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Abstract  

The utilisation of CO2 as a feedstock in the production of valuable products such as synthetic 

fuel is a promising pathway for mitigating its atmospheric concentration. A review of the 

high temperature co-electrolysis of CO2 and H2O in a solid oxide cell for syngas production 

has identified that further understanding of the co-electrolysis reaction mechanism is one of 

three key areas of development.  

In this work, a co-electrolysis test facility was designed, developed and commissioned. 

Additionally, the performance of a NextCellTM electrolyte supported cell was investigated for 

CO2 electrolysis and CO2/H2O co-electrolysis with an aim to gain a better understanding of 

the reaction mechanism.  

During CO2 electrolysis, an increase in cell area specific resistance was observed with 

increasing CO2 concentration. In addition, AC impedance spectra measurements showed a 

significant increase in polarisation resistance at the fuel electrode with increasing CO2/CO 

ratio. Short term durability studies carried out at -0.5 A/cm2, 850oC and fuel electrode 

compositions of 50% CO2, 25% CO and 25% N2 showed a sharp increase in cell voltage 

corresponding to a passivation rate of 120 mV/h in the first 5 hours of operation. This 

increase in cell voltage was caused by the adsorption of impurities to the Ni surface 

prompting partial blockage of the active Ni sites.  

During CO2/H2O co-electrolysis, the exhaust gas compositions measured at open circuit 

voltage were ±2 mol % of the thermodynamic equilibrium compositions. AC impedance 

spectra measurements showed a slight increase in polarisation resistance at the fuel 

electrode with increasing CO2/H2O concentration. Direct current measurements showed a 

21% increase in cell performance during CO2/H2O co-electrolysis compared to CO2 

electrolysis.  Furthermore, co-electrolysis durability studies carried out at -0.5 A/cm2 showed 

a significantly lower degradation rate of 1.3 mV/h over 44 hours of operation compared to 

CO2 electrolysis.   
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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 investigations have sought to 

recycle and utilise this greenhouse gas to produce valuable products ς carbon dioxide 

utilisation (CDU). The high temperature co-reduction of CO2 and H2O in a solid oxide 

electrolyser (SOE) is a promising and efficient pathway towards CO2 utilisation. 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 Fischer-Tropsch Synthesis (FTS). This work concentrates on 

characterisation of the co-reduction of CO2 and H2O in a Solid Oxide Electrolysis Cell (SOEC), 

with a view to improving the process.  
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1.1 Background  

Carbon dioxide (CO2), a greenhouse gas, is produced mainly from the combustion of fossil 

fuels and is considered to be a major cause of climate change (IPCC 2007). Fossil fuels are 

widely available and their use currently represents approximately 85% of total world energy 

(IEA 2013). With new reserves continuously being discovered, and the price of renewable 

energy being substantially higher in comparison, it has been predicted that fossil fuels will 

continue to provide 80 - 85% of the world energy consumption at least until 2030 

(Plasseraud 2010). 

Monitoring of CO2 levels has been ongoing since the industrial revolution when the 

atmospheric concentration was measured to be around 280 ppm (Butler and Montzka 2013; 

IPCC 2007; NRC. 2010). Today, this value is significantly higher at ~400 ppm due to man-

made CO2, largely arising from fossil fuel consumption (NOAA 2014). The most recent report 

from the Intergovernmental Panel on Climate Change (IPCC) presents further evidence of 

this occurrence (IPCC 2013). The report concludes ǘƘŀǘ ΨǎŎƛŜƴǘƛǎǘǎ ŀǊŜ фр҈ ŎŜǊǘŀƛƴ ǘƘŀǘ 

ƘǳƳŀƴǎ ŀǊŜ ǘƘŜ ŘƻƳƛƴŀƴǘ ŎŀǳǎŜ ƻŦ Ǝƭƻōŀƭ ǿŀǊƳƛƴƎ ǎƛƴŎŜ ǘƘŜ мфрлǎΩΦ Figure 1ς1 shows the 

increase in global surface temperatures and the rise in atmospheric CO2 concentration over 

the last 200 years (NOAA 2013).  

 

Figure 1ς1: Global annual average temperatures measured over land and oceans indicating 

how the earth has warmed over the past 200 years (NOAA 2013) 
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As a result of this environmental issue, significant research into the use of low carbon 

energy options such as wind ()ȌŀƘƛƴ нллп; Jay 2011), biofuel (Demibras 2009; Lin et al. 

2011), solar (Mekhilef et al. 2011), hydropower (Huber 2004), geothermal (Chamorro et al. 

2012), nuclear energy (Forsberg 2009) and carbon capture and storage (CCS) (Leung et al. 

2014) have been conducted. Amongst these low carbon options, fossil fuels coupled with 

CCS is currently the only technology with the potential to significantly reduce greenhouse 

emissions while allowing energy needs to be met securely and affordably in developed 

countries such as UK, USA etc. (Davey 2012). Some of the current issues with CCS includes 

high investment costs and variable operating costs particularly regarding transportation, 

storage uncertainty and safety concerns (International Energy Agency 2010; Pires et al. 

2011; Rai et al. 2010; Styring et al. 2011).  

However, because of the potential of this technology to significantly reduce GHG emissions 

and the substantially higher renewable energy prices, there is a significant investment 

within this area with an aim to improve plant efficiency and reduce overall costs. The UK, for 

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

achieve its emission targets of 80% GHG reduction below base levels of year 1990 by 2050. 

¢Ƙƛǎ ƛǎ ŜǾƛŘŜƴŎŜŘ ƛƴ ƛǘǎ ϻм ōƛƭƭƛƻƴ ƛƴǾŜǎǘƳŜƴǘ ƛƴ ǘƘŜ ά²ƘƛǘŜ ǊƻǎŜέ ŀƴŘ άtŜǘŜǊƘŜŀŘέ ŎŀǊōƻƴ 

capture and storage projects (DECC 2014).  

1.1.1  Carbon dioxide  Utilisation   

Carbon dioxide utilisation (CDU) is an emerging pathway to reduce CO2 emissions. CDU 

involves recycling the captured gas and converting this άnegative feedstockέ into a valuable 

chemical. The conversion of CO2 into valuable chemicals is a mature process which has been 

on-going for many years (Graves et al. 2010).  However the large scale utilisation of carbon 

dioxide as a chemical feedstock is currently limited to a few processes (synthesis of urea, 

salicylic acid, and polycarbonates). Quadrelli et al. (2011) reviews some potential industrial 

applications available for recycling CO2 and also presents some major R&D technical 

challenges towards achieving a valuable end product. Although the majority of these 

investigations are still at a research level, their long term potential is promising. 

Graves et al. (2010) review a number of processes that have been previously investigated in 

converting CO2 to hydrocarbon fuel. A few of these processes, with the availability of H2, 
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directly produce hydrocarbons for example catalytic hydrogenation of CO2 to produce 

methanol. However, in most cases, a two-step process is employed with syngas produced 

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

The production of syngas will not be sustainably viable in principle if hydrogen is produced 

from fossil fuel sources. Therefore, a cleaner hydrogen production source (such as 

electrolysis of water from renewable or nuclear energy) is needed to produce syngas with a 

lower carbon footprint. The process of syngas production described in this thesis involves 

the high temperature co-reduction of CO2 and H2O in a SOC. Desired H2/CO ratios in syngas 

vary from ~ 1.4 to 2.1 to provide a useful feed for FTS (Kim et al. 2009).   

1.2 High Temperature Co -electrolysis of Steam and 

Carbon dioxide in a SOE 

The high temperature co-reduction of CO2 and H2O in a SOE has the potential to produce an 

overall carbon neutral synthetic fuel if nuclear or renewable sources are used (heat & 

electricity) as shown in Figure 1ς2.  

 

Figure 1ς2: Schematic diagram showing the production of fuel via high temperature co-

reduction of CO2 and H2O in a SOE 
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1.2.1  Solid Oxide Electrolysis Cells 

A solid oxide cell (SOC) is made up of an oxygen-ion conducting electrolyte sandwiched 

between two electrodes (cathode and anode). They operate at high temperatures (750 ς 

1000oC) to ensure oxygen ions are effectively 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 cell (SOFC).  

The history of SOCs dates back to early 1900 when a German physical chemist, Walther 

Nernst, developed a high temperature electrolyte material ZrO2 (zirconium oxide) with 15% 

Y2O3 (yttrium oxide). This formed the basis for both solid oxide fuel and electrolysis cell 

operation with ZrO2 evolving to be the most commonly used electrolyte material. In the late 

1960s, electrolysis of H2O, CO2 and H2O/CO2 mixtures in SOCs was first demonstrated by 

NASA for purpose of O2 production for life supports and propulsion in submarines and 

spacecraft (Elikan and Morris 1969; Elikan et al. 1972; Weissbart and Smart 1967). However, 

ƛǘ ǿŀǎƴΩǘ ǳƴǘƛƭ ǘƘŜ ŜŀǊƭȅ мфулΩǎ ǿƘŜƴ ŀ ƎǊŜŀǘ ŘŜŀƭ ƻŦ ŀǘǘŜƴǘƛƻƴ ǿŀǎ ōǊƻǳƎƘǘ ǘƻ ǘƘƛǎ ǊŜǎŜŀǊŎƘ 

area (Donitz et al. 1980). During this period, Dönitz and Erdle (1985) reported the first SOEC 

results within the HOT Elly project from Dornier System GmbH using electrolyte supported 

tubular SOECs. When operating at a current density of -0.3 A/cm2, Dönitz and Erdle (1985) 

reported a faraday efficiency (See Section 1.3.2.1) of 100% at 1.07 V.  

The use of SOCs for electrolysis investigations has focused predominantly on water 

reduction for hydrogen production and in recent years there has been a huge advancement 

in this research area (Jensen et al. 2007a; Laguna-Bercero 2012; Ni et al. 2008; Ursua et al. 

2012). More recent investigations have also shown the feasibility of SOEs to effectively 

simultaneously reduce CO2 and H2O (Ebbesen et al. 2010; Ebbesen et al. 2009; Ebbesen et 

al. 2011; Ebbesen et al. 2012; Graves et al. 2011; Graves et al. 2010; Jensen et al. 2010; Kim-

Lohsoontorn and Bae 2010; Kim-Lohsoontorn et al. 2011; O'Brien et al. 2009; Stoots et al. 

2007; Zhan et al. 2009). The electrochemical reduction of CO2 in SOEs has also been 

explored by other authors (Ebbesen et al. 2012; Ebbesen and Mogensen 2009; Zhan et al. 

2009; Zhan and Zhao 2010).  
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1.2.2  Introduction to H igh Temperature CO2/H 2O Co-

electrolysis  

The total cell reaction during the high temperature co-electrolysis of CO2 and H2O is given in 

Equation 1.  

ὅὕ  Ὄὕ 
Heat

Electricity
½½½½­ὅὕ Ὄ  ὕ           1 

The three reactions that take place during high temperature co-electrolysis of CO2 and H2O 

in a SOEC are steam electrolysis, carbon dioxide electrolysis and the reverse water gas shift 

reaction (rWGSR) as shown in Equations 2, 3 & 4 respectively. The proportions of each 

reaction in the contribution to H2/CO production depend on the cell materials, cell 

morphology, operating temperature, inlet gas compositions and operating voltages. The 

reverse water gas shift reaction is a heterogeneous catalytic reaction which is catalysed by 

metal catalysts (such as nickel which is commonly found in fuel side electrodes of a SOEC). 

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

Ὄὕ O Ὄ ὕ             ЎH298K = 286 kJ/mol                    2 

ὅὕ O ὅὕ ὕ            ЎH298K = 283 kJ/mol      3 

Ὄ  ὅὕ ᵶ Ὄὕ ὅὕ    ЎH298K = +41 kJ/mol        4 

It was previously suggested by Stoots et al. (2008) that steam electrolysis and the rWGSR 

were the only reactions which took place within this process; the hydrogen produced from 

steam electrolysis was thought to reduce CO2 to CO via the rWGSR when operating at 850oC. 

The rWGSR is favoured at high temperatures above 816oC. More recent investigations by Ni 

(2011) and Ebbesen et al. (2012) have argued that all three reactions occur during co-

electrolysis. The H2O/CO2 co-electrolysis reaction mechanism is still not yet fully understood 

and it is the aim of this work to further understanding of this process.  Section 2.4 gives a 

detailed review of current understanding of the co-electrolysis reaction mechanism.   
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Thermodynamics  

The total energy required for a reaction at constant temperature and pressure is 

dŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ǇǊƻŎŜǎǎ ŜƴǘƘŀƭǇȅ ŎƘŀƴƎŜ όɲIύΦ ¢ƘŜ ƳƛƴƛƳǳƳ ŜƭŜŎǘǊƛŎŀƭ ŜƴŜǊƎȅ ǎǳǇǇƭȅ 

ǊŜǉǳƛǊŜŘ ŦƻǊ ǘƘŜ ŜƭŜŎǘǊƻƭȅǎƛǎ ǇǊƻŎŜǎǎ ƛǎ Ŝǉǳŀƭ ǘƻ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ǘƘŜ Dƛōōǎ ŦǊŜŜ ŜƴŜǊƎȅ όɲDύΥ 

ɝ'  ɝ(  4ɝ3                         υ 

wƘŜǊŜ ¢ɲ{ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǘƘŜǊƳŀƭ ŜƴŜǊƎȅ ǎǳǇǇƭȅΣ ¢ ƛǎ ǘƘŜ ƻǇŜǊŀǘƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ɲ{ ƛǎ 

the entropy change. 

Figure 1ς3 and Figure 1ς4 show the energy demand for water and carbon dioxide 

electrolysis respectively against temperature. The energy demands were calculated using 

the thermodynamic properties from process simulation software HSC Chemistry 5.11 and 

Equation 5. As previously indicated, SOECs operate between 700 ς 1000oC. One of the key 

advantages of operating at higher temperatures as shown in Figure 1ς3 and Figure 1ς4 is 

that the required electrical energy όҟDύ considerably decreases with an increase in 

temperature.  

 

Figure 1ς3: Thermodynamics of water electrolysis 

Where ɲIΣ ɲD ŀƴŘ ¢ɲ{ ŀǊŜ ǘƘŜ ǘƻǘŀƭΣ ŜƭŜŎǘǊƛŎŀƭ ŀƴŘ ǘƘŜǊƳŀƭ ŜƴŜǊƎȅ ŘŜƳŀƴŘ  
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The enthalpy of the reaction for water splitting as shown in Figure 1ς3 sharply drops at 

100oC due to the phase change from water to steam.  

 

Figure 1ς4: Thermodynamics of carbon dioxide electrolysis 

1.2.3  Operating Principle of SOECs under CO2/H 2O conditions  

The principle of operation of a SOEC operating under reducing CO2/H2O conditions as shown 

in Figure 1ς5 is described below.  

 

Figure 1ς5: Schematic diagram showing the principle of operation of SOEC 
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¶ The triple phase boundary (TPB) is the region where the gas, electrode and 

electrolyte meet. It consists of active and inactive sites as shown in Figure 1ς6 with the 

electrochemical reactions occurring at the active TPB.  

¶ The feed gasses flow through the porous cathode and to the TPB of the cathode-

electrolyte region. The cold inlet gas compositions differ from the hot inlet equilibrium gas 

compositions at the fuel electrode in the presence of a metal catalyst as a result of the 

rWGSR/WGSR equilibrium.  

¶ Thermal energy, in addition to the electrical energy supplied is then used to split the 

gasses at the active TPB sites. The electrolysis products and the unreacted feed gasses then 

flow outwards through the cathode.  

¶ Oxide ions produced from the dissociation process are transported through the 

electrolyte to the TPB of the anode/electrolyte layer. At the anode TPB, oxide ions 

recombine, forming oxygen gas which flows outwards through the anode. 

Figure 1ς6 is an illustration of the TPB at the fuel electrode of a SOEC. In this diagram, 

Nickel-yttria stabilised zirconia (Ni-YSZ) is the chosen cathode material and used to describe 

the important features within the cell. Ni-YSZ 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-YSZ (Lanthanum Strontium Manganite) as the oxygen electrode. 

 

Figure 1ς6: Diagram of active and inactive TPB sites in the cathode/electrolyte region 

[Acknowledgement: Dr Denis Cumming] 
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It is generally thought that the electrochemical reactions occur closest to the electrolyte (i.e. 

the active TPB sites are located approximately 10 µm from the electrolyte into the 

electrode) (Brown et al. 2000; Gorte and Vohs 2003; McIntosh and Gorte 2004). An increase 

in the reaction sites (i.e. active TPB length) is an important part of developing 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 (OCV) is the voltage when there is no flow of current across the cell. 

This voltage can be measured or calculated using the equilibrium Nernst Equation for the 

electrochemical reaction. As seen in Equation 6, the Nernst potential is calculated using the 

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

anode and is also dependent on the operating temperature of the cell. In thiǎ ǎǘǳŘȅΣ ǘƘŜ ҟD 

values as a function of temperature were calculated using the thermodynamic properties 

from process simulation HSC Chemistry 5.11.  

 ╔
Ў

 ὰὲ
  

   

                 
Ў

 ὰὲ
  

                                    6     

Where E = Nernst potential, R = Gas rate constant (8.314 J/K mol), T = Temperature (K) and F 

Ґ CŀǊŀŘŀȅΩǎ constant (C/mol) 

Note: During CO2/H2O co-reduction 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. This is due to the equilibrium reaction 

which occurs in the bulk of the fuel electrode before electrolytic co-reduction of H2O and/or 

CO2. 

The partial pressures at the hot equilibrium inlet compositions need to be taken into 

account when calculating the co-electrolysis Nernst potential.  McKellar et al. (2010) at the 

Idaho National Laboratory (INL) fully describe a chemical equilibrium model in determining 

the hot inlet compositions at the cathode surface. Once the equilibrium compositions are 
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determined, the Nernst potential can be calculated from either the steam or CO2 

parameters in Equation 6.   

The Nernst potential and the measured OCV are identical under ideal conditions. However, 

as a general rule, a measured OCV more than 3 mV below the Nernst potential for a 

predominantly ionic electrolyte material such as YSZ indicates leakages around the cell. 

Gaseous partial pressure differences (indicating a leak) are the most likely reason for a much 

higher change in the difference between the experimental and theoretical value. Issues 

associated with electronic current leakages are typical in electrolyte materials with mixed 

ionic and electronic conductivity for example ceria based materials such as gadolinium 

doped ceria (GDC). These electrolyte materials usually have an OCV much lower than the 

corresponding Nernst potential under reducing conditions due to their higher electronic 

conducting properties arising from the partial reduction of Ce4+ to Ce3+at reducing 

atmospheres. A typical example can be seen in an investigation carried out by Kim-

Lohsoontorn et al. (2011) under compositions 50% H2O and 50% H2 operating at 850oC. Kim-

Lohsoontorn et al. (2011) found the OCV of cells with the following materials Ni-

GDC/YSZ/LSM-YSZ, Ni-GDC/GDC/LSM-YSZ and Ni-GDC/YSZ/GDC/LSM-YSZ to be 0.88, 0.68 

and 0.80 V respectively. In the third case of a bi-layered electrolyte (Ni-GDC/YSZ/GDC/LSM-

YSZ) an OCV of 0.80 V was achieved as the YSZ layer was added in-between the Ni-YSZ 

electrode and the GDC electrolyte to block off any electronic short circuit in the cell.  

1.3.2  Electrolysis E fficiency  

1.3.2.1  Faraday Efficiency  

For H2O electrolysis, the H2 production rate in an ideal electrolysis cell is directly 

ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ǉǳŀƴǘƛǘȅ ƻŦ ŜƭŜŎǘǊƛŎ ŎƘŀǊƎŜ ǘƘǊƻǳƎƘ ǘƘŜ ŎŜƭƭ ŀŎŎƻǊŘƛƴƎ ǘƻ CŀǊŀŘŀȅΩǎ ƭŀǿΦ 

The Faraday efficiency (–), also known as the current efficiency, is the ratio of the real 

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

given amount of H2. The H2 production rate in ml/min can be expressed as  

ὗ άὰȾάὭὲ    φπ                                         7 

Where Q is H2 production rate (ml/min), I is the total cell current, z is the number of 

electron moles and ́ M is the standard state molar density in mol/m3 
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Equation 7 can also be applied in the case of CO2 electrolysis for CO production. However, in 

the case of the high temperature CO2/H2O co-electrolysis in a SOEC, determining the 

faradaic efficiency for the amount of H2 and CO produced is more complicated. This is 

because the co-electrolysis reaction mechanism is still not yet fully understood and 

therefore it is difficult to quantify the electric charge from the total applied current supplied 

for individual CO2 and H2O splitting.  

1.3.2.2  Elect rical Conversion Efficiency  

Electrical conversion efficiency is defined as the ratio of the thermoneutral voltage (ὠ ) to 

the operating voltage as seen in Equation 8.  

–                    8 

Where V is the cell voltage and ʉef is the electrical conversion efficiency  

The thermoneutral voltage, described in Equation 9, is defined as the potential at which the 

generated Joule heat in the electrolysis cell and the heat consumption for the electrolysis 

reaction are equal: 

ὠ  
Ў

       9 

where Ў( is the total energy demand for the electrolysis reaction 

At the typical SOEC operating temperature of ~850oC, the co-electrolysis thermoneutral 

voltage is 1.346 V (between the 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 presented in Figure 1ς3 and Figure 1ς4. Operating above the 

thermoneutral voltage would result in theoretical electrical efficiencies below 100% and vice 

versa if operated below this point. Most solid oxide electrolysers operate above the 

thermoneutral voltage to accommodate any heat losses. In addition, higher current 

densities can be obtained and therefore increased syngas production rates. This is 

particularly interesting in cases where excess energy from sources such as wind farms and 

solar power are available.  
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1.4 Economics and Performance of SOEs under 

H2O/CO2 conditions  

The commercial feasibility of a SOE to produce syngas competitively for liquid fuel 

production has been shown to be highly dependent on the resistance of the cell and 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 start up (i.e. low initial stack 

area specific resistance) and stay unchanged over long periods of operation (i.e. low 

degradation rate). The area specific resistance (ASR) represents the net effect of all loss 

mechanisms in the cell.  

Advanced manufacturing processes, improved design and selection of better suited 

materials all play an important role in the makeup of a cell with low resistance (Badwall 

2001; Laguna-Bercero 2012; Minh 2004; Sun and Stimming 2007). Furthermore, cells have 

to be managed and optimised such that they are not adversely affected by their operating 

conditions (temperature, gas flow conditions, operating voltage) over long periods of 

operation. Stability of SOECs is discussed in Section 2.6.  

To assess the economic performance of the process shown in Figure 1ς7, the cost of petrol 

from conventional fossil fuel sources was compared to the cost when synthetic petrol is 

produced through the combination of the high temperature co-reduction of steam and 

carbon dioxide in a SOE (for syngas production) and FTS (to convert the syngas into 

synthetic fuel) (Graves et al. 2010). Using the schematic flow diagram in Figure 1ς7 and 

information stated in  

Table 1ς1 and Table 1ς2; Graves et al. (2010) calculated the cost of fuel produced relative to 

various electricity prices and advanced electrolyser operating conditions. These two factors 

were found to be critical in determining the commercial feasibility of this process as shown 

in Figure 1ς8. An energy balance for the process shown in Figure 1ς7 was carried out and 

energy requirements were used to estimate the costs of various processes shown in Table 

1ς1.  

.  
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Figure 1ς7: Schematic diagram of the proposed CO2-recycled synthetic fuel production 

(Graves et al. 2010) 

Where HX represents heat exchanger, Qth is the thermal energy and Qel is the electrical 

energy 

Table 1ς1: Assumptions for cost estimate (Graves et al. 2010) 

Cost of CO2 capture $30/tCO2. Broken down as 0.32 kWh/kg CO2 electricity costs and 

$15/tCO2 capital based cost 

Cost of H2O $1 m-3 

Cost of fuel synthesis $1.50/Gj Fischer-Tropsch petrol or diesel from syngas 

Cost of dissociation 

Operating temperature 850oC 

Electrolysis cell stack $2000 m-2 investment including financing 

Stack life 5 years 

Balance of system $5000 m-2 investment including financing 

Balance of system life 20 years 

Initial current density -0.50 A/cm2 

Initial stack ASR 0.30 Щ cm2 

Average degradation rate 0.006 mЩ cm2/h 

Capacity factor 100% = 1 ς intermittency 

Operation and Maintenance $ 0.5/Gj fuel 

Note: The assumptions made on processes such as the degradation rate, cost of fuel 

synthesis, etc. were based on the state of art electrolyser and FTS performances at best.    
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Table 1ς2: Status of SOEC capabilities and base case economic estimation 

 Current 

density 

(A/cm2) 

Initial 

ASR 

 όҠ cm2) 

Degradation (mЩ cm2/h)  Ref 

Economic estimation 

for Fig. 7c & 7d  

-2 0.30 ~0.018 (Graves et 

al. 2010) 

Current state of the 

art technology 

-0.75 0.58 No degradation observed (Ebbesen et 

al. 2011) 

Degradation issue 

and future 

consideration 

> -1  Delamination of oxygen electrode from 

electrolyte over 10mins. of operation 

(Long term stability of SOEs still a major 

issue, particularly anode degradation at 

high current densities.) 

(Laguna-

Bercero et 

al. 2011) 

 

 

Figure 1ς8: Estimate of synthetic fuel costs versus electricity price (Graves et al. 2010) 
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Figure 1ς8a shows that using the information presented in Table 1ς1, synthetic fuel can be 

produced at a price close to the then wholesale gasoline price ($2/gal) if electricity costs 

$0.02/kWh. However, the average wholesale price of electricity is around 4 ς 5 U.S. 

cents/kWh. Figure 1ς8b 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 therefore accommodate for this 

decrease, an increase in capacity costs by a factor of 5 is needed. Figure 1ς8c shows a 

scenario of constant operation if the electrolysis stack is assumed to operate at the 

optimum conditions shown in Table 1ς2.  From this data, it has been shown that an increase 

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

competitiveness of this technology.  

The production of synthetic fuels would be commercially competitive if cell stacks could be 

run at -2 A/cm2, the approximate full current density attainable at 1.45 V (~93% electrical 

conversion efficiency), with a degradation rate of ~0.018 mЩ cm2/h. However, a huge 

technological advancement is still needed particularly in eliminating the issues of cell failure 

at high current density discussed in Section 2.6.2.2.  

1.5 Aims of this Work  

The main aims of this PhD project are to:  

¶ Analyse and compare the electrochemical performances of CO2 electrolysis and co-

electrolysis of H2O/CO2 by measuring the cell resistances through AC and DC 

characterisation, with a view to improving the co-electrolysis process. These 

electrochemical measurements are useful in determining the processes that 

contribute to the resistances during cell operation. 

¶ Investigate the co-electrolysis reaction mechanisms. This is carried out by comparing 

the amount of hydrogen and carbon monoxide produced at varying current densities 

using gas chromatography with an aim to understand the effect of the co-electrolysis 

reactions on the amount of syngas produced. 
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1.6 Layout of Thesis  

Chapter 2 reviews current understanding into the co-electrolysis reaction mechanism, 

development of SOE materials and degradation of electrolysers at low and high current 

densities. In Chapter 3, the experimental methods and design of the test facility are 

described, while chapter 4 discusses the performance of an electrolyser operating under 

varying compositions of CO2. Chapter 5 discusses the performance of the electrolyser under 

CO2/H2O compositions and compares with that for CO2 electrolysis discussed in Chapter 4. 

Furthermore, the durability of the electrolyser is investigated over short periods during 

CO2/H2O co-electrolysis at a current density of -0.5 A/cm2 and compared with that CO2 

electrolysis. Chapter 6 discusses the overall thesis conclusions drawn from each chapter and 

future work for this research while Chapter 7 details the references cited.   
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Chapter 2 

2. Status of the High Temperature Co -

electrolysis of Steam and Carbon 

dioxide in SOEs 

 

This Chapter provides a detailed review into the state-of-art of the high temperature co-

reduction of CO2 & H2O in SOEs. It covers the recent developments into understanding the 

co-electrolysis reaction mechanisms. Furthermore, the need for materials specific to co-

electrolysis purposes is highlighted. The challenges that arise, and potential solutions in 

achieving a highly durable SOEC with little /no degradation at low and high current densities 

(җ-0.75 A/cm2) are also discussed.  
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2.1 Polarisation Losses and SOEC Performance  

When a direct current is supplied to a SOEC, electric charge flows 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 the open circuit voltage (ὠ ). This increase is known as 

an overvoltage. Overvoltage, also known as Polarisation, arises as a result of cell resistance 

from defects in the microstructure of the cell, imperfections in materials, cell design, and 

the applied current.  

The cell potential (ὠ ), is a function of the parameters that affect SOEC performance and 

can be expressed as; 

                             6 6  ʂ  ʂ  ʂ                     10 

Where ὠ  is the open circuit voltage; the total polarisation comprises of ʂ ȟ (the ohmic 

losses), ʂ ȟ (the activation polarisation) and ʂ ȟ (concentration polarisation). These 

polarisations are briefly described below.  

2.1.1  Ohmic Loss 

The ohmic loss of a cellȟʂ ȟ is caused by contact resistance of all cell layers i.e. electrodes, 

current collectors and interconnections, electronic resistance in the electrodes and ionic 

resistance of the electrolyte. The increase in 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 configuration, electrolyte 

thickness and microstructure all play an important role in decreasing the ohmic loss of a cell. 

Electrode supported cells are therefore generally preferable in SOC operation over 

electrolyte supported cells due to their thinner electrolyte thus leading to lower ohmic 

resistance. Ohmic loss is directly proportional to the applied current through the system as 

seen in Equation 11; 

ὠ Ὥ  ὶ     ὶ       11 

Where I is the current (A), A is the active electrode area (cm2), i is the current density 

(A/cm2) and r is the area specific cell resistance (Щ cm2).  
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The cell resistance is usually defined as a function of the active electrode area, known as the 

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

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

Mogensen and Hendriksen (2003)Σ Ψthe conŎŜǇǘ ƻŦ !{w ƛǎ ƴƻǘ ǎǘŀƴŘŀǊŘƛǎŜŘΩ and it is 

therefore important to always specify the conditions for the value quoted. The ASR can be 

calculated from the linear region of a measured i-V curve using Equation 12.  

    ὃὛὙ
  

                                             12 

2.1.2  Activation Polarisation  

Activation polarisationȟʂ ȟ is also known as charge transfer polarisation and occurs mainly 

at the electrodes of the 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 

electrode/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 in Figure 2ς1.  

 

Figure 2ς1: Current density vs voltage plot indicating the different overpotentials  
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2.1.3  Concentration Polarisation  

The effect of concentration polarisation ʂ ȟ can be due to gas diffusion and gas 

utilisation/conversion. Concentration polarisation due to gas diffusion occurs when the 

product species do not move fast enough through the porous electrode. The effect of gas 

diffusion can be seen at the oxygen and fuel electrode of an SOEC. On the other hand, 

concentration polarisation due to gas conversion occurs only at the fuel electrode of an 

electrolysis cell. Conversion polarisation reflects the change in composition at the active 

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

Concentration polarisation is a function of the 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 concentration polarisation 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 polarisation have a non-linear response on the i-V plot 

of Figure 2ς1.  

2.2  Electrochemical Methods for SOEC Evaluation   

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

DC (direct current) and AC (alternating current) techniques often are used to characterise 

SOECs. During SOEC evaluation, DC characterisation is usually performed by recording 

current density (i) ς voltage (V) curves as shown in Figure 2ς1. The i-V plot characterises the 

electrochemical behaviour of a cell at set operating conditions (temperature and gas 

compositions) and this graphical illustration typically reflects the type of processes (i.e. 

charge transfer reactions and gas utilisation at low and high current densities respectively) 

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

be calculated from the i-V curve using Equation 12.   
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2.2.2  Electrochemical Impedance Spectroscopy  

2.2.2.1  Introduction  

Electrochemical Impedance Spectroscopy (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 operation (Barford et al. 

2007; Jensen et al. 2007b).  

2.2.2.2 Theory  

Resistances across an electrochemical cell depends on a number of processes. These 

processes can include gas movement of reactants/products, charge-transfer reactions at the 

TPB, gas conversion and electronic and ionic conduction of the electrodes and electrolyte 

respectively. As these processes often have different time constants and proceed on 

different time scales, applying AC impedance can provide detailed information about them 

and their contribution to the overall resistance.  Since AC can be generated at various 

frequencies, it offers a means to probe these processes with different time constants (Yuan 

et al. 2010).   

AC impedance is usually obtained by applying a small AC potential onto a DC voltage and 

then measuring the current through the cell. The magnitude of the applied AC potential is 

small enough (~10mV) that it does not affect the steady-state of the system, and a nearly 

linear AC current response to a sinusoidal potential is achieved.  

As described by Qi (2008), when a sinusoidal AC voltage, AҐ9 sin(˖ǘ), is applied to a pure 

resistor (R) as AR, the corresponding current, 

TҐ ARκw Ґ όARsin(˖ǘ))/R       (13) 

is in phase with AR. Both A and T are vectors rotating at an angular frequency of .̟ When A is 

applied to a capacitor (C) as AC, the corresponding current,  

TҐ /όŘACκŘǘύ Ґ ˖/ACŎƻǎ˖ǘ Ґ ACǎƛƴό˖ǘ Ҍ ˉκнύκ·C     (14) 

is ˉκн ahead of AC. Here, XC Ґ мκό˖/ύΣ and is called the capacitive resistance, which is a 

counterpart to the Ohmic resistance. If we plot vectors A and T in a complex plane, and 

assign the positive segment of the abscissa to T, then AR and AC will have 0 and ̄ κн angles 
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with T, respectively. AC falls on the ordinate and can be assigned as imaginary in a complex 

notation by using j = (-1)1/2. The AC = -jXCTΣ where j means AC ƛǎ ˉκн degrees apart from T, and 

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

When A is applied to a resistor R and a capacitor C that are connected in series,  

A Ґ AR Ҍ AC Ґ Tόw ς jXCύ Ґ TÀ    (15) 

where A and T Ƙŀǎ ŀ ǇƘŀǎŜ ŀƴƎƭŜ ōŜǘǿŜŜƴ л ŀƴŘ ˉκн ǿƛǘƘ T ōŜƛƴƎ ŀƘŜŀŘ ƻŦ AΦ ±ŜŎǘƻǊ  

À Ґ w - jXC       (16) 

is the impedance. In a complex plane notation, R and XC are plotted along the abscissa and 

tƘŜ ƻǊŘƛƴŀǘŜΣ ŀƴŘ ŀǊŜ ǘȅǇƛŎŀƭƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǊŜŀƭέ ŀƴŘ άƛƳŀƎƛƴŀǊȅέ ŀȄƛǎ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜȅ 

ŀǊŜ ƻŦǘŜƴ ŜȄǇǊŜǎǎŜŘ ŀǎ ½Ω ŀƴŘ ½έ ǊŜǎǇŜŎǘƛǾŜƭȅ ŀǎ ǎƘƻǿƴ ƛƴ Figure 2ς2.   

If two processes have similar time constants it is very 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 great deal of 

information on the processes involved (Jensen et al. 2007b; Primdahl and Mogensen 1998). 

The frequency response of the AC signal may vary from 1 MHz or higher to 1 mHz or lower.  

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 at both conditions (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 charge-transfer 

kinetics could be subdued within the corresponding impedance spectra. When operating at 

OCV it becomes difficult to quantify the resistances contributing to mass transport 

processes (Orazem and Tribollet 2008). Therefore, a combination of cell characterisation at 

both conditions is vital in quantitatively understanding the contribution of all processes to 

cell resistance.  

Nyquist and Bode plots are commonly used to illustrate an impedance spectrum. A Nyquist 

plot (complex-ǇƭŀƴŜ ŘƛŀƎǊŀƳύ ƛǎ ŘƛǎǇƭŀȅŜŘ ŦƻǊ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ǎŜǘ ƻŦ Ǉƻƛƴǘǎ ό½Ω ŀƴŘ ½έύ 

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

parts of the impedance at a particular frequency. The ǊŜŀƭ ƛƳǇŜŘŀƴŎŜ ό½Ωύ ƻƴ ǘƘŜ Ȅ-axis and 
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ǘƘŜ ƛƳŀƎƛƴŀǊȅ ƛƳǇŜŘŀƴŎŜ ό½έύ ƻƴ ǘƘŜ ȅ-axis in a complex plane are plotted against each 

other and examples of this plot can be seen in Figure 2ς3b and Figure 2ς4b. A Bode plot is 

an alternative representation of the impedance showing the frequency response of the 

system. As shown in Figure 2ς3c and Figure 2ς4c, there are two types of Bode diagrams. 

One describes the frequency dependence of the modulus (log ʝ against log |Z|  plotted on 

the primary axis of both figures) and the other describes the frequency dependence of the 

phase (log ʝ against ʊ plotted on the secondary axis of both figures).   

The Nyquist plot of an impedance spectrum is more illustrative than a Bode plot and 

enables quick and easy identification of ohmic and polarisation resistances as well as 

inductance effects. Figure 2ς2 shows two impedance spectra on the same plot for CO2 

electrolysis and CO2/H2O co-electrolysis. The cell processes identified in this plot include: 

¶ Ohmic resistance (Rohm), also known as serial resistance, which is the real part 

resistance taken at the intercept of the x-axis  

¶ Total cell resistance (RT), which is the final value of the real part resistance  

¶ Polarisation resistance (RP), which is taken as the difference between the ohmic and 

total cell resistance (RT).     

Ὑ Ὑ  Ὑ                                                           17 

¶ Inductance (L), which is often observed at high frequencies, is seen in Figure 2ς2 

beloǿ ȊŜǊƻ ƻƴ ǘƘŜ ƛƳŀƎƛƴŀǊȅ ½έ ŀȄƛǎ.  

Inductance has a negative effect on the accurate measurement of the ohmic and 

polarisation resistances. In Figure 2ς2, the effect of inductance would lead to an artificially 

high ohmic resistance. Although it is primarily observed at high frequencies, it has been 

shown that inductance can also influence the middle and low frequencies leading to errors 

in the polarisation resistance (Raikova et al. 2009). Inductance primarily occurs due to wiring 

and the cables connected to the electrochemical interface. Implementing an error 

correction procedure is therefore important in increasing the reliability of the 

electrochemical impedance results. Further details on techniques for error correction due to 

cable inductance can be found in literature (Stoynov and Vladikova 2009). Furthermore 

short wires are helpful for minimising the inductance effects as described by (Qi 2008).  
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Figure 2ς2: Electrochemical Impedance Spectra measured at OCV and 850oC of fuel 

electrode compositions 50% CO2, 25% CO and 25% Ar (Green) and 50%CO2, 25% H2 and 25% 

Ar (Red) with pure oxygen flowing across the oxygen electrode (Ebbesen et al. 2012).  

2.2.2.3  Electrochemical Circuit Elements  

EIS data are commonly analysed by fitting to an equivalent circuit model (comprising of a 

combination of resistors, capacitors, inductors, etc). This 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 Warburg diffusion 

elements and constant phase elements) (Macdonald 1992; Yuan et al. 2010). Resistors are 

involved in the reaction process since electronic and ionic resistances 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. The combination 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 in equivalent circuit models include 

resistance (R), capacitance (C), inductance (L), constant phase elements (CPE), Warburg 

diffusion element (Ws), Gerischer element (GE), etc. Figure 2ς3 is an example of an 

impedance spectrum of an electrochemical system with one time constant. Figure 2ς3a 

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 described. Figure 2ς3b and c are the 

simulated Nyquist diagram, and bode plot respectively. The series resistance R1 (ohmic 

resistance) represents the electric resistance, which comprises of ionic resistance of the 

╡▫▐□ 

╡▬ 

╡╣ 

L 
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electrolyte, electronic resistance of the electrodes and contact resistances. R2 (polarisation 

resistance) represents the resistance between the ohmic and total cell resistance. C1 is the 

double layer capacitance associated with the electrode-electrolyte interfaces.  
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Figure 2ς3:  a) Illustration of basic equivalent circuits for an electrochemical system with 

one time constant showing a resistor (R1) in series with a parallel connection of a capacitor 

(C1) and resistor (R2). b) Nyquist plot of a one-time constant model simulated over the 

frequency range 10 kHz-0.01 Hz (R1 = 0.45 Щ, R2 = 0.4 Щ and C1 = 0.1 F). c) Bode plot of a 

one-time constant simulated over the same conditions above.  

¢ƘŜ ǎƘŀǇŜ ƻŦ ŀ ƳƻŘŜƭΩǎ ƛƳǇŜŘŀƴŎŜ ǎǇŜŎǘǊǳƳ ƛǎ ŎƻƴǘǊƻƭƭŜŘ ōȅ ǘƘŜ ǎǘȅƭŜ ƻŦ ŜƭŜŎǘǊƛŎŀƭ ŜƭŜƳŜƴǘǎ 

in the model and the interconnections between them (series or parallel combination). The 

size of each feature in the spectrum is controlled by the circǳƛǘ ŜƭŜƳŜƴǘǎΩ ǇŀǊŀƳŜǘŜǊǎΦ ½ǾƛŜǿΣ 

for example, is a numerical analysis tool commonly used to fit the spectra, and this tool 

gives the best values for the equivalent circuit parameters. The major shortcomings of an 

equivalent circuit approach are that an impedance pattern obtained experimentally can be 

presented by more than one equivalent circuit. So to setup a suitable equivalent circuit 

model, an understanding of the underlying processes is needed and a fundamental 

understanding of the behaviour of the cell elements.   

Figure 2ς4a shows an equivalent circuit of a resistor (R1) in series with a parallel connection 

of a constant phase element (CPE1) and resistor (R2). Figure 2ς4b and c are the simulated 

Nyquist and bode plot respectively. The only difference between Figure 2ς4 and Figure 2ς3 

is that the capacitor has been replaced with a CPE. The constant phase element is a non-

intuitive circuit element commonly used to represent real systems in which the arc of the 

semi-circle is depressed. In reality, the double layer of an electrochemical reaction does not 

behave like a pure capacitor. For example, for SOC, a depressed semi-circle will be expected 

due to its electrode porosity, electrode inhomogeneity and surface roughness, variability in 

thickness and conductivity of surface coating, uneven current distribution, differences in 

reaction rates at the TPB (Nechache et al. 2014). As a result, a constant phase element (CPE) 

is used instead of the capacitor to compensate for the distribution of the system. In this 

study, a simple equivalent circuit model consisting of resistors and constant phase elements 

has been applied as shown in Section 3.9.4.   

! /t9Ωǎ ǊŜǎƛǎǘŀƴŎŜ ƛǎ ƎƛǾŜƴ ōȅ  

╧╒╟╔  ⱷ╒♪ϳ     (ρψ) 
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where ʂ, called the phase parameter, is less than 1. The CPE represents C, R, and L 

respectively for ʂ value 1, 0 and -1. For ʂ = 0.5, it gives the Warburg impedance.  

 

 

 

Figure 2ς4: a) Illustration of basic equivalent circuits for an electrochemical system with one 

time constant showing a resistor (R1) in series with a parallel connection of a constant phase 

R1 CPE1

R2

Element Freedom Value Error Error %

R1 Fixed(X) 0.33525 N/A N/A
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Chi-Squared: 0.42545
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element (CPE1) and resistor (R2). b) Nyquist plot of a one-time constant model simulated 

over the frequency range 10 kHz-0.01 Hz (R1 = 0.45 Щ, R2 = 0.4 Щ, CPE1-T = 0.1 F and CPE1-

P (ʂ) = 0.85). c) Bode plot of a one-time constant simulated over the same conditions above  

As previously described, the series resistance R1 represents the electric resistance, which 

comprises of ionic resistance of the electrolyte, electronic resistance of the electrodes and 

contact resistances. R2 represents the resistance between the ohmic and total cell 

resistance.   

Note: For the high frequency arc (CPE1), the fitted CPE-P values 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 (Ws) is generally used to describe a diffusion limited process. As 

previously indicated, the Warburg element is also a specialised element with a phase value 

of 0.5 (See Equation 18). In 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 plot. The real and imaginary axis of a spectrum of the 

Warburg impedance forms a straight line with a slope of 45oC with the abscissa. Further 

details on the Warburg element is described elsewhere (Lvovich 2012) 
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2.3 High Temperature Electrolysis of Carbon dioxide 

in a SOC 

High temperature electrolysis of carbon dioxide in a SOC has been less frequently 

investigated compared to H2O electrolysis and H2O/CO2 co-electrolysis. Although SOCs were 

initially optimised for H2O/H2 investigations, the oxygen ionic conductivity of the electrolyte 

enables the electrolysis of carbon dioxide for CO production. The potential of a SOEC to 

reduce CO2 to CO has been explored in a number of studies (Ebbesen et al. 2012; Ebbesen 

and Mogensen 2009; Elikan et al. 1972; Kim-Lohsoontorn and Bae 2010; Kim-Lohsoontorn et 

al. 2010; Zhan and Zhao 2010). In the late 1960s, electrolysis of CO2 in SOECs was first 

demonstrated by NASA for purpose of O2 production for life supports and propulsion in 

submarines and spacecraft (Elikan et al. 1972).  

Ebbesen and Mogensen (2009) tested planar Ni/YSZ supported cells of 5 cm x 5 cm with an 

active electrode area of 4 cm x 4 cm under varying gas compositions of CO2 and CO mixtures 

at 850oC. ASRs (calculated from i-V curves at -0.25 A/cm2 using Equation 12) of 0.36 Щ cm2 

and 0.37 Щ cm2 were calculated for 50% CO2/50% CO and 70% CO2/30% CO respectively 

when operating in electrolysis mode. On the other hand, ASRs of 0.30 Щ cm2 and of 0.31 Щ 

cm2 were calculated for 50% CO2/50% CO and 70% CO2/30% CO respectively, when 

operating in fuel cell mode, indicating a higher activity for oxidation of CO than reduction for 

the cells employed. Using the same planar Ni/YSZ supported cell, an ASR of 0.24 Щ cm2 was 

calculated for 50% H2O/50% H2 during steam electrolysis indicating a significantly higher 

performance of the electrolyser under H2O/H2 conditions. 

Kim-Lohsoontorn and Bae (2010) also tested fuel electrode Ni-GDC button cells with an 

active electrode layer of 0.785 cm2 at 800oC under varying compositions of CO2/CO 

mixtures. The polarisation resistance (from the impedance plot) was found to increase with 

an increase in CO2 content (i.e. 70% CO2/30% CO > 50% CO2/50% CO) and a significant 

increase in polarisation resistance was observed when operating at 100% CO2 to the fuel 

electrode. Zhan et al. (2009) explains that the higher polarisation resistance observed in a 

cell with a higher CO2 content in a CO2/CO mixture is due to the lower diffusivity of the 

higher molecular weight CO2 through the porous cathode. The use of pressurised CO2 gasses 
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during SOEC operation could aid in the reduction of polarisation resistance due to mass 

transport limitations.  

SOC degradation during CO2 electrolysis has been investigated over long periods of 

operation (over 500 hours).The mechanism of cell degradation during CO2 electrolysis is 

similar to that of CO2/H2O co-electrolysis discussed in Section 2.6.2.1. Furthermore, issues 

relating to formation and deposition of carbon, from the reduction of CO, on the active sites 

of the TPB are also discussed in Section 2.6.2.2.  

2.4 High Temperature Co-electrolysis  of CO2 and H2O 

in a SOC - Reaction Mechanisms for Syngas 

Production  

The relative contribution of the electrochemical and chemical reactions to syngas 

production in an SOEC is a highly debated topic. There is debate as to whether CO is 

produced from CO2 electrolysis, the rWGSR or both.  

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

reactions which took place within this process; the hydrogen produced from steam 

electrolysis is thought to be used to reduce CO2 to CO via the rWGSR. Stoots et al. (2008) 

proposed this reaction mechanism having observed a similar ASR for H2O electrolysis and 

H2O/CO2 co-electrolysis. Furthermore, the ASR for CO2 electrolysis was observed to be 

significantly higher than H2O electrolysis and H2O/CO2 co-electrolysis.  Ebbesen et al. (2009) 

also ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ άpart of (possibly most of) the CO ǇǊƻŘǳŎŜŘ ǊŜǎǳƭǘǎ ŦǊƻƳ ǘƘŜ Ǌ²D{wέ 

because rWGSR equilibrium favours the chemical reaction at 850oC. 

Recent investigations by Ni (2011) and Ebbesen et al. (2012) described in Section 2.4.1 and 

2.4.2 respectively have argued otherwise, that CO is produced both from the rWGSR and the 

electrochemical reaction during the high temperature co-electrolysis of carbon dioxide and 

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

Production  

Ni (2011) developed an electrochemical model to quantify the contribution of the rWGSR to 

CO production by comparing the fluxes of CO at the cathode-electrolyte interface (where 

the electrochemical reactions predominantly occur) and at the cathode surface (where the 

chemical reaction occurs).  

The Dusty-Gas Model (DGM) (Ni 2011) was employed to determine the transport of the gas 

species through the porous cathode (which relates to the rate of the rWGSR and the rate of 

the electrochemical reactions). At the cathode-electrolyte 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 cathode-electrolyte interface was assumed to be 

caused by the rWGSR. The working mechanisms proposed for the high temperature co-

electrolysis of CO2 and H2O can be seen in Figure 2ς5. In this study, the electrochemical 

reactions were assumed to occur at the electrode/electrolyte interface while the chemical 

reaction occurs across the full depth of the fuel electrode.  

 

Figure 2ς5: Working mechanisms of SOEC for co-electrolysis of H2O and CO2 (Ni 2011)  
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2.4.1.1  Effect of temperature  

In determining the effect of temperature on the co-electrolysis reactions, Ni (2011) varied 

the operating temperature between 873 K and 1073 K while operating at 1.3 V and a 

cathode inlet composition of 49.7% H2O, 25% CO2, 25% H2, 0.3% CO.  

As shown in Figure 2ς6A, the study found larger CO flux at the cathode surface (S) than the 

cathode-electrolyte (E) interface at 873 K indicating the rWGSR was contributing to CO 

production. CO2 electrolysis was calculated to contribute to CO production by 75% while the 

rWGSR contributed 25%. This implies that CO is indeed also produced from the 

electrochemical reaction. At a higher temperature of 1073 K however, CO was consumed by 

the water gas shift reaction (WGSR). At a higher temperature, it can also be observed that 

electrochemical reduction of CO2 occurs owing to the larger CO flux at the cathode 

electrolyte interface, as seen in Figure 2ς6B.  

 

Figure 2ς6: Effect of temperature on co-electrolysis of H2O and CO2. Figure A and B shows 

H2 and CO fluxes at 873 and 1073 K respectively (Ni 2011) 

2.4.1.2  Effect of gas composition at cathode surface  

The gas compositions were varied (case 1: 49.7% H2O, 25% H2, 25% CO2, 0.3% CO, case 2: 

49.7% H2O, 0.3% H2, 25% CO2, 25% CO and case 3: 25% H2O, 25% H2, 49.7% CO2, 0.3% CO) 

while comparing the fluxes of CO and H2 at the cathode surface and cathode-electrolyte 

interface. In all cases, the operating temperature and voltage was 1073 K and 1.3 V 

respectively.  

A B 
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Figure 2ς7: Effect of varying cathode inlet gas compositions on co-electrolysis of H2O and 

CO2. Figure A shows H2 and CO fluxes at case 2 49.7% H2O, 0.3% H2, 25% CO2, 25% CO while 

Figure B shows H2 and CO fluxes for case 3 at 25% H2O, 25% H2, 49.7% CO2, 0.3% CO (Ni 

2011) 

In case 2 shown in Figure 2ς7A, the CO flux increased from negative value at the cathode-

electrolyte interface (CO production from electrolysis) to positive value at the cathode 

surface (CO consumption via the WGSR). For case 3 shown in Figure 2ς7B, the flux of CO 

was considerably higher at the cathode surface than the cathode-electrolyte interface due 

to the high rate of rWGSR inside the cathode. 

2.4.1.3  Effect of operating potential  

The fluxes of CO and H2 at the cathode surface and cathode-electrolyte interface were 

compared while varying the operating potential between 1.0 V and 1.4 V at 1073 K with an 

inlet gas composition of 49.7% H2O, 25% CO2, 25% H2, 0.3% CO.  

At 1.0 V, the CO flux at the cathode surface was about 3 times higher than the flux at the 

cathode-electrolyte interface indicating the significant contribution of the rWGSR to CO 

production (shown in Figure 2ς8A). At a higher potential of 1.4 V, the flux of CO at the 

cathode surface, shown in Figure 2ς8B, was smaller than that at the cathode-electrolyte 

interface indicating CO was being consumed. This is further observed in the higher flux of H2 

at the cathode surface indicating CO was being consumed at higher operating voltages.   

A B 
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Figure 2ς8: Effect of temperature on co-electrolysis of H2O and CO2. Figure A and B show H2 

and CO fluxes at 1.0 and 1.3 V respectively (Ni 2011) 

The results shown in this model agree well with the experimental data from Zhan et al. 

(2009). These electrochemical model findings contradict the understanding that CO is 

produced solely from the rWGSR. The model shows that both electrochemical and chemical 

reactions occur during the high temperature co-electrolysis of carbon dioxide and steam in a 

SOEC. The amount of CO produced is also shown to be highly dependent on the operating 

temperature, inlet gas composition and applied voltages.  

2.4.2  Experimental Investi gation  

The reaction mechanisms for the electrochemical co-reduction of H2O and CO2 in SOECs 

were briefly investigated in a study by Ebbesen et al. (2012). The ASRs of all three mixtures 

(H2O-H2, CO2-CO and H2O-CO2-H2-CO) were compared. A Ni-YSZ supported solid oxide cell 

(Ni-YSZ/YSZ/LSM-YSZ) was operated at 750 and 850oC with a CO2/H2O feed and pure oxygen 

sweep gas at the oxygen electrode side. The measured ASR (calculated from Figure 2ς10 at -

0.16 A/cm2) for CO2 electrolysis was slightly higher than that for H2O and H2O/CO2 co-

electrolysis. Other studies have also shown this trend of a higher ASR for CO2 electrolysis 

than H2O and co-electrolysis (Ebbesen et al. 2009; Kim-Lohsoontorn and Bae 2010; Kim-

Lohsoontorn et al. 2011; Stoots et al. 2008; Yue and Irvine 2012; Zhan et al. 2009). Ebbesen 

et al. (2012) ŜȄǇƭŀƛƴǎ ǘƘŀǘ άƛŦ ƻƴƭȅ ǎǘŜŀƳ ŜƭŜŎǘǊƻƭȅǎƛǎ ǿƻǳƭŘ ƻŎŎǳǊΣ ŀƴŘ /h2 would be inert in 

the chemical reaction, then the observed ASR would be identical to the ASR for steam 

ŜƭŜŎǘǊƻƭȅǎƛǎέΦ  CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ Ŏƻ-electrolysis polarisation resistance which specifically 

reflects the electrochemical activity within the cell was found from Figure 2ς9 to be 

B A 
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between that for individual CO2 and H2O electrolysis. Ebbesen et al. (2012) concludes 

therefore that both CO2 and H2O electrolysis would be active in the electrochemical 

reactions. 

The base comparison of the fuel electrode compositions of CO2, H2O and H2O/CO2 co-

electrolysis is very important (Ebbesen et al. 2012). The equilibrium compositions of CO2 and 

H2O in the co-electrolysis process were equal to cold inlet compositions during individual 

steam and carbon dioxide electrolysis. The CO2 electrolysis carried out by Zhan et al. (2009) 

for example was performed under cold inlet gas compositions of 75% CO2 and 25% H2 at 

800oC while using a fuel electrode supported cell (Ni-YSZ/YSZ/LSCF-GDC). Operating under 

these conditions would result in the presence of the rWGSR and therefore the anticipated 

CO2 electrolysis reaction is actually a co-electrolysis process consisting of electrochemical 

and chemical reactions. Furthermore, the 56% H2O and 19% CO2 equilibrium composition 

were different to the inlet feed of H2O electrolysis which had a 50% H2O content.   

 

Figure 2ς9: AC characterisation operated at 750 and 850oC at varying CO2, H2O, CO2/H2O 

mixtures (Ebbesen et al. 2012) 
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Figure 2ς10: DC characterisation operated at 750 and 850oC at varying CO2, H2O, CO2/H2O 

mixtures (Ebbesen et al. 2012) 

2.4.2.1  Effect of temperature and Ni catalyst in the fuel electrode  

Ebbesen et al. (2012) found the measured gas composition of the co-electrolysis mixture at 

OCV to be close to the thermodynamic equilibrium composition indicating the equilibrium 

of the WGS/rWGSR was reached within the cell as shown in Table 2ς1. This was achieved 

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

the operating temperatures can also be seen in the measured gas composition shown in 

Table 2ς1. At a lower temperature of 750oC, the effect of the water gas shift reaction is seen 

due to the slight increase in CO2 and H2 mixtures compared to that at 850oC.  
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Table 2ς1: Comparison of cold gas compositions to the fuel electrode, measured gas 

compositions and the calculated thermodynamic equilibrium composition (Ebbesen et al. 

2012) 

 

Temp. 

Gas composition to the Ni- 

YSZ electrode 

Measured gas composition  Thermodynamic equilibrium 

composition  

 

850oC 

25% CO2 ς 25% H2O ς 25%  

CO ς 25% Ar 

34% CO2 ς 16% H2O ς 16% 

CO ς 8% H2 ς 25% Ar 

33% CO2 ς 17% H2O ς 17% CO 

ς 8% H2 ς 25% Ar 

 

750oC 

25% CO2 ς 25% H2O ς 25%  

CO ς 25% Ar 

35% CO2 ς 15% H2O ς 16% 

CO ς 9% H2 ς 25% Ar 

34% CO2 ς 16% H2O ς 16% CO 

ς 9% H2 ς 25% Ar 

 

To summarise, the electrochemical performance of the SOC operating under steam 

electrolysis has been observed to be slightly higher than CO2/H2O co-electrolysis and 

significantly higher than CO2 electrolysis. The co-electrolysis polarisation resistance which 

specifically reflects the electrochemical activity within the cell has been found to be 

between that for individual CO2 and H2O electrolysis indicating steam and carbon dioxide 

electrolysis reactions are active in the production of H2 and CO respectively. 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 to H2 and CO production.  

2.5 Properties, Materials and Characteristics of SOECs  

The majority of investigations into the high temperature electrolysis of CO2 and H2O in 

SOECs have focused on the development of novel SOEC materials and optimisation of 

conventional materials under varying operating conditions. Solid oxide electrolysis 

investigations have benefited greatly from the advancement in fuel cell technology 

particularly with regards to material selection for enhanced SOC performance (Goodenough 

and Huang 2007; Minh 2004; Sun and Stimming 2007).  

There is, however, differences in operating conditions such as the high steam content 

environment in the bulk of the fuel electrode which can accelerate the agglomeration of Ni 

particles present in the fuel electrode (see Section 2.5.2.1) (Eguchi et al. 1996; Eguchi 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 high current densities, leading to the 

degradation of the oxygen electrode (see Section 2.5.2.2) (Chen and Jiang 2011; Kim-

Lohsoontorn et al. 2010; Knibbe et al. 2010; Laguna-Bercero et al. 2011; Virkar 2010). 

Consequently, there is a great interest in the optimisation of conventional materials and 

development of new SOE materials. 

2.5.1  Electrolyte  

The electrolyte must have a high ionic conductivity at the operating temperature. Yttria-

stabilised zirconia (YSZ) is the most commonly used electrolyte material and is typically 

composed of 8 mol % Y2O3 doped in ZrO2. YSZ is predominantly used for this application due 

to its high ionic conductivity (see Table 2ς2), 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 as well as being gas 

tight (Wincewicz and Cooper 2005).  

Pure zirconia on its own shows polymorphism i.e. it undergoes a phase change from 

monoclinic at room temperature to tetragonal at around 1170oC and cubic phase at 2370oC. 

The change in state upon cooling causes a volume expansion which induces stress onto the 

material causing it to ultimately crack. By substituting Zr4+ with Y3+, 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 order to maintain charge neutrality in the lattice 

thus increasing the ionic conductivity of the material (Yokokawa and Horita 2003) 

Scandia stabilised zirconia (ScSZ) is an electrolyte material with a higher ionic conductivity 

than YSZ (see Table 2ς2) leading to the possibility for operation at lower temperatures. One 

problem associated with the use of scandium is that it is only found in trace amounts and 

has a low world production rate resulting in prices per kilogram almost 15 times that of 

yttrium (metal-pages.com 2015). 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 ς 1000oC) (Badwal et al. 2000; Ciacchi and Badwal 1991). Recent 

investigations have sought to stabilise the conductivity and crystal phase of this material 

(Miller et al. 2013; Spirin et al. 2012; Yamaji et al. 2013). In a recent study conducted by 

Spirin et al. (2012), 10 and 11 mol % Sc2O3-ZrO2 were doped with yttria. At low sintering 
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temperatures of 1010 ς 1300oC, stabilisation of the cubic-fluorite phase was achieved for Y-

doped ScSZ composites. In addition, high and stable conductivity was obtained during 

extended annealing at 850oC for 2700 hours for Y-doped ScSZ composites sintered below 

1100oC. Further investigations are still ongoing to achieve stability for even longer periods of 

operations.  

Table 2ς2: Approximate ionic conductivities for electrolyte materials (Wincewicz and 

Cooper 2005) 

 Operating temperature = 800oC 

Electrolyte material YSZ ScSZ GDC YDC *LSGM 

Ionic conductivity (S cm-1) 0.02 0.1 0.158 0.0355 0.158 

*LSGM is Lanthanum Strontium Gallate Magnesite 

Gadolinium doped ceria (GDC) and Samarium doped ceria (SDC) are a family of ceria based 

electrolytes with a higher ionic conductivity than the conventional YSZ thus leading to the 

possibility of operation at lower temperatures as shown in Table 2ς2. In addition, they have 

been shown to be more compatible with higher performing anode materials such as 

lanthanum strontium cobalt ferrite (LSCF); (YSZ and LSCF are not chemically compatible due 

to the formation of a resistive layer(Lee et al. 2009)). Ceria (CeO2) exhibits high electronic 

conductivity and by substituting with dopant (gadolinium or samarium), 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 study, Eguchi et al. (1996) ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ άōŀǊŜ ŎŜǊƛŀ ŜƭŜŎǘǊƻƭȅǘŜ 

Ŏŀƴƴƻǘ ōŜ ǳǎŜŘ ŀǎ ǘƘŜ ŜƭŜŎǘǊƻƭȅǘŜ ŦƻǊ {h9/ ƛƴǾŜǎǘƛƎŀǘƛƻƴέΦ ¢Ƙƛǎ ƛǎ ōŜŎŀǳǎŜ ŀǘ ƘƛƎƘ ǾƻƭǘŀƎŜǎΣ 

partial reduction of Ce4+ to Ce3+ 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. 

As a result of this electronic conductivity, ceria based electrolytes are generally referred to 

as mixed ionic and electronic conducting (MIEC) material. Furthermore, the reduction of 

ceria has been shown to be thermally activated (effect increases at ~700oC and above) and 

this process could induce mechanical stress onto the material thus leading to cracking (Kim-

Lohsoontorn and Bae 2010; Leah et al. 2011).  
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To offset the possibility of electronic leakages, Kim-Lohsoontorn et al. (2011) investigated 

the performance of a bi-layered YSZ/GDC electrolyte during co-electrolysis operation. The 

electronic properties of ceria based material reduced the cell OCV when operating at 800oC 

and H2O/H2 = 50/50 are given in Table 2ς3.   

Table 2ς3: OCV of different materials for steam electrolysis at 800oC (Kim-Lohsoontorn et 

al. 2011) 

 Ni-GDC/GDC/LSM-YSZ Ni-GDC/YSZ/LSM-YSZ Ni-GDC/YSZ/GDC/LSM-YSZ 

OCV (V) 0.68 0.88 0.80 

 

The YSZ layer was added to block off the electronic short circuit in the cell however Kim-

Lohsoontorn et al. (2011) suggested it might not have been dense enough hence there was 

a lower OCV in the YSZ/GDC than the YSZ electrolyte. The electrolyte had large thickness of 

~1.5 mm and further work is still needed to optimise the cells. The results showed that the 

bi-layered YSZ/GDC electrolyte cell exhibited 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 bi-layered electrolyte was higher in SOEC mode than SOFC. Durability tests at 

operating conditions of 800oC, 60 mA cm-2 and H2O/H2 = 50/50 on the bi-layered electrolyte 

however showed decay in performance over a 93 h period (Kim-Lohsoontorn et al. 2011). 

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

Other high performing SOE electrolyte materials, particularly at intermediate temperatures, 

include a family of perovskites based on LaGaO3 doped at both A- & B- sites such as LSGM 

(with Sr doped on the A- site and Mg doped at the B- site) (Mizutani et al. 1994; Steele 

2000). At intermediate temperatures, LSGM has been shown to have a higher ionic 

conductivity than YSZ as shown in Table 2ς2. At a 1000oC, it was observed by Yan et al. 

(2002) to have a similar ionic conductivity to YSZ. Several problems have been reported with 

the use of LSGM. They include difficulty in manufacture of thin electrolytes, high costs of 

materials (Yamamoto 2000) and a lower long term mechanical stability compared to YSZ 

(Yan et al. 2002).  
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2.5.2  Requirements of Electrode Materials  

Key requirements of the electrode materials and their effect on SOC operation are: 

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

¶ Chemical stability  and thermal compatibility with other contacting materials 

(electrolyte and interconnect),  

¶ Inert to the reacting gas species  

¶ Matching thermal expansion coefficient to other contacting materials 

¶ Chemical stability of fuel and oxygen side electrodes in reducing and oxidising 

atmospheres respectively.   

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 limit the 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 experimental start-up. 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 electrolyte (Jin et al. 

2011; Li et al. 2012). These perovskites structured electrodes are promising over Ni based 

electrodes because they do not require a reducing gas to achieve performance (Badwall 

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 as Nickel in 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 using Ni-YSZ cathode supported cells 

(Ebbesen et al. 2012). There are a number of disadvantages with the use of Ni in the fuel 

electrode. It has been shown that high steam environment accelerates the agglomeration of 

Ni particles (Tanasini et al. 2009), consequently leading to a change in the electrode 

microstructure and a decrease in the length of the TPB (Sehested 2006). Eguchi et al. (1995) 
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also reported that the polarisation of the Ni electrode became large as the operating pO2 

approached that of the Ni-NiO system.  Eguchi et al. (1996) proposed the formation of a less 

active layer arising from the oxidation of Ni particles under high steam content 

environment, consequently suggesting that the use of a precious metal may be preferable 

under a high steam environment.  

Kim-Lohsoontorn and Bae (2010) studied the electrochemical performance of Ni-YSZ, Ni-

GDC and Ni/Ru-GDC (Ru = ruthenium) cathodes over a range of temperatures and inlet gas 

compositions (H2O, CO2 and CO2/H2O). They observed a higher performance of the Ni-GDC 

and Ni/Ru-GDC electrodes over the Ni-YSZ electrode during electrolysis operation. (Kim-

Lohsoontorn and Bae 2010) suggested the higher performance of the ceria based electrode 

was as a result of the oxygen storage capacity of GDC which helped to supress the oxidation 

of the Ni surface. However, as the steam to H2 ratio increased (H2O/H2 ratio = 50/50 to 

90/10), they observed a slight decrease in the overpotential of the Ni-YSZ electrode; 

however a significant increase in overpotential was observed for the ceria based electrodes 

when these steam compositions were increased. The sensitivity of the GDC conductivity to 

pO2 was attributed to the significant increase in overpotential. 

As an alternative to metal catalysts such as Ni which requires a continuous flow of reducing 

gas (such as H2) to avoid Ni oxidation, the use of perovskite structured electrode materials 

has gained significant interest (Lee et al. 2010; Li et al. 2012; Yang and Irvine 2008; Yue and 

Irvine 2012). Yang and Irvine (2008) first proposed the use of LSCrM/GDC as a cathode for 

electrolysis, although their study only focused on low steam concentrations (3 vol. % H2O). 

Yang and Irvine (2008) observed a better performance for the LSCrM/GDC over Ni-YSZ 

electrodes in atmospheres with low hydrogen content. However, the LSCM/GDC cathode 

showed a much larger resistance at lower voltages (I.0 V) and this effect was attributed to 

the reduction of the perovskite-structured LSCrM phase. Yang and Irvine (2008) noted that 

further work was still needed to improve the electrode microstructure and current 

collection as well as 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. (2012) investigated the use of perovskite La0.2Sr0.8TiO3+ɻ  (LST) composite cathode as 

an alternative to the conventional Ni-YSZ under CO2/H2O conditions. The reduction of the 
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LST cathode was the main process at low applied voltages whereas electrolysis operations 

were prominent at high voltages. Further investigations are still needed to eliminate 

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. Although 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 ferrite (BSCF), lanthanum strontium 

cobalt ferrite (LSCF), lanthanum strontium copper ferrite (LSCuF), lanthanum strontium 

ferrite (LSF) and barium cobalt ferrite niobium (BCFN)  (Bo et al. 2008; Liu et al. 2012; Simner 

et al. 2003; Yamaura et al. 2005; Yang et al. 2011).  

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 idea of the TPB. This implies that the electrochemical reaction zone of 

MIECs is not confined to the TPB at the electrode ς electrolyte region and therefore 

electrochemical reaction can occur over the depth of the electrode. Various studies have 

shown an increased electrochemical area with these materials over conventional anode 

materials, leading to a lower activation polarisation across this electrode and therefore 

higher electrochemical performance (DiGiuseppe and Sun 2011; Wang et al. 1999; 

Yokokawa and Horita 2003) 

In an electrode material study, Kim-Lohsoontorn and Bae (2010) observed higher 

performances in LSCF and LSF electrodes than LSM-YSZ electrodes 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 of all electrode materials was higher in fuel cell 

operation than electrolysis; however LSM-YSZ displayed a more symmetrical behaviour in 

both modes of operation. Similar observations were also seen in a previous study by Marina 

et al. (2007) where a depletion of oxygen vacancy 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.  

Kim-Lohsoontorn et al. (2010) compared the performances of the conventional LSM-YSZ 

with BSCF oxygen electrodes under electrolysis operation.  Over a range of operating 

conditions, they found the BSCF oxygen electrodes (Ni-YSZ/YSZ/BSCF) showed a higher 

performance than LSM-YSZ based cells. However over a 20 h operational period, at 0.3 A 

cm-2, 850oC, H20/H2 70/30 ratio, they found a higher decay in performance for the BSCF cell 

over the composite LSM-YSZ.  The EIS measurements showed 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 optimisation of 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. The use of bi-layered 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. For co-electrolysis investigations, 

the use of Ni-YSZ over emerging perovskite fuel electrodes could be advantageous because 

of the increased gas conversion in the chemical reaction during H2O/CO2 co-electrolysis. At 

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

increased active site length which extends across 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 of co-electrolysis experiments have focused on improving the performance of 

conventional SOCs (Ni-YSZ/YSZ/LSM-YSZ). Table 2ς4 summarises some key recent results 

from the high temperature co-electrolysis of CO2 and H2O. 

Table 2ς4: Initial SOEC performance from high temperature co-electrolysis of CO2 and H2O 

Cell materials, 

compositions and 

specifications 

Area specific 

inlet gas flow 

rate (m3/h 

m2) 

Temp. 

(oC) 

Gas 

composition at 

the fuel 

electrode 

Total 

Initial 

!{w όʍ 

cm2) 

Current 

density 

(A/cm2) 

Initial 

voltage at 

current 

density (mV) 

Ref 

Single cell planar Ni-

YSZ electrode supports 

(Ni-YSZ/YSZ/LSM-YSZ) 

with cell active area of 

4 x 4 cm 

 

 

15.5 

 

 

850 

Cathode: 45% 

H2O, 45% CO2 & 

10% H2 

Anode: 100% O2 

 

 

**  0.33 

 

 

-0.25 

 

 

920 

 

 

(Ebbesen 

et al. 

2010) 

Multi cell stack planar 

Ni-YSZ electrode 

supports (Ni-

YSZ/YSZ/LSM-YSZ) 

with active electrode 

area of 9.6 x 9.6cm. 

Stacks were composed 

of 10 RU* containing 

cell and interconnects 

 

 

 

3.9 

 

 

 

850 

 

 

Cathode: 45% 

H2O, 45% CO2 & 

10% H2 

Anode: 100% O2 

 

 

Ave. 

RU = 

** 0.58 

 

 

 

-0.2 

 

 

 

~920 

 

 

 

(Ebbesen 

et al. 

2011) 

Ni-YSZ electrode 

supports (Ni-

YSZ/YSZ/LSCF-GDC) 

with cell active area, 

0.5~2.4cm2 

 

20 ~ 12.5 

 

800 

Cathode: 50% 

H20, 25% CO2 & 

25% H2 

Anode: Air 

 

 

***  

0.22 

 

 

~-0.2 

 

 

 

 

~920 

 

 

(Zhan et 

al. 2009) 

 

*Where RU represents the repeating unit in the stack. ** The ASR (0.58 Щ cm2) was 

calculated from the i-V curve. ***The ASR (0.22 Щ cm2) was taken as the total cell resistance 

obtained from the impedance spectra and not calculated from the polarisation curve  
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Co-electrolysis of CO2/H2O using SOC stacks is vital for achieving large scale syngas 

production. The performance of the co-electrolysis stack was compared with previous 

identical single cell as shown in Table 2ς4 under similar operating conditions. However, the 

area-specific inlet gas flow rate which directly relates to the gas conversion polarisation 

resistance was lower in stack operation (3.9 m3/h m2) than the single cells (15.5 m3/h m2). 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 conversion due to the lower gas 

flow rates used. In two separate studies carried out under the same operating conditions of 

50% H20 ς 50% H2 at 850oC and Ni-YSZ fuel electrode, a lower gas conversion resistance was 

also recorded when operating at a higher flow rate. A gas ŎƻƴǾŜǊǎƛƻƴ ǊŜǎƛǎǘŀƴŎŜ ƻŦ лΦлр ʍ 

cm2 (Ebbesen et al. 2010) was recorded at an area specific inlet gas flow rate of 15.5 m3/h 

m2 and 0.13 ʍ ŎƳ2 (Ebbesen et al. 2011) at 4.9 m3/h m2.  

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

aspects associated with large scale testing.    

2.6.2  Degradation  of SOCs under electrolysis operations  

Degradation of SOCs during electrolysis investigations can be classified into low current 

density (<-0.75 A/cm2) and high current density degradation (>-0.75 A/cm2) (Ebbesen et al. 

2010; Schiller et al. 2009). It has been argued by Ebbesen et al. (2010) that degradation at 

low current densities is largely attributed to the adsorption of impurities in the feed at the 

TPB. On the other hand, the effect of cell operation at high current density has 

predominantly led to degradation and delamination of the oxygen electrode from the 

electrolyte. Oxygen electrode degradation occurs due to the high oxygen partial pressures 

at the oxygen electrode/electrolyte interface (Chen and Jiang 2011; Kim-Lohsoontorn et al. 

2010; Knibbe et al. 2010; Laguna-Bercero et al. 2011; Virkar 2010). 

The majority of the investigations into the degradation of SOCs during electrolysis 

operations have focused primarily on the use of H2O/H2 mixtures. Advancement in the 

development of this technology (i.e. eliminating all issues of cell degradation) for steam 

electrolysis would directly benefit CO2 electrolysis and CO2/H2O co-electrolysis operations. 
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This is because the key issue of cell degradation while operating at high current densities is 

not a consequence of the chemical feedstock flowed to the fuel electrode but a failure in 

cell components (i.e. material and microstructure).   

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 operation. Zhan et al. (2009) tested an electrode supported Ni-YSZ/YSZ/LSM-YSZ, 

LSM cell under co-electrolysis conditions of 25% H2, 25% CO2 and 50% H2O mixture at 800oC 

and current density of -1.05 A/cm2. A passivation rate of 0.26 mV/h was observed over 100 

hours of operation. The slight degradation observed was attributed to a number of possible 

processes; possible Ni migration in the Ni-YSZ electrodes as a result of the high steam 

content environment, instability of the LSM air electrodes on YSZ electrolyte and air 

electrode delamination from the electrolyte.  

The co-electrolysis investigation by Ebbesen et al. (2010) operating at 850oC, -0.25 A/cm2, 

45% H2O-45% CO2-10% H2 and an initial short term cell voltage of 920 mV attributed the 

effect of operation at low current densities to the presence of impurities in the gas stream. 

After 50h of operation, they observed a passivation rate of 0.377 mV/h as seen in Figure 2ς

11. This rate further altered (mostly degradation rather than activation) with time and the 

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

 

Figure 2ς11: Durability test showing cell voltage at Ni-YSZ electrode during co-electrolysis (-

0.25 A/cm2, 45% H2O-45% CO2-10% H2) operation before inlet gasses were cleaned (Ebbesen 

et al. 2010) 
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The in-plane voltage shown on the right hand y-axis of Figure 2ς11 represents how evenly 

the direct current is distributed on the metal foil that serves as a current conductor to the 

cell. Although not entirely shown in Figure 2ς11, Ebbesen et al. (2010) observed a slight 

increase in the cell voltage when the in-plane voltage remained fairly stable towards the end 

of the operation. Further impedance analysis of the cell showed no change in ohmic 

resistance whereas polarisation resistance increased indicating the 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 remove any impurities, it was found that both co-

electrolysis cells (ὃ   and ὄ  ) as shown in Figure 2ς12 remained fairly stable 

with no degradation. During the first 150 hours, the cell voltage of AH2O-CO2 increased from 

912 mV to 917 and remained stable for 600 h of operation.  

 

Figure 2ς12: Durability test showing cell voltage at Ni-YSZ electrode during co-electrolysis (-

0.25 A/cm2, 45% H2O-45% CO2-10% H2) operation after inlet gasses were cleaned (Ebbesen 

et al. 2010)  

Cell A and B shown in Figure 2ς12 are similar cells operating under the same co-electrolysis 

conditions, however cell A has air supplied to the oxygen electrode while oxygen was 

supplied to the oxygen electrode of cell B.  

Degradation mechanism 

From Figure 2ς11, an uneven distribution of current was thought to be the reason for the 

cell passivation. This uneven distribution occurred as a result of the presence of impurities 

on active sites at the TPB causing partial blockage. Degradation due to poisoning of the Ni in 
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SOCs under CO2/CO mixtures has been widely reported in literature particularly during the 

oxidation of carbon monoxide in fuel cell operation (Cheng et al. 2006; Cheng et al. 2007; 

Dong et al. 2006; Ebbesen et al. 2010; Ebbesen and Mogensen 2009; Haga et al. 2008; 

Lussier et al. 2008; Matsuzaki and Yasuda 2000; Rasmussen and Hagen 2009; Sasaki et al. 

2006; Zha et al. 2007). This type of catalyst poisoning is typically due to the presence of 

impurities (typically sulphur compounds such as H2S) in the Ni electrode with the sulphur 

compound being adsorbed on the surface of the active Ni sites. It was shown by Oliphant et 

al. (1978) that poisoning of the Ni catalyst is likely caused by chemisorption of sulphur on 

the Ni surface.   

H2S (gas) + Ni (solid)  Ni-S (surface) + H2    19 

Zha et al. (2007) explains that the degree of Ni fuel electrode degradation caused by sulphur 

poisoning is highly dependent on the concentration of H2S present in the electrode. In 

another study, nickel sulphides (Ni3S2) were observed in the Ni-YSZ electrode which is 

thought to also contribute to the electrode degradation (Dong et al. 2006). Thermodynamic 

analysis however suggests that Ni3S2 will decompose to metallic nickel and H2S when 

operating at temperatures above ~700oC and partial pressure of H2S/H2 is below ~10-3 

(Cheng et al. 2006).  

Ebbesen et al. (2010) argued that as the sulphur impurities accumulated within a certain 

active site; an increase in voltage difference occurred. As impurities continued to 

accumulate over more active sites, the cell voltage continued to increase while the in-plane 

voltage reached its peak point and decayed afterwards. Ebbesen and Mogensen (2009) also 

observed a similar trend when investigating the durability of SOECs under CO2 operation. By 

cleaning the inlet gasses, the initial in-plane voltage decreased to less than 0.1 mV and was 

seen to be stable for long periods of operation. These results have been further confirmed 

by Ebbesen et al. (2011) when investigating the performance of a multi SOC stack under 

CO2/H2O co-electrolysis conditions. No degradation was observed at the cathode at current 

densities up to at least -0.75 A/cm2 when the inlet gasses had been cleaned.  
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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 density (> -0.75 A/cm2) is one of 

the greatest concerns for electrolysis operations. For this technology to be commercially 

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

little/no degradation) over long periods of operation. Short-term degradation (~10 minutes) 

is a frequent 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 that at high cell voltages and according to thermodynamics, 

electrolysis of dry CO2 will lead to the formation of carbon, deposited at the fuel electrode 

and electrode/electrolyte layer of the SOC. This is because the reduction of CO2 to C (via the 

reduction of CO) occurs at only a slightly higher potential than the reduction of CO2  to CO as 

shown in Figure 2ς13. However, carbon formation via electrolytic reduction of CO will only 

occur above CO2 reactant conversion rate of 99%.  

 

Figure 2ς13: Thermodynamics of CO2 electrolysis for carbon monoxide and carbon 
production 
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The formation of carbon is also favoured by the presence of nickel in the fuel electrode 

which acts as a catalyst for the Boudouard reaction shown in Equation 20. However, the 

equilibrium reaction favours the reverse reaction under realistic concentrations and SOEC 

operating temperatures of 850oC.  

                    2CO  CO2 + C      20 

The formation of carbon in the active Ni-YSZ electrode is a challenge as this may reduce 

active TPB sites therefore leading to reduced activity. Recent investigations by (Tao et al. 

2014) have observed the formation of carbon in the active Ni-YSZ electrode during co-

electrolysis of H2O and CO2. This was observed when operating in low porosity Ni-YSZ based 

SOC at -2.0 and -2.25 A/cm2, with fuel electrode compositions of 45% CO2 - 45% H2O - 10% 

H2 and a reactant conversion of 67%. Carbon formation was not observed when operating 

with cells of high porosity. Tao et al. (2014) ascribes the observed carbon formation to a 

change in gas composition due to diffusion limitations within the Ni-YSZ support and the 

active Ni-YSZ electrode.  

An investigation by Laguna-Bercero et al. (2011) 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 895oC using 70% steam, Ni-YSZ electrode 

supported cell at current densities above -1.75 A/cm2, Laguna-Bercero et al. (2011) 

observed a huge change in potential difference after 10 minutes of operation as shown in 

Figure 2ς14. EIS measurements further showed a 63% increase in ohmic resistance (from 

0.23 ʍŎƳ2 ƳŜŀǎǳǊŜŘ ōŜŦƻǊŜ ŜƭŜŎǘǊƻƭȅǎƛǎ ƻǇŜǊŀǘƛƻƴ ǘƻ лΦот ʍ cm2 after the test) whereas the 

polarisation contributions remained almost unchanged (0.31-лΦон ʍ cm2).  
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Figure 2ς14: I-V curve recorded at 70% steam concentration and at 895oC (Laguna-Bercero 

et al. 2011) 

In addition, further microstructural studies showed that the main damage is observed at the 

electrode/electrolyte interface at the oxygen electrode. Figure 2ς15 shows the effects of a 

SOEC when operated at high current densities. The scanning electron microscope (SEM) 

image shows the formation of voids at the grain boundaries of the YSZ electrolyte which 

leads to the generation of cracks in the electrolyte. The delamination of the oxygen 

electrode from the electrolyte is thought to be caused by the high rate of oxygen released 

into the interface layer.   

Knibbe et al. (2010) also investigated the effect of high current densities (>-1 A/cm2) on 

SOECs. They found ohmic polarisation to be the only cause 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 generating larger cracks in the electrolyte. Similar degradation 

observations have also been reported by other authors (Graves et al. 2011; Knibbe et al. 

2010; Laguna-Bercero et al. 2011; Virkar 2010). An electrochemical model by Virkar (2010) 

predicted this phenomenon of delamination at high current densities. The model showed 

that under certain conditions, high pressures can develop in the electrolyte/electrode 

interface at the anode, thus leading to oxygen electrode delamination. Virkar (2010) 

ŦƛƴŘƛƴƎǎ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ άŀƴ ƻȄȅƎŜƴ ƛƻƴ ŎƻƴŘǳŎǘƻǊ ƻŦ ǘƘŜ ƘƛƎƘŜǎǘ ǇƻǎǎƛōƭŜ ƛƻƴƛŎ ǘǊŀƴǎǇƻǊǘ 
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number for example YSZ, may be more prone to degradation and thus is not the desired 

ƳŀǘŜǊƛŀƭ ŀǎ ŀƴ ŜƭŜŎǘǊƻƭȅǘŜέΦ The presence of electronic conduction 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 study, Chen et al. (2010) showed that the addition of 

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

YSZ electrolyte layer.  

 

Figure 2ς15: (a) represents the original cell, b) origin of degradation, c) cracking of the YSZ 

electrolyte and d) delamination of the electrode from the electrolyte (Laguna-Bercero et al. 

2011) 

To summarise, it was shown in Chapter 1 that high current density operation is critical in the 

advancement of this technology for commercialisation. The studies reviewed in this chapter 

conclude that operation at high current density is a major challenge due to short term cell 

failure arising from delamination of the oxygen electrode from the electrolyte. Optimisation 

of current materials and development of newer materials is needed to eliminate these 

issues.   
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Chapter 3 

3. Experimental Design , Methods  and 

Commissioning  

 

This chapter details the experimental setup and procedures used in this research. There was 

no experimental facility available at the start of this research therefore all equipment and 

instruments were purchased new or designed and constructed in-house.  
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3.1 Experimental test facility  

Figure 3ς1 and Figure 3ς2 respectively show a schematic flow diagram and picture of the co-

electrolysis test setup. Steam and carbon dioxide electrolysis were also carried out using this 

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).  

 

Figure 3ς1: Schematic diagram of the experimental setup for the production of syngas via 

the high temperature co-electrolysis of carbon dioxide and steam 

To minimise the presence of impurities in the SOC, gasses (80% N2, 20% O2: Research grade, 

BOC; N2: Research grade, BOC; CO2: Research grade, BOC; H2: 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 a build-up of particles in the flow 

equipment, thus avoiding damage. The flow rates of the gasses were controlled by precise 

mass flow controllers (red-y) each with a full scale accuracy of ±1.5 %. The check valves (V1 
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to V5) indicated in Figure 3ς1 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 nitrogen used as a 

carrier gas.   

 

Figure 3ς2: Picture of high temperature electrolysis test facility 

The connecting gas line between valves 6 and 7, as shown in Figure 3ς1, is about 1.5 m long 

(as a spiral tube shown in Figure 3ς3) and heated to 120oC to ensure the cold gasses (exiting 

the cylinders) do not condense the steam/N2 mixture. Downstream of the water bath, all 

gas lines are heat traced (120oC) 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 

120oC. 

 

Figure 3ς3: Schematics showing the 1.5 m heated stainless steel tube as a spiral tube 

Furnace 

Cell rig MFC 

1.5 m 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 to the degradation 

of the stationary phase (Kuhn 2002). Other issues regarding the presence of water in the GC 

include quenching of the flames within the flame ionisation detector (Kuhn 2002). Exiting 

the GC, the co-electrolysis 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 in-house button cell rig was designed and partially 

constructed prior to the acquisition of the ProboStatTM (cell rig used during this research). 

Due to time constraints and mechanical issues associated with sealing around the cell to 

avoid gas leakages, the in-house cell rig project could not be fully completed. The design of 

the in-house button cell rig and recommended solutions to the sealing issue is discussed in 

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 cell 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 material must retain 

its strength and be 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 temperature environments or/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 950oC.   

3.2.2  Solid oxide cell sealing  

As shown in Figure 3ς4, the inlet and outlet tubes for both electrodes were sized differently.  

At the inlet, the gasses from the fuel and oxygen electrode sides were sized to have a 3 mm 

OD diameter tube while at the outlet, the gasses from the fuel and oxygen electrode side 
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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 ensuring any form of gas leakage in the rig is avoided, therefore good 

sealing is important. As shown in Figure 3ς4, a spring loaded sealing assembly was 

employed. In order to understand this method of sealing, the purposes of the metal cap and 

holding zirconia tubes are explained.  

 

Figure 3ς4: Front view design of the in-house 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 and 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 holding tubes due to 

its ability to retain its strength at elevated temperatures and because it is resistant to 

corrosion. The holding tubes are also important to provide support to the inlet tubes at the 

fuel and oxygen electrode Section. 
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The mesh, cell and seal were sized 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 (up to 950oC) 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 start-up time which is usually at least 14 hours when a glass 

seal is employed. The attached spring shown in Figure 3ς4 is situated in 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 leakages at either electrode sides and to aid electrical contact 

between the mesh and the cell.  

 

Figure 3ς5: 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 in Figure 3ς5, one of the platinum wires is used as a current lead and the 

other as a voltage. In addition, a thermocouple is located next to the cell for continuous 

measurement of the cell temperature. An electrical 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 by Yoon et al. (2007) at 800oC, a higher 

contact resistance was observed when operating using a platinum mesh instead of silver. It 

was proposed that because the melting temperature of Ag (961oC) was significantly lower 

than Pt (1772oC), Ag is expected to be softer than Pt at 800oC, leading to a higher interfacial 

area between the 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 850oC.  
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The details of the instruments expected to be used as well as the electrical measurements 

such as scan rate in acquiring polarisation curves, electrode type measurements, impedance 

amplitude, frequency ranges, etc are given in Section 3.6.   

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 850oC, the springs lost their strength over a short period 

of operation. As such, this weakness could lead to gas leakages 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 to 1100oC 

with extremely stable performances.  

3.3  Cell rig ɀ ProboStat TM 

The cell rig (ProboStatTM) used during this study was purchased from Norwegian Electro 

Ceramics AS (NorECs). Figure 3ς6 explains the constituents of the ProboStatTM base unit. 

The different accessories used are shown in Figure 3ς7 and discussed in Table 3ς1. In 

addition, a schematic of the inwards and outwards flow of gasses to the cell rig is shown in 

Figure 3ς8.  

 

Figure 3ς6: Description of the key parts of the base unit (NorECs 2014) 
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Figure 3ς7: Primary components of the cell rig 

Table 3ς1: Description of the components in cell rig assembly 

Initials Description Purpose 

BU Base unit of the cell rig See Figure 3ς6 

IGT1 Inner gas tube for the 

inner chamber 

This tube connects the inlet gasses to the fuel electrode of the 

SOEC 

IEM Inner electrical mesh The IEM is used as a current collector on 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 and used to continuously 

monitor the cell temperature 

CJ Compression jig This is used with the springs attached to impose pressure onto the 

cell and seal thereby minimising gas leakages  

IGT2 Inner gas tube for the  

outer chamber 

Made out of glass, this tube connects the sweep gasses to the 

oxygen electrode of the SOEC 

OHT Outer holding tube This holding tube is used to prevent the loss of sweep gasses to the 

surrounding environment  

 

BU 

IGT1 

IEM 

IST 

OEM 

T 

CJ 

IGT2 

OHT 

Soft springs 
Hard springs 
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Figure 3ς8: Schematic diagram showing the flow of gasses in and out of the cell rig 

The soft springs shown in Figure 3ς7 were used for the majority of the cell investigations. 

The stiffer springs (hard springs) were later found to be more efficient in reducing gas 

leakages and consequently employed in later studies.    

 

Figure 3ς9: Procedure of cell loading during rig set-up  

1 2 3 

4 

5 
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Figure 3ς9 shows the procedure of cell loading during the rig set-up. The steps are:  

1. A glass seal (Kerafol) is initially mounted onto the inlet support tube, which is held in 

place using an adhesive 

2. The inner gas tube for inner chamber and inner electrical platinum mesh are then 

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 from Kerafol and its firing schedule is 

described in Section 3.6 (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 mica. Mica was therefore not used in experiments. 

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 shortly after the acquisition of the rig, the current and 

voltage feedthroughs were observed to have significantly corroded under steam electrolysis 

operation as shown in Figure 3ς10. The damage is thought to have occurred as a result of an 

electrochemical reaction of the feedthroughs with water acting as an electrolyte. The 

presence of H2O is thought to have originated from a slight leak of H2 around the cell 

burning in oxygen within the hot-zone of the furnace. It is important 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 with a newer model 

changing from a Solatron 1286 to a 1287 electrochemical interface instrument. No further 

electrical damages were observed after the changes had been made although small 

amounts of water were still frequently seen upon dismantling of the cell rig.   

 

Figure 3ς10: 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 2013). Both electrolyte and electrode supported cells 

are tested. Scanning electroscope microscopy (SEM) was used to confirm the components of 

the cells.  

3.4.1.1  NextCellTM Electrolyte Supported SOEC 

The NextCellTM electrolyte supported SOEC is made up of NiO-GDC/NiO-YSZ as the fuel 

electrode, LSM/LSM-GDC as the oxygen electrode and a HionicTM electrolyte support. The 

άIƛƻƴƛŎTM substrate is more than four times stronger than conventional fully stabilised YSZ - 

8 (8 mole% yttria stabilised zirconia) electrolyte with ionic conductivity comparable to ScSZ ς 

мл όмл ƳƻƭŜ ҈ ǎŎŀƴŘƛŀ ǎǘŀōƛƭƛǎŜŘ ȊƛǊŎƻƴƛŀύέ (FuelCellMaterials 2013).  Table 3ς2 shows the 

various properties (diameter and thickness) of the cell. Figure 3ς11 is a SEM image of the 

electrolyte supported cell confirming the relative thickness of each region. The porosity of 

the electrodes in this cell is about 20-35%.   
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Table 3ς2: Electrolyte supported SOEC 

 Anode Cathode Electrolyte 

Material LSM/LSM-GDC NiO-GDC/ NiO-YSZ HionicTM electrolyte support 

Diameter (mm) 12.5 12.5 20 

Thickness (µm) 50 50 130 - 170 

The active cell area for the electrolyte supported cell is 1.227 cm2 

 

Figure 3ς11: A) SEM image of the electrolyte supported cell and 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 of NiO-YSZ support as the fuel electrode, LSM-

GDC as the oxygen electrode and 8-mol YSZ as the electrolyte.  Table 3ς3 shows the 

material compositions and dimensions (diameter and thickness) of the cell. SEM analysis 

was also carried out on an electrode supported cell as shown in Figure 3ς12. The porosity of 

electrodes in this cell is about 40-50%. 

Table 3ς3: Electrode supported SOEC  

 Anode Cathode Electrolyte 

Material LSM-GDC NiO-YSZ YSZ-8 

Diameter (mm) 12.5 20 20 

Thickness (µm) 50 220-260 6-10 

 

A 
B 
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Figure 3ς12: A) SEM image of the electrode supported cell and B) Top and bottom view of 

the cell  

3.5 Steam Production  

Reliable and accurate steam production is essential for experimental work on CO2/H2O co-

electrolysis; however, it is also difficult due to issues with precise temperature control and 

condensation. The reaction between H2 and O2 over a catalyst bed is a process employed at 

the Risø 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. 2012).  

In the work carried out by Kim-Lohsoontorn et al. (2010), steam was produced by supplying 

a known quantity of water through a liquid pump onto a heated sand bath. The produced 

steam is then mixed with a carrier gas which is vital for controlling steam ratio in the gas 

compositions.  In this project, steam is produced via the use of a temperature controlled 

heated water bath and a carrier gas (N2). This method of steam production is similar to that 

employed at the Idaho National Laboratory.   

3.5.1  Experimental se tup  

Figure 3ς13 shows the temperature controlled water bath and humidity sensor employed 

for steam production and measurement. The heated water bath is a 500 ml gas wash bottle 

(Duran) wrapped with a heat tape and insulated using fibre glass insulation and aluminium 

foil. A filter with pore size 100 ς 160 µm 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 bath. Duran (2014) has 

previously shown that the efficiency of gasses absorbed in liquids can increase up to a factor 

A B 
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of four when a filter plate is employed. De-ionised water was used in the water bath to 

avoid the presence of any impurities. The water bath temperature is measured with a K-

type thermocouple and controlled with a proportional-integral-derivative (PID) temperature 

controller (Chemical and Biological Engineering - Electronics workshop, University of 

Sheffield) to adjust the set point temperature (SP).  

The control and performance of the employed PID controller is very important during steam 

production. Using the first generation controllers, an excess supply of power was frequently 

observed when the set-point temperature was increased, thus leading to a temperature 

overshoot. This temperature overshoot was due to the large set-point range for the PID 

temperature controller (-200 to 200oC); resulting to an increased start up time of ~90 

minutes. Using the second generation controllers in which the set-point range for the PID 

temperature controller was adjusted closer to the project operating conditions (-10 to 

100oC), the process temperature became equal to the set point temperature after ~15 

minutes 

 

Figure 3ς13: Schematic diagram showing the process of steam production and 

measurement 

Using the set-up shown in Figure 3ς13, the produced steam/N2 mixture was measured over 

a range of water bath temperatures. A steam sensor (Viasala HMT 338 humidity and 

temperature transmitter) mounted downstream of the water bath was used to monitor the 

steam content exiting the water bath. The sensor is a thin film water-active polymer 

sandwiched between two electrodes and it measures the relative humidity (RH) of the gas. 

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

properties of the polymer and changes the capacitance. The capacitance is directly related 



Experimental Design, Methods and Commissioning 

 

69 
 

to the relative humidity (RH). With the measured RH value, the vapour pressure and other 

steam parameters 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 to 84 ±1oC. The test rig 

was calibrated for varying flow rates of N2 (10 and 50 ml/min) and water bath temperatures 

(30 ς 75oC) to determine the steam content within the mixture as show in Figure 3ς14. 

During measurement, the steam/N2 mixture 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 shown in Figure 3ς14.  

 

Figure 3ς14: Steam content measured at varying water bath temperature between 30 ς 

75oC when operating at a heat traced line temperature of 84oC  

The error in the measured values originates from two key sources; 

¶ 1% measured relative humidity accuracy of the instrument, equivalent to ~±360 ppm 

and ~±5200 ppm at 30 and 75oC water bath temperatures respectively. 
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¶ Random error caused by fluctuations in the measured value over the period of 

operation. This error is equivalent to about 2000 ppm at 30oC and 5000 ppm at 75oC. 

The theoretical data given in Figure 3ς14 assumes 100% saturation of N2 in the water bath 

(i.e. water bath temperature equal to the dew point temperature) and was calculated from 

humidity parameters using the Viasala humidity calculator (Vaisala 2014). An increasing 

difference of experimental and theoretical values with increasing water bath temperature 

indicates either a possibility of condensation before measurement or difficulty in saturation 

of the carrier gas.  From Figure 3ς14, it has been 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 75oC, the measured steam content at 50 ml/min of N2 became 

increasingly unstable leading to the formation of water spikes as shown in Figure 3ς15. This 

instability is thought to be caused by the formation of tiny water droplets close to the 

sensor as the dew point temperature became closer to the temperature of the heat traced 

line. 

The dew point temperature when operating at 84oC process line temperature and 75oC 

water bath temperature is 58oC and 63oC for 10 and 50 ml/min respectively.  

 

Figure 3ς15: Steam spikes observed water bath temperature of 75oC, heat traced line at 

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

The heat traced lines were heated to 120 ±1oC and the steam content was measured for 10 

ml/min of carrier gas and varying water bath temperatures (30 ς 85oC). As expected and 



Experimental Design, Methods and Commissioning 

 

71 
 

shown in Figure 3ς16, the steam content increased with increasing water bath 

temperatures. Furthermore, at water bath temperatures above 75oC, the increased steam 

content was observed to be stable. This enhanced performance confirms the previous 

hypothesis that the unstable steam content at higher water bath temperatures was mainly 

caused by the lower heat traced line temperature which therefore resulted in condensation.  

 

Figure 3ς16: Steam content measured at varying water bath temperature between 30 ς 

75oC when operating at a heat traced line temperature of 120oC  

As shown in Figure 3ς14, the steam content increases with an increase in carrier gas flow. 

This result is in direct contrast with literature sources (Duran 2014; Namies´nik 1984) 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 longer. In 

this study as shown in Figure 3ς14, the concentration of steam at 50 ml/min is closer to 

saturation than at 10 ml/min. One possible explanation is that condensation continuously 

occurs at varying degrees along the process line. As a result, a higher flow gas is therefore 

expected to condense at 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 the flexible PTFE tube Section and the region between the base unit of the cell rig 

and the furnace.   

A fan heater is now used to heat the flexible PTFE tube in order to eliminate any 

condensation. The use of the PTFE tube instead of a heated stainless steel pipe is 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 loading to the furnace.  

A simple experiment was carried out to understand the effect of condensation in this 

region. While operating at a gas line and water bath temperatures of 135oC and 70oC 

respectively, N2 was flowed through the water bath at 10 ml/min. The N2/steam mixture 

was measured downstream of the initial steam sensor with and without the use of the 

heater at the PTFE Section. Figure 3ς17 is a graph of steam content against time of 

operation with and without the use of a fan heater. The steam spikes seen in Figure 3ς17 

are very similar to that shown in Figure 3ς15 and are thought to originate from sudden 

flashes of water droplets which condensed at the cold PTFE tube region.  

 

Figure 3ς17: Stability of the steam produced with and without the use of a heater 
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Condensed water was frequently observed in the inlet support tube between the bottom of 

the furnace and the base unit due to the short furnace length. With the outer tube 

temperature of the cold spot area measured to be ~ 40oC (lower than the dew point 

temperature while operating at high steam content), it was therefore concluded that a large 

portion of the steam previously directed 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 

Figure 3ς18 was developed. The insulation consists of a rope heater sandwiched between 

two thin copper sheets. For use, the heated sheets are wrapped around the holding tube 

between the base unit and the furnace while operating at 200oC. It is expected that 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 sheet in order to avoid 

cracking of the alumina tube.  

 

Figure 3ς18: 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 coupled with a 

temperature controller is a feasible process for stable steam production up to 900,000 ppm. 

However, further work is still needed to optimise this system; 1) Optimisation of gas-liquid 

contact to increase saturation of N2 in the water bath. 2) All issues of condensation 

downstream of the water bath ought 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 problem are discussed in detail in Chapter 6.  
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3.6 Electrochemical testing  

Cells are tested at temperatures between 750 - 950oC. At the beginning of each test, the cell 

is sealed using a glass seal to avoid any gas leakages around the cell. The firing conditions for 

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

¶ At a ramp rate of 2oC/min, the furnace is steadily heated from room temperature to 

500oC and left for 2hours. 

¶ The furnace temperature is then increased to 950oC at 2oC/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.   

¶ CƛƴŀƭƭȅΣ ǘƘŜ ŦǳǊƴŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ ǊŜŘǳŎŜŘ ǘƻ ǘƘŜ ŎŜƭƭΩǎ ƻǇŜǊŀǘƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ ŀǘ ŀ 

ramp rate of -2oC/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 metallic Ni is carried out by introducing H2 to the fuel 

electrode and this is important in order to induce electronic conductivity. In addition, H2 

provides a continual reducing atmosphere. During reduction, H2, N2 and H2O at flow rates of 

10, 10 and ~0.36 ml/min respectively 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 the anode.   

During the reduction process, an OCV measurement is recorded. This is important to 

determine the degree of partial pressure and/or electronic leakages around the cell as it can 

be compared with the theoretical Nernst potential as discussed in Section 1.3.1. Afterwards, 

the reduced cell is then characterised 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 shown in Figure 3ς19. The instrument used 

during electrochemical testing includes a Solatron 1286 electrochemical interface and a 

Solatron 1250 frequency response analyser. The frequency range for the impedance 

measurement was between 60 kHz ς 0.1 Hz and an amplitude signal of 10 mV was applied in 

all cases. Upon 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: Two-electrode measurements were used in obtaining all impedance spectra 

presented in this thesis. Practically this implies that a working (WE)/reference (RE1) probe 

and counter (CE)/reference (RE2) are connected to either electrodes. This was done in order 

to measure the resistance of the whole cell.  

 

Figure 3ς19: Nyquist plot of oxygen and air measured at OCV, 850oC and fuel electrode 

compositions 2% H2O, 49% H2 and 49% N2 with pure oxygen flowed to the oxygen electrode 

when using an electrolyte supported cell 

During any experimental investigation, for example CO2 electrolysis, the procedure for 

measurement is as follows; 

¶ Following the sealing process, NiO reduction for 8 hours occurs with the OCV being 

continuously monitored during this period 

¶ AC impedance spectroscopy is then carried out under NiO reducing conditions to 

determine the initial performance of the cell 

¶ The N2/CO2/CO mixtures are flowed to the fuel electrode and the OCV is 

continuously monitored. During this period, the exhaust gas compositions are also 

measured using a GC. In all cases, the OCV is measured for about 2 hours 

¶ DC characterisation (10 minutes) which involves recording i-V curves (at a scan rate 

of 5 mA/second) and finally AC impedance measurements (10 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 products. A gas chromatograph (GC) consists of a mobile and a stationary phase 

with a detector located immediately after the column for identification of the compounds. 

The GC used in this research is an Agilent 7820A system with a thermal conductivity and 

flame Ionisation detector (FID). The FID was not used as no hydrocarbons were predicted to 

be detected during this research. Nitrogen was used as the carrier gas while the stationary 

phase was made up of two HP-PLOT Q columns connected in series and a Molecular sieve 

column located after the second HP-PLOT Q column and just before the detector.  Following 

the separation process in the stationary phases, the column effluent passes through the 

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

The gasses to be analysed include CO2, H2, CO and O2. The HP-PLOT Q column is effective in 

separating H2, CO2 and CO hoǿŜǾŜǊ ŘƻŜǎƴΩǘ ǎŜǇŀǊŀǘŜ I2 and O2 mixture. As a result, the 

molecular sieve column is employed in order to separate H2 and O2.  

3.7.1  Gas Chromatograph ɀ Method development  

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

capable of separating the gasses to be analysed.  

¶ All investigations were carried out at an oven temperature of 30oC with all three columns 

located within the oven.  

¶ To begin the method development, the molecular sieve column was initially isolated and 

individual gasses shown in Table 3ς4 were passed through the GC to identify their 

retention times.  

Table 3ς4: Individual gas retention times at 30oC and split ratio of 20:1 through a Plot Q 

column 

Gas CO2 H2 O2 CO 

Retention time (min) 4.6 3.4 3.6 3.0 
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¶ As seen from Table 3ς4, the retention time for H2 and O2 was very close. Furthermore, 

the peaks for both gasses overlapped when samples containing O2 and H2 were run as 

shown in Figure 3ς20.  

 

Figure 3ς20: Chromatogram showing the retention times of overlapped H2 and O2 peaks 

through a HP-PLOT Q column 

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

separate permanent gasses  

¶ Individual samples of both H2 and O2 were then run through the system with the 

molecular sieve column in use and the peaks were effectively separated with retention 

times of 4.46 and 4.85 minutes respectively 

 

Figure 3ς21: Chromatogram showing the retention times of separated H2 and O2 peaks 

through a PLOT Q and molecular sieve column 

¶ The final method had to be created such that the molecular sieve column was isolated 

when CO2 was moving from the HP-PLOT Q column to the detector. This is because the 

diffusion of CO2 is restricted within the molecular sieve column.  
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¶ The final method was constructed such that; 

× Between 0 - 3.8 minutes when the HP-PLOT Q and molecular sieve columns are 

in use, it is expected that H2, O2 and CO will be in the molecular sieve column.   

× After 3.8 minutes, the molecular sieve column becomes isolated and holds up H2, 

O2 and CO products. Because the valve on the molecular sieve column is 

temporarily shut down, CO2 then goes straight to the detector having exited the 

plot Q columns 

× At 5 minutes run time, the molecular column is then switched back on after 

which H2, O2 and CO then separate  

Table 3ς5: 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 for CO2, H2 

and CO. To carry out this process, the rig setup shown in Figure 3ς1 was employed with the 

water bath and cell rig isolated i.e. the gasses from the MFCs was flowed 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 molar composition estimated from electrolysis operation). To minimise the 

error of the calibration data, each point was ran 7 times and the data closest to the average 

of the last 4 readings was used in generating a calibration curve.  

From the above compositions, a calibration curve of the amount against the area 

underneath each curve was produced with a linear graph seen as expected. The correlation 

coefficient was greater than 0.99 for all gasses (0.99963 for CO2, 0.99721 for H2 and 0.99985 

for CO).  Despite a high correlation coefficient, a maximum error of ~±1% was calculated. 

This arises from 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 in Table 3ς6) and the accuracy reading of the MFCs.    
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Table 3ς6: Retention times of the various calibrated compounds 

Retention time 

(minutes) 

Compound Amount (%) Area Response factor 

4.309 Carbon dioxide 10 53.953 0.18531 

25 117.280 0.21316 

50 234.500 0.21322 

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 initial calibration of the instrument.   

3.8 Cathode and Electrolyte Supported Solid Oxide 

Electrolysis Cells  

Prior to the CO2 electrolysis and CO2/H2O co-electrolysis investigations discussed in Chapters 

4 and 5 respectively, three electrolyte and cathode supported SOECs were characterised 

under N2/H2/H2O mixtures. The aim of the study was to evaluate the gas leakages across the 

cell and the initial performance of the cell under operation.  As a result, the operating cell to 

be used in the CO2 and CO2/H2O co-electrolysis study can be determined.  

¶ 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 given in Table 3ς7 and 

Table 3ς8.   
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¶ 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 

characterisation results will be poor and potentially useless.  

Figure 3ς22 is a graph of ohmic resistances plotted against time of operation using the 

electrolyte and cathode supported SOEC. 

3.8.1  Experimental setup and procedure  

The test set-up and operation of the different SOCs investigated was described in detail in 

Section 3.1. In each case, the cells were operated at under NiO reducing conditions 

described in Chapter 3 at 850oC with a 49% N2, 49% H2 and ~2% H2O 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 cell performance. Afterwards, DC and AC impedance 

measurements were carried out at varying compositions of N2, H2 and H2O.  

3.8.2  Results and Discussion - Electrolyte Supported SOEC 

Table 3ς7 shows the measured and theoretical 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 are comparable to similar information given in literature. For example 

under NiO reducing conditions, Ebbesen et al. (2012) measured an OCV value 27 mV below 

the Nernst potential while operating at 1000oC with 4% H2O ς 96% H2 to the fuel electrode 

and pure oxygen to the oxygen electrode using a Ni-YSZ/YSZ/LSM-YSZ cathode supported 

cell.  

Table 3ς7: Measured OCV of an electrolyte supported cell at 850oC 

Cold inlet gas composition (%) Theoretical Nernst 

Potential (mV) 

Experimental OCV (mV) 

N2 H2 H2O Cell 1 Cell 2 Cell 3 

49.1 49.1 1.8 (±0.2) 1086 (±3) 1068 (±4) 1060 (±4) 1062 (±4) 
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Note that the error of the steam composition arises from variation in its measurement as 

discussed in Section 3.5. In addition, the theoretical Nernst potential was calculated using 

Equation 6 and the operating conditions stated in Table 3ς7.  

The error in the measured OCV value originates from three sources within the test facility;  

¶ 1.5% accuracy of the reading range for the MFC, equivalent to ±1 mV. This voltage is 

calculated using the Nernst Equation for gas compositions with the error range.  

¶ The Solatron electrochemical interface instrument has an error equivalent to a 

maximum of ±3 mV. This is evident from the fluctuations in the instruments reading 

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

Although not shown in this Section, the measured OCV at the conditions described in Table 

3ς7 increased to 1075 (±4mV) when stiffer springs were employed in the compression jig. 

This increase in OCV indicates lower gas leakages across the fuel electrode.   

Figure 3ς22 is a graph of ohmic resistance taken from the impedance spectrum and plotted 

against time of operation at varying N2/H2/H2O 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 8 hours after 49% N2, 49% H2 and 

~2% H2O was flowed to the fuel electrode for NiO reduction to metallic Ni. 

 

Figure 3ς22: Ohmic resistance of electrode and electrolyte supported SOCs operating at 

850oC and fuel electrode compositions 2% H2O, 49% H2 and 49% N2 with 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 varied marginally between all three cells from 0.38, 

0.37 and 0.36 Щ cm2 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 Figure 3ς22, cell 1 was operated for about 50 hours. During this period, the ohmic 

resistance increased from 0.38 Щ cm2 at the 8th hour of reduction to 0.42 Щ cm2 after 50 

hours. This slight increase in ohmic resistance with time is as a result 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 

Table 3ς8 shows that the measured OCV is ~42 mV below the calculated potential for cells 5 

and 6 while for cell 4 the measured OCV was 59 mV below the calculated potential. This 

large difference indicates an increased amount of gas leakage.  

Table 3ς8: Measured OCV of a cathode supported solid oxide cell at 850oC 

Inlet gas composition (%) Theoretical Nernst 

Potential (mV) 

Experimental OCV (mV) 

N2 H2 H2O Cell 4 Cell 5 Cell 6 

49.1 49.1 1.8 (±0.2) 1086 (±3) 1027 (±4) 1044 (±4) 1044 (±4) 

 

Note: The theoretical Nernst potential given above was calculated using Equation 6 and the 

operating conditions stated in Table 3ς8.  

The reason for a lower gas leakage with the electrolyte supported cells is because the O-ring 

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 springs then allows for a solid contact, and the overall flat surface significantly 

reduces the possibility of any gaǎ ƭŜŀƪŀƎŜǎΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ǘƘŜ ΨŦƭŀǘ-ǎǳǊŦŀŎŜŘΩ NiO-GDC 

electrode supported cells, the gas leakages are related to an imbalance at the fuel electrode 

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

at the fuel electrode.  
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Figure 3ς22 is a graph 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 0.33, 0.79 and 0.61 Щcm2 

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 over 15 and 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 more 

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 supported cell. 

Based on this evidence which shows lower gas leakages and relatively consistent and 

reproducible ohmic resistance, the majority of the investigations shown in this thesis was 

carried out using electrolyte supported SOCs. The degrees of variation in these cells were 

observed to be much lower than the electrode supported cells. Furthermore, DC 

characterisation measurements showed discontinuity of the i-V plot when operating from 

fuel to electrolysis mode using the electrode supported cells.  

3.8.4  Cathode Supported 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 effective during high temperature operations. For cell 7, the Pt was 

screen printed onto the NiO fuel electrode, dried at 200oC for 30 minutes and sintered in-

situ during the glass sealing process described in Section 3.6. For cells 8 and 9, platinum ink 

was painted onto the NiO fuel electrode using a paint brush. Pure Pt was used in cell 8 while 

a Pt/acetone mixture was used in cell 9. Following this operation, the cell was then left to 

dry in an oven at 200oC for 30 minutes.  Finally, the sample was then sintered in a furnace at 
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900oC for 2 hours to evaporate all organic solvents. The test set-up and operation of the 

three different SOCs investigated are similar to those described in Section 3.1.   

3.8.4.2  Results and Discussion 

Figure 3ς23 is a graph of ohmic resistance against time of a cathode supported solid oxide 

cell with Pt ink added on its fuel electrode. Cell 7 shows a continuous increase in the ohmic 

resistance with time. The reason for this rise in ohmic resistance is unknown; however, a 

significant improvement can be seen in cells 8 and 9. The investigations for cells 2 and 3 

were carried out after all electrolyte supported cell studies had been conducted. It should 

be noted that Pt of varying compositions with acetone was mixed with cell 9 (~2:1 Pt to 

acetone ratio) whereas pure platinum was used with cell 8. Hence, the ohmic resistance 

decreased from 0.25 to 0.21 Щ cm2. With the 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 CO2/CO and CO2/H2 

showed the cells to be durable with 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 problem that needs to be avoided, or at least minimised and further details 

on these processes can be found in Section 5.2.3.1  

 

Figure 3ς23: Ohmic resistance of electrode supported SOCs operating at 850oC and fuel 

electrode compositions 2% H2O, 49% H2 and 49% N2 with synthetic air flowed to the oxygen 

electrode 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 10 20 30 40 50 60

O
h

m
ic

 r
e
si

st
a
n

ce
 (Щ

.c
m

2 )

Time (Hours)

Cell 9

Cell 8

Cell 7



Experimental Design, Methods and Commissioning 

 

85 
 

Cell 7 is an electrode supported cell with Pt ink screen printed onto the fuel electrode. Cells 

8 and 9 are electrode supported cells with Pt ink painted onto the NiO fuel electrode using a 

paint brush.  

In addition, as shown in Table 3ς9, the experimental OCV increased to 1055 (±4mV) from 

1044 mV when stiffer springs were employed in the compression jig indicating lower H2 

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. 

Table 3ς9: Experimental OCV of a cathode supported solid oxide cell at 850oC under a new 

experimental set-up 

Inlet gas composition (%) Theoretical Nernst 

Potential (mV) 

Experimental OCV (mV) 

N2 H2 H2O Cell 8 Cell 9 

49.1 49.1 1.8 (±0.2) 1086 (±3) 1050 (±4) 1055 (±4) 

Note: The theoretical Nernst potential stated above was calculated using Equation 6 and the 

operating conditions given in Table 3ς9.  

To summarise, the cell rig set-up involving the use of stiffer springs helped to reduce the H2 

leakages across the fuel electrode. Addition 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 in this Section were 

carried out after the majority of the electrolyte supported cell investigations had been 

conducted. Therefore, limited results are presented using the more promising electrode 

supported cells.    
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3.9 Identification of Electrochemical Processes in 

Impedance Spectra  - Experimental  

The cause of resistances across the electrodes of electrochemical cells depends on a number 

of operating processes. These processes can include gas movement of reactants/products, 

charge-transfer reactions at the TPB, gas conversion, electronic and ionic conduction of the 

electrodes and electrolyte respectively, etc. The resistances that arise from these processes 

can be related to information shown in the impedance spectra. Section 2.2.2 describes the 

theory of EIS and details 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 spectra (Schichlein et al. 2002; Vladikova et al. 

2005). The method used in this thesis for separation of process impedance contributions 

was proposed by Jensen et al. (2007b) and further details on the theory of this process can 

be found in literature (Jensen et al. 2007b). This mechanism of identification of 

electrochemical processes in impedance spectra is based on the change that 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 impedance spectrum before and 

after a parameter is changed. The difference therefore between the two spectra with 

respect to frequency, 
 

  
, assuming the real part of the spectra which can be plotted 

against frequency. This plot can help provide some information about the type of processes 

involved. 

3.9.1  Experimental  

In this investigation, the arc (high or low frequency) dominated 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 characterisation, carried out at OCV and a cell 

temperature of 850oC was recorded using an electrolyte supported cell and the difference in 

the spectrum before and after the change is plotted against ÌÎ Ὢ. The gasses to the oxygen 
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electrode were varied between air and pure oxygen. Varying compositions of H2O/H2 

mixtures were flowed to the fuel electrode.  

3.9.2  Oxygen Electrode  

To understand the contribution of the electrolyser anode processes to the impedance plot, 

the sweep gasses were switched between oxygen and synthetic air at a flow rate of 5 

ml/min while keeping the cathode composition constant at 70% N2, 28% H2 and ~2% H2O at 

71.4 ml/min. The AC impedance characterisation, seen in Figure 3ς24, was measured at OCV 

while operating at a temperature of 850oC with oxygen and air interchanged at the oxygen 

electrode.  

 

Figure 3ς24: Nyquist plot of oxygen and air measured at OCV while operating at a 

temperature of 850oC with cathode compositions of 70% N2, 28% H2 and ~2% H2O 

Using the data shown in Figure 3ς24, the difference in impedance spectrum at the oxygen 

electrode was obtained by subtracting the real part of the spectra between oxygen and 

synthetic air as shown in Equation 21.  
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The difference in the spectra between the contributions of oxygen and air is plotted 

against ÌÎ Ὢ. The resulting difference plot as shown in Figure 3ς25 enables identification of 

the frequency arc and region, primarily associated with the oxygen electrode.   

 

Figure 3ς25: Difference plot of changes in impedance spectra at the oxygen electrode due 

to gas variations as described in Figure 3ς24 

From Figure 3ς24, it can be seen that the higher frequency arc corresponds to processes 

occurring at the oxygen electrode. In addition, the difference plot of Figure 3ς25 shows that 

the region between 655 and 2.07 Hz correlate to processes 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 with the oxygen electrode 

at lower frequencies. As shown in Figure 3ς25, this region remains consistently unstable and 

does not decrease with time.   

In addition to mass transport limitations relating to the diffusion of the 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 described by Jensen et 

al. (2007b) and Barford et al. (2007) ƛƴŎƭǳŘŜ άƻȄȅƎŜƴ-intermediate transport in the LSM/YSZ 

structure near the electrode-electrolyte interface, the dissociative adsorption/desorption of 

oxygen and transfer of species across the triple phase boundaryέΦ CǳǊǘƘŜǊ ǿƻǊƪ ƛǎ still 
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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 electrode. In this case, the sweep gas of 5 ml/min of oxygen was kept constant. At 

the fuel electrode, the compositions were switched between 71.5% N2, 24% H2 and ~4.5% 

H2O at 70 ml/min and 71.5% N2, 20% H2 and ~8.5% H2O 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. The two can differ during steam electrolysis due to 

condensation of some of the steam in the region between the base unit of the cell rig and 

the furnace as discussed in Section 3.5.3.  

 

Figure 3ς26: Nyquist plot of 4.5 and 8.5% H2O measured at OCV while operating at a 

temperature of 850oC with oxygen electrode kept constant at 100% O2 

The data at 0.1 Hz of 8.5% H2O is not shown in Figure 3ς26. This inconsistent data point is 

caused due to the noise observed at the lowest frequency point.  

Using the data from Figure 3ς26, the difference in impedance spectrum at the fuel electrode 

was obtained by subtracting the real part of the spectra between the varying H2O/H2 

compositions as shown in Equation 22.  
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The difference in impedance spectra was plotted against ÌÎ Ὢ as seen in Figure 3ς27.  

 

Figure 3ς27: Difference plot of changes in impedance spectra at the fuel electrode due to 

gas variations as described in Figure 3ς26 

Analysis of this region shows a distinct difference in the impedance data before and after 

the change in gas compositions. The changes in impedance spectra are seen to occur 

predominantly at the lower frequency arc between 0.65 and 0.1 Hz. The processes 

associated with the fuel electrode that could contribute to cell resistance as described by 

Barford et al. (2007) include gas diffusion, gas conversion and gas-solid reaction. Further 

characterisation work is still needed to understand the contribution of these 

electrochemical processes and assign their characteristic frequencies to the impedance 

spectra.  
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The results of the ADIS analysis suggesting that the high and low frequency arcs are 

primarily associated with the oxygen and fuel electrode respectively have been applied for 

CO2/CO and CO2/H2O mixtures discussed in Chapters 4 and 5. 

It is important to note, as described in Section 2.2.2, that electrode processes on the 

impedance spectra contributing to the cell resistance could overlap. Hence, a detailed cell 

characterisation is vital in order to ascribe all processes to the impedance spectra.  

From the impedance spectra presented in this thesis, noise is only observed at low 

frequencies (~0.4 to 0.1 Hz) when steam is present at the fuel electrode. Although it is not 

currently known as to why this happens, it could be speculated that the uneven introduction 

of steam at the surface of the fuel electrode can cause slight variations in cell temperature. 

According to the Nernst equation, the OCV would vary in such instances as it is highly 

sensitive to changes in cell temperature. It is therefore possible that the slight and 

continuous changes in OCV during EIS could have played a role in the noise observed at the 

lower frequency arc of the spectra.  

To summarise, it has been shown that the processes between 655 to 2.07 Hz (high 

frequency arc) and 0.65 to 0.1 Hz (low frequency arc) are primarily associated with the 

oxygen and fuel electrodes respectively. Understanding primarily what arcs are associated 

to individual regions within the cell is important in this thesis as this enables identification of 

cell resistances contributing to the fuel and oxygen electrode during CO2 electrolysis and co-

electrolysis of CO2 and H2O.  
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3.9.4  Equivalent Circuit  Model and Data Analysis  

In Chapters 4 and 5 of this thesis, a resistor (R1) in series with two parallel connections of 

CPE (CPE1 and CPE2) and resistor (R2 and R3) are fitted to the high and low frequency 

impedance arcs presented in order to estimate the total polarisation resistance. In each 

section, a table is followed by the impedance spectra detailing the following; Ohmic 

resistance, polarisation resistance at the high and low frequency arcs, total polarisation 

resistance and total cell resistance obtained from the equivalent circuit model. 

Furthermore, the full impedance spectra (graphical illustration) obtained experimentally 

including the inductance effects, and equivalent circuit model data are presented in 

Appendices A-1 to A16.   

Arc fitting, simulation and data analysis have been carried out using circuit elements within 

the impedance software ZView. 

 

Figure 3ς28: Illustration of the equivalent circuit model. A resistor (R1) in series with two 

parallel connection of constant phase elements (CPE1 and CPE2) and resistors (R2 and R3) 

where R1 represents the ohmic resistance, R2 represents the resistance of the higher 

frequency arc (oxygen electrode) and R3 represents the resistance of the lower frequency 

arc associated with the fuel electrode.   

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 occurring at the low frequency arc 

(primarily the fuel electrode).  

 

 

R1 CPE1

R2

CPE2

R3

Element Freedom Value Error Error %

R1 Fixed(X) 0.33525 N/A N/A

CPE1-T Free(±) 0.001027 N/A N/A

CPE1-P Free(±) 0.70468 N/A N/A

R2 Fixed(X) 0.4341 N/A N/A

CPE2-T Free(±) 5.023 N/A N/A

CPE2-P Free(±) 0.75 N/A N/A

R3 Fixed(X) 0.82896 N/A N/A

Data File: C:\SAI\ZData\NewKay2\ocv_b_post.z

Circuit Model File:

Mode: Run Simulation / Freq. Range (1E-5 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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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 

CO2/CO compositions. A durability study at -0.5 A/cm2, 850oC and fuel electrode 

compositions of 50% CO2, 25% CO and 25% N2 was carried out. The performance of the cell 

under varying compositions of CO2 is compared to similar CO2/H2O co-electrolysis 

investigations discussed in Chapter 5. 
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4.1 Introduction  

During CO2 electrolysis, H2 is sometimes used as a reducing gas as shown in investigations 

carried out by Zhan and Zhao (2010) and Zhan et al. (2009). The use of H2 during CO2 

electrolysis when using a NiO fuel electrode inevitably leads to the formation of steam as a 

result of the rWGSR. The presence of steam at the fuel electrode during CO2 electrolysis 

therefore alters ǘƘŜ άǘǊǳŜ ǇŜǊŦƻǊƳŀƴŎŜέ ƻŦ ǘhe electrolyser under operation as co-

electrolysis will occur.    

This study was carried out with an aim to understand the effect of carbon mixtures (CO2/CO) 

on the electrolyser and determine the electrochemical performance of the cells under CO2 

electrolysis. CO is therefore used as a reducing gas and not H2. Furthermore, in line with the 

initial aims of this thesis, the results will be compared with CO2/H2O co-electrolysis data to 

gain further understanding into the co-electrolysis reaction mechanisms. All of the work 

discussed in this Chapter was carried out using electrolyte supported SOCs described in 

Chapter 3 with AC and DC characterisation and GC analysis.  

4.2 Electrolysis of Carbo n dioxide  

4.2.1  Introduction  

Using a fresh NiO-GDC/HionicTM/LSM-GDC electrolyte supported cell, CO2/CO mixtures 

shown in Table 4ς1 were varied to investigate their effect on SOEC operation at 850oC. In 

each case, synthetic 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 this Chapter were repeated. 

  



High Temperature Electrolysis of CO2 in a Solid Oxide Cell 

 

95 
 

Table 4ς1: Operating conditions for CO2 electrolysis 

Fuel electrode flow rate  = 20 ml/min 

Fuel electrode compositions (mol %) 

Exp. No CO CO2 N2 

4c1 60 15 25 

4c2 50 25 25 

4c3 25 50 25 

4c4 15 60 25 

4c5 5 70 25 

Note: The above experiments were performed in the order shown (i.e. 4c1, 4c2, 4c3, etc.) 

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 of the CO2/H2O co-electrolysis 

process discussed in Chapter 5. Therefore, prior to the CO2 electrolysis investigations, each 

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

N2/H2/H2O mixtures. The AC impedance measurement can be seen in Figure 4ς1. The 

measured OCV under NiO reducing conditions of 49% N2, 49% H2 and ~2% H2O at 850oC was 

determined to be 1065 ±4mV. The breakdown of the impedance contributions from each of 

the two electrodes can be seen in Table 4ς2.  

 

Figure 4ς1: AC impedance spectra recorded at OCV under NiO reducing conditions 
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Table 4ς2: Ohmic and polarisation resistances under NiO reducing conditions, obtained 

using equivalent circuit model from experimental Nyquist plot  

 Cell CO2elec 

Ohmic resistance (Щ.cm2) - R1 0.41 

Oxygen electrode polarisation resistance (Щ.cm2) - R2 0.53 

Fuel electrode polarisation resistance (Щ.cm2) ς R3 1.02 

Total polarisation resistance (Щ.cm2) 1.55 

Total cell resistance (Щ.cm2) 1.96 

The full impedance spectra for the data in the Table 4ς2 and Figure 4ς1 is shown in 

Appendix A-1. 

4.2.3  Open Circuit Voltage  

4.2.3.1  Varying oxygen partial pressure to the fuel electrode  

Figure 4ς2 shows the measured and theoretical OCV values at 850oC with the compositions 

shown in Table 4ς1. The theoretical GC voltage is the calculated Nernst potential based on 

the exhaust composition of the cell rig, analysed by the gas chromatograph. The theoretical 

potentials shown in Figure 4ς2 were calculated using the Nernst Equation (Equation 6) and 

the operating conditions given in Table 4ς1. The measured OCV in all cases was between 3 - 

6 ±2 mV below the theoretical value. Using the GC data, the measured OCV in all cases was 

between 3 - 9 ±2 mV below the theoretical value (from the GC compositions). The 

theoretical potentials calculated using the GC compositions also have an error of ±1 mV 

originating from uncertainties in the integration of the area under the curve and poor 

detector response at low concentrations as discussed in Section 3.7.2.  

Overall, the difference between the theoretical and measured potentials indicates very little 

leakages across the cell. This information indicates a high effectiveness for the operating 

system employed in cell sealing to avoid any gas leakages. 

Error Analysis 

¶ The Solatron electrochemical interface instrument used when monitoring the OCV 

during CO2 electrolysis showed an error equivalent to ±1 mV.  

¶ 1.5% reading accuracy of the MFC equivalent to ±1 mV.  
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The measured OCV shown in Figure 4ς2  are comparable to those given in literature. While 

operating at 850oC with 50% CO2 ς 25% CO ς 25% Ar to the fuel electrode and pure oxygen 

to the oxygen electrode and using a Ni-YSZ/YSZ/LSM-YSZ cathode supported cell, Ebbesen et 

al. (2012) measured an OCV value 15 mV below the theoretical value. Within the same 

research group, Ebbesen and Mogensen (2009), measured OCV between 1 ς 4 mV below 

the theoretical value for various CO2/CO mixtures when using a Ni-YSZ supported cell and 

operating at 850oC. In another CO2 electrolysis investigation, when operating using Ni-YSZ 

electrode supports (Ni-YSZ/YSZ/LSCF-GDC) at an operating temperature of 800oC, Zhan et al. 

(2009) observed OCV within 70 mV of the predicted values.   

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

that the cell sealed satisfactorily.  

 

Figure 4ς2: Bar chart showing the theoretical and measured OCV for CO2 fuel electrode 

compositions shown in Table 4ς1 

Figure 4ς2 shows a decrease in OCV with increasing CO2 compositions at 850oC. A decrease 

in OCV is expected as described by the Nernst Equation.  
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4.2.3.2  Varying operating temperature  

The OCV was measured at 750 and 850oC with 50% CO2 ς 25% CO ς 25% N2 to the fuel 

electrode and pure oxygen to the oxygen electrode. Operating with pure oxygen to the 

oxygen electrode enables a direct comparison with information in literature as seen in Table 

4ς3. According to the Nernst Equation, the OCV is expected to decrease with an increase in 

cell temperature because the Gibbs free energy which represents the electrical demand 

decreases with an increase in temperature. As shown in Table 4ς3, the OCV decreases with 

an increase in temperature.  

Table 4ς3: Open circuit voltage of CO2/CO mixture at varying temperatures 

Oxygen electrode composition = Pure oxygen 

 Fuel electrode compositions Theoretical OCV 

(mV) 

Experimental OCV 

(mV) Temperature (oC) CO CO2 N2 

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 out by Ebbesen et al. (2012) at 

the compositions given above while using a Ni-YSZ supported cell (Ni-YSZ/YSZ/LSM-YSZ).  

4.2.4   DC and AC Characterisation  

The initial performance of the cell was measured by recording i-V curves at the varying fuel 

electrode compositions and the results of the initial DC characterisation measurements are 

shown in Figure 4ς3. The i-V curves shown were recorded at 850oC with synthetic air flowed 

to the oxygen electrode. From Figure 4ς3, it can be seen that the current density values at a 

given voltage generally increases with increasing CO2 concentration. At higher feed 

concentrations (50%, 60% and 70% CO2); a plateau in the current density 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 from the i-V plot as the line from the OCV to the cell 

voltage measured at a current density of -0.1 A/cm2 as shown in Equation 23.  

ὃὛὙ
  

       23 

Where ὠ  is the open circuit voltage, i is the current density (A/cm2) and ὠ  is the cell 

voltage measured at a set current density.  
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Figure 4ς3: DC characterisation measurement at 850oC under different CO2 partial pressures 

Although not shown in Figure 4ς3, it should be noted that no discontinuity was observed in 

the shift from fuel to electrolysis operation during DC characterisation. This confirms that 

these SOCs can indeed work under both galvanic and electrolytic modes. The fuel cell mode 

of operation is not shown in the i-V plot because this thesis solely investigates the 

performance of the cells under electrolytic conditions. From Figure 4ς4, it can be seen that 

the measured ASR increases with increasing CO2 composition in the CO2/CO mixture. This 

trend is in coherence with information in literature. When operating with a Ni-YSZ 

supported cell (Ni-YSZ/YSZ/LSM-YSZ) at 850oC, Ebbesen and Mogensen (2009) calculated 

ASRs of 0.36 and 0.37 Щ cm2 for reduction of CO2 in CO2/CO mixtures with a ratio of 50/50 

and 70/30 respectively. From the shape of the i-V curve shown in Figure 4ς3, the increasing 

ASR is thought to be related to the sluggish kinetics of the reactions taking place on the 

surface of the fuel electrode, therefore leading to an increase in cell resistance. The 

impedance spectra of Figure 4ς5 show that the increase in ASR is predominantly associated 

with an increase in polarisation resistance across the fuel electrode.  
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Figure 4ς4: Area specific resistance with increasing CO2 partial pressure 

AC characterisation measurements at OCV was performed after recording the i-V plots and 

the results obtained at 850oC and varying CO2 mixtures are shown in Figure 4ς5. The analysis 

in this section discusses the impedance contributions of both electrodes to the varying 

compositions investigated.  

 

Figure 4ς5: AC impedance spectra recorded at OCV under different CO2 partial pressures 
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Table 4ς4 shows the ohmic and polarisation resistances across the electrodes during CO2 

electrolysis at the oxygen and fuel electrodes as described in Section 3.9. The slight increase 

in ohmic resistance with increasing CO2 concentration occurs as a consequence 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 increasing CO2/CO 

ratio. This is verified in latter experiments carried out within a short period (i.e. 1 hour) in 

which the ohmic resistance remained constant at varying gas compositions.   

Table 4ς4: Ohmic and polarisation resistances during CO2 electrolysis, obtained using 

equivalent circuit model from experimental Nyquist plot 

 mol % of CO2  

15 25 50 60 70 

Ohmic resistance (Щ.cm2) - R1 0.41 0.41 0.42 0.43 0.44 

Oxygen electrode polarisation resistance (Щ.cm2) ς R2 0.45 0.46 0.47 0.51 0.51 

Fuel electrode polarisation resistance (Щ.cm2) ς R3 1.1 1.41 1.60 2.09 3.55 

Total polarisation resistance (Щ.cm2) 1.55 1.87 2.07 2.6 4.06 

Total cell resistance (Щ.cm2) 1.96 2.28 2.49 3.03 4.50 

The full impedance spectra for the data in the Table 4ς4 and Figure 4ς5 can be found in 

Appendices A ς 3 to A ς 7.  

Analysis of the impedance spectra of Figure 4ς5 shows a slight increase in polarisation 

resistance at the oxygen electrode with increasing CO2/CO ratio as shown in Table 4ς4. On 

the other hand at the fuel electrode, a significant increase in polarisation resistance with 

increasing CO2/CO ratio is seen. This increase in polarisation resistance across the fuel 

electrode was also observed by Kim-Lohsoontorn and Bae (2010) and Ebbesen and 

Mogensen (2009) with increasing compositions of CO2/CO mixtures. In this study as shown 

in Table 4ς4, the polarisation resistance at the fuel electrode increased from 1.10 to 3.55 Щ 

cm2 from 15% to 70% CO2. It can therefore be concluded that processes occurring at the fuel 

electrode is primarily responsible for the increase in cell resistance with increasing CO2/CO 

ratio. These processes as described in Section 3.9.3 include gas diffusion, gas conversion and 

gas-solid reaction at the TPB. DC characterisation shown as the i-V plot in Figure 4ς3 

indicates charge transfer processes are slower with increasing CO2/CO compositions. 
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The majority of the information shown in literature has associated the polarisation 

resistance across the fuel electrode during CO2 electrolysis with concentration polarisation 

due to diffusion and conversion (Ebbesen et al. 2012; Zhan et al. 2009). Zhan et al. (2009) 

explain that the higher molecular weight of CO2 limits the diffusivity of the mixture at the 

fuel electrode. It could also be speculated from the information given in literature that the 

diffusion of the higher molecular weight CO2 molecule through the porous electrode is 

primarily responsible for the significant increase in cell resistance in this study. However, 

detailed cell characterisation is still needed to ascribe the frequency ranges for these 

processes onto the impedance spectra.   

 

Figure 4ς6: Polarisation resistance across the oxygen and fuel electrode at varying CO2 

compositions  

Note: The polarisation resistances given in Figure 4ς6 are based on the frequency ranges of 

655 to 2.07 Hz at the oxygen electrode and 0.65 to 0.1 Hz at the fuel electrode described in 

Section 3.9.  
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data. This indicates a time dependent degradation of the anode as the sweep gas remained 

unchanged throughout the duration of the experiment. At the fuel electrode, a decrease in 

polarisation resistance can be seen when 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 operation (Ebbesen et al. 2010; Ebbesen and Mogensen 2009). Therefore, it is 

likely that the decrease in polarisation resistance observed at the fuel electrode could be a 

time dependent activation process.  

To summarise, it has been shown that the performance of the electrolysis cell operating 

under increasing CO2/CO compositions is highly associated with the polarisation resistance 

across the fuel electrode. The increase in polarisation resistance seen in this study could be 

related to processes such as fuel electrode gas diffusion, slower charge transfer reaction 

rates for higher CO2/CO mixtures and gas 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 CO2/CO mixtures on the 

fuel electrode of the electrolysis cell and analyse the regeneration of Ni catalyst. In this 

study, an aged cell from a previous test (CO2/CO electrolysis cell used in Section 4.2.3) was 

compared with a new cell.  

4.2.5.1  Experimental  

CO2/H2 mixtures of compositions 60% H2, 15% CO2 & 25% N2 were flowed to the fuel 

electrode after the CO2 electrolysis investigations described in Section 4.2.3 had been 

carried out. The OCV was then monitored with synthetic air flowing to the oxygen electrode 

while operating at a cell temperature of 850oC. Using a new cell, the OCV was also measured 

when operating at 850oC and the same gas compositions.  
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The OCV of both data are compared to: 

1. Determine the extent of performance loss in the fuel electrode after operation with 

CO2/CO mixtures 

2.  Investigate the possibility of regeneration of cell performance with the removal of 

CO and addition of H2.   

During the CO2 electrolysis investigation discussed in Section 4.2.3, the cell was operated for 

a total of 15 hours at an operating cell temperature of 850oC under varying CO2/CO 

compositions. Furthermore, only DC (i.e. i-V measurements) and AC characterisation (at 

OCV) were carried out on the cell during the CO2 electrolysis. During DC characterisation, 

the current density was measured up to a maximum cell voltage of 1.46 V as shown in 

Figure 4ς3.  

Note: According to the gas manufacturers, the CO2 and CO cylinders each have a 99.999% 

purity level (BOC; research grade). This implies that up to 10 ppm of impurities (which can 

include CH4, H2S, O2, N2, H2 and moisture) are present in each cylinder.   

4.2.5.2  Results and Discussion 

Figure 4ς7 and Figure 4ς8 respectively are graphs showing the measured OCV against time 

of CO2/H2 mixtures with the aged and new cell. During this investigation, there was a 5 

minute break in electrochemical measurement as seen in Figure 4ς7 however CO2/H2 

mixtures were still being flowed to the fuel electrode.  
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Figure 4ς7: Open circuit voltage against time at 850oC with 15% CO2, 60% H2 and 25% N2 

supplied to the fuel electrode using the aged cell 

 

Figure 4ς8: Open circuit voltage against time at 850oC with 15% CO2, 60% H2 and 25% N2 

supplied to the fuel electrode using a fresh cell 

The reaction between CO2 and H2 is an equilibrium reaction catalysed by the Ni content 

present in the fuel electrode. The equilibrium of the rWGSR is close, but not fully reached 

when using a fresh electrolyte supported cell at the gas compositions indicated in Figure 4ς
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8. In a case whereby equilibrium of the rWGSR is reached and there are no gas leakages, the 

measured OCV should be within 2 mV of theoretical potential of 991 mV. Further details on 

the CO2/H2 co-electrolysis process including rWGSR equilibrium can be found in Chapter 5. 

The ±2 mV error in the measured potential during CO2/H2O co-electrolysis originates from  

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

¶ The Solatron electrochemical interface instrument has an error equivalent to a ±1 

Ƴ±Φ ¢Ƙƛǎ ƛǎ ŘǳŜ ǘƻ ǘƘŜ ǊŀƴŘƻƳ ŜǊǊƻǊ ŜǾƛŘŜƴǘ ŦǊƻƳ ǘƘŜ ŦƭǳŎǘǳŀǘƛƻƴǎ ƛƴ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘΩǎ 

readings  

Comparing Figure 4ς7 and Figure 4ς8, it can be seen that in both cases the OCV plateaus at 

997 ±1mV. The convergence to this value, however, occurs at different time periods. From 

Figure 4ς7, an initial slow stage of up to 90 minutes can be seen during the reaction before 

convergence to the expected OCV of 997 mV.  

Initially, the formation of carbon and re-oxidation of Ni in the fuel electrode of the aged cell 

are investigated and eliminated as possible causes for the initial slow process observed. 

According to thermodynamics, the formation of carbon is not favoured at the experimental 

conditions of the aged cell described in Section 4.2.5.1 (DC characterisation measurement of 

up to 1.46 V).  

 

Figure 4ς9: Thermodynamic analysis of the Boudouard reaction as a function of 

temperature operating at 70% CO2, 5% CO and 25% N2 flowed to the fuel electrode 
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At 850oC, carbon formation as calculated using thermodynamic properties from process 

simulation software HSC Chemistry 5.11 will occur at a cell voltage of 2.04 V as described in 

Section 2.6.2.2 via the reduction of CO. Furthermore, the equilibrium of the Boudouard 

reaction favours the reverse reaction producing CO despite the Ni catalyst at 850oC and 

under a reducing atmosphere of 5% CO, 70% CO2 and 25% N2.  This is evident in the 

graphical illustration of Figure 4ς9 which shows the thermodynamic analysis of the 

Boudouard reaction as a function of temperature at fuel electrode compositions of 5% CO, 

70% CO2 and 25% N2.  However as shown in Figure 4ς10, carbon formation is likely to occur 

at high CO concentration, although, it is expected that the produced carbon would have 

been eliminated when operating at 5% CO, 70% CO2 and 25% N2 due to the reverse reaction.  

 

Figure 4ς10: Thermodynamic analysis of the Boudouard reaction as a function of 

temperature operating at 15% CO2, 60% CO and 25% N2 flowed to the fuel electrode 

Finally, the oxidation of Ni to NiO is not favoured at 850oC when operating under the 

reducing atmosphere according to the oxygen partial pressure chart of the Ellingham 
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figure, the minimum ratio of CO to CO2 at 850oC 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 decay seen when using the aged cell (Figure 4ς7) is thought to occur 

due to a process known as an induction period which indicates a process of transformation 

of the Ni catalyst in becoming active. In this study, it is thought that the presence of 

impurities (possibly H2S in the CO cylinder) in nickel sites hinders the acceleration of the 

rWGSR. Oliphant et al. (1978) indicated, as fully described in Section 2.6.2.1, that poisoning 

of the Ni catalyst in the fuel electrode is caused by chemisorption of sulphur on the Ni 

surface as shown in Equation 19. Therefore, it is highly likely that sulphur became strongly 

adsorbed onto the Ni catalyst in the fuel electrode during prior experiments involving CO2 

electrolysis.  Diffusion of the CO2/H2 gas mixtures is therefore hindered; due to blockage of 

the active catalytic sites.  Hence, the chemical reaction becomes very slow in achieving 

equilibrium because of the reduced catalyst surface area. The addition of H2 and removal of 

CO over a 90 minute period led to the regeneration of the cell. However, the extent of cell 

regeneration is still unclear and further work is still needed in this area. Other studies have 

also reported the regeneration of a cell upon the addition of H2 and removal of CO or the 

impurity stream (Ebbesen et al. 2010; Zha et al. 2007) 

Various mechanisms have been proposed for this process of nickel regeneration. First, the 

removal of CO will significantly decrease the concentration of H2S present in the feed gas. In 

addition, according to thermodynamics, reaction 19 will be reversed when H2 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 of H2S, which exits the electrode (Oliphant 

et al. 1978; Rasmussen and Hagen 2009; Sasaki et al. 2006; Zha et al. 2007). The effect of 

H2S impurity on cell voltage has been largely described in literature and the findings from 

this study are discussed in Section 4.4.  

To summarise, it has been shown that the addition of CO2/CO mixtures to the fuel electrode 

leads to degradation of the cell. A 90 minute induction period was observed when a CO2/H2 

mixture was introduced at the fuel electrode of a cell in which CO2/CO electrolysis had 

occurred. This induction period, which is significantly larger than the 2 mins observed when 

using a fresh cell, indicates that impurities from the CO2/CO gas stream (possibly H2S in the 

CO stream) might have led to sulphur being adsorbed on some or all of the nickel sites 

subsequently blocking the active catalytic sites. The study shows that in such instances, the 

performance of the cell can be regenerated by the removal of CO and addition of H2.   
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4.3 Electrochemical Performance of SOCs operating at 

varying Flow rates and Current densit ies during 

CO2 electrolysis  

4.3.1  Experimental  

In this Section, the performance of the cell at current densities of -0.5 and -0.61 A/cm2 is 

investigated under varying gas flow rates to the fuel electrode. The inlet gas compositions 

are kept constant and the gas conversion and current efficiency of the electrolyser are 

investigated. In each case, synthetic air was flowed to the oxygen electrode at a flow rate of 

10 ml/min. Table 4ς5 gives further information on the operating conditions for this 

investigation.  

Table 4ς5: Operating conditions for the electrolysis of CO2 in a SOC 

Cell temperature = 850oC, Cell area = 1.227 cm2 

Total flow rate 

(ml/min) 

Fuel Electrode 

Composition (mol %) 

Theoretical Nernst 

potential (mV) 

CO2 CO N2 

20 50 25 25 887 

40 50 25 25 887 

80 50 25 25 887 

 

4.3.2  Current Efficiency and Gas Conversion  

Figure 4ς11 and Figure 4ς12 shows the quantity of CO produced when the cell was operated 

at current densities of -0.5 and -0.61 A/cm2 respectively. Using the Faraday Equation 

(described in Section 1.3.2), the theoretical amount of CO produced 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 

CO2 to the fuel electrode. See appendices C ς 1 to C ς 3 for GC data.  

Note: As the same cell was used in all experiments in this section, the electrical conversion 

efficiency for the individual measurements could not be accurately quantified.   
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Figure 4ς11: Current efficiency when operating at a current density of -0.5 A/cm2 

 

Figure 4ς12: Current efficiency when operating at a current density of -0.61 A/cm2 
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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.  

 

Figure 4ς13: Gas conversion of carbon monoxide produced at -0.5 and -0.61 A/cm2 

Figure 4ς13 shows the percentage increase in CO converted (calculated using Equation 24) 

when operating at fuel electrode compositions of 50% CO2 - 25% CO, flow rates of 20, 40 

and 80 ml/min and current densities of -0.5 and -0.61 A/cm2.  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 produced (in ml/min) remains fairly constant as shown in Figure 4ς

11 and Figure 4ς12.  

╣▫◄╪■ ╒╞ ▫◊◄▬◊◄╘▪░◄░╪■ ╒╞ ░▪▬◊◄

╘▪░◄░╪■ ╒╞ ░▪▬◊◄
       24 

In summary, it has been shown that the performance of an electrolysis cell during CO2 

electrolysis decreases slightly with increasing flow rates and a constant gas composition. 

Although the measured i-V curve showed a similar current density from OCV to 1.46 V for all 

three flow rates, AC impedance spectra showed a slight increase in polarisation resistance 

across the fuel electrode with increasing gas flow rate. Faradaic efficiencies up to 97% were 

achieved when operating at a flow rate of 80 ml/min and gas compositions 50% CO2, 25% 

CO and 25% N2 with the electrolyser being operated at -0.5 and -0.61 A/cm2. 
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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 850oC with 50% CO2 ς 25% CO ς 25% N2 supplied 

to the fuel electrode, synthetic air supplied to the oxygen electrode and a current density of 

-0.5 A/cm2 applied to the cell. Using a fresh cell, this investigation was carried out following 

the reduction of NiO for 8 hours. During the durability study, the cell voltage was measured 

over 25 hours of operation. Electrochemical impedance spectra were recorded before and 

after the electrolysis test to determine the cause of degradation.  

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

of operation and further understanding of the effect of the impurities on cell performance.  

4.4.2  Effect on Cell Voltage  

Figure 4ς14 shows the change in cell voltage over the period of study. Furthermore, a 

breakdown of the passivation rates at various time scales can be seen in Table 4ς6. Note 

that between 7.8 and 14 hours of operation, there was an interruption when the cell was 

subjected to zero current although the feed gasses were still being flowed to the fuel 

electrode. The measurement was stopped at the 8th hour when operating at a significantly 

higher cell voltage in order to avoid damaging the cell and also to determine the possible 

causes for phase 2 seen in Figure 4ς14 through AC characterisation.  During this period, DC 

(by recording i-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/cm2. AC characterisation measurements at OCV were performed before and after 

the durability study and the results obtained are shown in Figure 4ς16 and Figure 4ς17.  
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Figure 4ς14: Cell voltage measured during CO2 electrolysis with 50% CO2 ς 25% CO ς 25% N2 

supplied to the fuel electrode, synthetic air supplied to the oxygen electrode at an operating 

temperature of 850oC and a current density of -0.5 A/cm2 

Note: The sharp increase in cell voltage observed in phase 1 is not a consequence of cell 

degradation but the type of electrochemical measuring instrument employed. The cell 

voltage increases to match its applied current density.   

Table 4ς6: Operating conditions, cell voltage and passivation during the CO2 electrolysis 

durability tests (first and second measurement) 

First measurement (run 1) 

Time (Hours) Cell voltage (mV) Degradation rate (mVh-1) 

0.02 - 5 1670 - 2272 120 

5 ς 7.8 2272 ς 2329 20.4 

Second measurement (run 2) 

14 ς 19 1730 - 2375 129 

19 ς 28 2375 ς 2457 10.1 
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As shown in Figure 4ς14, the overall degradation rate was 84.5 mV/h and 51.9 mV/h in the 

first and second measurements respectively. The degradation rates observed in this 

research are significantly higher than those given in literature. Ebbesen and Mogensen 

(2009) observed a degradation rate corresponding to 0.4299 mV/h over 50 hours when 

operating with a fuel electrode composition of 70% CO2 and 30% CO at 850oC and a current 

density of -0.5 A/cm2.  In another study, Ebbesen et al. (2010) observed a degradation rate 

corresponding to 0.217 mV/h over 50 hours when operating with a fuel electrode 

composition of 70% CO2 and 30% CO at 850oC and a lower current density of -0.25 A/cm2. 

Furthermore, it was shown in these studies that cell degradation is eliminated at low 

current densities (<0.75 A/cm2) after the inlet gas streamed had been cleaned of impurities. 

During the first 5 hours of operation in this study as seen in Figure 4ς14, an initial sharp 

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 (run 2) within 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 in Table 4ς6. A tempoǊŀǊȅ ŀŎǘƛǾŀǘƛƻƴ ǇŜǊƛƻŘ Ŏŀƴ ōŜ ǎŜŜƴ ŀǘ ǘƘŜ ƛƴƛǘƛŀƭ ǎǘŀƎŜǎ ƻŦ άǊǳƴ 

нέ ŘǳǊƛƴƎ ǿƘƛŎƘ the initial value (phase 1) of its cell voltage starts from ~1.4 V despite a 

ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŎǊŜŀǎŜ ƛƴ ŎŜƭƭ ǾƻƭǘŀƎŜ ŦƻǊ άǊǳƴ мέΦ As previously indicated, the current applied to 

ǘƘŜ ŎŜƭƭ ǿŀǎ ƘŀƭǘŜŘ ōŜǘǿŜŜƴ άǊǳƴ м ŀƴŘ нέ ŀƭǘƘƻǳƎƘ ǘƘŜ ƎŀǎǎŜǎ ό50% CO2, 25% CO and 25% 

N2) were still being flowed to the fuel electrode. Although this phenomenon is currently not 

ǳƴŘŜǊǎǘƻƻŘΣ ǘƘŜ ŎŜƭƭ ǾƻƭǘŀƎŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴŎǊŜŀǎŜǎ ŀǘ ǘƘŜ ǎŀƳŜ ǘǊŜƴŘ ƻŦ άǊǳƴ мέ ƛƴ Ϥр ƘƻǳǊǎ 

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 shown in Figure 4ς15, carbon formation at equilibrium 

according to the Boudouard reaction is highly unlikely at 850oC operating with 50% CO2, 

25% CO and 25% N2 flowed to the fuel electrode. On the other hand, this trend of a sharp 

initial increase in cell voltage, followed by a steady increase is similar to those observed by 

other authors (Haga et al. 2008; Rasmussen and Hagen 2009; Sasaki et al. 2006; Yang et al. 

2010; Zha et al. 2007) when investigating the effect of impurities (H2S) on nickel based 

electrodes during fuel cell operation.  
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Figure 4ς15: Thermodynamic analysis of the Boudouard reaction as a function of 

temperature operating at 50% CO2, 25% CO and 25% N2 flowed to the fuel electrode 

Upon exposure to a fuel containing 50 ppm H2S, Zha et al. (2007) observed a significant drop 

(-16.67%) in current density in the first 20 hours followed by a slow but continuous drop (-

3.96%) in cell performance in the next 120 hours. The performance of the cell recovered in a 

two stage process (quick rebound followed by a gradual recovery) upon the removal of H2S 

from the fuel. The same poisonous effect was also observed when operating with a fuel 

mixture containing 2 ppm of H2S although the extent of degradation was much smaller at 

12.67 %. Sasaki et al. (2006) also observed a similar sharp degradation although more severe 

upon operating a fuel cell with 5 ppm H2S at the Ni anode and a current density of 200 

mA/cm2 within the first 5 mins. The cell voltage although remained stable over the next 60 

mins.  In both studies, upon removing the H2S feed, the authors found that the cells 

recovered although the recovery kinetics was found to be slower than the poisoning kinetics 

in the latter case.  

From Figure 4ς14, it is thought that phase 2 occurs due to the sulphur being strongly 

adsorbed onto the surface of the Ni catalyst and therefore blocks the active sites. The 

chemical adsorption of sulphur to the Ni surface relates to the process occurring in phase 2 

and is similar to the sulphur-Ni interaction mechanism explained in Section 2.6.2.1 and 4.2.5 

in which the impurities block the active Ni sites for adsorption, dissociation and diffusion 
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along surfaces. This process is however reversible (Bartholomew et al. 1982). The second 

stage (phase 3) of sulphur poisoning is yet to be determined and further experiments are 

still needed to understand this issue. One possible explanation to phase three which shows 

a steady and slower degradation process as described by Zha et al. (2007) is ǘƘŀǘ άŀŦter the 

surface adsorption of sulphur on Ni reaches an equilibrium, continued sulphur exposure 

leads to suǊŦŀŎŜ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ƴƛŎƪŜƭέΦ Furthermore, Oliphant et al. (1978) explains that 

at H2S concentrations of 25 - 30 ppm, surface reconstruction of Ni is favoured for supported 

and unsupported Ni catalysts.  

4.4.3 AC characterisation ɀ Effect on Impedance Spectra 

In the previous Section, it was indicated that the effect of impurities on a SOEC was related 

to electrochemical changes at the fuel electrode. To further understand this increase in cell 

voltage (phase 2 and 3) and its effect on the SOEC, AC impedance measurements were 

performed before and after the durability studies as shown in Figure 4ς16 and Figure 4ς17. 

The data analysis carried out in this Section has focused predominantly on Figure 4ς16. This 

is because this figure gives a true representation of the effect of the applied current 

whereas an i-V measurement was carried out before Figure 4ς17.  

 

Figure 4ς16: AC impedance spectra recorded at 850oC before and after durability study at -

0.5 A/cm2 (first measurement)  
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Table 4ς7: Ohmic and polarisation resistances during durability studies for CO2 electrolysis 

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

plot 

 Pre-durability Post-durability 

Ohmic resistance (Щcm2) - R1 0.51 0.60 

Oxygen electrode polarisation resistance (Щ.cm2) ς R2 0.41 0.83 

Fuel electrode polarisation resistance (Щ.cm2) ς R3 1.78 2.58 

Total polarisation resistance (Щ.cm2) 2.19 3.41 

Total cell resistance (Щ.cm2) 2.70 4.01 

The full impedance spectra for the data in the Table 4ς7 and Figure 4ς16 is shown in 

Appendices A-8 and A-9. 

 

Figure 4ς17: AC impedance spectra recorded at 850oC before and after durability study at -

0.5 A/cm2 (second measurement)  
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Table 4ς8: Ohmic and polarisation resistances during durability studies for CO2 electrolysis 

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

Nyquist plot 

 Pre-durability Post-durability 

Ohmic resistance (Щcm2) - R1 0.71 0.71 

Oxygen electrode polarisation resistance (Щ.cm2) ς R2 0.98 1.17 

Fuel electrode polarisation resistance (Щ.cm2) ς R3 1.78 1.74 

Total polarisation resistance (Щ.cm2) 2.76 2.91 

Total cell resistance (Щ.cm2) 3.47 3.62 

The full impedance spectra for the data in the Figure 4ς17 and Table 4ς8 is shown in 

Appendices A-10 and A-11. 

Analysis of the impedance spectra of Figure 4ς16 shows a significant increase in ohmic 

resistance over ~8 hours of operation. The ohmic resistance and polarisation resistances at 

the oxygen and fuel electrode are shown in Table 4ς7. A significant increase in polarisation 

resistance can be seen in the oxygen electrode (up to ~80%). This region shows a significant 

increase in resistance, agreeing with the proposed degradation and increase in cell voltage 

mechanism described in Section 4.4.2.  

It has been generally argued by Ebbesen et al. (2010) and Ebbesen et al. (2011) as discussed 

in Section 2.6.2.1 that degradation of SOECs at low current densities (<-0.75 A/cm2) is 

heavily influenced by the presence of impurities at the inlet gasses and therefore by 

cleaning these gasses, this issue can be eliminated. Although this study shows a significant 

increase in polarisation resistance at the fuel electrode, detailed cell characterisation is still 

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 observed in the first measurement during the 

first 8 hours of operation. On the other hand, the ohmic resistance of the second 

measurement, operated for ~14 hours, increased slightly. In this study, a time dependent 

degradation process relating to an increase in ohmic resistance has been reported and this 

could therefore correlate to the increase in ohmic resistance seen in the durability study. In 
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addition, Laguna-Bercero et al. (2011) observed a significant increase in ohmic resistance 

whereas the polarisation across the fuel and oxygen electrode remains unaltered upon 

degradation and consequently delamination of the oxygen electrode from the electrolyte. 

This study carried out at a current density of -1.75 A/cm2, 895oC and fuel electrode 

compositions of 70% H2O and 30% H2 showed a 63% increase in ohmic resistance after 10 

minutes of operation. Therefore, it could also be speculated that the increase in ohmic 

resistance seen in this study is a result of this phenomenon. Further work including 

microstructural analysis 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 resistance is also observed. 

The cause of this oxygen electrode degradation is currently unknown although it is highly 

unlikely this is a result of the sharp rise in cell voltage observed in phase 2 of Figure 4ς14. 

This is because a similar increase in polarisation resistance at the oxygen electrode was 

observed during CO2/H2O co-electrolysis durability, however a sharp rise in cell voltage was 

not observed in the co-electrolysis study.   

To summarise, it has been shown that although SOECs are capable of effectively reducing 

CO2 to CO, stability of SOECs remains a critical issue (this is not the main topic of this work). 

Longer term experiments including SOEC optimisation, characterisation of electrochemical 

processes and microstructural analysis of the cells are still needed to further understanding 

of SOEC stability as described in Chapter 6.  
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Chapter 5 

5. High Temperature Co -electrolysis of 

CO2/H 2O in a Solid Oxide Cell 

 

This chapter discusses the performance of an electrolysis cell operating under varying 

H2O/CO2 compositions. A durability study at -0.5 A/cm2, 850oC and fuel electrode 

compositions of 50% CO2, 25% H2 and 25% N2 was carried out. The performance of the cell 

under varying compositions of CO2/H2O is compared to similar CO2 electrolysis 

investigations discussed in Chapter 4.   
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5.1 Introduction  

In recent years, there has been a significant increase in the number of investigations into 

the high temperature co-electrolysis of CO2 and H2O in a SOEC, as discussed in Chapter 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. The CO2/H2O co-

electrolysis process, described in detail in Chapter 2 is, however, more complicated than 

individual steam and carbon dioxide electrolysis and the reaction mechanism for the 

production of syngas is not yet fully understood. A better understanding of the 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 the co-electrolysis reaction 

mechanism by comparing the performances of SOEC for CO2 electrolysis and CO2/H2O co-

electrolysis.  

Due to issues of condensation described in Section 3.5, H2O was not used as an input gas 

during H2O/CO2 co-electrolysis as the gas composition could not be successfully controlled. 

Instead, cold inlet compositions of CO2/H2 mixtures were used and these mixtures were 

varied based on thermodynamic calculations such that the CO2/H2O equilibrium 

compositions (based on the rWGSR) at the fuel electrode are directly comparable to 

corresponding CO2 electrolysis investigations. 

5.2 Co-electrolysis of H 2O and CO2  

5.2.1  Experimental set -up 

The test set-up and operation were described in detail in Chapter 3.  Electrolyte supported 

cells were primarily used in this co-electrolysis experimental study; although the 

performance of the NiO electrode supported cell operating under CO2/H2O mixtures was 

also briefly investigated. Using both supported cell types, CO2/H2 mixtures shown in Table 

5ς1 were varied when operating at a cell temperature of 850oC to investigate the 

performance of the electrolyser under co-electrolysis conditions. In each case, synthetic air 

(80% N2 and 20% O2) 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 determine if the equilibrium of the rWGSR is 

reached in this reaction, as suggested by Ebbesen et al. (2012).  

¶ The exhaust gas compositions at OCV must be close to the equilibrium composition, 

i.e. within 1% of the calculated values for the electrolyte supported cells and 2% for 

the electrode supported cells.  

¶ The measured OCVs must be below or close to the theoretical potentials i.e. within 2 

mV of the calculated value. In addition, a measured potential higher than its 

theoretical value is an indicating at the exhaust gas compositions are further away 

from the thermodynamic equilibrium compositions.   

Table 5ς1: Fuel electrode operating conditions for H2O/CO2 co-electrolysis process 

Fuel electrode flow rate = 20 ml/min 

Cold Inlet composition (mol %) 

No CO2 H2 N2 

4b1 15 60 25 

4b2 25 50 25 

4b3 50 25 25 

4b4 60 15 25 

Note that the above experiments were performed in the order shown in Table 5ς1 (i.e. 4b1, 

4b2, 4b3 and 4b4).  

DC and AC characterisation measurements were recorded at the operating conditions 

shown in Table 5ς1. During DC measurement, the i-V plot was recorded 3 times 

consecutively when operating at the same gas mixture to ensure accuracy. Unless otherwise 

stated, the i-V curves presented in this chapter are always the third of the measured set of 

data. AC characterisation measurements recording the impedance spectra were carried out 

after DC measurements. All investigations presented in this chapter were repeated to 

estimate any errors. 
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5.2.2  Initial Cell Characterisation  

5.2.2.1  Electrolyte supported cell  

Due to the possibility of variation in performance of the purchased cells, initial cell 

characterisation under NiO reducing conditions is important in order to ensure consistency 

and a base comparison with the processes of CO2 electrolysis described in Chapter 4. Prior 

to the CO2/H2O co-electrolysis investigations, the operating electrolyte supported SOC was 

characterised by AC impedance spectroscopy to determine the initial performance of the 

cell. The measured OCV under NiO reducing conditions of 49% N2, 49% H2 and ~2% H2O at 

850oC was determined to be 1060 ±4mV as shown in Table 5ς2.  

Table 5ς2: Measured OCV of electrolyte supported cells at 850oC under NiO reducing 

conditions 

Cold inlet gas composition (%) Theoretical Nernst 

Potential (mV) 

Experimental OCV (mV) 

N2 H2 H2O CellCO2 CellCO2/H2O 

49.1 49.1 1.8 (±0.2) 1086 (±3) 1065 (±4) 1060 (±4) 

Note: CellCO2 and CellCO2/H2O are the cells used during CO2 electrolysis and CO2/H2O co-

electrolysis respectively.  

 

Figure 5ς1: AC impedance spectra recorded at OCV, 850oC, fuel electrode gas compositions 

of 49% N2, 49% H2 and ~2% H2O and synthetic air to the oxygen electrode 
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The AC impedance measurement shown in Figure 5ς1 indicates a similar polarisation 

resistance of 1.53 and 1.55 Щcm2 for cellco-elec. and cellCO2 elec.. Table 5ς3 shows the ohmic 

resistance of both cells and a breakdown of the polarisation resistances across both 

electrodes. The slight difference in the initial ohmic resistance shown in Figure 5ς1 is caused 

by poor contact between the platinum electrical mesh and the fuel electrode side of the 

SOEC upon loading 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 compared. The measured cell voltage at 

open circuit, which gives an indication of gas leakages across the cell, is similar to the cell 

used for CO2 electrolysis indicating a consistent overall operating system. Furthermore, this 

shows the cell is sealed satisfactorily.  

Table 5ς3: Ohmic and polarisation resistances of both cells under NiO reducing conditions, 

obtained using equivalent circuit model from experimental Nyquist plot  

 Cell CO2elec Cell Co-elec 

Ohmic resistance (Щcm2) - R1 0.41 0.46 

Oxygen electrode polarisation resistance (Щ.cm2) ς R2 0.53 0.52 

Fuel electrode polarisation resistance (Щ.cm2) ς R3 1.02 1.01 

Total polarisation resistance (Щ.cm2) 1.55 1.53 

Total cell resistance (Щ.cm2) 1.96 1.99 

The full impedance spectra for the data in the Table 5ς3 and Figure 5ς1 is shown in 

Appendices A-1 and A-2. 

To summarise, a comparable initial performance was observed for both electrolyte 

supported cells used for CO2 electrolysis and CO2/H2O co-electrolysis 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 Chapter 3 that the contact resistance is significantly reduced by applying Pt 

ink to the fuel electrode. In this chapter, the performance of the cell under CO2/H2O co-

electrolysis mixtures is presented in two Sections: 1) Using the electrode supported cell with 

Pt ink added to the fuel electrode and 2) electrode supported cell without Pt ink. The co-

electrolysis investigations described in this chapter using the electrode supported 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 CO2 and H2O to be investigated were calculated such that a comparison 

could be drawn with the CO2 electrolysis compositions described in Chapter 4. This implies 

that, the sum of the co-electrolysis compositions (CO2+H2O) at the fuel electrode should 

always equal that of the CO2 electrolysis compositions (CO2).  

The exhaust gas compositions are compared to the thermodynamic equilibrium 

compositions to determine if the equilibrium of the rWGSR is reached. The thermodynamic 

equilibrium composition was calculated using thermodynamic properties from process 

simulation software HSC Chemistry 5.11. The co-electrolysis compositions were determined 

using the gas compositions measured via the GC and a mass balance around the cell rig was 

carried out as shown in Figure 5ς2. A mass balance is needed as the GC does not measure 

the steam composition from the cell rig.  

 

 

 

 

 

Figure 5ς2: Schematic diagram showing a mass balance around the cell rig during the high 

temperature CO2/H2O co-electrolysis process 
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Where FT is the total flow rate (ml/min) to the fuel electrode, FGC is the flow rate to the GC 

after steam has been removed and FH20 is the flow rate of steam condensed. xin and xout 

are compositions of individual gasses in and out of the fuel electrode respectively.  

The mass balance on the cell rig shown in Figure 5ς2 is given in Equation 19:  

Ὂ Ὂ   Ὂ                    25 

A mass balance on carbon is given in Equation 20:  

                                       Ὂ ὼὭὲ ὅὕ ὼὭὲ ὅὕ Ὂ  ὼέόὸ ὅὕ ὼέόὸ ὅὕ                       ςφ 

From the above Equation, the GC flow rate can then be calculated as the compositions of 

CO2 and CO can be obtained from the GC.  

A mass balance on hydrogen is given in Equation 21:  

                Ὂ ὼὭὲ Ὄὕ ὼὭὲ Ὄ Ὂ  Ὂ  ὼέόὸ Ὄ                               ςχ 

With this information, the gas compositions exiting the cell rig can be fully monitored.  

Table 5ς4, Table 5ς5 and Table 5ς6 all show the co-electrolysis exhaust gas compositions of 

Table 5ς1 using an electrolyte supported cell, electrode supported cell without Pt ink and an 

electrode supported cell with Pt paste added to the fuel side electrode respectively.  

Table 5ς4: Thermodynamic equilibrium and exhaust gas composition at 850oC using the 

electrolyte supported cell 

 Cold Inlet 

composition (%) 

Thermodynamic equilibrium  

(mol %) 

Exhaust gas composition  

(mol %) 

No CO2 H2 N2 H2O CO2 H2 CO N2 H2O CO2 H2 CO N2 

4b1 15 60 25 12.2 2.8 47.8 12.2 25 11 2.8 49 12.2 25 

4b2 25 50 25 17.1 7.95 33 17.1 25 15.1 8.7 34.9 16.3 25 

4b3 50 25 25 17.1 33 7.95 17.1 25 15.3 32.7 9.7 17.3 25 

4b4 60 15 25 12.2 47.8 2.8 12.2 25 12.3 46 2.7 13.8 25 
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Note: The exhaust gas compositions using the electrolyte supported cell has an error of 

~±1% 

Table 5ς5: Thermodynamic equilibrium and exhaust gas composition at 850oC using the 

electrode supported cell (without Pt ink added to the fuel electrode) 

 Cold Inlet 

composition (%) 

Thermodynamic equilibrium  

(mol %) 

Exhaust gas composition  

(mol %) 

No CO2 H2 N2 H2O CO2 H2 CO N2 H2O CO2 H2 CO N2 

4b2 25 50 25 17.1 7.95 33 17.1 25 18.3 7.8 31.7 17.2 25 

4b3 50 25 25 17.1 33 7.95 17.1 25 17.3 31.9 7.7 18.1 25 

Note: The exhaust gas compositions using the electrode supported cell has an error of ~±2%   

Table 5ς6: Thermodynamic equilibrium and exhaust gas composition at 850oC using the 

electrode supported cell (with Pt ink added to the fuel electrode) 

 Cold Inlet 

composition (%) 

Thermodynamic equilibrium  

(mol %) 

Exhaust gas composition  

(mol %) 

No CO2 H2 N2 H2O CO2 H2 CO N2 H2O CO2 H2 CO N2 

4b2 25 50 25 17.1 7.95 33 17.1 25 9.4 16.2 40.6 8.8 25 

4b3 50 25 25 17.1 33 7.95 17.1 25 12.1 39.3 12.9 10.7 25 

 

Error Analysis 

The ±1% error in the exhaust gas compositions given for the electrolyte supported cell 

originates from the GC (i.e. calibration, integration, etc.) as described in Section 3.7.2. The 

additional ±1% for the electrode supported cell is a result of larger gas leakages around the 

cell compared to the electrolyte supported cell as described in Section 3.8.2.  

Appendices Cς4, Cς5 and Cς6 shows the GC data obtained in order to calculate the above 

exhaust gas compositions in Table 5ς4, Table 5ς5 and Table 5ς6 respectively.   
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Comparing Table 5ς4 and Table 5ς5, it can be seen that the exhaust gas compositions are 

both close to the thermodynamic equilibrium compositions. However, the equilibrium of 

the rWGSR is only fully reached when using the electrode supported cell as the gas 

compositions are within the stated error range and closer to the thermodynamic 

equilibrium compositions. On the other hand, the exhaust gas compositions are not within 

1% of the equilibrium compositions when using an electrolyte supported cell. The 

equilibrium of the rWGSR is not fully reached in this case due to the lower Ni catalyst 

content (i.e. lower surface area of catalyst) present within the 50 µm thick fuel side 

electrode; 80% lower than the 250µm thick fuel electrode of the NiO fuel electrode 

supported cell.  This implies a lower gas conversion for CO production when using the 

electrolyte supported cells at OCV.  

From Table 5ς6, it can be seen that the equilibrium of the rWGSR is not reached when 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 composition. At first, 

it is important to note that the platinum paste applied to the fuel electrode contained frit, a 

glassy ceramic compound. It 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 of the catalyst and hence explain why equilibrium of the 

rWGSR is not reached.  

5.2.3.2  Open Circuit Voltage  

In this section, the measured OCVs are compared to calculated potentials. The theoretical 

potentials shown in Figure 5ς3, Figure 5ς4 and Figure 5ς5 were calculated using the Nernst 

Equation (Equation 6) and the thermodynamic equilibrium compositions given in Table 5ς4, 

Table 5ς5 and Table 5ς6 respectively. Furthermore, the theoretical GC voltages for H2O/H2 

and CO2/CO mixtures (calculated using the Nernst potential and the exhaust compositions) 

are compared to the measured OCV. The closeness of the measured potential to the 

theoretical values can aid in determining if equilibrium of the rWGSR is reached.   

Note: The measured potentials each have an error of ±2 mV originating 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 CO2/H2O co-electrolysis 

equivalent to ±1 mV. 

 

Figure 5ς3: Open circuit voltage measured of varying CO2/H2O compositions at 850oC when 

using an electrolyte supported cell 

Note: The theoretical GC voltage is the calculated Nernst potential based on the exhaust 

compositions.  

 

Figure 5ς4: Open circuit voltage measured of varying CO2/H2O compositions at 850oC when 

using an electrode supported cell 
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Figure 5ς5: Open circuit voltage measured of varying CO2/H2O compositions at 850oC when 

using an electrode supported cell with platinum paste added to the fuel electrode 

Comparing Figure 5ς3, Figure 5ς4 and Figure 5ς5, it can be seen that the measured OCVs in 

all cases are closest to the theoretical potentials only when using a NiO electrode supported 

without Pt ink. The larger differences between measured and theoretical potentials shown 

in Figure 5ς3 and Figure 5ς5 indicates that these compositions are further away from 

equilibrium, confirming the initial results in Section 5.2.3.1. Additionally, it can be seen in 

Figure 5ς3 and Figure 5ς5 that the measured potentials are significantly higher than the 

theoretical values whereas in Figure 5ς4, the measured potentials are either below or 

within 4 mV of the calculated potentials.  

Measured OCVs higher than corresponding theoretical values are usually stated in literature 

although less widely discussed during CO2/H2O co-electrolysis. This is due to the complexity 

of gas leakages and gas conversion during the equilibrium chemical reaction. In a study by 

Zhan and Zhao (2010), the measured OCV was recorded to be 20 mV above the theoretical 

values when operating at 800oC with fuel electrode compositions of 25% H2 and 75% CO2 

using a Ni-YSZ electrode supported cell (Ni-YSZ/YSZ/GDC-LSCF). Zhan et al. (2009) also 

observed a measured OCV to be 10 mV above the theoretical values when operating at a 

temperature of 800oC with fuel electrode compositions of 25% H2, 25% CO2 and 50% H2O.  

Ebbesen et al. (2012) however measured an OCV value 13 mV below the theoretical value 
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when operating at 850oC with 50% CO2 ς H2% CO ς 25% Ar to the fuel electrode and pure 

oxygen to the oxygen electrode and using a Ni-YSZ/YSZ/LSM-YSZ cathode supported cell. 

Although some leakages were identified, the 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 shown that comparing the CO2/H2O exhaust compositions and 

measured OCV to respective thermodynamic equilibrium compositions and theoretical OCV 

can aid in determining if equilibrium of the rWGSR is reached. When using a NiO fuel 

electrode supported cell, the equilibrium of the rWGSR is reached. On the other hand, the 

equilibrium of the rWGSR is close, but not 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 CO2/H2O 

mixtures is discussed. In addition, these performances are compared with the CO2 

electrolysis investigations described in Chapter 4. The initial performance of the cell was 

measured by recording i-V curves at varying fuel electrode compositions and the results of 

the initial DC characterisation measurements are shown in Figure 5ς6. The i-V curves were 

recorded at 850oC with synthetic air being flowed to the oxygen electrode. Although not 

shown, no discontinuity was observed in the i-V plot when operating from fuel to 

electrolysis mode similar to that observed during CO2 electrolysis.  



High Temperature Co-electrolysis of CO2/H 2O in a Solid Oxide Cell 

 

132 
 

 

Figure 5ς6: DC characterisation measurement at 850oC under varying mixtures of CO2/H2  

Table 5ς7: Measured current densities of similar CO2 and CO2/H2O compositions at 1.46 V 

and 850oC cell temperature 

 4c1 4b1 4c2 4b2 4c3 4b3 4c4 4b4 

15% CO2  

60% CO 

15% CO2  

60% H2 

25% CO2  

50% CO 

25% CO2  

50% H2 

50% CO2  

25% CO 

50% CO2  

25% H2 

60% CO2  

15% CO 

60% CO2  

15% H2 

Current density 

(A/cm2) 

0.27 0.30 0.33 0.33 

0.31 0.35 0.40 0.40 

 

From Figure 5ς6, it can be seen that the current density values at a given cell voltage 

generally increases with increasing CO2 and H2O mixtures. At higher feed concentrations 

(50% CO2 - 25% H2 and 60% CO2 - 15% H2); a plateau in the current density can be seen 

above ~1.25 V. This trend is similar to that observed during CO2 electrolysis (see Section 

4.2.4) in which the i-V curve indicated a maximum in activation losses at higher feed 

concentrations of 50%, 60% and 70% CO2.  
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A comparison of the performance of the electrolysis cell during CO2 electrolysis and 

CO2/H2O co-electrolysis showed that at a given cell voltage, the current density is higher in 

the co-electrolysis mixtures as shown in Table 5ς7. The presence of steam at the fuel 

electrode during CO2 electrolysis increases the performance of the cell by up to 21%.  

From Figure 5ς6, a slight shift can be seen in the i-V plots in which the graph line becomes 

steeper and moves away from its original shape. Between -0.1 and -0.4 A/cm2, an increase 

ƛƴ ŎŜƭƭ ǊŜǎƛǎǘŀƴŎŜ ƛǎ ƻōǎŜǊǾŜŘ ŀǎ ŜǾƛŘŜƴǘ ŦǊƻƳ ǘƘŜ ά{έ ς shaped i-V plot. It is important to 

note that during CO2 ŜƭŜŎǘǊƻƭȅǎƛǎΣ ǘƘŜ ά{έ- shaped i-V plot was not observed. To further 

understand the origin of this process, DC characterisation measurements were carried out 

on a new cell at fuel electrode compositions of 50% CO2, 25% H2 and 25% N2 (experiment 

4b3) and the data was compared to the i-V plot of Figure 5ς6 when using an aged cell.   

 

Figure 5ς7: DC characterisation measurement at 850oC and 50% CO2, 25% H2 and 25% N2 

(4b3) when using a new and aged cell 

Figure 5ς7 is an i-V plot which compares DC characterisation measurements at 850oC and 

50% CO2, 25% H2 and 25% N2 fuel electrode compositions using a new cell and an aged cell 

(i.e. the same cell used for all gas mixtures during the initial co-electrolysis investigation as 

shown in Figure 5ς6). Although the performance of the cell remains the same evident by a 

similar current density at cell voltages beyond ~1.4 V, the shapes of the i-V plots differs.   

The increase in cell resistance between -0.1 and -0.4 A/cm2 is more evident in Figure 5ς7. 
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This information shows that the increasing CO2/H2O co-electrolysis gas compositions at the 

fuel electrode are not a cause for the άSέ ς shaped i-V plot. 

As explained in the experimental Section 5.2.1, the i-V plot was recorded 3 times in a row 

(run 1, run 2 and run 3) when operating at a set gas mixture. Figure 5ς8 is an i-V curve 

showing all three measurements when recording an i-V curve. An increase in resistance can 

be seen at low current densities between -0.2 and -0.4 A/cm2 with increasing DC 

measurements. The evidence presented suggests that this increase in cell resistance at low 

current densities is associated with an increase in DC measurements only during CO2/H2O 

co-electrolysis.  The electrochemical process contributing to the resistance in the formation 

of the ά{έ ς shaped i-V curve is currently unknown.  

 

Figure 5ς8: Simultaneous DC measurements at 850oC and fuel electrode compositions of 

50% CO2, 25% H2 and 25% N2 (4b3) when using a new cell  

5.3.2  Area Specific Resistance during CO2/H 2O co-electrolysis  

The cell ASRs under varying gas mixtures outlined in Table 5ς1 were calculated from the i-V 

plot of Figure 5ς6 as the line from the OCV to the cell voltage measured at a current density 

of -0.1 A/cm2. The measured ASR is seen to increase with increasing CO2/H2O mixtures as 

shown in Figure 5ς9. The CO2/H2O co-electrolysis ASRs were also compared to equivalent 

CO2 electrolysis mixtures.  
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Figure 5ς9: Area specific resistance with increasing CO2/H2O compositions 

Table 5ς8: Measured ASR of equivalent CO2 and CO2/H2O mixtures at -0.1A/cm2 

 4c1 

15% CO2  

60% CO 

4b1 

15% CO2  

60% H2 

4c2 

25% CO2  

50% CO 

4b2 

25% CO2  

50% H2 

4c3 

50% CO2  

25% CO 

4b3 

50% CO2  

25% H2 

4c4  

60% CO2  

15% CO 

4b4 

60% CO2  

15% H2 

CO2 (Щ cm2) 1.75 1.87 2.06 2.41 

CO2/H2O (Щ cm2)  1.24 1.26 1.31 1.45 

Where b and c represents the cold inlet compositions for CO2/H2O co-electrolysis and CO2 

electrolysis respectively 

As shown in Table 5ς8, the cell ASR for the co-electrolysis process is 40% lower than 

corresponding carbon dioxide electrolysis processes. AC impedance characterisation of both 

mixtures is compared to gain further understanding of the origin of these resistances.  
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5.3.3  AC Characterisati on 

AC characterisation at OCV was performed after recording the i-V plots and the results 

obtained at 850oC and varying CO2/H2O mixtures are shown in Figure 5ς10.  

 

Figure 5ς10: AC impedance measurement recorded at OCV under different CO2/H2 

compositions 

From Table 5ς9, a slight increase in the total polarisation resistance can be seen with 

increasing CO2 and H2O compositions. This trend of an increase in resistance corresponds to 

the ASRs calculated from the i-V curve as shown in Figure 5ς9.  A breakdown of the cell 

resistances as shown in Table 5ς9 shows a slight increase in ohmic resistance increases with 

time. Similar to electrical contact issues discussed in Section 4.2.4, the change in the ohmic 

resistance was mainly a consequence of variations in the contact between the current 

collector and the cell. The increasing CO2/H2O mixture is not a cause for the observed 

increase in ohmic resistance. Furthermore, it was observed in latter experiments that the 

ohmic resistance remained the same for varying gas compositions when carried out within a 

short period (i.e. 1 hour).   
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Table 5ς9: Ohmic and polarisation resistances during CO2/H2O co-electrolysis, obtained 

using equivalent circuit model from experimental Nyquist plot 

 4b1 

15% CO2  

60% H2 

4b2 

25% CO2  

50% H2 

4b3 

50% CO2  

25% H2 

4b4 

60% CO2  

15% H2 

Ohmic resistance (Щ.cm2) - R1 0.48 0.50 0.53 0.54 

Oxygen electrode polarisation resistance (Щ.cm2) ς R2 0.44 0.47 0.47 0.48 

Fuel electrode polarisation resistance (Щ.cm2) ς R3 0.26 0.22 0.26 0.34 

Total polarisation resistance (Щ.cm2) 0.7 0.69 0.73 0.82 

Total cell resistance (Щ.cm2) 1.18 1.19 1.26 1.36 

The full impedance spectra for the data in the Figure 5ς10 and Table 5ς9 can be found in 

Appendices Aς12 to Aς15.  

At the oxygen electrode, the polarisation resistance remained fairly constant. At the fuel 

electrode, a slight increase in polarisation resistance is observed between 25% CO2 ς 50% H2 

and 60% CO2 ς 15% H2 of experiments 4b2 to 4b4. Fuel electrode polarisation resistance due 

to charge transfer reactions, gas diffusion and gas conversion are electrochemical processes 

known to occur at the fuel electrode which could be contributing to the changing cell 

resistances. However, further characterisation work is still needed to ascribe these 

electrochemical processes to specific frequencies in the impedance spectra. 

Comparing CO2 electrolysis to CO2/H2O co-electrolysis, it can be seen that the presence of 

steam at the fuel electrode significantly increases the performance of the electrolyser as 

shown in Figure 5ς11.  
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Figure 5ς11: Polarisation resistance at the fuel electrode during CO2 electrolysis and 

CO2/H2O co-electrolysis between 0.65 and 0.1 Hz 

To summarise, it has been shown that the slight increase in polarisation resistance with 

increasing H2O and CO2 compositions is predominantly associated with processes across the 

fuel electrode. A comparison of the CO2/H2O co-electrolysis with the CO2 electrolysis 

process has shown that by substituting some CO2 with H2O, the performance of the 

electrolyser significantly increases by up to 21%. A detailed breakdown of the other 

electrochemical processes that contribute to these resistances in the impedance spectra 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 850oC with 50% CO2 ς 25% H2 ς 25% N2 supplied 

to the fuel electrode, synthetic air supplied to the oxygen electrode and a current density of 

-0.5 A/cm2 applied to a fresh cell. The study was carried out over a short period (~45 hours) 

in which the cell voltage was continuously monitored. Electrochemical impedance spectra 

were recorded before and after the electrolysis test to determine the cause of degradation.   
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5.4.2  Cell Voltage and AC Characterisation  

Figure 5ς12 shows the change in cell voltage over the period of study. AC characterisation 

measurements at OCV were performed before and after the durability study and the results 

obtained are shown in Figure 5ς13. Furthermore, a breakdown of the passivation rates at 

various time scales can be seen in Table 5ς10. 

.  

 

Figure 5ς12: Cell voltage measured during CO2/H2O co-electrolysis at -0.5 A/cm2 and 850oC 

 

Table 5ς10: Operating conditions, cell voltage and degradation during the CO2/H2O co-

electrolysis durability tests  

Time (Hours) Cell voltage (mV) Degradation (mV/h) 

0.02 - 5 1558 - 1550 -1.6 

5 ς 30 1550 ς 1586 1.44 
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As shown in Table 5ς10, the cell voltage decreased slightly during the initial electrolysis 

period of 5 hours corresponding to an activation rate of 1.6 mV/h. Activation of SOCs is not 

new and has been shown in a previous longer term study by Ebbesen et al. (2010). However, 

the authors observed activation rates after long hours of operation between 400 and 600th  

hour and 700 and 900th hour of operation. Over the next 39 hours of operation in this study, 

the cell voltage increased from 1550 to 1615 mV corresponding to a passivation rate of 1.65 

mV/h.  

As previously indicated in Section 2.6.2.1, Zhan et al. (2009) observed a degradation rate 

corresponding to 0.26 mV/h over 100 hours of operation when operating with a fuel 

electrode composition of 25% H2, 25% CO2 and 50% H2O at 850oC and a current density of -

1.05 A/cm2. Ebbesen et al. (2010) also reported a degradation rate of 0.377 mV/h in the first 

50 hours of operation during CO2/H2O co-electrolysis when operating at a current density of 

-0.25 A/cm2. Although, this value significantly decreased up to 0.003 mV/h over 1000 hours 

of operation. The overall passivation rate of 1.3 mV/h observed in this study over 44 hours 

of operation is significantly higher than those presented in literature. The key factors which 

affect this increase in cell voltage include increasing ohmic resistance with time (arising from 

cell and electrical mesh contact), presence of impurities in the fuel electrode, lower 

performing materials, etc. AC impedance spectroscopy 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 voltages in this study to that presented in Section 4.4 

during the durability of SOC during CO2 electrolysis 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 durability of SOC during CO2 

electrolysis. It was argued previously in Section 4.4.2 that the presence of impurities 

(possibly sulphur from H2S), thought to have originated mostly from the CO gas content, 

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 shown in Section 4.2.5, it was shown that the addition of H2 and 

removal of CO (thus reducing the impurity content) significantly increases the performance 

of the cell because the presence of sulphur in the electrode is mostly eliminated.  
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AC impedance measurements were also performed before and after the durability study. 

 

Figure 5ς13: AC impedance spectra at 850oC before and after durability study at -0.5 A/cm2 

Table 5ς11: Ohmic and polarisation resistances during durability studies for CO2/H2O co-

electrolysis, obtained using equivalent circuit model from experimental Nyquist plot 

 Pre-durability Post-durability 

Ohmic resistance (Щ.cm2) - R1 0.58 0.79 

Oxygen electrode polarisation resistance (Щ.cm2) ς R2 0.33 0.97 

Fuel electrode polarisation resistance (Щ.cm2) ς R3 0.27 0.3 

Total polarisation resistance (Щ.cm2) 0.6 1.27 

Total cell resistance (Щ.cm2) 1.18 2.06 

The full impedance spectra for the data in the Table 5ς11 and Figure 5ς13 is shown in 

Appendices A-16 and A-17. 

Similar to the information presented in Table 4ς7 during investigations into the durability of 

SOCs under carbon dioxide electrolysis, analysis of Figure 5ς13 shows a significant increase 

in ohmic resistance and polarisation resistance across the oxygen electrode. Over the 44 

hours of operation, a 36% (0.58 to 0.79 Щ cm2) increase in ohmic resistance is observed 

during CO2/H2O co-electrolysis, a value much higher than the 18% (0.51 to 0.60 Щ cm2) 

observed during CO2 electrolysis although the cell was operated for a shorter period of 8 

hours in the latter case. Additionally, 194% (0.33 to 0.97 Щ cm2) increase polarisation 
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resistance at the oxygen electrode was observed, a value significantly higher than the 102% 

(0.41 to 0.83 Щ cm2) observed during CO2 electrolysis. The electrochemical process 

associated with the increase in ohmic and polarisation resistance at the oxygen electrode 

which affects cell degradation during CO2/H2O co-electrolysis are similar to those described 

during CO2 electrolysis as shown in Section 4.4.3.   

Despite a significantly larger operating time, a lower fuel electrode polarisation resistance is 

observed during CO2/H2O co-electrolysis (0.27 to 0.3 Щ cm2) compared to the 1.78 to 2.58 Щ 

cm2 observed during CO2 electrolysis. In Section 4.4, it was hypothesised that the significant 

increase in cell voltage is related to electrochemical changes at the fuel electrode 

predominantly caused by the deposition of impurities at the active sites and arising 

primarily from the CO stream. In this Section, the effect of impurities is significantly reduced 

as CO is not included in the inlet gas stream and H2 is introduced. However, the effect of 

impurities from the CO2 stream is not eliminated as a possible cause for the increase in 

resistance. Furthermore, Ebbesen et al. (2010) has shown that when operating at low 

current densities, impurities at the fuel electrode is the major contributing factor to an 

increase in cell resistance.  

Overall, it has been shown that by substituting CO with H2, the sharp rise in cell voltage seen 

during CO2 electrolysis can be eliminated. A period of cell activation corresponding to a rate 

of 1.6 mV/h is observed during CO2/H2O co-electrolysis in the first 5 hours of operation. 

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 polarisation resistance at the 

fuel electrode increase slightly before and after durability studies. Further work is needed in 

this study to decouple the electrochemical processes within the impedance spectra that 

contribute to SOC degradation particularly at the oxygen electrode.  
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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 and varying current densities. This is important in order to quantify the amounts of 

feed (CO2 and H2O) converted during CO2/H2O co-electrolysis with an aim to further the 

understanding of the co-electrolysis reaction. During CO2 electrolysis, a current efficiency of 

90% (equivalent to 4.14 ml/min of CO produced) was reported when operating at -0.5 

A/cm2 with 50% CO2, 25% CO & 25% N2 flowed to the fuel electrode at 20 ml/min.  

Table 5ς12: Exhaust gas compositions measured at open circuit voltage and -0.5 A/cm2 

when operating at 850oC and inlet gas compositions of 50% CO2 ς 25% H2 ς 25% N2 at 20 

ml/min  

 Cold Inlet 

composition (%) 

Exhaust gas composition 

at 0 A/cm2 (mol %) 

Exhaust gas composition 

at -0.5 A/cm2 (mol %) 

No CO2 H2 N2 H2O CO2 H2 CO N2 H2O CO2 H2 CO N2 

4b3 50 25 25 15.3 32.7 9.7 17.3 25 6.9 20.6 18.1 29.4 25 

 

From Table 5ς12, the total amount of syngas (H2 + CO) produced at -0.5 A/cm2 is calculated 

to be 4.1 ml/min, similar to the amount of CO produced (4.14 ml/min) during CO2 

electrolysis when operating with fuel electrode compositions of 50% CO2, 25% CO & 25% N2. 

As discussed in Section 1.3.2.1, determining the Faradaic efficiency for co-electrolysis is 

more complicated than individual steam and carbon dioxide electrolysis. The Faradaic 

efficiency in this instance was therefore calculated on the assumption of the basis for 

theoretical individual CO2 and H2O electrolysis for CO and H2 production respectively.  

The current density was varied between -0.25, -0.4 and -0.5 A/cm2 at 850oC and fuel 

electrode compositions of 50% CO2, 25% H2 & 25% N2 at a flow rate of 20ml/min. From 

Figure 5ς14, the molar composition of syngas produced can be seen to increase with 

increasing current density. The current efficiency (see Section 1.3.2.1) was calculated using 

the theoretical amount of CO and H2 production as seen in Table 5ς13 indicates overall a 
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highly efficient electrolyser for co-electrolysis. Appendix Cς7 shows the GC data obtained in 

order to calculate the exhaust gas compositions at the varying current densities shown in 

Table 5ς13.  

Table 5ς13: Current efficiency of syngas produced at varying current densities 

Current density (A/cm2) Current efficiency (%) 

CO produced H2 produced 

- 0.5 89 96 

- 0.4 89 96 

- 0.25 91 97 

 

Figure 5ς14: Graph showing the mol. composition of syngas produced at OCV, -0.25, -0.4 

and -0.5 A/cm2 

Co-electrolysis reaction mechanism 

This Section provides a method and possible explanation of the co-electrolysis reaction 

mechanism using experimental data shown in Figure 5ς14 and process simulation data from 

HSC Chemistry 5.11. To do so, the measured exhaust gas compositions at -0.25 A/cm2 

shown in Figure 5ς14 will be compared to the predicted gas compositions calculated on the 

assumption that pure steam electrolysis and the rWGSR are the only two reactions to occur 

within this process as suggested by (Stoots et al. 2008).  
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The predicted gas compositions at 850oC, -0.25 A/cm2 and inlet fuel electrode compositions 

of 50% CO2, 25% H2 & 25% N2 are calculated on the assumption that:    

¶ The majority of the electrochemical reactions occur closest to the electrolyte as 

discussed in Section 1.2.3 and shown in Figure 2ς5 by (Ni 2011), whereas the 

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 rWGSR (given in Table 5ς12).  

2. At -0.25 A/cm2 and following the reduction of H2O to H2, the gas compositions at the 

fuel side electrode/electrolyte region (where the electrochemical reaction occurs) 

after the applied current density would differ to the exhaust gas compositions due to 

the rWGSR.  

In the case of no. 2, it is assumed that equilibrium of the rWGSR is reached following the 

reduction of H2O to H2. The predicted gas compositions are therefore calculated using HSC 

Chemistry process simulation.  

Table 5ς14: Predicted and measured exhaust gas compositions at OCV and -0.25 A/cm2 

when operating at 850oC and inlet gas compositions of 50% CO2, 25% H2 & 25% N2 at 20 

ml/min  

Current density (A/cm2) CO2 (mol %) H2O (mol %) CO (mol %) H2 (mol %) N2 (mol %) 

0  32.7 15.3 17.3 9.7 25 

-0.25 (Measured data) 27 10.5 23 14.5 25 

*Theoretical data (predicted 

compositions) 

25.5 13 24.5 12 25 

*The theoretical data is calculated on the assumption of 97 % current efficiency at -0.25 

A/cm2 if only steam electrolysis occurred. Following this, the predicted gas compositions are 

then calculated on the assumption that equilibrium of the rWGSR is reached.    

The data from Table 5ς14 shows that the measured data are not close enough to the gas 

compositions. It could therefore be speculated that steam electrolysis is not the only 

electrochemical reaction occurring during the high temperature co-electrolysis of CO2 and 
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H2O in a SOEC. However, in order for this study to be fully validated, the exhaust 

compositions at -0.25 A/cm2 has to be carried out using an electrode supported cell as 

equilibrium of the rWGSR has been shown to be reached in this case. Consequently, an 

accurate comparison and analysis of the measured and predicted data can be obtained. 

Additionally, further work is still needed in this study to determine the effect of 

temperature and inlet gas compositions at varying current densities.  
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Chapter 6 

6. Conclusion  and Future Work  

The main conclusions drawn from Chapters 1 to 5 are presented in this Chapter. This study 

has successfully accomplished one of its goals in furthering the understanding of the 

performance of a SOC during CO2 electrolysis and CO2/H2O co-electrolysis. Furthermore, the 

increase in cell performance observed during CO2/H2O co-electrolysis has been quantified 

compared to CO2 electrolysis. However, this study is yet 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 determine all electrochemical processes on the 

impedance spectra that contribute to cell resistance during CO2 electrolysis and CO2/H2O co-

electrolysis. The key areas of improvement within this research that could successfully aid in 

gaining a better understanding of the co-electrolysis reaction mechanisms and SOEC failure 

at high current densities are also outlined.   
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6.1 Conclusion  

Chapter 1:  

¶ Synthetic fuel production via the high temperature co-electrolysis of CO2 and H2O in 

a SOC, coupled with the FTS, is a promising pathway for CO2 utilisation.  

¶ Conventional solid oxide cells used during steam electrolysis and consisting of Ni-YSZ 

as the fuel electrode, YSZ as the electrolyte and LSM-YSZ as the oxygen electrode, 

can be directly applied for CO2/H2O co-electrolysis in the production of syngas and 

electrolysis of CO2 for CO production.   

¶ Steam electrolysis, carbon dioxide electrolysis and the reverse water gas shift 

reaction (rWGSR) are the three reactions that could take place during the high 

temperature co-electrolysis of CO2 and H2O in a SOEC. 

¶ The proportions of each reaction in the contribution to H2/CO production will 

depend on the cell materials, cell morphology, operating temperature, inlet gas 

compositions and operating voltages.  

¶ There is however lack of understanding of the co-electrolysis reaction mechanisms 

as it is still unclear which reaction contributes to the production of CO and this thesis 

aims to gain further understanding of the type of reactions that occur in the 

production of H2 and CO. 

¶ Finally, economic analysis of fuel production with the GHG originating from air 

capture showed that SOECs must be able to operate at current densities of ~ς2 

A/cm2 with little  (0.0018 mЩ cm2/h) or no degradation over a 5 year period for the 

commercialisation of this technology.  

Chapter 2:  

¶ In understanding the co-electrolysis reaction mechanism, it has been argued that 

steam electrolysis and the rWGSR are the only two reactions that occur within this 

process with the H2 produced from steam electrolysis used in the chemical reaction 

to produce CO. Contradicting this report, it has also been argued in other studies 

that all three reactions occur in the production of H2 and CO. A better understanding 

of the co-electrolysis process is vital as this could provide further knowledge in the 

development of materials for more efficient SOECs.  
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¶ The performance of a cell under H2O electrolysis is greater than CO2/H2O co-

electrolysis and significantly greater than CO2 electrolysis. A comparison of the cellΩǎ 

ASR under these operating conditions showed a slight increase in resistance for 

CO2/H2O mixtures compared to H2O. In addition, a significantly higher ASR has been 

observed for CO2 electrolysis.  

¶ Although SOCs were initially developed and optimised for 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 means there is a great interest in the 

optimisation of conventional materials and development of newer SOE materials. 

¶ At the fuel electrode, the use of perovskite structured materials such as LSCrM/GDC 

and LST have gained significant interest because they do not require a continuous 

flow of reducing gas (such as H2) to 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 depth of the electrode.  

¶ A review of the status of the high temperature co-electrolysis of carbon dioxide and 

steam in a solid oxide cell showed that operation at high current densities (>ς0.75 

A/cm2) is a technological barrier that needs to be addressed. 

¶ At low current densities (<ς0.75 A/cm2), it has been shown that SOECs are capable of 

operating with little or no degradation when impurities present within the gas 

stream are removed. At high current densities (>ς0.75 A/cm2), degradation of the 

oxygen electrode occurs due to the high oxygen partial pressures at the oxygen 

electrode/electrolyte interface. In most cases, this degradation typically leads to the 

delamination of the oxygen electrode from the electrolyte.  

¶ The optimisation of conventional SOC materials and the development of novel 

materials is currently a major part of the research in eliminating issues of cell failure 

at high current densities.  
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Chapter 3:  

¶ The experimental design, methods and commissioning for the new equipment used 

during this project along with many issues overcame were discussed.  

¶ Glass was shown to be more effective than mica in cell sealing, resulting in lower gas 

leakages.  

¶ The use of a temperature controlled water bath and a carrier gas (N2) has been 

shown to be effective in producing highly stable and large amounts of steam 

(concentrations up to 900, 000 ppm). However, issues of condensation downstream 

of the water bath ought to be eliminated before steam electrolysis can be effectively 

carried out.  

¶ In this research, electrolyte supported cells were shown to be preferable to NiO 

electrode supported cells due to lower gas leakages upon loading and lower degree 

of ohmic resistance variation when tested over 50 hours of operation under varying 

H2O/H2/N2 compositions. This issue of contact resistance was however eliminated 

when platinum ink was applied to the fuel side electrode. 

¶ Electrolyte supported cell characterisation through electrochemical impedance 

spectroscopy and analysis of the impedance spectra carried out at with the cell 

operating at OCV showed that the high frequency arc was related primarily to 

processes occurring at the oxygen electrode while the low frequency arc was related 

primarily to processes occurring at the fuel electrode. 

Chapter 4:  

¶ During CO2 electrolysis, the experimental OCV of varying gas compositions were 3 ς 

6 ±2 mV below the theoretical value indicating the cell was sealed satisfactorily.   

¶ An increasing ASR, calculated from the i-V plot as the line from the OCV to the cell 

voltage measured at a current density of -0.1 A/cm2, was observed with increasing 

CO2/CO ratio.  

¶ AC impedance measurements showed the ohmic and polarisation resistance at the 

oxygen electrode remained fairly constant while polarisation resistance at the fuel 

electrode significantly increased.  
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¶ Poisoning of the fuel electrode during electrolysis of CO2 was also observed. The 

presence of impurities in the CO2/CO stream reduces the surface area of the active 

catalysts. It was shown that the addition of H2 and removal of CO led to the 

regeneration of the cell, indicating the possible presence of impurities in the CO gas 

stream.  

¶ Short term durability studies, carried out on the cell during CO2 electrolysis indicated 

two key phases of cell degradation. An initial sharp increase in cell voltage, 

equivalent to a degradation rate of ~120 mV/h in the first 5 hours followed by a slow 

and continuous increase in cell voltage equivalent to ~10 mV/h over a 2 hour period. 

The initial increase in cell voltage is caused by deposition of sulphur to the nickel 

surface thus blocking the active nickel sites for adsorption, dissociation and diffusion 

along surfaces. Further work is still needed to understand the cause of the second 

phase of degradation.  

¶ A Faraday efficiency of 90%, indicating a highly efficient electrolysis cell, was 

achieved during CO2 electrolysis when operating at fuel electrode compositions of 

50% CO2 and 25% CO, flow rates of 20 ml/min and current density -0.5 A/cm2.   

Chapter 5:  

¶ The rWGSR was close to equilibrium during the high temperature (850oC) co-

electrolysis of CO2 and H2O when using an electrolyte supported cell and operating 

at OCV. Exhaust gas composition measurements were ±2 mol% of the 

thermodynamic equilibrium composition.  

¶ On the other hand, equilibrium of the rWGSR is reached when using a NiO electrode 

supported cell.  

¶ DC measurements showed up to a 21% increase in cell performance during CO2/H2O 

co-electrolysis compared to CO2 electrolysis.  

¶ An increasing ASR was observed with increasing CO2/H2O compositions. 

Furthermore, the cell ASR during CO2/H2O co-electrolysis was 40% lower than the 

ASR during CO2 electrolysis.  

¶ AC impedance measurements showed the ohmic resistance and polarisation 

resistance at the oxygen electrode remained fairly constant while polarisation 

resistance at the fuel electrode increased slightly. Activation and concentration 
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polarisation due to gas diffusion and conversion are possible causes for this increase 

in resistance.    

¶ A comparison of the electrochemical impedance spectra showed up to a 55% 

decrease in polarisation resistance at the oxygen and fuel electrode during CO2/H2O 

co-electrolysis than CO2 electrolysis.  

¶ Short term durability studies showed a passivation rate corresponding to 1.3 mV/h 

over 44 hours of operation, a value significantly lower than that reported for CO2 

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 CO2/ H2O co-electrolysis when 

operating at fuel electrode compositions of 50% CO2 and 25% H2, flow rates of 20 

ml/min and current density -0.5 A/cm2.  The calculated current efficiency is similar to 

that observed during CO2 electrolysis 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 co-reduction of CO2 and H2O is highly dependent on eliminating all issues of 

degradation at high current densities (>-0.75 A/cm2) as discussed in Section 1.4. The 

majority of the work in the high temperature co-electrolysis of CO2 and H2O in a SOEC is 

therefore geared towards the development and testing of newer SOEC materials, as well as 

the optimisation of conventional materials (see Section 2.6.2.2).  

This project has focused primarily on the testing of SOCs under varying compositions of CO2 

and CO2/H2O with an aim to improve the performance of the electrolyser for syngas 

production.  However, further work is needed in the following areas:  

¶ Eliminating all issues of steam condensation downstream of the water bath 

¶ Investigating, and subsequently eliminating the presence of  sulphur in the carbon 

monoxide gas stream 

¶ Optimisation of electrode supported cells for electrolysis testing  

¶ Detailed cell characterisation to determine the processes during CO2/H2O co-

electrolysis and quantitatively obtain their equivalent cell resistances 
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In addition to the above points, continuous optimisation of the current procedure of testing 

and data analysis is needed.  

6.2.1  Eliminating I ssues of Steam Condensation 

The use of a carrier gas coupled with a temperature controlled heated water bath has been 

shown to be a feasible and effective process in the production of steam stable up to 900,000 

ppm as discussed in Section 3.5.  However, issues of condensation downstream of the water 

bath (before steam arrives at the inlet of the fuel electrode) need to be eliminated before 

this system can be implemented for electrolysis operation. Due to this issue, H2O was not 

used as an input gas during H2O/CO2 co-electrolysis as the gas composition could not be 

successfully controlled. Instead, cold inlet compositions of CO2/H2 mixtures were used and 

the resulting fuel electrode compositions (H2O, H2, CO and CO2 due to the rWGSR) were 

measured using a gas chromatograph.   

The development of a new test facility or optimisation of the current system in which the 

water bath is closer to the operating cell in the furnace is very important. Potential solutions 

include: 

¶ Reduction of the stainless steel tube length between the outlet of the water bath 

and the inlet of the base unit of the cell rig.   

¶ Construction of a new, shorter length cell rig fitted to the 300 mm height furnace 

used in this research. Alternatively, a furnace which covers the entire length of the 

ProboStat could be utilised.  

¶ Improved heat insulation downstream of the water bath such that the heat traced 

line is maintained at a high enough temperature to avoid condensation before 

entering the base unit of the ProboStat.   

6.2.2  Sulphur Poisoning  

In Section 4.2.5, it was hypothesised that the presence of H2S in the CO stream reduces the 

surface area of the active catalytic sites in the fuel electrode during CO2 electrolysis. To 

confirm that H2S is indeed the active impurity contributing to cell degradation, the following 

experiments can be carried out:  
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¶ Post-Morton analysis - Following the CO2 electrolysis experiment involving CO2 and 

CO gas streams, EDX analysis should be carried out on the cell to detect any 

impurities 

¶ In addition, mass spectrometry analysis of the CO gas stream can also be 

investigated for the detection of sulphur.   

Based on the hypothesis of the presence of H2S in the gas streams, higher purity gasses 

(>99.999%) should be employed in future experiments to minimise the presence of 

impurities on the cell. The use of a filter bed is also important in minimising 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 CO2 

electrolysis and CO2/H2O co-electrolysis. 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 in Section 2.1.1. 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 encountered with the use of electrode supported cells here was a 

large contact resistance between the fuel electrode and current collector described in 

Section 3.8.3. The addition of Pt ink to the surface of the fuel electrode was later shown to 

eliminate this issue described in Section 3.8.4. However, in Section 5.2.3.1, it was shown 

that the addition of pure Pt ink reduced the surface area of the active catalytic sites for the 

reduction of CO2 and H2O. Consequently, this cell needs to be optimised through the use of 

a frit free Pt ink and/or the use of a Pt ink (frit free) and organic solvent mixture.  

AC impedance characterisation of the cell ought to be carried out to ensure the addition of 

ǘƘŜ tǘ ƛƴƪ ŘƻŜǎƴΩǘ ƘŀǾŜ ŀ ŘŜǘǊƛƳŜƴǘŀƭ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǘƘŜ ŎŜƭƭΦ ¢Ƙƛǎ Ŏŀƴ ōŜ ŘƻƴŜ 

by comparing the polarisation resistance of the cell before and after Pt ink has been applied.   
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6.2.4  Detai led Electrochemical C haracterisation of Electrode 

supported cells  

In this study, two-electrode 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 the electrolyte, oxygen and fuel electrode processes as a whole has been 

obtained. However, further work is still needed to understand the individual processes 

across the whole cell contributing particularly to the anode and cathode resistances.  

The information below details specific experiments that ought to be carried out to achieve a 

better understanding of cell processes:  

¶ Quantitatively determine the electrode processes - At the fuel electrode, it is 

important to quantify the contribution of the all processes (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 would involve careful 

design of experiments in which conditions are systematically varied. These 

conditions include gas partial pressure, temperature, etc. Furthermore, obtaining 

impedance spectra both at OCV and higher cell voltages is vital as discussed in 

Section 2.1.1.  

¶ Introduction of three-electrode 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 

electrochemical reactions at, for example the fuel electrode can be obtained 

¶ Development of a suitable equivalent circuit model ς Following on from the above 

points, it is important to develop a suitable circuit model for these processes. Zview 

is a numerical analysis software tool extremely useful in the combination of 

commonly used SOEC elements such as resistors, constant phase elements and the 

Warburg diffusion element as detailed in Section 2.2.2.3.   
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8. Appendices  

Appendix A 

As discussed in Section 3.9.4, a resistor (R1) in series with two parallel connections of CPE 

(CPE1 and CPE2) and resistor (R2 and R3) are fitted to the high and low frequency 

impedance arcs of the Nyquist plots presented in Chapters 4 and 5 in order to estimate the 

total polarisation resistance. Appendix A presents these data.  

The red dotted line on the graph shows the experimental data (including induction) while 

the green line shows the modelled data. The modelled data is not as visible in the high 

frequency arc as it is located beneath the depressed semi-circle. The resistances shown in 

Appendices A-1 to A-16 are given in ohms.   

Appendix A ς 1: Initial Cell Characterisation (Cell used for CO2 electrolysis) 

 

 

Figure A-1: Nyquist plot of modelled and experimental data recorded at OCV under NiO 

reducing conditions for the cell used during CO2 electrolysis (Section 4.2.2) 

R1 CPE1

R2

CPE2

R3

Element Freedom Value Error Error %

R1 Fixed(X) 0.33525 N/A N/A

CPE1-T Free(±) 0.001027 N/A N/A

CPE1-P Free(±) 0.70468 N/A N/A

R2 Fixed(X) 0.4341 N/A N/A

CPE2-T Free(±) 5.023 N/A N/A

CPE2-P Free(±) 0.75 N/A N/A

R3 Fixed(X) 0.82896 N/A N/A

Data File: C:\SAI\ZData\NewKay2\ocv_b_post.z

Circuit Model File:

Mode: Run Simulation / Freq. Range (1E-5 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Appendix A ς 2: Initial Cell Characterisation (Cell used for CO2/H2O co-electrolysis) 

 

Figure A-2: Nyquist plot of modelled and experimental data recorded at OCV under NiO 

reducing conditions for the cell used during CO2 electrolysis (Section 5.2.2) 

Appendix A ς 3: Electrolysis of CO2 (15% CO2 - 60% CO) 

 

Figure A-3: Nyquist plot of modelled and experimental data recorded 850oC and with fuel 

electrode compositions of 15% CO2 - 60% CO (4c1) while synthetic air is flowed to the 

oxygen electrode (See Section 4.2.4) 
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Appendix A ς 4: Electrolysis of CO2 (25% CO2 - 50% CO) 

 

Figure A-4: Nyquist plot of modelled and experimental data recorded 850oC and with fuel 

electrode compositions of 25% CO2 - 50% CO (4c2) while synthetic air is flowed to the 

oxygen electrode (See Section 4.2.4) 

Appendix A ς 5: Electrolysis of CO2 (50% CO2 - 25% CO) 

 

Figure A-5: Nyquist plot of modelled and experimental data recorded 850oC and with fuel 

electrode compositions of 50% CO2 - 25% CO (4c3) while synthetic air is flowed to the 

oxygen electrode (See Section 4.2.4) 
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Appendix A ς 6: Electrolysis of CO2 (60% CO2 - 15% CO) 

 

Figure A-6: Nyquist plot of modelled and experimental data recorded 850oC and with fuel 

electrode compositions of 60% CO2 - 15% CO (4c4) while synthetic air is flowed to the 

oxygen electrode (See Section 4.2.4) 

Appendix A ς 7: Electrolysis of CO2 (70% CO2 - 5% CO) 

 

Figure A-7: Nyquist plot of modelled and experimental data recorded 850oC and with fuel 

electrode compositions of 70% CO2 - 5% CO (4c5) while synthetic air is flowed to the oxygen 

electrode (See Section 4.2.4) 


