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A new type of high-temperature fuel cell using solid carbon as a fuel, which is called a
direct carbon fuel cell (DCFC), recently attracts scientific and industrial attention due to its
excellent electrochemical efficiency, less production of CO,, and no need of CO, separation.
However, the state-of-the-art technology on the DCFC still stays in an idea developing
stage, mainly because of fuel-related difficulties: a discontinuous fuel supply and a very
limited formation of triple phase boundary. In this study, we focused on how to enhance
the formation of triple phase boundary at the fuel electrode: using a porous Ni anode filled
with carbon particles to enhance the fuel-electrode physical contact and making the
porous anode wettable by ceria coating the anode. We demonstrated for the first time that
the two ideas are quite successful, leading to 700% increase in a maximal power density
and 500% increase in a maximal current density with respect to the standard case.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

Many researches for the DCFCs have been performed in a
way to modify the fuel electrode of the fuel cells using gaseous
fuels for the use of various solid fuels. For example, a cylin-

A direct carbon fuel cell (DCFC) that uses carbon-rich solid
materials as a fuel produces electricity while releasing CO, as
a by-product. Despite this release of CO,, DCFC is more envi-
ronmental friendly than traditional carbon burning technol-
ogies. Due to its highest theoretical efficiency near 100%, DCFC
requires less carbon to produce the same amount of elec-
tricity. Because only CO, is emitted, CO, separation from a flue
gas in a conventional power station is not necessary. Also
used is any form of carbon-containing materials such as car-
bon black, coals, biomass, and even industrial wastes [1]. Its
potential advantages have led to DCFC gaining much more
attention.
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drical carbon rod has been inserted in a molten electrolyte
pool, in an attempt to use as a solid fuel and an anode [2—4].
Though the overall simplicity in design makes it commercially
attractive, there exist a few drawbacks: a surface-limited tri-
ple-phase boundary, discontinuous (manual) refueling, and a
possible oxidative (rather than electrochemical) consumption
of the electrode by dissolved air. Cooper et al. [5—7] in LLNL
developed a tilted DCFC system capable of continual refueling
with the carbonate-carbon slurry flowing down on the anode.
They have also designed a self-feeding cell incorporating
pneumatic refueling and internal pyrolysis of the coal [5].
Though they resolved the issue of continuous fuel supply, the
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electrochemical reaction is constrained on the anode surface.
Besides, Vutetakis et al. developed a test bed consisting of a
gold working electrode in contact with a coal powder-
carbonate slurry, a graphite counter electrode and a gold
reference electrode [8]. Though their design enabled to
monitor various gas species evolving from the electro-
chemical reaction [9—11], their cell also suffered from a very
limited fuel/electrode/electrolyte contact.

Another type of DCFC was developed on the basis of the
solid oxide fuel cell (SOFC). Typical operation temperature of
this system is 800—1000 °C, higher than that of the molten
carbonate (MC)-based DCFC, although there is a strong tech-
nology push to lower the temperature. Note that at such a high
temperature, the carbon fuel is not only reacted electro-
chemically with oxygen ions at the anode
(C + 20 = CO, + 4e") but also gasified into CO through
reverse Boudouard reaction (C + CO, = 2CO) followed by the
electrochemical oxidation of CO (2CO+20%" = 2CO, + 4e").
While the former route requires a direct fuel/electrode/elec-
trolyte contact to be present, the latter does not require so that
carbon fuels can be supplied with fluidized or packed beds or
even be in a small distance from the anode. Despite this facile
fuel supply in this system, it is well known that the CO as an
electrochemical reactant reduces the theoretical efficiency
and fuel utilization as compared to the direct route. Moreover,
the indirect route was not originally aimed in the DCFC sys-
tem, but rather classified to another fuel reforming version of
the SOFC.

Hence, we turned our attention back to the direct route
which becomes more probable at temperatures below 700 °C
where the reverse Boudouard reaction is thermodynamically
inhibited. Overall, it is summarized that the current DCFC
technology utilizing the direct anodic reaction of carbon to
CO, suffers from a discontinuous fuel supply and a limited
formation of triple phase boundary. Owing to the triple-phase
boundary issue associated with its uneasy handling of solid

fuels, the power density of the DCFC is still much lower than
that of gas-fueled MCFC or SOFC, making the relevant re-
searches remain in an idea-developing stage or feasibility test
level. Despite a large number of relevant papers, there are very
few papers attempting to increase the triple phase boundary
in the DCFC anode. To the best of our knowledge, only one
paper [12] reported that a porous cathode was tested to
enhance the cathodic reaction (2CO; + O, +4e™ = 2CO§’).
However the result is not quite satisfactory, reporting a
maximum power density of ~30 mW cm 2 at a current density
of 50 mA cm™2,

Thus, this study was focused on enhancing the triple phase
boundary at the anode of a MC-based DCFC and demon-
strating its effect on the power generation. A porous nickel
anode filled with carbon powder was first tested in compari-
son with a reference case in which carbon powder was put on
top of the electrode. Another porous nickel anode was coated
with ceria in order to make the electrode electrolyte-wettable
and to improve triple phase boundary further. Using a coin-
type DCEC cell, it was demonstrated that these ideas are so
effective that the electrical power of the cell was increased
finally by a factor of seven.

Experimental section

Fig. 1 shows a schematic drawing of a DCFC system for
evaluation of a coin-type unit cell. The coin cell comprised a
porous Ni anode (INCOFOAM®, porosity 97%), a thin-plate NiO
cathode, two sheets of Pt current collectors, and a molten
two-component electrolyte sandwiched with two sheets of
ceramic matrices which electrically insulated the two elec-
trodes. Detail specifications of the components are summa-
rized in Table 1. Three different modifications of the fuel-
anode assembly were considered in a way that investigated
the influences of triple-phase boundary and wettability of the
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Fig. 1 — Schematics of the present direct carbon fuel cell comprising a) ceramic tube, b) matrix, c) electrolyte, d) anode current
collector, €) anode, f) cathode, g) cathode current collector; case 1) putting carbon fuel on top of the porous nickel electrode,
case 2) carbon fueling inside the porous nickel electrode, cases 3) and 4) coating the nickel electrode with CeO, at two

different contents.
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Table 1 — Specifications of components for the coin-type
cell of the DCFC.

Component Specification
Anode Material Ni
Thickness 2.0 mm
Diameter 1.7 cm
Current collector Pt mesh
Cathode Material NiO
Thickness 0.65 mm
Diameter 1.9 cm
Current collector Pt mesh
Matrix Material LiAlO,
Thickness 0.33 mm
Diameter 2.85 cm
Electrolyte Material 38 mol%Li,CO3—

62 mol%K,CO3

electrolyte on the anode. As the first case (Case 1 in Fig. 1), a
commercial powder of carbon black (Alfa; Purity 99.9%) with
70 nm in diameter weighing 0.5 g was simply placed on top of
the porous Ni anode, corresponding to the minimal physical
contact between the fuel and electrode. In Case 2, internal
porous region of the anode was filled with the same amount
of carbon powder to increase such a physical contact as fol-
lows. A 0.5 g of carbon powder was first well dispersed in a
50 ml ethanol with a 1-h ultrasonication. The carbon-ethanol
slurry was pipetted on top of the porous anode and the bot-
tom surface of the anode was vacuumed. It was confirmed
that only pure ethanol was leaked out whereas carbon
powder remained inside the anode. This carbon feeding
process was repeated until the slurry was consumed
completely and then the carbon-containing electrode was
dried at room temperature for 24 h. In Case 3, the same
carbon treatment as in Case 2 was repeated however to a
CeO, coated porous Ni anode. The coating of CeO, was made
in an attempt to improve the electrolyte wettability of the
anode in a way that pumps the molten electrolyte up to the
anode through the matrix. All the components were tightly
fastened in a ceramic tube the both ends of which were
blocked with two circular quartz lids. Alumina tubes of 6 mm
in diameter were connected to the lids for gas supply. The
entire unit cell assembly was kept inside a home-made box
furnace during the performance test.

The temperature of the cell in the furnace was raised to a
working temperature of 700 °C at a rate of 5 °C min'. When
the cell temperature reached 350—400 °C, CO, gas was set to
flow to the anode and the cathode at rates of 65 ml min~* and
50 ml min~?, respectively. The purpose of CO, supply to the
anode was to minimize the evaporation/decomposition loss of
the molten carbonate electrolyte [13,14]. When the cell tem-
perature increased over 650 °C, the CO, gas flow was stopped
at the anode and Ar gas was then supplied at the same flow
rate. At the cathode, a mixture of O, and CO, gas with a vol-
ume ratio of 3—5 was supplied at a rate of 50 ml min~'. Ata
constant temperature of 700 °C, the polarization characteris-
tics of the unit cell in terms of either cell voltage versus cur-
rent or electrical power versus current were recorded with
varying the electrical load, running a Potentiostat/Galvanostat
analyzer (Kikusui, PLAZ4W) with dynamic galvano mode. On
the basis of the cross-sectional area of the electrode, the

power and current densities were calculated from the recor-
ded electrical signals.

A sol—gel method was used for CeO, coating on the anode
as follows. A 25 mg of cerium chloride heptahydrate
(CeCl;-7H,0, Sigma Aldrich) was dissolved in 50 ml ethanol
with addition of a 10 mg of citric acid and then kept stirring at
room temperature for 30 min. The Ce content in the solution
was estimated to be ~0.01 mol%. The porous Ni anode was
then dip-coated in the solution and dried at 60 °C in an oven
for 1 h. As-prepared anode was calcined under Ar flow for
10 min at 500 °C, leading to formation of CeO, coating on the
surface, which was labeled as Case 3. Scanning electron mi-
croscopy (SEM; S-4800, Hitach, 10 kV) equipped with energy
dispersive spectrometer (EDS) was used to explore the
microstructural dispersion of the CeO, coating on the porous
Ni anode.

Though measuring contact angle of a solvent drop on a
substrate is a well known technology to determine a solvent
affinity of the substrate, it is almost impossible to form a
distinct hemispherical droplet on a porous substrate. Thus, a
Ni flat plate was alternatively used for the measurement of the
contact angle as follows. A scoop of pristine electrolyte pow-
ders, weighing 95 mg, was put on a flat surface of Ni plate and
then heated at 520 °C in a tube furnace (w/30 cm-long hot
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Fig. 2 — SEM images of a) bare porous nickel anode and b)
the same anode filled with carbon particles.
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zone) in Ar atmosphere until the scooped electrolyte was
completely melted to form a hemispherical shape. Then the
furnace was quenched by flowing air at 50 1 pm. As-received
hemispherical electrolyte solid on top of the Ni plate was
imaged to measure the contact angle between electrolyte and
Ni plate using a contact angle analyzer (Phoenix 300, Kr).

Results and discussion

As shown in Fig. 2(a), the porous Ni anode used in this study
exhibits three-dimensional porous structure with internal
pores of ~120 um, looking like being woven of ~60 pm Ni wires.
Carbon feeding process corresponding to Case 2 was per-
formed inside the porous Ni anode. Fig. 2(b) shows a resultant
internal structure of the anode in which carbon black powder
were evenly dispersed on the surface of the anode. As such,
the physical contact between the anode and fuels becomes
quite certainly enhanced with respect to Case 1 in Fig. 1.
However, as aforementioned in Chap. 2, there is another
hurdle to overcome: insufficient electrolyte supply to the fuel-
anode contact resulting from the non-wetting nature of the Ni
anode and/or pyrolytic loss of the molten electrolyte at high
temperature [15—17].

To meet this challenge, the ceria coating was made on the
porous Ni anode according to Case 3 and its SEM image was
shown in Fig. 3(a). As compared to Fig. 2(a) showing the bare Ni
electrode with smoother surface, a lot of white polygonal
fragments are newly formed on the electrode, probably

0.01mol%

resulting from the ceria coating. A part of white coating frag-
ments marked with a circle in Fig. 3(a) was chemically
analyzed using EDS elemental mapping and the result is
shown in Fig. 3(al). Blue, green, and red dots represent cerium,
oxygen, and nickel, respectively. It is no doubt that the white
polygonal fragments are CeO, coatings while the surround-
ings are mainly metallic Ni electrode containing fewer tiny
CeO, dots. For comparison, the Ce content in the solution was
increased by a factor of 10, i.e., to ~0.1 mol % and then sub-
jected to the same treatment for ceria coating. This is referred
to as Case 4. Fig. 3(b and b1) show that thicker and wider CeO,
coating layers are distinctively produced.

Next is to investigate the nature of electrolyte-electrode
affinity and the effect of ceria coating on it. Fig. 4(a) shows a
hemispherical part of molten carbonate resting on top of a flat
plate of nickel, measuring a contact angle of 101.5°. As ex-
pected, the carbonate electrolyte is mostly non-wetting the Ni
electrode. However, a small amount of CeO, coating generates
a dramatic change in the electrolyte affinity as seen in Fig. 4(b):
the droplet of molten electrolyte spreads almost completely,
resulting in a contact angle of 29.5°. Denser coating of CeO, in
Case 4 further decreases the contact angle to 20.4°, suggesting
that the ceria coating progressively improve the electrolyte
affinity of Ni anode. It might be concluded that the present
approaches corresponding to Case 2 & Case 3 help to realize
the conceptual increase of triple phase boundary.

Of particular interest is to explore any difference in elec-
trochemical power generation of Cases 1—4 in a quantitative
manner. The cell performance of each case was measured in

Fig. 3 — Microstructures of the porous nickel electrode coated with CeO,; a) at a low concentration and b) at a high
concentration; colored images of al) and b1) are elemental mapping results corresponding to a) and b), respectively; blue,
green, and red dots represent Ce, O, and Ni, respectively. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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(a) Average: 101.5°

(b) Average: 29.5°
Case 3

(c) Average: 20.4°
Case4

Fig. 4 — Contact angle of a hemispherical molten electrolyte
on a) a bare nickel plate and a nickel plate coated with CeO,
b) at a low concentration and c) at a high concentration.

terms of electrical voltage and power density as a function of
current density as seen in Fig. 5(a and b), respectively. In all
cases, open circuit voltage (OCV) of the cell varied from 1.01V
to 1.06 V, almost invariant from a theoretical value® of 1.02 V
corresponding to the net reaction of C + O, = CO,, suggesting
that other gaseous reactants such as CO that can increase the
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Fig. 5 — Comparisons of the electrochemical performances
of the DCFC cells among Cases 1—4; a) electrical voltage
versus current density and b) power density versus current
density.

OCV did not participate in the reaction especially at the lower
current limit. As the current density increased in Case 1, the
cell voltage decreased rapidly and almost linearly as if over-
whelmed by activation overpotential. When the fuel-electrode
contact was improved as in Case 2, however, the polarization
curve comprised a nonlinear activation overpotential below
the current density of ~30 mA cm ™2 and a successive pseudo-
linear ohmic overpotential or IR-loss up to ~100 mA cm~2. This
behavior becomes more pronounced in Case 3. In Case 4, the
polarization characteristics returned to Case 1. Note that only
anode was modified while other components were not
changed. It is thus natural to conjecture that the difference in
the polarization curves arises from the modification of the
anode. By comparison with Case 2, the rapid voltage drop in
Case 1 is attributed to poor activity of the anode which could
be improved by increasing physical contact area of fuel and
anode. Easy access to the molten electrolyte inside the anode
in Case 3 could further improve the anodic activation over-
potential and the ohmic loss as well.

In Fig. 5(b), the maximal power density of Case 1 is only
12 mW cm™? at a current density of 20 mA cm 2 Anode
treatment in Case 2 results in 500% increase in the maximal
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power density as well as 400% increase in the maximal current
density. This result clarifies the primary role of the fuel-
electrode contact in the power generation: the carbon con-
sumes mainly by the direct electrochemical reaction at the
anode (C + 2C03~ = 2CO, + 4e™), not by the indirect pathway
(C + CO, = 2CO; CO + CO5™ = 2CO, + 2e7) where the carbon-
anode contact is not necessarily required. Regarding that the
reactant CO3~ ions in the anodic reaction are transferred only
through the ion-conducting electrolyte, it is natural to ascribe
the further increase of power density (from Case 2 to Case 3) in
Fig. 5(b) to as-aforementioned easy access of carbon to molten
carbonate, that is, the better triple phase boundary. It is worth
noting that the maximal power density reaches ~70 mW cm 2
at~130 mA cm~2 and the maximal value of the current density
seemingly exceeds 250 mA cm~2, which is comparable to the
world best in DCFC system operating below 700 °C [1]. It is of
another interest to observe that the power generation is
significantly downgraded upon greater coating of CeO, (from
Case 3 to Case 4): the maximum power density is only
~20 mW cm~2. A possible explanation came from the fact that
most metal oxides are not good conductors for ions and
electrons. In other words, too much coating of ceria, despite
its further improvement of electrolyte affinity, likely hinders a
direct contact of carbon with the electrode, leading to an in-
crease in internal resistance and thereby a big loss in the
power generation. This again supports that the present DCFC
system works mainly through the direct route of carbon and
indicates the significance of the triple phase boundary at least
under the present condition. Back in Fig. 5(a), the anodic
activation overpotential of ~0.35 V is comparable to ~0.4 V of
SARA's MARK II-D DCFC cell working at 630 °C [18], however
larger than those of other DCFC working at higher tempera-
tures of 800—930 °C [6,19—21]. Since CO resulting from carbon
above 700 °C can reduce the anodic overpotential due to its
higher mobility and electrochemical reactivity as compared to
carbon, the relatively large value of anodic overpotential in
Case 3 implies again that the carbon mainly reacts with the
aforementioned direct route in the present condition.

Now, it might be concluded that the fuel-electrode contact
is of the greatest significance in determining the cell perfor-
mance of the DCFC, whereas the electrolyte wettability of the
electrode is likely secondary. This is understood because the
500% increase in the power density was achieved only by
enhancing the contact whereas the optimal CeO, coating
leads to the 40% additional increase. Despite the limited
contribution of CeO, coating, it is of great interest to further
study the role of the CeO,. The CeO, coating may interact with
Ni supports at high temperature, similar to a strong metal
support interaction in heterogeneous catalysts, as described
by CeO, + Ni — CeO + NiO. This oxygen exchange interaction
can commence another electrochemical reaction of
CeO + CO%~ — CeO, + CO, + 2e". Since the second reaction
producing electricity is restricted by the availability of CeO, an
additional experiment has been performed as follows to es-
timate the extent of the first reaction and relative contribution
of the second reaction. A commercial powder of CeO, (Aldrich)
was well mixed with Ni powder with a weight ratio of 1:1 and
then compressed to a pellet. The pellet was then heat-treated
at the same condition as in the present DCFC experiment:
heating at 700 'C for an hour in a tube furnace, flowing Ar gas.

The mixture sample of CeO, and Ni, before and after the heat
treatment, was characterized with X-ray diffraction (XRD; D/
Max-2004, Rigaku) and X-ray photoelectron spectroscopy
(XPS; ESCALAB 250 XPS spectrometer).

The XRD measurement was performed by scanning the
angle of 24 in a range of 20°~90° with 4°min~?, while irradi-
ating Cu Ko X-ray (30 kV, 40 mA, 0.15218 nm). Fig. 6 shows XRD
profiles of the CeO,—Ni powder mixture before and after the
heat treatment. The pristine sample before the heat treat-
ment, as expected, consists of the CeO, and Ni only. After the
heating at 700 °C, little peaks of NiO newly appear. For an hour
heating (operation of DCFC), the content of NiO increases up to
7% together with almost invariant peaks of CeO, and Ni,
suggesting that the NiO is apparently not the product of the
CeO,—Ni interaction. There is indeed an alternative route to
the NiO not involving CeO,: since most metals are often
covered with thin amorphous oxide (or hydroxide) layers [22],
the high-temperature heating of the sample can transform
the amorphous part into the crystalline layer.

In order to test this inference, surface species of CeO, and
Ni were investigated by XPS upon irradiating Al Ka X-ray with
aresolution of 0.45 eV. Ni 2p XPS spectra in Fig. 7(a) show that
there is a distinct difference in a range of 850—865 eV before
and after the heating. Before the heating, the first peak at
853.0 eV is assigned to Ni*" state in an amorphous NiO [23]
whereas the second peak at 856.3 eV is assigned to that of
Ni(OH), [24]. After the heating, the amorphous NiO peak dis-
appears or turns into a huge peak at 855.3 eV representing the
crystalline NiO [25]. In addition, Ce XPS spectra in Fig. 7(b)
show that nothing happens in surface states of CeO, contrary
to the CeO,—Ni interaction. These observations indicate that
the CeO, does not undergo any (electro)chemical reactions.
Furthermore, net reaction of the ceria-involved two step re-
actions is Ni + CO5~ — NiO + CO, + 2e. This reaction, if
happens, keeps (electrochemically) oxidizing the Ni to NiO,
just like consuming carbon fuels. Since the Ni is also an
electrode, the NiO should be regenerated to Ni for continuing
the electricity production. However the NiO regeneration does
not occur at 700 °C in the absence of strong reducing gas such
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Fig. 6 — Comparisons of XRD profiles of CeO,—Ni powder
mixture before and after heating at the same condition as
the current DCFC operation: at 700 °C for 1 h in Ar flow.


http://dx.doi.org/10.1016/j.ijhydene.2014.08.028
http://dx.doi.org/10.1016/j.ijhydene.2014.08.028

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 39 (2014) 17314—17321

17320
T T
(a) Ni XPS peak
Ni**
= .': \ '\ﬁ‘lz after heating
‘® H I\| ’l‘. . A
_.03 - :‘ S |“ NiZ* -'1 ‘|‘ B
£ ,'I “n. .'."n n’" \
o ‘e, ! “l: .-‘" ‘\
baw® . . “”‘, AL u."._n
Ni™* Ni(OH): before heating |
Ni(OH)2 N2
| | | | | | | —
850 855 860 865 870 875 880 885 890
Binding energy / eV
T
(b) Ce XPS peak
Ce‘“ 4+
" Ce
i A after heating
| ; ' i a ce* |
N 1V A
> :‘ Y + H \ ’ I|
R . Y B
qC) x "‘"‘J\, ,’ "N, F Y
E S Yot Ny
= M an L SR
L ce™ ce" R
before heating
Ce4+
Ce4+
880 890 900 910 920 930

Binding energy / eV
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as hydrogen [26]. Overall, all of these results seem to conclude
that CeO,—Ni interaction does not likely occur at least at the
current operating condition of the DCFC.

Conclusions

In this work, we proposed a simple idea to enhance the triple
phase boundary formation at the fuel electrode of the DCFC
and demonstrated for the first time that the physical contact
between the solid fuel and electrode plays a key role in the
power generation, unlike in the conventional gas-fueled fuel
cells. Firstly, a porous Ni anode filled with carbon particles
was tested in comparison with the standard case in which
carbon powder was put on top of the same anode. Enhancing
the physical contact between the fuel and electrode was found
to be very effective, leading to a five-fold increase in maximal
power density and a four-fold increase in maximal current
density. Secondly, the non-wetting Ni anode was coated with
CeO, in an attempt to attract the molten carbonate electrolyte

toward the anode. This approach could enhance the cell per-
formance further by as much as ~40%, up to a maximal power
density of ~70 mW cm 2 and a maximal current density
exceeding ~250 mA cm~2. Too much coating of ceria, despite
its further improvement of electrolyte affinity, likely hindered
such a direct contact of carbon with the electrode, leading to
an increase in internal resistance and thereby a significant
loss in the power generation.
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