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a b s t r a c t

A fuel cell fuelled by carbonaceous graphite is proposed. The tubular fuel cell, with the carbon in a fixed-
bed form on the anode side, is employed to convert directly the chemical energy of carbon into electricity.
Surface platinum electrodes are coated on the cell electrolyte, which is a yttria-stabilized zirconia (YSZ)
ccepted 26 April 2010
vailable online 8 June 2010

eywords:
irect carbon fuel cell
ubular cell

tube of 1.5 mm thickness. The effect of using different sizes of graphite powder (in the range 0–180 �m)
as fuel is analyzed. Power density and actual open-circuit voltage (OCV) values are measured as the
temperature is varied from 0 to 950 ◦C. The cell provides a maximum power density of 16.8 mW cm−2

and an OCV of 1.115 V at the highest temperature condition (950 ◦C) tested in this study.
© 2010 Elsevier B.V. All rights reserved.
raphite
lean coal technology

. Introduction

As an energy resource, carbon-loaded coal has many advantages.
oal is not only the most abundant fossil fuel in the world but

s also well distributed world-wide. Furthermore, its reserves-to-
roduction ratio stands at about 122 years compared with about
2 years for oil and about 60.4 years for natural gas. Coal is also less
xpensive than the other resources [1]. Nowadays, most power-
lants produce electricity by firing coal. The use of coal, however,
aises some problems such as low-efficiency of the heat addition
rocess and emission of pollutants. Therefore, it is necessary to
evelop clean coal technologies.

Several researchers have developed high-temperature fuel cells
uelled by carbonaceous materials such as coal and biomass [2–5]. A
irect carbon fuel cell (DCFC) is one such device that converts chem-

cal energy into electrical energy via an electrochemical process.
he advantage of a DCFC with regard to efficiency is derived from
he carbon-oxygen reaction (C + O2 → CO2), where complete oxi-

ation of carbon to gaseous carbon dioxide (CO2) is accomplished
ith almost no entropy change; this implies that the theoretical

fficiency is close to 100% [6–10]. Therefore, the DCFC is potentially
ne of the most efficient fuel cells under reversible conditions.
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DCFCs can generally operate at high temperatures
(650–1000 ◦C) and this offers advantages such as high energy
conversion efficiency and the possibility of recycling the exhaust
gas for other applications. There are, however, certain disadvan-
tages such as thermal fatigue and stress of the cell materials, as well
as sealing under a high temperature [11,12]. Thus, it is important
that DCFCs are operated at high temperatures but within a narrow
design range.

Efforts in developing DCFC technology have a long history
[7,13–15] since the first attempt in 1896 by the American engi-
neer William W. Jacques, who used a cell consisting of a steel
pot filled with a molten hydroxide electrolyte at a temperature of
400–500 ◦C. Since then, molten hydroxide or molten carbonate has
been employed as the electrolyte for most DCFCs [15–17]. In such
a system, however, there exist problems of electrolyte degradation
and the risk of leakage of the liquid.

Recently, DCFCs with solid oxide electrolytes have been devel-
oped since these offer simple systems as well as more fuel flexibility
[17,18]. Furthermore, tubular fuel cells have more advantages over
planar (or button) designs such as an ease in sealing and endurance
to thermal stress caused by rapid heating to high temperatures. The
present study combines these benefits with the known advantages
of using a tubular solid oxide electrolyte for hydrogen applications.

The study proposes a tubular DCFC single cell with a solid oxide

electrolyte and measures its performance when pure graphite is
experimentally evaluated as the carbon source as the operating
temperature is varied from 650 to 950 ◦C. The results are described
by fundamental mechanisms of fuel cells that involve activation,
ohmic and fuel concentration, or transport loss. In addition, the
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of tubular DCFC system.
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Table 1
Elemental specifications of graphite sample.
Fig. 1. Schematic

nfluence of particle size and feeding conditions on cell perfor-
ance is thoroughly examined.

. Experimental

A schematic of the experimental setup of the tubular DCFC sys-
em is given in Fig. 1. The single cell consists of a yttria-stabilized
irconia (YSZ) electrolyte tube, and an anode and a cathode each of
orous platinum (Pt). The length, outside diameter and thickness
f the YSZ electrolyte tube are 300, 10, and 1.5 mm, respectively,
nd the reaction area of the cell is limited to about 1.57 cm2.
he single cell has a fixed-bed configuration of carbon physically
etached from the anode surface and is heated electrically at 5 ◦C
er minute to the desired operating temperature by means of an
lectric furnace with a maximum temperature of 1000 ◦C. The inner
emperature of the cell is monitored by a thermocouple embedded
t the edge of the tubular cell.

Argon gas (purity 99.999 vol.%) at a flow rate of 400 standard
ubic centimeters per minute (sccm) was introduced from the top
nlet on the anode side to push out product gases such as CO2
nd carbon monoxide (CO) through the gas outlet tube. At certain
ositions from the outlet, a gas analyzer was used to measure the
oncentrations of the product gases, which were then compared

ith theoretical values predicted by a thermodynamic analysis of

he chemical equilibrium. The pressure of the cell was measured by
pressure gauge since the relative amounts of flue gas composition
re important for determining the rate-controlling reaction among
he anode reactions (Section 3.2). Oxygen gas with two different

Fig. 2. SEM images of graphite powder: (a) below
Graphite C H S N

(wt.%) 99.12 0.81 0.06 0.00

oxygen fractions at a flow rate of 400 sccm was introduced through
the inner channel on the cathode side of the tubular cell where
oxygen content is consumed on the cathode layer by the electro-
chemical reaction. Oxygen gas flows regulated controlled by mass
flow controllers.

Particle sizes of graphite powder considered as fuel were in
three groups with ranges of 0–32, 90–150, and 150–180 �m. Scan-
ning electron microscope (SEM) images of the graphite powder are
shown in Fig. 2 and elemental specifications of the fuel are listed
in Table 1. Wires from the cell are connected to a I–V measure-
ment equipment (Model IT8511, DC Electronic Load), which is used
to measure the cell performance under load that varied from 0 to
100 mA.

3. Results and discussion

3.1. Cathode reaction mechanism
High-temperature fuel cells, such as a DCFC, typically consist
of an oxygen ion electrolyte, electrodes, and electric contacts [19].
The solid electrolyte is coated on both sides with porous electrode
materials [12]. Oxygen is incorporated into the electrolyte on the

32 �m, (b) 90–150 �m, and (c) 150–180 �m.
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Fig. 3. Schematic representation of pos

athode side and then diffuses in the form of ions through the elec-
rolyte layer to react with fuel on the anode side. An understanding
f the surface chemical reaction at the cathode|electrolyte interface
s thus needed to achieve more efficient performance of the cath-
de. In general, the triple-phase boundary (TPB) region, where the
lectrolyte, a gas and an electrode meet, is the appropriate place
here the oxygen reduction takes place [20].

A schematic representation of the possible oxygen reduction
athways is shown in Fig. 3. Parallel and competing bulk and sur-
ace pathways can be observed. One pathway may be dominant
r both pathways may be important, with the overall kinetics of
he reaction determined by the dominant path [21]. Oxygen reduc-
ion involves several mechanisms such as adsorption, dissociation,
urface diffusion, bulk diffusion, and charge transfer.

In the present DCFC fuelled by solid graphite, the cathode layer
s a porous platinum paste and kinetic losses due to bulk diffusion
re reduced by minimizing the cathode layer thickness.

.2. Anode reaction mechanism

In the present DCFC system, YSZ is the solid oxide electrolyte for
he electrochemical oxidation of carbon. A schematic representa-
ion of the anode reaction mechanisms is given in Fig. 4. The anode
eactions are as follows [22,23]:

+ 2O2− → CO2 + 4e− (1)

+ O2− → CO + 2e− (2)

O + O2− → CO2 + 2e− (3)

hese equations indicate that the ideal anode reaction is the
lectrochemical reaction producing CO2 (a four-electron process)
xpressed by Eq. (1), although the formation of CO (a two-electron
rocess) expressed by Eq. (2) may also occur. The generated gaseous
O may react further with oxygen ions at the surface to produce CO2
ia the reaction route given by Eq. (3).

The following Boudouard reaction is a non-electrochemical

arbon reaction, which may lower actual efficiency and the open-
ircuit voltage (OCV) compared with a case where this reaction does
ot occur [7,15]:

+ CO2 → 2CO (4)

Fig. 4. Schematic representation of carb
xygen reduction pathways at cathode.

O2−ions are produced at the cathode via the following reduction
reactions:

O2 + 4e− → 2O2− (5)

O2 + 2e− → O2− (6)

In a subsequent analysis to predict theoretically the maximum
cell voltage, further oxidation of the product CO in the anode given
by Eq. (3) is ignored and the anode reactions depicted expressed
by Eqs. (1) and (2) are thus simplified to a single reaction path-
way. In other words, the two reactions are combined into a single
reaction using the CO2 fraction in the product gas,  , which varies
with temperature and which has been experimentally determined
during the reaction of carbon with oxygen [25]. Under this single
reaction, the OCV values are calculated over a wider temperature
range from the Nernst equation, whose first term involves requires
the change of Gibbs free energy at standard pressure [26]. In the
Nernst equation, a second logarithmic term expressed in terms of
actual pressures of reactants and products is shown to be much
smaller than the first term under normal operating conditions at
which the partial pressure of the oxygen reactant is observed to be
higher than that of the products.

3.3. Effect of temperature and current

The present DCFC uses a solid ceramic electrolyte such as YSZ
and operates at temperatures up to 1000 ◦C. The cell performance
is expected to be very sensitive to the operating temperature since
elevated temperatures assure higher ion conductivity [13,24].

Calculated maximum cell voltage (OCV) values have been com-
pared with experimental values as operating temperatures were
varied from 650 to 950 ◦C, as illustrated in Fig. 5. Both calculated and
experimental OCV values exhibit a gradual increase as the operat-
ing temperature is elevated. The experimental values, however, are
consistently less than the calculated values because of irreversibil-
ities (alternatively known as ‘polarizations’). These differences are

losses (such as activation and fuel crossover loss, ohmic resistance
loss, and mass transport and concentration loss) that indicate how
much the actual fuel cell operation deviates from ideal reversible
conditions [26]. As seen in Fig. 5, the difference between calculated
and experimental values is greatly reduced when the operating

on reaction mechanisms at anode.
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Table 2
Experimental performance values of proposed cell.

Temperature (◦C) 650 700 750 800 850 900 950
Open-circuit voltage (V) 0.983 0.996 1.019 1.047 1.075 1.098 1.115
Maximum power density (mW cm−2) 0.7 1.5 2.6 5.9 9.1 12.0 16.8

Fig. 5. Comparison of calculated and experimental maximum cell voltage (OCV)
values.
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the temperature region below 500 C where electrochemical reac-
ig. 6. Effects of temperature and current on actual cell voltage and power density
sing graphite powder (<32 �m) at oxygen and argon flow rates of 400 sccm.

emperature is elevated. This behaviour is due to minimal activa-
ion polarization at high temperatures indicated by the absence
f sharp fall-off behaviour near zero current. Also, higher oxygen
oncentrations on the cathode side combined with higher temper-
ture can produce an OCV close to the theoretical limit due to a
imilar contribution to the reaction activation process during the
arly stage.

The cell voltage and the power density (Fig. 6) are affected
y temperature and current at oxygen and argon flow rates of
00 sccm when graphite powder below 32 �m is used. Cell volt-
ge and power density are measured as current is increased at
emperatures of 650–950 ◦C at 50 ◦C intervals. Results show that
he cell voltage increases with temperature and linearly decreases

ith an increase in current density at a constant operating tem-
erature. Experimental performance values of the cell with respect
o temperature are listed in Table 2. Elevated temperatures lead to
n increase in both maximum power density and current density.
Fig. 7. Effect of varying graphite powder size (below 32, 90–150, and 150–180 �m)
on maximum cell voltage (OCV).

These results suggest that ohmic resistance loss is dominant during
intermediate current demand, which then decreases with elevated
temperature. The absence of a sharp decrease in the heavy load
(high current) range may indicate that even at the highest temper-
ature (950 ◦C) sufficient amounts of reactant are left and prevent
any mass transport involvement and concentration loss.

The present DCFC uses platinum as the anode which inevitably
limits the OCV to a low current density. Similarly, Gür and Huggins
[27] studied a fuel cell for the direct electrochemical conversion
of carbon and measured and the OCV of about 1.5 V with a cur-
rent density of approx. 33 mA cm−2 at 955 ◦C. Horita et al. [28] used
a fuel cell that comprised a YSZ electrolyte tube and a porous Pt
cathode and reported an OCV of 1.113 and 0.85 V with Ar and CO2,
respectively, flowing through the fixed bed.

3.4. Effect of particle size

Pulverized carbon material is used as fuel for the proposed DCFC.
Thus, it is necessary to investigate the size effect of carbon as it elec-
trochemically reacts with oxygen ions and electrons on the anode
surface.

The effect of three classes of graphite powder size on the OCV
without current imposed is shown in Fig. 7. Cell voltages were mea-
sured when the temperature was increased from 200 to 950 ◦C.
When particle sizes are varied in the ranges of 0–32, 90–150, and
150–180 �m at 950 ◦C, the OCVs are 1.115, 1.088 and 1.056 V,
respectively. As the particle size of the graphite powder becomes
smaller, the performance greatly improves because the anodic
active surface area in contact with, and subsequently reacting with,
the carbon particles expands and activation loss on the surface of
the anode may therefore be reduced [25].

The effect of graphite size on the OCV becomes more prevalent in
◦

tions are kinetically controlled to overcome a reaction-initiating
thermal barrier. This again supports the observation that reactions
with smaller particles lead to reduced activation loss and thus a rel-
atively higher OCV. Increased surface area resulting from smaller
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Fig. 8. Effect of argon gas flow rate on cell voltage and power density at 850 ◦C.
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ig. 9. Effect of oxygen fraction on cell voltage and power density at an oxygen flow
ate of 400 sccm at 850 ◦C.

articles may limit maximum current density due to a higher area
pecific resistance [14], which is not evaluated here.

.5. Effect of particle feeding system

Argon is introduced as a carrier gas to deliver the graphite pow-
er for the entrained bed configuration (not employed here) and
o push away product gases such as CO2 and CO from the reacting
urface, as mentioned above in Section 2.

The effect of the flow rate of carrier gas in the anode channel on
he cell performance at 850 ◦C with oxygen constant at 400 sccm
s shown in Fig. 8. The peak power density of the cell increases by
pprox. 12.6% from 8.09 to 9.11 mW cm−2 as the carrier gas flow
ate increases ten times from 40 to 400 sccm. These results imply
hat the introduction of large amounts of fresh argon minimizes

ass transport losses and improves cell performance by reducing
he concentrations of product gases which suppress anode reac-
ions on the anodic surface [25].

.6. Effect of oxygen flow conditions
Air, which is mainly composed of 78.08 vol.% nitrogen,
0.95 vol.% oxygen, 0.93 vol.% argon, 0.03 vol.% carbon dioxide and
race amount of other gases, is generally used for the operation of
fuel cell. Fuel cells can, however, use only about 21 vol.% oxygen.
herefore, it is useful to measure the cell voltage of the present
Fig. 10. Effect of oxygen flow rate on cell voltage with oxygen content of 98 vol.% at
850 ◦C.

DCFC when the oxygen fraction is varied. The maximum cell volt-
age (OCV) is significantly increased with 98 vol.% oxygen compared
to 21 vol.% oxygen, the effect becomes more prevalent at elevated
temperatures (Fig. 5). This behaviour can be estimated theoretically
from the Nernst equation by considering the sign of second terms,
which include the partial pressure ratios of reaction species [25].

The peak power density of the cell with 98 vol.% oxygen
increases by about 30% when compared with that of 21 vol.% oxy-
gen, as shown in Fig. 9. These observations indicate that greater
availability of transported oxygen ions in the cathode results in
faster oxidation of carbon in the anode [26].

As described in Section 2, oxygen and argon are introduced to
the cathode channel from the bottom inlet and to the anode chan-
nel from the top inlet, respectively. The influence of air flow rate
on cell performance is shown in Fig. 10, where oxygen content and
argon flow rate are held constant at 98 vol.% and 400 sccm, respec-
tively, at 850 ◦C. As seen in Fig. 10, the cell performance does not
increase appreciably even though the oxygen flow rate increases;
this indicates that additional oxygen has no effect when the cathode
is already saturated with oxygen.

4. Conclusions

A mechanically simple fuel cell system fuelled by carbonaceous
graphite powder is fabricated to produce electricity. Experimental
analyses are carried out to evaluate cell performance. The following
results are obtained.

(1) In experimental verification of the cell, a maximum OCV of
1.115 V and a power density of 16.8 mW cm−2 are achieved at
950 ◦C. Raising the operating temperature from 650 to 950 ◦C
significantly improves the cell performance.

(2) Calculated and experimental maximum cell voltage (OCV) val-
ues become identical at high temperature and thereby indicates
a smaller activation loss.

(3) The ohmic loss becomes significant for predicting the actual cell
voltage, particularly when current increases and temperature
decreases.

(4) Performance is improved with smaller graphite particle sizes
because of reduced activation loss.
(5) Increase in the flow rate of carrier gas produces a higher OCV
as well as peak power density probably due to reduced mass
transport loss.

(6) Increase in the oxygen fraction, rather than the oxygen flow
rate has a more significant influence on cell performance due
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