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Abstract: 

Nano-structuring methods are actively applied to solid oxide fuel cell electrodes to 

reduce the operating temperature while preserving a high electro-catalytic activity. The 

unique nanoscale microstructure is vital to electrochemical performance, yet not well 

quantified in three dimensions. Here, with a multi-stage recovering principle of distance 

correlation functions, the three-dimensional microstructures of La0.8Sr0.2MnO3-δ 

nanoparticles infiltrated porous Y0.16Zr0.84O2-δ electrodes are reconstructed with a 

dimension of 1024×1024×1024 voxels at a resolution of 7.5 nm from one two-

dimensional micrograph. The key geometric characteristics, such as tortuosity factors, 

active surface/interface areas and three-phase boundary length, are calculated from the 

reconstructed three-dimensional microstructures at various loadings of La0.8Sr0.2MnO3-

δ. Combining with the analysis of distribution of relaxation times, the active three-phase 

boundary length is shown to be the main factor governing the electrode impedance, and 

is related quantitatively to the electrochemical process at high frequency. The accuracy 

of capturing nanoscale features is validated by the focused ion beam sectioning dataset 

of a Ni-Y0.16Zr0.84O2-δ electrode at nanoscale resolution. This work provides a 

promising strategy for reconstructing three-dimensional heterogeneous nanostructures 

from one super-resolution two-dimensional micrograph, and demonstrates a 

quantitative approach for uncovering processing-structure-property relationships of 

nanostructured electrodes and beyond. 
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1. Introduction 

The performance of solid oxide fuel cells (SOFCs) is dominated by the activities of 

electrode processes, such as gaseous diffusion in pores, chemical and electrochemical 

reactions at materials surface, conduction of charged species in bulk materials and 

charge transfer at interfaces [1]. The electrode processes are strongly affected by the 

coupled effects of electrochemical properties and three-dimensional (3D) 

microstructures of electrodes. In the nano-structured electrodes prepared by infiltration 

[2-6] or exsolution [7-10] of nano-scale (typically 50 nm) catalytic particles for low-

temperature and high-performance SOFCs, the size dependence of materials catalytic 

properties and the overlaps in the characteristic time and spatial scales of electrode 

processes, further complicate the electrochemo-structural interactions, and make it 

difficult to analyze the electrode processes. Up to date, only a few reports are available 

on the structure-property relationships of the nano-structured electrodes. A widely-

accepted mechanism has not been achieved. But several arguments have been proposed 

concerning the idealized understandings of the complex nano-structures. Zhu and co-

workers [11] developed a geometric model for the nano-structured electrodes with the 

following idealizations: 1) the porous backbone network of electrode is considered to 

be a random packing system of spherical particles with a certain contacting angle to 

represent the degree of sintering, 2) the backbone is then covered by a monolayer of 

spherical nano-particles as the infiltrated catalytic material, 3) the rate-limiting 

reactions take place at the backbone/infiltrate/pore three-phase boundaries (TPBs). This 

model predicts that the nano-structured electrodes have a higher density of TPBs 

compared with the composite electrodes comprised of micron-sized particles by 

powder-mixing-sintering process, therefore indicating a lower electrode polarization 

resistance of nano-structured electrodes. Ding et al. [12] refined this model and 
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suggested that a heavy infiltration loading leads to multi-layer stacking of nano-

particles and further produces isolated pores, therefore decreasing the density of 

accessible TPBs. This model provides an explanation of the optimal infiltration loading 

corresponding to the lowest polarization resistance in terms of accessible TPB length. 

Another model is proposed by Tanner et al. [13] who idealized the electrode as 

regularly-spaced backbone slabs coated by a dense infiltrate thin film. The electrode 

polarization resistance is expressed as an explicit function of the width and the spacing 

of the slabs. This model proposed a conceptual design for the nano-structured electrodes 

before the surge of experimental studies. Nicholas et al. [14] developed a refined 

version of this model, considering that the backbone slabs are coated by the infiltrate 

as a monolayer of isolated, hemispherical nanoparticles, which is much closer to the 

true microstructures. Shah et al. [15] assumed that the electrode polarization resistance 

is dominated by surface area of the hemispherical infiltrate nanoparticles. These models 

are essentially of the zeroth-order. Compared with the models by Tanner, Nicholas and 

Shah, the models by Zhu and Ding seem more suitable in describing the electrode 

backbone, since the backbone is usually fabricated by sintering of granular powder 

slurry. In fact, the random-packed-sphere approach has been widely used in modeling 

composite electrodes [16-19]. One issue, however, is the need of careful calibrations of 

the contacting angle between backbone particles, which introduces additional 

uncertainties. Another issue is the controversy in assigning the contacting angle 

between infiltrated particles and backbone particles. Zhu and Ding assumed a 

contacting angle of 15o [11, 12], while Nicholas and Shah used 90o (hemispherical) [14, 

15]. In terms of the structure-property relationship, the models by Zhu and Ding are 

applicable to the electrodes where surface exchange reactions are constricted at TPBs, 

e.g. (La,Sr)MnO3 (LSM) infiltrated yttria-stabilized zirconia (YSZ) electrodes. The 
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models by Tanner, Nicholas and Shah are usually applied to the electrodes where 

surface exchange reactions take place at the surface of infiltrated particles, e.g. 

(La,Sr)(Co,Fe)O3 infiltrated electrodes. Although analytic, these models face 

challenges in making quantitative predictions due to over-simplifying the electrode 

microstructures. In addition, numerical simulations have been developed to simulate 

the true 3D nano-structured electrodes. Zhang et al.[20-22] studied the evolution of 

geometric properties of the electrodes, e.g. total and percolated TPB lengths, 

surface/interface areas, and tortuosity factors of single/dual-phase backbone infiltrated 

by single/dual-phase nanoparticles, as a function of infiltration loading with a numerical 

random-packed-sphere algorithm, considering the risk of aggregation of infiltrated 

nanoparticles. They also performed Monte Carlo simulations to study the coarsening of 

nanostructures [23]. Researchers have developed other models, such as the particle-

based numerical models [24, 25] and the phase-field models [26, 27] for better 

understandings of infiltrated electrode microstructures in a general manner. However, 

the empirical model parameters need careful calibrations to represent true 

microstructures. Quantification of electrode microstructures is therefore critical to 

resolving the structure-property relationships. In the past decade, X-ray computed 

tomography (XCT) and focused ion beam serial sectioning- scanning electron 

microscopy (FIB-SEM) have been employed to image the 3D microstructures of SOFC 

electrodes [28-33]. According to the record of Web of Science database by searching 

topic on "solid oxide cell" & "tomography" or "FIB", more than 500 articles have been 

published since the first attempt of reconstructing a SOFC Ni-YSZ anode by FIB-SEM 

in 2006 [29]. Almost all studies were demonstrated on the composite electrodes 

prepared by powder-mixing and sintering processes, such as Ni-YSZ [34], LSM-YSZ 

[32, 33] and porous mixed-conducting perovskite electrodes [31], since the 
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characteristic feature in the composite electrodes, such as the particle size (usually of 

micron or sub-micron), could be captured clearly by the state-of-the-art 3D imaging 

technologies with a typical resolution of 10-50 nm. For the reconstruction of nano-

structured electrodes, however, only two attempts are reported by one research group, 

who utilized FIB-SEM to reconstruct Ni infiltrated YSZ anodes [35, 36]. There is not 

yet a report for reconstruction of nano-structured electrodes using XCT. Although 

extensive experimental studies have been performed on nano-structured electrodes, the 

3D microstructures have not been well quantified. Therefore, more efforts are needed 

for correlation between electrode microstructures and properties in nano-structured 

electrodes. 

In a previous work [37], a high-throughput 3D reconstruction method was 

developed based on a multi-stage recovering procedure of distance correlation 

functions (DCFs). This method provides a feasibility of reconstructing 3D 

microstructures from a single phase-segmented 2D micrograph at a micron-scale 

resolution. Since a nano-resolution 2D micrograph is easily obtainable by 2D imaging 

technologies, e.g. SEMs, the DCF recovering method is in principle applicable to 

reconstructing the nano-structured SOFC electrodes. 

In this work, a 3D reconstruction of LSM infiltrated YSZ electrode from one 

representative nano-resolution (7.5 nm) 2D micrograph is demonstrated using the DCF 

recovering method. The geometric characteristics of electrodes under different LSM 

loadings are then calculated from the 3D reconstructions, and correlated quantitatively 

to the electrode performance by analyzing the distribution of relaxation times (DRT) of 

the impedance spectra. The ability of capturing nano-scale spatial features of the DCF 

recovering method is validated by a FIB-SEM dataset of a composite Ni-YSZ electrode 

with 50 nm resolution. 
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2. Experimental 

2.1 Fabrication of Symmetric LSM infiltrated YSZ Cells 

NiO powders, synthesized by a glycine-nitrate process were used as the pore former of 

the YSZ backbone to introduce uniformly sized and distributed pores. Ni(NO3)2·6H2O 

(≥ 98%, Sinopharm Chemical Reagent Co. Ltd) were dissolved in distilled water, and 

glycine was subsequently added to the solution with a molar ratio of glycine:Ni2+ as 

0.6914:1. The solution was then heated on a hot plate until ignited to flame. Then the 

as-synthesized powders were calcined at 850 °C for 4 h. The YSZ (Y0.16Zr0.84O2-δ, Fuel 

Cell Materials) powders were uniaxially pressed into pellets under 250 MPa, with a 13 

mm diameter stainless steel die. To prepare the porous YSZ frame of the electrode 

layers, YSZ and NiO powders with 60 wt.% NiO were mixed with ethyl cellulose and 

α-terpineol to obtain a YSZ-NiO slurry. Then, the slurry was printed symmetrically 

onto both sides of the fresh YSZ pellets via a screen-printing technique. After drying, 

the fresh sandwich bodies were sintered at 1450 °C for 5 h in air to obtain a NiO-

YSZ/YSZ/NiO-YSZ three-layer structure. The pellets were then treated in H2/Ar (5 % 

H2) at 750 °C for 150 minutes to reduce NiO to Ni. The reduced samples were leached 

in a 2.0 M nitric acid solution at 90 °C for 12 h to remove Ni. Then, the porous YSZ 

backbones were infiltrated with 0.2 M LSM (La0.8Sr0.2MnO3-δ) solution, a mixture of 

La(NO3)3·nH2O (≥99.0%), Sr(NO3)2 (≥99.5%), Mn(NO3)2 (≥99%) and glycine 

(Sinopharm Chemical Reagent Co. Ltd). The molar ratio of glycine to nitrate was 0.5. 

Each infiltration step was followed by drying and heating at 750 °C for 2 h to form 

LSM nanoparticles. 

2.2 Electrochemical Characterization 

Silver pastes (Sina-Platinum Metals Co. Ltd.) were applied on both sides of the 

symmetrical cells as the current collector. The electrochemical impedance spectra of 



 8 

the infiltrated symmetric cells at 600 - 850 °C in air were measured using an 

electrochemical workstation (Solartron 1260 & 1287) with an AC amplitude of 10 mA 

in the frequency range typically from 1 MHz to 0.01 Hz. DRT of electrochemical 

processes were calculated from the impedance spectra [38]. 

2.3 Collection of 2D micrographs and 3D reconstructions 

Internal pores in electrodes were filled by immersing the symmetric cells in epoxy resin 

(EpoFix, Electron Microscopy Sciences, Hatfield, PA) for 10 min, and then hardened 

for 12 h in air. Each cell pellet was cut with a diamond saw to obtain two fracture 

surfaces with a crossing angle of about 100o. Then the fracture surfaces were ground 

using SiC papers from 240 to 800 grit, and polished by colloidal silica (W0.25). FIB 

milling (HELIOS NanoLab 600i, FEI) was used to fabricate a 2D cross-section of the 

electrode, normal to one as-polished surface of the sample, as schematically 

demonstrated in Fig. 1. In order to enhance the contrast between LSM and YSZ, high-

magnified (15000×) localized micrographs were collected using SEM InLens signal 

(ZEISS SUPRA55) with a voltage of 5 kV, and then stitched for each electrode. An 

anisotropic diffusion smoothing was applied on the raw SEM micrograph to eliminate 

noise. The phases of LSM, YSZ and pores were segmented using a watershed 

algorithm. Then, the 3D microstructure was reconstructed via a N-stage two-point 

exchanging process so that its DCFs converge to those of the 2D micrographs. 

Mathematically, the global objective is to minimize the energy functional, defined by, 

2
1

10 3D; , ; 10 2D; , ;
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i jDCF m+ −

Γ / 3D; , ; ( )n

i jDCF mΓ  
denotes the DCFs between phase i and phase j 

of the 2D/3D microstructures at a distance of m pixels/voxels along direction Γ at the 

nth stage of reconstruction. The direction Γ consists of nearest neighbor (NN) directions 
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([100], [010], [001]) and the next-nearest neighbor (NNN) directions ([110], [110] , 

[101], [101] , [011], [011] ). A detailed explanation of the DCF recovering method is 

reported in [37]. In this work, the two-point swap was accepted if the energy functional 

is decreased and the total TPB length of the 3D microstructure approaches to the TPB 

length of the 2D micrograph determined by the stereological method [39]. The 

exchanging process continued until ε was below 10-7, or ε ceased deceasing after 100 

continuous attempts of two-point swaps. Geometric characteristics of the 3D 

reconstructed microstructures were then calculated [21, 40]. 

 

Figure 1. Schematic diagram showing the fabrication of 2D cross-section of the LSM 

infiltrated YSZ cathode by FIB milling (a) and a high-magnification image of the 2D 

cross-section collected by SEM InLens signal under low voltage (b). 

 



 10 

 

 

Figure 2. 2D cross-sectional micrographs of the LSM infiltrated YSZ electrodes with 

LSM loadings of 2.11, 4.74, 7.05 and 26.14 vol.%. a) SEM images of the electrodes, 

which are spliced from several SEM images to obtain a big field of view under a high 

resolution. b) Phase segmented images where yellow color denotes LSM, gray color 

denotes YSZ and white color denotes pores. 

3. Results and discussion 

Fig. 2 shows the raw SEM image (Fig.2a) and the phase-segmented micrographs 

(Fig. 2b) of the LSM infiltrated YSZ electrodes at various LSM loadings. The pixel 

size of the micrographs is 7.5 nm. According to the phase-segmented micrographs, 

LSM loadings for the electrodes are determined to be 2.11, 4.74, 7.05 and 26.14 vol.%. 

Then, the 3D microstructures at different LSM loadings are reconstructed based on the 

DCFs between LSM, YSZ and pore phases from the 2D phase-segmented micrographs. 

As is known, the effective thickness of composite SOFC electrodes is about 10 μm. 

For nano-structured electrodes, the effective thickness is relatively smaller [41]. 

T h e r e f o r e ,  t h e  t a r g e t  d i m e n s i o n  o f  t h e  3 D  
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Figure 3. DCFs along NN (a) and NNN (b) directions of the binary pairs between LSM, 

YSZ and pores. Scatters denote the objective DCFs of the 2D micrographs shown in 

Fig. 2b. Lines denote the DCFs of the reconstructed electrodes. 

 

reconstructed microstructures is set as 1024×1024×1024 voxels with a voxel size of 

7.5 nm, that is 7.68×7.68×7.68 μm3. This dimension is huge compared to those by other 

3D imaging technologies (200 ~ 400 voxels in each dimension). To this end, a six-

stage reconstruction is used. Due to the tremendous difference in the characteristic 

sizes of LSM and YSZ particles, the first four stages only reconstruct the YSZ 

backbone, and LSM infiltrate is then introduced at the end of the 4th stage by replacing 

pore voxels close to backbone with LSM voxels. The reconstructions of the four 

electrodes are accomplished within 60 hours,  running on a custom-built  
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Figure 4. 3D reconstruction of the LSM infiltrated YSZ electrodes with several LSM 

loadings. a) 3D reconstructed microstructures with a dimension of 1024×1024×1024 

voxels at a voxel size of 7.5 nm by the DCF method, according to the 2D micrographs 

in Fig. S6. A corner is cropped off for better visualization. b) 3D distributions of three-

phase boundaries, calculated from the matrixes in (a). 

 

workstation equipped with 128 GB RAM and 2.6 GHz CPU (32 cores). The DCFs of 

the reconstructed microstructures match with those of the 2D micrographs (Fig. 3). In 

particular, the DCFs with low values and tiny fluctuations for the nano-sized, low-

content LSM infiltrate are captured accurately, due to the logarithmic DCFs in the 

criterion of energy functional (Eq. 1). The 3D reconstructed microstructures of the 

electrodes are shown in Fig. 4a (LSM in yellow, YSZ in gray, and pores transparent). 

Based on the 3D reconstructions, distributions of TPBs are calculated and visualized 

in Fig. 4b. Herein, TPBs are separated into isolated TPBs (in black) and active (or  
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Figure 5. Quantitative analysis of the LSM infiltrated YSZ electrodes with the various 

LSM loadings. a) Geometric properties of the reconstructed electrodes. b, c) 

Electrochemical impedance of the electrodes measured in symmetric cells under open 

circuit condition and the distribution of relaxation times (DRT) at (b) 750 oC and (c) 

800 oC. d) Temperature dependence of the polarization resistances (Rp) of the high 

frequency (HF) process and the low frequency (LF) process, determined from the DRT 

data shown in (b, c). 

 

percolated) TPBs (in yellow). As shown in Fig. 4b, with 2.11 vol.% LSM, all TPBs are 

isolated. Active TPBs form at 4.74 vol.% LSM, and increase as the LSM content 

increase to 7.05 vol.%. However, active TPBs decrease dramatically when LSM content 

is 26.14 vol.%. The variation in TPBs with LSM content indicates a change in electrode 
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performance. Fig. 5 shows the quantitative analysis of geometric properties (Fig. 5a), 

including percolation probabilities of YSZ (PYSZ), Pore (PPore), LSM (PLSM) networks, 

the total and percolated volumetric densities of LSM-YSZ interface (ALSM-YSZ, 

P

LSM-YSZA ), LSM surface (ALSM-Pore, 
P

LSM-PoreA ), YSZ surface (AYSZ-Pore, 
P

YSZ-PoreA ), the 

tortuosity factors of LSM (τLSM), YSZ (τYSZ) and Pore (τPore) networks, the total and 

active TPB length densities (LTPB, P

TPBL ), and electrochemical impedance analysis of 

the electrodes (Fig. 5b-d). As shown in Fig. 5a, the percolation probabilities of YSZ 

(PYSZ) and pores (PPore) are nearly 100%, independent of the LSM content. With 2.11 

vol.% LSM loading, the percolation probability of LSM (PLSM) is zero, leading to zero 

percolated LSM-YSZ interface area ( p

LSM-YSZA ), zero percolated LSM surface area (

p

LSM-PoreA ), infinite LSM tortuosity factor (τLSM) and zero active TPB length ( p

TPBL ). 

With the increase of LSM content, percolation probability of LSM increases, forming 

active TPBs. In addition, LSM-YSZ interface area increase when YSZ surface area 

decreases, thus leading to a maximum TPB length at 7.05 vol.% LSM. As indicated by 

the Nyquist plots of electrode impedance spectra in Fig. 5b and 5c, the electrode 

polarization resistance first decreases to a minimum as the LSM content increases to 

7.05 vol.%, and then increases notably at 26.14 vol.% LSM. This trend agrees with the 

variation in TPB length. The other geometric factors, however, change monotonously 

or are insensitive to LSM loadings. Thus, TPB length is strongly correlated with 

electrode performance. A stronger evidence is shown by the plots of distribution of 

relaxation times (DRT) in Fig. 5b and 5c. The DRT at 2.11 vol.% LSM exhibits the 

feature of Gerischer impedance, which can be attributed to the co-limitation of 

adsorption and diffusion of oxygen species at the internal surface of the electrode[42]. 

I n  t h i s  c a s e ,  L S M  p a r t i c l e s  a r e  i s o l a t e d ,  a n d  c a n n o t  p r o v i d e  
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Table 1. Geometric properties resolved from the 3D reconstruction, polarization 

resistance of the high frequency process (charge transfer at TPBs) of the electrodes and 

ionic conductivity of YSZ for calculation of charge transfer resistance per TPB length. 

RHF is the resistance of the HF process, σYSZ is the ionic conductivity of YSZ, YSZ is 

the volume fraction of YSZ backbone, LP
TPB is the active TPB length density, and τYSZ 

is the tortuosity factor of YSZ backbone. 

LSM 

vol.% 

YSZ 

vol.% 
τYSZ 

LP
TPB 

μm-2 

RHF, Ωcm2 

650 oC 700 oC 750 oC 800oC 

4.74 49 1.89 14.32 0.225 0.125 0.0666 0.0401 

7.05 45 1.79 29.75 0.200 0.103 0.0522 0.0287 
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Figure 6. Temperature dependence of charge transfer resistance per TPB length (RTPB), 

determined from the particle layer model and the data shown in Table 1. 
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electronic conduction, thereby restricting charge transfer reactions to the interface 

between current collector and electrode. At higher LSM loadings, a new DRT peak (or 

process) at high frequency (HF, 103-104 Hz) appears, while the Gerischer-like peak at 

low frequency (LF) are eclipsed, indicating a transition in reaction mechanisms. In this 

case, LSM particles are connected into percolated networks, thus active TPBs are 

connected throughout the electrode. It is noted that the variations in the resistance of 

the HF process (enclosed area by the peak) with respect to LSM loading coincide with 

the changes in the active TPB length. In addition, the temperature dependence of 

resistance (Fig. 5d) shows that the LF and HF peaks reflect different physical natures. 

Featured by the activation energy of 0.99-1.11 eV, the HF peak is attributed to the 

charge transfer process at active TPBs [43], where direct TPB reactions [44] and the 

reaction-diffusion process at the vicinity of TPBs [42] can be included. With the 

particle-layer model [41], we can resolve the charge transfer resistance per TPB length, 

given by 

2 P

TPB HF YSZ YSZ TPB YSZ/R R L  =                    (2) 

where RHF is the resistance of the HF process, σYSZ is the ionic conductivity of YSZ, 

and YSZ is the volume fraction of YSZ backbone (Table 1). RTPB of the electrodes are 

determined to be 2.5×104 Ωcm (800 oC), 5.5×104 Ωcm (750 oC), 1.1×105 Ωcm (700 oC) 

and 2.5×105 Ωcm (650 oC), which are insensitive to LSM content, or in other words 

insensitive to active TPB length, as shown in Fig. 6. Therefore, the electrode 

performance can be understood rationally by the 3D reconstruction results, 

demonstrating a new way of studying nanostructured electrodes. 

The feasibility of the 3D reconstruction method for capturing nano-scale 

geometric features is verified using the FIB-SEM dataset of an isotropic porous Ni-
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YSZ anode with a dimension of 256×256×256 voxels and a voxel size of 50 nm, as 

published in a previous work [34]. A four-stage reconstruction is performed and the  
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Figure 7. The 3D reconstructions by the DCF method and FIB-SEM of the porous Ni-

YSZ anode functional layer. a) 3D visualization of the anode, the active TPBs and the 

isolated TPBs, by FIB-SEM and the DCF method. Spatial resolution is 50 nm. b-d) 

comparison of the distributions of (b) diameter of Ni (DNi), (c) pore (DPore) and (d) YSZ 

(DYSZ). e) comparison of geometric factors, including the percolation probabilities of 

Ni (PNi), YSZ (PYSZ), pore (PPore) networks, the internal area densities of Ni-YSZ 

interface (ANi-YSZ), Ni surface (ANi-Pore), YSZ surface (AYSZ-Pore), the percolated internal 

area densities (Ap
Ni-YSZ, Ni-Pore, YSZ-Pore), the tortuosity factors of Ni (τNi), YSZ (τYSZ) and 
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pore (τPore) networks, the three phase boundary length density (LTPB), and the percolated 

three phase boundary length density (Lp
TPB). 

 

objective DCFs are calculated from the 3D FIB-SEM dataset. Fig. 7a visualizes the 

FIB-SEM determined Ni-YSZ anode, the networks of Ni, YSZ and TPBs and the 

corresponding reconstructed results, showing that the reconstructed microstructure is 

not exactly a duplicate of the real microstructure. The DCFs are in nature reduce-

dimension descriptors of microstructures, thus, cannot reproduce the real 

microstructure, but can generate a microstructure with the same statistical significance 

of geometric properties with the true microstructure. Fig. 7b-e show the key geometric 

properties, including particle diameter distributions of Ni (DNi), Pore (DPore) and YSZ 

(DYSZ), percolation probabilities of Ni (PNi), YSZ (PYSZ), pore (PPore) networks, the total 

and percolated volumetric densities of Ni-YSZ interface (ANi-YSZ, P

Ni-YSZA ), Ni surface 

(ANi-Pore, 
P

Ni-PoreA ), YSZ surface (AYSZ-Pore, 
P

YSZ-PoreA ), the tortuosity factors of Ni (τNi), 

YSZ (τYSZ) and pore (τPore) networks, the total and active TPB length densities (LTPB, 

P

TPBL ). It is shown that all the geometric properties of the reconstructed microstructure 

agree quantitatively with those of the FIB-SEM dataset.  

4. Conclusions 

Using the multi-stage DCF recovering method, the 3D microstructures of LSM 

infiltrated YSZ electrodes are reconstructed with 109 voxels from one 2D micrograph 

with super-resolution, which is easily obtainable by SEMs. The geometric parameters, 

such as the percolation probabilities and tortuosity factors of 3D interpenetrating 

networks, surface/interface areas, and TPB length are calculated from the 3D 

reconstructions, and studied systematically at various LSM infiltration loadings. The 
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evolution of geometric properties is correlated quantitatively to the evolution of the 

characteristics of electrode impedance spectrum with the aid of DRT analysis. Our 

approach suggests an easy-to-use, high-throughput and super-resolution strategy of 

reconstructing 3D nano-structured SOFC electrodes and resolving the processing-

structure-property relationship. The ability of capturing nano-scale spatial features is 

validated by the FIB-SEM dataset of a Ni-YSZ electrode at a nano-resolution. This 

approach is general for applications in SOFC electrodes and can readily be applied to 

other materials with heterogeneously nano-scale features. 
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