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Ce1-xPrxO2-d catalysts (x = 0.1, 0.2, 0.3 and 0.4) (CPOx) are synthesized using the glycine nitrate process. 

The CPO are used as catalysts in a hybrid direct carbon fuel cell with good results. The highest effect is 

achieved with the CPO30 compound.  
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1. INTRODUCTION 

More efficient solutions to convert biomass into electricity are highly wanted. The direct carbon 

fuel cell offers such a solution. In a direct carbon fuel cell solid fuel carbonaceous (e.g., biomass) can be 

converted directly into electricity without combustion. There are several types of direct carbon fuel cells. 

A variant of this is a combination of a molten carbonate fuel cell and a solid oxide fuel cell, a so-called 

hybrid direct carbon fuel cell (HDCFC), see for example [1]. The HDCFC concept is illustrated in Figure 

1, for an anode supported configuration, with a conventional Ni/yttria-stabilized zirconia (YSZ) anode 

as used in this project.  

Fig. 1. Schematic drawing of a hybrid direct carbon fuel cell based on an anode supported cell. 

The oxidation of carbon is shown to proceed via gasification.  

The suggested reaction partway in Figure 1 is via gasification: 

 

(1) 𝐶 + 𝐶𝑂2 → 2𝐶𝑂 

 

(2) 𝐶𝑂 + 𝑂2− → 𝐶𝑂2 + 2𝑒
− 
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This reaction pathway has a much lower theoretical efficiency than the direct total oxidation of 

C [1]: 

 

(3) 𝐶 + 2𝑂2− → 𝐶𝑂2 + 2𝑒
− 

 

This can, in part, be overcome by using a cathode supported cell concept, addressed in earlier 

works [2, 3]. One additional problem with the HDCFC is a low power output. To partially overcome this 

suspended catalyst can be added to the carbonate/carbon suspension, see i.e. [4]. In this work Ce1-xPrxO2-

d catalysts (x = 0.1, 0.2, 0.3 and 0.4) (CPOx) were synthesized and added to the suspension in the anode 

chamber (carbonate + carbonaceous fuel). CPOx are mixed electronic and ionic conducting oxides which 

adopt the fluorite structure; Pr can have the oxidation states (III) and (IV). This and doping with Pr-oxide 

into ceria is descripted in equations (4) and (5) using Kröger-Vink notation.  

 

(4) 2𝐶𝑒𝐶𝑒
𝑥
𝑃𝑟𝑂2−𝛿
→    2𝑃𝑟𝐶𝑒

′ + 𝑉𝑂
∙∙ +½𝑂2(𝑔) 

 

(5) 2𝑃𝑟𝐶𝑒
𝑥 + 𝑂𝑂

𝑥 ⇆ 2𝑃𝑟𝐶𝑒
′ + 𝑉𝑂

∙∙ +½𝑂2(𝑔) 

 

Doping with Pr-oxide increases both the ionic and electronic conductivity of ceria [5, 6]. Ionic 

conductivity is 0.033 S/cm for CPO40 at 700 oC [7], which is higher than for CeO2 (8.2x10-4 S/cm [8]).  

 

 
 

Figure 1. Schematic drawing of a hybrid direct carbon fuel cell based on an anode supported cell. The 

oxidation of carbon is shown to proceed via gasification.  

 

CeO2 and CPO20 are catalytically active towards CO oxidation. This is probably due to the co-

existence of Pr(III) and Pr(IV) in CPOx, this is in addition to this Ce(III) and Ce(IV) found in doped and 

undoped ceria-based oxides. The presence of Pr(III)/Pr(IV) and Ce(III)/Ce(IV) reduction/oxidation 

(redox) couples leads to higher concentrations of surface oxygen vacancy sites, resulting in a higher 

adsorption/reaction rate of CO (i.e., CPO20 > CeO2) [9]. Even though CPO can degrade, with resulting 

formation of PrOx secondary phases [10], these phases are catalytically active towards CO oxidation 



Int. J. Electrochem. Sci., Vol. 15, 2020 

  

9296 

[10]. In addition, a mixture of 5:1 wt% CeO2:PrOx has been reported to be a better catalyst for soot 

oxidation than both CeO2 and Ce5xPrxO2-δ [11]. Therefore, the formation of secondary phases, like 

Pr7O12, which is formed when the oxygen partial pressure (PO2) is low and the temperature are high [12, 

13] might not inhibit/alter the catalytic activity of CPO40 in a HDCFC anode. 

An anode chamber mixtures of 4:1:1 wt% C black acetylene: (Li-K)2CO3:CPO40 has previously 

been reported, at 800 °C and 96-4 vol% N2-CO2 anode atmosphere, to give rise to a 987 mV open circuit 

voltage (OCV), and generation of 45.9 mW/cm2 at 52 mA/cm2 in HDCFC [4]. A similarly mixture with 

bituminous coal instead of carbon black was reported to give rise to a 1148 mV OCV and result in the 

generation of a maximum power density of 110.8 mW/cm2 at 800 °C with an anode atmosphere 

containing 80-20 vol% N2-CO2 [14]. In that work several suspended catalysts was tried, among them 

different manganese oxides, and doped ceria (Sm, Gd and as mentioned CPO40). The best performance 

was achieved by the Mn(III)-oxide, with a power density of 46.2 mWcm-2. Undoped ceria gave rise to a 

power density of 42.5 mWcm-2 [15]. All at 755 oC. Alternatives anodes are descripted in [16-18]. 

 

 

 

2. EXPERIMENTAL 

CPOx was synthesized using the glycine-nitrate process accordingly to [19]. The CPO’s 

investigated in this study was the following; CPO10, CPO20, CPO30 and CPO40 (CPOx, Ce1-xPrxO2-). 

The powders were all shown to be phase pure accordingly to powder X-ray diffraction (XRD). 

The anode chamber was loaded with a mixture with the compostion 4:1:1 wt% carbon black 

acetylene (C): (62-38 wt% Li-K)2CO3):CPOx, and was used after ball-milling at low velocity with ZrO2 

for 3 hrs. As a carbon source carbon black acetylene (99.9+ % purity, Alfa Aesar) was used. The eutectic 

mixture of 62-38 wt% Li2CO3-K2CO3 (Sigma Aldrich) was shaked for several hours in order to obtain a 

proper mixing.  

An anode-supported half-cell, with a zirconia (YSZ) electrolyte and NiO/zirconia (YSZ) anode 

was used as received (Topsoe Fuel Cell A/S) and screen-printed with an lanthanum strontium manganite 

(LSM)-YSZ cathode and sintered at 1050 °C for 2 hrs. In additon to this a LSM cathode current collector 

was added. The active area is 12 cm2. Current collector (81-19 wt% Au paste-graphite) was also used on 

the anode.  

Experimental setup is as in [20]. The Inconel cell house [21] was with an anode chamber 

containing ~ 2 g of the catalyst and the fuel. A gas flow plate was used on the cathode side. After loading 

in a furnace the cell was loaded with a weight of 8 kg. The cell was heating to 800 °C at 180 °C/hr with 

flows of 5 L/hr N2 at the anode and 19 L/hr air at the cathode. A stable OCV at 800 °C was established, 

this indicates the reduction of the NiO in the anode layer. In the final step, the cell was set to temperature 

715 °C. The gasses supplied during test were air (19 L/hr) at the cathode and 96-4 vol% N2-CO2 (5 L/hr 

total flow) at the anode.  

Anode and cathode voltages and current are monitored. Recording of the current-voltage (I-V) 

curves were done by varying between OCV and the current corresponding to maximum power density.  
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3. RESULTS and DISCUSSION 

The results are shown in Figures 2 and 3. The maximum powder density was found for CPO30. 

All the power densities are higher than that obtained for the uncatalyzed reaction, as reported in [22]. 

All the I-V curves shows a change in slope at around 700 mV.  
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Figure 2. I-V and I-P curves recorded at 715 oC with different types of CPO’s as suspended catalysts. 

The powder density finds its maximum for CPO30. 

 

The OCV increases with increasing Pr-content, see Figure 3.   
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Figure 3. The OCV as a function of Pr content increases with increasing Pr content.  
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The mechanisms of promotion of anode chamber processes observed upon inclusion of CPOx 

are likely related to catalysis through the Pr(IV)/Pr(III) redox couple. Additionally, CPOx with higher 

amounts of Pr are better electronic and ionic conductors than CeO2-x. In this way, CPOx may extent the 

electrochemically active surface area. The decrease in activity from CPO30 to CPO40 could be related 

to lower content of Ce(III)/Ce(IV). The CPO40 in this study has a higher activity than shown in [4]. This 

could be due to better mixing. The Pr-containing cerium oxides performs better than the both the Sm- 

and Gd-doped cerium oxides, probably due to the Pr(III/IV) redox couple, compared to the fixed 

oxidation states of Gd(III) and Sm(III) [14]. The enhancement of performance is most likely due to a 

reaction pathway proceeding through gasification. 

The inflection at around 700 mV shown in the I-V curves may be related to the reduction of NiO 

to Ni. This will lead to constant potential, due to Gibbs phase rule.  

The increase in OCV with increasing Pr content could be due to higher gasification of the C due 

to catalysis by the Pr(III)Pr(IV) redox couple, as.  

 

 

 

4. CONCLUSION 

CPO’s showed a high catalytic activity towards carbon oxidation probably via coal gasification, 

leading to a relative high performance of the direct carbon fuel cell. Catalytic promotion by CPOx is 

proposed to be related to the presence of the Pr(IV)/Pr(III) and Ce(IV)/Ce(III) redox couples. 
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