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[bookmark: _Toc69129346]Abstract
The development of commercially viable Solid Oxide Fuel Cells has presented a series of complex materials challenges that need to be overcome. Most notably under the elevated operating temperature of SOFCs (T ≥ 800 °C) the fuel electrode catalyst sinters to reduce its surface energy leading to diminished stack performance. High surface area nanostructured infiltrated electrodes have been developed to accommodate for this performance loss. However, current infiltrated systems are also prone to catalyst coarsening. To ensure these materials can withstand the harsh reductive conditions at the anode extensive work needs to be done on characterising the catalyst sintering mechanism and mitigating it. 
 In this thesis the impact of different processing steps on the early stage (t ≤ 50 h) degradation of infiltrated Ni-YSZ electrodes has been investigated. This included the characterisation of the first use of an inert N2 drying atmosphere on infiltrated Ni-YSZ symmetrical cells samples to control the particle size and dispersion of the catalyst. This included tracking the crystallite size changes across the first 3 h of ageing using the Debye-Scherrer equation.  Drying under a Nitrogen atmosphere showed a 20 % reduction in the Ni crystallite size in comparison with air-dried cells leading to a 1.5 % increase in the percent dispersion for the N2 dried nanoparticles. The formation of these smaller particles was linked to an egg-shell drying model is presented from Scanning Electron Microscopy and Fourier Transform Infrared spectroscopy data. 
The impact of utilising different current collector materials (Ag, Au, NiO) on the electrochemical impedance spectroscopy of infiltrated symmetrical anodes was also investigated. Nickel oxide produced the lowest polarisation resistance over 50 h of ageing.
In addition, Ptychographic X-ray Computed Tomography was used to quantify the microstructural changes of present in infiltrated Ni-YSZ pillars between 0-4 h of ageing. This entailed the first successful phase segmentation of the catalyst, ceramic and pore phases for infiltrated fuel electrode samples from an in ex-situ snapshot imaging procedure. This included tracking the nickel migration towards the triple phase boundary and pore blocking also imaged with FIB-SEM. This led to the identification of the infiltrated nickel coarsening mechanism as particle migration coalescence at ageing times after 2h.
Overall, this work demonstrated the potential of utilising an inert drying step to control the dispersion and size of infiltrated fuel electrode catalysts. The PXCT dataset has highlighted the importance of phase quantification on the degradation characterisation of infiltrated SOFC anodes. Further work is needed to optimise these processes to inform future sinter resistant SOFC electrode designs.
[bookmark: _Toc69129347]Chapter 1: Introduction
Solid oxide fuel cells (SOFCs) are a key technology for clean energy production. Their stackable design, variable operating temperatures and ceramic components makes them exceedingly efficient (>90% in combined heat and power units) [1]–[3].
The fuel electrode in SOFCs usually consists of a cermet material made up of an electro catalyst (usually nickel) supported on an oxide ion conductor such as YSZ (8 mol % Y2O3/ZrO2). Since their discovery over half a century ago, these cermet (ceramic matrix with metal particles )materials are still a mainstay as SOFC anodes [4].  
Over the past two decades, infiltration has been a key method of electrode manufacture in solid oxide cells (SOCs)[5]–[8]. By decorating the surface of a ceramic electrode backbone with nano-scale catalysts the active area of SOFCs are known to increase [9], [10]. Despite high initial power densities these cermet structures are susceptible to degradation during the high temperature operation synonymous with SOFC use (800-1000 °C). These temperatures facilitate rapid reaction kinetics and oxide ion conduction in the YSZ phase. Under these conditions decorated nickel nanoparticles sinter in a bid to reduce their surface energy, transitioning to a lower energy state and as a result diminish their high active area.
For SOFCs to be cost effective, maintaining the high-power densities associated with infiltrated electrodes is vital. This thesis explores the impact of modifying infiltration and drying methods to combat nanoparticle sintering.
[bookmark: _Toc69129348]1.1 	Historical Background and development of Fuel Cells
The first fuel cell reaction was performed by Sir Humphrey Davy in 1802 [11]. This was followed by Sir William Grove Grove’s “Gas Voltaic Battery” (GVB) one of the first fuel cell prototypes in 1839 [12]–[14].  The GVB used H2 as a fuel and oxidised this with oxygen passed through a sulphuric acid electrolyte. During the hydrogen oxidation reaction, a current was observed in an external circuit connected to the GVB. Grove concluded that the interaction area between the gases, electrolyte and electrodes held the key to this reaction but could not provide the evidence for this theory [12], [13]. This theory was validated over 50 years later by Ostwald in 1894 [15]–[19].
Utilising the principles outlined by Ostwald, the first use of a solid electrolyte (zirconium) was demonstrated by Nernst in 1900 [1], [20]. Nernst also derived the potential of an electrochemical cell based on its reactive species; this can be found below in Equation 1.1. This reaction is key in both fuel cell and electrolyser units. Nernst equation for the Voltage, U of a cell, where Uo is the standard electrode potential, R is the gas constant, T is temperature in degrees Kelvin, n is the number of electrons, and F is the Faraday constant [1], [20]. The square brackets denote the activity of either the reducing or oxidative species in solution.
[bookmark: _Ref517101826]
[bookmark: _Ref50630226]Equation 1.1
Key fuel cell development milestones in the 20th century mostly focussed on the optimisation of reaction kinetics utilising either high temperatures or catalysts. The first molten carbonate fuel cell was produced in 1921, this was one of the first demonstrations that a fuel cell electrolyte did not have to be a liquid (Figure 1.1) [20]. Despite being a large innovation in terms of cell construction, Baur struggled to overcome the corrosion issues associated with using a hot molten electrolyte [20].
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[bookmark: _Ref50631613][bookmark: _Toc69114905]Figure 1.1 Diagrams of the coal based fuel cells developed In the Baur laboratory from 1921 to 1937[20]
In a bid to avoid expensive catalyst metals such as platinum in fuel cell reactions, Francis Bacon used nickel-based electrodes during his development of Alkaline Fuel Cells (AFC) from 1932–1939 [21]. For Bacon, the high cost of Pt catalysts was the main barrier to the commercial adoption of fuel cells. Nickel was selected as it possesses a high affinity for the oxidation of hydrogen. This combined with the aqueous KOH electrolyte, 200 °C and 5 MPa of operating pressure led to the production of a system with a power output of 5 kW in 1959 (Figure 1.2) [21].
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[bookmark: _Ref50631790][bookmark: _Toc69114906]Figure 1.2: Photograph of the stacked Francis Bacon Alkaline Fuel Cell from 1959 [21].
Important events concerning the research and creation of the major fuel cell types can be found in Figure 1.3 and are discussed in Section 1.2.2.
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[bookmark: _Ref50631864][bookmark: _Toc69114907][bookmark: _Hlk50379628]Figure 1.3: Timeline of important events in the conception and production of different fuel cell types across the past 180 years [14], [16], [20]–[24]
[bookmark: _Toc69129349]1.2	Overview of Fuel Cell Technology 
[bookmark: _Toc69129350]1.2.1	Basic Fuel Cell Operating Principles
A fuel cell is an electrochemical device which both reduces and oxidises air and fuel components at the cathode and anode which release electrons which can be cycled to do useful work [1], [17], [22].

[bookmark: _Ref50626015]Equation 1.2

[bookmark: _Ref50626055]Equation 1.3

[bookmark: _Ref50626192]Equation 1.4
Fuel cells (FCs) operate by converting chemical energy into electrical energy. Electricity is produced by movement of ions thus creating a potential difference (Figure 1.4). Oxygen at the cathode is reduced forming oxide ions which pass through the ionically conductive electrolyte to the fuel electrode (Equation 1.2 Equation 1.3). These ions then react with the fuel at the anode releasing electrons which do useful work in an external circuit before returning to the cathode. The fuel and oxidant combine to form water (Equation 1.4). In this case the free energy change in FCs (ΔG) is associated with the unidirectional movement of these free electrons [1], [17], [22].
Electrochemical devices are limited by Carnot heat efficiency unlike other electrical energy production methods such as nuclear fission, coal, and natural gas. Maximum energy conversion efficiency in a perfect electrochemical system is denoted by and is derived from the movement of the delocalised electrons [17]. The free energy change at the operating temperature is denoted by ΔG and the enthalpy under defined standard conditions by ΔH⁰ (Equation 1.5) [17].
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[bookmark: _Ref517095058][bookmark: _Ref518309231][bookmark: _Toc69114908]Figure 1.4: Diagram of the operating cycle of a fuel cell with a proton conducting electrolyte. Adapted from Appleby [16]
In the case of FCs highly abundant fuel sources can be used i.e., H2 and O2 to produce water and power. Most fuel cell systems use hydrogen as the fuel with oxygen being the oxidant. 

[bookmark: _Ref50632387]Equation 1.5
The power output of fuel cells can be varied by stacking separate cells in parallel but unlike other electrochemical devices fuel cells can operate for periods of up to 4 years by connecting new fuel sources. In the case of competitors such as batteries there are a finite number of charge-discharge cycles that can be performed before their internal electrode structure breaks down.
The different forms of fuel cell are split by their operating temperatures and largely their electrolyte phases and compositions. Fuel cell nomenclature is based upon the electrolyte material used in each system. These control their reaction kinetics and power outputs. Most fuel cells use a combination of H2 and O2 as their fuel and air reactants, respectively.
[bookmark: _Toc69129351]1.3 Solid Oxide Fuel Cells (SOFCs)
Solid oxide fuel cell (SOFC) research can be traced back to Baur and Prier in 1921 with their work on zirconium solid electrolytes. With further developments in 1959 by the Central Technical Institute in the Netherlands [11], [20].
SOFCs are fuel cell systems in which all the major components: anode, cathode and electrolyte consist of solid ceramic materials. In contrast to the basic fuel cell shown in Figure 1.4 oxide ions O2- are transported from the cathode to the anode through the solid electrolyte. 
The use of ceramic materials facilitates the use of operating temperatures between 650-900 °C which promote fast reaction kinetics and energy efficiencies of up to 85-90 % in combined heat and power systems (CHPs) (Figure 1.5). Due to their high reaction rates, SOFCs in contrast with other fuel cell technologies do not need to use precious metal catalysts (i.e. Pt in AFCs, PEMFCs, DLFCs) [25], [26]. In addition, the use of solid electrolytes in SOFCs means they do not possess the spillage risks inherent with caustic liquid electrolytes like the KOH seen in AFCs [17], [22].
The field of SOFC research has continued to grow rapidly over the last six decades. This is highly evident as more SOFC publications have been produced in the past 7 years (2011-2018) than the previous 50 years (See Figure 1.6) [27].
Stationary power generation has been the main application of SOFCs due to their high densities and ability to co-generate electricity and heat. These systems are attractive in for power in residential areas due to their low emissions, lack of noise and low maintenance costs. One of the largest profile SOFC companies Bloom Energy has installed 200 MW of fuel cell stacks in the USA [28]. The company installed its fifth fuel cell stack for Ikea in 2017 [29]. 
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[bookmark: _Ref50641884][bookmark: _Toc69114909]Figure 1.5: Energy efficiencies of different fuel cell types in combined heat and power units [3], [30]–[32]
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[bookmark: _Toc69114910]Figure 1.6: Number of publications relating to SOFCs available on the Scopus search engine from January 1961- June 2018 [27] 
SOFC stacks form 10 % of the largest commercial project involving residential CHPs [29], [33]. The Japanese Ene-Farm project is considered the most successful rollout of public use solid oxide fuel cells since its’ inception in 2009 with 22,000 SOFC units [29], [33]. 
Despite these highly favourable efficiency statistics there are numerous disadvantages with using such high temperatures. A typical solid oxide cell is expected to operate for 40,000 hours, hence the use of ceramics due to their high thermal stability [34]. However, under these high temperatures microstructural changes in the electro catalyst degradation can cause electrical losses and eventual shorting [17], [22], [25]. Combined heat and power systems also possess heat up times of up 24 hours which could mean that SOFCs would have to be combined with other fuel cells to produce immediate power [29], [33].
[bookmark: _Toc69129352]1.4	Applications, Advantages, and Developments in Fuel Cell Technology
Fuel cells are becoming more popular in a variety of applications namely: portable, transport and stationary power generation [25], [33], [35]–[39]. The commercialisation of fuel cells hinges on the decreasing the production, maintenance and infrastructure costs associated with the hydrogen economy [21], [31], [40], [41].
Portable electronics are a key part of modern life. As user demand get increasingly complex, battery lifetimes for devices such as laptops or mobile phones decrease rapidly. PEMFC portable recharging units have been released by companies such as Intelligent Energy (UK) and MyFC (Sweden) in the past 2 years (2000 h cycling) [42]. The operating range of 1-10 W PEMFCs means that these systems are ideal for this application. As described in Section 1.5.3 the commercialisation of fuel cells will require them to be competitive in terms of cost compared to traditional energy production methods. The low weight of PEMFC stacks lends them to both portable and transport applications [43].
Start-ups such as Bramble Energy are integrating established portable circuit board production methods to reduce the manufacturing cost of portable PEMFC units. They estimate that this will reduce manufacturing costs by up to 20 % and that iterative prototypes can be manufactured in under 2 weeks [44]. This could be key in closing the gap between the cost of energy between PEMFCs and traditional production methods.
Electric vehicles have generated large interest in the media as possible replacements for internal combustion engine (ICE) cars. In the past 5 years 2 FC cars are available in the UK market the Toyota Mirai and the Hyundai Nexo [45]. Both cars utilise PEMFCs. The Toyota Mirai’s 5 kg H2 fuel tank costs between £50-75 to refill making the Mirai more expensive than similar model ICE cars [45]. This underlines the need for investment in FC manufacture and general H2 infrastructure [3], [25], [46]. Hyundai anticipate that the global fuel cell car market will grow over 80 times between 2018 and 2030 [45].
Heavy-duty vehicles such as lorries or buses have been unveiled in the past year by various fuel cell companies. Hyundai is developing a fuel-cell powered lorry. PEMFC stacks for vehicular applications have a predicted lifetime of 2000 h of cycling [47]. This is 4 % of the expected lifetime associated with fuel cell systems suitable for stationary applications [48], [49].
High temperature fuel cells such as SOFCs lend themselves to stationary/ heavy duty applications due to two factors: their high densities leading to increased transport costs and their high power efficiencies in comparison with non-solid electrolyte fuel cells [25], [50]–[52]. Companies such as Bloom Energy in USA have taken orders for high profile companies such as Apple and Ikea in the past 2 years [28], [53].
[bookmark: _Toc69129353]1.5	Solid Oxide Fuel Cell Components
[bookmark: _Ref523403163][bookmark: _Toc69129354]1.5.1	Electrolyte
The electrolyte is one of the three most critical components in an SOFC. The electrolyte provides the system with a pathway for oxide ions to travel to the fuel electrode whilst also being an electronic insulator. In addition to its functional properties, this region must be highly stable under reduction, oxidation, and high temperatures [22], [38], [54]–[57]. 
Few materials possess this unique blend of functional, chemical and mechanical properties however stabilised fluorite oxides such as yttria-stabilised zirconia (YSZ, Y2O3(0.08)-ZrO2(0.92)) have been a mainstay since 1959 [25], [58]. Its O2- ion conductivity of 0.1 Scm-1 at 800 °C (0.13 Scm-1 at 1000 °C) is the benchmark for any potential electrolyte material [25], [57]–[59]. Additionally, YSZ is highly stable under REDOX atmospheres further cementing it as one of the best SOFC electrolyte materials.
Ceramic fluorite oxide materials have been the predominant options for electrolyte layers in SOFCs. Their high number of via oxide ion vacancies and ability to create more of these vacancies via intrinsic doping makes them ideal for the ionically conductive membrane [23], [60], [61].
Other doped fluorites have also been investigated as SOFC electrolyte materials. Scandium-stabilised zirconia (Sc2O3(0.11) -ZrO2(0.89), SSZ) has been reported to possess twice as high O2- conductivity than YSZ at 850 °C [62]. Despite this, SSZ has some inherent disadvantages in comparison with YSZ. The chemical and functional stability of SSZ is lacking at typical SOFC operating temperatures as impurity phases can form which contributes to conductivity degradation [25], [62]. The largest downside is the cost of scandium oxide, Sc2O3 which is over 200 times more expensive than that of Y2O3 (£819.71 /kg Sc2O3, £3.49 /kg Y2O3) due to its scarcity and lack of reliable sources [63]. Unless there is a large decrease in price, scandium-based electrolytes are highly unlikely to be used as SOFC electrolytes.
Gadolinium-doped ceria (Ce0.9Gd0.1O2-δ, GDC) has been an electrolyte material of interest for SOFCs operating at intermediate temperatures (500-700 °C) [3], [35]. However, the dopants in these materials can be costly.  Gadolinium costs almost 10x times more than yttrium oxide and cerium oxide is also over 20 % more expensive than yttrium oxide (£33.43 /kg Gd; £4.25 CeO2 /kg) [35], [63]. These concerns with costs are echoed in other doped ceria materials such as samarium-doped ceria.
[bookmark: _Toc69129355]1.5.2 Electrode
The electrodes on both sides of the electrolyte have been a source of constant innovation in the SOFC research. This has been largely due to the discovery of cermets almost 50 years ago [57]. Cermets consist of metallic particles embedded in a ceramic matrix this system possesses much improved gas percolation routes (due to the presence of pores) consequently improves the percolation of incident gases through the scaffold [64]. These materials dramatically changed the SOFC electrode landscape as mixed ionic and electronic conduction (MIECs) were now key electrode property. Additionally, adding the electrolyte material a key electrode component has helped reduce mechanical stresses originating from thermal expansion coefficient mismatch [25], [65].
Co-sintering is the most popular method of fabricating cermet materials. This product method revolves around either the mixing of two constituent powders or combining these powders with pore formers. In the case of Ni/YSZ anodes, NiO granules are reduced to Ni catalyst particles on surface of the Y2O3-ZrO2. However, this process is done at 1000 °C and earlier sintering steps are done at temperatures up to 1400 °C [1], [8]. These can cause issues from catalyst sintering especially in nickel [66]–[68].
In the last 20 years the power output of SOFC electrode materials has been vastly improved by the implementation of infiltration [8], [69]–[71]. This alternative MIEC production method avoids the high sintering steps associated with co-sintering. The electro catalyst is injected as a solution into a pre-fired porous ceramic scaffold. The solution penetrates deep into the sponge-like pores coating the scaffold in metallic nanoparticles [8], [69]–[71].  After a soaking period, the scaffold is dried to remove the liquid phase which results in a decoration of metal nanoparticles on the surface of the sample. The high catalyst surface area present in infiltrated electrodes translates to high initial power densities (Figure 1.7) [72].
All of the infiltrated SOFCs assessed in Figure 1.7 (4-9) have not been assessed for a period longer than 1.5 kh which is 3.75 % of the target 40,000 h[3], [73]. This is not representative of the overall operating lifetime and thus linear degradation rates are assumed to provide the %/kh degradation rates provided.


[bookmark: _Ref50645543][bookmark: _Toc69114911]Figure 1.7: Comparison of the power densities and degradation rates of commercial SOFCs (1-3) with infiltrated cells. All the data sets used SOFC stacks operating at 800 ⁰C, H2 as the fuel, and Ni-YSZ fuel electrodes (4-9) [4], [74]–[80]
Despite the obvious initial benefits of wet impregnation, the infiltrated nanoscale catalyst has a high affinity for coarsening to reduce its surface energy [72], [81]. This results in de-wetted dead zones and a huge reduction in performance in the first 500 h of cycling. The high thermal stability of the ceramic components is in stark contrast to the behaviour of their electro-catalyst and interconnect components during operation. Electro catalyst sintering is a major factor as to why SOFCs do not operate for their 4-5 year projected lifetimes [32], [41], [82].
1.5.2.1	Cathode
An SOFC oxygen electrode must be capable of both ionic and electronic conduction. The materials involved must have an affinity for the oxygen reduction reaction (ORR, Equation 1.6) and additionally be stable under typical SOFC operating temperatures (800-1000 °C) [70], [83]–[85].

[bookmark: _Ref529191986]Equation 1.6
Cermet composite cathodes have been utilised to great effect in SOFCs. Materials such as LSCF (La Sr Cobalt Ferrite) have been utilised successfully as oxygen electrodes. LSCF suffers from stability issues stemming from the segregation of strontium to grain boundaries [86], [87]. This forms an insulative phase which blocks the conduction of electrons and can stop the adsorption of oxygen.  Detrimental secondary phases can form at temperatures approaching 400 °C [87].
The oxygen electrode has been the most widely studied electrode for SOFCs. Oxygen electrode supported SOFCs have been proven to maximise the power density (Wcm-2) of SOFC stacks. However, the high cost of electrolyte and cathode supported SOFC systems has led to the anode being the used as the support electrode as it provides a compromise between power density and cost [88], [89].
1.5.2.2	Anode
As the principal location of the hydrogen oxidation reaction (in H2/O2 SOFCs) the anode requires almost identical properties to the cathode i.e. high stability, electrolyte compatibility and electrical conductivity [17], [22], [34], [90]. The major difference against the cathode is that its electrochemical activity is focused on hydrogen so the anode needs to be stable under reducing conditions [1], [25], [91]. The anode can also be known as the fuel electrode as the fuel is the incident hydrogen gas. There are various combinations of anodes covered in recent literature, but the most popular composition has been the nickel/ yttria stabilised zirconia (Ni/YSZ) system [25].
The fuel electrode is an integral SOFC component which has been highlighted by the switch from electrolyte-supported to anode-supported cells in the last 20 years (Figure 1.8) [92]. This means that the reduction of the anode-specific resistance (ASR) and fuel electrode specific degradation has become paramount for the commercialisation of SOFCs. Interconnector supported cells have also been studied, however these use costly thin film deposition techniques [93]. Ferritic stainless steel supported cells have been the focus of Ceres Power to reduce resistances from the three parts [94]. 
[image: ]
[bookmark: _Ref50646224][bookmark: _Toc69114912]Figure 1.8: Diagrams of the reduction of electrolyte thickness and move to anode-supported designs for SOFCs: a. Electrolyte supported b. Anode supported, c. Interconnector supported stack [93], [95]
Anode triple-phase boundaries (TPBs) are the positions where fuel oxidation occurs in SOFCs (Further information can be found in Section 2.3.2.1).  This region combines electrons, oxide ions, fuel gas, electrode material and electrolyte forming water (Equation 1.7) [17], [22]. Microstructural factors such as the electrode porosity, pore size, pore distribution and active catalyst area are key to the anodic polarisation resistance in SOFCs [25], [57].

[bookmark: _Ref50629431]Equation 1.7
SOFC anode cermet materials
Initially, pure nickel was used as an anode material in SOFCs. However, despite its high electronic conductivity (2x105 Scm-1); nickel suffers from thermal expansion mismatch with the electrolyte reducing its effectiveness as a SOFC fuel electrode [25].
This solution to this problem was proposed in 1970 by a patent from Spacil [96]. The first SOFC Ni/YSZ cermet was produced by sintering a mixture of ceramic oxide and metal powders together. This combined the mechanical and thermal stability associated with the ceramic with the catalytic activity and electronic conductivity of the metal. Porous Ni/YSZ fuel electrodes exhibit an electronic conductivity of between 102-104 Scm-1 which far exceeds the 102 Scm-1required for an SOFC electrode [25]
[bookmark: _Toc69129356]1.5.3	Barriers to SOFC Commercialisation
With solid oxide cell design moving towards anode-supported designs, the sintering of electro-catalysts in both cermet and infiltrated fuel electrodes is a major degradation mechanism in SOFCs. In wet-impregnated systems, the active area of the catalyst is higher than that of cermet systems leading to high power densities. However, the issue of electro-catalyst sintering is more keenly felt in wet-impregnated systems as the infiltrated media reduces surface interfacial energy by coarsening. Degradation rates per 1000 h cycled of SOFCs utilising infiltrated electrodes are rarely published. The degradation problems associated with infiltrated electrodes manifest themselves so acutely that none of these electrodes can meet degradation <1 %/1000 h rate target [59], [97].
Degradation issues such as this combine with expensive manufacturing, maintenance, and operating costs. Anode manufacture alone can cost between £113-225, depending whether the manufacturing is based on nitrate decomposition or co-sintering ceramic powders [55], [98]. According to one parametric study on Japanese SOFCs, a cost per watt of electricity is £3.84 to break-even [99]. This requires that the 5-10 kW SOFCs involved had an operating lifetime of greater than 80,000 h. 
Scaling up SOFC unit production volume has been underlined as one of the key metrics to reducing the manufacturing costs associated with these units. Mass production of 1-10 kW systems is a landmark for the SOFC industry however, this can only be achievable once such systems can operate for a minimum of 4 years [3], [30], [73]. 
[bookmark: _Toc69129357]1.6	Materials Challenges for Solid Oxide Fuel Cells
SOFCs offer the highest energy efficiency of all the fuel cell types. Their high operating temperatures (800-1000 °C) are key as they promote fast reaction kinetics. For SOFCs to breach the mainstream electricity production market as a viable method, two major issues must be solved:
Firstly, SOFCs overcome their thermal degradation issues at high temperatures. This will enable SOFCs to fulfil the 4-5 year operating times set by industry. And secondly, SOFCs need to reduce the costs associated with these stability issues by increasing their power density [3], [100].
Various iterations have been made to SOFC design to either improve durability (% per thousand hours cycling) or increase power output (mWcm-2). The major materials properties are discussed in Chapter 2.
For SOFCs to be successfully deployed in a stationary power setting the price per kW of energy produced must be reduced under $1000 (£724) /kW of energy produced [101]. Currently, this reduction would occur around 2042 according to current US DoE estimates and 2032 assuming a linear reduction from the EUs estimates (See Table 1.1) [101], [102]. This underlines the need for continued power density increases via infiltration increase the commercial viability of SOFC stacks.
[bookmark: _Ref66114061]Table 1.1: Voltage degradation targets per 1000 h of operation for large-scale SOFC stacks from the US DoE and the EU FSH JU funding bodies between 2017 to 2050 [99], [101], [102]
	Country or Region
	Funding Body
	Year [% /kh]

	
	
	2017
	2020
	2024
	2030
	2035
	2050

	USA 
	Department of Energy (DoE)
	1.0 
	0.50
	N/A
	N/A
	0.30 
	0.20 

	Europe
	Fuel Cells Hydrogen Joint Undertaking (FCH JU)
	1.0 

	0.50 
	0.42 
	0.36
	TBA
	TBA


Table 1.2: Price per net kilowatt of energy produced by large-scale SOFC stacks from the US DoE and the EU FSH JU funding bodies between 2017 to 2050. The DoE target is £724 /kW [99], [101], [102]
	Country or Region
	Funding Body
	Year

	
	
	2017
	2020
	2024
	2030
	2035
	2050

	USA 
	Department of Energy (DoE)
	£1955 /kW
	£1086 /kW
	N/A
	N/A
	£869 
/kW
	£579 /kW

	Europe
	Fuel Cells Hydrogen Joint Undertaking (FCH JU)
	£2575
/kW
	£1717 /kW
	£1288 /kW
	£1030 /kW
	TBA
	TBA



[bookmark: _Toc69129358]1.7	Thesis Outline
[bookmark: _Toc69129359]1.7.1	Aims
This thesis aims to address the catalyst sintering issue present in infiltrated fuel cell anodes:
Objectives
· Produce sinter resistant anodes using gas drying steps
· To reduce the anode specific resistance degradation rate using drying atmospheres to reduce the impact of nanoparticle coarsening rate in infiltrated SOFC anodes
· Monitor, identify, and quantify the early-stage sintering mechanisms exhibited by nickel nanoparticles 
[bookmark: _Toc69129360]1.7.2	Outline
This document is split into 7 chapters. Chapter 1 covers the history and applications of fuel cells. In the second chapter a literature review is conducted assessing the status of infiltrated SOFC anodes. A breakdown of the experimental methods used is discussed in Chapter 3. The use of nitrogen drying atmospheres to control the dispersion, size, and electrochemical properties of the nickel catalyst in infiltrated YSZ fuel electrodes is discussed in Chapter 4. Chapter 5 details the impact of different current collector materials on the polarisation resistance of wet impregnated fuel electrodes.  Ptychography is used for the microstructural quantification of changes in nanoscale infiltrated electrodes during SOFC ageing in Chapter 6. Chapter 7 provides a short summary of this thesis and outlines routes of further study.


[bookmark: _Toc69129361]Chapter 2: Literature Review
[bookmark: _Toc69129362]2.1	Motivation
The high operating temperature of Solid Oxide Fuel Cells (650-1000°C) promotes high reaction kinetics and promotes total energy efficiencies of up to 85% in combined heat and power systems (CHPs) [3], [4], [31], [41]. Despite these highly favourable efficiency statistics there are numerous disadvantages with such conditions. A typical solid oxide cell is expected to operate for 40,000-50,000 h or between 4.5 – 5 years, hence the use of ceramics due to their excellent thermal stability [30], [91], [100]. However, current state of the art SOFCs struggle to produce the operating times stated above due to issues encouraged by the high operating temperatures and aggressive atmospheres [67], [103]. 
Four main sources of degradation in the fuel electrode are documented in the literature [103]–[106]. These stem from the environment, fuel, operation, and materials used [104].  The atmospheres utilised in an SOFC anode are highly corrosive and exert humidity’s exceeding 40 % due to the production of water during operation [107]–[110]. Catalyst poisoning via intermetallic formation or coking occurs during chemical reactions with the fuel [85], [111], [112]. The successive temperature and redox cycling during service promotes the expansion and shrinkage of the catalyst material which can lead to crack propagation and delamination of the electrode [57], [105], [113]–[115]. Lastly, the catalyst material (usually nickel) is susceptible to sintering, concurrently reducing the active surface area and reaction rates (Figure 2.) [1], [116]–[118]. 
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[bookmark: _Ref50903709][bookmark: _Ref51148709][bookmark: _Toc69114913]Figure 2.1: Ishikawa fish bone diagram detailing the four degradation paths for SOFCs. Adapted from Patel et al [104], [107], [111], [119]
The relationship between the cost of SOFCs and power density has been described by the US DoE SECA program as inversely proportional[3], [120]. For SOFC stack to be commercially competitive with other forms of energy production the price needs to drop to $44/kW (£33.25/kW) [3]. For this to be achieved the power density of the SOFC stack needs to quadruple from 0.5-2.0 Wcm-2 [3], [92], [121]. 
For wet-impregnated SOFCs to be competitive with their co-sintered counterparts, their power densities need to exceed 0.7 Wcm-2 [76], [77], [80], [122]–[125]. However, the poor thermal stability of infiltrated electrodes is hampering their adoption (power density degradations > 1% / 1000 h). This project focusses on understanding the deactivation mechanisms via catalyst sintering in wet impregnated SOFC fuel electrodes. 
This review discusses the degradation mechanisms present in infiltrated fuel electrodes and strategies to characterise the rate of degradation.
[bookmark: _Toc69129363]2.2	SOFC Anode production methods
The key research materials for anodes in recent times have been cermet materials. A cermet is a combination of metal ions in a ceramic matrix which possesses much improved gas percolation routes (due to the presence of pores) consequently improves the percolation of incident gases through the scaffold [64], [126].  For these systems to work optimally they must conduct both oxide ions and electrons (mixed ionic electric conductor, MIEC) (Figure 2.2) [1], [17], [64]. The ceramic provides the oxide ion conduction and the metal the electronic. The metal must form a conductive network so that the electrons can reach the external circuit. In the case of SOFC anodes the cermets in question also revolve around the Ni/YSZ system. The advent of cermet fuel electrodes for solid oxide fuel cells began almost 50 years ago [96].
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[bookmark: _Ref51324089][bookmark: _Toc69114914]Figure 2.2: Diagram of the mixed ionic electronic conduction system present in SOFCs. The oxide ions conduct through the electrolyte via an oxygen partial pressure gradient (). The red denotes the movement of the electrons via an external circuit doing useful work.  denotes the mobility of the oxygen vacancies,  [1], [17], [64], [127].
[bookmark: _Toc69129364]2.2.1	Powder methods
Conventional SOFC electrodes are produced by ball milling and co-sintering. The constituent powders are mixed with or without a pore former. In Ni-YSZ production this is usually a combination of nickel oxide and yttria-stabilised zirconia of a Ni/Y2O3-ZrO2 cermet anodes revolve around either the mixing of two constituent powders or combining these powders with pore formers. The NiO granules are reduced to Ni catalyst particles on surface of the Y2O3-ZrO2. This process is performed at 1000 °C after earlier co-sintering steps (at temperatures up to 1400 °C) [1], [8], [91].
The high temperatures involved in co-sintered cermet anode production provide the catalytic media with excess thermal energy. In a bid to reduce this surface energy; the catalyst particles sinter to transition to a lower energy state [118], [128]–[130]. This leads to grain growth in this phase which concurrently reduces the electronic conductivity of the network and the active area of the electrode.   
The coarsening issue is one of the key reasons that bulk cermet anodes exhibit power density losses  exceeding -1 % per 1000 h [131]. As many of the core electro-chemical reactions occur within the 10 µm anode functional layer (AFL) between the electrode and the electrolyte, catalyst sintering from the nano to the microscale reduces the activity of the anode considerably [132]–[135]. Additionally, the grain growth of the ceramic phase can hinder the distribution of Ni catalysts throughout the structure, consequently reducing the number of active triple phase boundaries and concurrently the maximum power density [105], [136]. 
In response to these issues SOFC anode research transitioned to produce a microstructurally tailored systems known as a nanostructured electrodes [108], [137]. These systems were designed to maximise the active triple phase boundaries present in the fuel electrode to increase the power density and decrease cost [3], [138], [139]. 
[bookmark: _Toc69129365][bookmark: _Toc474489922]2.2.2	Infiltration
Infiltration (also known as wet impregnation) has become one of the emerging technologies for nanostructured electrode fabrication [140], [141]. This technique involves the injection of a liquid solution of metallic nano-catalyst particles and complex agents to a pre-sintered porous substrate [64], [71], [142]. This solution coats the scaffold in metallic nanoparticles which also penetrate deep into the pores of the sample. Post soaking, the solvent is dried, and the resulting infiltrate is calcined resulting in a decoration of metal oxide nanoparticles on the surface of the sample (Figure 2.3) [8], [64], [143], [144].
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[bookmark: _Ref51148782][bookmark: _Toc69114915]Figure 2.3: A schematic of the infiltration process with diagram A showing the soaking period of the liquid phase and diagram. B showing the dried nitrate on the scaffold surface. C showing the decomposed decoration of metal NPs on the surface of the scaffold post calcination [7], [57], [145]
The flexibility of the wet impregnation technique means that it can be utilised to produce nanoscale engineered electrodes. This technique appears to have dominated in terms of producing infiltrated cathodes with various literature review having been published on the topic [7], [8], [144]. 
It is known in the field of surface catalysis that a larger number of reactive sites can be utilised by nanoscale particles. The drive to decrease catalyst size constitutes a concerted effort in the literature to increase the surface to volume ratio of said particles. As discussed; higher number of potential active sites from the nanoparticles produced by ion impregnation has been shown to increase the power density of SOFCs [9], [74], [146]. 
The benefits of this method are numerous. The simple process produces a high degree of functional control as the amount of catalyst is directly controlled by the number of separate metal salt depositions. The calcination and firing of the porous YSZ scaffold can also be done at lower temperatures preserving more acute functional characteristics. 
In addition, the increased porosity of the ceramic backbone in infiltrated electrodes reduces the effect of thermal expansion coefficient mismatch between the metal and the ceramic structure during operation. The avoidance of high temperature sintering steps means that this technique has a large degree of flexibility with the infiltrates that can be used.
The role of coordination number (CN) or ligancy in catalysis cannot be understated. This is the measure of the central atom and the number of atoms bonded to it [147]. For a Ni atom in the face-centred cubic crystal the (111) crystal plane has the highest stability due to it possessing the highest coordination number via cubic close packing (See Table 2.1 below). This means that the atoms in this plane are prime locations for catalysis and chemisorption with the fuel via electronic-state variance. However, if just highly coordinated bonds existed the activity of the system would behave more similarly to a bulk reaction.
[bookmark: _Ref65662431]Table 2.1: A breakdown of the stability of the separate Ni crystallographic planes. Assuming that the red adatom is central to the system. Adapted from Li et al [147]
	Crystallographic Plane
	Coordination Number of red atoms
	Diagram
	Crystalline Stability

	(100)
	8
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	Moderate

	(110)
	7
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	Lowest

	(111)
	9
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	Highest


The high surface area in nanostructured electrodes ensures that step sites exist between the first (111) layer, second (111) layer and the (110) plane. These exposed positions can increase the catalytic activity of the system as the catalyst can interact with the fuel with less chance of adsorption. Due to its high order the NiFCC crystal consists of large number of repeating step sites especially in the (110) plane which increases the activity of the catalyst [146], [148]. This interaction underlines how key the coordination number is to heterogeneous catalytic activity. In the terms of infiltration an increased number of exposed plane atoms with low CN values should lead to better performance. 
Solid oxide fuel cells do not need to produce water as the final by-product. Gases such as methane (CH4) can also be reformed during the operation of an SOFC. Methane is key to the construction of hydrogen however the deposition of carbon can also occur on Ni/YSZ anodes during this process. Ni/YSZ systems are certainly more suited to the hydrogen oxidation reaction. The infiltration of additional compositional elements can also improve anode’s tolerance to carbon decomposition as shown by Gavrielatos et al [149], [150]. During this study, the addition of between 1-5 at % silver in the infiltrate. What was interesting was the discussion of how the silver affected the system. At temperatures exceeding 800 °C the resistance of the anode to carbon deposition dropped, this was visible by the 25 mAcm-2 reduction in current density. This underlines the importance of the infiltration additions to the electrochemical properties. 
Infiltration also produces highly homogenised arrangements of catalytic NPs on the scaffold surface. The resultant microstructure is finer than those created by production techniques such as co-sintering and conventional powder mixing. Despite the obvious processing differences, the properties of infiltrated samples are superior to other anode fabrication techniques [5], [8], [71], [151].
Wet-impregnated samples with uniform distributions of NPs are highly replicable in comparison with other fabrication techniques. This assertion from the Liu literature review in 2013 was certainly supported by the work of Busawon [145], [152], [153]. 
Jasinski et al compared the co-precipitation (CP) and infiltration production techniques to create Ni/YSZ cermets [154]. The authors noted an 11 % decrease in the thermal expansion coefficient in the wet impregnated samples in comparison with the CP samples. This could prove advantageous in the terms of mechanical strength in SOFC stack as the fuel electrode is less likely to expand and eventually damage the other components in contact with it. 
The resistivity values produced by Haberko support the use of infiltration as a production technique for Ni/YSZ cermets as the use of this technique reduces the amount of catalytic reagent required for similar if not improved functional properties [154]. This inferred that at lower catalyst loadings the final microstructure is more impactful than the overall chemical constitution of the anode. 
As a fabrication technique which is relatively immature in comparison with convention ceramic processing ion implantation (infiltration) is known to be extremely time consuming. This is due to the repetition of multiple injection and drying steps to generate an acceptable amount of infiltrate loading on the being too low. Busawon also noted that the nickel catalyst particles were likely to be susceptible to isothermal degradation [155]. This assertion is explored further in Section 2.3.2. 
As nickel metal ions travel through the porous anode structure there will be a limit to how many ions can be incorporated in the cermet arrangement. It has been found that the percolation limits of a 1µm nickel powder is 30 vol % [83], [156].  For infiltrated nickel ions, which are nm in scale, the percolation limit is smaller at 9 vol %.  Busawon’s findings that infiltrated nickel appeared to improve the redox stability of the anode was postulated by Klemensø to be down this effect [157], [158]. 
These studies underline the importance of using characterisation techniques to help identify the microstructural effect of impregnating the scaffold with nickel metal catalysts. As infiltrated electrodes have the potential to be more stable than other anode production routes.
[bookmark: _Toc69129366]2.3	Mechanisms of Degradation
To understand the breakdown of the infiltrated SOFC anodes, the microstructural and electrochemical changes during both production and operation must be fully understood. For the wet impregnation of catalytic NPs this section of the literature review examines the various stability problems exhibited by Ni-YSZ anodes. 
[bookmark: _Toc474489929][bookmark: _Toc69129367]2.3.1	Electrode Fabrication: Precursor and Infiltrate decomposition
One of the major gaps in the wet impregnated SOFC electrode literature that has not been widely investigated is the mechanism of infiltrate decomposition and its impact on the catalyst distribution. The infiltration electrode processing technique is a batch process with several repeated steps revolving around the decoration of the metal catalysts on the porous scaffold (See Figure 2.4) [8], [137], [144], [159].
This may initially seem superfluous when considering the overall fuel cell electrode composition and its durability requirements, but the small factors matter. If the precursor does not decompose correctly this step is repeated multiple times leading to a stacking error built up in every separate routine. 
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[bookmark: _Ref23778087][bookmark: _Toc69114916]Figure 2.4: Flowchart detailing the processing steps used to produce an infiltrated SOFC electrode [8], [137], [144], [159].
In an ion impregnated SOFC anode the dispersal of the metal catalysts is key to the overall performance of the system. An infiltrated Ni/YSZ anode needs a continuous film of metal particles across the scaffold area to provide the foundation for large triple phase boundaries. This is achieved by producing a uniform coating of infiltrate and thus an even dispersal of nanoparticles during the soaking phase after the solution has been injected onto the sample. 
The consequences of producing a non-homogenous layer can be quite evident during the infiltration process as that repeated impregnation steps are required to produce the optimal catalyst to scaffold volume ratio.
The dispersion of the catalyst adatoms does hinge upon the wettability of the metal salt solution on the ceramic scaffold.  Transition metal nitrates have been a mainstay in the infiltrated fuel cell literature due to their solubility in water and supposed simple decomposition routes from nitrate to oxide using elevated temperatures. However, there is a significant body of work in surface catalysis which have illustrated that many pathways exist that map these steps. The drying and calcination steps are key to the catalytic properties of the infiltrated system and by extension in wet impregnated SOFC electrodes. 
2.3.1.1	Drying of the nitrate precursor solution
SOFC Electrodes
The drying process is hugely important in the production of infiltrated catalysts. The rate of removal of water in the infiltrate solution, is hugely impactful on the dispersion and size of the catalyst adatoms. 
The initial stages of fabrication dictate how the anode performs functionally. If the nickel infiltrate does not adsorb correctly onto the porous scaffold, this could cause early durability issues without even being electrochemically cycled. The effect of reducing the NP size has been well documented in improving electrochemical performance in anode. Despite this the investigation of drying on functional properties has been widely neglected in SOFCs. There is only one example in the past 5 years of precursor solution drying in SOFCs. 
Burye et al studied the effect of desiccation on infiltrate properties on the electrochemical performance of infiltrated LSCF (La0.6Sr0.4FeyCo1-yO3-x) /GDC composite cathodes. The nitrate precursor and Triton X-100 surfactant solution was desiccated with CaCl2 for 10h leading to a LSCF particle size reduction of 26 nm [160]. This kind of gain is huge in terms of electrochemical properties. As demonstrated by Figure 2.5:
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[bookmark: _Ref469566427][bookmark: _Toc69114917]Figure 2.5: A series of figures overlaid showing the effect of desiccation on the properties of infiltrated LSCF/GDC cathodes. All the desiccated Triton X-100 samples are in green. a) Plots the Polarisation resistance, RP against temperature of the three separate samples b) SEM micrographs of the GDC scaffold with LSCF adatoms on the surface c) The imaginary impedance plotted against the frequency impedance from the EIS cycling of LSCF/GDC [161], [162]. 
Figure 2.5 is a clear illustration of how impactful the fabrication process is to the properties of the oxygen electrode. By modifying the drying routine, the polarisation resistance was reduced by almost 45 % when compared to the undesiccated LSCF/GDC sample [163]. This is a large reduction in the polarisation resistance indicates that drying conditions do impact the functional properties of the electrode. However, the message of the paper is mixed as the use of citric acid-based precursors reduced the polarisation resistance even further than the desiccation. This work should be applicable to both infiltrated electrodes either side of the electrolyte. This conclusions of the Burye work illustrates the large amount of continuation research still required for wet impregnated SOFC anodes [163], [164]. 

This illustrates a large gap in the fuel electrode literature for examining the impact of drying on the dispersion and size of wet-impregnated adatoms. Additionally, how this impacts the electrochemical properties of the fuel electrode during operation also needs assessing.
Surface Catalysis
The work in surface catalysis scrutinising the impact of drying has focussed largely on the decomposition of transition metal nitrates supported on silica particles [165]–[171]. These adatoms are crucial for Fischer-Tropsch synthesis [172]. The major drying routine discussed in the past 10 years has around the optimisation of these catalysts by utilising a gas atmosphere during the drying step.

The De Jongh group (Utrecht, Netherlands) have led the field of surface catalysis in this area with a suite of papers discussing the impact of the drying atmosphere on the dispersion and size of wet impregnated catalysts [167], [173]–[176]. The major finding of this work was that the use of nitric oxide/helium flowing atmospheres helped produce smaller, more homogeneous nanoscale nickel particles.

Munnik summarised this work to describe the optimised conditions for producing catalysts with a high active area (size < 10 nm) and a resistance to sintering suitable for Fischer-Tropsch synthesis [177], [178]. Combining a drying temperature that exceeded 100 °C with a flowing nitrogen atmosphere produced the smaller cobalt oxide particles (7 nm in length) compared to those dried at 25 °C [177]. 
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[bookmark: _Ref49767158][bookmark: _Toc69114918]Figure 2.6: Diagram detailing the impact of utilising an inert drying atmosphere with an infiltrated SOFC electrode. Adapted from [177], [179]
The trialling of both temperature and atmosphere by the De Jongh group provides a robust framework to apply these drying conditions in a new field such as infiltrated SOFC electrodes to produce more active, sinter-resistant catalysts [165]–[171]. Figure 2.6 illustrates the expected impact of drying the metal salt solution in an infiltrated electrode using temperatures exceeding 100 ⁰C and a flowing inert atmosphere.
Despite the overlap between the research fields of surface catalysis and SOFCs in heterogeneous catalysis (Figure 2.7). The mechanism of particle formation during these drying steps has not been elucidated. 
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[bookmark: _Ref49767331][bookmark: _Toc69114919]Figure 2.7: Venn diagram detailing the similarities between the catalysts used in surface catalysis and infiltrated SOFC fuel electrodes [7], [8], [167], [173]–[176] 
Both sets of papers from Burye and Sietsma have emphasised their hypotheses that the infiltrate drying step is key to assessing how the overall anode material operates. Although both authors appear to be at very separate stages with their work [161], [174], [176], [180]. The evidence points to the decomposition of nickel nitrate hexa-hydrate forming basic intermediate salts which are then reduced in humidified hydrogen.

The effect of atmosphere on nickel dispersal has been raised by Sietsma and Wolters for nickel nitrate precursor solutions but there are key holes that need to be addressed. The major one being that there have not been any drying studies (either desiccation, thermal or atmospheric) on YSZ or any fuel electrode materials.

2.3.1.2	Nitrate Calcination 
The thermal decomposition or drying step is essential in any infiltration process; the solution (in this case nitrate ions) must be removed from the sample to isolate the desired metal oxide required for catalysis. The thermal breakdown (calcination) of nickel nitrate has been researched in the last three decades using a combination of thermo-gravimetric analysis, temperature programmed reduction and mass spectrometry to determine the identity of the gaseous products [181]–[184]. The cationic charge density of the nitrates was shown to possess a negative correlation with the decomposition temperature(TDecomp)[183]. These temperatures are shown in Table 2.1 below.
The literature value for the thermal breakdown of anhydrous nickel nitrate is approximately 300 °C which has been replicated in the TGA range which was between 282- 332 °C [181]–[184].  These values throw some doubt onto some of literature as to whether their decomposition temperature has been enough to fully decompose the precursor solution on the porous YSZ scaffolds. The other unanswered point is that the use of excessive calcination temperatures would impact the final decomposition products [183], [184].
[bookmark: _Ref49768096]Table 2.2: A comparison of the decomposition and reduction temperatures of various transition metal nitrate samples. Temperatures were calculated using thermogravimetric analysis and temperature-controlled reduction in a 10% H2/N2 atmosphere. The values for anhydrous nickel nitrate are highlighted. Adapted from Yuvaraj and Addison et al [184], [185].
	Sample Composition
	103 Charge Density (e/nm3)
	Literature Tdecomp
[K] 
	Tdecomp
[K]
	Tred
[K]

	Mn(NO3)2
	1.18
	473
	480±20
	510±15

	Co(NO3)2
	1.28
	543
	515±20
	515±20

	Ni(NO3)2
	0.83
	573
	580±25
	585±15

	Cu(NO3)2
	1.33
	563
	520±30
	550±15


The thermal decomposition step is credited for lowering the reduction temperature (TRed) of the nickel oxide via the back donation of electrons from the nitrogen-oxygen double bond to a vacant d orbital in the metal cation [183]. This results in a reduction of the nitrate bond order [186], [187].
Except for the TRed from the TGA and TPR investigations; there are no other characterisation techniques in the study which discern this process. Further investigation is required to confirm the effect of back donation of reduction temperature.
The infiltrate decomposition step is a major form of degradation prevalent in all infiltrated SOFC fuel electrode systems. Aqueous nickel nitrate ([Ni(H2O)6(NO3)2]) is one of the major precursor solutions used in the wet impregnation process [6], [188], [189]. This metal salt solution provides the catalytic nanoparticles required to produce an infiltrated Ni/YSZ anode. A drying step prior to decomposition is crucial to remove the excess solvent before the calcination of the nickel nitrate.  Equation 2.1 details the endothermic decomposition of nickel nitrate into nickel oxide, nitrogen dioxide and an oxygen radical [182] .

[bookmark: _Ref49768419][bookmark: _Ref51149075][bookmark: _Ref51161973]Equation 2.1
The oxygen radical is cancelled out by another oxygen radical to form diatomic oxygen molecules. This reaction is driven by the NiO produced in Equation 2.1. The products of this chemical reaction were observed in mass spectrometry work of Criado [182]. 
The formation of intermediate compounds during the thermal decomposition of nickel nitrate has been documents by surface catalysis literature. The breakdown discussed by Criado could not monitor the thermal breakdown of the nitrate under the influence of a range of temperatures[182].
Multiple investigations detailing the emergence of intermediates in other thermogravimetric analysis routines[165], [183], [190]–[194]. Brockner compared the thermal decomposition of Ni(NO3)2.6H2O against cobalt nitrate, Co(NO3)2.6H2O [195]. This study had direct comparability with the Yuvaraj paper as both used similar temperature ranges and identical reduction stage conditions (10% H2/N2)[183]. 
The Brockner methodology matches up better than its predecessor, for one major reason: the lower TGA heating rate used in both studies[195]. The heating rate used by Yuvaraj in 2003, was 10 Kmin-1 when heating the sample to temperatures exceeding 1000 °C [183]. When placed into context, the 2007 TGA investigation used a 0.7 Kmin-1 ramp rate which gradually reached a maximum of 500 °C [195]. 
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[bookmark: _Ref473893940][bookmark: _Toc69114920]Figure 2.8: TGA graph of the percentage mass loss versus temperature for nickel nitrate hexa-hydrate detailing the various steps for the thermal decomposition reaction. The dark line shows the thermal breakdown in a nitrogen atmosphere [192], [195]. 
The TGA graph from Brockner (Figure 2.8) is a prime example of this with separate interactions clearly visible [192]. The nickel nitrate intermediate Ni (NO3) (OH2)2 generated by the partial oxidation stages listed in the reaction analysis. This step liberates an electron from the nickel cation, which is key for production of these intermediate phases (Equation 2.2 )[165], [192], [195].

[bookmark: _Ref49768961]Equation 2.2
The excess positive charge generated during the formation of basic nickel nitrate intermediate salts is cancelled out during the reduction of the sample. 
These studies indicate that the drying of coordination complex systems such as hexa-hydrate, tetra-hydrate are not simple single step drying systems, illustrated by the higher drying temperatures used in the infiltration literature to remove the water from their samples. However, with such a high proportion of water ligands, it is more energetically favourable to split multiple times than removing all the ligands in a single reaction [196], [197]. This has been demonstrated with other transition metal hydrates [198], [199]. 
In contrast with earlier decomposition work a pair of papers by Sietsma et al discussed the impact of atmosphere on the decomposition of nitrate compounds [161], [174], [176], [180]. In these studies, a nitric oxide rich atmosphere was used during the drying step to determine whether the environment influences the nickel dispersion.
In addition, the findings from Sietsma et al pointed to the presence of basic intermediate phase Ni3(NO3)2(OH)4 when decomposing aqueous nickel nitrate on silica supports [169], [173]. The production of nickel nitrate hydroxide is thought to be a result of the drying step. 
Thermally decomposing the nickel nitrate precursor under the influence of a nitric oxide/ helium atmosphere was shown by differential scanning calorimetry to trigger the decomposition of nickel nitrate quicker than in air (Figure 2.9) [166], [176]. 
[image: DSC heat flow traces obtained during heating at 1 °C min−1 ramp of SBA-15 ...]
[bookmark: _Ref51149306][bookmark: _Toc69114921]Figure 2.9: Differential Scanning Calorimetry graph illustrating the effect of ramping at 1°C per minute on a nickel nitrate sample under different atmospheres. The grey trace line is the effect of ramping the nickel nitrate sample in air and the black line shows the effect of ramping the sample in a NO/He atmosphere [175]. 
Under different atmospheres the reactants change which produces a variety of products. This is shown by Equation 2.3 below  [169], [200]:

[bookmark: _Ref49776421]Equation 2.3
The key difference with this interaction is that an oxygen radical is not produced which promotes the reduction of NiO to nickel metal. Unlike in Equation 2.3 the nickel oxide rather than being first catalysing in the molecular oxygen recombination reaction. This method produces a readily reducible metal oxide ready for heterogeneous catalyst. 
The surface-specific activity of nickel coated silica (calcined in NO/He) increased by 30 % in comparison with the air calcined nickel coated silica sample. This activity change was reported for a soybean oil hydrogenation reaction [170], [177]. 
The findings of Sietsma were also supported by the Wolters et al study into the low temperature interaction of nitric oxide on nickel and cobalt nitrate solutions.  DRIFTS spectroscopy was used to study the impact of using a mixed NO/He atmosphere on the precursor solutions when they were heated at 350 °C [165], [201], [202]. These were compared with samples heated in a stagnant air environment for the same amount of time. 
At lower temperatures use of nitric oxide especially (1 % NO/He) certainly improved the rate at which NiO was produced on the silica scaffold which could prove telling to produce metal nanoparticle catalysts. Nitric oxide is thought to remove excess oxygen from the reaction this hypothesis was supported by the lack of an oxygen signal from the mass spectrometry after the final decomposition step[168]. 
The use of nitric oxide on the production of metallic nanoscale catalysts has not been explored for infiltrated fuel electrodes. SOFCs anodes differ in both the substrate porosity and material, which will impact the decomposition due to metal-support interactions [57], [116], [203]. Despite this these two studies have underlined the importance of pre-processing on the properties of the sample.
In addition, the influence of the decomposition atmosphere has also been highlighted in earlier papers detailing the effect of hydrogen on the reaction rate of nickel catalysts. The chemisorption of hydrogen onto nickel/silica substrates was shown to only depend on the active surface area of the catalyst [204], [205]. The effect of a reducing atmosphere on the decomposition of nickel nitrate was also demonstrated on Ni/Al2O3 substrates by Bartholomew et al [204], [205]. 
This work used a specialised decomposition procedure which started the decomposition of impregnated nickel nitrate with a thermal calcination treatment which was done in a hydrogen atmosphere. This distinct heating step was mapped using TGA to show the effect on the breakdown of Ni(NO3)2.6H2O using the combined heating regime. It must also be noted that the alumina pellets were used in this study. A direct comparison with this system with other studies is difficult due to the variety of decomposition regimes and substrates in use (Figure 2.10) [194], [204], [205]. 

[bookmark: _Ref51149619][bookmark: _Toc69114922]Figure 2.10: Mass change and decomposition temperature for a variety of nickel nitrate decomposition routines using TGA [190], [191], [194], [195], [204], [206], [207]. 

Prior to this experiment the only mention of combining the reducing step with the calcination step was a study of the hydrogenolysis of ethane using nickel catalysts on silica supports. This study found that the that nickel catalyst surface area was the only significant factor in the controlling the reaction rate. In terms of catalyst functionality this study underlines the importance of active area of chemical reactions but in terms of wet infiltrated anodes lacks some relevance. 
However, the mass change from a sample during the reduction step is easy to track across the separate studies. All the measurements were done using a thermogravimetric analyser and balance.
The work from surface catalysis has discussed the impact of the partial pressure of oxygen as a key factor to the formation of nickel oxide during the calcination process. The presence of excess oxygen in the reaction pushes the equilibrium reaction of the nickel nitrate to form nickel oxynitrate materials that hinder the rate of conversion to nickel oxide.
The determination of the true cause of degradation in nickel/ yttria stabilised zirconia is still a major goal for the SOFC research community. The large gap this leaves in the literature means that work revolving around SOFC durability should be made a priority.
The infiltrate drying step is key to assessing how the overall catalyst material operates [163], [170]. Although both authors appear to be at very separate stages with their work. The evidence points to the decomposition of nickel nitrate hexa-hydrate forming basic intermediate salts which are then reduced in humidified hydrogen. 
Despite growing evidence that drying increases the activity of catalysts via improved dispersion and reduced size [170], [171], [174], [176], [177], [180]. There have been no studies to date, investigating the impact of the drying routine on the properties of infiltrated Ni-YSZ fuel electrodes for SOFCs. The use of a flowing inert gas atmosphere will be investigated during this project.
[bookmark: _Ref37057650][bookmark: _Toc69129368][bookmark: _Toc474489930]2.3.2	Fuel Electrode Degradation during Operation
To fully appreciate the influence of degradation phenomena on the effectiveness of an SOFC anode the key performance metrics of an SOFC system need to be understood. One of the most influential criteria in all SOFCs electrode materials is the active area. 
The active area or triple phase boundary (TPB) is defined as the region in an SOFC where a major reaction occurs involving the electrode, electrolyte and gas phases [69], [208], [209]. This area of interaction between the 3 phases involved; is the principal location of the movement of charge transfer species namely electrons and oxide ions in an SOFC.
The conditions to produce a true TPB are quite restrictive [57], [137]. Vohs and Gorte assert that a 3-phase region exists only when the σionic and σel are matched between the electrode and electrolyte materials [57], [137]. Creating a large TPB has been one of the driving factors in producing cermet electrodes with the inclusion of YSZ as the ceramic phase. Implementing YSZ in both electrodes also helps reduce the deleterious effect of a thermal expansion coefficient (TEC) mismatch between the two electrodes and the electrolyte. It was found that 30 % open porosity is a required for the electrode to possess effective gas transport towards the TPB [154], [210]. 
The TPB region at the cathode involves the reduction of diatomic oxygen molecules to two oxide ions which then travel through the electrolyte towards the anode. On the fuel side the oxide ions meet at the TPB and react with the hydrogen fuel producing water. Additionally, this liberates 4 electrons which are transferred through the anode to an external circuit. See Figure 2.11 below:
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[bookmark: _Ref467841177][bookmark: _Toc69114923]Figure 2.11: Diagram detailing the two forms of TPB found in an SOFC with the red and purple circles indicating the cathode and anode sides respectively. The red arrow details the useful work of electrons in an external circuit. Adapted from Vohs and Shishkin et al [22], [137], [211]
The problem with using the active area as figure of merit for how effective an SOFC anode will perform is due to the varying definitions of the triple phase boundary and how to define it.
The three-phase boundary region is usually described in the literature as a length (a 2D line where all the incident phases interact). One of the most innovative modelling papers for calculating the TPB length (TPBl) was produced by Kenney et al in 2009 [135]. This study utilised coordinated number theory using randomly distributed particles to calculate the triple phase boundary length at the cathode/electrolyte/gas region. Although this model does not model the TPB found on the fuel electrode side of the TPB (Figure 2.11) it does discuss in some detail how the triple phase boundary is gauged. The model hinged on the movement of random distributed particles over a lattice where the process of TPB formation was simulated by the adhesion of a dropped particle onto units of 2 other phases. The adherence of this unit and creation of the TPB was represented by the coordinates of the centre points of the 3 spheres. 
In this simulation the TPB boundary calculated by multiplying the circumference of the large circle by the magnitude of sinθ1 (Equation 2.4) [212]. The hypotenuse is noted as length, d in Equation 2.4 which can be calculated by the 3D Pythagoras’ theorem:
 or simplified as 
[bookmark: _Ref49777630]Equation 2.4
The relationship between the triple phase boundary length and the circumference of 2 spheres can be expressed as (Equation 2.5) [212]:

[bookmark: _Ref51149831]Equation 2.5
One of the major advantages of this analytical approach is that it is relatively simple and works providing you have the appropriate particle sizes and other properties. However, this model also possesses some drawbacks.
Firstly, all the reacting particles in the model are considering to be spherical in shape which would certainly not be the case in terms of Ni and YSZ which could lead to issues in terms of dimensional accuracy. One of the key problems would also be the manner on which the particles interact. Other issues also manifest themselves for example this could invalidate the model in terms of how accurate it is in terms of dimensions. As the nickel catalysts in wet impregnated Ni/YSZ anodes are nanometres in scale this can cause an issue with imaging.
Density functional theory (DFT) has also been touted as a possible route for modelling the electrochemistry of the three-phase boundary. This method is more of an ab initio atomistic route to simulating the Ni/YZ interface. Early models used less than 20 particles with only one Ni atom [213], [214]. 
The TPB is the position where a large amount of charge transfer occurs due to the formation of water vapour, the movement of electrons and ions through the anode. This underlines the importance determining the amount of charge transferred to each Ni particle. This was calculated to be 1.16x10-20C, however the issues with models such as this is that it has not been confirmed by experimental data [214]. 
Since 1993 the general view from the literature that the poor adhesion of Ni to the YSZ interface has been a driving factor for the sintering conditions observed in SOFC anodes [57], [215]. This consequently decreases the amount of active triple phase boundaries present in the overall system volume which hinders the overall power output of the stack.
Other sources discuss the TPBl as a second order microstructural parameter with a similar impact to specific surface area. As discussed earlier the TPBl is highly dependent on the size of the particles involved.  These factors including the catalytic surface area and tortuosity are much harder to control.
Holzer et al used the centroid method to calculate the TPBl in the Ni/GDC cermet scaffolds [117]. The formation of gas percolation routes in the anode means that the initial measurements and calculations of this parameter are highly unreliable [109]. The particle size distribution used in this study focussed on the splitting of the nickel particles into discrete particles (PSDD). The shared voxels and pixels between the three phases constitute the calculation of the three-phase boundary. 
The key issues with using this form of analysis is that it is hugely time consuming to calculate the secondary parameters from the 3D-cubes which could result in highly unreliable results as there were not a huge number of TPBs being analysed by the estimation. Another problem could be cementing an accurate method for particle identification which is key to all these studies [109], [214], [216]. 
[bookmark: _Toc474489924]2.3.2.1	Nickel Coarsening
One of the key degradation issues for infiltrated fuel electrodes in SOFCs is catalyst crystallite sintering. The inherent problem in using metallic NPs as catalysts in such systems is an issue of coarsening as a function of temperature and time. The advantage of wet impregnation is that the impregnated catalyst has a very high surface area which leads to improved reaction kinetics.
However, in a typical SOFC arrangement the high operating temperature hinders the rate of reaction due to the decoration of metallic particles on the electrode surface. Under excessive temperatures the NP grain grow/ coarsen eventually causing the formation of a metallic layer over the electrode material. This layer prevents the adsorption and movement of gases into the electrode hence stifling the efficiency of the SOFC.
One of the earliest examples in the literature detailing nickel coarsening was done by Simwonis et al [68]. Although the sample was not a wet impregnated sample, the effect of nickel sintering in an uniaxially pressed pellet of nickel and yttria stabilised powder be useful in terms of the manner of which the degradation manifests itself. 
This event actually becomes more widespread in nickel infiltrated samples as the percolation threshold and amount of nickel catalysts are lower than conventional techniques which means that degradation problems such as sintering become more important as there is less of a margin for error i.e. with less active nickel sites and the same coarsening rate, more catalytic area will be affected by coarsening. This can also be described as a reduction in the contact between nickel adatoms [157], [217], [218]. 
This description appears to portray the nickel coarsening event as a fast grain growth event that begins to slow down as soon as the reactive species (i.e. the Ni NPs) become too few to fuel the peak coarsening rate.
This was demonstrated by Klemenso et al during their investigation of sintering inhibitors in wet impregnated Ni/YSZ anodes where despite the presence of these secondary phases the conductivity still decreased quickly over a short time period [219]. A relatively low loaded Gd doped CeO2 Ni/YSZ anode (the red line in  Figure 2.13) conductivity decreased by approximately 15 % across a time period of 240 h or 0.6 % of the total operating lifetime of an SOFC (if this is assumed to be 40,000 h). The speed of conductivity degradation in relation to nickel content can be visually portrayed in the Figure 2.13 below:
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[bookmark: _Ref468271031][bookmark: _Toc69114924]Figure 2.12: Conductivity profiles of Ni Conductivity profiles of carbon pore formed nickel infiltrated YSZ anodes with varying amounts of Ni infiltrate and inhibitor phases. The red line shows the addition of 5.86 vol % Gd-doped CeO2 (GDC), the blue line shows the addition of 2.04vol % GDC and the green line details the addition of 3.60 vol % TiO2 on the conductivity of the wet impregnated Ni/YSZ anodes [219]. 
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[bookmark: _Ref468275106][bookmark: _Toc69114925]Figure 2.13: Conductivity profiles of carbon pore formed nickel infiltrated YSZ anodes with varying amounts of Ni infiltrate [219]. 
Outlining what sintering mechanisms dominate during NP coarsening could be key to modelling how SOFC materials degrade under elevated temperatures. Hansen et al discuss the impact of Ostwald ripening (OR) or particle migration coalescence (PMC) as possible coarsening routes for catalytic NPs [220]. 
Hansen lists three general steps for the sintering mechanisms that occur in NP systems [118]: 
1. Rapid activity decreases when particle diameter, d < 3 nm
2. Reduction in sintering rate when 3nm < d < 10 nm
3. The catalyst reaches a stable dispersion (reached equilibrium position)
Ostwald Ripening or the diffusion of surface adatoms is controlled by the Gibbs free energy and the concentration of particles. PMC is the Brownian motion of the NPs on the surface of the substrate material. It was found that the PMC route does not dominate in metal NP/ceramic systems like those found in an SOFC anode. The samples tested (Pd/Al2O3 and Ni/Mg2O4) were held at 900 °C for 9 h and then consequently observed over 4000 h [220]. The NP mobility in both samples was attributed to the diffusion of surface adatoms which resulted in a change in the centre of mass of each particle. This diffusion type interaction supports OR as the key sintering route in cermet arrangements.
In the face of this evidence and experimental route, two questions arise in terms of how these findings impact SOFCs:
1. It is widely known that the degradation phenomena for SOFCs occurs in the early phases of heating. So, the 9 h initial temperature step be significant in terms of degradation of electrical properties and NP coarsening?
2. Does the cermet system composition affect which sintering mechanism dominates? 
From the modelling of major sintering mechanisms for metal NPs in cermets it also becomes apparent that morphology could also be a factor in terms of sintering. This underlines the importance of modelling crystallite growth. A highly detailed assessment of crystallite shape was undertaken by Borodzinski et al in 1997 [221]. In this work the two key catalyst factors that were assessed for correlation were mean particle size and dispersion. 
In any system involving heterogeneous catalysis the fraction of exposed surface atoms FE, can be described as the ratio between the surface catalyst atoms (NS) and the total number of catalyst atoms (NT) per unit weight of catalyst (Equation 2.6). Where NS and NT equate to the fractions described in Equation 2.7 and Equation 2.8  [221]:


[bookmark: _Ref49778557]Equation 2.6

[bookmark: _Ref51150244]Equation 2.7

[bookmark: _Ref51150245]Equation 2.8
Transition metals such as nickel were shown to favour icosahedral (111) and Cuboctahedra (100) morphologies. The authors discussed the finding that incomplete valence metal ions favoured the Cuboctahedra shape [221]. This finding is applicable to SOFC fuel electrode with the shape preference of the nickel phase displayed being analogous to the behaviour of infiltrated transition metal ions in infiltrated SOFC electrodes (i.e. Ni-YSZ) [222], [223]. However, these findings were gather using these assumptions:
· The crystallites were assumed to be perfect morphologies (Cuboctahedra and icosahedra) 
· The crystallites were classed to be perfectly uniformly distributed across the scaffold
The key issue with modelling stems from their reliance on assumptions which assume perfect behaviour. Further nanoparticle models utilising the  relative diameter (drel) averaged the effect of imperfect crystallites on the fraction exposed including non-nominal metal loading, partial metal poisoning by defects gases and the metal support interaction changing the particle shape [221].
In the case of Kennouche et al the number of microstructures that the Ni/YSZ system could possibly produce was limited to one [224]. This is a key example of how models may not truly represent the overall physical system. Regardless of the flaws with the power law coarsening methodology the metal and ceramic particle size determined by X-ray tomography fitted well with the model. 
The characteristic nature of nickel sintering explained by Hansen et al is also described in terms of diffusion by Klemenso [219], [220]. At Stage 2 in Hansen et al the coarsening rate decreases in accordance with growth of the NPs to 10 nm in diameter which can also be expressed as the loss of the majority nickel contacts in the arrangement. 
The Ni sintering rate appears to increase at lower temperatures this could be due to the precipitation of impurity phases (containing sulphur or phosphorus) under these conditions which means that this mechanism could be highly sensitive to incident gas compositions [103]. This hypothesis contrasts with findings by Kennouche et al which signalled that reducing the operating temperature also reduces the rate of reconfiguration of the catalyst nanoparticles after the NiO reduction reaction [224]. This rearrangement could underline why the number of active sites decreases in a more detrimental manner at low temperatures due to the Ni coarsening rate increasing. 
In the past twenty years the use of modelling coarsening for fuel electrodes has become a key branch of the research field [221]b. In the past decade the rise of this field has occurred concurrently with the production of a simplified systems known as a model anode. The main benefits for this classification of anode is that electrochemical impedance spectroscopy and imaging measurements can directly access electrode/ electrolyte triple phase boundaries for better characterisation of these regions in the model anode in addition to the reduced computation time. In-operando studies which due to the highly aggressive atmosphere of the SOFC can be done via modelling.  This has helped to construct and validate electrochemical models with physical systems pioneered by Bessler et al [213], [225].
Two forms of model anodes currently exist in the literature: 
1. Patterned fuel electrodes
These model anodes combine a layer of metal patterns onto the electrolyte substrate. The metal catalyst coating of these are etched to form intricate patterns desired dimensions (5-50 µm wide). Bessler et al calculated the effective TPBl as in a typical 1 cm2 pattern anode to be between 1-10 m [213], [225].
2. Point/grid fuel electrodes
Instead of utilising metal deposition techniques to form the anode/electrolyte interfaces; either a weave or wire of metal is pressed against the solid framework [213], [225], [226]. The area of contact in these cases is understandably curved in shape which is results in smaller triple phase boundary lengths than patterned anodes (approximately 1 mm instead of 1-10 m) [213], [227].
The issue with modelling using model anodes is that the system although the same composition is not representative of the whole physical electrode. The construction of patterned fuel electrodes exemplifies this with TPBs much larger than a nanostructured fuel electrode. Additionally, experimental bulk systems combine both open pore arrangement and dead zones with reduced fuel/ catalyst contact which increases the computational complexity of a model.  These production methods of these model anodes also diverge from the production of bulk anodes further highlighting the representativeness issue.
As the experimental field moves towards the in-operando imaging of the catalyst microstructural changes with techniques such as TEM and X-ray Computed Tomography – informed modelling will continue to be essential to the understanding of coarsening [213], [228].  A duality of the two approaches is key to the understanding of fundamental sintering mechanisms in SOFC fuel electrodes. 
[bookmark: _Toc474489925]2.3.2.2 Reaction with Impurity Gases
Nickel coarsening is not the sole route for degradation; other factors can come into play when discussing a reduction in anode efficiency. One of the key issues is the interaction between the anode and incident gases.
A large number of reactions were characterised by Yokokawa et al in 2011 [229]. It must be noted that the SOFC stacks used were operated at 800-1000 °C and may contain some variation in comparison to units at difference temperatures [111]. Despite this the percolation of gases and the movement of impurity elements across various interfaces in the SOFC stack should still be like the infiltrated variant. 
The authors assumed that the solid oxide stack reactions and electrochemistry could be equated to a form of corrosion. This model, known as local equilibrium approximation, lends itself to the poisoning of interfaces with elements such as sulphur and correlates well with the interface composition. In this set of experiments, a gaseous impurity level of 1 ppm was used to evaluate the effect on the properties of the fuel electrode. 
Gas impurities that show a strong chemical attraction to the nickel in a fuel electrode cermet include:
· Arsenic, As  
· Phosphorus, P
· Sulphur, S
The formation of intermetallic phases is thought to be highly detrimental to the overall conductivity of the Ni/YSZ cermet anode this behaviour is certainly dominant for each of the three elements above. The chemical atmosphere of the reaction is also key to how prevalent deleterious secondary phase construction is to the system. 
Due to thermodynamic differences between As and P in the case a reducing hydrogen rich atmosphere the basic formula of As becomes As2 or As4. Phosphorus in the presence of water reacts to form phosphane (PH3 ) or hydro phosphate (HPO2) [111].
The most popular nickel intermetallic phase for As and P is Ni5X2 where X is the impurity phase. Under oxidising conditions (which is more likely to be in the cathode) oxysalts form. The results from the fuel electrode tests hint to a dominant formation of Ni5As2 at 1ppm when both As and P impurities were introduced at 800 °C. 
The secondary ion mass spectrometry (SIMS) results produced a surprising result in terms that the intermetallic phases did not appear to affect the degradation of the fuel electrode. The arsenic intermetallic phase Ni5As2 was found to not poison the active area when it reached the TPB, preserving the functional properties of the anode. In fact the detrimental compound which reached the TPB was an phosphorus oxysalt [111]. This chemical, Ni3(PO4)2 appeared to directly attack the Ni/ YSZanode / YSZelectrolyte sites. Figure 2.14 below illustrates the movement of Ar and P phases through the fuel electrode arrangement: 
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[bookmark: _Ref37065705][bookmark: _Toc69114926]Figure 2.14: Diagram depicting the movement of As and P containing species through the cermet anode structure [111]
Formation of nickel phosphor oxysalt at the TPB The TPB is the position where a large amount of charge transfer occurs due to the formation of water vapour, the movement of electrons and ions through the anode. This underlines the importance determining the amount of charge transferred to each Ni particle. This was calculated to be 1.16x10-20 C, however the issues with models such as this is that it has not been confirmed by experimental data [111]. 
This certainly explains the reason to reduce the operating temperature from 800 °C to 650 °C even just to slow down the reaction kinetics for the formation of the phosphorus oxysalts in Equation 2.9. The formation of nickel intermetallic and impurity phases means that the catalyst content at the anode surface is severely reduced. This nickel exhaustion in the fuel electrode dominates at high temperatures so reducing the operating temperature should help mitigate this problem. 

[bookmark: _Ref49775939]Equation 2.9
This study elucidates the key factors that can affect the fuel electrode structure in terms of how the impurities interact with the catalyst these are listed below:
· Speed of gaseous adhesion to the pore entrance catalyst particles
· Availability of active area for gas adsorption partially in this case poisoning
· Access to electrochemical species for redox reactions
Further work needs to be done to confirm how the reduction of operating temperature in SOFC stacks temperatures affects the formation of impurity phases like phosphorus oxysalts. The major impurity reaction involves sulphur.
The findings from Matsuzaki et al probed the effect of sulphur on the long-term durability of Ni/YSZ composite anode in terms of temperature and time [112], [230]. The polarisation impedance of the Ni/YSZ cermet anode increased with increased concentration of sulphur impurity in the incident gas. This interaction was confirmed to be unaffected by the partial pressure of sulphur but dependent on the increase in temperature. As demonstrated by Figure 2.15 below: 
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[bookmark: _Ref471463010][bookmark: _Toc69114927]Figure 2.15: A graph depicting the overvoltage vs. parts per million of hydrogen sulphide  in a Ni/YSZ (8% Y2O3 - 92% ZrO2) [230]
Impurity segregation has also been confirmed as a mode of microstructural degradation by Liu et al in 2016 [231], [232]. Despite a large amount of literature investigating the pickup of impurity phases at temperatures exceeding 750 °C there appears to be much less data contamination ingress at lower temperatures. This could be due to the slower reaction speed because of decreased kinetics synonymous with the decreased temperature. Added detrimental effects like phase delamination could become prevalent with continued heating.
Similar issues can also occur with implementing the addition of extra phases to counter nickel sintering. Other cermet oxides like alumina and rutile (Al2O3 and TiO2) are known to react with the elements present in Ni/YSZ infiltrated cermets which can seriously reduce the conductivity of the anode arrangement (Figure 2.12 and Figure 2.13  ) [219].
[bookmark: _Toc474489926]2.3.2.3 Influence of Operating Temperature and Creep
The thermal expansion coefficient can be the key to how a sample interacts whilst being electrochemically cycled. In the case of solid oxide fuel cell electrode materials, a metal is usually incorporated in the ceramic matrix or as catalytic media. In a service environment with a temperature that exceeds 600°C, the nickel catalysts increase in volume by up to 69% as a result of nickel oxide formation [233]. 
Metallic components such as the nickel present in Ni/YSZ cermets or on the surface of porous ceramic scaffolds could be subject to thermomechanical phenomena such as creep. Creep is the non-time dependent permanent deformation of a material in the presence of elevated temperatures. For bulk metals this effect is not usually a factor until the operating temperature exceeds half the melting point of the material [234].
In SOFCs the support media is usually synonymous with the electrode material to avoid cracking from thermal expansion mismatch. This is a key benefit to the use of wet impregnated Ni/YSZ fuel electrodes [235]–[237]. 
The Tammann temperature (TTammann) is defined as the temperature (in Kelvin) that a solid material develops 70 % of its vibrational freedom, when the temperature is equal to or exceeds half the melting point of the solid (See Equation 2.10 below)[238], [239]. In the case of the nickel catalyst this is 727.50 °C (1000.65 K). As SOFC stack operating temperatures have been documented to exceed 800 °C, this means that the catalyst media will possess a high degree of mobility priming sintering mechanisms. 
[bookmark: _Ref65836481]Equation 2.10: The Tammann Temperature of a solid. If α is 0.5 the TTammann has been reached [238]–[240]

Creep could also be a factor as the TTammann criteria is being met. However, creep is restricted to bulk samples and unlikely to affect nanostructured electrodes. The effect of “accelerated” creep was illustrated during an investigation into simultaneously loading and reducing the nickel oxide in stacked complete SOFC cells [234].
Another consequence of impurity interaction can in fact be mechanical wear. In cermet anodes the NiO powders involved can also include some SiO2 impurities which penetrate into Y2O3-ZrO2 causing surface damage. As the major constituent of glass, silica flows through the pores and abrades the surface of the YSZ causing deterioration. 
[bookmark: _Toc474489927]2.3.2.4 Thermal Cycling and Degradation Load
During its lifetime a Ni-YSZ fuel electrode is subject to a series of changes including atmospheric, temperature and load cycling [115]. Each of these factors has an impact on the microstructural properties of the anode during operating.
As the operating temperatures of SOFCs exceed the TTammann temperature (800 – 1000 °C) the metal catalyst in Ni-YSZ electrodes possesses a high degree of mobility and moves to sinter to reduce its interfacial energy [240], [241]. 
During the start-up procedure the SOFC is heated from room to operating temperature at a rate between 1-5 °Cmin-1 to avoid thermal shock and cracking in the ceramic materials. The start-up process can vary between 7 h and a few days depending on the application [242], [243]. In SOFC stacks a compromise is reached between the waste thermal energy removal rate through the cathode and temperature differences of up to 100 °C [242], [243].  In stationary power generation SOFC stacks are subject to a possible 1-2 start-ups a year.
Additional cycling issues are a result of the repeated reduction and oxidation of the nickel catalyst. During reduction bunsenite (NiO) has been documented to shrink by 40 vol % and then increase by 66 % during reoxidation triggering cracking in the ceramic material [115]. This is exacerbated by anode-supported systems where cracking can lead to exposure of the catalyst to air which perpetuates the re-oxidation of the catalyst [244], [245]. Voids form around the NiO because of the mismatch of the diffusion rates between the Ni+ cations diffusion towards the edge and oxygens anion towards the centre. 
Oxidation of the catalyst can occur from several factors namely [115]: 
1. Application of a high electrical load and high fuel utilisation conditions such as those found at the fuel electrode TPBs
2. Leaks in the interconnect and seals of the stack
3. Impurities in the gas stream
4. Lack of inert gas to protect the Nickel during restart processes
In nanostructured electrode such as wet impregnated Ni-YSZ electrodes reducing the pore size and reducing the Ni volume percent to 20 %, had been shown by the Birss group to hinder the volume expansion due to reoxidation [242], [243]. This was achieved by the physical trapping of the nickel catalyst in 200 nm pores in the YSZ backbone and the reduction of initial catalyst volume percent to offset the expansion [233].
In this thesis 20 vol % Nickel content was used to provide a comparison with the work of Buykaksoy et al [242], [243].  Additionally, it ensured that the reoxidation of the catalyst was not the key degradation mechanism in this work.
[bookmark: _Toc474489928]2.3.2.5	Interconnectivity Reduction
There are two points of discussion with infiltration analogous to the two primary components. 
Firstly, a highly porous scaffold is required when trying to use wet impregnation to form suitable infiltrated electrode materials (30% open porosity). The pursuit of this overall density value has driven the use of pore formers in the manufacturing of the ceramic backbone in anode materials.
The microstructure of the scaffold material has been recently shown to be key in the controlling the size of the nanoparticle catalysts used in SOFC anode materials.  
The impact of using a pore former (PMMA) in the production of the scaffold material was assessed to see whether this influenced the microstructural properties of the catalyst particles. The resultant structure from the burn out step of the pore former affected the distribution of the nickel particles. The 2 hour 1350°C heat treatment left large 5 µm openings which post infiltrate deposition lead to an uneven dispersal of nickel around the edge of these holes (See Figure 2.16). This was further exacerbated during the electrical testing at 800 °C which caused extreme agglomeration with large 4 µm Ni grains inserting themselves into the gaps. 
[image: Scanning electron microscope images of Anode A. (a) Top-down surface, (b) ...]
[bookmark: _Ref473714654][bookmark: _Toc69114928]Figure 2.16: A set field-emission scanning electron micrograph of the PMMA pore formed YSZ scaffold with nickel particles. Images a and b detail the microstructure in the as reduced state. [(a.) top-down view and b.) cross-section] Images c and d show the microstructure of the sample after the 500-800°C annealing step  [246], [247]
In contrast the pore size in the as prepared YSZ scaffold sample was much smaller (in the range of 200 nm) (See Figure 2.17). This had a beneficial effect on the nickel grain size with some nickel grains being reported at 1 µm in size. The key finding was that after the 800°C annealing stage was that despite the earlier crystallisation, these grains did not increase further in size and remained connected to the scaffold. This underlines the importance that the porous ceramic backbone has on constricting the nickel sintering process and could prove ideal in improving the durability of infiltrated SOFC anodes. 
A large amount of the literature focuses on the coarsening of the nickel particles whilst Buyakaksoy et al has pinpointed interconnectivity loss as a primary degradation mechanism in anode materials [246], [247]. This factor has been relatively unexplored in the literature with Tao et al also investigating the effect of precursor solution on the distribution of catalyst particles [248]. 

[image: Scanning electron microscope images of Anode B. (a) Top-down surface, (b) ...]
[bookmark: _Ref473713712][bookmark: _Toc69114929]Figure 2.17: A set field-emission scanning electron micrograph of the as-prepared YSZ scaffold with nickel particles. Images a and b detail the microstructure in the as reduced state. [(a.) top-down view and (b.) cross-section] Images c and d show the microstructure of the sample after the 500-800°C annealing step  [246], [247] 
[bookmark: _Toc69129369]2.4 Sintering Characterisation Methods for SOFCs
Reducing the rate of electrocatalyst sintering in electrodes has been a key objective for the SOFC field in the past decade. The shift from analysing the REDOX stability of the cells in the past decade to phase quantification of the catalyst in using interrupted ex-situ imaging.
[bookmark: _Toc69129370]2.4.1	Sintering Characterisation
For the sintering and fuel electrode deactivation mechanisms in SOFCs to be fully understood; infiltrated fuel electrodes require a suite of techniques which can monitor the microstructural changes associated with coarsening. 
These methods can be split into four subsections:
· Model electrode systems
· Microstructural quantification
· Electrochemical property testing
· Structural Analysis
One of the key challenges with characterising the degradation phenomena present in infiltrated SOFC fuel electrodes is that monitoring a specimen in-situ is extremely difficult. With the high operating temperatures and corrosive conditions present at the active TPBs phase boundaries, few characterisation techniques can accurately probe what is changing. Spectroscopic measurement techniques such as electrochemical impedance spectroscopy is invaluable at showing changes in anode functional properties during operation.
Linking the microstructural changes in the fuel electrode and their electrochemical properties is key to determining the rate limiting step present in infiltrated SOFC anodes. This underlines the importance of combining structural, microscopic, and spectroscopic methods to monitor the phases present in the anode.
This section of the document discusses the use of different characterisation techniques in terms of post fabrication analysis with a view to critiquing how useful each of the techniques are and how they assess the sample.
The spectroscopic measurement techniques have been split into their respective analysis media with Sections 2.4.2-2.4.4 detailing electron and X-ray characterisation techniques, respectively. The determination and assessment of functional properties such as the line specific resistance and TPBl are also discussed.
[bookmark: _Ref469054825][bookmark: _Ref469056672][bookmark: _Toc474489931][bookmark: _Toc69129371]2.4.2	Microstructural Imaging
This section discusses the impact of qualitative imaging techniques on characterising the arrangement of the fuel electrode with many of the methods utilising an electron as the investigative species. In the past decade of SOFC research microstructural imaging has transitioned from qualitative assessment into phase quantification of the microstructure changes in SOFCs.
[bookmark: _Toc474489932]2.4.2.1	Scanning Electron Microscopy /Energy Dispersive X-ray analysis (SEM/EDX)
A large segment of the characterisation techniques that are used to analyse infiltrated IT-SFOC anodes largely focus on imaging the microstructure of the system. Scanning and transmission electron microscopy are used for the qualitative imaging of the electrode surface in nearly every piece of anode degradation literature. 
Some scanning electron microscopes utilise Energy Dispersive Spectroscopy or Energy Dispersive X-ray analysis (EDS/EDX) to provide a reading of what elements are present in a sample and can map how they are distributed across the sample. However, this technique is thought not to be viable for assessing infiltrated SOFC anodes as the interaction volume of the scanning electron is much greater in comparison than the volume of NP catalysts being assessed.
Despite this issue Jasinski et al successfully demonstrated in 2010 that EDX can used on wet impregnated Ni/YSZ anode samples. A pulverised nickel infiltrated Ni/YSZ pellet was assessed in this manner and produced a reading that had two very large peaks corresponding to Ni and Zr. Other elements such as oxygen were also identified. The presence of yttrium was not acknowledged in the resultant spectra by the authors, but this could be due to the EDX peak for this element either overlapping or being covered by that of zircon [154], [249]. 
A couple questions arise from the Jasinski investigation comparing wet impregnation against co-precipitation. An interesting observation during this study was that the agglomeration of YSZ was confirmed by SEM to be more widespread in the two infiltrated samples. This could have been due the NPs not being large enough to stop the YSZ clumping phenomena whilst in the CP the nickel in present in the matrix and would form blocking sites. When imaged using SEM it was noted that the co-precipitated YSZ particles were much finer and homogeneous than the infiltrated particles which would counter the clumping hypothesis [154], [250]. Focussed ion beam scanning electron microscopy has also been utilised in some studies. 

[bookmark: _Toc474489934][bookmark: _Toc474489935]2.4.2.2	Transmission Electron Microscopy (TEM)
Transmission Electron Microscopy (TEM) has been a mainstay for the nanoscale imaging of the Ni/YSZ microstructure. Samples suitable for this imaging system were in recent years hard to produce until the emergence of the focussed ion beam (FIB) method approximately 10 years ago. The FIB/lift out technique can be used to isolate a select region of sample to be polished and mounted for TEM assessment [251]. 
One standout study from Liu et al characterised the boundary between the two components of a Ni/YSZ half-cell pellet [252]. For the first time in the literature, the interface was directly imaged in a line using a JEM3000-F transmission electron microscope equipped with an electron gun. Figure 2.18 is a good example of a model patterned electrode with a deposited metallic layer coating the sample [213], [252]. 
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[bookmark: _Ref469054866][bookmark: _Toc69114930]Figure 2.18: Transmission electron micrograph of a focussed ion beam milled Ni/YSZ TEM sample [107]
The half-cell was cycled under hydrogen at 850°C for 1800 h under an anodic load of 300 mAcm-2. Using TEM the authors in this study found that a SiO2 glassy phase formed between the nickel and the electrolyte which would seriously affect the functional properties of the half cell. In addition, this revelation is increasingly significant when there was only 100 ppm of SiO2 in the system [252]. 
Utilising a wet impregnation fabrication method will avoid the formation of glassy phases in Ni-YSZ fuel electrodes (Figure 2.19) [252]. As the nickel nitrate solution does not possess the silicon impurity that can be found in the nickel oxide powders used in co-sintered cermet anodes. 
[image: ]
[bookmark: _Ref51157434][bookmark: _Toc69114931]Figure 2.19: A selection of transmission electron micrographs showing the formation of silicate glass impurity phases between the Ni particles and the YSZ electrolyte [252]
The imaging of nickel crystallites on the surface of the ceramic substrate has been done successfully in a variety of situations with a notable example from a study into nickel catalyst dispersion by Sietsma. The use of high angular angle annular dark field imaging (HAADF) to image this system provided some striking transmission electron micrographs. The major benefit of using this detector setting is that the smaller catalyst particles are portrayed in white making analysing the image easier. (See Figure 2.20) These images illustrate how effective TEM can be for qualitative microstructural analysis of Ni/YSZ anodes. The micrograph showing the dispersion of the NiO across the silica (bottom right hand corner) also shows how at very small adatom sizes and high distributions the contrast begins to become slightly unclear [174], [253]. 
The dispersal of metal catalysts throughout the YSZ pore structure cannot be simply analysed using transition electron microscopy. This is due to the 2D image of the sample being producing less qualitative information of the 3D pore network. This opens the door for other characterisation techniques such as tomography and atomic force microscopy. 
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[bookmark: _Ref474416318][bookmark: _Ref474416313][bookmark: _Toc69114932]Figure 2.20: Scanning transmission electron micrographs of Nickel nitrate hydroxide (centre) on silica substrates after a drying step at 120⁰C. The outer images depict the NiO catalysts after a heat treatment at 450°C in different atmospheres. The micrographs on the LHS use air and RHS use either helium or 1%NO/He[175]. 
[bookmark: _Ref468873661][bookmark: _Toc474489933][bookmark: _Toc474489942][bookmark: _Toc474489936]2.4.2.3	Focussed Ion beam Scanning Electron Microscopy (FIB-SEM)
In the past 15 years SOFC research has transitioned from the analysis of 2D micrographs to calculating the volume % changes of phases in the electrode using 3D reconstructions[254], [255]. This was first pioneered by Wilson et al. using Focussed-Ion Beam Scanning Electron Microscopy (FIB-SEM) [254].
In a bid to identify the rate limiting step present in fuel electrodes, microstructural phase quantification has become commonplace in SOFC research [254], [256]–[260]. FIB-SEM images the 2D polished cross-section of the region of interest. This is then destructively milled away using the ion beam and the nascent material is then imaged. These 2D micrographs are stacked to and processed using reconstruction algorithms produce a 3D rendering of the entire imaged microstructure [254], [256]–[260].
During the transition from micrograph to reconstruction the graphical representation of the region of interest has also changed. Pixels change into voxels which in addition to being adding a third dimension(depth) also possess scalar measures such as density [255], [261]–[263]. These form the building blocks of these reconstructed volumes and the voxel size is a measure of the resolution of the imaging used.
In fuel electrodes. three phases are then segmented- catalyst, pore and backbone- in most papers this consists of Ni-YSZ [254], [256]–[260]. 3D-tomographical phase distribution maps are produced by repeating the milling and imaging procedure to produce a stacked micrograph of the fuel electrode structure. In the past decade, this technique has been used to quantify the phase volume percentage changes.
Over the past 5 years the attention given to FIB-SEM has been fixed on proving concepts and illustrating the density of TPBs throughout MIEC and uncommon systems. Little to no FIB-SEM studies have been done focussing on the infiltrated Ni/YSZ cermet system [257], [264]. 
Despite being one of the less popular current SOFC anode compositions; the Ni-GDC (nickel – gadolinium doped ceria) system was the first fuel electrode composition analysed by FIB-SEM. Kishimoto delved into the how the triple phase boundary density evolved between the infiltrated Ni-GDC anode and a Ni-YSZ cermet [265]. Triple phase boundary densities were compared between the GDC scaffold, infiltrated Ni-GDC samples and a Ni/YSZ cermet anode. The specific resistance of each electrode was measured at 690 °C. 
The results were extremely positive in terms of the wet impregnated samples with an almost quadruple increase in TPB density when the once infiltrated sample was contrasted with the Ni/YSZ cermet. When compared with the ten times infiltrated sample the TPB density values difference is even starker in comparison (18.4 µm µm-3, 2.49 µm µm-3) (Figure 2.21 below) [265]. 
The key points for discussion from this investigation are very much how the infiltration of nickel into the YSZ structure would affect the results. The comparison between the Ni/YSZ and Niinfiltrated /GDC cannot be truly validated as the nickel in the first system is not synonymous in terms of mass when compared to the second system. Surely a comparison Niinfiltrated / YSZ system with identical infiltrate loadings would be preferable in terms of assessing the effect of infiltration on TPB densities. The effect of TPB density was not also assessed in terms of functional properties, techniques such as electrochemical impedance spectroscopy (EIS) could be used to gauge the impact of the FIB-SEM results.
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[bookmark: _Ref51157970][bookmark: _Toc69114933]Figure 2.21: FIB-SEM 3D renderings of the two wet impregnated Ni/GDC anodes with various phases present. Row (a) shows the presence of Ni in the system, Row (b) shows the Ni/GDC interfaces present in the arrangement and Row (c) shows the TPB lines in the sample [265]. 
Some of the major issues with FIB-SEM lie with hinge upon its sample preparation especially during imaging. If the distance between each milled layer exceeds that of the catalyst being imaged key microstructural changes will be missed [266]. This could certainly be the case in infiltrated systems where the initial catalyst length is under 10 nm [171]. Additionally due to the milling process ageing experiments cannot be conducted with FIB-SEM [255], [256], [267].
One of the key issues in attempting to use FIB-SEM is its requirement of having to use back scattered electrons (BSE) to image the surface of the sample. BSE has multiple benefits in terms of surface resolution due its low interaction volume. Microstructural variance would almost certainly affect the TPB density values being produced from the rendering. One answer would be to do images of multiple surfaces and average the resultant TPB density values to produce a much more accurate set of results.   
Further work needs to be done utilising FIB-SEM to characterise and calculate the TPB densities of infiltrated Ni/YSZ anodes. Caution would be required when the back scattered mode on the SEM as the nickel NPs would have a very low interaction volume which could affect the resolution of the imaging.
2.4.2.5	X-ray Computed Tomography (XCT)
Over the past 12 years X-ray computed tomography (XCT) has begun to supersede FIB-SEM in the procurement and monitoring of 3D rendered fuel electrode microstructures. This technique utilises X-rays to produce tomograms of a sample that is rotated in the path of the incident beam. This technique can produce transmission X-ray microscopy measurements (TXM) which observe the morphological changes of nickel nanoparticles on the surface of yttria-stabilised zirconia during ageing. A series of 3D images are generated by the system which map the microstructural evolution of the sample over time.  The key advantage is that the same sample can be imaged throughout ageing times of interest [255], [265], [268]–[270].
One of the major advantages of this technique in that it can be performed interrupted in-situ measurements (4D-ageing time measurements) are possible, which leads to significant results in terms of degradation analysis. Kennouche et al first discussed the implications of TXM technique in 2013 [224]. During this study, TXM in was utilised to characterise the microstructural changes developed in a 50:50 NiO/YSZ pellet after a 1 hour, 1100 °C ageing step. The main purpose of this investigation was to assess the effect of temperature on the active triple phase boundary densities present in the fuel electrode. 
Relatively short annealing/ reducing times (20-500 h) were applied to the cells at a variety of temperatures (800-1100 °C). SEM images showed that the rate of growth of the microstructural feature growth increased with larger annealing temperatures. 
It was found that the active area at the anode appeared to decrease sharply at intermediate temperatures namely 1000 °C for 500 h produced the lowest active TPB density of 74 %. What was interesting in terms of SOFCs is that for the lowest temperature annealed (800 °C) the active TPB density was the highest for all the samples tested in this study. 
A complementary study by Kennouche et al in 2016 measured the microstructural evolution of the fuel electrode compositions mentioned above [271]. The aim of the investigation was to assess the damage done by thermal cycling to infiltrated fuel electrode structures.
Figure 2.22 is a demonstration of how the number of active triple phase boundaries decrease at increased temperatures.
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[bookmark: _Ref468284073][bookmark: _Toc69114934]Figure 2.22: 3D renderings of the available three phase boundaries present in an infiltrated Ni/YSZ anode heated at different temperatures for a time period of 500 h after a thermal ageing step at 1100°C for an hour a) 1000 °C b) 1100 °C c) 1200 °C 
In agreement with their earlier paper Kennouche et al have ignored the early-stage nickel coarsening phenomena listing them as an equilibration period for the particles in the anode. Similarly, to the paper from 2013 the thermal degradation behaviour was accelerated by cycling the sample at a much higher temperature than the stated SOFC operating temperature described in the introduction of this document. 
Two samples were compared at two different temperatures: T1 and T2 (T2 being the elevated temperature) and then also compared with different ageing times to gauge which of the two parameters is more significant in terms of degradation.
One of the major results from this investigation was the fitting of the coarsening behaviour of the Ni/YSZ pellet to a power law model for validation purposes. This helped to cement the results and helped predict the behaviour of the fuel electrode over period much longer than 40,000 h. The authors noted that for systems with smaller features the degradation rate should be slower. 
However, to ignore the first 100 h of heating/operating to account for structural equilibration does not appear to be the best course of action. In the same paper the authors discuss the impact of the first 24 hours on the microstructure of the fuel electrode and have also been part of a study where between 12-24 hours of heating the metallic particles coarsened. This highlights a period key to the microstructural changes present in SOFC operation [272], [273].
The ageing issue is an interesting one in terms of ceramic processing, it is well documented that the sintering temperature of Ni/YSZ cermets is 1400 °C. So, it is logical that Kennouche et al have used a temperature substantially lower than that for ageing the system. The view that the ageing will have accelerated the coarsening as if the SOFC is further into its lifetime is possibly a correct view having successfully fitted the data onto a coarsening model.
What cannot be confirmed is whether this increased temperature ageing has pushed the nickel sintering and grain growth past the point it would have been at intermediate temperatures (600-850 °C) for longer heating regimes. A comparative study attempting to compare the two would be preferably in future work. A brief discussion of the impact of smaller feature sizes at temperatures of 600 °C is included in the report. 
TXM is a technique which has the advantage of being able to render 3D depictions of where the three phase boundary lines manifest themselves in the anode functional layer (AFL) and gives quantitative calculated percentages of the active triple phase boundaries within the sample [255], [274]–[276].
This method does possess many disadvantages when trying to observe the effect of elevated temperatures on the properties of the electrode material. A short breakdown of these problems is discussed below:
A large amount of sample preparation is required to get the sample to TXM standard – a cylindrical specimen spanning 15 µm by 80 µm is broken up. One of the pieces is focus ion beam milled into a tip with a sample edge [277]. This challenging multistep process could also add to the misrepresentation issue for TXM. An AFL in an operating SOC may not possess as acute edges and it is unknown how the pore arrangement differs at the edge of a sample to the interior. 
The way the different particles interact at high temperatures could also be a source of error or effect how the system responds. Necks can form between adjacent Ni particles leading to a reduced active area at the triple phase boundary. The coalescence of Ni onto YSZ could also be a problem in terms of maintaining a high effective active area. 
With comparing two samples at T1 and T2 (where T1 < T2) the following problems can occur:
1. Uncertainties and errors from comparing different samples
2. Averaged microstructural quantities may not be entirely representative (i.e., if outliers end up in the calculation)
3. If the initial X-ray diffraction scan characterises a position in the sample which is not representative of the overall structure

The microstructural evolution of anode functional layers has been successfully examined using TXM. One of the key questions that further TXM studies must answer is whether this technique truly models the region of interest in SOCs – the active area. Current studies have ignored the early stage coarsening to focus on the long-term development of the Ni/YSZ fuel electrode. It appeared that at 1000 °C the maximum effect of degradation on the triple phase boundary density can be felt.
Continued research in the area should focus on the earliest stages of microstructural evolution as it widely assumed in the scientific community that Ni particles could sinter at much lower temperatures than 1100 °C which could explain the decrease in TPB density values at higher temperatures. 
The state-of-the-art resolution of XCT has been stated to be around 50 nm [255], [261], [278]. This would be too low to characterise the early-stage sintering that would occur in infiltrated systems. One further research route would be to gauge the effect of feature size on the coarsening behaviour of infiltrated catalyst in the fuel electrode system. It was mentioned in the tomographical literature that a microstructure with well dispersed, nanoscale particles small aspects could help reduce the effect of degradation on the active TPB density. Infiltrating a porous YSZ scaffold with NPs of nickel could be one method of investigating this hypothesis. 
2.4.2.6	Near-field Ptychography
Ptychography (also known as holo-tomography) is a non-destructive lenseless imaging method which can calculate the phase changes in a sample via changes in coherent interference patterns. Fourier transforms are deconvoluted to generate information on the phases present in a sample imaged at a range of angles [279], [280]. 
For the data to be termed ptychographic these three conditions must be fulfilled:
· Minimum of two interference patterns are taken where the radiation source has been shifted a known distance with respect to the sample
· Intensity data used must have been collected downstream from a sample that has been irradiated in transmission by a radiation source
· The phase approximations must be reconstructed with a minimum of two interference patterns utilising all the available diffraction directions 
A practical method of producing the interference patterns required for ptychography is to rotate the sample in the illuminating beam. 180° of rotation can be extrapolated to produce interference patterns of the entire sample, hence the use of the term “ptycho” to fold. Phase information can then be deciphered by reconstructing these patterns using the branching iterative Goldstein algorithm [281]. These reconstructions can then be converted into 3D renderings of the system identical to that of XCT. 
In the past several years, ptychography has been utilised in the characterisation of SOFC microstructures a total of three times[references]. The extremely fine resolution of this technique (around 30 nm) means that rapid microstructural changes such as coarsening can be imaged successfully. Despite this, only SOFCs produced using powder methods have been imaged using ptychography [262], [282], [283].
The simple sample preparation and high brilliance of the X-ray utilised in this technique means that more representative volumes than XCT (volumes exceeding 10 µm x 10 µm x 10 µm) can be segmented providing more information about mechanisms such as sintering and void formation during the REDOX cycle [284].
The challenge with SOFC fuel electrode compositions such as Ni-YSZ have very high X-ray attenuation coefficients. For adequate transmission through the ceramic phase the beam energies required can range between 16-30 keV, which are only achievable using X-ray radiation from synchrotrons. As the sample thickness increases the beam energy must increase; which was epitomised in the work done Villanova et al. in 2013 [262].
Although described as a non-destructive technique, due to the minimum requirement of at least 50% X-ray transmission, the sample diameter must be reduced to at least 100 µm but ideally around 15 µm. This also concurrently reduces scan time. Although unclear in some SOFC work; Ni-YSZ ptychography samples are usually milled to thickness using FIB-SEM, which is inherently destructive [262], [282], [283].
However, due to its high resolution, ptychography is uniquely equipped to characterise the initial coarsening stages in wet-impregnated fuel electrodes. As the sub 10 nm nickel particle sinter and coarsen their particle growth past 30nm and phase volume percent changes can be tracked using this technique.
[bookmark: _Toc69129372]2.4.3	Electrochemical Testing
This section discusses the tests used on a material to determine its effectiveness in terms of electrochemical cycling and functional properties.
[bookmark: _Toc474489937]2.4.3.1 Electrochemical Impedance Spectroscopy
This form of characterisation has been successfully utilised by a large proportion of the literature mainly to derive the polarisation resistance of the sample. Hagen successfully demonstrated that the cell voltage stability decreased as a result of decreased temperatures and increased current load (Figure 2.23) [253]. 
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[bookmark: _Ref51675440][bookmark: _Toc69114935]Figure 2.23: Impedance Spectra of anode supported SOFCs tested for 1500 h at 750 and 850 °C under a load current of 0.75 Acm-2 and 1.75 Acm-2 respectively. (a) Diamonds – pre-HT, Triangles – post HT. (b) Square – pre-HT, Circles – post HT [253]
The stability of the system after the 1500 h 850 °C HT is evident when compared with the 750 °C dataset. The scale of this durability is almost a fifth smaller in terms of imaginary impedance post heat treatment [253]. This is echoed by the polarisation resistance as shown below in Table 2.3. However, the two current loads were differed between samples so the comparability of these EIS spectra is certainly lacking. 

When contrasted with the RP values of an infiltrated Ni/YSZ anode (0.55 Acm-2) at after a 124h heating regime at 800 °C the polarisation resistance of the experiment was less than a third of the Buyukaksoy paper [233], [253].
[bookmark: _Ref474403262][bookmark: _Ref474403256]Table 2.3: Polarisation resistance values of the samples before and after the HT treatments under various current loads [253]. 
	Temperature [°C]
	Load Current [A/cm2]
	Polarisation Resistance, RP

	
	
	Pre-Test
	Post Test

	750
	0.75
	0.41
	0.89

	850
	1.75
	0.15
	0.16



Interestingly infiltrated samples appeared to possess a much lower polarization resistance in comparison with the co-sintered anode values (Figure 2.24). The experiment from Kim et al showing incredibly stable polarization resistance values despite a 550 h, 800 °C heating regime in a Ni/YSZ cermet sample. Although no further work has been done to support these results [285]. 
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[bookmark: _Ref51158800][bookmark: _Toc69114936]Figure 2.24: Comparison of the different polarization resistance values generated for a variety of nickel/YSZ anodes. Data points in the boxes indicate co-sintered Ni/YSZ samples. All RP values were produced with using EIS [242], [253], [286], [287].
The large variety of sources using electrochemical impedance spectroscopy highlights its numerous advantages and will certainly be prevalent in any future work on infiltrated SOFC anodes. 
[bookmark: _Toc474489938]2.4.3.2	DC Conductivity testing 
One of the major methods of measuring the in-plane resistance of a sample is to use a set of direct current conductivity tests. This technique revolves around passing a current between two probes on the surface of the sample and measuring the resistance between the two points of electrical contact. As a potential difference is generated between these points which is key to calculating the resistance of the test piece.
The probe system arrangement varies between separate uses a four-point probe (4PP) system is a used usually for the characterisation of semiconducting materials (Figure 2.25). A potential difference is created between the two inner probes by passing a current through the outermost probes. Other set-ups have been known to run 2 probes [288]. 
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[bookmark: _Ref51158871][bookmark: _Toc69114937]Figure 2.25: Diagram of the 4PP apparatus [288]
As alluded to earlier probe contact is key to maintaining the accuracy of this technique. To reduce the impact of this factor the tip of the probe is usually coated in a paste to ensure electrical contact is maximised during testing.
This technique has been used relatively sparingly with only a handful of studies using this method to study the cell voltage characteristics under load. Providing suitable electrical contact is maintained; DC conductivity measurements map the potential difference with a high amount of stability [253]. 
The cell voltage was certainly more unstable at lower temperatures and this instability increased at higher current loads (Figure 2.26). This is certainly a cause for concern when looking at infiltrated anodes that would be suitable for SOFCs.  A lot more research using DC conductivity measurements of ion impregnated systems are required for this technique to be highly viable.
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[bookmark: _Ref51675820][bookmark: _Toc69114938]Figure 2.26: DC Conductivity measurements of infiltrated Ni/YSZ samples heated at (a) 750 °C and (b) 850 °C [253].
[bookmark: _Ref469056792][bookmark: _Ref469056806][bookmark: _Ref469056811][bookmark: _Ref469056816]In a large majority of the recent literature there has been one core parameter which has been described as the controlling factor for the hydrogen oxidation kinetics. The line specific resistance (LSR, Ωm) is defined as the polarisation resistance generated along a triple phase boundary line. 
A standout study by Rao et al demonstrated that the LSR is crystal structure dependent [289]. Symmetrical patterned Ni/YSZ cells are analysed using EIS and formed almost complete single semicircle arcs. The total polarisation resistance exhibited a crystal structure dependence listed below in order of favour: 
· <100>
· <111>
· <110>
The LSR values for the <100> direction was in fact 50 % lower than the other two directions. This was mirrored by the capacitance of the Ni/YSZ system, respectively. This supports the findings of the Borodzinski relative diameter model which also hinted at <100> Cuboctahedra being formed by the Ni crystallites [100], [221], [290].  
In composite electrodes such as Ni/YSZ anodes it can be tough the gauge the RPA due to the multiple contributions from the different materials. This challenge has been steadily overcome using models such as the transmission line model which has been utilised in a variety of studies.  
The issue of temperature dependence of LSR was tackled by Utz during her study of the patterned Ni/YSZ anodes where the transmission line model was successfully used to calculate the polarisation resistance of the composite electrodes. Utz found that the LSR was much larger for intermediate temperatures (700°C as a pose to 850°C). This underlines how important minimising the LSR is to the improved efficiency of the SOFC (Figure 2.27)[100], [291].  
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[bookmark: _Ref68859303][bookmark: _Toc69114939]Figure 2.27: Comparison of measured LSR values with added confidence values and comparison with other literature sources. a) 700°C b) 800°C c) 850°C [291] 
The problem with this course of action is that in a system modelled with roughly equal particle volume distributions with similar particle sizes should produce the highest TPBl. This would show that infiltration techniques be highly detrimental to the TPBl of a sample due to the disparity between the very small metal NPs and the much larger YSZ particles. Furthermore, a system with almost identical particle size distributions and sizes is highly idealised and currently unachievable experimentally. 
An earlier paper from Zhu et al appeared to support this with a theoretical model on the ion impregnation in Ni/YSZ anodes [292]. In this case the size difference between the nickel and the yttria stabilised zirconia was much greater than the one discussed in Wilson’s paper [293]. And understandably the volume contribution from the YSZ was much larger than the Ni. The key aspect was that the maximum triple phase boundary length was discovered in this investigation when the Ni/YSZ size difference was at its greatest.  This contradiction to the recent literature also emphasises how important experimental data is to the development and assessment of the validity of models. 
The major equation that governs the RPA involves the triple phase boundary length and anode resistance is listed below (Equation 2.11). The equation describes the relation between the specific line resistance (RLS), effective ionic conductivity (σion) and triple phase boundary length on the anode resistance [291].

[bookmark: _Ref51159305]Equation 2.11

This demonstrates how impactful the triple phase boundary length is on the overall fuel electrode resistance but if you break down the factors that govern the TPBl a pattern emerges. The length of the triple phase boundary is a product of the system microstructure and particle size distribution which are in turn a result of the processing conditions used. These are also hugely impactful in determining the LSR of the composite anode components. The production conditions have a major effect on how tortuous the gas transfer pathways are through the oxygen electrode.
A comparative review by Bessler et al discussed the effect of hydrogen oxidation in SOFCs discussed the impact of LSR as a method of analysing the amount of degradation present in a Ni/YSZ patterned model anode [213]. What makes this study stand out is their modifications of the original TPB calculations. Bessler acknowledged that the TPBl will elongate because of grain sintering at temperatures exceeding 600 °C and has adjusted their calculations to represent that. The success of these model can be seen in by how accurate the simulated LSR values plotted in Figure 2.28 in comparison to the experimental work. 
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[bookmark: _Ref474483058][bookmark: _Toc69114940]Figure 2.28: LSR values for a variety of Ni/YSZ patterned anodes processed at a variety of temperatures and partial gas pressures. The black line shows the estimated line specific resistance values as a function of temperature [100], [213]. 
The key issue with this study is of representation. The degradation rate seen in this study far exceeded that of current Ni/YSZ cermet anode SOFCs. The LSR appeared to increase post polarisation linearly at a rate of 0.4 Ωmh-1 at 800 °C. This was reported to be 1000x larger than that of a cermet system. On the other hand, a patterned model anode is a highly idealised system with open porosity and short TPBs. The differences between this system and a cermet or infiltrated anode in terms of size and morphology could the reason as to why the line specific resistance is so much larger [100], [213]. 
The key point of continuation would be to do a benchmark test on an infiltrated Ni/YSZ system to compare with the patterned model anode and use the LSR calculation to analyse degradation. This technique with its continued modification due to changes in the TPBl and particle size should provide an accurate method to assess the durability of a wet impregnated anode.
[bookmark: _Toc474489940]2.4.4 Structural analysis
The main structural examination method in fuel electrode studies is X-ray diffraction which is used by many authors in the literature. However, in recent times more innovative techniques have been used to examine the assembly of wet impregnated fuel electrodes in SOFCs.
[bookmark: _Toc474489941]2.4.4.1	X-ray Diffraction
Structural characterisation methods such as X-ray diffraction (XRD) can also be used to confirm whether the nickel oxide have been reduced successfully into catalytic nickel adatoms on the surface of the fuel electrode. An incomplete reduction event would result in a diffraction pattern that would contain peaks from nickel, nickel oxide and yttria stabilized zirconia. Studies such as Jasinski et al used XRD merely to confirm that this event had occurred (Figure 2.29) [154]. However, as this was more of a proof-of-concept investigation the XRD diffraction pattern provided was a co-precipitated Ni/YSZ sample and not either of the two infiltrated samples.
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[bookmark: _Ref51675978][bookmark: _Toc69114941]Figure 2.29: X-ray diffraction spectra of two Ni/YSZ samples both reduced in humidified hydrogen at 500 °C. LHS – Ni/YSZ co-precipitated sample. RHS – Ni/YSZ infiltrated sample [154], [246], [250]
One of the key issues for X-ray diffraction is the detection limit. When samples possess very small amount of impurity phases i.e. less than 1 wt % they may not be detected using x-ray diffraction [294], [295].
As alluded to earlier X-ray diffraction has been largely used to confirm the presence of certain phases during the decomposition of the nitrate precursor solution (in wet impregnated samples) and reduction steps.  In the case of ion implanted samples, the nickel is at the surface of the anode and thus has much more intense peaks than those found in the co-precipitated sample [154], [246], [250]. 
As porosity increases the detection limit becomes more of a factor which is why XRD cannot be used to accurately map the microstructural evolution of the catalysts. Although the structural evaluation of samples at certain temperatures and atmospheres is possible.
[bookmark: _Toc69129373]2.4.5	Chemisorption 
As an example of a heterogeneous catalyst process the infiltrated Ni-YSZ electrode is subject to adsorption by the fuel during operation. In this process the formation of a TPB between the gaseous hydrogen fuel, nickel catalyst particle and electrons are a clear example of chemisorption. This is defined as the movement of an interacting gas or solid with the consequential formation and cleavage of chemical bonds [296], [297]. The charge transfer generated by the atomic orbital overlap (See Figure 2.30) leads to the formation of strong almost covalent nature bonds between the catalyst and the probe gas.
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[bookmark: _Ref65572550][bookmark: _Toc69114942]Figure 2.30: Diagram of the bonding present in a Gas Chemisorption (GC) catalysis event [296], [298]
One of the main problems with trying to examine NP sintering at the submicron scale is that many the characterisation techniques cannot probe or analyse the region at which the sample is being assessed. This opens the door for gas chemisorption to be used for a characterisation technique for infiltrated SOFCs as the radius of the probe gas particles (usually H2 or CO) can easily penetrate the porous scaffold [297].  The probe molecules can chemisorb onto the catalyst and providing the volume and purity of the gas are known, information such as surface area and percent dispersion of the catalyst can be calculated. In addition, nickel catalysts like nickel have been documented to interact with probe gases such as H2 or CO highlighting chemisorption as a key method of chemical analysis [148], [194].
One of the most used gas chemisorption techniques in surface catalysis is the pulsed gas chemisorption method. This process involves the injection of a fixed amount of infiltrate into a gas stream above the sample. As the infiltrate passes over the sample, a minute pressure increase occurs pressing the contained gas onto the sample surface. Meanwhile the rest of the infiltrate continues to move across the system towards a detector which calculates the amount of gas remaining within the adsorption media and displays it as a voltage. Further injections of the infiltrate are done until sample saturation occurs (See Figure 2.31 below) [296].
After many of these gas/ interface adsorption events occur, a monolayer form across the sample surface completely blocking the continued adsorption of gaseous molecules. This prevention of further adsorption is known as “saturation” and can be seen on a chemisorption spectrum as when the detector voltage readings lines become equal [296]. In Figure 2.31 this is shown after 6 applications of the adsorptive. 
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[bookmark: _Ref468880629][bookmark: _Toc69114943]Figure 2.31: A typical dynamic gas chemisorption spectrum developed by the adsorption of gas onto the sample. Adapted from Webb [296]
In the field of infiltrated SOFC anode production gas chemisorption has been completely untested despite its use in assessing the concentration of solution absorption in other catalysis applications. This technique certainly has the potential to be able to assess the amount of precursor solution being absorbed by the porous scaffold in anode wet impregnation studies. This could lead to more accurate calculation on catalyst loading and finer control of the infiltration step.
The limitations of chemisorption stem from the dissociation of the adsorbate especially the H-H bond in a H2 molecule [297]. The rupture of this bond requires an energy of 3-4 eV making chemisorption tough to achieve at room temperature. Additionally, the catalyst must have a high surface area and be able to produce a binding energy exceeding 2.31 V to facilitate chemisorption [298]. These drawbacks could mean that infiltrated nickel catalysts may not interact for pulsed gas chemisorption.
[bookmark: _Toc69129374]2.4.6	Energetic Barriers to Sintering
For infiltrated SOFC electrode design to effective in combatting electrocatalyst sintering; energetic barriers must be induced in the sample to make the reduction in surface energy unfeasible for the catalyst system. The materials challenge that stems from this solution are numerous:
The fuel electrode operates under extremely aggressive conditions with both a highly reductive atmosphere and temperatures exceeding the homologous temperature of the catalyst media. This means that these solutions must be able to withstand these conditions in addition to providing the desired energetic barrier to sintering.
Two coarsening routes are discussed as the dominant mechanisms in the nickel electro-catalyst [118], [299]: 
· Atomic (Ostwald) Ripening
· Particle Migration Coalescence 
In surface catalysis various reviews have discussed common strategies that are usually utilised to improve the dispersal and homogeneity of their catalysts or implement a physical barrier to sintering.  The feasibility of these techniques is discussed in the next two sections.
2.4.6.1	Catalyst Morphology, Size and Dispersion
Atomic ripening is documented as one of the two major coarsening processes present in nanoscale fuel electrodes. This key to inhibiting this process is to engineer a catalyst network which possesses energetic barriers to sintering.  For processes such as atomic ripening the catalyst particles are far less likely to sinter if their inter particle distances, morphology and size are similar [300], [301]. This also a case if the inter-particle distances between the close to equidistant, the surface energy for the particles is balanced by the attraction to other particles (See Figure 2.32 below).
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[bookmark: _Ref35521156][bookmark: _Toc69114944]Figure 2.32: Idealised 4 surface particle system supported on a substrate from a top-down view. The arrows indicate that the surface energy of the particles is balanced due to their identical size, shape, and inter-particle distance.
In wet impregnated systems the morphology of the decorated catalysts can be tuned by a mixture of process changes:
· Changing the wetting angle  [242], [302]–[304]
· Adding solvents with lower evaporation temperatures
· Adding a dispersant [6], [305]
Ideally, for this method to work in wet impregnated catalyst systems processing methods such as controlled drying must be implemented to ensure that all these parameters are as homogenous as possible during electrode manufacture.  The dispersion of the particles would also have to be analysed using a gaseous probe to determine the active area of the nanoscale catalyst.
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[bookmark: _Ref35521238][bookmark: _Toc69114945]Figure 2.33: 4 particle system supported on a substrate with one shorter inter-particle distance from a top-down view. The arrows indicate the movement of the particles to the one of the RHS in a bid to reduce surface energy and the leading to subsequent sintering events [300], [301]
Figure 2.33 shows a top-down view of 4 adatoms (A) on top of a substrate where one of the particles has a shorter inter-particle distance than the other three particles. This leads to an energetically feasible attraction event that leads to the Ostwald ripening of the particles. Once the agglomerate has formed, the surface energy of larger particle (B) can overcome the energy barrier set by the separated particles leading a cascade-like effect where the agglomeration and sintering events continue until the surface energy has been reduced to a low energy state.
To reduce the rate of atomic ripening the particle size distribution of the particles is required to be as close to mono-disperse as possible [306], [307].  The diffusion coefficients of the particles lower with increased particle size distribution [308]. This should lower the catalyst sintering rate.
The system is still susceptible to coarsening via PMC however, this could be reduced by the fine controls during the wet impregnation step.  The use of increased catalyst dispersion as a via coarsening inhibitor method for infiltrated electrodes has not been explicitly discussed. One key methodology that could change this is the use of drying steps to reduce the particle size and increase their dispersion [166], [169], [180]. 
An example from surface catalysis of a physical sintering barrier is the formation of Nickel Carbide (Ni3C) as a coating for nickel catalysts. In steam reformation these supported catalysts are subject to carbon deposition and adsorption during the methanation preparation reaction. Further information can be found in Kihlman et al [309].
Carbon whiskers consisting of threads of graphite been documented to form via diffusion through the nickel catalyst under reductive atmospheres at temperatures exceeding 500 °C [309].These fibers are detrimental to the catalyst with the whiskers shearing the adhesion of the catalyst with its support. 
Glancing Angle X-ray Diffraction GAXRD studies between 400 – 800 °C reveal that the nickel carbide and whisker formation between 500 – 600 °C causes internal stresses in the nickel (220) crystallographic plane [310]. The decomposition of the Ni3C into graphitic C removes these stresses at temperatures exceeding 800 °C. This means that the interaction is possible in SOFCs with a methane (CH4) fuel ad could be a key interaction in developing sinter resistant infiltrated Ni-YSZ anodes.
[bookmark: _Toc69129375]2.5 Concluding Remarks
A summation of what has been done for the literature for SOFC infiltrated anodes and the nickel coarsening phenomena seen in nanostructured fuel electrode systems has been conducted. This document discusses the various characterisation technique used to analyse the degradation of current state of art SOFC anode materials. 
Despite the documented benefits of utilising infiltrated fuel electrodes, there is not a large amount of experimental data relating to the degradation of these materials. There are holes in key areas namely:
· Monitoring the microstructural changes and the deactivation mechanism in infiltrated fuel electrodes especially in early-stage sintering (0-10 h)
· Using new novel processing steps such as drying and nanoconfinement to reduce the rate of coarsening in infiltrated SOFC fuel electrodes
Additionally, the analysis of degradation events in SOFC fuel electrodes has been almost exclusively at the later stages of processing largely during the operation and cycling of the anodes. There appears to be a large gap in the fuel electrode literature where the initial stages of degradation in infiltrated systems have been overlooked. It is well known that the TPBl, area and line specific resistances are highly affected by the processing.  This highlights the need to analyse the impact of the processing steps on SOFC degradation. The properties of any material are directly influenced by its fabrication process, which underlines the need to assess the early stages of anode durability loss.
This PhD project will focus on:
· Understanding the deactivation mechanism in infiltrated SOFC fuel electrodes using ptychography
· Drying as a method of increasing electrocatalyst dispersion and decreasing the coarsening rate 
· Characterising the influence of the current collector material in the degradation of infiltrated SOFC fuel electrodes 
This rest of this document details how this project will be determination of the degradation mechanisms exhibited in infiltrated nickel/ yttria stabilised zirconia anodes. The techniques and sample preparation used to quantify these mechanisms are described in the next section of this document.

[bookmark: _Toc69129376]Chapter 3: Materials and Methods
This section of the thesis discusses the experimental methods used to discern the coarsening and degradation processes present in infiltrated Ni-YSZ solid oxide fuel electrodes. The first section details the construction of the symmetrical Ni-YSZ samples which are the primary cells used for the microstructural and impedance work in this project. 
The second part of this chapter details the characterisation techniques used in this throughout the three experimental chapters in this project.
[bookmark: _Ref50733946][bookmark: _Toc69129377]3.1 	Symmetrical Fuel Electrode Sample Preparation
[bookmark: _Toc69129378]3.1.1 YSZ Electrolyte and Fuel Electrode Backbone Production
Yttria-stabilised zirconia powder (YSZ, DKKK - Japan) was ground and ball-milled in isopropanol and 1 wt% Triton X-114 dispersant for 18 h at 1800 rpm. The mixture was dried at 90 °C in a drying oven overnight prior to pressing. 0.25 g YSZ electrolyte pellets (0.5 mm thick, 12.0 mm diameter) were produced by uniaxial pressing into pellets under 1 T of force (867 kPa) for 30 s with a Specac Manual Press (Figure 3.1). The electrolyte pellets were sintered at 1400°C for 4 h in an Elite BRF 15/27 box furnace (Figure 3.2).
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[bookmark: _Ref50296124][bookmark: _Ref51159732][bookmark: _Ref51676116][bookmark: _Toc69114946]Figure 3.1: Schematic breaking down the components used in the Specac Manual Hydraulic Pellet Press [311]
42 wt % YSZ powder (DKKK) was mixed with 28 wt % KS4 Graphite (Imerys, Switzerland) powder, ethyl cellulose and Texanol solvent [312]. A slurry was formed by mixing the powder, plasticiser, binders, and dispersant using a DAC Speedmixer at 2100 rpm for five 2-minute intervals. The ink recipe with detailed component weight percent can be found below in Table 3.1.
[bookmark: _Ref68860186]Table 3.1: A breakdown of the different components of the YSZ/C ink including role in the mixture and the supplier. The ink consisted of 70 wt % solid materials with a powder surface area of 8.1 m2g-1 and the Triton X-114 dispersant coverage was calculated to be 2.5 mg m-2
	Ingredient
	Details
	Supplier
	Weight (g)
	wt %

	YSZ (Ceramic)
	Yttria-stabilised zirconia
	DKKK
	21.00
	42.0%

	C (Pore Former)
	KS4 Graphite
	Imerys
	14.00
	28.0%

	Dispersant
	Triton X-114
	Sigma Aldrich
	0.71(mg)
	1.4%

	Binder
	Ethylcellulose N7 grade
	Ashland
	1.05
	2.1%

	Solvent
	Texanol (Alcohol ester)
	IMCD/Eastman
	13.24
	26.5%


A hole punch was used to create a circular hole in the 80 µm thick scotch tape. The tape was applied to the surface of the dense YSZ pellet. The YSZ/C ceramic ink was applied by sliding a glass slide across the surface of the tape – filling the cavity with the slurry. The scotch tape was removed leaving a cylindrical region of ink on top of the pellet (See Figure 3.3).
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[bookmark: _Ref64465863][bookmark: _Toc69114947]Figure 3.2: Firing profile for the YSZ dense electrolyte. The sintering time was 4 h.
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[bookmark: _Ref524428236][bookmark: _Toc69114948]Figure 3.3: Doctor blading technique to forming symmetrical porous samples – the black indicates the YSZ/C slurry and the white the electrolyte material. The black dotted line is 80µm thick scotch tape the red arrow indicates the direction of the blue doctor blade. Parts c. and d. show the doctor blading method repeated on the 2nd side of the dense YSZ pellet and then fired to form two porous regions.
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[bookmark: _Ref503793802][bookmark: _Toc69114949]Figure 3.4: Images of the doctor blading process. 1. Dense YSZ pellet with scotch tape, 2. Dried YSZ/C S1 of P2 and 3. Mounted doctor bladed YSZ P1 pellet on an SEM stub. S1 is facing upwards in image 3.

The ceramic ink was dried for 1 hour in a drying oven at 120 °C then the doctor blading process was repeated on the other side of the pellet. The ink layers were fired on top of the YSZ pellets using a dwell at 600°C for 2 hours to remove the organic compounds in the ink. This was followed by a high temperature-firing step at 1150 °C for 2 hours (See Figure 3.45). The firing temperature routine was programmed using a Eurotherm 2416 controller and can be found in Figure 3.5.
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[bookmark: _Ref68785626][bookmark: _Toc69114950]Figure 3.5: Firing profile for the porous YSZ scaffolds for the fuel electrode samples
3.1.1.1 Thickness measurements
The non-infiltrated electrolyte was scored using a diamond scribe, sectioned and mounted onto a stainless-steel SEM stub using carbon tape (Figure 3.6). The mounted sample was coated with 10 nm of gold sputter coated using an Agar Sputter coater.
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[bookmark: _Ref50296234][bookmark: _Toc69114951]Figure 3.6: Photograph of the porous scaffold// YSZ electrolyte with porous YSZ scaffold mounted on a 45° SEM sample stub prior to sputter coating
The fired scaffolds were imaged using a JEOL JSM-6010LA Scanning Electron Microscope (Figure 3.48). 
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[bookmark: _Ref50283791][bookmark: _Toc69114952]Figure 3.7: Scanning electron micrograph of the P10 ink layer. Measurements were done using the JEOL Touchscope software
A total of eight measurements were taken using the JEOL Touchscope software so that an average thickness of the scaffold could be calculated (Table 3.1).
[bookmark: _Ref505592498][bookmark: _Ref51159906]Table 3.1: A table detailing the different ink thicknesses in microns measured across Figure 3.5
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The thickness reduction of the YSZ/graphite ink during firing amounted to 55.54 % height loss. This was slightly lower than the anticipated 62.5 % (80 μm →30 μm). The diameter of the circular pores in the ink section pores measured between 0.5-1.0 μm which will be ideal for infiltration of sub 50 μm catalytic particles and for sufficient gas percolation. The scaffold was deemed suitable for infiltration.
[bookmark: _Toc69129379]3.1.2 Infiltrate Solution Production
The hydrated nickel nitrate (Sigma Aldrich, UK) solute was weighed using a Sartorius analytical balance. The solvent (de-ionised water) was added to the solute after measurement in a volumetric flask, followed by 1 wt % Triton X-114 dispersant (Sigma Aldrich, UK) (Table 3.2). The 5-M concentration solution was mixed using a CamLab MS-H280-Pro Magnetic Hotplate Stirrer at 100 rpm for 2h at 50 °C. The choice of molarity was to provide some comparability to papers for the Barnett group [313]. It also consequently reduced the number of infiltrations to reach 20 vol %.
[bookmark: _Ref50296313]Table 3.2: Table detailing the chemicals used to produce the aqueous 5M nickel nitrate solution
	Substance Composition
	Name/Role
	Supplier

	Ni (NO3)2.6H2O
	Nickel nitrate hexa-hydrate
	Sigma Aldrich

	H2O
	De-ionised water / solvent
	CBE (UoS)

	Triton X-114
	Triton X-114 / Dispersant
	Sigma Aldrich


[bookmark: _Ref38440241][bookmark: _Toc69129380]3.1.3 Infiltration and Drying of Nickel Catalysts
10 μL of 5 M Ni(NO3)2.6H2O was injected onto the porous regions of the pellets using an Eppendorf pipette.  The solution was left to soak for 0.5 h at room temperature and was absorbed into the layer by capillary motion. This side was dried under flowing air or N2 at 120 °C for 1 hour (See Figure 3.8). The drying and calcination steps utilised a gas flow rate of 5 mLmin-1 (1 bar).  This routine was repeated for the other side. The sample was then calcined for 1.5 hours at 350 ˚C (Figure 3.9) [165], [184], [206]. A K-type thermocouple was used to monitor the internal temperature of the tube. This decomposed the Ni(NO3)2 to NiO particles on the surface of the porous YSZ sample. The infiltration process was repeated between the separate drying and calcination steps. 

[image: Drying Rig Schematic.jpg]
[bookmark: _Ref524528970][bookmark: _Toc69114953]Figure 3.8: Schematic of the sealed sample case during drying under flowing N2. The hot plate was set to 120°C.
The mass changes between each infiltrated drying step and calcination step for the infiltrated symmetrical cell samples were monitored using a Sigma Aldrich balance. The nickel loading during infiltration was measured using volume percent calculated from the mass changes after calcination. The minimum nickel loading for the samples was calculated to be 20 vol % [246], [247], [314].
[image: ]
[bookmark: _Ref41039514][bookmark: _Toc69114954]Figure 3.9: Sample Preparation: a-c. Doctor blading of YSZ/C tape onto YSZ pellet, nitrate solution, d. Firing of porous scaffolds, e. Infiltration with nickel nitrate solution, f. Drying under flowing N2 (120 °C, 1 h), g-h. Calcination then reduction under 10 % H2/N2
[bookmark: _Ref49934236][bookmark: _Toc69129381]3.1.4 	Pillar Sample Preparation
For ptychographic imaging the infiltrated Ni-YSZ samples from Section 3.1.3 were milled into fine pillars. These were milled and lathed using an Oxford Instruments micromachining laser at the Electrochemical Innovation Laboratory (University College London, UK) [255], [272]. The Ni-YSZ pillar samples were produced using a 2-step procedure. Initially a coarse puck was milled with the instrument followed by a lathing step to produce a fine rod sample.
3.1.4.1 Sample Mount Production
To provide a flat surface for the fuel electrode puck and fine pillar structure. Aremco ceramic paste was applied to the end of the alumina tubes to produce a sealed platform for the infiltrated fuel electrode. The paste was left to set for 2 hours. The surface of this was ground flat and any excess paste was removed using sandpaper. A stainless-steel dowel was then coated in superglue and inserted into the alumina rod. The mounts were left for half an hour to dry.
3.1.4.2 Coarse Pillar
After infiltration, drying and calcination. Coarse NiO-YSZ cylindrical pillars (150 µm diameter) were milled with the Oxford Instruments micromachining laser. The laser was programmed using the Cimita 4.08 software with the optimised beam energies for zirconia.  The sample was mounted onto a machining block in the laser chamber. The edges of the specimen were aligned using a reticule in the software. The initial coarse pillars took between 50-60 minutes to cut using a rotating donut beam path. Most of this time was spent cutting through the YSZ electrolyte.
All the coarse samples were mounted onto the alumina tubes with Aremco ceramic paste and air-dried overnight before a 2 h curing step in air in a tube furnace at 90 °C.
3.1.4.3 Fine Pillar Lathing
After the ceramic paste was cured the samples were mounted horizontally in the Oxford Instruments Micromachining laser chuck. The sample alignment was checked using internal cameras in 90° rotations to ensure that the centre of rotation matched with the stainless-steel dowel. This was achieved by making sure that a sample edge was parallel with the centre of rotation at 0°, 90°, 180° and 270°. Each of the fine pillar sample were initially lathed 50 µm then finished to a final diameter of 15 µm in 45 minutes (Figure 3.10). Photographs and micrographs of the fine pillar can be found in Figure 3.11 and Figure 3.12.
[image: ]
[bookmark: _Ref68860983][bookmark: _Toc69114955]Figure 3.10: Diagram of the laser lathing of the fine Ni-YSZ pillar using the alumina tube mounted in the Oxford Micromachining Laser unit
[image: ]
[bookmark: _Ref43456301][bookmark: _Toc69114956]Figure 3.11: Photograph of the Ni-YSZ pillar sample after the first fine lathing pass. The alumina mount is also visible in the image.
The surface and milled thickness of the Ni-YSZ fuel electrode pillar samples were imaged using a JEOL JSM-6010LA SEM (Figure 3.10). The purpose of this was to check that the electrode was not removed during lathing.

[image: ][image: ]
[bookmark: _Ref43456268][bookmark: _Toc69114957]Figure 3.12: Scanning electron micrographs of the laser milled fine Ni-YSZ pillar sample milled for the first pass. The edges of the sample illustrate the conical nature of the laser.
[bookmark: _Toc69129382]3.1.5 Witness Sample Preparation
The milled sample husks from section 3.1.4.3 were sectioned into four segments (Figure 3.13). These segments were aged offline in an alumina firing tray using an Elite 2580 tube furnace. These were aged for the same atmosphere and times as the samples analysed at the I13-1 beamline. This ensured that the data gathered from these samples could be directly compared with that of the samples utilised during the ptychographic experiments.
[image: ]
[bookmark: _Ref50279659][bookmark: _Toc69114958]Figure 3.13: Diagram of the milled sample husk split into 4 witness sample segments

[bookmark: _Toc69129383]3.2	Experimental variable changes
The wet impregnation routine of the symmetrical fuel electrode samples was altered in 4 ways to test impact of the different variables on the electrochemical properties of the infiltrated system. Investigating the changes to the wet-impregnation method was a key part of the work with over half of the methods discussed changing variables associated with infiltrated. Two changes focussed on the scaffold with a view to controlling the electrode thickness. The choice of current collector material was scrutinised post-production during electrochemical impedance spectroscopy (EIS) work.
[bookmark: _Toc69129384]3.2.1 Scaffold Ink Composition
Two YSZ (DKKK, Japan) electrode inks were trialled for the doctor blading process. An in-house tape casting ink recipe was used (See Appendix, Section 3.1.1). The first of these inks had 28 wt % Graphite Imerys KS4 Graphite as the pore former and was fired at 1200 °C for 2 h. A carbonless ink was also synthesised using the method described in Section 3.1.1. The porous electrode ink composition was fired at 1100 °C for 2 h [314]. 
[bookmark: _Toc69129385]3.2.2 Drying Atmospheres
Two drying atmospheres were applied to the samples: Air and Nitrogen. Both gas streams were applied to the samples with identical flowrates of 5 mLmin-1. These drying steps were implemented after the wet impregnation procedure and described in Section 3.1.3. The calcination atmospheres were also changed to these atmospheres. Further discussion into these steps can be found in Chapter 4.
[bookmark: _Ref64281299][bookmark: _Toc69129386]3.2.3 Current Collector 
For the first portion of electrochemical impedance spectroscopy work the current collector material used was a conductive silver (Gwent, UK) paste [315]. Further discussion into this can be found in Chapters 4 and 5. A total of four current collector materials were trialled. Each of the pastes was applied to the calcined symmetrical NiO-YSZ samples using screen printing. A hole punch was used to produce a cavity for the current collector grid to coat the electrode in a piece of scotch tape.
Prior to screen printing this piece was applied to the NiO-YSZ sample and the pastes were mixed with 50 wt% isopropanol. The sample was mounted under an MTI 12 x 12-inch precision screen (250 µm mesh size). The distance between the screen and the sample was 500 µm.  A SPW aluminium squeegee was coated in the current collector and then brushed across the mesh applying a 15 µm thick grid. 
The four current collector pastes used during this work are detailed in Table 3.3 below:
[bookmark: _Ref64894170]Table 3.3: List of the four current collector materials tested during the project including the suppliers and solid content. NB the nickel solids content is listed as N/A due to the paste being out of production 
	Current Collector Paste
	Supplier
	Product Code
	Solids content [%]

	Silver, Ag
	Gwent Materials 
	C2010515D4 [315]
	83.0 ± 2

	Gold, Au
	Heraeus Materials Ltd
	C5729 [316]
	86.5 ± 1

	Platinum, Pt
	Heraeus Materials Ltd
	M637C [317]
	63.0 ± 1

	Nickel Oxide, NiO
	Shoei Chemicals Inc
	X-NH053 [318]
	N/A



[bookmark: _Toc69129387]3.2.5 Ceramic Backbone Material
The ceramic oxide material used during this study was either yttria-stabilised zirconia (Y2O3 – ZrO2, YSZ) or gadolinium doped ceria (Gd CeO2, GDC ). The main material used in this work is YSZ as both the electrolyte material and the porous ceramic backbone for the nanostructured symmetrical cell samples.
[bookmark: _Ref64971943][bookmark: _Toc69129388]3.3	Characterisation Techniques 
[bookmark: _Toc69129389]3.3.1	X-ray Diffraction
X-rays are a form of electromagnetic radiation with a wavelength of 1Å (10 nm). X-ray diffraction measures the constructive interference generated by the diffraction of this radiation by atoms in the sample. In crystalline structures these diffraction events stem from the interaction of X-ray photons with the crystallographic planes and lattices (2-3 Å interatomic distances). This non-destructive procedure technique characterises the crystal structure of a material.  The radiation is produced via the elastic collision of an accelerated electron with one of the inner orbital electrons from the sample atom forming a hole. An electron from a higher energy orbital moves down to fill the hole leading to a subsequent emission of an X-ray photon and finally detection (Figure 3.14). The emitted X-ray photons consists of two forms: monochromatic and white radiation.
[image: ]
[bookmark: _Ref50296498][bookmark: _Toc69114959]Figure 3.14: Diagram of an X-ray photon being emitted from a Cu atom. A 2p electron filling a hole generated by the elastic collision of a 1s electron and the accelerated electron in an X-ray tube.  The red orbitals indicate the s orbitals, the blue p respectively. Adapted from West, Prins, and Thomas [294], [297], [319]
The X-ray diffraction pattern consists of reflection peaks generated by the constructive interference of these monochromatic photons superimposed onto the white (background) radiation. X-ray reflection peaks indicate that the incident X-ray radiation equals the angle in Bragg’s law (Equation 3.) . The product of the order of reflection n, X-ray wavelength λ, is equal to the twice the distance between crystallographic planes d and the sine of the angle of incidence between X-ray radiation and crystallographic plane θ [294].Angles of incidence which do not fulfil Bragg’s law destructively interfere and consequently do not contribute to the overall pattern.

[bookmark: _Ref50296772][bookmark: _Ref51160329]Equation 3.1
In crystalline materials there can be thousands of lattice planes and interactions present; however due to crystallographic symmetry these can be sorted into repeating 3D grids. The unit cell is the lowest common denominator of the material’s crystalline structure. Each crystalline phase has a characteristic fingerprint X-ray diffraction pattern, which can be used to identify the material, derive the unit cell and crystallographic planes. Table 3.4 below details the diffraction peaks present in the fuel electrode materials analysed in this study. 

The three main materials assessed in this thesis are:
1. Yttria stabilised zirconia (electrolyte and fuel electrode ceramic backbone)
2. Nickel Oxide		(transition metal oxide catalyst precursor)
3. Nickel			(metal electrocatalyst in the fuel electrode)
X-ray diffraction was used to confirm the presence of NiO on the YSZ scaffold layer and to calculate the NiO crystallite length in nanometres. The diffraction patterns of the NiO-YSZ samples were obtained using a Bruker D2 XRD Phaser. The samples were scanned for 1 hour using Cu Kα radiation (1.54184 Å). The NiO crystallite length (D) was calculated using the Scherrer formula for line broadening analysis). The diffraction patterns of the materials were analysed using the ICDD PDF4+ 2016, Crystallography Open Database and Bruker Diffrac Eva programs [320]–[326].
[bookmark: _Ref39666373]Table 3.4: Table detailing the peak assignments present in the 20-80° θ range using Cu Kα radiation [320]–[326]
	Material
	Crystal Structure
	Key Peak assignments
	PDF card no.
	Analysis program

	Yttria stabilised zirconia 
[(Y2O3)0.08 (ZrO2)0.92]
	Cubic – Fluorite
	(111)
(200)
(220)
(311)
(222)
(400)
	04-016-2092
04-010-3268
04-018-5452
	PDF4+ 2016
Bruker Diffrac Eva

	Nickel (II) Oxide 
[NiO] 
	Cubic - Rock Salt
	(111)
(200)
(220)
(311)
(222)
	00-047-1049
00-044-1159
01-089-3080
	PDF4+ 2016
Bruker Diffrac Eva

	Nickel 
[Ni]
	Face-Centred Cubic
	(111)
(200)
(220)
	2102245
9008476
	PDF4+ 2016
Bruker Diffrac Eva
Crystallography Open Database (COD)


The experimental parameters for the Bruker D2 X-ray Diffractometer are listed below:
· Cu Kα radiation (1.54184 Å)
· 2θ range between 20-80°
· 0.02º increment of per measurements
· Lower and upper discriminators of 0.11 and 0.25
· A 1.0 mm Soller slit with a Ni filter
· 60 min scan time
3.3.1.1 Crystallite size measurements using X-ray diffraction
The full width half maximum β, of NiO crystallites in the by integrating the X-ray reflections using a  peak analysis baseline fitting function in OriginPro 2020. This was converted to radians. The wavelength of the incident X-ray radiation is denoted by λ. The diffraction angle θ, is half the Bragg angle for the characteristic reflections in the diffraction pattern. A shape factor k, of 0.89 was used for the nickel compounds. This term is a dimensionless constant ranging between 0.62 - 2.08, 0.89 denotes a spherical morphology [295], [327].  The NiO and Ni crystallite lengths (D) were calculated using the Debye-Scherrer equation for line broadening analysis (Equation 3.2) [297], [319], [327]–[329]. The purpose of this was the monitor the crystallite lengths of the infiltrated catalysts during the first 5 h of ageing. The full width half maximum of the diffraction peaks was calculated using OriginPro 2020.
The instrumental contribution was removed from the data by subtracting the full width half maximum of a known calibration sample. In this study this was a bulk nickel foil sample (XRD pattern can be found in the Appendix) [295]. 

[bookmark: _Ref51676565][bookmark: _Ref490832923]Equation 3.2
Debye-Scherrer analysis is not the sole method from which the particle size of a sample can be calculated. Nanocrystalline materials such as the infiltrated nickel phase in anode samples possess a strain component which impacts X-ray diffraction pattern produced from the samples. As these variables are independent of each other The strain ε of the full width half maximum, was calculated using the Williamson hall method (Equation 3.3), which removes this component from Equation 3.2.


[bookmark: _Ref51162172][bookmark: _Ref38891122]Equation 3.3
The impact of the strain component from Equation 3.3 on the FWHM was removed by applying the   equivalence to Equation 3.2
. After that the resulting equation was rearranged to make the crystallite length D, the subject (See Equation 3.4) [297], [319], [327]–[331].


[bookmark: _Ref51162246][bookmark: _Ref38897297][bookmark: _Ref39062870]Equation 3.4
The Debye-Scherrer calculation was used to calculate the crystallite lengths of the nickel particles present on the fuel electrode samples. These were calculated in Microsoft Excel 2016. 
3.3.1.2 Wide Angle X-ray Scattering (WAXS)
The NiO-YSZ scaffold layers of two air dried and N2 dried samples were scraped off their respective pellets and sealed in scotch tape. The powders were mounted on an aluminium plate and scanned at the Advanced Photon Source Argonne National Laboratory 9-ID beamline using) monochromatic radiation from a Si crystal (220) (wavelength λ, 0.58 Å) for a 4-minute scan time [332]. Wide-Angle X-ray Diffraction patterns between diffraction angles Q, of 1-6 Å-1 were captured using the 300 mm WAXS camera (Figure 3.15). The data was collected by the 9-ID beamline scientists using the sample mail-in program.
[image: Diagram

Description automatically generated with medium confidence]
[bookmark: _Ref64629293][bookmark: _Toc69114960]Figure 3.15: Top-down diagram of the Wide-Angle X-ray Scattering unit at the 9-ID beamline at ANL. The monochromatic radiation from the Si (220) crystal is focussed using a collimator. Adapted from Ilavsky et al [332]
The incident photon beam from the APS beamline is focussed through the Si crystal and mono-chromated with optics to the (220) direction in the collimating stage to produce a radiation λ, of 0.58 Å. These X-rays pass through the sample and undergo Bragg diffraction producing interference patterns which can be analysed in the same way as X-ray powder diffraction [294].
[bookmark: _Toc69129390]3.3.2 Scanning Electron Microscopy
Scanning electron microscopy utilises a raster-scan motion with an electron beam to image the microstructure of sample. First established in 1937 by Von Ardenne this characterisation technique can produce 3D images of the surface of a sample [319].The nascent electron beam is produced by thermionic emission using either a tungsten filament or a field emission gun. The beam energy can be varied between 0.2-40 keV using an electric field. The stream of electrons is firstly focussed to an outer diameter of under 5 nm using a pair of condenser lens before being diverted using deflector coils to the sample.
The electrons collide with the sample leading to several different collisions dependent on their energy. The raster motion and thin electron beam result in a rectangular field of view. From the initial point of contact with the electron beam a lachrymiform volume of the sample interacts with the electrons (Figure 3.16). 
[image: ]
[bookmark: _Ref39668497][bookmark: _Toc69114961]Figure 3.16: Diagram of the sample interaction volume in scanning electron microscopy[319]
The depth of this interaction volume ranges from 100-5000 nm (see Figure 3.13 above). The lachrymiform can be divided into 3 sections. Secondary electrons are released from the first 10 nm of the interaction volume. Back-scattered electrons are emitted from 100-2000 nm. X-rays from 2-5 µm. 
The size of this region is entirely dependent on 3 factors:
1. The energy of the incident electron beam
2. The atomic number of the sample material
3. The density of the sample material
Magnifications of between 50 - 500,000x possible with SEM with features of 1 nm available in ideal highly conductive samples [319]. However, the presence of the electrically insulative YSZ ceramic scaffold and electrolyte in the fuel electrode samples results in charge build up which reduces the resolution and clarity of the micrographs.
The size of the nickel particles in the micrographs were measured in the micrographs using the using the FIJI-ImageJ analysis program [333]. 
3.3.2.1	SEM sample preparation
The symmetric cells were sectioned using a diamond scribe. The samples were mounted on carbon tape and coated in a 10 nm layer of gold using an Emscope Sputter Coater (Figure 3.17). This was to reduce the charging effect generated by the electrolyte material. The scaffold thickness of non-infiltrated cells was measured using the TouchScope software. The micrographs of the symmetrical cell scaffolds were taken using a JEOL JSM-6010LA SEM
[image: \\stfdata07\home\FC\Fcp16ejr\ManW7\Downloads\IMG_20170808_134200490.jpg][image: \\stfdata07\home\FC\Fcp16ejr\ManW7\Downloads\IMG_20170808_134157362.jpg]
[bookmark: _Ref50283615][bookmark: _Toc69114962]Figure 3.17: 2 images of the YSZ scaffold samples being coated with gold with the Emscope sputtering instrument
The SEM instruments used for this work were:
· JEOL JSM-6010LA in the Department of Chemical and Biological Engineering (University of Sheffield, UK)
· FEI Inspect F50 at the Sorby Centre for Electron Microscopy (University of Sheffield, UK)
3.3.2.2	Focussed Ion Beam Scanning Electron Microscopy
A new and upcoming portion of the research in terms of anode microstructural assessment is focussed ion beam scanning electron tomography (FST) [293], [334], [335]. This technique is highly unique as usually tomographical methods utilise x-ray diffraction to build up the structure into an image. This characterisation technique can render a 3D illustration from a FIB-SEM image to show the arrangement of pores within the system. These results can be used to produce an estimation into the proportion of TPBs in the overall system.
Focussed Ion Beam Scanning Electron Microscopy (FIB-SEM) was performed using a Helios Nanolab G3 instrument. Prior to imaging the sample was coated using with an 8 nm layer of gold.  A platinum layer measuring 30 µm by 5 µm was applied with the electron beam then the GIS needle (Figure 3.18 and Figure 3.19).  The samples were tilted 52⁰. The gallium source was used to coarsely mill a 15 µm trench using a beam current of 9.3 nA (Figure 3.19). Finer polishing steps including the reduction of the beam current 2.5nA and a finishing pass at 0.43 nA. 
Further microstructural imaging was performed using the FEI Inspect F50 SEM in both secondary electron and back-scattered electron detector modes.
[image: ]
[bookmark: _Ref50296673][bookmark: _Toc69114963]Figure 3.18: Image of the protective platinum layer applied to the NiO-YSZ sample by electron beam (5000x magnification)
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[bookmark: _Ref48566596][bookmark: _Toc69114964]Figure 3.19:Micrograph of a FIB-SEM trench milled at 52⁰ in an infiltrated Ni-YSZ fuel electrode sample (3500 x magnification)
[bookmark: _Toc69129391]3.3.3 Temperature Programmed Reduction
Temperature Programmed Reduction (TPR) observes the interaction of a sample with a probe gas molecule during heating. In this case this procedure can be used to determine the changes in the oxidation state of the catalyst from its interactions with the reductive gas. Similarly, to gas calorimetry (GC) or mass spectroscopy (MS) a thermal conductivity detector (TCD) is utilised to monitor the gas uptake in TPR [319], [336], [337]. 
During TPR the supported catalyst is firstly flushed with an inert carrier gas prior to any heating which provides a baseline TCD reading. During the temperature ramp 5-10 vol % of the reductive gas is flowed across the sample in the inert carrier gas. The reduction event is denoted by the generation of a peak in the y axis (TCD reading) across a temperature range (x axis).
The area and positions of peaks illustrate the changes in the degree of reducibility of the catalyst material. In TPR data if a peak occurs at lower temperatures the reduction temperature of the catalyst involved has been reduced. If the peaks sharpen the reducibility of the catalyst has been increased. As a result, this method provides a combination of qualitative and quantitative data.   
A Micromeritics 2720 Chemisorb was used to produce the temperature-reduction profiles of NiO-YSZ samples between 25-600 °C (Figure 3.20). Prior to reduction, the NiO-YSZ samples were flushed with pure argon for 15 minutes at room temperature at a flow rate of 25 mLmin-1. After this samples were reduced in by a 5 % H2/Ar carrier gas at a flow rate of 20 mLmin-1 between 25-600 °C. This flowrate was selected to mimic the gas flow present during ageing and EIS. To eliminate the impact of moisture, all samples were dried for 2 hours at 100 °C in a drying oven and desiccated overnight prior to the any temperature-programmed reduction. 
[image: ]
[bookmark: _Ref50283550][bookmark: _Toc69114965]Figure 3.20: Photograph of the Micromeritics 2720 Chemisorb instrument used for the TPR work
The TCD response of the Micromeritics 2720 was calibrated using the reduction of a NiO powder sample (J.T. Baker, USA, 99.99 % pure). This sample was used to identify the reduction temperature of bulk NiO, with a view to seeing reduction events earlier in the infiltrated samples.
The temperature-programmed reduction profiles of the calcined NiO-YSZ samples 2 and 16 (N2 and Air dried) were Micromeritics 2720 Chemisorb between 25-600 °C under a 5 % H2/Ar atmosphere. A calibration curve was produced using between 3.0-40.0 mg NiO powder (JT Baker, USA).
3.3.3.1 Dispersion calculations
With knowledge of the crystallite length and particle size gleaned from the SEM, XRD and TPR. The % dispersion of the infiltrated nickel particles can be calculated using the particle sizes and crystallite lengths of the 
The scanning electron micrographs revealed that the morphology of the wet impregnated nickel particles was spherical in shape (Figure 4.14 and Figure 4.15). This information means that calculations involving spherical particles can be assumed for any dispersion calculations.
Assumptions:
1. Length of the crystallite is the diameter of the particles
2. Particles are spherical in morphology (Figure 4.14 and Figure 4.15).
The planar density of nickel particles at the 111 crystallographic planes was calculated using the crystallite lengths determined by the Debye-Scherrer calculation assuming a spherical volume. The number of Ni unit cells were calculated by dividing the catalyst volume by the volume of a single NiFCC unit cell. Afterwards the percent dispersion of the nickel phase was calculated using the planar density, contact area and number of nickel atoms according to Equation 3.5.

[bookmark: _Ref51232720]Equation 3.5
The percent dispersion of the reduced nickel catalysts was calculated with respect to ageing time. The crystallite length determined by the Scherrer method was used to calculate the catalyst volume using the methods described below.
Unit cell length calculation – Volumetric method
Two methods were used to determine the unit cell length of the face centred cubic nickel. The first method utilised the molecular mass and density of nickel to calculate the volume of the unit cell to produce the unit cell length of the (111) crystallographic plane. This plane corresponded to the NiFCC peak used in the Scherrer calculation.
The volume of the unit cell was calculated by dividing the mass of the four atoms in the unit cell by the density of nickel (8.908 g/cm3). This volume was then cube rooted to produce the unit cell length in nm. This value was also checked using the atomic radii method [294], [338], [339].
Both methods produced a unit cell length of 0.352 nm (to 3dp). This value was then cubed to produce the unit cell volume in nm3. The percent dispersion was calculated by number of surface nickel atoms by the total number of atoms present in the sample (Equation 3.5). The nickel particles were found to be spherical in shape from Figure 4.14 and Figure 4.15.
[bookmark: _Toc69129392]3.3.4 Fourier Transform Infra-Red Spectroscopy
Fourier-transform Infra-Red Spectroscopy (FT-IR) analyses the wavelengths emitted from a sample after it has been subjected to infra-red wavelength radiation. The chemical composition of the material can be deduced by the spectrum generated by the sample. Key materials in this study like nickel nitrate can be identified by characteristic absorbance bands at wavenumbers of 1376 and 1620 cm-1 [340], [341].
In FT-IR a high-energy ceramic light source is heated to 1200 K. The source emits an infra-red beam (10,000-100 cm-1) that passes through a sample via radiation. This beam is partially converted to kinetic rotation or vibrational energy in the sample energy and resulting signal is collected as a spectrum. This spectral fingerprint is a result of the change in the dipole moment (µ) generated by the vibration of the sample bonds under the beam [341], [342].  
The FT-IR instrument used during this work was a Shimadzu IRAffinity-1S instrument. The 4000 scans were taken for each sample. The FT-IR was used in attenuated total reflection (ATR) mode which used the change of refractive indexes induced with the presence of a sample in relation to an internal reflecting element [341]. 
A Shimadzu IRAffinity-1S Fourier Transform Infra-red Spectrophotometer was used to determine the phase transitions present during the drying and calcination of the transition metal nitrate. This includes checking whether an oxynitrate had formed after the calcination step. Each sample was scanned for a period of 1600 cycles. Each of the samples were dried in a drying oven at 120 ⁰C for 2h prior to FTIR assessment to remove any excess moisture from the powders.
One of the benefits of FTIR is that the absorption peaks related to the ceramic backbone do not overlap with the nickel oxide catalyst meaning that the decomposition of the nickel nitrate to nickel oxide can be mapped sufficiently [340], [343]. 
However, FT-IR does suffer from some drawbacks. Data analysis is nontrivial especially if the compounds being analysed produce discrete absorption peaks which may have shifted due to compositional and functional groups [297], [319]. Atmospheric moisture is also present in the spectra since the beam passes through air which could make analysis of dried compounds hard. The use of ATR can also provide some issues with beam penetration limited by the sample thickness [341].
FT-IR was used in this work to confirm that the calcination routine had successfully produced nickel oxide and to monitor if any oxynitrate complexes had been formed during drying.
[bookmark: _Toc69129393]3.3.5 Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) is a versatile technique used to extract the resistance and capacitance values of a sample as function of temperature. This technique is well suited to the study of interfacial phenomena. It has been a mainstay for assessing the macroscopic properties of the electrode material on both sides of the SOFC electrolyte. As the primary method of functional analysis, it has been the most popular technique in terms of experimental design.
One of the largest characterisation issues with the current wet impregnated anode literature is due to the size of the nanoparticle catalysts such as nickel. To a large degree the macroscopic approach to degradation has been widely covered by various sources in the literature.
Impedance spectroscopy involves the variation of frequency with a view to affecting the electrical relaxation response of a sample across time. The impedance of a sample consists of two pieces which require calculating: a reactive (conductive/inductive) and resistive segment. 

The major benefit of this technique is its flexibility in terms of assessment as individual conductive and resistive parts can be calculated for separate sections of the material. The method of taking an EIS measurement is listed below:
· An AC voltage is applied across a standard resistor and the sample (which are in series)
· In and out of phase components of voltage across the samples are then measured
· Dividing these parts by the current produces the resistive and reactive components of the impedance.
· With each frequency increment the measurements are repeated up to the desired frequency

This technique can isolate the different sources of resistance contributions from bulk resistance sources to grain boundary segments. The most common form of EIS plot is the Nyquist plot which maps the response of a linear system to different frequencies. This is shown by plotting the natural log of the imaginary frequency response against the logarithmic real frequency contribution of the system. The contribution of a Ni/YSZ anode usually shows an arc based on the x axis under a frequency of 10,000 Hz [66], [133]. 

[bookmark: _Ref51676917][bookmark: _Ref49860547]Equation 3.6
For SOFCs this means that the complex impedance response of different fuel electrode components can be modelled using a series of resistors and capacitors (RC). The use of alternating frequencies means that a sinusoidal interaction is generated from the sample, meaning that the product of maximum loss ωMax with the resistive and capacitive components equals 1 (Equation 3.7). 
This means that a unique relaxation time τ, can be derived individual RC elements (i.e. fuel electrode parts such as pores) (Equation 3.6) [142], [344]. 

[bookmark: _Ref51676898][bookmark: _Ref49861196]Equation 3.7
In the fuel electrode the frequency responses can be assigned separate components like the bulk and gas diffusion impedance[131], [133], [345]. The sinusoidal response results in a complex response from the system. The impedance Z is used to denote the total contribution of the resistive and capacitive elements (Equation 3.8). This is expressed as a Cartesian complex number so the real and imaginary parts (Z’ and Z’’) can be plotted in a Nyquist plot (Figure 3.21)[346]. 

[bookmark: _Ref51676935]Equation 3.8
The complex response for each component in the specimen is represented in the Nyquist plot which monitors the impedance at increasing frequencies from right to left [347]. The high frequency i1 (or Series resistance, RS) represents entirely resistive behaviour (i.e. the electrolyte in an SOFC infiltrated fuel electrode and contributions from jig components) whilst the distance between this and the low frequency intercept i2 signifies the contribution of the electrode itself. This transition is described as the charge transfer resistance to polarisation (Rp) [235], [348], [349].
Additionally, a Bode plot (plot of log frequency vs the absolute Z phase) can be used to identify the key frequencies responses for different fuel electrode contributions i.e. bulk and gas diffusion [133], [350]–[352]. These changes are represented by points of inflection these plots [353].  
Examples of the impedance contributions to the complex impedance response of infiltrated fuel electrode samples can be found in Figure 3.21.

[image: ]
[bookmark: _Ref49863132][bookmark: _Ref49863129][bookmark: _Toc69114966]Figure 3.21:  Nyquist plot showing the complex impedance response of an yttria-stabilised zirconia (YSZ) pellet at 300 ⁰C
3.3.6.1	Experimental Apparatus and Data Acquisition
A ceramic compression jig was fabricated to house the infiltrated symmetrical cell samples in this project. The ceramic internal tube was designed in Solidworks 2017 CAD Software. Alumina tubing was sectioned using a glassware saw and mounted into a stainless-steel flange. A stainless-steel O-ring with a rubber exterior was used to seal the chamber. The samples were housed in an alumina sheath with a K-type thermocouple monitoring the temperature by the Ni-YSZ sample (Figure 3.19). Gold meshes were spot welded onto the gold wires and these were compressed using spring loaded pyrophyllite piston to provide adequate electrical contact between gold mesh and the sample electrodes. Prior to EIS measurements, the samples were checked for short-circuits using a multi-meter. 
Prior to EIS, the samples were coated in a nickel oxide conductive paste (Shoei, Japan) using a screen-printing method (See 3.2.3). The thickness of the electrodes was measured to be 35 µm per side (Figure 3.7). The area of the samples was calculated to be 0.2827 cm2.  After the current collector was dried the samples were loaded into the ceramic impedance jig (Figure 3.22). The samples were ramped at 5 °Cmin-1 up to 800°C under a 5 mLmin-1 flow of 10 % H2/N2. The gas was humidified to a H2O saturation of 10 % at 25 °C via the use of an in-line check valve bubbler (Sigma Aldrich). The flowrate of the gas was kept constant 5 mLmin-1 at using a Supelco rotameter. The heating was done using an Elite tube furnace, Eurotherm 2420 temperature controller and monitored with a K-type thermocouple and Picolog TC-08 datalogger. The complex impedance response was measured between 0.1 Hz-65 kHz using a Solartron Modulab 1250 frequency response analyser and 1287 electrochemical interface. Measurements were collected using the Scribner ZView and ZPlot software. Each sample was aged for a period of 50 h. 
Additionally, between EIS measurements the gold meshes were cleaned using isopropanol and then heated in air to 200 °C for 2 h in the Elite tube furnace to remove any previous material and reduce the impact of cross-contamination between the samples.
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[bookmark: _Ref64463065][bookmark: _Toc69114967]Figure 3.22:  Images of the ceramic compression jig used to perform the electrochemical impedance spectroscopy measurements. a. Shows a photograph of the ceramic compression jig lengthways without the alumina sheath. b. A photograph of the stainless-steel flange with gas inlet, outlet, and K-type thermocouple. c. An exploded schematic of the sample housing with sample layers and jig components in the compression clip. d. A photograph of a Ni-YSZ symmetrical cell in the sample housing (denoted by the red square – diagram found in part c.) including the pyrophyllite piston. 
3.3.6.2	Equivalent Circuit Fitting
Equivalent circuit (EC)fitting was also performed for each of the samples in ZView (Scribner, USA).  The electrochemical impedance arcs present in the Nyquist plots were fitted using EC fitting tool in ZView.  Each of the fittings were run for 100 iterations.
A resistor was used to emulate the contribution to the impedance of the electrolyte (RS). The infiltrated electrode resistance component was represented using a resistor with a constant phase element. Initially an instant fit (IF) was performed on the data to produce rough estimations of the resistive values for the electrolyte and electrode. The Rs and R1 values generated were used to inform the EC fit used with the first pass utilising this circuit (Figure 4.32) which has been used in multiple solid oxide fuel electrode studies [130], [131], [233], [354].
[bookmark: _Toc69129394]3.3.6 Ptychographic X-ray Computed Tomography (PXCT) (Scanning diffraction microscopy)
Ptychography is a form of coherent diffractive imaging (CDI) [275], [279]. This form of imaging retrieves phase data from a sample from reconstructed the diffractograms. These far field diffraction patterns are produced by illuminating the sample in the incident X-ray beam and taking images at increments within a 180° rotation. The illuminated sections overlap reducing the information lost when applying an iterative feedback algorithm [355]–[358]. These algorithms and imaging method can be combined with high flux X-ray sources to form a scanning diffraction microscopy technique known as Ptychographic X-ray Computed Tomography (PXCT). 
With the use of high-brilliance X-rays, the resolution of PXCT exceeds that of its XCT counterparts[359], [360]. This is due to the fact that CDI techniques are lenseless and thus are only constrained by the wavelength of the X-ray radiation used [255], [275], [361]. Phase retrieval algorithms are substituted in for X-ray optics resulting in 3D tomographic renderings with sub 16 nm resolution[360]. This is far finer than the reported 50 nm resolution available to XCT with a 50 µm diameter sample[359].
The PXCT experiments performed in this project were done at the I13-1 beamline at the Diamond Light Source (Oxford, UK).  Ptychographic scans at the coherence beamline utilise a 14 m detector to sample distance [358]. This beamline can produce X-rays wavelengths between 6-20 keV[356], [358]. The transverse coherence of the X-ray beam ξt is a function of the X-ray wavelength λ, sample-detector distance R, and the D the detachment between the point and X-ray source (Equation 3.9) [362]. 

[bookmark: _Ref51677050]Equation 3.9
The beam energy of the PXCT experiment was calculated using X-ray attenuation coefficients present approaching the nickel beam edge [363]–[365]. The sample to detector distance in these The density of the sample was calculated using by multiplying individual elemental densities with their weight percent[262], [366]. For sufficient phase recovery the X-ray beam must be coherent with respect to the material of interest[361]. To optimise the transverse coherence of the X-ray beam and reduce the impact of sample attenuation on D, the milled sample thickness was 15 µm (see Section 3.1.4).

[bookmark: _Ref51677252]Equation 3.10
The relationship between the refractive index of a specimen n, with an X-ray beam of energy E, is expressed as a conjugate number (Equation 3.10) [275], [361]. The sample-reliant real (δ) and imaginary portions (β) of the transmission function(TF) in PXCT are used to express the lack of a phase by the use of binary values [355], [367].  This function can be described using (n-1) with respect to the horizontal axis of the optics Z, further information can be found in Sala et al [362].
The PXCT beam energy used in this study was 17 keV(near to a nickel beam edge), equating to a to a wavelength of 0.73 Å. Figure 3.23 below shows the refractive indexes of both parts against X-ray wavelength [363]. The numerical values of these parts were generated using the absorption values calculated by Henke et al [363]. The real (δ) and imaginary segments (β) amounted to 6 x 10-4 and 1.68 x 10-3, respectively (Figure 3.23).
[image: ]
[bookmark: _Ref49949154][bookmark: _Toc69114968][bookmark: _Ref49947222]Figure 3.23: Real and complex parts of the transmission function plotted against X-ray wavelength [363]
3.3.7.1	PXCT Data Acquisition
The Ni-YSZ pillar sample and SEM stub were mounted onto the sample stage manipulator using an align key. Prior to any beam work the top of the sample was raised to bring the sample into the beam denoted by an alignment laser. A sample to detector distance of 10 m was used to provide adequate transmission through the infiltrated Ni-YSZ fuel electrode pillar specimen (Figure 3.24).
The X-ray photons were counted using the EXCALIBUR detector after they had passed through the sample [368]. A series of focussing optics were used to optimise the incident beam for transverse coherence. The central stop (CS), Fresnel Zone plate (FZP) and Order Sorting Aperture (OSA) were aligned with respect optimising the sample resolution to the X-ray beam energy.
[image: A picture containing object, clock

Description automatically generated]
[bookmark: _Ref49950146][bookmark: _Toc69114969]Figure 3.24: Diagram of the I13-1 sample to detector set up including focussing optics. Adapted from Sala et al [362]
Once the alignment of the optical components was complete. A Siemens star pattern was used to trial the beam energy and derive the beam size available at the sample surface. After this step, the final fine tuning for the sample alignment was done.
Sample Alignment
The sample was fixed to the rotation stage using an Allen key. The sample was then raised to a height where the pillar would be in the path of the X-ray beam. This is checked using an optical microscope prior to any use of synchrotron radiation.
The position of the axis of rotation of the sample is a key to the accurate reconstruction of the 3D microstructure of the phases present in the specimen. Therefore, the sample must be aligned so the region of interest is lined up to the centre of rotation. 
Figure 3.25 below shows an example of the field of view present in ptychographic scans like those found in Figure 3.26. The I13-1 beamline utilises a series of cameras and detectors to monitor the position of the sample.
[image: ]
[bookmark: _Ref37235203][bookmark: _Toc69114970]Figure 3.25: Figure showing the field of view of a sample with rotations around the x axis. The incident beam is approaching via the y axis.
For the ptychographic scans of the infiltrated Ni-YSZ samples the pillars were moved so that the outer   edges of the pillars remained in the field of view. This ensured that the pillar itself was aligned to the centre of rotation for the rotational stage (Figure 3.26). 
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[bookmark: _Ref68867192][bookmark: _Toc69114971]Figure 3.26: Figure showing the initial ptychography scans of a milled infiltrated Ni-YSZ pillar sample.
 The initial scans were 32 µm x 16 µm in size
Once the sample is alignment was deemed suitable, the experimental beam hutch was opened and initial 32 µm x 16 µm scans were taken at -90°, 0° and 90° to ensure that the entire sample remains in the scan (Figure 3.26). Positional adjustments are made in the prior to long term scanning. These scans are checked for to ensure that the correct region of interest is centred.
To increase the amount of sample present in the scan, the x dimensions of the scan are reduced. For a tomographic raster scan the final scan size was taken (25 µm x 10 µm scans) [362], [369]. A total of 800 diffractograms were taken over a 180° rotation. The PXCT scans took 4-6 h to complete.
3.3.7.2	Sample Ageing
A pyrophyllite piece was designed using AutoCAD to house the fine pillar sample. The pyrophyllite sample tray was machined using a CNC machine and a pillar drill. The ceramic was fired using a temperature of 1100 °C for 2 hours.
An offline ageing procedure was performed on the fine Ni-YSZ pillar samples. being The fine pillar sample was loaded into the sample tray and inserted into the tip of the second glass piece (Figure 3.27). The glass heating rig was sealed using and the chamber was filled with 10 % H2/N2 gas. After leak testing the end of the tube was heated to 800 °C in an Elite tube furnace. This sample was heated for an hour prior to the system being cooled to room temperature at 10 °Cmin-1. The temperature was monitored during the heating process using a Picolog TC-08 datalogger with K-type thermocouple. 
[image: ]
[bookmark: _Ref40449474][bookmark: _Toc69114972]Figure 3.27: Diagram of the heating apparatus used to age the Ni-YSZ fine pillar samples. The gas atmosphere was humidified 10 % H2/N2 at with an inlet flow rate of 5 mLmin-1. The apparatus was mounted in a tube furnace via clamps and the entire apparatus was housed in a fume cupboard.
After cooling the pillar sample was remounted into the sample holders detailed in Section 3.1.4. For further ptychographic scans. This scan and heating routine were repeated to enable the imaging of detailed ageing routines of the fuel electrode samples to be performed. This routine was used to track via snapshotting the evolution of the phases in the infiltrated Ni-YSZ symmetrical cell during ageing.
3.3.7.3	Data processing and manipulation
Ptychographic reconstructions were performed to convert the raw ptychogram to a tomogram suitable for phase segmentation in Avizo Lite (FEI). The data analysis was split using into two different procedures: ptychographic and tomographic (Figure 3.28).
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[bookmark: _Ref49265307][bookmark: _Toc69114973]Figure 3.28: Breakdown of the two workflows required to convert raw PXCT data to 3D tomographic renderings. The workflow moved from ptychographic to tomographic during data processing and analysis
The ptychographic data workflow is primarily focussed on the producing 2D projections of the transmission function of the dataset for each individual scan file. These projections were collected for each angle of rotation in the scan. After alignment and back filtered correction are performed these files can be stacked to form a 3D dataset and resulting tomogram.
The diffraction patterns of the samples were trimmed to 700 x 700 pixels which combined with the rotation morphology of the dataset produced a reconstructed pixel size of 36 nm. Regions of zero phase shift (i.e. ambient air around the sample) were used to identify and remove phase offsets present in the data. After phase retrieval was completed the phase unwrapping was performed using the DLS DAWN (Data Analysis WorkbeNch, DLS I13-1) [370], [371]. This produced 2D sinogram projections of the transmitted function which were misaligned both vertically and horizontally [369].
Horizontal alignment was achieved via iterative reconstruction on the sinograms of the films. A filter-back projection was applied in combination with thresholding and an inverse Radon transform to apply localised tomography [362], [369]. This was repeated for each scan file, which were then joined to form a projection which was aligned pixel by pixel.
This produced a sinogram which was not correctly aligned to the centre of rotation utilised in the PXCT scan. A final arrangement in SAVU was applied to correct the file and create a series of TIF images which can be stacked to form a 3D tomogram [356], [358], [362], [369], [372]. Phase segmentation of the tomograms was performed on Avizo Lite. Figure 3.29 below details the various steps and data formats required to produce 3D tomographic renderings of the structure.
[image: ]
[bookmark: _Ref40450759][bookmark: _Toc69114974]Figure 3.29: A flow chart detailing the data processing steps required to produce a 3D digital rendering of ptychographic diffractograms. The orange sections detail the data format, python modules used and rendering software. In this case the * indicate a DLS python module and the ** show the rendering program used

[bookmark: _Toc69129395]3.4 Experimental Characterisation Methodology 
Table 3.5 below details the different characterisation techniques used throughout this thesis. For reference further details on the methods can be found in 3.3 preceding this table.
[bookmark: _Ref64971394]Table 3.5: A breakdown of the different characterisation techniques utilised during the 3 experimental chapters of this work
	Thesis Chapter
	Characterisation Technique

	
	XRD
	WAXS
	SEM
	FIB-SEM
	TPR
	FTIR
	EIS
	PXCT

	4
	
	
	
	
	
	
	
	

	5
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[bookmark: _Toc69129396][bookmark: _Toc474489950]Chapter 4: Quantifying the impact of gas drying atmospheres on infiltrated SOFC fuel electrodes
[bookmark: _Toc69129397]4.1	Introduction
The key limiting factor toward the widespread application of infiltrated electrode systems is that of catalyst durability. Due to prolonged exposure under SOFC operating temperatures (800-1000°C) the fine nanoscale catalysts coarsen thus reducing the active surface area (See Chapter 2). This agglomeration leads to reduced reaction rates by the formation of dead zones. Reducing the size of the catalysts and increasing their dispersion has been discussed as a method of retaining these large surface areas and retain the high power densities associated with wet impregnated electrodes. [171], [173], [174], [200], [373].  
One unexplored fabrication route for infiltrated fuel electrode materials is the use of a catalyst drying step under a specific atmosphere prior to reduction and electrochemical cycling. In the field of surface catalysis, a nitric oxide gas drying step was found to disperse and reduce the size of  wet impregnated transition metal catalysts [171], [173], [174], [200], [373]. The implementation of this step produced well-ordered transition metal nanoparticles under 10 nm in length. The success of this technique was attributed to the ability of NO to remove the oxygen from the metal oxide nanoparticles forming NO2 [176], [177], [374]. The examples of published work of drying infiltrated electrodes for SOFCs focussed on the desiccation of the oxygen electrode [9],[10]. There has been no literature to date quantifying the impact of drying atmospheres on the electrochemical properties of the fuel electrode.
This work sits in a unique position by applying knowledge from the field of surface catalysis to infiltrated SOFCs by demonstrating the impact of utilising a drying step on wet impregnated Ni-YSZ anodes.  
To increase the dispersion and reduce the size of infiltrated NiO particles in Ni-YSZ fuel electrodes, an inert flowing nitrogen gas drying step was applied prior to calcination.  These were compared to air-dried samples. Several characterisation techniques were utilised with a view to observing how these drying steps impact the dispersion, morphology, and size of the supported catalysts. The challenge of quantifying these structures is discussed with respect to their electrochemical performance. A total of four different decomposition configurations were assessed during this work.
[bookmark: _Toc69129398]4.1.1	Chapter Aims
This work aims to address the sintering mechanisms in infiltrated SOFC fuel electrodes using a tailored gas drying step prior to calcination. This is to study the effect of this processing stage on the size and distribution of the infiltrated electro-catalyst towards the application of controlling the particle sintering behaviour. It will secondarily identify the key processing parameter in the infiltration process and translate how it impacts the functional properties namely the polarisation resistance present in the anode.
[bookmark: _Toc69129399]4.1.2	Hypotheses
· The size of infiltrated catalysts can be reduced by using a pure N2 drying atmosphere
· The initial polarisation resistance of the infiltrated fuel electrode can be reduced by drying the catalyst in an inert atmosphere prior to calcination
· The degradation rate of infiltrated fuel electrodes can be reduced using a N2 drying step
[bookmark: _Toc69129400]4.2	Experimental Procedure Overview
The characterisation techniques used in this project are discussed in more detail in Chapter 3. The methods discussed below were used to characterise the wet impregnated fuel electrode samples used in this study. 
[bookmark: _Toc69129401]4.2.1	Sample preparation
The Ni-YSZ symmetrical cells were produced using the procedure detailed in Section 3.1. A breakdown of the synthesis route is described Section 3.1. The key steps were:
· Sintering of YSZ electrolyte pellet (1400 ⁰C, 4 h)
· Doctor blading of YSZ/C ink
· Firing of porous YSZ ceramic backbone (1150 ⁰C, 2 h)
· Infiltration nickel nitrate solution
· Drying of nickel catalysts at 120⁰C using either a flowing Air or N2 atmosphere
· Calcination of infiltrated media using either a flowing Air or N2 atmosphere
The air and nitrogen dried samples were denoted using the nomenclature shown in Table 4.1 below:
[bookmark: _Ref50298228][bookmark: _Ref51227052]Table 4.1: Table detailing the different gas atmospheres trialled during this body of experimental work
	Drying atmosphere
	Calcination atmosphere
	Sample designation

	N2
	N2
	ND NC (N2 DC)

	N2
	Air
	ND AC

	Air
	Air
	AD AC (Air DC)

	Air
	N2
	AD NC



This temperature was selected as it lies between the lowest calcination temperature of nickel nitrate and the Tammann temperature of nickel metal [238]. The removal of the nitrate phase must be as efficient as possible during the calcination step to ensure that as much NiO and consequently nickel is available for the fuel oxidation reaction in the cell.
[bookmark: _Ref41036362][bookmark: _Toc69129402]4.2.2 X-ray Diffraction
Primarily the X-ray diffraction performed was used to confirm that NiO had been produced after the calcination step during the production of the wet impregnated symmetrical samples. The purity of the product was also monitored with Fourier Transform Infrared Spectroscopy (See Section 4.3.1)
X-ray diffraction has a detection limit of up to 1 % per volume of the sample [294], [297], [319], [375], [376]. However, the wet impregnated samples used in this work had a Ni content of 20 vol %, ensuring that the catalyst would be detected with the Bruker D2 XRD phaser.
[bookmark: _Toc69129403]4.2.2.1 Particle size analysis
Additionally, the crystallite length of the calcined and reduced catalyst phase was monitored using the Debye-Scherrer analysis (Section 3.3.1.1). This was used to calculate the crystallite length of the nickel species in the calcined infiltrated samples to track the particle growth over time.  Additionally, Wide-Angle X-ray Scattering was performed to further reduce the impact of micro strain on the crystallite length calculations.
[bookmark: _Toc69129404]4.2.3 Fourier Transform Infra-red Spectroscopy
FTIR was performed to monitor the compositional changes present in the wet impregnated Ni-YSZ samples during infiltration, drying and calcination. This was done for both the AD and ND datasets.
[bookmark: _Toc69129405]4.2.4 Temperature Programmed Reduction
The dispersion and reactivity of the catalysts are key to ensuring a high hydrogen oxidation rate at the surface of the Ni-YSZ fuel electrodes. TPR was used to show the degree of reducibility of the fuel electrode catalysts and provide information of the dispersion and size of the catalytic media present on the samples. 
Increased chemical activity was gauged using two metrics:
· Position of reduction peaks – reduction peaks earlier than 350 °C indicate a high surface area nanoscale system [206], [377]
· Reduction reaction temperature range – the reduction profile of a system with nanoscale is expected to occupy a smaller temperature range 
The reduction temperature of nickel oxide is according to the literature between 280-450 °C depending on the size and activity of the particles [206], [377]–[379]. 
[bookmark: _Toc69129406]4.2.5 Scanning Electron Microscopy
Scanning electron microscopy (SEM) was utilised to show the changes displayed in the nickel catalytic media after drying and calcining in different atmospheres. Electron microscopy techniques such as SEM are essential in providing qualitative data which can be used to track microstructural changes in the electrode [90], [256], [259]. 
[bookmark: _Toc69129407]4.2.6 Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) is the primary characterisation method for solid oxide electrode samples [108], [344], [380], [381]. The electrochemical performance of the infiltrated symmetrical fuel electrode samples was analysed using this method. The aim of this was to monitor the changes in the charge transfer polarisation resistance over time for the different drying and calcination routines.
[bookmark: _Toc69129408][bookmark: _Hlk45269143]4.3	Results
The experimental data collected for the wet impregnated samples dried under different atmosphere is described in this section of the chapter. Further information into the background of these methods can be found in Section 3.3. The samples for each of the characterisation techniques were taken from the same experimental batch to reduce the impact of processing errors including drying and calcination times.
[bookmark: _Ref41036396][bookmark: _Toc69129409]4.3.1	Structural Identification
[bookmark: _Toc69129410]4.3.1.1 X-ray Diffraction
XRD was performed using a Bruker D2 phaser instrument using the parameters detailed in Section 4.2.2.1. Additionally, two nickel contrast samples were also scanned run to remove the instrumental contribution for both bunsenite (NiO) and reduced nickel metal, respectively. Figure 4.1 below shows these scans and two NiO-YSZ samples dried in N2 or Air atmospheres. The nitrogen and air dried and calcined samples are referred to as following the N2 and Air DC throughout this study.
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[bookmark: _Ref42249278][bookmark: _Ref51227231][bookmark: _Ref51677625][bookmark: _Toc69114975][bookmark: _Hlk48832527]Figure 4.1: X-ray Diffraction patterns of samples containing nickel compounds. From left to right: NiO powder (JT Baker, USA), nickel metal foil (Alfar Aesar), calcined NiO-YSZ (N2 dried) and calcined NiO-YSZ (Air dried). Characteristic peaks for nickel oxide, nickel and yttria-stabilised zirconia are denoted by +, -, and * respectively

The diffraction patterns for the NiO-YSZ cells showed broadened reflections associated with nanoscale grains. The infiltrated NiO nanoparticles are a result of the calcination step where the nitrate species is decomposed to nitrous oxide via thermal decomposition. After calcination the colour of the infiltrated scaffolds went from green to black indicating that the nickel nitrate had decomposed to form nanoscale nickel oxide [243]. Furthermore, the wide peaks present in scans C and D (Figure 4.1) also show that that the bunsenite on the samples is nanoscale in length.

[image: ]
[bookmark: _Ref68867522][bookmark: _Toc69114976]Figure 4.2: X-ray diffraction pattern of the infiltrated NiO-YSZ sample dried in Air and then calcined for at 350 °C for 1.5 hours [382].
The resulting diffraction patterns were analysed and matched to YSZ, nickel oxide and nickel samples in the ICDD PDF4+ database and the Bruker Diffrac. Eva program (Figure 4.2, Table 4.2) [382].
[bookmark: _Ref68867588]Table 4.2: A table detailing the International Crystallographic Diffraction Database PDF cards that the P17 sample has matched with during analysis
	Compound
	PDF card no.
	Composition
	Analysis program

	Yttria zirconium oxide
	04-016-2092
	Y0.12Zr0.88O1.94
	PDF4+ 2016

	Nickel oxide
	00-047-1049
	NiO
	PDF4+ 2016

	Yttria zirconium oxide
	04-010-3268
	Y0.12Zr0.88O1.94
	PDF4+ 2016

	Nickel oxide
	00-044-1159
	NiO
	PDF4+ 2016

	Yttria zirconium oxide
	04-018-5452
	Y0.12Zr0.88O1.94
	Bruker Diffrac Eva

	Nickel oxide
	01-089-3080
	NiO
	Bruker Diffrac Eva

	Nickel (metal)
	2102245 (CIF) [383]
	Ni
	COD 

	Gadolinium doped ceria
	4341042 (CIF) [384]
	Gd0.1Ce0.9O1.95
	COD


No characteristic XRD peaks were found for the nickel hydroxynitrite and other complex compounds that can be formed if the calcination step does not completely decompose the wet impregnated nickel nitrate[191], [194], [385].  In the case of both drying atmospheres conditions, XRD has confirmed that the calcination step does decompose the nickel nitrate to nanoscale bunsenite.
Additionally, to trial the impact of changing the ceramic backbone material, two infiltrated Ni-GDC samples were also scanned used the Bruker D2 XRD. This was to investigate the impact of the metal-scaffold interaction between the nickel and the GDC, the diffraction patterns for these samples can be found in the Appendix Section 4.3.1. 
[bookmark: _Toc69129411]4.3.2 Chemical Identification 
[bookmark: _Toc69129412]4.3.2.1 Fourier Transform Infra-red Spectroscopy 
Fourier transform infra-red spectroscopy was performed on a Shimadzu IRAffinity-1S Fourier Transform Infra-red Spectrophotometer. Measurements of three nickel oxide samples and two dried nickel nitrate hexahydrate samples were taken (Figure 4.3 and Figure 4.4):
· Nickel Oxide powder (JT Baker)
· NiO-YSZ (Air dried)
· NiO-YSZ (N2 dried)
FTIR was used to measure the chemical composition of the infiltrated NiO phase. The use of air in the drying and calcination atmospheres was discussed to promote the formation of undesirable nickel hydroxy nitrate phases[185], [186], [194], [386]. 
Each of the measurements share key absorption peaks for a variety of chemicals. Two of the chemicals present in all the spectra are CO2 and H2O based from the atmosphere around the KBr source [340]. These were evident from the various peaks associated with these atmospheric water namely: O-H absorptions at 3537 cm -1 and H-O-H bonding vibration at 1650 cm -1 respectively [319], [340], [387]. The sharp peak at 2350 cm -1 is attributed to stretching of C=O which is associated with CO2 [319], [340], [388].  
[image: ]
[bookmark: _Ref41051633][bookmark: _Toc69114977]Figure 4.3: Overlaid FTIR spectra of the three NiO samples. The samples are offset by 0.8. The NiO calibration powder (JT Baker) and the NiO produced after air and nitrogen drying and calcination steps. The data was taken between wavenumbers of 4000-400 cm -1
In the case of compounds present in the calibration powder and wet impregnated samples the zirconia ceramic usually produces absorptions at 500 cm -1 and 560 cm -1 for YSZ, respectively [388]. This absorption was masked by the instrument. However, a peak associated with NiO can be seen at 412-420 cm -1 for all three of the samples (Figure 4.4) [340], [343], [389].
[image: ]
[bookmark: _Ref41051950][bookmark: _Toc69114978]Figure 4.4: FTIR Spectra of NiO samples based around wavenumbers ranging between 750-400 cm -1
In addition to the calcined nickel oxide, nickel nitrate hexahydrate dried in both atmospheres was also analysed with FTIR. The spectra showed the presence of absorption bands relating to the free NO32- ion(Figure 4.5)[390]–[392]. 
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[bookmark: _Ref50388538][bookmark: _Toc69114979]Figure 4.5: Overlaid FTIR spectra of nickel nitrate hexahydrate dried in air and nitrogen (denoted by the black and red series respectively) [47]–[49]
Upon further inspection, there was also the presence of the bunsenite related bands at 410 - 420 cm -1 which indicates that the nickel nitrate has already begun to decompose during drying(Figure 4.6) [340], [343], [389]. The presence of these eight bands underlines the speed of the decomposition of the nitrate material during the drying process.
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[bookmark: _Ref50389199][bookmark: _Toc69114980]Figure 4.6: Overlaid FTIR spectra of nickel nitrate hexahydrate dried in air and nitrogen (denoted by the black and red series respectively)
There was no evidence of absorption peaks associated with nickel hydroxide or and nickel hydroxy nitrates. This indicates that the calcination step has been successful in the decomposition of nickel nitrate to nickel oxide under both air and nitrogen atmospheres.
[bookmark: _Toc69129413]4.3.3	Particle size analysis 
[bookmark: _Toc69129414]4.3.3.1 WAXS crystallite size calculations
Two NiO-YSZ air dried and N2 dried samples were analysed using the Argonne National Laboratory 9-ID beamline. Wide Angle X-ray scattering diffraction patterns of both samples were generated (Figure 4.8).  The NiO crystallite lengths were calculated using the Debye-Scherrer analysis. The purpose of these results was to remove any nano strain-based contributions to the FWHM which would impact the crystallite length calculations. A comparison of NiO-YSZ X-ray diffraction and Wide-Angle X-ray scattering spectra can be found in Figure 4.7. From Figure 4.7 the NiO WAXS reflections are far more intense than the spectra gathered on the Bruker D2. The use of WAXS also removed the Kβ contribution present at Q =3.4 Å -1. A comparison between AD and ND NiO-YSZ is shown in Figure 4.8.
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[bookmark: _Ref42505904][bookmark: _Toc69114981]Figure 4.7: Wide Angle X-ray Scattering diffraction pattern of an NiO-YSZ electrode sample (Air-dried) post calcination. 
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[bookmark: _Ref42505887][bookmark: _Toc69114982]Figure 4.8: Wide Angle X-ray Scattering diffraction patterns of Pellet A and B (Air red and N2 -dried blue respectively). 
[bookmark: _Ref39059836]The crystallite length after the removal of the strain component is expected to increase after the removal of the strain component as the numerator is kept constant, whilst the denominator is concurrently reduced (See 3.3.1.1). The upper and lower range for the particle size for the Debye-Scherrer and Williamson Hall corrected values intersect. The use of higher flux (reduced wavelength) X-rays on the 9ID beamline has reduced the calculated crystallite lengths as much more of the strain contribution is removed by the higher X-ray flux.
[bookmark: _Ref42505913]Table 4.3: Table of the NiO and Ni crystallite length in nm calculated using Debye-Scherrer and Williamson Hall methods using two different X-ray Diffraction techniques for Ni-YSZ and Ni-GDC samples.
	Sample composition 
(Drying condition)
	Crystallite Length in nm and determination method (Detector)

	
	Debye-Scherrer
(D2) [nm]
	Williamson Hall 
(D2) [nm]
	Debye-Scherrer 
(9ID) [nm]

	NiO-YSZ (AD) 
	25.73 ± 1.01
	27.06 ± 0.45
	14.71 ± 1.13

	NiO-YSZ (ND)
	19.65 ± 1.01
	20.86 ± 0.39
	10.20 ± 1.13

	Ni-YSZ (AD)
	21.04 ± 1.01
	22.16 ± 0.38 
	N/A

	Ni-YSZ (ND)
	16.88 ± 1.01
	18.19 ± 0.31 
	N/A

	NiO-GDC (AD)
	7.37± 1.01
	N/A
	N/A

	NiO-GDC (ND)
	9.81± 1.01
	N/A
	N/A


The use of the inert N2 atmosphere has been shown to reduce the size of the infiltrated nickel oxide crystallites by 30 % compared to the air atmosphere (Table 4.3). This reduction was present in all the crystallite length calculations. Due to experimental procedure having identical drying, calcination temperatures and duration this indicates that the drying atmosphere is the sole parameter that controls the crystallite length in infiltrated Ni-YSZ cells. After reduction, the size difference between the two datasets became 22 %. The reduction decreased the crystallite length of the nickel by 15-20 %.
A 33 % reduction in the nickel crystallite length was also recorded for the Ni-GDC samples. This indicates that the size reduction mechanism induced by drying is not scaffold dependent. The nickel nanoparticle in this case does not equate solely with the crystallite length as a particle can consist of a group of crystallites. However, the monitoring the crystallite length can help monitor what is microstructural changes in the nickel phase as it evolves over time. 
The reduction of the infiltrated NiO crystallites into metallic Ni nanoparticles occurs during the temperature ramp of the SOFC. This initiates an increase in the crystallite length of the catalyst as monitored by the Debye-Scherrer equation. The nickel length is detailed in Figure 4.88.
[bookmark: _Ref50452329][bookmark: _Toc69129415]4.3.4	Microstructural Evaluation
[bookmark: _Toc69129416]Microstructural evaluation using scanning electron microscopy (Surface, cross-sectional)
Micrographs were taken of the as-reduced Ni-YSZ samples and additionally the 50 h aged samples for both surface and cross-sectional work. These were taken to show qualitatively that the drying atmosphere does impact the microstructure of the infiltrated fuel electrode.
Additionally, micrographs were taken of the dried nickel nitrate solution on a YSZ substrate and a porous YSZ scaffold for both drying conditions.
Surface
The nickel nitrate solution dried on the YSZ electrolyte dried into 25 µm wide overlapping plates on the surface of the substrate. Despite the flat substrate these plates have formed stacking layered structures seen in Figure 4.9.
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[bookmark: _Ref50369517][bookmark: _Toc69114983]Figure 4.9: Scanning electron micrographs of the dried nickel nitrate solution dried on: a. YSZ electrolyte pellet 500x (b. 5000x magnification), c. YSZ porous scaffold under an air atmosphere 500x (d. 5000x magnification), e. YSZ porous scaffold under an N2 atmosphere and (f. 5000x magnification)
After the wet impregnation of the infiltrate solution into the porous YSZ scaffold, the drying characteristics of the nickel nitrate differed under the two-drying atmospheres. Stacked nitrate plates are visible in Figure 4.9b and d particles have formed inside the deposited solid.
As reduced samples
The infiltrated nickel catalyst particles were imaged after a 1 h reduction at 350⁰C in 10% H2/N2 to emulate the in-situ reduction performed during SOFC operation. The surface of the wet impregnated electrodes consisted of a porous YSZ ceramic backbone with spherical nickel particles. A 5 µm * 5 µm region was selected in both micrographs. The nickel particle length was calculated using FIJI measurements on 50 particles in these sections a table detailing the average particle length can be found below (Table 4.4).  
The surface of the AD sample (Figure 4.10) showed that the nickel particles were spherical in nature after the reduction. These particles ranged from 34-185 nm in length. 
[image: ]
[bookmark: _Ref38897818][bookmark: _Toc69114984]Figure 4.10: Scanning electron microscopy of the surface if the air-dried Ni-YSZ electrode after a reduction at 350 °C
In contrast, the surface of the ND dried electrode had less prominent nickel features. This was a result of the N2 drying step having produced smaller more well dispersed nickel particles (Figure 4.11). This was also evident from the Debye-Scherrer and dispersion calculations in Section 4.3.2. The nickel in these electrodes ranged from 18-111 nm in length (Table 4.4).
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[bookmark: _Ref38897825][bookmark: _Toc69114985]Figure 4.11: Scanning electron microscopy of the surface if the nitrogen-dried Ni-YSZ electrode after a reduction at 350 °C
[bookmark: _Ref47964010]Table 4.4: Table detailing the average nickel particle length for wet impregnated Ni-YSZ electrodes dried in either Air or N2
	Sample
	Average particle length (nm)

	Ni-YSZ (Air Dried)
	86.0 ± 11.6

	Ni-YSZ (N2 dried)
	47.6 ± 21.0


Aged Ni-YSZ samples
The surface of the wet impregnated electrode samples was then imaged after a 50 h ageing routine. The ageing conditions were identical to the that used in the EIS work (800⁰C, humidified 10 % H2/N2 atmosphere) for comparison purposes.
The decoration of the nickel catalyst lining the pores are evident in both sets of samples. This indicates that the wet impregnated catalyst network is still active. The circled particles illustrate the spherical morphology of the catalyst during ageing in H2 (Figure 4.12 and Figure 4.13).
[image: ]
[bookmark: _Ref50905217][bookmark: _Toc69114986]Figure 4.12: Scanning electron microscopy of the surface if the air-dried Ni-YSZ electrode aged for 50h in a 800 ⁰C 10 %H2/N2 atmosphere
[image: ]
[bookmark: _Ref50905218][bookmark: _Toc69114987]Figure 4.13: Scanning electron microscopy of the surface if the N2-dried Ni-YSZ electrode aged for 50 h in a 800 ⁰C 10 % H2/N2 atmosphere
Both micrographs display a wide particle size distribution from 40-125 nm. The particles exceeding 200 nm are also visible at the edges of the pores and not present within them. This illustrates the fact that the particle coarsening rate appears to be reduced within the pore network. This was discussed as a method of sintering resistance by both Goodman and Buyukaksoy [233], [300].
Cross Section
The right-hand side of Figure 4.14 and Figure 4.15 show the YSZ electrolyte and 15 µm of Ni-YSZ electrode respectively.
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[bookmark: _Ref41470487][bookmark: _Toc69114988]Figure 4.14: Scanning electron micrograph of the fractured cross section of an infiltrated Ni-YSZ fuel electrode sample (AD) aged for 50 h in an 800 ⁰C 10 % H2/N2 atmosphere
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[bookmark: _Ref41470488][bookmark: _Toc69114989]Figure 4.15: Scanning electron micrograph of the fractured cross section an infiltrated Ni-YSZ fuel electrode sample (ND) aged for 50 h in an 800 ⁰C 10 % H2/N2 atmosphere
The 50 h aged, air-dried Ni-YSZ sample has two agglomerates stacked upon one another (circled bottom right, Figure 4.14).  This behaviour is a visual example of particle migration coalescence (PMC), a sintering mechanism where larger agglomerates attract smaller particles with a view to reducing both particles surface energy [300], [301]. The deposited catalyst can stack due to the repeated precursor solution injections in the infiltration procedure.  
In contrast, the nickel phase in the micrograph of the N2 dried electrode did not appear to be faceted. No obvious particle stacking, or PMC was seen in the cross-section of this sample. There were only two infiltration steps in the procedure for this study which suggests that the stacking in Figure 4.14 is largely the product of the drying conditions used for the electrode. As the nitrogen drying step expected to increase the dispersion of the particles the average particle size should be consistently smaller during ageing. This is evident with the average particle lengths calculated using FIJI in Table 4.5.
[bookmark: _Ref42260273]Table 4.5: Average particle length for the pristine and aged Ni-YSZ wet impregnated samples
	Sample
	Average Particle Length [nm]

	
	0h
	50h cross-section

	Ni-YSZ (Air)
	86.0
	805.7

	Ni-YSZ (N2)
	47.6
	601.3



The nickel particles in the nitrogen dried system were after reduction 45.3 % smaller than their air counterpart. After 50 h of ageing at 800⁰C in the humidified 10 % H2/N2 atmosphere this reduction fell to 33.9 %. This confirms that the nitrogen drying atmosphere does reduce the initial nickel particle size and hinders sintering processes during ageing. However, it also suggests that - assuming a linear decrease - this reduced particle size will only last within the first 200h of ageing (0.5 % of the reported SOFC 40,000 h lifetime) [73], [393]. 
One of the key challenges with image analysis of Ni-YSZ is discerning the metallic phase from the ceramic backbone. Additionally, this issue is commonplace in micrograph throughout the literature [130], [394], [395].  This lack of clarity is especially apparent in Figures 4.15 and 4.16. 
Micrographs using vacuum infiltrated epoxy resin were attempted during this project however due to the fragility of the scaffold the resin also coated the electrode cross-section during mounting, making phase contrast and segmentation difficult.
Back-scattered electron imaging was also performed, this underlined that the circular particles in the micrographs were nickel (as nickel has the lowest Z number in the electrode). Secondly, the nickel particles in this section were identified with their spherical morphology.
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[bookmark: _Ref68868363][bookmark: _Toc69114990]Figure 4.16: Micrographs of a 50h aged Ni-YSZ sample (secondary electron on the left, back-scattered electron on the right)
The SEM performed on the Ni-YSZ electrodes has shown that the use of a nitrogen drying atmosphere has reduced the initial and aged particle size of the catalyst phase. The micrographs shown indicate that the nitrogen drying atmosphere does impact the size and dispersion of the electro-catalyst. How these microstructural differences impact the reactivity and electrochemical performance of the solid oxide fuel electrodes are highlighted in sections 4.3.4 and 4.3.5.
[bookmark: _Toc69129417]4.3.5	Reactivity analysis
[bookmark: _Toc69129418]4.3.5.1 Temperature Programmed Reduction – active area measurements
A set of calibration profiles on NiO powder (JT Baker, USA) ranging from 3-20 mg were performed using the Micromeritics 2720 Chemisorption unit. These can be found in the Appendix 4.3.5. In the surface catalysis literature, there are multiple reduction peaks which detail the conversion of NiO to metallic nickel. Studies on bulk NiO have charted this interaction to fall between 350-400 °C [377], [396]. Nanoscale nickel particles have been documented to reduce at temperatures ranging between 290-350 °C. In this study the nickel oxide has been shown to be nanoscale in length due to the use of infiltration and the crystallite length calculations from XRD (Section 4.3.2). 
The morphology of the reduction peaks in Figure 4.17 provide indicators to the size distribution of the infiltrated nickel particles present on the samples. In the AD samples there were a maximum of 5 reduction peaks in present between 290-330 °C region, in addition to bulk reductions at 375-385 ⁰C (Figure 4.89). This shows that the nickel particle size present in these samples range up to 50 nm. This is a result of the air-drying step producing complex nickel hydroxy nitrates [194], [204], [206]. 
Deconvolution of the TPR profiles for the NiO-YSZ samples was performed in OriginPro using a Gaussian distribution (Figure 4.18). The analysis revealed that the air-dried samples had a minimum of 6 reduction events (peaks) which is indicative of a heterogeneous particle size distribution in the NiO catalyst.  The area beneath the peaks was calculated via integration for each of the reduction reactions. The reduction of NiO to metallic nickel has been documented to occur between 290 – 390 °C which has been further highlighted by the NiO-YSZ in this study.
[image: ]
[bookmark: _Ref40960562][bookmark: _Toc69114991]Figure 4.17: Normalised Temperature Programmed Reduction profiles of all of the drying and calcination combinations and a 3.0mg NiO calibration sample from JT Baker. 
For the AD samples the initial reduction between 290 – 320 °C are shared with interactions at 295, 313 and 317 °C (Table 4.6). These reactions account for 24.7 and 37.5 % for the AD AC and AD NC samples respectively. This indicates that the nitrogen calcination step has reduced the particle size distribution between the two systems. The % area of the surface NiO nanoparticles at 290 °C has not differed between the two datasets (13 %) which indicates that the calcination does not impact the smallest NiO nanoparticles. In the first 50 °C of reduction (290 -340 °C) the AC specimen also had another interaction at 305.2 °C which is not present in its NC counterpart. The inert calcination step has also increased the reducibility of the bulk NiO agglomerates shifting the interactions from 378.0 and 384.6 °C to 357.8 and 369.4 °C respectively. For the AD AC sample, the first 5 reduction events occurred in the first 50 °C region which was 2.7 % lower than its NC counterpart.
[bookmark: _Ref67299331]Table 4.6: Table showing the different reduction peak positions and % area per peak in the infiltrated NiO-YSZ samples processed with either an Air or Nitrogen atmosphere
	[bookmark: _Hlk66883744]Processing Condition
	Peak Position [°C]
	Integrated Peak Area 
	Area per Reduction Peak [%]
	

	Processing Condition
	Peak Position [°C]
	Integrated Peak Area 
	Area per Reduction Peak [%]

	AD AC
	292.0
	9.00 
	13.04
	
	AD NC
	295.6
	8.70 
	13.73

	
	305.2
	3.71 
	5.38
	
	
	313.2
	0.63 
	0.99

	
	312.7
	0.87
	1.26
	
	
	317.2
	14.46 
	22.80

	
	317.0
	3.48
	5.04
	
	
	338.4
	18.67 
	29.43

	
	321.0
	27.30
	39.54
	
	
	357.8
	17.23
	27.17

	
	378.0
	23.89
	34.61
	
	
	369.4
	3.73
	5.88

	
	384.6
	0.79
	1.14
	
	
	

	Processing Condition
	Peak Position [°C]
	Integrated Peak Area 
	Area per Reduction Peak [%]
	
	Processing Condition
	Peak Position [°C]
	Integrated Peak Area 
	Area per Reduction Peak [%]

	ND NC
	349.5
	4.36
	19.99
	
	ND AC
	375.2
	30.12
	100.00

	
	357.8
	17.45
	80.01
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[bookmark: _Ref50553497][bookmark: _Toc69114992]Figure 4.18: Deconvolution of TPR profiles of NiO-YSZ samples using a Gaussian distribution. a. Air Dried Air Calcined, b. Air Dried Nitrogen Calcined, c. Nitrogen Dried Nitrogen Calcined and d. Nitrogen Dried Air Calcined
In contrast, the ND samples possessed one distinct reduction peak, indicating very little variation in size of the wet impregnated nickel present (Figure 4.17). The lack of particle size variation has contributed to simple single-step reduction. This is supported by the fact the pure ND NC routine completely reduced in 40⁰C window compared to the 90⁰C of the bulk NiO calibration sample (See Figure 4.17). The reduction of nickel oxide to metallic nickel in the presence of a reductive gas can be described by Equation 4.1.

[bookmark: _Ref51228624]Equation 4.1
The impact of the N2 calcination step is illustrated by the fact that the AD NC sample reduction finished at 385⁰C a total of 20⁰C earlier than its other air-dried counterpart. In addition, the fact that the air calcined samples both had reduced reaction rate demonstrated by their longer TPR profiles. 
It is well documented that increasing the calcination temperature of wet impregnated nitrate materials also reduces their surface area [176], [397]. This occurs as result of early stage particle sintering due to the calcination step [398]. However, the samples in this study were all calcined at the same temperatures and times using the same furnace to eliminate instrument and conditional effects. 
The nitrogen calcination step has increased the degree of reducibility for the infiltrated nickel particles. This underlines the importance of utilising inert gas atmospheres in the preparation of heterogeneous catalysts. 
The percent dispersion of a Ni-YSZ sample was calculated for the sample aged between 0-3 h of ageing [297], [339]. In Figure 4.19 the dispersion of the samples decreased by 48 % after the first hour of ageing. This is the opposite of the crystallite length of the nickel species, which rose after 3 h of ageing. This indicates that the sintering of the nickel phase into larger agglomerates impacts the dispersion of the catalyst species. The initial dispersion of the nickel species can be found below in Table 4.6. 
[bookmark: _Ref41468384]Table 4.7: Table detailing the % dispersion of the Ni species in the wet impregnated fuel electrode samples
	[bookmark: _Hlk39493283]Sample composition
(Drying condition)
	Crystallite Length in nm and determination method (Detector)
	Percent dispersion of the infiltrated nanoparticles
[%]

	
	Debye-Scherrer
(D2) [nm]
	Williamson Hall 
(D2) [nm]
	Debye-Scherrer 
(9ID) [nm]
	

	NiO-YSZ (AD AC)
	25.73 ± 1.01
	27.06 ± 0.45
	14.71 ± 1.13
	4.73

	NiO-YSZ (ND NC)
	19.65 ± 1.01
	20.86 ± 0.39
	10.20 ± 1.13
	6.19


The dispersion of the infiltrated nickel electrocatalyst increased post reduction due to the crystallite length of the particles being reduced during the nitrogen drying step. As the catalyst phase coarsens under the elevated temperatures the crystallite length increases rapidly. Therefore, the dispersion of the particles drops due to the formation of large agglomerates.
[image: ]
[bookmark: _Ref30171183][bookmark: _Toc69114993]Figure 4.19: Comparison of the impact of ageing time on the crystallite length (in nm) and % dispersion of the Ni in Ni-YSZ fuel electrodes (ND).


[bookmark: _Toc69129419]4.3.6	Electrochemical Performance 
[bookmark: _Toc69129420]4.3.6.1 Electrical Impedance Spectroscopy
The electrochemical response of the symmetrical Ni-YSZ cells was gathered using a Solartron 1250/1287 frequency response analyser. Initially the infiltrated Ni-YSZ cells were coated with a silver current collector (Gwent) however this appeared to cause consistency issues with the samples. The electrolyte contribution was calculated as the resulting series resistance after the impedance jig contributions (1 Ω) were subtracted from the measured RS prior to area normalisation. The Ni-YSZ fuel electrode contribution was calculated to be the RP between the RS and I2 intercept (Section 3.3.6) [399], [400]. 
Figure 4.20 and Figure 4.21 detail the evolution of the series and polarisation resistance were taken using a silver current collector [315]. Three repeats were performed for both sets of samples. 
[image: ]  
[bookmark: _Ref40344182][bookmark: _Toc69114994]Figure 4.20: Series resistance for infiltrated Ni-YSZ samples dried under different atmospheres across 50h of ageing. The filled markers denote that the sample was dried in air (AD), red non-filled markers (ND).
[image: ]
[bookmark: _Ref40344185][bookmark: _Toc69114995][bookmark: _Hlk48815366]Figure 4.21: Polarisation resistance for infiltrated Ni-YSZ samples dried under different atmospheres across 50h of ageing. The filled markers denote that the sample was dried in air (AD), red non-filled markers (ND). 
The series resistance of the air-dried samples (AD) RS after 50 h of ageing appeared to be consistently 6 Ωcm2. This was not the case with the ND samples which ranged between 11-15 Ωcm2 this pointed to an issue with either the electrode or the current collector. It was found that the current collector material was delaminating during operation leading to suboptimal electrical contact for the impedance equipment.  Further work into the impact of current collector degradation on the polarisation resistance of the Ni-YSZ cells can be found in Chapter 5.
The contribution associated with the YSZ electrolyte at 800°C was measured across and ageing period of 50h. The switch in current collector material to nickel oxide had a profound impact on the RP of the symmetrical cells. The RP of the cells dropped by over 50 % from just the switch in current collector material (Figures 4.22, 4.23 and 4.24).
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[bookmark: _Ref40357571][bookmark: _Toc69114996]Figure 4.22: Scatter graph detailing the evolution of the series and polarisation resistance of a YSZ electrolyte pellet over 50h of ageing at 800°C using a NiO current collector. The black series denotes the series resistance and the red polarisation resistance respectively
[image: ]
[bookmark: _Ref40357573][bookmark: _Toc69114997]Figure 4.23: Series resistance for infiltrated Ni-YSZ samples across 50h of ageing. The filled markers denote that the sample was dried in air (AD), non-filled markers (ND). The diamond marker shape shows that the sample was calcined in air (AC) and the square calcined in (NC) respectively
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[bookmark: _Ref40357576][bookmark: _Toc69114998]Figure 4.24: Polarisation resistance for infiltrated Ni-YSZ samples across 50h of ageing. The filled markers denote that the sample was dried in air (AD), red non-filled markers (ND). The diamond marker shape shows that the sample was calcined in air (AC) and the square calcined in (NC) respectively
The lowest initial polarisation resistance was recorded by the ND AC sample.  With the highest RP being recorded by its other nitrogen dried counterpart. However, this does not indicate that the ND NC samples was worst performing of the set, just that it had the highest RP after 50h.
When the change in the polarisation resistance for the symmetrical samples from pristine to 50 h is calculated and displayed the largest change is Rp is displayed by the AD AC samples (Table 4.8).
[bookmark: _Ref41316173]Table 4.8: Series and polarisation resistance of wet impregnated Ni-YSZ symmetrical cells dried and calcined under different atmospheres
	[bookmark: _Hlk41999530]Sample (Drying and Calcination atmosphere)
	Initial Series Resistance, Rs0
 [Ωcm2]
	Initial Polarisation Resistance, RP0 [Ωcm2]
	Series Resistance after 50h of ageing, Rs 
[Ωcm2]
	Polarisation
Resistance after 50h of ageing, RP [Ωcm2]

	ND NC
	1.59
	21.64
	4.45
	42.14

	ND AC
	3.91
	15.42
	5.86
	20.09

	AD AC
	3.35
	12.39
	5.16
	39.89

	AD NC
	5.80
	21.68
	7.64
	38.01



3D Nyquist plots of the five samples shown in Figure 4.24 were plotted with respect to the normalised Z’, Z’’ and ageing time. The legends in Figures 4.25, 4.26, 4.27 and 4.28 show the impedance arcs from red to pink corresponding to 0-50 h ageing time in 10 h increments.
[image: ]
[bookmark: _Ref41315974][bookmark: _Toc69114999]Figure 4.25: Nyquist plot detailing the evolution of the Z’ and Z’’ of the ND AC sample over 50h of ageing time. The blocked points indicate frequency increments between 10 -1 – 10 4 Hz
For all four samples the polarisation resistance after 50h of ageing exceeded the initial polarisation resistance. The nitrogen dried and calcined sample (ND NC) produced the highest polarisation resistance of any of the other samples discussed in this work. A second meso frequency arc was visible after 30 h of ageing, which was unique to this sample. The lowest final polarisation resistance was generated by the other nitrogen dried sample (Table 4.8). 
[image: ]
[bookmark: _Ref41315996][bookmark: _Toc69115000]Figure 4.26: Nyquist plot detailing the evolution of the Z’ and Z’’ of the ND NC sample over 50h of ageing time. The blocked points indicate frequency increments between 10-1 – 104 Hz
[image: ]
[bookmark: _Ref41316001][bookmark: _Toc69115001]Figure 4.27: Nyquist plot detailing the evolution of the Z’ and Z’’ of the AD AC sample over 50h of ageing time. The blocked points indicate frequency increments between 10 -1 – 10 4 Hz
[image: ]
[bookmark: _Ref41316003][bookmark: _Toc69115002]Figure 4.28: Nyquist plot detailing the evolution of the Z’ and Z’’ of the AD NC sample over 50h of ageing time. The blocked points indicate frequency increments between 10 -1 – 10 4 Hz
As a nanoscale system the infiltrated nickel catalyst phase is susceptible to coarsening in a bid to reduce its surface area under elevated temperatures such as those used in SOFCs. In this study the drying and calcination atmospheres are being investigated to determine whether the change in these processing steps impact the electrochemical properties of the samples.
The major resistive element being monitored is the polarisation resistance, Rp. This is derived from charge transfer reactions in the wet impregnated Ni-YSZ electrode sample [22], [401]. The samples were aged for a period of 50 h as discussed in Section 4.2.2.
The coarsening of nanoscale systems has been documented to follow three steps an initiation, propagation and stabilisation steps [402]. The use of EIS in this work is to track these phenomena by monitoring the evolution of RP in the first 50 h of ageing. Figure 4.29 (below) shows the change in the polarisation resistance between 0-10 h and 0-50 h for each of wet impregnated fuel electrode samples.
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[bookmark: _Ref40862606][bookmark: _Toc69115003]Figure 4.29: Bar chart showing the change in the polarisation resistance, Rp of the infiltrated NI-YSZ samples after 10h and 50h ageing time
The AD samples both produced an increase in Rp after 10 and 50 h of ageing. However, the AD AC sample had a 9.775 Ωcm2 increase in RP during the 10-50 h aged time-period. This combined with the visual evidence in Figure 4.24 indicate that the electrode degradation mechanisms present in this sample set differ to those samples with nitrogen based drying and calcination steps. 
The previously mentioned change in RP is the largest change exhibited by any of the infiltrated samples discussed in this work. Indicating that the air calcination stage has exacerbated the degradation mechanisms. This is due to the coarsening initiation step having been elongated by the calcination in air [118]. 
Generally, a plateau appears in the samples from an ageing time of 10 h onwards which shows that the catalytic media have transitioned to the second stage of coarsening. This indicates that the first sintering stage dominates in the first 10 h of ageing. The exception to this rule appears to be the ND AC sample. Several works in the fuel electrode literature pre-age their systems for 100 h prior to electrochemical assessment [224], [403]. This fact that this behaviour is shared amongst four of the samples demonstrates that pre-coarsening step utilised in the literature appears to be excessive.  
This is especially highlighted by the RP change between 10-50 h of the ND NC sample which drops compared to the first 10 h of this ageing period. The systematic error between the samples was calculated to range between 0.02-0.05 % [404]. In fact, the RP dropped by 2.54 % portraying a slight recovery of the infiltrated system. This drop was unexpected as the polarisation resistance is usually documented to rise during ageing. This behaviour was evident in both air-dried samples (AD NC with 9.77 % increase between 10-50 h).
A similar but more pronounced drop was also exhibited by the ND AC sample which suggests that this behaviour is not limited by the calcination step which are different for both samples. Nitrogen drying appears to be the most impactful combination in reducing RP. However, in this sample 32.36 % drop denotes that the recovery mechanism present is far more prevalent than its ND NC counterpart. 
This illustrates the impact of utilising an inert nitrogen-based atmosphere processing where the initial RP degradation appears to have been largely constrained to the first 10 h of ageing. Over 90 % of the increase in RP occurred for the AD NC calcined sample within the first 10 h. This underlines the importance of determining the early-stage rate limiting steps in infiltrated SOFC electrodes. 
Additionally, it also highlights how implementing an inert N2 atmosphere… in either the drying or calcination step reduces the rate of fuel electrode degradation. This was evident in the ND AC and AD NC samples which had the lowest Rp increases compared to the samples with same atmosphere drying and calcination steps.
The nitrogen drying step produced the smallest change in the polarisation resistance, with a Rp almost 50% of the other samples in this study. This highlights that nitrogen drying is a key processing step for wet impregnated solid oxide fuel electrodes.
4.3.6.2 [bookmark: _Toc69129421]Equivalent Circuit Fitting
The initial fitting of the Nyquist plots of the data using the circuit detailed in Figure 4.30 did not correctly fit the impedance arcs present in the data. A second low frequency arc (0.1-10 Hz) was also present in the data (Figure 4.31). This arc derived from the gas diffusion interaction with the electrode has been fit using two additional parallel resistor components to Figure 4.32 [314], [394], [405]. This arc has been present in all the electrochemical impedance data taken during this study. This arc is not fit well using the IF function.
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[bookmark: _Ref41318393][bookmark: _Toc69115004]Figure 4.30: Equivalent circuit used for the first fitting of the EIS data for the infiltrated Ni-YSZ symmetric cells utilising a resistor Rs and an RQ component [130], [131], [233], [354]
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[bookmark: _Ref41490108][bookmark: _Toc69115005]Figure 4.31: Nyquist plot of the ND AC samples (50h aged). The instant fitting (green) can be seen in the data using Figure 4.32.
The polarisation resistance RP in the electrode is a combination of both arcs RP = R1+R2. Iterations of the equivalent circuit fit were done utilising an additional RQ then an RC component [314], [394], [405].
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[bookmark: _Ref41557886][bookmark: _Toc69115006]Figure 4.32: : Equivalent circuit used for the first fitting of the EIS data for the infiltrated Ni-YSZ symmetric cells [405]
The error for the R1 arc was minimised in the EC fitting to less than 1 %. In contrast, the percentage error in R2 was consistently larger than 10 % for all the samples. However, due to the difference in magnitude between R1 and R2 % error in R is far higher than the first arc. The reasons for this high error are twofold: the calc modulus function in ZView weights each of the data points equally including the second arc. This skews the error between the large R1 arc and the smaller R2 despite the error (Ω) for both samples being within the same scale factor.
AD AC
The resistive characteristics of the pristine Ni-YSZ sample were fit using the equivalent circuit in Figure 4.32. The low frequency arc (0.1-10 Hz) gas diffusion impedance arc developed within the first 5 h of ageing in the AD AC sample. This indicates that this the reaction producing this arc is capacitive in nature. This arc persisted throughout the ageing process. 
[bookmark: _Ref68869276]Table 4.9: Table detailing the percent errors in the calculated Rs and Rp for the AD AC sample
	Sample
	Ageing Time
	Rs [Ωcm2]
	Rs Error [%]
	Rp [Ωcm2]
	Rp Error [%]

	AD AC
	0
	3.14
	2.71
	12.41
	9.26

	
	5
	3.65
	0.76
	23.59
	3.03

	
	10
	3.97
	0.76
	29.36
	2.12

	
	15
	4.13
	0.66
	34.33
	1.69

	
	20
	4.73
	0.45
	29.15
	1.97

	
	25
	4.66
	0.32
	27.40
	2.02

	
	30
	5.07
	0.43
	35.44
	1.93

	
	35
	5.00
	0.34
	34.07
	2.90

	
	40
	4.93
	0.33
	34.58
	2.98

	
	45
	5.06
	0.32
	32.72
	3.35

	
	50
	5.16
	0.329
	39.63
	2.86



The largest percent error was recorded for the pristine Ni-YSZ sample in both the series and polarisation resistances (Table 4.9). Despite this the error for the Rp was largely restricted between 1-10 %. An example of the fit of the model circuit can be found below and in Figure 4.33:
[image: ]
[bookmark: _Ref68869347][bookmark: _Toc69115007]Figure 4.33: Nyquist plot of the AD AC sample after 50h of ageing. The line series is the fit achieved using the EC in Figure 4.34.
The magnitude of the second impedance arc suggests that the degradation mechanism present in this sample differs to the other samples. The fact that this sample possessed the largest increase in Rp for both the dataset and the EC fitting indicates air processing does not reduce the impact of sintering. 
AD NC
This presence of the second electrochemical arc (0.1-2000 Hz) was visible in the Nyquist plot from the pristine to 50h aged conditions for the AD NC dataset.  An equivalent circuit utilising 1R 2RQ components was utilised to fit the experimental data. 
[bookmark: _Ref42000012]Table 4.10: Table detailing the % errors in the calculated Rs and Rp for the AD NC sample. The errors greater than 10% are indicated in red
	Sample
	Ageing Time
	Rs [Ωcm2]
	Rs Error [%]
	Rp [Ωcm2]
	Rp Error [%]

	AD NC
	0
	2.60
	1.21
	22.38
	16.07

	
	5
	2.98
	1.06
	37.08
	7.83

	
	10
	3.34
	0.71
	32.94
	1.32

	
	15
	2.66
	8.87
	33.08
	15.06

	
	20
	3.44
	8.68
	32.42
	7.17

	
	25
	2.83
	15.71
	38.06
	5.83

	
	30
	2.51
	56.36
	40.47
	5.78

	
	35
	4.23
	0.43
	38.90
	1.06

	
	40
	4.48
	0.26
	33.76
	1.93

	
	45
	4.49
	0.24
	35.74
	1.61

	
	50
	4.50
	0.25
	36.88
	1.57



Errors exceeding 10 % are displayed by in Table 4.10 by the presence of red writing.  For the series resistance the modelled RS is appears to have dipped in the 25-30 h region leading to an increased error. The error in the Rp at 0h is due to noise in the data between 0.1-2000 Hz from the second emerging impedance arc. An example of the fit is provided below in Figure 4.34. The fitting for 0-50 h in 10 h increments can be found in Figure 4.28.
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[bookmark: _Ref42000590][bookmark: _Toc69115008]Figure 4.34: The EC fit of the AD NC sample using an EC utilised 1R and 2RQ in series
The modelled dataset possessed had a reduction of 11.22 % reduction in the change in Rp compared to its experimental counterpart. Despite the magnitude of this change, the fit still retained the same characteristics for the Rp across 50h. The average error across the Rp fit being 5.93 % which is considering that ZView struggles to quantify the overlap between the electrode impedance contributions is acceptable. Both the experimental and EC data underline the fact that the rate of Rp degradation is reduced by using a N2 calcination step. 
ND NC
This sample was unique in the infiltrated dataset due to its Nyquist plot showing the presence of three distinct impedance arcs. These arcs ranged from:
· 1500 – 65000 Hz	Electrode contribution
· 10 - 1500 Hz		Meso frequency gas diffusion impedance from porous transport
· 0.1 - 10 Hz 		Gas diffusion impedance

[image: ]
[bookmark: _Ref41989056][bookmark: _Toc69115009][bookmark: _Hlk48204882]Figure 4.104: EC circuit used to fit the ND AC wet impregnated sample
From inspection of the theta vs frequency plot these three arcs are confirmed in the experimental data. The unique arc (10-1500 Hz) in this sample is visualised more clearly as a shoulder in Figure 4.36. The magnitude of the fit polarisation resistance was modelled sing a resistor and three RQ circuits in series (Figure 4.104). The third RQ component was added to help simulate the 10-1500 Hz impedance arc which was only present in this sample. EC fitting of the data between 0 – 50 h of ageing can be found in Figure 4.28.
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[bookmark: _Ref41989421][bookmark: _Toc69115010][bookmark: _Hlk48204819]Figure 4.36:Theta vs Frequency plot for the ND NC sample fit using the equivalent circuit model shown in Figure 4.37. The new impedance arc is denoted by the red square
The fit shown in Figure 4.37 shows some inconsistencies in the EC fit between 100-1000 Hz. The fit at frequencies outside this range appeared to fit well for both the theta vs frequency plot and the Nyquist plot.
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[bookmark: _Ref42003210][bookmark: _Toc69115011]Figure 4.37: Nyquist plot of the ND NC sample with the EC fitted data 
Despite the issue with the fit between the point of inflection at 1kHz the change in the Rp across the 50h ageing time between the EC and the data set was only 1.90 % (EC: 20.11 Ωcm2, D: 20.499 Ωcm2). The use of the 3RQ elements to fit the three impedance arcs has helped to consistently minimise the average % error in the calculated Rp value to 2.80 % (Table 4.11). This was due to the emergence of a third impedance contribution.

[bookmark: _Ref68869560]Table 4.11: Table detailing the % errors in the calculated Rs and Rp for the ND NC sample
	Sample
	Ageing Time
	Rs [Ωcm2]
	Rs Error [%]
	Rp [Ωcm2]
	Rp Error [%]

	ND NC
	0
	1.52
	0.79
	21.52
	6.27

	
	5
	2.34
	0.92
	39.95
	1.24

	
	10
	2.94
	0.82
	42.07
	2.45

	
	15
	3.12
	0.89
	47.92
	2.42

	
	20
	3.42
	0.72
	42.74
	2.26

	
	25
	3.60
	0.69
	42.79
	2.27

	
	30
	3.91
	0.61
	42.39
	2.41

	
	35
	4.16
	0.64
	42.14
	3.00

	
	40
	4.34
	0.62
	41.95
	2.83

	
	45
	4.52
	0.59
	47.32
	2.51

	
	50
	4.76
	0.60
	41.63
	3.00



Considering that the wet impregnated samples were all confirmed to be the same chemical composition by XRD and FTIR, the emergence of the impedance arc between 100-1500 Hz shows that processing the system entirely in N2 has promoted an extra impedance contribution. This contribution is solely due to an extra gas phase diffusion impedance at 1500 Hz discussed by Gewies in 2008 [406], [407]. 
ND AC
The equivalent circuit utilising two RQ components did not fit the data well due to the emergence of the second arc at 50Hz especially at 0h. This magnitude of this error far surpasses the rest of the aged data visible in Table 4.12 below.
[bookmark: _Ref41655455]Table 4.12: Table of the calculated Rs and Rp and associated % errors from the EC fitting of the ND AC sample
	Sample
	Ageing Time
	Rs [Ωcm2]
	Rs Error [%]
	Rp [Ωcm2]
	Rp Error [%]

	ND AC
	0
	3.82
	0.92
	15.27
	21.10

	
	5
	4.14
	0.46
	21.68
	4.08

	
	10
	4.99
	0.29
	21.82
	2.59

	
	15
	5.20
	0.35
	23.36
	3.20

	
	20
	5.48
	0.44
	20.29
	4.71

	
	25
	5.56
	0.34
	19.22
	4.46

	
	30
	5.80
	0.59
	21.94
	6.10

	
	35
	5.85
	0.47
	23.92
	5.39

	
	40
	5.89
	0.28
	22.12
	4.75

	
	45
	5.93
	0.32
	20.99
	5.43

	
	50
	5.87
	0.32
	19.30
	5.99


The electrode and gas diffusion contributions were simulated with 3 RQ components (Figure 4.38). These were used to reduce the impact of the overlap between the two impedance arcs. Initially 2 RQ components were utilised however this did not adequately fit the gas diffusion impedance arc (0.1-10 Hz). The RP was calculated using the sum of the R1 - R3 resistors.
[image: ]
[bookmark: _Ref41655856][bookmark: _Toc69115012]Figure 4.38: EC circuit used to fit the ND AC wet impregnated sample
Figure 4.39 shows the EC fit plotted against the 50h aged data. The % error produced by the fitting was ideally minimised to between 2.5-6.5 % for the polarisation resistance between 5-50 h ageing. EC fitting of the data between 0 – 50 h of ageing can be found in Figure 4.25. 
[image: ]
[bookmark: _Ref41655636][bookmark: _Toc69115013]Figure 4.39: Nyquist plot of the normalised EIS data from the ND AC sample after 50 h of ageing and the EC fit
The modelled sample produced the smallest increase in Rp across 50 h for any of the infiltrated Ni-YSZ samples. With an increase of 4.03 Ωcm2 across the ageing period a 13.7 % reduction compared to the data. This error to due to a combination of the fact that due to magnitude of error in context with the resistance and that the  ZView software struggled to quantify the overlap region between the resistive components in the RQ components in Figure 4.38.
Recommendation is to use a N2 inert processing step ideally in the drying routine, but reduced degradation rates can be seen in the nitrogen calcined systems even with air drying previously.
[bookmark: _Toc69129422]4.4	Discussion
Drying the infiltrated catalysts with a flowing nitrogen atmosphere has been shown via Debye-Scherrer analysis and scanning electron microscopy to reduce the crystallite length of the nickel particles. A 22 % reduction in the nickel crystallite size was recorded between air and nitrogen dried samples in Table 4.3. Nickel particle size decreases of 45.3 % and 33.9 % were recorded for through SEM from Figures 4.84-4.87. The drop in nickel particle size post reduction was the same magnitude as the surface catalysis work performed by Sietsma and Munnik despite an entirely different backbone material [168], [202]. Further supporting the hypothesis that the size of wet impregnated catalysts can be reduced using an inert N2 drying atmosphere. These results also imply that the catalyst-scaffold interactions do not impact the dispersion of the particles.
Additionally, the scanning electron micrographs (Figure 4.79) demonstrate the microstructural and chemical changes instigated in the dried nickel nitrate film from changing the drying atmosphere (Figure 4.79a-d). The AD nitrate material dried from top to bottom into plate morphology like the material mounted on the YSZ [408]. In contrast the presence of 500 ± 2 nm diameter particles in plates of the ND sample (Figure 4.79f.) film indicate the presence of a second mechanism derived from the inert drying atmosphere. 
According to Munnik et al this physical process is driven by the rate of drying of the colloidal film, subsequent drying gradients and the nucleation rate of the nickel particles [171], [178], [196], [409], [410]. The formation of the particles in Figure 4.79f indicate that the nitrate film is breaking down. changes in dispersion have been detailed in surface catalysis literature this physical process. This mechanism is dictated [196], [410]. Drying gradients are highly evident in Figure 4.11 and Figure 4.12 of the AD samples where heterogeneous drying rates have formed a stacked plate structure [196], [411]. 
When these dried samples were probed using FTIR, a key finding was the presence of characteristic nickel oxide bands in both samples. In the ND sample a singular band was seen at 420 cm-1 indicating the formation of only one bunsenite species (Figure 4.6) [340], [343], [389]. This confirms that the drying step does induce the breakdown of the nitrate phase as reported in recent literature [116], [178], [412]. 
In addition, Figure 4.17 also illustrates the homogeneity of the nickel oxide production produced using the inert gas drying step. The ND samples both showed a maximum of distinct reduction peaks at indicating the presence of uniform bunsenite nuclei particles. This single peak at this temperature underlines the lack of mobility of the infiltrated nickel particles during this process [397]. These well dispersed nickel nuclei particles are a result of the increased moisture removal rate in the nitrogen atmosphere.
The aggregation behaviour displayed by the AD specimens is evident in the initial bunsenite crystallite sizes produced via Scherrer analysis, where the crystallite size of the calcined NiO is 22 % larger than its N2 counterparts (Table 4.3). This clear particle heterogeneity is visible for the AD sample is also illustrated by the multitude of TPR peaks in Figure 4.17 and Figure 4.18. The position of the plate structure with respect to the scaffold is also a concern, as the dried infiltrate does not appear to have penetrated the pores effectively (Figure 4.10). This could lead to electrode deactivation during operation due to pore blocking via nickel particle sintering of the wet impregnated microstructure. 
These was no evidence during this study for the formation of nickel oxynitrates during the drying steps of either dataset. The lack of hydroxide ion (OH-) groups in the FTIR data and reduced drying temperature mean that these findings do not support the nickel nitrate decomposition model proposed by Brockner [195]. The resolution of the measurements was 1 cm-1. This means that the absorption peaks present in should match those of the literature.
The variation in the plate lengths dictate the dispersion and size of the nickel species present in the electrode scaffold during air drying. As discussed by Che the decomposition of the nickel nitrate infiltrate and bunsenite precursor is key to the overall size of the reduced supported metal particles [397]. 
Monte-Carlo modelling work by Stannard also produced the plate-like structure seen in Figure 4.9 [413]. Discs formed when a high catalyst concentration existed with very little coverage under 5 %. However, that study focussed on a suspension and not a solution like this work, so the particles present are subject to different forces. 
The morphology of the dried nickel nitrate display similar characteristics to nickel particles modelled by Liu [414].  The dried discs present in the air-dried samples are identical to the pronounced eggshell (PES) structures discussed in this study. The nitrate material is subject to convective forces, moving towards the edge of the support, stacking, and agglomerating into plates. This stacking behaviour is evident in Figure 4.9. These convection conditions and clumping are fulfilled in the 5 M infiltration solution for the wet impregnated samples with the percentage dispersion of the air-dried samples falling under the 5 % threshold. When decomposed this plate structure forms nickel oxide particles which agglomerate via nucleation and growth forming a heterogeneously dispersed system with a large particle size range. 
The particles present in the nitrogen dried nickel nitrate samples are synonymous with the egg-shell (ES) morphology discussed by Liu [414].  The particles in Figure 4.11 are subject to back-diffusion and thus areas of high concentration are created in the centre of the dried nitrate disc (Figure 4.40). This leads to a homogeneously dispersed network of bunsenite particles under the dried nitrate film.
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[bookmark: _Ref51424115][bookmark: _Toc69115014]Figure 4.40: Diagram of the pronounced eggshell and eggshell morphologies displayed by the nickel nitrate plates dried under flowing air or nitrogen in this work
The chemical analyses focussed around the drying and calcination step did not find any evidence of the formation of nickel oxynitrates during these events. A high degree of control was taken during the sample processing to eliminate the influence of differing calcination times and temperatures. To minimise these issues the sample batches that shared calcination atmospheres were calcined together. The temperature of the calcination step was monitored using a K type thermocouple and all the reactions were timed. These results indicate that the drying atmosphere does not impact the calcination mechanism and that this decomposition can be achieved in 1.5 h at 400⁰C.  
Additionally, pulsed gas chemisorption using both H2 and CO probe molecules was also performed on the air and nitrogen dried samples batches. However, there was no quantifiable response was detected from the nickel present on the samples using either the Micromeritics 2720 Chemisorb or the Hidden Catlab Microreactor units [415]. This was due to the contamination of the catalyst with atmospheric air and the chemisorption routine being performed at too low a temperature for detectable desorption response (T< 180 ⁰C) from the TCD detectors in both instruments [221], [416], [417]. Further chemisorption work and Brunauer Emmett Teller (BET) analysis are required to characterise the surface area changes between drying atmospheres.
The Debye-Scherrer calculation cannot be solely relied upon to generate accurate particle and crystallite lengths [295], [327], [329], [418]. The infiltrate phase will possess micro-strains which will impact the full width half maximum associated with the nickel phases present in the sample [419]. These strains result from dislocation, vacancies and interstitial particles present in the infiltrated nickel particles and must be accounted for during any crystallite-size analysis [295], [327], [328], [420]. Otherwise, the crystallite length calculated via Debye-Scherrer could be compromised by the contribution to the FWHM of by the strain.
As a result, the calculations were checked using two methods: the Williamson Hall method and additionally some NiO-YSZ samples were scanning using ultra small angle X-ray scattering (Figure 4.7). The high flux of the X-ray beam used in this process reduced the impact of the strain on the FWHM of the samples. The use of strain and instrument corrected Scherrer analysis for the XRD, WH and WAXS data showed conclusively that the a minimum 22 % reduction in the crystallite length was achieved from just changing the drying atmosphere to a N2 based drying atmosphere(See Figure 4.7, Figure 4.8 and Table 4.3).  The NiO peaks used for this analysis were the (111) and (200) NiO diffraction peaks, due to the Debye-Scherrer analysis being limited to the first two reflections of a crystal structure [327].
This smaller particle size did not translate to earlier reduction events as shown by in 4.3.4. However, the use of the N2 drying step did produce a more uniform particle size dispersion shown by the singular peak in the reduction profiles of the ND samples. The ND AC sample in particular reduced faster in comparison to the bulk nickel oxide calibration sample and those in the literature [337]. 
There was no data from the TPR or XRD or WAXS results which suggested that the calcination process had not completely decomposed the nickel nitrate to nickel oxide. However, in the case of the XRD phaser the detection limit of the unit is limited to 1 % by unit volume [294], [375], [421]. Meaning that some nitrate material could be present in the calcined sample.
It is clear from these results that the nitrogen drying step has a profound impact on the decomposition and initial particle size of the infiltrated nickel phase. This step has been shown via microstructural imaging, structural analyses, and chemical probes to produce smaller nickel crystallites in the wet impregnated fuel electrode. 
The EIS data gathered through this study has not conclusively shown that drying nickel catalysts in an inert atmosphere reduces the initial polarisation resistance. The data from this study has highlighted that the AD AC sample lowest initial polarisation resistance. This likely to be due to the variety of nickel particle sizes (seen using TPR) reducing the initial electrode resistance. Further datasets including TEM are required to validate this hypothesis. 
The EIS data has underlined the importance of using N2 as a drying atmosphere. The particle size reduction achieved by this step has been translated to a reduced RP in both the initial and 50 h aged datasets in this work. It should be noted that the Nyquist plots generated by these samples are at least one order of magnitude larger than infiltrated Ni-YSZ samples in the literature [6], [233], [422]–[424]. However, these results can be discussed and compared in relation to this study.
In infiltrated fuel electrode systems, a calcination step is used to decompose the metallic nitrate particles to oxide particles such as NiO, which is consequently converted to metallic Ni in the reductive fuel atmosphere. The implementation of the N2 drying step in this has increased the percentage dispersion of the nickel catalysts, producing a well dispersed electro-catalyst network key to reducing the charge transfer resistance. This increased dispersion means that the interparticle distance between the nickel is more homogeneous than in the air-dried system. This has been discussed as a method to reducing the rate of sintering in the catalytic media [300], [301]. In a homogeneously distanced system, coarsening is supressed as the movement and agglomeration of the nickel particles must overcome an energy barrier to trigger [300], [301].
After 50 h of ageing the nitrogen dried air calcined samples produced the smallest increase in the polarisation resistance. This is due to the increased particle dispersion having been via the formation of bunsenite particle during the drying step(Figure 4.6 and Figure 4.11). 
This work has also emphasised the importance of only using a single inert gas processing step should be utilised for the lowest change in the polarisation resistance during ageing. The air calcination atmosphere is better at decomposing the nitrate to NiO ready for in-situ reduction, which was also found in work by Wolters et al [202], [373]. This finding was also supported by the large reduction in initial Rp evident between the AD NC and ND AC samples. 

In contrast, the ND NC samples showed the promotion of a second gas phase diffusion at 1500 Hz (Figure 4.26). This was attributed to the gas-water phase diffusion of the fuel electrode indicative of the formation of water [406], [425], [426]. This impedance contributions stem from the oxygen transfers from the YSZ phase towards the triple phase boundary. In the singular 10 % H2/N2 gas atmosphere utilised in this study, the oxide ions are being supplied by the YSZ phase inducing oxygen vacancies in the ceramic phase. At the TPBs these need to combine with two protons from the fuel to form water which is a two-step process shown below  in Equation 4.2 [427], [428].  This interaction is denoted in EIS by an arc at 1500 Hz.


[bookmark: _Ref51434055]Equation 4.2
The key learning from this work has hinged upon the utilisation of a nitrogen drying or calcination step to reduce the degradation rate of the fuel electrode during service. Further work is needed for this finding to be suitable for SOFCs. Variables such as gas flow rates, compositions and step durations are required to produce a method suitable for industrial SOFC stacks.
During the drying step, the inert nitrogen atmosphere has induced reduced the convection of the  nickel nitrate crystals reducing their particle size and promoting the degradation of the film into NiO particles [116], [179], [373]. The dispersed particles are subject to nucleation and growth via back-diffusion due to the temperature exceeding 100⁰C and being physically constrained by the nitrate film (TPR, Figure 4.20) [397], [429], [430].  In contrast the particles in the air-dried system form disk-like agglomerates due to convective forces and clumped during drying (Figure 4.9) [412].
The decomposition mechanisms present in production of the infiltrated nickel catalyst and during SOFC operation are detailed in the Figure 4.41 below:
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[bookmark: _Ref50730092][bookmark: _Toc69115015]Figure 4.41: Decomposition pathways for the infiltrated nickel particles prior to SOFC testing. The stages of decomposition from left to right: drying, calcination and reduction to metallic nickel. The green denotes the dried nitrate, the black the calcined bunsenite and the white the reduced nickel metal.
The reduction of the air-dried NiO aggregate particles during SOFC ramp up results in multiple processes; including the breakdown of nitrate material core trapped in the bunsenite evident from the five reduction peaks present in Figure 4.17 and Figure 4.18. These reduction events have been discussed in other chemical literature, and are cited in these studies as evidence of particle heterogeneity in size and distribution [377], [396], [431], [432].
Furthermore, the single reduction peak indicates that the bunsenite present in the nitrogen-dried samples is homogeneous in terms of dispersion and size (Figure 4.43) [377], [396], [431], [432]. This appears to have a profound impact on the degradation rate of the electrode as the RP increase for the ND AC samples was at least 40 % lower than its counterparts (Figure 4.8).
[bookmark: _Toc69129423][bookmark: _Hlk45269157]4.5	Conclusions
The first investigation into drying atmospheres in wet impregnated solid oxide fuel electrodes has been performed. It has been found that drying under a N2 atmosphere has been proven to reduce the size of the infiltrated nickel electro-catalyst in SOFC anodes. The microstructural evolution of nickel nanoparticles has been tracked using X-ray diffraction and the Scherrer equation. The uniform catalyst dispersion was demonstrated by the singular temperature-programmed reduction peak exhibited by the nitrogen dried samples. This indicated that the decomposition of the nickel nitrate in the N2 dried samples produced only nickel oxide on the surface of the electrodes. 
Scanning electron micrographs taken during this study support the hypothesis that particle coarsening is exacerbated when drying in an air-based atmosphere. This supports the hypothesis that catalyst agglomeration is reduced in well dispersed systems. This was also supported by the increased change in the polarisation resistance for the air-dried samples in early-stage electrochemical impedance spectroscopy results (< 50h).
The implementation of a nitrogen drying step has decreased the size and increased the dispersion of the NiO nanoparticles in Ni-YSZ infiltrated anodes. It has also been shown by SEM and FTIR to instigate the formation of NiO particles under the surface of the dried nickel nitrate film. The reduced polarisation resistance degradation rate achieved by these samples after 50h of ageing was a consequence of the increased dispersion and reduced particle size.
Drying under a nitrogen atmosphere has been shown as the most impactful processing step in terms of reducing the initial and aged polarisation resistance. This study has also shown that processing under the same atmosphere increases the initial Rp compared to using different atmospheres for drying and calcination steps.  Further studies with non-infiltrated Ni-YSZ cermet samples are needed to provide more context to how this new processing step compares to tradition cermet anodes. 


[bookmark: _Toc69129424]Chapter 5: Assessing the Impact of Current Collector Degradation on the initial Electrochemical Performance of infiltrated Solid Oxide Cells
[bookmark: _Toc69129425]5.1	Introduction
Degradation during operation is not limited to the agglomeration of the nickel electrocatalyst in SOFC fuel electrodes. Current collector materials (which imitate interconnect materials in large-scale SOFC stacks) have also been documented to breakdown during service [433]. Despite their high electrical conductivity, the degradation of expensive precious metal interconnects such as Pt, Au or Ag further add to the cost per kW for a fuel cell stack has driven the research fields to find cheaper alternatives.
The current state of the art method for measuring the degradation of SOFCs is to use electrochemical impedance spectroscopy (EIS). This method relies on a current collector being applied to the sample electrodes prior to the impedance being taken. A variety of candidates for current collection have been documented in SOFC oxygen electrode literature [433]–[437]. Most notably Simner et al found that the thermochemical cation diffusion can occur in the current collector material [434]. Pt and Ag were shown via SEM to possess a high mobility at 750 °C under oxygen reduction reaction conditions [434]. 
Despite this large research focus in oxygen electrodes. There is very little literature on the impact of current collector material on the electrochemical characteristics of infiltrated anodes [438]. The hydrogen oxidation reaction present in the fuel electrode poses different issues to that of the cathode [57], [91], [439]. Current lab based EIS of cermet fuel electrodes has focussed on either Pt or the lower cost NiO paste [85], [132], [440], [441]. 
In this study the impact of changing the current collector material on the polarisation resistance of infiltrated Ni-YSZ fuel electrode samples. The degradation of the wet impregnated samples coated in four different materials (Ag, Au, Pt, NiO) was monitored with a view to informing SOFC interconnect materials selection and characterising current collector breakdown.
[bookmark: _Toc69129426]5.1.1	Chapter Aims
This study aims to identify which of the conductive paste materials produces the least impact on the polarisation resistance of infiltrated Ni-YSZ fuel electrodes.
[bookmark: _Toc69129427]5.1.2	Hypotheses
1. The change in current collector material will affect the size of the polarisation arc in wet impregnated Ni-YSZ electrodes
2. Deposition of a thin film current collector will help reduce the degradation rate of the polarisation resistance
[bookmark: _Toc69129428]5.2	Experimental Procedure Overview
[bookmark: _Toc69129429]5.2.1 Sample Preparation
The infiltrated symmetrical Ni-YSZ samples were produced using the procedure discussed in Section 3.1.3. The infiltrate was dried under an air atmosphere. Each of the samples were checked to see that 20 vol % loading of nickel was achieved post calcination. After the calcination step the samples were screen printed with the relevant current collector.
[bookmark: _Toc69129430]5.2.1.1 Current Collector Application
All the conductive pastes used in this experiment were mixed with isopropanol (Sigma Aldrich, UK) to form a screen-printing ink. 50 wt % of isopropanol was added to the pastes. To control the electrode area and thickness, the resulting ink was screen printed through an 80 µm thick mesh (MTI Corporation, USA). To control the current collector thickness during screen printing a piece of scotch tape was applied around the electrode material. This ensured that the thickness of the screen-printed material would be kept constant and that only the electrode would be coated during current collector application.
After screen printing the inks were dried in at 120°C in a drying oven before being turned over and the reverse side screen printed. This temperature was selected to remove as much moisture as possible without interfering with the catalyst phase.
 The electrode area for the current collector pastes was calculated to be 0.2827 cm2. The current collectors were then dried at 120°C for a 1 h before being applied on the other side of the symmetrical cells. A total of four conductive pastes were investigated these can be found below (Table 5.1):
[bookmark: _Ref50796573][bookmark: _Ref51229513]Table 5.1: A breakdown of the different current collector materials tested in this study [315]–[318]
	Current Collector Material
	Manufacturer
	Solids content [%]
	Specification
	Product Code

	Silver Paste (Ag)
	Gwent Materials 
	83.0 ± 2
	Low Temp Co-Fired Ceramics Paste
	C2010515D4[315]

	Gold Paste (Au)
	Heraeus Materials Ltd
	86.5 ± 1
	Gold Conductive Paste for Au wire bonding
	C5729 [316]

	Platinum Paste (Pt)
	Heraeus Materials Ltd
	63.0 ± 1
	Platinum Electrode Paste
	M637C [317]

	Nickel Oxide Paste (NiO)
	Shoei Chemical Inc.
	N/A
	Nickel Oxide Conductive Electrode Paste
	X-NH053 [318]



Each of the inks were tested for electrical conductivity prior to electrochemical impedance spectroscopy assessment using a multi-meter. The only ink that was not tested for electrical conductivity was the nickel oxide paste which prior to reduction was not conductive. 
[bookmark: _Toc69129431]5.2.2 Characterisation
5.2.2.1	Electrochemical Impedance Spectroscopy
EIS was used to track the changes in the electrochemical properties of the infiltrated Ni-YSZ symmetrical samples when they were coated in a different current collector. The coated NiO-YSZ symmetrical samples were then loaded into a ceramic compression jig between two gold meshes (Goodfellow, UK). The complex impedance response of the cells was monitored using a Solartron 1250/1287 FRA.  The frequency was between 65000-0.1 Hz. This response was measured in 50°C increments from 400-800°C in a 10% wet H2/N2 gas (BOC, UK) gas atmosphere and then over a 50 h ageing period. The nickel-oxide catalytic media was reduced in situ during this ramp up step.
5.2.2.2 Microstructural Evaluation using Scanning Electron Microscopy
The fuel electrode samples were mounted onto a stainless-steel SEM stub and sputtered coated in a 10nm layer of gold using an Agar sputter coater. The mounted samples were imaged using a JEOL JSM-6010LA scanning electron microscope. This was used to check for any microscopic delamination and other breakdown routes in the current collector. The samples were analysed using the FIJI ImageJ analysis software.
5.2.2.3	Temperature Programmed Reduction – Active Area Measurements
TPR was performed on the nickel oxide paste using a Micromeritics 2720 Chemisorb. The reduction was performed between temperature ranging between 100-600 °C under a 10 % H2/Ar atmosphere with a flow rate of 20 mLmin-1. The inlet pressure was 1bar. This was to confirm that the paste had no glass frit impurities and would reduce in-situ during the temperature ramp of the symmetrical fuel electrode samples.
To retain comparability with the infiltrated nickel oxide samples the Shoei conductive paste was doctor bladed on the surface of a YSZ pellet and dried at 120 °C for an hour (dried thickness 40 µm) [318]. This ensured that the paste was supported on an identical material to that of the wet impregnated nickel oxide.
The temperature ramp was set to 5 °Cmin-1 to mimic that used in the EIS analysis work and to avoid the fracture of the ceramic electrolyte.
Infiltrated Ni-YSZ samples were produced from the same batch to reduce the amount of sample variance via parallax error and identical production routines. The infiltrate loading of the samples was calculated to be 20 vol %.
[bookmark: _Toc69129432]5.3	Results
[bookmark: _Toc69129433]5.3.1 Macroscopic Degradation and Current Collector Delamination
One of the most conspicuous indicators that the current collector was degrading during the ageing of the infiltrated electrode samples was the visible delamination via after sample unloading. Images like those shown in Figure 5.1 and Table 5.1 show that this issue was certainly prevalent in the silver and platinum current collector systems. This indicates that the exposure to the reductive fuel electrode atmosphere (10% H2/N2, 800⁰C) has generated some mechanical fragility in the samples. 
[image: C:\Users\user\Downloads\IMG_20190628_114731.jpg]
[bookmark: _Ref43802486][bookmark: _Ref51229610][bookmark: _Ref51678778][bookmark: _Toc69115016]Figure 5.1: Photograph of the delaminated Pt current collector after 50h of ageing
The samples were all subject to the same compressive force because of being housed in the same ceramic compression jig during EIS assessment. The force applied to the samples was not measured in this study.

[bookmark: _Ref43974194]Table 5.1: Photographs of the macroscopic delamination present in the infiltrated Ni-YSZ symmetrical cells coated in two of the current collector materials. There was no macroscopic delamination present in the Au and NiO coated samples
	Current collector
	Ag
	Pt

	Photograph of the electrode after 50h of ageing
	[image: ]
	[image: ]



From literature analysis reasons for current collector delamination on the fuel electrode are twofold:
· Pores and void formation under hydrogen rich reductive atmospheres [442]–[445]
· Mechanical stresses from the oxidation of the current collector and catalyst [442], [443]
· Increased mobility, diffusion, and evaporation of the current collector under elevated temperatures and reductive atmospheres [438]
The RP data in this study has been normalised with respect to an area of 0.2827 cm2, however in the case of Pt especially this area is highly unlikely to have equated to the actual contact area between the current collector and the mesh.
A reduction in the contact area (and subsequent increase in the interfacial resistance) between the current collector and the electrode has been discussed with respect to the oxygen electrode in numerous studies [95], [434], [441], [442], [446]. In spite of the fact the current collector materials have delaminated from the electrode in Figure 5.1 and Table 5.1, hydrogen embrittlement is not thought to be a mechanism of degradation in the precious metal current collectors [447]. 
[bookmark: _Toc69129434]5.3.2	Electrochemical performance using electrical impedance spectroscopy
EIS was the primary characterisation technique utilised in this study. The changes in the charge transfers resistance to polarisation (RP) have been tracked with a view to illustrating the impact of the different current collector materials on this parameter. The series and polarisation resistance over 50h of ageing time can be seen in Figure 5.2 and Figure 5.3.
The two characteristics of the two resistances show very different morphologies. For the series resistance, the degradation rate appears to be reaching a plateau at 40h (Figure 5.2).  This stability is a result of this resistance stemming from the electrolyte material, yttria-stabilised zirconia (YSZ). The major conduction route for this material is oxide (O2-) oxide ion conduction. As the samples all utilised YSZ as their electrolyte material the series resistance, RS for all the samples should be similar. In this case the RS results are all in the same order of magnitude. 
The polarisation resistance, RP results for the Ni-YSZ fuel electrode samples contrast the RS, with multiple mechanisms evident from the shape of the ageing profiles. It was expected that the Rp would increase over ageing time, however in the case of Au and Ni the RP dropped significantly after 10h of ageing. 

[image: ]
[bookmark: _Ref42765905][bookmark: _Toc69115017]Figure 5.2: Series resistance vs. ageing time for 50h of ageing at 800⁰C in a 10%H2/N2 atmosphere. The blue, red, purple and green markers indicate platinum, silver, gold and nickel respectively

[image: ]
[bookmark: _Ref42765908][bookmark: _Toc69115018]Figure 5.3: Polarisation resistance vs. ageing time for 50h of ageing at 800⁰C in a 10%H2/N2 atmosphere. The blue, red, purple and green markers indicate platinum, silver, gold and nickel respectively

The Nyquist plots of the symmetrical infiltrated Ni-YSZ cell samples were plotted in OriginPro 2020. The series resistance was not subtracted from the data. The Nyquist plots for each sample were plotted in 5 h increments. The initial impedance arc for all the samples is denoted by a black square and the 50 h ageing by the red pentagon series (Figure 5.5-Figure 5.7). 

5.3.2.1	Silver/Ag
For two-thirds of the Ag//Ni-YSZ samples the series resistance displays a brief (10 h) rise followed by a plateau in the posterior hours (Figure 5.4). Despite the formation of this stage the polarisation resistance continues to rise indicating that the electrode degradation mechanisms dominate the anode specific resistance for these samples. The RP vs ageing time plots show a large degree of variation between the three sample regardless of the fact they are from the same batch.
The Ni-YSZ symmetrical cells samples coated in the silver current collector are listed in Figure 5.2 and Figure 5.3 as Ag1-Ag3. The magnitude of the polarisation resistance for the initial impedance arc for all three samples ranged from 6.16 - 9.03 Ωcm2.
[image: ][image: ]
[bookmark: _Ref45013280][bookmark: _Toc69115019]Figure 5.4: Series and Polarisation resistance vs ageing time for the Ni-YSZ samples coated in a Ag current collector
Initially the Nyquist plots shown a singular arc between the 0.1-65 kHz frequency range. After a 5 h period in the humidified 10 % H2/N2 atmosphere a clear second arc is apparent especially in Ag2. The frequency at the point of inflection between the two impedance arcs is 16 kHz.  This arc is present in all the repeats. The presence of an arc at these frequencies highlights the presence of a second interaction driving the electrode resistance mechanism. This second arc appeared after a 15 h ageing period under the humidified 10 % H2/N2 atmosphere. 
Many instabilities are present in the datasets at frequencies approaching 0.1-100 Hz (Figure 5.5), which made determining the intercept tough. The Ag2 sample produced the most well-defined region in this frequency range (Figure 5.5). Over the 50 h ageing period the average Rp for the Ag coated samples increased by over sevenfold (Rp (0 h) 8.25 Ωcm2, Rp (50 h) 59.39 Ωcm2).
[image: ]
[bookmark: _Ref45020457][bookmark: _Toc69115020]Figure 5.5: Stacked Nyquist plots for the Ag1 Ni-YSZ sample coated in an Ag current collector over a 50 h ageing period. The markers track the evolution of the samples in 5 h increments. The hollowed markers indicate the data taken at intervals between
[image: ]
[bookmark: _Ref45020472][bookmark: _Toc69115021]Figure 5.6: Stacked Nyquist plots for the Ag2 Ni-YSZ sample coated in an Ag current collector over a 50 h ageing period. The markers track the evolution of the samples in 5 h increments. The hollowed markers indicate the data taken at intervals between 10 h
[image: ]
[bookmark: _Ref45020476][bookmark: _Toc69115022]Figure 5.7: Stacked Nyquist plots for the Ag3 Ni-YSZ sample coated in an Ag current collector over a 50 h ageing period. The markers track the evolution of the samples in 5 h increments. The hollowed markers indicate the data taken at intervals between 10 h increments
Equivalent circuit fitting
The symmetrical Ni-YSZ cells coated in the silver current collector were fit using XM Studio ECS circle fit function. The systematic and percentage error for both RS and RP were calculated from the error in the XM Studio ECS fitting function. In the case of Ag2 and Ag3 this was not done due to issues with the fitting program and finding the upper intercept for calculating the RP.
The circuit utilised consisted of a resistor followed by two constant phase elements connected in series. The first resistor was used to model the ohmic resistance associated with the YSZ electrolyte.  
[image: ]
[bookmark: _Ref67994876][bookmark: _Toc69115023]Figure 5.8: Equivalent circuit used to model the electrochemical process present in the Ni-YSZ electrode coated in silver current collector (Diagram made in XM Studio).
Due to the infiltrated Ni-YSZ electrode consisting of a 3D catalyst and pore network the interactions are not solely ohmic in response. The R2 and R3 resistors connected in series do not accurately represent the activation polarisation losses (RP) present between in the Ni-YSZ electrode and the H2 fuel. Initially the presence of the single impedance arc in the Nyquist plots for the silver coated Ni-YSZ symmetrical cells would indicate that an RC (Resistor-Capacitor) would be suitable for modelling the impedance of the system.
However, a constant phase element (CPE) was selected for two reasons. Firstly, due to the porous 3D nature of the fuel electrode an RC (Resistor-Capacitor) would not be suitable as the impedance arc splits into multiple contributions during ageing. A high frequency arc derived from the catalyst particle size and cermet structure and a low frequency arc [394]. These contributions stem from three interactions in the electrode: the oxidation of the of H2 fuel, transfer of the resultant protons to the Ni-YSZ triple phase boundaries and finally the formation of oxygen vacancies via the production of water from the reaction between the oxide ions and the protons (Equation 5.1) [97], [133], [399], [448].



[bookmark: _Ref46412813][bookmark: _Ref51229923]Equation 5.1
In the fuel electrode literature, the production of the adsorbed protons at the Ni-YSZ boundary has been shown to exhibit double-layer capacitance behaviour which simple RC components cannot accurately model. Since 2000 the state-of-the-art modelling for the fuel electrode has utilised a constant phase element to model these more complex interactions [130], [133], [449].
The origin of the low frequency impedance arc (0.1- 100 Hz) is a product of the gas phase diffusion impedance present at the triple phase boundaries active in the second and third stages of Equation 5.1 [130]. The porous nature of the infiltrated fuel electrode reinforces the significance of this arc and its contribution to the total RP of the silver coated Ni-YSZ system.
Hence, these interactions are the main reason for the use of utilising two connected CPE components in series to both mechanisms effectively. However, the emergence of an impedance arc at 16 kHz after 15 h of ageing in the samples utilising the silver current collector was unexpected (Figure 5.5, Figure 5.6 and Figure 5.7). This arc has been attributed to an additional gas transport step hindering charge transfer as discussed by both Primdahl, Boer and Gewies due to its frequency and relative magnitude to the arc from 16 – 65 kHz [130], [133], [425].
Table 5.2: Table detailing the Rs and Rp of Ag1 N-YSZ sample using equivalent circuit and circle fitting using XM Studio ECS
	Sample
	Fitting Type 
	Rs [Ω]
	Rs Error [Ω]
	Error%
	Rp [Ω]
	Rp Error [Ω]
	Error%

	Ni-YSZ (Ag1)
	Circle
	25.26
	N/A
	N/A
	57.36
	N/A
	N/A

	0
	EC Fit 
1R – 2RQ
	21.61
	0.03
	0.14
	61.61
	0.01
	0.02

	5
	
	28.98
	0.05
	0.00
	154.07
	0.01
	0.01

	10
	EC Fit 
1R – 1RQ
	29.12
	0.13
	0.45
	212.55
	0.02
	0.01

	15
	EC Fit 
1R – 2RQ
	42.62
	0.02
	0.05
	239.4
	0.03
	0.01

	20
	EC Fit 
1R – 1RQ
	41.05
	0.02
	0.05
	270.8
	0.03
	0.01

	25
	EC Fit 
1R – 2RQ

	28.79
	0.07
	0.24
	318.84
	0.03
	0.01

	30
	Circle
	53.35
	N/A
	N/A
	305.55
	N/A
	N/A

	35
	
	58.45
	
	
	333.00
	
	

	40
	
	54.11
	
	
	296.9
	
	

	45
	
	50.92
	
	
	332.68
	
	

	50
	
	56.26
	
	
	323.94
	
	



Table 5.3: Tables detailing the Rs and Rp of the Ag2 N-YSZ sample using circle fitting using XM Studio ECS
	[bookmark: _Hlk46148029]Sample
	Fitting Type 
	Rs [Ω]
	Rp [Ω]

	Ni-YSZ (Ag2)
	
	
	

	0
	Circle

	30.08
	69.36

	5
	
	42
	139

	10
	
	42.14
	195.26

	15
	
	43.13
	250.07

	20
	
	44.2
	280.70

	25
	
	39.33
	317.17

	30
	
	34.09
	376.31

	35
	
	37.9
	441.30

	40
	
	85.87
	405.03

	45
	
	71.54
	464.76

	50
	
	82.01
	476.99



Table 5.4: Table detailing the Rs and Rp of Ag3 N-YSZ sample using circle fitting using XM Studio ECS
	Sample
	Fitting Type 

	Rs 
[Ω]
	Rp  
[Ω] 

	Ni-YSZ (Ag3)
	
	
	

	0
	Circle

	23.39
	50.26

	5
	
	39.33
	106.77

	10
	
	41.46
	156.94

	15
	
	41.38
	196.82

	20
	
	43.22
	254.18

	25
	
	43.57
	274.13

	30
	
	42.86
	310.44

	35
	
	45.33
	334.22

	40
	
	50.09
	353.91

	45
	
	48.39
	367.91

	50
	
	43.34
	399.46


Activation Energy
The activation energy in electron volts was derived from multiplying the gradient of the linear fit by the negative Boltzmann constant (8.314 JK-1mol-1) (Figure 5.9). The linear fitting was performed in OriginPro2020.
[image: ]
[bookmark: _Ref46149025][bookmark: _Toc69115024]Figure 5.9: Arrhenius plot of the polarisation resistance vs 1000/T for the Ag1 at 400-800⁰C in 100⁰C increments. The error bars are calculated from the standard deviation of the dataset 
The activation energy plot for the silver coated sample also illustrates a point of inflection at 600⁰C. The activation energy decreased by 0.72 eV (a reduction of 79.36%).  Additionally this shows that the silver is highly temperature sensitive and indicates the presence of a migration mechanism in the current collector [450]. Silver has been documented to migrate across from the current collector into the electrode/electrolyte interface and cause short circuits at temperatures lower than its 968°C melting point [442], [450]. Curing in-situ has also led to polarisation resistance increase of up to 1 order of magnitude higher than using other current collectors such as platinum [441].
 5.3.2.2	Gold/Au
The evolution of the polarisation resistance of the gold coated symmetrical Ni-YSZ samples over time produced extremely variable results. The stark difference between Ag1 and Ag2 at during the first stemmed from the nickel catalyst having different ageing times during operation (Figure 5.10). Au2 shorted at 400°C during an its first temperature ramp. This could mean that the higher polarisation resistance exhibited by this sample was due to the nickel catalyst already having been aged for 1 h above its Tammann temperature before the retest [238].
After between 3-10 h of ageing under the 10 % H2/N2 the polarisation resistance of the visibly dropped in comparison with the other Ni-YSZ samples. After 10 h the RP dropped by 10.99% and 28.5% for the Au1 and Au2 samples, respectively. The reduction in these measurements is indicative of another interaction stemming from the change in current collector. 
[image: ] [image: ]
[bookmark: _Ref68870668][bookmark: _Toc69115025]Figure 5.10: Scatter graphs showing the Series and Polarisation resistance vs ageing time for the Ni-YSZ samples coated in an Au current collector
At 10 hours aged the RS of the Au coated samples increased steadily and showed no indication that the electrolyte impedance contribution had impacted the RP measurements. This underlines that the electrode and current collector systems present are the only major contributors to the evolution of the RP over the ageing period.
In contrast to the previous Ag//Ni-YSZ system the gold-based samples produced only two distinct impedance arcs. The first from 10-65,000 Hz and the second from 0.1 – 10 Hz as shown in the Nyquist plots in Figure 5.11 and Figure 5.12.  Lower frequency arcs such as those in Figure 5.11 and Figure 5.12 demonstrate that the fuel gas phase impedance has produced a significant contribution to the charge transfer resistance in the anode. Due to the high porosity in the infiltrated electrode (35 %), this portion of the impedance is more prevalent that non-infiltrated electrodes [132], [451], [452]. 
Sensitivity to atmosphere is one of the factors discussed as possible root cause for the drop in polarisation resistance of the samples. For current collectors under anodic conditions such as those investigated during this study, the resistance of the gold is smaller than that of silver [453]. This is despite the fact that gold has reduced mobility in anodic conditions [454], [455].
Gold has also been documented to alloy with nickel at temperature exceeding 600⁰C [445], [456]. This impact of this alloying would have the effect of reducing the overall resistivity of the electrode under the H2 rich environment [457], [458]. This is evident from the large drop from the peak RP (144.86, 2h) which manifested itself around 10 h, indicating that the alloying reaction had finished during this period.
Despite a 1 h difference in the ageing time for the nickel catalyst both samples exhibited a drop in RP during the ageing process, which also shows reduction in RP is directly affected by this interaction alloying process. The large variation in the samples occurred despite the sample having been produced and processed identically according to the method discussed in Chapter 3.
[image: ]
[bookmark: _Ref43737108][bookmark: _Toc69115026]Figure 5.11: Stacked Nyquist plots for the Au1 Ni-YSZ sample coated in an Au current collector over a 20 h ageing period. The markers track the evolution of the samples in 5 h increments. The hollowed markers indicate the data taken at intervals between
[image: ]
[bookmark: _Ref43737109][bookmark: _Toc69115027]Figure 5.12: Nyquist plots for the Au2 Ni-YSZ sample coated in an Au current collector over a 50 h ageing period. The markers track the evolution of the samples in 5 h increments.
Equivalent circuit fitting
The symmetrical Ni-YSZ cells coated in the gold current collector were fit using the equivalent circuit function on the ZView2 software (Figure 5.13) The systematic and percentage error for both RS and RP for the Au coated samples were calculated from the error in the ZView2 equivalent circuit fitting software.
[image: ]
[bookmark: _Ref48049531][bookmark: _Toc69115028]Figure 5.13: Equivalent circuit used to model the electrochemical process present in the Ni-YSZ electrode coated in gold current collector (Diagram made in XM Studio).
As discussed earlier both gold coated samples produced Nyquist plots with two distinct impedance arcs. The second of which occurred at a low frequency range 0.1-10 Hz, a product of gas diffusion impedance.  The selection and use of the two CPE components in Figure 5.13 were used to mimic two electrode contributions to the resistance:
1. Charge transfer resistance at the anode functional layer between the Ni-YSZ and gas phase TPB
2. The gas diffusion loss in the anode functional layer via the formation of water [427], [459]
The error in the EC fitting for the RP initially exceeded 8 %, this was due to the gas diffusion mechanism not being immediately present in the EIS spectra during the first measurement. As a result of the increased tortuosity of the porous electrode (via its 35 µm thickness) and non-ideal diffusion behaviour meant that a CPE element had to be used to model the system [405], [425], [460][461].
After 5h  of ageing the current collector began to break down and the second mechanism produced low frequency impedance arc (Figure 5.14 and Figure 5.15). The percentage error of the EC circuit for the Au2 sample was consistently lower than 1 %. 
Table 5.5: Table detailing the Rs and Rp of Au1 N-YSZ sample using equivalent circuit and circle fitting using XM Studio ECS
	Sample
	Fitting Type 
	Rs [Ohm]
	Rs Error
	Error%
	Rp [Ohm]
	Rp Error
	Error%

	Ni-YSZ (Au1)
	Circle
	N/A

	0
	EC Fit 
1R – 1RQ + 1RC
	13.08
	0.33
	11.60
	132.37
	10.90
	8.23

	5
	EC Fit 
1R – 2RQ
	20.2
	0.18
	0.87
	184.97
	1.29
	0.69

	10
	EC Fit 
1R – 1RQ
	28.77
	0.21
	0.71
	110.63
	0.41
	0.37

	15
	EC Fit 
1R – 2RQ
	32.38
	0.21
	0.64
	95.87
	0.35
	0.36

	20
	EC Fit 
1R – 1RQ
	38.97
	0.19
	0.48
	87.56
	0.24
	0.27


[image: ]
[bookmark: _Ref48119872][bookmark: _Toc69115029]Figure 5.14: Nyquist plots for the Au1 Ni-YSZ sample coated in an Au current collector over a 20 h ageing period. The markers track the evolution of the samples in 5 h increments. The equivalent circuit fit is denoted by the black line series

[image: ]
[bookmark: _Ref48119877][bookmark: _Toc69115030]Figure 5.15: Nyquist plots for the Au2 Ni-YSZ sample coated in an Au current collector over a 50 h ageing period. The markers track the evolution of the samples in 5 h increments. The equivalent circuit fit is denoted by the black line series


Table 5.6: Table detailing the Rs and Rp % errors for the equivalent circuit model for the Au2 Ni-YSZ sample coated
	Sample
	Fitting Type 
	Rs [Ohm]
	Rs Error
	Error%
	Rp [Ohm]
	Rp Error
	Error%

	Ni-YSZ (Au2)
	Circle
	28.53
	0.26
	0.91
	1021.00
	1.16
	0.11

	(0h)
	EC Fit 
1R – 2RQ
	25.91
	0.29
	1.13
	1035.07
	7.97
	0.77

	5h
	EC Fit 
1R – 2RQ
	23.36
	0.83
	3.55
	781.10
	6.68
	0.86

	10
	EC Fit 
1R – 1RQ
	23.96
	0.75
	3.15
	641.40
	4.42
	0.69

	15
	EC Fit 
1R – 2RQ
	24.87
	0.71
	2.85
	624.50
	4.00
	0.64

	20
	EC Fit 
1R – 1RQ
	26.84
	0.55
	2.03
	532.00
	3.30
	0.62

	25
	EC Fit 
1R – 2RQ
	28.49
	0.48
	1.68
	517.40
	3.09
	0.60

	30
	EC Fit 
1R – 2RQ
	28.87
	0.49
	1.71
	519.86
	2.82
	0.54

	35
	EC Fit 
1R – 2RQ
	28.90
	0.51
	1.77
	524.54
	2.71
	0.51

	40
	EC Fit 
1R – 2RQ
	30.65
	0.40
	1.31
	462.10
	2.50
	0.54

	45
	EC Fit 
1R – 2RQ
	30.56
	0.35
	1.16
	437.99
	2.06
	0.47

	50
	EC Fit 
1R – 2RQ
	31.11
	0.40
	1.30
	457.67
	2.43
	0.53


Activation Energy
The Arrhenius activation energy plot (Figure 5.126) for the gold coated Ni-YSZ samples showed three distinct linear gradients and two points of inflection. The intersected point between the 1st and 2nd linear gradients occurred 50 °C earlier than its silver counterpart (Au 550 °C, Ag 600 °C) (Figure 5.9 and Figure 5.16).  The activation energy at the 2nd segment dropped by 0.53 eV in comparison with the 1st segment (Table 5.7). The activation energy of the gold was consistently lower than the silver which mirrors the reduced RP also gathered during ageing.  
[image: ]
[bookmark: _Ref46149044][bookmark: _Toc69115031]Figure 5.16: Arrhenius plot of the polarisation resistance vs 1000/T for the Au1 at 400-800 ⁰C (673 – 1073 K). Three gradients were identified with linear fitting. 1. 400-550 °C 2. 550 – 700 °C 3. 700 – 800 °C. The error bars are calculated from the standard deviation of the dataset
The position of this change indicates initiation of a mechanism between either the infiltrated fuel electrode and/or the gold current collector. As the nickel TTammann temperature exceeds the temperature range of 2nd linear gradient – the process is predominantly a gold interaction – suggesting that diffusion, alloying and sintering are also prevalent in the current collector layer [238].
[bookmark: _Ref67990858]Table 5.7: Calculated Activation Energies of the three linear gradients from the Au1 Arrhenius plot
	Temperature Range [°C]
	Linear Fit Gradient, m [Ωcm2K]
	Activation Energy [kJmol-1]
	Activation Energy [eV]

	400 - 550
	2.65
	-22.04
	-0.23

	550 – 700
	8.83
	-73.41
	-0.76

	700 - 800
	2.84
	-23.61
	-0.24


A solid solution is between the two metals is possible under the ageing conditions (800⁰C, 10% H2/N2). Due to the bulk of the system consisting of gold an α Au-Ni intermetallic would form during ageing above the TTammann (Figure 5.17) [445], [456]. This has been captured during the EIS of the gold current collector Ni-YSZ samples as the RP dropped after a 10 h ageing period, indicating that a less electrically resistive alloy had formed. The atomic radii and crystal structure of both metals are also identical (135 pm and FCC), which means that the alloying process was not hindered by lattice distortion [294].
The fact that the activation energy gradient decreases after the T Tammann also shows the propensity for gold to inter-diffuse with the nickel catalyst phase. Work done on gold electroplating by Pinnel linked gold diffusion to defects present in transition metals including at temperatures exceeding T Tammann [238], [462]. Pinnel also concluded that gold-rich systems are more likely to diffuse than nickel rich systems like the one utilised in this study. 
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[bookmark: _Ref46154336][bookmark: _Toc69115032]Figure 5.17: Phase diagram of gold and nickel metals. Adapted from Colbus et al [456]
The result of this interdiffusion is alloying between the phase with the second point of inflection at 700 °C can be attributed in part to the formation of the α Au-Ni intermetallic phase (See Figure 5.17) and the TTammann of the Ni (721 °C). Figure 5.127 has been marked with a 10.34 wt % Ni (20 vol %) to illustrate the transition from FCC α1 + α2 binary phases to a single α FCC Au-Ni alloy. The 7 % reduction in the activation energy between the 1st and 3rd linear gradients illustrates the reduction of interfacial resistance between the two layers with the formation of the α Au-Ni phase.
5.3.2.3	Platinum/Pt
In comparison with a study by Guillodo, the initial impedance spectra for the Pt1 sample is comparable with the platinum coated sample (32 Ω to 34.5Ω (Pt1))[438]. However, the degradation present in this sample far exceeds that of the other study especially after 5h of ageing.
A 330% increase in the Rp was observed for the sample between 0-5 hours of ageing (Figure 5.18). This rise is unprecedented in the context of the other fuel electrode samples tested during this study and in the literature[438], [463]–[465]. The 50 h aged, normalised RP values for the platinum are the largest for any of the Ni-YSZ symmetrical cells assessed during this study. This was unexpected as Pt is one of two prevalent current collector materials utilised in the literature [438], [463]–[465]. This combined with the fact that the Pt2 sample had an over 100% larger than its Pt 1counterpart would suggest that the Heraeus Pt paste used is defective and the samples considered anomalous.  The large variation between repeats and the physical delamination seen in Figure 5.1 meant that the Heraeus Pt paste was not investigated further.
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[bookmark: _Ref68871095][bookmark: _Toc69115033]Figure 5.18: Nyquist plots for the Ni-YSZ sample coated in a Pt current collector over a 50h ageing period (P2) including the equivalent circuit fit using the circuit in Figure 5.118
5.3.2.4	Nickel Oxide/NiO
Nickel current collectors have the theoretically greatest anode electrochemical activity for all of the current collector materials assessed during this study [435], [466]. This was evident in the RP for the nickel coated samples which produced the lowest Rp after 50 h for any samples in this study (13.58 Ωcm2). Unlike the cells utilising a silver current collector the RS for these samples levelled out after 30 h of ageing. The RP of the cells showed some large variation over the ageing period. One of the key factors for this was the lack of an explicit RS intercept in the data (Figure 5.131). 
The morphology of the RS vs ageing time plot (Figure 5.19) shows a gradual increase in this part of the impedance contribution. This steady rise suggests that the position of the Rs intercept is a key factor in the calculation of the RP. Two of the nickel coated samples demonstrated a similar drop in RP as was shown by the gold samples.  A large reduction in the RP was evident after 20 h of ageing for which samples.
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[bookmark: _Ref45108973][bookmark: _Toc69115034]Figure 5.19: Scatter graphs showing the evolution of the Series resistance vs ageing time for the Ni-YSZ samples coated in a Ni current collector (Shoei, Japan)
The nickel oxide coated samples produced the second lowest initial and lowest 50 h aged polarisation resistance for any of the Ni-YSZ fuel electrodes in this study. The Nyquist plots did not show the presence of a low frequency gas diffusion arc. 
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[bookmark: _Ref46222491][bookmark: _Toc69115035]Figure 5.20: Scatter graphs showing the evolution of the Polarisation resistance vs ageing time for the Ni-YSZ samples coated in a Ni current collector (Shoei, Japan)
There appeared to be a distortion in the frequency response that was prevalent in the nickel oxide paste dataset that appeared every 5 h. This is evident by the stepped RS in the first 50 h of ageing of the Ni1-Ni3 samples (Figure 5.19-Figure 5.21). The mostly likely source of these steps is a form of distortion from the 1287 frequency response analyser namely due to AC amplitude generation issues in the low frequency range < 350 Hz [467]. Further datasets with half hour measurements and for 100 h would have helped to firstly, confirm that it’s not a sample interaction and that this issue is only limited to the first 50 h of ageing. Additionally, comparison work with a separate FRA would triangulate that this issue is solely due to instrumental distortion.
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[bookmark: _Ref45112329][bookmark: _Toc69115036]Figure 5.21: Stacked Nyquist plot Nyquist plots for the Ni-YSZ sample coated in a Ni current collector over a 50h ageing period (Ni2)

Equivalent Circuit fitting
The symmetrical Ni-YSZ cells coated in the nickel oxide current collector were fit using the equivalent circuit function on the ZView2 software. In contrast with the samples coated in a gold current collector the Nyquist plots show only one impedance arc. The equivalent circuit used to model the samples is shown in Figure 5.22 below:
[image: ]
[bookmark: _Ref48204867][bookmark: _Toc69115037]Figure 5.22: Equivalent circuit used to model the electrochemical process present in the Ni-YSZ electrode coated in gold NiO collector (Diagram made in XM Studio).
An RC component was connected in series to model the double-layer capacitance present between the nickel metal and the ceramic oxide material. Due to the nanoscale 2D morphology of the triple phase boundaries present in the electrode, a simple capacitor was used to model the impedance [451], [468][469]. 
In contrast to the gold and silver coated samples there was no presence of a second impedance arc in the data. This was also supported by the theta vs frequency plot as no low frequency (0.1-10 Hz) inflections were seen in Figure 5.23 and Figure 5.24. This indicates that the gas diffusion impedance did not provide a large contribution to the impedance in comparison to gold and silver current collectors.
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[bookmark: _Ref48209788][bookmark: _Toc69115038]Figure 5.23: Nyquist plots for the Ni-YSZ sample coated in a Pt current collector over a 50h ageing period (Ni2) including the equivalent circuit fit
Despite the fit in Figure 5.26 being very angular, the percentage error for the modelled polarisation resistance did not exceed 5% for any of the NiO current collector datasets present in this study.
[image: ]
[bookmark: _Ref48209717][bookmark: _Toc69115039]Figure 5.24: Theta vs Frequency plot for the Ni2 Ni-YSZ sample fit using the equivalent circuit model shown in Figure 5.22 

Table 5.8: Table detailing the Rs and Rp of Ni2 N-YSZ sample using equivalent circuit and circle fitting using XM Studio ECS
	Sample
	Fitting Type 
	Rs [Ohm]
	Rs Error
	Error%
	Rp [Ohm]
	Rp Error
	Error%

	Ni-YSZ (Ni2)
	Circle
	24.61
	0.52
	2.13
	87.19
	0.58
	0.67

	0
	EC Fit 
1R – 2RQ
	21.76
	1.41
	6.48
	90.38
	3.90
	4.32

	5
	EC Fit 
1R – 2RQ
	27.25
	0.37
	1.37
	166.82
	4.40
	2.64

	10
	EC Fit 
1R – 2RQ
	29.55
	0.39

	1.32
	207.40
	3.75
	1.81

	15
	EC Fit 
1R – 2RQ
	30.66
	0.37
	1.21
	242.70
	3.59
	1.48

	20
	EC Fit 
1R – 1RQ
	34.91
	0.31
	0.89
	206.10
	3.89
	1.89

	25
	EC Fit 
1R – 2RQ
	34.27
	0.24
	0.71
	194.16
	4.01
	2.07

	30
	EC Fit 
1R – 2RQ
	37.22
	0.35
	1.29
	250.70
	5.03
	2.01

	35
	EC Fit 
1R – 2RQ
	36.75
	0.27
	0.73
	241.15
	6.98
	2.89

	40
	EC Fit 
1R – 2RQ
	36.35
	0.25
	0.69
	244.71
	7.13
	2.91

	45
	EC Fit 
1R – 2RQ
	37.32
	0.25
	0.67
	253.20
	7.52
	2.97

	50
	EC Fit 
1R – 2RQ
	37.96
	0.28
	0.74
	280.57
	8.43
	3.00



Activation Energy
An Arrhenius plot was drawn for the RP of the Ni3 sample during the temperature ramp using the electrochemical data gathered by a frequency response analyser (Figure A9). The complex impedance response of the cells was measured using a Solartron 1250/1287 FRA between frequencies of 0.1-65,000 Hz. The response was measured in 50 ⁰C increments.
To determine the activation energies at 600 °C and 800 °C two tangents were drawn against the polynomial fit line of best fit (Figure 5.25). This was to observe the change in activation energy in this temperature range. The activation energy decreased by 0.16 eV during this temperature range. The activation energy at 800 °C was also equal to that of the gold coated samples under the same operating conditions.
Table 5.9: Calculated Activation Energy of the Ni3 sample from the two tangents drawn at 600 °C and 800 °C of the Arrhenius plot
	Temperature Range [°C]
	Linear Fit Gradient, m [Ωcm2K]
	Activation Energy [kJmol-1]
	Activation Energy [eV]

	600
	4.69
	-38.99
	-0.40

	800
	2.78
	-23.07
	-0.24


The activation energy of the sample was calculated to be -0.24 eV which was 0.67 eV smaller than the silver coated sample. This was equal to the activation energy of the gold current collector. This demonstrates that the current collector is highly sensitive to changes in temperature and would suggest that it is highly mobile at the 800⁰C ageing temperature. Further work is needed to understand how the ramp rate impacts this interaction and for more datapoints at 25 °C increments for better fitting capabilities and improved R2 values.
[image: ]
[bookmark: _Ref68871842][bookmark: _Toc69115040]Figure 5.25: Arrhenius plot of the polarisation resistance vs 1000/T for the Ni3 at 400-800⁰C at 50⁰C increments. The error bars were calculated from the standard deviation of the dataset. The tangent at 600 °C is purple and the tangent at 800 °C blue respectively
5.3.2.5	Comparison between the different current collector materials
From inspection of initial Nyquist plot for a selected range of the samples showed immediately that the initial RP of the Heraeus (Pt paste) coated sample was over twice that of the other three materials [317]. This trend continued across the 50 h ageing period, illustrating that the Pt paste is unsuitable for the electrochemical assessment of the infiltrated Ni-YSZ fuel electrodes.
These initial measurements except for the nickel current collector sample match the resistivities for each of the metals in terms of magnitude. The trend from the literature illustrates that the electrical resistivity drops by over 70% under a reductive H2 atmosphere. In the case of the nickel samples a key reason for this is that the reductive atmosphere hinders the formation of nickel oxide, an issue less prevalent for the precious metals [470].  Despite its reported electrical resistivity under hydrogen exceeding the ag and au, the nickel oxide paste produced the second lowest initial Polarisation resistance of all of the current collector materials [433].
Table 5.10: Table of the electrical resistivity values and initial polarisation resistance for the metal current collector materials under air and hydrogen atmospheres at 800 °C/1073 K  [433], [457], [458], [464], [471]
	Current Collector Material
	Electrical Resistivity under Air
[x10-8 Ωm]
	Electrical Resistivity under H2
[x10-8 Ωm]
	Initial Polarisation Resistance, RP
[Ωcm-2]
	50 h aged Polarisation Resistance, RP
[Ωcm-2]

	Ag
	6.99 [457]
	1.63   [433]
	8.11
	48.19

	Au
	9.84 [457]
	2.20   [471]
	18.09
	N/A

	Pt
	37.71 [464]
	10.60   [433]
	34.85
	199.90

	Ni
	43.45 [458]
	7.20   [433]
	12.38
	13.58



The only dataset with a physical Rs intercept is the sample utilising a silver current collector. The series resistance for the other datasets was a calculated using equivalent circuit fitting. This creates some uncertainty in the series resistance of the other Ni-YSZ samples. 
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[bookmark: _Ref44075410][bookmark: _Toc69115041]Figure 5.26: Initial Nyquist plots of the 4 representative samples for the symmetrical Ni-YSZ samples. The red, green, orange and blue series are Ag, NiO, Au and Pt respectively.
The use of silver in this project could be one of the key factors as to why the polarisation resistance of these samples is up to 2 orders of magnitude higher than the Ag// Ni-YSZ literature [438], [441]. During EIS of the Ni-YSZ fuel electrode the incident humidified 10 % H2/N2 gas could cause pinhole formation in the silver paste [442]. This in combination with the curing the paste in-situ at 800°C and the high mobility of silver at temperatures exceeding 650°C would almost without a doubt increase the polarisation resistance of the symmetrical cells by at least one order of magnitude.
Despite having the highest activation energy (Table 5.11), the nickel oxide current collector produced the second lowest initial RP and had  a 9.7 % increase in after 50 h of ageing. This was due to the reduction in interfacial resistance between the catalyst and current collector phase due to their identical compositions [472]–[474].
[bookmark: _Ref48210595]Table 5.11: Table of the activation energies for each of the symmetrical Ni-YSZ samples coated in the four current collector materials
	Current Collector Material
	Activation Energy, E Act at 800⁰C 
[kJmol-1]
	Activation Energy, E Act at 800⁰C 
[eV]

	Ag
	-69.47
	-0.91

	Au
	-23.61
	-0.24

	Pt
	-58.86
	-0.61

	Ni
	-23.07
	-0.24




[bookmark: _Toc69129435]5.3.3	Microstructural evaluation using Scanning Electron Microscopy
Ag
The surface of the electrode was imaged in 3 places using an Inspect F50 Scanning Electron Microscope. After the 50 h of ageing under the 10% H2/N2 800⁰C atmosphere  the current collector has visibly coarsened into 1 µm agglomerates on the surface of the electrode (Figure 5.27) Upon further inspection these rod-like particles do not appear to be in contact with one another which is a key reason as to why the conductivity of the current collector and consequently the RP of increased (Figure 5.27).
Additionally, the pinhole structure discussed by Majewski is not present in the silver current collector layer present for this sample [442]. The breakdown of the current collector layer has transitioned within 50 h to the formation of aggregates. This indicates that the layer has either succumbed to the formation of voids and split in separate particles or the layer has delaminated during ageing. The silver particles present in Figure 5.27 do not show the presence of any pores or pin holes which indicates delamination or diffusion the primary breakdown mechanism.  
Another cause for concern is the fact that in these agglomerates dwarfs the pore network present (bar the cracking) in the image. The agglomerates larger than 200 nm exceed that of the 25 nm pores present in Figure 5.27 This illustrates that pore blocking by the agglomerates is a key issue with the current collector system and one that would increase the RP of the sample. This would hinder gas flow and transfer to the anode function layer and triple phase boundaries present in the infiltrated Ni-YSZ electrode.
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[bookmark: _Ref46302793][bookmark: _Toc69115042]Figure 5.27: Scanning electron micrograph of the surface of the 50 h aged Ag//Ni-YSZ electrode (a. 40,000x magnification and b. 100,000x)

Au
The gold current also appeared to have broken down during the ageing process under the 800⁰C (10% H2/N2) atmosphere.  In the case for the gold current collector the elevated temperatures. Blocky 1 µm agglomerates can be seen in Figure 5.34 and Figure 5.35 to have formed on the surface of the electrode.  In contrast with its silver counterpart these particles have a spherical morphology.
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[bookmark: _Ref48030636][bookmark: _Toc69115043]Figure 5.28: Scanning electron micrograph of the surface of the Ni-YSZ electrode after 20h of ageing. The gold current collector has broken down as shown by the large chunks on the surface 25000x)
Similar microstructural features to the silver coated sample can be seen in Figure 5.29. The delaminated region shows the remnants of the gold layer very similarly to the top right-hand corner of Figure 5.28. The gold particles do not appear to exceed that of the silver sample.
[image: J:\Current collector monitoring 16.01.2020\P3_BO_50h aged_Au peeled region 10000x.tif]
[bookmark: _Ref48030638][bookmark: _Toc69115044]Figure 5.29: Scanning electron micrograph of the surface of the 50h aged Ni-YSZ. The region shown is a position where the gold current collector delaminated from the sample
The large difference in atomic number between the gold current collector and the nickel particles was not evident when using the back-scattered electron detector. The gold on the back scattered electron micrograph should be the brightest phase in the image. This indicates that the gold current has alloyed with the catalyst. 
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[bookmark: _Ref68093389][bookmark: _Toc69115045]Figure 5.30:  Micrographs of the surface of the Ni-YSZ gold electrode after 20 h of ageing using back-scattered electrons. The gold current collector has broken down as shown by the large chunks on the surface 25000x). The right-hand micrograph is an inverted. The white, light grey, dark grey and black denote the pores, YSZ, nickel/gold alloy and gold respectively
Inverting the micrograph in FIJI, showed the presence of some dark gold-rich regions (black) in the large agglomerates present on the surface of the sample (Figure 5.30). However, the microstructure is dominated by a series of dark grey particles, these particles consist of the nickel gold alloy.
To eliminate the possibility of the particles in Figures 5.28 – 5.30 being a product of the impedance jig gold pad degradation repeat micrographs were taken of other 50 h aged samples in the batch. These were taken on the JEOL JSM-6010LA SEM. The regions scanned were in positions where the current collector had visibly peeled away from the surface of the electrode (Figure 5.31).
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[bookmark: _Ref68872476][bookmark: _Toc69115046]Figure 5.31: Micrograph of the surface of the interface between the Ni-YSZ electrode and the gold current collector layer after 50 h of ageing. The gold current collector has broken down as shown by the large chunks on the surface 10,000x).
The white square region shows the visible breakdown of the layer at the interface between the gold layer and the electrode where a minimum of three gold rich particles have sheared from the current collector. This supports the degradation of the gold current collector is the primary degradation mechanism in these samples. 

NiO
After 50 h of ageing in the 800 °C (10 % H2/N2) atmosphere, the nickel oxide current collector layer has also broken down. Large agglomerates formed on the surface of the electrode after ageing (Figure 5.32). Back-scattered electron imaging and Weka 2D Segmentation was used to identify the positions of the Ni, YSZ and pore phases (Figure 5.33, Table 5.12). Two regions were analysed the edge and the centre of the current collector layer. The average agglomerate diameter for the edge was measured as 438 ±1 nm. 
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[bookmark: _Ref48219345][bookmark: _Toc69115047]Figure 5.32: Scanning electron micrograph of the surface (Edge Site) of the Ni-YSZ electrode after 50h of ageing. The nickel oxide current collector has broken down as shown by the large chunks on the surface 50000x)
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[bookmark: _Ref68872604][bookmark: _Toc69115048]Figure 5.33: Back scattered electron micrograph of the surface (Edge Site) of the Ni-YSZ electrode after 50h of ageing. The nickel oxide current collector has broken down as shown by the large chunks on the surface 50000x)
[bookmark: _Ref68872651]Table 5.12: Table of the Ni, YSZ and pores segmented in the edge site of the Nickel current collector Ni-YSZ sample using Weka Segmentation in FIJI. The white denotes the segmented phase probability distribution calculated
	Nickel
	YSZ
	Pores
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The agglomerates found in the centre of the current collector layer were smaller than their edge counterparts. The average particle size for this region was calculated to be 278 ±1 nm. Both regions showed a large breakdown of the current collector player into particles like the Gold and Silver coated samples.
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[bookmark: _Ref68872957][bookmark: _Toc69115049]Figure 5.34a. Scanning electron micrograph of the surface (central Site) of the Ni-YSZ electrode after 50h of ageing. The NiO current collector has broken down into large chunks on the surface. b. Back-scattered electron micrograph at 50,000x magnification
In the case of the nickel coated samples the delamination and agglomeration of the current collector have also been shown to be non-homogeneous across the layer. With the agglomerate size decreasing by 58 % between the edge and the centre of the layer.
As the composition of the current collector material and the catalyst are the same metal, the agglomeration behaviour of the system was assumed to be homogeneous. However, due to the fact NiO was applied was a paste this was not the case [451], [475]. In areas of high pore concentrations, the nickel current collector were likely to agglomerate leading to particles seen in Figure 5.32 and Figure 5.34. Weka phase analysis was also performed for this sample and can be found in Table 5.13.


[bookmark: _Ref68873160]Table 5.13: Table of the Ni, YSZ and pores segmented in the central site of the Nickel current collector Ni-YSZ sample using Weka Segmentation in FIJI. The white denotes the segmented phase probability distribution calculated.
	Nickel
	YSZ
	Pores
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[bookmark: _Toc69129436]5.3.4	Temperature programmed reduction – active area measurements
TPR was performed on the nickel oxide paste using a Micromeritics 2720 Chemisorb. This was to confirm that the paste had no glass frit impurities and would reduce in-situ during the temperature ramp of the symmetrical fuel electrode samples. 
The Ni paste supported on YSZ was reduced at 450 °C for 0.5 h in 20 mLmin-1 of flowing 5 % H2/Ar using the Micromeritics 2720 Chemisorption equipment. The paste initially started out as a black slurry then after reduction turned grey in colour indicating that the NiO film had reduced to metallic nickel. The film when tested with the multi-meter showed that the nickel paste was conductive after reduction. The resulting reduction reaction started at 200 °C with reduction peak at 284.4 °C indicating that the nickel oxide species in the paste is nanoscale in size (Figure 5.36) [203] . 
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[bookmark: _Ref68872753][bookmark: _Toc69115050]Figure 5.36: Temperature programmed reduction profile of Shoei nickel paste on a YSZ electrolyte pellet
No response from the TCD was recorded for the other current collector systems during separate TPR runs on the Micromeritics 2720 Chemisorb. This indicates that the formation of oxides in the current collector layer is only an issue for the nickel oxide Shoei paste current collector[318].


[bookmark: _Toc69129437]5.4	Discussion
The application of different current collector materials does have a large impact on the electrochemical performance and properties of Ni-YSZ infiltrated fuel electrodes. The charge transfer resistance to polarisation (RP) varied widely between the four current collector materials utilised in this study.
This variation in RP demonstrates the ability of the current collector material to mask electrode degradation mechanism and in some cases add addition mechanisms to the system. The silver current collector produced a unique meso-frequency impedance arc (f > 16 kHz) which was a product of a gas transport impedance (Figure 5.5-Figure 5.7). In this case for the silver current collector this stems from the solubility of the H2 fuel θ, which is almost twice that of gold (Table 5.14)[476]. 
[bookmark: _Ref68873551]Table 5.14: Hydrogen solubility for silver and metal current collector materials. Adapted from McLellan [476]
	Current collector material
	Hydrogen solubility, θ [x106]

	Silver, Ag
	3.05

	Gold, Au
	1.66


Another source of impedance could be due to the formation of a stagnant gas layer between the fuel electrode and the incident fuel. This layer has been documented to form in impedance jig configurations utilising a direct gas inlet [477]. Diffusion of the electrochemical species (denoted by j) is directly related to the change in electrode area A, and the bulk gas B. The change in H2 gas concentration between the two interfaces is the gradient across the stagnant layer between the bulk: stagnant gas and the stagnant layer fuel electrode interfaces (Figure 5.36)([132], [477]).
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[bookmark: _Ref67661863][bookmark: _Toc69115051]Figure 5.36: Diagram of the formation of a stagnant gas layer on the infiltrated fuel electrode sample. The right hand side shows the position of this layer in the ceramic impedance jig in this study. The change in the concentration of H2 fuel C is inversely (Cj.A) related to thickness of the stagnant gas layer l. The fuel electrode area is denoted by A and the electrochemical species is H2 respectively
Despite the silver producing the second lowest RP for any of the infiltrated Ni-YSZ samples, the samples produced the largest increase in RP between the ag, au and nickel current collectors during the ageing period. This is in part due to silver’s initially low resistivity under H2 atmospheres as discussed in the literature since 1979 [433], [441], [457].
After ageing for 50 h in the 10 % H2/N2 atmosphere, microstructural imaging of the silver current collector layer and the formation of rods on the surface of the electrode. This would indicate that pinhole and void formation produced by the oxidation of the fuel has severed the layer [442], [478]. The timescale of this interaction was identified via EIS to occur within 15 h of ageing approximately 0.04 % of the desired lifetime for an SOFC system. 
In addition, the diffusion of the silver current collector layer would also be a cause for concern in an SOFC.  Silver has been reported to become extremely mobile above its Tammann temperature (480.9 °C) and has been documented to migrate towards the electrolyte on the air side of an SOFC [238], [240], [441], [442]. In anodic conditions used during this study the current collector layer has been susceptible to void formation and eventual delamination. As a current collector material for infiltrated SOFC fuel electrodes, silver has been found to be too mobile, too susceptible to void formation in H2 and produce extra impedance contributions that stifle the electrode [433], [442], [443], [479]. 
In contrast with the silver and nickel samples, the gold coated Ni-YSZ sample showed some recovery via a drop in its initial RP after 20 h of ageing. However, this material also showed a propensity to alloy with the nickel catalyst present in the fuel electrode under typical fuel electrode conditions used in this study [456], [462]. Analysis of back-scattered electron micrographs showed very little difference between the nickel and gold phases, indicating that an alloying event[445], [456]. The alloyed particles would also possess a lower electrical resistivity than pure nickel, reducing the RP after the alloying event has finished [433], [457], [458], [464], [471].
A second low frequency (0.1-10 Hz) impedance arc indicative of the gas diffusion impedance was also recorded for the gold current collector [224], [289], [428]. This meant that the equivalent circuit fitting of the gold utilised a second RQ component to mimic the influence of this non-ideal interaction. This indicates that the second interaction favouring the formation water via the combination of the gaseous hydroxide with the proton at the nickel particle are energetically unfavourable as discussed by Liu and Kusnezoff [427], [480] .


[bookmark: _Ref48314422]Equation 5.2
The activation energy for the gold coated Ni-YSZ sample being smaller than those in Equation 5.2 illustrate that that the gas diffusion impedance is being caused during the formation of water. The presence of the Ni/Au alloyed particles would also hinder the percolation of both the fuel and the produce to and from the TPB, producing a gas diffusion impedance contribution [405]. 
The high mobility of this material under the ageing conditions via temperatures exceeding the TTammann (532⁰C) had led to prime conditions for alloying and further impedance contributions from the gas phase and highly variable data. This in combination with the gold system being primed to alloy with catalyst has led to non-ideal gas diffusion behaviour during short ageing times for this fuel electrode/current collector system.  
The platinum current collector produced normalised impedance arcs up to three orders of magnitude higher than counterparts in the literature [434], [438]. These large RP values illustrate how the current collector impedance contribution can be overlaid on top of that of the electrode [350], [438]. Despite utilising infiltrated Ni-YSZ symmetrical cells from the same batch these samples produced huge variance in RP compared to the other samples in this study. 
Although the Heraeus paste and resulting current collector layer being deemed defective the ageing behaviour of the Pt sample appears to be consist to that of the literature [438]. The polarisation resistance continues to rise with across the 50 h ageing period. The fact that the sample frequency response analyser, gas, temperature, and electrochemistry set up were used in this work demonstrates the importance of the current collector in EIS measurements.
The nickel oxide paste produced the smallest increase (9.7 %) in the RP during the 50 h of EIS measurements of any of the current collector materials. Despite this the layer broke down during ageing. Inhomogeneous degradation was induced in the layer during ageing from the edge to the centre of the current collector was evident during microstructural assessment. The nickel agglomerates ranged from 278 – 438 nm in size across the surface of the electrode.
In contrast with other three current collector materials, the NiO paste had to be reduced in-situ to provide electronic conductivity suitable for electrochemical assessment. The TPR measurement underlined that the peak of this reduction occurs at 284.4 °C an indicator of nanoscale nickel oxide [65], [114], [378], [379]. This behaviour is identical to that of the catalyst present in the infiltrated fuel electrode. As the catalyst and current collector share the same composition, the fact that they share a length scale will reduce the initial RP for the fuel electrode [438], [441].
This was evident during the equivalent circuit modelling, where the third component connected in series was an RC component. This was to model the breakdown of the nickel current collector and subsequent opening of the pores [440], [472], [473]. There was no presence of the low frequency impedance arc associated with the gas diffusion impedance in the Nyquist plots for the NiO coated samples [428], [460], [481]. 
After 50 h of ageing, the smallest increase in the polarisation resistance was observed by the nickel paste unlike the precious metal current collectors. The micrographs of the surface of each of the current collectors showed a de-wetting mechanism present in each of the materials. Only the Ni-YSZ sample coated in nickel current collectors remained conductive post-ageing. This indicates that the breakdown of the gold and silver current collectors has reduced the electrical conductivity of the layer, the antithesis of the role. This de-wetting behaviour in gold was also recorded in scanning electron micrographs by Guillodo et al [438]. 
The alloying effect displayed by the gold, does not appear to have occurred for the platinum, silver, or nickel current collector materials. Neither of these metals have been documented to exhibit the formation of any eutectics or alloys with the infiltrated nickel catalyst [438], [442], [482], [483]. This was evident in the lack of reduction of the polarisation resistance during ageing for these materials. 
[bookmark: _Toc69129438]5.5	Conclusions
The use of the different current collector materials does have a profound impact on the polarisation resistance of infiltrated symmetrical cells. Changing the current collector material four times in this study produced highly varying electrochemical results for the infiltrated SOFC anodes.
Despite close control in the current collector thickness the impedance associated with these materials can supersede key contributions from the fuel electrode [438]. These current collector-based impedances are products of alloying, migration and eventual delamination [238], [433], [438], [444], [462].  Ideally the current collector material should remain stable during operation and not influence the impedance of the electrode under investigation [61].
Due to the elevated temperatures and reductive atmospheres utilised for SOFC fuel electrodes, the current collector materials in this study all visibly delaminated during 50 h of ageing (0.125 % of the desired SOFC lifetime) [73], [484]. The 800⁰C ageing temperature used in this study exceeded each of the current collector materials’ Tammann temperature (barring Pt) [238], [240]. This combined with the H2 atmosphere primed the Ag, Au and Ni to migrate and sinter causing delamination and increased RP. For electrochemical impedance spectroscopy in 10 % H2/N2 nickel oxide paste was the most suitable current collector material due its lack of influence on the impedance of infiltrated Ni/YSZ fuel electrode. 
[bookmark: _Toc69129439]Chapter 6: Identifying Initial coarsening mechanisms in infiltrated SOFC Fuel Electrodes
[bookmark: _Toc69129440]6.1	Introduction
The major coarsening mechanisms described in SOFC literature revolve around two methods:
particle migration coalescence (PMC) and atomic ripening (AR). In PMC, surface particles move across the support surface using Brownian motion and agglomerate. The mechanism of Atomic/Ostwald ripening (AR) is driven by the by the movement and subsequent coarsening of nanoparticles compelled  to reduce their free surface energy (Figure 6.1) [300], [301], [402].
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[bookmark: _Ref51579902][bookmark: _Toc69115052]Figure 6.1: Diagram of atomic ripening and particle migration coalescence using hemispherical particles [118], [300]
Numerous methods have been used to reduce the impact of these catalyst sintering processes in a bid to retain the improved properties bestowed by catalyst infiltration. Buyukaksoy et al attempted to change the porosity of the scaffold in a bid to hinder Ni agglomeration in Ni/YSZ anodes [233]. However, a lack of understanding of these early stage-coarsening mechanisms has been driven by most research pre-coarsening their electro-catalysts by ageing their samples for 100 h [9].

Understanding the early-stage mechanisms of sintering and degradation in infiltrated SOFC electrodes should help inform the design of future sinter resistant impregnated systems. However, an additional challenge for the field has been the quantification of the nanoscale changes occurring during SOFC operation. 

The challenges that present themselves are twofold: in operando studies are extremely difficult to perform due to the highly aggressive nature of the fuel atmosphere along with the elevated operating temperatures of SOFCs. Secondly, traditional microstructural quantification techniques such as FIB-SEM lift out have highly destructive sample preparation which can impact the volumes being segmented.

In the past ten years X-ray tomography techniques has become a popular method of tracking the microstructural evolution of the catalyst phase in fuel electrodes via 3D phase segmentation [255], [273], [485], [486]. This is done via offline ageing of the sample and reimaging the same over a desired time.
Unlike other X-ray tomography methods, ptychography being a technique not hindered by using lenses can provide higher resolutions than its TXM counterparts. Sub 30 nm resolutions are achievable using ptychographic imaging making it ideal in imaging the microstructural changes present in wet impregnated Ni-YSZ fuel electrodes [366], [487].
This experimental chapter focusses on the monitoring the microstructural changes evident in infiltrated solid oxide fuel cell anodes using ptychography as the main phase quantification method. This work is the first example of its kind using ptychography to image infiltrated SOFC fuel electrodes across an 8 h period. Characterising the sintering mechanisms of infiltrated samples is paramount to determining the deactivation steps present in the SOFC systems.
[bookmark: _Toc69129441]6.1.1 Chapter Aims
This study aims to use ptychography to identify the major coarsening mechanism present in infiltrated Ni-YSZ electrodes via the phase segmentation of the identical sample volumes over time. 
[bookmark: _Toc69129442]6.1.2 Hypotheses
1. The nickel, YSZ and pore phases can be successfully segmented for identical volumes in infiltrated Ni-YSZ fuel electrode samples
2. Coarsening mechanism of the nickel electro-catalyst can be deduced using ptychography
[bookmark: _Toc69129443]6.2	Experimental procedure overview
The Ni-YSZ samples used in this chapter, were split into two groups: the ptychographic sample group and the witness sample group. Identical production batches and samples were used to provide comparability between both groups. 
[bookmark: _Toc69129444]6.2.1 Characterisation Techniques
Wet impregnation/ infiltration has been shown to amplify the active area of the electro-catalyst in SOFC fuel electrodes, leading to enhanced reaction rates [70], [159], [231]. However, these nanoscale catalysts are primed to sinter under the elevated temperatures utilised for SOFC fuel electrodes [68], [488], [489]. Early-stage electrochemical impedance spectroscopy results under typical fuel electrode conditions (Temp: 800 °C Atmosphere: wet 10 % H2/N2), showed a large rise in the polarisation resistance during the first 10 h of ageing. The initial rate-limiting mechanism for infiltrated SOFC fuel electrodes is poorly understood. 
Further discussion of the gathering of the EIS and FIB-SEM can be found in Chapter 3, Section 3.3.
The characterisation techniques discussed will provide structural and microstructural evidence to track this coarsening mechanism for the nickel electro-catalyst in SOFC fuel electrodes.
[bookmark: _Toc69129445]6.2.1.1 X-ray diffraction
X-ray diffraction was used to track the crystallite size of the nickel electro-catalyst in the witness samples using the Debye-Scherrer formula for line broadening analysis [165], [327]–[329]. The diffraction patterns of the Ni-YSZ samples were obtained using a Bruker D2 XRD Phaser. The samples were scanned for 1 h using Cu Kα radiation (1.54184 Å). The Debye-Scherrer equation can be found in Chapter 3, Equation 3.5.
The percentage dispersion for the nickel were calculated using Equation 3.5 in Chapter 3 to determine the impact of ageing on the catalyst distribution. The witness samples were heated at 5 °Cmin-1 using an Elite tube furnace up to 800 °C under a 5 mLmin-1 flow of wet 10 % H2/N2. The Ni-YSZ samples were aged for 5 h under these conditions. 
[bookmark: _Toc69129446]6.2.2.2	Ptychographic X-ray Computed Tomography Experiment Diamond Light Source I13-1
Ptychographic X-ray Computer Tomography (PXCT) was performed at the I13-1 beamline at the DLS[358]. The milled fuel electrode samples were imaged using an interrupted ageing snapshot process was applied during beamtime. As the Ni-YSZ pillar system is a mixture of three phases: the metal catalyst, the YSZ scaffold and pores (filled with air), the selection of the beam energy was highly critical for producing good phase contrast. In this experiment a beam energy of 17 keV was utilised in order to produce a high phase contrast with the nickel phase and YSZ ceramic scaffold [262], [490].
To facilitate the use of this beam energy the detector to sample distance at the I13-1 CDI beamline was set to 10 m and the X-ray beam used had a beam size of 6 µm. 
[bookmark: _Ref48549624]6.2.2.1 Ptychographic sample setup 
A stainless-steel mount was machined using a pillar drill to produce a 650 µm diameter cylindrical hole to house the fine pillar Ni-YSZ samples. The base of this component was glued onto a 12.5 mm diameter SEM stub using superglue. After this had set for 10 minutes the milled fine Ni-YSZ pillar sample with pin was then glued into the machined slot. After each 1 h heating snapshot this process was repeated for each of the samples.
[bookmark: _Toc69129447]6.3	Results and Discussion
[bookmark: _Toc69129448]6.3.1	Electrochemical Impedance Spectroscopy
During the electrochemical impedance spectroscopy and subsequent ageing of the infiltrated Ni-YSZ samples the samples the series resistance rise stopped after a period of 10 h. Each of the samples in Figure 6.2 and Figure 6.3 showed an increase in the charge transfer resistance to polarisation (RP) during the ageing period.
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[bookmark: _Ref68876711][bookmark: _Toc69115053]Figure 6.2: Series resistance for infiltrated Ni-YSZ samples dried under different atmospheres across 50h of ageing. The filled markers denote that the sample was dried in air (AD), non-filled markers (ND).
Despite this change, 50 % of the nitrogen dried Ni-YSZ samples levelled off after 2 h of ageing indicating that the initial coarsening mechanism in this system changes during this timescale. This is despite the series resistance of these samples showing little change in this intervening time. The EIS results show that this levelling off occurs at 30 h for the air-dried samples.
EIS has provided an indication of the key time scales present for the coarsening events in infiltrated nickel phase in SOFC fuel electrodes. However, this technique does not provide any indicators as to how the microstructure has changed in the anode during ageing. 
The remainder of this study will involve tracking the evolution of the catalyst microstructure in the electrode in the 10 h aged timescale to identify the coarsening mechanism present in these systems.
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[bookmark: _Ref48815444][bookmark: _Toc69115054]Figure 6.3: Polarisation resistance for infiltrated Ni-YSZ samples dried under different atmospheres across 50h of ageing. The filled markers denote that the sample was dried in air (AD), non-filled markers (ND).


[bookmark: _Toc69129449][bookmark: _Hlk48549060]6.3.2	Focussed Ion Beam Scanning Electron Microscopy
Epoxy resin was also used to enhance the contrast between the nickel and ceramic scaffold phases. 
Pristine and 50 h aged Ni-YSZ samples were sectioned and mounted in Buehler sample clips. The samples were vacuum impregnated using Buehler Epothin2 Epoxy. After the epoxy resin was cast, the sample was held in a Buehler “Cast N Vac” vacuum chamber for 60 minutes. The samples were removed from the container and left to set for a further 18 h.
The epoxy of the mounted sample stubs was clear with no evident of bubbles. The base of the sample mold was tough to remove indicative that a vacuum had formed during the setting process.
Thyden (2008) avoided the use of colloidal silica during a grinding and polishing routine for epoxy mounted samples [90]. The routine involved 3 grinding stages between 320-1000 µm. This was followed by polishing steps using 6,3 and 1 µm abrasive diamond paste.  
This routine was implemented on the Ni-YSZ samples in this study however, due to the mechanical fragility of the scaffold this phase ended up covering the electrode increasing wear during polishing and grinding (Figure 6.4). This method was not used for further microscopy of the witness samples. 
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[bookmark: _Ref48725679][bookmark: _Toc69115055]Figure 6.4: Scanning electron micrographs of the air and nitrogen dried Ni-YSZ samples after grinding and polishing after setting with an epoxy resin. The magnification from left to right is 5,000x and 10,000x respectively
Focussed Ion beam SEM micrographs of the air dried and nitrogen witness samples without epoxy resin were performed for 0 h aged and 5 h aged samples.  Initially, 20 µm x 10 µm micrographs of the samples were taken of the milled cross-section (Figure 6.5 and Figure 6.6).
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[bookmark: _Ref48571106][bookmark: _Toc69115056]Figure 6.5: Scanning electron micrograph of the milled cross section of the 0 h aged air-dried infiltrated Ni-YSZ fuel electrode sample at a magnification of 25,000x. The region measures 20 µm x 10 µm, respectively. The top 1 µm layer is the platinum protective layer. The next 10 µm are the infiltrated Ni-YSZ fuel electrode witness sample with a porous YSZ ceramic backbone.
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[bookmark: _Ref48571107][bookmark: _Toc69115057]Figure 6.6: Scanning electron micrograph of the milled cross section of the 0 h aged nitrogen-dried infiltrated Ni-YSZ fuel electrode sample at a magnification of 25,000x. The region measures 20 µm x 10 µm, respectively. The top 1 µm layer is the platinum protective layer. The next 10 µm are the infiltrated Ni-YSZ fuel electrode witness sample with a porous YSZ ceramic backbone.
There was little sign of the infiltrated nickel phase for present in the two cross-sectional micrographs (Figure 6.5 and Figure 6.6). Back scattered electron micrographs were also taken and can be found in the Appendix (6.3.2). The air-dried sample had two large voids 3 µm for the top of the electrode, which indicate the presence of mechanical instabilities in the ceramic scaffold. Figure 6.5 bears a close resemblance to the uniaxially pressed YSZ scaffold microstructure present in Kim et al [129].  The bright platinum protective layer made grayscale segmentation in Weka difficult for the Ni and YSZ phases.
Two further infiltrated Ni-YSZ fuel electrode samples were imaged after 5 h of ageing at the conditions discussed in Section 3.3.6.
After this ageing period the microstructure of the air-dried system developed a network of elongated nickel chains which congregated in the first 5 µm of the electrode.
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[bookmark: _Ref51602672][bookmark: _Toc69115058]Figure 6.7: Scanning electron micrograph of the milled cross section of the 5 h aged air-dried infiltrated Ni-YSZ fuel electrode sample at a magnification of 25,000x. The electrode region measures 20 µm x 10 µm, respectively. The top 1 µm layer is the platinum protective layer. The next 5 µm is the coarsened nickel network on top of the YSZ scaffold. The next 5 µm is the porous YSZ scaffold with infiltrated nickel of the witness sample. The white layer at the bottom of the micrograph is the top of the milled trench.
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[bookmark: _Ref48643630][bookmark: _Toc69115059]Figure 6.8: Scanning electron micrograph of the milled cross section of the 5 h nitrogen-dried infiltrated Ni-YSZ fuel electrode sample at a magnification of 25,000x. The region measures 20 µm x 10 µm, respectively. The top 1 µm layer is the platinum protective layer. The next 10 µm are the infiltrated Ni-YSZ fuel electrode witness sample with a porous YSZ ceramic backbone. The white layer at the bottom of the micrograph is the top of the milled trench.
In the nitrogen dried sample, the first 3 µm of the layer do not appear to have any nickel catalyst present (Figure 6.8). The nickel appears to have migrated to the pores further into the structure. This indicates that even after 5 h of ageing the nickel catalyst is highly mobile and that the sintering is not complete. This is evident from the images of the surface with the nickel oxide present in. The nickel appears to have either moved from the surface into the structure leading to the evident agglomeration (Figure 6.8).
Further micrographs were taken of the samples at 80,000x magnification. The infiltrated nickel oxide phase is harder to discern in the 0 h aged images, with the YSZ scaffold appearing bare (Figure 6.4 and Figure 6.5). Even in micrographs taken using the back-scattered electron detector, it did not look like the wet impregnated phase was present (Figure 6.11). 
After 5 h of ageing there was clear sintering behaviour in both sets of wet impregnated Ni-YSZ samples. The network of particles in the air-dried sample look to have been blocked the pores in the top 14 % of the electrode (Figure 6.9b). In contrast in the nitrogen-dried sample the nickel appears to have migrated past this region and can be seen decorating pores further into the fuel electrode. 
These micrographs illustrate the difference in using different drying routines and their effect on the catalyst distribution within the porous scaffold.  Both indicate the presence of different short-term coarsening mechanisms exhibited by the nickel catalyst phase, which would stem from the drying step during sample production.
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[bookmark: _Ref49244694][bookmark: _Toc69115060]Figure 6.9: Scanning electron micrographs of the cross sections of the infiltrated Ni-YSZ fuel electrode witness samples (80,000x magnification). No epoxy was used in these micrographs.

[bookmark: _Toc69129450]6.3.2.1 Back-scattered electron microscopy
Due to presence of the protective platinum layer; phase discernment and contrast was difficult to achieve without sectioning a portion of the image to not include said component. The Pt dominates the 256th bin and due to its atomic number (78) being almost double and triple that of the ceramic and the catalyst [491]. This results in a bright phase which dominates the grayscale histogram of BSE images (see Figure 6.10 and Figure 6.11). As shown in Figure 6.10 the foremost phases in the grayscale histogram are the pore (GSV, 0) and the Pt (GSV, 256).
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[bookmark: _Ref48728550][bookmark: _Toc69115061]Figure 6.10: Overlaid histograms of the 0 h aged air and nitrogen dried infiltrated Ni-YSZ sample. The air and nitrogen histograms are orange and blue respectively
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[bookmark: _Ref48725711][bookmark: _Toc69115062]Figure 6.11: Back scattered electron micrographs of the 0 h aged air and nitrogen-dried Ni-YSZ samples at 25,000x
After 5 h of ageing the nickel volume percent in the air-dried electrode was 3.2 % higher than its nitrogen-dried counterpart. The difference between the upper and lower outliers of the segmented was 0.2 % of the ceramic scaffold, indicating no changes in this phase during ageing. The clear difference between the two systems is evident by the nickel probability distribution. The nickel in the nitrogen dried system has migrated from the top 3 µm of the layer towards the anode function layer.
The FIB-SEM images gathered during this study have illustrated the qualitative value of the technique on monitoring the microstructural changes evident in the nickel catalyst in SOFC fuel electrodes. In this case a large amount of sintering was observed for two sets of Ni-YSZ samples dried under different atmospheres.
However, due to the method being innately destructive and the scaffold being brittle, the evolution of the nickel phase in the same sample volume cannot be adequately monitored. The presence of the protective platinum layer lead to issues with segmentation even in BSE micrographs. Despite the highly aggressive milling process during the technique no streaking or deposition of the platinum layer was observed [10], [252], [259], [492].
[bookmark: _Toc69129451]6.3.3	X-ray Diffraction
X-ray diffraction patterns were taken of the infiltrated Ni-YSZ witness samples to track the evolution of the catalyst phase for Ni-YSZ sample segments aged between 0 – 8 h (Figure 6.12). This was to provide comparison with microstructural characterisation techniques. 
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[bookmark: _Ref48832794][bookmark: _Toc69115063]Figure 6.12: X-ray Diffraction patterns of infiltrated Ni(O)-YSZ aged between 0 -3h. From left to right: NiO-YSZ (AD, 0 h), Ni-YSZ (AD, 2 h), NiO-YSZ (ND, 0 h), and Ni-YSZ (ND, 3 h)Characteristic peaks for nickel oxide, nickel and yttria-stabilised zirconia are denoted by +, -, and * respectively [382], [488], [493]
The characteristic X-ray reflections for the Ni, NiO and YSZ compounds were matched to the literature samples using the Sieve+ function in the in the ICDD PDF4+ database. After 1 h of ageing the nickel oxide reduces completely to metallic nickel [114], [337], [378]. 
[bookmark: _Toc69129452]6.3.3.1 Tracking nanoparticle growth using X-ray Diffraction
The changes in the sintered nickel crystallite size D, were tracked using the Debye-Scherrer equation discussed in Section 3.3.1. The witness sample segments were aged using representative fuel electrode conditions to identically mimic the ageing done to the scanned Ni-YSZ samples during experiments on the I13-1 beamline. 
Table 6.1 below charts the evolution of the nickel crystallite size during ageing between 0-8 h for the differently dried Ni-YSZ samples. The strain component contribution to D was removed by utilising the Williamson Hall correction (present in Section 4.3.5 of this document) [327], [329], [419], [494], [495]. The percent dispersion of the catalyst was calculated using these results [297], [339].

[bookmark: _Ref48833407]Table 6.1: Crystallite lengths of the infiltrated nickel phase in air and nitrogen dried Ni-YSZ witness samples. The * asterisk denotes a set of anomalous data.
	Sample composition
(Drying condition)
	Crystallite Length in nm and determination method (Detector)
	Percent dispersion of the infiltrated nanoparticles
[%]

	
	Debye-Scherrer
(D2) [nm]
	Williamson Hall 
(D2) [nm]
	

	Ni-YSZ (Reduced, AD)
	21.04 ± 1.01
	  22.16 ± 0.38
	5.78

	Ni-YSZ (1h aged, AD)
	47.41 ± 1.01
	  62.11 ± 1.07
	2.57

	Ni-YSZ (2h aged, AD)
	68.12 ± 1.03
	  83.72 ± 1.44
	1.79

	Ni-YSZ (8h aged, AD)
	33.77 ± 1.01
	  42.37 ± 0.73
	3.60 *

	Ni-YSZ (Reduced, ND)
	16.88 ± 1.01
	  18.19 ± 0.31
	7.21

	Ni-YSZ (1h aged, ND)
	31.98 ± 1.01
	  39.35 ± 0.68
	3.80

	Ni-YSZ (3h aged, ND)
	96.88 ± 1.03
	103.36 ± 1.77
	1.26


The air-dried sample appeared to show a reduction in crystallite size after 8 h of ageing, hence increasing the dispersion of the catalyst at this point. However, this result is anomalous. After 3 h of ageing the Debye-Scherrer relation breaks down as result of the crystallite size exceeding 100 nm [295], [419]. This interaction explains the drop in length at the 8 h ageing stage (Table 6.15). 
These results illustrate the rapid evolution of the nickel during SOFC operation; as the crystallite size has quintupled in size (> 100 nm) after 3 h for both sets of samples. This timeframe has been identified due to the crystallite size exceeding this value after the Williamson Hall correction.
[bookmark: _Toc69129453]6.3.4	Ptychographic X-ray Computed Tomography of aged Ni-YSZ coarse pillars
Initial Ptychographic X-ray Computer Tomography (PXCT) measurements were performed on the DLS I13-1 beamline using air-dried infiltrated Ni-YSZ pillar samples. These samples measured 50 µm in diameter. The samples were aged used the apparatus and method described in Section 6.2.2.4. The aim of these scans was to quantitively segment and track the evolution of the infiltrated nickel during ageing.
PXCT was performed on these Ni-YSZ samples using a beam energy of 20 keV. This beam energy was selected to produce 20 % transmission for the nickel phase [363]. Both air and N2 dried Ni-YSZ samples were scanned during this beamtime. 
The diffractograms and ortho-slice images below show that large nickel agglomerates formed in our infiltrated electrodes after an ageing period of 1 h (Figure 6.13). An identical pore structure is denoted by the red markers in Figure 6.14. To reduce the impact of attenuation from sample thickness and reduced contrast, this energy was reduced to 17 keV. Nitrogen-dried samples were imaged using this beam energy.
[bookmark: _Ref49180416][image: ]
[bookmark: _Ref69113061][bookmark: _Toc69115064]Figure 6.13: Ptychographic diffraction patterns of the base of the Ni-YSZ anode pillar sample aged as reduced and aged for     1 h at 800⁰C.in 10% H2/N2 . A sintered nickel particle is denoted by the white circle. The black denotes pores, and the light grey denotes the YSZ ceramic backbone
[image: ]
[bookmark: _Ref46755526][bookmark: _Toc69115065]Figure 6.14: Ptychographic ortho-slices images from the I13-1 beamline of the same Ni-YSZ sample having been aged for 0h to 2h. White nickel agglomerates have sintered on top of the grey YSZ scaffold (red box)
The beam size of the PXCT scan data at the sample surface was 6 µm using a sample detector to distance of 10 m. The calculated voxel size for the ptychographic scans was 36 x 36 x 36 nm3 [356], [357], [362]. 
[bookmark: _Toc69129454]6.3.4.1 Mass attenuation coefficient calculation
The mass attenuation coefficients were calculated for the infiltrated Ni-YSZ electrode utilising the known densities, porosities for the phases present. These are key to the phase segmentation of the materials during data analysis.
The tomograms of the infiltrated anode consisted of three phases: nickel metal, YSZ ceramic scaffold and air (pores). The calculated vol % of the electrodes for the three phases are as follows: 20 %, 65 % and 15 % during manufacture. The values were calculated using mass changes in the electrode and Archimedes density analysis for the porous YSZ scaffold. The mass attenuation coefficients were calculated for each element in these phases and then adjusted for the sample composition [490].
The ratio between the ceramic scaffold and metallic phase revealed that the YSZ was the brightest phase present in the tomograms. The mass attenuation ratio between the Ni and the YSZ was calculated to be 7. These calculations were performed using the mass attenuation coefficients from Heenan and Stockmar et al [363], [364], [366], [490].
The percentage transmission was calculated for each of the phases using the transmission values calculated using the Henke, the thickness of the samples and the density of each of the material in the Ni-YSZ samples(Figure 6.15-Figure 6.17 and Table 6.16).
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[bookmark: _Ref50801134][bookmark: _Toc69115066]Figure 6.15: Percentage  transmission for the YSZ ceramic phase (Density of 6.05 g cm-3) using a 15 µm thick sample for photon energies ranging from 0 – 20 keV[363]
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[bookmark: _Ref50801135][bookmark: _Toc69115067]Figure 6.16: Percentage transmission for the 20 vol % Nickel phase (Density of 8.9 g cm-3)  using a 15 µm thick sample for photon energies ranging from 0 – 20 keV [363]
In the case of the Ni and YSZ phases their percentage transmission are 50 and 60 % respectively with a beam energy of 17 keV. The air has a transmission of almost 100 % meaning that in order of brightness in the tomograms the phases will go: YSZ > Ni > Air
[image: ]
[bookmark: _Ref50801137][bookmark: _Toc69115068]Figure 6.17: Percentage transmission for the air/pore phase using a 15 µm thick sample for photon energies ranging from 0 – 20 keV [363]
However, the as the infiltrated Ni-YSZ fuel electrode samples consist of a combination of each of the three phases discussed (See Chapter 3). The volume percentage of the three phases in the electrode are described earlier.
The X-ray transmission in PXCT is based on the ratio between the transmitted beam It and the incident beam I0 intensities in the scan. The transmission of an X-ray photon is denoted by T and can be found in Equation 6.1 [496]–[499]. 

[bookmark: _Ref48899751]Equation 6.1
The mass attenuation coefficient µ of the electrode rely on three factors:
1. Composition of the electrode material
2. Thickness of the sample
3. Energy of the X-ray photons present
The transmitted intensity of the X-ray photon is dependent of chemistry of the sample it is passing through. Each electrode element possesses a characteristic attenuation coefficient (µ) which impedes the incident beam [497]–[499]. This means that the overall attenuation and decay of the X-ray photon is a function of each of these components and the thickness of the sample. 
The transmitted intensity It, of the X-ray photon after traversal through a specimen of thickness (t) is described by the exponential Beer-Lambert law (Equation 6.2)[364], [497]–[499]. The element incident energy is denoted by E0 [364], [497]–[499].

[bookmark: _Ref48901372]Equation 6.2
In this study the composition via weight percent for the of the anode materials were used to calculate the mass attenuation coefficients µm for each of the elements in the anode(x= Ni, Y, Zr and O) [365], [490]. The contribution of each element was multiplied by their respective weight percent wi and added together by Hubbell to generate the attenuation coefficient for a compound [365]. 

Equation 6.3
In the case of PXCT, a linear attenuation coefficient is required to calculate the transmission of the X-ray photons through the sample thickness. The coefficient is a product of the total mass attenuation coefficient , and the crystallographic density of the specimen ρi. The X-ray attenuation length  is inversely proportional linear attenuation coefficient [363].

Equation 6.4
The total crystallographic density for the anode (20 % nickel) was calculated using the elemental data from Hubbell and Stockmar et al [262], [365], [366]. The fuel electrode density can be found below in Table 6.16.
[bookmark: _Ref49328800]Table 6.2: Table detailing the crystallographic densities of the Ni/YSZ fuel electrode material using elemental data from Hubbell [365]
	Material
	Ni
	Y
	Zr
	O
	Ni0.2(Y2O3)0.08(ZrO2)0.92

	Density [g cm -3]
	8.90
	4.47
	6.49
	1.43
	15.38



The manufactured compositions of the samples were multiplied by their mass attenuation coefficients to generate the attenuation coefficient ratio (ACR) between the nickel and YSZ phases.
In this case the YSZ ceramic material possesses a far higher mass attenuation coefficient than the metal catalyst at this beam energy. This means that the bright (most attenuating phase) is the scaffold material.
[bookmark: _Ref51235319]Table 6.3: Table detailing the mass attenuation coefficient and grayscale ratios of the Ni and YSZ phases at 17 and 20 keV [363], [364], [366], [490]
	Electrode component
	Nickel catalyst
Ni at 17 keV
	YSZ ceramic scaffold
YSZ at 17 keV
	Nickel catalyst
Ni at 20 keV
	YSZ ceramic scaffold
YSZ at 20 keV

	Attenuation Coefficient /cm -1
	672
	4700
	410
	2750

	Attenuation Coefficient ratio (ACR) /unitless
	6.99
	6.71

	Grayscale value /unitless
	31.80
	223.00
	32.40
	217.00

	Grayscale value ratio (GSR) /unitless
	7.01
	6.71


This contrasts with work by Stockmar and Vilanova et al  the nickel was the meso-brightest phase at 17 keV [262], [366]. This due to a combination of factors. Namely the lower nickel volume percent the infiltrated samples, lower beam energy due to detector constraints and the histogram being is dominated by the attenuation of the ambient air present in the scan [262], [366], [500].
[bookmark: _Toc69129455]6.3.4.2	Phase segmentation using Ptychography
[bookmark: _Hlk47434276]6.3.4.2.1 Ni-YSZ Contrast sample
A Ni-YSZ cermet sample was scanned using the I13-1 Beamline to determine the grayscale values for the three phases: the nickel, the YSZ and the pores. This will be described furthermore as the contrast sample. The scan size was 25 x 25 x 10 µm in size. The top 25 % of the scan contained imaged just atmospheric air. 
The resulting tomograms of the contrast sample were used to generate grayscale values for  A line profile was used across the centre of the tomogram in the FIJI analysis software to calculate the average grayscale value (GSV) of the air and the range of the data. Each line profile had 500 measurement points with a total of 6-line profiles being taken from ortho-slices 1-100. The average GSV for the air phase was calculated to be 57.44, with the GSV ranging from 36-70. 
Utilising these GSVs for Air, the three phases were segmented using the threshold function in Avizo Lite across 256 bins. The nickel was the darkest phase because of its reduced vol % compared to the YSZ scaffold and its seven times smaller mass attenuation coefficient. 
In terms of GSV the bins the Nickel was found to occupy were between 1-35 and the YSZ between 70-255. These quantities were used to segment the individual reconstructed tomograms and produce 3D renderings of the contrast sample microstructure (Figure 6.18 and Figure 6.19). These ranges also matched the expected grayscale values calculated from the mass attenuation coefficient ratio discussed earlier.
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[bookmark: _Ref46930758][bookmark: _Toc69115069]Figure 6.18: 3D Rendering of the microstructure in the Ni-YSZ cermet contrast sample. The white phase is the YSZ ceramic scaffold, and the red phase is the Ni metal. The orientation is XY
The GSV were also calculated for the nickel and YSZ phases using the line plot method in FIJI.  Each line profile had 100 measurement points with a total of 6-line profiles being taken from ortho-slices 370-395. The average GSV for the ceramic scaffold and nickel metal phases were calculated to be 197.76 and 24.32, respectively. These results underline that the nickel phase is the darkest present for the tomography datasets.
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[bookmark: _Ref46930756][bookmark: _Toc69115070]Figure 6.19: 3D Renderings of the microstructure in the Ni-YSZ cermet contrast sample. The white phase is the YSZ ceramic scaffold, and the red phase is the Ni metal. The orientations from top to bottom are XZ and YZ
Despite the pore phase separating the catalyst and the ceramic support in the grayscale histogram., the 3D renderings show that the catalyst is in contact with the YSZ in multiple positions (Figure 6.20 and Figure 6.21). 
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[bookmark: _Ref69113174][bookmark: _Toc69115071]Figure 6.20: 3D Rendering of the microstructure in the Ni-YSZ cermet contrast sample. The white phase is the YSZ ceramic scaffold, the red phase is the Ni metal and the grey phase is the air. The orientation is XY
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[bookmark: _Ref69113176][bookmark: _Toc69115072]Figure 6.21: 3D Renderings of the microstructure in the Ni-YSZ cermet contrast sample. The white phase is the YSZ ceramic scaffold, the red phase is the Ni metal, and the grey phase is the air. The orientations from top to bottom are XZ and YZ
6.3.4.2.2 Air-dried Ni-YSZ samples
Quantitative analysis of the tomograms (Figure 6.13 and Figure 6.14) for the 0 and 2 h aged Ni-YSZ samples showed poor phase contrast between the nickel and YSZ scaffold. A median filter and local contrast brightness and contrast JavaScript macro was used to de-convolute the images in ImageJ [255].  
Despite the high attenuation from the ceramic phase and attenuation due to sample thickness, the coarsening of the catalyst could be tracked by monitoring the change in the pore volume percent with ageing time. A 7.5 * 7.5 * 8 µm region of interest between the fuel electrode and the electrolyte was selected (see Figure 6.22 and Figure 6.23). 
This was selected for comparison purposes with the nitrogen dried samples. This portion was segmented using the GSVs from the contrast sample and the from the samples using the L shaped pore structure denoted in Figure 6.14. Two air-dried Ni-YSZ PXCT scans were segmented in Avizo Lite.
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[bookmark: _Ref69113255][bookmark: _Toc69115073]Figure 6.22: Segmented 3D renderings of the ROI sub volume of the 0 h aged, air-dried Ni-YSZ fuel electrode using Avizo Lite. The nickel, ceramic and pore phases are red, white, and grey, respectively. The Ni and YSZ phase are rendered in a. and the three phases in b.
From visual inspection between the two segmented volumes the nickel phase appears to have increased in volume during the two hours of ageing. This expansion can only be a product of coarsening as no additional nickel was added to the structure during ageing [67], [300], [501].  
Initially, the segmented Ni-YSZ electrode volume consisted of 11.9 % pores. After 2 h of ageing this decreased to 3.5 %. These were calculated by dividing the phase volumes by the total scan volume.
However, the volume percent of the ceramic phase rose between scans. This is highly unlikely as YSZ sinters at temperatures exceeding 1200 °C [1], [294], [478], [488]. This would indicate that this increase is due to changes in the catalyst material.
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[bookmark: _Ref49345353][bookmark: _Toc69115074]Figure 6.23: Segmented 3D renderings of the ROI sub volume of the 2 h aged, air-dried Ni-YSZ fuel electrode using Avizo Lite. The nickel, ceramic and pore phases are red, white, and grey, respectively. The Ni and YSZ phase are rendered in a. and the three phases in b.
The region of interest used in these renderings focussed on an 8 µm section at the interface between the infiltrated scaffold and the electrolyte. The position of this segment in the scaffold means that the YSZ vol % will increase due to decreased pore vol % and increased tortuosity.

[bookmark: _Ref69113327]Table 6.4: Table detailing the volume percent of the three phases present in the air-dried Ni-YSZ electrode sample
	Sample
	Phase [Vol %]

	
	Nickel
	YSZ
	Pore

	Ni-YSZ 0 h Air dried
	19.47%
	68.64%
	11.88%

	Ni-YSZ 2 h Air dried
	19.27%
	77.25%
	3.48%


During the first two hours of ageing the nickel phase has increased in volume by over 8% (calculated via YSZ vol % change) (Table 6.4). This volume expansion is due to the coarsening of the metal making the nickel particle size exceed the voxel size and is exemplified by Figure 6.24 where the top of the segment to the electrolyte interface is denoted between 0 – 60. After just two hours of ageing the central 20 slices show an 5.2 % average increase in volume.
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[bookmark: _Ref49244072][bookmark: _Toc69115075]Figure 6.24: Volume % per slice of the nickel catalyst phases from the top to the bottom of the Roi. The 0 h aged nickel is denoted by the grey series and the 2 h aged the pink series, respectively. Slices 0-20 denote the top of 2.5 µm of the volume. Slices 20-60 denote the Ni-YSZ electrode approaching the electrode/electrolyte interface
However, in the bottom third of the ROI the vol % of the phase appears to have dropped, this indicates that the coarsening in the middle of the section is causing issues for catalyst migration and coarsening. This blocking behaviour has also been shown in Figure 6.9 in the 5 h aged micrograph where the nickel network has sintered to such an extent that it also appeared to have blocked the pores in the bottom third of the micrograph.
These snapshots have identified that the air-dried infiltrated nickel phase is highly mobile and moves migrates towards the electrolyte interface rapidly during the ageing process. However, due to the initial sintering mechanism present the metal agglomerates leading to pore blocking.  This blocking would reduce the amount of fuel reaching the AFL and subsequently increase the polarisation resistance of the fuel electrode [153], [451].
The migration of the infiltrated phase towards the AFL indicates that for the air-dried Ni-YSZ system atomic ripening is the major sintering mechanism present for the infiltrated catalyst system. This is supported by the findings of DeLaRiva et al in 2013 who tracked the sintering mechanisms of nickel in MgAl2O4 catalysts using an environmental TEM [502], [503]. 
PMC has been discounted due to the work from Crump, who found that the migration distance of nickel crystallite XC, decreased from by over a scale factor with a crystallite radius r, increase of 4 nm at 500⁰C [504]. This is related to the crystallite diffusivity DC, surface diffusivity DS, atomic radius α, temperature T, and ageing time t, in hours( Equation 6.6 and Equation 6.7)[504].

Equation 6.5
Utilising the migration distance expression stated by Crump relation and using a crystallite radius of 20 nm (Table 6.5) the particle migration distance at 800⁰C was found to be 3.4 ± 5.9 nm. Including the systematic error (10 nm) this is approximately, a 100th of the distance needed for the infiltrated nickel to migrate via PMC from the top of the ROI to the centre. As the radius of the nickel crystallite increases with ageing time, this distance will continue to decrease before the sample sinters and creates facetted particles [504]. This eliminates PMC as the initial coarsening mechanism for the air-dried Ni-YSZ electrode in agreement with Hansen et al [402], [502].  

[bookmark: _Ref49261046]Equation 6.6

[bookmark: _Ref49261050]Equation 6.7
In addition, the Crump expression is based on an ideal system with spherical nickel particles and a flat substrate. The increased tortuosity of the impregnated scaffold would mean the migration distances for the particles would be longer due to the impact of this parameter.
[bookmark: _Ref69113508]Table 6.5: Table detailing the calculated Particle migration distance XC for infiltrated nickel particles with crystallite radii from 5 – 50 nm [504]
	Crystallite radius r, [nm]
	Activation Energy for Surface diffusion Q, [kJmol-1]
	Surface Diffusivity, Ds [x109]
	Crystallite Diffusivity, Dc
	Particle Migration Distance 
Xc, [nm]
	Systematic Error [nm]

	5
	159
	545.222
	5669.782
	54.21
	0.02

	10
	
	
	734.804
	13.55
	0.07

	20
	
	
	45.925
	3.39
	0.29

	50
	
	
	2.870
	0.54
	1.85



6.3.4.2.3 Nitrogen-dried Ni-YSZ 2 h aged 
After sample alignment was completed the sample was scanned using the Ptychographic setup at the I13-1. The scan volume measured 25 x 25 x 10 µm3.  A total of 800 scans were measured across a 180⁰ rotation. The voxel size of the scans was calculated to be 36*36*36 nm. The beam energy used for these samples was 17 keV.
The scan file was reconstructed using the method discussed in Chapter 3 (Section 3.3.7.3). The 3D rendering of the sample was reconstructed in the segmentation editor in FEI Avizo Lite 9.0 software (DLS I13-1, University of Sheffield Wolfson Light Microscopy Facility). This reconstructed tomogram consisted of three regions detailed in Figure 6.25 overleaf.
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[bookmark: _Ref47105206][bookmark: _Toc69115076]Figure 6.25: Diagram of the Ni-YSZ fine pillar sample sections including ambient air (grey)
The presence of the air layer was required for good phase contrast with the nickel and YSZ ceramic phases present in the sample. Using the GSVs calculated from FIJI for the Ni-YSZ cermet contrast sample, the scan was segmented using the threshold function in Avizo Lite. The peak in the grayscale histogram was shown by both Avizo and FIJI to be a product of the ambient air. 
The largest peak in the histogram in this can will be the air-based phases (ambient and pore). The position of this peak indicates the GSV of the ambient air. Once the contribution of the ambient air has been removed from the data, the location of the peak will also provide the first sign that the catalyst coarsening has occurred. When the catalyst vol % increases because of sintering, the pore vol % will drop, lowering the GSV of the peak.
Upon initial inspection the GSV of the peak has dropped between 2 and 4 h of ageing, indicating that a sintering event has occurred in the infiltrated Ni-YSZ system (Figure 6.26 and Figure 6.31). The drop means that less pore phase is present in the 4 h aged sample which suggests that coarsening has taken place.
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[bookmark: _Ref47441871][bookmark: _Toc69115077]Figure 6.26: Histogram of the Grayscale values for the whole 2 h aged NI-YSZ sample ptychographic scan. The peak was found to be ambient air, the right-hand side was the highly attenuating ceramic phase and the left-hand side the nickel catalyst
The GSVs of the phases produced by the contrast sample were used to threshold the three phases present in the sample: Ni, YSZ and pores to produced accurate 3D renderings of the microstructure present in the aged infiltrated fuel electrode.
Additionally, the upper bins used to segment the samples also closely matched the GSR present in the mass attenuation coefficients with the nickel and ceramic phases having a ratio of 7.28, a 4.14% increase from calculated GSR (6.99) (Table 6.6).
[bookmark: _Ref47514823]Table 6.6: Table of Grayscale bins used to segment the Ni, YSZ and pore phases in the Ni-YSZ fuel electrode pillar sample
	Ni-YSZ 2 h aged
	Lower Grayscale value, GSVL 
	Upper Grayscale Value, GSVH 

	Total Grayscale Bins
	0
	255

	Ni
	0
	35

	Pore
	35
	70

	Air
	70
	90

	YSZ
	90
	255



3 volumes were segmented using Avizo Lite: The entire pillar, the 50 % ambient air/ Ni-YSZ electrode and the Ni-YSZ electrode near the YSZ electrolyte (Figure 6.27). This will be referred to as the whole, the middle and the base. These were segmented to track the microstructural evolution of the nickel phase during ageing and deduce the coarsening mechanism present in the catalyst.
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[bookmark: _Ref69113642][bookmark: _Toc69115078]Figure 6.27: XZ orientation ortho-slice window used to segment the three phases. The Nickel, YSZ and pores are red, blue and black respectively
Whole 2 h aged Ni-YSZ pillar
Initially, the phase segmentation was performed on the entire scan of the pillar sample. Clear issues with the segmentation were clear – with disconnected portions of the ceramic phase present in the 3D rendering (Figure 6.28). These islands were removed using a function in Avizo Lite. These islands were a function of an issue during the reconstruction and are remnants of the ambient air phase. The volume was added to the ambient air phase and the phase was segmented separately to the other three phases.
The presence of the atmospheric air was useful for contrast purposes with the sample, however the pillar sample showed beam damage from the laser milling which led to an increased amount of this phase in the central tenet of the sample (Figure 6.25). 
The presence of the ambient air phase was unavoidable as PXCT requires a contrast medium for the ptychographic reconstructions. The impact of this phase was nullified by removal of GSVs for this segment. These bins were identified in both the contrast sample and ortho-slices from the top of this scan.
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[bookmark: _Ref47104864][bookmark: _Toc69115079]Figure 6.28: 3D renderings of the whole Ni-YSZ fuel electrode. Left-hand side the nickel and ceramic phases, right-hand side the nickel, ceramic, and pore phases. The nickel, ceramic and air are red, white and grey respectively.
Base of the 2 h aged Ni-YSZ pillar
To further remove the impact of the atmospheric air phase, the base 3.3 µm of the ptychographic scan was segmented as a separate sub-volume. This provided a volume with very little nickel present in the sample and larger amounts of YSZ than expected. The almost 8 % reduction in the pore vol % is almost completely equated to the increase in the ceramic vol % in the system (Table 6.21). 
[bookmark: _Ref47449801]Table 6.21: Table of the vol % of the three phases present in the Ni-YSZ electrode sample
	Sample
	Phase [Vol %]

	
	Nickel
	YSZ
	Pore

	Ni-YSZ 2 h Whole
	0.46%
	67.26%
	32.29%

	Ni-YSZ 2 h Base
	1.22%
	74.21%
	24.56%


The nickel volume percent is far lower than the stated volume percent of the sample after calcination. This is due to a combination of factors including increased tortuosity of the pores nearing the electrolyte, damage from sample production and reconstruction issues present in the sample.
As operating temperature of SOFCs (and the ageing temperature in this study, 800⁰C) exceeds the TTammann temperature for nickel, the catalyst will be highly mobile[238], [240]. These elevated temperatures mean that the Nickel can move towards the AFL reducing gas diffusion at the fuel electrode TPBs. 
The vol % of the ceramic and pore phases was plotted in bar charts for each of the XY ortho-slice files in the ROI sub volume (Figure 6.29 and Figure 6.30). The tortuosity of the pore structure was shown to rise deeper into the base of the sample, this was signified by the 20.54% volume percent increase of the YSZ ceramic phase.
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[bookmark: _Ref47512537][bookmark: _Toc69115080]Figure 6.29: Volume % of the ceramic phase through the base of Ni-YSZ sample. 0-100 denotes the XY ortho-slice files from the top to the base of the scan
Conversely, to the other two phases the volume percent of the pore phase almost continually dropped with increased depth into the Ni-YSZ base. The largest reduction exhibited by this phase was 31.54 % which is entirely due to the proliferation of the Ni and YSZ phases.
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[bookmark: _Ref69113784][bookmark: _Toc69115081]Figure 6.30: Volume % of the pore phase through the base of Ni-YSZ sample. 0-100 denotes the XY ortho-slice files from the top to the base of the scan


6.3.4.2.4 Nitrogen dried Ni-YSZ 4 h aged
The sample was aged for another 2 h in the wet 10% H2/N2 atmosphere prior to a second ptychographic scan. The three phases were segmented using the threshold function in Avizo Lite (FEI) using the lower and upper GSVs in Table 6.17. The peak present in Figure 6.31 has dropped from the 85th to 75th bin, showing that as discussed previously sintering has taken place. 
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[bookmark: _Ref47441873][bookmark: _Toc69115082]Figure 6.31: Histogram of the Grayscale values for the whole 4 h aged NI-YSZ sample ptychographic scan. The peak was found to be ambient air, the right-hand side was the highly attenuating ceramic phase and the left-hand side the nickel catalyst
Whole 4 h aged Ni-YSZ pillar
Initially the entire scan volume was segmented using the same GSV values from the previous scan (Table 6.20 and Table 6.21). 3D renderings of the whole scan file were generated using Avizo Lite (Figure 6.32). In comparison to Figure 6.28, the nickel phase appears to have migrated towards the AFL with a large amount of phase present in the bottom third of Figure 6.32. 
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[bookmark: _Ref47514697][bookmark: _Toc69115083]Figure 6.32: 3D renderings of the whole 4 h aged Ni-YSZ fuel electrode. a. Pillar was the nickel and ceramic phases. b. Pillar with the nickel, ceramic, and pore phases. The nickel, ceramic and air are red, white, and grey respectively
The volume percent of the nickel, YSZ and pore phases for the 4 h aged Ni-YSZ sample can be found in Table 6.8.
Base of the 4 h aged Ni-YSZ pillar
To provide comparability with the 2 h aged scan and concurrently remove the impact of the atmospheric air, the base 3.3 µm of the ptychographic scan was segmented as a separate sub-volume (Figure 6.33). 
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[bookmark: _Ref47624379][bookmark: _Toc69115084]Figure 6.33: 3D rendering of the base of the 4 h aged Ni-YSZ fuel electrode. The nickel and ceramic phases are red, white respectively
In comparison with its 2 h aged counterpart the 4 h aged sample had a 4.38% increase in the volume percent of the catalyst phase. The YSZ phase vol % was also very similar (+0.30%) for both the whole and base volumes for the 4 h aged samples. The scaffold volume percent results show great agreement with the 65 % calculated value for the electrode during production. This confirms that the showing that the GSVs used phase segmentation were correct. 
[bookmark: _Ref47515357][bookmark: _Ref47515347]Table 6.8: Volume percent of the three phases present in the Ni-YSZ electrode sample
	Sample
	Phase [Vol %]

	
	Nickel
	YSZ
	Pore

	Ni-YSZ 4 h Whole
	4.50%
	59.20%
	36.30%

	Ni-YSZ 4 h Base
	5.60%
	59.50%
	34.90%



[bookmark: _Toc69129456]6.3.4.3 Tracking identical regions of interest
One of the major advantages with tomographic and ptychographic imaging techniques is the fact that the same region of interest can be imaged between scans. In this study the same sub volume was imaged for at 2 h and 4 h aged, infiltrated Ni-YSZ samples. The number of voxels and consequently the volume of the three phases: Nickel, YSZ and pore were tracked between scans. The sub-volume in question measured 450 µm3.
Due to the fine Ni-YSZ pillar samples being remounted separately during the heating regime, the chance for an offset impacting the sample alignment was high. However, during this work the region of interest could be lined up due to the fact the same sample was being imaged during the MG24277-1 experiment. To reduce computational cost the pore structures, present in the ortho-slices of the sample were analysed using FIJI, prior to reconstruction in Avizo Lite (FEI).   
A 7. 5 x 7.5 x 8 µm sub-volume was selected and aligned using the pore structure present in both ptychographic scans (Figure 6.34 and Figure 6.35). One eighth of the sample was selected as a sub volume for phase segmentation, thus balancing both computation power and making sure there was as much YSZ as possible in the volume. The position of the region of interest also contained some of the milled edge of the electrode to see and a characteristic line of pores for clearer identification.
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[bookmark: _Ref47511915][bookmark: _Toc69115085]Figure 6.34: Images of the 150th and 250th ortho-slice between the 2 h and 4 h aged samples. An identical pore structure is shown in the yellow boxes of the tomograms of the samples
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[bookmark: _Ref69113957][bookmark: _Toc69115086]Figure 6.35: Selection of the 3D region of interest in Avizo Lite using the ortho-slice files for the 4 h aged, infiltrated Ni-YSZ sample
Despite the repeated reattachment of the samples after heating, an identical pore structure pore structure can be clearly identified in Figure 6.34 (Yellow box). Additionally, the ortho-slices files selected were the middle of the entire scan file. The sub volumes for both scans were generated in Avizo Lite. This sub volume was also selected due to its lack of proximity to the outside of the sample where beam damage or ambient effect could impact the phase segmentation of the fuel electrode materials. 3D projections of both scans of the Ni-YSZ pillar sample can be found in Figure 6.36 and Figure 6.37.
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[bookmark: _Ref47626964][bookmark: _Ref47626939][bookmark: _Toc69115087]Figure 6.36: 3D renderings of the ROI sub volume of the 2 h aged Ni-YSZ fuel electrode using Avizo Lite. The nickel, ceramic and pore phases are red, white, and grey, respectively. The Ni and YSZ phase are rendered in a. and the three phases in b.
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[bookmark: _Ref47626966][bookmark: _Ref47626940][bookmark: _Toc69115088]Figure 6.37: 3D renderings of the ROI sub volume of the 4 h aged Ni-YSZ fuel electrode using Avizo Lite. The nickel, ceramic and pore phases are red, white, and grey, respectively. The Ni and YSZ phase are rendered in a. and the three phases in b.
The volume percent of the catalyst phase rose by 7.77 % during between the 2-4 h of ageing (Table 6.23). As the same sub volume was segmented and the sample had no additional nickel added between scans, thus this rise is solely due to sintering. Both samples had YSZ vol % ± 3% of the 65% calculated density of the electrode during manufacture. Individual nickel particles cannot be determined clearly from the renderings.
[bookmark: _Ref47514482][bookmark: _Ref47515336]Table 6.23: Volume percent of the three phases present in the region of interest for the Ni-YSZ electrode sample aged at 2 and 4 hours
	ROI Samples
	Phase [Vol %]

	
	Nickel
	YSZ
	Pore

	Ni-YSZ 2 h 
	3.45%
	63.04%
	33.51%

	Ni-YSZ 4 h 
	11.22%
	69.21%
	19.19%



6.3.4.3.1 Nickel distribution after 4 h of ageing
Figure 6.38 provides an insight into the migration behaviour of the nickel during the ageing period. After 2h of ageing charted in the segmentation, the volume distribution of the nickel phase changed dramatically across the region of interest. After 4 h of ageing the 39.86 % of the nickel present in the electrode resided between slices 140-180. This was a 18.65 % increase compared to its 2 h aged counterpart.
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[bookmark: _Ref47690416][bookmark: _Toc69115089]Figure 6.38: Volume percent per slice of the nickel catalyst phases from the top to the bottom of the Roi. The 2 h aged nickel is denoted by the red series and the 4 h aged the grey series respectively
In the top third (60 ortho-slices) of the ROI, the overall volume percent of the phase has changed very little during ageing (11.87 % 2 h, 12.00 % 4 h). This indicates that the migration process at the top of the sample has been balanced with the amount of catalyst coarsening. 
In contrast with the air-dried samples, the migration behaviour of the nitrogen dried Ni-YSZ sample did not produce any blocking effects (Figure 6.9). The nickel catalyst has migrated towards the anode functional layer and leading to a reduction into electrical conductivity between the AFLs and the top of the fuel electrode. 
The migration mechanism illustrated in both the FIB-SEM micrographs and the 3D phase segmentation renderings would indicate that the catalyst has coarsened in both sets of samples via PMC [402], [502]. However, this mechanism is restricted to the 2 h ageing windows evident from the phase segmentation. The voxel size of 36 nm is too large to quantify the first coarsening process present in the pristine infiltrated nickel system. 
As discussed by Goodman and Hansen et al the first coarsening mechanism with the untouched catalyst system is likely to focus on atomic ripening where the smallest particles coalesce [300], [402], [502]. This occurs prior to a sintering mechanism based on PMC which has been monitored during this study through PXCT, FIB-SEM and XRD. Further measurements at ageing times under 1 h will be required to capture this phenomenon.
In the infiltrated systems characterised in this study the window has characterised the migration of the catalyst through the pores in the structure during the first 0 – 5 h of ageing. Pore blocking because of extensive PMC is a key deactivation mechanism in the microstructure of the air-dried cells. This was underlined by the scanning electron microscopy of the air-dried samples Figure 6.7 showed the agglomeration of the nickel phase against the pores. In the case of infiltrated cells, the pore volume in the electrode structure has been shown to reduce by up to 20 vol % towards 3.2 µm above anode function layer. This reduction means increases the likelihood of bottlenecks generated by decreases pore volume. Due to the dispersal of the catalyst dispersal throughout the pore structure, coarsening of stacked particles (especially air dried particles) shown in Figure 6.9 could form large agglomerates along pores as seen in Figure 6.23. 
This reduces the active triple phase boundary area due to gas percolation restrictions as discussed by Hou et al [505]. Although this phenomenon has not widely discussed in the literature until this year [505], [506].
The impact of drying under a nitrogen atmosphere has been shown to produce a pronounced difference to the cells both microstructurally and electrochemically. The reduced polarisation resistance can be linked to the lack of pore blocking present in the nitrogen dried cells. However, the nitrogen dried samples are still subject to PMC and coarsening albeit at a slower rate than their air-dried counterpart. This is exemplified by the % dispersion of the nickel crystallite in the nitrogen cells dropping to under 1.5 % after an extra hour of ageing compared to the air-dried samples.
The migration of the infiltrated nickel towards the AFL in both sets of samples illustrate that ageing the catalyst well above its TTammann has provided the catalyst particles with extreme mobility under typical SOFC operating conditions [238]. 
Additionally, the ex-situ heating process utilised in this study means that the infiltrated nickel catalyst is subject to both thermal and atmospheric cycling. The repeated 1 h heating step and subsequent cooling of the pillar sample at 800 °C in 10 % H2/N2 ensured that within a 4 h period the sample had been subject to a temperature range between 25 and 800 °C. Over the past 12 years thermal cycling has been documented to increase the volume of the nickel phase in traditional cermet anodes [132], [244], [422], [507], [508].   
Thermal cycling studies to date have not been performed using PXCT especially infiltrated anodes. However, a study by Guan et al detailed the volume change in co-sintered Ni-YSZ anode samples with 4 h thermal cycles between 25-750 °C using ex-situ XCT imaging technique [508]. Although the cycle is not analogous to the one in this work, it did link a 7.7 % drop in Ni-YSZ connectivity with a 36.4 % increase in the nickel volume after 32 h of ageing.
The Guan work provides insight into the coarsening behaviour of the catalyst material at ageing times past 10 h. Wet impregnated nanoscale catalysts have been well documented to sinter faster than their microscale co-sintered counterparts. In this study an 18.65 % increase in the nickel volume was documented after 4 h of ageing. This indicates that the nickel catalyst is coarsening at almost double the rate of the co-sintered anodes. This is a combination of both the elevated ageing temperature but also the fact that propensity of the nanoscale to sintering.
If the nickel sintering rate continues to be double that of a co-sintered cermet than the steady state coarsening step (step III) detailed by Hansen would be achieved by a wet impregnated system between 15-20 h of ageing.  The nickel volume in Ptychograms taken after this time should not change more than a 1 %. The next step for infiltrated fuel electrode PXCT work would be to identify the time when the steady state sintering by ageing samples is achieved and compare the sintering rates with co-sintered anode samples under identical conditions.
[bookmark: _Toc69129457]6.4	Conclusions
Ptychographic X-ray computed tomography (PXCT) has been used to segment and image the microstructural changes present in infiltrated Ni-YSZ fuel electrodes. Regions of interest near the anode functional layer were successfully segmented using an ex-situ snapshot method across multiple ageing times for the same infiltrated cells using Avizo Lite. This is the first known example of infiltrated SOFC fuel electrode samples having been imaged using this technique.
The agreement between the mass attenuation coefficient and grayscale coefficient ratios allowed the assignment of the metal, scaffold and pore phase using grayscale bins. The major advantage of PXCT is that identical volumes can be continually reimaged during the ageing process.
This work has identified the primary coarsening mechanisms in wet impregnated Ni/YSZ fuel electrodes to be based on particle migration coalescence in a 4 h ageing window. It has also shown that the use of an inert drying atmosphere does reduce the rate of the coalescence for an infiltrated electrode due to reduced crystallite size. This is a result of reduced crystallite size allowing for greater movement through pores and less agglomeration via surface energy differences. 
This work has illustrated that the timescale of fuel electrode coarsening is in the minutes. Further research is needed to track the evolution of nanoscale catalyst particles using thinner samples for better resolution at timescales preceding an hour.  Additional work is also required to demonstrate the timescale when steady-state sintering is reached for the wet impregnated nickel phase.


7. Conclusions and Recommendations
[bookmark: _Toc69129458]7.1	Quantifying the impact of gas drying atmospheres on infiltrated SOFC fuel electrodes
The impact of utilising a flowing nitrogen atmosphere during the drying step of wet infiltrated electrodes was investigated during this work. This was compared to using an air-drying step at 120⁰C. The motivation for this enquiry was to utilise the drying step as a method of dispersing the wet impregnated nickel catalyst and consequently increasing its activity. Little was known about the decomposition of the nitrate material and its impact on the electrochemical properties of the wet impregnated fuel electrode.  This activity increase was measured by monitoring the change in the polarisation resistance, RP over a 50 h ageing period.
The nitrogen drying step was shown to have consistently produced a size reduction of 30 % for the nickel particles via strain corrected Debye-Scherrer analysis and scanning electron micrographs. This translated to a 1.5 % increase in the dispersion of the catalyst nanoparticles after calcination and reduction. In addition, FTIR spectra of both drying steps also showed that the drying promoted the decomposition of the nitrate phase with absorbance peaks at 1315 cm-1 and 1385 cm-1 indicative of the free NO32- nitrate ion for both samples (Figure 4.6).
Scanning electron micrographs of the dried nickel nitrate precursor showed the formation of particles under the nitrogen drying regime. This was discussed to be the result of nucleation and growth of bunsenite particles confined by the dried nitrate film. This indicated that the air-dried nickel particles were subject to pre-reduction agglomeration, evident from the disk-like morphology present in the micrographs and the multiple reduction peaks present in TPR.
Using the combination of the structural, chemical, and microstructural analyses discussed during this chapter a decomposition pathway for both systems was described. In the air-dried system the dried disks decompose partially during drying leaving a heterogeneous dispersion of nickel nitrate particles which under calcination form bunsenite agglomerates. These clumped particles are reduced during SOFC start-up and sinter during the first 10-20 h of ageing. In the nitrogen dried system, the confinement of the nickel particles by the nitrate film during drying promotes the formation of monodisperse particles with a homogeneous size distribution and reduced sintering rate. This is the first known discussion of this mechanism for infiltrated fuel electrodes.
The electrochemical impedance spectra results (RP) gathered through this study were consistently one scale factor larger than Ni-YSZ electrodes in the literature. This elevation was a combination of several factors. Firstly, the graphite in the YSZ ceramic ink interacted with the binder causing the formation of a shear-thinning ink, which impacted the mechanical stability of the scaffold, with large voids after firing. To mitigate this issue a carbonless ink was also trialled. The infiltration solution concentration was also reduced, as 5 M approaches the solubility limit for the nickel nitrate in water and could have blocked the pores inducing a larger RP. A total of fifteen 40 sample batches were trialled during this project to ensure that despite these issues the datasets from the samples could be produced reliably. The age of the frequency response analyser may have also added to this issue.
The wet impregnated electrodes in this study can be compared as an enclosed system to display any trends that appear. After an ageing period of 50 h the nitrogen dried, air calcined Ni-YSZ samples showed the smallest rise in the polarisation resistance for the drying and calcination. A result of the increased dispersion and reduced size of the nickel particles prior to ageing.

After an ageing period of 10 h the RP of these electrodes began to plateau, indicating early-stage stability for the infiltrated nickel system. This behaviour begins at far shorter time than the industrial standard of 100 h of ageing, suggesting that this period can be reduced for wet-impregnated systems.
[bookmark: _Toc69129459]7.1.1 Recommendations from Chapter 4
This study has illustrated the importance of the drying step on the microstructural properties of infiltrated Ni-YSZ fuel electrodes for SOFCs. The use of the nitrogen drying atmosphere has reduced the initial particle size of the nickel during processing, reducing the RP degradation rate.
The following recommendations are suggested for those looking to investigate drying processing steps in wet-impregnated SOFCs:
· Avoid the use of drying and calcination of infiltrated electrodes under the same atmosphere. This promotes additional gas phase diffusion impedances and increases the rate of polarisation resistance degradation.
· Use an inert nitrogen drying atmosphere to increase the catalyst dispersion and reduce the initial catalyst size.
· Ensure that the calcination temperatures for the infiltrated material remain between the Huttig and Tamman temperatures of the metal catalyst (378⁰C and 728⁰C) to avoid addition sintering during processing [238], [240].
[bookmark: _Toc69129460]7.1.2 Further work from Chapter 4
This work has illustrated the essential need for further work on the gas drying step for infiltrated SOFC fuel electrodes. Optimisation via varying the gas flow rates and temperatures for the gas drying steps needs to be done for the continued improvement of the catalyst dispersion and activity. This enhanced activity could be characterised using chemical probes. Techniques such as hydrogen or carbon monoxide chemisorption or Branauer Emmett Teller studies would be able to track the active surface area of the nickel catalyst during different processing steps providing more information on the dispersion of this phase during electrode manufacture. The decomposition behaviour of the nickel nitrate precursor could also be monitored using Thermo-gravimetric analysis (TGA).
Tracking the microstructural evolution of the infiltrated phase during ageing via Debye-Scherrer analysis during the initial 10-h ageing window could provide a key insight to the growth of the nickel phase. An interrupted snapshot procedure like the one used in Chapter 6 could be used to age the catalyst phase in representative fuel electrode conditions using USAXS at the 9-ID beamline at ANL or similar facilities. This data coupled with microstructural quantification data from FIB-SEM or XCT could provide key crystallite size changes present in early-stage nickel sintering.
A repeat of this gas drying study on other infiltrated scaffold materials such as gadolinium doped ceria would help reduce the impact if any of Ni-substrate interactions on the sintering behaviour on the catalyst phase. Preliminary work conducted during this project has supported the hypothesis that these interactions do not affect the size reduction in the nickel. However, further work is needed to support this hypothesis.
Further EIS assessment of the ageing of the infiltrated Ni-YSZ cells at times exceeding 100 h are required. This would provide another level of robustness to the results from this work. As degradation rates per thousand hours could be calculated to provide comparison with studies in the literature. It would also illustrate the long-term impact that the drying has on the polarisation resistance of infiltrated SOFC anodes.
In addition, a larger number of EIS repeats are required for each drying condition to provide extra clarity on which step impacts the electrochemical performance of the cell. A baseline dataset of co-sintered Ni-YSZ cermet cells is also required for comparison with their wet impregnated counterparts. The power density characteristics of both datasets can be gathered from comparison of the samples respective IV curves. This will ensure that the data being produced is representative of current industrial standards.
[bookmark: _Toc69129461]7.2 	The impact of current collector degradation on the initial electrochemical performance of infiltrated Solid Oxide Cells
The impact of using different current collector materials on infiltrated Ni-YSZ fuel electrodes was investigated during this study. The EIS data gathered during this work illustrated that the choice of current collector material is key to the electrochemical performance of the Ni-YSZ cells tested in this work. Four current collector materials pastes were assessed: silver, gold, platinum, and nickel oxide.
Despite its low initial RP in comparison to the other materials, the silver current collector demonstrated a tendency to degrade in the wet 10 % H2/N2 atmosphere utilised for the fuel electrode samples in this study. This was evident by the breakdown of the silver during ageing in the micrographs (Figure 5.34) and the delamination of the current collector from the Ni-YSZ electrode after ageing for 50 h(Figure 5.35). Void formation due to increased hydrogen solubility has been documented in silver SOFC current collectors resulting in the second largest increase in RP for any of the samples in this work.
The gold current collector showed an affinity to alloying with the nickel catalyst phase in reductive atmospheres as shown by the drop in polarisation resistance after 20 h of ageing. There was no way to discern the particles on the surface of the electrode using BSE indicating the mixture of the two metal phases (Figure 5.37).  Nyquist plots for the gold coated Ni-YSZ samples also demonstrated the emergence of a low frequency gas diffusion impedance arc linked to the formation of water.
Despite its documented high resistivity under hydrogen, the nickel current collector material produced the smallest increase for the RP after 50 h of ageing. This was attributed to current collector and catalyst interfacial resistance contribution being reduced due to their identical compositions.
Activation energy plots for each of the current collector materials demonstrated that the silver and gold materials had a propensity for diffusion and migration due to their Tammann temperature being exceeding during SOFC ramp up. Figure 5.30 illustrates this with a clear point of inflection for both materials. In the case of silver especially, it was clear that the presence of the void formation and degradation severely impact the performance of the electrode with the almost 600 % increase in the RP over 50 h of ageing (Table 5.8).
Of the four materials analysed during this work, the nickel paste was deemed the appropriate for the role as current collector for wet impregnated Ni-YSZ electrodes. This was due to the current collector and catalyst having identical compositions and as a result producing having no gas phase interactions. 
[bookmark: _Toc69129462]7.2.1 Recommendations from Chapter 5
Continued investigations into the impact of the current collector should focus on avoiding a material which has a TTammann temperature lower than the SOFC operating temperature. This should help reduce the impact of diffusion and alloying on the current collector. This could be achieved by either lowering the operating temperature or changing the current collector material. 
Nickel oxide was shown to best the most suitable current collector material with the smallest change in RP and no indication that the current collector interactions with the incident fuel gases present in the fuel electrode.
[bookmark: _Toc69129463]7.2.2 Further work from Chapter 5
The current collector candidates used in this study have different % metal contents. Further datasets with materials with the same metal content are required to produce more representative data. Additionally, the power density of samples utilising different current collectors can be compared using the IV curves of the specimens. These can be used to determine the impact that the current collector material has on the electrochemical properties of the samples. These ageing runs could also capture a longer timeframe (t <100 h) which would help with power density degradation calculations per 1000 h of operation.
Supplementary EIS datasets for each of the current collector materials are also required on separate FRA and impedance set ups. The data gathered from these experiments would eliminate the possibility that the variation seen in this work is solely due to the equipment faults.
Energy-Dispersive X-ray analysis on the cross section of the sample could be key to track the  diffusion of the current collector material during different ageing times[260], [509], [510]. Spectroscopic measurements such as in-situ Raman spectroscopy could be used to monitor the gas phase changes in an infiltrated SOFC electrode [511].
[bookmark: _Toc69129464]7.3	Identifying Initial coarsening mechanisms in infiltrated SOFC fuel electrodes
To identify the initial sintering mechanisms, present in the wet impregnated catalyst phase in Ni-YSZ electrodes, the evolution and growth of the infiltrated catalyst phase during the first 4 h of ageing was characterised for the first time using PXCT.  This was achieved using an ex-situ snapshot ageing method to replicate representative SOFC fuel electrode conditions. This is the first example of infiltrated Ni-YSZ electrode having been imaged with this method.
Regions of interest were identified using ptychographic ortho-slice images and successfully reimaged across two different samples using this method. A Ni-YSZ cermet contrast sample was successfully segmented to provide grayscale coefficients for the nickel, YSZ and pore phases. Particle migration coalescence (PMC) was determined to be the major coarsening mechanism in the wet impregnated nickel phase during this ageing period as shown by the nickel phase volume changes in the bottom 3.2 µm of the electrode (Figure 6.38).
To provide direct comparison with these samples, witness samples from the milled Ni-YSZ electrode were aged using identical conditions and imaged using FIB-SEM. A nickel network formed in the air-dried sample at the pore’s indicative of PMC. This agglomeration was reduced in the nitrogen dried sample because of a reduced initial particle size. This also facilitated greater mobility of the nickel phase through the pores.
The coarsening exhibited by the nickel phases in the wet impregnated samples also indicated that the primary coarsening event occurs within the catalyst at timescales closer to the minute scale.
[bookmark: _Toc69129465]7.3.1 Recommendations from Chapter 6
Due to relative immaturity of PXCT as a SOFC phase quantification technique in comparison with XCT and FIB-SEM continued improvements with the sample preparation, scanning and mounting are required. Additionally, further PXCT studies on infiltrated fuel electrodes are required to consolidate the findings of this work.
To enable better X-ray photon transmission for nickel throughout the ptychographic scanning, the sample thickness needs to be reduced to 10 µm, increasing the transmission of the nickel phase by 10%. Due to the highly destructive nature of the laser milling process the YSZ scaffold material must be possess high mechanical stability during fine pillar preparation. Higher nickel loadings would also aid the phase segmentation process.
A key source of alignment error during PXCT was the continued remounting of the Ni-YSZ fine pillar in the sample holder. This generated errors with sample alignment during gluing that impacted identifying the region of interest between scans. A custom sample mount is required that can house the pillar sample during ageing and imaging.
[bookmark: _Toc69129466]7.3.2 Further work from Chapter 6
Further PXCT studies on infiltrated nickel systems should reduce the beam energy used to image the samples to 8.2 keV, near a nickel absorption edge. Scanning wet impregnated Ni-YSZ samples at this energy will ensure that the most attenuating phase is the catalyst phase due to the proximity of the nickel absorption edge (Figure 7.1) [278], [500].
[image: ]
[bookmark: _Ref50900367][bookmark: _Toc69115090]Figure 7.1: Transmission of the X-ray photon in 10 microns of nickel (20 volume %) and YSZ [500]
For the identification of the primary sintering mechanism in the wet impregnated catalyst phase for the SOFC ageing process a shorter timescale (10 mins) per scan is required. Scans in this period will elucidate the initial sintering mechanism present in the nickel system.
To supplement the data produced in this study, more PXCT scans are required on wet impregnated Ni-YSZ samples between 0-5 h of ageing to measure the rate of degradation for different drying routines and manufacturing method.
Coupling the PXCT data with USAXS scanning could be a key method to track the particle size distribution of the nickel crystallites over time providing structural data to complement the phase quantification data generated by PXCT.
The scanned pillar volume in this project amounted to 0.03 % of the total electrode volume in the Ni-YSZ samples. Such a low volume cannot be representative of the sample as a whole. Ideally, at least two further pillars need to be milled from the infiltrated electrode to produce a statistically relevant dataset. However, due to the destructive processing methods involved in creating a single pillar, obtaining multiple pillars from a single sample is near impossible.  Additionally, increasing the scan volume for PXCT would be challenging due to increased attenuation and long scan times.  
Moreover, further PXCT datasets need to include an ageing study for co-sintered Ni-YSZ cermets to provide further comparison with the infiltrated specimens. Imaging the time where steady state sintering in the wet impregnated nickel occurs will help pinpoint what early-stage ageing times are significant to the microstructural degradation of the anode. Additionally, it will contextualise these rates compared to the industrial state of the art electrodes.
[bookmark: _Toc69129467]7.4 Concluding Remarks
This project has investigated different processing techniques to reduce the degradation of infiltrated Ni-YSZ fuel electrodes. The nitrogen drying step trialled in this project displayed some promising results in increasing the dispersion and reducing the size of nickel catalysts. In addition, this drying step also began the decomposition of the nickel nitrate precursor. Particle migration coalescence was found to be the key mechanism of coarsening in infiltrated fuel electrode samples within the first 4 h of ageing.
To retain the high-power densities of wet impregnated electrodes more microstructural information is required on the sintering mechanism present in these systems. This mechanism of PMC requires the movement of the infiltrated nanoparticles to form agglomerates such as those seen in Figure 4.14 and Figure 4.15. This would aid the design of nanostructured electrodes that are resilient to coarsening under SOFC operating conditions.  For wet impregnated SOFCs to be commercially viable, the sintering rate and degradation rate needs to be reduced by designing electrodes which are sinter resistant in design [118], [300]. 
In the case of PMC, confinement of the catalyst would help hinder the rate of particle migration and reduce the agglomeration present in the infiltrated cell. The implementation of a physical barrier to make sintering energetically unfeasible has proved popular with surface catalysis [300], [512]. The main strategy for confining the catalyst nanoparticles involve either the encasing the particles in a porous oxide material or the addition of a thin film to constrain the nanoparticles during operation
This poses a serious materials challenge as the nickel in infiltrated fuel electrodes would need to be interconnected for suitable electronic conductivity. Encasing the nickel in a porous oxide will provide gas percolation networks which is required for a fuel electrode. However, this encapsulation of must not affect the electronic conductivity of the nickel particles.  Thin film deposition methods such as atomic layer deposition where the thickness of the film can be varied could be key for infiltrated SOFC electrodes.
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[bookmark: _Toc69115091]Figure A1: X-ray diffraction patterns of the Ni-GDC samples dried in either air or nitrogen. The 1 and 2 denote the peaks assigned to bunesnite (NiO)
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[bookmark: _Toc69115092]Figure A2: Full FTIR Spectra of the Overlaid FTIR spectra of nickel nitrate hexahydrate dried in air and nitrogen (denoted by the black and red series respectively)
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[bookmark: _Toc69115093]Figure A3: 5 µm * 5 µm section of the Air DC Ni-YSZ sample used for particle size analysis using FIJI

Table A1: Particle size measurements from FIJI of the Air DC Ni-YSZ sample section
	Ni-YSZ as reduced
	Atmosphere: Air
	

	
	Area [µm^2]
	Particle Size [µm]
	Average Particle Length [µm]

	1
	0.003
	0.185
	0.08596

	2
	0.001
	0.095
	

	3
	0.002
	0.13
	Average particle length [nm]

	4
	0.003
	0.185
	85.96

	5
	0.002
	0.156
	0.011633

	6
	0.002
	0.136
	

	7
	0.001
	0.109
	Error [nm]

	8
	0.002
	0.153
	11.6

	9
	0.001
	0.106
	

	10
	9.44E-04
	0.064
	

	11
	0.002
	0.18
	

	12
	0.001
	0.092
	

	13
	8.09E-04
	0.055
	

	14
	0.002
	0.133
	

	15
	0.001
	0.089
	

	16
	0.001
	0.082
	

	17
	0.002
	0.13
	

	18
	0.001
	0.108
	

	19
	0.001
	0.092
	

	20
	8.09E-04
	0.062
	

	21
	8.09E-04
	0.061
	

	22
	9.44E-04
	0.065
	

	23
	8.09E-04
	0.057
	

	24
	0.001
	0.094
	

	25
	0.001
	0.088
	

	26
	5.39E-04
	0.034
	

	27
	0.001
	0.082
	

	28
	0.002
	0.133
	

	29
	6.74E-04
	0.047
	

	30
	0.001
	0.085
	

	31
	0.001
	0.094
	

	32
	0.001
	0.076
	

	33
	0.001
	0.077
	

	34
	0.001
	0.094
	

	35
	0.001
	0.077
	

	36
	0.002
	0.133
	

	37
	6.74E-04
	0.048
	

	38
	6.74E-04
	0.052
	

	39
	6.74E-04
	0.044
	

	40
	6.74E-04
	0.041
	

	41
	6.74E-04
	0.046
	

	42
	6.74E-04
	0.05
	

	43
	5.39E-04
	0.036
	

	44
	6.74E-04
	0.05
	

	45
	8.09E-04
	0.056
	

	46
	6.74E-04
	0.042
	

	47
	6.74E-04
	0.041
	

	48
	8.09E-04
	0.056
	

	49
	6.74E-04
	0.051
	

	50
	6.74E-04
	0.046
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[bookmark: _Toc69115094]Figure A4: 5 µm * 5 µm section of the N2 DC Ni-YSZ sample used for particle size analysis using FIJI

Table A2: Particle size measurements from FIJI of the N2 DC Ni-YSZ sample section
	Ni-YSZ as reduced
	Atmosphere: N2
	

	
	Area [µm^2]
	Particle Size [µm]
	Average Particle Length [µm]

	1
	1.00E-03
	0.086
	0.04758

	2
	1.00E-03
	0.111
	

	3
	1.00E-03
	0.081
	Average particle length [nm]

	4
	1.00E-03
	0.078
	47.58

	5
	8.14E-04
	0.06
	

	6
	8.14E-04
	0.053
	Error [nm]

	7
	8.14E-04
	0.054
	21.0

	8
	5.43E-04
	0.031
	

	9
	6.78E-04
	0.047
	

	10
	4.07E-04
	0.024
	

	11
	6.78E-04
	0.047
	

	12
	0.001
	0.101
	

	13
	9.49E-04
	0.073
	

	14
	6.78E-04
	0.052
	

	15
	6.78E-04
	0.042
	

	16
	8.14E-04
	0.055
	

	17
	5.43E-04
	0.029
	

	18
	5.43E-04
	0.035
	

	19
	6.78E-04
	0.052
	

	20
	6.78E-04
	0.041
	

	21
	6.78E-04
	0.048
	

	22
	6.78E-04
	0.045
	

	23
	5.43E-04
	0.037
	

	24
	5.43E-04
	0.029
	

	25
	5.43E-04
	0.031
	

	26
	6.78E-04
	0.047
	

	27
	0.001
	0.076
	

	28
	5.43E-04
	0.029
	

	29
	6.78E-04
	0.052
	

	30
	6.78E-04
	0.041
	

	31
	5.43E-04
	0.035
	

	32
	6.78E-04
	0.047
	

	33
	6.78E-04
	0.048
	

	34
	6.78E-04
	0.044
	

	35
	5.43E-04
	0.039
	

	36
	5.43E-04
	0.037
	

	37
	4.07E-04
	0.018
	

	38
	5.43E-04
	0.035
	

	39
	8.14E-04
	0.063
	

	40
	6.78E-04
	0.047
	

	41
	5.43E-04
	0.031
	

	42
	6.78E-04
	0.044
	

	43
	5.43E-04
	0.037
	

	44
	6.78E-04
	0.045
	

	45
	5.43E-04
	0.037
	

	46
	4.07E-04
	0.023
	

	47
	5.43E-04
	0.031
	

	48
	8.14E-04
	0.053
	

	49
	5.43E-04
	0.039
	

	50
	5.43E-04
	0.039
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[bookmark: _Toc69115095]Figure A5: Calibration curve of the NiO bulker powder from 3-20mg for Temperature Programmed Reduction measurements

[bookmark: _Toc69129473]Percent dispersion (%) calculations 
Percent dispersion calculation of the nickel species in the infiltrated 
Atomic radii method
[bookmark: _Hlk47946433]This method was used to check that the unit cell length determined by the volumetric method was correct. The atomic radius used was 1.246Å. The unit cell length a, was calculated using Pythagoras’ theorem was rearranged with respect to a [294], [338], [339]. 






Equation A1
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[bookmark: _Toc69115096]Figure A6: Diagram of the (111) crystallographic plane in the Ni FCC Unit cell. The atomic radius of nickel is denoted by r. The unit cell length is denoted by a respectively

[bookmark: _Toc69129474]4.3.5 Electrochemical performance
Table A3: Evolution of the series and polarisation resistance in 50 h of ageing 
	Sample (Drying and Calcination atmosphere)
	Electrode Area [cm2]
	Initial Series Resistance, Rs0
 [Ωcm2]
	Initial Polarisation Resistance, RP0 [Ωcm2]
	Series Resistance after 50h of ageing, Rs 
[Ωcm2]
	Polarisation
Resistance after 50h of ageing, RP [Ωcm2]

	ND NC
	0.2827
	1.585
	21.641
	4.446
	42.140 (20.50)

	ND AC
	0.2827
	3.907
	15.418
	5.864
	20.088 (4.67)

	AD AC
	0.2827
	3.35 
	12.385
	5.163
	39.886 (27.50)

	AD NC
	0.2827
	5.804
	21.675
	7.636
	38.006 (16.33)



EC Fits
Table A27: Evolution of the series and polarisation resistance in 50 h of ageing using Equivalent circuit fitting
	Sample (Drying and Calcination atmosphere)
	Electrode Area [cm2]
	Initial Series Resistance, Rs0
 [Ωcm2]
	Initial Polarisation Resistance, RP0 [Ωcm2]
	Series Resistance after 50h of ageing, Rs 
[Ωcm2]
	Polarisation
Resistance after 50h of ageing, RP [Ωcm2]

	ND NC
	0.2827
	1.52
	21.52
	4.76
	41.63 (20.11)

	ND AC
	0.2827
	3.82
	15.27
	5.87
	19.30 (4.03)

	AD AC
	0.2827
	3.14
	12.41
	5.16
	39.63 (27.22)

	AD NC
	0.2827
	2.60
	22.38
	4.50
	36.88 (14.50)



[bookmark: _Toc69129475]5.3.2 Electrochemical performance using electrical impedance spectroscopy
[bookmark: _Toc69129476]Electrochemical Performance Activation Energy Plots
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[bookmark: _Toc69115097]Figure A7: Arrhenius plot polarisation resistance vs 1000/T for the Ag2 at 400-800 ⁰C
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[bookmark: _Ref46231727][bookmark: _Toc69115098]Figure A8: Arrhenius plot polarisation resistance vs 1000/T for the Ag3 at 400-800 ⁰C


[bookmark: _Toc69129477]6.3.2 Focussed Ion Beam Scanning Electron Microscopy
[bookmark: _Toc69129478]Back-scattered electron micrographs of infiltrated Ni-YSZ samples
[image: A large field
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[bookmark: _Toc69115099]Figure A9: Back-scattered electron micrograph of the 0 h aged air-dried infiltrated Ni-YSZ fuel electrode sample at 25000x magnification. The white region corresponds to the element with the highest atomic number (Pt). The region measures 20 µm x 10 µm, respectively.
[image: A picture containing rock, outdoor, photo, old
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[bookmark: _Toc69115100]Figure A10: Back-scattered electron micrograph of the 0 h aged nitrogen-dried infiltrated Ni-YSZ fuel electrode sample at 25000x magnification. The white region corresponds to the element with the highest atomic number (Pt). The region measures 20 µm x 10 µm, respectively.


[bookmark: _Toc69129479]6.3.4 Attenuation coefficient ratio of Ni-YSZ fuel electrodes at 20 keV
Table A5: Table calculating the electrode attenuation coefficients for a beam energy of 20 keV [365], [490]
	Element
	Ni
	Zr
	Y
	O

	Mass attenuation coefficient, µm
[cm2/g] [365]

	2050
	742
	812
	695

	Electrode phase
	Nickel  (20%)
	(Y2O3)0.08(ZrO2)0.92 (65%)
	Air (15%)
	ACR [unitless]

	Electrode Attenuation coefficient , µm
[cm2/g] 
	410
	2750
	79.2
	6.71



[bookmark: _Toc69129480]6.3.4 Ptychographic datasets
Contrast Sample
Air
Table A6: Table detailing the line profile measurements of the air phase in the Ni-YSZ contrast sample. The minimum, maximum and average GSV are shown on the right.
	Air Grayscale Values

	Measurement Number
	Slice Number
	Minimum GSV

	
	1
	20
	40
	60
	80
	100
	36.00

	0
	54.000
	48.000
	47.000
	45.000
	37.000
	36.000
	Maximum GSV

	1
	54.156
	50.555
	48.626
	45.000
	37.892
	36.892
	70.00

	2
	54.000
	51.101
	49.000
	46.407
	39.000
	38.000
	Average GSV

	3
	54.000
	52.873
	49.000
	47.000
	40.110
	38.635
	57.44

	4
	54.000
	54.390
	49.000
	48.390
	41.813
	39.961
	

	5
	54.000
	56.000
	49.000
	50.000
	43.000
	39.540
	

	6
	54.000
	56.713
	49.047
	50.713
	43.475
	39.856
	

	7
	54.000
	58.962
	50.926
	52.962
	44.974
	39.332
	

	8
	53.808
	57.218
	51.808
	53.000
	44.151
	39.000
	

	9
	53.095
	56.095
	51.095
	51.098
	44.189
	39.000
	

	10
	53.000
	56.000
	51.000
	49.000
	45.896
	39.000
	

	11
	53.000
	56.000
	51.000
	49.000
	46.719
	39.823
	

	12
	53.000
	56.000
	51.658
	49.000
	45.556
	41.000
	

	13
	53.000
	55.902
	54.000
	49.085
	45.027
	41.173
	

	14
	53.000
	55.051
	54.000
	50.232
	45.619
	43.846
	

	15
	53.000
	55.000
	56.105
	51.743
	46.937
	44.000
	

	16
	53.000
	55.000
	57.000
	52.000
	47.000
	44.480
	

	17
	54.433
	55.000
	57.000
	53.433
	48.433
	45.903
	

	18
	56.000
	55.000
	56.756
	55.000
	50.369
	46.426
	

	19
	56.518
	55.526
	56.090
	55.000
	52.008
	48.890
	

	20
	59.000
	58.000
	56.000
	55.000
	53.025
	49.081
	

	21
	59.000
	58.000
	56.000
	55.000
	54.884
	51.650
	

	22
	59.000
	58.000
	56.000
	56.819
	55.000
	51.473
	

	23
	59.000
	58.000
	56.000
	57.566
	55.000
	51.000
	

	24
	59.000
	58.000
	56.000
	58.000
	55.000
	51.373
	

	25
	58.930
	59.012
	56.000
	58.192
	55.058
	51.581
	

	26
	59.284
	61.000
	56.000
	58.662
	56.495
	53.142
	

	27
	60.987
	61.000
	56.000
	59.841
	57.995
	53.995
	

	28
	61.000
	61.000
	56.000
	59.896
	59.980
	54.000
	

	29
	61.000
	61.000
	56.272
	60.000
	61.000
	54.697
	

	30
	61.000
	61.000
	58.295
	60.000
	62.337
	55.703
	

	31
	61.000
	61.000
	59.000
	60.000
	64.000
	56.061
	

	32
	61.000
	61.000
	59.000
	60.000
	64.193
	55.853
	

	33
	60.927
	61.000
	59.030
	60.000
	64.970
	56.449
	

	34
	60.823
	61.000
	59.778
	60.000
	64.222
	56.149
	

	35
	60.532
	61.000
	61.679
	61.614
	63.128
	56.000
	

	36
	60.862
	61.000
	60.296
	62.091
	63.000
	56.091
	

	37
	61.000
	62.333
	59.000
	60.601
	62.803
	56.823
	

	38
	61.000
	63.419
	59.000
	60.000
	61.366
	57.781
	

	39
	60.879
	64.000
	58.566
	60.000
	60.000
	59.000
	

	40
	60.766
	64.000
	58.042
	60.000
	60.000
	59.000
	

	41
	58.250
	64.000
	58.000
	60.000
	60.000
	59.000
	

	42
	58.001
	63.994
	57.237
	61.538
	60.000
	58.988
	

	43
	58.000
	61.611
	56.910
	62.620
	60.000
	57.940
	

	44
	58.000
	59.924
	56.583
	62.503
	59.946
	56.946
	

	45
	58.000
	57.857
	56.901
	60.776
	59.422
	56.235
	

	46
	57.790
	57.000
	58.000
	59.000
	59.000
	55.000
	

	47
	55.728
	57.000
	58.000
	58.967
	59.000
	55.000
	

	48
	55.000
	57.000
	58.000
	57.113
	59.000
	55.000
	

	49
	55.000
	57.000
	58.000
	56.088
	59.000
	54.508
	

	50
	55.000
	55.372
	58.000
	56.000
	59.000
	54.300
	

	51
	55.000
	54.409
	59.298
	56.000
	59.000
	54.591
	

	52
	55.000
	54.000
	61.000
	55.930
	59.000
	54.824
	

	53
	55.167
	54.000
	61.000
	55.230
	59.000
	55.000
	

	54
	56.571
	54.580
	61.000
	55.000
	59.000
	55.290
	

	55
	57.941
	56.321
	61.686
	55.000
	60.372
	56.810
	

	56
	58.000
	57.000
	61.415
	55.578
	61.000
	57.000
	

	57
	57.530
	57.000
	60.530
	57.201
	60.530
	57.470
	

	58
	56.212
	57.307
	60.000
	58.000
	60.236
	58.477
	

	59
	55.000
	59.073
	60.000
	58.000
	60.000
	58.065
	

	60
	55.000
	60.000
	60.000
	59.477
	59.957
	58.000
	

	61
	55.000
	60.000
	60.000
	60.994
	59.088
	58.000
	

	62
	55.000
	60.000
	60.000
	60.103
	59.412
	58.389
	

	63
	55.000
	60.000
	60.000
	60.000
	59.658
	59.003
	

	64
	55.000
	60.000
	60.000
	60.000
	61.004
	59.000
	

	65
	55.061
	59.608
	60.000
	60.000
	61.000
	58.980
	

	66
	57.004
	59.000
	60.000
	59.880
	60.966
	58.332
	

	67
	58.000
	58.929
	60.118
	59.000
	60.105
	58.000
	

	68
	58.000
	56.944
	61.821
	59.000
	60.675
	58.000
	

	69
	60.395
	56.000
	62.000
	58.883
	61.407
	58.000
	

	70
	61.000
	56.000
	62.000
	58.125
	61.738
	58.000
	

	71
	61.000
	55.907
	62.465
	58.094
	61.427
	58.000
	

	72
	61.000
	55.188
	63.174
	59.129
	61.000
	58.000
	

	73
	61.000
	55.000
	62.456
	60.000
	60.832
	58.544
	

	74
	61.000
	55.047
	61.000
	60.000
	59.985
	59.985
	

	75
	61.000
	57.691
	61.000
	59.741
	58.611
	59.090
	

	76
	61.000
	58.000
	60.406
	59.050
	56.506
	59.000
	

	77
	59.275
	59.150
	60.000
	59.000
	56.000
	59.198
	

	78
	58.000
	60.000
	58.350
	59.000
	55.573
	60.295
	

	79
	58.000
	60.278
	56.567
	59.169
	54.722
	59.658
	

	80
	57.881
	61.260
	55.881
	59.213
	54.000
	57.145
	

	81
	57.019
	62.955
	55.019
	59.982
	53.568
	57.000
	

	82
	54.530
	62.197
	55.000
	60.000
	53.006
	56.167
	

	83
	54.462
	62.000
	54.161
	59.161
	52.315
	55.315
	

	84
	54.037
	61.988
	53.993
	58.993
	52.000
	54.993
	

	85
	55.401
	61.672
	53.284
	57.660
	52.416
	54.284
	

	86
	56.000
	61.819
	53.000
	55.000
	53.986
	53.986
	

	87
	56.000
	60.247
	53.000
	55.000
	53.378
	53.378
	

	88
	56.000
	58.892
	53.204
	55.000
	53.000
	53.000
	

	89
	56.000
	58.368
	54.849
	55.000
	53.000
	52.206
	

	90
	56.000
	58.000
	55.000
	54.299
	53.000
	50.364
	

	91
	55.502
	56.666
	55.000
	54.000
	53.677
	50.025
	

	92
	55.000
	55.000
	55.625
	54.000
	55.000
	49.408
	

	93
	55.000
	55.000
	57.565
	54.439
	55.000
	50.565
	

	94
	55.000
	55.000
	58.000
	57.000
	55.000
	51.000
	

	95
	55.000
	55.000
	58.000
	57.000
	55.000
	51.000
	

	96
	55.000
	55.000
	57.700
	57.000
	55.000
	52.958
	

	97
	55.000
	55.000
	57.176
	57.000
	53.499
	53.323
	

	98
	55.000
	56.294
	57.000
	56.840
	52.000
	54.942
	

	99
	55.000
	57.000
	56.108
	55.276
	52.000
	56.000
	

	100
	55.000
	57.000
	54.000
	53.000
	52.000
	56.000
	

	101
	55.013
	57.000
	54.000
	53.000
	52.000
	56.000
	

	102
	55.925
	57.000
	54.000
	53.000
	52.000
	56.000
	

	103
	58.128
	56.283
	54.000
	53.000
	52.000
	55.306
	

	104
	58.576
	56.000
	54.000
	53.000
	53.706
	55.000
	

	105
	59.000
	55.981
	54.000
	53.000
	55.000
	55.000
	

	106
	59.000
	54.006
	54.000
	53.000
	55.000
	55.000
	

	107
	59.000
	53.000
	54.000
	53.000
	55.000
	55.000
	

	108
	59.000
	53.000
	54.000
	53.000
	55.000
	55.000
	

	109
	59.000
	53.000
	54.000
	52.942
	55.000
	55.000
	

	110
	61.036
	53.000
	54.000
	53.000
	55.000
	55.000
	

	111
	61.554
	53.000
	54.478
	53.000
	55.084
	55.000
	

	112
	61.422
	53.000
	56.050
	53.000
	55.683
	55.000
	

	113
	61.000
	53.000
	57.000
	53.000
	55.855
	55.000
	

	114
	60.745
	53.000
	57.000
	53.000
	53.807
	55.000
	

	115
	58.190
	53.717
	56.283
	53.000
	53.000
	55.000
	

	116
	58.000
	55.860
	54.140
	53.000
	53.000
	55.000
	

	117
	58.000
	56.582
	54.000
	53.909
	53.000
	55.000
	

	118
	58.000
	58.736
	54.000
	55.481
	53.000
	55.000
	

	119
	56.279
	59.361
	54.000
	56.000
	53.361
	55.000
	

	120
	55.000
	61.698
	54.000
	56.000
	55.649
	54.416
	

	121
	55.000
	62.000
	54.000
	56.000
	56.000
	52.000
	

	122
	55.000
	62.000
	54.000
	56.000
	56.000
	52.000
	

	123
	55.000
	62.000
	54.000
	55.665
	56.000
	52.000
	

	124
	55.000
	62.000
	54.000
	55.012
	56.000
	52.000
	

	125
	55.000
	60.870
	54.000
	55.000
	56.000
	52.000
	

	126
	55.000
	59.000
	54.000
	54.983
	56.000
	52.000
	

	127
	55.000
	58.746
	54.000
	53.158
	56.000
	52.000
	

	128
	55.000
	56.000
	54.016
	52.000
	56.000
	52.066
	

	129
	55.000
	56.000
	56.226
	52.000
	56.000
	52.083
	

	130
	55.244
	56.000
	57.000
	52.000
	55.886
	52.114
	

	131
	57.525
	56.000
	57.000
	52.000
	55.362
	52.638
	

	132
	58.000
	56.000
	57.000
	52.414
	55.000
	53.000
	

	133
	58.000
	56.000
	57.182
	53.000
	55.000
	53.365
	

	134
	58.000
	56.000
	57.883
	53.000
	55.000
	55.000
	

	135
	58.000
	56.000
	57.031
	53.000
	55.000
	55.000
	

	136
	56.617
	56.000
	57.000
	53.000
	55.000
	55.000
	

	137
	55.143
	56.000
	57.000
	53.000
	55.000
	55.000
	

	138
	55.000
	56.000
	57.000
	53.000
	55.000
	55.990
	

	139
	55.000
	56.935
	57.000
	53.000
	55.000
	57.788
	

	140
	55.161
	59.000
	57.000
	54.502
	54.727
	58.000
	

	141
	56.825
	59.000
	57.000
	56.000
	55.000
	58.000
	

	142
	57.958
	59.748
	57.000
	56.000
	54.598
	58.000
	

	143
	58.000
	61.634
	57.000
	56.000
	54.798
	58.000
	

	144
	58.000
	60.302
	57.000
	56.000
	54.550
	58.000
	

	145
	58.000
	59.027
	57.000
	56.000
	54.499
	58.000
	

	146
	58.000
	59.000
	57.503
	56.000
	54.838
	57.502
	

	147
	58.000
	58.382
	60.000
	56.000
	56.206
	57.000
	

	148
	58.044
	56.000
	60.000
	56.000
	57.018
	57.000
	

	149
	59.861
	56.000
	60.000
	56.000
	57.000
	57.000
	

	150
	60.896
	56.000
	60.000
	56.000
	57.000
	57.000
	

	151
	61.000
	56.000
	60.000
	55.857
	57.000
	57.000
	

	152
	61.000
	56.000
	60.000
	56.000
	56.587
	57.000
	

	153
	60.255
	56.000
	59.105
	56.000
	55.000
	56.620
	

	154
	58.528
	56.310
	57.000
	56.000
	55.000
	54.932
	

	155
	57.999
	59.000
	57.000
	56.000
	55.000
	54.000
	

	156
	56.113
	59.000
	57.000
	56.000
	55.000
	54.000
	

	157
	55.521
	59.000
	54.654
	58.114
	55.000
	53.739
	

	158
	55.652
	60.550
	54.000
	59.000
	55.000
	53.215
	

	159
	55.691
	62.000
	54.000
	59.000
	54.874
	53.000
	

	160
	55.167
	62.000
	53.784
	59.000
	54.383
	52.351
	

	161
	55.072
	62.000
	53.000
	59.000
	54.048
	50.000
	

	162
	55.115
	62.000
	53.000
	59.000
	54.902
	50.000
	

	163
	57.444
	59.556
	53.000
	59.000
	54.775
	50.000
	

	164
	58.000
	59.000
	53.000
	59.000
	55.000
	49.381
	

	165
	58.000
	59.000
	53.000
	59.000
	55.000
	49.218
	

	166
	58.000
	57.892
	54.108
	57.892
	55.739
	49.000
	

	167
	58.000
	56.000
	56.000
	56.390
	57.000
	49.501
	

	168
	57.998
	56.000
	56.000
	56.000
	57.000
	50.000
	

	169
	57.493
	56.000
	56.000
	56.000
	57.000
	50.000
	

	170
	57.000
	56.000
	56.000
	56.000
	58.552
	50.000
	

	171
	57.000
	56.000
	56.000
	56.000
	59.253
	50.000
	

	172
	57.000
	56.000
	56.000
	56.000
	57.916
	49.521
	

	173
	57.000
	56.000
	56.000
	56.000
	57.000
	49.000
	

	174
	57.000
	56.000
	56.000
	56.000
	57.000
	49.000
	

	175
	57.021
	56.000
	56.000
	56.081
	57.000
	49.000
	

	176
	57.000
	56.000
	56.000
	58.706
	57.000
	49.575
	

	177
	57.000
	56.000
	55.263
	59.000
	54.788
	51.221
	

	178
	57.000
	56.000
	55.000
	59.000
	54.000
	52.000
	

	179
	57.000
	56.000
	55.000
	59.000
	54.000
	52.000
	

	180
	57.785
	56.000
	55.000
	59.000
	53.799
	52.312
	

	181
	59.284
	56.361
	55.000
	58.736
	53.716
	52.836
	

	182
	59.997
	58.991
	55.000
	56.291
	53.363
	53.000
	

	183
	60.000
	59.000
	55.000
	55.036
	53.135
	53.000
	

	184
	60.000
	59.000
	56.224
	55.000
	55.465
	53.285
	

	185
	60.000
	59.000
	57.871
	55.000
	56.000
	54.958
	

	186
	60.000
	59.000
	58.000
	55.000
	56.367
	56.000
	

	187
	60.000
	59.000
	58.000
	55.000
	57.970
	56.000
	

	188
	60.000
	57.488
	58.000
	55.000
	58.000
	56.000
	

	189
	60.000
	56.000
	58.000
	55.084
	58.000
	56.000
	

	190
	60.000
	57.087
	58.000
	57.742
	58.000
	56.000
	

	191
	60.000
	57.980
	58.000
	58.150
	58.000
	56.227
	

	192
	60.000
	58.795
	58.000
	60.004
	58.000
	57.697
	

	193
	60.000
	59.000
	57.000
	61.000
	58.000
	58.079
	

	194
	60.000
	59.430
	56.017
	61.417
	58.000
	58.278
	

	195
	59.801
	61.000
	55.000
	64.000
	58.000
	60.227
	

	196
	57.246
	61.000
	55.000
	64.000
	58.000
	60.975
	

	197
	57.000
	61.939
	55.000
	64.000
	58.388
	61.000
	

	198
	57.000
	63.524
	55.000
	64.000
	59.025
	61.000
	

	199
	57.000
	64.000
	55.000
	64.000
	59.740
	61.000
	

	200
	57.000
	64.000
	55.000
	63.229
	60.859
	60.486
	

	201
	57.000
	64.000
	55.529
	60.824
	61.000
	59.000
	

	202
	57.000
	63.917
	58.000
	59.977
	61.000
	59.000
	

	203
	57.958
	61.230
	58.000
	58.482
	61.000
	59.000
	

	204
	59.909
	60.351
	58.000
	57.061
	61.000
	59.000
	

	205
	60.000
	58.492
	58.000
	56.281
	61.000
	58.589
	

	206
	60.000
	58.000
	58.000
	54.110
	60.594
	58.065
	

	207
	60.000
	57.869
	56.623
	54.000
	60.000
	57.082
	

	208
	59.993
	57.290
	55.457
	54.000
	60.000
	56.034
	

	209
	60.000
	57.970
	56.463
	54.000
	60.000
	56.000
	

	210
	57.478
	58.646
	57.522
	54.000
	59.995
	56.000
	

	211
	57.000
	58.445
	58.000
	54.000
	60.000
	56.000
	

	212
	57.000
	58.000
	58.000
	54.000
	59.835
	56.000
	

	213
	57.000
	58.000
	58.000
	54.000
	57.720
	56.000
	

	214
	57.000
	58.000
	58.000
	54.000
	57.000
	56.000
	

	215
	57.000
	58.000
	58.000
	54.129
	57.000
	56.000
	

	216
	57.000
	58.000
	58.000
	56.067
	56.502
	56.000
	

	217
	57.000
	58.000
	56.319
	56.940
	54.179
	57.681
	

	218
	57.000
	57.855
	56.017
	57.000
	54.000
	59.000
	

	219
	57.000
	57.125
	56.390
	56.616
	54.000
	59.000
	

	220
	57.550
	57.000
	57.009
	57.000
	54.000
	59.000
	

	221
	59.675
	57.000
	58.000
	56.957
	54.417
	59.000
	

	222
	60.000
	57.000
	58.000
	57.000
	56.000
	59.000
	

	223
	60.000
	57.000
	58.000
	57.000
	56.000
	59.000
	

	224
	60.000
	57.000
	59.807
	57.000
	56.000
	59.000
	

	225
	60.000
	57.000
	60.958
	56.385
	57.845
	59.000
	

	226
	60.000
	57.000
	61.000
	56.000
	57.158
	59.000
	

	227
	60.000
	57.000
	61.000
	56.000
	56.000
	59.000
	

	228
	60.000
	57.000
	61.000
	56.000
	56.000
	59.000
	

	229
	60.022
	57.000
	60.999
	56.022
	55.936
	59.000
	

	230
	60.428
	57.000
	61.000
	56.428
	53.186
	59.000
	

	231
	60.000
	57.025
	58.899
	56.000
	53.000
	59.000
	

	232
	60.000
	58.966
	58.709
	56.255
	53.000
	59.000
	

	233
	60.000
	60.000
	58.141
	56.393
	53.000
	58.930
	

	234
	60.000
	60.000
	58.000
	57.123
	53.000
	57.509
	

	235
	60.000
	60.394
	58.000
	59.000
	52.740
	56.000
	

	236
	60.000
	62.949
	58.000
	59.000
	51.692
	56.000
	

	237
	60.000
	63.000
	58.000
	59.000
	51.000
	55.555
	

	238
	60.000
	63.000
	58.000
	59.000
	51.000
	53.895
	

	239
	60.000
	63.000
	58.000
	59.000
	51.000
	52.879
	

	240
	60.000
	61.832
	58.000
	57.832
	51.000
	52.153
	

	241
	60.000
	60.000
	58.000
	56.623
	51.000
	52.000
	

	242
	60.000
	60.000
	58.000
	56.000
	51.278
	52.000
	

	243
	60.000
	60.000
	58.000
	56.661
	53.833
	52.000
	

	244
	60.000
	57.612
	58.000
	58.364
	54.000
	52.000
	

	245
	60.000
	57.000
	58.000
	59.000
	54.000
	52.000
	

	246
	60.000
	57.000
	58.000
	57.662
	54.000
	51.501
	

	247
	58.748
	57.417
	58.000
	56.000
	54.710
	50.019
	

	248
	57.176
	57.941
	58.000
	56.000
	57.026
	48.748
	

	249
	57.000
	57.398
	58.000
	56.000
	58.000
	49.680
	

	250
	57.000
	55.190
	58.000
	56.000
	58.000
	50.720
	

	251
	57.000
	55.000
	58.000
	56.000
	58.000
	50.626
	

	252
	56.977
	55.045
	56.173
	56.000
	58.037
	50.957
	

	253
	56.697
	56.987
	55.000
	56.000
	58.561
	51.000
	

	254
	56.745
	58.000
	54.063
	56.000
	59.000
	51.857
	

	255
	55.472
	58.000
	52.000
	56.192
	58.808
	52.472
	

	256
	56.607
	58.000
	52.000
	56.046
	58.960
	54.002
	

	257
	56.738
	58.000
	52.000
	58.601
	58.108
	54.570
	

	258
	56.847
	55.844
	52.000
	59.000
	59.000
	56.307
	

	259
	57.000
	55.000
	52.000
	59.000
	59.000
	55.893
	

	260
	57.325
	55.000
	52.000
	59.000
	59.000
	55.000
	

	261
	58.000
	55.000
	52.821
	59.000
	59.000
	55.000
	

	262
	60.000
	55.000
	55.000
	59.000
	59.000
	55.000
	

	263
	60.000
	55.000
	55.000
	59.000
	59.000
	55.000
	

	264
	62.485
	55.000
	57.652
	59.000
	59.269
	54.731
	

	265
	61.166
	55.000
	58.577
	59.000
	61.003
	52.894
	

	266
	60.000
	55.000
	60.079
	56.882
	61.468
	52.349
	

	267
	60.000
	55.000
	60.817
	56.000
	60.233
	53.031
	

	268
	60.000
	55.000
	60.295
	56.000
	59.000
	55.000
	

	269
	60.000
	55.000
	58.000
	56.000
	59.000
	55.000
	

	270
	60.000
	55.000
	58.029
	56.000
	59.000
	55.000
	

	271
	60.000
	57.369
	58.000
	56.000
	59.000
	57.351
	

	272
	58.076
	58.000
	57.875
	57.924
	59.000
	58.000
	

	273
	57.000
	59.540
	57.034
	59.000
	59.000
	58.000
	

	274
	57.000
	62.034
	56.000
	59.884
	59.000
	58.000
	

	275
	57.000
	64.410
	56.000
	62.000
	59.000
	58.000
	

	276
	57.000
	66.631
	56.000
	62.000
	59.000
	58.000
	

	277
	57.000
	67.245
	56.000
	62.000
	58.878
	58.000
	

	278
	57.000
	69.327
	56.751
	62.000
	57.093
	55.747
	

	279
	57.000
	70.000
	57.000
	62.000
	56.000
	55.000
	

	280
	57.000
	70.000
	57.000
	62.000
	56.000
	55.000
	

	281
	57.000
	70.000
	57.000
	61.623
	56.000
	55.000
	

	282
	57.000
	70.000
	57.435
	60.206
	56.235
	55.000
	

	283
	57.000
	70.000
	60.000
	60.000
	56.741
	55.000
	

	284
	57.000
	70.000
	60.000
	60.000
	58.610
	55.000
	

	285
	57.000
	70.000
	60.000
	60.000
	59.000
	55.000
	

	286
	57.000
	68.872
	60.000
	60.000
	60.609
	55.000
	

	287
	57.000
	68.000
	60.000
	60.000
	62.000
	55.000
	

	288
	57.000
	68.000
	60.000
	60.000
	62.000
	55.000
	

	289
	56.794
	67.849
	60.000
	60.000
	62.000
	55.000
	

	290
	56.847
	65.241
	60.000
	60.000
	62.000
	55.000
	

	291
	55.696
	65.000
	57.533
	60.000
	62.388
	55.000
	

	292
	54.974
	65.000
	57.000
	60.000
	62.331
	57.019
	

	293
	55.259
	64.727
	57.000
	60.000
	62.000
	58.000
	

	294
	55.130
	63.870
	57.000
	60.000
	60.869
	58.000
	

	295
	56.572
	62.298
	57.000
	60.000
	59.000
	58.000
	

	296
	57.164
	61.000
	57.000
	60.000
	59.000
	58.000
	

	297
	57.974
	61.000
	57.000
	60.000
	59.000
	58.000
	

	298
	58.000
	60.643
	56.673
	60.000
	59.000
	60.351
	

	299
	58.000
	59.011
	54.369
	60.000
	59.000
	61.000
	

	300
	58.000
	58.000
	54.000
	60.000
	59.000
	61.182
	

	301
	58.000
	58.000
	54.000
	60.000
	59.000
	62.715
	

	302
	58.436
	58.000
	54.134
	60.000
	59.000
	63.000
	

	303
	58.818
	58.000
	56.307
	60.000
	58.990
	63.000
	

	304
	60.680
	57.152
	57.000
	60.000
	59.000
	63.000
	

	305
	61.000
	55.580
	57.000
	60.000
	58.856
	63.000
	

	306
	61.000
	56.198
	57.000
	58.077
	58.403
	62.138
	

	307
	62.345
	55.884
	58.345
	57.000
	58.000
	61.407
	

	308
	63.735
	55.621
	60.000
	57.000
	58.000
	60.441
	

	309
	64.000
	55.234
	60.454
	56.819
	58.000
	60.298
	

	310
	64.000
	55.573
	63.000
	56.419
	58.000
	57.997
	

	311
	64.000
	55.050
	63.000
	54.429
	58.000
	57.145
	

	312
	64.000
	52.463
	64.748
	54.000
	58.000
	57.000
	

	313
	64.000
	52.000
	65.999
	54.000
	58.000
	57.000
	

	314
	64.000
	52.000
	66.000
	54.000
	59.229
	57.000
	

	315
	64.103
	52.000
	66.069
	54.000
	61.000
	56.964
	

	316
	64.000
	52.000
	66.000
	54.000
	61.000
	55.144
	

	317
	64.192
	52.000
	66.192
	54.000
	61.000
	54.000
	

	318
	64.227
	52.000
	66.227
	54.000
	61.000
	54.000
	

	319
	64.000
	50.570
	66.427
	54.000
	61.000
	53.332
	

	320
	64.000
	50.000
	67.653
	52.962
	62.212
	51.962
	

	321
	64.000
	50.000
	67.890
	51.000
	62.920
	50.000
	

	322
	64.000
	50.000
	68.365
	51.000
	61.667
	50.000
	

	323
	64.000
	50.827
	69.000
	51.000
	61.000
	50.000
	

	324
	64.000
	52.727
	69.000
	51.000
	61.000
	50.000
	

	325
	64.000
	53.000
	68.936
	51.000
	61.000
	50.000
	

	326
	64.000
	53.000
	68.371
	51.000
	61.000
	50.000
	

	327
	62.999
	53.000
	67.359
	51.000
	61.000
	50.000
	

	328
	61.427
	53.000
	65.810
	51.855
	61.000
	50.997
	

	329
	61.114
	54.145
	65.000
	54.000
	59.855
	53.000
	

	330
	61.101
	55.727
	65.000
	54.000
	58.273
	53.000
	

	331
	61.000
	56.000
	65.000
	54.000
	58.000
	53.000
	

	332
	61.000
	58.114
	65.000
	56.114
	58.000
	53.000
	

	333
	61.000
	59.590
	63.959
	57.000
	58.000
	53.000
	

	334
	61.000
	61.329
	62.000
	57.000
	58.000
	53.000
	

	335
	61.000
	63.463
	62.000
	57.000
	58.000
	53.000
	

	336
	61.000
	66.000
	61.802
	57.148
	58.000
	53.148
	

	337
	61.000
	66.000
	59.706
	58.720
	58.000
	54.720
	

	338
	61.000
	66.000
	58.000
	60.000
	58.000
	56.000
	

	339
	61.000
	66.000
	58.265
	59.735
	58.000
	56.000
	

	340
	61.000
	66.000
	58.000
	60.000
	57.564
	56.000
	

	341
	61.000
	66.000
	58.133
	60.000
	56.802
	56.000
	

	342
	61.000
	65.420
	57.967
	60.000
	57.420
	56.000
	

	343
	61.060
	63.788
	59.000
	60.000
	56.002
	56.000
	

	344
	61.000
	63.000
	58.970
	60.000
	56.454
	56.000
	

	345
	61.190
	63.000
	59.000
	60.000
	56.899
	56.000
	

	346
	61.000
	61.663
	59.000
	60.000
	57.759
	56.000
	

	347
	61.192
	60.182
	59.000
	60.000
	58.000
	56.000
	

	348
	61.000
	60.000
	59.000
	60.000
	57.663
	56.000
	

	349
	61.000
	60.000
	59.000
	60.000
	57.139
	56.000
	

	350
	61.000
	59.204
	57.720
	60.000
	57.000
	55.958
	

	351
	61.000
	57.347
	56.022
	60.000
	57.000
	55.916
	

	352
	59.999
	57.000
	56.000
	60.000
	57.000
	55.229
	

	353
	58.076
	57.000
	56.000
	60.000
	57.000
	54.404
	

	354
	58.000
	57.000
	56.000
	60.000
	57.000
	52.546
	

	355
	58.000
	56.986
	56.000
	59.999
	57.000
	52.000
	

	356
	58.000
	55.414
	56.000
	59.200
	56.718
	52.000
	

	357
	57.949
	54.000
	56.000
	57.000
	54.000
	52.053
	

	358
	57.931
	54.000
	56.000
	57.000
	54.000
	52.577
	

	359
	57.973
	54.000
	55.779
	57.000
	54.000
	53.000
	

	360
	58.000
	54.000
	53.469
	57.000
	54.000
	53.000
	

	361
	58.000
	54.000
	53.000
	57.000
	54.000
	54.188
	

	362
	58.000
	54.000
	53.000
	57.000
	54.000
	55.767
	

	363
	58.000
	54.589
	53.000
	57.000
	54.589
	56.000
	

	364
	58.000
	56.161
	53.000
	57.000
	56.161
	56.000
	

	365
	58.000
	57.000
	53.000
	57.000
	57.617
	56.000
	

	366
	58.000
	57.000
	54.599
	57.000
	59.787
	56.000
	

	367
	58.864
	57.000
	56.000
	57.000
	60.159
	56.000
	

	368
	60.778
	57.000
	56.000
	57.000
	61.464
	56.648
	

	369
	61.000
	57.000
	56.000
	57.000
	63.000
	58.504
	

	370
	61.000
	57.000
	56.000
	57.000
	63.000
	59.000
	

	371
	61.000
	57.000
	57.164
	57.000
	63.000
	59.000
	

	372
	61.000
	57.000
	58.877
	57.000
	63.000
	59.000
	

	373
	63.417
	57.000
	59.000
	57.000
	63.000
	59.000
	

	374
	64.000
	57.000
	59.000
	57.000
	63.000
	59.000
	

	375
	64.000
	58.451
	60.451
	58.451
	63.000
	59.000
	

	376
	64.000
	60.005
	62.000
	60.000
	63.000
	59.000
	

	377
	64.000
	61.595
	62.000
	60.000
	63.000
	58.872
	

	378
	63.944
	63.000
	62.000
	60.000
	63.000
	56.260
	

	379
	63.420
	63.000
	62.000
	61.330
	63.000
	56.000
	

	380
	62.808
	64.416
	61.808
	63.000
	62.176
	56.000
	

	381
	60.769
	65.802
	59.769
	63.000
	60.396
	56.000
	

	382
	60.000
	66.248
	59.000
	63.000
	60.000
	56.000
	

	383
	60.000
	68.026
	59.000
	63.000
	60.000
	56.403
	

	384
	60.000
	68.995
	59.000
	63.000
	60.000
	59.000
	

	385
	60.000
	68.367
	59.000
	63.000
	60.000
	59.000
	

	386
	60.000
	68.000
	59.000
	63.000
	60.000
	59.794
	

	387
	60.132
	68.000
	59.000
	63.397
	60.000
	60.000
	

	388
	60.464
	68.000
	59.000
	63.909
	60.000
	60.000
	

	389
	60.589
	68.000
	59.000
	64.003
	60.000
	59.309
	

	390
	60.000
	68.000
	59.000
	64.314
	59.478
	57.000
	

	391
	60.000
	68.000
	59.000
	63.266
	57.295
	57.000
	

	392
	60.000
	67.609
	59.000
	63.000
	56.609
	57.000
	

	393
	60.000
	65.197
	59.688
	63.000
	56.027
	57.000
	

	394
	60.000
	64.000
	61.246
	61.244
	56.000
	57.000
	

	395
	59.957
	64.000
	61.037
	59.105
	56.000
	57.000
	

	396
	59.272
	62.539
	61.000
	58.764
	56.000
	57.000
	

	397
	57.000
	61.000
	61.000
	56.896
	56.283
	57.000
	

	398
	57.000
	61.000
	61.000
	56.025
	58.838
	57.000
	

	399
	56.191
	60.014
	61.000
	56.000
	59.000
	57.000
	

	400
	56.000
	57.439
	61.000
	56.000
	58.244
	56.622
	

	401
	56.000
	57.000
	60.392
	56.000
	57.000
	56.447
	

	402
	56.000
	57.000
	58.478
	56.000
	57.000
	56.592
	

	403
	56.000
	56.599
	58.000
	56.000
	57.000
	56.877
	

	404
	56.000
	56.322
	58.000
	56.000
	57.000
	57.000
	

	405
	56.000
	55.393
	58.000
	56.000
	57.000
	57.000
	

	406
	56.000
	55.475
	58.000
	56.000
	57.000
	57.000
	

	407
	55.750
	55.249
	55.876
	56.000
	55.791
	57.000
	

	408
	55.226
	54.751
	55.000
	56.000
	54.243
	57.000
	

	409
	55.000
	55.105
	55.000
	56.000
	54.000
	57.000
	

	410
	55.000
	53.941
	55.000
	56.000
	54.000
	57.000
	

	411
	55.000
	54.961
	55.000
	55.660
	54.357
	56.949
	

	412
	55.000
	53.390
	55.000
	55.886
	54.983
	54.394
	

	413
	57.492
	54.309
	57.097
	55.890
	55.000
	54.000
	

	414
	58.000
	54.821
	57.082
	56.000
	55.000
	54.000
	

	415
	58.000
	55.236
	57.236
	56.000
	55.000
	54.000
	

	416
	58.000
	56.000
	57.831
	56.000
	55.000
	54.797
	

	417
	58.186
	56.000
	60.000
	56.000
	55.000
	56.510
	

	418
	60.936
	56.000
	60.000
	56.028
	55.000
	56.000
	

	419
	61.000
	53.510
	60.000
	56.183
	56.660
	56.000
	

	420
	61.000
	53.000
	60.042
	56.039
	57.682
	56.126
	

	421
	61.312
	53.000
	60.586
	56.000
	58.000
	58.953
	

	422
	62.000
	53.127
	61.000
	56.000
	58.000
	59.933
	

	423
	61.550
	55.161
	61.000
	56.000
	58.000
	60.000
	

	424
	59.000
	56.000
	60.736
	56.696
	58.000
	60.464
	

	425
	59.000
	56.000
	58.181
	58.942
	58.000
	61.962
	

	426
	59.000
	57.951
	58.043
	59.043
	58.000
	62.163
	

	427
	59.000
	59.633
	58.000
	57.714
	58.000
	62.903
	

	428
	59.000
	60.000
	58.000
	57.000
	58.000
	63.000
	

	429
	59.269
	60.000
	58.000
	57.000
	58.000
	63.000
	

	430
	60.000
	60.000
	58.000
	57.000
	58.000
	62.699
	

	431
	60.000
	60.017
	58.000
	57.000
	58.000
	62.175
	

	432
	60.000
	60.000
	58.000
	57.000
	58.000
	62.000
	

	433
	60.000
	60.000
	58.000
	57.000
	58.000
	62.000
	

	434
	60.000
	60.000
	58.480
	57.000
	58.000
	60.758
	

	435
	60.000
	60.000
	60.262
	57.000
	58.000
	59.086
	

	436
	59.351
	60.000
	61.000
	57.000
	58.445
	59.000
	

	437
	58.630
	60.000
	61.000
	56.985
	58.969
	59.000
	

	438
	57.975
	60.493
	61.000
	56.984
	58.989
	59.000
	

	439
	57.321
	61.000
	61.000
	57.000
	58.138
	58.985
	

	440
	57.850
	61.000
	61.000
	56.017
	58.000
	58.459
	

	441
	58.659
	61.000
	61.000
	57.000
	58.000
	58.529
	

	442
	59.760
	61.000
	60.263
	57.000
	58.000
	58.657
	

	443
	60.000
	60.193
	58.000
	57.000
	58.000
	58.649
	

	444
	59.726
	58.000
	58.000
	57.000
	58.000
	58.000
	

	445
	57.084
	58.000
	58.000
	57.000
	58.000
	58.000
	

	446
	57.000
	58.000
	58.000
	57.000
	58.000
	58.000
	

	447
	57.000
	58.743
	58.000
	57.626
	58.000
	58.000
	

	448
	57.000
	59.000
	58.000
	59.621
	56.701
	58.000
	

	449
	57.000
	59.000
	58.000
	60.000
	55.000
	58.000
	

	450
	57.000
	59.000
	58.000
	60.000
	55.000
	58.000
	

	451
	57.075
	59.000
	58.000
	60.000
	55.000
	58.000
	

	452
	59.320
	59.000
	58.000
	60.000
	55.000
	58.000
	

	453
	60.000
	59.000
	58.000
	59.447
	55.000
	58.000
	

	454
	60.000
	59.000
	58.000
	57.453
	55.000
	58.000
	

	455
	60.000
	59.977
	58.000
	57.000
	55.000
	58.000
	

	456
	60.000
	60.320
	58.000
	57.000
	55.000
	58.000
	

	457
	60.000
	59.362
	58.000
	57.000
	55.000
	58.000
	

	458
	60.129
	59.000
	58.000
	57.000
	55.000
	58.000
	

	459
	62.789
	59.000
	58.000
	57.000
	55.000
	58.000
	

	460
	63.000
	59.000
	58.000
	58.523
	55.000
	58.000
	

	461
	63.000
	59.000
	58.598
	59.817
	55.000
	58.000
	

	462
	63.000
	59.061
	59.000
	60.000
	55.000
	58.000
	

	463
	62.342
	60.184
	59.904
	60.000
	55.000
	58.000
	

	464
	60.000
	61.135
	62.000
	60.018
	55.000
	58.000
	

	465
	60.000
	61.359
	62.000
	60.646
	55.000
	58.000
	

	466
	60.000
	61.000
	61.672
	62.760
	55.000
	58.000
	

	467
	60.000
	61.487
	60.138
	63.000
	55.000
	58.000
	

	468
	60.000
	62.305
	59.000
	63.000
	55.237
	58.000
	

	469
	60.000
	62.131
	59.000
	63.000
	57.100
	58.000
	

	470
	60.000
	61.000
	59.000
	63.000
	58.000
	58.000
	

	471
	60.000
	61.000
	59.000
	63.000
	58.000
	58.000
	

	472
	60.000
	61.000
	59.000
	63.000
	58.000
	57.088
	

	473
	60.000
	61.000
	59.000
	62.320
	58.000
	56.865
	

	474
	60.000
	61.000
	59.000
	60.426
	58.000
	56.958
	

	475
	60.000
	61.000
	59.000
	59.542
	58.000
	56.241
	

	476
	60.000
	60.296
	59.000
	59.000
	58.000
	55.778
	

	477
	60.000
	58.202
	59.000
	59.000
	58.624
	55.720
	

	478
	60.000
	58.000
	59.000
	59.000
	61.000
	55.451
	

	479
	60.000
	58.000
	59.000
	59.000
	61.000
	55.975
	

	480
	60.000
	56.833
	59.000
	59.000
	61.000
	56.000
	

	481
	60.000
	55.000
	59.000
	59.000
	61.000
	56.000
	

	482
	60.000
	55.000
	59.000
	59.000
	61.482
	56.000
	

	483
	60.000
	55.000
	59.000
	58.929
	62.000
	56.047
	

	484
	60.000
	55.000
	59.000
	56.990
	62.000
	56.000
	

	485
	60.000
	55.000
	59.000
	56.000
	62.000
	56.000
	

	486
	60.000
	55.000
	59.000
	56.000
	62.000
	56.000
	

	487
	60.000
	55.000
	59.000
	56.000
	62.000
	56.501
	

	488
	60.000
	56.776
	59.000
	56.000
	62.000
	58.439
	

	489
	60.000
	58.000
	58.881
	56.983
	62.000
	59.000
	

	490
	60.000
	58.000
	59.000
	58.816
	62.000
	59.000
	

	491
	60.000
	58.564
	58.328
	58.560
	61.212
	59.000
	

	492
	60.000
	60.359
	58.996
	56.005
	59.640
	59.000
	

	493
	60.000
	60.414
	58.860
	56.000
	59.000
	59.000
	

	494
	60.000
	60.951
	59.000
	56.000
	59.000
	59.000
	

	495
	60.000
	61.000
	59.000
	56.000
	59.000
	59.000
	

	496
	60.000
	61.000
	59.000
	56.000
	59.000
	59.000
	

	497
	60.000
	61.000
	59.000
	55.385
	59.000
	59.000
	

	498
	60.000
	61.000
	59.000
	53.511
	59.000
	58.799
	

	499
	60.000
	60.564
	59.000
	54.571
	59.000
	57.044
	

	500
	60.000
	58.381
	59.000
	53.065
	59.035
	57.000
	

	Average/Slice
	58.63
	58.57
	57.81
	57.22
	56.99
	55.43
	



YSZ
Table A7:  Table detailing the line profile measurements of the YSZ phase in the Ni-YSZ contrast sample. The minimum, maximum and average GSV are shown on the right.
	
	YSZ Grayscale Values
	
	
	
	

	Measurement Number
	Slice Number
	

	
	370
	375
	380
	385
	390
	395
	Minimum GSV

	0
	167.000
	179.000
	166.000
	146.000
	197.000
	114.000
	65.35

	1
	171.212
	183.365
	167.415
	151.908
	199.962
	118.212
	Maximum GSV

	2
	175.423
	186.923
	169.409
	157.370
	202.813
	122.981
	250.75

	3
	179.677
	189.843
	170.781
	164.352
	206.179
	128.266
	Average GSV

	4
	184.404
	192.615
	172.219
	171.462
	209.846
	134.808
	197.76

	5
	189.071
	193.881
	173.914
	177.189
	212.795
	143.680
	Standard Deviation

	6
	192.091
	194.000
	175.741
	184.115
	216.106
	152.216
	40.87

	7
	194.690
	194.000
	177.942
	189.183
	216.702
	161.208
	

	8
	196.231
	194.000
	180.490
	192.923
	215.769
	170.846
	

	9
	197.637
	195.250
	183.945
	194.801
	213.740
	179.577
	

	10
	200.077
	196.303
	185.900
	198.731
	211.659
	188.202
	

	11
	202.246
	196.804
	183.897
	203.262
	209.754
	197.038
	

	12
	203.500
	198.346
	178.751
	207.885
	208.173
	204.231
	

	13
	204.484
	200.141
	172.728
	212.734
	207.891
	209.656
	

	14
	206.630
	201.428
	166.234
	216.284
	207.928
	214.567
	

	15
	207.631
	203.314
	158.556
	219.490
	208.256
	219.429
	

	16
	209.462
	205.923
	150.770
	222.462
	209.000
	223.923
	

	17
	211.016
	208.016
	142.288
	225.206
	210.340
	227.206
	

	18
	213.524
	209.798
	132.550
	227.784
	211.519
	229.764
	

	19
	216.246
	212.118
	123.846
	230.523
	213.548
	231.725
	

	20
	218.865
	215.019
	115.624
	233.365
	215.365
	233.288
	

	21
	222.006
	218.273
	107.237
	235.170
	217.881
	234.561
	

	22
	225.418
	221.120
	100.921
	236.668
	220.769
	235.817
	

	23
	227.599
	224.490
	94.675
	238.664
	223.920
	237.663
	

	24
	230.385
	228.077
	92.318
	240.692
	229.462
	239.000
	

	25
	233.192
	231.039
	92.000
	241.295
	233.840
	239.000
	

	26
	235.813
	234.063
	92.677
	242.250
	236.750
	239.062
	

	27
	238.865
	237.862
	95.831
	243.004
	238.933
	239.879
	

	28
	242.827
	242.231
	99.922
	243.404
	240.212
	239.904
	

	29
	245.371
	245.298
	101.545
	243.927
	239.802
	239.875
	

	30
	248.048
	247.207
	103.341
	243.341
	239.048
	239.250
	

	31
	249.054
	247.679
	106.797
	243.180
	239.304
	238.106
	

	32
	249.923
	247.923
	113.191
	243.000
	238.923
	236.077
	

	33
	250.702
	248.702
	120.678
	241.936
	238.375
	235.529
	

	34
	250.750
	248.750
	130.380
	240.750
	237.870
	234.601
	

	35
	250.125
	248.125
	143.251
	240.125
	237.773
	233.862
	

	36
	248.981
	248.000
	158.198
	239.000
	236.000
	233.577
	

	37
	247.875
	247.875
	174.616
	237.648
	234.977
	233.135
	

	38
	246.654
	247.250
	187.621
	236.644
	235.000
	232.639
	

	39
	245.625
	246.391
	198.322
	236.391
	234.625
	233.000
	

	40
	244.692
	245.846
	208.003
	236.154
	234.154
	233.154
	

	41
	243.051
	244.442
	215.478
	235.683
	234.350
	231.391
	

	42
	242.216
	243.039
	222.469
	233.966
	234.712
	229.462
	

	43
	241.571
	242.064
	227.143
	233.615
	234.632
	226.625
	

	44
	240.865
	241.731
	231.452
	233.000
	234.135
	224.635
	

	45
	239.827
	240.952
	234.938
	231.917
	233.833
	222.619
	

	46
	238.423
	240.173
	237.194
	231.457
	233.043
	220.130
	

	47
	237.398
	239.246
	238.801
	230.481
	231.644
	217.269
	

	48
	235.615
	238.615
	239.492
	229.000
	230.000
	215.000
	

	49
	234.898
	237.375
	240.326
	227.023
	228.587
	212.337
	

	50
	233.793
	237.000
	240.475
	224.308
	226.793
	208.808
	

	51
	233.125
	236.369
	240.625
	220.933
	225.494
	204.814
	

	52
	232.750
	235.250
	241.051
	216.750
	224.250
	200.000
	

	53
	232.820
	233.840
	241.980
	212.608
	222.596
	194.782
	

	54
	233.058
	232.428
	242.962
	208.664
	221.250
	189.212
	

	55
	233.087
	230.039
	242.870
	204.704
	220.686
	181.445
	

	56
	232.000
	228.000
	243.622
	202.000
	220.000
	174.538
	

	57
	230.125
	225.977
	245.103
	200.519
	219.621
	168.083
	

	58
	228.500
	224.500
	246.038
	199.303
	219.250
	163.543
	

	59
	227.250
	223.250
	246.867
	197.571
	217.375
	160.583
	

	60
	227.231
	221.135
	247.000
	194.865
	216.865
	156.865
	

	61
	226.811
	218.814
	246.276
	192.189
	216.831
	154.269
	

	62
	225.500
	218.322
	244.884
	188.861
	216.716
	151.788
	

	63
	224.250
	217.734
	242.907
	185.602
	216.692
	148.025
	

	64
	223.000
	217.846
	240.733
	184.385
	216.846
	143.846
	

	65
	222.375
	218.234
	237.928
	183.125
	215.984
	139.859
	

	66
	221.851
	219.111
	235.056
	182.067
	214.351
	135.106
	

	67
	222.000
	220.468
	231.612
	182.539
	213.273
	131.388
	

	68
	220.481
	220.942
	227.577
	183.289
	211.500
	126.885
	

	69
	218.227
	221.231
	220.724
	183.026
	210.398
	123.587
	

	70
	218.260
	221.409
	212.806
	180.168
	209.139
	120.346
	

	71
	218.484
	221.548
	203.255
	177.269
	208.846
	118.073
	

	72
	219.077
	221.077
	193.281
	175.385
	209.000
	117.692
	

	73
	219.231
	220.071
	182.332
	175.974
	207.125
	118.987
	

	74
	219.067
	218.250
	170.960
	176.490
	207.245
	120.529
	

	75
	216.962
	216.375
	160.198
	176.869
	207.150
	123.806
	

	76
	214.115
	214.096
	148.342
	177.154
	206.596
	128.731
	

	77
	210.558
	212.600
	137.023
	177.827
	205.596
	131.990
	

	78
	206.500
	211.313
	127.650
	176.563
	205.063
	133.562
	

	79
	202.641
	208.971
	122.060
	176.548
	204.602
	133.512
	

	80
	199.385
	205.692
	119.841
	176.846
	204.308
	133.231
	

	81
	196.039
	202.327
	120.439
	176.400
	203.352
	131.260
	

	82
	193.385
	198.269
	122.497
	175.577
	203.664
	128.812
	

	83
	190.167
	194.856
	126.802
	175.660
	202.708
	128.016
	

	84
	188.289
	192.789
	132.380
	175.404
	201.500
	125.769
	

	85
	187.052
	191.353
	137.369
	174.234
	199.228
	123.481
	

	86
	186.495
	191.490
	140.429
	173.668
	198.740
	120.192
	

	87
	185.625
	191.950
	142.276
	172.404
	197.260
	115.100
	

	88
	185.000
	192.077
	144.648
	171.077
	196.077
	109.000
	

	89
	183.631
	192.375
	147.211
	169.629
	194.698
	100.667
	

	90
	182.654
	191.404
	147.950
	167.942
	193.346
	90.462
	

	91
	181.250
	189.375
	149.209
	166.375
	192.250
	80.000
	

	92
	179.846
	186.519
	148.865
	165.135
	191.154
	74.808
	

	93
	178.317
	183.885
	148.904
	163.970
	189.176
	71.470
	

	94
	176.236
	181.236
	149.131
	163.976
	187.447
	69.611
	

	95
	174.263
	178.888
	150.612
	163.849
	184.877
	69.698
	

	96
	171.462
	175.462
	152.160
	163.539
	183.000
	68.308
	

	97
	169.279
	173.484
	154.264
	162.048
	180.218
	67.100
	

	98
	166.846
	171.010
	156.744
	160.904
	178.250
	65.808
	

	99
	164.039
	169.802
	159.860
	160.296
	176.375
	65.345
	

	100
	162.115
	167.673
	162.808
	157.000
	175.000
	66.423
	

	Average/ slice
	214.09
	214.97
	173.63
	200.69
	214.42
	168.72
	





Nickel
Table A8: Table detailing the line profile measurements of the Nickel phase in the Ni-YSZ contrast sample. The minimum, maximum and average GSV are shown on the right.
	
	Nickel Grayscale Values
	
	
	
	

	Measurement Number
	Slice Number
	

	
	370
	375
	380
	385
	390
	395
	Minimum GSV

	0
	40.781
	43.688
	6.444
	6.000
	30.000
	35.581
	3.00

	1
	38.344
	39.281
	8.820
	4.798
	25.560
	33.323
	Maximum GSV

	2
	36.906
	36.125
	11.306
	4.042
	23.560
	31.161
	43.69

	3
	35.750
	34.281
	13.031
	3.128
	21.840
	29.226
	Average GSV

	4
	35.313
	33.156
	13.922
	3.000
	20.120
	27.936
	24.32

	5
	34.875
	32.656
	14.625
	3.000
	20.400
	27.097
	Standard Deviation
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	26.839
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	3.043
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	27.581
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	19
	29.188
	30.875
	32.316
	12.043
	14.660
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	28.094
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	13.388
	14.800
	10.000
	

	21
	26.938
	27.938
	27.031
	15.039
	15.880
	10.000
	

	22
	25.375
	27.188
	24.281
	15.745
	16.240
	10.000
	

	23
	23.563
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	21.982
	17.899
	16.220
	10.000
	

	24
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	28.125
	

	29
	16.156
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	58
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	10.000
	

	59
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	33.889
	14.978
	21.333
	9.578
	

	60
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	13.044
	19.800
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	61
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	34.889
	11.109
	18.333
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	62
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	18.867
	8.000
	

	63
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	37.556
	10.239
	18.200
	8.000
	

	64
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	10.304
	19.933
	7.600
	

	65
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	7.400
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	7.778
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	8.200
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	8.409
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	33.486
	37.556
	27.304
	34.000
	8.822
	

	78
	15.327
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	39.111
	30.783
	32.773
	9.000
	

	79
	14.186
	34.057
	36.926
	30.152
	31.844
	9.147
	

	80
	13.604
	33.571
	32.353
	27.957
	31.332
	9.356
	

	81
	12.099
	32.686
	26.601
	25.761
	31.000
	10.067
	

	82
	11.693
	31.743
	25.365
	23.522
	31.031
	10.978
	

	83
	11.545
	30.829
	24.565
	21.370
	31.859
	11.000
	

	84
	11.000
	29.971
	23.184
	22.391
	32.000
	11.880
	

	85
	11.000
	29.571
	23.000
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	32.188
	13.280
	

	86
	11.000
	28.914
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	23.261
	31.981
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	87
	11.000
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	15.453
	

	88
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	28.057
	38.077
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	31.449
	17.889
	

	89
	11.000
	27.771
	39.000
	29.065
	30.500
	21.124
	

	90
	11.508
	27.714
	39.000
	33.000
	30.106
	24.347
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	12.366
	28.371
	38.308
	33.260
	30.063
	27.827
	

	92
	12.802
	29.371
	38.385
	31.120
	30.844
	31.649
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	35.462
	27.400
	31.000
	35.000
	

	94
	12.624
	31.714
	33.539
	24.000
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	36.203
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	13.020
	33.286
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	30.906
	34.250
	

	96
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	34.343
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	23.2222
	30.020
	33.141
	

	97
	13.700
	35.514
	25.769
	23.2222
	29.250
	30.188
	

	98
	15.027
	36.086
	24.000
	23.5926
	27.551
	27.292
	

	99
	16.347
	36.714
	23.039
	24.8519
	26.438
	26.333
	

	100
	17.762
	37.029
	23.000
	26.4444
	25.137
	25.391
	

	Average/ slice
	26.45
	28.45
	29.84
	17.49
	23.56
	20.11
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successfully re-image the same region after high-temperature electrode ageing and particle
growth is clearly observed (red box). However, as discussed, the contrast between nickel and
YSZ was poor and did not allow for phase segmentation or quantification. The suitability and
excellent contrast of this ptychography methodology has already been previously demonstrated in
recent work on microscale Ni-YSZ composite electrodes®. The difference between this work and
our previous research is primarily the smaller sized samples used in Ref. 4.

A. Ni-YSZ as reduced

B: Ni-YSZ'1h aged

Sum

Figure 1: Ptychographic scans of an Ni-YSZ anode sample aged Figure 2: Ptychography orthoslice images of the same

in 10%H2/N2. The red box indicates sintered Ni. (Unprocessed) Ni-YSZ sample having been aged for Oh to 2h. White
agglomerates have sintered on top of the grey YSZ
scaffold (red box).
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Fig. 3. Thermal decomposition (TG) of nickel(I)nitrate hexahydrate in inert/N»
atmosphere (full line) and in reducing/H»/Ny (10% Hy) atmosphere (dot-
ted/broken line) with indicated degradation steps/stages. Heating rate between
the quasi-isothermal steps: 0.6 K min~".

Noteworthy, the third degradation step of the nickel com-
pound differs from this of the cobalt homologue [20] and it
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W. Brockner et al. / Thermochimica Acta 456 (2007) 64—68
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Fig. 4. Thermal decomposition (TG) of nitryl/nitrosyl nitrato nickelate in N»

atmosphere up to 500 °C with indicated degradation steps/stages. Sample load-
ing: 120 mg; heating rate between the quasi-isothermal steps: 0.6 K min~".

Otherwise, the nitrate ion has a considerable oxidative power
and it is possible that Ni>* can be oxidized to Ni**, what is
indicated in refs. [2,13,17] and proved for [Ni(NH3)s](NO3)2
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