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� A potentially continuous fuel supply with increasing fuel-anode contacts in a DCFC.
� Of importance was the size match between the anode pores and fuel particles.
� Maximal power density under the optimal size-matching reached 645 mW cm�2.
� More than 20-h steady operation was achieved at a current density of 700 mA cm�2.
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a b s t r a c t

In this paper, we propose a novel idea that might allow resolution of the two biggest challenges that
hinder practical use of direct carbon fuel cells (DCFC). This work involved 1) the use of three types of
porous Ni anode with different pore sizes, 2) size matching between the anode pores and solid fuel
particles in a molten-carbonate (MC) slurry, and 3) provision of a continuous supply of fuel-MC slurry
through the porous Ni anode. As a result, larger numbers of smaller pores in the anode were preferred for
extending the triple phase boundary (TPB), as long as the fuel particles were sufficiently small to have full
access to the inner pore spaces of the anode. For example, the maximal power density achieved in the
case of optimal size matching, reached 645 mW cm�2, which is 14-times greater than that for the case of
poorest size-matching and 64-times larger than that for a non-porous anode, and lasted for more than
20 h. After 20 h of steady operation at a fixed current density (700 mA cm�2), the electric potential
slightly decreased due to partial consumption of the fuel. The cell performance readily recovered after
restarting the supply of MC-fuel slurry.

© 2016 Elsevier B.V. All rights reserved.
1 The concept of triple phase boundary could be drawn from an anodic reaction
in Eq (1) (will be shown). To produce electrons, the fuel (C) should have a chance to
encounter the carbonate ions (CO3

2�). As the ions transported from a cathode could
be available only in the liquid-phase MC, the fuel particles should be in contact with
the MC. In addition, as-produced electrons need to be drawn from the anode and
then delivered to the cathode in order to continue the cathodic reaction (Eq (2)).
1. Introduction

Recently, a large number of studies have been performed on
direct carbon-fuel-cells (DCFC) because of their great potential for
use in applications affecting energy and environment. The highest
theoretical efficiency (near 100%) [1e7], does not require CO2
separation from flue gas in a conventional power plant [1,2], and
the usable fuels are diverse: any carbon-containing fuel, including
coal, biomass, and even organic waste [7e11]. These potential ad-
vantages have undoubtedly led to the recent attention attracted by
DCFC.
Because DCFC systems use solid rather than gaseous fuels (e.g.,
H2, CO, and CH4), two big issues are raised. One relates to the un-
acceptably low activity of the fuel electrode, caused mainly by very
limited formation of triple phase boundaries1 (TPBs) between solid
This requires additional contact between the electrode and the site of anodic re-
action. Thus, effective electrochemical reaction presumably occurs only at coinci-
dent contacting sites between three different phases: solid fuel particles, a liquid
electrolyte, and a solid electrode. This is why TPB formation is limited when using
solid fuels that are hard to handle, compared to gaseous fuels.
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fuel, anode, and electrolyte [12e14]. The second relates to their too
short operation time owing to discontinuous refueling [1,15e17]. As
for the issue of the limited TPBs, there are a few previous reports
proposing new ideas to overcome this problem. In some of the
studies on DCFC systems based on SOFC, for example, metal/metal
oxide powders were mixed with solid electrolyte powder to form
cermet-type anodes (e.g., Ni-YSZ and Ni SDC). The pores in the
anode could be used as extended surfaces when being filled with
carbon, leading to an increase in the TPBs [12,14]. Li et al. [13] used
thermal decomposition of methane at temperatures above 800 �C
to produce carbon inside a porous cermet. Despite large increases
in the TPBs (expected) and its high working temperature
(700e900 �C), both of which could accelerate the electrochemical
reaction kinetics, the power density was barely 110 mW cm�2, still
far from the levels required.

More recently, we attempted to maximize the TPB by filling the
pores of porous Ni foamwith carbon powder, together with a ceria
coating of Ni foam to enhance the electrolyte (molten carbonate,
MC) wettability of the Ni. A button cell of MC-based DCFC having a
C-filled Ni anode was tested, and the result showed that the power
density of the button cell was increased by a factor of seven, as
compared to a flat interface between fuel and electrode [18].
However, the button cell structure of the DCFC limits long-term cell
operation due to the impracticality of refueling the porous anode.
Most recently, we changed our direction by producing the carbon
fuels inside the porous anode, rather than supplying solid fuels
from outside. Thermal decomposition of gaseous hydrocarbons was
quite successful for this purpose, and this approach allowed for
control of the morphology and amount of fuel along with great
enhancement of the TPBs [19]. We found that a material with a 1-D
structure (carbon nanofibers) was preferred for filling the pore
space of the anode, and was successful at raising the power density
to ~500mW cm�2. Thus, we believe that the idea of using porous Ni
foam was quite successful.

As for the issue of discontinuous refueling, Cooper et al. [16]
presented another design allowing for continuous fuel supply in
the form of aMC-C slurry into the cell. This resulted in a peak power
density of 55 mW cm�2 at 800 �C, and the longest operation of the
cell was for 30 h. LLNL [17] designed a self-feeding cell with an
inclined electrode that could be refueled pneumatically. The design
concept was extended for a 75e150 W, 5-cell self-feeding bipolar
stack (120e160 mW cm�2 per cell). Heydron et al. [20] proposed
another DCFC-concept based on a supply of carbon powder through
a fluidized-bed-type assembly. Their fuel supply system offers ad-
vantages such as continuous fueling with easy scale up, and simple
separation of heavier ash components from carbon. Though they
successfully demonstrated continuous fuel feeding, the physical
contact between carbon particles floating in the gas and the anode
was very limited. Overall, there has been no success in resolving
both of the issues simultaneously: maximizing TPBs with contin-
uous fuel feeding.

Here, we propose a novel solution to both challenges. This in-
volves four types of Ni anode with different pore sizes, and the
continuous feeding of graphite powder-MC slurry into the Ni
anode. We attempted to maximize the TPBs by optimizing the size
match between the fuel particles and the anode pores. As a result,
the size of the anode pores needed to be as small as possible, as long
as the fuel powder was small enough to get inside them. Mea-
surements of IeV, at the optimal size combination, demonstrated
that the current fuel-feeding anode has produced a power density
of ~645 mW cm�2 for 20 h. After partial consumption of the fuel
powder, the power generation readily recovered after restarting the
supply of fuel-MC slurry through the anode.
2. Experimental

Fig. 1 shows a schematic of the three-electrode electrochemical
cell that was developed in this study, based on the design of
Vutetakis [4]. A 6-cm long, 1.8-cm thick, cylindrical piece of porous
Ni foam was used as an anode (WE), after being spot-welded to a
flat-plate-type silver current collector (6 cm high � 0.4 cm thick).
Four types of Ni foam with different pore sizes (20, 40, 60, 80 ppi)
were considered. The counter electrode (CE) and reference elec-
trode (RE) were made from a silver sheet (surface area 3.2 cm2)
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 carbonate ions to
conduct between the electrodes through the MC electrolyte.

We considered two types of graphite powder with two different
particle sizes (average diameter 0.15 and 1.3 mm). The specific
surface area, pore size, and volume of the fuel particles were
measured by a gas sorptometer (Autosorb-1, Quantachrome) using
nitrogen adsorption at 77 K and Brunauer�Emmett�Teller (BET)
analysis. The results are summarized in Table 1. Both of the fuel
particles have similar BET properties and their specific surface areas
both remain in the non-porous levels. Thus, we did not pay atten-
tion to the surface area of the fuels.

Scanning electron microscopy (SEM; S-4800, Hitach, 15 kV)
equipped with energy dispersive spectrometer (EDS) was used to
explore the microstructure of the porous Ni anode. Fig. 2 shows
SEM images of three-dimensional (3D) porous structures of the
four types of Ni anodes used in this study. EDSmeasurement for the
anodes confirmed that there are no foreign species (but Ni) beyond
detectable lower limit. X-ray Diffraction (XRD, D/MAX-2400,
Rigaku) was also conducted to analyze the purity of the Ni an-
odes by scanning the angle of 2q in the range of 10e90� at a rate of
6� min�1 while irradiating Cu Ka X-ray (30 kV, 40 mA, 0.15218 nm).
In Fig. S1, the 2q positions of the three major peaks are 44.4, 51.7,
and 76.3�, all of which are very close to the JCPDS data (44.5, 51.8,
and 76.4�, respectively) for pure metallic Ni. This suggests that the
Ni anode was very likely metallic Ni without any further crystalline
contaminants. A similar result was also shown in our previous
publication [18].

To make the MC-carbon slurry, 350 g of dry carbonate powder
(consisting of 32-wt% Li2CO3 and 68-wt% K2CO3) was mixed with
50 g of graphite powder of two different particle sizes in an alumina
container, and then heated at 700 �C to melt the carbonates. As
shown in Fig. 1, an alumina stirring-rod was placed in the center of
the container and rotated to stir the slurry. This served to trap some
of the fuel particles inside the porous WE. The amount of fuel
powder trapped inside was gradually increased with stirring time.
If the internal pore space of theWEwere completely filled with fuel
powder, further rotation of the slurry would not cause any differ-
ence in electricity production. We tested several stirring periods
and confirmed that 10min of stirring was long enough for complete
fueling of the WE. Thus, the stirring continued for only 10 min, and
then was stopped to perform electrochemical measurements.
Though this intermittent stirring was employed to measure the
timing and duration of fuel consumption, steady fuel feeding is
possible, in principle, by stirring continuously.

Prior to measurement of electrochemical performance, any re-
sidual oxygen in the system was removed by flowing CO2 gas at a
rate of 50 ml min�1 to the CE and RE, during the warm-up process
of the system. When the operating temperature of 700 �C was
attained, a mixture of CO2 and O2 (mole ratio of 2:1) was injected
into the CE and the RE at a total flow rate of 100 ml min�1. During
the electrochemical reaction of carbon, Ar gas was continually
supplied to the WE at 200 ml min�1 in order to purge the CO2 gas
produced.
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Fig. 1. Schematic diagram of the 3-electrode MC-based DCFC system.

Table 1
BET results for two types of graphite particles with average diameters of 1.3 and
0.15 mm.

Fuel powder diameter (mm) N2 adsorption at 77 K

SBET (m2 g�1) Vtotal (cm3 g�1) Dpore (nm)

1.3 1.00 0.0043 16.6
0.15 0.84 0.0038 17.4
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When the graphite-fueled WE is immersed in the MC, contacts
between the fuel particles and the Ni networks of the WE are
believed to play a role in the TPBs. Hence, the fuel particles undergo
the following anodic reaction inside the porous WE:

C þ 2CO2�
3 /3CO2 þ 4e� (1)

This equation indicates a direct route for complete electro-
chemical oxidation of carbon. In the CE (cathode), the provided gas
mixtures are believed to react electrochemically with incoming
electrons by Eq. (2).

O2 þ 2CO2 þ 4e�/2CO2�
3 (2)

The anodic and cathodic reactions constitute the overall reac-
tion in Eq. (3), indicating that the only product gas (CO2) is emitted
from the anode, which eliminates the need for CO2 separation from
flue gas of fuel-burning power plants.

C þ O2/CO2 (3)
The electric current-potential characteristics of the present
DCFC system were measured using a SP-150 Potentiostat/Galva-
nostat analyzer (Neoscience, Korea) with a scan rate of 1 mV s�1.
Because the RE, being in the proximity of the WE, is electrically
separated from the CE, potential change of the WE could be
monitored independently of changes that may occur at the CE
[4,6,11]. Hence, the electric potential (V) in this study indicates the
voltage difference between the WE and RE, while the electric cur-
rent between the WE and CE was monitored. Under the open-
circuit condition, the potential of the RE was confirmed to be
very close to that of the CE, and the electric potential (vs. RE) was
regarded as the open circuit voltage (OCV).

It should also be noted that the outer surface area (33.9 cm2) of
the cylindrical anode (WE) was used as the reference surface area
for estimating the power and current density. The power density
(P) was obtained by multiplying the current density (I: the current
divided by the outer surface area of the anode) by the electric po-
tential. In order to understand the IeV characteristics better, elec-
trochemical impedance spectroscopy (EIS) was measured with the
SP-150 analyzer over the frequencies from 0.2 Hz to 40 kHz.

3. Results and discussion

3.1. Size matching issue of fuel powder and the pores in Ni anodes

Fig. 2(a)-(d) exhibit clear decreases in pore size and wire
thickness of the Ni anodes when increasing the porosity from 20 to
80 ppi. The pores of the Ni anodes are mostly composed of hex-
agonal meshes; however, the largest pores of the 20-ppi Ni anode



Fig. 2. SEM images of porous Ni anodes with four different pore sizes: a) 20-ppi, b) 40-ppi, c) 60-ppi, and d) 80-ppi.
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tend to be compressed, in contrast to isotopic hexagonal pores in
the 80-ppi Ni anode. For such anisotropic pores, an average value of
the largest and shortest lengths of the pores was used for sizing the
pore. This kind of SEM image analysis was repeated for more than
100 pores in each kind of Ni anode, and pore size distributions were
obtained for the four types of Ni anodes.

Fig. 3 shows that the pore size of the 20-ppi Ni anode was
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Fig. 3. Size distributions of graphite particles and pores of the four types of anodes.
distributed from 0.6 to 2.2 mm, with a mode size of ~1.4 mm (see
solid line with open circles). A line with solid triangles or solid
squares (Fig. 3) represents the particle-size distribution of the fine
or coarse graphite powder. It was observed that coarse graphite
powder had a size distribution similar to that of the pores of the 20-
ppi Ni anode, so the powder could get inside the 20-ppi anode.
However, the coarse powder appeared too large to get into the 40,
60, and 80-ppi Ni anodes. For example, a small fraction of the
powder (<1.1 mm) could enter the large pores of the 40-ppi anode.
In the case of the 60-ppi anode, only a minor fraction of the powder
(<0.9 mm) could have had limited access to the inside of the anode.
Finally, the coarse powder is not likely to have had access to the
inside of the 80-ppi anode. Regarding the triple phase boundary,
the 20-ppi anode was expected to make the best combination with
the coarse graphite powder.

To study further the fuel particle-pore size matching issue, we
considered much smaller (fine) graphite powder (0.02e0.25 mm)
with average diameter of 0.15 mm (see Fig. 3). The use of the fine
fuel powder allowed the graphite fuel to have full access to the
inside pore spaces of all anodes tested in this study. Under these
circumstances, any change in the porosity of the anode (in terms of
ppi number) could alter not only the size of the pore space caged
with Ni wires, but also the total number (as well as the entire
length) of the Ni wires in different anodes with the same apparent
volume. When a porous anode containing the fine graphite powder
is immersed in a pool of MC, any contacts between the powder and



C. Li et al. / Journal of Power Sources 309 (2016) 99e107 103
Ni wires could serve as TPBs. As a result, the 80-ppi anode, which
has the smallest pores and the largest number of Ni wires inside, is
anticipated to provide the maximum number of contacts with the
fine fuel powder and thus show the best electrochemical
performance.

To verify these conjectures about size-matching, IeV and IeP
characteristics were measured for the first matched group: coarse
graphite powder of 1.3 mmvs. 20, 40, 60, and 80-ppi Ni anodes. The
porous anodes were all cylindrical with a constant outer surface
area. A solid (nonporous) Ni cylinder with the same surface area
was also tested as a reference anode with minimal surface contact
with the fuels. When applying the coarse graphite powder for the
non-porous Ni cylinder at 700 �C, the IeP results (see Fig. S2)
indicate a very small power density of 11.5 mW cm�2 at a current
density of 40 mA cm�2. Such low power is attributed to insufficient
formation of the TPBs, whichmade this anode the least active. Upon
use of the 20-ppi anode, in which the coarse fuel powder had the
best internal contact among the anodes, the maximal power den-
sity dramatically increased (250 mW cm�2) along with a 10-time
increase in current density, as shown in Fig. 4(a). When the
anode was more porous (from 40 to 80 ppi), the maximal power
density and current density both clearly decreased. This observa-
tion is exactly consistent with the aforementioned view of the fuel
particle-pore size paradigm. Note that the maximal power density
of this 80-ppi anode was 46 mW cm�2, still much higher than that
of the non-porous anode. In addition to the fact that the coarse fuel
powder could have (albeit limited) access to the surface vicinity of
the 80-ppi anode (Fig. 3), the surface roughened by the Ni wires
presumably helps to trap more fuel particles, compared to the
smooth surface of the non-porous anode, leading to considerable
increase in TPBs.

To highlight this positive prospect, the fine fuel powder (as
small as 0.15 mm) was tested for the four types of anode (the
second matched group). Fig. 4(b) demonstrates clearly that the size
matching, in relation to TPB formations, is critical. The maximal
power density increased with ppi of the anodes, from 315 to
645mW cm�2. The highest power density for the 80-ppi anodewas
almost 64 times larger than that of the non-porous anode. At the
same time, the maximum current density was >2500 mA cm�2,
comparable to the typical capacity of a H2-fueled MCFC. It is worth
noting that the open circuit voltage (OCV) in the case of the fine fuel
powder was ~1.0 V, relatively large compared with ~0.8 V for the
coarse powder. This increase in the OCV appears consistent with
the observation noted by Nabae et al. [21] that, for their hybrid
button-cell SO-DCFC system fueled with MC and carbon powder,
Fig. 4. I-V characteristics of the DCFC system employing four types of anodes fueled wit
the OCV increased with increasing carbon content. This was in
response to the improved contact between the carbon and the
anode plate, although their power density remained low
(~12 mW cm�2).

To examine the possible role of the fuel-anode contact or TPB on
cell performance, EIS measurements were performed at 700 �C for
all the combinations shown in Fig. 4(a) and (b): coarse or fine
graphite powders vs. each of the four types of anodes plus a non-
porous anode. Fig. 5(a) clearly shows that the EIS profiles for the
coarse fuel powder could be altered very significantly by the degree
of size matching, depending on the anode pore size. The EIS curves
were fitted using equivalent circuit models with series and parallel
combinations of solution resistance, charge transfer resistance, and
Warburg element. As a result, the solution resistance indicated by
the left x-intercept of hemi-circles was found to be almost invariant
(~0.08U cm2) regardless of the pore size of the anodes. As indicated
by the size of the hemi-circles, the charge transfer resistance (Rct)
clearly decreased with better matching between fuel-particle size
and pore size (from 80 to 20 ppi): 0.62, 0.52, 0.41, and 0.27 U cm2,
for the 80, 60, 40, and 20-ppi anodes, respectively. These are all an
order of magnitude smaller than that of the nonporous Ni anode
(~4.8 U cm2). Because the Rct is regarded as a measure of the ki-
netics of electrochemical reactions [22], the fact that the Rct of the
80-ppi anode was larger than that of the 20-ppi anode might
indicate limited access of the coarse fuel particles to the 80-ppi
anode. Moreover, it was not surprising to confirm that the high-
est power density was observed at the lowest Rct for the 20-ppi
anode, when using coarse graphite powder (see Fig. 4a).

In Fig. 5(b), the fine graphite powder (0.15 mm diameter)
exhibited further decrease of the Rct with increasing ppi number of
the anode: Rct values were 0.26, 0.2, 0.1, and 0.05 U cm2, for the 20,
40, 60, and 80-ppi anodes, respectively. Because the fine powder
had full access to the pore space of all the anodes we considered,
higher ppi numbers or smaller anode pores withmore Ni wires (see
Fig. 2) would provide more surfaces for the fuel powder. Recalling
the peak power density and Rct values of each case (Figs. 4b and 5b),
one may notice again that the Rct values of the anodes (inversely
proportional to the power density), seem to be closely related to the
degree of size matching, or with contacts between fuel and anode.
It was thus of particular interest to investigate quantitatively the
relations between the number of contacts and Rct, as well as the
maximum power density.

It is impossible to estimate the real number of fuel-anode con-
tacts, without knowledge of the true surface area of the Ni wires, as
well as the packing state of the fuel particles inside the anodes.
h graphite particles of two different average diameters: a) 1.3 mm and b) 0.15 mm.



0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1 1.2

Ni rod
20ppi
40ppi
60ppi
80ppi

-lm
(Z

) (
O

hm
 c

m
2 )

Re(Z) (Ohm cm2)

(a)

0

0.05

0.1

0.15

0.2

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Ni rod
20ppi
40ppi
60ppi
80ppi

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1 1.2

Ni rod
20ppi
40ppi
60ppi
80ppi

-lm
(Z

) (
O

hm
 c

m
2 )

Re(Z) (Ohm cm2)

(b)

0

0.02

0.04

0.06

0.08

0.1

0.08 0.12 0.16 0.2 0.24

Ni rod
20ppi
40ppi
60ppi
80ppi

Fig. 5. Electrochemical impedance spectra of the DCFC systems with four types of anode (20-ppi, 40-ppi, 60-ppi, and 80-ppi) fueled with two different sizes of fuel particles: a)
1.3 mm and b) 0.15 mm; for comparison, a non-porous Ni cylinder of the same shape as the anodes was tested; the dotted rectangular region was magnified and shown with inset.

C. Li et al. / Journal of Power Sources 309 (2016) 99e107104
Alternatively, we considered an upper limit of the contact number
between the fuel and porous anode. The assumptions were a case of
perfect contact, and that same-sized spherical fuel particles were
closely packed and lined up on the entire surface of the anode
wires. This would be the best situation we could imagine, provided
that the fuel particles were sufficiently small. Based on this, the
maximum contact numbers were estimated as follows. Recall that
the original porous anode was shaped like a cylinder with similar
radius and length. The mass of the blank (unfueled) Ni anode was
measured and then divided by the bulk density (8.9 g cm�3) of Ni to
yield the net volume of the anode. The average cross-section area of
Ni wires was obtained from the wire thickness measured from
Fig. 2; then the net volume was divided by the cross-section area to
estimate the entire length of Ni wires in the anode. Given the
average diameter of the fuel particles, calculation of the maximum
contact number was straightforward. Table 2 summarizes all of the
data used for the calculation.

Not surprisingly, Fig. 6(a) shows that Rct is in linear inverse
proportion to the maximum number of fuel-anode contacts for the
four anodes with fine graphite powder. Under the size-matching
condition, the anode with the higher ppi numbers very likely
provides more active sites along with more elongated Ni wires.
Unlike the case of fine fuel powder, only small fractions of the
coarse powder overlap in size with the pores of the 40, 60 and 80-
ppi anodes, so that only 5, 3, and 1% (respectively) of the powder is
in internal contact with the anodes, and participates in the anodic
reaction. Thus, the maximum contact number for the coarse fuel
particles with the other three anodes (40e80 ppi) in Table 2 should
be further corrected bymultiplying by the fraction, so as to consider
Table 2
Calculation of the maximum (uncorrected) contact number between fuel particles and t

Anode types Average diameter of Ni wires (mm) Entire length of Ni wires (m

20-ppi 0.62 0.93

40-ppi 0.18 11.91

60-ppi 0.15 21.61

80-ppi 0.15 36.86

a The maximum contact numbers are uncorrected values for the size mismatch.
this size mismatch. This is why the contact number (corrected) of
the coarse powder decreases with increasing the ppi number in
Fig. 6(a), showing a steeper linear profile. Overall, such different
contact states depend on the degree of particle-pore size matching,
and are summarized schematically in the inset: red solid lines of
different lengths signify longer Ni wires available in a higher-ppi
anode. The large and small spheres represent coarse and fine
powder particles lined up. Only one or two large spheres are
depicted sitting on the longer wire for the 40 and 80-ppi anodes, in
order to represent their limited access due to the size mismatch.

In Fig. 6(b), all of the maximum power densities found from
Fig. 4(a) and (b) are presented against the corresponding Rct values
from Fig. 5(a) and (b). It is interesting to see that all of the data lay
closely on a single curved line showing a steady decline, regardless
of the degree of size matching. An equation resulting from the
third-degree polynomial fitting was added in Fig. 6(b), in an
attempt to provide a quantitative correlation as a sort of guidance.
This suggests that the effect of size mismatch is reflected mainly by
an increase of the Rct, and that the Rct is in turn, the most significant
factor determining power generation. It is noted again that the Rct
was reduced by an order of magnitude simply by best matching the
sizes.

Despite these promising results, there is a concern as to the
reaction pathway of the fuels. Other workers [23,24] reported that
there is another (indirect) route of carbon electro-oxidation: the
MC could react with carbon to form CO (see Eqs. (4) and (5)), and
the CO could be used as an auxiliary (gaseous) fuel to produce
electricity (Eq. (6)).
he Ni networks of the anodes.

) Average diameter of fuel particles (mm) Max. contact numbera (�1000)

1.3 0.76
0.15 6.20
1.3 9.16
0.15 79.4
1.3 16.2
0.15 144.06
1.3 28.3
0.15 245.6



Fig. 6. Correlations between a) maximum (corrected) fuel-anode contact number and the charge transfer resistance of Rct, b) Rct and maximum power density; the dotted line and
the equation represent the result of third degree polynomial fitting.
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C þM2CO3/M2Oþ 2CO (4)

C þM2O/2M þ CO (5)

where M is Li or K.

COþ CO2�
3 /2CO2 þ 2e� (6)

If this indirect route is significant in the present system, the
chemical reactions of Eqs. (4) and (5) should occur at the OCV
condition (in which Eq. (6) is not allowed). This implies that the
only product gas (CO) in Eqs. (4) and (5) should be detected from
the off gas from the anode under the OCV condition
(I ¼ 0 mA cm�2). To check this possibility, we measured the anode-
emitting gas composition (CO vs. CO2) under two different condi-
tions (I ¼ 0 vs. 700 mA cm�2), using gas chromatography (8610C,
SRI instrument). As shown in Fig. S3, we could not see any distinct
CO signal under the OCV condition. At that time, a minor level of
CO2 was detected within 0.2 vol%, which could have originated
from the fuel itself. At 700 mA cm�2, the exhaust gas was almost
pure CO2 with negligible levels of CO. Both results suggest that the
carbon fuels very likely follow the direct route and that increase in
the solid fuel-anode contacts causes an order-of-magnitude
enhancement in the current and power generation.
3.2. Long-term operation of the DCFC with easy refueling

As mentioned in the Introduction, DCFC technology has not yet
reached a stage to address long-term durability of the system, or
even long-term operation, mainly because of the impracticality of
refueling with fuel powders. Because solid fuels are difficult to
handle, a refueling concept that involves the use of a fuel powder-
MC slurry might be a convenient option. When the fuel-feed ended
after 10 min of stirring in the system shown in Fig. 1, the mea-
surement of electric potential began and continued for 20 h at a
fixed electric current. For example, considering the IeV curves of
the coarse graphite powder in Fig. 5(a), 0.6 V was chosen as an
initial potential for the four types of anodes. The corresponding
value of current density was 87 mA cm�2 for the 60-ppi anode
(used even for the 80-ppi anode), and 260mA cm�2 for both the 40-
ppi and 20-ppi anodes. The designated current density was fixed
for the next long-term operation of the cell.
Fig. 7(a) shows the result of 20 h of operation of the four anodes
containing the coarse graphite powder. When there was a size
mismatch (e.g., the 40, 60, and 80-ppi anodes), the electric poten-
tial dropped rapidly from the initial voltage to 0.5, 0.4, and 0.28 V in
the first 30 min, and then showed a stepwise voltage decrease to
0.21, 0.18, and 0.12 V in 135, 60, and 36 min, respectively, for the
anodes. In contrast, the 20-ppi anode showed no voltage drop for
20 h. The rapid voltage drops, observed only in the cases of size
mismatch, likely support the conjecture that only roughened sur-
face sites are available for use by the coarse fuel particles, because
the anode pores were too small to admit them. The particles were
rapidly consumed and lost contact with the anode surface, leading
to a large decrease in the amount of fuel in the TPB. Thus, the short
lifetimes (2, 1, and 0.6 h) of the 40, 60, and 80 ppi anodes, are
believed to reflect the amount of carbon fuels trapped in the
anodes.

As for the fine graphite powder (0.15 mm), the electric voltages
were monitored over time at a fixed current density of
700 mA cm�2 for all the anodes. Fig. 7(b) shows very promising
results for long-term operation of the DCFC. The four porous an-
odes, regardless of their pore sizes (as long as the pores were larger
than the fuel particles), appeared to preserve the extended TPBs
longer and thereby prevent a visible drop in voltage. Among the
anodes in this case, the 20-ppi anode (Fig. 7b) was found to be the
least active and less durable: this anode supported the lowest
voltage (~0.45 V) for 10 h from the beginning, and then showed a
slight voltage decrease. For the 40-ppi anode, a little higher voltage
of 0.6 V was maintained for 15 h, and then began to decrease. The
performance improvement was even more pronounced when us-
ing the more porous anodes (60 and 80 ppi), leading to higher
voltages, and with no voltage loss during the entire test period
(20 h).

To test the potential for facile (or continuous) fuel supply in the
present system, the IeV curve for the 20-ppi anode containing the
fine fuel powder, was measured before and after the long-term
operation experiment (20 h at 700 �C; see Fig. 7b). The 20-ppi
anode, the worst case with the fine powder, was selected to visu-
alize the system potential for easy refueling. Fig. 8shows that all
performance indexes decreased after 20 h of operation, in response
to partial fuel consumption in theWE: the OCV declined from 1.0 to
0.83 V, and the maximum power density dropped from 325 to
238 mW cm�2. Next, the fuel-MC slurry, still in the cell container



Fig. 7. Lifetime test results for the four types of anodes, each used with the two types of fuel particles: a) 1.3 mm and b) 0.15 mm.

Fig. 8. Refueling test for the 20-ppi anode combined with 0.15-mm fine fuel particles
performed at 700 oC: Cell performance was measured twice at the beginning and after
20 h of operation, to assure partial fuel consumption. After 10 min of refueling, the test
was repeated.
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(see Fig. 1), was rotated for another 10 min to replace the fuel
consumed. Fig. 8 shows again that the 10-min fuel replenishment
was quite successful. The system recovered its initial performance
in terms of power and current density, and the OCV. Though this is
not a true demonstration of a continuous fuel supply, we did at least
realize an intermittent supply of fuel on demand, which clearly
helpsmaximize fuel utilization. To the best of our knowledge, this is
the first demonstration of a (potentially) continuous supply of fuel
in the form of fuel-MC slurry, while maximizing the triple phase
boundary.

4. Conclusions

In this paper, a novel idea was proposed with the aim of
resolving the two most critical issues that hinder commercializa-
tion of DCFC: limited formation of triple phase boundary and
discontinuous fuel supply. The key was to provide a fuel-MC slurry
to a porous anode with optimized fuel-particle size with respect to
the pore size of the anode. This approach could offer two unique
functions of the anode. One is that the porous anode woven with
long Ni wires could provide extended active surfaces for the fuel
particles, leading to a large increase in the contact between fuel and
anode, an order-of-magnitude decrease in the charge transfer
resistance, and thereby maximizing the anode performance. The
other is to realize a continuous, or at least an intermittent, on-
demand supply of as much fuel as needed; this could maximize
the fuel utilization. This idea was demonstrated by employing four
types of porous Ni anodes with different pore sizes, each paired
with coarse and fine graphite powder. When the fuel particles were
sufficiently small to have full access to the internal pore spaces:
under the size-matching condition, the anode with the smallest
pores showed the maximum power density of 645 mW cm�2; the
maximum current density of 2500 mA cm�2; the longest lifetime
(>20 h) with no apparent voltage drop. In contrast, when the fuel
particle size was mismatched with the pore size, the contact be-
tween fuel and anode was very limited, causing serious perfor-
mance degradation. After 20 h of steady operation of the size-
matched system at a fixed current of 700 mA cm�2, the system
performance that had degraded by as much as 33% was found to
recover readily by stirring the slurry fuel. Impedance spectra
revealed that the maximum power density was linearly correlated
with the charge-transfer resistance, and that this was significantly
influenced by the degree of fuel-anode contact, or triple phase
boundary.
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