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ABSTRACT 

The current work explores the feasibility to improve the performance of a Direct Carbon Fuel Cell 

(DCFC): CO2 + bituminous coal|Co-CeO2/YSZ/Ag|Air by infusing a gasification catalyst (Co/CeO2) 

and/or Li-K carbonates mixture into the carbon fuel. The different fuel feedstock mixtures were 

characterized by various methods, involving chemical composition and proximate analysis, particle 

size distribution (PSD), X-ray diffraction (XRD), N2 adsorption-desorption (BET method), 

thermogravimetric analysis (TGA) and scanning electron microscopy (SEM), to gain insight into the 

effect of catalyst and/or carbonates addition to fuel mixture physicochemical characteristics. An 

increase of the power output up to ca. 20 and 80% is achieved for carbon/catalyst and 

carbon/catalyst/carbonates mixtures, respectively, in comparison to bare carbon at 700 oC, 

demonstrating the pronounced effect of catalyst as well as its potential synergy with carbonates. It 

was also shown that the achieved maximum power density is directly associated with the CO 

formation rate, implying the importance of in situ formed CO on the electrochemical performance. 

The obtained findings are further discussed based also on the corresponding AC impedance 

spectroscopy studies, which revealed the beneficial effect of fuel feedstock additives (catalyst and/or 

carbonates) on ohmic and electrode polarization resistances. The present results clearly revealed the 

feasibility to improve the DCFC performance by concurrently infusing a gasification catalyst and 

carbonates mixture into fuel feedstock.  
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1. INTRODUCTION  

Coal is abundantly found around the globe accounted for ca. one third of the world energy 

consumption. More importantly, the currently proven reserves of coal are sufficient to meet more 

than 130 years of global production, approximately more than two times the reserves-to-production 

ratio for oil and natural gas [1]. However, conventional coal fired power plants, where coal is 

commonly converted to electricity, exhibit a low electrical efficiency, ranged in between 30 – 40%, 

accompanied by high pollutants emissions per produced MWh.  

 

Direct Carbon Fuel Cells (DCFCs) are electrochemical energy devices, similar to conventional fuel 

cells, fueled, however, with solid feedstock instead of gaseous or liquid fuels [2-4]. In DCFCs the 

chemical energy contained in solid fuels is directly transformed to electricity at high efficiencies and 

low environmental impact [3-7]. Various solid fuels have been examined in DCFCs including, among 

others, various coal types, activated carbon, biomass, chars and organic wastes [8-17]. Compared to 

gaseous- and liquid-fed fuel cells, DCFCs are advantageous due to the high energy density of carbon, 

besides their high thermodynamic efficiency (ca. 100%) owing to the positive ΔSo (2.9 J/K∙mol) of 

carbon oxidation [18-23].  

 

The reaction scheme in DCFCs is very complicated in comparison to hydrogen fed SOFCs [3-7, 20]. 

In particular, at the air exposed cathode oxygen is reduced to oxygen anions, O2- (eq. 1), which then 

are transferred via the solid electrolyte into the anode three-phase boundary (TPB, the interphase 

between the solid electrolyte, electrode and gas/solid chemical species), where they react with solid 

carbon toward CO2 (eq. 2):  

 

O2 + 4e- → 2O2-           (1) 

C + 2O2- → CO2 + 4e-          (2) 

 

Alternatively, carbon could be electro-oxidized sequentially at first to CO (eq. 3) and then to CO2 

(eq. 4): 

 

C + O2- → CO + 2e-           (3) 

CO + O2- → CO2 + 2e-          (4) 
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In the presence of molten carbonates in the solid feedstock (Hybrid Direct Carbon Fuel Cell, 

HDCFC), the carbon delivery to anode TPB is notably accelerated, partially bypassing the limitations 

derived from the solid-solid interactions in DCFCs [4, 5, 24]. Furthermore, in the presence of 

carbonates, several electrochemical reactions can concurrently take place in the anode chamber, 

leading to carbon consumption and power generation: 

 

C + 2CO3
2- → 3CO2 + 4e-          (5) 

C + CO3
2- → CO + CO2 + 2e-         (6) 

2C + CO3
2- → 3CO + 2e-          (7) 

 

In addition, the CO2 formed through the above reactions or fed as gasifying agent in fuel compartment 

can further interact with carbon to generate CO through the reverse Boudouard reaction (rBR; eq. 8):  

 

C + CO2 → 2CO           (8) 

 

This particular reaction is thermodynamically favored at temperatures higher than ca. 700 oC and its 

rate can be enhanced in the presence of a gasification catalyst in the fuel feedstock [2, 25-29]. 

Although the rBR is a chemical reaction not directly participating in the electrochemical reaction 

scheme, it can notably contribute to the DCFC performance [2, 13, 14, 21, 24, 25, 28]. More 

specifically, its gaseous product, CO, can be faster diffused and electro-oxidized at the anode TPB 

(eq. 4) as compared to solid carbon (eqs. 2 and 3), contributing to power generation. 

 

Regarding the impact of fuel characteristics on the DCFC performance, it should be noted that coal 

is a conglomerate consisting of various organic and inorganic substances [13, 22]. For carbon fed 

DCFCs, the organic part of coal is the main reactant, while the corresponding inorganic content could 

degrade the DCFC performance and lifetime [11, 13, 15-17, 22, 30-35]. Therefore, the key parameters 

for a coal to exhibit a promising DCFC performance are its high carbon content and high reactivity 

of the carbonaceous matter towards favoring the electrochemical processes involving coal, and the 

low ash and sulfur content to minimize secondary degradation reactions [2, 9, 11-13, 27, 31, 36-42], 

characteristics which are presented in bituminous coal.    

 

In this context, the current work targets to evaluate the electrochemical performance of a direct 

bituminous coal fuel cell: CO2 + bituminous coal|Co-CeO2/YSZ/Ag|Air in the absence and presence 
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of a gasification catalyst (Co/CeO2) and/or carbonates (Li2CO3-K2CO3) into the fuel feed. To the best 

of our knowledge, the combined impact of catalyst and carbonates into the DCFC performance has 

not been reported previously. Interestingly, the results clearly reveal a synergistic catalyst-carbonates 

effect towards the development of highly efficient carbon fed fuel cells.  

 

2. MATERIALS AND METHODS 

2.1 Catalyst preparation 

The 20 wt.% Co/CeO2 employed both as anode electrode and catalyst infused to carbon feedstock 

mixture was synthesized using the wet impregnation method, as described in previous studies [2, 21, 

35, 43].  

 

2.2 Fuel feedstock preparation 

In the present work bituminous coal (BC) was selected as fuel due to its unique intrinsic fuel 

characteristics including its high carbon content, high reactivity and fluidity of the coal when heated [2, 

13, 27, 31, 36-42]. In addition, a bituminous coal of low mineral matter content and low sulphur content 

was employed, in order to minimize the undesirable reactions that could mask the DCFC 

electrochemical performance. The BC was appropriately milled and sieved so as to obtain particles 

lower than 50 microns, as verified by coulter analysis. The BC sample was next admixed with Co/CeO2 

and/or an eutectic mixture of 62 mol% Li2CO3 – 38 mol% K2CO3 (Sigma Aldrich) in order to obtain 

carbon/catalyst or carbon/catalyst/carbonates mixtures of a weight ratio of 4:2 or 4:2:1 respectively (800 

mg carbon/400 mg Co/CeO2/200 mg carbonate). For fuel feedstock preparation the bituminous coal 

was dissolved in n-hexane solvent and agitated in an ultrasonic device for 15 min before catalyst and/or 

carbonates mixture addition. The solution was then stirred at 70 οC for ca. 4 h until n-hexane evaporation 

[2, 13, 21, 25, 35, 43]. 

 

2.3 Materials characterization 

The textural characteristics, in terms of BET surface area (SBET) and total pore volume (Vp), of the fuel 

feedstock mixtures were obtained by N2 adsorption-desorption isotherms at −196 °C. The structural and 

morphological characteristics of as-prepared fuel mixtures were assessed by means of X-ray Diffraction 

(XRD) and Scanning Electron Microscopy (SEM). The experimental setup and the procedure followed 

in the aforementioned methods is described in detail elsewhere [2].  
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The elemental analysis of feedstock samples was determined in a LECO CHNS-932 (C, H, N, S) and 

LECO VTF-9000 (O) analyzers. Proximate analysis, in terms of volatile matter, moisture and ash 

content, was performed in a LECO TGA-601 analyzer. Mineral matter composition was determined by 

means of X-ray fluorescence in a Bruker SRS 3000 analyser. 

 

The reactivity of the fuel mixtures was assessed by thermogravimetric analysis in a Q5000 IR (TA 

Instruments) thermobalance. The mass loss profile of 10 mg of sample was monitored by increasing the 

temperature up to 1000 °C with 10 °C/min, under either N2 (inert) or CO2 (reactive) atmosphere. Thus, 

the mass loss is attributed to the single effect of temperature in the case of nitrogen flow, whereas in the 

case of CO2 atmosphere its interaction with carbon further contributes to weight loss. 

 

2.4 DCFC fabrication and testing 

The DCFC electrochemical tests were performed under batch mode of operation in the reactor cell, 

schematically illustrated in Fig.1, consisting of an YSZ electrolyte tube (15 cm length, I.D.=16mm, 

1.5mm thickness), metallic silver (Ag) as cathode and Co/CeO2 as anode, with the latter having a 

layer thickness ranging between 10 and 40 μm.  

 

Fig. 1. DCFC schematic representation. 
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Silver (Ag) was selected as cathode electrode since it is known to improve the oxygen exchange 

reaction activity [44]. Ag-containing electrodes have shown high activity towards oxygen reduction 

reaction making Ag as an efficient and promising component for SOFC cathodes [45-47]. The 

experimental details in relation to fuel cell fabrication are provided in our previous works [2, 13, 21, 

25, 35, 43]. 

 

Prior to electrochemical measurements, the cell was initially loaded with different fuel feedstock, i.e.: 

(i) 800 mg of carbon or (ii) 800 mg carbon + 400 mg catalyst or (iii) 800 mg carbon + 200 mg 

carbonates or (iv) 800 mg carbon + 400 mg catalyst + 200 mg carbonates in order to assess the 

individual or synergistic effect of the different components. During the DCFC testing, pure CO2 (Air 

Liquide) was continuously fed at the anode chamber with a feed flow rate of 30 cm3/min at STP 

conditions. A gas chromatograph (Shimadzu GC-14B) was employed to monitor the anode effluent 

stream at open and closed circuit conditions. 

 

The electrochemical measurements were carried out at 700, 750 and 800 °C under ambient pressure. 

The voltage-current density measurements and the AC impedance spectroscopy studies were carried 

out by means of a Versa Stat 4 electrochemical station (Princeton Applied Research) aided by Versa 

Studio software. The impedance spectra were modeled with the Z-view software (Scribner 

Associates), according to the equivalent circuit presented in Fig. 2.  

 

 

Fig. 2. Equivalent circuit with ohmic resistance (Rohmic) and capacitance (Cohmic) and three 

contributions of the electrode resistance, RP(1), RP(2) and Ws. RP(1) and RP(2) are dencovoluted with the 

corresponding constant phase elements CPE(1) and CPE(2), standing for double layer and mass transfer 

pseudo-capacitances, respectively. The Warburg element accounts for additional mass transport 

contribution. 
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3. RESULTS AND DISCUSSION 

3.1 Physicochemical characterization of fuel feedstock 

The coal used in the present study is a bituminous coal (BC) from Spanish basin. Its particle size 

distribution (PSD) obtained after milling and subsequent sieving is depicted in Figure 3, revealing 

particles lower than ca. 50 microns. This specific coal was selected, as already mentioned, based on 

its high carbon content (i.e., 90 wt.% in dry ash free basis) and low ash content (i.e., 4.1 wt%). The 

proximate analysis and elemental composition of the mineral coal as well as of its mixtures with 

catalyst and/or carbonates are shown in Table 1.  

 

 
Fig. 3. Particle size distribution of the bituminous coal. 

 

Table 1: Proximate and elemental analysis of the different feedstock employed. 

Feedstock 

 
Proximate Analysis 

(wt.%) 
 

Ultimate Analysis 

(wt.%, dry ash free basis) 

 
Volatile 

content 

Inorganic 

matter 
Moisture  C H N S O 

carbon  18.1 4.1 0.9  90.0 4.8 1.7 0.0 3.5 

carbon/catalyst  14.5 25.0 1.1  83.6 4.5 1.8 0.0 10.1 

carbon/carbonates  28.7 12.5 1.4  82.0 4.3 1.6 0.0 12.1 

carbon/catalyst/carbonates  24.3 33.5 0.7  79.6 4.3 1.7 0.0 14.4 
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In Table 2 the composition of the bituminous coal inorganic matter is presented. The mineral matter 

analysis indicates that BC is mainly composed from Al (~30 wt.%), Si (~50 wt.%) and Fe (~10 wt.%) 

compounds, while minor amounts from Na, Mg, P, K, and Ti (of a total ca. 10 wt.%) were also 

determined. These impurities are expected to have a different impact on the DCFC performance, 

depending on their effect on cell materials as well as on the overall electro-chemical reaction network. 

In this regard, it has been reported that Al2O3 and SiO2 have an inhibiting role, whereas CaO, MgO, 

Fe2O3 exhibit in general a pronounced catalytic effect [20]. 

 

Table 2: Inorganic matter content of the BC (wt.%). 

Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Fe2O3 

1.2 1.0 30.3 48.7 2.3 2.3 2.6 1.8 9.8 

 

As can be seen in Table 1, the incorporation of catalyst and carbonates into carbon increases the 

inorganic matter from 4.1 wt.% over the bare BC to 12.5, 25 and 33.5 wt.% for carbon/carbonates, 

carbon/catalyst and carbon/catalyst/carbonates mixtures, respectively. This is due to the fact that the 

Co/CeO2 composite is just an inorganic matter, whereas carbonates may be decomposed generating 

CO2 that contributes to the volatile matter loss as well as to a surplus residue contributing to the 

increase of inorganic matter. The ultimate analysis shows that the BC has negligible sulfur content, 

which is notably advantageous considering the degradation effect of sulfur in DCFC performance [2, 

13, 31-34, 42]. Interestingly, the oxygen content is notably increased by catalyst and/or carbonates 

infusion to carbon feedstock. The latter is of particular importance towards the facilitation of carbon 

gasification processes in anode compartment, as will be discussed below. 

 

It is worth to note that the volatile content (i.e., loss of matter in inert atmosphere at 800 ºC) increases 

mainly due to the presence of carbonates, which are decomposed evolving CO2. The evolved CO2 

contributes to the mass loss of the mixture whereas in addition partially reacts with the coal increasing 

the organic material losses. If the catalyst is considered just as an inorganic matter whereas carbonates 

as a partially volatile matter (i.e., CO2 is evolved during carbonates decomposition by increasing the 

temperature) and a residual inorganic matter, the theoretical estimated volatile composition of the 

carbon/catalyst, carbon/carbonates and carbon/catalyst/carbonates samples is ca. 12, 23 and 17 wt.%, 

respectively. It can be observed that the proximate analysis shows higher values for the volatile 

content (i.e., 15, 29 and 24 wt.%, respectively), probably due to the interaction of catalyst and 
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carbonates with the organic matter during thermal decomposition. Therefore, the addition of catalyst 

and carbonates promotes volatile evolution of the mineral coal, which is expected to favor the DCFC 

electrochemical performance. These observations are also corroborated by the thermogravimetric 

analysis of the different feedstock mixtures, by heating up to 1000 ºC in inert (20 ml/min of N2) and 

reactive (20 ml/min CO2) atmospheres, as shown in Fig. 4.  

 

 

Fig. 4. Weight loss profiles of the different fuel feedstock in (a) inert (N2) and (b) reactive (CO2) 

atmospheres. 

 

It can be observed that catalyst is not thermally decomposed (Fig. 4a), whilst the carbonates are 

decomposed at temperatures higher than 700 ºC. Catalyst addition does not affect the carbon weight 

loss profile under inert atmosphere. However, carbonates addition increases the weight loss of the 

coal above 600 ºC, probably because part of the CO2 generated during carbonates decomposition 

gasifies the coal sample. On the other hand, under reactive (CO2) atmosphere (Fig. 4b), it is clearly 
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shown that the addition of catalyst notably increases the weight loss of carbon both in the absence 

and presence of carbonates. This behavior can be ascribed to the catalyst-aided rBR towards carbon 

gasification to CO (eq. 8). The addition of carbonates can further promote the rBR via their 

decomposition to CO2 and its subsequent interaction with carbon. Hence, a synergistic 

catalyst/carbonate effect towards carbon gasification is expected. However, it is interesting to note 

that the bare carbonates sample is not decomposed under CO2 atmosphere, since the presence of 100 

v/v% CO2 shifts the equilibrium of carbonates decomposition reaction to reactants (Fig. 4b). Table 3 

summarizes the wt.% loss of the different feedstock mixtures and of their different counterparts under 

inert (N2) and reactive (CO2) atmosphere, obtained by thermogravimetric analysis. The results are in 

agreement with the proximate analysis of the samples shown in Table 1. 

 

Table 3: Weight loss of the different feedstock mixtures and their counterparts (bituminous coal= C; 

catalyst= CAT; carbonates= CB) obtained by thermogravimetric analysis under inert (N2) and 

reactive (CO2) atmosphere.  

 

TGA 

Atmosphere 

C 

(wt.%) 

CAT 

(wt.%) 

CB 

(wt.%) 

C+CB 

(wt.%) 

C+CAT 

(wt.%) 

C+CB+CAT 

(wt.%) 

N2 21 5 17 32 18 28 

CO2 71 9 7 88 71 61 

 

 

The textural characterization of the samples by N2 adsorption-desorption isotherms shows that the 

bituminous coal has negligible pore volume and surface area. On the other hand, the 

carbon/carbonates mixture possesses a surface area of ca. 10 m2/g with an overall pore volume of 

0.02 cm3/g. Carbon/catalyst mixture presents the optimum textural characteristics with 18 m2/g BET 

area and 0.06 cm3/g total pore volume, while intermediate values, i.e., 16 m2/g surface area and 0.05 

cm3/g pore volume were obtained for carbon/catalyst/carbonate mixture.  
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Fig. 5. SEM pictures of the bituminous coal and of the different fuel mixtures. 

 

Representative SEM images of the different feedstock mixtures are shown in Fig. 5. In the 

corresponding pictures of the binary and ternary mixtures, the white spots are attributed to the catalyst 

and carbonates particles as well as to the mineral matter in the pristine bituminous coal sample, which 

however cannot be clearly distinguished from the inorganic catalyst and carbonates particles. The 

samples show a uniform distribution of the different counterparts as further verified by EDX analysis, 

which performed in different points/areas, always implying a homogeneous composition. An 

indicative EDX analysis for the BC/Catalyst mixture is shown in Figure 6.  



 
13 

 

 

Fig. 6. EDX analysis of the carbon/catalyst feedstock mixture. 

 

The XRD spectra of the different fuel mixtures are depicted in Fig. 7. Bituminous coal presents the 

typical features of carbon structure, with a wide peak at ca. 25º corresponding to the condensed 

aromatic rings of coal structure. It has to be noted that the present bituminous coal has very low 

mineral matter content (4 wt.%) so it is difficult to identify the mineral components by this technique, 

as the signal corresponding to the carbonaceous structure masks other minor signals. In this regard, 

the mineral matter composition of BC sample was determined by X-ray fluorescence analysis, as 

shown in Table 2. The corresponding XRD spectra of the carbonates mixture (Li2CO3/K2CO3) and 

the catalyst (Co/CeO2) were also incorporated in Fig. 7, as reference spectra. It can be seen that the 

carbon/carbonates mixture presents a less intense signal for carbonaceous structure besides some 

well-defined peaks from carbonates, mainly from Li2CO3. In addition, the carbon/catalyst feedstock 

shows an even less intense signal for carbonaceous counterpart in addition to some very well defined 

peaks from CeO2. Finally, the ternary mixture presents a very low signal for carbon structure with 

some low intensity peaks corresponding to CeO2 and carbonates. These findings are confirming the 

results obtained from SEM-EDX mentioned above, indicating that the different counterparts in the 
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binary and ternary feedstock mixtures present a uniform distribution with a homogeneous 

composition. 

 

 

Fig. 7. XRD diffractrograms of the different fuel feedstock studied.  

(Note: =CeO2; =Co3O4; =K2CO3; =Li2CO3). 

 

3.2 DCFC electrochemical testing 

3.2.1 Impact of catalyst infusion on cell performance in the absence of carbonates 

Fig. 8 depicts the effect of Co/CeO2 addition on the DCFC electrochemical performance, employing 

CO2 as gasifying agent. The beneficial effect of catalyst on the power output is obvious at all 

temperatures investigated; an increment on the power density up to 20% is attained by catalyst 

infusion to carbon fuel (Table 4). A similar positive trend was also observed in our previous work 

upon catalyst incorporation to different coals and charcoal fuels, with the increase in DCFC 

performance to be more intense at lower cell temperatures and for the less reactive samples [2].  
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Fig. 8. Effect of catalyst infusion on cell characteristics and AC impedance spectra at identical 

conditions. Feedstock: 800 mg bituminous coal (+ 400 mg catalyst); T= 700-800 °C; CO2 flow rate= 

30 cm3/min. 

 

Deleebeeck et al. [27] also observed an increase in the DCFC electrochemical performance by 

incorporating MnxOy catalyst into bituminous coal, with 73 mW/cm2 maximum power density at 755 

oC. In a similar manner, Rady et al. [26] found that the infusion of Ca and Fe particles in carbon black 
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(Vulcan XC-72) resulted in an enhancement of maximum power density to 49 and 36 mW/cm2 at 850 

oC, respectively, as compared to 26 mW/cm2 with bare carbon. Similar results were also obtained by 

employing activated carbon as fuel in catalyst-aided DCFC experiments [28, 29]. 

 

Table 4: CO production rate at OCV and maximum power density. Bituminous coal loading= 800 

mg; carbon/catalyst/carbonate weight ratio= 4/2/1. 

Temperature 

(oC) 

Feedstock composition 

Carbon Carbon/Catalyst Carbon/Carbonate 
Carbon/Catalyst/ 

Carbonate 

 
rCO at OCV 

(10-8 mol/s) 

Pmax 

(mW/cm2) 

rCO at OCV 

(10-8 mol/s) 

Pmax 

(mW/cm2) 

rCO at OCV 

(10-8 mol/s) 

Pmax 

(mW/cm2) 

rCO at OCV 

(10-8 mol/s) 

Pmax 

(mW/cm2) 

700 10.9 6.0 14.2 7.2 24.1 7.7 27.0 10.9 

750 12.3 12.2 15.9 13.6 27.3 15.3 30.9 19.5 

800 14.5 15.5 18.8 17.7 31.9 20.2 35.8 24.7 

 

Fig. 8 also presents the corresponding AC impedance measurements. It is clearly shown that both the 

ohmic and polarization resistances are lowered upon cell temperature increase and Co/CeO2 addition 

into carbon fuel, justifying the pronounced effect of temperature and catalyst infusion on the DCFC 

electrochemical characteristics (Fig. 8). In specific, the ohmic resistance for the bare bituminous 

DCFC experiments equals to 16.7 Ω cm2 at 700 οC and is decreased to 5.1 Ω cm2 at 800 οC, revealing 

the beneficial effect of temperature on ohmic resistance, while the corresponding values in the co-

presence of Co/CeO2 catalyst are slightly lowered, i.e., 15.8 and 4.77 Ω cm2, respectively. The 

positive impact of operating temperature on ohmic resistance is evident, while the corresponding 

slight decrease upon catalyst addition can be attributed to the anode reduction induced by the in situ 

formed CO via the rBR [43]. In a similar manner, the electrode polarization resistance (RP) – here 

defined as the sum of three partial contributions arising from charge and mass transfer processes (RP 

= RP(1) + RP(2) +WS-R) at the electrodes – is decreased by increasing cell temperature and upon 

catalyst addition. RP in the absence of catalyst is equal to 23.6 Ω cm² at 700 οC and decreases 

substantially to 9.6 Ω cm² at 800 οC, whereas in the case of catalyst-aided DCFC experiments the 

corresponding values are equal to 17 and 9.5 Ω cm², respectively.   

 

More specifically, the feature of AC impedance spectra is consisted of three overlapping arcs. The 

first one at high frequencies (RP(1) in Figure 2) with an associated capacitance in the order of mF/cm2 

representing the corresponding carbon and CO oxidation charge transfer processes. The overlapped 

second arc (RP(2) in Figure 2) has a higher associated capacitance in the order of 10-2 F/cm2 and it can 
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be assigned to mass transfer processes involving gaseous or solid species presented in the anode 

chamber. The third part of the electrode arc, contributing at low frequencies is characteristic of a 

Warburg element, also this reflecting a contribution from mass transfer processes in the anode 

compartment. By the analysis of the individual contributions it seems that the major part of electrode 

polarization resistance is assigned to mass transfer limitations of combustible gaseous species (CO, 

H2, CH4) and of solid carbon to anode solid electrolyte/electrode interface. In addition, it should be 

noted that in the case of bare bituminous coal, RP(2) is larger compared to the low frequency Warburg 

resistance. The two contributions are indistinguishable in the catalytic DCFC experiments. This 

behavior can be probably attributed to the inhibiting role of catalyst presence on the diffusion of solid 

fuel particles into the electrode/electrolyte interface. 

 

3.2.2 Combined impact of catalyst and carbonates on DCFC performance. 

An eutectic mixture of carbonates was mixed with either bituminous or bituminous/catalyst feedstock 

at a carbon/catalyst/carbonate weight ratio of 4:2:1, to examine the individual effect of carbonates as 

well as the possible synergistic effect of catalyst and carbonates on DCFC performance. The 

beneficial effect of carbonates addition into bituminous and bituminous/catalyst mixture on the DCFC 

characteristics is shown in Fig. 9. Specifically, carbonates infusion to carbon and carbon/catalyst 

feedstock results in a power increment up to ca. 30 and 50 %, respectively, as compared to the 

obtained maximum power density for bare carbon (Table 4). In specific, a maximum power density 

of 24.7 mW/cm2 at 800 oC was achieved in the case of carbon/catalyst/carbonates feedstock mixture 

compared to 20.2, 17.7 and 15.5 mW/cm2 for the carbon/carbonates, carbon/catalyst and bare carbon 

feedstock, respectively. These values are higher compared to those obtained in a similar system with 

Cu/CeO2 as anode electrode and carbon black as fuel [25], but lower compared to other similar studies 

where bituminous coal was also investigated as fuel. For instance, Jiang et al. [42] observed a 

maximum power density of 42 mW/cm2 at 750 °C (NiO-YSZ|YSZ|LSM-(LK)CO3), while Chen et 

al. [48] achieved 165 mW/cm2 at 700 °C (|NiO-YSZ|YSZ|LSM-YSZ|) using bituminous coal as fuel. 

The differences can be mainly assigned to the higher ohmic and concentration losses observed in the 

present study as compared to the aforementioned works [42, 48].  
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Fig. 9. Effect of catalyst and/or carbonates infusion on cell characteristics and AC impedance spectra 

at identical conditions. Feedstock: 800 mg bituminous coal, (+ 200 mg carbonates), (+ 400 mg 

catalyst); T= 700-800 °C; CO2 flow rate=30 ml/min. 

 

By analyzing the corresponding impedance data, it is revealed that the ohmic resistance is decreased 

upon carbonates addition in the fuel mixture, from 16.7, 7.7 and 5.1 Ω cm2 for bare coal to 14.2, 7.3 

and 4.7 Ω cm2 for coal/carbonates mixtures, at 700, 750 and 800 oC, respectively. A further 
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improvement of ohmic resistance is observed in the case of ternary carbon/catalyst/carbonate 

feedstock, where the corresponding ohmic resistance values are decreased to 14.0, 7.0 and 4.2 Ω cm2.  

Carbonates addition in the fuel mixture results in a lower polarization resistance, whereas a more 

drastic decrease is achieved by the co-addition of carbonates and catalyst to carbon fuel. In the case 

of carbon/carbonates mixture, the electrode polarization resistance is 22.5, 12.0 and 7.6 Ω cm2, while 

for the carbon/catalyst/carbonates feedstock it is decreased to 13.0, 7.7 and 5.5 Ω cm2 at 700, 750 and 

800 °C, respectively. It clearly appears that the electrode polarization resistance decreases with 

temperature. Furthermore, Rp is lowered in the presence of carbonates, mainly by reducing the 

resistance due to mass transfer limitations which continue to dominate over the corresponding 

contribution by the charge transfer processes. This behavior is attributed to the beneficial effect of 

carbonates on the fluidity of solid carbon toward the anode TBP, as well as to the enhancement of 

rBR process by the surplus CO2 generated by the decomposition of carbonates, as revealed by the 

TGA experiments (Fig. 4). This additional CO2 gives rise to the formation rate of CO, which exhibits 

better mass transport and faster electrode kinetics compared to BC. 

 

Summarizing, the present results clearly demonstrate the beneficial impact of catalyst infusion to 

direct carbon or hybrid carbon/carbonates fuel cells. More specifically, a synergistic catalyst-

carbonate effect towards improving the cell efficiency is revealed, as obviously shown in Fig. 10. 

These findings can be well understood by taking into account the key role of carbonates and catalyst 

on carbon diffusion as well as on the formation of CO via the rBR (eq. 8) or the carbon-carbonates 

reactions (eqs. 6 and 7). In particular, carbonates facilitate the diffusion of bituminous coal while at 

the same time provide additional CO2 through their thermal decomposition, which is interacting with 

solid carbon, bypassing indirectly the associated mass transfer limitations. At the same time, in the 

presence of catalyst, although the rBR is enhanced and additional CO is produced, its presence may 

interfere with the coal fluidity at the anode. However the simultaneous use of catalyst and carbonates 

has clearly a beneficial effect resulting in higher power densities and better DCFC electrochemical 

performance, compared to bare bituminous coal DCFC experiments. 

 

It should be also mentioned, that the in situ generated CO notably improves the DCFC characteristics 

as CO diffuses more rapidly to anode TBP and presents better electro-kinetics in comparison to bare 

carbon. The above arguments are totally supported by the close relationship between the open circuit 

CO formation rate at each temperature and the achieved maximum power output (Pmax), as depicted 

in Table 4. The key role of in situ formed CO on DCFC performance has been extensively discussed 
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[2, 8, 13, 14, 21, 24, 25, 28, 35, 43]. Moreover, AC impedance spectroscopy experiments 

accompanied with GC measurements clearly revealed the beneficial impact of in situ generated CO 

on ohmic and electrode polarization resistances [2, 43]. 

 

 

 

 

 

Fig. 10: Electrochemical performance of catalyst-aided DCFC and HDCFC configurations at 800 °C 

and the corresponding AC impedance spectra at identical conditions. Feedstock: 800 mg bituminous 

coal, (+ 200 mg carbonates), (+ 400 mg catalyst); CO2 flow rate= 30 ml/min. 
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The proposed approach of catalyst/carbonates infusion to fuel feedstock substantially improves the 

DCFC performance. Such technological advancements could notably accelerate DCFCs market roll 

out. The latter could be of particular importance taking into account the major benefits of DCFC 

technology compared to conventional coal power plants, such as the high electrical efficiency and 

low environmental footprint. However it should be noted that the achieved maximum power densities 

are relatively low due to the large ohmic and concentration overpotentials ascribed mainly to the high 

thickness of the YSZ solid electrolyte and the low porosity of the anode layer, respectively, as well 

as to cell configuration issues such as the current collection set up [49]. In this direction, Lee et al. 

found that the modification of the anode microstructure by the incorporation of poly(methyl 

mathacrylate) (PMMA) pore-formers resulted to a substantial increase in the achieved maximum 

power density [24]. In addition, in the work of Gil et al., a cathode supported planar cell configuration 

led to an improved DCFC performance [50]. Therefore, research efforts are currently in progress to 

decrease the wall thickness of YSZ tube and modify the fabrication protocol of the anode film in 

order to improve the obtained DCFC electrochemical performance.   

 

4. CONCLUSIONS 

In the present work, the feasibility to improve the DCFC performance by infusing a gasification 

catalyst (Co/CeO2) and/or carbonates into the bituminous coal feedstock was systematically 

examined. The maximum power density is enhanced up to 20%, 30% and 80%, for carbon/catalyst, 

carbon/carbonates and carbon/catalyst/carbonates fuel mixtures, respectively, compared with bare 

bituminous coal DCFC experiments. The obtained findings can be well interpreted taking into 

account the pronounced effect of catalyst/carbonates on the solid fuel fluidity and the rBR; the in situ 

generated CO can be rapidly diffused to the anode TBP, offering faster electrochemical oxidation 

kinetics as compared to solid coal. In view of this fact, a close relationship between the CO production 

rate and the maximum DCFC power was established.  The present results originally demonstrate the 

beneficial role of catalyst as well as the catalyst-carbonate synergy towards the improvement of cell 

performance. 
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