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bstract

A phenomenon of electrochemical promotion of lattice-oxygen extraction from the bulk phase of YSZ is observed during direct methane
xidation to generate syngas at 800 ◦C in solid oxide fuel cells (SOFCs) with Ni-YSZ (yttria-stabilized zirconia) anodes. Markedly higher amount
f oxygen than that equivalent to the measured current is extracted for anodic oxidation. This promotion effect increases as the potential (voltage)
ncreases. A phenomenon of “fuel-free current” is observed to be a consequence of this effect. The electrochemically promoted extraction of

ulk lattice oxygen is influenced by both the operating condition and the reaction type. Both rate enhancement ratios of CO and CO2 formations
re linearly related to the measured current density but inversely linearly related to the voltage. As the current density increases, both methane
onversion and CO selectivity increase. Electrochemical promotion of bulk lattice-oxygen extraction enhances the syngas generation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Electrochemical promotion or non-Faradaic electrochemical
odification of catalytic activity (NEMCA) effect has been stud-

ed extensively [1–13]. This effect is due to electrochemically
ontrolled migration of ionic species from the solid electrolyte
nto the gas-exposed electrode surface. Upon application of an
xternal potential, the migration of ionic species onto the gas-
xposed catalyst-electrode surface causes a change in catalyst
ork function [5], which corresponds to a change in activation

nergy so as to affect the catalytic rate. In general, with increas-
ng catalyst-electrode potential, the oxidation rate increases for
lectrophobic behavior and decreases for electrophilic behavior
6].

The Faradaic efficiency, Λ, for electrochemical promotion
ith O2−-conducting supports is defined as

= �r
(1)
(I/2F )

here �r is the current- or potential-induced change in catalytic
ate, I is the applied current and F is Faraday’s constant [10]. It
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s pointed out that only a fraction (1/Λ) of the oxygen species
rom the support will be found in the reaction products [14].
his fraction becomes significant only at elevated temperature,

.e. T > 550 ◦C, where Λ approaches unity and the phenomenon
f electrochemical promotion disappears. In other words, when
positive (anodic) current I is applied, O2− is supplied to the cat-
lyst at a rate I/2F; this support-supplied lattice oxygen species
an act as a reactant but the reaction rate due to this oxygen is
imited by I/2F [9], i.e. limited by the current. It is also pointed
ut that two distinct types of oxygen present on supported metal
urfaces, one promoting, the other highly active, are needed to
omplete the picture of the phenomenon for electrochemical pro-
otion; consequently, the concept of the sacrificial promoter is

ssential for the interpretation of the effect of electrochemical
romotion [14].

Methane decomposition over the Ni cermet anode is a major
eaction for direct-methane solid oxide fuel cell (SOFC) [15,16].
ince methane decomposition over the Ni cermet anodes gen-
rally causes carbon deposition (coking) [17], self de-coking
hould be an important reaction. Notably, “self de-coking”
eans the removal of the produced or deposited carbon-
ontaining species by the oxygen species from under the surface,
he bulk-lattice oxygen, when there is no oxygen in the gas phase
18]. In the case of direct methane SOFC, self de-coking can
e done by the oxygen species transported from the cathode

mailto:tjhuang@che.nthu.edu.tw
dx.doi.org/10.1016/j.cej.2007.07.057
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hree-phase boundary (TPB) to the anode surface via the bulk
f the oxygen-ion conducting materials. Therefore, an electri-
al current is generated during self de-coking in direct-methane
OFC.

During methane decomposition and self de-coking, the for-
ation of only CO but not CO2 should lead to a large difference

n SOFC performance. This is because the electrochemical for-
ation of CO2 involves four electrons while that of CO involves

nly two electrons, with each oxygen ion carrying two electrons.
ence, the current density in CO2 formation is twice that in CO

ormation. However, if the direct methane SOFC is used for the
ogeneration of synthesis gas (syngas), i.e. CO + H2, the for-
ation of only CO but not CO2 should help the selectivity for

yngas. As for SOFC with the deposited carbon as fuel [19], the
ormation of only CO but not CO2 would result in a much lower
ower generation.

Over gadolinia-doped ceria (GDC), a mixed ionic-electronic
onductor, a new phenomenon of electrochemical promotion
f lattice-oxygen extraction from GDC bulk is observed during
irect methane oxidation, in the absence of anode-side gas-phase
xygen, to generate syngas at 800 ◦C [20]. However, no open-
ircuit measurements were carried out and thus some theories of
raditional electrochemical promotion can not be applied to this
ew phenomenon of “electrochemical promotion of bulk lattice-
xygen extraction”. Additionally, the electronic conductivity of
DC seems to help the occurrence of this new phenomenon

20]. Since the currently used electrolyte is frequently yttria-
tabilized zirconia (YSZ), which is a pure oxygen-ion conductor,
he study with YSZ would be desirable to expand the field of
his new phenomenon. On the other hand, this new phenomenon
f electrochemical promotion leads to a new phenomenon of
fuel-free current”, whose application has been reported with
i-YSZ anodes [21]. This gives some significance in the study of

electrochemical promotion of bulk lattice-oxygen extraction”
ith Ni-YSZ anodes.
In this work, a phenomenon of electrochemical promotion of

ulk lattice-oxygen extraction from the anode-side YSZ materi-
ls is observed on methane oxidation over Ni-YSZ anode in an
OFC operating at 800 ◦C without oxygen in the anode-side gas
hase. Markedly higher amount of oxygen than that equivalent
o the measured current is extracted for anodic oxidation. The
xygen species from the anode bulk lattice are highly active and
oth rates of CO and CO2 formations are substantially enhanced.
his is a case that the concept of the sacrificial promoter is not
pplicable. Thus, there should be a difference in electrochemi-
al promotion between the case with oxygen in the anode-side
as phase and the case without it. It is also found that the elec-
rochemical promotion effect on CO formation can be much
igher than that on CO2 formation. This is beneficial for syngas
eneration in direct-methane SOFC.

. Experimental
.1. Preparation of Ni-YSZ powder

The Ni-YSZ powder for the anode is prepared by impreg-
ating the YSZ (8 mol% yttria) powder (1.68 �m) with an

1
u
t

neering Journal 138 (2008) 538–547 539

queous solution of nickel nitrate (98% purity) in a ratio to
ake 60 wt% Ni with respect to YSZ. The mixture is heated
ith stirring to remove excess water and then place in a vac-
um oven to dry overnight. The dried Ni-YSZ powder is heated
o 900 ◦C and then cooled down to room temperature. After

illing, the Ni-YSZ powder with Ni:YSZ = 3:5 in weight was
btained.

.2. Construction of SOFC unit cell

The commercial YSZ tape (156 �m thickness, Jiuhow, Tai-
an) was employed to make an electrolyte-supported cell. A
isk of 1.25 cm diameter was cut from the tape. One side of the
isk was coated with the Ni-YSZ paste, which was made of the
bove Ni-YSZ powder, coin oil, polyvinyl butyral, and ethanol.
he other side of the disk was screen-printed with a thin layer
f Pt paste (C3605P, Heraeus) to make the cathode layer.

The coating of the Ni-YSZ paste to make the anode layer
as carried out by spinning coating with 2000 rpm for 9 times.
hen, the both side-coated unit cell was heated in an oven, with a
eating rate of 5 ◦C/min, to 300 ◦C, held for 2 h, then to 500 ◦C,
eld for 2 h, and then to 1400 ◦C, held for 2 h. The thus-prepared
nit cell has an anode area of 1 cm2, an anode thickness of about
0 �m, an electrolyte thickness of 156 �m, a cathode area of
cm2, and a cathode thickness of about 5 �m. These thicknesses
ere measured from a scanning electron micrograph plot of the

ross section of the unit cell.
Both sides of the completed unit cell were closely connected

ith gold mesh wires (100 mesh) for current collection, and
hen with Pt wires to the current and voltage measurement units.
he ceramic paste was used to seal the unit cell in a quartz tube
ith a heat treatment of 400 ◦C for 1.5 h so as to complete the
reparation of the test unit with a single cell. The anode side of
he unit cell is sealed in the quartz tube and the cathode side is
xposed to stagnant air.

.3. Activity test of direct methane conversion

An external circuit resistance of 1 �, which is the low-
st adjustable resistance of the load circuit in this work, was
mployed for some operations. For others, the external circuit
esistance is varied, as described in the results. The test temper-
ture is 800 ◦C throughout this work. The feed was 10% CH4 in
rgon. The flow rate was always 100 ml/min passing the anode
ide.

The test started with anode reduction at 400 ◦C in 10% H2
or 2 h. Then, argon flow was passed for 2 h to purge the system.
he test unit was then heated in argon to 800 ◦C at a rate of
◦C/min. Then, 10% H2 was introduced for 30 min and argon
ow was followed until the measured electrical current became
ero. Test of direct-methane oxidation was then carried out with
ntroducing CH4 flow for a designated time. The details of the
est procedure have been reported elsewhere [20].
A new test started with the above-described introduction of
0% H2 for 30 min at 800 ◦C and with following argon flow
ntil the measured electrical current became zero. However, if
his H2 test result showed a deactivation of the used unit cell, a
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Fig. 2. Profiles of current densities vs. time. 30 min CH4 flow; 1 � circuit resis-
tance. Zone I denotes the area between the curves of equivalent current and
measured current and extends from time zero until these two curves meet. Zone
I
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resh unit cell would be used and the new test started with the
bove-described anode reduction at 400 ◦C.

Through out the test, electrical current, voltage, and outlet gas
ompositions were always measured. The compositions of CO
nd CO2 were measured by CO-NDIR and CO2-NDIR (non-
ispersive infrared analyzer, Beckman 880), respectively. Other
as compositions were measured by two gas chromatographs
China Chromatography 8900) in series.

. Results

.1. Direct methane conversion to syngas

Fig. 1(a) indicates that a synthesis gas (syngas), consisting of
2 and CO, can be produced via direct methane conversion over
i-YSZ anode. Since there is no oxygen in the anode-side gas
hase, the oxygen species for the partial oxidation of methane
re considered to come from the cathode-side gas phase via
he electrolyte. However, Fig. 2 reveals that the oxygen amount
onsumed for the formation of CO and CO2, as represented by
he equivalent current, can be much higher than that from the

athode-side gas phase, as represented by the measured current.
otably, zone I denotes the area between the curves of equivalent

urrent and measured current and extends from time zero until
hese two curves meet; zone II denotes the area under the curve

ig. 1. Outlet gas composition and methane conversion during 30 min CH4 flow.
a) Close circuit, 1 � circuit resistance and (b) open circuit.
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I denotes the area under the curve of measured current and to the right of the
urve of equivalent current.

f measured current and to the right of the curve of equivalent
urrent. Thus, additional amount of lattice oxygen is extracted,
hown as zone I; these lattice oxygen species should come from
he anode-side bulk. Notably, also, a measured current can occur
nly when the oxygen species, with each carrying two electrons,
ome from the cathode TPB and go to the anode TPB via the
lectrolyte; the oxygen species extracted only from the anode-
ide bulk lattice would not contribute to the measured current. In
ig. 2, the oxygen amount for the production of COx, i.e. CO and
O2, is indicated by the equivalent current and also revealed by

he oxygen-transfer rate. Notably, also, the current density and
he oxygen-transfer rate, the left and right ordinate of Fig. 2, is
elated by 1 mA/cm2 to 0.31088 �mol O2−/cm2 min. In other
ords, the oxygen species for partial oxidation of methane can

ome from either the cathode-side gas phase or the anode-side
ulk lattice. Since NiO can be completely reduced to Ni at 400 ◦C
22], the oxygen species from the anode-side bulk lattice should
ome from only YSZ in this work, since the NiO-YSZ anode is
educed at 400 ◦C and then at 800 ◦C.

The “equivalent current” indicates the current which would
e produced if the O species for COx formations at the anode
PB come from the cathode TPB. This COx equivalent cur-

ent is calculated with the total amount of the O species
n forming CO and CO2, with each O species carrying two
lectrons, that is [(CO formation amount) + (CO2 formation
mount) × 2]/0.31088. Notably, the equivalent current in this
ork is equivalent to the formation rate of COx only; it should
e equivalent to the total rate of formation of all the oxidation
roducts. Therefore, the formation rate of other detectable oxi-
ation products, only H2O in this work, is included to calculate
he total amount of lattice oxygen extracted for oxidation. Nev-
rtheless, the amount of H2O formed from CH4 reactions was
uite small during all the experiments of this work, for exam-
le, shown in Fig. 1(a). Keeping this in mind, although H O
2
ormation was measured by GC whose accuracy is less than that
f COx measured by NDIR, the total amount of lattice oxygen
xtracted can be calculated with sufficient accuracy.
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A comparison of Fig. 1(a) with (b) indicates that methane
onversion, as indicated by the “conversion” curve, and the
ates of CO and CO2 formations can be markedly promoted
ith a flow of electrical current, under the condition of close

ircuit, relative to that without it, under open circuit. This is
phenomenon of electrochemical promotion since additional

mount of lattice oxygen is extracted for COx formation, that is,
he amount of oxygen for anodic oxidation is markedly higher
han that of the measured current via the electrolyte. Notably,
he term of “electrochemical promotion” is used here to fol-
ow the literature usage of this term to mean a promotion effect
ue to electrochemically controlled migration of ionic species
rom the solid electrolyte onto the gas-exposed electrode surface
1–13,20]. This electrochemically promoted COx formation is
ue to the promoted lattice-oxygen extraction from the anode-
ide bulk lattice [20]. The total amount of additionally extracted
attice oxygen for COx formation is indicated by zone I, in Fig. 2
or example. Notably, also, SOFC under open-circuit condition
orks as a conventional catalytic reactor; the catalytic oxidation

s observed in Fig. 1(b) is due to the extraction of bulk lattice
xygen in the absence of gaseous oxygen [23–25].

Fig. 2 reveals a region, designated as zone II, for the gen-
ration of electrical current in the absence of any fuel, either
n the gas phase or over the anode surface, the latter being the
eposited carbon species from methane decomposition. Fig. 1(a)
eveals the evidence for the absence of any fuel in relation to
he occurrence of zone II, that is, both CH4 conversion and H2
oncentration become zero well before switching to Ar flow.
eparate GC measurements indicate that CH4 concentration in

he anode-side gas phase becomes zero in less than 2 min after
witching to Ar flow, which means a very quick purge with
igh rate of Ar flow. Additionally, there is no any fuel-oxidation
roduct, CO, CO2 or H2O as detectable in this work, associated
ith the occurrence of zone II. Therefore, the measured electri-

al current indicated by zone II is indeed a current generated in
he absence of any fuel and can be termed a “fuel-free current”
21]. The occurrence of the fuel-free current is a consequence of
he electrochemical promotion of lattice oxygen extraction from
he anode-side bulk during the oxidation of the fuel, as will be

larified in Section 4.

In this work, the “fuel” means both methane and the deposited
arbon species from methane decomposition. Fig. 1(a) presents
he evidence for the existence of the deposited carbon species,

t
s
O
c

able 1
elations of voltage and current density with circuit resistance, total amounts of O sp

ase External circuit
resistance (�)

Voltage (V) Current densitya

(mA/cm2)

1 0.13 43.5
6.2 0.61 23.5

52 0.77 15.9
6000 1.10 5.1

15000 1.21 1.1
pen circuit – 1.22 0

a Average value of the measured current density during 5 min CH4 flow. The area i
b The amount of oxygen species transported from cathode TPB for the generation o
c The amount of lattice oxygen species additionally extracted from anode-side bulk
neering Journal 138 (2008) 538–547 541

hat is, the amounts of CO and CO2 formations exceed that
llowed by methane converted, as indicated by the “conver-
ion” curve, after about 15 min of CH4 flow. The exceeding
mounts of CO and CO2 formations should be due to the oxida-
ion of the deposited carbon species. These carbon species are
sually considered to be surface CHx (x = 0–3) species, which
re intermediates of CH4 decomposition over Ni [26]. On the
ther hand, before about 15 min CH4 flow, the amount of COx

ormations are lower or much lower than that associated with
ethane conversion, indicating the occurrence of some methane

ecomposition without oxidation, which produces the deposited
arbon species. However, since the amount of H2O formation
fter about 25 min CH4 flow becomes zero, the CHx species
hould be mostly the C species, which may cause coking to deac-
ivate the anode. Separate tests indicate that anode deactivation
id not occur with 5 min methane flow, but did with 10 min or
onger methane flow. Thus, CH4 flow of only 5 min is employed
or the following measurements to avoid the effect of anode
eactivation.

.2. Operation with varying circuit resistance

Table 1 indicates that the voltage increases and the current
ensity decreases as the external circuit resistance increases.
otably, a decrease of the current density means a decrease of

he transfer rate of the oxygen ion, i.e. the electron carrier, in the
ulk of the oxygen-ion conducting YSZ materials. Fig. 3(A)–(E)
resents the results of the variations of current density with time
nder different circuit resistance. The phenomenon of electro-
hemical promotion of bulk lattice-oxygen extraction, indicated
y zone I, and that of fuel-free current, indicated by zone II,
ccurs in all cases. Notably, also, the profile of the equivalent
urrent indicates the COx formation. From case A to case E,
ith decreasing current density, the lattice O species which can
e additionally extracted from the anode-side bulk decreases, as
lso presented in Table 1. Consequently, the profile of the fuel-
ree current, the zone II profile, shows a flatter and longer tail,
ndicating a lower mobility of the lattice O species. Notably, the
otal O content in YSZ of the NiO-YSZ anode is 104.5 �mol;

hus, the amount of additionally extracted lattice O species is
ignificant, as shown in Table 1. It is possible that some lattice

species in YSZ of the electrolyte layer, which has a total O
ontent of 2064 �mol, has been extracted.

ecies transported and extracted, and promotion factors during 5 min CH4 flow

O species transportedb

(�mol/cm2)
Lattice O extractedc

(�mol/cm2)
Promotion
factor, σ

67.6 72.1 1.07
36.6 42.3 1.16
24.6 31.8 1.29

8.0 10.9 1.36
1.7 2.6 1.5
0 1.3 –

s in terms of the anode area.
f the measured current.
.
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Fig. 3. Profiles of current densities vs. time. 5 min CH4 fl

The effect of electrochemical promotion on lattice-oxygen
xtraction from YSZ bulk observed in this work can be revealed
y a promotion factor of lattice-oxygen extraction, σ, defined as

= amount of lattice O extracted

amount of O species transported
(2)

here the “lattice O extracted” denotes the total amount of
he oxygen species additionally extracted from the anode-
ide bulk lattice, as indicated by the total area of zone I in

ig. 3, and the “O species transported” denotes the total amount
f the oxygen species transported from cathode TPB to the
node TPB so as to generate the measured current. In other
ords, σ denotes the electrochemically promoted extraction

m
o
g
b

–E as in Table 1. Zones I and II are defined as in Fig. 2.

f lattice oxygen per O species transported to generate the
easured current. As shown in Table 1, σ increases as the volt-

ge increases. Notably, the amount of O species transported is
quivalent to the measured current and thus the electrochem-
cal promotion of lattice-oxygen extraction from the support
ulk indicates that the amount of the support-supplied lattice
xygen for the anode reaction is not limited by the electrical
urrent.

Considering syngas generation for its conversion to

ethanol, partial oxidation of methane to form only CO with-

ut water formation should give the best result, with a product
as composition of H2/CO = 2. However, some hydrogen may
e adsorbed and oxidized to form H2O. Nevertheless, Fig. 1
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Table 2
Amounts of total COx formation during CH4 plus argon flow and O2 de-coking
as well as O2 de-coking time

Casea COx formationb (�mol/cm2) O2 de-coking
timee (min)

CH4 plus
Ar flowc

O2 de-cokingd

A 331.6 0.34 28
B 161.8 1.05 103
C 109.3 3.11 389
D 59.7 6.54 670
E 11.7 13.7 850
Open circuit 1.13 1.11 524

a A–E as in Table 1.
b COx means both CO and CO2. The area is in terms of the anode area.
c From the start of methane flow into argon flow until both CO and CO2

formations become zero.
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motion increases with decreasing potential [6].

Fig. 6 shows that the rate enhancement ratios of CO and
CO2 formations are linearly related to current density; the
enhancement ratio increases with increasing current density.

Table 3
Total amounts of CO and CO2 formations and CO selectivity during 5 min CH4

flow

Casea CO (�mol/cm2) CO2 (�mol/cm2) CO selectivityb

A 92.8 22.7 0.803
B 49.6 13.9 0.781
C 34.7 10.3 0.771
D 11.1 3.59 0.756
d Removal of the remaining coke with 100 ml/min of 20% O2 in argon at
00 ◦C. Only CO2 was detected.
e The time for O2 de-coking till zero CO2 formation.

hows that H2O formation decreases and becomes zero with
ncreased methane reaction. This is beneficial to syngas gen-
ration. Notably, increased extent of methane reaction can be
ssociated with increased amount of deposited carbon, which
educes the area of the Ni surface for hydrogen adsorption.
his is frequently considered as anode deactivation; however,

he deposited carbon species can be the “fuel” to generate the
lectrical current as described above.

Table 2 reveals that, with decreasing current density from
ase A to case E, the amount of total COx formations dur-
ng methane plus argon flow decreases but that during O2
e-coking increases; moreover, the O2 de-coking time also
ncreases. This indicates that the SOFC ability to utilize the
eposited carbon species from methane decomposition for the
o-generation of electrical current and syngas decreases with
ecreasing current density. Notably, although the amount of
Ox formation during O2 de-coking under open circuit is much

maller than that of case C, the O2 de-coking time under open
ircuit is much longer. Notably, longer O2 de-coking time
eans a more severe coking problem to the anode to deacti-

ate it. Therefore, a high current flow can reduce the coking
roblem.

.3. CO and CO2 formations

Fig. 4 shows that the formation rate of CO is much higher than
hat of CO2 for each case and there is a period of the formation
f only CO but not CO2. This is beneficial to syngas generation.
rom case E to case A, with the current density increasing, both
O and CO2 formation rates increase. Nevertheless, the extent of

he increase of the CO formation rate is higher than that of CO2
nd thus the CO selectivity increases. These are also revealed in
able 3. Moreover, Fig. 4 shows that the self de-coking periods

n cases D and E become longer than those in cases A–C; this

s in agreement with the results in Table 2 that much higher
mount of deposited carbon was not self de-coked and need O2
e-coking, and the O2 de-coking time becomes much longer for
ases D and E.

E
O

ig. 4. Profiles of CO and CO2 formation rates vs. time. 5 min CH4 flow. A–E
s in Table 1.

The rate enhancement ratio, ρ, for electrochemical promotion
s defined as [10]

= r

r0
(3)

here r is the electrochemically promoted reaction rate and
0 is the open-circuit reaction rate. Notably, this ratio can
e considered as a dimensionless reaction rate as normalized
n terms of the open-circuit reaction rate. Fig. 5 shows that
oth rate enhancement ratios of CO and CO2 formations are
nversely linearly related to the voltage. This is the well-known
lectrophilic behavior, that is, the effect of electrochemical pro-
2.05 1.05 0.661
pen circuit 0.73 0.30 0.71

a A–E as in Table 1.
b CO selectivity = amount of CO/(amount of CO + amount of CO2).



544 T.-J. Huang, M.-C. Huang / Chemical Engineering Journal 138 (2008) 538–547

Fig. 5. Linear regression variations of the rate enhancement ratios of CO and
CO2 formations with voltage.
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Table 5
Results of regression analysis (R = axn) of average formation ratea (R) of CO
and CO2 vs. average oxygen transfer rateb (x)

Reaction a n

CO formation 0.502 1.08
CO2 formation 0.239 0.886

a Calculated by dividing the total formation rate of CO and CO2, respectively,
during 5 min CH4 flow by 5 min.

b Calculated by dividing the total oxygen transfer rate, i.e. O species trans-
ported plus lattice O extracted, during 5 min CH4 flow by 5 min.

F
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ig. 6. Linear regression variations of the rate enhancement ratios of CO and
O2 formations with current densities.

evertheless, the effect of electrochemical promotion of CO

an be much higher than that of CO2 at high current density.
oreover, Table 4 reveals that the formation rate of CO per O

pecies supplied to the anode surface increases but that of CO2

able 4
ariations of electron charge, and CO and CO2 formed, per oxygen transferred

or anodic reaction during 5 min CH4 flow

asea e−/Ob CO/O CO2/O

0.967 0.664 0.163
0.928 0.628 0.177
0.873 0.614 0.183
0.843 0.589 0.190
0.790 0.478 0.244

a A–E as in Table 1.
b Average electron charge, number of electrons transferred from cathode TPB,
er O species reacted at the anode surface.
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ig. 7. Regression analysis (R = axn) of average formation rate (R) of CO and
O2 vs. average oxygen transfer rate (x).

ecreases with increasing current density, from cases E to A.
his is beneficial to syngas generation. Notably, the amount of
species in Table 4 consists of those associated with the mea-

ured current and those extracted from the bulk lattice due to
lectrochemical promotion.

The average formation rate (R) of CO and CO2 can be related
o the average transfer rate (x) of the oxygen species, which con-
ists of the oxygen species transported from the cathode TPB and
he lattice oxygen species extracted from the anode-side bulk,

= a xn (4)

able 5 presents the constants a and n of Eq. (4) from a regres-
ion analysis, shown in Fig. 7. It is seen that the rate dependence
f CO formation on the oxygen transfer rate, which is related
o current density, is higher than that of CO2 formation.

. Discussion

.1. Electrochemical promotion of bulk lattice-oxygen
xtraction

The electrochemically promoted reaction rate can be related

o the applied potential, η, by an equation of the form [27],

n

(
r

r0

)
= αeξη

kT
+ βe

kT
(5)
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here α and β are empirically determined constants, e is the
harge of an electron, k is the Boltzmann constant, T is the oper-
ting temperature. Additionally, ξ is the relationship between
he change in electron extraction potential, �Φ, and the applied
otential,

Φ = ξη (6)

etcalfe [27] pointed out that ξ depends on the operating con-
itions and the electrode morphology.

In this work, the operating temperature is constant; thus, ln
r/r0) can be plotted versus η to obtain the values of αeξ/kT,
hown by the various slopes in Fig. 8. Notably, the applied
otential (η) in Eq. (5) is equivalent to the generated potential
voltage) of the operating SOFC in this work. Thus, the variation
f ξ is demonstrated, noting that αe/kT is a constant. This indi-
ates that the variation of the external circuit resistance, shown
n Table 1, can cause a variation in ξ. Fig. 8 reveals that the
ariation of ξ depends also on the reaction type, CO or CO2 for-
ation. This means that the electron extraction potential is not

onstant [27]. Since the extraction of the lattice oxygen species
ay involve electron, it may be proposed that the extraction

otential of the lattice oxygen species is not constant. Therefore,
he electrochemically promoted extraction of lattice oxygen may
e influenced by both the operating condition and the reaction
ype, as confirmed by the above results.

The oxygen species for generating the measured current is
rom the cathode-side gas phase via dissociation and charge
ransfer, that is, O2 � 2O and then O + 2e− �O2−. The O2−
on is usually considered to be the form of the oxygen species
hich can migrate in the bulk lattice of the oxygen-ion con-
ucting materials. However, when close to the catalyst surface,
he following scheme of oxygen reduction may be assumed:
2 �O2
− �O2

2− � 2O− � 2O2− [28]. The charged oxygen
pecies which emerge at the three-phase boundary and spill over
he electrode surface can be either O− or O2− [29]. Thus, when
he O2− ion is transported to the anode bulk, it may donate an

ig. 8. Profiles of ln (r/r0) vs. η (voltage) for CO and CO2 formations. ρ = r/r0.
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lectron to the anode-side lattice oxygen to form the Oδ− ion
δ = 1 for this case). This is confirmed by the results as shown
n Table 4, that is, the Oδ− species which are transferred in
he anode-side bulk have δ values close to or less than one.
onsequently, more oxygen species in the bulk phase of the
xygen-ion conducting materials become mobile and additional
mount of the lattice oxygen species in the anode-side bulk can
e extracted and transported to the anode surface for CO and CO2
ormations. Therefore, the anodic oxidation rate is promoted
o become markedly higher than that by the oxygen species
ransported from the cathode TPB via the electrolyte. However,
he oxygen species which carry less than two electrons may be
onsidered to have lower mobility than those which carry two
lectrons. It may be proposed that the mobility of Oδ− species
nd thus the promotion effect of bulk lattice-oxygen extraction
ay be increased with increased potential; this is confirmed by
able 1, that is, the promotion factor (σ) increases with increased
otential (voltage).

According to the above hypothesis, the increase of the promo-
ion factor of bulk lattice-oxygen extraction with voltage is due to
he increased mobility of the Oδ− species with increased poten-
ial. Notably, the extraction of lattice oxygen from the anode-side
ulk creates oxygen vacancy. In copper oxide, oxygen vacancy
ay be created via lattice oxygen reduction and migration when

he lattice oxygen overcomes the energy barrier by a specific
lectrical field [30]. This is similar to the situation in this work,
hat is, the lattice oxygen receives an electron and the produced
δ− ion migrates at increasing speed with increased potential.
rom a different point of view, the Oδ− species with smaller δ

alue needs higher potential to become mobile, as indicated by
he results of Table 4 in association with Table 1. This may offer
ome explanation for the variation of ξ or the electron extraction
otential with the operation condition. As shown in Table 1, a
ariation of the operation condition, i.e. an increase of the cir-
uit resistance, results in an increase of the potential (voltage);
his leads to a decrease of average electron charge per O species,
hown in Table 4. Therefore, decreased number of electrons car-
ied by the lattice oxygen is associated with higher potential for
he O species to become mobile.

The occurrence of the fuel-free current is attributed to the
eficiency of bulk lattice-oxygen concentration on the anode
ide after oxidation of the fuel, which extract additional amount
f the lattice oxygen from the anode-side bulk without replen-
shment from the cathode TPB. Consequently, a deficiency of
ulk lattice-oxygen concentration on the anode side is build up
uring fuel oxidation and thus, afterwards, the oxygen species
igrate from the cathode TPB to the anode side to replenish the

ulk lattice-oxygen concentration on the anode side to its ini-
ial state, which generates an electrical current. Therefore, the
ccurrence of the fuel-free current is a consequence of the elec-
rochemically promoted extraction of bulk lattice-oxygen from
he anode side. Notably, the process of oxygen replenishment
tarts right after a deficiency of the bulk lattice-oxygen con-

entration occurs and its rate increases with increased extent of
he concentration deficiency; this is why zone II occurs before
he exhaustion of the fuel, that is, before the equivalent current
ecomes zero, shown in Figs. 2 and 3.
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.2. Promotion of syngas generation

The above results indicate that higher CO and CO2 forma-
ion rates, that is, higher methane conversion, lead to higher CO
electivity. Moreover, the electrochemically promoted extrac-
ion of bulk lattice oxygen results in higher CO selectivity. These
re beneficial for syngas generation. With methane decomposi-
ion in the absence of gaseous oxygen, the formations of CO
nd CO2 occur by oxidation with the oxygen species migrating
rom the support lattice to the metal surface via the metal-support
nterface [31]. Thus, electrochemical promotion of bulk lattice-
xygen extraction increases the supply rate of the oxygen species
o the anode surface; consequently, the rates of CO and CO2
ormations are promoted. This promotion of the CO and CO2
ormation rates is partly due to the effect of electrocatalysis by
lectrical current and partly due to that of electrochemical pro-
otion of bulk lattice-oxygen extraction. Table 1 reveals that

he latter effect (lattice O extracted) is higher than the former
ne (O species transported); thus, the promotion factor (σ) is
reater than one in all cases of this work. Nevertheless, although
n increased potential (voltage) increases the promotion factor,
ower potential and thus higher current density is needed for
igher rate of syngas generation with higher CO selectivity. This
s confirmed by Tables 1 and 3. On the other hand, with increased
urrent density, although the promotion factor decreases, the
bsolute amount of the electrochemically promoted oxygen
xtraction increases, shown in Table 1. Therefore, electrochem-
cal promotion of bulk lattice-oxygen extraction enhances the
yngas generation.

Figs. 5 and 6 reveal that the effects of electrochemical
romotion, i.e. the rate enhancement ratios, of CO and CO2
ormations are different. This may be attributed to that the depen-
ences of CO and CO2 formation rates on the oxygen transfer
ate are different. Since the CO rate depends on the oxygen
ransfer rate at a higher extent than the CO2 rate, revealed
n Table 5, the promoted oxygen transfer rate by either the
ffect of electrocatalysis or that of electrochemical promotion
hould result in a higher rate of CO formation than that of
O2 formation per oxygen species transferred, confirmed by
able 4.

Table 4 shows that higher oxygen transfer rate is beneficial
o the formation of CO, but detrimental to that of CO2. This is
ttributable to that CO2 formation requires two O species in the
eighborhood of the C species. If there is only one O species
n the neighborhood of the C species, only CO can be formed.
s the oxygen transfer rate increases, which means an increased
obility of the O species, the probability of only one O species

n the neighborhood of the C species during its reaction time
hould increase; this probability increases as the reaction time
ecomes shorter. Notably, the oxygen transfer rate is directly
elated to the current density, shown in Figs. 2 and 3, and thus
ndicates the migration speed of the O species to the anode TPB.

higher current density means a higher migration speed of the

species and thus a shorter reaction time for the oxidation of

he C species; consequently, CO formation is favored. Thus, it
an be concluded that SOFC operation at high current density
avors syngas generation.
neering Journal 138 (2008) 538–547

Moreover, the above-observed phenomenon of higher CO
electivity associated with higher oxygen transfer rate, i.e.
igher oxygen supply rate via the oxygen-ion conducting
aterials, is quite different from that associated with higher

xygen supply rate from the anode-side gas phase, which
owers the CO selectivity. Notably, only CO2 is formed dur-
ng O2 de-coking in this work. Therefore, the phenomena
ssociated with direct-methane SOFC, including electrochem-
cal promotion of bulk lattice-oxygen extraction and fuel-free
urrent as reported in this work, are worthy further investiga-
ion.

. Conclusions

1) A phenomenon of electrochemical promotion of lattice-
oxygen extraction from the bulk phase of YSZ is observed.
Markedly higher amount of oxygen than that equivalent to
the measured current is extracted for anodic oxidation. This
promotion effect increases as the potential (the generated
voltage) increases.

2) The electrochemically promoted extraction of bulk lattice
oxygen is influenced by both the operating condition (the
circuit resistance) and the reaction type (CO and CO2 for-
mations).

3) A phenomenon of fuel-free current, i.e. the generation of
electrical current without fuel either in the gas phase or at
the surface, is observed. This is identified as a consequence
of electrochemical promotion of lattice-oxygen extraction
from the anode-side bulk.

4) Both rate enhancement ratios of CO and CO2 formations
are inversely linearly related to the voltage.

5) Both rate enhancement ratios of CO and CO2 formations
are linearly related to the current density.

6) The dependence of CO formation rate on the oxygen transfer
rate, which is related to the current density, is stronger than
that of CO2 formation rate.

7) As the current density increases, both methane conversion
and CO selectivity increase.

8) Electrochemical promotion of bulk lattice-oxygen extrac-
tion enhances the syngas generation.

9) SOFC operation at high current density favors syngas gen-
eration.
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