan et al. 1972Veissbart and Smart 195 However,
Al ol ayQid dzyGAf GKS SEFENI& mopynQa ¢KSy | INBI
area(Donitz et al. 198 Duringthis period,Doénitz and Erdle (198%eported the first SOEC
results within the HOElly project from Dornier System Gmiolsing electrolyte supported
tubular SOE€ When operating at a current density 6.3 A/cn?, Donitz and Erdle (1985
reported a faraday efficiendigee Sectiorl.3.2.] of 100% at 1.07 V.

The use of SQCfor electrolysis investigations has focused predominantly on water
reductionfor hydrogen productiorandin recent yearghere has been auge advancement

in this research are@Jensen et al. 2007&agunaBercero 2012Ni et al. 2008Ursua et al.
2012. More recent investigationdlave alsoshown the feasibility of S8 to effectively
simultaneously reduce G@nd HO (Ebbegn et al. 2010Ebbesen et al. 200Ebbesen et

al. 2011 Ebbesen et al. 201%raves et al. 201 Graves et al. 202Jensen et al. 203 &im:
Lohsoontorn and Bae 2018imLohsoontorn et al. 20310'Brien et al. 2009Stoots et al.
2007, Zhan et al. 2000 The electrochemical reduction of GGn SOEshas also been
explored by other author¢Elbesen et al. 201,2Ebbesen and Mogensen 2Q@han et al.
2009 Zhan and Zhao 20).0
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1.2.2 Introduction to H igh Temperature CQ/H0 Co-

electrolysis

The total cell reaction during the high temperature-@ectrolysis of C&and BHOis givenin
Equationl.

86 00 Yoidday2 65 0 1

The tiree reactions that take place during high temperatureetectrolysis of C&and HO

in a SOE@re steam electrolysis, carbon dioxide electrolysis and the reverse water gas shif
reaction (r'WGSR) as shown in Equadi@n 3 & 4respectively.The proportiors of each
reaction in the contribution to HMCO production depend on the cell materialsell
morphology, operating temperature, inlet gas compositions and operating voltagés
reverse water gas shift reaction is a heterogeneous catalytic reaction whicdtalysed by
metal catalystgsuch as nickelhich iscommonly found in fuel side electrode$ a SOEC

The rWGSR is a kinetically fast equilibrium reaction at high temperatures.

00 © 0 -0 YHo0sk = 286 kJ/mol 2
OO0 9060 -0 YH298k = 283 kJ/mol 3
O 60z OO0 60 YHoosk = +41 kJ/mol 4

It was previously suggested IBtoots et al. (2008that steam electrolysis and the rWGSR
were the only reactions which took place within this procesge hydrogen produced from
steam electrolysis was thought to reduce G®CO via the rwWGSkhen operating at 85T
The rWGSR is favoured at high temgiares above 818C.More recent investigations bMi
(2011 and Ebbesen et al. (20)2have argued that all three reactiorsccur duringco-
electrolysis The HO/CQ co-electrolysis readbn mechanism is still not yet fully understood
and it is the aim of this work téurther understanding of tls process.Section2.4 givesa

detailed review oturrent understanding athe co-electrolysisgeaction mechanism
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Thermodynamics

The total energy required for a reaction at constant temperature and pressure is
dSGSNX¥YAYSR o6& GUKS LINRPOSaa SyiaklfLe OKIFy3aS o,
NEIljdzZA NBR FT2NJ 6KS St SOiGNRfeara LINROSaa Aa Sid

3 3( 433 v

WKSNB ¢HESYNBIAINIKS GKSNXIf SySNHE& adzZlli ez ¢ A

the entropy change

Figure 1¢3 and Figure 1¢4 show the energy demand forwater and carbon dioxide
electrolysisrespectivelyagainst temperature. The energy demands were calculated using
the thermodynamic properties &m process simulation softwandSC Chemistry 5.1and
Equation5. As previously indicated, SOECs operate betweenc7DDO®C. One of th key
advantages of operating at higher temperatures as showRigure1¢3 and Figurelc4 is

that the required electrical energy k [dnsiderably decreases with an increase in

temperature.
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Figurelc3: Thermodynamics of water electrolysis
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The enthalpy of e reaction for water splitting as shown Kigure1¢3 sharply drops at

10C°C due to the phase change from water to steam.
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Figurelc4: Thermodynamics of carbon dime electrolysis

1.2.3 Operating Principle of SOECs under COx/H 20 conditions

The principle of operation of a SOEC operating under reduciaHeglconditions as shown

in Figurelg5is described below.

Anode reaction
20 — 0,+4e

Cathode reactions
2H,0 + 4e — 2H, + 20”
2C0, + 4e — 2CO0 + 20*

2H,

2H,0 + 2CO,
2C0

TPB: Triple Phase Boundary

Figurelch: Schematic diagram showing the principle of operation of SOEC
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1 The triple phase boundaryTPB)is the region where the gas, electrode and
electrolyte meet. It consists of tige and inactive siteas shown inFigure1c6 with the
electrochemical reactionsccurringat the active TPB

1 The feed gasses flothrough the porous cathode ando the TPB of the cathode
electrolyte region. The cold inlet gas compositions diffem the hot inlet equilibrium gas
compositions at thefuel electrode in the presence of a metal catalgst a result of the
rWGSR/WGS&quilibrium

1 Thermal energy, in addition to the electrical energy supplied is then used to split the
gasses at the activePB sites. The electrolysis products and the unreacted feed gasses then
flow outwards through the cathode

1 Oxide ions produced from the dissociation process are transported through the
electrolyte to the TPB of the anode/electrolyte layer. At the anode ,T&&de ions

recombine, forming oxygegaswhichflows outwards through the anode.

Figure1¢6 is an illustration of the TPB at the fuel electrode of a SOEC. In this diagram,
Nicketyttria stabilised zirconia (Nf <) is the chosen cathode material and used to describe
the important features within the cell. NfSZ is used in this illustration because it is the

most commonly used cathode material in SOEC applications, with YSZ used as the

electrolyte and LSM'SZ (Lahanum StrontiumManganite as the oxygen electrode.

YSZ

Inactive YSZ grain

Nickel

Active TPB
Inactive TPB

“—
Inactive Ni grain

Figure 1¢6: Diagram of active and inactive TPB sites in the cathode/electrolyte region

[Acknowledgement: Dr Denis Cumming]
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It is generally thought thathte electrochemical reactions occur closest to the electrolyte (i.e.
the active TPB sites are located approximately 10 um from the electrolyte into the
electrode)(Brown et al. 2000Gorte and Vohs 2003/cIntosh and Gorte 20Q4An increase

in the reaction sites (i.e. active TPB length) is an important part okldpwng this
technology as this further promotes the electron transfer reaction which in turn increases

the performance of the SOC.

1.3 Operation and Electrolysis e fficiency of SOECs

1.3.1 Open Circuit Voltage and Nernst Potential

The open circuit voltage (OC¥}he voltage wherthere is no flow of current across the cell.

This voltage caibe measured oralculated using the equilibrium NernBguationfor the
electrochemical reaction. As seenHquation6, the Nernst potential is calculated using the

partial pressure of the chemical species at the cathode padial pressure of oxygen at the

anode ands also dependent on the operating temperature of the cellthia & i dzReé X GKS
values as a function of temperature were calculated using the thermodynamic properties

from process simulation HSC Chemistry 5.11.

6

Where E = Nernst potentidR = Gas rate constant (8.31&Jhol), T = Temperature (K) and F
I CI Nomstad @@anol)

Note: During C&H>O careduction using a NiO fuel electrode, the chemical species at the
fuel electrode used in calculating the Nernst potential is the hot equilibrium inlet
compositions and not the cold inlet gas compositions. Thiseastdihe equilibrium reaction
which occurs in the bulk of the fuel electrode bef@lectrolytic cereduction of HO and/or

CQ.

The partial pressures at the hot equilibrium inlet compositions netxd be talen into
account when calculating theo-electrolysisNernst potential. McKellar et al. (2010at the
Idaho Naional Laboratory(INL)fully describea chemical equilibrium model in determining

the hot inlet compositionsat the cathode surfaceOnce the equilibrium compositions are
10
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determined, the Nernst potential can be calculated from eithdwe steam or C©

parameters inEquation6.

The Nernst ptential and the measured OG¥e identical under ideal conditions. However,
as a general rule, ameasured OCWnore than 3 mV below the Nernst potentialfor a
predominantly ionic electrolyte material such as M@dicates leakagesaround the cell
Gaseous partial pressure differences (indicating a leakjhareostlikely reasorfor amuch
higher change in the difference betwedhe experimentaland theoreticalvalue Issues
associated with kectronic current leakages artypicalin electrolyte materials with mixed
ionic and electronic conductivity for exampleria based materialsuch asgadolinium
doped ceria GDQ. These electrolyte materialgsuallyhavean OCV much lower than the
corresponding Nernst potentialinder reducing conditionsdue to their higher electronic
conducting properties arising from the partial reduction of €eto Cé*at reducing
atmospheres.A typical example can be seen in an investigation carried ouKiny
Lohsoontorn et al. (20)Linder compositions 50%.B and 50% #operating at 856C.Kim-
Lohsoontorn et al. (20)1found the OCV ofcells with the following materials Ni
GDC/YSZ/LSMSZ, NGDCGD@LSMYSZ and N6DC/YSBDCLSMYSZto be 0.88, 0.68
and 0.80 M\espectivelyln the third case of a blayered electrolytqNFGDC/YSZ/GDC/LSM
YSZ)yn OCVof 0.80 V was achieved as the M&yer was added Hvetween the NiYSZ

electrode and the GDC electrolyte to block afiy electronic short circuit in the cell.
1.3.2 Electrolysis E fficiency

1.3.2.1 Faraday Efficiency

For H:O electrolysis, the Hproduction rate in an ideal electrolysis cell is directly

LINR L2 NIGA2YIE (2 GKS ljdayaAarde 2F St SOGNARAO OKI
The Faradayefficiency (— ), also known as the current efficiendg the ratio of thereal

electric charge consumed to thbeoretical electric charge required for the production of a

given amount of Bl The H production rate in ml/min can be expressed as
0 & da Q¢ — @m — 7

Where Q is H production rate (ml/min),l is the total cell currentz s the number of

electron moles andw is the standard state motadensity in mol/n%
11
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Equation7 can also be applied in the case of:@{@ctrolysifor CO productionHowever, i

the case ofthe high temperature CQ/H20 cocelectrolysisin a SOECdetermining the
faraddc efficiency for the amount of Hand CO producedsimore complicated. This is
because the celectrolysis reaction mechanism is still not yet fully understood and
therefore it is difficult toquantify theelectric charge from the total applied currestipplied

for individualCQ and RO splitting.

1.3.2.2 Electrical Conversion Efficiency
Electrical conversiosfficiencyis defined as the ratio of the thermoneutral voltage» ) to

the operatingvoltageas seen irEquation8.

WhereV & the cell voltage andesis the electrical conversion efficiency

The thermoneutral voltagedescribedin Equation9, is defined aghe paential at which the
generated dule heatin the electrolysis cell and the heat consumption for the electrolysis

reaction are equal

- 9
whereY( is the total energy demand for the electrolysis reaction

At the typical SOEC operating temperature~85(°C, the ceelectrolysis thermoneutral
voltageis 1.346 V (betweenthe 6 of steam and carbon dioxide at 1.288 and 1.462 V
respectively. The thermoneutral voltages of steam and carbon dioxide are calculated using
Equation 9 and the data presentdd Figure 1¢3 and Figure 1¢4. Operating above the
thermoneutral voltage would result itheoreticalelectrical efficiencies below 10086d vice
versa if operatedbelow this point. Most solid oxide electrolysers operate above the
thermoneutral voltage to accommodate any heat lossés. addition, higher current
densities can be obtained antherefore increased syngaproduction rates This is
particularly interesting ircaseswhere excess energy frosources such as wind farnasid

sola powerare available

12
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1.4 Economics and Performance of SOEs under
H,O/CO, conditions

The commercial feasibility of a SO produce syngas competitively for liquid fuel
production has been shown to be hightjependent on the resistance of the calhd the

cost of electricity. To maximise efficiency and minimise capital costs, it is vital that operating
cells are designed to produce the least possible resistance at stgiteupow initial stack
area specific resistanyeand stay unchanged over long period$ operation (i.e. low
degradation rate) The area specific resistance (ASR) represents the net effect of all loss

mechanisnsin the cell.

Advanced manufacturing processes, improved design and selection of better suited
materials all play an important relin the makeup of aell with low resistance(Badwall
2001, LagunaBercero 2012Minh 2004 Sun and Stimming 20Q7Furthermore, cells have

to be managedand optimisedsuch that they arenot adversely affected btheir operating
conditions (temperature, gas flo conditions, operating voltage) over long periods of

operation.Stability of SOECs is discussefection2.6.

Toassess the economic performance oéthrocess shown iRigurelc?, the cost ofpetrol
from conventionalfossil fuel sourcesvas compared tothe cost whensynthetic petrolis
produced through thecombination of the high temperature eeeduction of steam and
carbon dioxide in a SOHor syngas productionard FTSt6 convert the syngas into
synthetic fuel)(Graves et al. 201D Using theschematic flow diagram ifigurel¢7 and

information stated in

Tablelcl and Tablelc2; Graves et al. (20)@alculatel the cost of fuelproduced relative to
variouselectricity prices and advanced electrolysgrerating conditionsThese two factors
were found to be critical in determining the commercial feasibility of this process as shown
in Figurel¢8. An energy balance for the procestiown inFigurelq7 was carriedout and
energy requirements were used to estimate the costs of various processmsn inTable

1cl.

13
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Figure 1¢7: Schematicdiagram of the proposed Cg&recycled synthetic fuel production
(Graves et al. 2020

Where HX represents heat exchangeg, iQ the thermal energy and s the electrical

energy

Tablelcl: Assumptions for cost estimatéGraves et al. 2010

Cost of Cecapture $30/tCQ. Broken down as .32 kWh/kg Ce@electricity costs anc
$154CQ capital based cost

Cost of HO $1

Cost of fuel synthesis $1.50/Gj Fischemropsch petrol or diesel from syngas

Cost of dissociation

Operating temperature 850°C

Electrolysis cell stack $2000 n¥ investment including financing
Stack life 5 years

Balance of system $5000 n¥ investment including financing
Balance of system life 20 years

Initial current density -0.50 Alcnt

Initial stack ASR 0.30L cm?

Avemge degradation rate 0.006 mllcm?/h

Capacity factor 100% = X intermittency

Operation and Maintenance | $ 0.5/Gj fuel

Note: The assumptions made on processes such asdigradation rate, cost of fuel

synthesis, etc. were based on the state of art elettserand FT$erformances at best

14
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Tablel¢2: Status of SOEC capabilities and base case economic estimation

Current Initial Degradation (niL,cm?/h) Ref
density ASR
(Alcm?) | O EnY)

Economic estimatior| -2 0.30 ~0.018 (Graves et
for Fig 7c& 7d al. 2019
Qurrent state of the | -0.75 0.58 No degradation observed (Ebbesen et
art technology al. 201}

Degradation issue >-1 Delamination obxygen electroddérom (Laguna-
and future electrolyteover 10mins. of operation | Bercero et
consideration (Long term stability of SOEs still a maj| al. 201)

issue, particularly anode degradation

high current densiés)

Figurelc8: Estimate of synthetic fuel costs versus electricity pfiéeaves et al. 2090

15
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Figurel¢8a shows that using the informatiopresented inTablelcl, syntheticfuel can be
produced at a price close to the themholesalegasoline price ($2/gal) if ettricity costs
$0.02/kWh. However, the average wholesale price of electricity is around 8 U.S.
cents/kWh.Figurel¢8b shows an instance when the cell is driven solely by solar energy i.e.
the sensitivity of intermittent operation to electrolysers. In this case, it has been assumed
that production can only be carried out 20% of the time. To theref@@enmodate for this
decrease,an increase in capacity costs by a factor of 5 is nee#eglure 1¢8c shows a
scenario of constant operation if the electrolysis stack is assumed to operate at the
optimum conditions siown inTablel¢2. From this data, it has lem shown that anincrease

in fuel prices to $3/gal for example would significantly improve the commercial

competitiveness of this technology

The production of synthec fuels would be commercially competitivecéll stack could be
run at-2 Alcn?, the approximate full current density attainable at 1.45-93% electrical
conversion efficiengy with a degradation rate 0f0.018 nill cm?/h. However, ahuge
technologichadvancement is still needed particularly in eliminating the issueglbfailure

at high current densitgliscussed ifsection2.6.2.2

1.5 Aims of this Work

The mainaims of this PhD projecareto:

1 Analyse ad compare theelectrochemical performances of g@lectrolysis and co
electrolysis of BHO/CQ by measuringthe cell resistances through AC and DC
characterisation with a view to improving the celectrolysis processThese
electrochemical measurements araseful in determining the processes that
contribute to the resistances during cell operation.

1 Investigate the ceelectrolysis reaction mechanisms. This is carried out by comparing
the amount of hydrogen and carbon monoxide produced at varying currentitiksns
using gas chromatography with an aionunderstand the effect of the celectrolysis

reactions on the amount of syngas produced.

16
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1.6 Layout of Thesis

Chapter 2 reviews current understanding into the-adectrolysis reaction mechanism,
development of SOEnaterials and degradation of electrolysers latv and high current
densities. In Chapter 3, the experimental methods andlesign of the test facility are
described while chapter 4 discusseébe performance of an electrolyser operating under
varying composions of CQ. Chapter 5 discuss the performance of the electrolyser under
CQ/H20 compositions and compagevith that for CQ electrolysis discussed irh@pter 4.
Furthermore, the durability of the electrolyser is investigateder short periodsduring
Q0,/H20 coelectrolysis at a current density 80.5 Atn? and compared with that CO
electrolysis Chapter 6 discusses the overall thesis conclusivas/n from each chapteand

future work for thisresearch while Rapter 7 details the references cited.

17
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Chapter 2

2. Status of the High Temperature Co -
electrolysis of Steam and Carbon
dioxide in SOEs

ThisChapter provides a detailed review into the stadé-art of the high temperature co
reduction of CQ& HO in SOEs. It covers the recent developmenits iinderstandingthe
co-electrolysis reaction mechanisms. Furthermore, teed for materials specific to €0
electrolysis purposess highlighted. The challenges that arisend potential solutions in
achieving a highly durable SOEC with little /no degtiat atlow andhigh current densities
(%0.75 Acnv) are also discussed.

18
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2.1 Polarisation Losses and SOEC Performance

When a direct current is supplied to a SOEC, electric cHargs through the cathode to

the TPB where a reduction process occurs. As a result of the applied current, the cell
voltage increases with respect to thapen circuitvoltage (0 ). This increase is known as

an overvoltageOvervoltage also known a®olarisation arises as a result of cell resistance
from defects in the microstructure of the celmperfectionsin materials,cell design and

the applied current.

The cell potentialdd ), is a function of the parameters that affect SOEC performance and

can be expressed as;
6 6 S S S 10

Wherew is the open circuit voltage; thiotal polarisation comprises g  ;(the ohmic
losses),s  (the activation polarisation) ang | (concentration polarisation) These

polarisationsare briefly described below.

2.1.1 Ohmic Loss

The ohmic loss of a ckdl  jis @used by contact resistance of all cell layers i.e. electrodes,
current collectors and interconnection®lectronic resistance in the electrodes aiwhic
resistance of the electrolyte. ThHacreasein voltage mainly originates from resistive losses
in the electrolyte because the ionic resistivity of the electrolyte is much greater than the
electronic resistance in the electrodes. Temperature, cell cordium, -electrolyte
thicknessand microstructure all play an important role in decreasing the ohmic loss of a cell.
Electrode supported cells are therefore generally preferable in SOC operatien
electrolyte supported cells due to their thinner electrtdythus leading to lower ohmic
resistance Ohmic loss is directly proportional to the applied current through system as

seen inEquationll;
@ Qi - i 11
Where / is the current(A), A is the acive electrode aregcny), /is the current density

(A/cn) andris thearea specificell resistancgll, cn?).

19



High Temperature Ceelectrolysis of CQand HO in SOEsSA Review

The cell resistance is usually defined as a function of the active electrode area, known as the

area specific resistance (ASR). The ASR repsetbennet effect of all loss mechanism in the

cell, indicating the performance over the full polarisation range. However, as explained by

Mogensen and Hendriksen (20@3theWcorO S LJi
therefore important to always specify the conditions for the vatpeted. The ASR can be

27

F'{w

Adany i is

calculated from tle linear region of a measurad/ curve usingequation12.

8

2.1.2 Activation Polarisation

Activation polarisatiofs

YY ——

12

aidly

ris also known as charge transfer polarisation and occurs mainly

at the electrodes bthe cell. For any reaction to occur, an external energy is required to

overcome the activation energy barrier of the reaction. The overvoltage in this case arises as

a result of resistance of the slow kinetics in the charge transfer reactions at the

eledrode/electrolyte interfaces. The presence of a catalyst in the electrode/electrolyte

region is vital in reducing the activation energy. Activation polarisation is dominant at low

current densities as shown Figure2¢l.

Voltage

activation
polarisation

concentration
polansation

T

-

ocyY

Current density

v

polarisation

losses

L ohmic
losses

Figure2¢l: Current density vs voltage plot indicating the differenerpotentials
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2.1.3 Concentration Polarisation

The effect of oncentration polarisations j can be due to gas diffusion andgas
utilisation/conversion Concentration polarisation due to gas diffusion occurs when the
product speciegslo not move fast enougkhrough the porouselectrode. The effect of gas
diffusion can be seen at the oxygen and fuel electrode fS®EC. On the lo¢r hand,
concentration polarisation due to gas conversion occardy at thefuel electrode of an
electrolysis cell. Conversion polarisatiogflects the change in composition at treetive

electrode in comparison with that at the bulk of tiigel electrade during electrolysis.

Concentration polarisation is a function thfe diffusivity of the gas species, the electrode
microstructure, the partial pressure of the gas and the current density. As the current
density increases, the effect of concentrationl@risation becomes more evident as there
are insufficient reactants moving to the electrode surface. Thus, the flow rate of the
reactant for the electrochemical reactions should increase with an increase in current
density. Activation and concentration |amisation have a notinear response on theV plot

of Figure2¢1.

2.2 Electrochemical Methods for SOE(Evaluation

2.2.1 Current density ( i) z voltage (V) curves

DC(direct current)and AC(alternating currentjtechnigues often are used to characterise
SOECsDuring SOEC evaluatioDC characterisation is usualperformed by recording
current density i ¢ voltage (V) curveas shown irFigure2¢l. The i-V plot characterises th
electrochemical behaviour of a cell at set operating conditions (temperature and gas
compositions)and this graphical illustration typicallyeflects the type ofprocesses (i.e.
charge transfer reactions and gas utilisationat and high current densés respectively

that are occurring within theellunder operation. As previously indicated, the ASR can also

be calculated from thé&V curveusingEquation12.
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2.2.2 Electrochemical Impedance Spectroscopy

2.2.2.1 Introduction

Electrochemical Impedance Spectropg (EIS) is a tool often used in characterising cell
changes and understanding the electrochemical behaviour of the cell. This technique has
previously led to increased understanding of SOCs for fuel cell oper@enfiord et al.

2007 Jensen et al. 2007b

2.2.2.2Theory

Resistances across an electrochenhiczll depends on a number of processes. These
processes can include gas movement of reactants/products, cHeaigsefer reactions at the

TPB, gas conversion and electronic and ionic conduction of the electrodes and electrolyte
respectively.As these procgses often have different time constants and proceed on
different time scales, applying AC impedance can provide detailed information about them
and their contribution tothe overallresistance. Since AC can be generated at various
frequencies, it offera means to probe these processes with different time constéyiten

et al. 2010.

ACimpedance is usually obtained by apiplg a small AC potential onto a DC voltage and
then measuring the currenthrough thecell. Themagnitude ofthe appliedAC potentialis
small enough(~10mV)that it does not affectthe steadystate of the system, and a nearly

linear AC currentesponse to a sinusoidal potentialachieved.

As described by @R008), when a sinusoidal AC voltadel' €9n(. i is applied to a pure

resistor (R) a#g, the corresponding current,
T Ik W &Bin(- R (13)
is in phase withAz. BothAand Tare vectors rotating at an angular frequency.afWhenAis
applied to a capator (O asAc, the corresponding current,
Tl KRRA J2&. /AN OAlGch ~KHUK:- (19
is~ k ahead ofAc Here,XcI' ™k and /isicdlled the capacitive resistance, which is a

counterpart to the Ohmic resistancdf. we plot vectorsAand Tin a complex plane, and

assign the positive segment of the abscissd then Az and Ac will have 0 and k angles
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with T respectivelyAcfalls on the ordinate and can be assigned as imaginary in a complex
notation by using = (-1)Y2. TheAc=-jXcT\Eherej meansAcA & degtes apart fronT and

the minus sign means that the voltage lags behind the current.

WhenAis applied to a resistor R and a capacitor C that are connected in series,

Al REACTA Tjaw ' TA (15)
whereAandTK I & + LIKIF &S y3atS 6SG46SSy n YR ~KH &A
A Fjew (16)

isthe impedance. In a complex plane notation, R ar@pé plotted along the abscissa and
tKS 2NRAYIFGSET YR FNB GeLAOFItfte NBFSNNBR G2
FNB 2FiSy SELINB&aSR | a wQueRgZR %é NBaALISOGA OGSt

If two processes have similar time constantssitvery difficult to identify the individual
contributions using this technique. However, it has been shown that careful design of
experiments in which conditions are systematically varied can still yield a greatofieal
information on the processes invold€Jensen et al. 2007Primdahl and Mogensen 1998

The frequency response of the AC signal may vary frédiiz or higher to 1 mHz dower.

During EIS, cell characterisation can be obtained with the cell operating at open circuit
condition or at a higher cell voltage. For a detailed understanding of the processes occurring
within the cell and their resistances, characterisation athbobnditions (OCV and higher
voltages) is important. This is because, for example, if a SOEC is operating at higher cell
voltages, mass transport resistance is more dominant and the effect of chanmgysfer
kineticscould be subdued within the correspomgi impedance spectra. lén operating at

OCV itbecomes difficult toquantify the resistances contributing to mass transport
processegOrazem and Tribollet 2008Therefore, a combination of cell characterisation at
both conditions is vital in quantitately understanding the contribution of all processes to

cell resistance.

Nyquistand Bodeplots are commonly used to illustrate an impedance spectrum. A Nyquist

plot (complexLJt  yS RAIF3INI YO Ad RAALIX I &SR F2N) 46KS SE

measured at different frequencies, with each point representing the real and imaginary

parts of the impedance at a particular frequency. Th& I £ A YLISR I y-&iS and 2Q0 2
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0KS AYIF3IAYFNE AYLARRL ¢ GSpled pldné amdtied apioS eaeh
other and examples of this plot can be seerFigure2¢3b andFigure2¢4b. A Bodeplot is
an alternative representation of th@mpedance showing the frequencgsponse of the
system. As shown iRigure2¢3c andFigure2c¢4c, there aretwo types of Bode diagrams.
One describes the frequency dependence of the modulus j(legainst logZ| plotted on
the primary axis of both figuregnd the otherdescribeshe frequency dependence of the

phase (logi againsts plotted on the secondary axis of both figures)

The Nyquist plot of anmpedance spectrums more illustrative han a Bode plot and
enables quick and easyidentification of ohmic and polarisation resistancas well as
inductanceeffects Figure 2¢2 shows twoimpedance spectr on the same plofor CQ

electrolysis and C#H>0 ccelectrolysis. Theell processeglentified in this plotinclude

1 Ohmic resistance (@Bm), also known as serial resistance, which is the real part
resistance takemt the intercept of the axis
1 Total cellresistance (R, whichis the final value ofhe real part resistance
1 Polarisation resistance @ whichis taken as the difference between the ohmic and
total cell resistance (R
YooY Y 17

1 Inductance ), whichis often observed at highirequencies,is se@ in Figure2¢2
belos T SNB 2y GKS. AYFIAYINEBE %é | EAA

Inductance has a negative effect on the accurate measurement of the ohmic and
polarisationresistainces. InFigure2¢2, the effect of inductance would lead to an artificially
high ohmic resistanceAlthough it is primarily observed at high frequencigshas been
shown thatinductance can also influendbe middle andlow frequendesleading to errors

in the polarisation resistanc@aikova et al. 20Q9Inductanceprimarily occurglue towiring

and the cables connected to the electrochemical interfat@plementing an error
correction procedure is therefore important in increasing the reliability of the
electrochemical impedance resultSurther details on techniques for error correction due to
cable inductance can be found in literatu(8toynov and Vladikova 2009 urthernore

short wires are helpful for minimising the indacice effects as described Qi 2008.
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Figure 2¢2: Electrochental Impedance Spectra measured at OCV and*@56f fuel
electrode compositions 50% Q5% CO and 25% Ar (Green) and 509/&5% Hand 25%
Ar (Red) with pure oxygen flowing across the oxygen electf@dbesen et al. 20)2

2.2.2.3 Electrochemical Circuit Elements

EIS data are commonly analysed by fitting to an equivalent circuit n{fodeliprising of a
combination of resistors, capacitors, inductors, etc)his is because the response of a
reaction process to an AC perturbation is similar to that of a combination of resistors and
capacitors, as well as a few specific electrochemical elements (such as Warbungrdiffus
elements and constant phase elemen{s)acdonald 1992Yuan et al. 2010 Resistors are
involved in the reaction process since electronic and ioesistances will be encountered
when the electrons move through the electrodes and ions through the electrolyte.
Capacitors are involved as a result of charge accumulation which occurs at the electrode
electrolyte interface during the reaction process. Thembination of resistors and
capacitors can therefore be used to simulate a reaction process (charge transfer, mass

transport, etc).

The most commonly used circuit elements used equivalent circuitmodek include
resisance (R) capacitance (C) inductance (L) constant phase elements (CPE), Warburg
diffusion element (Ws), Gerischer element (GE), &igure 2¢3 is an example of an
impedance spectrum of an electrochemical system with one time constagtre 2¢3a
shows the basic equivalent circuit. In this figure, a resistor (R1) in series with a parallel
connection of a capacitor (C1) and resistor (R2) is describgdre2¢3b and c are the
simulated Nyquist diagram, and bode plot respectiv@lize series resistance Ra@hmic

resistance)represents the electric resistance, which comprises of ionic resistance of the
25
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electrolyte, electronic resistance of the electrodes and contasistancesR2 (polarisation
resistance) represents the resistance between the ohmic and total cell resistathas.the

double layer capacitance associated with the electretictrolyte interfaces.

R1 C1
N\ { |
R2
a
0.3
-0.25 - b
0.2 -
3-0.15 -
N 01 -
-0.05 -
0
0.4 0.9
0 -20
c
0.2
——1z] 15
04 =fi—theta
N 102
g8 g
-0.6 2
5
0.8
-1 0

log frequency § )
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Figure2¢3: a) lllustration of basic equivalent circuifsr an electrochemical system with
one time constanshowing a resistor (R1) in series with a parallel connection of a capacitor
(C1) and resistor (R2)) Nyquist plot of a on¢ime constant moel simulated over the
frequency range 10 kHz01 Hz (R1 = 0.45, R2 = 0.4lland C1 = 0.1 F). c) Bode plot of a

one-time constant simulated over theame conditions above.

¢CKS aKFILIS 2F || Y2RStQa AYLISRIFyOS &aLISO0GNHzY Aa
in the model and the interconnections between themr{gs or parallel combination). The

size of each feature in the spectrum is controlled by thedeikci St SYSy G a Q LI NI Y ¢
for examplejs a numerical analysis tool commonly used to fit the speeindthis tool

gives the best values for the equigat circuit parametersThe major shortcomings of an

equivalent circuit approach are that an impedance pattern obtained experimentally can be
presented by morehan one equivalent circuit. 30 setup a suitable equivalent circuit

model,an understandingf the underlyng processes is needed and a fundamental

understanding of the behaviour of the cell elements.

Figure2¢4a showsan equivalent circuit of gesistor (R1) in series with a parallel connection
of aconstant phase elemenf{CPE) andresistor (R2)Figure2¢4b andc are the simulated
Nyquist and bode plot respectively. The odlfference betweenFigure2¢4 and Figure2¢3

is that the capacitor has been replaced with a CRt& constant phase element is a non
intuitive circuit element commonly used to represent real systems in which the arc of the
semicircle is depressed. In realjtthe double layer of an electrochemical reaction does not
behave like a pure capacitor. For exampte,$0C, a depressed seairicle will be expected
due to its electrodeporosity, electrode inhomogeneity and surface roughness, variability in
thicknessand conductivity of surface coatingneven current distribution differences in
reaction rates at the TP@lechache et al. 20)4As a resulta constantphase element (CPE)
is used instead of the capacitor to compensate tloe distribution of the systemin this
study, a simple equivalent circuit modadnsisting of resistors and constant phase elements

has been applied as shown in Sectia.4

I /t9Qa NBaArAalulyOS Aa 3IALSY

(@]
(0F

“ehr JOF Py
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where s, called the phase parameter, is less than 1. The CPE represents C, R, and L

respectively fois value 1, 0 andl. Fors = 0.5, it gives the Warburg impedance.

a
R1 CPE1

RS NE

-0.3
-0.25 A °
-0.2 -
§0.15 8
-0.1 -
-0.05 A
0
0.4 0.9
0 -15
02 -12.5
——|Z| -10
E-OA —li—theta e g
o -7.
2-0.6 é
-5
08 25
-1 0

log frequency § )

Figure2¢4: a) lllustration of basic equivalent circuitsr an electrochemical system with one
time constantshowinga resistor (R1) in series with a parallel connection ajrestant phase
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element (CPEL) and resistor (R2p) Nyquist plot of a onéime constant model simulated
over the frequency range 10 k#8201 Hz (R1 = 0.48, R2 = 0.4l CPET = 0.1 F and CREL1

P(s) = 0.85). c) Bode plot of a oftiene constant simulated over theame conditions above

As previously describedhe series resistance R&presents the electric resistance, which
comprises of ionic resistance thfe electrolyte, electronic resistance of the electrodes and
contact resistancesR2 represents the resistance between the ohmic and total cell

resistance.

Note: For the high frequency arc (CPEL), the fitted-©R&lues in all data presented in this
thesis varied from 0.63 to 0.75 while that for the low frequency arc varied from between 0.7

to 0.95.

Warburg diffusion element (W$3 generally usetb describe a diffusion limited procesis
previously indicated, the Warburg elementalsoa speciabed element with a phase value

of 0.5 (See Equation 18p a situation, for example, where a process is also influenced by
diffusion to and from the electrode (charge transfer for example), the Warburg impedance
will be seen in the impedance ploThe red and imaginaryaxis of a spectrum of the
Warburg impedance forma straight line with a slope of 46 with the abscissa. Further

details on thewarburg elements describedlsewhere(Lvovich 201p
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2.3 High Temperature Electrolysis of Carbon dioxide
ina SOC

High temperature electrolysis of carbon dioxide in a SOC has been less figquent
investigated compared to 4@ electrolysis and 4@/CQ co-electrolysis Although SOCs were
initially optimised for HO/H; investigations, the oxygen ionic conductivity of the electrolyte
enables the electrolysis of carbon dioxide for CO productidre wtential of a SOE®
reduce CQ to COhas been explored in a number of studi&bbesen et al. 201Ebbesen

and Mogensen 200&Elikan et al. 197.XKimLohsoontorn and Bae 201Rim-Lohsoontornet

al. 2010 Zhan and Zhao 20)0In the late 1960s, electrolysis of £@ SMCs was first
demonstrated by NASA for purpose of @roduction for life supports and propulsion in

submarines and spacecrdtlikan et al. 1972

Ebbesen and Mogensen (20G8sted planar Ni/YSZ supported cells of 5 cm x 5 cm with an
active electrode area of 41t x 4 cm undevaryinggas compositionsf GO, and COmixtures

at 85(°C. ASR&alculated fromi-V curves at0.25 A/cnt usingEquation12) of 0.36LL, cn?

and 0.37L cn? were calculatedfor 50%CQ/50%CO and 70%Q/30%CO respectively
when operating in electrolysis mode. On the other hand, ASRs 0fl)@& and of 0.3 L],

cn? were calculated for 50% C@50% CO and 70% @80% CO respectivelywhen
operating in fuel cell modandicatinga higher activity for oxidation of CO than reduction for
the cells employedUsing the same planar Ni/YS@pported cell, an ASR of 0.Récn? was
calculated for 50% 0/50% H during steam electrolysis indicating aysificantly higher

performance of the electrolyser undékO/H, conditions.

KimLohsoontorn and Ba€2010 also tested fuel electrodeNi-GDC button cells with an
active electrode layer of 0.785 émnat 800°C under varying compositions of £CO
mixtures.The polarisation resistangérom the impedance plotyvas found to increase with
an increase in GQcontent (i.e. 70% C£30% CO > 50% CGMB0% CO) and asignificant
increase in polarisation resistance was observed when operating at 10Q% @@ fuel
electrode.Zhan et al. (2009explains that the higher polarisation resistance observed in a
cell with a higher CfOcontent in a C&JCO mixture is due to the lower diffusivity ofie

higher molecular weight G@hrough the porais cathode The use opressurisedCQ gasses
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during SOEC operatiorould aid in the reduction of polarisation resistance due to mass

transport limitations

SOC degradation during &@lectrolysis has been investigated over long periods of
operation (over500 hours)The mechanism of cell degradation during £é&ectrolysis is
similar to that of C@JH2O cacelectrolysisdiscussed irBection2.6.2.1 Furthermore, issues
relating to formation and deposition of carbhpfrom the reduction of CO, on the active sites

of the TPB are also discussedsiection2.6.2.2

2.4 High Temperature Co-electrolysis of CQ and H.O
iIn a SOC - Reaction Mechanisms for Syngas

Production

The relative contribution of the electrochemical and chemical reactions to syngas
production in an SOE® a highly debated topicThereis debateas to whether COis
produced from Ceelectrolysisthe r'WGSR or both.

Stoots et al. (2008suggested that steam electrolysis anlde rWGSR were the only

reactions which took place within this procesthe hydrogen poduced from steam
electrolysisis thought to beused to reduce C{io CO via the rWGSBtoots et al. (2008
proposedthis reaction mechanism having observed a similar ASR Joreléctrolysis and

HO/CQ co-electrolysis. Furthermore, thédSRfor CQ electrolysiswas observed to be
significantlyhigher than HO electrolysisand H.O/CQ co-electrolysis Ebbesen et al. (2009

alsod dz3 3 S a U R of {peskily mst of) the CAINRE RdzOSR NB adz §& FNRB)Y

because rWGSR equilibrium favours the chemical reaction &850

Recent investigations byli (2013 and Ebbesen et al. (20)2lescribed inSection2.4.1and
2.4.2respectivelyhave arguedtherwise that CO igproduced both from the rWGSR and the
electrochemical reaction during the high temperature-aectrolysis of carbon dioxide and

steam in a SOC.
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2.4.1 Co-electrolysis Electrochemical Model for Syngas

Production

Ni (2012 developed an electrochemical model qgoantify the contribution of the rtWGSR to
CO production by comparing the fluxes of CO at the addhadectrolyte interface(where
the electrochemical reactions predominantly occand at the cathode surfac@vhere the

chemical reactiorccur).

The DustyGas Model (DGMNi 2011 wasemployedto determine thetransport of the gas
species through the porous cathod@ehich relates to the rate of the rwWGSR and the rate of
the electrochemical reactionsAt the cathodeelectrolyte interface, the flux caused by the
electrochemical reactions was related to the current densities. The difference therefore in
fluxes at the cathode surface and the catheelectrolyte interface was assumed to be
caused by the rwWGSRhe working mechanisms proposed for the high temperature co
electrolysis of COand HO can be seen irFigure2¢5. In this study the electrochemical
reactions were assumed to occur at the electrode/electrolyte irgeef while the chemical

reaction occurs across the full depth of the fuel electrode.

Figure2¢5: Working mechanisms of SOEC fosetectrolysis of D and CQ(Ni 2011
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2.4.1.1 Effect of temperature

In determining the effect of temperaturen the coelectrolysis reactionaNi (201) varied
the operating temperature between 873 K and 1073 K while operating.&tV anda
cathode inletcomposition of 49.7%h0, 25%CQ, 25%H,, 0.3%CQ

As shown irFigure2¢6A, the study found larger CO flux at the cathode surfg@ghan the
cathodeelectrolyte (E) interface at 873 K indicating the r’WGSR was contributing to CO
production.CQ electrolysis was calculated to contribute @D production by 75%hile the
rWGSR contributed 25%. This implies that CO is indeed also produced from the
electrochemical reactiorAt a higher temperature of 1073 K however, CO was consbyed

the water @s shift reaction (WGSR). At a higher temperature, it can also be observed that
electrochemical reduction of GQoccurs owing to the larger CO flux at the cathode

electrolyte interfaceasseenin Figure2¢6B.
A B

Figure2¢6: Effect of temperature on celectrolysis of kLD and C@ Figure A and Bhows

Hz> and CO fluxes at 87%hd 1073Krespectively(Ni 2019

2.4.1.2 Effect of gas composition at cathode surface

The gas compositiawere varied (case 1: 49.7%®, 25% H, 25% Cg 0.3% CO, case 2:
49.7% HO, 0.3% H, 25% CQ 25% COral case 3: 25% 4@, 25% H, 49.7% C& 0.3% CO)
while comparing the fluxes of CO and &t the cathode surface and cathoddectrolyte
interface. In all casesthe operating temperature and voltage was073 K and 1.3 V

respectively
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Figure2¢7: Effect of varying cathode inlet gas compositions orelaztrolysis of KO and
CQ. Figure Ashows Hand CO fluxes atase 249.7% 1O, 0.3% H, 25% C@ 25% CQvhile
Figure Bshows H and CO fluxe$or case 3at 25% HO, 25% H, 49.7% C& 0.3% CQNi
2011)

In case Zhownin Figure2¢7A, the CO flux increasefdtom negative value at the cathode
electrolyte interface (CO production from electrolysis) to positive value at the cathode
surface (CO consumption via the WGSR). For cab®\8nin Figure2¢7B, the flux of CO
was considerably higher at theathodesurfacethan the cathodeelectrolyte interface due

to the high rate of r'WGSR inside the cathode.

2.4.1.3 Effect of operating potential

The fluxes of CO and:Hat the cathode surface andathodeelectrolyte interfacewere
comparedwhile varying the operating potential between 1.0 V and 1.4 V at 10W&Han
inlet gas compositionf 49.7% HO, 25% CQ 25% H, 0.3% CO

At 1.0 V, the CO flux at the cathode surface was about 3 times higher thdtuxhat the
cathodeelectrolyte interfaceindicating the significant contribution of the rwWGSR to CO
production (shown inFigure2¢8A). At a higher potential of 1.4 V, the flux of CO at the
cathode surfaceshownin Figure2¢8B, was smallerthan that at the cathodeelectrolyte
interface indicating CO was being consumed. iBhiisrther observed in the higher flux ot H

at the cathode surface indicating CO was being consushé&igher operating voltages.
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A B

Figure2¢8: Effect of temperature on celectrolysis of kD and C@ Figure Aand B show H
and CO fluxes at 14hd 1.3Vrespectively(Ni 201])

The results showmn this modelagree well with the experimental dat&om Zhan et al.
(2009. These electrochemical modefindings contradict the understanding thafO is
produced solely from theWGSR. Thmodel showsthat both electrochemical and chemical
reactions occuduring the high temperature celectrolysis of carbon dioxide and steam in a
SOEC. The amount of CO produced is also shown to be highly dependbet aperating

temperature, inlet gas composition and applied voltages.

2.4.2 Experimental Investi gation

The reaction mechanisms for the electrochemicalreduction of HO and C@in SOECs
were briefly investigatedin a studyby Ebbesen et al. (20)2The ASRs of all three mixtures
(HLO-Hz, CQ-CO and kD-CQ-H-CO) were comparedd Ni-YSZ supported solid oxide cell
(NFYSZ/YSZ/ILSMISZ) was operated at 750 and 85Qvitha CQ/H-O feed and pure oxygen
sweepgasat the oxygen electrode side. The measured &SR ulated fromFigure2¢10at -

0.16 A/cn?) for CQ electrolysis was slightly higher than that fopHand H.O/CQ co-
electrolysis Other studis have also shown this trend of a higher ASR far él€atrolysis

than BO and ceelectrolysis(Ebbesen et al. 20QKimLohsoontorn and Bae 201&im
Lohsoontorn et al. 20%1Stoots et al. 2008Yue and Irvine 201,2ZZhan et al. 2009 Ebkesen

etal. (2012SELX F Aya GKIG aAF 2yte &dSvbudbSiiediOi NR f & :
the chemical reaction, then the observed ASR would be identical to the ASR for steam
St SOGNRTf @arasé o -eleCtdi)ls pBaNatDNIRSstael vihish spegifically
reflects the electrochemical activity within the cell was found fréngure 2¢9 to be
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between that for individual COand HO electrolysis.Ebbesen et al. (20)Zoncludes
therefore that both C@ and RO electrolysis would be active in the electrochemical

reactions.

The base compason of the fuel electrode compositions of £@b0O and HO/CQ co-
electrolysigs very importan{Ebbeseret al. 2012. The equilibrium compositions of génd

H2O in the ceelectrolysis process were equal to cold inlet compositions during individual
steam and carbon dioxide electrolysis. The: €Bctrolysis carried out b¥han et al. (2009

for example was performed undemwold inletgas compositions of 75% &énd 25% klat
80C°C while using a fuel electrode supported celYNZ/YSZ/LS@DC) Operating under
these conditions would result in the presence of the rWGSR and therefore the anticipated
CQ electrolysis reaction is actually a-etectrolysis process consisting of electrochemical
and chemical reactions. Furthermore,ettb6% HO and 19% GCQCequilibrium composition

were different to the inlet feed of KD electrolysis which had a ®HO content.

Figure2¢9: AC characterisation operated at 750 and 85t varying CGOHO, CQH20
mixtures(Ebbesen et al. 202
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Figure2¢10: DC characterisation operated at 750 and 85@&t varying COHO, CQH20

mixtures(Ebbesen et al. 202

2.4.2.1 Effect of temperature and Ni catalyst in the fuel electrode

Ebbesen et al. (20)2ound the measured gas composition of the-etectrolysis mixture at
OCMto be close to the thermodynamic equilibrium composition indicating the equilibrium
of the WGS/rWGSR was reached within the ceBraswvnin Table2¢1. Thiswas achieved

with nickel present in the fuel electrode of the cathode supported.dédie effect of varying

the operating temperatures can also be seen in the measured gas composition shown in
Table2¢1. At a lower temperature of 75(C, the effect of the water gas shift reaction is seen

due to the slight increase in @é&nd H mixtures compared to that at 83C.
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Table 2c1: Comparison of cold gas compositiorie the fuel electrode, measured gas

compositions and the calculated thermodynamic equilibrium compositilbbesen et al.

2012

Gas composition to the Ni | Measured gas composition| Thermodynamic equilibrium

Temp. YSZ electrode composition

25% COC 25% HOC 25% | 34% COC 16% HOC 16% | 33% CQc 17% HOC 17% CO

850°C COc¢ 25% Ar CO¢ 8% H ¢ 25% Ar ¢ 8%H, ¢ 25% Ar
25% Ce¢ 25% HO ¢ 25% 35% C@c 15% HO¢ 16% | 34% C@c 16% HO¢ 16% CO
750°C COc¢ 25% Ar COc¢ 9% H ¢ 25% Ar ¢ 9% H ¢ 25% Ar

To summarise,the electrochemical performance of the SOC operating under steam
electrolysishas beenobserval to be slightly higher than GM®I>O cacelectrolysis and
significantly higher than GQelectrolysis. The celectrolysis polarisation resistance which
specifically reflects the electrochemical activity within the dedls beenfound to be
between that forindividual C@and HO electrolysis indicating steam and carbon dioxide
electrolysis reactions are active in tipeoduction of H and COrespectively Based on the
experimental and mathematical model findings, it can be said that the proportion of syngas
produced will ultimately depend on temperature, inlet gas compositions and applied voltage

with all three reactions contributing toz&nd CO production.

2.5 Properties, Materials and Characteristics of SOECs

The majority of investigationsto the high tempeature electrolysis of COand HO in
SOEC#ave focused on the development of novel SOEC materials and optimisation of
conventional materials under varying operating conditiorfS8olid oxide kectrolysis
investigations have benefited greatly from the advament in fué cell technology
particularly with regards to material selection for enhanced $&@rmance(Goodenough

and Huang 200™Minh 2004 Sun and Stimming 2007

There is, however, differences in operating conditionsuch as the higlsteam content
environment in thebulk of thefuel electrodewhich can aceleratethe agglomeration of Ni
particles present in the fuel electrodseeSection2.5.2.7 (Eguchi et al. 199@guchi et al.

1995 Tanasini et al. 2009 Furthermore, high oxygen partial pressure at the
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electrolyte/oxygen electrode interface is observed at hgghrent densities, leading to the
degradation of the oxygen electrode(see Section2.5.2.2 (Chen and Jiang 201Kim
Lohsoontorn et al. 2010Knibbe et al. 201,0LagunaBercero et al. 20L1Virkar 2010.
Consequentlythere is a great interesin the optimisation of conventional materials and

development of new SOE materials.

2.5.1 Electrolyte

The electrolytemust havea high ionic conductivity at the operag temperature. Yttria
stabilised zirconia (YSZ) is the most commonly used electrolyte material and is typically
composed of 8 mol %®: doped in Zr@ YSZ is predominantly used for this application due

to its high ionic conductivityseeTable2¢2), mechanical strength and chemical stability with
most electrodes at elevated temperatures. In addition, the electrolyte material also has to
be compatible with the thermal expansion coefficient of both electrodes abagdbeing gas

tight (Wincewicz and Cquer 2005.

Pure zirconia on its own shows polymorphism i.e. it undergoes a phase change from
monoclinic at room temperature to tetragonal at around 12Z0and cubic phase at 2310

The change in state upon cooling causes a volume expansion which snetuess onto the
material causing it to ultimately crack. By substituting #rith Y8, the structure stabilises

at tetragonal and cubic phases at low temperatures and, as a result of the lower valence
cation, oxygen vacancies are introduced in ordemtaintain charge neutrality in the lattice

thus increasing the ionic condtivity of the materialYokokawa and Horita 20D3

Scandia stabilisedirconia (ScSZ) is an electrolyte material with a higher ionic conductivity
than YSZseeTable2¢2) leading to the possibility for operation at lower temperatures. One
problem associated with the use of scandiwrthat it is only found in tracamounts and

has a low world production rate resulting in prices per kilogram almost 15 times that of
yttrium (metakpages.com 208). In addition, its use is mostly limited due to its polyphase
system resulting in an unstable ionic conductivity over long periods of operation at high
temperatures (~700¢ 100°C) (Badwal et al. 2000Ciacchi and Badwal 19P1Recent
investigations havesoughtto stabilise the conductivity and crystal phase of this material
(Miller et al. 2013 Spirin et al. 2012Yamaji et al. 2003 In a recent study conductedyb
Spirin et al. (2012 10 and 11 mol % 8&-ZrQ were doped with jtria. At low sintering
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temperatures of 101@ 130C°C, stilisation of the cubidluorite phase was achieved for Y
doped ScSZ composites. In addition, high and stable conductivity was obtained during
extended annealing at 880 for 2700 hours for-¥oped ScSZ composites sintered below
110C°C. Further investigains are still ongoing to achieve stability for even longer periods of

operations.

Table 2¢2: Approximate ionic conductivities for electrolyte materialéWincewicz and

Cooper 2005

Operating temperature = 80C

Electrolyte material YSZ ScSZ GDC YDC *LSGM

lonic conductivity (S c® | 0.02 0.1 0.158 0.0355 | 0.158

*LSGMs Lanthanum Strontium Gallate Magnesite

Gadolinium doped ceria (GDC) asamariumdoped ceria 0C) area family of ceria based
electrolytes with a higher ionic conductivity thahet conventional YSZ thus leading to the
possibility of operation at lower temperatures shown infable2¢2. In addition, they have

been shown to be more compatible with higher performing anode materials such as
lanthanum strontium cobalt ferritelSC}: (YSZ and LSCF are not chemically compatible due

to the formation of a resistive lay@ree et al. 2009. Ceria (Ce£) exhibits high electronic
conductivity and by substituting with dopant (gadolinium omgaium), oxygen vacancies

are created within the material without introducing further electric charge carriers. There is
however, a number of drawbacks to the use of ceria electrolytes in electrolysis operation. In

a material investigation studygguchi et al. (199602 y Of dzZRSR (KI & a ol NB
Olyy2d 06S dzaSR Ia GKS StSOGUNRftedsS F2NJ {ho/
partial reduction of C¥ to Cé* occurs which in turn decreases the ionic transport number

of the material. This reduction induces electronic conductivity onto the material which
effectively partially short circuits the cell. It is the electronic current leakage through the
electrolyte which causes a drop in open circuit voltage and leads to a loss in cell efficiency.
Asa result of this electronic conductivity, ceria based electrolytes are generally referred to
as mixed ionic and electronic conducting (MIEC) material. Furthernioeereduction of

ceria has been shown to be thermally activated (effect increase-700C and above) and

this process could induce mechanical stress onto the material thus leading to cré<kimg

Lohsoontorn and Bae 201Deah et al. 2011
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To offset the possibility of electronic leakag&mLohsoontorn et al. (20)linvestigated
the performance of a Hayered YSZ/GDC electrolyte duringetectrolysis operation. fie
electronic propertief ceria based material reated the cell OCV when operating at 800

and BO/H, = 50/50are givenn Table2¢3.

Table2¢3: OCV of different materials for steam electrolysis at 8@IKim-Lohsoontorn et

al. 2011

Ni-GDC/GDC/LSMSZ Ni-GDC/YSZ/LSMSZ Ni-GDC/YSZ/GDC/LSK&Z

OCV (V) | 0.68 0.88 0.80

The YSZ layer was adden lilock off the electronic short circuit in the cell howewam
Lohsoontorn et al. (20)kuggested it might not havieeen dense enough hendbere was

alower OCV in th&rSZ/GDC than the YSZ electrolytee electrolyte had large thickness of

~1.5 mm and further work is still needed to optimise the cdilse results showed that the
bi-layered YSZ/GDC electrolyte cebkhibited significantly higher performance when
compared to the cell using YSZ or GDC electrolyte during electrolysis operation. Unlike YSZ
electrolytes which exhibit a lower performance in SOEC mode than SOFC operation, the ASR
of the bilayered electroly¢ was higher in SOEC mode than SOFC. Durability tests at
operating conditions of 80, 60 mA crhand BO/H, = 50/50 on the blayered electrolyte
however showed decay in performance over a 93 h pe(iGidrLohsoontorn et al. 20)1

Further investigations are still needed to understand the decay mechanism of this material.

Other high performing SOE electrolyte materjalarticularly & intermediate temperatures
include a family of perovskites based on La&ad@ped at both A& B- sites such as LSGM
(with Sr doped on the Asite and Mg doped at the -Bsite) (Mizutani et al. 1994 Steele
2000. At intermediate temperatures, LSGM has been shown to have a higher ionic
conductivity than YSZ as shownTable2¢2. At a 1000C, t was observedby Yan et al.
(2002 to have a similar ionic conductivity to YS2&veral problems have beesgported with

the use of LSGM. They include difficulty in manufacture of thin electrolytes, high costs of
materials (Yamamoto 200Ppand a lowerlong term nechanical stabilit)compared to YSZ
(Yan et al2002.
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2.5.2 Requirements of Electrode Materials

Keyrequirements of the electrode materials and their effect on SOC operatien

1 Sufficient porosity to allow for the inlet and outward flow of species

1 Chemicalstability and thermal compatihity with other contacting materials
(electrolyte and interconnect),

1 Inert to the reacting gas species

1 Matching thermal expansion coefficient to other contacting materials

1 Chemical stability ofuel and oxygenside electrodesin reducing and oxidising

atmospheregespectively.

2.5.2.1 Fuel Electrode: SOE Cathode

The electrolyser cathode is usually a composite ceramic and metallic (cermet) material
made up of Ni as the metallic material and a ceramic electrolyte, usually YSZ or GDC. The
ceramic cathode is important to limithe nickel agglomeration at high temperatures;
increase the active length and to match the thermal expansion coefficient to that of the
ceramic electrolyte. Ni is usually added in the form of NiO and then subsequently reduced to
metallic Ni during experim#al startup. Other promising cathode materials include
perovskite structured materials such as lanthanum strontium chromium manganate (LSCrM)
and lanthanum strontium titanate (LST), all used combined with an electr@meet al.

2017 Li et al. 2012 These perovskites structured electrodes are promising over Ni based
electrodes because they do not require a reduciggs to achieve performanc@adwall

2001).

Ni-YSZ is the most commonly used cathode material for electrolysis operation and most
investigations have focused on improving its performance (i.e. increasing the length of the
active TPB). The use of a metal catalyst such akeNia the electrode might be
advantageous in improving the kinetics for syngas production. It has been shown that the
equilibrium of the rWGSR is easily reached when usinyyS¥i cathode supported cells
(Ebbesen et al. 20)2There are a number of disadvantages with the use of Ni in the fuel
electrode. Ithas been showthat high steam environment acceleratdge agglomeration of

Ni particles(Tanasini et al. 20Q9 consequently leading to a change in the electrode

microstructure and a decrease in the length of the T&&hested 2006 Egudi et al. (199%
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also reported that the polarisation of the Ni electrode became large as the operp@ing
approachedhat of the Ni-NiO system.Eguchi et al. (199proposedthe formation of a less
active layer arising from the oxidation of Ni particles under high steam content
environment consequentlysuggestinghat the use ofa precious metamay bepreferable

underahigh steam environment

KimLohsoontorn and Bae (20)18tudied the electrochemical performance of-¥8Z, Ni

GDC and Ni/RGDC (Ru =uthenium)cathodes over a range of temperatures and inlet gas
compositions (kD, CQand C@H20). They observed a higher performance of theaRiC

and Ni/RuGDC electrodes over the -NBZ electrode during electrolysis operati@dim:
Lohsoontorn and Bae 20)6uggested the higher performance of the ceria based electrode
was as a result of the oxygen storage capacity of GBi€hvelped to supress the oxidation

of the Ni surface. However, as the steam tpritio increased (KO/H. ratio = 50/50 to
90/10), they observed a slight decrease in the overpotential of theY$¥ electrode;
however a significant increase in overpotatwas observed for the ceria based electrodes
when these steam compositions were increased. The sensitivity of the GDC conductivity to

pO: was attributed to the signifent increase in overpotential.

As an alternative to metal catalysts such as Ni whégjuires a continuous flow of reducing
gas (such asJHto avoid Ni oxidation, the use of perovskite structured electrode materials
hasgained significant intereqt.eeet al. 201QLi et al. 2012Yang and Irvine 200& ue and
Irvine 2012. Yang and Irvine (2008&rst proposed the use of LSCrM/GDC as a cathode for
electrolysis, although their study only focused on low steam eotrations (3 vol. % 1D).
Yang and Irvine (200&bserveda better performance for the LSCrM/GDC overWsiZ
electrodes in atmospheres with low hydrogeontent. However, the LSCM/GDC cathode
showed a much largeesistance at lower voltage$.q V) and this effect was attributed to
the reduction of the perovskitstructured LSCrM phas&ang and Irvine (2008oted that
further work was still needed to improve the electrode microstructure and current
collection as welbls to explore the partitioning of processes related to the conditioning of
electrodes. Furthermore, chemical changes associated with the reduction of the LSCrM/GDC

perovskite phase were observed.

Li et al. (201pinvestigated the use of perovskited&6.sTiQ+« (LST) composite cathods a

an alternative to the conventional NMiSZ under GO conditions.The reduction of the
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LST cathode was the main process at low applied voltages whereas elecwplsations
were prominentat high voltages. Further investigations are still neededetoninate

reduction of this material and improve its performance.

2.5.2.2 Oxygen Electrode: SOE Anode

The electrolyser anode is usually composed of YSZ and a perovskite, most commonly LSM
with the perovskite serving a purpose to provide electronic activity.odighh LSM is a poor

ionic conductor, it is typically used with doped zirconia due to its compatibility with the
electrolyte material. Other promising anode materials due to their mixed ionic and
electronic conductivity include barium strontium cobalt feerBSCF), lanthanum strontium
cobalt ferrte (LSCF)ahthanum strontium copper ferrite (LSCuF), themum strontium

ferrite (LSFand barium cobalt ferrite niobium (BCFRBo et al. 2008Liu et al. 2012Simner

et al. 2003 Yamaura et al. 200%ang et al. 2001

In recent years, mixed ionic and electronic conductivity electrodes (MIECs) have been widely
investigated for fuel cell operation due to their ability to extend the reaction sites beyond
the conventional ideaof the TPB. This implies that the electrochemical reaction zone of
MIECs is not confined to the TRB the electrode¢ electrolyte regionand therefore
electrochemical reaction can occur over tdepth of the electrode. Various studies have
shown an incrased electrochemical area with these materials over conventional anode
materials, leading to a lower activation polarisation across this electrode and therefore
higher electrochemical performancé€DiGiuseppe and Sun 201lWang et al. 1999
Yokokawa and Horita 2003

In an electrode material studyKimLohsoontorn and Bae (20)10observed higher
performances in LSCF and LSF electrodes thanYiISaMelectes both under fuel and
electrolysis cell operations. The higher activity of LSCF during fuel cell operation is due to its
ability to increase the reaction zone beyond the TPB due to its mixed ionic and electronic
conductive characteristic. The activity afl electrode materials was higher in fuel cell
operation than electrolysis; however LSX&Z displayed a more symmetrical behaviour in
both modes of operation. Similar observations were also seen in a previous stidigrima

et al. (2007 where a depletion of oxygevacancy concentration when changing from SOFC
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to SOEC mode in MIEC electrodes (LSCF and LSCuF) was thought to be the reason for lower

performances during electrolysis operation.

KimLohsoontorn et al. (20)0compared the performances of the conventional L-8BZ

with BSCF oxygen electrodes under electrolysis operation. Over a range of operating
conditions, they found the BSCF oxygen electrodesy@/%Z/BSCF) showed a higher
performance than LSM'SZ based cells. However over a 20 h operational period, at 0.3 A
cnr?, 850°C, HO/H, 70/30 ratio, they found a higher decay in performance for the BSCF cell
over the composite LSMSZ. The EIS measurementewsd a significant increase in
polarisation resistance arcs and a shift in the purely ohmic resistance. Further investigations

are still ongoing in determining the causes of these resistances.

To summarise, there is a huge focus currently on the optinaisaif conventional materials

as well as the development of novel materials particularly perovskite structured materials
for the oxygen electrode. For the electrolyte, YSZ is still seen as the most durable electrolyte
material for SOC investigations. Theeuof bilayered YSZ/GDC electrolytes have been
shown to be promising in increasing the ionic conductivity of the electrolyte and allowing
for the use of higher performing MIEC oxygen electrodes. Falemrolysis investigations,

the use of NiYSZ overraerging perovskite fuel electrodeduld beadvantageous because

of the increased gas conversion in the chemical reaction dur#@€Q co-electrolysis. At

the oxygen electrode, MIEC electrodes are being thoroughly investigated because of their

increasedactive site length which extenagross the full length of the electrode
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2.6 Experimental Investigations of High Temperature

Co-electrolysis of CO2 and H2O

2.6.1 Electrochemical Performance

The majority ofco-electrolysis experiments havecused on improvinghe performance of

conventional SOCs (NISZ/YSZ/LSKISZ)Table 2¢c4 summarisessome key recent results

from the high temperature celectrolysis of C&and HO.

Table2c¢4: Initial SOEC performance from high temperature-electrolysis of C@and HO

Cell materials, Area specific | Temp Gas Total Current Initial Ref
compositions and inlet gas flow (°C) composition at | Initial density voltage at
specifications rate (m¥/h the fuel ' {w | (Alcm? current
m?) electrode cny) density (mV)
Single cell planar Ni Cathode: 45%
YSZ electrode support H0, 45% C£X
(NFYSZIYSZILSMISZ) 15.5 850 10% H ** 0.33 -0.25 920 (Ebbesen
with cell active area of Anode: 100% © etal.
4x4cm 2010
Multi cell stack planat
Ni-YSZ electrode
supports (NH Cathode: 45% | Ave
YSZ/YSZ/LSWSZ) 3.9 850 H0, 45% C£& RU = -0.2 ~920 (Ebbesen
with adive electrode 10% H **0.58 etal.
area of 9.6 x 9.6cm Anode: 100% © 201))
Stacks were compose
of 10 RU* containing
cell and interconnects
Ni-YSZ electrode Cathode: 50%
supports (N 20~ 125 800 H:0, 25% C&&%
YSZ/YSZ/ILSGBC) 25% H ok ~0.2 ~920 (Zhan et
with cell active area, Anode: Air 0.22 al. 2009

0.5~2.4cm

*Where RU represents the repeating uriit the stack. ** The ASR (0.38 cn¥) was

calculated from the-V curve ***The ASR0.22Ll, cn¥) was takeras the totalcellresistance

obtainedfrom the impedance spectrand not calculated from the polarisation curve
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Coelectrolysis of C&#H-O using SOC stacks is vital for achiedange scale syngas
production. The performance of the @dectrolysis stack was compared with previous
identical single celhisshown inTable2¢4 under similaroperating conditions. However, the
areaspecific inlé gas flow rate which directly relates to the gesnversionpolarisation
resistance was lower in stacperation (3.9 n¥/h m?) than the single cells (15.5%h m?). In

the case of multi stack testing, impedance measurements for each repeating unit showed
the effects of ohmic and polarisation resistances. The increase in ohmic resistance was
observed to originate mainly from cell contact resistance to the interconnect plates while
the polarisation resistance originated from an increased gas conversiorodue tower gas

flow rates usedIn two separate studies carried out under the same operating conditions of
50% HO ¢ 50% H at 850°C and NiYSZ fuel electrode, a lower gamversiorresistance was
alsorecorded when operating at a higher flow rate. A ga8 Y OSNBEA2Y NBaAAAGH Y
cn?¥ (Ebbesen et al. 20)@vas recorded at an area specific intgs flowrate of 15.5m3%h

m2and 0.13w  &(Ebbesen et al. 20}t 4.9m3%h m2.

The information give in comparing single cell and stack operation highlights important

aspects assaated with large scale testing.

2.6.2 Degradation of SQCsunder electrolysis operations

Degradation of SOCs during electrolysis investigations can be classified into low current
density (<0.75A/cm?) and high current density degradation-@=/5A/cm?) (Ebbesen et al.

2010 Schiller et al. 20091t has been argued Wdybbesen et al. (20)@hat degradation at

low current densities is largeBttributed to the adsorption ofimpuritiesin the feedat the

TPB. On the other hand, the effect of cell operation athigh current density has
predominantly led to degradationand delaminationof the oxygen electroddrom the
electrolyte Oxygen electrode degradation occurs due to the high oxygen partial pressures
at the oxygen elecode/electrolyte interface(Chen and Jiang 201KimLohsoontorn et al.

2010 Knibbe et al. 201d.agunaBercero et al. 20LNVirkar 2010).

The majority of the investigations into the degradation 80Cs during electrolysis
operations have focused primarily on the use ofOHH, mixtures. Advancement in the
development of this technology (i.e. eliminating all issues of cell degradation) for steam

electrolysis would directly benefi€Q electrolysis ad CQ/H20 coelectrolysis operatioa
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This is because the key issue of cell degradatibibe operatingat high current densities is
not a consequence of thehemicalfeedstockflowed to the fuel electrodebut a failure in

cellcomponents (i.e. material @ahmicrostructure).

2.6.2.1 Degradation mechanism and durability of SOECs at low current

density operation
Degradation of SOECs at low current density has been studied over long periods (~1300
hours) of operationZhan et al. (2002tested an electrode supported NiYSZ/YSZ/LSMSZ,
LSMcell under ceelectrolysis conditionsf 25% H, 25% C@and 50% ED mixture at 808C
and current desity of-1.05A/cn?. A mssivation rate of 0.26 mVAvas observedver 100
hours of operation. The slight degradationbservedwas attributed to a number of possible
processes possible Ni migration in the N¥SZ electrodeas a result of the high steam
content environment, instability of the LSM air electrodes on YSZ electrobmel air

electrode dedmination from the electrolyte.

The ceelectrolysis investigatioby Ebbesen et al. (20)®@perating at 856C,-0.25 A/cn?,
45% HO-45% C@10% H and an initial short term cell voltage of 920 mV attributed the
effect of operation at low arrent densities to the presence of impurities in the gas stream.
After 50h of operation, they observed a passivation rate &7@.mV/h as seen iRigure2¢

11. Thisrate further altered (mostly degradatiorather than activation) with time and the

last 50 h of operation showed a long term degradation of 0.003 mV/h.

Figure2¢11: Durability test showing cell voltage at-MEZ electrode during @ectrolysis {
0.25 Acm?, 45% HO-45% C@10% H) operation before inlet gasses were clear(&thbesen

etal. 2010
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The inplane voltage shown on the righiand y-axisof Figure2¢11 representshow evenly

the direct current is distributed on the metal foil that serves as a current conductor to the
cell. Although not etirely shownin Figure2¢11, Ebbesen et al. (20)®bserved a slight
increase in the cell voltage when theptane voltage remainethirly stable towards the end

of the operation. Further impedance analysis of the cell showed no change in ohmic
resistance whereas polarisation resistance increased indgatine cause of cell
degradation. Gas shift analysis of both electrodes showed a significant change in the fuel

electrode of the cell whereas only minor changes occurred at the oxygen electrode.

After the inlet gasses had been cleaned to removeiarpurities, it wasfound that both ce
electrolysis cellsg( ando ) as shown inFigure2¢12 remainedfairly stable
with no degradation. During the first 150 hours, the cell vgdtaf AHO-CQ increased from
912 mV to 917 and remained stable for 600 h of operation.

Figure2¢12: Durability test showing cell voltage at-MEZ electrode during -@ectrolysis {
0.25 Alcnt, 45% HO-45% C@10% H) operation after inlet gasses were cleang@bbesen
et al. 2010

Cell A and Bhownin Figure2¢12 are similar cells operating under the same-electrolysis
conditions, however cell A has air supplied to the oxygen electrode while oxygen was

supplied to the oxygen electrode of cell B.

Degradaton mechanism

FromFigure2¢l11, anunevendistribution of current was thought to be the reason fibre
cell passivation. This uneven distribution occurred as a result of the presence of impurities

on active sites athe TPB causing partial blockaf@eegradation due to poisoning of the Ni in
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SOCs under G@O mixtureshasbeen widely reported in literature particularly during the
oxidation of carbon monoxide in fuel cell operati@@heng et al. 20068Cheng et al. 20Q7
Dong et al. 2006Ebbesen et al. 201Ebbesen and Mogensen 2Q0baga et al. 2008
Lussier et al. 2008Viatsuzaki and Yasuda 2Q0Rasmussen and Hagen 20@hsaki et al.
2006 Zha et al. 200 This type of catalyst poisoning is typically due to the presence of
impurities (typically sulphur compounds such aSHin the Ni electrode with the sulphur
compound being adsorbed on the surface of the activeitdsdt was shown byOliphant et

al. (1979 that poisoning of the Ni catalyst is likelyused by chemisorption of sulphur on

the Ni surface

H.S (gas) + Ni (soli== Ni-S (surface) +H 19
Zha et al. (200)fexplains that the degree of Ni fuel electrode degradation caused by sulphur
poisoning is highly dependent on the concentration ofSHoresent in the electrode. In
another study, nickel sulphides §Si) were observed in theNi-YSZ electrode which is
thought to also contribute to the electrode degradati@ong et al. 2006 Thermodynamic
analysis however suggests that:8liwill decompose to metallic nickel and>$ when
operating at temperatures above ~70Q and partial pressure of 8/H is below ~16

(Cheng et al. 2006

Ebbesen et al. (20)G@rgued that a the sulphurimpurities accumulated within a certain
active #te; an increase in voltage difference occurred. As impurities continued to
accumulate over more active sites, the cell voltage continued to increase while-filana
voltage reached its peak point and decayed afterwaKElshesen and Mogensen (20G8so
observed a similar trend when investigating ttherability of SOECs under £dperation.By
cleaning the inlet gasses, the initialpfane voltage decreased to less than 0.1 mV and was
seen to be stable for long peds of operation. These results have been further confirmed
by Ebbesen et al. (20)Ivhen investigating the performance of a multi SOC stack under
CQJ/H20 ceelectrolysis conditiondNo degradationwas observedt the cathode at current

densities up to at leasD.75 A/cn? when the inlet gasses had beerahed.
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2.6.2.2 Degradation mechanism and durability of SOECs under high
current density operation

Degradation of solid oxide electrolysis cells at high current densi.75 A/cn?) is one of

the greatest concerns for electrolysis operations. For this teclgyolo be commercially

competitive as explained inChapter 1, the electrolysis cells ought to be durable (with

little/no degradation) over long periods of operation. Shtetm degradation (~10 minutes)

is a freguent occurrence at high current densities. Recent experimental and modelling

studies have shown that the effect of high current density operation in SOECs is mainly

attributed to the degradation of the oxygen electrode.

It is also important to note thatat high cell voltagesnd according to thermodynamics
electrolysis of dry CQwill lead to the formation of carbgrdeposited at the fuel electrode
and electode/electrolyte layer of the SO.This is because the reduction of 80 C (viathe
reduction ofCO)occurs at only a slightly higher potential than the reduction of @ICO as
shown inFgure 2¢13. However, carbon formationia electrolytic reduction of C@ill only

occur above C&eactant conversion rate of 99%.
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Hgure 2¢13: Thermodynamics of COelectrolysis for carbon monoxide and carbon
production
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The formation of carbon is s favoured by the presence ofckel in the fuel electrode
which acts as a catalyst fohe Boudouard reaction shown fBquation20. However, the
equilibrium reaction favourshe reverse reaction under realistic concentrations and SOEC

operating temperature®f 850°C
2CC=CQ+C 20

The brmation of carbon in the active NMiSZ electrode is a challenge as this may reduce
active TPB sites therefore leading to reduced actiigcent investigations b{fao et al.
2014 have observed the formation of carbon in the active8Z electrode during €0
electrolysis of BFD and C@ This was observedhen operating in low porositii-YSZ based
SOC at2.0 and-2.25 A/cn?, with fuel dectrode compositions of 45% €045% HO - 10%

H> and a reactant conversion of 67%. Carbon formation was not observed when operating
with cells of high porosityTao et al. (201)4ascribes the observed carbon formation to a
change in gas composition due to diffusion limitations within theYS¥Z support ahthe

active NiYSZ electrode.

An investigation byLagunaBerceao et al. (201)into SOEC electrolyte degradation at high
voltages of operation linked the effect of high current densities to ohmic resistance during
steam electrolysis operation. Operating at 885using 70% steam, -MBZ electrode
supported cell at wrrent densities above-1.75 A/lcm?, LagunaBercero et al. (2011
observed a huge change in potential difference after 10 minutes of operatich@sn in
Figure2¢14. EISmeasurementdurther showed a 63% arease in ohmic resistance (from
0.23MmO¥Y S| adzZNBR 06ST2NB St SO ciNRfferdthie test) wherdSsNie i A 2 v

polarisation contributions remained almost unchanged (8:3® 0 &n¥).m
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Figure2¢14: I-V curve recorded at 70% steam concentration and at@9bagunaBercero

et al. 201)

In addition, further microstructural studies showétht the main damage is observed at the
electrode/electrolyte interface at th@xygen electrodeFigure2¢15 shows theeffects of a
SOEC when operated at high current densitiEse scanning electron microscope (SEM)
image shows the formation of voids at the grain boundaries of the YSZ electrolyte which
leads to the generation of acks in the electrolyte. The delamination of the oxygen
electrode from the electrolyte is thought to be causedthg high rate of oxygen released

into the interface layer.

Knibbe et al. (201)0also investigated the effect of high current densitiesl(A/cnm?) on
SOECs. They found ohmic polarisation to be thlg oause of degradation. Microstructural
analysis in this study further supports the evidence of the effect of high current densities
with the formation of voids at the grain boundaries of the YSZ in the region adjacent to the
oxygen electrode, even geraing larger cracks in the electrolyte. Similar degradation
observations have also been reported by other auth(fsaves et al. 201 IKnibbe et al.
2010 LagunaBercero et al. 202;1Virkar 2010. An electrochemical model Byirkar (2010
predicted this phenomenon of delamination at high current densities. The model showed
that under certain condibns, high pressures can develop in the electrolyte/electrode
interface at the anode, thus leading to oxygen electrode delaminatMinkar (2010
FAYRAY3I& &4daA3S&a0SR GKIFG aly 2Ee3Sy Azy O2VYR
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number for example YSZ, may be more prone to degradation and thus is not the desired
YFEGSNRLFE | & TheyressricSaDelebtdriicecanduétion in the electrolyte material
was suggested to be a potential solution as it could lower the tendency for the formation of
high internal pressures. In another studghen et al. (2020showed that the addition of

GDC nanoparticles effectively inhibited the delamination of the oxygen electrode from the

YSZ electrolyte layer.

Figure2¢15: (a) represents the original cell, b) origin of degradation, c) cracking of the YSZ
electrolyte and d) delamination of the electrode from the electrol{itagunaBercero et al.
2011)

To summariset was shown in Rapter 1that high current densy operation is critical in the
advancement of this technology for commercialisation. $helies reviewed in this chapter
concludethat operation at high current density is a major challenge due to short term cell
failure arising from delamination of thexygen electrode from the electrolyt@ptimisation

of current materials and development of newer materials is needed to elimitizse

issues
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Chapter 3

3. Experimental Design , Methods and

Commissioning

This chapter details the experimental setupdgorocedures used in this research. Thesas
no experimentalfacility available at the start of this research therefore all equipment and

instruments were purchased new or designed and constructdtbimse.
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3.1 Experimental test facility

Figure3¢1 and Figure3¢2 respectivelyshow a schematic flow diagram and picture of the co
electrolysis test setup. Steam and carbon dioxide electrolysis were also carried outhising
apparatus. The key experimental components include gas cylinders, mass flow controllers
(MFC), temperature controllers, rope heaters, water bath, steam sensor, cell rig, high

temperature furnace and a solid oxide cell (SOC).

< Steam sensor
— Solid Oxide Cell
Temperature
controlled water Heat traced v 4—— Furnace

line
Flexible PTFE

tube
1 < Cell rig
g

Electrochemical
interface

—} Exit gases to gas

Chromatograph

CO, CO, H, & N,

Condenser

Mass flow
controller

Figure3¢l: Schematic diagram of the experimental setup for the production of syngas via

the high temperature celectrolysis of carbon dioxide and steam

To minimise the presence of impurities in the SOC, gasses (8@0% @ Research grade,

BOC; M Research grade, BOC;CResearch grade, BOG; Research grade, BOC and CO:
Research grade, BOC) with 99.999 % purity were used with an exit pressure of 1 bar. In
addition, a gas filter is fitted prior to each MFC to prevent ddsup of particlesin the flow
equipment, thus avoiding damage. The flow rates of the gasses were controlled by precise

mass flow controllers (regl) each with a full scale accuyaof £1.5 %. The check valved (V
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to Vb) indicatedin Figure3¢l are important in order to avoid reverse flow of gasses to the
MFCs which could result in the damage of the mass flow equipment. The steam content was
controlled by varying the temperature of water in the water bath with njiea used as a

carrier gas.

Figure3¢2: Picture of high temperature electrolysis test facility

The connecting gas line betwegalves 6 and 7, as shownkigure3cl, is about 1.5 m long
(as a spiral tube shown Figure3¢3) and heated to 128 to ensure the cold gasses (exiting
the cylinders) do not condense the steam/Mixture. Downstream of the water bath, all
gas lines are heat traced (1%0) to avoid any steam condensation before entering the cell

rig located in the furnace. The gas lines within the base unit of the cell rig are also heated to
120°C.

Figure3¢3: Schematics showing the 1.5 m heated stainless steel tube as a spiral tube
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The high temperature furnace is a vertical split tube furnace (Elite Thermal Systems Ltd)
with a height of 300 mm and an inner diameter of 38 mm. The electrolysis products and
unreacted gases exiting the cell rig pass through a condenser to remove any steam content
before analysis in a gas chromatograph (GC). This is done to avoid damaging the GC as
reaction of water with the polymer in the stationary phase typically leads taltgradation

of the stationary phaséKuhn 2002 Other issues regarding the presence of water in the GC
include quenching of the flames within the flame ionisation dete¢iuhn 2002 Exiting

the GC, the celectrolysis products are directed to a fume cupboard to remove the

hazardous exhaust gasses.

3.2 In-house cell rig design

At the initial stage of this project, an-hmouse button cell rig was designed and partially
constructed prior to the acquisition of the ProB@af™ (cell rig used during this research).
Due to time constraints and mechanical issues associated with sealing around the cell to
avoid gas leakages, the-rouse cell rig project could not be fully completed. The design of
the inrhouse button cell rigand recommended solutions to the sealing issue is discuissed
this Section In the design and development of this cell rig, two crucial factors were
identified. They include appropriate material selection to avoid any long term failure and

solid oxide ck sealing to avoid any gas leakage.

3.2.1 Material selection

Due to its high operating temperature and the possibility of corrosion arising from steam
use at the fuel electrode over long periods of operation, the selected mateisk retain

its strength andbe resistant to corrosion at elevated temperatures. Therefore, the selected
material for use at the fuel electrode was Inconel alloy 625. Inconel is a family of-nickel
chromium super alloy commonly used in high temperaten¥ironmentsor/and in cases of
potential corrosion issues. At the oxygen electrode, stainless steel was used due to its

relatively low cost and ability to also withstand temperatures of up to°@50

3.2.2 Solid oxide cell sealing

Asshown inFigure3¢4, the inlet andoutlet tubes for both electrodes were sized differently.
At the inlet, the gasses from the fuahd oxygen electrode sides were sized to have a 3 mm

OD diameter tube while at the outlet, the gasses from the fuel and oxygen electrdée si
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were designed to have a 5 mm OD diameter tube. The outlet tubes were sized larger than
the inlet tubes in order to minimise back pressure on the cell. The most important aspect of
this design focused on ensuriagy form of gas leakage in the rig is @heal, therefore good
sealing is important. Ashown in Figure 3¢4, a springloaded sealing assembly was
employed. In order to understand this method of sealing, the purposes of the metal cap and

holding zirconia thes are explained.

il ——Metal rod

Edge of furnace

Thermocouple

Metal cap -~ l'
Holding zirconia tube

Spring————¢

19,19
300

Electrochemical interface

Tubular furnace

Edge of furnace

: t——t——Metal rod
|38

Figure3c4: Front view design of the thouse cell rig design with dimensions in mm.

The metal caps were made out of stainless steel and are important to provide support to
the inlet ard outlet tubes of both electrodes. In addition, they act as a platform for the
springs. During construction, these caps were joined to the holding zirconia tubes at the fuel
and oxygen electrode sides. Zirconia was the chosen material for the holdingdube®

its ability to retain its strength at elevated temperatures and besgaut is resistant to
corrosion.The holding tubes are also important to provide support to the inlet tubes at the

fuel and oxygen electrod8ection
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The mesh, cell and seal wese&ed to fit into the inner space between the zirconia holding
tube at the fuel and oxygen electrode. Mica, a compression seal, was selected as the
preferred sealing material. Unlike other sealing materials such as glass which require a high
temperature (p to 950FC) heating profile to form its seal, mica is generally known to be as
effective at low (room temperature) and high temperatures. Furthermore, the use of Mica
would significantly reduce the stadp time which isusually at least 14 hours whenglass

seal isemployed The attached springhown inFigure3¢4 is situatedin the middle of the
furnace and is vital in holding the cell mesh and seal. This compression is important for two
reasons; to avoid gas lkages at either electrode sides and to aid electrical contact

between the mesh and the cell.

W

Spring ———f
IL::‘:—_ . -r_—;:',---'/J Metal Cap

Figure3¢5: Expanded view of metal caps attached to the inlet and outlet tubes of the fuel

electrode

3.2.3 Electroche mical measurements

Electrochemical measurements are important in characterising the cells under operating
conditions. As seen iRigure3¢5, one of theplatinum wires is used as a current lead and the
other as a wltage. In addition, a thermocouple is located next to the cell for continuous
measurement of the cell temperature nfelectrical current collector (Ni and Ag mesh at the
fuel and oxygen electrode respectively) were designed to be used in the transfer of
electrons across the cell. In a study conducted¥Ymon et al. (2007at 800°C, a higher
contact resistance was observedhen operating using a platinum mesh instead of silver. It
was proposed that because the melting temperature of Ag {@¥Ivas significantly lower
than Pt (1772C), Ag is expected to be softer than Pt at®)deading to a higher interfacial
area betweenthe contact electrode and the Ag current collector. As a result, the contact
resistance is lowered. Based on the above findings, the rig was designed for use with Ag

mesh and operated to a maximum temperature of 850
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The details of thenstruments expeted to be used as well as tleectrical measurements
such as scan rate in acquiring polarisation curets;trode type measurementgnpedance

amplitude, frequency ranges, etc are given in Secsi@n

3.2.4 In-house cell rig conclusions

The key challenge with this design, as later discovered, was associated with the durability of
the springs at high temperature. At 88D, the springs lost their strength over a short period

of operation. As such, this weakness could lead tolgalsages during operation. The main
solution proposed to this problem involved the use of extension springs made out of either
Inconel or hastelloy, a nickel based alloy able to withstand temperatures of up td@100

with extremely stable performances.

3.3 Cell rig z ProboStat™

The cell rig (PlooStaf™) used during this study was purchased from Norwegian Electro
Ceramics AS (NorECB)gure3¢6 explains the constituents of the ProboStatbase unit.

The different acessories used are shown kigure 3¢7 and discussed iable 3¢1l. In
addition, a schematic of the inwards and outwards flow of gasses to the cell rig is shown in

Figure3¢8.

Gas inlet for inner chamber
Gas outlet for inner chamber

Outer and inner electncal
. feedthroughs

\ Socket for sample support tube

Gas inlet for outer chamber
Gas outlet for outer chamber

Thermocouple contact sockets

Gas inlets/outlets

Figure3¢6: Description of the key parts of the base ufhtorECs 20104

Watercoohng/heatlng )=
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Hard springs

Soft springs

Figure3c7: Primary components of the cell rig

Table3c¢l: Description of the components in cell rig assembly

Initials Description Purpose
BU Base unit of the cellrig | SeeFigure3¢6
IGT1 Inner gas tube for th¢ This tube connects the inlet gasses to the fuel electrode of
inner chamber SOEC
IEM Inner electrical mesh The IEM is used as a current cditle®n one electrode side
IST Inlet support tube This tube is used to support the cell and the seal.
OEM | Outer electrical mesh The IEM is used as a current collector on the other electrode
T Thermocouple Connected to the electrical feed through ansled to continuously
monitor the cell temperature
CJ Compression jig This is used with the springs attached to impose pressure ontd
cell and seal thereby minimising gas leakages
IGT2 | Inner gas tube for thg Made out of glass, this tubeonnects the sweep gasses to t
outer chamber oxygen electrode of the SOEC
OHT Outer holding tube This holding tube is used to prevent the loss of sweep gasses t

surrounding environment
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Glass seal = Solid Oxide Cell

<_

v «— Outer holding tube

Inlet gas tube for

inner chamber
-
>

Inlet gas tube for
outer chamber

4— Outlet gas tube for

Outlet gas tube for=—————1yp outer chamber
inner chamber

Figure3¢8: Schematic digram showing the flow of gasses in and out of the cell rig

The softsprings shown irrigure3¢7 were usedfor the majority of the cell investigations.
The stiffer springs (hard springs) were lafeund to be more efficient in reducing gas

leakagesand consequently employed in &tstudies

Figure3¢9: Procedure of cell loading during rig agi
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Figure3¢9 showsthe procedure of cdlloading during the rig saip. The steps are:

1. A glass seal (Kerafol) is initially mounted onto the inlet support,tultech is held in
place using an adhesive

2. The inner gas tube for inner chamber and inner electrical platinum mesihare
connected to the base unit

3. With the glass seal firmly held on the inlet support tube, the cell and outer electrical
platinum mesh are then placed on top of the tube. The glass seal is a high
temperature sealing material sourced fromekafol and its ifing sdedule is
described irSection3.6 (Kerafol 2014

Mica, a compression seal was also tested. Initial investigations showed an OCV of 46 mV
below the measured potential when using a glass seal at the same operating conditions

indicating larger gas leakages with mibaca was therefore not used in experemts.

4. The thermocouple and the inner glass tube for outer chamber are then connected to
the base unit.
5. Finally, the outer holding tube is then mounted before the cell rig is placed in the

furnace

3.3.1 Cell rig damage

During initial investigations and shorthfter the acquisition of the rig, the current and
voltage feedthroughs were observed to have significantly corroded under steam electrolysis
operation as showin Figure3¢10. Thedamageis thought to have occurreds a result of an
electrochemical reactiorof the feedthroughs with water acting as an electrolyte. The
presence of kD is thought to have originated from a slight leak of afound the cell
burning in oxygen within the hetone of the furnace. It is imp@nt to note that no stray
currents were observed as the electrical cell rig measurements showed no signs of electrical

short circuit across anywhere on base unit of the cell rig.
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The base unit and the electrochemical interface were replaced \waithhewer model
changng from a 8latron 1286 to a 1287 electrochemical interface instrument. No further
electrical damages were observed after the changes had been made although small

amounts of water \ere still frequentlyseen upon dismantlingf the cell rig

Figure3¢10: Picture of the corroded cell rig

3.4 Experimental B utton cell Testing

3.4.1 Solid Oxide Cells

The SOCs used throughout this research were sourced from an external supplier
fuelcellmaterials(FuelCellMaterials 2033 Both electrolyte and electrode supported cells
are tested. Scanning electroscope microscfpEM) was used tnfirm the componentsf

the cells

3.4.1.1 NextCell™ Electrolyte Supported SOEC

The NextCelM electrolyte supported SOEC is made up of -BIOC/NiGYSZ as the fuel
electrode, LSM/LSNEDC as the oxygen electrode and a Hidhalectrolyte support. The

G | A Mgubgirate is more than four times stronger than conventional fully stabilised YSZ

8 (8 mole% yttria stabilised zirconia) electrolyte with ionic conductivity comparable tagScSZ

Mmn 6mn Y2tS 2 a0l yRuelCellMatelias 200) A TatdeRc2 hawsIhe y A | 0 €
various properties (diameter and thickness) of the deljjure3¢llis a SEMmage of the

electrolyte supported cell confirming the relative thickness of each regibe. porosity of

the electrodes in this cell is about -3%%.
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Table3¢2: Electrolyte supported SOEC

Anode Cathode Electrolyte
Material LSM/LSMGDC | NiO-GDC/ Ni&¥SZ | Hionid™electrolyte support
Diameter (mm) | 12.5 12.5 20
Thickness (um) | 50 50 130-170

The active cell area for the electrolyte supported cell is 1.@2°

Figure3¢ll: A) SEM image of the electrolyte supportedicnd B)Top and bottom view of

the electrolyte supported cell

3.4.1.2 NiO Electrode Supported SOEC

The electrode supported SOEC is made up ofYSiD support as the fuel electrode, LSM
GDC as the oxygen electrode anan8l YSZ as the electrolyteTable 3¢3 shows the
material compositions and dimensions (diametnd thickness) of the celBEM analysis
was dso carried out on an electrode supported cell as showRigure3¢12. Theporosity of

electrodes in this cell is about €D%.

Table3c¢3: Electrode supported SOEC

Anode Cathode | Electrolyte
Material LSMGDC | NiOYSZ | YSAB
Diameter (mm) | 12.5 20 20
Thickness (um) | 50 220260 | 6-10
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Figure3¢12: A) SEM image of the electrode supported ceild B)Top and bottom view D

the cell

3.5 Steam Production

Reliable and accurate steam production is essentiakigerimental work orCQ/H20 ce
electrolysis; howeverit is also difficult due to issues with precise temperature control and
condensation. The reaction between &hd Q over a catalyst bed is a process employed at
the Riw research facility at the Technical University of Denmark. In this process, continuous
monitoring of furnace temperature is important due to the exothermic nature of the

reaction(Ebbesen et al. 20)2

In the work carried out bXimLohsoontorn et al. (20)0steam was produced by supplying
a known quantity of water thougha liquid pump onto a heated sand bath. The produced
steam is then mixed with a carrier gas whiclvital for controlling steam ration the gas
compositions. In this project, steam is produced via the use of a temperature controlled
heated water bath and a carrier gaszfNrhis method of steam production sémilar to that

employed at the Idaho National Laboratory.

3.5.1 Experimental se tup

Figure3¢13 showsthe temperature controlled water bath and humidity sensor employed
for steam production and measurement. The heated water bath3§0 ml gas wash bottle
(Duran wrapped with a heat tape anisulated using fibre glass insulation and aluminium
foil. A filter with pore size 10Q 160 um is fitted to the diffuser in the water bath and this is
vital in order to increase the efficiency of gas absorption in the water hadihan (2013has

previously shown that the efficiency oagses absorbed in liquids can increase up to a factor
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of four when a filter plate is employed. Benised water was used in the water bath to
avoid the presence of any impurities. The water bsgmperature is measured with a-K
type thermocouple and contited with a proportionaintegratderivative (PID) temperature
controller (Chenual and Biological Engineering Electronics workshagp University of

Sheffield to adjust the set point temperature (.

The control and performance of tremployedPID contoller is very important during steam
production. Using the first generation controllers, an excess supply of power was frequently
observed when the sgboint temperature was increased, thus leading to a temperature
overshoot. This temperature overshowotas due to the largeset-point range for the PID
temperature controller(-200 to 200C) resultingto an increased start up time of ~90
minutes. Using the second generation controllers in which dbepoint range for the PID
temperature controllerwas adjustd close to the project operating conditions-10 to
10C°C), the process temperature became equal to the set point temperature after ~15

minutes

44— Steam sensor

Heat traced
line

Figure 3¢13: Schematic diagram showing the process of steamoduction and

Temperature
controlled water
bath

measurement

Using the seup shown inFigure3¢13, the producedsteam/N> mixture was measured over

a range of water bath temperatures. A steam sensor (Viasala HMT 338 humidity and
temperature transntter) mounted downstream of the water bath was used to monitor the
steam content exiting the water bath. The sensor is a thin film wattive polymer
sandwiched between two electrodes and it measures the relative humigity)of the gas

The sensor woik by absorbing and releasing moisture which changes the dielectric

properties of the polymer and changes the capacitance. The capacitance is directly related
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to the relative humidity (RH). With the measured RH value, the vapour pressure and other

steam paameters are then calculated.

Note: The steam sensor used in this research did not have a data logger. As a result, the

output data were collected manually from the visual display of the instrument.

3.5.2 Effect of varying the water bath temperatures and

carrie r gas flow rate

Initially, all gas lines downstream of the water bath were heat traced t918@. The test rig
was calibrated for varying flow rates of L0 and 50 ml/min) and water bath temperatures
(30 ¢ 75°C) to determine the steam content within thmixture as showin Figure 3¢14.
During measurement, the steamgMixture was continuously recorded for 3 hours after the
process temperature had reached its set point temperature and the steam produced in all

cases was observed to be stable within the error range showrigure3cl14.

Steam content at varying water bath temperatures
400,000

350,000

300,000

250,000 /_/
200,000 a1 10 ml/min
150,000 /I/ —=—50 ml/min

100,000 Theoretical

Steam content (ppm)

50,000 -

0 T T T T T T
20 30 40 50 60 70 80 90

Water bath temperature fC)

Figure 3¢14: Steam content measured at varying water bath temperature betweerg 30
75°C wten operating at a heat traced line temperature o84

The error in the measured valseriginates from two key sources;

1 1% measured relative humidigccuracyof the instrument equivalent to ~+360 ppm

and ~+5200 ppm at 30 and %G water bath temperature respectively.
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1 Random error caused by fluctuations in tineeasured valueover the period of

operation This erroris equivalent to about 2000 ppm at 8D and 5000 ppm at 76.

The theoretical data given iRigure3¢14 assumes 100% saturation of M the water bath

(i.e. water bath temperature equal to the dew point temperaty@nd was calculateffom
humidity parametersusing the Vasala humidity calculatofvVaisala 2014 An increasing
difference of experimental and theoretical values with increasing water bath temperature
indicates either a possibility of condensation before measent or difficulty in saturation

of the carrier gas. Frormigure3¢l4, it hasbeen shown that the steam content increases
with an increase in water bath temperature. This is expected due to a more rapid
movement of the water molecules with increasing supply of heat thereby causing an
increased separation of the hydrogen bonds that holds the molecules. At water bath
temperatures above 7&, the measured steam content at 50 ml/min of Became
increasingly unstablieading to the formation of water spikes as showrkigure3¢15. This
instability is thought to be caused by the formation of tiny water droplets closéhéo
sensor as the dew point temperature became closeth® temperature of the heat traced

line.

The dew point temperature when operating at % process line temperature and 5

water bath temperature is 3& and 63C for 10 and 50 ml/min respectively.
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Figure3¢15: Steam spikes observed water bath temperature ofG5heat traced line at

84°C when operating at a carrier gas flow rate of 50 ml/min

The heat traced lines were heated to 120°&l1and the steam content was measured for 10

ml/min of carrier gas andarying water bath temperatures (36 85°C). As expected and
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shown in Figure 3¢16, the steam content increased with increasing water bath
temperatures. Furthermore, at watdrath temperatures above P&, the increasd steam
content was observed to be stable. This enhanced performance confimmgrevious
hypothesis that the unstable steam content at higher water bath temperatures was mainly

caused by the lower heat traced line temperature which therefore resutiesbndensation.

Steam content at varying water bath temperatures

900,000 /z

800,000 /
‘E 700,000
5 /
£ 600,000
= /
& 500,000 ;
% / Theoretical

4
g 00,000 / ++—10 mi/min (120°C)
8 300,000 /_/ 110 ml/min (84°C)
M 200,000

100,000 F// —t

0

30 40 50 60 70 80 90
Water bath temperature £C)

Figure 3¢16: Steam content measured at varying water bath temperature betweerg 30

75°C when operating at a heat traced line temperature of 120

As shownin Figure3¢14, the steam content increases with an increase in carrier gas flow.
This result is in direct contrast with literature sourdBairan 2014 Namies nik 198/which
shows that a test gas concentration is closer to the saturation when a bubbler system works
with a low flow rate. This is because the residence time of the gas in the liquid is.ltmge
this study as shown ifrigure3¢l14, the concentration of steam at 50 ml/min is closer to
saturationthan at 10 ml/min One possiblexplanation is that condensation continuously
occurs at varying degrees alptthe process line. As a result, a higher flow gas is therefore

expected to condensat a much slower rate
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3.5.3 Condensation of Steam downstream of the Water bath

Downstream of the steam sensor, two key regions of condensation were identified. They
include te flexible PTFE tulfectionand the region between the base unit of the cell rig

and the furnace

A fan heater isnow used to heat the flexible PTFE tube in order to eliminate any
condensation. The use of the PTFE tube instead of a heated stainlekpipteis important

to avoid any electrical short circuit from the rope heater on the gas line to the base unit of
the cell rig. In addition, the flexibility of the PTFE tube is crucial in gas connection due to the

orientation of the base unit upon loadjto the furnace.

A simple experiment was carried out to understand the effect of condensatiothis
region. While operating at a gas line and water bath temperatures oPA3nd 76C
respectively, Mwas flowed through the water bath at 10 ml/min. Tig/steam mixture
was measured downstream of theitial steam sensor with and without the use of the
heater at the PTFEection Figure 3¢17 is a graph of steam content against time of
operationwith and without the use of a fan heater. The steam spikes seerignre3¢l7
are very similar to that shown ifrigure3¢15 and are thought to originate from sudden

flashes of water droplet which condensed at the cold PTiERe region.
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Figure3¢17: Stability of the steam produced witnd withoutthe use of a heater
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Gondensed water was frequently observed in the inlet support tbbéveen he bottom of
the furnace and the base untiue to the short furnace lengthWith the outer tube
temperature of the cold spot areaneasured to be ~ AC (lower than the dew point
temperature while operating at high steam content), it was therefore conclutiatla large
portion of the steampreviouslydirected towards the fuel electrode was likely to have

condensed in this region.

To eliminate this issue of condensation, a copper heated insulation system as shown in
Figure3¢18 was developedThe insulation consists of a rope heater sandwiched between
two thin copper sheets. For use, the heated sheats wrapped around the holding tube
between the base unit and the furnace while operating at 200t is expected #t at this
temperature, the heater will supply enough power to the inlet gas tube for the inner
chamber. The layout of the rope heater across the copper sheet was designed such that the
heat will be evenly distributed across the length of the copper sheebrder to avoid

cracking of the alumina tube.

Figure3¢18: Schematics of the heater sandwiched between 2 copper sheets

To summarise, it has been shown that the use of a carrier gas and a bubbler cautpled
temperature controller is a feasible process $&tablesteam productiorup to 900,000 ppm
However, further work is still needed to optimise this systeln Optimisation of gakquid
contact to increase saturation of 2Nn the water bath. 2) Alissues of condensation
downstream of the water batlmught to be eliminated and a monitoring system should be
developed such that the steam content can be continuously and accurately accounted for

Potential solutions to this prolem are discussed in detail Ghapter6.
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3.6 Electrochemical testing

Cellsaretested at temperatures between 75®50°C. At the beginning of each test, the cell
is sealed using a glass seal to avoid any gas leakages around the deihd kenditions for

the sealing process, recommended by the miacturers, are described below:

1 At aramp rate of /min, the furnace is steadily heated from room temperature to

500°C and left for 2hours.

1 The furnace temperature is then increased td095 at 2C/min and then left for 2

hours to ensure the glass is completely melted. At this point, a ceramic seal is formed
indicating the strength of the seal.

fCAYylLffes (GKS Fdz2NYyI OS GSYLISNI GdzZNS A& NBR dz

ramp rateof -2°C/min and left for at least 2 hours.
The total time required to form a seal based on the heat profile indicated is ~15 hours.

Upon completion of the sealing process, reduction of the NiO in the fuel electrode
commences. Reduction of NiO to metalNi is carried out by introducing: kb the fuel
electrode and this is important in order to induce electronic conductivityaddition, H
provides a continual reducing atmospheBuring reduction, & Ne and RO at flow rates of
10, 10 and ~0.36 ml/mirespectively are flowed towards the fuel electrode. The cell is then

left to reduce for a total of 8 hours with 10 ml/min of synthetic air flowed to &m@de.

During the reduction process, an OCV measurement is recorded. This is important to
determinethe degree of partial pressure and/or electronic leakages around the cell as it can
be compare with the theoretical Nernst potential as discussediectionl.3.1 Afterwards,

the reduced cell is then charactsed by AC impedance spectroscopy to determine its initial
ohmic and polarisation resistances. An example of this characterisation under reducing
conditions can be seen in the Nyquist plot shownFigure3¢19. The instrument used
during electrochemical testing include Solatron 1286 ¢ectrochemical interface and a
Solatron 1250 frequency response analyser. The frequency range for the impedance
measurenent was between 60 kHz0.1 Hz and mamplitudesignalof 10mV wasappliedin

all casesUpon completion of NiO reduction as well as initial AC impedance measurements,
various electrochemical measurements can then be taken under different operation

conditions.
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Note: Tweelectrode measurements were used in obtaigi all impedance spectra
presented in this thesiPractically this implies that a working (WE)/reference (RE1) probe
and counter (CE)/reference (RE2) are connected to either electrateswas done in order

to measure the resistance of the wheotell
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Figure 3¢19: Nyquist plot of oxygen and ameasured at OCV, 830 and fuel electrode
compositions 2% #D, 49% bland 49% Kwith pure oxygen flowed to the oxygen electrode

when using an electrolyte supped cell

During any experimental investigation, for example, @®ctrolysis, the procedure for

measurement is as follows;

1 Following the sealing process, NiO reduction for 8 hours occurs with the OCV being
continuously monitored during this period

1 AC impednce spectroscopy is then carried out under NiO reducing conditions to
determine the initial performance of the cell

1 The N/CG/CO mixtures are flowed to the fuel electrode and the OCV is
continuously monitored. During this period, the exhaust gas comipositare also
measureadusing a GAn all cases, the OCV is measured faual2 hours

1 DC characterisatio(iO0 minutes)which involves recordingV curveqat a scan rate
of 5mA/second)and finally AC impedance measureme(it® minutes) at OCV are

carried out
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3.7 Gas Chromatography

Gas chromatography is used to identify and analyse the molar compositions of the co
electrolysis productsA gas chromatograph (GC) consist a mobile and a stationary phase

with a detector located immediately after the colunfior identification of the compounds.

The GC used in this research is an Agilent 7820A system with a thermal conductivity and
flame lonisation detecto(FID) The FID was not used as no hydrocarbons were predicted to
be detected during this research. Nitreig was used as the carrier gas while the stationary
phase was made up of two HRLOT Q columns connected in series and a Molecular sieve
column located after the second HR.OT Q column and just before the detector. Following
the separation process in thstationary phass the column effluent passes through the

thermal conductivity detector (TCD) where an electrical signal is produced.

The gasses to be analysed include,G® CO and © The HRPLOT Q column is effective in
separating i CQ and CO hg S@SNJ R2 S & y aid Qandixtulie Nds & &sult, the

molecular sieve column is employed in order to separatarid Q.

3.7.1 Gas Chromatograph z Method development

The information below details the development process in achieving a suitable method

capale of separating the gasses to be analysed.

1 All investigations were carried out at an oven temperature siG3@ith all three columns
located within the oven.

1 To begin the method development, the molecular sieve column was initially isolated and
individual gasses shown imable 3¢4 were passed through the GC to identify their

retention times.

Table3c4: Individual gas retention times at 3« and split ratio of 20:through a Plot O

column
Gas CQ Ho 0} CO
Retention time (min) 4.6 3.4 3.6 3.0
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1 As seen fronTable3c4, the retention time for Hand Q was very close. Furthermore,

the peaksfor both gasses overlapped when saewplcontaining @and H were run as

shown inFigure3¢20.
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Figure 3¢20: Chromatogram showing the retention times of overlappedadd Q peaks

through a HFPLOT Qatumn

1 At this stage, a molecular sieve column was introduced as this column is well known to

separate permanent gasses

1 Individual samples of bothHand Q were then run through the system with the

molecularsieve column in use and the peaks were effedtivseparated with retention

times of 4.46 and 4.85 minutes respectively
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Figure 3¢21: Chromatogram showing the retention times of separategdaid Q peaks
through a PLOT Q and molecular sieve column
1 The fhal method had to be created such that the molecular sieve column was isolated

when CQwas moving from the HPLOT Q column to the detector. This is because the

diffusion of CQis restricted within the molecular sieve column.
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1 The final method was constcted such that;

x Between 0- 3.8 minutes when thé¢HRPLOTQ and madcularsieve columns are
in use, it is expected that2HO and CO will be in the molecular sieve column.

x After 3.8 minutes, the melcularsieve column becomes isolated and holds up H
O, and CO products. Because the valve on the molecular sieve column is
temporarily shut down, C{then goes straight to the detector having exited the
plot Q columns

x At 5 minutes run time, the molecular column is then switched backafter

which B, G and CO then separate

Table3¢5: Retention time of gasses under the developed method

Carbon dioxide | Hydrogen Oxygen Carbon monoxide

Retention time (minutes) | 4.3 5.7 6.1 11.3

3.7.2 Gas Chromatograph Calibration

Having completed the method development process, the GC was then calibrated fpHCO

and CO. To carry out this process, tlgesetupshown inFigure3¢1 wasemployed with the

water bath and cell rig isolated i.the gasses from the MF@gsflowed directly to the GC.

Each of the gasses to be analysed were calibrated at four different points 10, 25, 50 and 75%
(the range of mair composition estimated from electrolysis operatioo minimise the

error of the cabration data, each point was ran 7 timasad the data closest to the average

of the last 4 readings wassed in generating a calibration curve.

From the above compositions, a calibration curve of the amount against the area
underneath each curve was proded with a linear graph seen as expected. The correlation
coefficient was greater than 0.99 for all gasses (0.99963 for @9 721 for kland 0.99985

for CO). Despite a high correlation coefficient, a maximum error of ~+1% was calculated.
This arisesrbm uncertainties in the integration of the area under the curve, poor detector
response at low concentrations (indicated by its response factor relative to higher

concentrations as shown ifable3¢6) and the accracy reading of the MFCs.
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Table3¢6: Retention times of the various calibrated compounds

Retention time Compound Amount (%) Area Response factor
(minutes)

4.309 Carbon dioxide 10 53.953 0.18531
25 117.280 021316
50 234.500 021322
75 341.630 0.21953

5.697 Hydrogen 10 325.550 0.030718
25 601.270 0.041579
50 1096.100 0.045616
75 1573.800 0.047655

11.409 Carbon monoxide, 10 3.295 3.035
25 7.957 3.142
50 16.076 3.110
75 24.668 3.040

Over the duration in which the GC was operated, calibration of the instrument was carried

out every 6 months to check for any deviation from the init@ibrationof the instrument.

3.8 Cathode and Electrolyte Supported Solid Oxide

Electrolysis Cells

Prior to the CQelectrolysis and CZH>0 cocelectrolyss investigations discussed in&pters
4 and 5 respectively, three electrolyte and cathode supported SOECs weaeacterised
under N/H2/H20 mixtures. The aim of the study waseawealuatethe gas leakages across the
cell and the initial performance of the cell under operatioks a result, the operating cell to

be used in the Cand CQ'H20 caoelectrolysis studgan be determined.

1 The measured OCV is vital in determining the performance of the sealing material as
an experimental OCV more than 3 mV below the theoretical maximum Nernst
potential typically indicates gas leakages across the cell. The measured and
theoretical potentials under NiO reducing conditions are givermale 3¢7 and

Table3¢8.
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1 The initial performance is determined by analysing the degree of variation in the
ohmic resistance arising from contact resistance of the electrodes and platinum
current collectors over short periods of operation (~50 hours). A solid connection
between the electrodes and current collector is important as without this, DC

characterisatn results will be poor and potentially useless.

Figure3¢22 is agraph of ohmic resistances plotted against time of operation using the

electrolyte and cathode supported SOEC.

3.8.1 Experimental setup and procedure

The test setup and operation of the different SOCs investigated described in detail in
Section3.1 In each case, the cells were operated at under Ni@Queang conditions
described in Gapter 3 at 850C witha 49% N 49% Hand ~2% kD flowed to the fuel
electrode and synthetic air flowed to the oxygen electrode. Following the reduction of the
metal oxide where the OCV was measured simultaneously, an impedance spectrum was
recorded to determine the initial dkeperformance. Afterwards, DC and AC impedance

measurements were carried out at varying compositions gfthland HO.

3.8.2 Results and Discussion - Electrolyte Supported SOEC

Table3¢7 shows the measured and thedreal open circuit potentials for all 3 electrolyte
supported cells under NiO reducing conditions. Comparing the experimental and theoretical
values shown, the equivalent voltage leakages are calculated to be around 18 mV. These
measured OCV values arengoarable to similar information given in literature. For example
under NiO reducing conditiongbbesen et al. (20)2neasured an OCV value 27 mV below

the Nernst potential while operating at 1080 with 4% kD ¢ 96% H to the fuel electrode

and pure oxygen to the oxygen electrode using ay8Z/YSZ/LSWSZ cathode supported

cell.

Table3c7: Measured OCV of an electrolyte supported cell at 860

Cold inlet gas composition (%) Theoretical Nernst Experimental OCV (mV)
N, H, HO Potential (mV) Cell 1 Cell 2 Cell 3
49.1 49.1 1.8 (x0.2) 1086 (x3) 1068(+4) | 1060 (#4) 1062 (#4)
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Note that the error of the steam composition arises from variation in its mesmsant as
discussed irSection3.5. In addition, the theoretical Nernst potential was calculated using

Equation 6 and the operating conditions stated Trable3¢7.
The error in the measured OCV value originates from three sources within the test facility;

1 1.5% accuracy of the reading range for the MFC, equivalest tm\. This voltage is
calculated using the Nerng&quationfor gas compositions with the error range.

1 The ®latron electrochemical interface instrument has an error equivalent to a
maximum of £3 mV. This is evident from the fluctuations in the instrusezading

arising predominantly from an unstable flow of steam at the fuel electrode.

Although not shown in thiSection the measured OCV at the conditions describedable
3¢7 increased to 1075 @mV) when dffer springs were employed in the compression jig.

This increase in OCV indicates logasleakages across the fuel electrode.

Figure3¢22is a graph of ohmic resistance taken from the impedance spectrum atigqbl
against time of operatiorat varying NH>/H>O compositions for three set of electrode and
electrolyte supported cells. The electrolyte supported cells are represented as cells 1, 2 & 3.
In each case, the ohmic resistance was initially measured &lafter 49% BN 49% Hand

~2% HO was flowed to the fuel electrode for NiO reduction to metallic Ni.
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Figure 3¢22: Ohmic resistance oglectrode andelectrolyte supportedSOCsperating at
85(°C and fuel kectrode compositions 2%.8, 49% Hand 49% Kwith synthetic air flowed

to the oxygen electrode.
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Note: Cells 1, 2, and 3 are electrolyte supported cells while cells 4, 5 and 6 are electrode

supported cells.

The initial measured ohmic resistance variedrginally between all three cells from 0.38,
0.37 and 0.3dl cn? in cells 1, 2 and 3 respectively. The consistency of the initial results
indicates an approximate optimum value of the ionic resistance of the electrolyte. As shown
in Figure3¢22, cell 1 wasoperated for about 50 hours. During this period, the ohmic
resistance increased from 0.38 cn? at the 8" hour of reduction to 0.421] cn? after 50
hours. This slight increase in ohmic resistance with time & @sult of poorer contact of
electrode and current collector mesh. For cells 2 and 3 where investigations were carried

out over ~15 hours, the ohmic resistance remained constant.

3.8.3 Results and Discussion - Cathode Supported SOEC

Table3¢8 shows that the measured OCV is ~42 mV belowctieulated potential for cells 5
and 6 while for cell 4he measured OCV was 59 mV below the calculated potential. This

large difference indicates andreased amount of gas leakage

Table3¢8: Measured OCV of a cathode supported solid oxide cell at°850

Inlet gas composition (%) | Theoretical Nernst Experimental OCV (mV)
N, H, H.O Potential (mV) Cell 4 Cell 5 Cell 6
49.1 49.1 | 1.8 (x02) 1086 (+3) 1027 (¥) 1044 (4) 1044 (+4

Note: The theoretical Nernst potential given above was calculated Esjogtion6 and the

operating conditions stated imable3¢8.

The reason for a lower gas leakagih the electrolyte suppord cells is because thetihg

glass seal fills the unoccupied electrode area around the fuel electrode/electrolyte region
leading to an overall flat cell and seal surface. The pressure exerted onto the cell and seal
from the spings then allows for a solid contact, and the overall flat surface significantly
reduces the possibility of any §a f SI {1 3Sad Ly -A&k$F INOSBR 27T
electrode supported cells, the gas leakages are related to an imbalance at theefttebeé

of the cell upon loading with the glass seal. This imbalance leads to increased gas leakages

at the fuel electrode.
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Figure3¢22 is agraph of ohmic resistance taken from the of the impedance spectrum and
plotted against time of operation. The ohmic resistance was initially measured 8 hours after
NiO reduction began when operating with the cathode supported cell. The initial ohmic
resistances in this case varied considerably for all three cells from 0788af0d 0.61Lcny

in cells 4, 5 and 6 indicating a large contact resistance between the electrodes and current
collector. Although the ohmic resistance in cell 6 increased slightly over 18 hours of
operation, the resistances in cells 4 and 5 measured o%earid 33 hours respectively
varied considerably over time. The degree of variation indicates insufficient contact

between the electrodes and the Pt current collector.

To summarise, initial investigations showed that the electrolyte supported cells were mor
consistent, reproducible and relatively durable over short periods of operation. The
measured OCV of the electrolyte supported cells was seen to be closer to the maximum
theoretical value indicating lower gas leakages compared to the electrode suppoeted
Based on this evidence which shows lower gas leakages and relatively consistent and
reproducible ohmic resistancéhe majority of the investigations shown in this thesis was
carried out using electrolyte supported SOCs. The degrees of variatibiese tells were
observed to be much lower than the electrode supported cells. Furthermore, DC
characterisation measurements showed discontinuity of i\é plot when operating from

fuel to electrolysis mode using the electrode supported cells.
3.8.4 Cathode Syoported SOEC with Platinum ink

3.8.4.1 Experimental

To decrease the ohmic resistance seen with the electrode supported cells, Pt ink was added
over the fuel electrode side of the cell. Platinum has been shown to be an excellent current
collector and extremely eéictive during high temperature operationsor cell 7 the Pt was
screen printed onto the NiO fuel electrode, dried at 200for 30 minutes and sintered-in

situ during the glass sealing processaésed inSection3.6. For cells 8 and, platinum ink

was painted onto the NiO fuel electrode using a paint brigire Pt was used in celwhile

a Pt/aetone mixture was used in cell gollowing this operation, the cell was then left to

dry in an oven at 20T for30 minutes. Finally, the sample was then sintered in a furnace at
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90(°C for 2 hours to evaporate all organic solvents. The testugeand operation of the

three different SOCs investigated are similatitose described isection3.1

3.8.4.2 Results and Discussion

Figure3¢23is a graphof ohmic resistance against time of a cathode supported solid oxide
cell with Pt ink added on its fuel electrodgell 7shows a continuosi increase in the ohmic
resistance with time. The reason for this rise in ohmic resistance is unkriewever, a
significant inprovement can be seen in cells 8 andThe investigations for cells 2 and 3
were carried out after all electrolyte supportedlcstudies had been conducted. It should
be noted that Pt of varying compositions with acetone waiged with cell 9(~2:1 Pt to
acetone ratio) whereas pure platinum was used with 8&lHence, the ohmic resistance
decreased from 0.25 to 0.21} cn?. Withthe effective use of Pt paste, the ohmic resistance
decreased significantly by ~ 40% from cathode supported cell without Pt. Furthermore, data
collected over 50 hours of operation upon varying compositions of @D and C&H>

showed the cells to be durabdlwith no increase in the ohmic resistance.

Despite the improved contact between the fuel electrode and current collector, the use of
pure Pt led to partial blockage of the pores in the fuel electrode needed for gas transport.
This is a critical probleninat needs to be avoided, or at least minimised and further details

on these processes can be foundSaction5.2.3.1
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Figure 3¢23: Ohmic resistance of electrodeupported SOCs operating at 8&0and fuel

electrode compositions 2%8, 49% kland 49% Mwith synthetic air flowed to the oxygen

electrode
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Cell 7 is an electrode supported cell withik screen printed onto the fuel electrode. Cells
8 and 9 are elecbde supported cells with Pt ink painted onto the NiO fuel electrode using a

paint brush.

In addition, as shown iifable3¢9, the experimental OCV increasea 1055 (x4nV) from

1044 mV when stiffer springs were eioyed in the compression jig indicating lowes H
leakages across the cell. The increased applied pressure as a result of the stiffer springs
increases cell/seal and tube contact thus leading to lower gas leakages across the fuel

electrode.

Table3¢9: Experimental OCV of a cathode supported solid oxide cell at’850nder a new

experimental setup

Inlet gas composition (%) | Theoretical Nernst Experimental OCV (mV)

N, Hy HO Potential (mV) Cell8 Cell9

491 | 491 | 1.8(x0.2) 1086 (+3) 1050 (#) 1055 (#)

Note: The theoretical Nernst potential stated above was calculated Esjogtion6 and the

operating conditions given ihable3¢9.

To summarise, the cell rig saep involving the use ostiffer springs helped to reduce thie,
leakages acrasthe fuel electrode. ddition of the Pt paste to the fuel electrode led to a
lower ohmic resistance. However, the use of Pt resulted into the partial blockage of the fuel
electrode It is important to note that the optimisation processes (improved electrode/mesh
contact, lower ohmic resistance and lower gas leakages) described ifsebigonwere
carried out afterthe majority of the electrolyte supported cell investigations hadebe
conducted. Thereforelimited results are presented using the more promg electrode

supported cells.

85



Experimental Design, Methods and Commissioning

3.9 Identification of Electrochemical Processes in

Impedance Spectra - Experimental

The cause of resistances across the electrodes of electrochersitatiepends on a number

of operating processes. These processes can include gas movement of reactants/products,
chargetransfer reactions at the TPB, gas conversion, electronic and ionic conduction of the
electrodes and electrolyte respectively, etc. Tiesistances that arise from these processes
can be related to information shown in the impedance spec®ection2.2.2describeshe

theory of EIS andetails how equivalent circuit models are vital in analysing and modelling

impedance spectra.

Several mathematical techniques have been proposed to assist in the identification of
electrochemical processes in impedance spe¢8ahchlein et al. 2002 Vladikova et al.
2005. The method used in this thesis for separation of process impedance contributions
was proposed byenseret al. (2007h and further details on the theory of this process can

be found in literature (Jensen et al. 200%b This mechanism of identification of
electrochemical processes in impedance spectra is based on thegehthat occurs in
impedance spectrum when an operational parameter is changed. It is known as analysis of
the difference in impedance spectra (ADIS). ADIS enables identification of the impedance
contribution from the cathode and anode by recording an @dance spectrum before and

after a parameter is changed. The difference therefore between the two spectra with
respect to frequencys——, assuming the real part of the spectra which can be plotted

against frequency. This ploanhelp provide some information about the type of processes

involved.

3.9.1 Experimental

In this investigation, thearc (high or low frequencyylominated by both the anode and
cathode processes was determined by varying the gas compositions to the fuel and oxygen
electrode while recording an impedance spectrum before and after the change using a fresh
electrolyte supported cell. The AC impedance ebtgrisation, carried out at OCV and a cell
temperature of 850C was recorded using an electrolyte supported cell and the difference in

the spectrum before and after the changgeplotted againsi 1Q The gasses to the oxygen
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electrode were varied between air and pure oxygewarying compositions of 1/H;

mixtureswere flowed to the fuel electrode.

3.9.2 Oxygen Electrode

To understand the contribution of the electrolyser anode processes to the imquedplot,
the sweep gasses wergwitched between oxygen and synthetic air at a flow rate of 5
ml/min while keeping the cathode composition constant at 70%628% Hand ~2% kD at
71.4 ml/min. The AC impedance characterisat®een inFigure3¢24, was measuredt OCV

while operating at a temperature of 830 with oxygen and air interchanged at the oxygen

electrode.
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Figure 3¢24: Nyqust plot of oxygen and air measured at OCV while operating at a
temperature of 850C with cathode compositions of 70%, 188% Hand ~2% kD

Using the datashown inFigure3¢24, the differencein impedance spectrum at the oxygen
electrode was obtained by subtracting the real part of the spectra between oxygen and

synthetic air as shown iBquation21.

S” b h b b 21
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The difference in the spectra beégn the contributions of oxygen and air is plotted
againsti TQ The resulting difference plats shownin Figure3¢25 enablesidentification of

the frequency arc and regigprimarily associated with the oxygeteetrode.
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Figure3¢25: Difference plot of changes in impedance spectra at the oxygen electrode due

to gas variations as describedrigure3¢24

From Figure3¢24, it can be seen that the higher frequency arc corresponds to processes
occurring at the oxygen electrodl addition the difference plot ofFigure3¢25 shows that

the regionbetween 655 and 2.07 Hz correlate poocesses that are most likely to occur at

the oxygen electrode. At 2.07 Hz, a noisy and unstable region is seen beyond this point and
therefore it is difficult to determine any small changes associated thi#hoxygen electrode

at lower frequencies. As shown kigure3¢25, this regionremains consistently unstable and

does not decrease with time.

In addition to mass transport limitations relating to the diffusioinithe gasses in and out of
the electrode, there are a number of other processes that may well contribute to
resistances at the oxygen electrode of the SOEC. These processes as descldesthb\et

al. (27b) and Barford et al. (2007A y Ot dzR Sintérraediatadt@unysport in the LSM/YSZ
structure near the electrodelectrolyte interface, the dissociative adsorption/desorption of

oxygen and transfer of speciesrass the triple phase bounda@ry® CdzNIi K &ilNJ & 2 NJ
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needed in ascribing these electrochemical processes to specific frequency ranges and

ultimately resistances within the SOEC.

3.9.3 Fuel Electrode

The gas shift analysis carried out for the fuel electrode is similar to that carried out for the
oxygen eletrode. In this case, the sweep gais5 ml/min of oxygen was kept constart

the fuel electrode, the compositions wessvitchedbetween 71.5% B 24% Hand ~4.5%

H>O at 70 ml/min and 71.5%:N20% Hand ~8.5% pD at 70 ml/min. It is important to note
that the above compositions are cold inlet compositions from the mass flow controllers and
not compositions at the fuel electrode. @hwo can differduring steam electrolysis due to
condensation of some of the steaim the region between the base unit dhe cell rig and

the furnace as discussed $ection3.5.3

-0.5 ~ et 4.5% HO
== 85% HO
=
o
=
N
-0.25 4
0.14Hz
0.65Hz
6550 Hz
0.1Hz
O T T T
0.25 050 Z' (Wcm? 075 1.00

Figure 3¢26: Nyquist plot of4.5 and 8.5% #D measured at OCV while operating at a
temperature of 850C with oxygen electrode kept constant at 100% O

The data at 0.1 Hz of 8.5%Hisnot shown inFigure3¢26. Thisinconsistentdata point is

caused due to the noise observed at the lowest frequendgtpo

Using the data fronfrigure3¢26, the difference in impedance spectrum at the fuel electrode
was obtained by subtracting the real part of the spectra between the varyu@@y/H

compositions as shown iEquatian 22.
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P h P h8bp

D«

b h b hgbp
CQ

The difference in impedance spectra was plotted agdinidasseen inFigure3¢27.
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Figure3¢27: Difference plot of changes in impedance spectrahe fuel electrode due to

gas variations as describedrigure3¢26

Analysis of this region shows a distinct difference in the impedance data before and after
the change in gas compositions. The changes in iapes spectra are seen to occur
predominantly at the lower frequencyrc between 0.65 and 0.1 Hz. The processes
associated with the fuel electrodihat could contribute to cell resistancas described by
Barford et al. (200)include gas diffusion, gas conversiand gassolid reaction Further
characterisation work is still needed to understand the contribution of these

electrochemical processeand assign their characteristitequendes to the impedance

spectra
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The results of the ADISnalysis suggesting thdhe high and low frequency arcs are
primarily associated with the oxygen and fuel electrode respectively Heeen applied for
CQJ/CO and C&H-0 mixtures discussed irh@pters4 and>5.

It is important to note as described irSection2.2.2 that electrode processes on the
impedance spectraontributing tothe cell resistance could overlaptnce, a detailed cell

characterigtion is vitalin orderto ascribeall processes to the impedance spectra

From the impedance spectra presented this thesis noise is only observed at low
frequendes (~0.4to 0.1 Hz)when steam is present at the fuel electrod®though it is not
currently known as to why this happenscbuld be speculated that theneven introduction
of steam at thesurface of thefuel electrode ca causeslight variations in cell temperature.
According to the Nernst equatiorthe OCVwould varyin such instancess it is highly
sensitive to changes in cell temperaturt. is therefore possible that the slighand
continuous changes in OG@Mring EIScould haveplayed a role in the noise observed at the

lower frequency arc ahe spectra.

To summarisejt has been Bown that the processes between 655 to 2.07 IKtzgh
frequency arcland 0.65 to 0.1 H#low frequency arcare primarily associated with the
oxygen and fuel electroderespectively.Understanding primarily what arcs are associated
to individual regions witin the cell is important in this thesis as this enables identification of
cell resistances contributing to the fuel and oxygen electrode dui@gelectrolysis and co

electrolysis of C&and RHO.
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3.9.4 Equivalent Circuit Model and Data Analysis

In Chaptes 4 and 5 of this thesig, resistor (R1) in series with twaarallel connectios of
CPE(CPE1 and CPER)d resistor (Rand R3J are fitted to the high andlow frequency
impedance arcs presented in order to estimate the total polarisation resistanceadn e
section, a table is followed bythe impedance spectra detailing th&llowing; Ohmic
resistance, polarisation resistance at the high and low frequency arcs, total polarisation
resistance and total cellresistance obtained from the equivalent circuit mdel.
Furthermore, the full impedance specti@raphical illustration)obtained experimentally
including the inductanceeffects and equivalent circuit modebtlata are presented in

Appendices A to Al6.

Arc fitting, simulation andlata analysis have beecarried out using circuit elements with

the impedance software ZView.

R1 CPE1 CPE2
N\ > >
R2 R3

Figure 3¢28: lllustration ofthe equivalent circuitmodel. Aresistor (R1) in series with two

parallel connection ofonstant phase lements (CPE&nd CPE2and resistos (R2and R3

where R1 represents the ohmic resistance, R2 represents the resistance of the higher
frequency arc (oxygen electrode) aR8 represents the resistance of the lower frequency

arc asseciated with the fuel eletode.

The combination of the constant phase element CPE1 and R2 is modelled for the processes
occurring at the high frequency arc (primarily the oxygen electrode) while the combination
of CPE2 and R3 has been modelled for the processes occurringlaivtfrequency arc

(primarily the fuel electrode).
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Chapter 4

4. High Temperature Electrolysis of
Carbon dioxide in a Solid Oxide Cell

This chapter discusses the performance of an electrolysis cell operating under varying
CQ/CO compositions. A durabtli study at -0.5 Alcn?, 85CC and fuel electrode
compositions of 50% GR5%COand 25% Kwas carried out. The performance of the cell
under varying compositions of Qs compared to similarCQ/H>O cacelectrolysis

invedigations discussed inh@pter 5
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4.1 Introduction

During C®@electrolysis, Hlis sometimesused as a reducing gas as shown in investigations
carried out byZhan and Zhao (201@&nd Zhan et al. (2009 The use of Hduring CQ
electrolysis when using a NiO fuel electrode inevigdéads to the formation of steam as a
result of the rWGSR. The presence of steam at the fuel electrode duripgl€sirolysis
therefore alters KS & G NHzS LIS N&F dentislysgr Cuider opefationi as <o

electrolysis will occur.

This study was carried out with an aim to understand the effect of carbon mixture&JCPD
on the electrolyser and determine thelectrochemicaperformance of he cells under CO
electrolysisCO is therefore used as a reducing gas and pdtlithermore, in line with the
initial aims of this thesis, the results will be compared with/8&D ccelectrolysis data to
gain further understanding into the eelectrolysis reaction mechanisms. Aif the work
discussed in this lapter was carried out using electrolygipported SOCs described in

Chapter 3 with AC and DC characterisatiand GC analysis.

4.2 Electrolysis of Carbo n dioxide

4.2.1 Introduction
Using a fresh NKGDC/HionitYLSMGDC electrolyte supported cell, 00 mixtures

shown inTable4¢l were varied to investigate their effect on SOEC operation aP@5Mh
each case, synthie air was flowed to the oxygen electrode at a flow rate of 10 ml/min.
Reproducibility and consistency of results is crucial in a research environment and thus all

investigations presented in thih@pter were repeated.
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Table4cl: Operating conditions for C&electrolysis

Fuel electrode flow rate =20 ml/min
Fuel electrode compositions (mol %)

Exp. No Cco CQ [\
4cl 60 15 25
4c2 50 25 25
4c3 25 50 25
4c4 15 60 25
4c5 5 70 25

Note: The above experimeis were performed in the order shown (i.e. 4cl, 4c2, 48)

4.2.2 Initial Cell Characterisation

It is important that each operating cell displays a similar initial performance (i.e. similar OCV,

ohmic and polarisation resistances) for base comparison ef @®/H-O coeelectrolysis

process discussed irh@pter 5. Therefore, prior to the C&electrolysis investigations, each

cell was characterised by AC impedance spectroscopy under NiO reducing conditions of

No/H2o/H2O mixtures. The AC impedance measurement can be sedrigure 4¢l. The

measured OCV under NiO reducing conditions of 49246 Hand ~2% kD at 850C was

determined to be 1065 ##V. The breakdown of the impadce contributions from each of

the two electrodes can be seenTable4c?2.

0.5 -
=
(&)
2
N
-0.25 A
0
0.25

0.5 7 Wend) 0.75

Figure4¢l: AC impedancspectrarecorded at OCV under NiO reducing condisio
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Table 4c2: Ohmic aad polarisation resistancesunder NiO reducing conditions, obtained

using equivalent circuit model from experimental Nyquist plot

Cellcozelec
Ohmic resistancellf,cn?) - R1 0.41
Oxygerelectrode polarisation resistancdlcn?) - R2 0.53
Fuel electrode polarisation resistandd,.¢n¥) ¢ R3 1.02
Total polarisation resistancél{cn¥) 1.55
Total cell resistancel{cnr) 1.96

The full impedance spectra for the data in thEable 4¢2 and Figure 4¢l is shown in
Appendix Al.

4.2.3 Open Circuit Voltage

4.2.3.1 Varying oxygen partial pressure to the fuel electrode

Figure4¢2 shows he measured and theoretical OCV values at°85@ith the compositions
shown inTable4¢l. The theoretical GC voltage is the calculated Nernst potential based on
the exhaust composition of the cell rig, dysed bythe gas chromatograph. The theoretical
potentials shown irFigure4¢2 were calculated using the NernEguation(Equation6) and

the operating conditions given ifiable4¢l. The measured OCV in all cases was between 3
6 £2 mV below the theoretical value. Using the GC data, the measured Cdl\Mcases was
between 3- 9 2 mV below the theoretical valugfrom the GC compositions)rhe
theoretical potentials calculated uginthe GC compositionalso have an error of +1 mV
originating from uncertainties in the integration of the area under the curve and poor

detector response at lowoncentrations as discussed$ection3.7.2

Owerall, the difference between the theoretical and measured potesiiadlicates very little
leakages across the celhis information indicates a high effectiveness for the operating

system employed in cell sealing to avoid any gas leakages.

Error Analyss

1 The 8latron electrochemical interface instrument used when monitoring the OCV
during CQelectrolysis showed an error equivalent to £1 mV.
1 1.5% reading accuracy of the MFC equivalent to £1 mV.
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The measured OCV shownHRigure4¢2 are comparabldo those given in literature. While
operating at 850C with 50% C£; 25% CQ 25% Ar to the fuel electrode and pure oxygen

to the oxygen electrode and using a¥Y&Z/YSZ/LSMSZ cathode supported céthbesen et

al. (2012 measured an OCV value 15 mV below the theoretical value. Within the same
research grap, Ebbesen and Mogensen (2009neasured OCV betweencl4 mV below

the theoretical value for various GEGO mixtures when using a-M5Z supported cell and
operating at 856C. In another Cfelectrolysis investigatim when operating using NMSZ
electrode supports (NYSZ/YSZ/LSGIDC) at an operating temperature of 8@0Zhan et al.
(2009 observed OCV within 70 mV of the predicted values.

In thisstudy, the very small differences between the Nernst potential and the OCV indicate

that the cell sealed satisfactorily.

1000
950
900
—
>
é 850
>
O
o 800 I
750
4cl 4c2 4c3 4c4 4c5
m Theoretical OCV 987 954 887 853 793
m GC theoretical OCV 986 953 886 854 798
m Experimental OCV 981 949 883 849 789

Figure4¢2: Bar chat showing the theoretical and measured OCV for, @l electrode

compositions shown ifable4¢l

Figuredc2 showsa decrease in OCV with increasinge €C@npositions at 86°C.A decrease

in OCV is expected dsscribed by the Nern&quation
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4.2.3.2 Varying operating temperature

The OCV was measured at 750 and°85With 50% C£g 25% CQ; 25% N to the fuel
electrode and pure oxygen to the oxygen electrode. Operating with xsgen to the
oxygen electrode enables a direct comparison with information in literature as s€kabie

4¢3. According to the NerndEquation the OCV is expected to decrease with an increase in
cell temperaturebecause the Gibbs free energy which represents the electrical demand
decreases with an increase in temperature. As shownhalble4¢3, the OCV decreases with

an increase in temperature.

Table4¢3: Open circuit voltage of CCO mixture at varying temperatures

Oxygen electrode composition = Pure oxygen

Fuel electrode compositions| Theoretical OCV| Experimental OCV
Temperature {C) CO CQ N2 (mV) (mV)
750 25 50 25 973 968+1 (958*)
850 25 50 25 925 922+1(910%)

*The values given in bracket are taken from a study carried olbfyesen et al. (20} 2t

the compositions given above while using af$iZ supported cell (NISZ/YSZ/LSVISZ).

4.2.4 DCand AC Qiaracterisation

The initial performance of the cell was measured by recordigurves at the varyiniyel
electrode compositions and the results of the initial DC characterisation measurements are
shown inFigure4¢3. Thei-V curves shown were recorded at 88with synthetic air flowed

to the oxygen electrode. Bm Figure4c3, it can be seen that the current density values at a
given voltage generally increases with increasi@® concentration At higher feed
concentrations (50%, 60% and 70%)C@ plateau in the currerdensity can be seen above

~1.2 V indicating a maximum loss in activation polarisation across the fuel electrode.

The ASR of the mixtures was calculated fromitkieplot as the line from the OCV to the cell

voltage measured at a current density-6f1 Acm? as shown irEquation23.
oYY — 23

Wherew is the open circuit voltagd,is the current density (A/cé) andw is the cell
voltage measured at a set current detysi
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Figure4¢3: DC characterisation measurement at 86Qunder different C&partial pressures

Although notshown inFigure4¢3, it should be noted that no disctinuity was observed in
the shift from fuel to electrolysis operation during DC characterisation. This confirms that
theseSOCgan indeed work under botbalvanicand electrolyic modes. The fuetellmode

of operation is not shown in the-V plot becausethis thesis solely investigates the
performance of the cellander electrolyticconditions. Fronfigure4c4, it can be seen that
the measured ASR increases with increasing co@position in the C&€CO mixture Ths
trend is in coherence with information in literature. When operating with aYSZ
supported cell (NVSZ/YSZ/LSMSZ) at 85C, Ebbesen and Mogensen (200&alculated
ASRs of 0.36 and 0.8 cn¥ for reduction of C@in CQ/CO mixtures with a ratio of 50/50
and 70/30 respectively. From the shape of iké curve shown ifrigure4¢3, the increasing
ASR is thought to be related to the sluggish kinebitshe reactions taking place on the
surface of the fuel electrodetherefore leading to an increase cell resistanceThe
impedance spectraf Figure4¢5 showthat the increase in ASR is predominantly associated

with an increase in polarisation resistance across the fuel electrode.
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Figuredc4: Area specific resistance with increasing @@rtial pressure

AC characterisation measurements at OCV was performed r@terding thei-V plots and
the results obtained at 85 and varying G@nixtures are shown ifrigure4¢5. The analysis
in this section discusges the impedance contributions of both electrodeés the varying

compositions investigated.

-1.75 4 = 4cl: 15% CQq 60%CO

—_— 42: 25% C@C 50%CO

-1.25 4¢3: 50% CQc 25%CO
i= —— 404 60% CQC 15%CO
o
3
Y -0.75 4 =—— 4c5 70% C@Cc 5%CO

6550 Hz
-0.25 \
0 0.5 1 1.5 2 25 3
Z' (mcny)

Figure4¢5: AC impedancspectrarecorded at OCV under different €gartial pressures
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Table4¢4 shows the ohmic and polarisatiaesistances across the electradduring CQ
electrolysis at theoxygen and fuel electrodes described inSection3.9. Theslight increase

in ohmicresistancewith increasing C&concentrationoccurs as a coesjuence of variations

in electrical contact between the electrode and current collector. The slight increase in
ohmic resistance is a time dependent process and not caused by the increasi@OCO
ratio. This isverified in latter experiments carried out #hin a short period (i.e. 1 houih

whichthe ohmic resistance remainembnstantat varying gas compositions.

Table 4c4: Ohmic and polarisation resistances during £€lectrolysis obtained using

equivalert circuit model from experimental Nyquist plot

mol % of CQ
15 25 50 60 70
Ohmic resistancelf.cn?) - R1 041 | 041 | 042 | 043 | 0.44
Oxygen electrode polarisation resistanté¢nv) ¢ R2 045 | 046 | 047 | 051 | 0.51
Fuel electrode polarisation resistandd,¢n¥) ¢ R3 1.1 | 141 | 160 | 2.09| 3.55
Total polarisation resistancél{cnv) 155 | 1.87 | 2.07 2.6 4.06
Total cell resistancel{.cnr) 196 | 228 | 2.49 | 3.03 | 4.50

The full impedance spectra for the data in thable4¢4 and Figure4¢5 can be found in
Appendices & 3to A¢ 7.

Analysis of the impedance spectra Bigure4¢5 shows a slight increase in polarisation
resistance at the oxygen electrode with increasing/COratio as shown inTable4¢4. On
the other handat the fuel electrode a significant ncrease in polarisation resistance with
increasing C&CO ratio is seen This increase in polarisation resistance across the fuel
electrode was also observed b§imLohsoontorn and Bae (20LGand Ebbesen and
Mogensen (200pwith increasing compositionsf €Q/CO mixturesln this study as shown
in Table4c¢4, the polarisation resistancat the fuel electrodancreased fronil.10to 3.55L
cn? from 15% to 70% CAQlt can therefore be concluded that processes occuytn the fuel
electrode is primarily responsible for the increase in cell resistance with increaspl @GO
ratio. These processes as describe®attion3.9.3include gas diffusion, gas conversion and
gassold reaction at the TPBDC characterisation shown as th&/ plot in Figure 4¢3

indicates charge transfer processes are slower with increasisfCO@ompositions.
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The majority of the information shown in literaturbas associated the polarisation
resistance across the fuel electrode during.@@ctrolysis with concentration polarisation
due to diffusion and conversiofEbbesen et al. 201Zhan et al. 2009 Zhan et al. (2009
explain that the higher molecular weight of €ldnits the diffusivity of the mixture at the
fuel electrode.It could also be speculated from the information given in literature tthat
diffusion of the higher moledar weight C@ molecule through the porous electrodis
primarily responsible for t significant increase in celésistance in this studyHowever,
detailed cell characterisatioms still needed to ascribe the frequency ranges for these

processes onto t impedance spectra.
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Figure 4¢6: Polarisation resistance across the oxygen and fuel electrode at varying CO

compositions

Note: The polarsation resistancegivenin Figure4¢6 are based on the frequency ranges
655 to 2.07 Hz at the oxygen electrode and 0698.11 Hz athe fuel electrode described in
Section3.9.

It is important to note that upon repeating the €@lectrolysis experiments, the trend, and
degree of increasing polarisation resistance with increasing/@MDratio, remained
consistent at both electrodeszrom Figure4¢6, a slightincrease in polarisation resetce

can be seerat the oxygen electrodevhen comparing the first repeat data with the initial
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data. This indicatea time dependent degradatioaf the anodeas the sweep gas remained
unchanged throughout the duration of the experiment. At the fuel eled&roa decrease in
polarisation resistance can be seahen comparing the initial data to the first repeat data.
Activation of SOCs under electrolysis operation has been reported in literature in the first
100 hours of operatiorfEbbesen et al. 201&Ebbesen and Mogensen 2009 herefore, it is
likely that thedecrease in polarisation resistanobservedat the fuel electrode could be a

time dependentactivationprocess.

To summariseit has been showrthat the performance of the electrolis celloperating
under increasing GLCO compositions is highly associated with the polarisation resistance
across the fuel electrode. €hncrease in pd@risation resistanceeen in this studgould be
related to processes such as fuel electrode gas diffusitmwer charge transfer reaction

rates for higher C&€CO mixtures angas conversion.

4.2.5 Poisoning and Regeneration of NiO electrode during

Electrolys is of Carbon dioxide

The aim of this study is to further understanding of the effect of the/CO mixtureson the
fuel electrodeof the electrolysis celand analyse theegeneration of Nicatalyst In this
study,an agedcell from a previous test (G@Oelectrolysis cell used iBection4.2.3 was

compared with anew cell.

4.2.5.1 Experimental

CQJ/H2 mixtures of compositions 60% 41 15% C®©& 25% N were flowed to the fuel
electrode afterthe CQ electrolysis invesgations described irSection4.2.3 had been
carried out. The OCV was then monitored with synthetic air flowing to the oxygen electrode
while operating at a cell temperature of 88D. Using aew cell, the OCV as also measured

when operating at 85@and the same gas compositians
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The QCV of both data are compared to:

1. Determine the extent of performance loss the fuel electrodeafter operation with
CQ/CO mixtures

2. Investigate the possibility of regeneratioof cell performance with the removal of
CO and addition of H

During the C@electrolysis investigatiodiscussed irbection4.2.3 the cell was operated for

a total of 15 hours at an operating cell temperee of 85C¢C under varying GO
compositions. Furthermore, only DC (iiev measurements) and AC characterisation (at
OCV) were carried out on the cell during the.@@ctrolysis. During DC characterisation,
the current density was measured up to a xmaum cell voltage of 1.46 V as shown in
Figure4cs.

Note: According to the gas manufacturers, the2@®d CO cylinders each have a 99.999%
purity level(BOC; research grade). This implies tiqatto 10 ppm of imprities (which can

includeCH, BS, Q, N;, H and moisture) are present in each cylinder.

4.2.5.2 Results and Discussion

Figure4¢7 and Figure4¢8 respectivelyare graphs shoimg the measured OCV against time
of CQ/H2 mixtures with theagedand new cell. During this investigation, there was a 5
minute break in electrochemical measurement as seerFigure 4¢7 however CQH:

mixtures wee still being flowed to the fuel electrode.
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Figure4¢7: Open circuit voltage against time at 8&Dwith 5% CQ 60% H and 25% N

supplied to the fuel electrode usirtge agedcell
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Figure4¢8: Open circuit voltage against time at 8&Dwith 15% CQ 60% H and 25% N

supplied to the fuel electrode using a fresh cell

The reaction between GGand h is an equilibrium reaction catalysed by the Ni content
present in the fuel electrodelhe equilibrium of the rWGSR dfose, butnot fully reached
when using a fresklectrolyte supporteccell at the gas compositionsidicatedin Figure4g
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8. In a case whereby equiliimm of the r’WGSR is reachadd there are no gas dé&agesthe
measured OCV should be withim®/ of theoretical potential of 991 mV. Further details on
the CQ/H2 co-electrolysis processicluding rWGSR equilibriuoan be found in Rapter5.

The £2 mV error in the measured potential during(E0 coelectrolysis originates from

1 The 1.5% accuracy of the reading range for the MFC, equivalent to £1 mV

1 The 8®latron electrochemical interface instrument has an ersguivalent to a £1
Y+d ¢KA& Aad RdzS G2 0GKS NIYR2Y SNNEBN SOARS
readings

Comparingrigure4¢7 and Figure4c¢8, it can be seen thah both cases the OCV plateaus at
997 +1mV. The convergence to this valbewever, occurs at different time periods. From
Figure4c7, aninitial slow stageof up to 90 minutescan be seemuring the reaction befae

convergence to the expected OCV of 997 mV.

Initially, the formation of carbon and rexidation of Ni in the fuel electrode of tregedcell
are investigatedand eliminatedas possible causes for the initial slow process observed.
According to thermodyamics, the formation of carbon is not favoured at the experimental

conditions of theagedcell described irbectiord.2.5.1(DC characterisation measurement of
up to 1.46 V).

80

.—.—H—.—H—.—.—.—.—Q_._._.__H_._._H

~
o

D
o

—8—CO2(g) —@—N2(g) CO(g) —e—C

a
o

w
o

N
o

Equilibrium composition (%)
N
o

=
o

0 100 200 300 400 500 600 700 800 900 1000
Temperture ¢C)

o

Figure 4¢9: Thermodynamic analysis of th&oudouad reaction as a function of

temperature operating at 70% G(3% CO and 25% fibwed to the fuel electrode
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At 85CC, carbon formation as calculated using thermodynamic properties from poces
simulation software HSC Chemistry 5.11 will occur at a cell voltage of 294l&5cribed in
Section2.6.2.2via the reduction of COFurthermore,the equilibrium of the Boudouard
reaction favours the reverse reaction proding CO despite the Ni catalyst at 860and
under a reducingatmosphere of 5% CO, 70% C&nd 25% B This is evident in the
graphical illustration ofFigure 4¢9 which shows the thermodynamic analysis of the
Boudauard reaction as &unction oftemperature at fuel electrode compositions of 5% CO,
70% C@and 25% B However as shown iRigure4¢10, carbon formation is likely to occur

at high CO concentration, although, & e€xpectedthat the produced carbon would have

been eliminated when operating &% CO, 70% G@nd 25% Bldue to the reverse reaction.
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Figure 4¢10: Thermodynamic analysis of the Boudouard reaction as waction of

temperature operating at 15% Gd0% CO and 25% fibwed to the fuel electrode

Finally, the oxidation of Ni to NiO is not favoured at 850vhen operating under the
reducing atmosphere according to the oxygen partial pressure chart of thegtzhm
RAFINIY 6{S8S ! LIISYRAE . F2NJ 2LISNI A2y LIERAYI
figure, the minimum ratio of CO to & 85C°C required to oxidise Ni to NiO is 0.01, a value

higher on chart than the operation point of 0.07.
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The initial 90 minute decayseen when using thagedcell (Figure4¢7) is thoughtto occur
due to a process known as arduction periodwhichindicates a process of transformation
of the Ni catalyst in becoming activén this study, t is thought that the presence of
impurities (possibly ¥6in the CO cylindgrin nickel sites hinders the acceleration of the
rWGSROliphant et al. (1978indicated asfully described inSection2.6.2.], that poisoning

of the Ni catalystin the fuel electrodeis caused by chemisorption sulphur on the Ni
surfaceas shown irEquationl19. Therefore, it is highly likely that sulphbecame strongly
adsorbed onto the Ni catalyst in the fuel electrode during prior experiments involviag CO
electrolysis. Diffusionof the CQ/H> gas mixtures isherefore hindered;due to blockage of
the active catalytic sites Hence, thechemical reaction becomes very slow in achieving
equilibriumbecause of the reduced catalyst surface afBae addition of KHland removal of
CO over a 90 minute period led tbe regeneration of the cell. However, the extent of cell
regeneration is still unclear and further work is still needed in this abgher studies have
also reported the regeneration of a cell upon the addition efaHd removal of CO or the

impurity stream (Ebbesen et al. 201@ha et al. 200y

Various mechanisms have been proposed fas gitocess of nickel regeneratiokirst, he
removal of CO will significantly decrease the concentration.8f ptesent in the feed gal
addition, acording to thermodynamics, reactid® will be reversedvhen H is introduced
and the sulphide compound is not present. As a result, the sulphur absorbed to the Ni
surface will be released leading to the formation eSHvhich exits the electrod€liphant
et al. 1978 Rasmussen and Hagen 20@asaki et al. 200&ha et al. 2007 The effect of
H>S impurityon cell voltagehas been largelgescribedin literature and tke findings from

this study arediscussed irsectiord.4.

To summarise, it has been shown that @dition of CQCO mixtures to the fuel electrode
leads to degradation of the cel\ 90 minute induction period was observed when a/B©
mixture was introduced at the fuel electrode of a cell in whiche/CO electrolysis had
occurred. This induction pexd, which is significantly larger than the 2 mins observed when
using a fresh cell, indicates that impurities from thex@Q® gas stream (possiblgp$n the

CO strea might have led to sulphur being adsorbed on some or all of the nickel sites
subsequeniy blocking theactive catalytic sitesThe study shows thah such instances, the

performance of thecell can be regenerated by the removal of CO and additior.of H
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4.3 Electrochemical Performance of SOCs operating at
varying Flow rates and Current densit ies during

CQ electrolysis

4.3.1 Experimental

In this Section the performance of the cell at current densities-6f5 and-0.61 A/cn? is
investigated under varying gas flow rates to the fuel electrode. ifited gascompositions
are kept constant and the gasonversion and current efficiency of the electrolysae
investigated. In each case, synthetic air was flowed to the oxygen electrode at a flow rate of
10 ml/min. Table 4¢5 gives further information on the opereitg conditions for this

investigation.

Table4¢5: Operating conditions for the electrolysis of G a SOC

Cell temperature = 85C, Cell area = 1.227 ém
Total flow rate Fuel Electrode Theoretical Nernst
(ml/min) Composition(mol %) potential (mV)
CQ CO |\
20 50 25 25 887
40 50 25 25 887
80 50 25 25 887

4.3.2 Current Efficiency and Gas Conversion

Figure4¢llandFigured¢l2 showsthe quantity of CO produced when the cell was operated

at current densities of0.5 and-0.61 A/cn? respectively. Usinghe FaradayEquation
(described irSectionl.3.2), the theoretical amount of C@roduced at the current densities
indicated were calculated. The exhaust composition of CO was measured using the GC and
the amount produced was calculated using a mass balance based on the initial flow rate of

CQ to the fuel electrode See appendices €1 to C¢ 3 for GC data.

Note: As the same cell was used in all experiments in this sedhenelectrical conversion

efficiencyfor the individual measuremenisould not be accurately quantified.
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m Experimental
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Figure4¢l11: Qurrent efficiency when operating a current density 0f0.5 A/cn?

(o2}

m Experimental

m Theoretical

Amount of CO produced (ml/min)

Total inlet gas flow rate (ml/mir)

Figure4¢12: Current efficiency when operating at a current density®61 A/cn?

As seenin Figure4¢ll and Figure4¢l12, a Fradac efficiency of up to 97% was achieved
when operating at a flow rate of 80 ml/min indicating a highly efficient operating cell.
Furthermore, this is comparable thirecent information in literatureln a study byLi et al.
(2012, a Rradac efficiency of 85% was achieved when operating witd ldHompositions to
the fuel electrode, cell temperature of 780 and a current density of 80 mA/émUrsua et

al. (2012 explains that one of the causes @ffaraddc efficiency lower than 100% is due to
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the presence of parasitic currents that appear in the real electrolysis process and that do

not contribute to the generation of useful fuel.
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Figure4¢13: Gas conversion of carbon monoxide produceeDab and-0.61 A/cn?

Figure4¢13 showsthe percentage increase in GOnvered (calculated usingquation24)

when operating at fukelectrode compositions of 50% £€025% CO, flow rates of 20, 40
and 80 mimin andcurrent densities 0f0.5 and-0.61 A/cn?. As the flow rate increases, the
percentage increase in the conversion of CO decreases. Although it is important to note that
the actual quantity of CO produceith ml/min) remains fairly constaras shown irFigure4g
11andFiguredcl?2.

J|| o 4#:*’ 9] <-d=" Ll o <
e | € Hm b <

In summary, it has been shown that the performance of an electrolysis cell during CO

24

electrolysisdecreases slightlyith increasing flow rates and constant gas composition.
Although he measured-V curve showed a similar current density from OCV té ¥.4or all

three flow rates AC impedance spectra showed a slight increase in polarisation resistance
across the fuel lectrode with increasing gas flow ratBaradaicefficiengesup to 97%were
achieved when operating at a flow rate of 80 ml/nand gas compositions 50% Q5%

CO and 25%J\vith the electrolyser being operated &i.5 and-0.61 A/cn3.
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4.4 Durability of th e SOCs during High Temperature

Electrolysis of Carbon D ioxide

4.4.1 Experimental
The durability of the SOC was examined at°85@ith 50% C£; 25% CQ 25% N supplied

to the fuel electrode, synthetic air supplied to the oxygen electrode and a current dexfsity
-0.5 A/cnt applied to the cell. Using a fresh cell, this investigation was carried out following
the reduction of Nidor 8 hours During the durability study, the cell voltage was measured
over 25 hours of operation. Electrochemical impedance specteaemecorded before and

after the electrolysis test to determine the cause of degradation.

The aim of this study is to determine the performance of the electrolyséie short term

of operationand further understanding of the effect of the impuritiea oell performance.

4.4.2 Effect on Cell Voltage

Figure4¢14 showsthe changein cell voltageover the period of study. Furthermore, a
breakdown of the passivation rates at various time scales can be seEabla4¢6. Note

that between 7.8 and 14 hours of operation, there was an interruption when the cell was
subjected tozero wrrent although the feed gasses were still being flowed to the fuel
electrode. The measurement wagapped at the 8" hour when operating at a significantly
higher cell voltage in order to avoid damaging the cell and alsdetermine the possible
causes for phas@ seen inFigure4¢14 through AC characterisatiorDuring this period, DC

(by recording-V plots) and AC measurements were also carried out on the cell.

During the second measurement (run 2), the cell was left for a further 15 hours of operation
at -0.5 A/lcn?. AC characterisation measurements at OQfeperformed before and after

the durability studyand the results obtained are shownhigure4¢16 and Figure4cl7.
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Figure4ql4: Cell voltage measured during g€ectrolysiswith 50% C@¢ 25% CQ@ 25% N
supplied to the fuel electrode, synthetic air supplied to the oxygen electeddan operating

temperature of 850C and a current density €0.5 A/cn?

Note: The sharp increasén cell voltageobservedin phase lis not a consequence of cell
degradationbut the type of electrochemicaimeasuring instrumentemployed The cell

voltage increases to match its applied current density.

Table4¢6: Operating conditions, cell voltage and passivation during the@{@ctrolysis

durability tests (firstand secondneasurement)

First measuremenfrun 1)

Time (Hours) Cell voltage (mV) Degradation rate (mVH
0.02-5 1670-2272 120
5¢78 2272¢ 2329 204
Second measuremelitun 2)
14¢19 1730- 2375 129
19¢ 28 2375¢ 2457 10.1
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As shownin Figure4¢14, the overalldegradation rate wag84.5 mV/h and 51.9 mV/h in the
first and seond measuremerst respectively. Thedegradation rates observed in this
researchare significantly higher #m those givenin literature. Ebbesen and Mogensen
(2009 observed a degradation rate corresponding to 0.4299/lmover 50 hours when
operating with a fuel electrode composition of 70%.,@8d 30% CO at 830 and a current
density of-0.5 A/cn?. In another studyEbbesen et al. (20)®@bserved a degradation rate
corresponding to 0.217 mV/h over 50 hours when operating with a fuel electrode
composition of 70% GGnd 30% CO at 830 and a lowecurrent density of-0.25 A/cn3.
Furthermore, i was shown in these studies thakll degradationis eliminated at low

current densities (<0.75 A/cthafter the inlet gas streamed had been cleaned of impurities.

During the first 5 hours of operatiom this study as seenin Figure4¢14, an initialsharp

increase in cell voltage can be observed resulting to a passivation rate of 120 mV/h. A
similar increase in cell voltage can be seen in the second measurement (mithi2) 5

hours of operation resulting to a passivation rate of 129 mV/h. In both measurements, this

was followed by a steady and continuous increase in cell voltage of 20 and 10 mV/h as
shown inTable4¢6. A tempdNd NB | OGA QI GA2Y LISNA2R OFly o6S &
H ¢ R dzNRX #hidinitial Kalud(ghase 1)of its cell voltage starts from ~1.4 V despite a
AAIAYATFAOLIYG Ay ONBI a4k prewbously Bdichted@iefcuirenBapplictl oNJ & N
GKS OStft ¢la KIFftGdSR 0Sa6SSp0%a@ms% QD ahdy2b% H € |
N2) were still being flowed to the fuel electrodalthough this phenomenon is currently not

dzy RSNEB U22RX GKS OStft @2ftdal3S axaywmEA Gy pe K

of operation.

At first, it is important to eliminate the formation of carbon as a process contributing to this
significant increase in cell voltage. As shawRigure4¢l15, carbon formation aequilibrium
according to the Boudouard reaction is highly unlikely at°850perating with50% CQ,

25% CO and 25%Mowed to the fuel electrodeOn the other hand,his trend of a sharp
initial increase in cell voltage, followed by a steady increasamsgar to those observed by
other authors(Haga et al. 2008Rasmussen and Hagen 20@&saki et al. 2006&’ang et al.
2010 Zha et al. 200/when investigating the effect of impurities 48) on nickel based

electrodes during fuel cell operation.
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Figure 4¢15. Thermodynamic analysis of the Boudouard reaction as a fomctf

temperature operating ab0% CQ@, 25% CO and 25% Nowed to the fuel electrode

Upon exmpsure to a fuel containing 50 ppm$iZha et al. (200)/observed a significant drop
(-16.67%) in current density imé first 20 hours followed by a slow but continuous drep (
3.96%) in cell performance in the next 120 hodise performance of the cell recovered in a
two stage process (quick rebound followed by a gradual recovery) upon the removss of H
from the fuel. The same poisonous effect was also observed when operating with a fuel
mixture containing 2 ppm of 4% although the extent of degradation was much smaller at
12.67 %Sasaki et al. (200@lso observed a similar sharp degradatathough more severe
upon operating a fuel cewith 5 ppm HS at the Ni anode and a current density of 200
mA/cn? within the first 5 mins. The cell voltage although remained stable over the next 60
mins. In both studies, upon removing theSHfeed, the authors found that the cells
recovered althouglthe recovery kinetics was found to be slower than the poisoning kinetics

in the latter case.

From Figure 4¢14, it is thought that phase2 occurs due to the sulphur being strongly
adsorbed onto the surface of thhli catalyst and therefore blocks the active sit@he
chemical adsorptiof sulphur to the Ni surface relate® the process occurring in phase 2
andis similar to the sulphuNi interaction mechanism explained 8ection2.6.2.1and4.2.5

in which the impurities block the active Ni stéor adsorption, dissociatioand diffusion
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along surfacesThis process is however reversiljgartholomew et al. 1982 The second
stage(phase 3)of sulphur poisoning is yet to be determinathd further experiments are

still needed to understanthis issue Onepossibleexplaration to phase threewhich shows

a steady and slower degradation processdescribed byha et al. (2007s (i K | ier tidel F
surface adsorption of sulphur on Ni reaches an equilibrium, continued sulphur exposure
leads to sNF I OS NX 02 y & (i Niltt@iimare Qliphant et af. X197BX dlainsbthat

at HBbS concentrations of 25630 ppm, surface reconstruction of Ni is favoured for supported

and unsupported Ni catalysts.

4.4.3AC characterisation z Effect on Impedance Spectra

In the previousSection it was indicated that the effect of impurities on a SOEC was related
to electrochemical changes at the fuel electrod®. further understand this increase in cell
voltage (phase 2 and 3and its effect on the SEC, AC impedace measurements were
performed before and after the durability studies as showirigure4¢16 and Figure4¢l7.

The data analysis carried out in ttf8sctionhasfocused predominantly ofigure4¢16. This

is becausethis figure gives a true representation of the effect of the applied current

whereas an-V measurement was carried out befdregure4gl7.

-1.75 ~

== Pre Durability

1.5 - -@- Post Durability

Figure4¢l16: ACimpedance spectra recordeat 85°C before and after durability study at

0.5 Alcn? (first measurement)
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Table4¢7: Ohmic and polarisation resistances during durability studies for.@@ctrolysis

(first measurement), obtained using equivalent circuit model from experimental Nyquist

plot

Predurability | Postdurability
Ohmic resistancelfcn?) - R1 0.51 0.60
Oxygen electrode polarisation resistanté¢n?) ¢ R2 0.41 0.83
Fuel electrode polarisation resistandd,¢n¥) ¢ R3 1.78 2.58
Total polarisation resistancél{cn?) 2.19 3.41
Total cell resistancel{.cnr) 2.70 4.01

The full impedance spectra for the @ain the Table 4¢7 and Figure4¢16 is shown in
AppendiceA-8 and A9.

-1.75 ~

== Pre Durability

== Post Durability

-0.5 1 655 Hz

0.65Hz

Z' Wlcm?

Figure4¢l7: ACimpedance spectra recoed at 850°C before and after durability study at

0.5 A/cn? (second measurement)
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Table4¢8: Ohmic and polarisation resistances during durability studies for.@@ctrolysis

(second measurement), obtained usjy equivalent circuit model from experimental

Nyquist plot

Predurability | Postdurability
Ohmic resistancelfcn?) - R1 0.71 0.71
Oxygen electrode polarisation resistanté¢n?) ¢ R2 0.98 1.17
Fuel electrode polarisation resistandd,¢n¥) ¢ R3 1.78 174
Total polarisation resistancél{cn?) 2.76 2.91
Total cell resistancel{.cnr) 3.47 3.62

The full impedance spectra for the data in thégure4¢l7 and Table 4¢8 is stown in
Appendice#A-10and All.

Analysis of the impedancspectra ofFigure4¢l16 shows a significant increase in ohmic
resistanceover ~8 hours of operatianTheohmic resistance angolarisationresistances at

the oxygen and fuel electrode are shownTable4¢7. A significant increase in polarisation
resistance can be seen in the oxygen electrode (up t&o)8lhis region shows a significant
increase in resistancagreeng with the proposeddegradationand increase in cell voltage

mechanisndescribedn Section4.4.2

It has been generally argued Bypbesen et al. (20)@nd Ebbesen et al. (20)4&s discussed

in Section2.6.2.1that degradation of SOECs kmw current densities (©.75 Acnv) is
heavily influencd by the presence of impurities at the inlet gasses and therefore by
cleaning these gasses, this issue can be elimina@&tdough this study shows a significant
increase in polarisation resistance at the fuel electrode, detailed cell characterisatitlh is s
needed to ascribe the various electrochemical processes to frequency regions.
Consequently, the deposition of impurities causing partial blockage of the TPB in the fuel

electrode would be known.

A significant increase in ohmic resistance was obsenvéke first measurement during the
first 8 hours of operation. On the other hand, the ohmic resistance of the second
measurement, operated for ~14 hourgicreased slightlyln this study, a time dependent
degradation process relating to an increase hmc resistance has been reported and this

could therefore correlate to the increase in ohmic resistance seen in the durability $tudy.
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addition, LagunaBercero et al. (20D)lobserved asignificant increase in ohmic resistance
whereasthe polarisdion across the fuel and oxygen electrodemains unalteredupon
degradation and consequentlyelamination of the oxygen electrode from the electrolyte
This study carried out at a current density €f.75 A/cn?, 898C and fuel electrode
compositions of 7% HO and 30% Hshowed a 63% increase in ohmic resistance after 10
minutes of operation.Therefore, it could also bespeculatedthat the increase in ohmic
resistanceseen in this studyis a result ofthis phenomenon Further work including
microstructuralanalysis of the cell is needed in order to determine the true cause of the

increase in ohmic resistance observed.

At the oxygen electrode, a significant increase in polarisation resistsreeo observed.
The cause of this oxygen electrode degradat®mrcurrently unknown although it is highly
unlikely this is a result of the sharp rise in cell voltage observed in phas&igué4gla.
This is becausa similar increase in polarisation resistance at the oxyglectrode was
observedduring C@H20 coelectrolysis durabilityhowever a sharp rise in cell voltage was

not observed in the celectrolysis study.

To summarise, it has been shown thathough SGECs are capable dffectively reducing
CQto CQ stahlity of SOECsemainsa critical issudthisis not the main topic of this wojk
Longerterm experiments including OE®ptimisation, characterisation of electrochemical
processes andicrostructural analysis of theells are still needed to further undstanding
of SOEC stability as described hrafter6.
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Chapter 5

5. High Temperature Co -electrolysis of
CQJ/H 20 in a Solid Oxide Cell

This chapter discusses the performance of an electrolysis cell operatidgr varying
H.O/CQ compositions. A durability stud/ at -0.5 Alcn?, 850C and fuel electrode
compositions of 50% GR25% Hand 25% M was carried out. Theerformance of thecell
under varying compositions ofCQ/H2O is compared to similar CO electrdysis

investigations discussed @hapter 4.

120



High Temperature Ceelectrolysis of CG/H 20in a Solid Oxide Cell

5.1 Introduction

In recent years, there has been a significant increase in the number of investigations into
the high temperature celectrolysis of Coand HO in a SOEC, as discussedhapter 2.

This is due to the potential of the electrolyser to simultaneously reduce both feed stocks to
produce synthetic gas, an intermediate in the production of synthetic fuels. Th#l&Dcoe
electrolysis procesgjescribed in detéh in hapter 2 is, however, more complicated than
individual steamand carbon dioxide electrolysis antdhet reaction mechanisnfor the
production of syngas is not yet fully understood. A better understandinghef co
electrolysis reaction mechanism is important as this could provide vital information needed

in the development of more efficient electrolysis cells.

This aim of this chapter is to gain further understanding into theeleatrolysis reaction
mechansm by omparing the performances of SOE®E CQ electrolysis and C4H20O coe

electrolysis.

Due to issues of catensation described iSection3.5 HO was notused as an input gas
during BO/CQ co-electrolysisas the gas composition could not be successftdiytrolled
Instead, cold inlet compositions of &8> mixtures wereused and these mixtures were
varied based on thermodynamic calculations such that the /KO equilibrium
compositions (based on the rWw@3 at the fuel electrode are directly comparable to

corresponding Cg&electrolysis investigations.

5.2 Co-electrolysis of H ;O and CQ

5.2.1 Experimental set -up

The test seup and operationwere described in detail irfthapter 3. Electrolyte supported
cells were primarily used in thigo-electrolysis experimental studyalthough the
performance of theNiO electrodesupported cell operating under GBI>2O mixtures was
also briefly investigated. Using both supportesll dypes CQ/H2 mixtures shown inrable
5¢1 were varied when operating at a cell temperature of 850to investigate the
performance of the electrolyser under -@ectrolysis conditions. In each case, synthetic air

(80% N and 20% @) was flowed to the oxygen electrode at a flow rate of 10 ml/min.
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In this study, two methods were employed to determifehie equilibrium of the rWGSR

reachedin this reactionas suggested bbbesen et al. (20)2

1 The exhaust gas compositions at OCV must be close to the equilibrium composition,
i.e. within 1% of the calcated values for the electrolyte supported cells and 2% fo
the electrode supported cells

1 Themeasured OCVs must be below or close to the theoretical potentalsithin 2
mV of the calculated valueln addition a measured potential higher than its
theoretical value is an indicating at tlexhaust gas compositions aferther away

from the thermodynamic equilibrium compositions.

Table5c¢l: Fuel electrode operating conditions for28/CQ co-electrolysis pocess

Fuel electrode flow rate = 20 ml/min
Cold Inlet composition (mol %)

No CQ H, N2

4b1 15 60 25

4bh2 25 50 25

4b3 50 25 25

4b4 60 15 25

Note that the above experiments were performed in the order showahle5¢1 (i.e. 4bl,

4b2, 4b3 and 4b4).

DC and AC characterisation measurements were recorded at the operating conditions
shown in Table 5¢1. During DC measurement, theV plot was recorded 3 times
consecutivef when operating at the same gas mixtuoeensure accuracyUnless otherwise
stated, thei-V curves presented in this chapter are always the third of the measseedf

data. AC characterisatiameasurements recording the impedance spectra weseried ait

after DC measurementsill investigations presented in this chapter were repeated to

estimateanyerrors.
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5.2.2 Initial Cell Characterisation

5.2.2.1 Electrolyte supported cell

Due to the possibility of variationin performance of thepurchasedcells, initial cell
characterisation under NiO reducing conditions is important in order to ensure consistency
and a base comparison with the processes of €€xtrolysis described inh@pter 4.Prior

to the CQ/H20 coelectrolysis investigations, the operating electrolytgpported SOC was
characterised by AC impedance spectroscopy to determine the initial performance of the
cell. The measured OCV under NiO reducing conditions of 49%98b Hand ~2% kD at
85(°C was determined to be 1060 14/ as shown ifmable5¢2.

Table 5¢2: Measured OCV of electrolyte supported cells at 860under NiO reducing

conditions
Cold inlet gas composition (%) Theoretical Nernst ExperimentaDCV (mV)
N, H, H.O Potential (mV) Celtoz Celtor20
49.1 49.1 1.8 (x0.2) 1086 (+3) 1065 (#4) 1060 (4

Note: Celloz and Cellozmzoare the cells used during €@lectrolysis and CfH-O co

electrolysis respectively.

05 1 - Cellused duringCQelectrolysis
=== Cellused duringCQ/H20 co-electrolysis
£
(&]
5 -0.25 -
N
O T T T 1
0.25 0.5 0.75 1 1.25

Z' Wcny)

Figure5¢1: AC impedancspectrarecorded at OCV, 88Q, fuel electrode gas compositions

of 49% N, 49% Hand ~2% kD and synthetic air to the oxygen electrode
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The AC impedance measurement shownFigure 5¢1 indicates a similampolarisation
resistance of 1.53 and 1.88cn? for celkoelec. and celbe elec, Table5¢3 shows the ohmic
resistance of both cells and a breakdown of the polarisation resisgracross both
electrodes. The slight difference in the initial ohmic resistance showigimre5¢1 is caused
by poor contact between the platinum electrical mesh and the fuel electrside of the
SOEC upon loauj of the cell.

Overall, a similar performance can be seen across the fuel and oxygen electrodes. This
implies little variation in the performance of the cells and therefore subsequent electrolysis
investigations can be carried out and the results comgaie measured cell voltage at
open circuit, which gives an indication of gas leakages across the cell, is similar to the cell
used for C@electrolysis indicating a consistent overall operating systeanthermore, this

shows the cell is sealed satisfacty.

Table5¢3: Ohmic and polarisation resistances of both cells under NiO reducing conditions,

obtained using equivalent circuit model from experimental Nyquist plot

Cellcozelec | Cellcoelec
Ohmic resstance (Lcn?) - R1 0.41 0.46
Oxygen electrode polarisation resistanté ¢nv) ¢ R2 0.53 0.52
Fuel electrode polarisation resistandd#,¢nv¥) ¢ R3 1.02 1.01
Total polarisation resistancél{cn?) 1.55 1.53
Total cell resistancel{.cnr) 1.96 1.99

The fullimpedance spectra for the data in th€able 5¢3 and Figure 5¢1 is shown in

Appendices AL and A2.

To summarise, a comparable initial performance was observed for botbtrelge
supported cells used for GCelectrolysis and C#H>O cacelectrolysis investigations
indicating little variation in the performance of the produced cells. Therefore subsequent

electrolysis investigations can be carried out and the results compared
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5.2.2.2 Electrode supported SOEC

It was shown in Rapter 3 that the contact resistance is significantly reduced by applying Pt
ink to the fuel electrode. In this chapter, the performance of the cell unde/HzO co
electrolysis mixtures is presented in tectiors. 1) Using the electrode supported cell with
Pt ink added to the fuel electrode and 2) electrosigpported cell without Pt inkThe ce
electrolysis investigations described in this chapter using the @detsupported cells were

carried out after all electrolyte supported cell investigations had been completed.
5.2.3 Equilibrium of the rWGSR

5.2.3.1 Thermodynamic Equilibrium and Exhaust Gas Compositions

The compositions of G@nd RO to be investigated were calctda such that a comparison
could be drawn with the CCelectrolysis compositions described im&pter 4. This implies
that, the sum of the celectrolysis compositions (G&+O) at the fuel electrode should

always equal that of the Clectrolysis compositions (GO

The exhaust gas compositionare compared to the thermodynamic equilibrium
compositions to determine if the equilibrium of the rWGSR is reached. The thermodynamic
equilibrium composition was calaikd using thermodynamic propertiefrom process
simuation softwareHSC Remistry5.11 The ceelectrolysis compositions were determined

using the gas compositions measured via the GC and a mass balance around the cell rig was
carried out as shown ifigure5¢2. A masdalance is needed as the GC does not measure

the steamcompositionfrom the cell rig.

Fr Fec
xin CQ Coelectrolysis cell rig xout CQ
xin CO xout CO
xin H xout B
«in HO F20 l xout HO=1

Figure5¢2: Schematic diagram showing a mass ba&around the cell rig during the high

temperature CQH20 cacelectrolysis process
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WhereFris the total flow rate (ml/min) to the fuel electrodéxcis the flow rateto the GC
after steam has been removed afd2ois the flow rate of steam condensexrlin and xout

are compositions of individual gasses in and out of the fuel electrode respectively.
The nass balance othe cell rig shownn Figureb¢2 is givenin Equationl19:
O O O 25
A mass balance on carbas givenin Equation20:
VD @EI 0 @TEI O 0 DY wédD C o

From the aboveEquation the GC flow rate can then be calculated as the compositions of
CQ and CO can be obtained from the GC.

A mass balance on hydrogeés givenin Equation21:
VDWW w@W® O O wé ¢ X
With this information, the gas compositions exiting the cell rig cafubbgmonitored.

Table5c4, Table5¢5 and Table5¢6 all show the ceelectrolysis exhaust gas compositiaofs
Table5¢1 using an electrolyte supported cell, electrode supported wéhout Pt ink and an

electrode supported cell with Pt paste added to the fuel side electrode respectively.

Table5¢4: Thermodynamic equilibrium and exhaust gas composition at 85Qsing the

electrolyte supgoorted cell

Cold Inlet Thermodynamic equilibrium Exhaust gas composition

composition (%) (mol %) (mol %)

No CQ Ho N> HO | CQ Ho cO N> H.O CQ Ho cO N>

4b1 15 60 | 25 )1122| 28 | 47.8|12.2| 25 11 2.8 49 | 122 | 25

4b2 25 50 | 25 1171 795| 33 |171| 25 151 | 8.7 | 349 | 16.3 | 25

4b3 50 25 | 25 )1171| 33 | 795|171 25 153 | 32.7| 9.7 | 173 | 25

4b4 60 15 | 25 | 122|478| 28 | 12.2| 25 12.3 | 46 27 | 13.8 | 25
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Note: The exhaust gas compositions using the electrolyte supported cell has an error of

~+1%

Table 5¢5: Thermodynamic equilibrium and exhaust gas composition at 85Qsing the

electrode supported cell (without Pt ink added to the fuel electrode)

Cold Inlet Thermodynamic equilibrium Exhaust gas composition

composition (%) (mol %) (mol %)

No CQ Ho N> Hzo CQ H, CcO N> HzO CQ H, CcO N>

4b2 25 50 | 25 1171 7.95| 33 |17.1] 25 183 | 7.8 | 31.7 | 17.2 | 25

4b3 50 25 | 251171 33 | 795|171 25 173 319 | 7.7 | 181 | 25

Note: The exhaust gas compositions using the electrode supported cell has an ert@f/of

Table5¢6: Thermodynamic equilibrium and exhaust gas composition at 85Qsing the

electrode supported cell (with Pt ink added to the fuel electrode)

Cold Inlet Thermodynamic equilibrium Exhaust gas composition

composition (%) (mol %) (mol %)

No CQ Ho N> HO | CQ Ho cO N> H.O CQ Ho cO N>

4b2 25 50 | 25 ) 171|795| 33 |17.1| 25 94 | 16.2 | 406 | 88 | 25

4b3 50 25 | 251171 33 | 795|171| 25 121 | 39.3 | 129 | 10.7 | 25

Error Analysis

The +1%error in the exhaust gas cagoositions given for theelectrolyte supported cell
originates fromthe G({(i.e. calibration, integration, etcgs described irsection3.7.2 The
additional £1%for the electrode supported cell is a resultlafgergas leakagearound the

cellcompared tothe electrolytesupported cell as described $ection3.8.2

Appendices ¢4, &5 and €6 shows the GC data obtained in order to calculate the above
exhaust gas aapositions inTable5¢4, Table5¢5 and Table5¢6 respectively.
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ComparingTable5¢4 and Table5¢5, it can be seen that the exhaust gas compositions are
both close to the thermodynamic equilibrium compositioitowever,the equilibrium of

the rwWGSR is only fully reached when using the electrode stggbarell as the gas
compositions arewithin the stated error range andclose to the thermodynamic
equilibrium compositionsOn the other hand,he exhaust gas compositions are not within
1% of the equilibrium compositions when using an electrolyte sugmabrtell The
equilibrium of the rWGSR is not fully reached in this case due to the lower Ni catalyst
content (.e. lower surface area of catalyst) present within the pfh thick fuel side
electrode 80% lower than the 250um thick fuel electrode of the Nu@l electrode
supported cell. Thisimplies a lower gas conversiofior CO productionwhen using the

electrolyte supported cellat OCV

FromTable5¢6, it can be seen that the equilibrium of the rWGSR is nothredavhen using

an electrode supported cell with pure Pt ink added to the fuel electrode. The exhaust gas
composition in each experiment is further away from the equilibrium composi#éariirst,

it is important to note that theplatinum paste applied tohe fuel electrode contained frit, a
glassy ceramic compoundt.is highly likely that the presence of glassy ceramic compound
could have accumulated at the surface of nickel in the fuel electrode. Ultimately, this would
reduce the active surface area ofetttatalyst and hence explain why equilibrium of the

rWGSR is not reached.

5.2.3.2 Open Circuit Voltage

In this section, the measured OG\are compared to calculated potential The theoretical
potentialsshown inFigure5¢3, Figure5¢4 and Figure5¢5 were calculatedising the Nernst
Equation(Equation6) and thethermodynamic equilibrium compositiorgiven inTable5¢4,
Table5¢5 and Table5¢6 respectively Furthermore, the theoretical GC voltages foOtH,
and CQ@CO mixtures (calculated using the Nernst potensiatl the exhaust compositions)
are comparedto the measured OCV. Thdosenessof the measured potential to the

theoreticalvaluescan aid in determining if equilibrium of the rWGSR is reached.

Note: The measured potentials each have an error of £2 myinating from; 1.5% reading

accuracy of the MFC equivalent to £1 mV and a reading error of the electrochemical
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interface instrument used when monitoring the OCV during./B§D coelectrolysis

equivalent to £1 mV.

1020
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960
940
- 920
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e
; 880
O 860
O 840
4b1: 15% 4b2: 25% 4b3: 50% 4b4: 60%
CO2 - 60% CO2 - 50% CO2 - 25% CO2 - 15%
H2 H2 H2 H2
m Theoretical 991 957 888 854
m Theo GC (H20/HR) 997 968 898 852
m Theo GC (CO2/CPQ) 991 950 903 862
m Measured 997 968 913 892

Figure5¢3: Open circuit voltage measured of varyingBH0 compositions at 83C when

using an electrolyte supported cell

Note: The theoretical GC voltage is the calculated Nernst potential based on the exhaust

compositions.
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Figure5¢4: Open circuit voltage measured of varying2E0 compositions at 83C when

using an electrode supported cell
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Figure5¢5: Open circuit voltage measured of varyingBH0 compositions at 83C when

using an electrode supported cell with platinum paste added to the fuel electrode

Comparingrigureb¢3, Figure5¢4 and Figure5¢5, it can be seen thahe measuredOC\in

all casesre closest to the theoretical potentiabnly when using a NiO electrode supported
without Pt ink.The large differences between measured and theoretical potentials show
in Figure 5¢3 and Figure 5¢5 indicates that these compositions are further away from
equilibrium, confirminghe initial results inSection5.2.3.1 Additionally, it can be seen in
Figure5¢3 and Figure5c¢5 that the measured potentials are significantly higher than the
theoretical valueswhereasin Figure 5¢4, the measured potentia are either below or

within 4 mV of the calculategotentials

MeasuredOC\$ higher than correspondirtheoretical valuesre usuallystatedin literature
althoughless widelydiscussedduring CQH-0 cecelectrolysis This iglue to the complexity

of gas leakages and gas conversion during the equilibrium chemical reaction. In a study by
Zhan and Zhao (20),&the measured OCV was recorded to be 20 mV above the theoretical
values when opeating at 800C with fuel electrode compositions of 25% ahd 75% CO

using a NiYSZ electrode supported ceNi{YSZ/YSZ/GEGCF)Zhan et al. (2009also
observed a measured OCV to be 10 mV above the theoretical values operating at a
temperature of 800C with fuel electrode compositions of 25%, B5% C&and 50% kD.

Ebbesen et al. (20)2owever measured an OCV value 13 mV below the theoretical value
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when operating at 858 with 50% C£¢ H.% CCg 25% Ar o the fuel electrode and pure
oxygen to the oxygen electrode and using aYSZ/YSZ/LSMSZ cathode supported cell.
Although ®me leakages were identifiedhe exhaust gas compositions were within 1 mol %

of the thermodynamic equilibrium compositions.

In this study, the very small differences between the Nernst potential and the OCV indicate
that the rWGSR is closest to equilibrium when using a NiO electrode supported without Pt
ink.

To summarise, it has been showmt comparing theCQ/H.0 exhaust compsitions and
measured OCV trespectivethermodynamic equilibrium compositions and theoretical OCV
can aid in determining if equilibrium of the rWGSR is reached. When using a NiO fuel
electrode supported celthe equilibrium of the rWGSR is reached. Oa tther hand, the
equilibrium of the rWGSR islose, butnot fully reached when using an electrolyte
supported cell due to the lower Ni catalyst content present within the fuel electrode of the

cell.

5.3 Electrochemical Measurements

5.3.1 DC Characterisation

In this section, the performance of the electrolyte supported cell under varying/B£D
mixtures is discussed. In addition, these performances are compared with the CO
electrolysis inveggations described in l@pter 4. The initial performance of the cell was
measured by recordingV curves at varying fuel electrod@@mpositions and the results of
the initial DC characterisation measurements are showRigare 5¢6. Thei-V curves were
recorded at 850C with synthetic air being flowed to the oxygen electrodéhough not
shown, no discontinuity was observed in the/ plot when operating from fuel to

electrolysis modeimilar to that observed during G@lectrolysis
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Figure5¢6: DC characterisation measurement at 86Qunder varying mixtures of @8>

Table5¢7: Measured current densities of similar G@nd CQ/H>O compositiors at 1.46 V

and 850C cell temperature

4cl 4b1 4c2 4b2 4c3 4b3 4c4 4b4
15% CO | 15% CQ | 25% CQ | 25% C® | 50% C® | 50% C® | 60% C® | 60% C®
60% CO| 60% H 50% CO| 50%H 25% CO| 25% H 15% CO| 15% H
Current density | 0.27 T 0.30 T 0.33 T 0.33 T
(Alcm?) 0.31 0.35 0.40 0.40

From Figure 5¢6, it canbe seen that the current density values at a givasll voltage

generally increases with increasing Gdd HO mixtures.At higher feed concentrations

(50% CQ- 25% H and 60% C&®- 15% H); aplateau in the current density can be seen

above ~125V. This trend isimilarto that observed during CCelectrolysis (seeection

4.2.4 in which thei-V curve indicateda maxinum in activation loses at higher feed

concentrations of 50%, 60% and 70%.CO
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A comparison of the performance of the electralyscell during O» electrolysisand
CQJ/H:20 co-electrolysisshowed that at a given cell voltage, the current densstigigher in
the coelectrolysis mixtures as shown ifable5¢7. The presence of steam at the fuel

electrodeduring CQelectrolysis increases the perfoemce of the cell by up to 24.

FromFigure 5¢6, a slight shift can be seen in th& plots in which thegraphline becomes
steeper and moves away from its original shaBetween-0.1 and-0.4 A/cr?, an increase

Ay OStt NBaralul yoS Aa 2shapediiW@EdR It ik inpoBa@itidR Sy (i
note that during COSt SO0 NP f & shapdd-V flok Bas dof dbserved. To further
understand the origin of this process, DC characterisation measurements were carried out
on anew cell atfuel electrodecompositiors 0f50% C@ 25% H and 25% K (experiment

4b3)and the data was compared to th&/ plot of Figure 5¢6 when usinganagedcell.

4 15
41 1.25

S

> 1

g i

o — New cell

>

©

o — Aged cell 1 0.75
I T T T T 05
-0.5 -0.4 -0.3 -0.2 -0.1 0

Current density (A/crd)

Figure5¢7: DC characterisation measurement 80°C and 50% CGO25% Hand 25% N

(4b3) when using aewand agedcell

Figure5¢7 is ani-V plot which compares DC characterisation measurements &tCG350d
50% CQ 25% Hand 25% Wfuel electrode compositios using anew cell and amagedcell
(i.e. the same cell used for all gas mixtures during the initia@lectrolysis investigation as
shown inFigure 5¢6). Although theperformance of the cell remains the samedamt by a
similar current density at cell voltages beyond ~1.4 V, shapes of tha-V plots differs.
The increasén cell resistance betweerD.1 and -0.4 A/cnm? is more evident irFigure5¢7.
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This information Bowsthat the increasingCQ/H20 co-electrolysis gasompositions at the

fuel electrode arenot a cause forthe 6 ¢ shapel i-V plot

As explaied in the experimentaBection5.2.], the i-V plot was recorded #mes in a row

(run 1, run 2 and run 3)vhen operating at a set gas mixturéigure5¢8 is ani-V curve
showing all three measurementghen recording amV curve.An increase in resistanasan

be seen at low curret densities between -0.2 and -0.4 Alcn? with increasing DC
measurementsThe evidence presented suggests that this increase in cell resistance at low
current densities is associated with an increase in DC measurements only dupiitp@O
co-electrolysis. The electrochemical process contributing to ttesistance in théormation

of the & {¢&Shapedi-V curve is currently unknown.
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b { 1.25
(]
g Run 3
©
>
D —Run 1
@) 4 1
—Run 2
r T T T 0.75
-0.5 -0.4 -0.3 -0.2

Current density (A/crd)

Figure5¢8: Simultaneous DC measurements at 850and fuel electrode compadisins of

50% CQ 25% Hand 25% MN(4b3) when using aew cell

5.3.2 Area Specific Resistance during CO2/H 20 co-electrolysis

Thecell ASRsinder varying gamixturesoutlined inTable5¢1 were calculated from theV

plot of Figure5¢6 as the line from the OCYV to the cell voltage measured at a current density
of -0.1 A/cnt. The measured ASR is seen to increase with increasisigl£OOmixtures as
shown inFigure5¢9. The C@H20 coelectrolysis ASRs were also compared to equivalent

CQ electrolysis mixtures
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Figureb¢9: Area specific resistance with increasingAE20 compositions

Table5¢8: Measured ASR of equivalent ¢&nhd CQ/H-O mixtures at-0.1A/cn?¥

4cl 4b1 4c2 4b2 4c3 4b3 4c4 4b4

15% C®| 15% CO|25% CO| 25% C®|50% CO|50% C®|60% C®|60% CO

60% CO | 60% H | 50% CO | 50% H | 25% CO |25% H | 15%CO | 15% H
CQ (W cm?) 1.75 L $ | 206 24 $
CQ/H-0 (W,cn) 1.24 1.26 131 1.45

Where b and c represents the cold inlet compositions fop/B£D coelectrolysis and GO

electrolysis respectively

As shown inTable 5¢8, the cel ASR for theco-electrolysis process i40% lower than

correspondingcarbon dioxide electrolysigrocessesAC impedance characterisation of both

mixturesis compared to gain further understanding of the origin of these resistances.
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5.3.3 AC Characterisation

AC characterisation at OCV was performed after recordingi-WMeplots and the results

obtained at 850C and varying G20 mixtures areshown inFigure5¢10.

0.75 - ¢ 4blc 15% COC 60% H
B 4b2¢ 25% CQ¢50% H
43¢ 50% CQC 25% H
%\ -0.5 A
S X 4b4c 60% CQC 15% H
N
-0.25 1 655Hz
X
6550Hz ><><><>< 0.65Hz
0.1Hz
0 T T T 1
0.25 0.5 0.75 1 1.25 15

Figure 5¢10: AC impedance measurement recorded at OCV under differen/HzO

compositions

From Table 5¢9, a slight increase in the total polarisation resistance can be seen with
increasing C&and HO compositions. This trend of an increase in resistance corresponds to
the ASR calculated from thei-V curve as shown iRigure5¢9. A breakdown of the cell
resistances as shown irable5¢9 shows a slight increase in ohmic resistance increases with
time. Similar to electrial contact issues discussedSection4.2.4 the change in the ohmic
resistance was mainly a consequence ofiateons in the contact between the current
collector and the cell. The increasing 00 mixtureis not a cause for the observed
increase in ohmic resistance. Furthermore, it was observed in latter experiments that the
ohmic resistance remained the sarfee varying gas compositions when carried out within a

short period (i.e. 1 hour).
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Table 5¢9: Ohmic and polarisation resistances during &,0 ccelectrolysis, obtained

using equivalent circuit model fronexperimental Nyquist plot

4b1 4b2 4b3 4b4

15% C®|25% C®@|50% C@|60% CO

60% H 50% H 25% H 15% H
Ohmic resistancelf.cn¥) - R1 0.48 0.50 0.53 0.54
Oxygen electrode polarisation resistanté¢n?) ¢ R2 0.44 0.47 0.47 0.48
Fuel electrode polarisation resistandd,¢n¥) ¢ R3 0.26 0.22 0.26 0.34
Total polarisation resistancél{cny) 0.7 0.69 0.73 0.82
Total cell resistnce (L, cn) 1.18 1.19 1.26 1.36

The full impedance spectra for the data in tRegure5¢10 and Table5¢9 can be found in

Appendices Al2 to A;15.

At the oxygen electrodethe polarisation resistance remainddirly constant. At the fuel

electrode, a slight increase in polarisation resistaiscebserved betweef5% C@¢ 50% H

and 60% Cgx, 15% H of experiments 4b2 to 4h4~uel electrode polarisation resistance due
to charge transfer reactiongas diffusiorand gas conversion are electrochemical processes

known to occur at the fuel electrode which could be contributing to the changing cell

resistances. However, furthecharacterisationwork is still needed to ascribe dke

electrochemical processes specific frequencies ithe impedance spectra.

Comparing Cgelectrolysis to C&H-O coelectrolysis, it can be seen th#tie presence of

steam atthe fuel electrode significantly increases the performance of the eleckolgs

shown inFigureb5¢l11.
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Figure 5¢11. Polarisation resistance at the fuel electrode during.@@ectrolysis and

CQJ/H20 coelectrolysisbetween 0.65 and 0.1 Hz

To summarise, it has been shown that the slight increase in polarisation resistance with
increasing LD and C@compositions is predominantly associated with processes across the
fuel electrode. A comparison of the €B.0 coelectrolysiswith the CQ electrolysis
process has shown thaby substituting some COwith HO, the performance of the
electrolyser significantly increasdsy up to 21% A detailed breakdown of thether
electrochemicaprocesses that contribute to tise resistances in the impedan@pectra is

still needed.

5.4 Durability of SOCs during High Temperature Co -

electrolysis of Carbon dioxide and Steam

5.4.1 Experimental

The durability of the SOC was examined at°85®ith 50% C£;, 25% H ¢ 25% N supplied

to the fuel electrode, synthetic air sufppd to the oxygen electrode and a current density of
-0.5 A/cnt applied to a fresh cell. The study was carried out over a short peritfsi ffours)

in which the cell voltage was continuously monitored. Electrochemical impedance spectra

were recorded beforend after the electrolysis test to determine the cause of degradation.
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5.4.2 Cell Voltage and AC Characterisation

Figure5¢12 shows the change cell voltage over the period of study. AC characterisation
measuremets at OCV were performed before and after the durability study and the results
obtained are shown irrigure5¢13. Furthermore, a breakdown of the passivation rates at

various time scales can be seeable5¢10.
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Figure5¢12: Cell voltage measured during €0 coelectrolysis at0.5 A/cnfand 850C

Table 5¢10: Operating onditions, cell voltage and degradation during the @8-0 co

electrolysis durability tests

Time (Hours) Cell voltage (mV) Degradation (mV/h)
0.02-5 1558-1550 -1.6
5¢30 1550¢ 1586 1.44
30¢44.4 1586- 1615 2.01
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As shown inTable5¢10, the cell voltage decreased slightly during the initial electrolysis
period of 5 hours corresponding tonaactivationrate of 1.6 mV/h. Activation ddOCss not

new and has been shown in a previous longer term studiglilyesen et al. (20)However,

the authors observed activation ratester long hairs of operationbetween 400 and 600

hour and 700 and 900hour of operation.Over the next 39 hours afperation in this study,

the cell voltage increased from 1550 to 1615 mV corresponding to a passivation rat& of 1.6
mV/h.

As previously indicateth Section2.6.2.1 Zhan et al. (2009%bserved adegradationrate
correspondingto 0.26 mV/h over 100 hours of operatiowhen operating with a fuel
electrode composition of 25%,H25% C&and 50% kD at 850C and a current density ef
1.05 A/cni. Ebbesen et al. (20} @lsoreported a degradatiomate of 0.377 mV/h in the first
50 hours of operation during G120 coelectrolysis when operating at a current derysitf
-0.25 Alcni. Although, this value significantly decreasgmto 0.003 mV/hover 1000 hours
of operation.Theoverallpassivation rateof 1.3 mV/h observed in this study over 44 hours
of operation issignificantly higher than those presentedliterature. The key factors which
affectthisincrease in cell voltage includlecreasingphmicresistance with timgarising from
cell and electrical mesh contactpresence of impuritiesin the fuel electrode lower
performing materials,etc. AC impedance spatiscopy measurements have been carried

out to further understanding of the resistances contributing to the increase in cell voltage.

A comparison of the changes in cell voltageshis tstudy to that presented iSection4.4
during the durability of SOC during £€lectrolysis shows a significant increase in cell
performance. An overall passivation rate of 1.3 mV/h was observed in this study whereas a
passivation rate of 36.1 mV/h was observed during the Hiitg of SOC during GO
electrolyss. It was argued previously i8ection4.4.2 that the presence of impurities
(possibly sulphur from 4$), thought to have originated mostly from the CO gastent,
deposited on the active nickel sites causing a significant increase in cell voltage.
Furthermore, when investigating the effect of impurities and regeneration of the NiO
electrode in a SOC as shownSection4.2.5 it was shown that the addition of Hand
removal of CO (thus reducing the impurity content) significantly increases the performance

of the cellbecause the presence of sulphur in the electrodeastly eliminated.
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AC impedance measurements weaso performed before and after thedurability study
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Figure5¢13: ACimpedancespectraat 850°C before and after durability study #1.5 A/cn?

Table5¢11: Ohmic and polaisation resistances during durability studies for @8-0 co

electrolysis, obtained using equivalent circuit model from experimental Nyquist plot

Pre-durability Postdurability
Ohmic resistancelf.cn?) - R1 0.58 0.79
Oxygen electrode polarisation resisice (l,.cn?) ¢ R2 0.33 0.97
Fuel electrode polarisation resistandd,¢n¥) ¢ R3 0.27 0.3
Total polarisation resistancél{cn?) 0.6 1.27
Total cell resistancel{.cnr) 1.18 2.06

The full impedance spectra for the data in th@ble5¢11 and Figure5¢13 is shown in
Appendices A6 and Al7.

Similar to the information presented ifiable4¢7 during investigations into the durability of
SOCs under carbon dioxigectrolysis aralysisof Figure5¢13 showsa significant increase
in ohmic resistance an@olarisation resistance across the oxygen electrodeer the 44
hours of operation, a 3% (0.58to 0.79 LL| cn?) increase in ohmic resistande observed
during CQH20 coelectrolysis, a value muchigher than the 186 (0.51 to 0.60LL, cn¥)
observed during CLelectrolysis althoughhe cell was operated for a shorter period of 8

hours in the latter cas. Additbnally, 194% (0.33 to 0.97 LU, cn?) increase polarisation
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resistance at the oxygen electrode was observed, a value signifi¢agtigrthan the 1026
(0.41 to 0.8 L cn?) observed during COelectrolysis. The electrochemical process
associated withthe increase in ohmic and polarisation resistance at the oxygen electrode
which affects ell degradationduring C@H2O coelectrolysis are similar to those described

during CQelectrolysis ashownin Sectiord.4.3

Despite a significantly larger operating time, a lower fuel electrode polarisaeg®iatances
observed during C£H20 caelectrolysig0.27 to 0.3 cm?) compared to the 1.78 2.58 LL|

cn? observed during C&electrolysis In Sectiond.4, it was hypothesised that the significant
increase in cell voltage is related to electrochemical changes at the fuetraee
predominantly caused by the deposition of impurities at the active sites and arising
primarily from the CO stream. In th&ection the effect of impurities is significantly reduced
as CO is not included in the inlet gas streand H is introduced However, the effect of
impurities from the C@stream is not eliminated as a possible cadise the increase in
resistance. FurthermorelEbbesen et al. (20)thas shownthat when operating at low
current densities, impurities at the fuel electrode is the magontributing factor toan

increase ircell resistance.

Overall, ithas beershown that by substituting CO withhHhe sharp rise in cell voltage seen
during CQelectrolysis can be eliminated. A period of cell activation corresponding to a rate
of 1.6 mV/h is observed during @820 ccelectrolysis in the first 5 hours of operan.
However, the cell degraded at a rate of 1.65 mV/h over the next 39 hours of operation. AC
impedance spectroscopy measurements have shown a significant increase in ohmic and
polarisation resistance at the oxygen electrode whereas the polarisationtaeses at the

fuel electrode increase slightly before and after durability studies. Further worgededin

this studyto decouple the electrochemical processes within the impedance spebtit

contributeto SOC degradatigoarticularly at the oxygen et¢rode.
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5.5 Current Efficiency and Syngas Production at

varying Current Densities

In this Section the exhaust gas compositions is analysed when operating at open circuit
voltage andvaryingcurrent densities This is important in order to quantify tremounts of

feed CQ and HO) converted during C&€H>O cecelectrolysiswith an aimto further the
understanding of the celectrolysis reactionDuring CQelectrolysis a current efficiency of
90% (equivalentto 4.14 ml/min of CO producedyas reported when erating at-0.5
Alcm?with 50% C@ 25% C@ 25% N flowed to the fuel electrodet 20 ml/min.

Table5¢12: Exhaust gas compositions measured at open circuit voltage eh& A/cm?

when operating at 850C andinlet gas compositions of 50% C@ 25% H ¢ 25% N at 20

ml/min

Cold Inlet Exhaust gas composition Exhaust gas composition

composition (%) at 0 A/cn? (mol %) at-0.5 Alcr? (mol %)

No (ofe} H. N, fHO | CQ | H, | CO N2 HO | CQ H. CO | N2

4b3 50 25 | 25 153 32.7|9.7|17.3 25 6.9 | 20.6 | 181 | 294 | 25

FromTable5¢12, the total amount of syngas ¢H CO)producedat -0.5 A/cn? is calculated
to be 4.1 ml/min, similar to the amount of CO produced (4.14 mi/min) during CO
electrolysis when operating with fuel electrode compositions686 C@ 25% CO & 25%N
As discussed isection1.3.2.1, determining theFaraddc efficiency for ceelectrolysis is
more complicated than individual stea and carbon dioxide electrolysi§he RBradaic
efficiency in this instancevas therefore calculated on the assumption of the basis for

theoreticalindividualCQ and HO electrolysigor CO and bkproduction respectively

The current density was variedebween -0.25, -0.4 and-0.5 A/cn? at 850°C and fuel
electrode compositions 060% CQ 25%H, & 25% N at a flow rate of 20ml/minFrom
Figure 5¢14, the molar compositionof syngas produced can be seen to increaath
increasing current densitylhe current efficiencyseeSectionl1.3.2.] wascalculated using

the theoretical amount of C@nd H production asseen inTable5¢13 indicatesoverall a
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highly efficient electrolysefor co-electrolysisAppendix €7 shows the GC data obtained in
order to calculate the exhaust gas compositions at the varying current densities shown in
Tablebc13.

Tableb5¢13: Current efficiency of syngasroduced at varying current densities

Current density (A/cm) Current efficiency (%)
CO produced H. produced

-0.5 89 96
-0.4 89 96
-0.25 91 97
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Figure5¢l14: Graph showing the mol. composition of syngas produced at @X24,-0.4
and-0.5 Alcn¥

(Qo-electrolysis reaction mechanism

This Sectionprovides a method and possible explanationof the coelectrolysis reation
mechanism usingxperimental datashown inFigure5¢14 and process simulation dafeom
HSC Chemistr$.11 To do so, themeasuredexhaust gas compositions a0.25 Alcn?
shownin Figure5¢14 will be compared to the predicted gas compositioreculated on the
assumption thajpure steam electrolysis and the rWG&t the only two reactiongo occur

within this processs suggested bfstoots et al. 2008
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The predicted gas compositions at 860-0.25 A/cnt and inlet fuel electrode compositions

of 50% C@) 25% H& 25% N are calculated on thassumptiorthat:

1 The majority of the electrochemical reactions occur closest be tlectrolyte as
discussed inSection 1.2.3 and shown inFigure 2¢5 by (Ni 2013, whereasthe

majority of the chemical reaction occurs in the bulk of the electrode.
This implies that:

1. At OCV, the hot inlet compositions would differ to the inlet fuel electrode
compositions due to the rwWGS&iven inTable5¢12).

2. At-0.25 A/cntand following the reduction of #¥D to B, the gas compositions at the
fuel side electrode/electrolyte regiofwhere the electrochemical reaction occurs)
after the applied current density would differ to the exhaust gas compositinesto

the rwWGSR.

In the case of no. 4t is assumed thaequilibrium of the rWGSK reached following the
reduction of HO to H. The predicted gas compositions atieerefore calculated using 5C

Chemistry process simulation.

Table5¢14: Predicted and measured>daust gas compositions at OCV ardl25 Alcn?

when operating at 850C and inlet gas compositions of 50% £26% H & 25% N at 20

ml/min

Current density (A/cm) CQ(mol %) | H.O(mol %) | CO(mol %) | H.(mol %) | N2(mol %)
0 32.7 15.3 17.3 9.7 25
-0.25 (Measured data) 27 10.5 23 145 25
*Theoretical datagredicted 25.5 13 24.5 12 25
composition3

*The theoreticaldata is calculated on the assumption of 97 % current efficiency0&#5

Alcnif only steam electrolysisccurred. Following this, the predicted gas compositions are

then calculated on the assumption that equilibrium of tM§GSRsreached

The data fromTable5¢14 shows that the measured datare not close enough to the gas

compositions. It could therefore be speculated that steam electrolysis istm®tonly

electrochemical reaction occurring during the high temperaturestaztrolysis of C&and

145




High Temperature Ceelectrolysis of CG/H 20in a Solid Oxide Cell

HO in a SOEC. Howeven order for this stdy to be fully validated, the exhaust
compositions at-0.25 A/cn? has to be carried out using an electrode supported cell as
equilibrium of the rWGSR has been shown to be reached in this Casesequently an
accurate comparison and analysis of the meaduand predicted data can be obtained.
Additionally, further work is still needed in this study to determine the effect of

temperature and inlegas compositionat varying current densities.
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Chapter 6

6. Conclusion and Future Work

The main onclusionsdrawn from Chapters 1 to 5are presentedn this Giapter. This study
has successfully accomplishese of its goalsin furthering the understanding of the
performance ofa SOCIuring CQ electrolysis and C4H-0 cacelectrolysis Furthermore, the
increase m cell performanceobserved during C#H20 coelectrolysis has been quantified
compared to CQ electrolysis. However, this study isyet to fully determine the co

electrolysis reaction mechanism as part of the second aim of this PhD project.

Further work is still needed to fully determinall electrochemical processeen the
impedance spectréhat contribute to cell resistancduring CQelectrolysis and C4H20 ce
electrolysis.The key areas afmprovementwithin this researchthat couldsuccessfullyaid n
gaining a better understanding ttie co-electrolysis reaction mechanisrasid SAEC failure

at high current densities aralsooutlined.
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6.1 Conclusion

Chapter 1

Syntheticfuel productionvia the high temperature celectrolysis ofCQ and HOin

a SOCcoupled with the FTSs a promising pathwafpr CQ utilisation.

Conventionakold oxidecells used during steam electrolysis andnsisting of N¥SZ

as the fuel electrode, YSZ as the electrolyte and-YSM as the oxygen electrode
can be directly appd for CQ/H20 cecelectrolysisin the production of syngasand
electrolysis of C&for CO production

Steam electrolysis, carbon dioxide electrolysis and the reverse water gas shift
reaction (r'WGSR) are the three reactions tlwaiuld take place duringthe high
temperature ceelectrolysis of C&and RO in a SOEC.

The proportions of each reaction in the contribution te/€0 productionwill
depend on the cell materials, cell morphology, operating temperature, inlet gas
compositions and operating voltages.

There is howeverlack of understandingf the co-electrolysis reaction mechanisms
as it is still unclear which reaction contributes to the production ofa@@®thisthesis
aims to gain further understanding of the type of reactions that occur in the
production of H and CO.

Finally, eonomic analysis of fuel production with the GHG originating from air
capture showed that SOECs must be able to operate at current densities2of ~
Alcn? with little (0.0018 nill cm?/h) or no degradation over a 5 year perioar fthe

commercialisation of this technology.

Chapter 2

T

In understanding the celectrolysis reaction mechanisnt, has been argued that
steam electrolysis and the rwWGSR are the only two reactions that occur within this
process with the KHproduced fromsteam electrolysis used in the chemical reaction
to produce CO. Contradicting this report,hids also been argued in other studies
that all three reactions occur in the production of #hd COA better understanding

of the coelectrolysis process is vitas this could provide further knowledge in the

development of materials for more efficient SOECs.
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The performance of a cell under2® electrolysis is greater than €8>0 co
electrolysis and significantly greater than Llectrolysis. A comparison dfi¢ celf a
ASR under these operating conditions skeova slight increase in resistance for
CQ/H20 mixturescompared toH.O. In addition, asignificantly higher ASR has been
observed forCQ electrolysis.

AlthoughSOCs were initially developed and optiedidor fuel cell mode operation,
differences in operating conditions (such as high steam content environment in the
bulk of the fuel electrode, thus accelerating the agglomeration of Ni particles present
in the fuel electrode) for electrolysis purposes medhere is a great interest in the
optimisation of conventional materials and development of meBOE materials.

At the fuel electrode, the use of perovskite structured materials such as LSCrM/GDC
and LST have gained significant interest because theyotloequire a continuous
flow of reducing gas (such ag)Ho avoid Ni oxidation. At the oxygen electrode,
MIEC materials such as BSCF, LSCF and BCFN have gained significant interest due to
their ability to extend the reaction sites across the full deptihef electrode.

A review of the status of the high temperature-etectrolysis of carbon dioxide and
steam in a solid oxide cell showed that operation at high current densite& 15
Alcm?) is a technological barrier that needs to be addressed.

At low arrent densities €¢0.75 A/cn?), it has been shown thaSOECs are capable of
operating with little or no degradation when impurities present within the gas
stream are removedAt high current densitie$>¢0.75 A/cn?), degradation of the
oxygen electrode amrs due tothe high oxygen partial pressures at the oxygen
electrode/electrolyte interfaceln most cases, this degradation typically leads to the
delamination of the oxygen electrode from the electrolyte.

The optimisation of conventional SOC materiafed ahe development of novel
materials is currently a major part ofehlresearch in eliminating issues of cell failure

at high current densities

149



Conclusion and Future Work

Chapter 3

1 The experimentaldesign methodsand commissioningor the newequipment used
during this projetalong with many issues overcame were discussed.

1 Glass was shown to be more effective than nirceell sealing resulting inlower gas
leakages.

1 The use ofa temperature controlled water bath and a carrier gas)(Mas been
shown to be effective in piucing highly stable and large amounts of steam
(concentrations up to 900, 000 pprmowever, issues of condensatidownstream
of the water bathought to be eliminatedefore steam electrolysis can be effectively
carried out.

1 In this research, lectrolyte supported cells wershown to bepreferableto NiO
electrode supported celldue to lower gas leakages upon loading dmder degree
of ohmic resistancevariationwhen testedover 50 hours of operation under varying
H-O/H./N2> compositions.Thisissue ofcontact resistance walowever eliminated
when platinum ink was applied to the fuel side electrode.

1 Electrolyte supported @l daracterisation through electrochemical impedance
spectroscopyand analysis of the impedance spectra carried ouwéh the cel
operating at OC\showed that the high frequency arc was relatpdmarily to
processes occurring at thaxygen electrodavhile the low frequency arc was related

primarily to processes occurring at the fuel electrode
Chapter 4

1 During C@electrolysisthe experimental OCWf varying gas compositionsere 3 ¢
6 +2mV belowthe theoretical valuendicatingthe cell was sealed satisfactorily.

1 An increasindASRcalculated from the-V plot as the line from the OCV to the cell
voltage measured at a curremdensity of-0.1 A/cn?, was observedwith increasing
CQJ/COratio.

1 AC impedance measurements showee tbhmic and polarisation resistance at the
oxygen electrode remained fairlgonstantwhile polarisation resistance at the fuel

electrode significantlynicreased.
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1 Poisoning of the fuel electrode during electrolysis of: @@s also observed. The
presence of impurities in the G@QO stream reduces the surfaeeea of the active
catalysts. It was shown that thaddition of H and removal of CO led to the
regeneration of the cellindicating the possible presence of impurities in the CO gas
stream

1 Short term durability studies, carried out on the cell during €@ctrolysis indicated
two key phases ofcell degradation An initial sharp increase in cell valje
equivalent to a degradation rate ofLl20 mV/hin the first 5 hourdollowed by a slow
and continuous increase in cell voltage equivalent to ~10 novér a 2 hour period
The initial increase in cell voltagess caused bydepositionof sulphur to the ickel
surface thus blocking the active nickel sites for adsorption, dissociation and diffusion
along surfacesFurther work is still neededo understandthe causeof the second
phase of degradatian

1 A Faraday efficiency of @4 indicating a highly effient electrolysis cellwas
achieved during CQelectrolysiswhen operating at fuel electrode compositions of

50% C®@and 25% CO, flow rates of 20 ml/min and current den$ity A/cn?.
Chapter 5

1 The rWGSR was cloge equilibrium during the high tempenture (85C°C) co-
electrolysis of C&and HO when usingan electrolyte supported ceddnd operating
at OCV Exhaust gas composition measurements were 2 mol% of the
thermodynamic equilibrium composition

1 On the other hand, equilibrium of the rWGSR is hetwhen using a NiO electrode
supported cell.

1 DC measurements showenb to a 21% increase in cell performandering CQH20
co-electrolysiscompared to C@electrolysis.

1 An increasing ASR was observed with increasing,/ 8O compositions
Furthermore,the cell ASR during @820 ccelectrolysis was 40% lower than the
ASR during C@lectrolysis.

1 AC impedance measurements showed the ohmésistance and polarisation
resistance at the oxygen electrode remained fairly constant while polarisation

resistane at the fuel electrode increasedlightly. Activation and concentration
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T

T

polarisation due to gas diffusion and conversion are possible causes for this increase
in resistance.

A comparison of the electrochemical impedance spechmwed up to a 55%
decrease in polarisation resistaneg the oxygen and fuel electrodduring CQ@H-0
co-electrolysighan CQ electrolysis.

Short term dirability studies showed passivation rate corresponding to 1m3V/h

over 44 hours of operation, a valugnificantlylower than that reported for CQ
electrolysis AC impedance spectra showed an increase in ohmic and polarisation
resistances at the oxygen and fuel electrode.

A Faraday efficiency of 89 % was achieved during 8§D coelectrolysis when
operating at fuel eleitode compositions of 50% G@nd 25% b flow rates of 20
ml/min and current density0.5 A/cn?. The calculated current efficiency is similar to
that observed during CCelectrolysis indicating a highly efficient electrolysis cell for

syngas production.

6.2 Future Work

The commercialisation of SOEC technology for synthetic gas production via the high

temperature cereduction of C@and HO is highly dependent on eliminating all issues of

degradation at high current densities -gz75 A/cn?) as discussed iBection 1.4. The
majority of the work in te high temperature celectrolysis of COand HO in a SOE(S
therefore geared towardghe dewvelopmentand testingof newer SOEC materiglsis well as

the optimisation d conventional material§seeSection2.6.2.2.

This project has focused primarily on the testing of SOCs wadging compositions aQ
and CQH20 with an aim to improve the performance tiie electrolyserfor syngas

production. Howeverfurther work is needed in the following areas

1 Eliminatingall issues of steam condensation downstream of the water bath

1 Investigating, andubsequentlyeliminating the presence ofsulphur in the carbon
monoxide gas str@m

1 Optimisation of electrode supported cells for electrolysis testing

1 Detailed cell characterisation to determine the processhging CQ@H>O co
electrolysisand quantitatively obtain their equivalent cell resistances
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In addition to the above points, ctinuous optimisation of thecurrent procedure of testing

and data analysis needed.

6.2.1 Eliminating | ssues of Steam Condensation

The use of a carrier gas coupled with a temperature controlled heated water bath has been
shown to be a feasibland effectiveprocess in the production agteamstableup to 900,000

ppm as discussed iSection3.5. However,issues of condensation downstream of the water
bath (before steam arrives at the inleif the fuel electrodg need to be eliminatedbefore

this system can be implemented for electrolysigeration Due to this issuethO was not

used as an input gas during®CQ co-electrolysis as the gas composition could not be
successfully controlled. Instead, cold inlet compors of CQ'H2 mixtures were used and

the resulting fuel electrode compositions @@, H, CO and C{due to the rWGSRwere

measured usin@gas chromatograph.

The cvelopment of a new test facilitgr optimisation of the current systerm which the
water bath is closeto the operating cell in the furnacis very importantPotential solutions

include:

1 Reduction of the stainless steel tube length between thelet of the water bath
and theinlet of the base unit of the cell rig.

1 onstruction ofa new, shorter length cell rigitted to the 300 mm heighfurnace
used in this researctAlternatively, a furnace which covers thentire length of the
ProboStat could be utilised.

1 Improvedheat insulation downstream of the water batbuch that the heat traed
line is maintained at a higlenough temperature to avoid condensation before

entering thebase unit of the ProboStat

6.2.2 Sulphur Poisoning

In Section4.2.5 it was hypothesised that the presence ofSHn theCO streanreduces the
surface area of the activeatalytic sites in the fuel electrode during £€ectrolysis To
confirm that HS isndeed the active impurity contributing to cell degradatiohe following

experiments can be carried out:
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1 PostMorton analysis- Following the C@electrolysis experiment involving ¢@nd
CO gas stream&£ DX analysishould be carried out on the cell to detect any
impurities

1 In addition, mass spectrometry analysis of the CO gas stream can also be

investigated for the dedction of sulphur.

Based on the hypothesis of the presence @EHn the gas streamsigher purity gasses
(>99.999%) should be employed in future experiments to minimise the presence of
impurities on the cellThe use of a filter bed is also importantminimising the presence of

impurities. This technique is currently being employed at Riso (Ebbesen et al. 2010).

6.2.3 Optimisation of the Electrode Supported C ells

In this project, electrolyte supported cells have been predominantly investigated for CO
electrolysis and C&H>O cecelectrolysis. Cathode supported SOECs are however generally
preferable during SOEC operation and consequently used predominantly in SOEC
investigations. This is mainly due to their thin electrolyte, therefore leading to lower ohmic
resistance as described iBection2.1.1 It is therefore important that these cells are

prioritised,operated and tested as they lead to a lower overall cell resistance.

One of the key challenges encounteraith the use of electrode supported celiere wasa
large contact resistance between the fuel electrode and current collector described in
Section3.8.3 The addition of Pt ink to the surface of the fuel eled& was later shown to
eliminate this issue described Bection3.8.4 However, inSection5.2.3.] it was shown
that the addition of pure Pt ink reduced the surfageea of the active catalytic sites for the
reduction of C@and BHO. Consequently, this cell needs to be optimifawughthe use of

afrit free Ptink and/or the use of a Pt inffrit free) and organic solventnixture.

AC impedance characterisationtbie cell ought to be carried out to ensure the addition of
GKS td Ayl R2SayQid KIF@S I RSIUNAYSyidlFft SFFSOU

by comparing the polarisation resistance of the cell before and after Pt ink has been applied.
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6.2.4 Detailed Electrochemical C haracterisation of Electrode

supported cells

In this study, tweelectrode cell measurements have been performed during EIS in
determining the resistance of the whole cell. As a result, a better understanding of the
contribution of theelectrolyte, oxygerand fuel electrodeprocessesas a wholehasbeen
obtained. However, further work is still needed to understatie individual processes

across the whole cell contributing particularly to the anode and cathedéestancs.

The informaton below details specific experiments that ought to be carried out to achieve a

better understanding of cell processes:

1 Quantitatively determine the electrode processesAt the fuel electrode, it is
important to quantify the contribution of the all prosses (gas diffusion, charge
transfer reactions and gas conversion) on the impedance spectra. Similarly, at the
oxygen electrode, the processes contributing to cell resistance as shown on the
impedance spectra should be thoroughly investigated. This wawdlve careful
design of experiments in which conditions are systematically variBuese
conditions include gas partial pressure, temperature, etc. Furthermore, obtaining
impedance spectra both at OCV and higher cell voltages is vital as discussed in
Secton 2.1.1.

1 Introduction of threeelectrode cell measurements The advantage of three
electrode measurements is that it enables a more detailed understanding of only
one half of the cell Consequently, a better understanding of the chemical and
electrochamical reactions atfor examplehe fuel electrode can be obtained

1 Development of a suitable equivalent circuit modgeFollowing on from the above
points, it is important to dvelop a suitable circuit modébr these processes. Zview
is a numerical analys software tool extremely useful in the combination of
commonly used SOEC elements such as resistors, constant phase elemetite and

Warburg diffusion element as detailed ircion2.2.2.3
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Appendices

8. Appendices
Appendix A

As discussed in Section 3.9a4resistor (R1) in series with twaarallel connectioa of CPE
(CPE1 and CPEapd resistor (R2and R3 are fitted to the high andlow frequency
impedance arcef the Nyquist plots presented in Chaps 4 and 5n order to estimate the

total polarisation resistanceAppendix A presents these data.

The red dotted lineon the graph shows the experimental data (including induction) while
the green line shows the modelledhta. The modelled data is notsavisible in the high
frequency arc as it is located beneath the depressed semilie. The resistance shown in

Appendice®-1 to Al6aregiven in ohms.

Appendix A¢ 1: Initial Cell Characterisation (Cell used for £&lectrolysis)

CPEL CPE2

R1
N\ > >
R2 R3

05 ! | ! | ! |
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Figure Al: Nyqust plot of modelled and experimental datecorded at OCV under NiO
reducing conditions for the cell used duringZ&&ctrolysigSectiord.2.2
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Appendix A¢ 2: Initial Cell Characterisation (Cell used for O coelectrolysis)
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Figure A2: Nyquist plotof modelled and experimental data recorded at OCV under NiO

reducing conditions for the cell used during£&@ctrolysis $ections.2.2)

Appendix A¢ 3: Electroysis of CQ(15% C@- 60% CO)

-1.5

05 I | I | 1 |
0 0.5 1.0 1.5 20
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Figure A3: Nyquist plotof modelled and experimental data record@$(C and with fuel
electrode compositions of 15% €060% CO (4cl) while synthetic air is flowed to the
oxygen electrodéS=e Sectiord.2.4)
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Appendix A¢ 4: Electrolysis of C£{25% C®@-50% CO)
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Figure A4: Nyquist plotof modelled and experimental data recorded 860and with fuel
electrode compositions of 25% €050% CO (4c2) while synthetic air is flowtedthe
oxygen electrode (Se®ectiord.2.4)

Appendix A¢ 5: Electrolysis of C£{50% C@- 25% CO)
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Figure A5: Nyquist plot of modelled and experimental data recorded 5@nd with fuel
electrode compositioa of 50% C©O- 25% CO (4c3) while synthetic air is flowed to the

oxygen electrode (Se®ectiord.2.4)
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Appendix A¢ 6: Electrolysis of C£60% C®@- 15% CO)

Z" (ohm)

Z' (ohm)

Figure A6: Nyquist plot of modelled and experimerntdata recorded 85 and with fuel
electrode compositions of 60% €015% CO (4c4) while synthetic air is flowed to the
oxygen electrode (Se®ectiord.2.4)

Appendix Ag 7: Electrolysis of C&X70% C®@- 5% CQ

Figure A7: Nyquist plot of modelled and experimental data recorded €5@nd with fuel
electrode compositions of 70% €% CO (4c5) while synthetic air is flowed to the oxygen

electrode (Se&ectiord.2.4)
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