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Abstract 

The chemical stability of a nanoscale yttria-doped barium cerate (Y–BaCeO3 or 

BCY) thin film electrolyte for low temperature solid oxide fuel cells (SOFCs) are 

investigated in the temperature range of 300–400 °C. The micro-SOFCs using 

300 nm-thick BCY electrolyte show a poor fuel cell performance and continuous 

decrease in open circuit voltage (OCV) with higher operating temperatures. 

Characterization results from X-ray diffraction (XRD) and X-ray photoelectron 

spectroscopy (XPS) revealed that the observed degrading fuel cell performance is 

attributed to the rapid decomposition of BaCeO3 into BaCO3, Ba(OH)2, and CeO2 from 

reactions with CO2 and H2O during fuel cell test. The lattice parameters of BCY 

expanded during fuel cell test, resulting in the formation of micro cracks along the 

electrolyte that possibly induced the OCV drop. The reactions of nano thin film BCY 

with CO2 and H2O are both active at temperature between 300 and 400 °C, which is 

unlike bulk BCY material where only the reaction with CO2 is significant. The 
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reduction of Ce4+ species into Ce3+ in the BCY electrolyte has also lead to an electronic 

conduction in BCY that lowered OCVs. 
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1. Introduction  

Solid oxide fuel cells (SOFCs) with highly conductive ionic conductors as electrolytes have 

the possibility to operate at low temperature (<500 °C) while maintain the required power output. 

In alternative to the oxygen ionic conductors , an ever growing interest has been driven toward 

proton-conducting ceramics in last few decades. Acceptor-doped cubic perovskite-type oxides 

such as yttrium doped BaZrO3 (BZY) and BaCeO3 (BCY), are considered to be promising 

electrolytes for low temperature SOFCs application due to their relatively high proton 

conductivities and low activation energies for proton transportation at the corresponding 

temperature range compared with conventional oxygen ion conductors [1-3]. In practical SOFC 

application, proton-conducting ceramic electrolytes should possess both high ionic conductivity 

and long-term thermodynamic and kinetic stability under the fuel cell operation conditions.  

BaZrO3 based proton-conducting ceramics exhibit excellent chemical stability in fuel cell 

operation conditions, but the proton conductivity is relative low due to the poor sinterability and 

grain boundary blocking effects [2]. Even though epitaxially oriented BZY film fabricated by 

PLD shows a promising conductivity of 0.11 S/cm at 500 °C [4], the performance of most BZY 

based SOFCs are still inferior of oxygen ion conducting SOFCs [3]. On the other hand, doped 

BaCeO3 shows the highest ionic conductivity in atmospheres containing hydrogen or water vapor 

among all the proton-conducting ceramics [1, 5]. SOFC with cerium-based proton-conducting 

electrolytes have promising fuel cell performance at low temperature range. For example, a 

proton-conducting SOFC with BCY electrolyte coated on Pd layer shown a maximum power 

output of 0.9 W/cm2 at 400 °C with an open circuit voltage (OCV) of over 1.0 V [6]. However, 

the BCY cell performance dropped rapidly during several hours due to its low chemical and 

mechanical stability [7]. It is reported that the degradation was originated from its high basicity, 



which allowed it to react with CO2/H2O and decompose into BaCO3, CeO2, or Ba(OH)2 [8-10]. 

The chemical stability of BaCeO3 at low temperature range is a concern if this high ionic 

conducting material can be utilized as an electrolyte for low temperature SOFC.  

Utilizing nanoscale thin film electrolyte is another effective way to reduce the operating 

temperatures lower than 500 °C, while maintains high output power density for SOFC. 

Currently, great success has been achieved with thin film SOFCs with traditional oxygen ion-

conducting ceramic electrolytes such as yttria-stablized zirconia (YSZ) [11-14] and doped ceria 

[15-18] while less attention has been focused on proton-conductor based thin film SOFCs. Shim 

et al [19] reported micro SOFCs with maximum power densities of 49 mW/cm2 and 136 

mW/cm2 at 400 °C with BZY electrolytes fabricated by pulsed laser deposition (PLD) and 

atomic layer deposition (ALD) methods, respectively. More recently, Bae et al [20] reported a 

micro-SOFC with 200-nm-thick BCY electrolyte giving a maximum power density of 145 

mW/cm2 with an OCV of 0.98 V at 400 °C. Thus from the comparison, the BCY based micro 

SOFC shows promising fuel cell performance in terms of maximum power density due to the 

high proton conductivity and more active surface kinetics [20]. However, the short-term stability 

test shown that serious degradation in power output and significant drops in the OCV were 

observed in the BCY cells, despite the BZY capping layers on both sides providing protection 

against atmospheric CO2 and moisture. It is generally accepted that BCY e lectrolytes capped 

with a thin film of BZY layer possess promise for improving chemical stability without greatly 

affecting electrochemical performance in fuel cell operation [21]. The discrepancy between thin 

film and bulk BCY needs further investigation and clarification, as nanoscale electrolyte is main 

tendency for reducing the operating temperature of SOFC.  



The principle objective of this work was to assess the chemical stability of BCY ceramic in 

a form of thin film electrolyte for low temperature SOFC operation. Even though the chemical 

stability of bulk BaCeO3 electrolyte has been extensively investigated at evaluated temperature, 

it is still important to understand the nature and mechanism of decomposition at lower 

temperatures, especially for thin film SOFC application. Most of the chemical stability analyses 

of cerium based proton-conducting electrolyte were performed in H2O/CO2 containing 

atmosphere or boiled water [8-10]. In this work, the analyses were conducted before and after 

fuel cell test with micro SOFCs with freestanding BCY thin film electrolyte. The relation 

between fuel cell performance and material chemical stability was revealed by a serial thin film 

characterization, aiming at providing an in-depth analysis of the chemical stability of doped 

BaCeO3 at fuel cell operating conditions.  

2. Experimental section  

2.1. Thin film deposition 

The deposition of BCY thin films was carried out by utilizing PLD technique. A 248 nm 

KrF excimer laser (Lambda Physik) with laser fluence of 2.5 J/cm2 per pulse was used to ablate a 

sintered BaCe0.9Y0.1O3-δ pellet target. A 200 nm thick Si3N4 coating were deposited on Si wafer 

by LPCVD as a supporting substrate. The distance between the target and the substrate was kept 

at 50 mm. After evacuating the main chamber to a base pressure of 1×10-4 Pa, oxygen gas was 

supplied to maintain a fixed oxygen partial pressure of 6.7 Pa. When the depositions were 

completed, all the samples were cooled to 400 °C with a cooling rate of 10 °C/min, and then 

naturally cooled to room temperature in the same oxygen environment. 

2.2 Micro SOFC fabrication and test 



A typical Si-based microelectromechanical (MEMS) processing methods were used to 

fabricate the micro BCY fuel cell, as reported in [18]. The patterned Si3N4/wafer has an array of 

free-standing Si3N4 membranes (165 m × 165 m), which serves as the substrate for the PLD 

deposition. After the deposition of BCY electrolyte, the Si3N4 supporting layer was removed by 

relative ion etching (RIE) with CF4 gas, resulting in a free-standing BCY electrolyte. Porous Pt 

electrodes were deposited on both sides of the electrolyte by using DC sputtering technique with 

a DC power 250 W and pressure of 80 mTorr at room temperature. The fuel cell performance 

was tested with a customized micro-SOFC test station, connected with a Solartron 1470E 

potentiostats system and 1255B Frequency Response Analyzer (FRA). 

2.3. Characterization 

The crystallinity and structural phase of the deposited films were analyzed by Grazing 

incidence X-ray diffraction (GIXRD) method using a PANalytical Empyrean XRD system. The 

glancing incident angle was kept at 1° for all the measurements. The morphologies of the 

electrolytes were characterized using a field-effect scanning electron microscopy (FE-SEM, 

JEOL JSM-7600F) operating at 15 kV. The composition and chemical states of deposited films  

were determined using X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra) with a 

monochromatic Al K (1486.71 eV) X-ray radiation (15 kV/10 mA). The high-resolution 

spectra scans over different element peaks were recorded in a step of 0.1 eV. All XPS spectra 

were obtained in the constant pass energy of 40 eV. The binding energies were calibrated with 

reference to the adventitious hydrocarbon contamination peak located at 284.8 eV.  

3. Results and discussion 

BCY micro SOFC performance  



The electrochemical performance of the BCY micro SOFC was measured at temperatures 

from 300 to 400 °C with dry hydrogen as fuel and ambient air as oxidant. Measured current 

density-voltage and power density curves are depicted in Figure 1(a). To avoid possible electrode 

degradation in the high current region, the minimum testing voltage was limited to 0.2 V. The 

single cell gives a maximum power density of 2, 5 and 30 mW/cm2 at 300, 350 and 400 °C with 

OCV of 0.79, 0.68, 0.59 V, respectively. At lower test temperature (300 and 350 °C), the 

activation loss region can be identified from I-V curve. The maximum power density was 

obtained at voltage of ~0.35 V, which is a typical value for micro SOFC [13, 19]. As current 

density increases, mass transfer losses occur due to insufficient supply of the gases. While at 

400 °C, the activation loss region is not observed as the OCV has dropped to 0.59 V. As the 

current increases, the output power was also continuous increases without any drop tendency. 

Even at high current density region (at a voltage of 0.2 V), the power density still not achieves its 

maximum point. It is suspected that this distinguished OCV drop and extended ohmic region 

may be attributed to the intrinsic chemical instability and degradation of the BCY electrolyte 

during the fuel cell test. It is reported that the thermal dynamic stability of BaCeO3 in H2O and 

CO2 containing environments can be described by the following reactions [8], 

 BaCeO3(s) + H2O(l) – CeO2(s) + Ba(OH)2 (s/l) 

 

(1) 

 BaCeO3(s) + CO2(g) – CeO2(s) + BaCO3 (s). 

 

(2) 

The presentence of CeO2 in the products of both reactions would induce a mixed ionic-electronic 

conduction to the BCY ceramic electrolyte at this testing condition, inducing a low OCV values 

for all the testing temperatures. The electrochemical impedance spectroscopy (EIS) spectra 

(Figure 1(b)) indicate that at low temperatures, the performance of the BCY-based micro SOFC 

cells is primarily limited by the relatively high polarization resistance of the electrodes at the low 



frequency region, while the high frequency intercepts, which are ascribed to the ohmic resistance 

are almost kept constant. 

FESEM and XRD characterization 

Figure 2 shows typical FE-SEM images of the cross-sectional view of Pt anode/BCY 

electrolyte/Pt cathode structure. The BCY electrolyte film is about 300 nm thick and appears 

fully dense, without any noticeable connected pores, before fuel cell testing. Columnar structure 

is also observed across the thin film electrolyte, which is similar to most of the ceramic thin films 

deposited by PLD technique [22]. A comparison of cross-sectional view of BCY electrolyte 

shows that nanoscale cracks were formed after the heating and electrochemical reactions during 

fuel cell test. The length of crack is ~100 nm and the width is ~20 nm. Most of the cracks are 

grown across the electrolyte, which would lead to an insufficient gas separation of fuels and air.  

It is suspect that the fuel cell testing environments together with the evaluated temperature 

should lead to the formation of cracks, resulting in gas crossover and a rapid OCV drop as 

reported in Figure 2(b). 

XRD characterizations were carried out before and after the fuel cell performance 

measurement at 400 °C to monitor the stability of BCY electrolyte, and the patterns are shown in 

Figure 3. The raised peaks around 2 of 44 ° and 52° (marked with asterisk) are ascribed to 

Si3N4 buffer layer. The as-deposited sample shows 5 major diffraction signals, namely those 

from the (002), (400), (231), (422), and (611) planes (Ref. ICOD code 00-022-0074). The 

diffraction peaks in the patterns were indexed to an orthorhombic perovskite structure (space 

group Pmcn), which indicates that BCY electrolyte was retained its crystal structure after fuel 

cell test. However, the XRD pattern displays noisy background and several small-unknown 

peaks after fuel cell test. These peaks are possible ascribed to BaO or BaCO3, which were 



formed of BaCeO3 after exposure to CO2 and water vapor. Unlike bulk samples, it is hard to 

determine the accurate phase of these peaks, as the intensity was relatively low for these thin 

film samples. However, from the difference between these two patterns we can see that the film 

experienced a chemical reaction during the fuel cell test, which could be the reason accounts for 

the OCV drop. A more detailed analysis of the composition by XPS characterization will be 

introduced later to support this suspicion. An obvious peak shift (~0.2°) to the lower angle was 

evidenced from the tested sample, which suggests a plane distance increase after fuel cell test. In 

order to clarify the difference between these two patterns, the cell parameters and volumes of 

BCY electrolyte are calculated and summarized in Table 1. It clearly shows the crystal 

parameters increase after fuel cell test, inducing an expansion of cell volume from 338.01 Å3 to 

349.88 Å3. The variation of cell volume would change the stress level of freestanding BCY 

electrolyte, resulting in a tension stress compared to the as-deposited sample. From this point of 

view, the micro cracks formed after fuel cell test (shown in Figure 2(b)) was also possible 

ascribed to the lattice expansion.  

XPS analysis 

In order to further identify the chemical stability of BCY electrolyte, XPS characterizations 

of the electrolyte surface were performed. Figure 4 shows the high-resolution spectra of Ba 3d, O 

1s, C 1s, respectively. The Ba 3d photoelectron peaks can be resolved into set of spin-orbit 

doublets of Ba 3d5/2 (779.1 eV) and 3d3/2 (797.4 eV). It is verified that the peak separation of 

18.3 eV is consistent with the values reported in the literatures [23]. The perfectly symmetric Ba 

3d5/2 peak can be resolved into a single peak by fitting to Gaussian, indicating a pure BaCeO3 

chemical state presented in the electrolyte. However, for the samples after fuel cell test at 300 °C, 

small peaks are formed beside the original Ba 3d peaks with a higher binding energy of 182.6 eV 



and 797.9 eV. These two peaks were attributed to another Ba 3d doublet as the peaks difference 

is 18.3 eV, consistent with Ba 3d5/2 and 3d3/2 doublets. The newly formed Ba 3d doublets are 

indicative of different barium contribution, which were resolved to Ba(OH)2 when indexed to the 

references [24]. As testing temperature increased to 400 °C, the intensities of these two peaks 

were increased dramatically. The same tendency is also observed in the O 1s spectra, as shown in 

Figure 4(b). The O 1s XPS spectra display broad and asymmetric peaks and have been fitted to 

three overlapped peaks with binding energy in the region of 528-534 eV. The fitted peaks located 

at 530.9, 528.8, 532.2 eV were resolved to lattice oxygen, metal oxide and absorbed oxygen, 

respectively. For the tested sample, another O 1s peak was formed at higher binding energy 

(~534 eV), which is confirmed to be the newly formed Ba(OH)2. The C 1s spectra are also 

deconvoluted and shown in Figure 4(c) for comparison. It is confirmed that the newly formed Ba 

peaks are attributed to Ba(OH)2. It is reported that barium cerate reacts more easily with CO2 

than with water vapour, and the reaction with H2O is not significant at the fuel cell operating 

conditions [21]. However, the analysis of Ba 3d, O 1s and C 1s XPS spectra in this case indicates 

that the reaction (2) is also critical to the degradation of thin film BCY electrolyte at low 

temperature range.  

The oxidation state of cerium is another important indicator to give a clear picture of the 

chemical stability of BCY electrolyte. The change in oxidation state of cerium is observed by 

analyzing Ce 3d spectra, as shown in Figure 5. Due to shake-up, shake-down and multiplet 

splitting effects, the shape of the Ce 3d spectra contains contributions of many components 

leading to complex fine structures [25]. Both of the Ce 3d spectra can be resolved into 11 peaks, 

as indicated with different colored lines in Figure 5. Ten cerium peaks in the notation of 

Burroughs et al. [26] with u,v are attributed to the two spin-orbit split components of the Ce 3d 



photoemission process, the Ce 3d5/2 and Ce 3d3/2, respectively. An Auger line of barium appears 

in this energy range, which is colored with purple. All the Ce 3d spin-orbit splitting are in the 

range of 18.2-18.6 eV, which consistent with data previously reported in the literature [27].  

The average oxidation state of Ce is determined and summarized in Table 2, by following 

Romeo et al.’s method [28], which is a simple and accurate way to analyze the complexity of Ce  

3d spectra. It has been confirmed by previous studies that the doublets peaks, u’’’v’’’, u’’v’’, uv 

are originated from Ce4+ oxidation state, and u’’v’’ and uv are attributed to the Ce3+ oxidation 

state [28]. As shown in Figure 5, peaks u’v’, u0v0 are presented in both of the as prepared and 

tested samples, hence they are indicative of the presence of reduced Ce components in the BCY 

electrolytes. It is noted that only Ce4+ species should be presented in the fully oxidation BCY 

electrolyte before fuel cell test. We speculate that the observed Ce3+ is attributed to the 

electrolyte surface, which can be easily exposed to ambient air. Another possible reason may due 

to the X-ray induced photo reduction of cerium based samples, which is in principle known, but 

not entirely understood [29]. It is clearly shown that highest binding energy peaks, u’’’ and v’’’ 

respectively located at ~ 915 and ~897 eV have sharper shape and increased area compared with 

the pre-tested sample. It is an indicator of the oxidation of cerium element during the fuel cell 

test, as the increased component can be speculated to the oxidation states of CeO2 [25, 28]. On 

the other hand, the components of Ce4+ u’’v’’ and uv have dramatically deceased proportion 

compared with the fresh samples, especially for u’’v’’ peaks. This decrease is attributed to the 

partially reduction of Ce4+ into Ce3+ species, which can be confirmed by the notable increased 

u’v’ and u0v0 peaks in the tested sample, as shown in the bottom curves in Figure 5. Particularly, 

for the peaks of u0v0, the calculated concentration has increased from 9.65% to 28.35%. 



Considering all the oxidation and reduction of Ce elements in the BCY electrolyte, the ratio of 

Ce3+/Ce4+ has increased from 31.25% to 47.14% after fuel cell test. 

The introduction of a mixture of Ce4+/Ce3+ valence state in the electrolyte can generate 

electronic conduction through the hopping transport mechanism between Ce4+ and Ce3+ [30]. 

Previous research have found that ionic conduction is dominate at low temperature range in 

CeO2 based oxygen ion conductor, while electronic conductivity becomes comparable to or 

eventually greater than the ionic conductivity at higher SOFC operating temperature (>600 °C) 

[31, 32]. In the case of BCY proton conducting ceramic , we also speculate that electronic 

conduction would happen due to the coexistence of Ce3+/Ce4+ in the thin film electrolyte. Thus 

the OCV dropped and the ohmic region in the I-V-P curves prolonged at high testing temperature. 

In addition, the chemical stability of freestanding BCY electrolyte with a nanoscale thickness 

would be vulnerable in the fuel cell test condition. The active area involving exposure to fuel and 

air is relative small for the micro BCY SOFC, compared with bulk samples. Thus there is enough 

CO2 and H2O from the environments to react with BCY. On the other hand, the higher surface-

area-to-volume ratio provides more reaction sites compared with bulk samples. It is reported that 

the mechanism of decomposition of BaCeO3 is dictated by bulk diffusion of water into the lattice 

in water vapor environments [9]. While for the nanoscale electrolyte in this case, the 

decomposition kinetics may be changed to interface-controlled, which would also accelerate the 

thermodynamic processes to corrosive the BCY electrolyte.  

4. Conclusion 

In this work, thin film micro SOFC with nanoscale BCY electrolyte has been fabricated and 

tested in low temperature range. The BCY fuel cell shows a peak power density of 2, 5 and 30 



mW/cm2 at 300, 350 and 400 °C with OCV of 0.79, 0.68 and 0.59 V, respectively. Systematical 

characterizations of the thin film revealed that the continuous drop of OCVs was attributed to the 

poor chemical stability of BCY electrolyte during fuel cell test. Several possible reasons account 

for the poor performance have been investigated. First, visible vertically grown cracks were 

formed after fuel cell test, which would lead to an insufficient gas separation of fuels and air. 

The cracks were originated from the poor mechanical property of BCY and the expanded lattice 

parameters during fuel cell test. Second, BCY is chemically unstable during the fuel cell test 

with the presence of fuel and ambient air. Both the reactions with CO2 and H2O are critical to 

BCY electrolyte at low temperature range and it can easily decompose into BaCO3, CeO2, and 

Ba(OH)2. Third, the reduction of Ce4+ species into Ce3+ in the electrolyte resulted in a mixture 

ionic and electronic conduction. In addition, the nanoscale effect would also accelerate the 

corrosion process due to the large surface area to volume ratio for the thin film BCY electrolyte. 

This work has gained plentiful evidence of the chemical stability of thin film BCY when 

utilizing it as a proton-conducting electrolyte for low temperature SOFC applications.  
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as a function of current density at various testing temperatures. (b) AC impedance spectra of 

BCY micro SOFC under open circuit conditions at various temperatures. 
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and Shirley background are shown in hollow points, colored solid lines and dotted line, 

respectively.  

Figure 5 XPS spectra of Ce 3d for the BCY electrolyte before and after fuel cell test at 400 °C.  


