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Abstract  

The Ce1−xGdxO2−δ (CGO) interlayer is a common reaction barrier layer employed in solid 

oxide fuel cells (SOFCs), to prevent chemical reactions between the (La1−xSrx)(Co1−yFey)O3−δ 

(LSCF) cathode and the Y2O3-stabilized ZrO2 (YSZ) electrolyte. However, even with the existence 

of the CGO layer, formation of SrZrO3 (SZO) insulating phase can still take place, causing cell 

degradation. Considering there have been already a large amount of experimental investigations 

conducted on the above degradation phenomenon, the current work is attempting to numerically 

model the process. A simplified numerical model of SZO formation at the YSZ-CGO interface is 

constructed. Based on the thermodynamic information and diffusion kinetics of the YSZ-CGO-

LSCF system from the literature, the interdiffusion between YSZ and CGO, the Sr diffusion 

through the CGO layer, and the formation of SZO at the YSZ-CGO interface are modelled, 

reproducing the experimental data well. Limitations of the current modeling work are further 

discussed.  
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1. Introduction  

The iron- and cobalt-containing perovskites, i.e. (La1−xSrx)(Co1−yFey)O3−δ (LSCF), exhibit  

high electronic and oxygen ion conductivity and have been shown as a high-performance cathode 

material for solid oxide fuel cell (SOFC) applications at the so-called intermediate operating 

temperatures between 600 °C and 800 °C [1]. Considering that LSCF perovskite can easily react 

with the Y2O3-stabilized ZrO2 (YSZ) electrolyte at high temperature to form oxide ion insulators, 

e.g. La2Zr2O7 and SrZrO3 (SZO) [2], an interlayer or so-called reaction barrier layer consisting of 

Ce1−xGdxO2−δ (CGO) is normally required to avoid such hazardous interface reactions [3, 4]. 

However, even with a CGO interlayer, the SOFC cell degradation can still take place in the YSZ-

CGO-LSCF region, partly caused by the YSZ-CGO interdiffusion during sintering of the CGO 

layer and SZO formation at the YSZ-CGO interface during cathode sintering and long-term cell 

operation. Generally, the CGO interlayer should be as dense as possible to maximize its protective 

effect as diffusion barrier, which on the other hand requires a higher sintering temperature, 

resulting in a thicker YSZ-CGO inter-diffusion zone with low ionic conductivity [5, 6]. Therefore, 

a tradeoff must be made between reducing YSZ-CGO interdiffusion during CGO layer sintering 

and controlling SZO formation during cathode sintering and cell long-term operation, and the 

selection of fabrication method and sintering temperature for the CGO interlayer is of particular 

importance.  

So far, a large number of experimental investigations have been conducted on the SZO 
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formation with different heat-treatment conditions for the CGO layer and several common findings 

have been reported [6-15]. When CGO is sintered below 1200 ºC, sintering the LSCF cathode at 

1100 ºC for 2 h results in a SZO layer covering the YSZ electrolyte surface entirely. When the 

sintering temperature of the CGO interlayer is above 1300 ºC, the amount of SZO formed during 

cathode sintering (at 1100 ºC for 2 h) decreases with increasing CGO sintering temperature and 

the SZO grains tend to distribute dispersedly, i.e. not as a continuous layer [14]. However, in the 

case of CGO sintered at 1300 ºC, with prolonging cathode sintering time up to 16 h, SZO can still 

cover the YSZ electrolyte surface entirely as presented by Matsuda et al. [15]. With regard to cell 

performance, latest studies [8, 13] further demonstrate that in the case of screen-printed CGO layer, 

heat treatment of CGO at high temperature to reduce SZO formation can compensate the losses 

caused by lower ionic conductivity of the YSZ-CGO interdiffusion zone. Considering the 

extensive experimental results reported so far, it is of urgent need to perform theoretical analysis 

in order to obtain deeper understanding of these phenomena and possibly help optimize the cell 

fabrication process. The current work is thus devoted to reproducing the experimental results in 

the frame of thermodynamic and kinetic modeling, with a focus on simulating formation and 

growth of SZO at the YSZ-CGO interface. 

 

2. Methodology  

2.1. CALPHAD method  

The basic idea for the CALculation of PHAse Diagram (CALPHAD) approach is to 

describe the thermodynamic properties of each phase in a system with a mathematical model 

containing adjustable parameters, which can be evaluated by optimizing the fit of the model to all 

the experiential information. It is then possible to recalculate the phase diagram as well as the 
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thermodynamic properties of all the phases. [16]. The Compound Energy Formalism (CEF) [17] 

is widely used in CALPHAD modeling, which is introduced to describe the Gibbs energy for all 

the phases in the current YSZ-CGO-LSCF system. However, it is an extensive project to establish 

the thermodynamic database for the complete Zr-Y-Ce-Gd-La-Sr-Co-Fe-O system, which is also 

unnecessary for the current simulation. In the current work, the YSZ-CGO-LSCF system is 

simplified to a model system as ZrO2-CeO2-SrO, taking into account the Zr and Ce interdiffusion 

between YSZ and CGO, the Sr diffusion through the CGO layer, and the formation of SZO at the 

YSZ-CGO interface. 

   

2.2. Grain boundary diffusion model  

The kinetic modeling is carried out using the Thermo-Calc & DICTRA software [18-20]. 

Thermo-Calc is a powerful tool for phase equilibrium calculations, whereas DICTRA is a software 

package for simulation of diffusional reactions in multicomponent alloys. Thermal-Calc & 

DICTRA together can reveal a good coupling between thermodynamic information and diffusion 

kinetics, i.e. thermodynamic database and diffusion coefficients (atomic mobility). In the current 

simulation, the grain boundary model in DICTRA [21-23] is employed to account for the 

contribution of grain boundary diffusion in both of the YSZ and CGO region, to be consistent with 

experimental observation. According to the model, the grain boundary diffusion is correlated to 

the bulk diffusion by using the same frequency factor of 𝐷𝐷0𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, but a modified bulk activation 

energy of  𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, as specified by the equation below, 

𝐷𝐷𝑔𝑔𝑏𝑏 = 𝐷𝐷0𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∙ exp (𝐹𝐹 ∙
𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑅𝑅𝑅𝑅
) (1) 
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where 𝐷𝐷𝑔𝑔𝑏𝑏 is the contribution of grain boundary diffusivity and 𝐹𝐹 is the bulk diffusion activation 

energy multiplier. The total diffusivity including both bulk and grain boundary diffusion is then 

formulated as: 

𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏 =
𝛿𝛿
𝑑𝑑
∙ 𝐷𝐷𝑔𝑔𝑏𝑏 + (1 −

𝛿𝛿
𝑑𝑑

) ∙ 𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (2) 

where 𝛿𝛿 and 𝑑𝑑 are the grain boundary thickness and the grain size, respectively.  

 

3. Results and Discussion  

3.1. Thermodynamic and diffusion kinetic data 

Based on the above simplification, the CALPHAD-type modeling of phases that should be 

included in the current thermodynamic database are cubic ZrO2 [24], CeO2 [24], SrO [25] and 

SrZrO3 [26]. Attention should be drawn to the thermodynamic modeling of cubic ZrO2, where 

cubic structure is not stable without the existence of Y2O3 in YSZ. In order to describe the cubic 

ZrO2 phase in the current modeling, the metastable thermodynamic parameters of cubic phase in 

the ZrO2-CeO2 system presented by Du et al. [24] is adopted. Besides, the thermodynamic 

parameters for other phases are directly acquired form literature and no higher order parameter is 

adjusted to the ZrO2-CeO2-SrO system. The available elemental bulk diffusion coefficients are 

adopted from literature, including Ce in YSZ [27], Zr in YSZ [28], Sr in CGO [29] and Zr in SZO 

[30]. Due to lack of experimental data, it is assumed in the current work that the diffusivities of Zr 

and Ce in CGO are the same as those in YSZ.  

 

3.2. Numerical modeling  
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Fig. 1. Schematic illustration of (a) the model system for simulating interdiffusion between 

YSZ and CGO and (b) the model system for simulating the formation of SZO at the YSZ-CGO 

interface. 

 

Figure 1a provides a schematic illustration of a one-dimension (1D) diffusion couple of 

ZrO2-CeO2 as set up in our recent work [31] mimicing the YSZ-CGO interdiffusion at various 

temperatures between 1373 K and 1673 K. Based on the parameters employed in actual cell 

production [32], in the current work, the thickness of CGO and YSZ layer is set to be 6 and 8 μm, 

respectively. A typical sintering time of 3 h is selected, simulating the processes happening during 

cathode sintering. In Figure 1b, a boundary condition was set to the right boundary of the CeO2 

layer, defining the activity of SrO as that in LSCF. An initially inactive SZO phase is defined at 

the YSZ-CGO interface to allow its formation. Knibbe et al. [33] investigated in detail on whether 

the formation of SZO at the YSZ-CGO interface is reaction limited or diffusion limited. By 

comparing the grain-boundary diffusion coefficient of Sr in CGO and the thickness of CGO barrier 

layer, they concluded that under the condition of steady-state Sr diffusion, the growth of SZO can 

be reasonably assumed to be diffusion limited. We hence consider an immediate reaction to form 

SZO when Sr reaches the YSZ-CGO interface, and the reaction time for the formation of SZO is 

negligible. The grain boundary diffusion model is activated using the same parameters determined 
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as in our previous modeling work of the YSZ-CGO interdiffusion [31]. During kinetic simulation, 

the CALPHAD-type thermodynamic database of the ZrO2-CeO2-SrO system is coupled to 

DICTRA to guarantee the local thermodynamic equilibrium, while the diffusion flux and the 

diffusion depth are determined by the elemental diffusivity. 

 

3.3. Interdiffusion between YSZ and CGO  

 

 

Fig. 2. Simulated composition profiles of the ZrO2-CeO2 diffusion couple sintered at 1373 K, 

1523 K and 1673 K for 3 h using parameters from Xu et al. [31]. 

 

Considering our recent experimental and simulation work on the interdiffusion between 

YSZ and CGO [31], the parameters of Eq. 2 in the current simulation are selected accordingly. It 

should be mentioned that in our DICTRA simulation the grain size in the CGO layer is set to be 

constant over time, but varies with temperature, 0.1 μm at 1373 K, 0.5 μm at 1523K and 1 μm at 

1673K. These values are chosen based on the CGO layer microstructure after sintering as presented 
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in [8]. Fig. 2 plots the simulated composition profiles at different heat treatment temperatures for 

3 h. It should be noticed that the x axis applied in Fig. 2 focuses only on a small region at the ZrO2-

CeO2 interface, where the interdiffusion zone can be detected. It can be seen that the element 

diffusion in the CeO2 layer is faster than that in the ZrO2 layer, and the interdiffusion zone becomes 

thicker with increasing temperature as expected. The composition jump at the ZrO2-CeO2 interface 

is a result of the miscibility gap existing in the ZrO2-CeO2 system. 

 

3.4. Growth of SZO at the YSZ-CGO interface  

 

 

Fig. 3. Calculated (a) ZrO2-CeO2-SrO isothermal section at 1373 K and (b) an enlargement in 

the composition range of 0 ~ 10 at.% SrO. 

 

Figure 3 shows the calculated metastable phase diagram of the ZrO2-CeO2-SrO isothermal 

section at 1373 K from the current work and an enlargement in the composition range of 0-10 mol % 

SrO. The initial composition of each end-member in the current simulation (i.e. ZrO2 and CeO2) 

lies in the cubic ZrO2 and CeO2 single phase region, respectively. A boundary condition was set to 

the right boundary of the CeO2 layer, defining the activity of SrO as that in LSCF. From a 
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thermodynamic point of view, as the amount of Sr increases, the overall composition of the entire 

diffusion couple can reach to a point located inside the ZrO2 + SrO + SrZrO3 three-phase region. 

The inactive SrZrO3 layer set initially at the YSZ-CGO interface can then be activated to form and 

grow with time. The sintering temperature and time in the current simulation (simulating cathode 

sintering) are 1373 K and 3 h, respectively. In order to describe the grain boundary diffusion, the 

same set of parameters for simulating the YSZ-CGO interdiffusion are used. For simplification, 

the current simulation is performed at 1373K only, which does not include the process where the 

YSZ-CGO bilayer is first sintered at high temperature. However, in order to reveal the dependence 

of SZO formation on the heat-treatment temperature of the CGO layer, different CGO grain sizes 

of 0.1 μm, 0.5 μm and 1 μm are introduced to represent the microstructure change after the YSZ-

CGO interdiffusion at 1373K, 1523K and 1673K. The difference in grain size can then affect both 

the Sr diffusion across CGO layer and the growth of SZO at the YSZ-CGO interface.  

 

 

Fig. 4. Comparison between the simulated composition profiles (lines) at 1373 K for 3 h (CGO 

grain size 0.1 μm) from the current work and the experimental line-scanning data from Wilde 
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et al. [8] (symbols). 

 

Fig. 5. Comparison between the simulated composition profiles (lines) at 1373 K for 3 h (CGO 

grain size 0.5 μm) from the current work and the experimental line-scanning data from Wilde 

et al. [8] (symbols). 

 

Fig. 6. Comparison between the simulated composition profiles (lines) at 1373 K for 3 h (CGO 

grain size 1 μm) from the current work and the experimental line-scanning data from Wilde et 

al. [8] (symbols). 
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Fig. 7. Calculated SZO layer thickness vs. time for CGO layers sintered at different 

temperatures. 

Figures 4-6 present the simulated composition profiles in comparison with the 

experimental line-scanning data [8]. The current simulation can only handle formation of a 

continuous thin SZO layer at the YSZ-CGO interface as observed by Wilde et al. [8], but not 

possible to model appearance of dispersed SZO reported previously [6-15]. The simulated SZO 

layer thickness decreases with increasing the grain size in the CGO region, indicating that the 

ability of the CGO layer as Sr diffusion barrier is enhanced when increasing CGO sintering 

temperature. Fig. 7 shows a plot of the SZO layer thickness vs. time under different conditions. It 

can be seen that the growth rate of SZO decreases with increasing the CGO sintering temperature, 

i.e. the higher the CGO sintering temperature, the larger the CGO grain size, the less the Sr 

diffusion via grain boundaries. For the same reason, the starting point for the first appearance of 

SZO (as l(SZO) = 10 nm) is postponed with increasing the CGO sintering temperature, as shown 

in Fig. 7. It is, however, interesting to notice that a linear relationship exists between the thickness 

of the formed SZO layer and time in such a diffusion-controlled situation. This indicates that the 

limiting factor for the growth of SZO is the amount of Sr diffuse through the CGO region, which 
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is a constant due to the existence of the CGO diffusion barrier layer.  

 

Summary  

The formation of a SZO thin layer at the YSZ-CGO interface is numerically modeled in 

the current work. The YSZ-CGO-LSCF system is simplified to ZrO2-CeO2-SrO, taking into 

account the Zr and Ce interdiffusion, the transportation of Sr and formation of SZO. The simulation 

of the SZO formation and growth at the YSZ-CGO interface is then performed with further 

simplifications. No temperature- or time-evolution of the grain size is considered in this work. 

However, different grain size in the CGO layer is introduced to represent the effect of CGO 

sintering temperature on the formation of SZO. Simplification is also made by considering the 

YSZ-CGO interdiffusion only during the cathode sintering, not during the CGO layer sintering. 

Further assumption is made to ignore the dispersed distribution of SZO grains, but to consider a 

continuous thin layer of SZO. However, even with the simplifications mentioned above, the current 

simulation result can still qualitatively describe the SZO formation and reproduce some of the 

experimental data well. Further improvement on the model is needed to be able to quantitatively 

predict the YSZ-CGO interdiffusion and SZO formation and optimize the sintering parameters 

based on the results.  
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