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Highlights 
• Modelling, 3D tomography and impedance spectroscopy for penetration length in SOFCs 
• Penetration length of 250 nm in cathode by fit of different conditions and particle size 
• Penetration length of 4 nm in anode from alternative approach based on fractal dimension 
• Performance improvement by controlling the surface properties of electrocatalysts 

 

1. Introduction 
Solid oxide fuel cells (SOFCs) are highly efficient devices which produce electric energy from the 
electrochemical conversion of gaseous fuels, such as hydrogen. The electrochemical conversion of hydrogen 
takes place within the electrodes, which are porous composite layers consisting of randomly-dispersed 
electron-conducting and ion-conducting particles. More specifically, electrochemical reactions take place in 
the proximity of the three-phase boundary (TPB), which is the contact perimeter among the three different 
phases where gaseous reactants, electrons and ions coexist [1]. 

Both the cathodic and anodic electrochemical reactions involve the adsorption of gaseous species onto the 
catalytic electron-conducting phase followed by the surface diffusion of adsorbed species towards the TPB, 
where electron charge-transfer takes place [2-3], as shown in Figure 1. A penetration length lδ can be 
identified as the characteristic length around the TPB wherein the rate-determining coupled 
adsorption/diffusion processes take place. Thus, the rate of reduction and oxidation reactions depend not 
only on the TPB length per unit volume but also on the extension of the penetration length. 

             
Figure 1.  a) Oxygen reduction reaction in a composite cathode made of yttria-stabilised zirconia (YSZ) and lanthanum strontium 
manganite (LSM), lateral view; b) hydrogen oxidation reaction in a composite anode made of YSZ and nickel, top view. In both 

cases the penetration length lδ identifies the extension of the reaction zone around the TPB. 

2. Methods 

The penetration length is quantified in both cathode and anode by using physically-based models, 
electrochemical impedance spectroscopy and 3D tomography. In particular, while in the cathode the 
penetration length can be probed by experimentally varying the particle size [2], an alternative approach 
based on the calculation of the TPB fractal dimension is applied in the anode [1]. 

3. Results and discussion 

For the cathodic reaction, the penetration length is evaluated in the order of 250 nm by fitting 
electrochemical impedance spectroscopy data for different temperatures and oxygen partial pressures [3]. 

Hydrogen oxidation reaction
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This is confirmed by varying the LSM particle size, which effectively changes the Thiele modulus of the 
oxygen reduction reaction. The electrode resistance scales with the calculated Thiele modulus as predicted 
by the kinetic model [2]. 

An alternative approach, shown in Figure 2, is applied for the anodic reaction [1]. The TPB length as a 
function of time, as extrapolated by fitting the anode resistance with a physically-based equivalent circuit, is 
compared with the TPB length evaluated with 3D tomography at 30 nm resolution. By resampling the 
microstructure for different resolutions, the fractal dimension of the TPB for the as-sintered anodes is 
calculated, being equal to 1.5. By comparing the extrapolated TPB length and 3D tomography data, the 
fractal dimension allows for the estimation of the penetration length of the hydrogen oxidation reaction, 
which is equal to 4 nm. Such a small penetration length could not be probed by using the conventional 
approach adopted for the cathode because it would be difficult to accurately control the diffusion length. 

 
Figure 2.  Novel approach for the determination of the penetration length in nanostructured SOFC anodes by using real-time 

impedance spectroscopy, 3D tomography and the evaluation of the TPB fractal dimension. 

4. Conclusions 

The penetration length of the oxygen reduction reaction in LSM/YSZ cathodes is equal to 250 nm, while it is 
4 nm for the hydrogen oxidation reaction in SOFC anodes. Due to the extended reaction area, the cathode 
efficiency can be increased by enhancing the cathode adsorption and surface diffusion properties of the 
electrocatalyst rather than by increasing the TPB length per unit volume only. On the other hand, the small 
penetration length in nanostructured anodes (4 nm) suggests that co-infiltrating sintering inhibitors as large 
as 50 nm is ineffective to prevent performance degradation due to Ni coarsening, which can be limited by 
controlling the interfacial energy between Ni and the ionic conductor. 

References  
[1] A Bertei, E. Ruiz-Trejo, K. Kareh, V. Yufit, X. Wang, F. Tariq, N.P. Brandon, Nano Energy 38 (2017) 526-536. 
[2] Y. Fu, S. Poizeau, A. Bertei, C. Qi, A. Mohanram, J.D. Pietras, M.Z. Bazant, Electrochim. Acta 159 (2015) 71-80. 
[3] A. Bertei, M.P. Carpanese, D. Clematis, A. Barbucci, M.Z. Bazant, C. Nicolella, Solid State Ionics 303 (2017) 

181-190. 

Keywords 
porous electrode; redox reaction; 3D tomography; modelling 

3D TOMOGRAPHY

TPB initial

TPB degradedFIB-SEM

0

5

10

15

20

0 5 10 15 20 25 30 35 40
Z Re  / Ω cm2

-Z
Im

 /
 Ω

 c
m

2

200 h80 h24 h2 h0.5 h

Ni-ScSZ
nanostructured anode

IMPEDANCE SPECTROSCOPY

0.4

0.6

0.8

1.0

1.2

1.4

1.0 1.5 2.0 2.5
Log10(resolution) / nm

Lo
g 1

0(
T

P
B

 d
en

si
ty

) 
/ µ

m
 µ

m
-3

1-D

30% Ni

20% Ni

D = 1.5

FRACTAL DIMENSION AND l δδδδ

TPB ROUGHNESS

ScSZ

Ni

ScSZ

Ni30 nm

Ni

ScSZ

200 nm 200 nm

Ni

ScSZ

Reality FIB-SEM

(1)

(2)

(4)

(3)

1 µm

1 µm

z

0

5

10

15

20

25

30

0 50 100 150 200

TP
B

 d
en

si
ty

 a
t 3

0 
nm

 / 
µm

 µ
m

-3

time / h

x19
550 °C @ OCV
5% H2/3% H2O

model with roughness factor

model without roughness factor

3D tomography

ScSZ

Ni

ScSZ

Ni

30 nm

         Reality                FIB-SEM


