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Abstract 

     Mixed ionic electronic conductors (MIECs) have attracted increasing attention as anode 

materials for solid oxide fuel cells (SOFCs) and they hold great promise for lowering the 

operation temperature of SOFCs. However, there has been a lack of understanding of the 

performance-limiting factors and guidelines for rational design of composite metal-MIEC 

electrodes. Using a newly-developed approach based on 3D-tomography and electrochemical 

impedance spectroscopy, here for the first time we quantify the contribution of the dual-phase 

boundary (DPB) relative to the three-phase boundary (TPB) reaction pathway on real MIEC 

electrodes. A new design strategy is developed for Ni/gadolinium doped ceria (CGO) 

electrodes (a typical MIEC electrode) based on the quantitave analyses and a novel Ni/CGO 

fiber-matrix structure is proposed and fabricated by combining electrospinning and tape-

casting methods using commercial powders. With only 11.5 vol% nickel, the designer Ni/CGO 

fiber-matrix electrode shows 32 % and 67 % lower polarization resistance than a nano-Ni 

impregnated CGO scaffold electrode and conventional cermet electrode respectively. The 

results in this paper demonstrate quantitatively using real electrode structures that enhancing 

DPB and hydrogen kinetics are more efficient strategies to enhance electrode performance than 

simply increasing TPB.
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1. Introduction 

     Due to rising worldwide awareness of the need for environmental protection, many current 

efforts are focussing on developing novel power sources with high efficiencies and low 

emissions and solid oxide fuel cells (SOFCs) have the potential to fulfil these requirements. 

SOFCs are high temperature energy conversion devices offering high efficiency (>55 %) and 

can function using a wide variety of fuels such as natural gas, biofuels and hydrogen[1]. An 

SOFC consists of a dense, oxide-ion conducting electrolyte sandwiched between a porous 

anode and a porous cathode[2-5]. Typical cermet electrodes consist of a metallic electron-

conducting phase and a ceramic oxide ion-conducting phase, and microstructural design of 

electrodes can significantly affect their performance[6-8]. For traditional ceramic materials 

such as yttria-stabilised zirconia (YSZ), electronic conductivity is essentially zero, and so the 

key charge transfer reactions have to occur near the triple phase boundary (TPB) of metal, 

ceramic and gas, since electrons cannot be transported through the ceramic phase[6]. This leads 

to the theory that the best route towards improving the performance of these electrodes is to 

increase the triple phase boundary length, for example by nanostructuring by impregnation 

[9]or use of nanometric precursor powders [10]. This description is sufficient for purely oxide-

ion conducting ceramic materials, such as yttrium-stabilised zirconia (YSZ), commonly used 

in high temperature SOFCs (> 800 °C). However, for intermediate temperature systems (600-

800 °C), doped ceria is often used due to its superior mixed ionic and electronic conductivity 

(MIEC) under anodic conditions[11] and good catalytic activity with respect to hydrogen 

oxidation[12]. As a MIEC material, it has been shown that ceramic-pore dual phase boundaries 

(DPBs) may contribute more to the electrochemical activity than the TPB[13], and hence 

increasing the triple phase boundary length may not always be the best route towards improving 

performance. While these effects have been extensively discussed for patterned electrodes[12, 

13], there is still a lack of quantitative evidence in actual porous electrodes[14]. This reflects 
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the difficulty in describing two parallel reaction pathways in such a complex electrode 

microstructure, which requires challenging assumptions on the extension of the DPB reaction 

zone in the typically-adopted macro-homogeneous porous electrode theory approach[15-18]. 

It is still unknown whether the rate determining step in real, porous ceria-based electrodes is 

hydrogen oxidation on the ceria surface[12, 19] or electron conduction[20]. This requires that 

modelling of ceria-based electrodes should consider the accessibility of electrons to the ceria 

surface, which is a function of distance from its nearest percolated metal phase and the cross-

sectional area of the ceria phase. In a homogeneous ceria scaffold, the mean area of the ceria 

cross-section can easily be extracted from tomography data. However, it is equally important 

to map the distribution of the ceria surface as a function of distance from the nickel phase, 

which has not been addressed in any previous works.  

     Because of the deficiencies outlined above there has been a lack of strategies for the design 

of MIEC-based electrodes. There are intrinsic disadvantages for the most widely-used electrode 

structures, cermets and impregnated scaffold electrodes[9, 17, 21]. Cermets are stable, easy to 

make and well known but suffer from low electrochemical activity, whilst impregnated scaffold 

electrodes have superior activity but are hindered by poor stability and have limited scalability 

due to their preparation processes. Most of the efforts of developing novel structures for 

gadolinium-doped ceria (CGO) electrodes are still focused on maximising TPB density and the 

metal surface area of electrodes, as documented in works describing nano-samaria-doped ceria 

electrodes[22], hollow fiber electrodes[23] and mesoporous network Ni/CGO[24]. Although 

these structures tend to show improved performance, the significance of the DPB is not 

considered. Also, the preparation processes are typically complex and costly to scale up. Once 

a comprehensive theory and strategy for design for MIEC-based electrodes has been developed, 

structures that take advantage of unique properties of MIEC materials and do not compromise 

performance and stability, yet retain simplicity of preparation, can be designed.  



5 

 

     This study presents (1) a new analytical approach based on 3D-tomography and 

electrochemical impedance spectroscopy, which enables the first quantitative analyses of 

electrochemical contribution of dual-phase boundary (DPB) and triple-phase boundary (TPB), 

leading to (2) design guidelines for MIEC-based electrode, enabling the design of an improved 

electrode through a novel fabrication method hybridising electrospinning and tape casting to 

enable simple and controllable synthesis of the structure. First, by combining electrochemical 

impedance spectroscopy (EIS), 3D tomographic reconstruction and physics-based models, we 

quantitatively assess the contribution of both DPBs and TPBs to the electrochemical 

performance of both cermet and impregnated scaffold Ni/CGO electrodes. Guided by the model 

findings, which highlight the importance of the DPB density, a new Ni/CGO fiber-matrix 

structure (FMS) was synthesized by electrospinning and tape-casting, consisting of continuous 

NiO-fiber as an electron conducting pathway embedded in a CGO matrix as the ion conducting 

phase and catalyst. With only 11.5 vol% nickel, it shows 34 % and 67 % lower polarization 

resistance than a nano-Ni impregnated CGO scaffold electrode and conventional cermet 

electrode respectively, which was consistent with the quantitative predictions. Furthermore, no 

sign of degradation is observed after 118 h of aging at 600 °C, while the impregnated electrodes 

show 90% increase of polarization resistance. The preparation process is simple and efficient, 

easy to scale up as all techniques used are commercially available. Considering this is achieved 

using unoptimized commercial micron-sized materials identical to those used in the cermet 

electrode, the FMS shows promise and might be a solution to the balance of performance, 

stability and commercially-relevant fabrication techniques demanded of SOFC electrodes.  

 

2. Results and Discussion 
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2.1.  Contribution of DPB and TPB on Conventional Electrodes 

2.1.1. EIS and Morphology of Conventional Electrodes 

     In order to develop a quantitative model of MIEC-based electrode performance, three 

conventional cermet and impregnated electrodes were prepared, and their performance and 

microstructure was studied. The results of EIS measurements for these electrodes are shown in 

Figure 1a at 600 °C and 3% humidified 10% H2/N2 (the ohmic resistance has been subtracted, 

for full EIS profile see Figure S1 and Table S1). Cermet 1 is composed of random mixed 

micron-sized Ni and CGO particles (>500 nm); cermet 2 electrode is composed of sub-micron 

sized CGO and Ni particles (~200 nm); the impregnated electrode is composed of a micron-

sized CGO scaffold and small Ni particles (<50 nm) introduced by impregnation. The EIS data 

was fitted using the equivalent circuit LRs(R1||CPE1)(R2||CPE2)(R3||CPE3), where L stands for 

an inductor, R for a resistor and CPE for constant phase element, since at least three impedance 

contributions are expected in conventional cermet electrodes, as is particularly evident at higher 

temperatures[25]. Fitting parameters of the resistances are reported in Table S1.  

     The EIS data was analysed qualitatively and quantitatively in order to ascertain which of 

the three resistances is relevant to assessing the contribution of the electrode microstructure to 

the electrode performance. Taking the EIS of the cermet Ni/CGO as an example (Table S1, 

Figure S1), the high-frequency (HF) process 𝑹𝟏, with peak frequency ranging within 50-8000 

Hz, shows an asymmetrical shape, a small resistance contribution and negligible temperature 

dependence over the range 600-800 °C. In the work of Zhu et al., such a high-frequency process 

appeared only when certain metal current collectors were applied[26], while Oh and Haile[27] 

and Nielsen et al.[28] suggest that this HF feature could represent the interfacial resistance 

between CGO and YSZ.  
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     Therefore, the HF process can generally be attributed to the contact resistance caused by 

electrical constriction between current collector and electrodes and/or between electrodes and 

electrolyte[25, 29], and hence is not relevant to the effect of the electrode microstructure. 

     The medium frequency (MF) feature at 50-1 Hz is the only process showing obvious 

temperature dependence with an activation energy of 0.87 eV. As shown in Figure S1b, 

considering its magnitude, frequency range and temperature-dependence, this process can be 

attributed to the transport of oxygen ions in CGO and the electrochemical reactions between 
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oxygen ions and hydrogen[27, 28, 30]. Therefore, this resistance is highly likely to be relevant 

in assessing the effect of the electrode microstructure on performance. A thorough discussion 

about the MF feature and the DPB vs TPB contribution as a function of the electrode 

microstructure is reported later in this section. 

     The low frequency (LF) semicircle at 1-0.01 Hz accounts for roughly 12 % of the 

polarisation resistance at 600 °C and is weakly temperature dependent. Previous experience 

with different anode materials in our laboratory indicates that the LF feature is mainly due to 

gas diffusion[31] and gas conversion[32] phenomena occurring within the custom test rig and 

the current collector mesh[29, 33, 34], as also reported by Aravind et al.[35], who used a similar 

experimental setup. An additional effect due to the CGO chemical capacitance, as reported by 

Lai et al.[36], cannot be excluded, although its contribution is expected to be minor considering 

the small thickness (~10-15 μm) of these electrodes and the weak temperature dependence. For 

similar arguments, low-frequency contributions associated to surface diffusion of adsorbed gas 

species[30, 37] are expected to be negligible. These points suggest that as with the HF feature, 

the LF feature is not likely to be useful in assessing the effect of the electrode microstructure.  

     According to the EIS deconvolution discussed above, the resistance R2 of the MF process 

is the only one relevant to the hydrogen electrochemical reaction and affected by the electrode 

microstructure. Thus, the R2 values of impregnated, cermet 1 and 2, equal to 0.65, 1.30 and 

2.34 Ω cm2, respectively, must be compared with the microstructural parameters relevant to 

performance (i.e., volume fractions, percolation fractions as well as TPB and DPB densities), 

which are reported in Table 1 along with the electrode thickness, evaluated from SEM cross-

sections.  

     Moving on to the microstructural analysis, 3D reconstruction through FIB-SEM 

tomography shows that pore and ceria phases are entirely percolated within the impregnated 
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electrode. The nickel phase has mostly achieved percolation except for a few isolated nano-

particles, accounting for less than 2 vol%. Thus, full percolation of all the phases is essentially 

achieved in the impregnated Ni/CGO electrode. On the other hand, in cermet, while all pores 

are connected, 24 vol% of Ni phase is not connected with the main network. In cermet 2, ~18% 

Ni and ~20% pores are not connected to the percolating network, these nickel and pore regions 

were excluded from the determination of DPB and TPB density and subsequent model 

calculations.  

     Major differences between these three types of electrode arise when comparing TPB and 

DPB densities. As shown in Table 1, the impregnated Ni/CGO anode shows a TPB density of 

41.6 μm-2, which is roughly one order of magnitude larger than in the cermet 1 (5.0 μm-2), in 

agreement with previous investigations[38] and theoretical predictions[39]. The larger TPB 

density in impregnated electrodes compared with cermets is due to the much smaller Ni particle 

size (< 50 nm vs 500 nm). In terms of the DPB, Ni nano-particles are evenly distributed on the 

ceria surface in the impregnated electrode and hinder the exposure of the ceria surface to the 

porous phase, so that c. 82 % of the potential CGO-pore surface is covered by nickel, as shown 

in Figure 1c. On the other hand, 44% of the CGO surface is covered by Ni in the cermet 1 

electrode (Figure 1d). As a result, the exposed ceria-pore DPB density is smaller in the 

impregnated electrode than in the cermet (1.7 vs 2.3 μm-1).   

     On the other hand, cermet 2 shows smaller TPB (2.7 vs 5.0 μm-2) and DPB density (1.4 vs 

2.3 μm-1) compared with cermet 1 even though it is composed of smaller particles (200 vs 500 

nm). This is largely due to the much smaller Ni loading and porosity. Compared with the 

impregnated electrode, which shares identical Ni loading and porosity, cermet 2 has a large 

portion of pores disconnected with the major network that therefore become inactive. This 

greatly lowered the active TPB and DPB density of cermet 2.  
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     As discussed in the introduction, if the electronic conductivity of CGO has an influence on 

the oxidation of hydrogen on the DPB, then it follows that the distance of a DPB region from 

the percolating metal network will affect the electrochemical activity of that region. To enable 

comparison between samples and quantification, the distribution of ceria-pore DPB density as 

a function of intra-ceria distances from Ni phase (Figure 1b) were determined by a cellular 

automata algorithm described in the materials and methods section. As far as we can determine, 

this is the first time such a parameter has been defined and quantified for SOFC electrodes. The 

distribution shows that most of the ceria-pore DPB of the impregnated electrode lies within 0.5 

μm of the nickel phase (Figure 1b, red line). The DPB density distribution of cermet 2 follows 

the trend of the impregnated electrode with most of the DPB lying within 0.3 μm of nickel. The 

DPB density distribution in cermet 1, however, is more dispersed, with most of the DPB lying 

within 1.5 μm of nickel. A complete summary of microstructure parameters is shown in Table 

S2.  

2.1.2. Decoupling DPB vs TPB contribution via modelling  

     Traditionally, the lower MF polarisation resistance R2 of the impregnated electrode can be 

qualitatively justified only by the larger TPB density compared to cermet 1 and 2, as is the 

interpretation commonly accepted for anodes based on pure ion conductors, such as YSZ[40-

42]. However, due to the MIEC properties of CGO, which allow for the extension of the 

electrochemically active zone on the CGO-pore surface, the DPB density distribution might be 

as important as the TPB density. More specifically, in Pt/SDC patterned electrodes Chueh et 

al.[12] reported that the main electrochemical reaction pathway is dominated by DPBs with 

minimal contributions from the TPBs. Such experimental evidence was confirmed by Ciucci 

et al.[13], who set up a 2D model of Pt/SDC patterned anodes and found that the 

electrochemical active area on doped-ceria surface can extend from 0.6 μm up to 4 μm from 

the metal current collector. On the other hand, despite the DPB density of cermet 1 and 2 being 
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larger than in the impregnated electrode (see Table 1), the impregnated sample outperforms in 

terms of polarisation resistance. This suggests that, in composite Ni/CGO electrodes, the TPB 

and the DPB both contribute to hydrogen electro-oxidation and neither can be considered 

dominant. 

     The quantification of the DPB and TPB contribution is made by fitting the R2 values in the 

three different electrodes using the electrochemical model described in the material and method 

section. The two unknown kinetic parameters of the TPB and DPB hydrogen conversion 

reactions, namely kTPB and kDPB,0, were estimated from the fitting, being 1.6·10-5 S m-1 and 

1.84·10-4 S atm1/4 m-2, respectively, at 600 °C and 3% humidified 10% H2/N2. These values lie 

within the same order of magnitude of the kinetic constants of the TPB reaction in Ni/YSZ 

electrodes according to de Boer[43] and the DPB reaction in Pt/SDC anodes according to 

Ciucci et al.[13]. With only two adjustable parameters, the mechanistic model allows a 

satisfactory fitting of the polarisation resistance of three electrodes despite their very different 

microstructures, as reported in Table 2. An excellent match between the model results and 

experimental data is achieved for the impregnated electrode, and a relative error in R2 in the 

order of <5 % is obtained for cermet 1 and 2 electrodes.  

 

Table 1: Summary of extracted microstructural parameters of impregnated and cermet 
Ni/CGO electrodes. Volume percentages are relative to total volume including pores and 
solids 

  Impregnated Cermet 1 Cermet 2 

Thickness / μm 15 15 10 

Porosity / vol% 30.2 46.3 24.3 

Ni content / vol% 16.4 24.1 18.1 

Effective TPB Density / μm-2 41.6 5.0 2.7 

CGO-Pore DPB Density / μm-1 1.7 2.3 1.4 
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     Model results enable rationalization of the electrochemical response as a function of 

microstructural properties and allow the quantification of the relative contribution of DPB and 

TPB reaction pathways to the overall hydrogen electrochemical conversion. Model predictions 

indicate that more than 90 % of the current produced in cermet 1 and 2 electrodes come from 

the DPB reaction pathway (Table 2), which is a consequence of their large DPB density in 

comparison with TPB. The DPB of cermet 1 spans more than 1.5 μm from Ni contacts as shown 

in Figure 1b. It means that the Ni phase provides a good electronic current distribution 

throughout the cermet microstructure, which is then converted into ionic current at the DPBs 

which extend from each Ni/CGO contact, therefore it greatly outperformed cermet 2 electrode. 

This is in fair agreement with the conclusions reached by Chueh et al. [12] and Ciucci et al. 

[13]. On the other hand, in the impregnated anode the potential DPB is mostly blocked by Ni 

nanoparticles (Figure 1c), resulting in a narrow DPB distribution around the TPB: in such a 

situation, there is not enough extended DPB available for the surface reaction pathway (Eq. 

(10a)), so electrochemical conversion proceeds according to the TPB pathway (Eq. (10b)) 

thanks to the large TPB density. In particular, only 42 % of current is converted through the 

DPB pathway in the impregnated Ni/CGO anode, suggesting that the TPB pathway 

compensates for the lack of DPB allowing the impregnated electrode to outperform the others. 

 

Table 2: The summary of calculation result from pseudo-2D model of impregnated, 
cermet 1 and 2 Ni/CGO 

  Impregnated Cermet 1 Cermet 2 

Experimental R2 / Ω cm2 0.65 1.30 2.34 

Fitted R2 / Ω cm2 0.65 1.24 2.31 

𝑰𝐃𝐏𝐁/𝑰𝒕𝒐𝒕  / % 42 89 90 
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     Thus, the model allows for the quantitative estimation of the DPB and TPB contribution to 

electrochemical activity of Ni/CGO anodes as a function of the electrode microstructure, 

suggesting that the extension of the DPB density distribution has an equally important influence 

on the total performance of cermets as the TPB density. To our knowledge this is the first 

quantification of the relative contribution of TPB and DPB to performance in an SOFC 

electrode. 

2.1.3. The influence of electron conductivity 

     To investigate if the electron conductivity of CGO is rate-limiting on the DPB 

electrochemical reaction, the fitting results from models with and without considering DPB 

density distribution are compared. When the DPB density distribution is considered, the kinetic 

parameters kTPB and kDPB,0 estimated from the fitting are equal to 1.6·10-5 S m-1 and 1.84·10-4 

S atm1/4 m-2, respectively, at 600 °C and 3% humidified 10% H2/N2, as already discussed above. 

Without considering the DPB density distribution, we assume the electrochemical reactivity of 

all DPB is the same, irrelevant to its distance from Ni, as elaborated in more detail in the 

Methods section. For both cermets and impregnated electrodes, the same R2 values are fitted 

with only 2% difference in kTPB and kDPB,0. This suggests the influence of CGO electronic 

conductivity on electrochemical oxidation reactivity can be neglected and the surface reaction 

is rate-limiting with current electrode microstructures. The result confirms the conclusion of 

Haile et al.[12] and extends it to real porous electrodes, indicating that conventional 

microstructure designs of Ni/CGO electrodes are far from being able to exploit the potential of 

the DPB reactivity, and the performance of electrodes can be effectively enhanced by 

increasing DPB density and the extension of DPB without reaching the limitation of CGO 

electronic conductivity. The model allows us to identify under which conditions CGO 

electronic conductivity and surface reaction rate become co-limiting, this will be discussed 

later. 
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2.1.4. Considerations on DPB and TPB design strategies 

     Cermet Ni/CGO electrodes are among the most common electrode architectures due to the 

ease of fabrication and great thermal stability. However, as previously shown, the 

electrochemical performance of cermets is not optimal due to the limited active TPB and DPB 

densities. This is partly due to the large particle size and random particle distribution, resulting 

in high percolation threshold and hence lower CGO content. It also creates disconnected and 

hence inactive Ni particles and pores, hindering the electronic current percolation and making 

a large portion of TPB inaccessible along with limited DPB density. Both the TPB and DPB 

densities might be increased by reducing the Ni and CGO particle size, but this might hinder 

the gas diffusion and thermal stability. Therefore, conventional cermets are far from an efficient 

structure for CGO-based anodes. 

     Impregnated Ni/CGO electrodes show better electrochemical performance but offer little 

room for improvement. In fact, nickel covers most of the CGO surface as a result of the 

tendency of decreasing surface energy during the impregnation process[44]. This hinders the 

exposure of CGO surface to the gas phase, reducing the active DPB density. The larger TPB 

density can compensate for the lack of DPB, but this does not make full use of the benefits of 

MIEC materials. Moreover, nickel nano-particles are highly susceptible to coarsening at 

normal SOFC operation temperatures[45, 46]. As pointed out by Holzer et al.[47], small 

average grain sizes, wide particle size distribution and high nickel volume fractions lead to 

higher coarsening rates. In fact, a significant decrease in TPB density, with a corresponding 

increase in polarisation resistance by over an order of magnitude, were observed in both 

impregnated Ni/ScSZ[48] and Ni/YSZ[33] even at relatively low temperature (550 °C) within 

the first 200 h of operation. Long-term stability is a general issue for the electrodes that rely on 

large TPB density via Ni nanoparticles. 
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     Therefore, rather than pointing towards nanoparticles and TPB maximization, our model 

results suggest that maximising the ceria-pore DPB while maintaining reasonable TPB density 

is an alternative strategy to effectively enhance the electrode performance of MIEC-based 

electrodes. Apart from Jung et al.[49, 50], so far there has been little effort to maximize the 

ceria-pore DPB area of SOFC anode materials. In order to ensure maximum DPB while 

maintaining a robust structure, new MIEC-based electrode microstructures should fulfil the 

following requirements:  

1. Full percolation of MIEC, pore and nickel phase; 

2. Sufficient ion, electron conductivity and gas transport; 

3. Maximum DPB and reasonable TPB;  

4. Structure should be able to inhibit degradation at operation temperature; 

5. Sufficient contact between nickel and MIEC for charge transfer;  

6. Simplicity and flexibility of preparation route.  

     Because electron transport in nickel is much faster than ion transport in ceria (~104 

times)[51], sufficient electronic conductivity can be achieved with a small volume fraction of 

nickel as long as it percolates. The requirement for ion conductivity and gas transport suggests 

that the cross-sectional area of the ceria phase needs to be large while leaving enough porosity. 

The conventional CGO scaffold as used in impregnated electrodes meets these requirements as 

both ion conductivity and gas transport are not rate-limiting in the thin electrodes we are 

studying here.  

     On the other hand, requirement three requires CGO DPBs to not be blocked by Ni particles, 

and thus the Ni content and dispersion need to be low, whilst Ni and CGO contact is still 

required for a reasonable TPB density and nickel percolation is still required. This implies that 
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the nickel network needs a well-ordered structure to maximise percolation with a minimum 

quantity. This requires a new method of fabricating the metal phase because mechanical mixing 

and impregnation are not capable of producing a controlled metal network.  

The requirement for stability at operation temperature also leads towards a well-ordered nickel 

structure, since the reason why cermets are stable while impregnated electrodes are not is 

because the large particles produce a resilient structure, but with a random structure a very high 

loading of nickel is required to give a percolating network. At lower loadings either large parts 

of the electrode become inactive due to loss of percolation (as in the cermet) or the electron 

pathways become less resilient (as in the impregnated structure). Only an ordered structure can 

produce a well-percolated, and resilient structure with a minimum of material. 

     The above discussion led the authors to the combination of electrospinning and tape-casting 

techniques: the former provides controlled continuous nickel networks with a low percolation 

threshold and high resilience through thick fibers with the heavily interlinked structure 

producing multiple electronic pathways to any point in the structure, while the latter provides 

CGO backbones with sufficient ionic conductivity and gas transport.  

     Electrospinning[52-54] is a versatile and scalable process for preparing continuous 

nanofibers. Electrospinning has already been used in the preparation of SOFC electrodes[55, 

56], but so far the produced nanofibers were broken down by grinding and made into a slurry 

for further tape-casting. In that case, electrospinning serves only as a method to change the 

morphology of particles. On the other hand, electrospinning is suitable for fabrication of large 

percolating nickel networks. The free-standing porous nanofiber films produced by 

electrospinning have a high surface area to volume ratio compared to percolating networks 

produced by other methods, and can be “filled-in” via tape-casting, offering the potential to 

meet the functional microstructural requirements of SOFCs electrodes. By controlling the 
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calcination processes and vacuum treatment, the electrospun nickel network can be implanted 

into a tape-cast ceria substrate, forming a percolating NiO fiber network and ceria matrix 

composite structure (FMS), as reported in the next section. 

2.2.     Characterization of Novel Structured Ni/CGO electrode 

2.2.1. Performance of FMS Ni/CGO Anode 

     The electrospinning process used here first creates composite NiO/polyacrylonitrile (PAN) 

fibers, which are then carbonised in inert gas before finally being calcined in air to produce the 

final NiO fibers. SEM images of electrospun NiO/PAN fibers, carbonized fiber membrane and 

pre-calcined fiber membrane are shown in Figure 2a and 2b. The as-electrospun membrane is 

formed by randomly aligned, continuous PAN fibers of ~500-1000 nm diameter, embedded by 

NiO particles of 500-800 nm. After carbonization at 550 °C, PAN decomposes into amorphous 

carbon[57]. After 1000 °C pre-calcination, all the carbon is oxidized and eliminated while NiO 

fibers of 400-1000 nm diameter form an intact, well-percolated network. After placing the 

membrane into the tape-cast slurry and calcination, apart from a thin layer (< 0.5 μm) of NiO 

fibers exposed on the surface for current collection, most of the fibers were embedded within 

the CGO matrix. Symmetric cells were produced by fabricating one of the electrodes on either 

side of a ~300 µm YSZ pellet. The SEM image of as-prepared FMS electrode is shown in 

Figure S2, in which the fiber-shaped phase is nickel, the smaller particles surrounding the fiber 

is CGO phase. 

     Results of EIS measurements on these symmetric FMS cells at different temperatures are 

shown in Figure 2c-e. The ohmic resistance (Rs) shown here is after subtraction of ohmic 

resistance of the testing rig, it decreases with temperature and in good accordance with 0.3 mm 

YSZ electrolyte, suggesting that the electric conductivity of FMS electrode is sufficient, 

meeting the requirement two stated previously. As previously discussed, three impedance 
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contributions are present. Thus, the EIS data was fitted by the same equivalent circuit 

LRs(R1||CPE1)(R2||CPE2)(R3||CPE3). A good fitting was obtained in the entire temperature 

range (see red lines in Figure 2c-e), resulting in R2 values of the FMS electrode equal to 0.43, 

0.14 and 0.04 Ω cm2 at 600, 700 and 800 °C, respectively. A comprehensive summary of fitting 

results is reported in Table S3. 

     Figure 2f compares the impedance spectra of FMS, impregnated, cermet 1 and 2 Ni/CGO 

at 600 °C: the FMS shows the lowest overall polarisation resistance. More specifically, the 

microstructure-related contribution R2 of FMS is 0.43 Ω cm2, being 34 % and 67 % lower than 

R2 in impregnated and cermet electrodes, respectively. This indicates that the design 

requirements two and five are fulfilled and the new FMS electrode does have an improved 

overall electrochemical activity compared to conventional electrode designs.  
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2.2.2. Microstructural and Electrochemical Characterization of FMS Ni/CGO 

     The 3D reconstruction through FIB-SEM images (Figure S3) indicates that pore and ceria 

phases are entirely percolating in the FMS electrode. Ni fibers retain structural integrity after 

embedding and calcination within the CGO backbone, forming a connected Ni network. Only 

a small fraction (~12 vol %) of the fibers appear to be separated from the main network. 

However, these separated fibers extend beyond the edge of the cross-section images, so their 

full lengths are not fully captured in the 3D reconstruction. Because SEM images show that the 

fibers extend over 20 µm, it is likely that these fibers connect with other fibers outside the 

reconstructed area and therefore are part of the percolating network. For these reasons, all Ni 

fibers are considered connected to the Ni network and entirely percolating, meeting 

requirement one of the six requirements for a novel MIEC-based electrode structure discussed 

earlier. As a consequence, all TPBs are considered active.  

     The microstructural parameters extracted from the 3D reconstruction are summarized in 

Figure 3a-c. The Ni volume fraction is 11.5 vol% for FMS Ni/CGO, meaning that the Ni 

percolation threshold is much lower than in conventional cermets (c. 30 vol%)[58]. The FMS 

has a TPB density 4.7 times lower than impregnated Ni/CGO (8.8 vs 41.6 μm-2) but c. two 

times higher than cermets. Only 11% CGO-pore DPB is covered by nickel in the FMS electrode 

while 82% is covered in the impregnated electrode, fulfilling requirement three. The total DPB 

density of the FMS electrode is 7.4 μm-1, 4.3 times larger than impregnated (1.7 μm-1) and 3.2 

times larger than cermet (2.3 μm-1). In particular, the FMS electrode shows a better DPB 

distribution. As reported in Figure 4a, b, the FMS electrode presents an extended DPB which 

reaches out for more than 1.5 μm through the ceria from a Ni/CGO contact, this being 

significantly larger than any other electrode microstructures analysed here.  
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     The drop in DPB density distribution at 0.25 μm for FMS (Figure 4b) is likely due to the 

volume shrinkage during the reduction of NiO to Ni. In any case, for FMS, 99.2% of the DPB 

is within 2 μm of the Ni phase; while for the impregnated sample, all the DPB is confined 

within 0.6 μm of the Ni. The wider extension of the DPB in FMS is visually depicted in Figure 

4c,d, which shows the 3D reconstruction of a single nickel fiber extracted from the Ni network 

(in grey, Figure 4c) and the CGO phase within 1 μm non-Euclidean distance of nickel (in 

yellow-red, Figure 4d) found by the cellular automaton algorithm. These structural parameters 

indicate that the design of the FMS electrode is successful in maximizing the ceria-pore DPB 

while maintaining a reasonable TPB.            

     The effect of the improved microstructural properties on the electrochemical response of 

the FMS electrode is corroborated by the model. By using the same kinetic parameters kTPB = 

1.6·10-5 S m-1 and kDPB,0 = 1.84·10-4 S atm1/4 m-2, and without adjusting any other parameters, 

the model predicts an electrode resistance R2 equal to 0.46 Ω cm2, which compares very well 

with the experimental R2 value of 0.43 Ω cm2. The satisfactory comparison between modelling 

and experimental results in four different electrode microstructures, as shown in Figure 4e, 

with only two fitting parameters, supports the validity of the physically-based model presented 

in this work.  

      According to the model, 94 % of the current produced in the FMS electrode comes from 

the DPB reaction pathway. This means that the FMS shows the largest DPB relative to TPB 

current contribution among all the electrode designs investigated here (Figure 3d). In such 

regard, the FMS makes efficient use of the extended DPB distribution discussed in Figure 4a, 

d, meeting the target for which the FMS design was conceived. The efficient utilization of the 

ceria-pore DPB explains the superior electrochemical performance of the FMS electrode. 

2.2.3. Performance Stability during Degradation 
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     Requirement five of the six scenarios for novel MIEC-based electrode structures discussed 

earlier relates to the ability of the FMS design to inhibit nickel microstructural degradation at 

operating temperatures, ensuring structural and electrochemical stability over time. As 

discussed earlier we hypothesised that the combination of relatively thick fibers and multiple 

electronic pathways created by the heavily interlinked Ni structure would be resilient to loss of 

percolation through sintering of nickel and therefore degradation. 

     The initial thermal stability of the FMS electrode was investigated by keeping symmetrical 

cells in a 3% H2O/9.7% H2/87.3% N2 gas atmosphere at 600 °C and 800 °C for up to 118 h and 

82 h, respectively, measuring the EIS response during operation. 600 °C is the typical working 

temperature for CGO-based SOFC electrodes. 800 °C was selected to purposely induce an 

accelerated degradation, enabling verification of hypotheses adopted in the previous analysis, 

as discussed later in this section. Although the testing period is short compared to industrial 

standard, it allows an insight into the thermal stability of FMS structures. 

     The main results are reported in Figure 5a. At 600 °C, the MF-resistance R2 of FMS (black 

curve), equal to 0.43 Ω cm2 at time zero, stabilized at ~0.47 Ω cm2 after 20 hours without 

showing any obvious changes for the whole duration of the test. Such an electrochemical 

stability was corroborated by microstructural analysis of the FMS sample after the degradation 

test: FIB-SEM cross-section images (Figure 5b) did not show visible changes after aging, with 

Ni fibers still intact, well percolating and in good contact with CGO particles. It is also shown 

in the SEM images of FMS electrode before and after aging (Figure 5c, d). After aging the 

nickel fibers are still intact and well-connected although the surface of fibers becomes 

smoother. In contrast, the impregnated Ni/CGO electrode showed a dramatic degradation 

(Figure 5a, red curve): R2 increased by 36 % within the first 10 h of operation and another 14 

% from the 10th h to 90h h of aging. In the SEM images of impregnated electrode before and 

after aging (Figure 5e,f), it is clearly shown that before aging the nickel nano-particles are 
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evenly distributed on CGO surface and inside the pore. After aging, nickel severely sintered 

and aggregated inside the pores of CGO, causing the loss of nickel percolation, which is the 

main reason of increased resistance. This indicates that the FMS electrode is much more stable 

than impregnated electrodes and has the potential to withstand long-term operation in real 

SOFC conditions. In addition, the better stability of the FMS compared to the impregnated 

anode confirms that the strategy of increasing the DPB current contribution via extended ceria-

pore surface is a more stable solution than maximizing the TPB density via nano-structuring 

the Ni phase. 

     The degradation behaviour of the FMS electrode was studied by accelerating the cell 

degradation at 800°C for a total of 82 h. The degradation was more pronounced compared with 

600°C, as shown by the green curve in Figure 5a. In the first 15 h the FMS anode went through 

a quick degradation, as R2 increased significantly from 0.05 to 0.26 Ω cm2. After such an initial 

degradation, R2 stabilized until the end of the test. The impregnated electrode, on the other 

hand, is barely usable at 800 °C due to its well-known rapid degradation[45, 46, 59].  
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     The full EIS aging profiles of FMS Ni/CGO at 600 and 800 °C are shown in Figure S4 

(supplementary information), which enables verification of the hypotheses made above during 

the EIS interpretation. The similar degradation pattern of Rs at 600 °C and 800 °C suggests that 

the degradation after the 15th hour may come from the increasing contact resistance between 

current collectors and electrode due to the sintering of the current collector rather than loss of 

percolation of Ni fibers[60]. The high-frequency and low-frequency resistance contributions 

R1 and R3, which were assumed to not be related to electrode microstructure, did remain stable 

over the duration of the degradation test, thus confirming their attribution to processes 

occurring outside the electrode.  

     A closer insight into the aging mechanisms at 800 °C is offered by 3D microstructural 

analysis of the FMS electrode after degradation. Although the total TPB and ceria-pore DPB 

densities remained identical (Table S2), we observed significant nickel agglomeration, 

resulting in the disappearance of pores inside the Ni fibers and the breakage of the nickel 

network (Figure S5). This resulted in a major loss in Ni percolation and decreases in accessible 

DPB and TPB. These microstructural changes probably took place during the first 15 h of 

degradation at 800 °C, which showed the rapid increase in R2. The results indicate that the 

medium-frequency process (R2) in impedance is affected by electrode microstructure and, more 

specifically, is related to the electrochemical reaction at active sites, both on DPBs and TPBs. 

Due to the flexible nature of the FMS electrode fabrication process, it is straightforward to alter 

the electron-conducting phase to more stable materials for usage in higher temperature.   

2.2.4. Implications from the Pseudo-2D Model for FMS Electrode Optimisation  

     Similar to conventional electrodes, by applying the electrochemical model to the FMS 

electrode with or without DPB distribution, negligible differences arise in the prediction of the 

polarisation contribution R2 (less than 1 % difference). This suggests that electron transport in 

CGO is not rate limiting even with a wider DPB distribution, and all DPBs have essentially the 
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same reactivity in the FMS electrode. The pseudo-2D model predictions suggest that, in the 

specific conditions of the FMS electrode and while keeping the same total DPB density, the 

DPB distribution can spread up to 6 μm from Ni with a minimal influence of the CGO 

electronic resistance on the polarisation contribution R2 (namely, a 10 % increase in 

polarisation resistance). Nevertheless, this indicates that there may be situations for which the 

DPB distribution from the Ni phase, and so the MIEC electronic resistivity, may become 

critical in the optimisation of the FMS electrode design. We report below three possible 

directions for further improvement of the FMS performance along with the corresponding 

predictions of the pseudo-2D model (all results refer to an operation temperature of 600 °C and 

10% H2): 

Reduce CGO particle size for more available DPB density. A calculation via pseudo-2D 

model is performed to simulate the situation when smaller particle size CGO is used as matrix. 

Let us consider when the DPB density is increased by a factor 5 and extended up to 6 μm away 

from Ni as discussed above. In such a case, the R2 value calculated from the pseudo-2D model 

is 0.24 Ω cm2, half of the polarization resistance currently obtained. Notably, should the CGO 

electronic resistance and DPB density distribution be neglected, the polarisation resistance 

would be underpredicted by 25 %. This implies that the DPB distribution from Ni matters when 

the DPB density is increased and that there is still room for performance improvement by 

increasing the DPB density without changing the Ni morphology;  

Apply materials with better DPB kinetics. As the rate-determining step of the process, 

increasing the surface reaction rate could effectively enhance the overall electrochemical 

performance. We simulated materials with higher 𝑘𝐷𝑃𝐵,0  with the same ion/electron 

conductivity as CGO and found that, when 𝑘𝐷𝑃𝐵,0 is increased by an order of magnitude, the 

calculated R2 is 0.13 Ω cm2, corresponding to a threefold improvement in performance. By 

increasing further the catalytic properties of the MIEC material, model predictions show that 
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as soon as the simulated polarisation resistance falls below 0.1 Ω cm2, the MIEC electronic 

resistance contributes at least 10 % of the polarisation resistance. This indicates that while 

improving the catalytic properties of the MIEC material towards the DPB reaction is surely 

essential, the benefits start to fade if the electronic conductivity (and, equivalently, the DPB 

density distribution from Ni) is not concurrently tailored;  

Decrease the fiber diameter while increasing the fiber density. We have shown that TPB 

and DPB both contribute to hydrogen conversion. Due to the nature of electrospinning, it is 

possible to implant membranes composed of thinner and more closed-packed Ni fibers in order 

to increase the TPB density while maintaining the same exposed DPB, thus enhancing the 

electrochemical performance. The calculated R2 is reduced by 4 % and 25 % when the TPB 

density is increased by a factor of 2 or 10, respectively, thus being comparatively less effective 

than the reduction in CGO particle size or the use of more catalytic MIEC materials as discussed 

in the previous points. Moreover, care needs to be taken as the thermal stability might worsen 

with thinner Ni fibers.  

3. Conclusions 

     This work used a newly-developed quantification approach based on tomography, EIS and 

modelling that is able to deconvolute DPB and TPB processes on real electrodes and predict 

the performance of MIEC electrodes from microstructure. Based on this, the work introduces 

the design and synthesis of a novel structure for MIEC-based SOFC anodes, via innovative 

combined preparation methods, that possesses excellent stability and performance while 

remaining simple to make.  

     Analysis of impregnated and cermet electrodes through FIB-SEM tomography revealed that 

the effect of different microstructures on the polarisation resistance of Ni/CGO anodes cannot 

be solely attributed to either the active TPB density or the DPB density. In order to take into 
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account the activity of ceria-pore DPB towards hydrogen electrochemical oxidation, a novel 

cellular automaton algorithm was implemented to evaluate the accessible DPB distribution as 

a function of the distance from the nickel phase from 3D tomographic datasets. This 

information was used in a physics-based model that, in addition to ionic and electronic current 

transport, considered both the TPB and DPB reaction pathways through two length scales along 

the thickness and the CGO surface, respectively. Results showed that the contribution of ceria-

pore DPB on electrochemical activity is significant in Ni/CGO cermets. On the other hand, in 

impregnated Ni/CGO electrodes most of the DPB is blocked by nickel, so that the TPB reaction 

pathway compensates for the lack of DPB. Both electrodes did not extract the potential of the 

DPB reactivity of the CGO.  

     Inspired by these model results, a new structure was designed based on the principle of 

maximizing the DPB density distribution. The novel structure was prepared by the combination 

of electrospinning and tape-casting of commercial NiO and CGO powders, consisting of 

unbroken continuous Ni fibers in CGO matrices (FMS). The new FMS Ni/CGO anode 

exhibited 25% and 60% lower polarization resistance than nano-Ni impregnated CGO scaffold 

electrode and conventional cermet electrode respectively, in excellent quantitative agreement 

with model predictions. In addition, degradation tests revealed encouraging stability of the 

FMS electrode at 600 °C. The fact that it is made by cheap commercially-available micron-

scale materials suggests FMS as a promising electrode design for commercial applications.  

     The study reports for the first time the quantitative determination of contribution of TPB 

and DPB on real MIEC electrodes. The precision of fitting makes it possible to “predict” the 

electrode’s performance from its microstructure and extract the parameters critical to the 

performance. With such a clear guidance, the design and modification of electrodes can be 

more efficient. FMS has proven to be a promising design for MIEC-based anode and opens up 

new possibilities in future electrode design. It is designed according to a different principle - 
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maximizing DPB density rather than TPB density, and shows better performance and stability 

compared with conventional designs, while maintaining a simple and scalable synthesis route. 

There is still large potential to improve the performance and thermal stability of FMS 

electrodes, considering the structure was unoptimized and the use of the same commercially 

available powders used also for conventional cermet electrodes. Electrospinning is a hugely 

flexible technique that can accommodate a wide variety of materials and enables significant 

control of the fiber morphology, so it is straightforward to apply the state-of-art materials in 

the FMS structure with the design guidance of the model, and there is no doubt it will bring a 

significant enhancement to the performance of electrodes.   

4. Experimental Section 

Preparation of Electrodes 

     The fabrication routes of all different types of electrodes described are shown in Figure. S6 

in supplementary information.  

Fabrication of FMS Ni/CGO Symmetrical Cells  

     The preparation method of Ni/CGO FMS electrodes combined the use of electrospinning 

and the conventional tape-casting technique with a modified calcination process.  

     The CGO ink for tape casting was made by mixing commercial CGO (Gd0.9Ce0.1O1.97, 

Praxair, particle size ~0.5 μm) with dispersant (Hypermer KD15), pore former (carbon black), 

binder (ethylcellulose, Hercules EC N-7), solvent (terpineol, 95%, Sigma-Aldrich). 

     The electrospinning precursor was prepared by mixing 2.4 g NiO, 0.3 g of polyacrylonitrile 

(PAN) powder (Goodfellow Cambridge Limited Huntingdon, mean particle size 50 μm, mean 

molecular weight 230,000 g mol−1) in 3 mL dimethylformamide (DMF, VWR chemicals, 

99.90%) and magnetically stirred for 6 h at 60 °C. For electrospinning, the as-prepared 
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precursor solution was filled into a syringe and then driven into the electrospinning nozzle 

(13 mm length, flat-tipped, 19 G, 0.69 mm inside diameter, 1.07 mm outside diameter) by a 

syringe pump (Graesby 3300) at a flow rate of 0.5 mL h-1. The needle was held at 14 kV relative 

to a grounded aluminium collector plate by using a high voltage power supply (GenVolt 

73,030) with a horizontal separation distance of 17.5 cm. The PAN based, NiO-carrying 

continuous nanofibers (NiO-PAN nanofibers) were collected after 15 min of spinning (25 °C, 

50% relative humidity) to form a fiber membrane on aluminium plate. Here PAN is employed 

only as a spinning agent to produce the membrane. The membrane was separated from the 

aluminium plate and heated in air by ramping at 1 °C min-1 up to 300 °C and holding for 2 h to 

pre-carbonize, the aim of this step is to improve the mechanical strength of the fibrous 

membrane. The pre-carbonized NiO-PAN nanofibers were further heated in 50 mL min-1 N2 

with a 2 °C min-1 ramp to 550 °C and held for 1 h in order to fully carbonize the PAN and 

obtain the carbonized NiO fiber membrane. Notably, the continuous fiber shape is maintained 

in the carbonized fiber membrane. To make the lab scale symmetrical cell pellet, the membrane 

was then carefully cut into 16 mm diameter disks, then calcined at 1000 °C for 2 h to oxidize 

and eliminate all the carbon and also to increase mechanical strength by slightly sintering the 

NiO. After the heat treatment the final diameter of NiO membranes was c. 14 mm due to the 

associated volume shrinkage. 

     For the preparation of the CGO matrix, CGO ink was first tape-cast onto a YSZ pellet (8-

YSZ 20 mm pellets, 0.3mm thickness, Fuelcellmaterials). Next, the NiO membrane was put 

into the cast CGO ink and, after it was fully soaked, another layer of CGO ink was cast on the 

top of the NiO membrane. This composite structure was then dried in a vacuum desiccator for 

1 h to remove air and improve wetting between the membrane and the ink. Finally, the electrode 

was calcined at 1250 °C for 5 h and the symmetrical cell was obtained. The thickness of 

electrode is ca. 15 μm. 
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Fabrication of Impregnated Ni/CGO Symmetrical Cells 

     The same CGO ink as described in the previous section was tape-cast on both sides of YSZ 

pellets. After drying in the oven, the cells were calcined in air at 1300 °C for 5 h.  

     In the impregnation process, an iterative process was employed by dropping 4 μL of 2 M 

Ni(NO3)3·6H2O ethanol solution onto the calcined CGO scaffold and then evaporating the 

solvent. The cell was then calcined at 500 °C for 30 min. The process of impregnation, 

evaporation and calcination was repeated until the nickel mass loading reached c. 30wt%, it 

usually took about 10 impregnation steps. Finally, the cell was calcined at 800 °C for 2 h. The 

thickness of electrode is ca. 15 μm.  

Fabrication of Cermet Ni/CGO Symmetrical Cells 

     Two conventional mixed powder cermet electrodes were also produced, using two 

approaches typical in the literature.  

In the preparation of cermet 1, commercial Ni/CGO ink (Fuel Cell Materials) was tape-cast on 

both sides of a YSZ pellet. After drying in the oven, the cell was calcined at 1350 °C for 5 h.  

    For cermet 2, the composite powders of NiO and CGO were synthesized by continuous 

hydrothermal flow synthesis (CHFS) from aqueous salt of nickel nitrate, cerium ammonium 

nitrate and gadolinium nitrate solutions[61]. The nitrate solutions were mixed in superheated 

water at 450 °C and co-precipitated in a slurry, which was then washed and dried. Then the 

cermet was mixed with dispersant (Hypermer KD15), pore former (carbon black), binder 

(ethylcellulose, Hercules EC N-7), solvent (terpineol, 95%, Sigma-Aldrich) to make an ink. 

The symmetrical cells were made by tape-casting the ink on both sides of the YSZ followed by 

a calcination at 1300 °C for 4h.  

Morphology Characterization 
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     SEM images were taken on a Zeiss LEO Gemini 1525, using an in-lens detector and 5 kV 

acceleration voltage. Focused ion beam scanning electron microscope (FIB-SEM) image 

sequences were taken on a Zeiss Auriga Crossbeam[29, 38, 62], with milling currents of 240 

pA (FMS and cermet 1 electrodes), 200 pA (cermet 2 electrodes) or 120 pA (impregnated 

scaffold electrodes), using a backscattered detector and a 1.5 kV acceleration voltage to 

optimise contrast. In order to resolve the smaller Ni particles in the impregnated electrodes, a 

smaller voxel size (9.81×9.81×11.00 nm) was used than for the FMS and cermet 1 electrodes 

(30.71×30.71×30.00 nm). The feature size of cermet 2 is in between that of cermet 1 and 

impregnated electrode, therefore a voxel size of in-between is used (19.66×19.66×20 nm).The 

mean chord length of Ni phase dNi on impregnated, FMS, cermet 1 and 2 Ni/CGO electrodes 

is 0.5, 0.2, 0.4 and 0.2 µm, respectively. The average side length of the reconstructed domain 

of these electrodes is greater than 8·dNi for all electrodes which suggests the volumes should 

be approaching being representative[58, 63, 64]. The 3D structures of the electrodes were 

reconstructed, segmented into three different phases (Ni, ceria and pore) using the convolution 

based Trainable Weka Segmentation tool[65] which is a plugin available as part of the Fiji 

distribution of ImageJ[66] and analysed using Amira-Avizo software. Structural parameters, 

including volume fractions of each phase, surface areas, TPB and DPB densities were extracted 

using the open-source TauFactor Matlab package[67]. The distribution of ceria-pore DPB 

weighted with respect to distance from the nearest nickel phase region was extracted from the 

FIB-SEM images using a cellular automata algorithm developed in Python (see below). 
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Definition of DPB Boundary weighted by distance to nickel 

     Inspired by Rinaldi et al.[68], we define an intra-ceria distance to measure length of the 

shortest path through bulk ceria[69] from a ceria point to ceria-nickel DPB, which is connected 

to the percolated Ni network. Figure 6a shows a cross section of three-dimensional tomography 

data in voxel grids and colour of each voxel represents its phase (Ni is shown in grey, the CGO 

is reported in white and the pore phase is in black). The intra-ceria distance is approximated 

with the length of the nearest path (marked in red) among all possible paths from a given ceria-

pore DPB to ceria-nickel border, which is different from Euclidean distance (marked in blue).  

     Calculation of this non-Euclidean distance is non-trivial due to no analytical solutions. 

Usually, traversal is a straight-forward approach solving this problem by traversing all possible 

paths from the chosen ceria-pore DPB point to any ceria-nickel DPB points and finding the 

shortest one. However, naïve traversal algorithm demonstrates critical drawbacks on 

computational complexity: time and space consumption grow exponentially as the traversal 
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operation proceeds. Therefore, we propose here a cellular automata algorithm with parallel 

computing, which is equivalent to naïve traversal but reduces computational complexity 

dramatically (source code is provided in Supplementary Information).  

     A brief mathematical description of the algorithm is presented as follow: We define a 3D 

continuous cellular automata 𝐶 ∈ 𝑅𝑚×𝑛×𝑙 corresponding to voxel grids (also called cells) of 

the segmented tomographic dataset containing ceria, nickel and pore phases. Since the distance 

is measured inside the ceria phase, only ceria cells are active during iteration due to and values 

of nickel and pore cells keep fixed after initialisation. For a certain cell i, its neighbourhood Ni 

is defined as a set of all its adjacent cells including diagonal ones, which consists of neighbours 

in total for 3 × 3 × 3 neighbourhood.  

     We define a non-Euclidean measurement 𝐷(𝑖, 𝑗) as the distance-within-ceria between two 

cells, which can be expressed in a recursive form: 

 

𝐷(𝑖, 𝑗) = {
0                                                                 

min∀𝑘∈𝑁𝑖 𝐸(𝑖, 𝑘) +  𝐷(𝑘, 𝑗)             
 

if 𝑖 = 𝑗

Otherwise
 

(1) 

 

where 𝐸(𝑖, 𝑘) is the Euclidean (L2) distance between two cells in grid space. 

     The aim of our cellular automata algorithm is to evolve from an initial state 𝐶0  towards a 

final state 𝐶∗, which is the minimum distance map between each point within the bulk of ceria 

to its nearest ceria-nickel border. 𝐶∗ satisfies: 

 𝐶∗(𝑖) = min
𝑗∈𝑆𝑐&𝑛

𝐷(𝑖, 𝑗) (2) 
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where 𝑆𝑐&𝑛  represents the set of all ceria-nickel border cells. Combined with Eq. (1) above, Eq. 

(2) can be written as: 

            𝐶∗(𝑖) = min
𝑗∈𝑆𝑐&𝑛 ,𝑘∈𝑁𝑖

[𝐸(𝑖, 𝑘) + 𝐷(𝑘, 𝑗)] (3) 

 
                      = min

𝑘∈𝑁𝑖
[𝐸(𝑖, 𝑘) + min

𝑗∈𝑆𝑐&𝑛

𝐷(𝑘, 𝑗)] 
(4) 

                       = min
𝑘∈𝑁𝑖

[𝐸(𝑖, 𝑘) + 𝐶∗(𝑘)] (5) 

     The entire continuous cellular automata algorithm is described as: 

     INPUT: set of ceria cells 𝑆𝑐, set of ceria-nickel border cells 𝑆𝑐&𝑛 (notice 𝑆𝑐&𝑛 ∩ 𝑆𝑐 = ∅) 

     STEP1 Initialisation: 

𝐶0(𝑖) ← {
0

𝑖𝑛𝑓
 

𝑖𝑓 𝑖 ∈ 𝑆𝑐&𝑛

𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

(6) 

     STEP2 Repeat: 

 ∀i ∈ 𝑆𝑐 , 𝐶𝑡+1(𝑖) ← min
𝑘∈𝑁𝑖

[𝐸(𝑖, 𝑗) + 𝐶𝑡(𝑘)] 

 

(7) 

     Until 𝐶𝑡+1 = 𝐶𝑡 

     OUTPUT: 𝐶∗ ← 𝐶𝑡 

     The cellular automata is initialised with an initial state 𝐶0 with only two values: 0 for ceria-

nickel DPB cells and inf (unknown) for the rest. The updating rule of cellular automata is to 

find the length of the current optimal path towards the ceria-nickel DPB via different 

neighbourhood cells. After a finite number of repetitions, cellular automata will eventually 
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converge to 𝐶∗. Values of ceria cells represents the minimum intra-ceria distance to ceria-nickel 

DPB (see Figure. 6b).   

     With the distance map 𝐶∗, DPB within certain distance 𝑑 of ceria phase can be achieved by 

simply finding the number of cells satisfying: 

 𝑖 ∈ 𝑆𝑐𝑝 , 𝐶∗(𝑖) < 𝑑 (8) 

where 𝑆𝑐𝑝  is a set containing all ceria-pore DPB cells. After the CGO-pore border voxels are 

extracted, border voxel density within desired distance as a function of the distance y is 

calculated and used to generate the distribution.  

     To briefly summarize the above process, first the code counted how many CGO voxels there 

are between a CGO voxel to its nearest nickel voxel through a cellular automata algorithm. Then 

through the voxel size we put in, it calculated the distance of that CGO voxels to its nearest Ni and 

applied this to all CGO voxels. Then the code extracted the CGO voxel at the interface of CGO and pore 

(i.e. the DPB) and counted the number of voxels with respect to different distance values.  

From this we can get the DPB density at distance y from nickel phase:  

 
DPB density at y =

𝑉𝑜𝑥𝑒𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑎𝑡 𝑦

𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑥𝑒𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑎𝑡 𝐷𝑃𝐵
× 𝑇𝑜𝑡𝑎𝑙 𝐷𝑃𝐵 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

 

(9) 

 

     Finally we plotted DPB density with distance and get the DPB density distribution.  

 

     This algorithm was developed in Python with CUDA acceleration. The source code can be 

found in the supplementary information. 

Electrochemical Modelling  
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     The quantification of the microstructural contribution to the electrode polarisation resistance 

is performed using a continuum pseudo-2D physically-based model, which takes into account 

the main transport and reaction phenomena taking place within the Ni/CGO anodes. Two 

reaction pathways for hydrogen oxidation are considered: a surface path (Eq. (10a)), taking 

place at the DPB (i.e., on the CGO-pore surface), and a TPB path (Eq. 10b))[12]: 

𝐻2(𝑔) + 𝑂(𝐶𝐺𝑂)
2− → 𝐻2𝑂(𝑔) + 2𝑒(𝐶𝐺𝑂)

−  (10a) 

𝐻2(𝑔) + 𝑂(𝐶𝐺𝑂)
2− → 𝐻2𝑂(𝑔) + 2𝑒(𝑁𝑖)

−
 (10b) 

Due to the small electrode thickness and the large diffusivities of gas species, gas transport 

resistances are neglected, so uniform hydrogen and water partial pressures are assumed 

throughout the anode thickness[29]. Similarly, due to the large electronic conductivity of Ni, 

the electrochemical potential of electrons in Ni is considered uniform[70] and equal to the 

applied electrode overpotential ed. 

     Under these simplifications, the conservation of ionic current density JO along the electrode 

thickness results as follows: 

𝜕𝐽𝑂

𝜕𝑥
= 𝑖𝑇𝑃𝐵

𝑣 + 𝑖𝐷𝑃𝐵
𝑣  

(11) 

thus, taking into account the current generation per unit of electrode volume given by the TPB 

and the DPB reaction pathways, 𝑖𝑇𝑃𝐵
𝑣  and 𝑖𝐷𝑃𝐵

𝑣 , respectively. The ionic current density JO is 

assumed to obey the diffusion-drift equation[13, 36, 71]: 

𝐽𝑂 = −𝜎𝑂
𝑒𝑓𝑓 𝜕�̃�𝑂

∗

𝜕𝑥
 

(12) 
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where 𝜎𝑂
𝑒𝑓𝑓

 is the effective ionic conductivity of CGO and �̃�𝑂
∗  is the reduced electrochemical 

potential of oxygen ions in CGO[13, 72]. Notably, �̃�𝑂
∗  is set equal to 0 V at the anode/electrolyte 

interface (x = hed, where hed is the anode thickness) as a reference potential and no ionic flux 

(i.e., JO = 0) is set at the anode/current collector interface (x = 0). 

     The current density produced by the TPB reaction path 𝑖𝑇𝑃𝐵
𝑣  is assumed to follow linear 

Butler-Volmer kinetics[73]: 

𝑖𝑇𝑃𝐵
𝑣 = 𝐿𝑇𝑃𝐵

𝑣 𝑘𝑇𝑃𝐵(𝜂𝑒𝑑 − �̃�𝑂
∗ ) (13) 

which is a valid assumption near open-circuit conditions, where kTPB is the kinetic constant of 

reaction (10b), 𝐿𝑇𝑃𝐵
𝑣  is the TPB density per unit volume and 𝜂𝑒𝑑 − �̃�𝑂

∗  is the activation 

overpotential, equal to the difference between the reduced electrochemical potential of 

electrons in Ni (𝜂𝑒𝑑) and the reduced electrochemical potential of oxygen ions in CGO (�̃�𝑂
∗ ). 

Any partial pressure-dependence on kTPB is neglected for simplicity. 

     The current density produced by the DPB reaction path 𝑖𝐷𝑃𝐵
𝑣  is evaluated by solving for the 

electronic transport in CGO and the surface reaction (Eq. (10a)) along the local scale y. The 

local scale y is defined as the shortest line through ceria phase connecting the ceria-nickel 

contact with points on the ceria-pore DPB, as shown by the line CD on Figure. 6a. It runs from 

y = 0, which is a ceria-nickel border at any integral coordinate x, to y = δCGO, which is the 

maximum distance of a CGO-pore surface cell as evaluated by the cellular automata described 

in the previous section. Thus, while the integral scale x solves for the transport of oxygen ions 

along the electrode thickness, the local scale y solves for the lateral transport of electrons in 

CGO produced by the DPB reaction (Eq. (10a))[13].  

     The electronic charge balance on the local scale y is equal to: 
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𝜕𝐽𝑒

𝜕𝑦
= −𝑖𝐷𝑃𝐵𝑎′𝐷𝑃𝐵𝛿𝐶𝐺𝑂 

(14) 

where 𝑎′𝐷𝑃𝐵 is the DPB density distribution, evaluated according to the cellular automata as a 

function of y for different electrode microstructures, and Je is the electronic current density in 

CGO, calculated according to the diffusion-drift equation: 

𝐽𝑒 = −𝜎𝑒
𝑒𝑓𝑓 𝜕�̃�𝑒

∗

𝜕𝑦
 

(15) 

where 𝜎𝑒
𝑒𝑓𝑓

 is the effective electronic conductivity of CGO and �̃�𝑒
∗  is the reduced 

electrochemical potential of electrons in CGO. In particular, �̃�𝑒
∗  is equal to the electrochemical 

potential of electrons in Ni phase, equal in turn to ed, at the ceria-nickel border (y = 0) while 

no electronic flux Je = 0 is enforced at y = δCGO.  

     The current density produced by reaction (10a) per unit of DPB surface iDPB is evaluated 

according to Ciucci et al.[13] as: 

𝑖𝐷𝑃𝐵 = 𝑘𝐷𝑃𝐵,0𝑝𝑂2

−1/4(�̃�𝑒
∗ − �̃�𝑂

∗ ) (16) 

that is, proportional a surface-specific kinetic constant kDPB,0, the oxygen partial pressure raised 

to the power -1/4 and the reduced electrochemical potential difference between electrons and 

ions in CGO. By integrating for the local scale y, the DPB current density per unit of electrode 

volume 𝑖𝐷𝑃𝐵
𝑣  to be used in Eq. (11) can be calculated from the electronic current at y = 0, as 

follows: 

𝑖𝐷𝑃𝐵
𝑣 =

𝐽𝑒(𝑦 = 0)

𝛿𝐶𝐺𝑂
 

(17) 
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     The effective conductivities 𝜎𝑂
𝑒𝑓𝑓

 and 𝜎𝑒
𝑒𝑓𝑓

 are calculated by correcting the bulk 

conductivities O and e, which depend on temperature and oxygen partial pressure as from 

Atkinson et al.[68], for the CGO volume fraction and tortuosity factor (i.e., 𝜎𝑖
𝑒𝑓𝑓

=
𝜀𝐶𝐺𝑂

𝜏𝐶𝐺𝑂
𝜎𝑖), 

which are evaluated by 3D microstructural analysis along with 𝐿𝑇𝑃𝐵
𝑣 , δCGO and 𝑎′𝐷𝑃𝐵. The set 

of Eqs. (11-17) represents a pseudo-2D model of the TPB and DPB reaction pathways to be 

solved in the variables �̃�𝑂
∗ (𝑥) and �̃�𝑒

∗(𝑦), with two unknown fitting parameters, namely the 

kinetic constants kTPB and kDPB,0. By numerically solving the model, the electrode polarisation 

resistance Red is evaluated as: 

𝑅𝑒𝑑 =
𝜂𝑒𝑑

𝐽𝑒𝑑
 

(18) 

where the total electrode current density is equal to the ionic current evaluated at the electrolyte 

interface, 𝐽𝑒𝑑 = 𝐽𝑂(𝑥 = ℎ𝑒𝑑). 

      In order to quantify the contribution of different phenomena to the electrode polarisation 

resistance, the effects of the DPB density distribution 𝑎′𝐷𝑃𝐵 and, in turn, of the CGO electronic 

conductivity can be eliminated by removing the local scale y. This means that the electronic 

conductivity within CGO is assumed to be infinitely fast and the whole DPB density is 

supposed to be equally accessible for the surface reaction (Eq. (10a)). Such a simplification can 

be implemented by replacing Eq. (17) with: 

𝑖𝐷𝑃𝐵
𝑣 = 𝑎𝐷𝑃𝐵

𝑣 ∙ 𝑖𝐷𝑃𝐵  (19) 

where 𝑖𝐷𝑃𝐵 is evaluated from Eq. (16), with �̃�𝑒
∗ = 𝜂𝑒𝑑, and 𝑎𝐷𝑃𝐵

𝑣  is the DPB density per unit 

volume. By replacing Eq. (19) in Eq. (11), the system of governing equations is reduced to a 

1D model comprising ionic transport and the two parallel reactions (Eq. (10a) and (10b)), 
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without any contribution of the CGO electronic resistance and the DPB density distribution 

from the Ni phase. 

Electrochemical Characterization of the Symmetrical Cells  

     All the symmetrical cells were placed in custom rig (Figure. S7) and tested using an 

electrochemical workstation (Autolab, Metrohm) in a two-electrode configuration. 

Electrochemical impedance spectroscopy (EIS) was performed from 600-800 °C, 0.02-

100000 Hz, under flow of 3% humidified 10% H2/N2 gas mixture with a flowrate of 100 ml 

min-1. The ohmic resistance of the sample rig is acquired using the multimeter on the short-

circuited sample rig. The rig is placed in the same condition we used to test the symmetrical 

cell: 3% humidified 10% H2/N2 gas mixture with a flowrate of 100 ml min-1, at 600, 700, 800 

°C respectively. The resistance was tested three times at each temperature, and the average of 

the three measurements is taken as the rig’s ohmic resistance at given temperature. 

     EIS tests were also performed during aging on FMS symmetrical cells at 600 °C for a total 

of 118 h, and at 800 °C for 82 h, to examine the stability and degradation pattern of electrodes 

at operating temperatures[33, 48]. All EIS data was processed by ZView software (Scribner 

Associates).  
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