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ABSTRACT

This study improved the physical contact between anode and fuel in a direct carbon fuel cell (DCFC) by
directly generating carbon in a porous Ni anode through thermal decomposition of three kinds of hy-
drocarbons (CH4, CoHg, C3Hg). From electron microscope observations of the carbon particles generated
from each hydrocarbon, carbon spheres (CS), carbon nanotubes (CNT) and carbon nanofibers (CNF) were
identified with increasing carbon number. Raman scattering analysis was performed to determine the
crystallinity of the carbon samples. As a result, the carbon samples (CS, CNT, and CNF) produced from
CHy4, CoHg and C3Hg were found to be less crystalline and more flexible with increasing the carbon
number. DCFC performance was measured at 700 °C for the anode fueled with the same mass of the
carbon sample. It was found that the 1-dimensional CNT and CNF were more active to produce 148% and
210% times higher power density than the CS. The difference was partly attributed to the finding that the
less-crystalline CNT and CNF had much lower charge transfer resistances than the CS. A lifetime test
found that the CNT and CNF, which are capable of transporting electrons for much longer periods,
maintained the power density much longer, as compared to the CS which can lose their point contacts
between the particles shortly at high current density.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

would be a possible reason why the power density of DCFCs tends
to be far lower than that of hydrogen-used fuel cells. Moreover,

A direct carbon fuel cell (DCFC) does not require CO, separation
as it only releases CO, [1,2]; such a cell also offers advantages in
terms of fuel diversity and efficiency due to its ability to use various
carbon solids as fuel [1—7]. DCFCs have thus gained the interest of
researchers and users around the world. However, unlike gaseous
fuel, which is known for being highly diffusible, solid fuels have
essentially very limited contacts with anode and electrolyte. This
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long-term operation with continuous or at least piecewise contin-
uous refueling has not been achieved, and research is being actively
conducted on the basis of button cells. Instead of utilizing the ad-
vantages of solid fuel, researchers have begun to work on modifying
solid fuel to CO through various gasification methods such as the
reverse Boudouard reaction (C + CO, = 2CO) [8—12], a catalytic
reaction of C with molten carbonate [13,14] or hydrocarbon
decomposition [ 15—19]. Since such approaches lead to simply other
versions of gas-fueled molten carbonate fuel cells (MCFC) or solid
oxide fuel cells (SOFC), we have turned our attention back to
developing a practical way to solve the technical challenges of
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DCFCs: the limited triple phase boundary (TPB) and discontinuous
refueling.

As for the issue of limited TPB, there have been a few previous
reports proposing new ideas to overcome this problem. For
example, some researchers [11,15,20] mixed carbon powder for a
fuel, Ni or NiO powder for an anode, and YSZ or SDC powder for a
solid electrolyte, and formed a plate-type C-fueled anode in at-
tempts to increase the TPB. Despite the enhanced TPB and high
working temperatures (700—900 °C), which might accelerate the
electrochemical reaction kinetics, the power density was still less
than 110 mW/cm?. More recently, we made an attempt to increase
the TPB by filling the inside of a porous Ni anode with carbon
powders and coating the anode with a ceria to enhance the
wettability. As a result, the power density of the new button cell
was increased by a factor of 7 as compared to the case of a flat
interface between fuel and electrode [21]. It should be noted that
the dramatic increase of the performance was obtained even below
700 °C, at which temperatures the reverse Boudouard reaction is
thermodynamically minimized. Thus we believe that the promising
result was mainly attributable to the enhanced TPB.

As for the issue of discontinuous refueling, which limits long-
term operation of DCFC, Lim et al. [9] succeeded in running DCFC
for 200 h using CO generated from the reverse Boudouard reaction
at 750 °C. However, it is noted that fuel reforming from the Bou-
douard reaction is only possible at temperatures higher than
700 °C. In addition to the problem of fuel supply, extensive research
is being conducted on lowering the operating temperature of SO- or
MC-based DCFCs [22]. In summary, there is no practical method
that will support the expansion of TPB at lower temperatures and
the continuous refueling as well. Among various methods, hydro-
carbon decomposition comes close to meeting the aforementioned
requirements.

Thermal decomposition or catalytic decomposition of hydro-
carbon, together with the typical steam reforming process, has
been widely studied to create syngas of H, & CO [23,24]. On the
other hand, there have been a few interesting attempts to utilize
methane gas as a carbon source for DCFCs through the decompo-
sition of the gas in the absence of any oxygen source. For example,
Li et al. [19] produced carbon nanofiber (CNF) through thermal
decomposition of CH4 at 500—700 °C for 35—75 h. The CNF fuels
were then floated in a pool of molten carbonate in which a rod-
shaped Au anode was installed. The power density, when
measured at 800 °C, was 45 mW/cm? even for an unrealistically
long fueling time. [hara et al. supplied methane (CH4) [16,17] and
propane (C3Hg) [18] to a Ni-GDC (gadolinium-doped ceria) porous
cermet anode maintaining at 900 °C, to stimulate thermal
decomposition. Gaseous residuals such as CH4 and Hy, generated
from the 5—360 min of thermal decomposition, were removed with
carrier gas (argon), and only solid carbon formed between the
building components of the anode was used as a fuel. A maximum
power density of 80 mW/cm? was achieved as a result. Likewise, Li
et al. [15] inserted methane (CHy4) gas into a Ni-YSZ cermet anode,
maintained at 800 "C, to produce carbon in pores between anode
particles. Next, SO-DCFC was activated based on carbon alone after
removing gaseous products from the methane decomposition. A
maximum power density was again 80 mW/cm?. It is noted that the
solid fuel tends to be unstable as the reverse Boudouard reaction is
dominant at their operating temperature of 800—900 °C, resulting
in low fuel utilization. Thus, the operating time ended up shortly;
power density decreased 50% within 20 min.

In the present study, we directly produced carbon in a porous Ni
anode through thermal decomposition of three different hydro-
carbons (CHy, CoHg, C3Hg) at lower temperatures for 30 min, in an
attempt to improve physical contact between the electrode and
fuel. The carbon particles, generated from each hydrocarbon, were

characterized in terms of the morphology and crystallinity using
electron microscope and Raman spectroscopy. An MC-DCFC system
was developed for the three different anodes fueled with the same
mass of carbon; the performance was assessed at 700 °C. Longer
chains of hydrocarbon are preferred for reducing the decomposi-
tion temperatures and producing more active carbon fuels. Possible
cause will be discussed.

2. Experimental section
2.1. Sample preparation

Fig. 1 shows an experimental setup used for carbon formation in
a porous Ni anode through hydrocarbon decomposition. A 6 cm-
long 1.8 cm-thick cylindrical porous Ni foam (with a pore size of
50—75 pm) to be used as an anode was installed inside a quartz
tube (80 cm x 1.85 cm). The quartz tube was placed in the middle of
a hot-wall tube furnace (w/30 cm-long hot zone) and heated
constantly at a certain temperature in a range of 500—900 °C.
Methane (CH4), ethane (C;Hg) and propane (C3Hg), with different
carbon numbers among alkane hydrocarbons, were chosen as a
carbon precursor. A gaseous hydrocarbon among them flowed
alone through the hot porous Ni foam, at a rate of 55 ml/min,
leading to carbon formation in between metal networks of the Ni
foam. Thus, we believe that the carbon fuel makes good physical
contact with Ni network. The amount of carbon formed was quite
easy to control, simply by varying the furnace temperature or time
period of hydrocarbon decomposition. Each hydrocarbon flow
lasted constantly for 30 min, unless otherwise noted.

The Ni foam containing carbon samples generated from the
hydrocarbons was cut into slices and the carbon morphology in the
slice was investigated with a scanning electron microscopy (SEM;
S-4800, Hitachi, 10 kV). The carbon particles were brushed from the
Ni foam and then dispersed in ethanol with an ultrasonicator. A few
drops of the carbon—ethanol suspension were dropped onto a TEM
grid by using a micropipette, and then dried at room temperature.
Detail microstructure of the carbon particles were observed with a
high-resolution transmission electron microscopy (HRTEM; JEOL
2100F, 200 kV). In addition, the crystallinity of the carbon particles
was analyzed by Raman spectroscopy (inVia Raman microscope,
Renishaw) using a 514 nm Ar laser light, and X-ray diffraction (XRD,
D/max 2400, Rigaku). More details of characterization experiments
are available elsewhere [25,26].
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Fig. 1. A schematic diagram for carbon formation in a porous Ni anode through hy-
drocarbon decomposition.
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2.2. DCFC system

Electrochemical oxidation characteristics of the carbon formed
inside the porous Ni anode were measured in a three-electrode
electrochemical cell, as shown in Fig. 2. The carbon (C)-contain-
ing cylindrical Ni anode was used as a working electrode (WE), after
being spot-welded to a flat plate-type silver current collector
(6 cm-high x 0.4 cm-thick). The counter electrode (CE) and refer-
ence electrode (RE) were made from a silver sheet (with 3.2 cm?
surface area) spot-welded to a silver wire; the silver parts were
each sheathed in a 12 mm diameter closed-bottom alumina tube. A
1.0 mm hole at the bottom of the alumina sheath allowed contact
through the liquid electrolyte between the CE, RE and WE. For the
electrolyte, after mixing Li;CO3; and K;CO3 in a mole ratio of 62:38,
350 g of the mixture was placed in an alumina container and
melted at 700 °C. Thus, the C-containing WE was wetted in contact
with the molten carbonate, resulting in a significant enhancement
of the triple phase boundaries. It should be noted that the outer
surface area (33.9 cm?) of the cylindrical anode was used as a
reference area for estimating the power and current density.

To remove residual oxygen in the system before carrying out the
experiment, 50 ml/min of carbon dioxide was supplied to the CE
and the RE, while heating the system to reach the operating tem-
perature of 700 "C. When the operating temperature was attained,
CO; and O, were mixed in a mole ratio of 2:1, and supplied to the CE
and the RE at a flow rate of 99 ml/min. During the experiment,
argon gas was supplied at 200 ml/min to the WE to purge the
system of residual oxygen and CO,. The I-V characteristics of the
DCFC system were measured using an SP-150 Potentiostat/Galva-
nostat analyzer (Neoscience, Korea) with a scan rate of 1 mV/s. The
electrical potential (V) as measured using the equipment indicates
the voltage difference between the WE and the RE while the cur-
rent is monitored from the WE to the CE. The power density was
obtained simply by multiplying the current density (e. g. the cur-
rent divided by outer surface area of the cylindrical anode) by the
electrical potential at the current density. In order to figure the [-V
characteristics out further, an electrochemical impedance spec-
troscopy (EIS) was measured with a SP-150 analyzer over the fre-
quency between 0.6 Hz and 80 kHz.
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Fig. 2. A schematic diagram of the three-electrode DCFC system.

3. Results and discussion

Fig. 3 shows the relative amount of carbon (Am/mg) produced
from thermal decomposition of the three hydrocarbons as a func-
tion of temperature; Am denotes the mass increase of the Ni anode
during the 30-min decomposition experiment and mg is an initial
mass of the anode. The bar in Fig. 3 represents standard deviation of
the relative carbon mass from three repeated experiments. As a
result, CH4 begins to decompose to produce carbon at 700 °C and
the carbon production is noticeably accelerated at temperatures
above 800 °C. Higher carbon number hydrocarbons turn out to
produce carbon at lower temperatures. For example, 20% of carbon
is produced from C3Hg at ~550 °C, far lower than 900 °C for CHa.
This result seems consistent with a previous report [27] in which
alkane hydrocarbons become more reactive with increasing carbon
number, lowering the decomposition temperature. The accelerated
carbon formation might be attributed to weaker C—H bonding
levels of 414 kJ/mol and 402.2 k]/mol for C;Hg and CsHg, respec-
tively, as compared to the bonding level of CH,4 of 440 kJ/mol [28].

Fig. 4 shows SEM images of carbon particles produced from the
three kinds of hydrocarbons at different temperatures;
Fig. 4(a1)—(a3) show carbon particles obtained from CH4 decom-
position at 700—900 °C, whereas Fig. 4(b1)—(b3) denote the case of
CyHg at 600—800 °C and Fig. 4(c1)—(c3) denote the case of CsHg at
500—700 °C. As shown in Fig. 4(a1), CH4 begins to decompose at
700 °C into a small quantity of carbon spheres (CS) with an average
size of 72 + 0.2 nm. In Fig. 4(a2) it can be seen that, following
thermal decomposition at 800 °C, 285 + 21 nm CS were well-
dispersed with a higher population on the porous Ni anode sur-
face. At 900 °C, slightly smaller CS of 162 + 37 nm were produced, as
shown in Fig. 4(a3), in a greater number compared to the sample
obtained at 800 °C. As can be seen from Fig. 3, with the increased
thermal decomposition of hydrocarbons, the CS were believed to
form by homogeneous nucleation followed by coagulation or
random condensation on the surface rather than by site-specific
one-dimensional growth on the Ni surface [29].

Unlike the case of CH4, C;Hg produced 1-dimensional carbon
nanowires with diameters of 32 + 0.8 nm and 28 + 1.1 nm at 600
and 700 °C (see Fig. 4(b1) and (b2)), respectively. Interestingly, at
800 °C, carbon particles turn back to spherical particles (see
Fig. 4(b3)). This morphology change is quite consistent with the
observation of Kim et al. [30]; when carbon formation was highly
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Fig. 3. Relative carbon mass formed inside a porous Ni anode through thermal

decomposition of various hydrocarbons at different temperatures; the error bars
represent standard deviations from the three repeated experiments.
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Fig. 4. SEM images of carbon samples produced from various hydrocarbons at different temperatures (stated in Fig. 3); (al, a3) represents 700—900 °C for CHy; (b1, b3) denotes

600—800 °C for CHg; (c1, c3) does 500—700 °C for C3Hg, respectively.

accelerated at high temperatures of 800—900 °C, the carbon par-
ticles tended to be amorphous or less crystallized and seemingly
transformed into spherical shapes.

In a range of 500—700 °C of this study, only wire-like carbon
particles were generated from CsHg; the amount of carbon
increased with temperature as seen in Fig. 3. In Fig. 4(c1)—(c3), the
wire diameter decreases significantly from 101 + 0.5 nm, through
64 + 2.2 nm to 24 + 3.4 nm. As temperature increases in the range,
the Ni surface could become more active to provide more sites
allowing for 1-D growth of the wires. Provided that this tempera-
ture increase does not activate homogeneous nucleation [31,32],
simultaneous formation of wires at elevated temperatures will
make the wires thinner.

To determine the microstructure of the aforementioned wire-
like carbons, HR-TEM was performed for the samples of C;Hg at
700 °C and C3Hg at 600 °C; the results are given in Fig. 5. Fig. 5(al)
shows that the 1-D nanowires shown in Fig. 4(b2) are indeed multi-
walled carbon nanotubes (CNT) with outer diameter of ~30 nm. In
Fig. 5(a2), the CNT wall was magnified 50 times and lattice fringe is

in parallel with the wire axis. The lattice spacing was measured to
be 0.344 nm, which is in good agreement with the lattice spacing of
CNT reported by Ke et al. [33]. Fig. 5(b1) and 5(b2) show the
morphology of wire-like carbons created from the condition shown
in Fig. 4(c2). Fig. 5(b1) shows that the carbon wires appear to be
covered with a layer as thick as 20—35 nm, which reminds of a kind
of thicker carbon nanotubes. It should be noted, however, that
seemingly solid-filled carbon wires coexisted even with a larger
population than the hollow carbon wires. For reference, TEM image
of the solid-filled carbon wires is shown in Fig. S1 of Supplementary
data. How can we name the particles in Fig. 5(b1) and Fig. S1;
carbon nanofibers or still nanotubes?

Many articles describe the difference between the carbon
nanofibers (CNF) and carbon nanotubes (CNT) though they often
look similar: 1) the diameter of CNT ranges from 10 to 30 nm while
the CNF comes with diameters of 70—120 nm [34], 2) In CNT, gra-
phene layers are wrapped as hollow cylinders whereas in CNF the
graphene layers can be arranged as stacked cones, cups or plates
often with an angle to the fiber axis [35], 3) CNF is considerably less
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Fig. 5. HR-TEM images of (a1) CNT and (b1) CNF produced from C,Hg and C3Hg; (a2) and (b2) are 50 times magnified from the images of (a1) and (b1), respectively.

crystallized than CNT [36]. Considering the size issue, the particles
in Fig. 5(al) are closer to the CNT whereas Fig. 5(b1) shows more
likely the CNF. As for the second issue, there are several defected
cracks (marked with arrows in the outer layer) that are perpen-
dicular to the fiber axis in Fig. 5(b1). Similarly, inset of Fig. S1 de-
notes that carbon lattice fringe is aligned with a certain angle with
respect to the fiber axis, which is another sign of CNF, in contrast to
the parallel fringe in Fig. 5(a2). Overall, the particles in Fig. 5(b1)
were conclusively named as CNF, being discriminated from the CNT
in Fig. 5(al).

The structural hardness or flexibility is related to the crystal-
linity of a solid; for example, amorphous solids can be more easily
modified as they have greater flexibility compared to crystals [37].
Fig. 6 shows the results of Raman spectroscopy performed on the
three carbon structures. Two Raman peaks were observed around
1350 cm~! and 1583 cm™! for all three samples. Both peaks are
consistent with the well-known D and G band peaks at 1355 and
1596 cm~! representing the sp>- and sp?-hybridized carbons,
which have disordered and well-ordered lattice structures,
respectively [38]. For CS generated from CH4 decomposition (see
Fig. 4(a2)), the G band peak is much higher than that of the D band.
Since the ratio of the corresponding peak intensities (Ip/Ig), which
represents the degree of disorderness in lattice structure, is the
lowest at 0.46, the CS have relatively better crystallinity than
others. On the other hand, the CNT from CyHg (see Fig. 4(b2)) has
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the second highest Ip/I; ratio of 0.86. For the CNF from C3Hg (see
Fig. 4(c2)), the G band peak is inversely smaller than the D band
peak, and the Ip/I¢ ratio was the greatest at 1.35, suggesting that the
CNF is most flexible.

Furthermore, XRD measurement was performed to test the
crystallinity of the three samples. Fig. 6(b) shows that a distinct
peak is observed for all samples at 20 = 26.2°, corresponding to the
(002) Bragg reflection of graphite. The CS shows the narrowest
peak, representing the state of most crystallized lattice. The CNT
with a few micrometers of length denotes a broader peak than the
smaller CS, indicating that it is less crystallized. Most dramatic
change is observed for the CNF. A very little and broad peak of the
CNF implies that the CNF is the least crystallized or close to
amorphous. These results are all consistent with those from Raman
spectroscopy. Because electrochemical oxidation is affected by the
crystallinity of solid fuels, the less crystallized CNT and CNF are
expected to have better electrochemical kinetics compared to the
case of CS [39].

To allow long-term use of C-containing Ni electrodes as DCFC
anodes, the electrodes should stand against collapse for long pe-
riods of time at the operating temperature (700 °C) and include
maximum allowed amounts of carbon. In case of CHg4, carbon par-
ticles of 1.2 wt% were produced within the porous electrode for
30 min at 700 °C (see Fig. 3). However, the electrode structure
collapsed with swelling of the electrode when particles of 22.6 wt%
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Fig. 6. (a) Raman spectra (a) and (b) X-ray diffractograms of three samples of CS, CNT and CNF.
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were produced in a confined space during the same period of time
at 900 °C. On the other hand, CS particles of 4.8 wt% were well-
distributed on the anode surface at 800 °C, and did not cause any
structural swelling of the anode. For this reason, 800 °C was
selected as the decomposition temperature for fuel filling. Because
the electrode structures in cases of CoHg and C3Hg collapse at 800 °C
and 700 °C, the lower temperatures of 700 °C and 600 °C were
selected likewise, respectively. Of particular interest is to note that
the electrodes did not collapse even though C;Hg and CsHg pro-
duced 47 wt% of CNT at 700 °C and 33 wt% of CNF at 600 °C, much
more than CHy4 at 900 °C for the same period of time (30 min). This
implies that the CNF or even CNT are more flexible than the CS,
which is consistent with the results of Raman spectroscopy and
XRD results shown in Fig. 6. Finally, to compare the electrochemical
characteristics of each fuel, the same amount (17.8 wt%) of carbon
was generated in the same volume by adjusting the decomposition
time to 4 h at 800 °C for CHy, 18 min at 700 °C for C;Hg, and 20 min
at 600 °C for C3Hg.

The three-electrode DCFC system in Fig. 2 was used to test the
three kinds of porous Ni anode fueled with CS, CNT and CNF. Their
electrochemical characteristics are compared for the different fuel
types in Fig. 7. The CNT and CNF showed similar behavior in the
potential-current density curve, while CS had a rapid potential
decrease from OCV to 0.7 V, due to somewhat different character-
istics: one possible explanation for the significant activation loss of
the CS might be its having the highest degree of crystallinity,
making it the least active. In this regard, it is not a surprise that the
maximum power density of the CS is 240 mW/cm?, and that the
less ordered CNT and CNF fuels both had higher power density
values of 380, 510 mW/cm?, respectively.

Besides this, there might be another factor leading to the dif-
ference in the maximum power density; it might result from a
difference in the morphology of the fuels inside the anode. Tubilla
et al. [40] conducted electrochemical tests and EIS after depositing
carbon/carbonate fuel on porous and non-porous GDC anodes at
800 °C, showing that porous anodes have a higher power density
and lower charge transfer resistance (CTR) than those of non-
porous anodes. They asserted that this was due to the increase in
the contact area between the fuel and the electrodes. In the present
study, the CTR values of the three kinds of fuels were measured by
EIS at the OCV at 700 °C (see Fig. 8). Measurement at lower fre-
quency was difficult because the data was a little noisy. The CTR of
the CS is about 0.172 Q cm?, while the values of CNT and CNF are
significantly lower than that of CS, at 0.1 and 0.095 Q cm?,
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respectively. This is probably due to the wire-like carbon's forming
nets within the anode pores and acquiring a greater active area
(particularly TPB) compared to case of CS.

Even though CNF and CNT have a similar value of CTR, there is a
36% difference in power density; this is presumed to be due to the
influence of crystallinity-related reactivity. It might be plausible
that less crystallized carbons are more reactive due to their
elevated atomic mobility. Nevertheless, there is, to the best of our
knowledge, no solid evidence of the crystallinity effect on the po-
wer density. One possible explanation can be made as follows.
According to Rodriguez et al. [41], one of the most interesting
features of CNF is the presence of large number of graphene edges
exposed at the surface, which in turn constitutes specific sites
readily available for chemical or physical interaction. CNTs, on the
other hand, require complex processing methods that involve
creation of defect sites along its side walls to make functionalized.
Hence, we would postulate that the edges (possibly degrading the
crystallinity) can serve as active sites at the surface of CNF, making
the CNF more reactive than the CNT.

In Fig. 7, it is interesting to note that the V—I curves of CNT and
CNF are almost linear in the entire high current area from 400 mA/
cm? as guided with dotted lines, whereas the curve of CS loses its
linearity from ~500 mA/cm? as indicated by an arrow. That means
that the CS undergoes an additional resistance leading to further
potential drop unlike others. Here, we would like to propose a
morphology-related effect on the high-current cell performance, as
follows. As depicted in Fig. 9(a1), CS establishes point contact with
other spherical particles in a pore of the anode. As the CS can be an
electron conductor, electrons generated on the surface of CS fuels
can be transported to the current collector not only through regular
pathways of the Ni networks (see dotted arrow lines) but also
through the contacting particles themselves (see solid arrow lines).
At high current densities, however, CS is gradually consumed at the
surface, and particles might lose contact via separation. If this is the
case, the loss of transport pathways makes electron transport less
efficient and such an isolation of CS fuels lowers fuel utilization (see
Fig. 9(a2)). On the other hand, CNT and CNF can transport electrons
through wire-like structures instead of relying on point contact.
Though carbon is consumed at the surface during the reaction,
making the wires thinner, the electron transport pathway is still
available so that the wires are able to maintain their power den-
sities for longer periods than is possible for CS (see Fig. 9(b1, b2)).

In this regard, the long-term stability of the cell performance
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Fig. 9. Proposed mechanism for the morphology-related effect on the electrochemical reaction characteristics in terms of physical contact, triple phase boundary, and electron

transport pathways.

was tested at a constant current density of 500 mA/cm? at 700 °C.
Fig. 10 shows the potential vs time graph for the three types of
carbon fuels. For CS, the potential decreased gradually from 0.7 V to
0.65 V for 3 min and then rapidly dropped down to 0 V within
12 min. As predicted in Fig. 9(al, a2), the potential drop can be
traced to isolation of passages of electron transport with increase in
operation time. CNF and CNT showed slow decreases in potential
from 0.8 to 0.7 V and 0.75 to 0.56 V, respectively, for the first
30 min. This was followed by a rapid potential drop resulting from
complete consumption of fuel which would last up to 40 min. These
results were consistent with the tendencies predicted in Fig. 9(b1,

1 T T T T
—CS
--= CNT
--------- CNF |
S -‘.\ 4
o \
= \
p N I
‘t
\_\ _. 4
"\
I I )
20 30 40 50

Time (min)

Fig. 10. Life time test results for the three different C-containing anodes at 700 °C.

b2). Carbon-wire fuel cells can be considered capable of producing
and transporting electrons with more efficient use of fuel than is
possible when using spherical particles.

4. Conclusions

In this study, we proposed a direct thermal decomposition of
hydrocarbons in a porous Ni anode in an attempt to improve the
physical contact between the electrode and carbon fuels. Three
kinds of hydrocarbons with different carbon numbers (CHy4, CoHg,
C3Hg) were chosen and tested for the purpose at different tem-
peratures. The resultant carbon particles had different morphol-
ogies: carbon spheres (CS), nanotubes (CNT), and nanofibers (CNF),
depending on the carbon numbers. CNT and CNF were found to be
less crystalline, more flexible compared to the CS obtained from
CH4. Temperature conditions (CH4; 800 °C, CoHg; 700 °C, CsHs;
600 °C) for each hydrocarbon were set in consideration of anode
durability. DCFC performance measured at 700 °C found that the 1-
dimensional CNT and CNF were more active to produce 148% and
210% times higher power density than the CS. The difference in the
performance was attributed to the differences in crystallinity and
charge transfer resistance. A lifetime test found that CNT and CNF,
capable of transporting electrons for longer time period, could
produce the power stably for much longer periods, compared to CS
which will lose their point contacts between the particles faster at
high current density.
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