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produced from H2O using renewable electricity in a proton conducting solid electrolysis cell (H-

SOEC).  

The electrochemically produced hydrogen can be utilized in situ to reduce CO2 into long chain 

hydrocarbons, which are similar to fossil fuels and can be utilized as fuels in the current energy 

infrastructure. This carbon neutral cycle for the production of fuels from renewable resources is 

illustrated in Figure 1.1. 

1Figure 1.1. C O2 neutral e nergy cycle for the production of chemical fuels from renewable energies base d on the SOEC techno logy.  

 

Figure 1.1. CO2 neutral energy cycle for the production of chemical fuels from renewable energies 
based on the SOEC technology. 
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1.3. Thesis organization 

This thesis consists of nine chapters. Chapter Two provides an overview of the production of 

valuable chemicals by the electrolysis of H2O coupled with CO2 conversion of CO2/H2O using 

proton conducting ceramics, with emphasis on the Fischer-Tropsch synthesis (FTS) and the 

electrochemical promotion of catalysts (EPOC). Chapter Three describes the conceptual design of 

the high-pressure electrochemical H-SOEC to obtain long chain hydrocarbons from CO2 and H2O. 

The rational design of the core components of the H-SOEC (cathode, electrolyte, and anode) is 

analysed in Chapter Four, including a discussion on the different fabrication methods. Chapter 

Five examines the experimental techniques and specific synthesis procedures used in this study. 

Chapter Six focuses on the promoting effect of supports with oxygen vacancies as extrinsic defects 

on the reduction of iron oxides for the preparation of Fischer-Tropsch active electro-catalysts. 

Most of the results of this chapter have been published in the Journal of Physical Chemistry C 

[12]. Chapter Seven explores the degradation of proton conducting perovskites under CO2 and 

H2O and looks at strategies to improve their stability. In Chapter Eight, the results of the 

electrocatalytic experiment using the high-pressure H-SOEC are presented. The production of H2, 

CO and CH4 was demonstrated in the pressurized H-SOEC with modest current efficiencies and 

CO2 conversion rates. Finally, Chapter Nine gives the overall conclusions of this work and 

provides some suggestions for future work to enhance the electrochemical performance of the 

pressurized H-SOEC. 
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In terms of the anode, lack of efficient and stable materials has caused high overpotentials that 

impose increased p-type electronic conductivity in the electrolyte, resulting in reduced Faradaic 

efficiency. In consequence, the electrochemical performance of air electrode is a limiting factor to 

the overall performance of H-SOECs, especially at relatively low operating temperatures. 

Considering this limitation, a novel mixed proton and electron conducting double perovskite 

anodes with composition Ba0.7Gd0.8La0.5Co2O6 (BGLC) [105] was employed as the anode material. 

Finally for the cathode, a porous proton conducting structure was meticulously engineered to 

deposit iron oxides by impregnation. The supported iron oxides were reduced/carburized to 

produce the active FT species iron carbides. For the reduction of iron oxides with H2  supported 

on proton conducting perovskites, a promoting effect was discovered and is reported and analysed 

in Chapter 6 [12].   

The next sections describe and discuss the design and fabrication of the main components of the 

H-SOEC (anode, solid electrolyte, and cathode), showing the results of the most relevant 

characterization techniques.  

 
3.2. Anode 
 

The anode is the electrocatalytic component where the oxygen evolution reaction (OER) takes 

place in H-SOECs. The OER involves the oxidation of H2O as illustrated in Equation 2.3. As 

explained previously, at intermediate temperatures and under the application of sufficient voltage, 

steam can be decomposed electrocatalytically at the anode via the OER, allowing the transport of 

protons through the solid electrolyte into the cathode, where CO2 can be hydrogenated. 
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perovskite anode by t he derived Pechini method 

 
Figure 3.2. Preparation of the BGLC-mixed proton and electron conducting double 
perovskite anode by the derived Pechini method. Right: dissolution of nitrates in citric acid. Center 
and Left: Ash obtained after the auto-combustion reaction. 
 

After calcining the powders, XRD was employed to confirm the formation of the expected double 

perovskite structure as it is shown in Figure 3.3 (see section 5.2.5). The XRD spectra of BGLC 

can be assigned to a double perovskite with tetragonal P4/mmm symmetry, with no evidence of 

undesirable phases (i.e., BaCoO3). 

Figure 9. X RD patterns of BGLC powders syn thesized by derived Pechini method  

 
Figure 3.3. XRD patterns of BGLC powders synthesized by derived Pechini method. 
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Figure 15 Preparation of the FT-active cathode by impregnation. Steps: 

 

Figure 3.6. Preparation of the FT-active cathode by impregnation. Steps:  

Figure 3.9. A schematic of a typical infiltration process: (a) an as-fired electrode backbone; (b) a 
process of solution drops entering into the electrode backbone; two typical morphologies of 
infiltrated electrode after thermal treatment: (c) particle deposition and (d) thin film coating. 
Adapted with permission from [166]. Copyright 2016 The Royal Society of Chemistry.  
 

Wet impregnation is a well known method in the preparation of heterogeneous catalysts. Over the 

last 15 years this technique has been refined to deposit nano-sized particles into established 

electrolyte structures [165]. The initial step in a typical impregnation procedure involves the 

preparation of  a proton conducting matrix, which is normally deposited on the solid electrolyte by 

slurry coating, screen printing, tape casting, or wet powder spraying. The second step requires the 

infiltration of a solution that contains the metal salt precursor, in this case Fe(NO3)3, drying to 

precipitate the dissolved iron nitrate, and finally synthesizing the iron oxide particles by calcination 

at high temperatures ( > 500°C). 

Since the ceramic matrix must be porous to allow gases to diffuse, pore formers are normally added 

to the slurry that is deposited before sintering the proton conducting porous scaffold (matrix). 

During the sintering process, the deposited pore former additives in the ink burn out, and create 
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pores increasing the surface area, which generally extend the TPB. Nevertheless, the amount of 

pore formers added must be carefully controlled as high porosity can to lead to the degradation of 

mechanical properties (generation of micro-cracks) and the reduction of electronic and ionic 

conductivities [167,168] Hence, optimizing the porosity constitutes a significant approach to 

improve the electrochemical performance of SOEC and SOEF. Unfortunately, there are no studies 

on the optimization of cathode structures for the particular case of  H-SOECs. 

However, there are some reports on the optimization of anode counterparts for H-SOFCs that may 

be extrapolated to this study. Taillades et al. [169] reported that  the highest power densities for 

Ni-cermet/proton conducting anodes are obtained for structures with 37% porosity. In a recent 

study, the 3D microstructure of a Ni/cermet composite was analysed using FIB-SEM [170]. The 

electrocatalytic performance was correlated with the reactive surface area generated by the pore 

formers with final porosities lying between 31 to 37%. The percentage of the created porosity can 

normally be controlled by the amount of the pore formers added. For proton conducting structures, 

Amiri et al. [171] found that the porosity increases with the amount of pore formers added up to 

20 wt%.  Irrespective of the pore former type used (starch, graphite, active carbon), a maximum 

porosity of 40-45% can be created with this amount (nearly saturation). In this scenario, assuming 

a linear correlation for this system, an ink containing ~17 wt% of pore formers was utilized to 

prepare the porous scaffolds by screen printing.  

Additional to the porosity, it is well known that in the FT synthesis the pore size and the pore 

morphology affects the reaction kinetics. For iron-based catalysts,  an increase in pore size results 

in larger iron particles, which exhibit a higher extent of carbidization [172]. Larger pores sizes 

(macropores) can also eliminate the diffusion limitations, favouring the formation of long chain 









61 

was determined using a temperature programmed reduction experiment, which is shown in Figure 

3.11 (see section 5.2.2 for experimental details). 

16. Determination of the opt imum temperature for the calcination of Fe(NO3)3 by TPR.  

 
Figure 3.11. Determination of the optimum temperature for the calcination of Fe(NO3)3 by TPR. 
The blue profile represents the profile of a fully completely calcined sample of BSZCYG/Fe with 
the minimum stochiometric hydrogen consumption.  
 

Samples of  iron nitrates supported on BCZYGS were calcined at different temperatures for 3 h 

and subsequently analysed using the modified TPR. In these experiments, the TCD monitors the 

change in the concentration of the reducing gas mixture (5% H2 in N2) as a result of the reduction 

reaction with temperature. The TCD signal increases either by consumption of H2 or production 

of N2, which both take place simultaneously according to Equation 3.3. Accordingly, completely 

calcined samples -with iron only present as Fe2O3- would react with H2 to produce steam. As 

shown in Figure 3.11, the full calcination only occurs at temperatures above 510 °C (highlighted 

in blue) with minimum hydrogen consumption (or N2  production), which is reflected in the smaller 

area under the peaks. This minimized area is in good agreement with the theoretical hydrogen 

consumption (see Chapter 6). 
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Compared to separate electrolysis processes of H2O and CO2, co-electrolysis is complicated due 

to the occurrence of the RWGS reaction (Equation 2.1) where CO2 is reduced in the forward 

reaction, and H2O is reduced in the reverse reaction.  

Nevertheless, for H-SOEC the picture seems to be different. Further to alleviate mass transfer 

limitations, pressurization can enhance the ionic transport. In proton conducting materials, high 

steam partial pressure shifts the defect equilibrium towards higher proton concentration (and lower 

electron hole concentration), contributing to the ionic transport number near the anode [191]. 

Norby et al. [105] reported for the first time the benefits of operating at elevated pressures for the 

direct production of H2 from the electrolysis of steam with nearly 100% Faradaic efficiency. Very 

recently, Zhu et al. [192] reported that the synthesis of ammonia by electrolysis of H2O is 

facilitated through higher-pressure electrochemical operation.  

Despite these potential advantages of operating a H-SOEC at elevated pressures to produce liquid 

hydrocarbons, no studies have been carried out on this subject due the complexity of designing 

pressurized electrochemical cells. Performing electrochemical reactions in separate chambers at 

elevated pressures (and temperatures) present many challenges, which are analysed in the 

following sections. The utilization of pressurized H-SOECs demands the application of advanced 

sealing technology and proper material selection. In this research, a novel design that involves the 

application of different sealing methods was employed to ensure internal and external gas-

tightness. A schematic representation of the pressurized electrochemical reactor and its main 

components is given in Figure 4.1. 

 

 



64 

Figure 17 Conceptual reactor design 

 

 
Figure 4.1. Conceptual design of the pressurized H-SOEC describing all the relevant components 
including the membrane electrodes assembly (MEA) and the two types of sealing methods used.  
 

As illustrated in Figure 4.1, two main systems are employed to isolate the anodic and cathodic 

chambers within the pressurized reactor: one compression mechanism (Grafoil gasket) to hold a  

frame (hollow cylinder), and one ceramic-ceramic sealant/adhesive (Aremco Paste) to affix the 

electrochemical cell. This metallic frame is removable, so electrochemical cells can be easily 

removed and exchanged, allowing the testing of MEAs with different configurations and 

structures. The specifications of the most relevant components of this design are described in the 

next sections (except for the components of the MEA, that were analysed in Chapter 4). 
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4.2. Design of sealing components and material selection 

4.2.1. External reactor vessel and removable reactor head 

The pressurized H-SOEC is assembled within a 600 mL stainless-steel vessel (Parr Instrument 

Company, Series 4625 HT). At elevated temperatures and significant hydrogen partial pressures, 

hydrogen can penetrate stainless-steel, reacting with carbon to form methane and cracking or 

blistering the steel. In order to prevent this hydrogen attack (hydrogen embrittlement) and 

guarantee a safe operation, austenitic stainless steel T-316 low in carbon was selected as the 

construction material for external components. This material is resistant to hydrogen attack and in 

consequence has been used in petrochemical plants to handle hydrogen at high pressures and 

temperatures [193].  

 
Figure 18 3D representation of t he reactor 

 
Figure 4.2. Pressurized H-SOEC for the electrolysis of steam coupled with CO2 conversion. 
 

This reactor vessel has been designed for use as a high-pressure reactor system with an external 

rating of 1000 psi (68 atm) at up to 600°C. The pressurized H-SOEC reactor features a customized 

removable head that is used to accommodate 5 ports in each chamber, as shown in Figure 4.2. This 
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In this context, one of the major challenges faced in SOEC/SOFC technology is the selection of 

reliable sealants/adhesives that fulfill all the necessary requirements [200]. Whilst the negative 

impact of minor leakages in the SOECs/SOFCs can often be neglected, any leak in the H-SOEC 

may critically affect the reaction equilibrium (see Chapter 8), and thus decrease the CO2 

conversion [201]. This problem can be exacerbated for the batch operation mode at elevated 

pressures utilized in this study, which can generate unreliable results.  

Unfortunately, little is known about the efficiency and performance of glass ceramic 

sealants/adhesives for operations at elevated pressures with proton conducting ceramics. 

Additionally, glass-ceramic systems are complex as the presence of small amounts of additives 

can influence the chemical and physical properties of the  final glass sealant [202]. For these 

reasons, different ceramic sealants/adhesives were tested in the pressurized H-SOEC.  

 

The tests were performed by affixing a dummy MEA to the end of the removable stainless-steel 

cylinder using three commercial ceramic adhesives/sealants  These adhesives are recommended to 

seal ceramics and stainless-steel for operations at high temperature is compositions and curing 

temperatures are listed in Table 4.2. The sealants/adhesives were applied on both sides of the 

dummy cell circumference that join with the internal edges of the metallic frame, subsequently 

cured in situ, and finally tested for leaks at different conditions by monitoring the pressure 

difference between the two compartments. 

 

When adhesives 685-N and 552 were used with a pressure gradient of 0.2MPa, leaks were 

immediately detected. This behaviour was explained by the presence of large cracks and pores on 
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4.2.5. Electric Feedthroughs 

The electrical feedthroughs provided by Conax Technologies (Buffalo, NY) are sealing glands that 

enable the passage of electric wires through a pressure boundary.  These sealing glands serve two 

purposes: they isolate electrically the wires from the metallic walls of the reactor vessel, and they 

do not allow the leakage of the contained high-pressured gases. The sealant element of this 

feedthrough is made of Borazon®, which is a hard material composed mainly of boron nitride (a 

cubic form of boron nitride). This material is an excellent electric insulator, impermeable to all 

gases (including H2), and can resist high temperatures and pressures. When the main body of the 

glands is torqued, the sealant element is compressed creating a hermetic seal. The thickness is kept 

at 1 mm to ensure sufficient mechanical strength of the final cell [194].  
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5.2.6. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a technique to characterize the morphology of a solid 

surface. In a SEM, one beam of energetic electrons (~ 20 kV) is bombarded from an electron gun 

and the electrons interact with the surface of the material resulting in the emission of a variety of 

signals such as secondary, backscattered and Auger electrons, and X-rays. All of these signals are 

used for characterizing the surface, but the two most common signals that are employed in SEM 

to create an image are the secondary (energy < 50 eV) and the backscattered electrons (energy > 

50 eV). Backscattered electrons are used to observe the distribution of various elements in a 

surface. The number of backscattered electrons will be higher for elements with higher atomic 

numbers and these elements will thus appear brighter compared to elements with lower atomic 

numbers. Thus a distribution of elements can be observed by generating a colour contrast using 

backscattered mode in SEM. There are detectors for both secondary and backscattered electrons 

and the detectors generate a digital image of the sample with a resolution up to ~10 nm. 

The instrument used for SEM and EDX analysis was Quanta FEG 250 (FEI, located at the 

Dynamic Imaging Laboratory, Department of  Geoscience, University of Calgary). For SEM 

analysis, the button cells were broken into smaller pieces and then attached to an aluminum stub 

using graphite adhesive paper. In this thesis, the range of magnification of the SEM images was 

between 313X to 80000X with an electron beam of 20 kV. EDX maps were collected using a 

Bruker Quantax X-ray micro-analysis system equipped with a Quantax 5030 Silicon Drift Detector 

(SDD) and a Bruker SVE III signal processing unit. In this thesis, the core components of the H-

SOEC (anode, cathode and solid electrolyte) were characterized by SEM-EDX before and after 

testing under CO2 conditions. 
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(or carbides) [213], and this activation process has a critical effect not only on the energy 

consumption but also on the final performance of the catalyst. An improvement in oxide 

reducibility translates to an increase in the active site density. For FTS catalysts, for example, there 

is a direct correlation between the ease of reducibility and the catalytic activity [214,215]. In 

chemical looping combustion,  improving the reducibility of oxygen carriers is also an attractive 

way to decrease the amount of materials required in the fuel reactor [216]. In this context, the 

investigation of strategies to improve the reduction of iron oxides can lead to materials with 

enhanced properties and also to an improved understanding of solid gas-reaction mechanisms. 

The utilization of substrates that contain oxygen defects constitute an interesting approach to 

increase the reducibility of supported metal oxides. Theoretical and experimental studies, on a 

variety of supports [209,217,218], indicate that oxygen atoms, from metal oxides, in direct contact 

with metal particles and oxygen vacancies can be more easily removed than lattice oxygen atoms. 

Oxygen vacancies facilitate nucleation and growth of deposited metal atoms [219,220], which may 

improve the reduction kinetics. Despite the considerable effort devoted to the theoretical study of 

oxygen vacancies [221], there remains a lack of fundamental understanding on their influence in 

the reduction of supported metal oxides. 

One of the techniques employed to study the reduction behavior of oxides is temperature 

programmed reduction (TPR). Although TPR is a well-established and simple technique used to 

characterize the bulk/morphology of catalysts, valuable kinetic information contained in TPR 

patterns is often disregarded. Most publications restrict the analysis to qualitative comparisons of 

the relative location of the reduction peaks with shifts to lower temperatures attributed to 

promoting effects [222], and shifts to higher temperatures attributed to strong metal support 

interaction (SMSI) [223]. Nevertheless, the complexity of extracting kinetic information from the 
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6.4.3. Determination of the Reduction Mechanism for Supported Fe2O3 

Deconvolution and model fitting of the TPR patterns were used to gain further insights in the 

relationship between the promoting effect and the reduction mechanism.  For this purpose, the 

values of apparent activation energies tabulated in Table 6.2 were used to optimize the parameters 

A and n (Eq. 11-15) to fit the deconvoluted peaks. Figure 6.5 shows the results of the model fitting 

for the first material of interest, Fe2O3/YSZ, at different heating rates.  
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high temperature tail persists until approximately the same temperature as that necessary for 

complete reduction of the bare oxide but represents less than 4% of the total hydrogen 

consumption. Gentry [256] observed these tails and attributed their presence to phase separation 

occurring at high temperatures. Zielinski et al. [257] suggested that these tails are related to 

formation of a new phase (i.e. nickel aluminate, in that study). XRD results, shown in Figure 6.6, 

indicate qualitatively that metallic iron was obtained at the end of reduction, and that no additional 

crystalline phases were formed. The presence of amorphous iron oxides at the end of the reduction 

was ruled out based on XPS results (Supporting Information S5) and on the calculated hydrogen 

consumption, which corresponds approximately to the stochiometric ratio of 1.5 mol H2/mol Fe. 

Considering that YSZ was barely reducible (Figure 6.4), the tail may be a product of the high 

temperature phase separation with subsequent sintering of the as-separated iron oxide 

(nano)particles, as discussed in Section 6.1.  
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Figure 25. XRD patterns for sam ples of Fe2O3/Y SZ (a) and Fe2O3/BC ZY (b) taken and passivated at different reduction temperatures during TPR experiments.  The red diamonds indicate the formation of metallic Fe  

 
Figure 6.6. XRD patterns for samples of Fe2O3/YSZ (a) and Fe2O3/BCZY (b) taken and passivated 
at different reduction temperatures during TPR experiments. The red diamonds indicate the 
formation of metallic Fe.  
 

Omitting the presence of the high temperature tail, the quality of the obtained fit is very good with 

values of R2 higher than 0.98 and randomly distributed residuals (Figure S1), confirming the 

nucleation/nuclei growth mechanism. The occurrence of other solid-gas reaction mechanisms was 

also considered but ruled out based on fitting results (Supporting Information S4). The obtained 

parameters A and n are independent of the heating rate, as depicted in Figures 6.7a and 6.7b. This 

independence not only confirms the validity of the model but also allows for meaningful 

mechanistic and kinetic analysis of the obtained parameters.  

The reduction of iron oxide on YSZ described by nucleation models was originally reported by 

Kosaka et al. [218], who found a positive correlation between the reducibility and  the conductivity 
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Figure 28 TPR profi les for the reduction of Fe2O3/CeO2 (a) and Fe2O3/TiO2 ( b) at different heating rates.  

 
Figure 6.9. TPR profiles for the reduction of Fe2O3/CeO2 (a) and Fe2O3/TiO2 (b) at different 
heating rates. 
 

6.4.4. Determination of the Oxidation States of Iron 

XPS was used to determine the chemical environment of the reduced oxides and to precisely 

quantify the oxidation state of Fe. Samples were collected at different reduction stages after 

quenching from the temperatures indicated by red triangles in Figures 6.5 and 6.8, followed by 

careful passivation [207]. Figure 6.10 displays the high-resolution Fe 2p XPS spectra recorded 

from the surface of Fe2O3/BCZY. This material was selected because it exhibited the least 

pronounced promoting effect.   
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Figure 29 Fe 2p XP S spectrum for Fe2O3/BC ZY sam ples col lected at different TPR reduction stages at a heating rate of 16 °C/m in. Temperatures: (a) 572 and ) 851 °C.  Sam ple were que nched and pass ivated prior to XP S.196  

 
Figure 6.10. Fe 2p XPS spectrum for Fe2O3/BCZY samples collected at different TPR reduction 
stages at a heating rate of 16 °C/min. Temperatures: (a) 572 and ) 851 °C. Sample were quenched 
and passivated prior to XPS [207]. 
 

The quantitative analysis of different iron species by XPS is complex due to spin-orbit splitting, 

multiple oxidation states (with small chemical shifts) and satellite structures, which make the 

discrimination of the surface species difficult [263]. Thus, in order to resolve the oxidation state 

and quantify the different iron species, the curve fitting model developed by Biesinger et al. [264] 

was employed. According to this procedure, which is based on the analysis of reference samples 

and theoretical calculations, the Fe 2p3/2 portion can be deconvoluted in a series of components 

assigned to metallic Fe, Fe2+ and Fe3+. Deconvolution of this region for Fe2O3/BCZY revealed the 

presence of iron in all its oxidation states. The formation of metallic iron (peak centered at 706.6 

eV) in an early stage of reduction validated the proposed combined 2 and 3-step reduction pathway.  

The deconvolution also showed that with an increase in reduction temperature the relative 

concentration of metallic iron increases from 2.9 to 8.8% and the ratio of Fe3+/Fe2+ decrease from 
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4.71 to 1.61.This surface enrichment in Fe2+ is in agreement with two additional spectral features: 

a shift of ~0.5 eV towards lower binding energies exhibited by the Fe 2p3/2 and Fe 2p1/2 regions 

and the disappearance of  a satellite structure at 715.7 eV [265]. The disappearance of this structure 

is a consequence of the superposition of peaks associated with the reduction of Fe2O3 to Fe3O4 

[266].       

Additionally, the decrease in splitting between the O 1s and Fe 2p3/2 peaks from 180.6 eV to 179.4 

eV (within the experimental error of ± 0.14 eV) with reducing temperature suggests a decrease in 

the average oxidation state of iron (Feox) from 2.6 to 1.8, according to the correlation proposed in 

reference [267]. The model proposed in this study predicts a decrease in the oxidation state from 

2.4 to 0.7 for bulk iron material. Table 6.3 contains a comparison between the compositions of 

different iron species predicted by the TPR model and obtained by XPS, which evidences an 

experimental overestimation of the reduction extent. The XPS results suggested a higher extent of 

reduction, which may be explained by the formation of a passivating layer over the surface, that 

increased the average oxidation state of supported and unsupported metallic iron from 0 to ~2.0 

(see supporting information S5). In this context, XPS validated that metallic iron was formed at 

relative low reduction temperatures (early reduction stages) via a 2-step process when supported 

on BCZY and YSZ. This result may be another consequence of the promoting effect. 
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Table 6.3. Comparison between the experimental and the predicted iron compositions of 
Fe2O3/BCZY samples collected at different reduction temperatures. 
  T=572 °C   T=851 °C 
  TPR Model Experimentala  TPR Model Experimentala 
Fe3+  (%)  61 80  3 49 
Fe2+  (%)  30 17  32 42 
Fe (metallic) (%)  9 3  65 9 
Fe oxidation state                2.4 2.7  0.7 2.3 
Fe oxidation stateb                2.6  1.8 

 
Table 14 Com parison between the experimental and the predicted iron compositions of Fe2O3/BCZY samples collected at different reduction temperatures  

a Determined by XPS. 
b Estimated by the correlation Feox = 0.754 (BEO1s - BEFe2p3/2 ) - 133.54 (BEs in eV) [267]. 
 
 
The kinetic information obtained in the present investigation may be of practical importance in 

improving the reducibility of iron-based materials. Moreover, the promoting effect described here 

can be extended to other transition metal-based materials. 

 

6.5. Conclusions  

The present work is among the first that comparatively analyzes the influence of different oxygen 

vacancies on the reducibility of supported metal oxides. TPR results revealed that substrates with 

extrinsic oxygen vacancies (YSZ and BCZY) promote the reduction of supported Fe2O3. The 

reduction on these supports was completed at lower temperature ranges and with lower activation 

energies than pure Fe2O3 micro- and nano-particles. Kinetic analysis using a modified 

deconvolution of TPR profiles indicated the reduction proceeded via a nucleation and nuclei 

growth mechanism, where the 2- and 3-steps pathways coexisted with the formation of iron at low 

temperatures (~400 °C). The role of oxygen vacancies as extrinsic defects was not only to facilitate 

the removal of oxygen ions, but also to promote the formation and growth of metal nuclei in 2 and 

3 dimensions.  
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Conversely, it was determined that supports with intrinsic oxygen vacancies (CeO2 and TiO2) 

inhibit the reduction of supported Fe2O3 due to a SMSI, which was manifested in higher activation 

energies and incomplete reduction even at high temperatures (1200 °C). This hindering effect may 

result in iron-based materials with decreased catalytic activity and limited oxygen transport 

capacity. Kinetic analysis was not possible for these supported materials as the TPR profiles 

contained shoulders ascribed to iron species with different reducibility. 

The promoting effect reported for supports with extrinsic oxygen vacancies may contribute to 

improve the catalytic activity of iron-based materials (catalysts with higher active site density) and 

enhance the performance of iron-based oxygen carriers for chemical-looping combustion. 
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of contributions from three oxygen components: a lower binding energy sub-peak ascribed to the 

lattice oxygen species O2- (at ~528.7 eV), a medium energy sub-peak attributed to adsorbed oxygen 

species O2
2-/O- (~530.9 eV), and high energy sub-peak assigned to hydroxyl species OH- (from 

adsorbed water, and even probably carbonate at ~532.1 eV ) [329,330].  The binding energy (BE) 

of lattice oxygen in most cases can be taken as an accurate measure for basicity [331]. When the 

BE of lattice oxygen (less electron-rich oxygen species) increases, the surface basicity of 

perovskite decrease with a consequent improvement in stability [332]. 

Figure 32.  Deconvoluted O 1s XP S spectrum of fresh proton conducting perovskites BC ZY (left) and BSCZGY (right).  

 
Figure 7.4.  Deconvoluted O 1s XPS spectrum of fresh proton conducting perovskites BCZY (A) 
and BSCZGY (B). 
 

To determine the exact binding energy of this low binding energy peak it is necessary to 

deconvolute the XRD spectra using the described oxygen sub-peaks to obtain the least squares fit. 

XPS analysis showed that the O1s BE of the lattice oxide ions at BCZY and BSCZGY surfaces 

are 528.7 and 529.2 eV respectively. These peak positions reveals that lattice oxygen from BSCZY 

have a lower tendency to donate electrons (lower Lewis basicity), which may explain the higher 

kinetic stability of the former perovskite. 
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obtained for the deconvolution of each peak and the calculated amount of carbonate desorbed with 

its respective desorption energy. 

Table 7.4. Properties of the different types of adsorbed carbides obtained by deconvolution of the 
CO2-TPD pattern (Figure 7.9). 
 Peak I Peak II Peak III 
Type Adsorbed CO2 Mono-dentate CO3

2- Bi-dentate* CO3
2 

Tm (° C) 233 435 882 
FWHM (° C) 115 189 375 
Ed (kJ/mol) 40.1 47.4 62.2 
CO2 desorb (mol/mol BCZY) 0.01 0.03 0.11 

Table 20 Properties of the different types of adsorbe d carbides obtained by deconvo lution of tD pattern (Figure 7.9) 

*and/or bridged carbonate 
 

The desorption activation energy reflects how strongly CO2 is adsorbed and bonded with the 

surface of BCZY. Since the kinetic and the desorption experiments were performed under similar 

conditions employing a U-tube filled with an equal amount of BCZY, it can be inferred that the 

decarbonation reaction exhibits a higher energy barrier. Nevertheless, since the amount of 

carbonate desorbed (Peaks II +II) is in good agreement with that determined in the kinetic 

experiments (0.11 mol CO2/mol BCZY), it can be inferred that the carbonation of BCZY can be 

reversed by thermal treatment. Since it was shown that the crystalline structure is not compromised 

after CO2-degradation, this result suggests that BCZY can potentially be recovered for membrane 

separation processes [284,364,365].  

Finally, only one weak CO2 desorption peak -ascribed to physiosorbed CO2- was observed when 

CO2 was adsorbed on BSCZGY at 600 °C, which confirms its higher kinetic stability. This result 

is in good agreement with previous results [104,366] and consistent with the behaviour of Sr-

containing perovskites [367], where the formation of carbides under CO2 is not reported. 
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7.5. Conclusions  

The kinetic stability against CO2 of two representative proton conducting perovskites powders, 

BCZY and BSCZGY, was studied. Kinetic analysis revealed that the carbonation of BCZY is a 

single-step solid gas reaction that can be described by a first order nucleation/nuclei growth 

mechanism, which produces a carbonate protective layer that inhibits the deterioration of the 

internal crystalline structure. In the carbonation mechanism, oxygen vacancies associated with 

terminal BaO act as preferential nucleation sites. The decarbonation of this material is kinetically 

feasible but with a larger energy barrier, which may allow the recovery of BCZY for membrane 

separation applications. On the other hand, BSCZGY does not form carbonate, and thus is 

kinetically stable in the presence of CO2. This perovskite composition can even tolerate CO2 at 

high pressures (2.0 MPa) without any signs of degradation. The higher kinetic stability of 

BSCZGY compared to BCZY composition was explained in terms of its lower surface basicity 

(associated with the presence of less acidic SrO terminations), which contradicts the stability 

predicted by thermodynamic calculations and theoretical structural parameters. 
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micro-machined Thermal Conductivity Detector (TCD) and a Flame ionization detector (FID).  

ACarboxen-1010 capillary column and column with Ar as the carrier gas were used to separate the 

gases to further evaluate the composition cathode effluent.  

Electrolysis measurements were performed using a membrane self ceramic membrane electrode 

assembly (MEA), consisting of one porous BGLC anode and a Fe-BSCZGY cathode, separated 

by a dense BSCZGY electrolyte (6 mm thick) as previously described. The diameter of the cell 

assembly after sintering was 18 mm. The synthesis and fabrication of the anode, cathode and solid 

electrolyte are described in Chapters 3 and 5. 

For all the electrochemical measurements, a Vertex potentiostat/galvanostat (Ivium Technologies, 

Netherlands) was used in order to apply and measure both potential and current in a 2-electrodes 

configuration. 

8.3.1. Electrochemical performance 

The electrochemical performance of the cell for the conversion of CO2 and steam electrolysis was 

investigated at temperatures between 350 - 450°C and 1.5 MPa, which are the typical conditions 

for the CO2-FT synthesis [63]. Figure 8.4 shows typical current density versus applied voltage (i-

V) curves of the pressurized H-SOECs under different conditions. When the applied voltage is 

higher than ~1.9 V, the cell works in electrolysis mode. This minimum voltage required is higher 

than the thermo-neutral voltage for the electrolysis of water to produce hydrogen (1.3 V) and that 

of the minimum required for the coupled conversion of H2O/CO2 (1.5 V) [374]. The difference 

with respect to the latter voltage of ~0.4V is attributed to a significant overpotential generated by 

the ohmic loss of the thick electrolyte [28], which is almost 150 times thicker than the conventional 

electrolytes used for steam electrolysis (Table 8.1).  
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accounts for the major part of the ASRs determined for the H-SOEC with no hydrogen in the 

anode. The rest of the elevated ASRs values are associated with the concentration overpotential 

that develops with time. The concentration polarization occurs when the electro-reduction reaction 

is faster than the mass transfer of the gaseous reactants. Once mass transfer controls the overall 

reaction, the current density no longer increases with the applied voltage and becomes constant 

[391], as shown in Figure 8.4 by the asymptotic behavior of the i-V curve.  

In the case of the H-SOEC operation with the presence of H2 in the anode, the ASRs lower than 

the theoretical ohmic resistances are explained by the concurrent transport of protons produced not 

only by water splitting but also by hydrogen pumping [409]. The transport of protons from two 

different sources increases the conductivity of the BSCZGY perovskite electrolyte and improves 

the electrochemical performance of composite electrodes [410]. 

 

8.3.2. Electrolysis product analysis  

After the electrochemical characterization of the cell, steam electrolysis coupled with CO2 was 

performed in the pressurized H-SOEC at characteristic conditions for the CO2-FT synthesis under 

constant potential conditions. For the batch-wise operation, pure CO2 was charged into the inner 

cathodic compartment and a mixture of 5% H2O + 5% H2 diluted in N2 or 5% H2O + 95% N2 

diluted in N2  into the anodic chamber. Two characteristic potentials (3.5 and 5 V, obtained from 

the different regimes of the dV/di) were applied for intervals of 3 h and the current density was 

monitored as a function of time. The produced gases in the cathode were quantified at the end of 

each interval by gas chromatography. Figure 8.6 shows the short-term performance for the 

simultaneous process of steam electrolysis and CO2 reduction at 400°C and 1.5 MPa using the 

pressurized H-SOEC. 
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Figure 43 C urrent density vs. t ime at different voltages for the co-electrolysis of H2O/CO2 at 450°C and 1.5 MP a. Initial  anode composition: 5% H2O + 5%H2 diluted in N2.  

 
Figure 8.6. Current density vs. time at different voltages for the electrolysis of H2O coupled with 
CO2 conversion  at 450°C and 1.5 MPa. Initial anode composition: 5% H2O + 5%H2 diluted in N2. 
 

As shown in Figure 8.6, the current remains almost constant at 28 mA cm-2 and 42 mA cm-2  when 

voltages of 3.5 and 5 V, respectively, were applied for electrolysis, indicating  a stable 

electrochemical process. The current densities are 9 to 47 times lower than the reported in literature 

for the electrolysis of steam (Table 8.1). Again, the large ohmic overpotentials are responsible for 

the inferior electrocatalytic performance manifested in low current densities. The concentration 

overpotential appears only to play a minor role in the electrocatalytic performance, decreasing the 

current density slightly during the first 15 min of operation as shown in Figure 8.6.  

Table 8.3 shows the initial and final gas compositions in the cathode with the corresponding CO2 

conversions and faradaic efficiencies. Methane and carbon monoxide were directly produced in 

the cathode and detected in small concentrations, demonstrating the successful electrochemical 

reduction of CO2 to fuels coupled with steam electrolysis in the pressurized H-SOEC. No evidence 

for the formation of long-chain hydrocarbons was experimentally found in this study, which can 

be explained by the results of electrochemically assisted hydrogenation of CO2 on Fe-based 

catalysts reported by Ruiz et al. [411]. 
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8.3.3. Gas compositions and theoretical calculations 

In order to get more insights on the maximum CO2 conversion and the distribution of products at 

different conditions, the thermal equilibrium compositions of gases in the cathode were calculated 

as a function of temperature by the Gibbs free energy minimization method. The amount of 

hydrogen available for the reduction of CO2 to CH4 and CO was simulated from the total amount 

of protons transferred from the anode via electrolysis at the determined current densities. ASPEN 

HYSYS with the Peng-Robinson equation of state was used to simulate the equilibrium 

compositions as functions of the temperature, which are shown in Figure 8.7. 

Figure 44 Temperature depe nde nce of (a) theoretical equilibrium com position for t he original gas of  95% CO2-2.5% H2 and b) theoretical values in electrolysis  are simulated by adding 1.5 % H2 to t he original gas mixt ure. 

 
Figure 8.7. Temperature dependence of  theoretical equilibrium composition for the original gas 
of  95% CO2-2.5% H2 (left), and theoretical values in electrolysis are simulated by adding 1.5 % 
H2 to the original gas mixture (right). 
 

As shown in Figure 8.7, the selectivity to CO increased with the increasing test temperature, while 

that to CH4 reduces. In the studied temperature range (350 to 450 °C), the H2 was not fully 

converted, and its concentration increased with the temperature. These observations are consistent 

with the gas compositions presented in Table 8.3. Nevertheless, in the cathodic reaction system, 

all the gases are far from reaching their equilibrium composition.  
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Figure 45 Equilibrium conversions for CO2 ( left) and H2 (right) at 1.5 MPa. Theoretical values in electrolysis are simulated by adding  1.5 % H2 to t he original gas mixt ure. 

 
Figure 8.8. Equilibrium conversions for CO2 (left) and H2 (right) at 1.5 MPa. Theoretical values 
in electrolysis are simulated by adding  1.5 % H2 to the original gas mixture. 
 

According to the simulation results, the maximum CO2 conversion achieved with the determined 

numbers of protons transferred to the cathode are 5.6% and 5.2% at 400 and 450°C, respectively. 

Figure 8.8 shows the simulated conversion of CO2 and H2, assuming different ratios of CO2 and 

H2 (protons from the electrolysis). For small amounts of hydrogen pumped from the anode to the 

cathode across the MEA (H2/CO2 < 0.05 in this study), the maximum CO2 conversion is 

comparatively low (~12%) whereas that of H2 remains high (> 95%) at the CO2-FT temperature 

range. Nevertheless, the CO2 conversion determined experimentally does not even approach these 

values due to sluggish kinetics, diffusion constraints and high ohmic resistances, which are 

reflected in high ASRs. The extremely low CO2 conversions obtained after 3 h in this study are 

attributed to the batch operation with small surface area of the MEA that does provide enough 

electrocatalytic sites for the cathodic and anodic reactions, the ohmic losses that hindered the 

transport of protons from the cathode, and the concentration overpotential that is associated with 

mass transfer limitations [412,413]. 
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9.2.   Recommendations 

Considering the findings of this thesis, several topics for follow-up research could be performed 

to improve the electrocatalytic performance of the pressurized H-SOEC: 

 

(a) Implementation of continuous operation. 

During the course of this investigation the electrochemical reactions were always performed in  

batch mode. The batch operation without stirring within the pressurized H-SOEC impose 

significant mass transfer limitations, which are partially responsible for the modest electrocatalytic 

performance observed. Additionally, with the continuous operation,  separate reactors can used for 

electrochemical water splitting and thermos-catalytic Fischer-Tropsch synthesis. The spatial 

decoupling of the electrochemical and catalytic processes can provide benefits over the 

conventional integrated high pressurized cell design, as demonstrated by Le [194] in a recent thesis 

for the production of ammonia.  

 

(b) Use of in-operando characterization for carbide analysis. 

Working with iron carbides remains a challenge since these materials are sensitive to air and its 

passivation before characterization can lead to erroneous conclusions. In-operando XRD and XPS 

analysis could be useful to determine the species formed after carbothermal reduction without the 

issue of air exposure. Moreover, these techniques could provide more insights about the 

mechanism for the electro-chemical conversion of CO2 on active cathodes of H-SOECs [417]. 
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(c) Utilization of advance ceramic technologies to produce mechanically resistant thinner proton 

conducting solid electrolytes. 

The electrochemical performance of the H-SOEC was considerably limited by the ohmic loss 

associated with the utilization of a thick electrolyte. During the course of this research, thinner 

solid electrolytes were tested but they cracked upon exposure at elevated pressions. In order to 

obtain more robust electrolytes, it is recommended the combination of isostatic and uniaxial 

pressing for die compaction. For this process, the utilization of lubricants can also be beneficial to 

obtain a higher and more uniform packing density, which leads to more robust solid electrolyte 

disks [418].  

 

(d) Addition of alkali promoters to the iron based cathode and utilization of H2 

The addition of alkali promoters such as potassium in small quantities can contribute to the 

production of long chain hydrocarbons. These promoters can be impregnated on the porous 

structure of the cathode, facilitating the dissociation of CO2. Even though the EPOC effect was not 

identified in the pressurized H-SOEC, it is reported that the co-occurrence of electrochemical and 

chemical promotion can facilitates the conversion of CO2 [411]. The utilization of H2 as a reactant 

gas in the cathode is necessary to study this electrocatalytic phenomenon. 

 

 

 
























































































