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研究成果の概要（和文）：機械学習を用いた微細構造解析フレームワークを開発した。本フレームワークの実装
によって、解析精度の向上とともに観察・解析時間を短縮することができた。開発した解析フレームワークを用
いて空隙率、コンポジット組成、粒子サイズなどを調整した固体酸化物形燃料電池（SOFC）のセリア系電極を定
量的に評価した。このフレームワークを応用して、SOFC電極上に析出した炭素の構造を再構築・評価することに
成功した。また、敵対的生成ネットワークを用いて2次元画像から人工的に3次元構造を作成する新しい手法も開
発した。実構造データを用いて訓練することで、指定した特徴や組成・粒子分布勾配を有する構造の作成が可能
となった。

研究成果の概要（英文）：An automated microstructure analysis framework using machine learning was 
developed. The framework was built to improve three-dimensional (3D) microscopy analysis by super 
resolution and semantic segmentation algorithms. The developed framework can contribute in 
shortening actual measurement time up to 8 times and data post-processing time by two orders of 
magnitude. Furthermore, a novel method with generative network was proposed to create an artificial 
3D microstructure model from a single two-dimensional image. Additionally, the generative network 
trained with microstructure datasets, can fabricate realistic microstructure models with predefined 
properties and gradients. The automated segmentation framework was used to characterize gadolinium 
doped ceria ceria-based solid oxide fuel (SOFC) anodes with the controlled properties (porosity, 
material composition, and particle size) and it enables to reconstruct SOFC anode with carbon 
deposition.

研究分野： Energy engineering

キーワード： solid oxide fuel cell　machine learning　3D microstructure　FIB-SEM　GAN network　semantic se
gmentation　super-resolution　artificial structure
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研究成果の学術的意義や社会的意義
The porous media found interest in many fields of engineering. Particularly, the porous electrode 
microstructure determines the performances of fuel cells and batteries. This study proposed 
comprehensive framework for analyzing porous media microstructures based on machine learning 
methods. 
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１．研究開始当初の背景 

 

The multiscale porous media found interest in many fields of engineering. In particular, 

the porous electrode microstructure determines the performances of fuel cells and 

batteries. The multi-sized pore design is beneficial, because large pores enhance the 

gas transport and nano-pores increase active reaction area. In particular, the 

microstructure of anode determines electrochemical performance of Solid Oxide Fuel 

Cell (SOFC). Although there are many studies discussing dependance between SOFC 

performance and their microstructural properties, the correlation is still not clear. 

 

Most common method to analyze 3-D structures with feature size of 0.01 – 30 µm is focus 

ion beam-scanning electron microscope (FIB-SEM). However, the limitations of this 

technique for electrodes are attributed to the length scales of relevant microstructure 

features which cover several orders of magnitude. The rapid development of deep learning 

is revolutionizing many fields of engineering including material engineering, but its 

applicability to multi-scale porous media is limited. It is expected that machine 

learning methods can help in characterization of SOFC microstructures and finally help 

in developing improved electrodes. 

 

 

２．研究の目的 

 

(1) Providing strategy to fabricate the porous electrode of SOFC, considering balance 

between the diffusion management and electrochemically active reaction sites.  

(2) Providing new tools based on machine learning for microstructure studies in various 

fields of energy engineering and ceramics processing. It aims to provide set of 

algorithms which enable 

quantitative microstructure-

oriented studies on multi-sized 

porous materials. The approach 

by deep neural network can 

overcome FIB-SEM limitations and 

provide high resolution-large 

volume 3-D reconstruction.  

 

 

３．研究の方法 

 

(1) The SOFC samples with 

controlled particle size, 

porosity and phase fractions 

were fabricated (Fig. 1). The 

Fig.1 Fabrication of Ni-GDC electrodes with 
controlled properties. Komatsu, Y., Sciazko, A. and 
Shikazono, N., J. Power Sources, 485, 229317 
(2021). 



 

 

fuel electrode was based on 

gadolinium doped ceria (GDC) 

with nickel or perovskite. 

The electrode performance 

was tested by series of 

electrochemical 

measurements including initial 

characterization and stability study. 

Samples are characterized by 2-D SEM and 3-D 

FIB-SEM. 

 

 (2) The following algorithms for processing 

of microstructure data based on machine 

learning were developed:  

• semantic segmentation algorithms for 

automatic processing large number of SEM 

images. The algorithm incorporates patch-

based convolutional neural network 

(patch- CNN) in the encoder-decoder 

configuration (Fig. 2). The proposed 

network is utilized for segmentation of 

resin infiltrated cross-sectional images 

as well as data without resin 

infiltration.  

• super-resolution algorithms for improving 

SEM and FIB imagining. The Very Deep Super 

Resolution (VDSR) network is applied to 

enhance FIB-SEM resolution in the cutting 

direction. The conditional generative 

adversarial network (C-GAN) is proposed 

for enhancing resolution of laser 

microscope image to SEM quality. (Fig. 3) 

• algorithms for synthetic microstructure 

generation with 2-D and 3-D teaching data 

incorporating GAN2D-2D and GAN3D-3D networks. 

Additionally, C-GAN network is trained to 

fabricate the microstructures with 

Fig.2 Semantic segmentation network for SEM images of 
samples. Sciazko, A., Komatsu, Y., Shimura, T. and 
Shikazono, N.,J. Electrochem. Soc., 168, 044504 (2021). 

Fig.3 Super resolution results: A) 
VDSR  and B) C-GAN (Yamagishi, R., 
Sciazko, A., Ouyang, Z., Komatsu, 
Y., Nishimura, K. and Shikazono, 
N., ECS Trans., 103, 2087 (2021)). 

Fig.4 A) C-GAN for generating 
microstructures with predefined 
properties B) uniform 
microstructure and C) structure 
with gradient. Yamagishi, R., 
Sciazko, A., Komatsu, Y., and 
Shikazono, N., Proc. 241th ECS 
meeting, I06-1083, (2022). 



 

 

predefined properties as particle size, 

porosity, and ceramic phase composition 

(Fig. 4). 

• algorithm for reconstructing artificial 

3-D model from 2-D cross-sectional image 

introducing GAN2D-3D networks. The 

proposed GAN network includes 3-D 

generator and 2-D discriminator (Fig. 5). 

 
 
４．研究成果 
 

In this project a framework for automated 

SOFC microstructure reconstruction was 

developed basing on the wide range of 

machine learning techniques.  The proposed 

semantic segmentation network enabled 

automatic processing of large SEM image 

datasets with accuracy over 98% and decreased processing time by two ranks of 

order from days to hours (Fig. 2). The second tackled problem was improving the 

focus-ion beam scanning electron microscopy (FIB-SEM) measurements by super-

resolving of in-depth direction by the patch-VDSR residual network (Fig. 3A). The 

application of the algorithm enables decreasing FIB-SEM measurement time up to 8 

times without loss of the resolution. Additionally, the C-GAN based algorithm was 

developed for improving quality of laser microscope images (Fig 3B). 

 

The GAN 2D-3D algorithm was proposed for reconstructing artificial isotropic 3D model 

directly from 2D cross-sectional image (Fig. 5A). The model is designed for the 

isotropic structures as shown in Fig. 5B. The weak GAN2D-3D network was further 

developed for anisotropic materials enabling reconstructing microstructures with 

interfaces (Fig. 5C). Both visual quality and statistical characteristics of the 

artificial models are in very good agreement with real data.  Moreover, C-GAN 

model was trained with microstructural database with various porosities, particle 

sizes and compositions as shown in Fig. 4A. The trained C-GAN network enables 

fabricating realistic 2D and 3D artificial microstructure model with predefined 

properties and gradients of properties along electrode (Fig. 4B-C).  

 

The proposed algorithms were applied to automatic processing and analyzing data of 

GDC-based electrodes with various microstructural properties. The GDC-based 

composites were prepared with nickel and perovskite materials and their 

performance was correlated with microstructures. The examples of Ni-GDC anodes 

with various particle size, porosity and GDC share are shown in Fig. 6. The optimal 

Fig.5 A) GAN2D-3D network for 
fabricating 3-D model from 2-D 
training data, generated structures B) 
isotropic microstructure and C) 
interface. Sciazko, A., Komatsu, Y. 
and Shikazono, N., ECS Trans., 103, 
1363 (2021). 



 

 

condition for electrode fabrication was discussed in respect to the porosity, 

composition, and particle size. It was shown that the increased GDC composition, 

decreased porosity and decreased particle size resulted in the improved 

electrochemical performance as the number of electrochemical reaction sites 

increased (Fig. 7A). At the same time, the high GDC share over 80% in the composite 

may resulted in the porosity decrease and increase of gas diffusion resistance due 

to particle coarsening. Additionally, the degradation testing was conducted for 

Ni-based electrodes exposed to methane. 3D carbon structures in SOFC anodes are 

reconstructed for the first time with the machine learning-assisted segmentation 

method without resin infiltration. It was shown that the nickel particles pulverize 

by metal dusting and ceramic support network is destroyed by the internal stress 

caused by carbon deposition. The correlation between electrode microstructure and 

carbon deposition was discussed highlighting influence of porosity and gas 

diffusion process (Fig. 7B). 

 

 

 
Fig. 7 A) Correlation between electrochemical performance and microstructures of Ni-
GDC anodes B) results of the carbon deposition test for Ni-GDC anodes exposed to 
methane. Sciazko, A., Komatsu, Y., Nakamura, A., Sunada, Y., Ouyang, Z., Hara, T. and 
Shikazono, N., 15th European SOFC & SOE Forum, B1104, Lucerne, (2022). 
 

Fig.6 
Microstructure
s of fabricated 
Ni-GDC samples 
with various 
porosities and 
Ni:GDC ratios. 
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