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ABSTRACT: In this study, we attempted to evaluate relative significance of the factors that have been proposed to affect the
electrochemical reaction of coals in a direct carbon fuel cell (DCFC). In the present DCEC system, we used three raw coals
(bituminous, intermediate bituminous, and sub-bituminous) and the corresponding chars that were adsorbed on a porous Ni plate.
The plate was then rolled to make a cylindrical anode. The intrinsic properties (e.g., gas composition, surface area, oxygen-functional
groups, and nature of mineral matter in their ashes) of fuels were characterized. The electric current and potential were measured at
600 °C for anodes fueled by an equal mass (1 g) of raw coal or char. It was found that the electrochemical performance of raw coal
was not sensitive to the gases evolved by the coal unless a large amount of coal was used. A striking difference in potential—current
curves was observed between chars; the electrochemical activity of sub-bituminous char was much higher than that of the other
chars. This was caused mainly by the larger amount of catalytic (Ca and Fe) components exposed on the surface of the char. The
surface area did not have a significant effect because of its non-wetting nature.

1. INTRODUCTION with focus on anode catalysts for the electrochemical oxidation
of carbon and carbon fuels."’

As for the carbon fuels, almost any type of carbon source,
starting from amorphous carbon black or graphite to more

practical fuels, such as coals, biomass, and industrial wastes,

face a great challenge: minimizing emissions of greenhouse can be used as a fuel for DCECs, which makes DCECs cost-
gases and ultrafine dusts from power plants while retaining the effective. Among these fuels, carbon black and graphite have
benefits of the method. The key is discovering how to use coal been widely used as a standard carbon fuel for a parametric
in a way that is both more efficient and more environmentally study in DCFCs, because they have relatively simple

Coal is the most abundant energy resource in the world and
has been mostly used in coal-fired power plants." Although the
most economical way to use coal has been to burn it, we now

friendly. A direct coal fuel cell (DCFC) may be the most likely properties. In this study, however, we selected coals on
candidate. A DCFC converts the chemical energy of coals into account of their practical importance in the real world, such as
electricity through an electrochemical reaction, which elimi- abundance of natural reserves, high cost competitiveness, and
nates Carnot cycle constraints and offers a thermodynamic environmental impact.
efficiency near 100%.°”” Additional advantages of DCFC One problem is that the electrochemical reactivity of coals is
include the fact that CO, does not need to be separated from not stable but heavily dependent upon intrinsic properties,
flue gas, which significantly reduces expenses related to carbon such as the reactant volatile species (H,, CH,; and CO)
capture and sequestration (CCS). evolving from the coals, the contents of carbon-containing
In fact, the great potential of DCFC in energy and functional groups, and the specific surface area and catalytic
. o . 8—19 e
environment applications has triggered a large number of ash components (Ca, Fe, Mg, etc.) of the coals. In fact, it is
studies over 2 decades.'” More than 100 research articles have not scarce to find conflicting results in previous studies for
introduced a diversity of efforts to develop their own structures using coals and chars in DCFCs. The following are several

examples: Ahn et al.'®'” evaluated the electrochemical
characteristics of coals, biomass char, and industrial waste in
a molten carbonate (MC)-based DCFC system. They
investigated the effect of the specific surface area on the

of DCFCs or to test various materials for the key system
components (such as anode, cathode, and electrolyte) and
fuels, in attempts to promote the system performance. It is also
worth mentioning that there was a limited success in recent
trials for solving the practical challenges, such as poor
utilization of solid fuels' ™" and inferior long-term oper-
ation.'"* According to Jiang et al,'' promoting the carbon Revised: ~ March 2, 2020
conversion of low-grade fuels into CO at 750 °C led to Published: March 3, 2020
increasing the maximum power density up to ~900 mW cm ™2,
which is comparable to conventional hydrogen-fueled fuel
cells. Nevertheless, particular attention is given to the materials
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Table 1. Proximate and Ultimate Analyses of Feedstocks
proximate analysis (wt %, air dried) ultimate analysis (wt %, air dried)
fuel moisture volatile matter fixed carbon ash C H (0] N S
coal A 2.54 32.94 46.60 17.92 69.20 4.03 6.78 1.72 0.77
coal B 13.86 41.65 38.75 5.75 77.50 4.85 8.90 1.67 1.56
coal C 17.53 38.78 38.13 5.56 58.95 5.38 14.29 0.66 1.32
char A 3.05 3.71 69.07 24.18 69.10 0.75 8.24 0.68 1.18
char B 4.30 7.83 77.0S 10.83 80.97 1.23 7.48 0.60 1.81
char C 6.37 8.80 77.36 7.47 84.82 0.95 5.24 0.84 1.65

electrochemical performance of samples.'® In another study,'”
they claimed that the electrochemical performance of the
samples is mainly determined by the content of the carbon-
containing functional groups. Eom et al. used a similar MC
DCEC system to examine the electrochemical performance of
coals and reported that the power density of the coal increased
with increasing volatile species content.'®'? Li et al.® argued
that the aforementioned fuel-borne factors may all contribute
to enhancing the electrochemical reactivity of the coals.

As such, these seem to manifest that the research
community has not yet reached a solid consensus even on
the basic question, i.e., what the most fundamental fuel-borne
factor is. The main reason might be associated with the
difficulty in isolating the fuel-borne factors as well as the
diversity of coal types and properties. When it comes to the
acid or base pretreatment of coals that has recently been
proposed,'” it will inevitably result in simultaneous changes of
surface area, pore volume, surface functional groups, and
catalytic ash contents of coals. Similarly, either the use of coal
gasification or high-temperature operation of the DCEC
cell'”"" might be a Eractical method for easy fuel supply
with higher reactivity'”'* but not appropriate for a parametric
study.

Here, we would like to recall that the benefit of DCFCs (the
highest thermal efficiency) is attainable only through the direct
reaction of solid carbon.” It sounds simple, but there is a
practical challenge arising from the Boudouard reaction (C +
CO, = CO)** ™ and/or gasification of coals into gaseous
fuels, such as H,, CO, and CH4.11’17’18 Once the gaseous fuels
(often called syngas) that are more reactive than solid carbon
are produced in an anode of the DCFC cell, the cell
performance will be determined mainly by the gaseous fuels.
Under these circumstances, it becomes impossible to clarify
the intrinsic solid-state reactivity of the coals. This would be
aggravated if coals with a high content of volatile matter are
tested at high temperatures.

Taking this into account, we would propose two methods
for identifying the intrinsic reactivity of coals and chars:
lowering the amount of coal samples to minimize the coal
gasification and operating the DCFC system at 600 °C to
deactivate the Boudouard reaction. Meanwhile, another
concern may arise from the low-temperature operation of
DCECs because it has often resulted in unacceptably low
power generations.”””* Hence, another mission of our study is
to demonstrate that our DCFC system is operating with an
acceptable performance at that temperature.

For these multipurposes, we prepared and used three
different raw coals (and their correspondin% chars) as fuel for
our unique MC-based DCFC system."”'* Each fuel was
characterized in terms of volatile species, surface functional
groups, specific surface area, ash components, and resulting
syngas compositions. As mentioned before, a small amount of
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fuel (1.0 g for each of coals or chars) was applied and tested at
a low operation temperature of 600 °C. Upon increasing the
fuel mass, the syngas compositions were monitored and
compared to changes in electrochemical reaction character-
istics. In connection with the fuel properties, the fuels were
carefully treated or additionally selected to isolate each fuel-
borne factor, such as volatile species, surface area, and ash
components. As a result, the effects of fuel properties on the
intrinsic electrochemical reactivity could be almost independ-
ently evaluated. Lastly, a porous Ni anode was employed to
enhance fuel—anode contact and to increase the maximum
power density to an acceptable level, even at 600 °C.

2. EXPERIMENTAL SECTION

2.1. Fuel Preparation. Three different grades of raw coal
provided by a Korean coal-fired power plant were prepared to
facilitate a comparison of fuel characteristics and electrochemical
reactivity. Coal A (named Moolarben) and coal C (Berau) were
bituminous and sub-bituminous coals, respectively, while coal B
(Indominco) was classified as an intermediate coal, whose properties
are somewhat closer to the sub-bituminous coal. All samples were
sieved to 75—150 pm size and dried at room temperature for 1 day
prior to experimentation. Any remaining moisture was then removed
from the raw coals by heating them at 120 °C for 1 h. The chars were
prepared using a raw coal carbonization process, by heating the coals
from 25 to 900 °C at a rate of 10 °C min~" under Ar flow.

The composition of the fuel samples was characterized using the
proximate and ultimate analyses and is summarized in Table 1. For
the proximate analysis, a thermogravimetric analysis (TGA, SDT-
Q600, TA Instruments) was conducted in accordance with ASTM
E1131. The ultimate analysis was performed using a vario MICRO
cube, which was subjected to a temperature of 1150 °C, with sulfanilic
acid used for the standard solution.

2.2. Analytical Characterization of the Physicochemical
Properties of the Fuels. Various analytical techniques were
employed to analyze the physicochemical properties of raw coals
and chars in a DCFC system. The thermal properties of the fuels
(with a focus on their volatility) were investigated using TGA (Q-50,
TA Instruments, New Castle, DE, U.S.A.) under an Ar flow of 100
mL min~". After the fuels were heated from room temperature to 900
°C at a heating rate of 10 °C min™", the volatile gas species evolved
from the fuels were analyzed for CH,, H, and CO by gas
chromatography (GC, 8610C, SRI Instrument).

Two techniques were employed to investigate the specific surface
areas, pore volumes, and surface functional groups of the fuels. The
nitrogen gas adsorption characteristics of the fuels were investigated
using a Micromeritics surface area analyzer (ASAP 2020, Micro-
meritics Co., Norcross, GA, U.S.A.). The Brunauer—Emmett—Teller
(BET) analysis was then applied to obtain the surface area and pore
volume. Additionally, gas adsorption and desorption tests were
conducted for two ranges of relative pressures, P/P, = 0.05—0.95 and
0.95—0.1, respectively. The pore diameter (me) of the fuels was
determined using the Barrett—Joyner—Halenda (BJH) method.'*™"’

The elemental surface composition of the raw coals and chars was
measured by X-ray photoelectron spectroscopy (XPS, Theta Probe
angle-resolved X-ray photoelectron spectrometer (ARXPS), Thermo

https://dx.doi.org/10.1021/acs.energyfuels.9b04387
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Fisher Scientific). The incident radiation that was used was a
monochromatic Al Ka line (1486.6 eV) with 150 W (15 kV and 10
mA). Survey scans were taken for a range of binding energies (0—
1000 eV) with a resolution of 1.0 eV.

2.3. DCFC System. Figure 1 shows a schematic diagram
illustrating the preparation of the anode used in this study. A 6 cm
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Figure 1. Schematic diagram for manufacturing a tubular anode; the
fuel sample was placed on the surface of a porous Ni anode, and the
anode was then rolled into a cylinder.

long, 3 cm wide porous Ni plate (with a pore size of S0—150 ym) was
used as the base-supporting structure of the anode. A constant
amount of fuel for each of the three types of raw coals and chars was
spread on the surface of the Ni plate; 1 g of fuel was used, unless
otherwise noted. The Ni plate was then rolled to hold the fuels in the
form of a cylinder (3 cm long and 1 cm diameter), aiming at
enhancing contact (active sites) between the anode and fuel particles.

The electrochemical oxidation characteristics of the fuel-filled
porous Ni anode were measured in a three-electrode electrochemical
cell,'"'* as shown in Figure 2. The cylindrical Ni anode containing
the fuel 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
wide). The counter electrode (CE) and reference electrode (RE)
were made from a silver sheet (3.2 cm? surface area) that was spot-
welded to a silver wire; the silver parts were sheathed in a 12 mm
diameter closed-bottom alumina tube. A 1.0 mm hole at the bottom

between the electrodes through a MC electrolyte. The electrolyte, a
350 g mixture of Li,CO; and K,CO; with a molar ratio of 62:38, was
placed in an alumina container and melted at 600 °C. Thus, when the
carbon-containing WE was immersed in the MC-containing alumina
container, the WE was wetted in contact with the MC, resulting in a
significant enhancement of the triple-phase boundary (TPB).

Prior to measuring the electrochemical performance of the system,
any residual oxygen was removed during the warming process of the
system by flowing CO, gas into the CE and RE at a rate of 50 mL
min~'. When the 600 °C operating temperature was reached, a
mixture of CO, and O, (with a mole ratio of 2:1) was injected into
the CE and RE at an overall flow rate of 100 mL min~". During the
electrochemical reaction of carbon, Ar gas was continually supplied to
the WE at 200 mL min™', to purge any CO, gas that had been
produced.

The electric current and potential of the DCFC system were then
measured using a SP-150 potentiostat/galvanostat analyzer (Neo-
science, Korea) with a scan rate of 1 mV s™'. The measured electrical
potential (V) was the voltage difference observed between the WE
and RE, while the current was being monitored from the WE to the
CE. Because the RE was in proximity to the WE and was electrically
separated from the CE, the electric potential of the WE (versus RE)
could be regarded as an anode potential. Under open circuit
conditions, the electric potential (versus RE) could correspond to
the open circuit voltage (OCV) and the potential of RE was
confirmed to be very close to that of the CE. Note that the electric
current density (I) was obtained by dividing the measured current by
the apparent contact area between the fuel particles and the Ni plate
(18 cm? measured before rolling) (see Figure 1). Given a current
density and an anode potential, the power density (P) was simply
calculated by multiplying the values of I and V. To better understand
the I-V characteristics, electrochemical impedance spectroscopy
(EIS) was measured using the SP-150 analyzer at a frequency range
from 0.2 Hz to 40 kHz. Further details about the instrumentation and

of the alumina sheath allowed for the conduction of carbonate ions measurements are available elsewhere.'*™'*
Potentiostat
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Figure 2. Schematic diagram of a three-electrode DCFC measurement system.
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3. RESULTS AND DISCUSSION

3.1. Characterization of Physicochemical Properties
of the Fuels. Figure 3 shows the TGA profiles of the fuel
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Figure 3. Thermal reactivity of samples in TGA under an Ar
atmosphere.

samples (i.e, raw coals and chars) measured in an Ar
atmosphere. It can be said that most of the volatile matter in
the raw coals is removed by the char-making process (i.e.,
heating the coals from 25 to 900 °C at a rate of 10 °C min™"
under Ar flow). The TGA data for the raw coals indicate that a
substantial amount of volatile matter is released at temper-
atures of 300—500 °C by thermal decomposition and/or
evaporation.'®*** Above 600 °C, however, the raw coals only
exhibit a 3—7% decrease in mass; this suggests that, at such
high temperatures, the raw coals are close to the chars in
nature and their surfaces might be dominated by non-volatile
species, such as carbon or ash. On the other hand, the masses
of char A, B, and C decrease only slightly, to a maximum of 6%
across all temperatures. This implies that the chars exist
primarily in a solid phase and that they contain a negligible
amount of volatile matter, regardless of the fuel type.

The specific surface area, pore volume, and average diameter
of pores obtained by the BET method are presented in Table
2. The specific surface areas of the three types of raw coals are

Table 2. BET Results of Raw Coals and Chars

N, adsorption (77 K)

fuel Sper (m* 8_1) Viogal (cm® g_l) Diore (nm)
coal A 3.33 0.0054 11.49
coal B 3.82 0.0015 1.22
coal C 3.32 0.0013 1.66
char A 72.25 0.025 2.14
char B 126.78 0.062 1.96
char C 217.55 0.112 1.92

all similar (approximately 3 m* g™'), suggesting that the raw
coals are almost non-porous. However, the corresponding
chars have significantly different pore characteristics: the char
from the sub-bituminous coal (char C) is highly porous, with
the largest specific surface area observed in the study (217 m*
g™"), while the char from the bituminous coal (char A) is least
porous. It is interesting to note that the pore size is not
significantly different between the chars. With respect to the
anodic reaction (C + 2CO;*~ — 3CO, + 4e”), one may
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speculate that the most porous char C would be the most
reactive in the case where the surface pores of the chars could
be accessed by carbonate ions.'™"?

The functional groups on the surface of the raw coals, such
as volatile hydrocarbons, or oxygenated surface groups,
including carbonyl, carboxyl, and hydroxyl groups,”® could be
transformed into gaseous hydrocarbons and CO at high
temperatures. Both of these gases can react electrochemically
with carbonate ions. Consistent with previous studies,g’lé_19
we used XPS to measure the O/C ratios indicative of the
surface functional groups. The XPS results are summarized in
Table 3. In the case of raw coals, the highest and lowest carbon
contents are observed in coals B and C, respectively. These
results are reversed for the O content, which is lowest in coal B
and highest in coal C. Because coal C shows the highest O/C
ratio (that is, it is the most oxygenated), it might be the most
reactive.®'® It is, however, noted that the char samples have
similar O/C ratios (~20%), regardless of their pristine coal
types.

The mineral impurities on the surface of the fuels are also
analyzed by XPS. Table 3 shows that the relative catalytic
species contents (Ca and Fe®) of the chars are all significantly
larger than those of the raw coals. This suggests that volatile
organic matter and surface oxygenated groups are removed to
expose the catalytic species (mainly in the form of oxides)
during the char-making process. Among the chars, the char C
sample has the most catalytic species on its surface. According
to Castellano et al,”” such surface oxides could act as
mediating sites for the exchange of O~ jons, facilitating the
adsorption of O*” to the electrode surface and the subsequent
anodic reaction with neighboring carbon particles. In contrast,
Si and Al oxide species, particularly if they exist on a surface,
could be dissolved to form passive layers at the electrode
surface and could thus deactivate some local part of the
electrode.” In this respect, Table 3 indicates that the raw coals
seem to be less reactive than their chars, having lower surface
passivating contents and higher surface catalytic contents.

3.2. Electrochemical Reaction Characteristics of Raw
Coals and Chars. Figure 4 shows the [-V—P characteristics
of the three types of raw coals and chars under the same
experimental conditions (at 600 °C). In Figure 4a, coals B and
C show similar I-V curves, while coal A has a slightly lower
power density. Here, all of the raw coals have similar fixed
carbon contents and specific surface areas, as shown in Tables
1 and 2, while surface oxygenated groups (in terms of the O/C
ratio) and volatile matters are substantially lower for coal A
relative to the other raw coals (see Tables 1 and 3). Indeed,
both volatile matter and surface oxygenated groups can
produce gaseous CO and H, fuels at low temperatures of
300—500 °C. Because gaseous reactants, such as CO and H,,
are known to be more electrochemically reactive than solid
carbon,'®*” the lower reactivity of coal A might be attributed
to its lower volatility (i.e., its capacity to emit reactive gases).

To verify this conjecture, the composition of gas evolving
from the raw coals was analyzed with GC. For the GC
measurements, 1 g of each sample was heated from room
temperature to 600 °C at a rate of S °C min~'. The
temperature was then held constant for 2 h. This heating
process is similar to the warming process used in the present
DCEC operation. Panels a, b, and ¢ of Figure 5 show the
transient emissions of H,, CH,, and CO from the three raw
coals, respectively. As expected, coal A is the least volatile,
emitting few gases. In contrast, coals B and C are clearly more

https://dx.doi.org/10.1021/acs.energyfuels.9b04387
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Table 3. XPS Results of Raw Coals and Chars

fuel Cls (wt %) O 1s (wt %) N 1s (wt%) Si2p+ Al2p (wt%) Ca2p + Fe2p;, (wt%) O/C (%) N/C (%) (Si+Al)/C (%) AI (%)
coal A 65.22 21.14 291 8.28 0.14 32.04 4.41 12.52
coal B 55.64 20.35 5.52 10.62 0.84 36.52 9.88 19.01
coal C 44.38 34.34 1.17 15.11 0.88 77.48 2.45 34.05
char A 74.51 15.69 1.38 6.23 0.47 20.99 173 8.36 8.1
char B 64.08 17.68 6.24 2.54 27.58 9.68 40.9
char C 68.79 13.78 249 7.78 5.24 20.01 3.42 11.21 67.0
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volatile, emitting a similar level of CO at a time of e 9t 1
approximately 100 min from the beginning of the heating. E
CH, emissions are only detected from coal C. e 41 |
Doubtlessly, the evolving CO and H, gases can be used as Y |
additional fuels to produce electrons, like they are used in E
MCEFCs via CO + CO;*” — 2CO, + 2¢” and H, + CO;*” — g ﬁ
CO, + H,0 + 2¢~."*" In contrast, CH, probably does not
take a direct electrochemical route in the present MC-based 1
environment (unlike in solid oxide fuel cells).’>*" Instead, CH,
is preferentially cracked into C and H, to participate in anodic 200 250

reactions of C and H,. Because the thermal CH, cracking is
thermodynamically limited below 700 °C,"* CO produced
from coals B and C (in Figure 5c) seems to make a positive
contribution to increasing the power density of the fuels
relative to coal A.

To investigate the role of the gases further, the gas analysis
and I-V measurement was repeated with increased fuel masses
of 5 and 10 g. These experiments were considered only for coal
C, because coal C has the largest amount of volatile species.
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Time (min)

Figure S. Volume percent of produced gases, such as H,, CH,, and
CO, from raw coal samples of 1 g at 600 °C.

Panels a—c of Figure 6 show the transient evolution profiles of
H,, CH,, and CO from different masses of coal C. Overall,
more gases are produced upon increasing coal mass. The most
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Figure 6. Volume percent of produced gases with three different
masses (1, S, and 10 g) of coal C: (a) H,, (b) CH,, and (c) CO and
(d) corresponding potential—current density curves.
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dramatic change is observed for H,, as seen in Figure 6a; its
concentration increases from 0 to 20 vol % when increasing the
coal mass by a factor of 10. In addition, the coal could produce
CH, and CO at values as high as 10 and 8 vol %, respectively.
It is also noted that the coal gasification is continued for longer
than 4 h after the start of heating.

Figure 6d shows that the I—V characteristics for coal C are
highly dependent upon the coal mass. Upon increasing the coal
mass, the OCV steadily increases up to 1.06 V, beyond the
ideal value (1.02 V) of carbon,® indicating the potential
contribution of gaseous fuels’> (OCV for H, is 1.065 V, and
OCYV for CO is 0.897 V). Up to S g, the coal exhibits similar
I-V characteristics, characterized by a large activation
overpotential: a rapid potential decrease from OCV to ~0.75
V is observed in low current regions (I < 100 mA cm™2). This
is a typical sign of a large activation resistance for a solid
carbon in a DCFC. However, when the fuel mass increases to
10 g, the results show a typical I-V curve shape for gaseous
fuels, denoting negligible activation resistance, as is typical of a
MCEC at high temperatures. This finding suggests that the
gases that evolve from coal, which are more reactive than the
coal itself, can dominate the anodic reaction in a DCFC,
particularly when a large amount of solid fuel is used. Under
these circumstances, it is very difficult to measure the intrinsic
reactivity of the solid coal or the individual impacts of fuel-
borne properties. This justifies why the fuel mass was
minimized to 1 g in this study and explains why the influence
of coal volatility on power density was fairly low, as shown in
Figure 4a.

3.3. Effects of the Specific Surface Area and Catalytic
Components in the Chars. Now let us return to Figure 4,
recalling that the purpose of this study is to assess the intrinsic
effects of various fuel-borne factors on DCFC performance.
Figure 4b shows I-V—P curves for the chars prepared from the
three types of raw coals. In comparison to the raw coals in
Figure 4a, the chars show relatively strong coal-type depend-
ency in their power density: the maximum power densities are
found to be 140, 180, and 230 mW cm ™ for chars A, B, and C,
respectively. Among the factors, the fixed carbon content and
surface oxygen groups given by the O/C ratio are not
significantly different between the chars (see Tables 1 and 3),
and thus, these factors are ruled out.

However, as indicated in Tables 2 and 3, the specific surface
area (Sppr) and the contents of Ca and Fe on the char surface
are very different between the chars. Let us first address the
surface components. Because the Ca and Fe components
existing in the form of oxides are known to accelerate the
anodic reaction of carbon as catalysts, they are categorized as
activating species. In contrast, the components of Si and Al
coming from SiO, and Al,O; in surface ash, are known to
hinder the anodic reaction and are known as deactivating
species.”** 7> Hence, the relative activity of the surface ashes
is assessed with an alkaline index (AI) of ashes, which is
defined by the content of the activating (catalytic) species
relative to the deactivating species. The Al values of the three
chars were calculated on the basis of the XPS data and listed in
Table 3. Char C shows the highest Al value (67%); char B has
the second highest Al value at 40.9%; and char A has the least
active ash, with an AI value of 8.1%. In summary, the three
chars range in order of Al as char C > char B > char A, which is
interestingly in agreement with the order of the char’s power
densities.
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Table 4. Ash Constituent Analysis (wt %) of Raw Coals
SiO, AL O, CaO Fe,0; TiO, K,0 MgO Na,O P,0q
coal A 81.4 11.8 1.7 14 0.9 0.5 0.5 0.4 0.3
coal B 46.3 18.5 10.1 8.3 0.8 1.7 4.2 3.1 0.3
coal C 31.6 14.9 16.7 10.3 0.8 0.7 4.5 2.7 0.6
Table 5. Comparative Properties of Chars C and D
XPS measurement
fuel C 1Is (wt %) O 1s (wt %) Si 2p + Al 2p (wt %) 0/C (%) CaO (%) Fe,0; (%) AT (%)
char C 68.7 13.7 7.7 20.0 44 0.7 67
char D 719 18.2 9.1 253 0.8 0.1 9.9
proximate analysis (wt %, air dried)
moisture volatile matter fixed carbon ash
char C 6.3 8.8 77.3 7.4
char D 8.9 7.8 78.8 10.8
BET: N, adsorption (77 K)
SBET (mz g_l) Vtotal (Cm3 g_l) Dpore (nm)
char C 217.58 0.11 1.92
char D 212.29 0.12 2.71
Besides the catalytic components on the char surface, the 1.2 , : 250
entire composition of the ash might also be important, because
carbons on the char are continually consumed during DCFC 1200 3
operation, which gradually exposes internal layers of the char 8
to incoming carbonate ions. Thus, the ashes that remained S 1150 &
after the raw coal was burned were chemically analyzed with X- & &
ray fluorescence (XRF-1700, Shimadzu, Japan). Table 4 3 1100 3
summarizes the measured weight percentages of the oxide §
species in the ash. All coal ashes are dominated by SiO,, with 02 . 150
significant inclusions of Al,O;, CaO, Fe,03, and MgO. Other “ Vs :gpz:g
constituents are minor, at less than 2 wt % of the total ash. ol e 0
0 50 100 150 200 250 300 350 400

Char C is distinct from the other samples; among the chars, it
has the lowest content of deactivating species and the highest
content of catalytic species. Char A is opposite in composition
to char C. These results are qualitatively consistent with the
XPS results.

There is another factor, Sggr of the chars shown in Table 2,
which is also well-correlated with power density. Thus, the
significance of catalytic ash components relative to surface area
must still be discriminated. For this purpose, we tested several
sub-bituminous coals used in coal-fired power plants in Korea
and selected a coal (named Adaro) with very similar char
properties to char C. The char prepared from this additional
coal was named char D and was subjected to proximate
analysis, XPS measurement, and BET experiments. In Table S,
the results for char D are summarized in comparison to those
for char C. Both of the chars have fairly similar properties, such
as fixed carbon and ash contents, specific surface area,
volatility, and O/C ratio. The only remarkable difference is
that char D has 5 times less catalytic species than char C; the
AT of char D is only 9.8%.

Figure 7 compares the I-V—P characteristics of chars C and
D. Char D exhibits considerably lower power density than char
C. The difference in power density seems to come from the
catalytic components. It should also be noted that char D has a
comparable power density to char A, even though char D has a
much larger specific surface area (see Tables 2 and $).
Recalling that chars D and A have similar Al values, one might
conclude that the surface areas of the chars have no effect on
electrochemical performance, at least under the conditions
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Current density (mA cm‘z)

Figure 7. Potential (V) and power density profiles versus current
density (I) for chars C and D at 600 °C.

used in this study. To reconfirm this, the Sz and Al values of
the four chars are plotted against their corresponding power
densities in panels a and b of Figure 8. As expected, power
density is closely correlated only with AL

Here, it is interesting to see if the catalytic effect of ash
components will be reproduced with a powder mixture of
carbon and one of the catalytic species. For this purpose, a
commercial powder of pure graphite was well-mixed with one
of three commercial powders of CaO (30 nm, purity of
99.9%), Fe,O; (50 nm, purity of 99.99%), and SiO, (10—20
nm, purity of 99.9%) from Aldrich. Note that the content of
each oxide component was kept constant at 13 wt %, which is
similar to ash contents of chars C and D in Table S, and thus,
there is no other factor involved. A fixed amount (1 g) of the
mixture samples as well as the graphite alone was tested by the
same procedure as employed in Figure 4.

Figure 9 clearly shows that both CaO and Fe,O; can
promote the electrochemical reaction of carbon as a catalyst,
while SiO, plays a role of deactivator as expected. Another
thing to note is that the maximum current density of the 13%
CaO sample is around 140 mA cm™?, much lower than those
of all of the char samples in Figure 4. This might be attributed
to the poor contacts between carbon and oxide particles that
can limit their catalytic function.
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Figure 9. Potential (V) profile versus current density (I) for three
different mixture samples as well as graphite alone at 600 °C.

One last question is why the surface pore structures in terms
of Sger do not play a significant role in the power generation
particularly in the presence of strong catalysts. This might be
associated with the accessibility of the surface pores to the MC
liquid. The possibility of pore wetting of the MC liquid is
basically not different from the well-known subject of
spontaneous imbibition of liquids,’***” which describes the
phenomenon of a wetting fluid invading a porous medium.
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Liquid propagation through pores occurs naturally as a result
of the action of capillary forces generated within the pores. In
contrast, medium pores in contact with a non-wetting liquid do
not wet; they remain dry. For example, a hydrophobic
microporous polyethylene membrane is not wet with water.’”

To characterize the surface pores of the chars as wettable or
non-wettable, a contact angle was measured from an image of a
MC drop on a flat carbon plate. A scoop of MC powder,
weighing 300 mg, was put on a flat surface of carbon and then
melted at 520 °C in an Ar atmosphere. More details about this
process are available in our previous work.'> Figure S1 of the
Supporting Information shows a clear image of a hemispherical
MC drop resting on top of a flat plate of carbon. The contact
angle was measured at 110.9° indicative of the non-wetting
nature of the char particles.

Of particular interest is to estimate the external force that is
required to initiate non-wetting MC liquid flow through the
pores. The pore is modeled as a cylindrical capillary tube with
a fixed radius (). On the basis of the Poiseuille flow (related to
the liquid flow through a capillary), the flow velocity (V) of the
liquid is frequently calculated using the Washburn equation:*®
V= 1*/(8u)(AP — P_)/L, where y is the viscosity of the liquid,
L is the length of the capillary, P. is the capillary pressure, and
AP is the external pressure forcing the liquid to flow.

It is obvious that AP > P, yields a positive flow velocity of V
> 0, indicating liquid penetration through the pore. Hence, P,
becomes the required minimum external pressure and is
usually calculated from the measured contact angle (6) and
surface tension (y) of the liquid by the Young—Laplace
equation: P, = 2y cos(@)/r. In the present study, the pore
radius (r ~ 1.15 A) is half the pore diameter of the chars in
Table S, the contact angle () is 110.9°, and the surface
tension (y) is 0.2 N/m for the MC liquid.*”* Given these
properties, P is calculated as 3.5 X 10* atm, 4 orders of
magnitude larger than the operating pressure (~1 atm) of the
present DCFC system. Conversely, a minimum pore diameter
of 4.0 ym is required for spontaneous imbibition of the MC
liquid into the carbon pores under P. = 1 atm. This implies
that the surface pores of the chars are too small to be accessed
by the MC liquid, and thus, the surface area does not exert any
significant effect on power generation.

It is worth noting that there have been conflicting claims
against the surface area effect. Vutetakis et al.” reported that
highly porous activated carbon denoted lower current density
than less porous coals at 700 °C. Cooper and co-workers"’
concluded that the surface area effect of carbons alone is
relatively weak. More recently, Eom et al*' tested three
different coals as DCFC fuels at 700 °C and confirmed that
there was no surface area effect. Here, it is interesting to recall
the conclusion of Li et al.” that the microporous (<2 nm)
surface of carbon is not accessible unless the surface has
sufficiently large pores, which seems to be qualitatively
consistent with our conclusion in this study.

On the other hand, Ahn et al.'*'”'1? found that the surface
area of coals and biomass chars was correlated with their
electrochemical power density to some degree. However, the
power density was also correlated with O/C ratios and ash
contents of the fuels. Cao et al.** reported that activated
carbons, after being demineralized by various acids, become
more microporous, increasing the surface area (from 958 to
1016 m* g™') and the current density (from 10 to 95 mA
cm™?). However, such a large increase in the current density is
very unlikely caused by the 6% increase of the surface area.
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Rather, the promoted reaction might be associated with
changes in the surface state by the acid treatments, e.g,
creation of new surface functional groups, removal of inert
species in surface ash, and changes in surface acidity.*” In
addition, their DCFC operates at high temperatures of 750—
850 °C, which allows other factors, such as carbon gasification,
to be involved. In summary, the surface area or surface pore
structure does not play any significant role at least under the
process conditions of this study.

4. CONCLUSION

This study was devoted to a careful assessment of various fuel-
borne factors affecting the electrochemical performance of a
DCEC. The factors include temperature-dependent volatility,
evolving gas composition, and surface functional groups in
terms of the O/C ratio, ash content, and composition of coals.
Bituminous, sub-bituminous, and intermediate coals and their
corresponding chars were tested as fuels for the DCFC system.
Our unique approach to the study was to use a fixed
(minimum) amount of fuel and to lower the DCFC operating
temperature to 600 °C. As a result, the volatile species emitted
mostly H,, CO, and CH,, and their contribution to the cell
performance could be minimized, unless a sufficiently large
amount of fuel is used. After the char-making process, three
types of chars showed remarkable differences in surface area
and surface contents of catalytic ash components. A sub-
bituminous char with the largest surface area and the highest
alkaline index performed best in DCFC operations; its power
density reached 230 mW cm ™. When a reference char sample
was tested as well, it was shown that the surface pores of the
chars could not serve as extended active sites, because of their
non-wetting nature. Instead, the surface catalytic components
of the chars (in terms of their Al index) directly impacted
electrochemical performance, at least under the conditions
used in this study. This finding was further supported by the
extra experiment using commercial samples.
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