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Abstract

The electrochemical gasi®cation of coal to CO in a direct carbon fuel cell (DCFC) has thermodynamical
advantages, including the conversion of heat into power at a reversible e�ciency of 100%. Molten carbonate fuel
cell (MCFC) technology may form the basis for constructing DCFC's. Here the electrochemical oxidation of
carbon in a 62/38 mol % Li/K carbonate melt is studied using impedance spectroscopy (IS) and cyclic
voltammetry (CV). A set of equilibria is introduced which fully describes the electrochemical equilibrium of the
system. From IS it is shown that for temperatures lower than 700 °C, charge transfer is the slowest step, while at
higher temperatures a second unidenti®ed step also contributes signi®cantly to the d.c. resistance of the electrode.
The d.c. resistance is 100 to 220 W cm2 at 650 °C and 12 to 60 W cm2 at 750 °C, depending on the carbon surface
roughness.

1. Introduction

As the worldwide demand for energy continues to
increase over the next ®fty years, the portion of this
demand met by oil, gas and uranium will begin to
decline. It is not certain that the development of such
long-term alternatives as solar, water, wind, fusion or
biomass will be su�ciently in line to compensate for this
decline. The world must therefore search for intermedi-
ate-term sources. One obvious possibility is coal; it is
abundant and cheap, albeit currently heavily polluting.
Since future environmental requirements will be strict,
clean coal conversion techniques are needed.
A number of studies have dealt with coal conversion

techniques [1±6]. One promising possibility is the direct
electrochemical conversion of coal to CO,

C(s)� 1
2 O2(g)$ CO(g) �1�

in a direct carbon fuel cell (DCFC) [7, 8] (throughout
this work, coal is synonymous with solid carbon: C(s)).
These cells circumvent the gasi®cation/combustion steps
of present processes and have an advantage over other
fuel cells in that a reversible e�ciency greater than unity
can be obtained [9, 10]. Furthermore the CO produced
can be utilized in the form of syngas. Early attempts to

employ coal in a fuel cell were reported by Becquerel
[10], but at this time only two studies have directly
considered the development of a DCFC [7, 8]. This lack
of interest is probably due to the carbon oxidation rates,
which are generally known to be small, and to di�culties
in constructing a fuel cell that operates on a solid fuel
instead of much more conventional gaseous and liquid
fuels. However, some alkali metal salts, especially
lithium carbonate, are reported to have a catalytic e�ect
on the gasi®cation of carbon [11±14]. This opens up the
possibility of developing DCFCs based on existing
molten carbonate fuel cell (MCFC) technology. One
study by Vutetakis and Skidmore [13] explicitly deals
with the electrochemical oxidation of di�erent coal/
carbon slurries in the Li/Na/K carbonate eutectic under
CO2 for temperatures between 500 °C and 800 °C. But
the emphasis was on obtaining large rates for the
electrochemical conversion of C to CO2 instead of to
CO.
Obviously a fundamental understanding of carbon

oxidation in molten carbonate is helpful when at-
tempting to increase the rate of oxidation to CO.
Therefore, this work begins with a theoretical descrip-
tion of the electrochemical system consisting of carbon
immersed in molten carbonate under a CO2/CO gas
atmosphere. This is followed by an impedance spec-
troscopy (IS) and cyclic voltammetry (CV) study of
carbon oxidation in a 62/38 mol % Li/K carbonate
melt as a function of temperature under a 100% CO2

gas atmosphere.
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2. Experimental details

The half-cell set-up used here was as described previ-
ously [15]. The only change was the working electrode.
Here it consisted of a graphite rod (Alfa), 2 cm long by
6.5 mm diameter, rigidly connected to an alumina tube
using a high-temperature cement (Gimex, type 503) and
a gold screw (Figure 1). A gold wire, shielded from the
carbonate melt by the alumina tube, was used as
electrical lead out of the cell. To avoid contact between
the melt and the carbon/alumina junction (and thus
possible leakage), only 1 cm of the carbon was immersed
in the melt. An immersed surface area of 2.04 cm2 was
obtained. Visual inspection showed that there was little
wetting of carbon by molten carbonate. This prevented
the formation of a large meniscus at the electrode, and
thus also prevented the large increase in the electrode
surface area associated with this meniscus.
All the sweep voltammetry measurements were per-

formed with an ECO Chemie potentiostat
(PGSTAT20), using the GPES3 software package.
The impedance measurements were performed with a
Zahner Impedance unit (model IM6-12057). Impedance
spectra were measured in the range between 5 mHz
and 100 kHz, with a 10 step/decade and four single-
frequency cycles averaged for each frequency. The
impedance data were ®tted using the Equivcrt Software
package written by B.A Boukamp.
A well-de®ned measurement procedure was followed

precisely in all experiments in order to eliminate, as
much as possible, systematical errors. At the beginning
of each experiment, the cell was always ¯ushed with
100% CO2. Then a new carbon electrode was lowered
into the melt, and after obtaining a stable open cell
potential (OCP) (typically 1 h later), impedance mea-
surements were recorded at overpotentials of 0, 25, 50,
100, 150, 200, 300 and 400 mV. After the last impedance
measurement, a sweep voltammetry measurement was
recorded at a scan rate of 1 mV s)1 using a voltage
range from OCP to typically )0.2 V relative to the
standard oxygen reference (SOR) [16]. The electrode was
left in the melt overnight, and the same procedure was
repeated. In all, these experiment were performed on a

total of eight carbon electrodes, three at 650 °C and
700 °C, and two at 750 °C.

3. Theory

To obtain a good understanding of the (electro)chem-
istry in our system, we described it using a complete and
independent base set of equilibria as introduced by
Smith and Missen [16] and Coleman and White [17].
This method was applied to molten carbonate systems
earlier by Hemmes et al. [18]. For a DCFC, the species
at the anode are carbonate ions, oxide ions, carbon, CO
and CO2, and the base set of (electro)chemical equilibria
is then

CO2ÿ
3 $ O2ÿ � CO2 �2�

C� 2 CO2ÿ
3 $ 3 CO2 � 4 eÿ �3�

C� CO2ÿ
3 $ CO� CO2 � 2 eÿ �4�

Equation 2 is the well-known dissociation/recombina-
tion equilibrium that is always present in molten
carbonate. Equations 3 and 4 constitute the electro-
chemical oxidation of carbon to CO2 and CO, respec-
tively. Any other conceivable equilibrium in this system
is obtained by a linear combination of equilibria
Equations 2±4. For example, the well-known Boudou-
ard equilibrium is obtained by subtracting twice Equa-
tion 4 from Equation 3:

CO2 � C$ 2CO KB � �PCO�2
PCO2

aC
�5�

For a DCFC using molten carbonate as its electrolyte,
the cathodic process is oxygen reduction according to

2CO2 �O2 � 4 eÿ $ 2CO2ÿ
3 �6�

Combining the anodic and cathodic reactions (Equations
3, 4 and 6), the overall DCFC cell reactions (considering
only CO2 or CO production) are, respectively,

Fig. 1. Schematic representation of the carbon working electrode assembly.
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C�O2 $ CO2 �7�

C� 1
2O2 $ CO �8�

In practice both processes can occur, depending on the
applied electrode potential, the temperature and the
kinetics of Reactions 3 and 4. For reasons explained
elsewhere, CO2 formation is less favoured compared to
that of CO in a DCFC [9]. The distinction as to whether
CO or CO2 is formed can in principle be resolved
thermodynamically by considering their respective stan-
dard potentials E°; these are listed for di�erent temper-
atures in Table 1. In the temperature region of the
MCFC, that is, near 923 K, the di�erence in E° for both
processes is rather low, less than 40 mV. Alternatively
this di�erence can be expressed by the value of the
Boudouard equilibrium constant KB. The equilibrium
partial pressures of CO and CO2 can be calculated using
Equation 5 (assuming aC=1) and PCO � PCO2

� 1 atm.
From this calculation, one ®nds that for 900 K, both
PCO and PCO2

are substantial, but for higher tempera-
tures, CO is preferred thermodynamically over CO2. If
and to what extent CO and CO2 are actually formed
depends on the kinetics of the reactions involved, and
these are unknown.

4. Results and discussion

4.1. Voltammetry

Figure 2 displays the I/V curves for a gold and graphite
electrode under 1 atm of CO2. At both electrodes,
current increases exponentially with increasing poten-
tial. It is known that at the gold electrode this increase is
caused by the oxidation of carbonate ions according to
Equation 6 [19]. Since carbonate ions are present in
excess, di�usion is not rate-limiting, that is, no current
saturation is seen. The same behaviour with comparable
current densities is seen for the carbon electrode, but at
a much more negative potential of )0.6 V. Carbon is the
only species present in su�cient amounts to give
currents comparable to that in the carbonate oxidation.
Similar results were found by Vutetakis and Skidmore
when they added coal slurries to Li/K/Na carbonate
[13]. Consequently the cyclic voltammograms recorded
at the carbon electrode shown in Figure 3 re¯ect the

carbon oxidation. Only one anodic wave is observed,
and therefore no distinguishing information is obtained
as to whether carbon oxidation results in CO, CO2, or a
mixture of both. The measured current density does not
depend on scan rate, and is therefore not di�usion-
limited, suggesting that charge transfer is the rate-
determining step in the electrode process.
The reverse cathodic wave is peak shaped, with a peak

potential proportional to the square root of the scan
rate. A corresponding anodic peak is not seen. Both
features indicate that this electrode process is irrevers-
ible. If the scan is ®rst in cathodic direction, the peak is
still present though at lower current densities. Therefore
the cathodic wave must be due to a species initially
present in the melt, but also directly or indirectly formed
by carbon oxidation. Initially carbonate ions, oxide

Table 1. E °(CO2) and E °(CO) for CO2 (Equation 5) and CO

(Equation 6) formation, respectively, the Boudouard constant KB and

the equilibrium CO and CO2 pressures, as function of temperature

T/K E °(CO)/V E °(CO2)/V KB/atm P eq
CO2

=atm P eq
CO2

=atm

800 )0.95 )1.03 0.01 0.91 0.09

900 )0.99 )1.03 0.16 0.67 0.33

1000 )1.04 )1.03 1.96 0.27 0.73

1100 )1.08 )1.03 29.2 0.03 0.97

1200 )1.13 )1.03 400 0.02 0.98

Fig. 2. Steady state polarization curves at 1 mV s)1 of a gold (´) and
carbon (n) electrode at 650 °C under 1 atm CO2.

Fig. 3. Cyclic voltammograms starting in anodic direction at di�erent

scan rates of a carbon electrode at 650 °C under 1 atm CO2.
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ions, carbon, CO2 and CO formed in the Boudouard
reaction are present in the melt. From these species only
CO and CO2 can be reduced. Since CO solubility in the
melt is known to be low [20], it is more likely that CO2 is
the species reduced in the cathodic wave, and hence also
produced by carbon oxidation. This result agrees with
those of Dunks [12] and Vutetakis and Skidmore [13]
who also report that CO2 is the main product in carbon
oxidation in molten salts.
Figure 4 shows the temperature dependence of the

carbon oxidation currents. Measured steady-state vol-
tammograms for three di�erent temperatures are shown,
both for the new electrodes and those immersed for
24 h. Except at 750 °C, larger currents are obtained
from electrodes immersed for 24 h. Also in each case,
current increases with temperature, doubling from 650
to 700 °C and tripling from 700 to 750 °C.

4.2. Impedance spectroscopy

Figures 5, 6 and 7 show typical impedance spectra
measured at temperatures of 650, 700 and 750 °C,
respectively. For each temperature, measurements ob-
tained for both new and immersed electrodes are
depicted for overpotentials of 0 and 150 mV. All spectra
have the following three features: At higher frequencies,
a small arc is observed which is enlarged in Figure 8. It
stems from stray capacitance in the lead wires and is not
considered to be an electrode process. At intermediate
frequencies of roughly 5 to 200 Hz, a large semicircular
arc is observed. Finally, at lower frequencies, a smaller
second arc is present. Its shape is ill-de®ned at frequen-
cies lower than 0.5 Hz due to a large scatter in the
measured data.
To quantify these ®ndings, a simple Randles circuit

was ®tted to the large semi-circular arc seen at interme-
diate frequencies using a 0 mV overpotential. The
frequencies used in the ®t were chosen separately for

each spectrum to obtain the best possible ®t, but were
typically in the range 5±200 Hz. The values for the
uncompensated electrolyte resistance RE, the charge
transfer resistance RCT, and the double layer capaci-
tance CDL resulting from the least square ®t of the
Randles circuit are listed in Table 2. The ®t results
obtained for RCT and CDL were, respectively, multiplied
and divided by the geometric surface area to obtain
what we call speci®c values. Also listed in Table 2 are
the values for the speci®c d.c. resistance of the electrode
which is represented by the width of the measured IS
spectrum multiplied with the geometric surface area.
From anodic steady-state measurement, Nekrasov et al.
determined a polarization resistance of a spectral
graphite electrode under CO2 in NaCl-KCl±(Na2CO3

1%) at 780 °C of 23 W cm2 [21]. This value is on the
same order of magnitude as the electrode resistances
obtained here in a Li/K carbonate melt at 750 °C. These
values for the carbon oxidation are very low, for

Fig. 4. Steady state voltammograms at a new carbon electrode at 650,

700 and 750 °C under 1 atm CO2 with 1 mV s)1. Key: (ÐÐ) new

electrode; (- - - -) immersed for 24 h.

Fig. 5. IS spectra at a new carbon electrode (a) and one immersed for 24 h (b) in a Li/K melt at 650 °C under 1 atm CO2 at g=0 (n) and 150 mV

(d) and the ®tted Randles circuit (solid line).
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example, the charge transfer resistance for the H2

oxidation under standard anodic MCFC gas at 650 °C
at a nickel ¯ag electrode is 0.13 W cm2 [22].
In Figures 5, 6 and 7 and Table 2, the e�ect of the

immersion time on the IS response is clearly observable.
RCT decreases by a factor 2 at 650 °C, a factor 3 at
700 °C and a factor 10 at 750 °C after 24 h of
immersion. These factors correlate nicely with the
increase in the double layer capacitance which increases
in roughly the same way. This shows that the decrease in
RCT is most probably due to an increase in the
electroactive surface area.
The nature of the small low frequency arc remains

unresolved here. Its e�ect on the oxidation rate is
quanti®ed in Figure 9 where the ratio of RCT and RDC

for the new electrode and the one immersed for 24 h are
plotted as function of temperature. Though the error
margins in the plot are large, it shows that the relative
importance of the second arc to RDC increases with

Fig. 6. IS spectra at a new carbon electrode (a) and one immersed for 24 h (b) in a Li/K melt at 700 °C under 1 atm CO2 at g=0 (n) and 150 mV

(d) and the ®tted Randles circuit (solid line). Inset is an enlargement of the same plot.

Fig. 7. IS spectra at a new carbon electrode (a) and one immersed for 24 h (b) in a Li/K melt at 750 °C under 1 atm CO2 at g=0 (n) and 150 mV

(d) and the ®tted Randles circuit (solid line). Inset is an enlargement of the same plot.

Fig. 8. IS spectrum for 500 Hz and 100 kHz of a new carbon electrode

in a Li/K melt at 700 °C under 1 atm CO2 at g=0 and the ®tted

Randles circuit (solid line).
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temperature. For an electrode immersed for 24 h at
750 °C the resistance stemming from the low frequency
process is 75% of the d.c. resistance. Assuming that the
large semicircle is due the oxidation of C to CO2, it is
tempting to conclude that the low frequency circle is
due to C oxidation to CO. This conclusion seems even
more reasonable since at high temperature the Bou-
douard equilibrium prefers CO over CO2 as shown in
Table 1. However, with this second oxidation, an
additional, parallel reaction path is obtained. Hence a
decrease in RDC must then be expected compared to
RDC when only determined by the C oxidation to CO2.
The IS spectra, however, clearly show that the second
arc increases the d.c. electrode resistance. It is therefore
more likely that the second arc stems from a homoge-
neous reaction in which the Boudouard reaction or CO
is involved.
The above IS results show clearly that when targeting

for improved carbon oxidation rates at temperatures of
750 °C and higher, one should initially focus on
accelerating the process giving rise to the low frequency
arc and not (only) on accelerating charge transfer.

5. Conclusions

The oxidation of carbon in molten carbonate is a slow
process. The d.c. electrode resistance RDC (100 to
220 W cm2) is largely determined by the charge transfer
resistance and is about three orders of magnitude higher

than that obtained for the hydrogen oxidation at a
nickel electrode at 650 °C in the same melt. For
temperatures lower than 700 °C, the rate limiting
process is a charge transfer resistance RCT. For higher
temperatures, an additional unidenti®ed process also
contributes considerably to RDC. The RDC, CDL as well
as the RCT decrease with immersion time due to surface
roughening, until after 24 h a stable electrode is ob-
tained. When temperature is varied, RCT decreases by a
factor of 5 for a newly immersed electrode when going
from 650 °C to 750 °C, while for an electrode immersed
for 24 h, this factor is 25. For RDC these changes are by
factors of 4 and 8, respectively.
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