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 A B S T R A C T

A primary challenge in advancing proton-conducting electrolysis cells for H2 generation lies in enhancing 
the performance and durability of the steam electrode. This paper addresses common delamination issues, 
frequently observed during cell operation due to thermal expansion mismatch, by introducing a novel 
functional layer — an intermediate component intended to be placed between the steam electrode and 
the electrolyte. We systematically investigate the optimal composition of this functional layer, based on 
BaCo0.4Fe0.4Zr0.2O3−𝛿 (BCFZ442)/BaZr0.7Ce0.2Y0.1O3−𝛿 (BZCY721), alongside its associated ink rheology. The 
electrochemical performance of the composite functional layer is comprehensively assessed on symmetrical 
cells under humidified air within the temperature range of 200 to 700 ◦C. Furthermore, detailed microstructural 
analyses are conducted before and after cell operation to provide critical insights for future improvements. 
The study also explores the impact of layer thickness, influenced by varying ethyl cellulose (EC) binder weight 
fractions, on the area-specific resistance (ASR). The BCFZ: BZCY (70:30) composite, prepared with 3 wt% 
EC, demonstrates the lowest area-specific resistance of 0.99 Ωcm2 and an activation energy of 0.94 eV at 
600 ◦C. These findings suggest that the developed composite maintains optimal charge transfer kinetics and 
conductivity, simultaneously preventing delamination.
1. Introduction

Achieving carbon neutrality and large-scale energy storage remains 
a critical challenge for modern society. Hydrogen (H2), a versatile 
chemical energy carrier with high energy density, offers an attractive 
solution for sustainable energy systems. Among the leading technolo-
gies for hydrogen production, Solid Oxide Electrolysis (SOE) presents 
distinct advantages in terms of efficiency and integration potential, 
distinguishing it from both Proton Exchange Membrane (PEM) electrol-
ysis [1] and Photoelectrocatalysis (PEC) [2]. While PEC represents a 
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long-term research pathway that directly uses sunlight to split water, 
it currently faces significant challenges such as low solar-to-hydrogen 
efficiency and fast charge recombination, making it unsuitable for 
large-scale, commercial applications in the near term. In contrast, PEM 
electrolysis is a commercially mature technology with a high current 
density and the ability to respond rapidly to the intermittent nature 
of renewable energy sources. However, PEM systems rely on expen-
sive precious metals like platinum and iridium, which significantly 
drives up their capital cost.SOE presents a highly promising route for
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Fig. 1. Schematic illustration of CTE mismatch-induced delamination and the proposed solution in this work.
large-scale H2 generation, leveraging significant thermodynamic advan-
tages. Operating at elevated temperatures (typically 500–1000 ◦C) [3,
4], SOE requires considerably less electrical energy, with electrolysis 
needing only 3.6 kWh of electricity to produce 1 Nm3 of H2, compared 
to 5–6 kWh at room temperature [5]. This high-temperature operation 
results in a superior electrical efficiency of approximately 74%–81%, 
compared to the 56%–60% of PEM electrolyzers.

Iwahara et al. [6] further advanced the application of electrolysis 
for energy storage by introducing proton ceramics for various appli-
cations. This led to the development of proton-conducting ceramic 
electrolysis and fuel cells (PCECs/PCFCs), which are electrochemical 
devices designed for highly efficient electrical-to-chemical and vice 
versa energy conversion and storage. A key advantage of PCECs over 
conventional electrolysis and fuel cells based on oxygen-ion conducting 
ceramics is their ability to operate at lower to intermediate tem-
peratures (400–700 ◦C). This lower operating range offers additional 
benefits, including improved system integration, enhanced fuel utiliza-
tion, higher purity of produced H2, and more effective coupling to 
various chemical processes.

Furthermore, recent advancements in PCFCs have demonstrated 
their potential for fuel flexibility and robustness in electricity gener-
ation, making them highly durable and tolerant to coking and sul-
phur [7]. Over the past decade, electrolysis technology based on 
proton-conducting ceramics has indeed marked significant advance-
ments in materials, components, and cell development [8–13]. Recent 
comprehensive reviews further underscore these efforts, highlighting 
the significant progress in materials, components, and cell develop-
ment, while also reiterating the persistent challenges such as electrode 
stability and sluggish oxygen evolution reaction kinetics [14]. How-
ever, despite this progress, the widespread deployment of PCECs still 
faces persistent challenges, particularly concerning electrode stability 
and overall performance. Community efforts are thus dedicated to 
developing highly performing PCEC steam electrodes with superior con-
tact to the electrolyte [8,9,15–22]. Recent studies by Na Ai et al. [23], 
who introduced a novel in-situ electrode fabrication method, and Min 
Xu et al. [24,25], who provided a detailed description of nanoparticle 
exsolution on electrodes, highlight emerging techniques for advancing 
solid oxide cell (SOC) preparation and enhancing performance.

BaZr0.7Ce0.2Y0.1O3−𝛿 (BZCY721) stands as a state-of-the-art proton 
conductor, widely employed as a solid electrolyte in PCEC designs. 
Its composition represents a careful trade-off between thermo-chemical 
stability, acceptor dopant solubility at elevated temperatures, and the 
overall performance of Y-substituted BaZrO  and BaCeO  classes of 
3 3
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materials [6,26–28]. Over the past decade, numerous studies have 
focused on defining and testing new air/steam electrode materials for 
PCEC fuel/electrolysis cells. However, many materials initially devel-
oped for oxygen-ion conducting cells [29–31] were directly applied 
in H-SOECs without fully considering the distinct interfacial reactions 
occurring with proton-conducting electrolytes. The steam electrode 
reaction mechanism [32] in PCECs is fundamentally distinct from 
that observed in SOECs/SOFCs, where oxygen ions must also dif-
fuse to the triple-phase boundary (TPB) area. Therefore, an effective 
steam electrode for PCECs requires good electronic and oxygen-ion 
conductivities and a robust protonic pathway. To address these re-
quirements and the persistent challenges of sluggish Oxygen Evolu-
tion Reaction (OER) kinetics and electrode instability, research on 
advanced electrode materials for PCECs has focused on various ma-
terial regulation strategies, including chemical doping, microstructural 
engineering, and multiphase design [33]. Among promising candidates, 
BaCo0.4Fe0.4Zr0.2O3−𝛿 (BCFZ442) has been widely reported [18,34] as 
a suitable steam electrode for long-term application. This is attributed 
to its mixed ionic-electronic conductivity, stable perovskite structure 
with large Ba2+ cations (facilitating oxygen ion migration), and good 
catalytic activity stemming from Co/Fe valence state changes [35–40]. 
For instance, BCFZ442 demonstrates significantly lower polarization 
resistance compared to La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) (e.g., 8.5 vs. 65 
Ωcm2 at 500 ◦C), (1.6 vs. 5.1 Ωcm2 at 600 ◦C) , further decreasing in 
humid air (3.9 and 1.0 Ωcm2) at 500 and 600 ◦C, respectively [18].

One of the key challenges with this material system combination 
is its poor electrode-electrolyte interface contact during cell processing 
and operation. Indeed, the electrode-electrolyte interface’s mechanical 
integrity and bonding strength are paramount for long-term cell sta-
bility, with studies demonstrating that robust interfaces, where each 
layer remains flat and firmly attached, contribute significantly to high 
endurance [7]. As highlighted in our previous research [41], the aver-
age coefficient of thermal expansion (CTE) difference between pristine 
BCFZ442(FL) and BZCY721(EL) samples is approximately 124%. This 
significant thermal expansion mismatch induces tensile stresses and 
strains, leading to electrode disintegration, as illustrated in Fig.  1. 
The resulting interface weakening and fragmentation, as previously re-
ported ‘[42–44], significantly reduce the density of triple-phase bound-
aries (TPBs), ultimately degrading the electrode’s electrochemical per-
formance. While some approaches focus on ex-situ surface treatments to 
improve bonding and eliminate delamination, the critical role of inter-
face design and thermal expansion coefficient (TEC) matching for long-
term durability has been increasingly recognized. For instance, recent 
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work on PrBaMn2O5+𝛿 (PBM) and BaZr0.85Y0.15O3−𝛿 (BZY) composite 
steam electrodes demonstrated exceptional durability over hundreds 
of hours, attributing this to innovative interface design, including the 
use of cube-shaped BZY microcrystals for enhanced proton conductivity 
and a TEC closer to that of the electrolyte [45]. To mitigate this 
incompatibility-induced degradation, we introduce a novel (to the best 
of our knowledge) functional composite layer, fabricated with different 
weight fractions of BCFZ442(FL) and BZCY721(EL) and intended to 
be positioned between the electrolyte and the air electrode as an 
intermediate layer. Many researchers have reported on the concept of 
mixed ionic-electronic conductivity, highlighting that incorporating a 
second phase can improve the dispersion of active sites for surface 
water vapor and oxygen, and facilitate interfacial proton transport [9,
15,32,46,47]. The idea of combining two phases in a composite form, 
a strategy known as multiphase design [33], has been extensively 
explored in research to improve chemical compatibility, mechanical 
stability, and electrochemical performance for various applications, 
such as in PCECs or gas separation membranes [48,49] or gas separa-
tion membranes [50–52]. While extensive research has been conducted 
on BCFZ442 and BZCY721 individually, as well as on various com-
posites in related applications, direct studies focusing on this specific 
BCFZ442-BZCY721 composite within the context of protonic ceramic 
electrolysis cells appear to be scarce. Given this lack of existing studies, 
exploring the combination of BCFZ442 and BZCY721 represents a novel 
area of research that could provide valuable insights into enhancing the 
performance and stability of protonic ceramic electrolysis cells. There-
fore, our previous and present work focus on advancing research in this 
area, primarily assessing the compatibility, electrochemical properties, 
and potential advantages of the BCFZ-BZCY composite as a protonic 
ceramic electrolysis technology component. As depicted through Fig.  1, 
this study suggests adding an additional component called a ’functional 
layer’ as an intermediate layer between the electrolyte and the steam 
electrode to provide a gradual thermal expansion mismatch transition 
from electrode to electrolyte. To focus this study specifically on the 
chemical and thermal interaction between the functional layer and 
electrolyte interface, we have used a symmetrical cell configuration 
of BCFZ442:BZCY721 ∥ BZZY721+NiO ∥ BCFZ442:BCFZ721. We have 
limited this study to the functional layer and electrolyte interaction. 
The integration of this layer within a full cell configuration is in the 
scope of future investigation.

In our previous work [41], we identified the optimal composition 
of the composite functional layer along with its fabrication conditions, 
and demonstrated a reduction in thermal mismatch (see Supplementary 
Figures 1&2). This study presents an understanding of the electrochemi-
cal behavior and microstructure of the interface between the functional 
layer and electrolyte. In this study, we fabricated symmetrical coin 
cells where the electrolyte was prepared using cold uniaxial pressing, 
and the functional layer was applied to the electrolyte using screen 
printing. Screen printing was chosen for functional layer deposition 
due to its several advantages, including simplicity, cost-effectiveness, 
the ability to produce uniform microstructures, and suitability for 
high-volume production and commercial scalability [53–55]. Typi-
cally, a screen printing paste consists of a solid loading material, 
a dispersant, and a binder solution. Among these components, the 
binder content significantly influences ink rheology, particle connectiv-
ity, mechanical strength, total polarization resistance, and the electrical 
conductivity of the printed electrode layer/functional layer [56]. Ethyl 
cellulose (EC) was chosen as the binder because it promotes a uniform 
and fine microstructure, greater porosity, a homogeneous pore size 
distribution, and lower polarization resistance [56]. To examine the 
influence of ethyl cellulose (EC) content on the electrochemical perfor-
mance and microstructure of the composite functional layer, various 
EC weight fractions (1 wt%, 3 wt%, and 5 wt%) in the binder solution 
were studied. Comprehensive electrochemical characterization and mi-
crostructural analyses were performed before and after electrochemical 
impedance spectroscopy (EIS) testing for all symmetrical PCECs within 
an operating temperature range of 400–700 ◦C. The findings were com-
pared with those for cells featuring a pristine BCFZ442(FL) electrode 
and benchmarked against existing literature data.
3 
2. Experimental procedure

2.1. Materials

Steam/air electrode materials: BZCY721(EL) and BCFZ442(FL) were 
procured from Marion Technologies (France) and CerPoTech (Norway), 
respectively. The verification of stoichiometry, crystal structure, par-
ticle size distribution, and specific surface area of these powders was 
previously reported [41]. Mixtures of the pristine BaCo0.4Fe0.4Zr0.2O3−𝛿
(BCFZ442 (FL)) and BaZr0.7Ce0.2Y0.1O3−𝛿 (BZCY721 (EL)) in ratios of 
90:10 (not presented in this article), 70:30 and 50:50 were utilized 
to prepare the screen printing pastes for deposition of the functional 
layers.

Solid electrolyte: To achieve adequate sintering of BZCY721(EL) 
below its typical sintering temperature (≥ 1700 ◦C), NiO powder 
(0.5 wt%) [57] obtained from G. Vogler B.V. (the Netherlands) was 
incorporated as a sintering aid via ball milling. Using a tumbler mixer, 
the ball milling process was conducted in a 500 mL polyethylene bottle 
for 24 h. The average particle size, determined using a Horiba LA-950b 
V2 particle size analyzer, was 1.99 μm. The influence of NiO additive on 
the sintering behavior of BZCY721(EL) was routinely evaluated using 
a NETZSCH DIL402C dilatometer with a heating rate of 5 K/min in air 
at ambient pressure.

2.2. Fabrication of symmetrical PCECs

Disc-shaped BZCY721(EL) electrolyte pellets with a diameter of 
25 mm and a thickness of 2 mm were fabricated using a two-step 
process. First, uniaxial pressing (P/0/Weber) at 100 MPa for 120 s den-
sified the powders into green pellets. Subsequently, cold isostatic press-
ing (CIP) (EPSI International, Belgium) at 200 MPa for 120 s further 
enhanced the density. Polyvinyl alcohol (PVA) binder was used to fa-
cilitate the pelletization process. The green pellets were then sintered at 
1500 ◦C for 10 h with a heating/cooling rate of 2 K/min in air (refer to 
Fig.  2) for a flowchart depicting the electrolyte fabrication process. CIP 
processing resulted in denser pellets than those obtained solely by uni-
axial pressing, as evidenced by their darker color. The relative density 
of the electrolyte (91%) was determined using the Archimedes method 
with isopropanol (density = 0.786 g/cm3 at 20 ◦C), assuming a theoreti-
cal density of 6.20 g/cm3 for BZCY721(EL). Following the fabrication of 
high-density electrolyte pellets, symmetrical cells were prepared having 
the configuration BCFZ442(FL): BZCY721(EL)|BZCY721(EL)+NiO(0.5 
wt%)|BCFZ442(FL): BZCY721(EL) (illustrated in Fig.  2). The composite 
functional layer, with an effective area of 1 cm2, was deposited on both 
sides of the electrolyte using a screen mesh with a wet layer thickness 
of 40 μm. A two-step screen-printing process was employed to achieve 
a uniform bilateral coating. After the deposition on one side, the cell 
was dried at 100 ◦C in an oven for 15 min before printing the opposite 
side. After drying, the electrodes were sintered at 1100 ◦C in air for 5 
h [41].

2.3. Screen printing paste preparation and optimization

Table  1 details the components used to formulate the screen print-
ing paste. Three primary factors govern the rheology and physical 
characteristics of the ink: solid loading (powder), dispersion solution, 
and binder solution. The dispersant preferentially adsorbs onto the 
particle surface, creating a steric hindrance layer that prevents agglom-
eration [53]. Conversely, binders, such as ethyl cellulose, enhance the 
particle network strength within the paste. Studies have shown that 
the binder content significantly impacts ink rheology, particle connec-
tivity, mechanical strength, and total polarization resistance [53,56]. 
Therefore, the weight fraction of ethyl cellulose in the binder solution 
was varied to investigate its influence on these properties. At the same 
time, other parameters such as sintering temperature and time were 
kept constant.
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Fig. 2. Flow chart showing the fabrication process for symmetrical PCECs (left), and symmetrical PCECs after sintering at 1100 ◦C for 5 h (right).
Fig. 3. Process flow for optimizing the screen printing pastes.
Table 1
Components of screen printing paste.
 Ingredients Used  
 Solvent Terpineol (Boiling point: 219 ◦C)  
 Binder Ethyle cellulose (viscosity: 45cP)  
 Dispersant BYK-P 104  
 Solid BCFZ442(FL)/BZCY721(EL) composites 

The preparation of screen printing paste involved a three-step pro-
cess described in Fig.  3. First, a 20 wt% dispersant solution was mixed 
with terpineol solvent (80 wt%) [58,59], and a binder solution was 
formulated by incorporating ethyl cellulose into terpineol at varying 
weight fractions (1 wt%, 3 wt%, and 5 wt%) using a rotary mixer at 
4500 rpm for 5 h. These solutions were then combined with crushed 
and ground ceramic composite powder to form an initial suspension, 
which was finally homogenized using a three-roller mill. Building upon 
a literature-based initial ratio of 10:3:1 (wt%) for powder:dispersant: 
4 
binder [58,59], the dispersant solution was adjusted to achieve ef-
fective powder dispersion and a visually determined screen-printable 
viscosity. A three-roller mill was then employed to break down parti-
cle agglomerates and homogenize the screen-printing paste using the 
parameters outlined in Table  2. This optimization process resulted in 
a final formulation (10:7:1) with a weight ratio of approximately 55% 
powder loading, 39% dispersant solution, and 6% binder solution.

2.4. Characterization techniques

2.4.1. Electrochemical characterization
To minimize the contribution of current collector resistances, we 

coated both sides of the PCECs with platinum (Pt) and connected them 
to Pt mesh current collectors. The symmetrical cells’ electrochemical 
impedance spectroscopy (EIS) was measured using an Alpha-A High 
Performance Frequency Analyzer (Novocontrol, Montabaur, Germany). 
The frequency range was swept from 0.1 Hz to 1 MHz with an AC 
excitation amplitude of 2 mV. Measurements were carried out in a 
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Table 2
Three roller milling parameters of screen printing pastes.
 Details of pass Gap between rollers 1 and 2(μm) Gap between rollers 2 and 3 (μm) RPM 
 First 70 50 100  
 Second 50 30 100  
 Third 30 15 100  
 Fourth 15 10 100  
Fig. 4. (A) Linear shrinkage curves for BZCY721(EL) in black and BZCY721(EL) doped with NiO (0.5 wt%) in red; (B) XRD of the BZCY721 pellet (black) and 
the NiO (0.5 wt%) doped BZCY721(EL) pellet sintered at 1500 ◦C for 10 h (blue) compared to the ICDD reference peak positions (red).  (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
wet air atmosphere (3 vol.% H2O) within a temperature range of 
200–700 ◦C. However, overall cell performance was evaluated in a 
higher temperature range of 400-600 ◦C (excluded 700 ◦C data points 
due to inconsistencies). The obtained EIS data were analyzed using 
RelaxIS 3 software (version 3.0.20.19, rhd instruments, Darmstadt, 
Germany) while Eqs. (1) (2), (3), (4) define the theoretical background.

Since the electrochemical impedance of an electrode reaction de-
pends on the AC frequency (i.e., it has a specific time constant), the 
distributed relaxation time constant as described in Eq.  (2) and the 
brick layer model were employed to analyze the equivalent circuit, 
which consisted of a series of parallel resistances and constant phase 
elements (R||CPE). The capacitance of each R || CPE circuit element was 
calculated from the corresponding resistance parameter (R), constant 
phase element (CPE) parameters (Q and 𝛼) [60–63] using the following 
equations: 

𝐶 = 𝑄( 1𝛼 )

𝑅1−𝛼
(1)

𝜏 = 1
(𝜔)𝑚𝑎𝑥

= 𝑅𝐶 (2)

𝑓 = 1
2𝜋𝑅𝐶

(3)

𝐴𝑆𝑅 =
𝑅𝑝 × 𝐴𝑠

2
(4)

Here, 𝑓 is the maximum relaxation frequency, 𝜏 is the time constant, 
R𝑝 is the polarization resistance, and A𝑆 is the effective surface area of 
1 mm2.

2.4.2. Microstructural characterization
The microstructures of the samples were investigated using scanning 

electron microscopy (SEM). Two instruments were employed: a high-
resolution field-emission gun SEM (ApreoS, HRSEM) equipped with 
a backscatter electron (BSE) detector and a tabletop SEM (Hitachi 
TM3000). Cross-sections were prepared to prepare the samples for SEM 
analysis. This involved embedding the samples in epoxy resin and 
curing for 48 h. The embedded samples were then ground and polished 
progressively finer, with a final polishing step using 50 nm silica 
nanoparticles (SiO ) to achieve a smooth and reflective surface. The 
2

5 
porosity and thickness of the pellets were quantified using ImageJ/Fiji 
software [64], based on approximately 10 SEM micrographs acquired 
at different magnifications (30 μm, 50 μm, and 100 μm).

3. Results and discussion

3.1. Sintered BZCY721(EL) specimens

This section briefly qualifies the BZCY721(EL) specimens used as 
electrolyte in manufacturing the symmetrical cells. Although the elec-
trolyte’s thermal and structural investigations are mostly routine, they 
are required to ensure that electrolyte material of sufficient quality, 
e.g., phase purity and high relative density, is used to deposit the 
electrode layers. The introduction of NiO (0.5 wt %) significantly 
alters the sintering behavior of BZCY721(EL) ceramics as demonstrated 
previously in earlier works [65–67]. Specifically, as shown in Fig.  4A, 
the onset temperature of sintering shifts by 120 ◦C (from 1210 ◦C 
for BZCY721 to 1090 ◦C for BZCY721+NiO), and the doped material 
exhibits 18.1% more linear shrinkage at 1500 ◦C compared to the 
pristine material. As described in the section ‘‘Fabrication of symmet-
rical PCECs’’, a density of above 90% for BZCY721(EL) could only 
be achieved at 𝑇  = 1500 ◦C after combining cold isostatic pressing 
(CIP) and sintering aid addition. This ensures sufficient mechanical 
stability of the electrolyte, allowing the electrode layers to be printed 
onto it. Fig.  4B presents the X-ray diffractograms (Bruker D4 Endeavor, 
USA, CuK𝛼 radiation) of undoped and NiO-doped BZCY721(EL) sin-
tered at 1500 ◦C for 10 h. The doped BZCY721(EL) XRD reveals that 
all the main peaks correspond to the perovskite phase. Importantly, 
adding NiO does not induce any changes in the crystal structure. 
However, minor peaks at 33.6 ◦ deviate slightly from the usual reported 
range (31-33 ◦) for the BaY2NiO5 phase (ICDD: 00-041-0463) [68,
69]. Additionally, the disappearance of the minor impurity BaCO3
(Witherite, ICDD: 98-011-0918) peak at 24.082 ◦ in the doped sintered 
BZCY721(EL) at higher temperatures suggests enhancing the purity 
of the perovskite phase. [70]. BaY2NiO5 formation occurs at 900 ◦C, 
and due to its relatively low melting temperature (1400-1500 ◦C), 
this phase acts as a sintering aid. The color change of the pellet and 
green traces on the MgO sintering plate suggest Ba evaporation and 
Ni bulk diffusion, respectively. This is in line with the hypothesis 



S.K. Dwivedi et al. International Journal of Hydrogen Energy 177 (2025) 151426 
Fig. 5. (A)Nyquist plots of an electrolyte pellet coated with Pt paste, measured at various temperatures in wet air (3 vol. % H2O); (B) Magnified view of the 
Nyquist plots focusing on the response at 300 ◦C, 400 ◦C, 500 ◦C, and 600 ◦C; (C) Arrhenius plot of the proton-conducting solid electrolyte BZCY721(EL) + 0.5% 
NiO.
proposed by Tong et al. [70], who attributed the enhanced sintering 
kinetics to BaY2NiO5 decomposition and the subsequent diffusion of 
Ba, Y, and Ni into BZCY grain boundaries. The routine analysis of 
phase, structural, and thermal evolution as a function of the selected 
fabrication technique, i.e., CIP combined with NiO-aided sintering, 
reveals that the BZCY721(EL) has sufficient quality to be used as a 
solid electrolyte for the fabrication of the electrodes. Furthermore, 
introducing the functional layer described in this work is expected to 
mitigate Ni interdiffusion into the steam electrode.

3.2. Electrochemical analysis by means of EIS

Upon the application of an external voltage during electrolysis, 
water/steam undergoes dissociation at the triple phase boundary (TPB). 
This dissociation generates oxygen, protons (H+), and electrons. Elec-
trons accumulate near the steam electrode surface, while protons mi-
grate through the bulk proton-conducting solid electrolyte (PCSE), 
and these combined effects contribute to the formation of the electric 
double layer (EDL) at the interface. The EDL plays a critical role in 
the kinetics of electrode-electrolyte interactions, particularly in systems 
like electrolysis cells. The EDL influences the interface’s electric field, 
affecting the activation energy of charge transfer reactions. The EDL 
modulates key kinetic parameters such as (i) the exchange current den-
sity influenced by the concentration of reactants in the diffuse layer and 
(ii) the charge transfer resistance affected by the potential drop across 
the EDL. The EDL’s structure can hinder or facilitate ion transport to 
the reaction site. The structure and thickness of the EDL determine 
the availability of reactive species at the electrode surface, directly 
impacting reaction rates. In systems with high current density, the 
EDL’s dynamics can influence ion depletion or accumulation, impacting 
mass transport.

Designing an effective EDL to facilitate electrochemical reactions 
requires careful consideration of several key factors. The goal is to 
optimize ion transport, reduce charge transfer resistance, and enhance 
reaction kinetics. Amongst the essential factors are the electrode com-
position, surface properties, and electrolyte composition. In order to 
achieve a coherent transition from EL material to the steam elec-
trode material, we introduce a ceramic composite functional layer 
that combines the chemical, electrical, and catalytic properties of the 
electrolyte and the electrode materials. EDL is frequency-dependent, 
contributing to capacitive behavior at low frequencies, while kinetic 
processes dominate at higher frequencies. The formation and dynamics 
of the EDL have specific time constants and capacitance values. Irvine 
et al. [62] have suggested a set of capacitance values based on the brick 
layer model. We calculated these capacitance values using Eqs.  (1) and 
(2) after fitting EIS spectra with an appropriate equivalent circuit using 
Relaxis.
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3.2.1. EIS of electrolyte BZCY721 + NiO(0.5 wt%)
To validate our methodology and fitting parameters for subsequent 

analysis of symmetrical cells, we conducted an initial EIS study on 
a bare proton-conducting electrolyte, as detailed in the experimental 
section, because of the availability of well-established literature for val-
idation. Fig.  5 presents the Nyquist plots of the bare electrolyte coated 
with Pt paste on both sides. Fig.  5A shows the spectra from 200 ◦C to 
600 ◦C (please refer to the supplementary material for the detailed EIS 
pattern). In contrast, Fig.  5B provides a magnified view of the higher-
temperature spectra. Consistent with previous observations [60,62], 
increasing temperature resulted in the disappearance of the semicircle 
corresponding to the bulk impedance and overall spectra shifts towards 
lower resistances. For the meaningful deconvolution of the EIS, select-
ing an appropriate equivalent circuit for a given Nyquist plot often 
involves consideration of two factors: (1) simplicity and (2) alignment 
with the known physical processes occurring within the system. In this 
case, relevant processes include bulk grain, grain boundaries, charge 
transfer, and mass transfer [71]. After evaluating several equivalent 
circuit models, a combination of four parallel resistor-constant phase 
element (R∥CPE) circuits provided an excellent fit with an acceptable 
error tolerance within the Relaxis software. Based on the extracted 
capacitance and relaxation frequency values, the bulk capacitance was 
estimated to be 10−12 F, with a maximum relaxation frequency of 
approximately 105 Hz. Fig.  5 A depicts the contribution of each el-
ement to the total impedance, where the bulk contribution ends at 
around 104 Hz, grain boundaries end near 103 Hz, and charge transfer 
extends down to 4.82 Hz. The low-frequency spike may be attributed 
to interfacial polarization or proton accumulation at the Pt–electrolyte 
interface. Fig.  5C depicts the total conductivity of the electrolyte pellet 
(diameter 19 mm, thickness 1.23 mm) as a function of the inverse 
temperature. From the slope, activation energy was calculated to be 
0.542 ± 0.0138 eV. This value falls within the well-accepted range 
for proton-conducting electrolytes. A successful validation was done 
to confirm the efficacy of the chosen equivalent circuits, the analysis 
methodology, and the fitting parameters for further investigations.

3.2.2. EIS of symmetrical PCECs
We employed the same equivalent circuits and fitting parame-

ters established for the bare electrolyte analysis to investigate sym-
metrical PCECs. Fig.  6 presents the distribution of relaxation time 
constants (DRT) and the corresponding Nyquist plots for two contrast-
ing cell compositions: pristine BCFZ442(FL) and the composite BCFZ: 
BZCY(50:50) electrodes. The solid lines in Nyquist Fig.  6 represent 
the best fit of the experimental data to the proposed circuit model. 
The goodness of fit was quantitatively assessed by the R2 (nonlinear) 
value, which was consistently greater than 0.999 for both composition, 
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Fig. 6. Complex-plane impedance diagrams (bottom) with the corresponding distribution of relaxation time plots (top) of symmetrical cells fabricated with either 
pristine BCFZ steam electrodes (black curves) or composite BCFZ: BZCY (50:50) steam electrodes (red curves) measured at 200 ◦C under the wet air (3 vol. % 
H2O). Screen-printing pastes were formulated with 5% EC content to fabricate these two types of electrodes.  (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
and the weighted chi-square (𝜒2), which was in the order of 104
(e.g., 104604.11 for BCFZ442(FL)5% EC and 78818.55 for 50:50 5% 
EC), indicating excellent agreement between the experimental data and 
the fitted model. We employed the same equivalent circuits and fitting 
parameters established for the bare electrolyte analysis to investigate 
symmetrical PCECs.

The DRT plot reveals five distinct peaks, each representing the time 
constant of a specific electrochemical process. We assigned these phe-
nomena based on the capacitance values and time constants reported 
in the literature [60,62,72,73]. The peaks in the DRT plots (Fig.  6, top) 
were attributed to grain bulk (interior): capacitance (C) = 7.19 x 10−11
F, time constant (𝜏) = 6.34 𝑥 10−7 s, grain boundaries: C = 9.94 𝑥 10−9
F, 𝜏 = 6.28 𝑥 10−5 s. The time constant range- of 10−3 - 10 s likely 
represents processes related to the air electrode, such as those occurring 
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at the triple phase boundary (TPB) or the electrode|electrolyte interface 
(C = 5.36 𝑥 10−8 F), including charge transfer (C = 7.43 x 10−7 F). An 
unidentified peak appears in the DRT plot within the time scale of 1 
to 10 s at 200 ◦C. However, at substantially higher temperatures (≥
400 ◦C), this peak could be associated with gas phase diffusion/trans-
port through porous electrode [62] (C ≈ 10−2 F, 𝜏 ≈ 1–10 s) or other 
high-temperature electrochemical reactions occurring at the electrode.

Fig.  7 explores the influence of the temperature and the binder 
content on the impedance response of symmetrical PCECs. Fig.  7(A) 
presents Nyquist plots for all investigated compositions and binder con-
tents at 400 ◦C. Fig.  7(B) focuses on the cells with BCFZ: BZCY (70:30) 
steam electrode fabricated with various binder content, showcasing the 
impedance spectra recorded in the temperature range of 400 ◦C to 
600 ◦C. Fig.  7(C) depicts a magnified view of the same composition as 
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Fig. 7. Nyquist plots of A) Symmetrical cells at 400 ◦C; B) BCFZ: BZCY(70:30) with various EC contents at elevated temperature in the range 400–600 ◦C, with 
C) magnified view at 600 ◦C showing clearly the effect of the binder used (solid lines connect data points for comparison purposes).
Table 3
The ASR and corresponding activation energy of the electrode in different symmetrical cell configurations at 600 ◦C in air.
 Electrode Electrolyte ASR (Ωcm2) Ea (eV) Ref  
 BaCo0.4Fe0.4Zr0.2O3−𝛿 BaCe0.7Y0.1Zr0.1Yb0.1O3𝛿 + NiO (1 wt%) 1 0.78 [35]  
 BaCo0.4Fe0.4Zr0.2O3−𝛿 BaCe0.7Y0.1Zr0.1Yb0.1O3−𝛿 1.62 1.02 [74]  
 Ba0.5Sr0.5Co0.8Fe0.2O3−𝛿 BaCe0.7Y0.1Zr0.1Yb0.1O3−𝛿 1.77 0.98 [74]  
 BaCo0.4Fe0.4Zr0.2O3−𝛿 BaCe0.7Y0.1Zr0.1Yb0.1O3−𝛿 10 1.22 [48]  
 BaCo0.4Fe0.4Zr0.1Y0.1O3−𝛿 BaCe0.7Y0.1Zr0.1Yb0.1O3−𝛿 4.5 0.92 [48]  
 BaCo0.4Fe0.4Zr0.2O3−𝛿 BaCe0.2Y0.1Zr0.7O3−𝛿 + NiO (0.5 wt%) 1.35 0.87 This work 
 (70 wt%) BaCo0.4Fe0.4Zr0.2O3−𝛿/(30 wt%)BaZr0.7Ce0.2Y0.1O3−𝛿 BaZr0.7Ce0.2Y0.1O3−𝛿 + NiO (0.5 wt%) 0.99 0.94 This work 
 

in B) recorded at 600 ◦C. As the temperature increases, the semicircles 
corresponding to the bulk and grain boundary contributions gradually 
diminish, indicating increased bulk and grain boundary conductivity. 
Furthermore, features associated with the electrode activity become 
more prominent in the Nyquist plots. A low-frequency spike inclined 
at 45 ◦ starts appearing between 300 ◦C and 350 ◦C, attributed to the 
gaseous diffusion of oxygen molecules or solid-state diffusion of oxygen 
ions through the porous electrode [62]. At temperatures exceeding 
500-550 ◦C, the inclined spike transitions into a distinct semicircle, sug-
gesting limited oxygen diffusion by a layer of finite thickness at higher 
temperatures (Fig.  7 C). This fact leads to the conclusion that below 
300 ◦C, a notable charge transfer is observed at the PCEC interface, 
while above 550 ◦C, diffusion processes are contributing more than the 
transfer of charges to the overall electrode response. Above 600 ◦C, the 
electrode behavior shifts towards a capacitive response.

3.3. EIS and microstructural analysis of functional layer

Fig.  8 presents a comprehensive analysis of the area-specific resis-
tance (ASR) for various symmetrical PCECs in a range of operating 
temperatures, i.e., 400–600 ◦C. Fig.  8(A) depicts the overall trend. In 
contrast, Fig.  8(B) provides a zoomed-in view of the ASR and corre-
sponding activation energy of symmetrical cells evaluated at 600 ◦C. 
This temperature is selected as a typical operational value, for which 
data are also provided in the referenced literature sources. The ASR 
behavior of BCFZ: BZCY (50:50) with 3% EC exhibits a distinct anomaly 
at 400 ◦C (Fig.  8 A), where its ASR undergoes a sharp transition from 
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the highest value at 400 ◦C to the lowest at 600 ◦C. This behavior can 
be attributed to the activation of proton conduction. At temperatures 
below or around 400 ◦C, proton mobility in BZCY721 may be limited 
due to insufficient thermal energy to overcome the activation energy 
for proton transport. Between 400 ◦C and 600 ◦C, proton conduction 
becomes thermally activated, significantly improving ionic conductiv-
ity and reducing ASR. In contrast, pristine BCFZ442(FL) with 3% EC 
exhibits the highest ASR within the investigated temperature range. 
Interestingly, BCFZ: BZCY (70:30) with 3% binder demonstrates the 
most favorable performance, achieving a minimum ASR of 0.99 Ω
cm2 with an activation energy of 0.94 eV. This value aligns well 
with previously reported data for air/steam electrodes under similar 
conditions (Table  3).

High-resolution scanning electron microscopy (HR-SEM) along with 
energy-dispersive X-ray spectroscopy (EDX) (Fig.  9) was employed to 
examine the microstructure of BCFZ: BZCY composites (70:30 and 
50:50 weight ratios) before and after electrochemical impedance spec-
troscopy (EIS) testing. The SEM images show that the electrode/
electrolyte interface remains intact in all samples, with no visible signs 
of delamination, cracking, warping, or other interfacial disruption. 
This confirms excellent structural integrity, with a continuous and 
well-bonded interface in the 70:30 and 50:50 composites.

Consistently, EDX maps reveal that all expected elements are present
near the interface in approximately their nominal proportions. The el-
emental distribution appears uniform across both sides of the junction, 
consistent with the intended composite formulation. Minor interdiffu-
sion of Co and Fe into the electrolyte is observed, more prominently 
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Fig. 8. (A) ASR variation (Y-axis) of the symmetrical cells (X-axis) fabricated with pristine or composite electrodes containing various amounts of ethyl cellulose 
depicted in the 400–600 ◦C (the colored legends represent temperature, and the data points should correspond to the horizontal axis B) Magnified view of the 
ASR of all cells at 600 ◦C with the corresponding activation energies (plotted in red), (data points are connected by solid lines for comparison purposes). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 4
Summary of the thickness of the functional layer measured at the center of 
the symmetrical cells.
 Compositions Thickness(μm) ASR (Ωcm2) at 600 ◦C  
 BCFZ442(FL) 1%EC 10 ± 0.77 1.32  
 BCFZ442(FL) 3%EC 7 ± 0.78 1.35  
 BCFZ442(FL) 5%EC 25 ± 1.41 1.24  
 BCFZ:BZCY(70:30) 1%EC 14 ± 0.71 1.29  
 BCFZ:BZCY(70:30) 3%EC 10 ± 0.56 0.99  
 BCFZ:BZCY(70:30) 5%EC 15 ± 0.91 1.02  
 BCFZ:BZCY(50:50) 1%EC 25 ± 0.68 1.38  
 BCFZ:BZCY(50:50) 3%EC 22 ± 0.99 1.11  
 BCFZ:BZCY(50:50) 5%EC 33 ± 0.98 1.53  

in the 50:50 composition, likely due to the higher sintering temper-
ature. Overlay maps confirm that each element spans its respective 
phase without significant segregation or depletion, indicating adequate 
powder mixing and sintering.

In the 70:30 composite, small Ni-rich particulates are observed to 
cluster near the interface, while no Ni signal is detected elsewhere. This 
localized agglomeration is likely a processing artifact, as NiO was used 
as a sintering aid for BZCY721(EL). The incomplete dissolution of Ni 
during sintering may have led to localized clustering; however, these 
particles are unlikely to impact the overall electrode performance.

Fig.  10 presents a collection of SEM images that elucidate the 
influence of both composition (horizontal axis) and ethyl cellulose 
(EC) content in the binder solution (vertical axis) on the electrode 
layer microstructure. It is important to note that all microstructures 
were captured in and around the cells’ center to ensure comparison 
consistency. The average porosity of the BCFZ: BZCY 70:30 and BCFZ: 
BZCY 50:50 composite functional layer was approximately determined 
to be 36.37% (standard deviation 5.96%) and 32.32% (standard devia-
tion 6.10%), respectively. Notably, some cells depicted here underwent 
EIS testing beforehand and possess an additional Pt paste layer for 
comparison purposes.

The micrographs reveal that pristine BCFZ442(FL) exhibits visible 
cracking, unlike the BCFZ: BZCY (70:30 and 50:50) composites, which 
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remain crack-free regardless of binder content. Notably, the functional 
layers deposited via screen printing show a non-monotonic trend in 
both thickness and area-specific resistance (ASR) with increasing ethyl 
cellulose (EC) content, as summarized in Table  4. For both composite 
formulations, the minimum values of thickness and ASR are observed at 
3% EC. As previously established, binder content plays a critical role 
in governing ink rheology, particle connectivity, and the strength of 
the resulting particle network. The optimum binder content improves 
the interconnection between metal–metal and metal-oxide particles by 
strengthening the particle network within the ink. Particle bridging 
occurs via hydrogen bonding between the hydroxyl groups of the 
macromolecular chain in the ethyl cellulose binder and oxygen on the 
surface of oxide particles, leading to flocculation. Consequently, the 
degree of flocculation and network strength depends on the EC content 
and the availability of surface oxygen to form hydrogen bonds [75].

We hypothesize that the initial reduction in ASR and thickness with 
increasing EC content arises from an optimal balance between binder 
concentration and surface oxygen availability, promoting effective floc-
culation and denser particle packing. However, beyond 3% EC, the 
surface oxygen may become insufficient to interact with all hydroxyl 
groups. In this case, excess hydrogen bonding interactions may occur 
between already bonded sites, potentially disturbing the floc structure 
and weakening particle bridging and network integrity. This, in turn, 
would lead to a consecutive rise in both layer thickness and ASR. In 
contrast, for pristine BCFZ442(FL), although the minimum thickness 
is also observed at 3% EC, this coincides with the highest ASR. This 
discrepancy may result from a poorly developed particle network with 
insufficient triple-phase boundaries (TPBs) and limited electrochemi-
cally active surface area. Furthermore, incorporating BZCY721(EL) into 
the composite may enhance TPB density and influence ASR and thick-
ness, depending on the interplay between binder content, BZCY721(EL) 
loading, and operational temperature.

BCFZ: BZCY (70:30) exhibits the lowest ASR at 3% EC across the 
operational temperature range among the investigated compositions. 
The enhanced performance of the 70:30 composition can be attributed 
to a synergistic combination of factors:
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Fig. 9. Comparative SEM cross-sectional micrographs of functional layer BCFZ: BZCY (70:30 and 50:50) in symmetrical configuration, shown before and after 
EIS testing, and corresponding EDX analysis.
i. We hypothesize that incorporating the secondary phase
BZCY721(EL) effectively balances the oxygen vacancy concen-
tration, optimizing both ionic and electronic conductivity. As 
reported by Ji et al. [76], oxygen vacancies significantly in-
fluence the electronic structure, crystal structure, and surface 
chemistry of perovskite oxides. XRD analysis from our previous 
study [41] confirmed that the crystal structure remained un-
changed, indicating that the observed effects are primarily due 
to modifications in the electronic structure. These alterations 
promote the formation of electron holes and redox couples, 
enhancing charge transfer and the oxygen evolution reaction. 
However, an excessive concentration of oxygen vacancies could 
disrupt the formation of these electron holes and redox couples, 
potentially hindering charge transport. The 30 wt% fraction of 
BZCY721(EL) achieves an optimal balance of oxygen vacancy 
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concentration. Furthermore, incorporating BZCY721(EL) may re-
duce the loss of lattice oxygen in BCFZ442(FL), thereby increas-
ing electrostatic attraction within the composite. This reduction 
mitigates CTE inflection and mismatch with the electrolyte, 
ultimately improving chemical compatibility.

ii. As demonstrated in a previous study [41], sintering at 1100 ◦C 
induces slight interdiffusion of elements such as Co and Fe, 
which thermally activates BZCY721(EL) by lowering its sintering 
temperature and thereby facilitating proton hopping.

iii. The dual-phase microstructure of the functional layer enhances 
the reactive surface area by increasing triple-phase boundaries 
(TPBs) while maintaining the required porosity [53] of approx-
imately 36%. This structure also facilitates effective percolation 
pathways for gas diffusion. At 3% EC, the binder content appears 
optimal, improving rheological properties and screen-printing 
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Fig. 10. Cross-sectional SEM micrographs depicting symmetrical cells with variations in ethyl cellulose content (vertical axis) and electrode composition 
(horizontal axis), showcasing surface morphology and percolation networks of BCFZ: BZCY (70:30) (the right panel of the figure).
quality and promoting a robust particle network. As discussed 
earlier, hydrogen bonding between hydroxyl groups in the ethyl 
cellulose binder and surface oxygen on oxide particles fosters 
flocculation, which enhances particle bridging and packing. This 
improved connectivity among metallic and oxide phases in-
creases the density of active TPBs and helps minimize ASR, in 
agreement with previous findings [56,75,77,78].

Moreover, the electrochemical performance of BCFZ: BZCY (70:30) 
confirms that incorporating a functional layer will not hinder steam 
electrode operation and electrochemical activity. Instead, it will grad-
ually transition from the steam electrode to the solid electrolyte, con-
sequently mitigating delamination and crack formation. These findings 
also emphasize the crucial role of a well-structured microarchitecture 
and a percolating network in achieving high-performance electrodes. 
The precise combination of constituent materials, their weight ratios, 
and binder content is essential for optimizing the microstructure and 
facilitating efficient electrochemical processes.

While experimental stability testing (please refer to Supplemen-
tary Figures 3&4 for chemical stability) of the specific symmetrical 
cell configuration (BCFZ442/BZCY721∥BZCY721∥BCFZ442/BZCY721) 
is beyond the scope of this work, insights can be drawn from existing 
literature on similar compositions and configurations. Reported values 
for the area-specific resistance (ASR) of materials with a composition 
similar to BCFZ442 range from 0.075 to 1.4 Ω cm−2, with an average 
of 0.73 Ω cm−2 at 600 ◦C [35,79,80]. Under wet air conditions, the 
ASR remains stable for approximately 180 h. Based on these litera-
ture values, the proposed functional layer in full cell configuration is 
expected to demonstrate reasonable stability under electrolysis condi-
tions. Future work from our group, which is in process, will validate 
these findings.

4. Conclusions

This study introduced the concept of incorporating an additional 
component — a functional layer — into a proton-conducting electrol-
ysis cell and investigated its interaction with the solid electrolyte. We 
systematically examined the impact of adding a proton-conducting elec-
trolyte material to the steam electrode material, varying their weight 
fractions and binder content within the screen-printing paste. This 
allowed us to assess the developed functional layer’s electrochemical 
performance (Area-Specific Resistance, ASR).

A screen-printing paste formulation was successfully optimized, 
consisting of 55% solid loading, 39% dispersant solution, and 6% 
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binder solution. This formulation proved suitable for fabricating the 
functional layer and demonstrated potential applicability in steam 
electrode processing. Using this optimized composition, a low ASR of 
0.99 Ω cm2 and a favorable activation energy of 0.94 eV were achieved 
for the BCFZ: BZCY (70:30) material with 3 wt% ethyl cellulose.

The enhanced performance observed is attributed to the synergistic 
effects of increased triple-phase boundaries (TPBs) and an optimized 
concentration of oxygen vacancies. These improvements were facili-
tated by the controlled addition of BZCY721(EL), which boosted both 
ionic and electronic conductivity. Furthermore, the optimized binder 
content promoted a well-connected particle network, leading to a thin-
ner functional layer and reduced polarization resistance. Crucially, the 
functional layer effectively mitigates issues such as delamination and 
cracking while ensuring strong adhesion and a coherent compositional 
transition at the interface. Rather than compromising the performance, 
the functional layer can enhance the electrochemical characteristics of 
the electrode and is, therefore, expected to improve the cell’s overall 
performance.
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