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a b s t r a c t

A composite electrolyte containing a Li/Na carbonate eutectic and a doped ceria phase is employed in
a direct carbon fuel cell (DCFC). A four-layer pellet cell, viz. cathode current collector (silver powder),
cathode (lithiated NiO/electrolyte), electrolyte and anode current collector layers (silver powder), is fab-
ricated by a co-pressing and sintering technique. Activated carbon powder is mixed with the composite
vailable online 12 March 2010

eywords:
irect carbon fuel cell
arbon
olten carbonate

electrolyte and is retained in the anode cavity above the anode current collector. The performance of the
single cell with variation of cathode gas and temperature is examined. With a suitable CO2/O2 ratio of
the cathode gas, an operating temperature of 700 ◦C, a power output of 100 mW cm−2 at a current den-
sity of 200 mA cm−2 is obtained. A mechanism of O2− and CO3

2− binary ionic conduction and the anode
electrochemical process is discussed.
eria
omposite electrolyte

. Introduction

Direct carbon fuel cell (DCFC) converts chemical energy of solid
arbon fuel to electricity directly with a high efficiency [1–5]. Dif-
erent from a hydrogen fuel cell, DCFC uses solid carbon directly as
uel. This brings several advantages. The theoretical thermal effi-
iency of DCFC is slightly over 100% due to the entropy change of
he cell reaction given as Eq. (1) is slightly positive [2]:

+ O2 = CO2 (1)

Compared to hydrogen, carbon is more convenient for storage
nd transportation and is less fire/explosion hazard [6]. Finally,
lmost all the carbon-rich materials, such as coal, natural gas,
etroleum, and biomass can be easily converted or purified to the
uel of DCFC [5–10].

Research effort has been focused on the design of DCFC devices
nd improvement of cell performance. According to the diver-

ity of electrolyte, DCFC is classified into several categories [2].
sing molten carbonate as electrolyte, Cooper and co-workers

1,7,11–13] established several types of DCFC devices with carbon
articulates anode fuel dispersed in molten carbonate electrolyte.
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The effect of carbon structure was examined [1,7,11,14]. A good
performance with a maximum power density of 100 mW cm−2 at a
current density of 120 mA cm−2 was obtained when using a tilted
orientation design and at an operating temperature of 800 ◦C [13]. Li
and co-workers [10,15] proposed a DCFC anode kinetic model and
a single cell model, besides, they also simulated the electrochem-
ical processes in DCFC. Zecevic et al. [6] used a molten hydroxide
electrolyte and a Fe–Ti alloy container, serving also as the cathode,
and obtained an average power output of 40 mW cm−2 at the max-
imum current density of 250 mA cm−2. Molten hydroxide, which
was used as electrolyte in the early DCFC designs [4], have a high
ionic conductivity and reactivity in the electrochemical oxidation
of carbon, and facilitate a low temperature, e.g. 600 ◦C, operation of
the DCFC device [6]. However, the stability of the cathode, i.e. the
container, is a challenge. A solid oxide electrolyte in DCFC solves
the depletion and corrosion problems of the molten electrolyte
[16]. Tao [17] constructed a DCFC using (ZrO2)(HfO2)0.02(Y2O3)0.08
as the electrolyte and obtained a power output of 10 mW cm−2 at
0.248 V at 800 ◦C and 50 mW cm−2 at 0.507 V at 1002 ◦C, respec-
tively. Recently, Irvine and co-workers [8,18] fed a mixed carbonate
and carbon fuel into the anode compartment and used yttria stabi-
lized zirconia (YSZ) as the electrolyte. With this design, a high open

circuit potential (OCP) of about 1.5 V and the maximum power den-
sity of 13 mW cm−2 at 900 ◦C was achieved [19]. Obviously, DCFC
using solid oxide electrolyte needs a high temperature to achieve
enough ionic conductivity, which may lead to formation of CO due
to Boudouard reaction [20]. On the other hand, the electrochemical

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ydli@tju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.03.016
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Table 1
The ions conducted and the electrochemical reactions happened in DCFCs with different electrolytes.

Electrolyte Conductive ions Anode reaction Cathode reaction Overall reaction
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+ 2H2
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different cathode gases: CO2/O2 at mole ratios 2:1, CO2/O2 at
mole ratios 1:1, air and pure O2 were adopted at a gas flow
rate of 100 ml min−1(STP) in both sides. The measurements of
OCP–temperature relationship started from 30 ◦C to 700 ◦C with a
heating-rate of 10 ◦C min−1, then holded the temperature at 700 ◦C
Molten carbonate CO3
2− C + 2CO3

2− → 3C
Molten hydroxide OH− C + 4OH− → CO2

Solid oxide O2− C + 2O2− → CO2

eaction of solid carbon fuel is restricted by the contact between the
uel and the electrolyte; a high over-potential appears as a result
2].

Table 1 lists the major conductive ions, electrode semi-reactions
nd overall cell reactions with the three kinds of electrolytes used
n DCFC [1–10]. For instance, carbonate ion is the major ion con-
ucted in molten carbonate as the electrolyte [5,7]. Therefore, two
olecules of carbon dioxide are required for the reduction of each

xygen molecule into carbonate phase in cathode compartment. At
he same time, each carbon atom is oxidized by two carbonate ions
ith releasing of three carbon dioxide molecules and discharging

f four electrons at the anode. One of the common features of the
hree kinds of electrolytes for DCFC is that each of them just con-
ucts one kind of ion. Nevertheless, the overall cell reaction is the
ame as that each carbon atom is oxidized into carbon dioxide with
onsuming one molecular oxygen.

A solid composite electrolyte composed of a molten salt phase,
uch as mixed hydroxides or carbonates, and an oxygen ion con-
ucting porous solid phase, such as samarium doped ceria (SDC)
as been used in solid oxide fuel cells (SOFCs) [16,21–25]. The
onductivity of this kind of composite electrolyte in an interme-
iate temperature (IT, 400–700 ◦C) range is much higher than the
onventional solid electrolyte used in SOFC [26] and the molten
lectrolyte in molten carbonate fuel cell (MCFC). The high con-
uctivity of the composite electrolyte has been explained by the
nhancing effect of the ionic conduction in the two phases [27,28].
he composite electrolyte can be fabricated easily into a certain
hape to support the cell structure. The SOFC constructed with
he composite electrolyte has shown remarkably good cell perfor-

ance [16,29].
In this work, a composite electrolyte composed of a molten

arbonate and a porous SDC phase is examined. Based on this elec-
rolyte, a DCFC device is fabricated and measured. The performance
f the fuel cell and the ionic conduction mechanism is discussed.

. Experimental

.1. Preparation of cell materials

Binary carbonate eutectic powder, i.e. Li2CO3/Na2CO3 in a mole
atio of 2:1, was prepared by a process of sequential ball milling
or 4 h, co-sintering at 700 ◦C for 2 h and grinding. An oxalate co-
recipitation technique was chosen to prepare the SDC powder
25]. Composite electrolyte material powder was obtained through

ixing the two powders in a weight ratio of 3:7 by ball milling
or 4 h. Lithiated NiO was prepared through a solid-state reaction,
uring which the mixture of LiOH and NiO in a mole ratio of 1:1
as co-sintered at 700 ◦C for 2 h [21]. The composite cathode pow-
er, which consists of 30 wt% the composite electrolyte and 70 wt%
he lithiated NiO powders, was also prepared through 4 h ball mill

ixing, sintering at 700 ◦C for 2 h and grinding process.

.2. DCFC single cell design
A schematic diagram of the DCFC single cell is presented in Fig. 1,
hich contains several parts, two main compartments, i.e. anode

nd cathode cavities, and a four-layer cell pellet and a stainless steel
ontainer with inlets and outlets. The green four-layer pellet was
e− O2 + 2CO2 + 4e− → 2CO3
2− C + O2 → CO2

O + 4e− O2 + 2H2O + 4e− → 4OH− C + O2 → CO2

O2 + 4e− → 2O2− C + O2 → CO2

fabricated by a uniaxial co-pressing technique [16], during which
different kinds of powders, i.e. silver (cathode current collector),
composite cathode, composite electrolyte and silver (anode cur-
rent collector) were fed into the die layer by layer with the aid of a
60 mesh sieve and pressed into a cylindrical pellet at 500 MPa with
a diameter of 13 mm and thickness of 1 mm (mainly containing
electrolyte 0.65 mm, cathode 0.35 mm). After sintering at 700 ◦C
for 2 h, the cell pellet was sealed in the reactor with the cathode
downwards. A stainless steel ring above the cell pellet, viz. anode
cavity, was used to retain the mixture of activated carbon fuel and
the binary molten carbonate salt at a weight ratio of 1:9. The stain-
less steel components, supporting the whole structure, were used
as both the electrode and the gas distributor.

2.3. Characterization of DCFC materials

All the fuel cell materials were characterized with X-ray
diffraction (XRD) at room temperature using a D/max 2500 v/pc
instrument (Rigaku Corp., Japan) with CuK� radiation. The mor-
phology of both the four-layer cell pellet and the powders were
examined with a Hitachi S-4800 scanning electron microscope
(SEM).

2.4. Fuel cell performance test

The current–voltage (I–V) and the current–power (I–P) values
were collected based on the four-terminal configuration using an
electronic load, SM-102, made by Sanmusen Corp. in China. The
fuel cell was tested in a working temperature range of 600–750 ◦C
under atmospheric pressure. Anode protective gas nitrogen and
Fig. 1. The schematic diagram of the DCFC single cell.



L. Jia et al. / Journal of Power Sour

f
e
i
(
a
a

3

3

p
c
b
a
p

the larger particles are lithiated NiO and the smaller ones are the

F
c

Fig. 2. The XRD patterns of the materials used.

or about 9 h and collected the OCP values at every 0.1 s using an
lectrochemical workstation, CHI660B, made by Cheng Hua Corp
n China. During this measurement, anode protective nitrogen gas
100 ml min−1) was started from 450 ◦C and cathode gas (CO2/O2
t mole ratios of 1:1, 100 ml min−1) was started when the temper-
ture reached 700 ◦C.

. Results and discussion

.1. Properties of the cell materials

Fig. 2 shows the XRD patterns of the electrolyte and cathode
owder. The composite electrolyte shows only the pattern of the

ubic fluorite structure same as pure SDC phase [22]. No peaks
elong to the carbonate phase appear indicating that the carbon-
te eutectic in the composite electrolyte exists as an amorphous
hase, which was observed in the previous work [23]. The average

ig. 3. The SEM micrographs of the materials used. (a) Composite electrolyte powder, (
athode powder, (e) the surface views, and (f) cross-sectional views of the cathode side o
ces 195 (2010) 5581–5586 5583

crystallite size of SDC particles in the composite electrolyte is 21 nm
calculated according to the Scherrer formula D = 0.9�/ˇ cos �, where

ˇ is obtained from the formula of ˇ = (ˇ2
m − ˇ2

s )
1/2

[22]. Appar-
ently, lithiated NiO and SDC are the major phases in the pattern of
the composite cathode material. We can also conclude that there
is no solid reaction between the carbonate and the lithiated NiO
according to the patterns presented in Fig. 2.

The SEM micrographs of the materials used in the DCFC single
cell are shown in Fig. 3. Differing from the pure SDC in previous
reports [16,24] where it shows a rod-like appearance, the SDC
in the composite at room temperature appears as small spheri-
cal domains coated by amorphous carbonate eutectic uniformly
as Fig. 3(a). The secondary SDC aggregates are also quite homoge-
neous with an average size of around 80 nm. The above-mentioned
difference in morphology of SDC phase may be due to a prolonged
ball milling process employed in this work. The SEM graphs of the
surface and the cross-section of the pellet are shown as Fig. 3(b)
and (c), respectively. In these two micrographs, it is difficult to
distinguish SDC particles from the carbonate phase because the
SDC particles are coated completely by the solidified carbonate
which once melted. Cracks and pores are clearly seen in the cross-
section of Fig. 3(c), although it looks like a dense layer in the surface
micrograph (Fig. 3(b)) at room temperature. However, during the
operation above the melting temperature of the carbonate eutectic,
the pores and cracks in the electrolyte layer will be fully filled with
the molten carbonate, preventing the cathode gas leaking through,
which is proved by the high open circuit potential (OCP) >1.0 V mea-
sured in this work. This agrees with the previous results [16]. As
shown in Fig. 3(d), the electrolyte particles and lithiated NiO par-
ticles are mixed thoroughly in the cathode material and these two
phases can be distinguished in the graph easily because of differ-
ent structure and size. The verification with EDAX tells also that
SDC phase. The SEM micrograph also reconfirms that both the two
phases exist simultaneously without any reaction. Both SDC and
lithiated NiO have a trend of aggregation after pressing them into
pellet. However, the interfaces between the SDC and the lithiated

b) the surface views, (c) cross-sectional views of electrolyte side of the pellet, (d)
f the pellet.
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Fig. 4. The I–V (a) and I–P (b) curves with different cathode gases measured at 700 ◦C. (�) CO2/O2 2:1, (�) CO2/O2 1:1, (�) air, and (�) O2.
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497 ◦C. The switch to CO2/O2 cathode gas leads to another increase,
i.e. pointed B. After that, the OCP decreases due to an aging process
of the electrochemical reaction, which results in a stable OCP at
1.04 V for quite a while. However, the high OCP close to the theo-
Fig. 5. The I–V (a) and I–P (b) curves at different operating tem

iO phases in both the surface and the cross-section images are
till clear as shown in Fig. 3(e) and (f). Pores with different size and
hape exist in the cathode pellet, and the triple phase boundary
TPB) forms significantly due to the addition of the electrolyte mate-
ial to the cathode. The composite cathode material enhances both
he active zone and the interface for the electrochemical reaction
hich contributes also to the ionic conduction rate.

.2. Performance of DCFC single cell

Fig. 4(a) and (b) depicts the I–V and I–P curves at 700 ◦C with dif-
erent cathode gases. The OCPs of the single cell are 1.04 V, 1.03 V,
.84 V and 0.97 V with CO2/O2 2:1, CO2/O2 1:1, air and pure O2 as
athode gases, respectively. When pure O2 was used as the cath-
de gas, the maximum current density of 50 mA cm−2 was achieved
nd cannot be increased further. O2− is considered as the domi-
ant conductive ion when using O2 as the cathode gas, so that the
onductivity of the electrolyte is limited. The cell performance is
nhanced significantly when CO2 is added into the cathode gas.
s a consequence, the power density approached or stepped over
00 mW cm−2 when the CO2/O2 mixtures are used as the cathode
as. The I–V and I–P curves at different operating temperatures in a
ange of 600–750 ◦C are plotted in Fig. 5(a) and (b). The performance
f the cell is enhanced significantly with the increase of tempera-
ure from 600 ◦C to 700 ◦C. This may be correlated to a decrease
n viscosity of the molten carbonate phase and an enhancement of

he ionic conduction rate in the electrolyte and the electrochemi-
al reactions of both electrodes [30]. An interesting phenomenon
s noticed that the curves rounded back at high current densities,

hich is probably due to the over consumption of carbon fuel in
node compartment and the formation of gaps for the contact of the
res. (�) at 750 ◦C, (�) at 700 ◦C, (�) at 650 ◦C, and (�) at 600 ◦C.

fuel and the electrolyte layers. These curves were recorded starting
from the low current density end. Another measurement of cell per-
formance was also exerted by starting from the high current density
end, i.e. low voltage end. In that case the curving back phenomenon
was not observed, it is a reconfirmation of the above explanation.

Fig. 6 represents the changes of OCP with the operating tempera-
ture and time. Three points should be noticed. At point A, i.e. 500 ◦C,
a sharp increase of the OCP is observed due to the ionic conduction
in the molten carbonate phase and the melting of the salts, here
Fig. 6. OCP-time and temperature curve of the DCFC in this work.
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Fig. 7. Scheme of the electrochemical process in a DCFC single cell.

etical value drops suddenly at point C after 2 h fairly stable period.
he OCP decline after point C is due to the carbon consumption.
hile the research on the improvement of the stability is ongo-

ng, the results presented here is useful only for understanding the
nitial stage of the fuel cell reaction.

.3. Mechanisms

.3.1. Ionic conduction in electrolyte
Here, a working model of a DCFC illustrating the ionic conduc-

ion and reactions in the electrolyte and electrode are presented
n Fig. 7. In the previous works on SOFCs with a composite elec-
rolyte, multi-ionic conduction in the composite electrolyte has
een assumed [16,26]. In this work, the carbonate in both the elec-
rolyte and the anode cavity is in melting state. Therefore, no leak of
ases through the electrolyte happens due to the fact that the pores
nd cracks in SDC phase are filled and wetted with molten carbon-
te. The carbon particles in the anode cavity are also wetted by the
olten carbonate. When cathode gas is the mixture of O2/CO2, both

2− ions and CO3
2− ions transfer happens in the composite elec-

rolyte and are electrical conductive. O2− ions are conducted along
he SDC bulk phase while CO3

2− ions transfer through the molten
arbonate phase [16]. Li et al. [27] and Rui et al. [28] proposed
hat the overall conductivity of the composite electrolyte com-
osed of an O2− conductive porous phase such as SDC and a CO3

2−

onductive molten carbonate phase is much higher than both the
wo phases when functioned individually. The O2− conduction and
O3

2− conduction enhances each other in the composite electrolyte
ue to the following reaction happens at the interface close to the
athode:

2− + CO2 ⇔ CO3
2− (2)

.3.2. Electrode reactions
In the conventional DCFC using carbonate as electrolyte, the

olten carbonate is retained in a porous insulator by capillary
orce and CO3

2− is the major conductive ion [16]. The reactivity
etween CO3

2− and carbon fuel is acceptable because sometimes
igh output power density around 100 mW cm−2 was achieved [7].

n another work on DCFC, solid oxide electrolyte conducting O2−

ons were used and an overall output power of 50 mW was obtained

31]. In this work, SDC phase is an O2− conductor and the molten
arbonate phase is a CO3

2− conductor. Both CO3
2− and O2− ions

re conducted simultaneously when using CO2/O2 mixture as the
athode gas, which also leads to complicated electrode reactions.
n anode compartment, the carbon particles contacting with the
ces 195 (2010) 5581–5586 5585

solid oxide electrolyte react with O2− ions to produce carbon diox-
ide and release electrons, whereas the carbon particles dispersing
in the molten carbonate phase directly react with CO3

2− ion and
produces carbon dioxide and electrons simultaneously. In cathode
compartment, the oxygen atom can be directly reduced into oxy-
gen ions and also react with CO2 to generate carbonate ions. The
anode and cathode reactions can be expressed as:

Anode reaction:

C + 2O2− → CO2 + 4e− (3)

C + 2CO3
2− → 3CO2 + 4e− (4)

Cathode reaction:

O2 + 4e− → 2O2− (5)

O2 + 2CO2 + 4e− → 2CO3
2− (6)

Haupin and Frank [32] proposed a mechanism for the anode
reaction which was called Hall process later [7] and was adopted
by Cooper et al. [7] to describe the process in which carbon reacts
only with O2−. The carbon atom at a reactive site is attacked by
O2− leading to a discharge of two electrons. The first O2− forms
a C–O–C bridge through several steps of interactions. The second
O2− adsorbed inserts to the next C–C bond and forms a C–O–C–O–C
structure with releasing another two charges. Then CO2 is gener-
ated by cutting of the two C–O bonds [32]. However, it was reported
that O2− can be dissolved up to 0.5 mol% in a Li–Na–K ternary
eutectic carbonate [33]. The anode electrochemical reaction may be
restrained by the low O2− concentration, resulting in a high anode
polarization loss and a low power output. Nabae et al. [19] proposed
that CO3

2− ion can oxidize carbon to CO2 directly. This increases
the reaction zone and enhances the electrochemical oxidation of
carbon. The concentration of CO3

2− ion is high in the system.
Actually, many oxygen containing ions exist simultaneously in

the molten electrolyte phase, such as O2
2−, O2−, CO4

2−, and C2O6
2−.

and may take part in the anode reaction [34]. The detailed anode
reaction mechanism needs further elucidation.

4. Conclusions

A novel direct carbon single cell based on a Li/Na2CO3-samarium
doped ceria composite electrolyte has been established and exam-
ined. The single cell employed a four-layer pellet as the main
component, which contained cathode, electrolyte and current col-
lector and was fabricated by a co-pressing technique. The cathode
composite of lithiated NiO and the electrolyte material. Activated
carbon, used as the anode fuel, is mixed with composite electrolyte
and retained above on the electrolyte layer in the anode cavity.
Using CO2/O2 as the cathode gas improves the cell performance
dramatically, which is attributed to the enhancement of the ionic
conductivity in the electrolyte. A suitable working temperature
is also beneficial to the cell performance. The maximum power
density of 100 mW cm−2 at a current density of 200 mA cm−2 is
obtained with the CO2/O2 mixture as the cathode gas at tempera-
ture of 700 ◦C. A binary ionic conduction and anode electrochemical
reaction mechanism is proposed.
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