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h i g h l i g h t s

� Sb anode chemical-looping carbon-air fuel cell achieved reasonable performance.
� Bio-char fueled carbon-air fuel cell achieved an electrical efficiency of 30.8%.
� Molar ratio of CO/CO2 in exhaust gas increased with working temperature.
� Energy conversion efficiency increased to 41.8% by series power generation.
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a b s t r a c t

To take the advantage chemical-looping combustion (CLC) process for CO2 sequestration, carbon-air fuel
cell (CAFC) and conventional solid oxide fuel cell (SOFC) are prepared for high-efficiency series power
generation. The tubular CAFC (Cell-I) consisting of Sb anode, (Y2O3)0.08(ZrO2)0.92 (YSZ) electrolyte and
La0.6Sr0.4Co0.2Fe0.8O3-d-Gd0.1Ce0.9O3-d (LSCF-GDC) cathode has achieved peak power densities of 117, 186
and 295 mW cm�2 at 700, 750 and 800 �C, respectively. Fueled by repeatedly added 3 g of coconut-
derived activated charcoal, Cell-I has operated stably at 800 �C for 21 h under the condition of
0.4 A cm�2 and 0.502 V, with an electrical efficiency of 30.8%. The tubular conventional SOFC (Cell-II) is
designed with Ni-YSZ as anode, YSZ electrolyte as electrolyte and (La0.8Sr0.2)0.95MnO3-d-YSZ (LSM-YSZ) as
cathode. The anode exhaust gas of Cell-I, which is operated at temperatures from 750 to 850 �C, contains
CO and CO2. Using this exhaust gas as fuel, Cell-II has demonstrated peak power densities between 87
and 133 mW cm�2 at 750 �C, and performed stably for 6 h at 0.1 A cm�2 and 0.720 V during which 69.6%
of CO in the exhaust gas is consumed. Cell-II has achieved an extra electrical efficiency of 11.0%, giving a
total electrical efficiency of 41.8% for the series power generation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The average temperature of earth's surface has been gradually
increasing over the past 200 years due to the emission of green-
house gases, including CO2, NOx and SOx. Such climate change has
been a world-wide concern for decades and its consequences are
becoming increasingly obvious and ruinous. Combustion of fossil
fuels to meet the needs of heating and electrical energy con-
sumption is a main contributor to the vast amounts of CO2 released

directly into the atmosphere. To alleviate the conflicting needs of
energy consumption and greenhouse gas emission reduction,
chemical-looping combustion (CLC) of carbonaceous fuel [1,2] may
be adopted for easy CO2 separation and collection. The chemical-
looping is defined by Moghtaderi [3] as a process in which a
given reaction is divided into sub-reactions that take place in
separated reactors with shuttling chemical intermediates (CI) as
the links. For coal combustion, the overall reaction is

C þ O2 / CO2 (1)

It can be divided into two sub-reactions:

C þ CI1 / CO2 þ CI2 (2)
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CI2 þ O2 / CI1 (3)

Reactions (2) and (3) take place in separate reactors containing
only one gas phase, which may be either CO2 or air (O2). CI2 cap-
tures oxygen from the air to form CI1, and CI1 reacts with C to form
CI2, establishing a combustion loop. Thus this CLC process separates
CO2 and air into two reactors, which is convenient for CO2 collec-
tion and prevents direct CO2 emission into the atmosphere.

Solid oxide fuel cell (SOFC) is an efficient and clean electricity
generation device in which usually porous anode and cathode are
separated by a dense electrolyte [4,5]. The oxygen in air is adsorbed
and reduced electrochemically into oxygen ions in the cathode,
which are then transported across the oxygen ion-conducting
electrolyte to the anode. The fuel fed into the anode is oxidized
electrochemically by the oxygen ions, releasing electrons to
external circuit that links the anode and cathode. In analogy to the
CLC, SOFC can be considered as a device containing two separate
reactors linked by oxygen ions transported through the electrolyte
and electrons transported through the external circuit. When
carbonaceous fuel is used, part of the chemical energy stored in the
fuel is directly converted to electricity, which is accompanied by the
generation of CO2 and heat.

In reality solid carbonaceous fuel cannot be efficiently and
directly oxidized by the oxygen ions transported from the cathode
via the electrolyte, as the contact is not well established between
the solid fuel and electrolyte [6,7]. In order to solve the contact
problem, a metal with favorable redox in thermodynamics may be
selected and placed in contact with the electrolyte. It serves as a
secondary oxygen captor that accepts oxygen ions from the elec-
trolyte and releases electrons to external circuit by forming a metal
oxide, which is then reduced by the carbonaceous fuel. For further
improving reaction kinetics and physical contacts at electrolyte/
metal/carbonaceous fuel interfaces, low melting-point metals such
as Sn [8,9] and Sb [10e12] may be selected for use in this “quasi”
CLC device, which is called carbon-air fuel cell (CAFC), which con-
sumes carbon fuel and generates electrical power.

In the present study, a tubular cell of CAFC with advantages in
cell sealing, interconnecting and refueling [13,14] was employed to
demonstrate electrical power generation by using Sb as functional
anode, Sb2O3 as second oxygen carrier and coconut-derived acti-
vated charcoal as fuel. At operating temperatures above themelting
point of Sb (630 �C) and Sb2O3 (656 �C), the electrochemical re-
actions on the electrodes are

O2(g) þ 4e� / 2O2� (Cathode reaction) (4)

4/3Sb(l) þ 2O2� / 2/3Sb2O3(l) þ 4e� (Anode reaction) (5)

And the total cell reaction is

O2(g) þ 4/3Sb(l) / 2/3Sb2O3(l) (6)

It would be ideal if liquid Sb2O3 formed could be fully reduced
by the carbon fuel such that reaction products would only be Sb and
CO2; but the formation CO is inevitable due to the reverse Bou-
douard reaction,

CO2(g) þ C(s) 4 2CO(g) (7)

To fully use the chemical energy stored in the carbon fuel, the
anode exhaust gas, which contains CO and CO2, was flown into a
separate CLC device, a conventional SOFC cell in which CO was
consumed for further electrical power generation, as shown in Fig. 1.

2. Experimental

2.1. Cell preparation and characterization

The CAFC cell, designated as Cell-I, was supported on a tubular
(Y2O3)0.08(ZrO2)0.92 (YSZ) substrate (electrolyte), which was pre-
pared by the slurry-casting method. The slurry containing YSZ
powder (Tosoh) with xylene-ethanol (Sinopharm) as solvent and
polyvinyl butyral (Sinopharm) as binder was cast in a plastic mold.
The processing details were reported in a previous study [14]. The
YSZ tube fired at 1500 �C in air for 5 h was gas tight. On the outer
surface of the fired tube, porous layers of Gd0.1Ce0.9O2-d (GDC,
synthesized in-house) and La0.6Sr0.4Co0.2Fe0.8O3-d-GDC (LSCF-GDC,
synthesized in-house at 1:1 wt ratio) were used as the buffer and
composite cathode, respectively. They were prepared by slurry-
coating, followed by firing in air for 2 h at 1250 and 1000 �C,
respectively. The active area of the cathode was 2 cm2.

The conventional SOFC cell, designated as Cell-II, was fabricated
on a tubular substrate of NiO-YSZ composite containing 57 wt% of
NiO (Inco) and 43 wt% of YSZ, as reported in detail previously [15].
NiO-YSZ functional anode and YSZ electrolyte were slurry coated
sequentially on the outer surface of the substrate and co-fired in air
at 1400 �C for 4 h (La0.8Sr0.2)0.95MnO3-d (LSM, Fuel cell materials)-
YSZ at 1:1 wt ratio was used as the cathode, which was prepared
by slurry coating and then firing in air at 1150 �C for 2 h. Scanning
electron microscopes (SEM, Sirion 200 and Quanta 200, FEI) were
employed to examine the microstructure of the prepared cells.

2.2. Cell test and evaluation

Cell-I was tested using an in-house developed setup, as shown
in Fig. 2. The cell was lap sealed onto an alumina tube using a
ceramic sealant (Ceramabond 668, Aremco Products). Re (rhenium)
wire of 0.5 mm in diameter was used as the anode current collec-
tor; and Pt paste and Ag wire were used as the cathode current
collector. Before testing, Sb powder (Sinopharm, 99.9%) and
coconut-derived carbon (Sinopharm, 89.2 wt% C-1.2 wt% H-0.1 wt%
N-0.2 wt% S-9.2 wt% O, 749 m2 g�1 [16]) were loaded as the anode
and fuel, respectively. Pure nitrogen gas was flowed into the tubular

Fig. 1. The concept of series power generation by chemical-looping CAFC and conventional SOFC.
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