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ABSTRACT 
 

Proton ceramic fuel cells (PCFCs) demand anode materials that can operate efficiently 
in both hydrogen and hydrocarbon fuels. Hence, an anode reforming layer (ARL) is 
often introduced to enhance catalytic activity, suppress carbon deposition, and 
improve fuel utilization during direct hydrocarbon operation. Among various types of 
catalysts used as ARL, rare-earth and metal oxide-based materials are employed to 
ensure adequate electrical conductivity, compatibility with the anode support, and 
good structural stability under high temperatures. In this work, the calcined BaO and 
CeO2 powders with three different ratios: 40 wt.% CeO2–60 wt.% BaO (S1), 50 wt.% 
CeO2–50 wt.% BaO (S2), and 60 wt.% CeO2–40 wt.% BaO (S3) are dry-pressed into 
a 25 mm pellet, followed by solid-state sintering at T = 1050 °C. Analyses of XRD 
revealed that the S1, S2 and S3 (a) showed both cubic CeO2–BaO phases with space 
group Fm-3m, and (b) consisting of a secondary phase of BaCO3. At T = 600 °C, S2 
exhibited the highest surface conductivity value (0.76 S/cm) compared to S1 (0.58 
S/cm) and S3 (0.68 S/cm), making it a great potential as a high-temperature catalyst 
for ARL in PCFCs applications. 
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INTRODUCTION 
 

Proton ceramic fuel cells (PCFCs) are solid-state electrochemical devices that convert 
chemical energy directly into electricity. The ability to operate at intermediate 
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temperature enables PCFCs to have more potential because they offer high ionic 
conductivity and low activation energy compared to oxygen-ion-conducting 
electrolyte-based solid oxide fuel cells (SOFCs) [1]. Other than that, PCFCs can 
operate in both hydrogen and hydrocarbon fuel, making it more preferable to be 
commercialized in the foreseeable future [2,3]. PCFCs’ design is composed of three 
major components: porous electrodes (anode and cathode) and a dense electrolyte. 
Among the three components, the anode is very crucial to the cell’s system, as the 
anode must simultaneously function as a catalyst for fuel oxidation and a conductor 
for protonic and electronic charge carriers [4,5]. The anode must also possess a 
material that could withstand varying redox atmospheres [6].  

Currently, Ni-based material is widely being developed as an anode for PCFCs 
due to its excellent electronic conductivity and catalytic behavior towards hydrogen 
oxidation [7,8]. However, when fed with hydrocarbons such as methane (CH4), the 
anode functionality becomes limited owing to the direct cleavage of C-H bonds via 
CH4 reforming by the Ni-cermet anode, which leads to carbon deposition or sulfur 
poisoning [9,10]. Thus, these constraints will affect the cell, such as degradation of 
the cell performance and low catalytic activity [3]. Therefore, anode reforming layer 
(ARL) is being introduced and has become one of the solutions to overcome the issues 
regarding cell degradation. It should possess high catalytic activity, good 
conductivity, and thermal stability.  

There are a few types of reported materials used as ARL for PCFCs, for 
example, yttria- stabilized zirconia (YSZ) scaffold infiltrated with Cerium oxide and 
platinum (CeO2 + Pt) [11], alkaline oxides [12], rare-earth oxides [13,14] and alkaline-
rare-earth oxides [3]. One of the widely adopted alkaline-rare-earth oxides is cerium-
barium oxides (CeO2-BaO) [3,8]. CeO2 is applied as a catalyst for PCFCs due to its 
high oxygen storage capacity and reversible Ce4+/Ce3+ redox behavior. In addition to 
it, CeO2 can activate CH4 and oxidize the carbon species, making it attractive to be 
used as a catalyst for hydrocarbon applications [15]. Meanwhile, BaO is known to 
possess a highly basic oxide that could mitigate the carbon formation through carbon 
dioxide (CO2) adsorption and carbonate formation [8,14]. By considering the 
advantages of both CeO2 and BaO, respectively, several studies can be wisely 
conducted to investigate the material’s properties in making them suitable for the 
intermediate-temperature anode of PCFCs to operate in hydrocarbon fuel. However, 
a knowledge gap remains in correlating the structural and electrical properties of the 
CeO₂–BaO system at different weight ratios of both oxides. Therefore, this study aims 
to investigate the effect of compositional ratios on the lattice compatibility and 
electrical conductivity of the system.  

It should be noted that this study focuses on the X-ray diffraction (XRD) for 
structural and DC electrical conductivities of CeO₂–BaO mixed oxides as a 
preliminary assessment of their potential as anode reforming layer materials. 
Comprehensive evaluation under practical PCFC operating conditions, particularly in 
hydrocarbon environments, is beyond the scope of the present work. Future works 
will focus on evaluating their catalytic activity, carbon deposition resistance, and 
long-term stability under methane-fueled PCFC operating conditions. This will enable 
a more comprehensive understanding of their practical performance in hydrocarbon 
environments. 
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EXPERIMENTAL DETAILS 
 
Synthesis of Powders 
To synthesize BaO powder, the barium nitrate hexahydrate (Ba(NO3)2(99% purity, 
Thermo Fisher Scientific)) was dissolved into 50 mL deionized water and labelled as 
solution A. Simultaneously, for CeO2 powder synthesis, the cerium nitrate 
hexahydrate (Ce(NO3)3.6H2O (99.5%, purity, Thermo Fisher Scientific)) was 
dissolved into 50 mL deionized water and labelled as solution B. Citric acid 
monohydrate, CA (C6H8O7.H2O (99.5% purity, Merck)) was dissolved into 50 mL 
deionized water and labelled as solution C. Next, solution C was accordingly poured 
into solutions A and B and kept stirred continuously for 2 h. The respective mixture 
(solution AC) and (solution BC) was then gradually heated to 80 °C until a 
homogeneous gel was formed and dried at 85 °C in the Venticell. The resulting 
powders (powder AC) and (powder BC) were ground into a fine powder and calcined 
using a two-step calcination. For powder AC, first at 450 °C at the rate of 2 °C/min 
and then at 800 °C at the same rate to form BaO. Meanwhile, for powder BC, it was 
first calcined at 300 °C for 2 h at the rate of 1 °C/min and then another 4 h at 450 °C 
at the rate of 2 °C/min to produce CeO2. 

The BaO and CeO2 powders were mixed at 3 different ratios: 40 wt.% CeO–
60 wt.% BaO (S1), 50 wt.% CeO–50 wt.% BaO (S2), and 60 wt.% CeO–40 wt.% BaO 
(S3) in 20 mL ethanol using a mortar and pestle. The 2.1 g of respective S1, S2 and 
S3 powder was weighed and placed into a 25 mm die-pressing mould and then 
compressed at 4.5 tones for 1.5 min. Then, the pellet was sintered (two-step sintering 
method) at 300 °C for 1 h with a rate of 4.5 °C/min and at 1050 °C for 3 h with a rate 
of 5 °C/min. 
 The phase and crystal structure of the samples S1, S2, and S3 were analyzed 
using the Shimadzu XRD-6000 in a 2θ scan range of 20° - 80° using Cu Kα radiation. 
The Expert HighScore Plus software was used to conduct analysis for the 
crystallography of the samples via the Rietveld refinement method. The electrical 
conductivity measurement was carried out via the Van Der Pauw (VDP) method in a 
hydrogen atmosphere. The DC conductivity in the temperature range from 500 °C to 
800 °C was measured by using a direct current power supply (Keithley 2230-30-1, 
USA) and a multi-meter (Fluke 8808A, USA).  
 

RESULTS AND DISCUSSION 
XRD Patterns 
Figure 1 displays the X-ray diffraction patterns of S1, S2, and S3 samples. It confirms 
the formation of the co-existence of BaO and CeO2 phases across all the samples, 
indicating that the mixed oxide system did not form a single solid phase. They retained 
their individual crystalline constituents along with the secondary phase of BaCO3 
[16]. The prominent reflection peaks (hkl) corresponding to BaO were (111), (200), 
(220), (311), (222), (331), and (420) plane while the pronounced peak of CeO2 can be 
indexed to (111), (200), (220), (311),  (400), (331), and (420) plane. The noticeably 
lowered intensity of the BaCO3 peak (~24°) compared to the BaO peak (~28°) in S2 
might be due to the less availability of free reactive BaO surfaces for carbonation in 
the equimolar composition. This BaO residue will react with atmospheric CO2 during 
the sample’s processing [17,18,19]. As a result, BaCO3 formation could be suppressed 
in S2 compared to S1 and S3. Therefore, 1 to 1 weight ratio was found as the optimized 
composition in promoting stronger Ce-O and Ba-O interaction to form the CeO2-
BaO system. The compositional ratio affects the phase stability and the reactivity 
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surface of alkaline-earth oxides due to their high affinity for carbonation, which is 
consistent with other reports [20,21,22].  

 
 
 
 
 
 
 
 
 
 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      Figure 1. XRD patterns of S1, S2 and S3 
 
All the crystallographic data obtained for S1, S2 and S3 were tabulated in Table 1, 
which includes the lattice parameters for both CeO2 and BaO samples; a = b = c, 
indicating that the samples are cubic structures with a space group of Fm3m (225). 
The lattice parameters for CeO2 (S1=5.4128 Å, S2=5.4124 Å and S3=5.4080 Å) and 
for the BaO (S1=5.4923 Å, S2=5.4098 Å, and S3=5.4054 Å). Compared to standard 
data for CeO2 and BaO, respectively (Table 2), the unit cell volumes of the CeO2 in 
S1=158.57 Å3, S2=158.55 Å3, and S3=158.17 Å3 are quite matched with the reference 
data of 158.46 Å3. Hence, it shows that the fluorite CeO2 lattice is largely preserved 
in all samples’ compositions, even though the slight lattice contraction can be 
observed in S3 due to the reduced lattice distortion in the CeO-rich composition and 
the increasing Ce-O bonding rigidity [23]. However, the volume of BaO in S1=165.68 
Å3, S2=158.33 Å3 and S3=157.94 Å3 was slightly bigger compared to the standard 
data for BaO volume (153.56 Å3). The slightly enlarged BaO lattice and unit-cell 
volume indicate the lattice strain and defect formation arising from Ba-Ce interaction 
in all samples might be due to the incorporation of the Ce4+ ion that has a smaller ionic 
radius than the Ba2+ ion [24,25]. The S1 samples can be seen to be most affected, 
where excess BaO promotes lattice swelling, while progressive contraction occurs 
from S1 to S3 samples. Therefore, the compositional variation primarily perturbs the 
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BaO lattice through expansion and strain (slight peak shifting) compared to the 
standard BaO. Meanwhile, the CeO2 phase remains structurally maintain highlighting 
the asymmetric lattice response of the CeO2-BaO system to compositional tuning. 
 

Table 1. Crystallography data for S1, S2 and S3 samples after Rietveld refinement 
Phase parameter S1 S2 S3 

Cell parameter (Å) CeO2 BaO CeO2 BaO CeO2 BaO 
Lattice Parameter 
(Å), a = b = c 5.4128 5.4923 5.4124 5.4098 5.4080 5.4054 

Volume (Å3) 158.57 165.68 158.55 158.33 158.17 157.94 
Alpha=Beta=Gamma 90 90 90 
Atomic Position X Y Z 
Ba 
O 
Ce 
O 

0 0 0 
½ ½ ½ 
0 0 0 
¼ ¼ ¼ 

 
Table 2. Crystallographic data of standard CeO2 and BaO samples 

Sample ID Lattice parameter (Å),     
a = b = c Volume (Å3) 

 CeO2 BaO CeO2 BaO 
JCPDS card no. 00-034-

0394 CeO 
5.4113  158.46  

JCPDS card no. 00-030-
0142 BaO 

 5.3550  153.56 

 
DC Conductivity 
Figure 2 shows the result of the DC conductivity of S1, S2, and S3 samples at 
temperatures between 500 and 800 °C. All the samples exhibited similar trends, with 
conductivity decreasing as temperatures increased, indicating that all the samples 
displayed semiconducting behavior with negative temperature dependence. Such 
behaviors commonly occur for rare-earth and alkaline-earth metal oxides due to 
several thermodynamic and chemical degradation factors rather than intrinsic 
electronic transport behavior [26,27]. Based on the literature, alkaline metal oxides 
can react with rare-earth elements at high temperatures to form insulating compounds 
[17,27]. In the case of S1, S2 and S3 in the form of pellets, as they were sintered at 
T=1050 oC, the formation of BaCO3 and BaCeO3 cannot be avoided [28,29,30]. These 
carbonate and cerate-based oxides are known as ionically and electrically insulating 
compounds [17,31,32], which may suppress the electrical conductivity of the tested 
samples. Another possible factor that leads to the reduction of conductivity as a 
function of temperature is the reduction of Ce4+ to Ce3+, which can create electronic 
conductivity [17], but the tested material is designed to be a mixed ionic and electronic 
conductor (MIEC). This shift may alter the overall conductivity profile for the S1, S2 
and S3.  
 Among all three samples, S2 consistently shows the highest conductivity 
values across all temperatures, suggesting that the 1:1 weight ratio may provide more 
favorable phase connectivity for charge-carrier transport.  These conductivity data are 
consistent with the XRD results, which showed that the compositional weight ratio 
affects phase formation and structural characteristics. However, it should be noted that 
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all the above-mentioned possible reasons and claims need to be verified by the specific 
experimental data, and they will become our concern in future studies.   
 

 
 

Figure 2. DC conductivity of S1, S2 and S3 
 

CONCLUSIONS 
 

All the prepared samples formed a cubic structure of CeO2 and BaO, along with a 
secondary phase of BaCO3. The composition with 50 wt.% CeO2 and 50 wt.% BaO 
(S2) exhibited both lattice compatibility and the highest electrical conductivity 
compared to samples S1 and S3. The 1:1 weight ratio of CeO2 to BaO appears to offer 
good structural integrity while enhancing electrical conductivity in a hydrogen 
atmosphere. These characteristics make S2 a promising high-temperature catalyst for 
methane reforming and electrochemical oxidation in PCFCs that operate directly on 
hydrocarbon fuels. Further validation is required to establish its suitability as a fully 
anode reforming layer material. This will enable a more comprehensive understanding 
of their practical performance in hydrocarbon environments. 
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