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Abstract—The present study proposes the application of ash-free coal (AFC) as a primary fuel in a direct carbon fuel
cell (DCFC) based on a molten carbonate fuel cell (MCFC). AFC was produced by solvent extraction using micro-
wave irradiation. The influence of AFC-to-carbonate ratio (3:3,3:1,3:0 and 1:3 g/g) on the DCFC performance at
different temperatures (650, 750 and 850 °C) was systematically investigated with a coin-type cell. The performance of
AFC was also compared with carbon and conventional hydrogen fuels. AFC without carbonate (AFC-to-carbonate
ratio=3:0g/g) gave a comparable performance to other compositions, indicating that the gasification of AFC readily
occurred without a carbonate catalyst at 850 °C. The ease of gasification of AFC led to a much higher performance
than for carbon fuel, even at 650 °C, where carbon cannot be gasified with a carbonate catalyst.

Keywords: Ash-free Coal, Carbon, Direct Carbon Fuel Cell, Temperature, Molten Carbonate Fuel Cell

INTRODUCTION

Direct carbon fuel cells (DCFCs) are a special type of high tem-
perature fuel cell. Various types of DCFCs have been investigated,
based on alkaline, molten carbonate and solid-oxide electrolytes
[1-4]. Among them, molten carbonate electrolytes provide several
important advantages: i) they work at rather high temperatures,
between 600 and 900 °C, which allows the acceleration of electro-
chemical reactions and means that the use of noble metals or cata-
lysts can be avoided, ii) they have high conductivity and good stability
as electrolytes, iii) they lead to high energy efficiency in the fuel
cell, and iv) they have a high operation temperature, allowing the
use of various fuels, for example, natural gas, CO, biomass and so
forth [5-7].

The cathode reaction in a molten carbonate fuel cell (MCFC) is
expressed as follows:

Cathode: CO,+%0,+2¢ —»CO2” (1)
When hydrogen is supplied to the anode, the electrode reaction is:
)

In the anode channel, carbon monoxide is produced by the endo-
thermic reverse water-gas-shift (WGS) reaction:

Anode: H,+CO; -CO,+H,0+2¢

CO,+H,—»CO+H,0 3)

The open-circuit voltage (Eycy) of a MCFC can be expressed ac-
cording to the Nernst equation:

[H,]
[H,0][CO,],,

Eocv=Eo+ BIIH(

0.5
- [0,1°[CO,1,,)

)
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As the Eqy is determined by the partial pressures of H,, CO and
CO, at the anode, the WGS reaction can affect the E¢; by chang-
ing the gas partial pressures.

Compared to hydrogen, carbon is solid and more convenient
for energy storage [8]. As carbon can be oxidized in a DCFC, car-
bon-containing materials such as natural gas, petroleum, coal and
biomass can also be used as the fuel for DCFCs [9,10]. The addi-
tion of molten carbonate to the carbon fuel creates a hybrid direct
carbon fuel cell (HDCFC). The solid carbon is wetted by molten
carbonates in the DCFC, which enhances the reaction rate [11-13].
The ability of direct conversion from carbon to electricity in an
HDCEC, especially in the case of a solid oxide fuel cell (SOFC),
was investigated by Irvine and co-workers [11-13]. Vutetakis et al.
[14] employed a stirred carbon and carbonate mixture to promote
electrochemical carbon and coal oxidation. Cherepy et al. [5] tested
various carbon materials in molten carbonate electrolytes. Among
the carbon species tested, graphite was found to be very conduc-
tive and performed well, yielding 0.8 V at 50 mA-cm™ and 0.2V
at 120 mA-cm . Chen et al. [15] studied the performance of graph-
ite as a fuel in a DCFC with molten carbonates of Li,CO;-K,CO;-
AL O;. They concluded that graphite alone was not appropriate as
the fuel for a DCFC, even though it had regular structure, high
electrical conductivity and low electrical resistance.

One of the problems encountered in coal fuelled DCFCs is that
the ash content is generally quite high, 5-20% in natural graphite
and 10-25% in coal, which affects the power efficiency. Several
studies have been dedicated to the development of an efficient fuel
cell with ash-free coal (AFC) [16-18]. AFC is a suitable fuel for the
anode reaction, owing to the low ash content and dense structure
because the mineral matter in coal is extracted into the solvent
during the extraction process [19,20]. Recently; Jeon et al. [21] showed
the feasibility of using AFC in a solid-oxide based DCFC. The cell
voltage was about 1.1 V from 600 to 900 °C. Significant research has
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been performed on DCFCs in order to produce electricity using
solid carbonaceous materials instead of gaseous hydrogen. Alter-
natively, the reforming of coal into gaseous fuels, such as H, and
CO, has also been studied.

In this work, AFC was prepared by solvent extraction from
Arutmin sub-bituminous coal using microwave radiation. AFC,
carbon and hydrogen were used as the fuels in a coin-type DCFC.
Their electrochemical oxidations were characterized by steady-
state polarization, open-circuit voltage and step chronopotentiom-
etry measurements.

EXPERIMENTAL

1. DCFC System

The anode was a porous Ni-Al metal and the cathode was porous
Ni. The matrix was made of LiAlO,. The electrodes and matrices
were supplied by the Korean Electric Power Research Institute. The
carbonate electrolyte was 62 mol% Li,CO; and 38 mol% K,CO;,
which was obtained by mixing the two powders (L, CO; and K,CO5)
and melting at 500 °C for 1h, before cooling and grinding them.
The carbonates were of reagent grade. A silver wire was used for
the cathode leads, whereas a Ni wire was used for the anode. More
details of the cell preparation and operation are described in a pre-
vious paper [22].

The cell was installed without carbon fuel in a box furnace,
which had a hole in order to penetrate the upper side of the alu-
mina tube of the anode. The temperature of the cell in the fur-
nace was initially raised by 2 °C-min”" from room temperature to
350°C in air. Subsequently, the temperature was increased to 650,
750 and 850 °C, according to the experimental purpose. A mix-
ture of 70 mol% air and 30 mol% CO,, at a rate of 0.200 L-min™",
was supplied to the center of the cathode. A gaseous mixture of
0.125L-min"' H, and 0.025 L-min"" CO, was supplied through a
deionized water bubbler to the anode, and the cell performance
was measured. Then, the AFC fuel was introduced into the anode
with nitrogen-gas purging to prevent air diffusion into the anode
chamber. The performance of AFC was also compared with a com-
mercial activated carbon fuel (Junsei). For the solid fuels, a mix-
ture of carbonate with AFC or carbon was filled in a small alumina
tube. Both ends of the tube were blocked by Ni foam to allow gas
transport from the solid mixture to the electrode surface [23].

2. Preparation of the AFC Fuel

AFC was produced by the extraction of Arutmin sub-bituminous
coal with N-methyl-2-pyrrolidone (NMP) as the solvent at around
202 °C and under atmospheric conditions using microwave irradi-
ation. The proximate and elemental analyses of AFC are shown in
Table 1. The carbon fraction in AFC is slightly higher than that in
raw coal. The ash content of AFC is about 0.78 wt%, whereas that

of raw coal is 13.32 wt%. AFC was fed to the anode by mixing with
carbonate at ratios of 3:3,3:1,3:0 and 1: 3 g/g (AFC/carbonate).
3. Electrochemical Measurements

The fuel cell performance was measured with a potentiostat
(PARSTAT 2273) operated with PowerSuite software. A four-elec-
trode system was used to measure the cell voltage by the applied
current. In this configuration, the cathode was the working elec-
trode (WE), the anode served as the counter electrode (CE) and
two reference electrodes (RE1 and RE2) were also used. The elec-
trochemical measurements included the Eqy; steady-state polariza-
tion (SSP) and step chronopotentiometry (SC). Current was applied
from 0 to 150 mA-cm ™ in 10 mA-cm ” steps with the SSP method.
SC involved increasing the current from 0 to 150 mA-cm™ in 50
mA-cm” steps for 60s and recording the subsequent potential relax-
ations. The effects of the temperature and the AFC-to-carbonate
electrolyte ratio on the cell performance were also investigated over
the range of 650-850 °C under atmospheric pressure.

RESULTS AND DISCUSSION

1. Effects of the AFC-to-carbonate Ratio

Fig. 1 presents the E, with respect to time at various AFC-to-
carbonate ratios in order to investigate the effects of the mixing
ratio on the gas-evolution behavior. Measurements were at 850 °C
in order to have sufficient gasification of AFC. The gas evolution
from the AFC mostly occurred through the pyrolysis of the hydro-
carbon components in AFC and the gasification of carbon com-
ponents. The pyrolysis of AFC (Eq. (5)) and char gasification (Eq.
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Fig. 1. Behavior of open-circuit voltages (E,cy) with different AFC-
to-carbonate ratios at 850 °C.

Table 1. Proximate and ultimate analyses of Ash free coal and Arutmin raw coal

Proximate analysis (wt%)

Ultimate analysis (wt%)

Sample

Moisture Volatile matter Fixed carbon Ash (dry) C H N O S
Raw coal 6.96 40.04 39.68 13.32 69.12 5.12 4.71 20.81 0.24
Ash free coal 042 50.40 4791 0.78 76.06 5.65 2.92 15.30 0.07
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(6)) are combined in the gasification, forming mainly H,, CO, CO,
and CH, [24.25]:

Coal—> o, CH,+ o,H, + 05CO+ a,CO, + o H,O
+ogchar+ N, + ogash+ a,H,S (5)

where ¢ is the number of moles of the species, Za;=1. The reverse
Boudouard reaction is given by:

C+C0O,—2CO 6

When the carbonate is mixed with AFC, the carbon reacts with the
carbonate to produce CO [26]:

C+CO¥ -2CO+0™ @)

As the carbonate maintains the equilibrium with CO, and O” ions,
we can write the following relationship:

CO; =CO,+0*" 8)

The two minima in the voltage are related to gas generation. The
first minimum at 200 s is attributed to H, generation, and the sec-
ond at 400 is attributed to CO generation, because gas genera-
tion from AFC is initially from H,, followed by CO generation
[27]. H, generation is thought to be from the pyrolysis of hydro-
carbon sources in AFC and, therefore, it is rapid. CO generation;
however, is relatively slow; owing to the chemical processes of Egs.
(6) and (7). Both of these reactions reduce the CO, partial pres-
sure at the anode, which raises the Ey value according to the fol-
lowing relation:

[H,]

0.5
oo 0 10, ©

Eocy(Hy/H,0)=Ejy 0+ };—gln(

All of the curves showed the same behavior, as shown in Fig. 1.
The Epcy reached a considerably high value after 650-700 s, and
then the voltage gradually decreased. For a low amount of AFC
(1 g), the Eqcy decreased more rapidly. Different AFC-to-carbonate
mixtures gave different maximum Ey values of 1.28, 1.31, 1.41 and
1.34Vat1:3,3:0,3:1 and 3: 3 g/g mixture ratios, respectively.

Fig. 1 also shows that the Ey¢y value for the composition with
only AFC being comparable to the other AFC and carbonate mix-
tures. In general, a carbonate catalyst is required for the gasifica-
tion of carbon [29]. However, AFC contains many hydrocarbon
compounds and the pyrolysis decomposes the AFC to H, and CO
[27,28]. Indeed, a cell temperature of 850 °C was enough to gasify
the AFC without a carbonate catalyst. Therefore, the cell could run
with AFC only. The smallest amount of AFC, at an AFC-to-car-
bonate ratio of 1:3 g/g, showed the lowest E¢, value over 600s,
because the amount of generated gas is smallest for this composi-
tion and the diffused oxygen from the outside reduced the H, and
CO partial pressures. In addition, the composition with only AFC
had a lower voltage than the other 3 g AFC and carbonate mix-
tures. This is contrary to the previous result [27]. AFC is gasified
to H, and CO, thus, only a very small amount of CO, raises the
Eocy- The reason for this is not currently clear, but the low activ-
ity of AFC may be a reason.

Takanohashi et al. [16,17] reported that AFC contained a high
concentration of oxygen surface functional groups, which demon-
strates a broad alignment with the increase in the electrochemical
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Fig. 2. Comparison of current-voltage indicated with different AFC-
to-carbonate ratios at 850 °C.

reactivity. In addition, they suggested that the high surface area or
pore volume of AFC showed an improvement in the anodic reac-
tion by increasing the contact between the solid fuels and carbon-
ate liquids. In this study, the surface area and pore size effects are
not discussed; however, they may affect cell performance and fur-
ther research is needed.

Fig. 2 presents the current-voltage behavior for the different ratios
of AFC and carbonate at 850 °C. As we can see, the curves of the
three compositions with a 3 g AFC mixture exhibit very similar
slopes. The voltages of 0.725V for 3:1g/g (AFC-to-carbonate),
0.643V for 3:3, 0.368V for 1:3 and 0.555V for AFC only are
observed at 150 mA-cm . This indicates that the AFC mixing ratio
does not have a significant effect on the internal or mass-transfer
resistances. However, for the 1:3 g/g AFC-to-carbonate ratio, the
lowest voltage and steepest slope was observed, indicating that
large mass-transfer resistance exists because of the low gas genera-
tion from it.
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Fig. 3. Comparison of step chronopotentiometry behavior with dif-
ferent AFC-to-carbonate ratios at 850 °C.
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Fig. 3 shows the SC results for the four compositions at 850 °C.
They had large relaxation gaps at lower current densities, with the
mixture of 1 g AFC and 3 g carbonate showing the slowest voltage
relaxation. However, at current densities over 100 mA-cm™, the
voltage relaxation patterns became similar. Different relaxation be-
havior, according to the current density; is also observed in the cur-
rent-voltage curves shown in Fig. 2. The curves have a steeper slope
at lower current densities, whereas they become milder at higher
current densities, meaning that the mass-transfer resistance becomes
milder at higher current densities, irrespective of the composition.
The reason for this is currently under investigation and will be re-
ported soon. According to the voltage-time characteristics depicted
in Fig. 3, the minimum voltages for the AFC-to-carbonate ratios
of3:3,3:1,1:3 and 3:0 g/g are 0.63, 0.60, 0.39 and 0.52 V, respec-
tively.

2. Temperature Effects

The Eqqy behavior for AFC and activated carbon at 650, 750

and 850 °C is presented in Figs. 4(a) and 4(b). During the first 20,
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Fig. 4. Behavior of Ey for 3g AFC and 3 g carbonate mixtures (a)
and 3 g carbon and 3 g carbonate mixtures (b) at 650, 750
and 850 °C.

hydrogen fuel (0.125 L-min™" H, and 0.025 L-min"" CO, through a
bubbler) was supplied to the anode, and, for instance, an Eyqy
value of about 1.08 V was observed at 850 °C. Then, the hydrogen
fuel was cut, and simultaneously the Eq¢y decreased and reached
0.74V after 150s. At around 200 s, an AFC-to-carbonate mixture
of 3:3 g/g was introduced into the anode by filling it into an alu-
mina tube. To prevent oxygen diffusion from outside into the cell,
there was a nitrogen gas flow in the anode chamber. After solid
tuel introduction, the Eqy increased quickly again. At around 600's,
the Eg¢y value reached 1.30 V at 850 °C. Similar behavior was also
observed at 650 and 750 °C. In particular, AFC fuel at 650 °C shows
an Eyqy value of about 1.3V at around 2,000 s, although this Eqqy
change is much slower than those at 750 and 850 °C. This means
the gasification of AFC can even be obtained at 650 °C, which is
very different from the behavior of carbon fuel. Fig. 4(b) compares
the Epcy change following the introduction of carbon fuel into the
cell at different temperatures. The cell at 650 °C shows a very low
Eocy value, compared to those at 750 and 850 °C, when the carbon
and carbonate mixtures are supplied. When we substitute hydro-
gen fuel for solid carbon, the Ey¢y of around 1.1 V becomes a mini-
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Fig. 5. Current-voltage behavior for 3 g AFC and 3 g carbonate mix-
tures (a) and 3 g carbon and 3 g carbonate mixtures (b) at
650, 750 and 850 °C.
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mum and then rises again at 750 and 850 °C. However, the cell at
650 °C shows a very small increase to approximately 0.85 V, whereas
the Eqcy values at 750 and 850 °C are over 1.1V at around 800,
indicating that the gasification of carbon fuel is not enough at 650 °C
and a relatively high temperature is required to oxidize solid car-
bon fuel.

Figs. 5(a) and 5(b) show the voltage-current behavior at 650, 750
and 850 °C at a potential scan rate of 0.25mV-s ' for an AFC-to-
carbonate fuel ratio of 3: 3 g/g and a carbon-to-carbonate fuel ratio
of 3:3g/g, as well as for hydrogen fuel (0.125:0.025 L-min"/L-
min "' H,/CO, through a bubbler). The theoretical Eo values for the
hydrogen fuel are 1.078 V at 850 °C, 1.106 V at 780 °C and 1.132V
at 650 °C. Thus, lower Eyq, values should be obtained at higher
temperatures. Although the behavior is not clear, a slightly lower
Eocy was observed at higher temperatures. For the hydrogen fuel,
the voltage linearly decreased with current. Lee et al. [30] suggested
that mass-transfer processes control the electrode reactions in the
MCEFC, and thus a linear decrease of voltage is obtained. Fig. 5(a)
shows that the voltage for the AFC and carbonate mixture has a
much steeper slope than for the H, fuel and has several various
slopes according to the current densities. The steepness of the AFC
fuel slope indicates that larger resistance exists in AFC oxidation.
In a previous study [27], AFC was gasified to H, and CO before
being oxidized. The complexity is reflected in the steep and non-
linear current-voltage curves of the AFC fuel. The Ey, values of
the AFC fuel were 1.35V at 850°C, 1.28 V at 750°C and 125V at
650 °C. A larger Eycy value at higher temperatures is attributed to
the higher H, and CO partial pressures from more active gasifica-
tion, which is in agreement with prior results [31-33]. The voltage
at 150 mA-cm™ was 0.625 V at 850 °C, 0.595 V at 750 °C and 025V
at 650°C. A very low voltage at 650 °C, compared with the voltages
at higher temperatures, was observed. The current densities were
in the mass-transfer controlled region, and less gasification and a
reduced volume of gas at 650 °C could be the reason for this low
voltage.

Another effect of temperature is a reduction in cathodic polar-
ization. As reported in a previous study [34], the polarization de-
crease as a result of temperature increase is significant, especially at
the cathode, because mass-transfer resistance through the liquid-
carbonate film is a dominant factor and oxygen solubility and dif-
fusivity in the carbonates are temperature sensitive.

Temperature also has an important effect on the conductivity.
The conductivity of the electrolyte is generally a function of tem-
perature and obeys Arrhenius’ law [35]:

O-electmlyte = elecrmlyteexp (_ Ea/ RT) ( 10)

where 0y, 1 a pre-exponential factor of the electrolyte con-
ductivity (S-m™"). Eq. (10) indicates that higher temperatures result
in better electrolyte conductivity as a consequence of decreasing
viscosity, which reduces the resistance of the cell and increases cell
performance.

Fig. 5(b) shows current-voltage behavior of carbon and carbon-
ate mixed fuels at different temperatures. A clear difference is ob-
served between the AFC and carbon fuels: the carbon fuel has a
lower voltage than the AFC fuel at all temperatures. In particular,
the voltage of carbon fuel at 650 °C is much lower than that of the
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Fig. 6. Step chronopotentiometry (SC) behavior for 3g AFC and
3 g carbonate mixtures (a) and 3 g carbon and 3 g carbonate
mixtures (b) at 650, 750 and 850 °C.

AFC fuel. The Eqy value of carbon at 650 °C is about 0.860V,
whereas that of AFC at the same temperature is 1.250 V. The large
differences in the Eq ¢y values and the voltages during polarization
are attributed to the difficulty of gasification of carbon at 650 °C. A
previous study [27] reported that carbon is difficult to gasify using
a carbonate catalyst at 650 °C.

Figs. 6(a) and 6(b) compare the SC results of the AFC and car-
bon fuels with respect to hydrogen fuel at different temperatures
(650, 750 and 850 °C). Hydrogen fuel shows very stable and uni-
form voltage relaxations with the current step at the different tem-
peratures. The largest voltage steps were observed at 650 °C. Lowering
the temperature, as mentioned above, increases the internal, charge
and mass-transfer resistances at the electrodes. Thus, the largest
voltage steps are inevitably at the lowest temperature of 650 °C.

On the contrary, the AFC fuel shows very large and slow volt-
age relaxations, especially at 650 °C, as shown in Fig. 6(a). At higher
temperatures of 750 and 850 °C, the voltage relaxations become
faster in the higher current density region. The changes are dras-
tic according to the applied current densities seen in the figure.
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When we compare the voltage relaxations between the hydrogen
and AFC fuels, the difference is mostly ascribed to oxidation at the
anode. Therefore, the temperature effect is found to be significant
for AFC oxidation at the anode.

Fig. 6(b) shows the SC results with carbon fuel at the various
temperatures. Compared with the AFC fuel, much slower voltage
relaxations are observed for all temperatures. The size of the volt-
age steps is reduced by the current density at 750 and 850 °C. How-
ever, the size of the voltage steps at 650 °C becomes larger with
increasing current density. This is quite different from other volt-
age steps at higher temperatures. This unique behavior at 650 °C is
mostly attributed to the difficulty of carbon gasification. The small
amount of reactant gases signifies mass-transfer resistance at higher
currents; thus, larger and slower voltage relaxations are obtained at
650 °C.

CONCLUSIONS

The electrochemical oxidation of behavior ash-free coal and
carbon was investigated in a coin-type DCFC using a molten car-
bonate electrolyte. The electrochemical behavior of the fuels was
compared with conventional hydrogen fuel in terms of the AFC-
to-carbonate ratio and operating temperature. The following con-
tent was concluded from this work. The addition ratio of AFC-to-
carbonate was not a dominant factor for cell performance. The
AFC composition without carbonate also showed indifferent Eqcy,
values and voltages at polarization compared to compositions with
carbonate added, indicating that AFC does not require a carbon-
ate catalyst for its gasification. From 650 to 850 °C, AFC showed
an Eyqy value over 1.2V throughout the temperature range, whereas
carbon gave an E .y, value of approximately 1.1 V at 750 and 850 °C,
and 0.85V at 650 °C. Thus, AFC has a very high performance at
650 °C compared to carbon, owing to the ease of AFC gasification
at lower temperatures. In the current-voltage curves, the solid fuels
had many regions with different slopes, indicating the complexity
of oxidation due to gasification. The AFC and carbon solid fuels
had much larger polarizations and lower performance compared
to hydrogen fuel.
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