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Abstract: The proton-conducting solid oxide electrolysis cell is a promising technology 

for energy storage and hydrogen production. However, because of the aggressive humid 

condition in the air electrode side, the stability of electrolysis cells is still a concern. In 

addition, the energy efficiency needs further improvement before its practical application. 

In this work, considering both stability and energy efficiency, a novel heterogeneous design 

is proposed for proton-conducting solid oxide electrolysis cells. In this heterogeneous 

design, the merits of proton-conducting materials can be taken advantage of and the 

drawbacks of proton-conducting materials can be circumvented synchronously, resulting 

in better stability and higher efficiency of electrolysis cells. The feasibility and advantages 

of the heterogeneous design are demonstrated in electrolysis cells with yttrium and 

zirconium co-doped barium cerate-nickel as the fuel electrode material and yttrium-doped 



barium zirconate as the electrolyte material by experiment and modeling. The experimental 

results demonstrate that compared with the conventional homogeneous design, this novel 

design can efficiently improve the proton conductivity of the yttrium-doped barium 

zirconate electrolyte (from 0.88×10-3 S cm-1 to 2.13×10-3 S cm-1 at 873 K) and slightly 

improve the ionic transport number of the electrolyte (from 0.941 to 0.964 at 873 K), 

resulting in better electrochemical performance. The electrolysis cells with this design also 

show good stability. Moreover, the simulation results show that the faradaic efficiency and 

energy efficiency of electrolysis cells are improved by applying this novel design. These 

impressive results demonstrate that heterogeneous design is a rational design for high-

performance and efficient proton-conducting solid oxide electrolysis cell.   
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design; energy efficiency 

 

 

 

 

Nomenclature 

Nomenclature 

Abbreviation English letter 

H-SOEC proton-conducting solid oxide 
electrolysis cell 

P pressure (atm) 

BZCY17 BaZr0.1Ce0.7Y0.2O3 Rs apparent ohmic resistance  
(Ω cm2

) 
BZCY BaZr0.8-xCexY0.2O3−δ Ri ionic resistance (Ω cm2

) 

BZY BaZr0.8Y0.2O3-δ Re electronic resistance (Ω cm2
) 

SFM Sr2Fe1.5Mo0.5O6-δ RT total apparent resistance 
(Ω cm2

) 



 

 

 

 

 

 

1. Introduction 
The substantial demands for clean and renewable energy resources have attracted worldwide 

attention due to the rapid growth of the world's population and economy. Renewable energy 

sources, such as solar, wind, and tidal energy, have been greatly promoted in recent decades to 

achieve a sustainable global energy supply and combat the environmental issues associated with 

the ever-increasing consumption of fossil fuels[1]. However, these renewable energy sources are 

OCV open circuit voltage Rp apparent polarization resistance (Ω cm2
) 

FE faradaic efficiency Rp,r real polarization resistance 
(Ω cm2

) 

LHV lower heating value ti transport number of ions  

Greek symbols EN theoretical potential 

σ conductivity (S cm-1) VOCV measured opon circuit voltage 

μ chemical potential R gas constant 8.314 J/(mol K) 

Ф electrostatic potential T temperature (K) 

η energy efficiency F Faraday constant 96485 C/mol 

σ conductivity (S cm-1) J current density (A cm-2) 

Subscripts t time (s) 

h. electronic hole N production amount (molar) 

OH. hydroxy proton   

H2 hydrogen Superscripts 

ext external o condition at open circuit voltage 



not suitable for continuous energy supply and energy storage devices are needed to store excess 

energy. Electrolysis cells, which can efficiently convert electrical energy to chemical energy, are 

promising for large-scale energy storage[2]. Among different types of electrolysis cells, solid 

oxide electrolysis cells based on proton-conducting electrolyte (H-SOECs) have drawn 

considerable attention due to their advantages such as lower material cost, higher electrochemical 

performance and easier gas separation [3]. 

Fig.1 shows the working principle of H-SOECs. In the fuel electrode side, only dry hydrogen, 

as the product, is produced, so the stability requirement of fuel electrode material is simple. In the 

air electrode side, steam is fed as the reactant. Considering the aggressive humid condition, air 

electrode and electrolyte materials should maintain chemically stable in steam, which imposes a 

significant restriction on the choice of materials.  

Y-doped BaZrO3 (BZY) and BaZr0.8-xCexY0.2O3−δ (BZCY), have been applied for the state-

of-the-art proton-conducting solid oxide fuel cells (H-SOECs) as the proton-conducting electrolyte 

materials and electrode materials [4]. However, until now, there are still some paramount problems 

for the application of BZY and BZCY. For BZY, although it possesses excellent chemical stability 

in an H2O/CO2-containing atmosphere [5], it is notorious for its high resistance of grain boundary 

[6], which could result in significant loss of voltage and energy efficiency of H-SOECs. As for 

BZCY, although it shows higher proton conductivity than BZY and increasing the content of Ce 

can improve the proton conductivity of BZCY [7], increasing the content of Ce could lead to a 

reduction of the stability of BZCY in an H2O-containing atmosphere. Hence the long-term 

chemical stability of BZCY is still an issue, which restricts its practical application for H-SOECs. 

To date, in H-SOECs, researchers always use the same proton-conducting material for the 



electrolyte and electrode (homogeneous design), which imposes limitations on the selection of 

materials and the improvement of the performance [4]. 

Furthermore, it should mention that BZY and BZCY possess not only proton conductivity 

but also non-negligible electronic conductivity, so the current leakage is an important concern of 

the application of H-SOECs. The current leakage in the electrolyte layer leads to a decrease of 

faradaic efficiency of electrolysis and energy efficiency of the total system[4]. To date, for H-

SOECs, there are still paramount technical challenges of reducing the current leakage and 

improving the faradaic efficiency of electrolysis.     

Here, according to the working principle of H-SOECs and the features of materials, a rational 

heterogeneous design is proposed for H-SOECs. In this heterogeneous design, the selection of 

materials is more flexible, compared with conventional homogeneous design. In this 

heterogeneous design, the excellent stability of BZY, as well as the high performance of BZCY, 

can be taken advantage of synchronously. Since the dense BZY electrolyte layer can protect the 

BZCY-Ni fuel electrode from steam in the air electrode side, the problem of instability of BZCY 

could be circumvented. Moreover, during sintering, the large shrinkage of BZCY-Ni is beneficial 

for the grain growth of BZY electrolyte, which could reduce the high resistance of the grain 

boundary of BZY.  Furthermore, an interlayer could be formed in situ at the fuel 

electrode/electrolyte interface during high-temperature co-sintering. The rational control of the 

formation of this interlayer could offer some benefits, such as electron-blocking, improving the 

ionic conductivity of electrolyte layer, and more active interface [8]. As a result, this design 

concept could promote the cell electrochemical performance, the faradaic efficiency of electrolysis, 

and energy efficiency of the system.  



In this study, to demonstrate the feasibility and advantages of this novel design, H-SOECs, 

with a configuration of BaZr0.1Ce0.7Y0.2O3(BZCY17)-Ni/BZY/Sr2Fe1.5Mo0.5O6-δ(SFM)-BZY, 

have been assembled, as schematically shown in Fig.1. The fabrication of H-SOECs is studied in 

details. In addition, the electrochemical performance of H-SOECs is evaluated by recording the 

cell voltage-current relationship as well as the impedance spectra. The faradaic efficiency and 

energy efficiency of H-SOECs are calculated by developing a mathematical model. 

 

2. Experimental 
The experimental section mainly contains three parts, namely: synthesis and characterization 

of materials, fabrication of electrolysis cells, and characterization of electrolysis cells. 

2. 1 Sythesis and characterization of materials  

Glycine and citric acid assisted combustion method was used to synthesize the SFM powders 

[9]. Stoichiometric amounts of salt solution precursors Sr(NO3)2 (Alfa Aesar 99%), Fe(NO3)3 (Alfa 

Aesar 99%) and (NH4)6Mo7O24·4H2O (Alfa Aesar 99.9%) were mixed together in a beaker. 

Glycine (combustion-assisting chemicals) and citric acid (chelating agent) were added to the 

solution. The precursor solution was subsequently heated on a hot plate until self-combustion 

occurred. The as-prepared ash was fired at 1323 K for 5 h to form the perovskite structure.  

The BZY and BZCY17 powders were synthesized by a combined EDTA-citric acid method 

[10]. Stoichiometric amounts of metal nitrate precursors Ba(NO3)2 (Alfa Aesar 99%), 

ZrO(NO3)2·xH2O (Alfa Aesar 99.9%) and Y(NO3)2·6H2O (Alfa Aesar 99.9%) were dissolved in 

deionized water and titrated by ethylenediaminetetraacetic acid (EDTA). The precursor solution 

was subsequently heated on a hot plate until self-combustion occurred. The as-prepared ash was 

fired at 1373 K for 10 h to form the perovskite structure. 



X-ray diffraction (Rigaku MiniFlex II, with Cu Kα radiation and a D/teX silicon strip 

detector) was used to evaluate the crystal structure of synthesized powders. 

2. 2 Fabrication of electrolysis cells 

NiO-based fuel electrode supported cells with thin BZY electrolyte and SFM-BZY air 

electrode were fabricated by dry-pressing, drop-coating and brush-painting method. NiO powders, 

BZY/BZCY17 powders and carbon black (average particle size: 1 μm) were mixed with a weight 

ratio of 5.5:4.5:2. The mixed powders were used to prepare the NiO-based fuel electrode substrates 

(10.4 mm in diameter and 0.3 mm in thickness after sintering at 1723 K) by dry-pressing and then 

firing at 873 K for 2 h. The shrinkage behavior of BZY-NiO and BZCY17-NiO substrates were 

analyzed using dilatometer measurement (Netzsch DIL 402 PC/4). 

The BZY electrolyte slurry was prepared by ball milling BZY powders, using ethanol as 

solvent and adding other organic additives[11]. BZY electrolyte layer was then deposited on the 

NiO-based substrates by a drop-coating method and then sintering at 1723 K for 5 h. The SFM-

BZY air electrode with an effective area of 0.33 cm2 was applied onto the surface of the BZY 

electrolyte by brush-painting SFM-BZY paste and then sintering at 1373 K for 2 h. 

2. 3 Characterization and test of electrolysis cells 

Microstructures of the electrolysis cells were examined by scanning electron microscope 

(SEM, Zeiss Ultra Plus FESEM). 

The experimental apparatus for the electrochemical test of electrolysis cells have be 

descripted in previous studies [12]. The prepared electrolysis cells were attached onto one end of 

an alumina tube using an electrical conductive paste (DAD-87, Shanghai Research Institute of 

Synthetic Resins, China) and high temperature ceramic adhesives (552-1105, Aremco, USA) as 

joining and sealing material, respectively. The gas mixture of H2 and N2 were fed to the fuel 



electrode side, while air (3% H2O) was introduced to the air electrode side. The flow rates of air, 

H2 and N2 were monitored by mass flow controllers (APEX, Schoonover, USA). Electrochemical 

characterizations for the electrolysis cells were conducted on an electrochemical test system (Versa 

STAT 3-400, Princeton Applied Research, USA). The I-V curves were recorded with a voltage 

sweep speed of 0.03 V s-1.  

3. Results and discussions 
To demonstrate the feasibility and advantages of heterogeneous design, H-SOECs with 

homogeneous design have been fabricated for comparison. Electrolysis cells with these two kinds 

of designs are compared in terms of the properties of materials, electrochemical performance, and 

efficiency.    

3. 1 Characterization of materials and electrolysis cells  

The as-prepared BZY and BZCY17 powders are characterized by XRD, as shown in Fig.2. 

The XRD pattern of BZY shows a cubic perovskite structure, consistent with the literature[13], 

while the XRD pattern of BZCY17 reveals an orthorhombic perovskite structure, as described in 

the literature [14]. Besides, no secondary phases are observed in both samples, indicating that pure 

BZY and BZCY17 have been synthesized successfully.  

Fig.3 shows the shrinkage curves of BZY-NiO and BZCY17-NiO fuel electrode. It is obvious 

that the temperature of obvious shrinkage is lower in the case of BZCY17-NiO, compared with 

BZY-NiO. After sintering at 1723 K, the shrinkage of BZCY17-NiO fuel electrode reaches 25% 

and the shrinkage of BZY-NiO fuel electrode is less than 18%, indicating that BZCY17-NiO 

possesses better sinterability than BZY-NiO. The inferior sinterability of BZY-NiO is due to the 

refractory nature of BZY, which has been reported [15]. Replacing BZY by BZCY17 is a feasible 

approach to improve the sinterability of the fuel electrode. 



Fig.4 displays SEM images of the cross-section of electrolysis cells. Both cells are consisted 

of a porous NiO-based fuel electrode substrate and the thin BZY electrolyte layer. In these two 

kinds of cells, the thickness of electrolyte layers is similar, about 18μm, suggesting that the 

preparation of the electrolyte layer by the drop-coating method is reproducible. Comparing the 

BZY-NiO and BZCY17-NiO fuel electrode subtracts, it can be found that the size of pores in the 

BZY-NiO substrate is larger than that of BZCY17-NiO substrate. Since the pore former is the 

same in these two kinds of substrates, the larger size of pores in the BZY-NiO substrate is due to 

the smaller shrinkage of the substrate after sintering. The morphology of fuel electrode substrate 

mainly influences the gas transport in the fuel electrode and the concentration overpotential of H-

SOECs. Since H2, the molecule of which is very small, is the only product in the fuel electrode 

and the reduction of NiO greatly increases the porosity of fuel electrode, the effect of morphology 

of fuel electrode on the gas transport and overpotential of H-SOECs is insignificant. Therefore, 

the morphology difference between the BZY-Ni substrate and the BZCY17-Ni substrate has a 

negligible effect on the concentration overpotential of H-SOECs. 

Moreover, it can be observed that there are more closed pores in the BZY electrolyte layer on 

the BZY-NiO substrate than that on the BZCY17-NiO substrate, indicating that the densification 

of BZY electrolyte layer on the former is worse than that on the latter. It is worth mentioning that 

oxygen molecules probably exist in these closed pores. It has been reported that the transport 

number of electron hole of BZY increase with the increasing partial pressure of oxygen, because 

high oxygen partial pressure is beneficial to the formation of electron hole, as shown in reaction 

(2) [16]. The concentration of electron hole is proportional to the 𝑃ைమ

భ

ర . Moreover, it is well known 

that the total conductivity of material is positively correlated to its densification. Therefore, the 

existence of closed pores may lead to the decrease of ionic transport number and total conductivity.   



The surface morphology of the BZY electrolyte on different substrates is presented in Fig.5. 

In both cases, there are no obvious pores and the grains are tightly packed, suggesting that the 

electrolyte layers are dense enough to prevent the internal leakage of gas from one electrode side 

to the other electrode side. The most distinguished difference between these two electrolyte layers 

is the size of grains. The average size of grains of BZY electrolyte on the BZCY17-NiO substrate 

is about 0.8 μm, which is much larger than that on the BZY-NiO substrate (about 0.2 μm). It has 

been experimentally demonstrated that the size of grain has a significant effect on the conductivity 

of BZY and many other proton-conducting oxides because the resistance of grain bulk is 

substantially smaller than that of the grain boundary. Increasing the grain size of BZY is critical 

to achieving high proton conductivity [17]. 

To further investigate the influence of BZCY17-NiO substrate on the BZY electrolyte layer, 

the interaction between BZY and BZCY17 during high temperature sintering is studied by 

HRTEM. From Fig.6 (a) and (b), it can be seen that the lattice fringe spacings, corresponding to 

(110) plane of BZY and BZCY17, are 0.304 nm and 0.314 nm respectively. Then BZY and 

BZCY17 powders were mixed, followed by sintering at 1723 K. The mixture was also 

characterized by HRTEM, as shown in Fig.6 (c). The lattice spacing of the mixture, corresponding 

to (110) plane of the mixture, is 0.309 nm, which is between the values of BZY and BZCY17. This 

result confirms the interaction between BZY and BZCY17 and it is reasonable to deduce that Ce 

element could diffuse from the BZCY17-NiO substrate to the BZY electrolyte layer to form 

BaZr0.8-xCexY0.2O3 solid solution at the fuel electrode/electrolyte interface during sintering. It has 

been proved that increasing the content of Ce in BaZr0.8-xCexY0.2O3 can improve its sinterability 

and proton conductivity [18]. Hence BaZr0.8-xCexY0.2O3 interlayer possesses better sinterability and 

higher proton conductivity than the original BZY electrolyte. During high temperature sintering, 



the shrinkage of interlayer and fuel electrode substrate can provide an extra driving force for the 

densification of the bulk BZY electrolyte layer, which is beneficial for the densification and grain 

growth of the electrolyte layer.  

Consequently, combining the results of densification (Fig.4), size of grains (Fig.5) and the 

interaction (Fig.6), it is reasonable to expect that the conductivity of BZY electrolyte on the 

BZCY17-NiO substrate (heterogeneous design) is higher than that on the BZY-NiO substrate 

(homogeneous design). 

3. 2 Electrochemical performance 

The electrochemical performance of these two kinds of electrolysis cells is recorded and 

compared, as shown in Fig.7. From fig.7 (a), it can be seen that for both cells, the electrolysis 

current densities increase with the increase of the operation temperature and applied voltage. At 

the same temperature and voltage, the electrolysis current densities of cells with the heterogeneous 

design are always larger than those with the homogeneous design. Fig.7 (b) shows the electrolysis 

current density at 1.3 V and error analysis. The standard deviation of electrolysis current density 

at 1.3 V ranges from 6.0 mA cm-2 to 10.6 mA cm-2. The range of standard deviation is reasonable, 

indicating that the test of electrochemical performance is accountable. For the cells with 

homogeneous design, the average electrolysis current densities at 1.3 V are 76 mA cm-2, 186 mA 

cm-2 and 275 mA cm-2 at 823 K, 873 K and 923 K respectively. For the cells with heterogeneous 

design, the average electrolysis current densities at 1.3 V are 198 mA cm-2, 377 mA cm-2 and 571 

mA cm-2 at 823 K, 873 K and 923 K respectively, which are more than twice of those with 

homogeneous design. 

Impedance spectra of electrolysis cells with different designs are measured under the OCV 

condition. Fig.8 (a) shows the impedance spectra at 923 K. Generally, when the electrolyte layer 



is pure ion conductor, the intercept of the impedance spectra with the real axis at high-frequency 

corresponds to ohmic resistance of the electrolysis cell and the real axis range covered by the arc 

at lower frequency region represents the overall electrode polarization. However, when the 

electronic conductivity of electrolyte layer can’t be negligible, the impedance spectra can’t reflect 

the real ohmic resistance and polarization resistance without proper correction[19]. It has been 

theoretically[20] and experimentally[21] demonstrated that BZY possesses a high transport 

number of electron hole and non-negligible electronic conductivity in a dry atmosphere with high 

partial pressure of oxygen. Reaction (1) shows the formation of protonic defect (𝑂𝐻௢
∙ ) and reaction 

(2) presents the formation of electron hole (ℎ.), as follows: 

                          𝐻ଶ𝑂 + 𝑉ை
∙∙ + 𝑂௢ = 2𝑂𝐻௢

.                      (1) 

                                                     
ଵ

ଶ
𝑂ଶ + 𝑉ை

∙∙ = 2ℎ. + 𝑂௢                      (2) 

 To evaluate the intrinsic resistances of electrolysis cells, a correction method has been 

developed [22]. Considering the electronic leakage in the electrolyte layer, an equivalent circuit 

for impedance spectra has been built, as shown in Fig.8 (b). The equivalent circuit contains Ri 

resistance which connects with one (RQ) element in series and with Re resistance in parallel. The 

Ri and Re stand for the ionic and electronic resistances in the electrolyte, respectively. The (RQ) 

element represents the electrode reactions and Rp,r stands for the real polarization resistance. 

According to the equivalent circuit, the apparent ohmic resistance (Rs), obtained directly from 

impedance spectra, can be calculated as functions of Ri and Re: 

                           𝑅௦ =
ோ೔ோ೐

ோ೔ାோ೐
                               (I)  

The total apparent resistance (RT), obtained directly from impedance spectra, can be derived 

by using the following equation: 

                        𝑅் =
(ோ೔ାோ೛,ೝ)ோ೐

(ோ೔ାோ೛,ೝ)ାோ೐
                            (II) 



The transport number of ions (ti) can be determined by using the equation below: 

                      𝑡௜ =
ோ೐

ோ೔ାோ೐
=

௏೚೎ೡ

ாಿ
(1 +

ோ೛,ೝ

ோ೔ାோ೐
)                    (III) 

where Vocv is the open circuit voltage and EN is the theoretical Nernst potential. 

Rp,r can be solved from equation II and III: 

                     𝑅௣,௥ =
(ோ೅ିோೞ)ோೞ

௧೔[௧೔ோ೅ି(ோ೅ିோೞ)]
                           (IV) 

From equation IV, it can be easily derived that only when ti=1, Rp,r is equal to (RT-Rs), 

meaning that Rp,r and apparent polarization resistance (Rp) are identical. When ti<1 (not pure ion 

conductor), 
ோ೛,ೝ

ோ೛
=

ோೞ

௧೔[௧೔ோ೅ି(ோ೅ିோೞ)]
> 1, indicating that the Rp,r is larger than the Rp.              

Rp,r, Ri and Re can be solved from equation I, II and III, as following: 

   𝑅௣,௥ =
ோ೅ିோೞ

ೇ೚೎ೡ
ಶಿ

[ଵି
ೃೞ
ೃ೅

 (ଵି
ೇ೚೎ೡ

ಶಿ
)]

                       (V) 

   𝑅௜ =
ோೞோ೐

ோ೐ିோೞ
=

ோೞ

ଵି
ೃೞ
ೃ೅

 (ଵି
ೇ೚೎ೡ

ಶಿ
)
                       (VI) 

   𝑅௘ =
ோ೅

ଵି
ೇ೚೎ೡ

ಶಿ

                            (VII) 

The calculation results for cells with homogeneous design and heterogeneous design are 

shown in table 1 and table 2, respectively. For both cells, it can be seen that the Rp,r is larger than 

the Rp and Ri is larger than the Rs, which is consistent with the theoretical expectation. The main 

difference between these two kinds of electrolysis cells is the Ri. The Ri of electrolysis cells with 

the heterogeneous design are always smaller than those with the homogeneous design. For 

example, the Ri of cells with heterogeneous design is 0.846 Ω cm2 at 873 K, which is much smaller 

than that with homogeneous design (2.038 Ω cm2). In other words, the ionic conductivity of the 

electrolyte layer on the BZCY17-NiO substrates reaches to 2.13×10 -3 S cm-1 at 873 K, which is 

significantly larger than that on the BZY-Ni substrates (0.88× 10-3 S cm-1). These results 



demonstrate that the application of heterogeneous design is beneficial for improving the ionic 

conductivity of the BZY electrolyte layer, which is due to the better sinterability of BZCY17-NiO 

substrate and the formation of BaZr0.8-xCexY0.2O3 interlayer. The comparison of conductivity of 

BZY electrolyte, fabricated by different approaches, is shown in table 3. The conductivity of BZY 

electrolyte of heterogeneous design is higher than that fabricated by pulsed laser deposition (PLD) 

[23]and comparable with those fabricated by using sintering aid of ZnO[24] and CaO[25] or ionic 

diffusion strategy [26]. It has been reported that adding sintering aid leads to a decrease of the 

ionic transport number of BZY electrolyte[27], which is detrimental to the efficiency of 

electrolysis. Moreover, for ionic diffusion strategy, extra metal oxide (In2O3) is needed, which 

could increase the cost of fabrication. Therefore, applying heterogeneous design is a cost-effective 

and simple method to fabricate dense BZY electrolyte with high proton conductivity.  

Besides Ri, the real polarization resistances (Rp,r) of electrolysis cells become smaller, when 

heterogeneous design is applied, compared with homogeneous design. For example, the Rp,r in the 

case of heterogeneous design (3.012 Ω cm2) is slightly smaller than that of homogeneous design 

(3.480 Ω cm2) at 873 K. It has been demonstrated that the ionic conductivity of electrolyte not 

only determines the resistance of electrolyte, but also affects the polarization resistance of 

electrode. Increasing the ionic conductivity of electrolyte could accelerate the transfer of ions 

between the electrolyte/electrode interface or improve kinetics of the electrode reaction taking 

place at the boundaries between electrolyte and electrode [28]. Therefore, the smaller polarization 

resistances in the case of heterogeneous design are attributed to the electrolyte layer with higher 

ionic conductivity.  

From table 1 and 2, it can be also seen that the ionic transport number (ti) of electrolyte on 

both cases decreases with increasing the temperatures, implying that the electronic conductivity of 



electrolyte becomes more significant with temperatures. Furthermore, the transport number of ions 

(ti) of the electrolyte on BZCY17-Ni substrates is slightly larger than those on BZY-Ni substrates. 

Larger ti means the ionic conductivity of electrolyte is more predominant and electronic 

conductivity of electrolyte is less significant, which is beneficial for reducing the electronic 

leakage in the electrolyte layer and improving the energy efficiency of H-SOECs. The larger ti in 

the cases with heterogeneous design is probably due to less closed pores and the diffusion of small 

amount of Ce from the BZCY17-Ni substrate to the electrolyte layer. Similar experimental results 

have also been observed. The electronic leakage in BaZr0.8Ce0.1Y0.1O3 membrane is slightly 

smaller than that in the BaZr0.9Y0.1O3 membrane [29].  

The stability of H-SOECs with heterogeneous design is studied at 1.3 V and 873 K, as shown 

in Fig. 9. At the beginning of the stability test, the absolute current density increases from 380 mA 

cm-2 to 408 mA cm-2. Then it becomes stable at about -370 mA cm-2 in the rest of the test, 

demonstrating that electrolysis cells show stable performance. The change of performance at the 

beginning may be due to the activation of electrode, the change of sealing condition of electrolysis 

cells and the evaporation of silver current collector.  

3. 3 Faradiac and energy efficiency 

To roughly evaluate the energy efficiency of H-SOECs, an electrochemical model of H-

SOECs is built. Since the conductivity of electron hole in the BZY electrolyte can’t be neglected, 

not only proton conductivity (𝜎ைு.) but also electronic conductivity (𝜎௛.) of BZY electrolyte must 

be considered in the electrochemical model. It has been experimentally demonstrated that the 

electronic conductivity (𝜎௛.) of perovskite proton conductor changes with external voltage [30]. 

And it has been theoretically deduced that the conductivity of electron hole is a function of cell 

potential (E), as shown in equation (VIII) [31]: 



                    𝜎௛. = 𝜎௛.
௢ exp (

ி(ாି௏೚೎ೡ)

ோ்
)                    (VIII) 

where R is the ideal gas constant, T is temperature, F is the faraday constant, 𝜎௛. 
௢ is the 

conductivity of electron hole under OCV. 

The current densities of proton (𝐽𝑂𝐻.) and electron hole (𝐽௛.) occuring in the electrolyte can 

be expressed by the Nernst-Planck equation, as shown in equation (IX) and (X) [32]: 

                 𝐽ைு. = −
ఙೀಹ.

ி

డఓೀಹ.

డ௫
− 𝜎ைு.

డథ(௫)

డ௫
                   (IX) 

                    𝐽௛. = −
ఙ೓.

ி

డఓ೓.

డ௫
− 𝜎௛.

డథ(௫)

డ௫
                        (X) 

where 𝜇𝑋  is the chemical potential of X, 𝜙 is the electrostatic potential. Combining equation 

(VIII), (IX) and (X), and then integrating, the numercial solution of 𝐽𝑂𝐻.  and 𝐽௛.can be obtained. 

Defining the direction of 𝐽௛. is positive, the external current density can be determined according 

to Kirchhoff’s law, as shown in equation (XI):  

                          𝐽௘௫௧ = −(𝐽௛. + 𝐽ைு.)                       (XI) 

Thus the faradaic efficiency (FE) of electrolysis can be calculated by the following equations: 

                   𝐹𝐸 =
ேಹమ

|௃೐ೣ೟|×௧/௡ி
=

௃ೀಹ೚
.

|௃೐ೣ೟|
                      (XII) 

where 𝐽௘௫௧ is the external current density, 𝑁ுమ
 is the production rate of hydrogen, n is the number 

of electron envolved in the reaction and t is time. The energy efficiency of H-SOECs, which is 

defined as the ratio of energy output and energy input, is calculated by the following equation: 

𝜂 =
ேಹమ×௅ு௏ಹమ

ா೐೗೐ାாℎ೐ೌ೟
                       (XIII) 

where 𝐿𝐻𝑉ுమ
 is the lower heating value of hydrogen, 𝐸௘௟௘ is the electricity input and 𝐸ℎ௘௔௧ is the 

heat required for the process.  

The faradaic efficiency and energy efficiency of H-SOECs are calculated, as shown in Fig. 

10 (a) and (b). The faradaic efficiencies of H-SOECs with homogeneous design and heterogeneous 



design are compared in Fig.10 (a). For both electrolysis cells, the faradaic efficiency decreases 

with increasing operating temperature, which is due to the decreasing of ionic transport number(ti) 

with temperature, as shown in table 1 and 2. Moreover, it is obvious that the faradaic efficiency in 

the case of heterogeneous design is always higher than that in the case of homogeneous design. 

For example, at 1.3 V and 823 K, the faradaic efficiency of heterogeneous design (54.0%) is higher 

than that of homogeneous design (44.0%).   The higher faradaic efficiency of heterogeneous design 

is attributed to the larger ti of the electrolyte on BZCY17-Ni substrates, compared with that on 

BZY-Ni. Larger ti means the ionic current in the electrolyte is more predominant and the electronic 

current is less significant.  

The calculated results of energy efficiency are presented in Fig. 10(b). The energy efficiency 

is highly related to the faradaic efficiency and it shows a similar trend with the faradaic efficiency. 

For both electrolysis cells, the energy efficiency decreases with operating temperature. This can 

be explained by the fact that although the electricity input can be saved at a higher temperature 

due to less resistance of electrolysis cells, the faradaic efficiency decreases with the increase of 

temperate, resulting in a decrease of efficiency of electricity input. Moreover, it can be found that 

higher energy efficiency is achieved in the case of heterogeneous design. For example, at 823 K 

and 1.3 V, the energy efficiency of heterogeneous design is 48.5%, which is higher than that of 

homogeneous design (40.6%). The better performance of electrolysis (less electricity input) and 

larger ionic transport number (ti) of the electrolyte both contribute to the higher energy efficiency 

of electrolysis cells with heterogeneous design.     

4. Conclusion 
In this work, the feasibility and advantages of the heterogeneous design for H-SOECs have 

been investigated and demonstrated in electrolysis cells with BaZr0.1Ce0.7Y0.2O3(BZCY17)-Ni as 



the fuel electrode material and BaZr0.8Y0.2O3-δ (BZY) as the electrolyte material by experiment 

and modeling. In this heterogeneous design, the merits of BZY and BZCY17 can be taken 

advantage of, and the drawbacks of them can be circumvented simultaneously. The experimental 

results show that during high temperature sintering，the BZCY17-NiO substrate can provide a 

large driving force for the densification of the BZY electrolyte layer, resulting in grain growth of 

BZY and smaller resistance of grain boundary. In addition, the HRTEM analysis demonstrates the 

in-situ formation of BaZr0.8-xCexY0.2O3 solid solution at the fuel electrode/electrolyte interface, 

which is beneficial for improving the electrochemical performance. At 873 K, the BZY electrolyte 

layer of the heterogeneous design shows high ionic conductivity of 2.13×10-3 S cm-1, which is 

more than twice of that of homogeneous design (0.88×10-3 S cm-1). The H-SOECs with 

heterogeneous design exhibit better electrolysis performance than those with homogeneous design. 

Moreover, the ionic transport number of BZY electrolyte layer is increased slightly by applying 

the heterogeneous design. As a result, higher faradaic efficiency and energy efficiency are 

achieved in the H-SOECs with the heterogeneous design. This work demonstrates a rational design 

for high-performance H-SOECs. 
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Captions: 

Fig.1 Schematic of H-SOECs with homogeneous and heterogeneous design.  

Fig.2 XRD patterns of BZY and BZCY17. 

Fig.3 Shrinkage behavior of BZY-NiO and BZCY17-NiO fuel electrode. 

Fig.4 Cross section images of electrolysis cells (a) with BZY-NiO fuel electrode (homogeneous 

design); (b) with BZCY17-NiO fuel electrode (heterogeneous design). 

Fig.5 Surface morphology of BZY electrolyte (a) on the BZY-NiO substrate (homogeneous 

design); (b) on the BZCY17-NiO substrate (heterogeneous design).  

Fig.6 HRTEM images (a) BZY; (b) BZCY17; (c) mixture of BZY and BZCY17.  

Fig.7 (a) I-V curves of H-SOECs (3%H2O-air in the air electrode, 80%N2-20%H2 in the fuel 

electrode); (b) electrolysis current at 1.3 V and error analysis 

Fig.8 Impedance spectra (a) with homogeneous and heterogeneous design at 923 K; (b) an 

equivalent circuit. 



Fig.9 Short term stability test of H-SOECs with heterogeneous design at 873 K. 

Fig.10 (a) Analysis of Faradaic efficiency; (b) analysis of Energy efficiency. 

Table 1 Analysis of impedance spectra of electrolysis cells with homogeneous design 

Table 2 Analysis of impedance spectra of electrolysis cells with heterogeneous design 

Table 3 Comparison of conductivity of BZY electrolyte layer at 873 K 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Schematic of H-SOECs with homogeneous and heterogeneous design.  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 XRD patterns of BZY and BZCY17. 

 

 

 

 

 

 

 



 

 

 

Fig.3 Shrinkage behavior of BZY-NiO and BZCY17-NiO fuel electrode. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Fig.4 Cross section images of electrolysis cells (a) with BZY-NiO fuel electrode (homogeneous 

design); (b) with BZCY17-NiO fuel electrode (heterogeneous design). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Fig.5 Surface morphology of BZY electrolyte (a) on the BZY-NiO substrate (homogeneous 

design); (b) on the BZCY17-NiO substrate (heterogeneous design).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 

Fig.6 HRTEM images (a) BZY; (b) BZCY17; (c) mixture of BZY and BZCY17.  

 

 



 

 
Fig.7 (a) I-V curves of H-SOECs (3%H2O-air in the air electrode, 80%N2-20%H2 in the fuel 

electrode); (b) electrolysis current at 1.3 V and error analysis 

 

 

 



 

 
Fig.8 Impedance spectra (a) with homogeneous and heterogeneous design at 923 K; (b) an 

equivalent circuit. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
Fig.9 Short term stability test of H-SOECs with heterogeneous design at 873 K. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 
Fig.10 (a) Analysis of Faradaic efficiency; (b) analysis of Energy efficiency. 

 
 



 
 

 
Table 1 Analysis of impedance spectra of electrolysis cells with homogeneous design 

 
Temperature 

(K) 

EN 

(V) 

VOCV 

(V)  

Rp 

(Ω cm2
) 

Rs 

(Ω cm2
) 

Rp,r 

(Ω cm2
) 

Re 

(Ω cm2
) 

Ri 

(Ω cm2
) 

ti 

823 1.086 0.948 6.660 2.350 7.892 70.832 2.431 0.967 

873 1.075 0.921 2.810 1.920 3.480 33.104 2.038 0.942 

923 1.063 0.894 1.440 1.600 1.868 19.140 1.746 0.916 

 
 
  



Table 2 Analysis of impedance spectra of electrolysis cells with heterogeneous design 
 

Temperature 

(K) 

EN 

(V) 

VOCV 

(V)  

Rp 

(Ω cm2
) 

Rs 

(Ω cm2
) 

Rp,r 

(Ω cm2
) 

Re 

(Ω cm2
) 

Ri 

(Ω cm2
) 

ti 

823 1.086 0.941 5.838 0.972 6.870 50.955 0.991 0.981 

873 1.075 0.919 2.484 0.816 3.012 22.799 0.846 0.964 

923 1.063 0.880 1.200 0.699 1.547 11.041 0.746 0.937 

 

  



 

Table 3 Comparison of conductivity of BZY electrolyte layer at 873 K 
 

Configuration of cells Fabrication process Conductivity 
(S cm-1) 

[Ref] 
 

Ni-BZY/BZY (4 μm) Pulsed laser deposition (PLD) 0.22×10-3 [23] 
Ni-BZY/BZY (20 μm) Ionic diffusion strategy 2.27×10-3 [26] 

Ni-BZY/BZY_ZnO (20 μm) ZnO as sintering aid 2.0×10-3 [24] 
Ni-BZY/BZY_CaO (25 μm) CaO as sintering aid 1.67×10-3 [25] 

Homogeneous design (18 μm) 
Simple co-sintering 

0.88×10-3 This 
study 

Heterogeneous design (18 μm) Simple co-sintering 2.13×10-3 This 
study 

 
 


