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Abstract 
The effect of varying the CO-CO2 and CO2-N2 ratios was investigated in the presence of 
coal in a specially designed 3-electrode setup, used to simulate the anode compartment 
in a hybrid direct carbon fuel cell (HDCFC). The HDCFC consists of a hybrid between a 
molten carbonate and a solid oxide fuel cell (SOFC). It was shown that the cell 
performance improved with increased CO2 content in the CO2-N2 mixture, due to the 
formation of CO from the inverse Boudouard reaction. The same was seen for CO/CO2 
gas mixtures in the presence of coal, in contrast to CO-fueled SOFCs.  
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Introduction 

Direct carbon fuel cells (DCFCs) include different types of fuel cells, which may be differentiated 

by their electrolytes: including molten hydroxide, molten carbonate and solid oxide [1,2]. Solid 

oxide fuel cell (SOFC)-type DCFCs are identical to gas-fueled (e.g. H2, CO) SOFCs, with the addition 

of carbon loaded into the anode chamber, either in direct contact with the electrolyte, typically 

yttria-stabilized zirconia (YSZ), or with an anode layer (e.g. Ni-YSZ). Carbon sources may include 

carbon black, graphite, coals or various types of biomass [3]. Due to the solid nature of the fuel 

and the electrolyte, the electrochemically active contact area is relatively limited in SOFC-type 

DCFCs. To partially overcome this limitation, molten slurries containing dispersed carbon are 

introduced into the anode chamber. Molten materials include metals [4] or alkali carbonates (e.g., 

(Li-K)2CO3), where the latter is termed a hybrid direct carbon fuel cell (HDCFC) as it is a hybrid 

between molten carbonate (MCFC) and SOFCs [2].  
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Several reports in the literature have previously dealt with gas-fueled SOFC performance at 

various CO:CO2 ratios, focusing primarily on different anode/fuel-electrode materials, including Ni-

YSZ [5,6], gadolina-doped ceria (GDC) [7], La1-xSrxCr1-yMnyO3±δ (LSMC) and Pt-(Ce, Y, Zr)O2-δ [8]. 

When operating in fuel- [9] or electrolyzer-cell [5] modes, the deposition of carbon is undesirable 

in these systems, as this leads to decreased electrochemical activity, and destruction of Ni-YSZ 

electrodes due to carbon dusting of Ni. In the case of DCFCs, carbon is purposefully loaded into the 

anode chamber to serve as a source of fuel. In this investigation, we explore the effects of variable 

CO:CO2 ratio on fuel cell performance of a Ni-YSZ anode in the presence, and absence (CO-fueled 

SOFC), of carbon fuel (treated anthracite and bituminous coals, SOFC-type DCFC) and mixed 

carbon-carbonate (HDCFC). Although such a combination of fuels (solid carbon and CO(g)) is 

unlikely in technological applications, these investigations aid in the understanding of the chemical 

reactions occurring in the vicinity of the anode within the carbon-molten carbonate slurry of a 

HDCFC.  

Experimental  

Three types of coal were acquired from INCAR (Spain): milled and demineralised bituminous 

(Coal I) [10], carbonized, milled and demineralised anthracite (Coal II) and milled bituminous coal 

(Coal III). Coals were combined, as received, with (62-38 wt% Li-K)2CO3 (CO3) (4:1 wt% C:CO3) and 

ball milled dry for 3 h. Mixed coal-carbonate, carbonate and B-II coal alone were loaded into a 

zirconia tube sealed onto a 3-electrode (3E) YSZ pellets developed at DTU-Risø [11,12], equipped 

with a Au mesh at the Ni-YSZ working electrode (WE, 7.4 mm diameter), and Pt counter (CE) and 

reference electrodes (RE), as described in Deleebeeck and Hansen [13], and shown schematically 

in Figure 1.  

 

Figure 1. Three-electrode half-cell electrochemical setup, illustrated as cross-sections, with  
(a) carbon and carbonate (HDCFC configuration) and (b) carbon (SOFC-type DCFC 

configuration) loaded at the WE, as well as (c) without solid carbon fuel (gaseous-fueled SOFC 
configuration). Where 1 = zirconia tube, 2 = WE current collector (Au), 3 = Ni-YSZ WE layer,  

4 = alumina sealant, 5 = RE (Pt), 6 = alumina tube/guide rod, 7 = YSZ pellet, 8 = CE (Pt),  
and 9 = CE current collector (Pt). 

Cells were heated to 800 °C in N2 (180 °C/h), and held at 800 °C for 30 min. Experiments were 

carried out between 700 and 800 °C in mixed N2-CO2 and CO-CO2 environments (2.3 L/h total flow 

rate). Chronopotentiometry  was performed to determine open circuit potential (OCP) by holding 
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current fixed at 0 mA for 5 min. OCP was determined by combining potential measured during 

chronopotentiometry (galvanostatic measurement) with pO2 sensor data acquired simultaneously, 

such that OCP values are reported as absolute values vs. Pt/air. Cyclic voltammetry (CV) was 

acquired between ± 500 mV vs. internal RE (Pt/CO-CO2, termed ‘potential difference’, ΔE) at 

10 mV/s (3 replicate cycles). From CV measurements, current, reported in mA, was measured at a 

fixed overpotential (η) of 500 mV vs. OCP (Pt/air). The natural logarithm of currents measured at 

fixed overpotential was plotted versus inverse temperature in Kelvin according to the Arrhenius 

equation, allowing the calculation of activation energies Ea / eV. Electrochemical impedance 

spectroscopy (EIS) was acquired between 85,000 and 0.1 Hz (6 pts/decade) with an AC 

perturbation of 30 mV. Nyquist plots of EIS data were fitted using a model circuit consisting of a 

series resistance (Rs) in series with two resistor-constant phase element units (RQ, in parallel). 

Polarization resistance (Rp) was calculated from the sum of the two resistors in series. 

Results and discussion 

Temperature 

Typical CV data acquired in the presence of carbonate (Li-K)2CO3, Coal III_CO3 and Coal III 

(only), i.e., without carbonate present, at 800 °C in 96-4 vol% N2-CO2 is shown in Figure 2(a). These 

CVs illustrate the various types of direct carbon/coal fuel cell (DCFC) performance investigation, 

including a SOFC-type DCFC [1] with only carbon (Coal III) present at the WE (Figure 1(b)), and a 

HDCFC [2] with mixed carbon-carbonate (Coal III_CO3) present (Figure 1(a)) [14-16]. The CV 

acquired in molten carbonate 62-38 wt% (Li-K)2CO3 represents the potential cycling of the Ni-YSZ 

anode in a molten carbonate environment, and is included to illustrate the difference versus a 

HDCFC [17].  

As seen in Figure 2(a), SOFC-type DCFC performance was relatively limited due the finite 

contact between solid carbon and the WE. HDCFC performance was greater due to the extended 

contact between the carbon fuel and electrolyte, as expanded by the molten carbonate medium. 

Further, the CV shape of carbonate and mixed carbon-carbonate are seen to differ significantly. 

With the exception of Ni-YSZ in molten carbonate, the chemistry in this investigation is expected 

to be dominated by two processes at the WE: the Boudouard equilibrium (Reaction 1) and the 

electrochemical oxidation of CO by O2- (Reaction 2) supplied through the YSZ electrolyte or CO3
2- 

(Reaction 3) [18]. Additionally, reactions occurring at the WE include, amongst others, the 

decomposition/formation of carbonate (Reaction 4), while CO2 reduction (reverse of Reaction 2) 

proceeds at the CE and RE [19].  

C(s) + CO2 ↔ 2CO (1) 

CO + O2- → CO2 + 2e-      (2) 

CO + CO3
2- → 2CO2 + 2e- (3) 

CO3
2- ↔ O2- + CO2 (4) 

Current was measured at a fixed overpotential (η) of 500 mV (vs. OCP), as illustrated in Figure 

2(a) for Coal III_CO3, between 700 and 800 °C in 96-4 N2-CO2, and are plotted according to the 

Arrhenius equation in Figure 2(b). SOFC-type DCFC (Coal III (only)) showed activation energy of 

2.73 eV, while HDCFC (Coal III_CO3) showed a significantly lower Ea (1.27 eV) under identical 

conditions, illustrating that addition of molten carbonate significantly facilitated (lower Ea) the 

oxidation of carbon under these conditions. The presence of the Ni-YSZ anode was not found to 
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significantly influence the Ea values determined for carbon black in the HDCFC configuration, 

however, the magnitude of the measured current was significantly reduced [19]. 

 

 

 

Figure 2. (a) CV acquired at 800 °C in 96-4 vol % N2-CO2 (6 L/h total flow), plotted as a function of potential 
for carbonate (Li-K)2CO3 (- ∙ - ∙), Coal III + CO3 (Coal III_CO3, - - - -) and Coal III (only)  

(----) loaded at the WE of a 3E half-cell.  
(b) Arrhenius plot of Coal III_CO3 (closed symbols) in 96-4 vol% N2-CO2 (◊, acting as a HDCFC) and  

50-50 vol% CO-CO2 (□), and Coal III (only) (open symbols) in 96-4 vol% N2-CO2  
(◊, acting as an SOFC-type DCFC) and 50-50 vol% CO-CO2 (□).  

 

(b) 
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Activation energies were calculated for both systems (Coal III_CO3 and Coal III (only)) in 50-50 

vol% CO-CO2, giving similar values (0.68 and 0.72 eV, respectively), suggesting that reaction(s) 

were dominated by the oxidation of CO in both cases. These experiments [13,18,19] do not allow 

the distinction between oxidants (CO3
2- and O2-), such that the primary electrochemical reaction(s) 

may include Reactions 2, 3 or both. These activation energy values are slightly lower than those 

determined on patterned Ni (on YSZ) electrodes (0.85-1.42 eV) [20], but are within the range 

calculated (0.43-1.64 eV), depending on the rate determining step (RDS), for CO oxidation on Ni-

YSZ [21]. Previous side-by-side comparisons of CO-fueled and carbon-loaded SOFCs have included 

dry CO vs. Fe-loaded activated carbon over a Cu/CeO2 anode between 700 and 850 °C [22] and 

over a Ag/GDC anode ((La,Sr)(Ga,Mg)O3-δ electrolyte) at 850 °C [23], coconut carbon-charcoal over 

a Ag-impregnated Ni-YSZ anode under various sweep gases (He, 8.6 vol% CO2-He, and  

7.4 vol% CO-He) at 750 °C [24], and 92-8 and 50-50 vol% CO-CO2 vs. lignite coal over a  

Ni-YSZ/Ni-GDC anode between 750 and 850 °C [25]. Previous studies [22-25] have been carried out 

in full-cell configurations. 

Variable CO2 content 

For each sample, temperature was fixed and content of CO2 varied in mixed N2-CO2 and  

CO-CO2 environments. Typical results, including OCP and currents measured at fixed overpotential, 

in N2-CO2 are shown for Coal I_CO3 (770 °C), Coal II_CO3 (770 °C) and Coal III_CO3 (755 °C) in 

Figures 3-5. In all cases, OCP was seen to decrease as content of CO2 increased, as expected, due 

to the inverse relationship between electrochemical potential (E(V)) and the partial pressure of 

CO2 (pCO2) in the Nernst Equation (Equation 5) for the oxidation of CO (Reactions 2-3). Current 

measured at fixed overpotential was seen to increase (Coal I_CO3 and Coal III_CO3) or remain 

essentially constant (Coal II_CO3) as content of CO2 increased in mixed N2-CO2, as we have shown 

previously for carbon black [13]. Electrochemical performance, expressed as current at fixed 

overpotential, varied being coal samples according to source coal characteristics, with bituminous 

coal (Coals I and III) with lower degree of crystallinity (less graphitic nature) and higher oxygen to 

carbon content ratios generally showing higher activity. Single-atmosphere half-cell performance 

as a function of carbon fuel characteristics is discussed in more detail in [19]. As more CO2 was 

supplied to the carbon bed, the inverse Boudouard reaction (Reaction 1) produced CO, which was 

subsequently electrochemically oxidized, generating current under load (E > OCP). Activation 

(increased current under load) as content of CO2 increased was also seen in EIS data, where Rp 

decreased (activity increased) with content of CO2 in N2-CO2. Figure 3(d) further illustrates that Rs 

was largely unaffected by variation in content of CO2. 

2

0 CO
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2

pRT
E E ln

F p

 
   

 
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 (5) 

In Equation 5, E0 and E are the standard and measured potentials (mV vs. Pt/air), R the ideal gas 

constant, F is Faraday’s constant, T is temperature in Kelvin, and pCO and pCO2 are the partial 

pressures of CO and CO2, respectively, where pCO + pCO2 = 1 atm. It should be noted that OCP is a 

function of pCO and pCO2 in the pore volume of the Ni-YSZ WE, which may differ significantly from 

the introduced gaseous atmosphere [15, 16]. Especially pCO will vary as a function of experimental 

variables, including its relative rates of formation through the Boudouard reaction (Reaction 1) 

and consumption through electrochemical oxidation (Reactions 2 and 3). The Boudouard reaction 

will depend on temperature, pCO2, and the reactivity of carbon. While solid carbon is typically 
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ascribed an activity of one, which is assumed to remain unchanged with time, carbon reactivity 

will depend on its characteristics: degree of crystallinity/graphitic nature, surface area, pore 

volume, concentration and type of surface groups and hetero-atoms, presence of catalytic/in-

hibiting impurities, etc. [19].  

 

 

 
Figure 3. Milled and demineralised bituminous coal (Coal I_CO3) at 770 °C. (a) OCP and (b) current 

measured at η = 500 mV in N2-CO2 (◊) and CO-CO2 (□). (c) Typical Nyquist plot acquired at 770 °C in 50-50 
vol% N2-CO2, where points represent acquired data, curves represent the fit of the model circuit (Rs-RQ-RQ), 

and frequencies are given in Hz. (d) Rs (open symbols) and Rp (closed symbols) as a function of content of 
CO2 in N2-CO2. In (a), (b) and (d), points represent acquired data, while lines are included only as visual aids. 

 

Figures 3-5 illustrate how OCP and current measured at fixed overpotential vary as a function of 

content of CO2 in CO-CO2. In all cases, OCP is seen to decrease with increasing content of CO2, as in 

mixed N2-CO2 environments. Decreasing OCP values with increasing CO2 in mixed CO-CO2 is consis-

tent with behavior previously reported in the literature for Ni-YSZ [6,9,26] and GDC anodes [7]. As 

Content of CO2, % Content of CO2, % 

Content of CO2, % 
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seen in Figures 3 and 5, OCP values under identical experimental conditions, such as under 100 % 

CO2 may not necessarily coincide, this arises due to changing reactivity of the carbon bed as a 

function of time [19], such that local pCO/pCO2 are non-identical despite the same gaseous 

atmosphere being introduced.  As shown in Figure 3, current under load was seen to decrease 

with increasing content of CO2 in CO-CO2 for Coal I_CO3. As supplied CO was assumed to be the 

primary electrochemical reactant, decreased content of CO in the supplied gas (CO-CO2) was ex-

pected to result in decreased activity (current at fixed overpotential), with performance dramati-

cally reduced in the absence of supplied CO (i.e. 100 % CO2) [26]. However, activity in the presence 

of Coal I_CO3 remained essentially constant at > 50 % CO2 in mixed CO-CO2. This suggested that 

the inclusion of CO2 to the reaction gas (supplied CO) allowed for the inverse Boudouard reaction 

(Reaction 1) to supply CO produced inside the reaction chamber, in the Coal I carbon bed. Supply 

of internally generated CO kept electrochemical activity from decreasing as externally supplied 

content of CO was decreased. A similar effect was observed for gas-fueled SOFCs H2-CO mixtures, 

where for pH2 > 0.5 atm (pH2 + pCO = 1 atm) the power density at 800 °C was seen to decrease only 

slightly, relative to a dry H2 (pH2 = 1 atm) system, with the inclusion of CO. This was suggested to 

result from the in-situ (near the electrode/electrolyte interface) generation of H2 through the 

water-gas shift reaction between generated H2O and CO (H2O + CO ↔ H2 + CO2) [26]. 
 

 

 

Figure 4. Carbonized milled and demineralised anthracite (Coal II_CO3) at 770 °C. (a) OCP and (b) current 
measured at η = 500 mV (overpotential vs. OCP) in N2-CO2 (◊) and CO-CO2 (□). 

Content of CO2, % 

Content of CO2, % 
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For Coal II_CO3 at 770 °C (Figure 4) and Coal III_CO3 at 755 °C (Figure 5), the current at fixed 

overpotential is seen to increase as content of CO2 increases in mixed CO-CO2. This suggested that 

even when external CO is supplied (mixed CO-CO2 environment), the enhancement from internally 

generated CO, illustrated in mixed N2-CO2 as content of CO2 was increased, may be observed. This 

illustrates the rapid kinetics of the inverse Boudouard reaction (Reaction 1), which is strongly 

favored at temperatures > 750 °C [1].  

 

 

 

Figure 5. Milled bituminous coal (Coal III _CO3) at 755 °C. (a) OCP and (b) current measured at η = 500 mV 
(overpotential vs. OCP) in N2-CO2 (◊) and CO-CO2 (□). 

 

The increasing cell performance (increased current measured at fixed overpotential) with 

increasing content of CO2 in CO-CO2 was found to not be limited to HDCFCs. Figure 6 illustrates the 

same effect in the absence of alkali carbonates, for Coal III (only), at 770 °C in an SOFC-type DCFC 

configuration (Figure 1(b)). Further, in the absence of carbon, this effect is not seen. When content 

of CO2 in CO-CO2 was increased for (Li-K)2CO3 alone, in the absence of a solid carbon source, 

current under load was seen to decrease gradually. In the absence of CO (100 % CO2), current 

decreased sharply due to fuel starvation conditions. In the absence of both carbon and carbonate, 

a Ni-YSZ WE (CO-fueled SOFC [11], Figure 1(c)) supplied with progressively lower quantities of CO 

(increasing content of CO2 in mixed CO-CO2) shows a decrease in activity, as expected [6,26,27]. 

Content of CO2, % 

Content of CO2, % 
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Interestingly, supplying carbon containing systems with 100 % CO2 produces lower OCP values, but 

higher current at fixed overpotential values compared to supplying predominantly CO (96-4 vol% 

CO-CO2) (e.g. Coal III (only), Figure 6).  
 

 

Figure 6. Current measured at η = 500 mV in CO-CO2 at 770 °C for a Ni-YSZ WE (×), and with milled 
bituminous coal (Coal III (only), ■) and (Li-K)2CO3 (∆) at the WE. 

 

Conclusions 

Single-atmosphere 3-electrode electrochemical tests were carried out between 700 and 800 °C 

in mixed N2-CO2 and CO-CO2 for a Ni-YSZ WE in the presence of molten alkali carbonate (Li-K)2CO3, 

treated coal (Coal III), and mixed coal-carbonate, including bituminous and anthracite-type coals. 

Treated coal (Coal III (only)) was tested in a SOFC-type DCFC and mixed coal-carbonates were 

tested in HDCFC configurations. Activation energies determined in mixed N2-CO2 revealed the 

greater ease of reaction in a mixed carbon-carbonate system.  

Half-cell performance was shown, as current measured at fixed overpotential (mV vs. OCP), to 

increase as content of CO2 was increased in mixed N2-CO2 and CO-CO2, as supplied CO2 allowed the 

generation of CO according to the inverse Boudouard reaction, which was subsequently 

electrochemically oxidized. In the absence of carbon, with and without (CO-fueled SOFC) 

carbonates, cell activity was seen to decrease as content of CO2 in mixed CO-CO2 was increased, 

i.e., as the supply of CO was decreased.  
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