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Abstract 

Ni-Ce0.8PrxSm0.2-xO2-δ (x = 0-0.15) is studied as an anode of solid oxide fuel cells. 

The doping of Pr facilitates the chemical oxidation of CH3OH on the ceramic phase 

because the strength of Pr-O bond is weaker than that of Ce-O bond. With the addition 

of Pr, the electronic conductivity of the ceramic phase increases in an oxidizing 

atmosphere but decreases in a reducing atmosphere. The electrochemical conductivity 

relaxation results indicate that Pr improves oxygen surface exchange coefficient and 

oxygen chemical diffusion coefficient of Ce0.8Sm0.2O2-δ simultaneously. The doping of 

Pr shows negligible influence on the performance of the cell fed with H2 due to the high 

reactivity of H2. However, the maximum power density of the cell with methanol as the 

fuel increases significantly with the addition of Pr in the anode, demonstrating the high 



2 
 

importance of the oxygen activity of the anode when a less active fuel is used. A 

Ce0.8Sm0.2O2-δ-carbonate electrolyte-supported single cell with Ni-Ce0.8Pr0.1Sm0.1O2-δ 

anode shows a maximum power density of 792 mW cm-2 at 650 oC with methanol as 

the fuel. 

Keywords: Anode; Solid oxide fuel cell; Pr doping; Doped ceria; Methanol fuel 
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1. Introduction 

Solid oxide fuel cells (SOFCs) convert chemical energy of fuels into electricity 

with a high efficiency and low emissions [1, 2]. The most widely studied nickel-based 

cermet anodes show high catalytic activities when hydrogen is used as the fuel [3]. 

Replacing hydrogen with hydrocarbons such as methane and methanol as the fuels of 

SOFCs shows significant advantages in terms of cost, availability, safety and 

volumetric energy density [4, 5]. However, due to the low reactivity of hydrocarbon 

molecules compared with H2, the electrochemical oxidation of the fuels at the anode 

becomes a key process especially in the intermediate temperature region (500-700 oC). 

Therefore, increasing attention has been attracted to accelerating the anode reactions in 

recent years [6]. 

Adding an internal reforming process to convert hydrocarbons into H2 and CO is 

a strategy for improving the anode performance [7], while the addition of plenty of 

steam increases the energy consumption of the system [8]. Chen et al. [9] used a 

Ce0.90Ni0.05Ru0.05O2 layer to catalyze methane reforming with H2O produced 

electrochemically at the anode, and the single cell shows a maximum power density 

(Pmax) of 370 mW cm-2 at 500 oC. However, the simultaneous endothermic reforming 

and exothermic oxidation reactions complicate the anode temperature distribution. 

Alloying nickel with other metals, such as Mo, Co and Zn, is another way to enhance 

the anode activity by optimizing the electronic structure of Ni [10-12]. The modification 

of the ceramic phase is also a promising approach to accelerating the electrochemical 

oxidation of the fuels. Han et al. [13] partially replaced Ce in Ni-Ce0.8Sm0.2O2-δ (SDC) 
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anode with Ti, and the anode polarization resistance is remarkably reduced due to the 

improvement of the lattice oxygen activity. Doping Ca into Ni-CeO2 can also raise the 

cell performance by increasing the electrical conductivity of the ceramic phase [14]. 

Pr doped CeO2 (PDC) has been studied extensively as a promising catalyst for 

oxidation reactions such as soot combustion [15-17], CO oxidation [18, 19], and water 

gas shift reaction [20]. The incorporation of Pr improve the oxygen storage capacity 

and oxygen mobility of CeO2, leading to a high oxidation rate [21]. Meanwhile, PDC 

has been widely investigated as the cathode material of SOFCs owing to its mixed ionic 

and electronic conductivity in a wide range of oxygen partial pressures [22, 23]. The 

addition of 2% Pr in Ce0.8Gd0.2O2-δ increases its electronic conductivity considerably 

[24]. In recent years, Pr is used to accelerate the electrochemical oxidation process at 

the anode side. Deleebeeck et al. [25] added Ce0.6Pr0.4O2-δ in a carbon-carbonate 

mixture in the anode chamber of a hybrid direct carbon fuel cell, and related the high 

catalytic activity of Ce0.6Pr0.4O2-δ for carbon oxidation and coal gasification to the 

Ce(IV)/Ce(III) and Pr(IV)/Pr(III) redox couples. Furthermore, the theoretical 

calculation results suggest a low oxygen vacancy formation energy and a high 

electronic conductivity of PDC compared with undoped CeO2, which benefit the high-

temperature electroreduction of CO2 [26]. 

Although the high electrochemical activity of PDC is widely recognized, its role 

in the anode process of SOFCs, especially the electrochemical oxidation of 

hydrocarbon fuels, has been not explained clearly. In this work, Ce0.8PrxSm0.2-xO2-δ 

(SPxDC, x = 0-0.15) is used as the ceramic component in the anode of SOFCs. The 
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oxygen transport property and the catalytic activity of the ceramic phase are 

systematically studied. The effect of Pr on the performance of the single cell with H2 

and methanol as the fuels are investigated. 

 

2. Experimental 

2.1. Material preparation 

SPxDC and NiO-SPxDC powders were prepared with a hydrothermal method 

using Ce(NO3)36H2O (99.95%), Sm(NO3)36H2O (99.9%), Pr(NO3)36H2O (99.9%), 

Ni(NO3)26H2O (99%) and urea as the raw materials [27]. All of the raw materials were 

purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd.. The powders were 

reduced in H2 at 700 oC for 1 h for characterization. SDC-(Li0.67Na0.33)2CO3 composite 

is used as the electrolyte material. The cathode material is a mixture of 30 wt% 

composite electrolyte and 70 wt% lithiated NiO. Detailed preparation procedures of the 

electrolyte and cathode materials were described in other literatures [28, 29]. 

2.2. Characterization 

The crystal structures of the anode powders before and after reduction were 

characterized at room temperature using X-ray diffractometry (XRD, D8 Focus 

diffractometer, Bruker Cor., Germany) with Cu-Kα radiation, 40 kV and 200 mA. The 

reducing processes of the SPxDC powders were investigated with a Perkin Elmer 

Diamond thermogravimetric analyzer (TGA) in 5% H2-95% Ar from room temperature 

to 800 oC at a heating rate of 5 oC min-1. The CH3OH temperature-programmed surface 

reaction (CH3OH-TPSR) was carried out to evaluate the activity of oxygen in the 
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SPxDC powders [30-32]. In a typical test, 80 mg of the SPxDC powder was pretreated 

in pure O2 (30 mL min-1) at 150 oC for 25 min. Then the sample was purged by Ar (30 

mL min-1) for another 25min to sweep the oxygen absorbed weakly. Subsequently, 

about 10 vol% CH3OH was added in Ar by bubbling Ar through liquid CH3OH at room 

temperature. The oxidation of CH3OH on the surface of the SPxDC powders was 

investigated from 150 to 800 oC at a heating rate of 5 oC by monitoring the amount of 

CO2 in the outlet gas with an online mass spectrometer (HidenHPR-20). 

2.3. Electrochemical tests 

The oxygen transport properties of SPxDC were studied with the electric 

conductivity relaxation (ECR) method. The SPxDC powders were uniaxially pressed 

into 30.0 × 7.0 × 2.0 mm3 rectangular bars under 300 MPa, which were subsequently 

sintered at 1500 oC in air for 5 h. The relative densities of the bars were higher than 96% 

measured by Archimedes method. The electrical conductivities of the samples were 

measured with a four-probe direct current method. The ECR processes were studied 

during the atmosphere was switched from 50% CO-50% CO2 to 90% CO-10% CO2 in 

650-800 oC using an electrochemical workstation (VersaSTAT 3, Ametek). 

For the fabrication of the electrolyte-supported single cells, the SDC-

(Li0.67Na0.33)2CO3 composite electrolyte powder was pressed into pellets with a 

thickness of 0.65 mm, and subsequently sintered at 700 oC in air for 1 h. The anode and 

cathode powders were made into slurries with a binder (V006, Heraeus Ltd.), and then 

the slurries were screen-printed on each side of the electrolyte layer, followed by 

calcination at 700 oC in air for 1 h. The thicknesses of the anode and cathode layers 
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were about 40 µm. Ag paste was coated on both sides of the cell as current collector, 

and the effective area of the electrodes was 0.64 cm2. The anode layer was reduced in 

H2 at 650 oC for 1 h before the test. The I-V characteristics of the cells were measured 

at 650 oC with gasified CH3OH (50 mL min-1, STP) and pure H2 (50 mL min-1, STP) as 

the fuels and O2 (10 mL min-1, STP) as the oxidant using the electrochemical 

workstation. 

 

3. Results and discussion 

3.1. Characterization 

 

Fig. 1. XRD patterns of the anode powders. (a) SPxDC; (b) partially magnified 

patterns of (a); (c) NiO-SPxDC (before reduction); (d) Ni-SPxDC (after reduction). 
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The XRD patterns of the SPxDC powders demonstrate a cubic fluorite structure of 

SDC (JCPDS #075-0158) without any impurity phases (Fig. 1a). The addition of Pr 

leads to the shift of the main peak to larger angles (Fig. 1b). It is well known that Pr4+ 

and Pr3+ both exist in Pr-doped CeO2 in an oxidizing atmosphere with the domination 

of Pr4+ [33]. The partial substitution of Sm3+ (1.079 Å) with smaller Pr4+ (0.96 Å) leads 

to the contraction of the unit cells. The peaks of NiO (JCPDS #073-1523) and SDC are 

observed in the patterns of NiO-SPxDC without noticeable interaction between the two 

phases (Fig. 1c), and NiO is reduced to Ni (JCPDS #087-0712) after reduction (Fig. 

1d). 
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Fig. 2. (a) TGA and (b) DTG curves of the SPxDC powders in 5% H2-95% Ar. 

During the H2-TGA test, the weight loss of SDC starts at about 450 oC and reaches 

the highest rate at about 650 oC corresponding to the reduction of Ce4+ to Ce3+ (Fig. 2). 

With the addition of Pr, another weight-loss peak is observed at about 420 oC, and its 

intensity increases with the rise of Pr content. This process is the reduction of Pr4+ to 

Pr3+ [34], which also results in a larger weight loss of the samples with Pr during 

reduction. 

 

Fig. 3 CH3OH-TPSR results of the SPxDC powders 

 

The CH3OH-TPSR curves of the SPxDC powders are shown in Fig. 3. The small 
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CO2 peaks at about 350 oC are due to the reaction between CH3OH and oxygen species 

adsorbed weakly on the surface of the SPxDC powders, while the strong peaks above 

650 oC reflect the oxidation of CH3OH by lattice oxygens. The oxidation temperature 

of CH3OH decreases gradually with the doping of Pr, indicating a higher activity of 

lattice oxygens in the ceramic phase [35]. The reduction temperature of Pr4+ is lower 

than that of Ce4+, indicating that the strength of Pr-O bond is weaker than that of Ce-O 

bond [36]. Therefore, CH3OH is oxidized by the sample with a higher Pr at a lower 

temperature. 

The electric conductivities of the SPxDC in air are shown in Fig. 4a. The 

conductivity of SDC is about 0.043 S cm-1 at 800 oC. The conductivity of SP0.05DC is 

lower than that of SDC. The partial substitution of Sm3+ with Pr4+ decreases the 

concentration of oxygen vacancy in the sample, resulting in a lower O2- conductivity. 

However, the Pr4+/Pr3+ couples increase the electronic conductivity of the samples [37]. 

Consequently, the electric conductivity of the sample rises with the further addition of 

Pr. When the atmosphere is switched to 90% CO-10% CO2, the electric conductivities 

of the samples all increase due to the partial reduction of Ce4+ to Ce3+, bringing about 

a high electronic conductivity (Fig. 4b). The electronic conductivity in the reducing 

atmosphere generally decreases with the doping of Pr. 
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Fig. 4. Electric conductivities of the SPxDC samples in (a) air and (b) 90% CO-10% 

CO2. 
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Fig. 5. (a) Normalized conductivity relaxation profiles of the SPxDC samples at 

various temperature; (b) oxygen surface reaction rate constant (ks) and (c) oxygen 

chemical diffusion coefficient (Dchem) of the SPxDC samples. 

 

The ECR behaviors of the SPxDC samples when the atmosphere is changed from 

50% CO-50% CO2 to 90% CO-10% CO2 are illustrated in Fig. 5a. The relaxation time 

of SDC is about 5 h at 650 oC, which is reduced remarkably with the rise of temperature. 

The doping of Pr also facilitates the re-equilibrium process. The relaxation process is 

determined by oxygen surface reaction and bulk diffusion, and the surface exchange 

coefficient (ks) and the chemical diffusion coefficient (Dchem) of oxygen can be 

calculated based on the ECR result [38-40]. The ks of SDC is about 1.2 × 10-5 cm s-1 at 

650 oC,and rises to about 8 × 10-5 cm s-1 at 800 oC (Fig. 5b). The ks of the SPxDC 

samples goes up with the increase of x from 0 to 0.1. As illustrated in the TGA (Fig. 2) 

and CH3OH-TPSR (Fig. 3) results, the doping of Pr improves the activity of oxygen in 
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the ceramic phase, resulting in a higher ks. The ks of SP0.15DC is close to that of SP0.1DC. 

The Dchem of SPxDC also increases with the incorporation of of Pr (Fig. 5c). It is widely 

accepted that the energy barrier for the migration of oxygen vacancies is highly 

influenced by the size of the dopant [2, 18, 41, 42]. Compared with Sm3+ (1.079 Å), the 

sizes of Pr3+ (1.126 Å) and Pr4+ (0.96 Å) are much closer to those of Ce3+ (1.143 Å) and 

Ce4+ (0.97 Å), respectively, which would facilitate the bulk diffusion of oxygen. 

However, it is noteworthy that O2- conductivity is determined by the concentration of 

oxygen vacancy and the diffusion coefficient of O2- simultaneously. As shown in Fig. 

4a, the O2- conductivity is lowered by the substitution of Sm with Pr due to the decrease 

of oxygen vacancy amount. 
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Fig. 6. I-V and I-P curves of single cells with various anodes at 650 oC with (a) H2 and 

(b) CH3OH as the fuels; (c) I-V and I-P curves of the single cell with SP0.1DC anode 

at various temperatures using CH3OH as the fuel. 

 

The I-V and I-P characteristics of the single cells at 650 oC with H2 as the fuel are 

presented in Fig. 6a. The open circuit voltages (OCVs) of the cells are about 1.00-1.07 

V, close to the theoretical electrochemical potential. The maximum power densities 

(Pmax) of the cells are in the range of 590-610 mW cm-2. The adsorption and dissociation 
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of H2 take place on Ni sites, and the highly active H species spill over to the ceramic 

surface and react with lattice oxygens easily. Therefore, the content of Pr in the ceramic 

phase, which affects the oxygen transport properties of the anode, shows a negligible 

influence on the performance of the cell. When gasified CH3OH is used as the fuel, the 

OCVs increase to 1.13-1.17 V, and the content of Pr in the anode shows a significant 

effect on the Pmax of the cell (Fig. 6b). The Pmax of the cells with SDC, SP0.05DC, 

SP0.1DC and SP0.15DC in the anodes are 495, 606, 792 and 690 mW cm-2, respectively. 

The mobility and activity of CH3OH on the anode surface are much lower than those 

of adsorbed H, and the activity of oxygen becomes more important to the anode process. 

The doping of Pr in the anode brings about a higher oxygen activity and a lower 

conductivity of O2-, and the single cell with Ni-SP0.1DC anode exhibits the highest 

performance with CH3OH as the fuel. The Pmax of that cell decreases to 616 and 397 

mW cm-2 at 600 and 550 oC, respectively (Fig. 6c). 

 

4. Conclusions 

In this work, Ce0.8PrxSm0.2-xO2-δ powders are synthesized through a hydrothermal 

method. Pr4+ shows a lower reducing temperature compared with Ce4+ since Pr-O bond 

is weaker than Ce-O bond. The oxidation temperature of CH3OH decreases with the 

doping of Pr, indicating that Pr promotes the chemical oxidation of CH3OH. The 

addition of Pr improves the surface oxygen reactivity of the ceramic phase. The 

substitution of Sm with Pr also increases the chemical diffusion coefficient of oxygen 

because the size of Pr is much closer to that of Ce, but probably lowers the O2- 
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conductivity due to the decrease of oxygen vacancy concentration. Meanwhile, the 

electronic conductivity of the ceramic phase in the reducing atmosphere decreases with 

the doping of Pr. The Pmax of the cells with Ni-Ce0.8PrxSm0.2-xO2-δ anodes and SDC-

carbonate composite electrolyte are in the range of 590-610 mW cm-2 at 650 oC with 

H2 as the fuel, and the effect of Pr in the anode on the cell performance is negligible. 

With methanol as the fuel, the Pmax of the cells with Ni-SDC, Ni-SP0.05DC, Ni-SP0.1DC 

and Ni-SP0.15DC anodes at 650 oC are 495, 606, 792 and 690 mW cm-2, respectively. 

The high performance of the Ni-SP0.1DC anode demonstrates the important influence 

of the activity of the ceramic phase on the electrochemical oxidation of hydrocarbon 

fuels at the anode. 
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