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ABSTRACT: Carbon is an important energy carrier. It is abundant in the world, richly
existing in coal and biomass. Its energy is released mainly through oxidation. A heat

energy of ~393 kJ may be obtained from the complete oxidation of 1 mol of carbon.



The most conventional way of carbon oxidation is combustion which has the problems
of pollutant emission and low efficiency. However, through electrochemical oxidation,
the chemical energy of carbon can be converted into electricity with high efficiency and
low pollution. Herein, we give a brief review of our work on a novel technology of
generating electricity and carbon monoxide from electrochemical oxidation of carbon,
through a solid oxide fuel cell (SOFC) at high temperature. This so-called direct carbon
SOFC (DC-SOFC) is with an all-solid-state configuration, without any purging gas or
liquid medium. Electricity is generated by coupling of the electrochemical oxidation of
CO at the anode and the reverse Boudouard reaction at the carbon fuel. Meanwhile,
gaseous CO and CO, are produced. We prepared electrolyte-supported and anode-
supported SOFC single cells and stacks and operated them directly with Fe-loaded
activated carbon, biochar derived from orchid leaf and corn cob, respectively, as the
fuel. Especially, we investigated their potential applications in portable power supplies
and electricity-gas cogeneration. Our experimental results show that, the output
performance of a DC-SOFC is comparable to that of a SOFC operated on hydrogen. A
3-cell-stack of tubular anode-supported segmented-in-series DC-SOFC gives a peak
areal power density of 465 mW c¢cm and a volumetric power density of 710 mW cm™,
at 850°C. Furthermore, the composition of the gas emission can be controlled by tuning
the operating electrical current and the catalysts applied for the Boudouard reaction, so

that CO gas and electricity co-generation can be realized.



1. INTRODUCTION

Generally, we define a matter containing carbon or/and hydrogen that can be
automatically oxidized by oxygen to produce large amount of heat as a fuel. As an
important energy element, carbon is richly reserved in fossil fuels and biomasses.
Electricity is the most favored form of energy for terminal customers because it is
convenient to use. Therefore, converting the chemical energy of carbon to electricity
with high efficiency has always been important to human society. Conventional way of
generating electricity from carbon is through internal combustion engine whose
conversion efficiency is limited by Carnot efficiency. Meanwhile, pollutants such as
NOx may be emitted during the combustion process because air, with over 70% nitrogen,
is directly fed into the engine. Low conversion efficiency results in more CO
production and emission, exacerbating the global climate change problem.

A fuel cell is an electrochemical device that can directly convert the chemical energy
of a fuel to electricity through electrochemical reactions.'* Its conversion efficiency is
high because it is not limited by Carnot efficiency. In principle, any fuels can be
oxidized electrochemically to generate electricity if oxygen can be transferred through
a proper electrolyte in the form of O*, OH", or COs*". A fuel cell operated directly with
solid carbon as the fuel is called as a direct carbon fuel cell (DCFC).>* Normally, the
activation energy of carbon is high so that high temperature is needed for the oxidation
of carbon.” Therefore, fuel cells operated at high temperatures such as molten carbonate
fuel cells (MCFCs), molten hydroxide fuel cells (MHFCs), and solid oxide fuel cells

(SOFCs) are applied for electrochemically generating electricity from carbon. There



have been numerous investigations on DCFCs and several reviews have summarized
them from different point of view.®"!° Most studies have focused on DCFCs based on
liquid electrolyte fuel cells such as MCFCs''"!* and MHFCs'*'¢, There have been
several investigations on applying carbon fuel in SOFCs but liquid metal or molten salt
are added to the anode chamber for carbon delivering.!”>> Liquid matter at high
temperature is always a danger because it may cause leaking and corrosion. Therefore,

SOFCs directly operated on carbon without liquid medium were proposed and

investigated with Ar or CO> as carrying or gasifying gas.?®?’
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Fig.1 Schematic illustration of the operation mechanism of a direct carbon solid oxide
fuel cell (DC-SOFC)*
Actually, carbon can be directly used as fuel of a SOFC without any liquid medium or
purging gas, as illustrated in Fig.1. Nakagawa and Ishida®® proposed the reaction
mechanism of such a direct carbon solid oxide fuel cell (DC-SOFC) as that: Oxygen
molecules in the air adsorb on the cathode, accepting electrons to become oxygen ions
(1/2 Oz + 2 e = O%). Then the oxygen ions go across through the electrolyte to the
anode to oxidize CO, producing CO> and donating electrons

0> + CO =CO, + 2¢ (1)



The produced CO; molecules diffuse to the carbon fuel to perform the reverse
Boudouard reaction, producing more CO

CO,+C=2CO 2)
Some of the CO molecules diffuse to the anode for the electrochemical oxidation
reaction (1). The coupling of reactions (1) and (2) maintains a continuous generation of
electricity from a DC-SOFC by consuming carbon fuel.
To verify the above mechanism of DC-SOFCs, Xie et al. ?° carried out an experiment
to compare the performances of a DC-SOFC with a SOFC operated on pure CO. They
obtained almost identical /- curves and impedance spectra from the two kinds of cell,
confirming that the anode reaction of a DC-SOFC is the electrochemical oxidation of
CO. According to the mechanism, Tang et al.>* applied Ag-GDC, which is a catalyst for
the electrochemical oxidation of CO, as the anode material, and loaded Fe, which is a
catalyst for the Boudouard reaction, on the carbon fuel. They obtained much higher
performance from the DC-SOFC than that without any catalyst.
The feasibility of DC-SOFCs has been confirmed by continuous improvement of
performance since the operation mechanism was first proposed in 1988, especially in
recent years. Table 1 gives a brief review on the output performances of DC-SOFCs
obtained in years. At the beginning, peak power outputs of only 6.5 and 68 mW were
obtained at about 800 and 1000°C, respectively, on an YSZ electrolyte-supported SOFC

1.28 With an effective area of 2 cm?, these outputs corresponded to

fueled by charcoa
power densities of 3.3 and 34 mW cm™, respectively. The low performance can be

attributed to the thick electrolyte (1.5 mm) and unoptimized electrode (porous



platinum). With the improvement of materials and fabrication techniques, an output
power of 45 mW was obtained at 800°C from a tubular SOFC, with an electrolyte
thickness of 0.3 mm and an effective area of 5.1 cm?, operated on graphite powder in
2009.3! Then a tubular Ni-based anode-supported ScSZ electrolyte SOFC, with an
effective area of 10 cm?, was operated on carbon black and an overall output power of
1040 mW was obtained at 850°C in 2010.% In the same year, a tubular DC-SOFC was
successfully operated at a constant current of 30 mA for 37 hours.>’> Meanwhile,
catalysts promoting the electrochemical oxidation of CO and the reverse Boudouard
reaction were applied on the anode (Ag-GDC) and the carbon fuel (Fe), respectively,
of a DC-SOFC and the output performance was enhanced by 7 times.*° In 2011, a
tubular anode-supported segmented-in-series 3-cell-stack, with an overall effective area
of 5.1 cm?, was operated with 5 wt.% Fe-loaded activated carbon,* and, an open circuit
voltage of 3 V and an overall power output of 2400 mW were obtained at 850°C.* Later
on, much effort has been devoted to investigation of DC-SOFCs on operating

29,36,37

mechanisms ,expanding carbon fuel sources (carbon from coal and biomasses) >

4348 and improving configuration designs.*>*° Recently, our

M optimizing materials
group have developed a tubular electrolyte-supported segmented-in-series 3-cell-stack
with carbon loaded outside the cell stack. This configuration enables more carbon
integrated with the electricity generating system. The total effective area of the stack
was 10.2 cm? (3.4 cm? for each unit cell). With 17 g carbon loaded, the DC-SOFC stack

gave an OCV of 3.1 V and output power of 4100 mW at 800°C. It discharged at a

constant current of 1 A for 19 h, revealing a discharging capacity of 19 Ah and an energy



capacity of 31.6 Wh.”!

The superior discharging characteristics suggests that DC-SOFCs may be developed
for portable application. Meanwhile, CO may be produced at a certain operating
conditions. Therefore, DC-SOFCs may also be applied for gas-electricity
cogeneration.>? In this paper, we give a brief review on the oxidation of carbon through
DC-SOFC:s. First, we explain some basic principles of DC-SOFCs. Then we introduce
applications, mainly on portable and gas-electricity cogeneration. Finally, some

conclusions and perspectives are summarized.



Table 1. A brief history of output power and discharging characteristics of DC-SOFCs

Year Configuration Electrolyte | Anode Cathode | Fuel Effective | Operating Open Peak | Discharging
(thickness) area temperature | circuit | power | characteristics
(cm?) (°C) voltage | (mW)
(V)
198828 | Planar electrolyte- YSZ Pt Pt Charcoal 2 802 0.93 6.5
supported single cell (1.5 mm) 1002 1.11 68
20093! | Tubular electrolyte- YSZ Ag Ag Graphite 5.1 800 0.85 45
supported single cell (0.3 mm) (0.8g)
201032 | Tubular anode- ScSZ Ni-ScSZ/Ni- | LSM-ScSZ | Carbon black 10 850 1040
supported single cell YSZ
201033 | Tubular electrolyte- YSZ Ag Ag Activated carbon 2.5 800 0.96 16 37 hat 30mA and
supported single cell (0.6 g) ~0.5V
20103 | Tubular electrolyte- YSZ Ag-GDC Ag-GDC | 20 wt.% Fe-loaded 2.5 800 1.04 113 10 h at 70mA and
supported single cell (45:55) (45:55) activated carbon (0.54 g) ~0.7V
20113¢ | Tubular anode- YSZ Ni-YSZ LSM-YSZ | 5 wt.% Fe-loaded 2.3 850 1.10 975
supported single cell activated carbon (0.2 g)
201137 | Tubular anode- YSZ Ni-YSZ LSM-YSZ | 5 wt.% Fe-loaded 5.1 850 3.0 2400 | 1hat500 mA
supported segmented- activated carbon (1.2 g)
in-series 3-cell-stack
20134 | Tubular electrolyte- 4 wt.% Al,03- | Ag-GDC LSM-YSZ | 5 wt.% Fe-loaded 1.2 850 1.11 302 4.3 h at 200 mA
supported single cell doped YSZ (70:30) (60:40) activated carbon (0.35 g) and ~0.7V
2013%° | Tubular porous YSZ - YSZ Infiltrated Ag 5 wt.% Fe-loaded 2 850 1.10 270 2 h at 200 mA
supported dense YSZ (31 um) Cu-CeO, activated carbon (0.16 g)
electrolyte single cell
2014 | Tubular electrolyte- LSGM Ag-GDC Ag-GDC 5 wt.% Fe-loaded 1.9 850 1.06 728




supported single cell (0.15 mm) (45:55) (45:55) activated carbon (0.17 g) 800 1.03 420 1.2 h at 400 mA
20152 | Electrolyte-supported 1 wt.% Al,03- | Ag-GDC LSM-YSZ | 5 wt.% Fe-loaded 35 800 1.08 1120 | 3.3 hat 1000 mA
single cell doped-YSZ (70:30) (60:40) activated carbon (1.0 g) 2.3 h at 1500 mA
(0.16 mm) 1.5 h at 2000 mA
20152 | Electrolyte-supported 1 wt.% Al,03- | Ag-GDC LSM-YSZ | 5 wt.% Fe-loaded 8.0 800 2.11 2552 | 1.1 hat 2000 mA
segmented-in-series 2- doped-YSZ (70:30) (60:40) activated carbon (1.4 g)
cell-stack (0.16 mm)
2016*” | Anode-supported YSZ NiogFeo.10s- | LSCF- 5 wt.% Fe-loaded 0.5 800 0.96 265 15 h at 50 mA and
single cell (27 pum) YSZ GDC activated carbon (2.5 g) 0.85V,;
(70:30) 6 h at 100 mA and
0.75V;
1.6 h at 200 mA
and 0.65 V;
2017°! | Electrolyte-supported 1 wt.% Al,03- | Ag-GDC Ag-GDC 5 wt.% Fe-loaded 10.2 800 3.1 3200 | 3.5hat 1000 mA
segmented-in-series 3- doped-YSzZ (70:30) (70:30) activated carbon (3.0 g) 3.5Ah
cell-stack with carbon (0.16 mm) 6.9 Wh
inside the cell stack
2017°! | Electrolyte-supported 1 wt.% Al,Os- | Ag-GDC Ag-GDC | 5 wt.% Fe-loaded 10.2 800 3.1 4100 | 19 h at 1000 mA
segmented-in-series 3- doped-YSZ (70:30) (70:30) activated carbon (17 g) 19 Ah
cell-stack with carbon (0.16 mm) 31.6 Wh

inside the cell stack




2. PRINCIPLES

2.1. Feasibility analysis of DC-SOFCs. The key point of that a DC-SOFC can work
and give high performance is that CO is the favored product in the equilibrium gaseous
composition of a C-O system with exceed carbon. Fig.2 shows the equilibrium gaseous
composition of such a system with 1 mol of oxygen gas. We can see that at lower
temperature, CO> dominates the composition while at high temperature, CO is the
favored gas product. It can be seen from Fig.2 that when the operation temperature is
800°C, there are 1.6 mol of CO and 0.2 mol of CO2, corresponding to a mol fraction of

89% and 11% for CO and CO», respectively, in the gaseous composition.
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Fig.2 Equilibrium gaseous composition of a C-O system with 1 mol of oxygen gas
and excess carbon
Note that in the anode chamber, the overall volume of the gases keeps increasing at
atmospheric pressure once the operation of a DC-SOFC starts at a certain electrical
current. This means the gases in the anode chamber tend to expand and expel out.
Therefore there is little chance for the ambient air or oxygen coming into the chamber.
This brings a superior feature for DC-SOFCs that they do not need strict sealing,

resulting in easy assembling process and simple equipment.
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2.2. Open circuit voltage. Considering the electrochemical reactions occurring at the

cathode and anode, we see that the overall electrochemical reaction of a DC-SOFC is
1/2 02+ CO =CO, 3)

The equilibrium gaseous composition can be used to calculate the open circuit voltage

(OCV) of a DC-SOFC according to Nernst equation

1/2
RT PCOPO
E=E%+—1 2 4
topm Peo, )

Where E? is the standard electro-motivated force (EMF), Po; is the partial pressure of
oxygen at the cathode, and Pco and Pco2 are the partial pressures of CO and CO.,
respectively, at the anode. In most cases, the ambient air is taken as the oxidant for the
cathode reaction, thus Po; = 0.21. The calculated OCVs at different temperatures are
shown in Fig.3 (dashed line).

However, the measured OCVs often do not fit exactly with the theoretical expectation.
Sometimes they even exceeds the theoretical values. Tang et al.*® measured OCVs of
tubular DC-SOFCs with and without Fe catalyst, respectively. The results are shown in
Fig.3. Compared to the theoretical calculation results, the OCVs for the DC-SOFC with
Fe catalyst loaded on carbon fuel gives higher OCVs in the temperature range between
450 and 650°C. This can be explained as that, the reaction of a DC-SOFC is a kinetic
process rather than a thermodynamic one. A complete equilibrium is impossible.
According to the Nernst equation, the value of the OCV of a DC-SOFC is proportional
to In (Pco/Pco2). When the reaction rate of producing CO (mol s™') is faster than that of
producing COz, as in the case of loading Fe catalyst on carbon, the instance value of

OCV may be higher than that calculated from equilibrium assumption. This will result
11



in the OCV higher than the thermodynamic estimation. Xie et al. observed similar

evidence in their experiments on measuring the OCVs of DC-SOFCs.*
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Fig.3 Open circuit voltages of DC-SOFCs obtained from experimental and theoretical
calcultation®®
2.3. Composition of emission. According to reactions (1) and (2) in the anode chamber
of a DC-SOFC, one CO molecule reactant of (1) produces one CO». The CO; diffuses
to the carbon to perform the reverse Boudouard reaction (2) to produce two CO
molecules. One CO may diffuse back to the anode for the electrochemical oxidation
reaction (1) and the other CO may emit out of the DC-SOFC. In this way, the operation
of a DC-SOFC can be maintained and the only emitted gas is CO. However, the real
situation is not that simple because not all the gaseous molecules in the anode chamber
will participate the reaction (1) or (2), and the reaction rate of (1) may be quite different
from that of (2). Cai et al. gave an initial analysis on the effect of relative reaction rate
of (1) and (2) on the emission composition of a DC-SOFC.*’ Suppose the reaction rate
of the electrochemical oxidation (1) is 71 (mol s™!) and of the reverse Boudouard reaction
(2) is 72 (mol s™!). The rate 7| can be manipulated by controlling the operating electrical

current / (A)
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This is also the rate of consuming CO and producing CO, from reaction (1). In the
reverse Boudouard reaction, CO> is consumed in a rate of »» and CO is produced in a
rate of 2r,. Therefore, the overall CO producing rate of the DC-SOFC is

rco=2r2-r1 (6)
The overall CO; producing rate is

rCo2=F1-12 (7)
When 71 is relatively slow and 7> is fast, more CO is produced and the emitted gas
composition contains more CO. In contrast, if 7| is relatively high and 7 is low, more
CO; will emit from the DC-SOFC. Our experiments have shown good agreement with
the above analysis.?%>
To enhance the electrical conversion efficiency, i.e., to generate more electricity from a
certain amount of carbon, a relatively high 1 and low > should be applied. However,
CO may be a more valuable product than electricity and more CO can be obtained by
using a relatively quick »» and slow 7. Different applications have different
requirements and this will be discussed later in the following.
2.4. Effect of counter diffusion between CO and COz. In the coupling of reactions
(1) and (2), (1) occurs at the anode but its reactant CO comes from reaction (2) which
occurs at the carbon fuel; and the reactant CO; for (2) at carbon comes from (1) at the
anode. Thus the distance between the carbon and the anode of a DC-SOFC, D¢, may
play an important role in affecting the counter diffusion between CO and COa, thus

affecting the performance of the DC-SOFC. Xu et al.’’” developed a 2D numerical

13



model to describe the electrochemical/chemical reactions, ion/electron transport, mass
transport and momentum transport in a tubular DC-SOFC. They conducted parametric
simulations to evaluate the effects of distance between the carbon and the anode, Dee,
on DC-SOFC performance and found that the performance of DC-SOFC decreases with
increasing D... However, they also observed that the performance of DC-SOFC with
large Dc. is still good enough, as shown in Fig.4, which indicates that the practical and
large-scale DC-SOFC applications could be feasible. Our recent experimental results

are well consistent with the simulation results.
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Fig.4 Effect of Dc. on (a) DC-SOFC output current density and (b) output power

density at 1123 K.*’

3. APPLICATIONS

As mentioned above, carbon can be oxidized through SOFCs at high temperature to
generate electricity. Such a DC-SOFC is simple in equipment because it does not need
any liquid medium or purging gas. The energy density of carbon is high. Theoretically,
the charge capacity of carbon in a DC-SOFC could be as high as 8935 mAh g which

14



is 24 times of that of graphite negative electrode in a lithium ion battery. Therefore,
DC-SOFCs can be developed for portable applications. Meanwhile, pure CO which is
more valuable than electricity can be effectively produced from a DC-SOFC operated
at proper conditions. Thus, DC-SOFCs may also be developed for gas-electricity
cogeneration applications.

3.1. DC-SOFCs for Portable Application. Currently, the most commonly used
portable power sources are lithium ion and lead-acid batteries. Lithium ion battery has
relatively high capacity but its security is still a problem. Lead-acid battery has the
advantages of low cost and mature technology but its capacity is too low. Besides, they
are rechargeable batteries or secondary batteries, meaning long time of charging which
causes much inconvenience to customers. A portable DC-SOFC power source may
overcome the issues of lithium ion and lead-acid batteries because it is safe with all-
solid-state configuration and its capacity is high. More importantly, it generates
electricity from carbon in situ and does not need long time charging. Seconds of
replacing a cartridge of carbon powder may refresh a DC-SOFC power supply. To meet
the terms conventional used in the area of portable power sources, a DC-SOFC for
portable application is also called as a carbon-air battery.

Regarding the terms, DC-SOFC has several other names. We name it as direct carbon
SOFC (DC-SOFC) because we have been working on SOFCs using a variety of fuels.
Carbon is a novel solid fuel for SOFCs and it is directly placed in the anode chamber
without any liquid medium or purging gas. For those who have been working on direct
carbon fuel cells with different kinds of electrolyte, including molten carbonate, molten

15



hydroxide, and solid oxide, the DC-SOFC is named as solid oxide DCFC (SO-DCFC).
For portable application, carbon can be taken as the active material of anode and the
DC-SOFC can be viewed as a primary battery which is called as a carbon-air battery.
Actually, there is no strict border between a fuel cell and a battery. An electrochemical
cell for generating electricity is composed of cathode, electrolyte, and anode. Whether
it is a battery or a fuel cell depends on the configuration of anode, as shown in Fig.5. A
battery has its anode catalyst, current collector, and anode active material integrated (a).
When the anode is divided into two parts, one part is the catalyst and current collector
and the other part is the active material which is removable and replaceable, then the
cell can be taken as either a battery or a fuel cell (b). For example, a zinc-air battery,
with zinc as the active material, is also called as a fuel cell.’®> When the anode active
material (generally a gas) is separated from the core cell and is supplied continuously
from an external source, it is called a fuel cell (c). The DC-SOFC presented here
belongs to the second situation (b), and the active anode material is solid carbon. In this
aspect, it is called as a carbon-air battery or a carbon-air fuel cell. Although carbon is

installed with the core cell (a SOFC), but can be removed, refilled, and replaced.
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Fig.5 The difference between battery and fuel cell: (a) A battery; (b) A battery or a

fuel cell; (c) A fuel cell
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We have designed a portable power supply system based on a tubular segmented-in-
series DC-SOFC, as shown in Fig.6.*” A tubular segmented-in-series SOFC stack is
located at the middle of the system, with the cathode inside and the anode outside.
Surrounding the stack tube, there is carbon fuel in a heat conducting container. Some
heating pipes are located around the container to provide the operating temperature.
The system is wrapped by a heat insulator or heat exchangers to protect the heat from
dissipation. A gas leading tube is set into the carbon fuel to lead out the producing gas,
including CO, to a burner. The emitted CO is burned in the burner producing heat which
is transferred to the heat exchangers to provide the heat needed for the reverse
Boudouard reaction inside the container. Energy can be saved and the overall energy
efficiency of the system can be improved in this way. Carbon fuel can be supplied or
refilled through the inlet located on the up left corner. During the operation of this power
source system, air is automatically fluxing through the inside of the tubular stack from

the bottom to the upside.

gas leading tubular

carbon inlet SOFC stack

~heat exchanger

—heat insulator
' ®

©®0®0®0@

air

Fig.6 A designed portable power supply system based on DC-SOFC*
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The tubular segmented-in-series SOFC stack can give a relatively high voltage with a
small stack volume and this feature is especially suitable for portable application. Our
group have devoted much effort on fabricating such kind of SOFC stack using slip

5657 and gel-casting™® techniques. Bai et al. fabricated a tubular

casting>**, dip coating
cone-shaped anode-supported segmented-in-series 11-cell-stack by dip-coating, as
shown in Fig.7(a).® The total length of the stack was 9.5 cm and the diameter of the
cone-shaped SOFC was 1.1 cm. The overall effective cathode area of the 11-cell-stack
was 18.7 cm?. The stack was operated with humidified methane (3% HO) as fuel and
it provided a maximum power density of 421.4 mW cm 2, corresponding to an overall
output power of 8 W, at 800°C, as shown in Fig.7(b). The maximum volumetric power

density of the stack was 0.9 W cm™ at 800°C. Good stability was observed with 10

periods of thermal cycling test.
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Fig.7 A tubular cone-shaped anode-supported segmented-in-series 11-cell-stack (a)

and the output performance of the stack operated on methane (b)¢

Then, we operated the anode-supported cone-shaped single cells and a 3-cell-stack

directly with 5 wt.% Fe loaded activated carbon as fuel, as illustrated in Fig.8.>3 0.2 g
18



and 1.2 g of Fe-loaded carbon were filled in the each single cell and the 3-cell-stack,
respectively. The effective area of the single cell was 2.3 cm? and the overall effective
area of the 3-cell-stack was 5.2 cm?.
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Fig.8 Schematic illustrations of a single DC-SOFC (a) and a 3-cell-stack (b)**

Fig.9 (a) shows a typical performance of the single cells at 850°C. The open circuit
voltage is 1.1 V and the maximum power density is 424 mW cm™ at 850°C. The result
is four times of that reported by Wang et al. (104 mW cm? at 850 C).** Such
improvement should be attributed to the function of the Boudouard reaction catalyst.
Fig.9 (b) shows the discharging characteristics of the single cells operated at constant
current of 0.5, 1.2, and 2.0 A (corresponding to current density of 0.22, 0.52 and 0.87
A cm™), respectively, at 850°C. Regardless of the initial performance of the cells, there
appears a regularity that larger current results in shorter operating life. The cells
operated at 0.5 A, 1.2 A, and 2 A give an operation life of about 60, 15, and 5 min,
respectively. Chromatograph (GC) analysis shows that CO is the main exhausted gas in

the initial stage of cell operating, which is consistent with the theoretical
19



thermodynamic equilibrium expectation.

T T T T T Y 500 ® cell10.5A
1.24 = _single cell 850°C 084 ® cell21.2A
En L A cell32A
Ja00 § 1 .
oy 0.6 -
= % S \
4300 T z |
& z o :
] 7] 2 0.4 .
= c s .
> 4200 § s .
.
« =
2 0.2 1& .
{100 2 i \
0.0+—4— : - r T ;
0.0 T T T T T T 0 0 10 20 30 40 50 60
0 200 400 600 _ 800 1000 1200 1400 " ]
Current Density (mAcm™) Time (min)
(a) (b)

Fig.9 Output performance of a single DC-SOFC (a) and discharging characteristics of
a single DC-SOFC operated at different currents
Fig.10 shows the output performance of the 3-cell-stack operated on 5 wt.% Fe-loaded
activated carbon. The stack gives a maximum power of 2.4 W, corresponding to power
density of 465 mW cm (with a total active area of 5.2 cm?), at 850°C. Taking the
volume of the tubular stack, which is 3.4 cm? (with a diameter of 1.2 cm and length of
3.0 cm) as the bulk, we can see that the volumetric power density is 710 mW cm™. The
output of this DC-SOFC stack is comparable to a SOFC stack, with the same

configuration, operated on hydrogen. ¢’
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Fig.10 Output performance of 3-cell-stack of DC-SOFC*
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Fig.11 Schematic illustrations of 3-cell-stacks of DC-SOFC with carbon fuel loaded
inside (a) and outside (b) of the tubular SOFC stacks®!
Recently, we developed a tubular electrolyte-supported segmented-in-series DC-SOFC
stack with carbon fuel loaded outside the stack tube, as illustrated in Fig.11.%!
Previously, we filled carbon fuel inside tubular cells or stacks as shown in Fig.11(a).
The operating time (or discharging capacity) of such DC-SOFCs is not long enough
because the amount of carbon filled is limited by the interior space of the cells or stacks.
When carbon fuel is loaded outside the stack, as shown in Fig.11 (b), much more carbon
fuel can be integrated with the stack. Actually, this configuration is more closed to the
stack of the designed power source system as shown in Fig. 6. With an overall effective
area of 10.4 cm? and 17 g carbon loaded outside, the stack gave an OCV of 3.1 V and
an output power of 4100 mW at 800°C (Fig.12 (a)). It discharged at a constant current
of 1 A for 19 h, as shown in Fig.12 (b). This corresponds to a discharging capacity of
19 Ah and an energy capacity of 31.6 Wh. As a comparison, the stack with 3 g carbon

loaded inside discharged at 1 A for only 3.5 h, revealing a discharging capacity of 3.5
21



Ah and energy capacity of 6.9 Wh. For the DC-SOFC with carbon loaded outside the
stack, the energy capacity of 31.6 Wh corresponds a mass energy density of 1.86 Wh
g . This value is significantly higher than the maximum energy density of current

lithium ion batteries (~0.2 W-h-g™}).
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Fig.12 Output performances (a) and discharging characteristics (b) of 3-cell-stack of

DC-SOFC with carbon inside and outside of the tubular SOFC stacks, respectively®!

In contrast to lithium-ion batteries where graphite is the intercalation host, carbon is
consumed in DC-SOFCs. Therefore, refueling capability of DC-SOFCs is important for
practical applications. However, the DC-SOFC is far from mature compared to the
lithium-ion battery. There are few data on the refueling capability of DC-SOFCs.
Probably, the only report on refueling capability is from Xie et al.>® After an initial
operation and the carbon fuel was used up, they refueled the DC-SOFC and obtained
completely identical performance as DC-SOFC was first operated.

3.2. Gas-electricity cogeneration. As mentioned above, the emissions of a DC-SOFC
can be manipulated by controlling the relative reaction rates of the electrochemical

oxidation of CO (1) and the reverse Boudouard reaction (2). A relatively larger rate of
22



the reverse Boudouard reaction leads to more CO production. According to Equations
(6) and (7), when the oxidation rate of CO 1 equals to the rate of the reverse Boudouard
reaction 72, there is no CO» emitted and the only product is CO. CO is an important
chemical stock in chemical engineering industry. In most cases, CO is more valuable
than electricity. Therefore, a DC-SOFC can also be used for gas-electricity
cogeneration.’?

When used for producing chemical products such as CO, a DC-SOFC can be viewed
as a membrane reactor, as illustrated in Fig.13. The electrolyte is an oxygen permission
membrane through which oxygen ions are provided for the electrochemical oxidation
reaction. Active catalysts can be applied to the carbon fuel to speed the reverse
Boudouard reaction for more CO production. Meanwhile, electricity is generated,
mainly with an overall reaction of

C+1/20,=CO (8)

d

=
)

—
Liitd

2O,

Electricity generation Membrane reactor Gas generation

Fig.13 A membrane DC-SOFC reactor for gas-electricity cogeneration?

Xie et al. tested the gas-electricity cogeneration performances of single tubular DC-
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SOFCs. The YSZ electrolyte-supported SOFCs for preparing the DC-SOFCs were with
an effective area of 3.5 cm?.>? Each DC-SOFC was loaded with 1 g of 5 wt.% Fe-loaded
activated carbon. Fig.14 shows the performances of typical SOFCs operated on
hydrogen and carbon, respectively, at 800°C. As can be seen, the OCV of the DC-SOFC

is 1.08 V and the peak power density is 320 mW cm™.
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Fig.14 Performances of SOFCs operated on hydrogen and 5 wt.% activated carbon,

respectively, at 800°C>

For the gas-electricity cogeneration tests, a flow meter and an online gas
chromatography (GC) were sequentially attached to the outlet of a DC-SOFC to detect
the flow rate and the composition of the produced gas. Three operating electrical
currents, 1, 1.5, and 2 A (corresponding to current densities of 0.29, 0.43, and 0.57 A
cm™, respectively) were selected for the investigation. Fig. 15 shows the electrical
power output along with the rate of CO and CO; production for the cells operated at
different currents. It can be seen that, both the power output and the CO production are

decreasing while the CO> production is increasing with time. The CO decreasing is
24



caused by the consumption of carbon fuel (through the reverse Boudouard reaction) as
the DC-SOFC is a fixed bed reactor with the solid carbon fuel positioned in the cell
statically. With the carbon fuel being consumed, the active reaction sites are decreasing,
resulting in a reduced rate of reaction (2). Meanwhile, according to Equation (5), the
rate of reaction (1) does not change at a constant current. As a result, the rate of
producing CO decreases while that of CO» increases with time because the rate of
reaction (2), which produces CO and consumes CO>, falls while the rate of reaction (1),

which consumes CO and produces CO», keeps constant.

25 T T T . T
G Sy, i Power output: . 1.2
"o . ...l ‘ unm —a—1A
S 204 e, . 1.5A
E A .\ -
o . L w2
g M‘W‘m‘ - ’g\
o 15 ‘ o \ AA’A 40.6 <
o ] ' < Gas generation: \ a2
= i X \ 5
8 E.ﬂwmm mmEE #—CO at 1A CO,at1A \ 8
S 104, = @ — —CO at 1.5A CO, at 1.5A% 5

® |
R ge-COat2A —o-CO,at2A | |4 3
a A b o
o 54
©
(L)
aT T Ta o
0 s L ; T v T ¢ T
0 1 2 3
Time (h)

Fig.15 Gas producing rate and power output of the single DC-SOFCs operated at

different currents, at 800°C>?

As shown in Fig. 15, at the beginning of the cell operation, higher electrical current
corresponds to higher electrical output power and higher CO production rate. The rate
of reaction (2) decreases more rapidly at higher operating current because the carbon
consumption (activity decreasing) is faster. Thus the cell has a shorter discharging time

(smaller discharging capacity) due to insufficient CO for maintaining the cell operation
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at a constant current. This fact is well consistent with our previous work.*° Therefore,
a high reaction rate is necessary for reaction (2) to obtain high electrical power and
large amount of CO production.
When a DC-SOFC operates at a current / and voltage V, the electricity power produced
is P. = IV. Suppose it produces CO with rate of rco. The Gibbs free energy of the
produced CO, which can be converted to electricity through reaction (1), is rco (Gco-
Gco2), where Gco and Geoz are the molar Gibbs energy of CO and CO», respectively.
The total output power is

Po =P+ rco (Geo-Geoz) 9)
The input power can be taken as the Gibbs energy change of complete oxidation of the
consumed carbon

Pi = (rco + rco2) Geoz (10)
The electrical conversion efficiency is 7. = P./P; and the overall conversion efficiency
1S 10 = Po/Pi.
Fig. 16 shows 77 and 77, of the cells operated at different current at 800°C. Obviously,
when the produced CO is considered as a kind of produced energy, the overall
conversion efficiency is about twice of the electrical conversion efficiency. While the
cell operated at higher current (and lower voltage) reveals lower electrical conversion
efficiency, the overall conversion efficiency does not have a clear correlation with the
operating current. This is consistent with the electrical conversion efficiency results
shown in Fig. 9. When CO is considered in the overall conversion efficiency, the
electrical conversion efficiency reduction caused by high current is compensated by the
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increasing CO production.
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Fig.16 Electrical conversion efficiency, 7., and overall conversion efficiency, 7,, of

the DC-SOFCs operated with different current at 800°C>?

Fig. 17 shows the power output and gas production of the two-cell-stack of DC-SOFC,
operated at a current of 2 A (0.50 A cm™), at 800°C. We can see that just like the
situation of the single cells, both of its power output and CO production decreases with
time while CO, producing rate increases with time. The beginning power output of the
stack is 2.5 W. The rate of producing CO is 27 ml min™! (2.0x107 mol s™), and the rate
of producing COz is only 2.6 ml min!' (1.6x10° mol s!). According to Equations (9)
and (10), the overall output power and input power are 6.26 and 8.64 W, respectively.
The electrical conversion efficiency is 28.9% and the overall conversion efficiency is
72.5%. When the cell is operated for 0.8 h, the electrical power drops to 2.1 W. The CO
producing rate decreases to 8.9 ml min™ (6.6x107 mol s°) and the CO; rate increases
to 10.0 ml min™ (7.4x10°® mol s™), respectively. The overall output power is 3.37 W
and the input power is 5.56 W. The electrical and overall conversion efficiencies are
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38.1% and 60.6%, respectively.
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Fig.17 Gas-electricity cogeneration of a two-cell-stack of DC-SOFC operated at 2 A,

at 800°C>?

4. RESEARCH GAPS AND FUTURE PERSPECTIVES

Still, there are several challenges, such as heat management, removal of CO emission
for portable application, continuous supply of carbon fuel, etc., for developing DC-
SOFCs to practical applications.

4.1. Heat management. Suppose a DC-SOFC is equipped at a designed temperature
of To. When it starts to operate at an electrical current of 7, the temperature distribution
will deviate from 7y mainly because that the electrochemical oxidation of CO (1)
occurring on the anode is an exothermic reaction while the reverse Boudouard reaction
(2) is an endothermic one. Figure 18 is a schematic illustration of the temperature
distribution in an operating DC-SOFC. The dashed line represents a theoretical
temperature distribution while the solid line represents a simulated practical situation

considering heat transformation.
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Fig.18 A schematic illustration of temperature distribution in an operating DC-SOFC

At 800°C and standard pressure, the enthalpy change AH and the Gibbs free energy
change AG of reaction (1) are -282 kJ mol! and -189 kJ mol!, respectively, which
means a heat of at least (AH-AG)=93 kJ mol™! is released through the electrochemical
oxidation of CO. This heat increases the temperature of the anode, especially the anode-
electrolyte interface (Fig.18), where the electrochemical oxidation of CO occurs at.
Besides, for the anode, electrolyte, and cathode with a resistance of Ra, Re, and R.,
respectively, a heat of ’R,, I’R., and R, will be produced from the corresponding
element. Generally, the resistance of electrolyte dominates the overall resistance of the
membrane electrode assembly (MEA) composed of the anode, electrolyte, and cathode.
Consequently, the highest temperature is at the anode-electrolyte interface and the MEA
is generating heat during the operation of the DC-SOFC.

Meanwhile, the enthalpy change of the reverse Boudouard reaction (2) is +170 kJ mol
!, i.e., aheat of 170 kJ mol™! is absorbed through the reaction, resulting in a temperature
decrease of the carbon fuel. As mentioned above, the reactants of the reverse Boudouard

reaction, CO; molecules, are produced from the anode. Therefore, more CO molecules
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will perform the reaction at the location of carbon fuel closer to the anode. As a result,
the lowest temperature is at the apparent surface of the carbon fuel. However, the heat
from the MEA may be transferred to the carbon fuel through the convection of the CO-
CO; gas and heat radiation between the anode and the carbon fuel, making the lowest
temperature move to a depth from the surface of the carbon fuel.

The uneven distribution of temperature in a DC-SOFC severely affects its durability
and efficiency. Over high temperature at the anode-electrolyte interface may cause rapid
degradation of the anode and the electrolyte. In some cases, the MEA may be destroyed
by some hot spots leading to a collapse of the overall DC-SOFC system. On the other
hand, the reduced temperature at the carbon fuel may significantly retard the reaction
rate of the reverse Boudouard reaction. An excess heat supply to the carbon fuel is
necessary to maintain the reaction. If the heat is supplied from external of the DC-SOFC,
then the energy efficiency is reduced. While, if the heat from the MEA can be
transferred to the carbon fuel, not only the overheating of MEA can be moderated but
also the energy efficiency can be elevated. To realize a uniform distribution of
temperature, an enhanced heat transfer between different parts of a DC-SOFC is
required.

4.2. Removal of CO from emission of DC-SOFC for portable application. In many
cases, CO is emitted along with CO; from a DC-SOFC. For portable application, CO
should be completely removed from the emission. This can be realized by catalytic
combustion. Take the DC-SOFC power supply system shown in Fig.6 as an example,
catalysts which promote the oxidation of CO can be applied in the burner. The heat
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produced from the combustion can be transferred to the carbon fuel to maintain the
temperature for the reverse Boudouard reaction. The most reported catalysts for
oxidation of CO are noble metal-based, such as alumina-supported platinum-group

metal catalysts,®® zeolite supported platinum catalysts,°!

and metal oxide-supported
gold catalysts.®? CuO-CeO, mixed oxide catalysts have also been proposed as a
promising candidate for removal of CO by oxidation.> However, most of these
catalysts are investigated for removing CO from hydrogen fuel of proton exchange
membrane fuel cells (PEMFCs). There have not been any reported experiments on the
removal of CO from the emission of DC-SOFCs.

4.3. Continuous supply of carbon fuel. Most research work of DC-SOFCs has focused
on fixed bed carbon supply, i.e., a limited amount of carbon fuel is statically placed in
the DC-SOFCs. While carbon can be refilled through a designed inlet in the DC-SOFC
system as shown in Fig.6, it is supplied in batches. A continuous supply of carbon fuel
is necessary for large scale application, such as gas-electricity cogeneration, of DC-
SOFCs. Although carbon powder or coal powder can be continuously blown into a
SOFC with Ar or CO; as the carrying or gasifying gas,® the simplicity advantage of DC-
SOFC is lost by gas feeding equipment. There has been rare work on continuous supply
of carbon fuel to DC-SOFCs. Perhaps the only report is from Zhu et al.*® They applied
a U-shaped tube with open holes on the upper side as the delivering channel of carbon
fuel (willow leaves), as shown in Fig.19. With this setting, a DC-SOFC has been
operated at a constant current density of 150 mA cm™ (~0.85 V) for 1000 minutes with

a continuous supply of carbon-rich willow leaves through the U-shaped tube.
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Fig. 19 A DC-SOFC with a U-shaped tube for continuous supply of carbon fuel®

5. CONCLUSIONS

Carbon can be electrochemically oxidized at high temperature to generate electricity
and CO gas through a direct carbon solid oxide fuel cell (DC-SOFC), which is also
named as solid oxide direct carbon fuel cell (SO-DCFC), carbon-air battery, and
carbon-air fuel cell. The operating mechanism of DC-SOFCs is the coupling of
electrochemical oxidation of CO at the anode and the reverse Boudouard reaction at the
carbon fuel. Therefore, performances of a DC-SOFC can be significantly improved by
applying proper catalyst (such as Ag-GDC) on the anode to promoting electrochemical
oxidation of CO and loading catalyst (such as Fe) on carbon fuel to catalyze the reverse
Boudouard reaction. The superior features of high power density, simple configuration,
and good security make DC-SOFCs promising in portable applications. By
manipulating the emission composition, DC-SOFCs can also be developed for gas-
electricity cogeneration. To develop DC-SOFCs for practical applications, much work
is necessary to resolve problems such as heat management, removal of CO from
emission, and continuous supply of carbon.
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