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Abstract. A physical-based model has been developed and validated to unravel the complex 

relationships between the global solid oxide cells response and the reaction mechanisms 

taking place in the electrodes. This numerical tool combines three length-scales modules from 

the electrode microstructure up to the single repeat unit. This model allows computing the 

local distribution of reaction kinetic rates, current densities, and gas composition as function 

of the cell operating conditions. To validate the multiscale model, a special experimental 

setup has been developed to measure the local polarization curves along the cell length. For 

this purpose, a specific design of the interconnect has been proposed in order to probe the 

local current density on standard cells. A good agreement has been found between the 

experimental and simulated data for different operating conditions. The fully validated model 

has been used to analyze the cell operation in electrolysis and fuel cell modes. The activated 

reaction pathways associated with the elementary steps in the active layers have been 

investigated depending on the position along the cell length.  
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1. Introduction 

In a scenario with growing energy demand and a tendency to reduce fossil fuel consumption, 

hydrogen is considered as an important energy vector for the transition toward a low-carbon 

energy market [1]. In this context, High-Temperature Steam Electrolysis (HTSE) based on 

Solid Oxide Cells (SOCs) technology presents a great potential to produce H2 at a low cost 

and high efficiency [2]. SOCs are electrochemical devices that can operate in fuel cell mode 

(SOFC) and electrolysis mode (SOEC) with a large range of fuels and no utilization of 

expensive catalysts [3]. Due to its reversibility, this technology can also be used  to match the 

fluctuations between electricity demand and production, mainly during the consumption peaks 

[4]–[6]. Classical SOCs are composed of a dense electrolyte sandwiched between two porous 

electrodes. The reactions of hydrogen oxidation and steam reduction occur in the fuel 

electrode (Eq. 1a), whereas the oxygen is consumed or produced in the air electrode (Eq. 1b). 

A porous Nickel and Yttria-Stabilized Zirconia (Ni-YSZ) cermet is typically used for the fuel 

electrode, while the air electrode is composed of a Mixed Ionic and Electronic Conductor 

(MIEC). Nowadays the most common material for the air electrode is a composite of 

Lanthanum Strontium Cobalt Ferrite (LaxSr1-xCoyFe1-yO3-δ - LSCF) and Gadolinium-doped 

Ceria (GdxCe1-xO2-δ - CGO) [3], [7], [8]. The electrolyte is a pure ionic conductor, which 

allows the migration of oxygen vacancies    
        , and it is usually made of Yttria-

Stabilized Zirconia with 8.mol% of yttria (8YSZ) [9]. 

        
      

    
 

    
         

            [1a] 

 

 
        

           
    
 

    
  

       [1b] 

To reach economic viability, the cell performances still need to be improved while the 

degradation rate should be limited to 0.5 %.kh
-1

 in SOEC mode (for an operating current 

density of -1.5 A.cm
-2

 [10]) and 0.2 %.kh
-1 

in SOFC mode [11]. However, degradation rates 

measured at current densities lower than 1 A.cm
-2

 have been reported in the literature in the 

range of 1 – 3 %.kh
-1

 [12]  and 2 – 10 %.kh
-1

 [13] for SOFC and SOEC operation, 

respectively. Degradation phenomena can be caused by different factors such as 

microstructural evolution, electroactive site poisoning, and chemical decomposition [14]. 

Those phenomena can be aggravated by harsh operating conditions at high current density 

and/or high fuel utilization/steam conversion, which can result in strong gradients of 

concentration along the cell length.  
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In general, the electrochemical characterization techniques (e.g. polarization curves and 

Electrochemical Impedance Spectroscopy (EIS)) are used to measure the global cell response 

without any information on the spatial distributions arising in the electrodes [7]. Hence, 

current inhomogeneities that are associated with locally-critical conditions are not detected. 

To overcome this limitation, specific experimental setups must be designed for local 

electrochemical analyses. The most extensively applied method for local measurements is the 

electrode segmentation [15]–[22]. It consists in the segmentation of the air electrode into 

small disconnected zones, which are electronically isolated from each other. For this purpose, 

the electrode layer is printed over the entire surface of the electrolyte in insulated segments, 

allowing the measurements in distinct areas of the cell [7], [20]. 

Although the electrode segmentation technique has been extensively applied for other types of 

cells (e.g. proton exchange membrane fuel cells), the same abundant quantity of data is not 

found for SOCs application [17], [23]. This under-utilization of segmented cells for the high 

temperature applications lies in difficulties to change the design of the air electrode and to 

probe the current and/or temperature in each segment. Besides, the air electrode partitioning 

can induce heterogeneities of current and potential that can affect the cell behavior [17]. 

Hence, new experimental facilities must be developed to perform local analysis using 

standard cells by avoiding any type of modification in the cell geometry. 

The relevance of spatially resolved electrochemical measurements can be significantly 

enhanced when applied in combination with mathematical modelling. Indeed, the simulation 

also gives the possibility to have an access to local parameters that are not easily measured 

(e.g. partial pressures repartition inside the porous media or distribution of overpotentials 

along the cell length) [17], [20], [21]. In this sense, numerical modeling of SOCs is becoming 

crucial for a deeper insight into the processes that occur within the electrodes. Accordingly, a 

significant number of models have been presented in the literature with different approaches 

and length scales.  

For instance, mathematical models have been developed to emulate representative electrode 

microstructures [24]–[26]. These models can be useful to identify microstructural corrections 

that control the electrode efficiency [26]. In terms of electrochemical response, some 

microscale electrochemical models have been proposed to describe precisely the electrode 

reaction mechanism including mass and charge transfer within the active functional layer [3], 

[27]–[30]. On the other hand, many macroscale models have been developed to take into 

account the full geometry of the single repeating unit (SRU) [23], [31], [32] or stack [33]–[35] 
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including the complete cell, the flow channel and the interconnect. As a general matter, these 

macro-models present a rather simplified description of the reaction mechanisms, whereas a 

special attention is paid to describe accurately the fluid distribution in the system and how it 

can affect the performances. 

One possibility to increase the complexity of the SOCs models is to combine the different 

length scales in a multiscale approach [4]. Complex descriptions from a microscale approach 

(e.g. microstructure emulation and complex reaction mechanisms) can be coupled with the 

macro description to better understand the role of microstructure and the reaction mechanism 

on performances and degradation. In the recent years, some multiscale models have been 

developed for the SOCs application [33], [36]–[40], showing the power and the potential of 

these numeric tools. However, it is still necessary to develop an integrated model including (i) 

a microstructural description of the electrodes, (ii) a decomposition of the reaction pathways 

in pure elementary steps for both electrodes and (iii) a global description of the SRU 

geometry.  Moreover, despite all the works dedicated to the SOCs modeling in the literature, 

only a small quantity of them [41]–[43] have bridged the multiscale approach to a spatial 

resolved electrochemical analysis. To the best of our knowledge, only the group of G. Schiller 

have published a series of articles, in which a multiscale model [44] was applied to analyze 

the local polarization curves acquired in a segmented setup [41]–[43].  

In this work, a coupled experimental and multiscale model approach has been proposed in 

order to unravel the relationships between a classical SOC response and the mechanisms that 

take place in the electrodes. The multiscale model is composed of three different length-scale 

modules. The first one emulates digital twins of the electrode microstructure, giving the 

possibility to have a complete description of the morphology of the electrodes. It is linked to 

two microscale models for both electrodes. They take into consideration the reaction 

mechanisms in a sequence of pure elementary steps associated with charge and mass transport 

phenomena in the active layers. Finally, all the modules are linked to a macroscopic 

description that takes into account the SRU design including the gas channels. The multiscale 

model has been validated using global and local polarization curves using a standard cell (i.e. 

fuel electrode supported cell made of the classical materials). For this purpose, an innovative 

design of the air electrode interconnect is proposed in order to probe the local distribution of 

the current without any kind of electrode segmentation. After validation, the model has been 

used to analyze the evolution of the reaction mechanism in the electrode along the cell length. 
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2. Materials and methods  

2.1 Cell description 

In this study, a ‘standard’ fuel electrode-supported cell was studied. The cell has a circular 

shape with an active area of 9.08 cm². A thin and dense electrolyte made of 8YSZ with a 

thickness of 8 µm was sandwiched between two porous electrodes. The air electrode is a 

bilayer with a current collector made of LSCF (ca. 20 µm tick) and an active layer in LSCF-

CGO (ca. 20 µm thick).  A 3 µm barrier layer of CGO is inserted between the electrolyte and 

the air electrode to avoid the formation of secondary phases. The fuel electrode is composed a 

thin functional layer in Ni-8YSZ (ca. 25 µm) and a thick support layer (ca. 280 µm) made of 

Ni-3YSZ cermet. 

2.2 Setup description 

All tests were carried out in an in-house test bench depicted in Figure 1a. The circular cell is 

positioned in a metallic housing. Both anodic and cathodic gases are introduced at the cell 

center and are distributed along the electrodes in a radial co-flow configuration. The inlet gas 

fluxes are delivered by mass flow controllers (Brooks SLA5850S). 

On the fuel side, a Ni grid (100 meshes.cm
-
²) is used to collect the current at the electrode 

surface. A ceramic glass seal (Schott G018-311) is deposited on the edge of the cell to ensure 

the gas tightness of the hydrogen compartment. It can be noticed that steam is produced using 

a steam generator operated in saturated vapor conditions. In parallel, hydrogen is introduced 

and mixed with the steam before entering the cell. At the cell outlet, a heat exchanger allows 

separating the water from the dry gas. 

At the air side, a specific design of the metallic interconnect is applied in order to measure the 

local current distribution along the cell radius. This setup is made of Inconel Ni-based alloy 

and its geometry is displayed in Figures 1b and 1c. The metallic support is divided into 

numerous pins that are positioned from the gas inlet to the edge of the electrode. Nine of those 

pins are drilled to allow the passage of wires that are welded in the extremity of each pin. 

Another wire is welded to the opposite surface of the interconnect and used as a reference for 

the voltage measurement. With this configuration, when a current density is imposed to the 

cell under operation, the voltage drop can be measured for each pin. Since the geometry and 

the electrical conductivity of the interconnect material is known precisely, it is possible to 

calculate accurately the local current density passing through by each pin (corresponding to 

the local current collected by the pin on the electrode). Hence, this modification in the 
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interconnect geometry offers the advantage to perform local current measurements (and 

consequently, local polarization curves) using classical cells without any specific 

segmentation of the air electrode [15]–[17], [19], [45]. Finally, it is worth mentioning that two 

gold grids (100 meshes.cm
-
²) with a diameter of 34 mm are inserted between the interconnect 

and the electrode surface to improve the electrical contact. Moreover, a mechanical pressure 

of 600 g.cm
-2 

is also applied on the setup to further decrease the contact resistances. 

 

Figure 1 - Schematic illustration of (a) the testing setup, (b) cross-section and, (c) 3D view 

of the interconnect at the oxygen side for the local current measurements. 

 

2.3 Protocol description 

The experiment procedure started with the cell heating at a rate of 1 °C.min
-1

 up to 860 °C 

under a nitrogen and air sweeping at the fuel and air sides, respectively. Then, the cell was 

maintained at this temperature for 90 min to form the glass sealing. After, the temperature was 

lowered to 800 °C to start the cermet reduction. For this purpose, the hydrogen concentration 

at the inlet was increased gradually up to reach the full conversion of Nickel oxide into 

metallic Nickel.  

Polarization curves were performed in fuel cell and electrolysis mode. For electrolysis mode, 

a ratio of P(H2)/P(H2O) = 10/90 was used, whereas, in SOFC mode, the anode was supplied 

with dry hydrogen. In both cases, the air electrode was always supplied with synthetic air with 
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a constant flux of 41 NmL.min
-1

cm
-2

. The measurements were performed in galvanostatic 

mode (Autolab PGSTAT-302N) with a current rate of 21 mA.s
-1

 and a 20 A current booster. 

The current local distribution was measured using a multichannel data logger HIOKI 

LR8400-20, able to record simultaneously the 9 voltage pins measurements. The data were 

acquired at different temperatures (700, 750 and, 800 °C) and for various inlet fluxes at the 

fuel electrode (3, 6, 9, and 12 NmL.min
-1

cm
-2

).  

In order to assess the contact resistance (  ) between the electrodes and the grids, 

electrochemical impedance spectroscopy has been also performed at the Open Circuit Voltage 

(OCV) for the three investigated temperatures (i.e. 700, 750 and, 800 °C and for an inlet flux 

at the fuel electrode of 12 NmL.min
-1

cm
-2

). The contact resistances have been calculated as a 

function of the temperature by removing the electrolyte ohmic resistance from the serial 

resistance measured on the impedance diagrams (i.e. high frequency intercept with the real 

axis in the Nyquist plot). The diagrams were also acquired in galvanostatic mode by imposing 

a sinusoidal current with an amplitude of 110 mA.cm
-2

 in the frequency range of 10
-2

-10
4
 Hz. 

3. Model descriptions 

3.1 General assumptions and multiscale model 

A multiscale model was developed in order to unravel the complex relationships between the 

SOC response and the mechanisms that take place in the electrodes. This model is composed 

of three different length-scale modules that can achieve an exhaustive analysis of the cell 

performance in both SOEC and SOFC modes. The first module allows generating 3D digital 

twins of electrode microstructures made of classical materials. It can provide all the necessary 

morphological information for the other modules. The second module is a micro-scale model 

that takes into consideration the elementary reactions coupled with the mass and charge 

transfer in the active layer of both electrodes. Finally, the third module is a macro-scale model 

that can compute all the polarization curves and local current distribution along the cell 

radius. 

The connections between the modules are established in different arrangements as it can be 

seen in Figure 2. The microstructural model provides all the morphologic inputs that are 

needed for the other modules. Moreover, the micro-scale modules provide the parameters of 

the ‘apparent’ or ‘global’ exchange current densities (i.e. activation energies and exponents - 

cf. Eqs. 4 and 5) for the calculation of the electrode activation overpotential in the macro-

scale model. It can be noticed that the functional layers are not described at the macroscopic 
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scale. Therefore, the partial pressure distributions taken at the electrolyte interface in the 

macro-model are used in the micro-model as boundary conditions applied at the top of the 

functional layer. The model description at the microscopic scale must include a full 

description of the micro-processes involved in the reaction mechanism. In this approach, the 

parameters for the ‘global’ exchange current densities are identified in order to match with the 

electrode overpotential calculated in the active layer with the microscale models. Thanks to 

this method, all the processes in the functional layer are thus included in the apparent 

exchange current density of the Butler-Volmer equation for the macroscale model. In other 

words, it is possible to guarantee that the activation overpotentials in the macro-model take 

into consideration all microscopic processes arising in the electrode functional layers.  

 

Figure 2 – General flowchart of the multiscale model 

 

3.2 Microstructure model 

To obtain digital twins of the real electrode structures, geostatistical simulations were carried 

out using a model based on a truncated plurigaussian random field method [24], [46]. In this 

method, each phase is represented by a random field, which is generated by the convolution of 

random noise with a weight function. Hence, the fields are jointly thresholded according to a 

specific procedure to obtain the synthetics microstructures [46]. This model was validated by 

comparison with 3D reconstructions of real electrodes performed by X-ray holotomography 

[27].  More details about the model and its validation can be found in [24]. In this work, we 

used the digital twins of the real electrodes as input for the electrochemical simulations.  

3.3 Micro-scale models: electrodes functional layer 

The micro-scale models are able to describe all the microscopic processes that take place in 

the active functional layer of both electrodes. These models are essential to understand the 
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role of the microstructure and the operating conditions (polarization, temperature, etc.) on the 

reaction mechanisms and electrode performances. Two models were developed considering 

the state-of-the-art materials with the LSCF-CGO [28], [47] composite and Ni-YSZ [48] 

cermet for the air and fuel electrodes, respectively. Both models were built up considering a 

slice of porous electrode described as a homogenous medium. A special attention was paid to 

describe the electrode kinetics in a sequence of elementary steps that can evolve in different 

reaction pathways depending on the polarization. The list of reactions implemented in the 

models are listed in Table 1 for both electrodes. All the kinetic constants are thermally 

activated and expressed with an Arrhenius law. Activations energies were already calculated 

and published in [28] and [48] for the air and fuel electrodes, respectively.  

For the hydrogen electrode, the model is based on a hydrogen spillover mechanism proposed 

and validated in [49]. In this case, the reactions mechanism is co-limited by the charge 

transfer at Triple Phase Boundary lines (TPBls), the oxygen vacancies migration in the YSZ 

network and a pure chemical surface process depending on the polarization [48]. According to 

this model, steam can interact with the surface of both Ni and YSZ in two parallel pathways. 

Considering cathodic polarization (electrolysis mode), steam can adsorb on the Ni surface (cf. 

reaction R1 in Table 1), where it is reduced at the TPBls into one hydrogen adatom     

attached on the Ni surface and one hydroxyl ions      
  on the YSZ surface (reaction R5). 

The hydroxyl ion      
  is then further reduced at the TPBls into a second hydrogen on the 

Ni surface and an oxygen ion     
   attached on the YSZ surface (reaction R6). Then, two 

hydrogens     can be associated and desorbed into H2 molecules (reaction R4), while the 

oxygen ions     
   are incorporated into the YSZ lattice (reaction R7). In parallel, steam 

molecules can also adsorb on the YSZ surface (reaction R2). In this second pathway, the 

adsorbed water molecule can react with the oxygen ions available at the YSZ surface to 

produce hydroxyl ions      
  (reaction R3). As previously described, the hydroxyl ions can 

be reduced at TPBls according to reaction R6. It has been shown [50] that the first pathway 

(steam adsorption on Ni surface) is preferentially activated under electrolysis mode while the 

water desorption from YSZ (second pathway) is predominant in fuel cell mode. Nevertheless, 

the prevalence of one pathway should also depend on the local operating condition along the 

cell length that still need to be investigated. 

Regarding the air electrode, the reaction mechanism proposed and validated in [28] is also 

divided into two parallel pathways. For an operation in electrolysis mode, the so-called bulk 

path starts by the ionic transfer reaction at the LSCF/CGO interface (reaction R8 in Table 1) 



10 
 

that supplies the electrode material in oxygen atoms   
 
      

. After a transport by solid-state 

diffusion in LSCF, the incorporated oxygen is released from the bulk to generate ad-ions 

       
  on the LSCF surface (reaction R9). For the second path, hereafter called surface path, 

the oxygens coming from the electrolyte material (i.e. CGO) are directly oxidized at the 

TPBls to produce oxygen ad-ions (reaction R10). Finally, the oxygen ad-ions are reduced in 

oxygen ad-atoms in a second reaction of charge transfer (reaction R11) which is common to 

the two pathways. The oxygen is then associated on the LSCF surface (reaction R12) before 

to be desorbed into the porosity (reaction R13). For a composite electrode, it has been shown 

that the surface path is dominant whatever the polarization even if the contribution of the bulk 

path is significantly enhanced in fuel cell mode [28]. As for the fuel electrode, the reaction 

mechanism is expected to change as a function of the local condition along the cell radius. 

For both electrodes, mass and charge balances have been considered for all species. They 

constitute a set of partial differential equations that are implemented and solved using 

COMSOL Multiphysics
®

. Besides, all the equations for the transport and the kinetic rates are 

expressed as a function of the electrode microstructural properties. They are extracted from 

the digital twins obtained with the truncated random field, establishing a link between the 

two-length scales. Finally, it is worth noting that all the equations and the details for this 

module of the multiscale model have been already published in [48] and [28] for the fuel and 

the air electrodes, respectively. In these previous studies, a special attention was paid to 

validate the mechanisms using experimental results obtained on symmetrical cells tested in a 

three-electrode set-up.  

Table 1 – Reactions and fitted values for the kinetic constants for T = 750 °C 

Fuel electrode 
        

     

      
   

 
      
   

      

Steam adsorption on the Ni 

surface (R1) 
Ni interaction pathway 1.18 x 106 (s-1) 

        

      

       
   

 
       
   

        

Steam adsorption on the 

YSZ surface (R2) 
YSZ interaction pathway 9.28 x 103 (s-1) 

      

     
  

       
     

 
       
     

       
  

H2O dissociation on YSZ 

surface (R3) 
YSZ interaction pathway 6.87 x 1016 (m2.s-1.mol-1) 

    

     

   

 
     

   
        

      
Hydrogen desorption from 

Ni surface (R4) 
Common pathway 3.69 x 1012 (m2.s-1.mol-1) 

           

    
  
  

 
  
   

      
      

First charge transfer reaction 

(R5) 
Ni interaction pathway 8.5 x 104 (m3.s-1.mol-1) 
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Second change transfer 

reaction (R6) 
Common pathway 5.5 x 105 (m3.s-1.mol-1) 

    
         

   

 
    
  

   

 
 
    
  

   
   

 
     

      

Oxygen incorporation in the 

YSZ lattice (R7) 
Common pathway 1.3 x 108 (m3.s-1.mol-1) 

Air electrode 
  

 
     

        
   

  

 
  

   
 
      

       
   

Ionic transfer at LSCF/CGO 

interface (R8) 
Bulk pathway 50 (mol.m-2.s-1) 

  
 
      

    

        
    
        

 
   
        

        
  

      
  

Oxygen excorporation 

reaction (R9) 
Bulk pathway 9 x 10-5 (m3.s-1.mol-1) 

  
 
     

    

        
    
     

 
   
     

       
  

      
  

Oxygen oxidation reaction at 

the TPBls (R10) 
Surface pathway 2.25 x 10-4 (s-1) 

     
      

    

 
      

      
Oxygen deionization 

reaction (R11) 
Common pathway 8.74 x 105 (s-1) 

      

     

 
    

      
        

Oxygen association reaction 

(R12) 
Common pathway 1.5 x 1015 (m2.s-1.mol-1) 

      

    

 
    

               
Oxygen desorption reaction 

(R13) 
Common pathway 3.12 x 106 (s-1) 

 

3.4 Macro-scale model: SRU and interconnects  

In the macroscale model, the cell design and the geometry of the gas channels are taken into 

account considering a 2D approach as already detailed in [31], [32]. It couples locally fluidic 

and electrochemical steps, allowing the analysis of the distribution of gas composition and 

current density along the cell radius. In this macroscopic approach, the active functional 

layers are not described and they are limited to the electrode/electrolyte interface. The Dusty 

Gas Model (DGM), which takes into consideration the molecular and Knudsen diffusions, is 

used to describe the gas transport through the current collector in LSCF at the air side and the 

thick Ni-YSZ substrate at the hydrogen side. All the diffusion coefficients are calculated as a 

function of the microstructural properties [31], [32]. The main features of this macroscale 

model are briefly reminded hereafter. 

Since the metallic interconnects present a very good electrical conductivity, the cell voltage 

(Ucell) is considered constant all along the cell length. In this way, Eq. 2 is applied to calculate 

the local current density along the cell radius r:  

                
                

    
                  

   
                

   
              

  
   

    
(2) 
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where      is the Open Circuit Voltage (OCV), which is calculated by Nernst’s equation. The 

terms      ,      and,      are the concentration, activation and, ohmic overpotential, 

respectively. Those terms increase the cell voltage in electrolysis conditions and decrease the 

cell voltage in fuel cell conditions. The ohmic overpotential includes (i) the contact 

resistances (  ) arising between the electrodes and the interconnects, (ii) the ionic resistance 

of the electrolyte and (iii) the electronic resistances for the LSCF current collector and Ni-

YSZ support. 

The difficulty to maintain the gas composition at the active sites is taken into account in the 

concentration overpotential. This term is the sum of the gas diffusion overpotential         

and the gas conversion overpotential        . The first contribution is due to the losses 

ascribed to the gas transfer through the porous media (i.e. LSCF current collector and Ni-YSZ 

support described at this macroscale). The second contribution is related to the 

thermodynamic losses that are induced by the change in the gas composition due to the 

consumption or production of the gaseous species along the cell length. Finally, the activation 

overpotentials must take into account all the microscopic processes occurring in the Ni-YSZ 

and LSCF-CGO functional layers (i.e. all the reactions convoluted with the mass and charge 

transfers as described in the microscale models). For this purpose, they are calculated using a 

phenomenological Butler-Volmer equation as shown in Eq. 3. 

     
                   

              
  

 
       

      

   
               

  
  

 
       

      

   
               

  (3) 

 

The terms   
                and   

                are defined as the ‘global’ exchange current 

densities for each electrode. They are a function of the local partial pressure    taken at the 

electrode/electrolyte interface, as can be seen in Eqs. 4 and 5. 

 

  
                    

    
 
          

 
  

  
  
           

  
 

 
(4) 

  
                   

    
 
  

  
  
           

  
 

 
(5) 

  

The parameters m, n and, p denote the exponent on the partial pressures dependency whereas 

  
            and   

            are the activation energy for the oxygen and hydrogen 

electrodes, respectively. The computation of these parameters is carried out using the 
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microscale model as detailed in section 3.1, in such a way that the macroscale model takes 

into account all the electrochemical phenomena occurring in the electrode functional layers. 

4. Results 

4.1 Microstructural modeling 

 

The digital twins of the LSCF current collector and the LSCF-CGO and Ni-YSZ functional 

layers are compared in Fig. 3 and 4 to the reconstructions of the real electrodes obtained by 

FIB-SEM (Focused Ion Beam-Scanning Electron Microscopy) tomography according to the 

protocol already published in [27]. As expected, it can be observed that the synthetic 

microstructures seem to mimic accurately the real ones. As a verification, the microstructural 

properties listed in Table 2 have been calculated on both types of volume using the numerical 

procedures thoroughly detailed in [24]. The computations have been carried out on volumes 

as large as 15
3
 µm

3
, which can be considered as a Representative Volume Element (RVE) for 

this type of microstructures [24]. Whatever the studied layer, a good match has been found 

between the two sets of data. For instance, the mean error between the parameters computed 

on the real and synthetic microstructures for the LSCF-CGO does not exceed 10%. Moreover, 

it has been also checked that the mean error for the LSCF and Ni-YSZ microstructures lies in 

the range of a few percent. Therefore, these results validate the generation of synthetic 

microstructures for the standard cell tested in this work. 

 

The Ni-YSZ support has been reconstructed by synchrotron X-ray tomography according to 

procedure given in [50]. As shown in Fig. 4, this technique allows obtaining a large 

reconstructed volume, required to be representative of this coarse microstructure [51]. The 

microstructural properties for the support have been computed on several sub-volumes 

extracted from the whole reconstruction [51]. Knowing that the standard deviation on the data 

is very small, only the mean value for the parameters is given in Table 2. It can be noticed in 

Fig. 4 that the porosity of the support exhibits a large pore size distribution. This particular 

feature is explained by the utilization of pore former during the manufacturing. Because of 

this characteristic, the truncated random field method fails to reproduce correctly the 

microstructure. In this case, models based on sphere packing are more adapted to reproduce 

microstructures exhibiting a multi-modal distribution of pore size [51].  
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Finally, it is worth noting that all the data given in Table 2 provide a complete description of 

the electrode microstructures, which are necessary for the electrochemical simulations 

described hereafter. 

 

 

Figure 3 – Comparison between the microstructures of the LSCF-CGO functional layer 

obtained by 3D reconstruction (a) and by the microstructural modeling (b); and for the 

LSCF current collector microstructures obtained by 3D reconstruction (c) and by the 

microstructural modeling (d). 

 

 

Figure 4 – Comparison between the microstructures of the Ni-8YSZ functional layer 

obtained by 3D reconstruction (a) and by the microstructural modeling (b) and a 3D 

reconstruction of the Ni-3YSZ support (c). 
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Table 2 – Microstructure properties of the fuel and air electrodes 

Properties of the connected phases 
Ni-8YSZ 

functional layer 
Ni-3YSZ support 

 

Pores volume fraction          0.234 0.39 (%) 

Nickel volume fraction       0.329 0.26 (%) 

YSZ volume fraction        0.425 0.35 (%) 

Specific surface area between YSZ and pores 

              
1.49 1.44 (µm-1) 

Specific surface area between pores and Ni 

             
0.343 0.60 (µm-1) 

Specific surface area between Ni and 8YSZ 

           
0.984 1.38 (µm-1) 

Mean pore radius          0.14 0.325 (µm) 

Pores tortuosity factor         5.3 3.74 (-) 

Ni tortuosity factor       6.5 8.88 (-) 

YSZ tortuosity factor        2.45 3.53 (-) 

Triple phase boundary length density        3.15 - (µm-2) 

Properties of the connected phases 
LSCF-CGO 

functional layer 

LSCF 

current collector 
 

Pores volume fraction          0.459 0.476 (%) 

LSCF volume fraction         0.263 0.524 (%) 

CGO volume fraction        0.254 - (%) 

Specific surface area between LSCF and pores 

             
2.61 6.09 (µm-1) 

Specific surface area between LSCF and CGO 

             
1.05 - (µm-1) 

Mean pore radius          0.068 0.074 (µm) 

Triple phase boundary length density        17.81 - (µm-2) 

Pores tortuosity factor         1.89 1.86 (-) 

LSCF tortuosity factor         9.5 2.27 (-) 

CGO tortuosity factor        13.15 - (-) 

 

4.2 Model calibration 

 

The calibration of the multiscale model was performed in order to match the activation 

overpotentials calculated at the cell level and the overpotentials induced by all the processes 

in the active functional layers. To achieve this goal, the following procedure has been applied 

for both electrodes operated in SOFC and SOEC modes: 
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• First, the kinetic constants for the reactions implemented in the validated microscale models 

have been scaled up to reach the performances required at the cell level, using the polarization 

resistance measured by EIS at OCV and 750 °C as reference. This step consisted to multiply 

all the kinetic constants, previously determined on symmetrical cells [28], [48], by a 

correcting factor. Indeed, this correction is necessary since the electrode performances 

measured in a symmetrical setup are usually lower than those determined for the complete 

cell. Nevertheless, it is worth mentioning that neither the activation energies nor the reaction 

mechanism has been changed by this procedure. The values of the calibrated kinetic constants 

for the studied cell are given in Table 1 for both electrodes, considering electrolysis mode. 

• The microscale models were then used to generate a large database of electrode polarization 

curves as function of the operating temperature and the gas partial pressures taken at the top 

of the active layers. To build this database, simulations were carried out by increasing the 

temperature from 700°C to 800°C. Furthermore, the partial pressures were changed from 

P(H2)/P(H2O)=10/90 to 90/10 for the fuel electrode and from P(O2)/P(N2)=10/90 to 100/0 for 

the air electrode. 

• The parameters for the ‘global’ exchange current densities given by Eqs. (4) and (5) have 

been finally obtained by adjusting the activation overpotentials given by Eq (3) on the 

database related to the electrode polarization curves established for the active functional 

layers. 

The fitted partial pressure exponents (m and n for the hydrogen side and p for the air side) and 

activation energy of the exchange current density are provided in Table 3 for both electrodes 

in SOFC and SOEC modes. For the hydrogen side, it can be noted that the steam presents a 

stronger impact than the hydrogen on the current exchange density. Similar results have been 

published in [52] and [53] with exponents  m=0.11 and n=0.67 for SOFC polarization. For the 

air electrode, the value of the exponent is also consistent with the literature. For instance, 

exponents of  0.25 [52] and 0.26 [54] have been reported for the SOFC and SOEC modes, 

respectively. For the fuel electrode, the fitted activation energies are also consistent with the 

ones given in [55] and [56], with values of 100 kJ.mol
-1

 and 140 kJ.mol
-1

 in SOFC and SOEC 

modes, respectively. Finally, for the air electrode, the activation energies  reported in [54] (83 

kJ.mol
-1

) and in [55] (120 kJ.mol
-1

) for  SOEC and SOFC modes, respectively, are in relative 

good agreement with the fitted values. 

In this procedure for the model calibration, it is worth noting that the contact resistances 

deduced from the experimental impedance spectra have been introduced as inputs data in the 

simulations. As expected,    values have been found to decrease with the temperature [57] 
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(values of 0.244 Ω.cm², 0.181 Ω.cm², and 0.131 Ω.cm² were measured for 700 °C, 750 °C 

and 800 °C, respectively). 

Table 3 – Parameters for exchange current densities 

  
Partial pressure 

exponent 

Activation 

energy (kJ 

mol
-1

) 

Pre-

exponential 

factors  

SOFC 

H2 electrode m = 0.06 and n = 0.48 100 
A=1.26x109  

(A.m-2.atm-(m+n)) 

O2 electrode p = 0.21 112 
B=8.12x109 

(A.m-2.atm-p) 

SOEC 

H2 electrode m = 0.10 and n = 0.80 130 
A=2.63x1010  

(A.m-2.atm-(m+n)) 

O2 electrode p = 0.16 88 
B=1.1x1012 

(A.m-2.atm-p) 

 

4.3 Model validation 

The polarization curves of the complete cell have been measured in SOEC (P(H2)/P(H2O) = 

10/90) and SOFC (P(H2)/P(H2O) = 100/0) modes for different fluxes introduced at the inlet of 

the fuel electrode (Figs. 5a and 5b) and for different temperatures (Fig. 5c and 5d). As a 

general matter, the experimental results are found to be coherent with the ones expected for 

this type of cell [3], [32]. It can be noticed that the OCV values are in excellent agreement to 

the theoretical values given by the Nernst equation (considering P(H2)/P(H2O) = 10/90 for 

SOEC and P(H2)/P(H2O) > 99/1 for SOFC mode). Moreover, the OCV values remained 

constant when changing the total inlet flux for the fuel electrode during the experiments. 

These statements point out that there was no significant leakage between the electrode 

compartments so that the gas tightness of the glass seal was considered satisfactory. 

 As expected, the cell presents higher performances when the operating temperature and the 

gas inlet flux at the hydrogen side are increased. For instance, at the thermo-neutral voltage 

(1.3 V [58]) in SOEC mode, the absolute value of the current density at 750 °C is increased  

from -0.39 A.cm
-2

 to -1.05 A.cm
-2

 when the inlet flux is increased from 3 NmL.min
-1

cm
-2 

to 

12 NmL.min
-1

cm
-2

 (Fig. 5a).  

The comparison between the experimental and simulated polarization curves is also provided 

in Fig. 5. It can be seen that the model is able to predict all the experimental data in both 

SOFC and SOEC polarizations without any type of fitting. Therefore, the model can 

reproduce accurately the effect of temperature and inlet flux on the cell performance. 
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Nonetheless, a minor difference between the shape of the simulated and experimental curves 

can be observed in the region of the cell limiting current density. This slight discrepancy must 

be probably ascribed to small uncertainties in the determination of the microstructural 

properties on the 3D reconstruction on the cell support (i.e. pore radius and tortuosity factor). 

Indeed, as they control the mass transfer across the tick substrate, even a small change of one 

of these parameters can affect significantly the diffusion process, which can increase the 

concentration overpotential and decrease the cell performances [32], [59]. 

 

 

Figure 5 – Polarization curves showing the effect of the inlet gas flux at 750 °C in (a) 

SOEC and (b) SOFC modes, and effect of the temperature for a flux of 12 NmL.min
-1

.cm
-2

 

at 750 °C in (c) SOEC and (d) SOFC modes. 

 

To go deeper in the model validation, the local polarization curves have been measured with 

our specific setup at the cell inlet, middle and outlet. The results obtained in SOEC modes are 

compared in Figs. 6a-6c to the local polarization curves extracted from the simulations in the 

same operating conditions than the experiments. It can be noted that the cell response is 
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strongly heterogeneous along the electrode radius, the performances decrease continuously 

from the gas inlet (cell center) up to the outlet (cell periphery). Moreover, it can be observed 

that this evolution of the local polarization curves is enhanced when the temperature is 

increased. This heterogeneity along the electrode radius is mainly induced by the loss in 

performance caused by the steam consumption and depletion from the inlet to the outlet [17], 

[41]. Indeed, the strong gradient in steam partial pressure along the cell radius (cf. Fig. 8) 

increases the local concentration overpotentials, which in turn lead to decrease the local 

current densities. In the most critical condition (i.e. T = 800 °C, curve related to the edge 

position), it becomes possible to observe the beginning of a turning back behavior of the 

curves as shown in Fig. 6c. This phenomenon was already reported by [17], using a 

segmented electrode in SOFC operations. It is related to the local current density distribution 

in the cell and its evolution with the polarization. At low polarization, the repartition of the 

current is quite homogeneous all along the cell length. In this condition, the local current 

densities increase with the polarization even in the cell outlet. However, the gradient becomes 

more and more pronounced with the polarization, due to the fuel shortage (or starvation) close 

to the cell outlet (i.e. at high fuel utilization in SOFC mode or steam conversion in SOEC 

mode). Therefore, after increasing, the local current density at the cell outlet starts to 

decrease. This ‘bell-shaped’ evolution for the local current density at the cell outlet explains 

the turning-back behavior in the local cell polarization at the cell outlet. 

It is worth mentioning that a very good agreement is found between the experimental data and 

simulations for all the investigated conditions in Figs. 6a-6c. The model is thus able to predict 

the heterogeneity along the electrode radius measured in SOEC mode. Moreover, the 

simulations reproduce correctly the shape of the curves changing with the temperature. For 

instance, the turning back behavior highlighted at 800°C is well caught by the model.  

The same analysis has also been conducted in SOFC mode at 750 °C and 800°C (Figs. 6d and 

6e). As stated for the SOEC mode, the comparison between the experimental data and the 

computations also confirms that the model simulates quite precisely the evolution of the local 

polarization curves along the cell radius in SOFC mode. As expected, the local cell 

performances are decreased from the inlet to the outlet due to the consumption of hydrogen. 
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Figure 6 – Local polarization curves of cell inlet, middle and outlet for a flux of 12 

NmL.min
-1

.cm
-2

  in SOEC mode at (a) 700 °C, (b) 750 °C and (c) 800 °C and in SOFC 

mode at 750°C (d) and 800 °C (e). 
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In Figs. 7a-7c, the local current densities have been plotted as function of the position along 

the electrode radius in SOEC mode at 700 °C, 750 °C, and 800 °C. Different conditions of 

cell voltage were chosen for the analysis: one in the region of higher current densities at 1.3 V 

and the other for an intermediate polarization at 1 V. The experimental data are represented 

by the red and blue segments, which are related to the local current density measured in each 

pin at 1.3 and 1 V, respectively. In all situations, the current density profile decreases from the 

gas inlet in the direction of the cell periphery. This behavior, which is more pronounced at 

higher temperatures and cell voltage, is in perfect line with the evolution of the local 

polarization curves. Indeed, as already explained, this evolution of the current density along 

the cell radius is due to the consumption of steam, which is favored at higher temperatures 

and higher cell voltages. With this representation, it can be seen that the computed currents 

along the cell radius are fully consistent with the measurements. Indeed, the simulated curves 

cross all the segments except at the cell inlet were experimental data are slightly above the 

predicted currents. This slight discrepancy could be explained by the contact resistances 

between the grids and the electrodes, which could not be perfectly homogenous in the 

experiments. It is thus proposed that the contact resistance below the pin at the cell inlet 

would be slightly lower in such a way that the current density would be higher (and hence, the 

simulated current systematically lower). Finally, it is worth noting that the same behavior is 

observed in SOFC mode under polarization at 0.8 V and 1 V at 750 °C and 800 °C (Figs. 7d 

and 7e). 

As a general mater, when analyzing the global polarization curves in Fig. 5 together with the 

local results shown in Figs. 6 and 7, it is possible to conclude that the multiscale model is 

validated with the global and local measurements obtained for various operating conditions. 

Moreover, it has been shown that the experimental data obtained using the special setup is 

consistent with the expected results for this type of cell. Hence, it is possible to state that there 

is a mutual validation between the experimental data and the multiscale model. In other 

words, the general good agreement between the modeling results and the experimental data 

can be seen as a cross validation of the model with our specific setup proposed to measure the 

local polarization curves.        
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Figure 7 – Radial distribution of the current in SOEC mode (cell voltage of 1.3 V and 1 V, 

inlet flux = 12 NmL.min
-1

cm
-2

, P(H2)/P(H2O) = 10/90) at (a) 700 °C, (b) 750 °C and (c) 

800 °C and in SOFC mode (cell voltage of 0.8 V and 1 V, inlet flux = 12 NmL.min
-1

cm
-2

, 

P(H2)/P(H2O) = 100/0) at (d) 750 °C and (e) 800°C. 
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5. Discussion 

5.1 Partial pressures distribution  

The multiscale model offers the possibility to compute all the quantities in the electrodes such 

as the radial distribution of the partial pressure under different conditions of inlet flux, 

polarization and temperature. As an illustration, the steam and hydrogen partial pressures 

have been plotted in Figs. 8a and 8b at the interface between the electrolyte and the fuel 

electrode. These distributions have been determined at 750 °C for a current density of ± 0.5 

A.cm
-2

 in both SOEC (P(H2)/P(H2O) = 10/90) and SOFC modes (P(H2)/P(H2O) = 90/10) and 

for two different inlet fluxes (6 and 12 NmL.min
-1

.cm
-2

). As expected, in SOEC mode, 

hydrogen partial pressure increases in the direction of the cell outlet, while the steam partial 

pressure decreases, since they are respectively produced and consumed by the electrochemical 

reactions. In SOFC mode, the partial pressures distribution follows an opposite evolution with 

a decrease of hydrogen concentration and an increase of steam concentration at the cell outlet. 

The effect of the inlet flux for the fuel electrode is also shown in Figs. 8a and 8b. When the 

steam and hydrogen supply is lowered, the depletion of reactants in both modes is higher for a 

given current density. In that condition, the gradients along the cell radius are more 

pronounced as shown in Fig. 8a and 8b. At high fuel utilization in SOFC mode, the starvation 

of hydrogen at the cell outlet can accelerate the processes of cermet degradation with the local 

Ni re-oxidation into NiO [60].  

The distributions of the oxygen and nitrogen partial pressures in the air electrode are also 

shown in Fig. 8c and 8d. It can be noticed that the gradients of partial pressures along the cell 

radius are not strongly affected by the cell operation in both modes. These slight evolutions 

are explained by the high inlet flux of air (41 NmL. min
-1

.cm
-2

) that guarantees a supply of 

oxygen all along the electrode radius.  
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Figure 8 – Partial pressures of H2 and H2O along the cell radius for 6 NmL.min
-1

cm
-2 

and 12 

NmL.min
-1

cm
-2 

at 750 °C under (a) cathodic polarization and partial pressure in the gas inlet 

of P(H2)/P(H2O) = 10/90, and (b) anodic polarization and partial pressure in gas inlet of 

P(H2)/P(H2O)= 90/10. Partial pressures of O2 and N2 along the cell radius for 41 

NmL.min
-1

cm
-2

 at 750 °C under (c) anodic polarization and partial pressure in the gas inlet of 

P(O2)/P(N2) = 21/79, and (d) cathodic polarization and partial pressure in the gas inlet of 

P(O2)/P(N2) = 21/79. 

 

5.2 Reaction mechanism in the fuel electrode 

The extent of the active reaction zone in the fuel electrode can be quantified by plotting as a 

function of the electrode thickness the local ionic (   ) and electronic (   ) current densities in 

YSZ and Ni [61]. These evolutions have been extracted from the simulating results for the 

three positions along the electrode radius at the cell inlet, middle and outlet. They are reported 

in Fig. 9 for a cell operating at 750°C and ±0.5 A.cm
-2

 in SOFC and SOEC mode. As 

expected, the electronic current density increases from the electrolyte interface up to the 

current collector while the ionic current density follows the opposite evolution. With the 
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studied microstructure, it can be noticed that the reactions spread over a distance of around 15 

µm in the cermet thickness when operated in electrolysis mode (Fig. 9a). Moreover, it is 

found that the repartition of the current density in the active layer is not significantly impacted 

by the position along the cell radius. From a practical point of view, this statement means that 

it is not necessary to tune the thickness of the functional layer from the cell inlet to the outlet 

during manufacturing. Finally, it can be noticed that the same statement has been found when 

the cell is operated in fuel cell mode (Fig. 9b). Nevertheless, the extension of the reaction 

zone in the electrode is slightly lower than in SOEC mode. This difference is related to a 

change in the activated reaction mechanism, which is detailed hereafter. 

  

 

Figure 9 – Distribution of the ionic and electronic currents along the electrode thickness for 

different radial positions with an inlet gas flux of 12 NmL.min
-1

.cm
-
², T = 750 °C and 

P(H2)/P(H2O) = 50/50 in (a) SOEC mode at -0.5 A.cm
-2

 and (b) SOFC mode at +0.5 

A.cm
-2

. 

 

To highlight the effect of the position on the reaction mechanism, the ratio ( ) between the 

kinetic rates of steam adsorption/desorption on YSZ (   ) and Ni (   ) (cf. Table 1) has been 

computed at the cell inlet, middle and outlet: 

     
         
    

   
  

         
    

   
  

 (6) 

 

A ratio higher than one means that the mechanism is mainly controlled by the reaction 

pathway related to the steam interaction with YSZ. On the contrary, a ratio lower than one 
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indicates that reaction mechanism is dominated by the pathway related to the steam 

interaction with Ni.  

This ratio is plotted in Fig. 10a for an operation in SOFC mode at 750°C and i=+ 0.5 A.cm
-2

. 

As already explained in [48], the majority of the steam is produced in fuel cell mode by the 

water desorption from the YSZ surface (ξ>1). Nevertheless, the ratio between the two 

pathways decreases in the direction of the cell outlet. This evolution in the reaction 

mechanism along the cell radius can be explained by the inspection of the surface coverages 

on the Ni and YSZ (Fig. 11). For the water molecules, it can be remarked that both coverages 

on Ni and YSZ increases from the inlet up to the outlet (Fig. 11a and 11b) since the steam 

partial pressure is higher at the cell periphery (Fig. 8b). However, it is worth noting that the 

increase of     
 at the cell outlet is stronger for the Ni surface than for the YSZ. Indeed, an 

increase of 4.5x is found for Ni surface between the inlet and outlet (Fig. 11a), whereas in the 

same conditions, an increase of 2.3x is found for the local coverage on YSZ surface (Fig. 

11b). This evolution points out that, compared to the cell inlet, the capability of the YSZ 

surface at the cell outlet to accept additional water molecules becomes limited. This trend is 

related to the very high coverage of hydroxyl ions resulting in low available sites on the YSZ 

surface when the steam partial pressure is increased (Fig. 11c and Fig. 11d). On the other 

hand, the available site on Ni tends to increase at the cell outlet due to the decrease of 

hydrogen ad-atom surface concentration (Fig. 11e and Fig. 11f). As a result, the reaction 

pathway with the steam desorption from YSZ becomes more and more bounded in the 

direction of the cell outlet while the one from Ni surface becomes favored. Finally, it can be 

noticed that the decrease of the ratio along the cell radius is enhanced when the inlet gas flux 

is lowered (Fig. 10a). Indeed, the higher fuel utilization leads to a stronger gradient of gas 

partial pressure along the electrode radius, and hence, a higher steam partial pressure at the 

cell outlet (cf. Fig. 8b). 

Regarding an operation in SOEC mode, the ratio has been computed along the cell radius at 

750°C and i=-0.5 A.cm
-2

 (Fig. 10b).  It can be noted that the ratio follows an opposite 

behavior when compared to the SOFC mode. Indeed, it increases in the direction of the cell 

outlet, changing the prevailing mechanism of interaction between steam molecules and the 

electrode surface. At the cell inlet, the mechanism is mainly controlled by the adsorption of 

steam on Ni surface (i.e. ξ<1) while, at the cell outlet, the mechanism becomes more and 

more dominated by the steam adsorption on YSZ (i.e. ξ>1). As for the SOFC mode, this 

behavior can also be explained by analyzing the distribution of surface coverages on YSZ and 
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Ni. For instance, the evolution of     
 along the cell radius is shown in Fig 12a and 12b on 

both materials. A decrease of 60% is found for the surface coverage on Ni from the inlet to 

the outlet. On the other hand, the decrease in the steam coverage is only about 35% for YSZ. 

Hence, the quantity of steam associated with the YSZ surface increases as a function of the 

electrode radius, which favors the reaction pathway that takes into consideration the 

adsorption on the YSZ surface, increasing the ratio  .  

 

 

Figure 10 – (a) Ratio between the kinetic rates of steam desorption on Ni and YSZ surfaces 

as a function of the cell radius at 750 °C, with an inlet gas flux of 6 NmL.min
-1

.cm
-
² and 12 

NmL.min
-1

.cm
-
² in (a) SOFC mode (P(H2)/P(H2O) = 90/10)  at i = +0.5 A.cm

-2
, and (b) 

SOEC mode (P(H2)/P(H2O) = 10/90)  at i = -0.5 A.cm
-2

. 
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Figure 11 – Evolution of the surface coverage on YSZ and Ni surfaces in SOFC mode 

(P(H2)/P(H2O) = 90/10)  at 750 °C, i = +0.5 A.cm
-2

 and with an inlet gas flux of 6 NmL.min
-

1
.cm

-
² for: (a) H2O molecules on Ni surface, (b) H2O molecules on YSZ surface, (c) OH

- 
ions 

on YSZ surface, (d) free sites on YSZ surface, (e) hydrogen ad atom on Ni surface, and (f) 

free sites on Ni surface.  

 

 

Figure 12 – Evolution of the surface coverage on YSZ and Ni surfaces in SOEC mode 

(P(H2)/P(H2O) = 10/90)  at 750 °C, i = -0.5 A.cm
-2

 and with an inlet gas flux of 6 NmL.min
-

1
.cm

-
² for: (a) H2O molecules on Ni surface, (b) H2O molecules on YSZ surface. 
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5.3 Reaction mechanism in the air electrode    

The local electronic current densities in LSCF and the sum of the ionic current densities in 

LSCF and CGO have been taken from the simulated dataset for an operation at 750°C and a 

cell current of ± 0.5 A.cm
-2

 in SOFC/SOEC mode. The profiles in the electrode thickness are 

plotted in Fig. 13a (SOFC) and 13b (SOEC) for the cell inlet, middle and outlet. With the 

microstructure of the studied LSCF-CGO composite, the reaction zone in the functional layer 

spreads over a limited distance of a few micrometers and does not exceed 10 µm in 

electrolysis mode (Fig. 13a). Moreover, as for the fuel electrode, the repartition of the local 

current densities is not significantly impacted by the position along the cell radius. It can be 

also noticed that the thickness of the reaction zone in fuel cell mode is roughly similar to the 

one in SOEC mode. Indeed, in this case, the reaction mechanism remains identical for both 

polarizations as detailed hereafter.  

 

 

Figure 13 –Distribution of the ionic and electronic currents along the cell thickness for 

different radial positions with an inlet gas flux of 41 NmL.min
-1

.cm
-
², T = 750 °C and 

P(O2)/P(N2) = 50/50 in (a) SOFC mode (i = +0.5 A.cm
-2

) and (b) SOEC mode (-0.5 

A.cm
-2

). 

 

The multiscale model has been also applied to analyze the activated reaction mechanism 

depending on the position along the cell radius. For this purpose, the ratio between the surface 

to the bulk path has been defined as follows [28]: 

     
            
    

   

           
    

   

 (7) 
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where     and      denote the kinetic rates for the reactions R9 and R10, respectively (Table 

1). When     , the mechanism is mainly controlled by the surface path related to the charge 

transfer at TPBls, whereas     means that the mechanism is governed by the bulk path 

related to the oxygen incorporation/excorporation at the LSCF surface.  

The ratio   is plotted as function of the cell radius in Fig. 14a and 14b for a cell operated in 

SOFC and SOEC modes, respectively (at 750°C and i=+/-0.5 A.cm
-2

). Whatever the position 

in the cell, it can be noted that the mechanism is completely dominated by the surface path 

(   ) for both operating modes. This result is explained by the high density of active TPBls 

in the LSCF-CGO composite that favors the surface path [26], [28].   

Under SOEC mode, it can be observed that the ratio decreases in the direction of the cell 

outlet (Fig. 14b). This evolution is driven by the concentration of incorporated oxygen atoms 

in the LSCF that has been computed from the inlet to the cell outlet. As shown in Fig. 14d, 

this concentration decreases along the cell length due to the decrease of the local current 

density (cf. Fig. 7). Therefore, the lower concentration of oxygen atom in LSCF, which is 

directly related to a higher concentration of vacancies, tends to promote the bulk path as 

already detailed in [28]. Under SOFC mode, the opposite behavior is observed. The oxygen 

reduction at the TPBls (i.e. surface path) is promoted at the cell outlet compared to the cell 

inlet (Fig. 14a). This behavior is linked to the increase in the concentration of incorporated 

oxygen in the direction of the cell outlet as shown in Fig. 14c [14]. 
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Figure 14 – Ratio between the surface and bulk pathways along the functional layer 

thickness for different regions of the cell radius at 750 °C and inlet flux of 41 NmL.min
-

1
cm

-2 
in (a) SOFC mode (i = +0.5 A.cm

-2
) and (b) SOEC mode (i = -0.5 A.cm

-2
). 

Concentration of oxygen atoms incorporated in LSCF along the functional layer thickness 

for different regions of the cell radius at 750 °C and inlet flux of 41 NmL.min
-1

cm
-2

 in (c) 

SOFC mode (i = +0.5 A.cm
-2

) and (d) SOEC mode (i = -0.5 A.cm
-2

). 

                                            

6. Conclusion 

 

A coupled experimental and numerical approach has been adopted to elucidate the complex 

relationships between the global SOC response and the reaction mechanisms taking place in 

the electrodes. To perform this study, an in-house multiscale model has been developed and 

validated. This physical-based model consists of a combination of three different length-

scales. The first module is devoted to the generation of synthetic microstructures for the 

morphological description of both electrodes. The second module describes all the 
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microscopic processes arising in the electrodes functional layers. They take into account the 

reaction mechanisms divided in elementary steps together with the mass and charge transfer 

in the electrode phases. These kinetic models are linked to the third module that allows the 

simulation of the global cell response. The multiscale model offers the possibility to study the 

impact of the cell design on the local distribution of reaction kinetic rates, current densities, 

gas composition, etc. 

To validate the multiscale model, a special setup has been developed to measure the local 

polarization curves along the cell length. For this purpose, a specific design of the 

interconnect has been proposed in order to probe the local current density in the cell without 

any segmentation of the electrodes. This setup has been used to characterize a typical cell 

made of the classical SOCs materials (i.e. Ni-YSZ//YSZ//LSCF-CGO). Global and local 

polarization curves have been recorded in both SOFC and SOEC modes between 700 °C and 

800 °C and for a large range of inlet flux for the fuel electrode (3-12 NmL.min
-1

.cm
-2

). As 

expected, it has been found that the cell performances are improved with increasing the 

H2/H2O inlet flux and the temperature. The local measurements have confirmed that the local 

current density decreases along the cell length from the inlet to the outlet. 

The cell response has been computed with the model in the same conditions than the 

experiments. For this purpose, the model has been applied to the studied cell by considering 

an accurate description of the electrode microstructures. It has been found that the model is 

able to simulate accurately the global and local polarization curves obtained in SOFC and 

SOEC modes. A good agreement has been found between the simulated local current 

densities and the ones measured along the cell for various cell voltages. These results 

constitute a cross validation of the model and the specific setup proposed to measure the local 

current densities.       

The model has been applied to study the fuel and air electrode operation as a function of the 

cell length. For the fuel electrode, it has been highlighted that the extension of the reactions in 

the functional layer is almost independent on the position along the cell length. However, the 

reaction mechanism evolves continuously from the cell inlet to the outlet. In SOEC mode, this 

evolution leads to a change in the mechanism. Indeed, the steam molecules adsorb 

preferentially on the Ni surface at the inlet; whereas the adsorption on YSZ becomes 

dominant at the outlet. In SOFC mode, the steam interaction with YSZ surface is favored 

whatever the position, although the contribution of the Ni surface on the reaction pathways is 

enhanced along the cell length. All these evolutions have been discussed and explained with 

the distribution of adsorbates on both surfaces. Regarding the air electrode, it has been also 
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found that the thickness of the reaction zone in the functional layer is almost the same along 

the cell length. Moreover, the reaction mechanism remains mainly controlled by the so-called 

surface path related to the charge transfer at the TPBls. Nevertheless, in SOEC mode, the 

relative weight of the bulk path associated to the charge transfer at the LSCF surface is 

increased along the cell length. The opposite trend has been found in SOFC mode. These 

evolutions have been explained by the change of oxygen content in the LSCF material.       
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8. Nomenclature 

Roman symbols 

  Exchange density pre-exponential factor in the hydrogen electrode, (A.cm-²) 

  Exchange density pre-exponential factor in the air electrode, (A.cm-²) 

   
 

     Maximum concentration of oxygen incorporated in LSCF, (mol.m-3) 

  
  Activation energy of the exchange current density for the electrode i, (J.mol-1) 

     Open circuit voltage, (V) 

   Electron, (-) 

  Faraday’s constant, (C.mol-1) 

  Cell current density, (A.cm-²) 

    Local ionic current density, (A.cm-²) 

    Local electronic current density, (A.cm-²) 

  
  Exchange current density in the electrode i, (A.cm-²) 

  Kinetic constant of the reaction, (units shown in Table 1) 

  Exchange density exponent for the hydrogen partial pressure, (-) 

  Exchange density exponent for the steam partial pressure, (-) 

  Exchange density exponent for the oxygen partial pressure, (-) 

   Partial pressure of the specie i, (atm) 

  Universal gas constant, (J.mol-1.K-1) 

   Contact resistance, (Ω.cm2) 

    Radius of the phase i, (µm) 

   Free site on the surface for the phase i (-) 

      Specific surface area between phase i and j, (µm-1) 

  Absolut temperature, (K) 

      Cell voltage, (V) 

Chemical species 
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      Gaseous hydrogen, (-) 

       Gaseous water, (-) 

    H attached on Ni surface, (-) 

      H2O attached on Ni surface, (-) 

       H2O attached on YSZ surface, (-) 

   Hole defect in the LSCF, (-) 

      Gaseous oxygen 

    
   O2- attached on YSZ surface, (-) 

  
       Oxygen in the YSZ lattice, (-) 

     
  OH- attached on YSZ surface, (-) 

  
       Oxygen in CGO lattice 

  
        Oxygen in LSCF lattice 

     
  Oxygen ad-ion on the LSCF surface 

      Oxygen ad-atom on the LSCF surface 

       Oxygen ad-molecule on the LSCF surface 

  
        Oxygen vacancies in the YSZ lattice, (-) 

  
         Oxygen vacancy in the LSCF lattice, (-) 

  
        Oxygen vacancy in the CGO lattice, (-) 

  

Greek symbols 

   Volume fraction of the phase i, (-) 

  Ratio between surface and bulk path, (-) 

  Ratio between steam adsorption/desorption on Ni and YSZ, (-) 

     Triple phase boundary length density, (µm-2) 

     
  Concentration overpotential in the electrode i, (V) 

    
  Activation overpotential in the electrode i, (V) 

     Ohmic overpotential, (V) 

      Gas diffusion overpotential, (V) 

      Gas conversion overpotential, (V) 

    Local coverage of the specie i  on the surface of the phase j, (-) 

   Tortuosity factor of the phase i, (-) 
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9. List of Abbreviations 

3YSZ Yttria Stabilized Zirconia with 3.mol% of Yttria 

8YSZ Yttria Stabilized Zirconia with 8.mol% of Yttria 

CGO Gadolinium-doped Ceria 

DGM Dusty Gas Model 

EIS Electrochemical Impedance Spectroscopy 

HTSE High-Temperature Steam Electrolysis 

LSCF Lanthanum Strontium Cobalt Ferrite 

MIEC Mixed Ionic and Electronic Conductor 

OCV Open Circuit Voltage 

RVE Representative Volume Element 

SOCs Solid Oxide Cells 

SOEC Solid Oxide Electrolysis Cell 

SOFC Solid Oxide Fuel Cell 

SRU Single Repeating Unit 

YSZ Yttria Stabilized Zirconia 
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