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a b s t r a c t

A solid oxide fuel cell (SOFC) unit is constructed with Ni-(Ce,Gd)O2−x as the anode, yttria-stabilized
zirconia as the supporting electrolyte, and Cu-added (LaSr)(CoFe)O3-(Ce,Gd)O2−x as the cathode. Both
reduction and oxidation of NO occur and are affected by the concentration of NO. Either reduction or
oxidation of NO starts from NO adsorption. NO reduction to generate an electrical current has very much
eywords:
lectrochemical NO reduction
O2 formation
ctivation energy
emperature

smaller activation energy than NO oxidation to form NO2. With 4% O2 and 1000 ppm NO, the NO2 yield
is relatively small and the temperature effect on NO reduction is positive. These are beneficial for the
application of the process of DeNOx by SOFC to NO abatement from the lean-burn engine exhausts.

© 2010 Elsevier B.V. All rights reserved.
oncentration
olid oxide fuel cell

. Introduction

The control of nitrogen oxides (NOx, NO plus NO2) emission from
ndustrial flue gas in stationary sources is traditionally performed
y the selective catalytic reduction (SCR) process, in which NOx in
he flue gas reacts with ammonia to produce nitrogen and water
1]. This SCR process has to use a reducing gas, usually ammonia;
owever, the residual ammonia can pose a problem and needs addi-
ional treatment. Thus, the electrochemical NO reduction without
reducing gas has been studied extensively [2–7]. However, this
rocess of electrochemical NO reduction is performed with applied
urrent and the current efficiency is generally only a few percent;
dditionally, the reduction of O2 occurs simultaneously to consume
substantial amount of the electrical current [7]. Therefore, elec-

rochemical NO reduction with power generation via solid oxide
uel cells (SOFCs) should be an attractive process; this process has
een shown to be feasible for NOx removal [8–10]. Nevertheless,
his process of DeNOx by SOFC needs an anode fuel. However, the
node fuel is consumed only when the oxygen ion is transported to
he anode to carry out the electrochemical oxidation to generate an
lectrical current—that is, the NOx conversion contributes to power

eneration. Thus, DeNOx by SOFC is very energy-efficient.

A process of DeNOx by SOFC means that the SOFC operation is
erformed with the flue gas passing the cathode side; for the flue
as of the power plant or the nitric acid plant, the O2 concentration

∗ Corresponding author. Tel.: +886 3 5716260; fax: +886 3 5715408.
E-mail address: tjhuang@che.nthu.edu.tw (T.-J. Huang).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.05.053
is usually 4–6% and the NO concentration can be 0.1–0.5% or higher.
Recently, the problem of CO2 emission has become very critical. The
lean-burn engines are promising to decrease the fuel consumption
for automotive use and thus decrease the CO2 emission. However,
for NOx abatement from the exhaust of the lean-burn engines, an
efficient NOx reduction at high oxygen concentrations is needed.
In the lean-burn engine exhaust, the O2 concentration is usually
higher than 4% [11]. Additionally, temperature and NO concen-
tration of the lean-burn engine exhaust may vary with varying
operating conditions. Thus, the effects of temperature and con-
centration on electrochemical NO reduction via SOFCs should be
interesting to be studied to see the feasibility of the process of
DeNOx by SOFC on exhaust emission control for lean-burn engines.
Additionally, with the existence of NO in the presence of O2, NO2
may be formed via NO oxidation [9]. Therefore, the effects of
temperature and concentration on NO oxidation should also be
interesting to be studied.

(LaSr)(CoFe)O3 (LSCF) is the well-known material for the
cathode in intermediate temperature SOFCs, and adding gadolinia-
doped ceria (GDC) into LSCF to make the LSCF-GDC composite as the
cathode can increase the oxygen reduction activity of the cathode
[12]. The addition of 50 vol.% GDC to LSCF has resulted in a decrease
of the polarization resistance with a factor of about 10 compared
to that of the LSCF cathode [13]. Thus, such LSCF-GDC composite

will be used in this work. Additionally, Cu-added LSCF-GDC com-
posite has been used as the SOFC cathode for DeNOx by SOFC [9].
However, the effects of temperature and concentration on reduc-
tion and oxidation of NO over the SOFC cathode have not yet been
studied; these effects will be investigated in this work.

dx.doi.org/10.1016/j.cej.2010.05.053
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:tjhuang@che.nthu.edu.tw
dx.doi.org/10.1016/j.cej.2010.05.053
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Table 1
Variation of open circuit voltage and maximum power density with inlet NO con-
centration (with 4% O2) at 800 ◦C.

Inlet NO concentration
(ppm)

Open circuit
voltage (V)

Maximum power densitya

(mW cm−2)

1000 1.136 34.64
16 T.-J. Huang, C.-L. Chou / Chemical E

In this work, the current–voltage measurement and the fixed-
oltage test were performed in an SOFC unit cell with Cu-added
SCF-GDC cathode as well as cathode gases with various NO con-
entrations at 800–900 ◦C. The results show that NO reduction to
enerate an electrical current has very much smaller activation
nergy than NO oxidation to form NO2. This is beneficial for the
pplication of the process of DeNOx by SOFC to NO abatement from
he lean-burn engine exhausts.

. Experimental

.1. Preparation of LSCF and GDC and Cu addition

LSCF was prepared by the glycine-nitrate process with a compo-
ition of La0.58Sr0.4Co0.2Fe0.8O3−ı. The details of the method have
een described elsewhere [10]. The LSCF powders were calcined by
eating in air at a rate of 5 ◦C min−1 to 500 ◦C and held for 2 h, then
o 900 ◦C and held for 4 h, and then slowly cooled down to room
emperature.

GDC was prepared by the co-precipitation method with a com-
osition of (GdO1.5)0.1(CeO2)0.9. The details of the method have
een described elsewhere [14]. The GDC powders were calcined
y heating in air at a rate of 5 ◦C min−1 to 900 ◦C and held for 4 h
efore cooling down.

The LSCF-GDC composite was prepared by mixing the above-
repared LSCF and GDC powders at LSCF:GDC = 100:50 in weight
nd thus designated as 100LSCF-50GDC. The mixture was ground
or 24 h, then calcined by heating in air at a rate of 5 ◦C min−1 to
00 ◦C and held for 2 h, and then to 900 ◦C, held for 10 h before
ooling down.

The Cu addition to 100LSCF-50GDC powders was done by
mpregnation. The Cu cation solution was prepared by dissolving
u(NO3)2·3H2O (Showa, Japan) in de-ionized water. After drying,
he powders were calcined by heating in air at a rate of 5 ◦C min−1

o 900 ◦C and held for 4 h before cooling down. The Cu loading was
wt.% in terms of the weight of LSCF.

.2. Construction of SOFC unit cell

The commercial yttria-stabilized zirconia (YSZ) tape (Jiuhow,
aiwan) was employed to make an electrolyte-supported SOFC
ell. A disk of 1.8 cm in diameter was cut from the YSZ tape.
ne side of the disk was spin-coated with the paste of Ni-
DC as the anode, being composed of 60 wt.% Ni in terms of
DC, which has been shown to have an optimum anode perfor-
ance [15]. The details of the preparation of the Ni-GDC paste

ave been described elsewhere [16]. The other side of the disk
as spin-coated with a thin interlayer to enhance adhesion and

hen with Cu-added 100LSCF-50GDC as the cathode. The thus-
repared SOFC unit cell has an anode-layer thickness of 25 �m,
n electrolyte-layer thickness of 156 �m, an interlayer thickness of
�m, a cathode-layer thickness of 20 �m, and a cathode area of
.1 cm2.

.3. Current–voltage measurement

The measurement of current–voltage curve was performed at
00 ◦C with pure hydrogen flowing on the anode side and vari-
us gas mixtures, all balanced by argon, on the cathode side. The
ow rates of various components in the gaseous mixtures were

easured by mass flow meters, respectively, before entering into a
ixer. The overall flow rate was 150 ml/min and that on the anode

ide was the same as that on the cathode side. The overall flow rate
as measured by a gas bubble meter at the outlet of the experi-
ental setup. The voltage was varied by an adjustable resister, and
3000 1.136 34.95
5000 1.134 35.15

a Obtained via data from the current–voltage measurements.

both the voltage and the current were measured by a Multimeter
(TES 2730).

2.4. Fixed-voltage test

The fixed-voltage tests were performed at 800–900 ◦C with the
operating voltage kept constant at 0.55 V. The anode gas was pure
hydrogen. The inlet cathode gas was a mixture of 4% O2 and NO, bal-
anced in argon, with the NO concentration designated in the figure
and table legends. The overall flow rate was always 150 ml/min.

The tests were conducted with introducing a designated gas
mixture to the cathode side of the SOFC unit cell. After a steady state
was obtained for over 120 min, the NO concentration was increased.
After the test of 1000–5000 ppm NO at the same temperature, the
temperature was increased to a higher one as designated in the fig-
ure. Throughout the test, the electrical current, the voltage, and the
outlet gas compositions were always measured. The NO and NO2
contents in the outlet cathode gas were measured by NO and NO2
analyzers (NGA 2000, Emerson, Germany), respectively.

3. Results and discussion

3.1. Effect of temperature on reduction and oxidation of NO

Table 1 shows that the open circuit voltage with cathode gases
of 4% O2 plus 1000–5000 ppm NO is close to the theoretical value;
this indicates that there should be no leakage in the SOFC setup
of this work. Additionally, the maximum power density increases
with increasing NO concentration; this indicates the generation of
an additional electrical current due to the presence of NO and thus
confirms the occurrence of electrochemical NO reduction—that is,
the occurrence of NO dissociation to produce the adsorbed N and
O species:

NO → Nads + Oads (1)

Followed by the charge transfer reaction to form the oxygen ion:

Oads + 2e− → O2− (2)

Notably, electrochemical NO reduction is completed and generates
an electrical current only after the oxygen ion produced in reaction
(2) has been transported to the anode via the oxygen-ion conduct-
ing electrolyte and consumed by electrochemical oxidation with
the anode-side fuel.

Fig. 1 shows the steady state profiles of outlet NO and NO2
concentrations with inlet NO concentration of 1000 ppm in 4% O2
during the fixed-voltage tests. Notably, the vertical lines between
these steady states as shown in Fig. 1 and similar figures latter
are drawn by the drawing software and do not indicate any actual
behavior. As the temperature increases from 800 to 900 ◦C, Fig. 1A
shows that the outlet NO concentration decreases, indicating an
increase of the NO consumption rate; Fig. 1B shows that the outlet

NO2 concentration increases, indicating an increase of the NO2 for-
mation rate. The formation of NO2 indicates the occurrence of NO
oxidation:

NO + Oads → NO2 (3)
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via NO dissociation. Thus, with increasing temperature, since the
ig. 1. Variations of (A) outlet NO concentration and (B) outlet NO2 concentration
ith temperature. 4% O2 + 1000 ppm NO inlet. NO conversion is indicated in blue

bove the data line.

hus, the conversion of NO is due to both reduction and oxidation
f NO—that is, NO consumption rate equals the sum of NO reduc-
ion rate and NO oxidation rate. Since NO oxidation forms NO2, NO
xidation rate equals NO2 formation rate. Therefore,

O reduction rate = NO comsumption rate − NO2 formation rate(4)

otably, nitrous oxide (N2O) has been considered to be an interme-
iate of electrochemical NO reduction [17]. However, with Cu as a
atalytic agent over the cathode of an SOFC operating at 800 ◦C and
igher temperature as in this work, the formation of N2O can be
egligible since Cu is an effective catalyst for the decomposition of
2O to N2 at 95 ◦C [18]; additionally, N2O is not stable above 500 ◦C
nd quantitatively decomposed in the gas phase.

When the temperature increases from 800 to 900 ◦C, Fig. 2A and
show a decrease of the outlet NO concentration and an increase of

he outlet NO2 concentration, respectively, with inlet NO concen-
ration of 3000 ppm; Fig. 3A and B show a decrease of the outlet
O concentration and an increase of the outlet NO2 concentra-

ion, respectively, with inlet NO concentration of 5000 ppm. Table 2
resents the calculated NO conversion and the measured current
ensity. As the temperature increases from 800 to 900 ◦C, both

he NO conversion and the current density increase. However, the
xtent of increase of the NO conversion with increasing tempera-
ure is much smaller than that of the current density. This indicates
hat the increase of the current density is mostly due to oxygen
Fig. 2. Variations of (A) outlet NO concentration and (B) outlet NO2 concentration
with temperature. 4% O2 + 3000 ppm NO inlet. NO conversion is indicated in blue
above the data line.

reduction, that is, O2 dissociation:

O2 → 2Oads (5)

followed by the charge transfer reaction (2); this is reasonable
with a cathode gas containing 4% (40,000 ppm) O2 and only
1000–5000 ppm NO. Notably, the transport of the O species from
the cathode to the anode via the oxygen-ion conducting electrolyte
generates an electrical current, indiscriminating the source of the
O species.

When the temperature increases from 800 to 900 ◦C, Table 2
shows that both the NO reduction rate and the NO2 forma-
tion (NO oxidation) rate increase with inlet NO concentration of
1000 ppm—that is, both the rates of reduction and oxidation of
NO increase with increasing temperature. Notably, since NO oxi-
dation is exothermic, its equilibrium conversion should decrease
with increasing temperature if only reduction and oxidation of
NO occur. However, when a large amount of oxygen presents,
since the electrochemical oxidation over the SOFC anode needs a
much larger amount of O species than being able to be supplied
by NO dissociation, these O species are mostly supplied by oxy-
gen via reaction (5); consequently, the possibility for NO oxidation
becomes much higher than that when the O species comes only
rate of electrochemical oxidation over the SOFC anode increases,
the rate of NO oxidation over the SOFC cathode can increase. When
the inlet NO concentration increases to 3000 or 5000 ppm, the NO
oxidation rate also increases with increasing temperature but the
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Fig. 3. Variations of (A) outlet NO concentration and (B) outlet NO2 concentration
with temperature. 4% O2 + 5000 ppm NO inlet. NO conversion is indicated in blue
above the data line.

Table 2
Variation of steady-state NO consumption rate, NO conversion, NO reduction rate, NO
concentration.

Temperature (◦C) NO consumption ratea NO conversion (%) NO reduction ra

Inlet 1000 ppm NO
800 0.836 52.39 0.811
825 0.841 52.65 0.812
850 0.846 52.98 0.814
875 0.865 54.19 0.827
900 0.889 55.69 0.844

Inlet 3000 ppm NO
800 2.498 52.16 2.323
825 2.512 52.44 2.309
850 2.518 52.58 2.283
875 2.527 52.77 2.254
900 2.536 52.95 2.228

Inlet 5000 ppm NO
800 4.149 51.98 3.934
825 4.162 52.14 3.916
850 4.169 52.23 3.885
875 4.174 52.30 3.847
900 4.183 52.41 3.809

a Rate in �mol cm−2 min−1.
b NO reduction rate = NO consumption rate − NO2 formation rate.
c NO2 yield = [(amount of NO2 formed)/(amount of NO converted)] × 100%.
d Obtained from the fixed-voltage test at 0.55 V.
ering Journal 162 (2010) 515–520

NO reduction rate decreases. This indicates an effect of NO concen-
tration on its reduction.

Table 2 also shows that the NO2 yield always increases with
increasing temperature. However, at a same temperature, the NO2
yield increases with increasing NO concentration from 1000 to
3000 ppm but decreases with further increasing NO concentration
to 5000 ppm. This indicates an effect of NO concentration on the
NO2 yield. Since the NO2 yield is associated with both the rates of
reduction and oxidation of NO, there exists an effect of concentra-
tion on reduction and oxidation of NO.

3.2. Effect of concentration on reduction and oxidation of NO

Table 2 also shows that, when the inlet NO concentration
increases from 1000 to 5000 ppm at the same temperature, the
current density increases. This indicates that electrochemical NO
reduction occurs to contribute to the generation of an electrical
current. With increasing NO concentration, both the rates of NO
reduction and NO2 formation (NO oxidation) increase, in accor-
dance with reactions (1) and (3); however, the NO conversion
decreases. This indicates that NO needs to be adsorbed first:

NOgas → NOads (6)

When the amount of the active sites for NO adsorption is lim-
ited, the NO reactions cannot take full advantage of the beneficial
effect of increasing concentration to increase their rates. This can
decrease the NO conversion. Additionally, the extent of increase
of the NO conversion with increasing temperature decreases with
increasing NO concentration. This is also due to a limited amount of
the active sites for NO adsorption and thus the NO reactions cannot
take full advantage of the beneficial effect of increasing tempera-
ture to increase their rates. These confirm that the reactions start
from reaction (6)—that is, either reduction or oxidation of NO starts
from the adsorption of NO. Therefore, reaction (1) should consist of
reaction (6) and the dissociation of adsorbed NO:

′
NOads → Nads + Oads (1 )

Additionally, reaction (3) should consist of reaction (6) and the
oxidation of adsorbed NO:

NOads + Oads → NO2 (3′)

2 formation rate, NO2 yield and current density with temperature and inlet NO

tea,b NO2 formation ratea NO2 yieldc (%) Current densityd (mA cm−2)

0.0246 2.94 62.96
0.0285 3.39 65.67
0.0324 3.83 73.95
0.0382 4.42 75.32
0.0450 5.06 77.05

0.175 7.01 63.50
0.203 8.08 67.59
0.235 9.33 74.51
0.273 10.8 76.41
0.308 12.1 78.61

0.215 5.18 63.88
0.246 5.91 68.29
0.284 6.81 74.95
0.327 7.83 76.57
0.374 8.94 78.85
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Table 3
Variation of activation energies of NO consumption, NO reduction and NO2 forma-
tion (NO oxidation) with inlet NO concentration.

Inlet NO
concentration
(ppm)

NO consumption
(kJ/mol)

NO reduction
(kJ/mol)

NO2 formation
(kJ/mol)

1000 6.27 4.06 62.65

of NO oxidation (NO2 formation) can be much smaller than that of
NO reduction. Additionally, Fig. 1B shows that the formed NO2 with
1000 ppm NO inlet is smaller than 30 ppm; this amount of NO2 can
be completely converted to NO in a subsequent SOFC unit since
ig. 4. Arrhenius plots of (A) NO consumption and (B) NO reduction with 4% O2 and
arious NO contents.

ith the adsorbed O species coming from either reaction (1′) or (5).
otably, reaction (6) should not be the rate-determining step for NO

eactions if the activation energy for reduction and oxidation of NO
s different; this is because, if reaction (6) is the rate-determining
tep for both reduction and oxidation of NO, both rates of reduction
nd oxidation of NO should be the same according to the definition
f “rate-determining step” and thus the activation energy should
e the same.

.3. Activation energy for NO reduction and NO2 formation

Fig. 4 shows the Arrhenius plots of the rates of consumption
nd reduction of NO with NO concentration of 1000–5000 ppm,
espectively. Both Fig. 4A and B clearly show that it should not
e proper to put all the data of 1000–5000 ppm NO together to
raw a unified plot. Thus, the Arrhenius plot should depend on the
O concentration as shown—that is, the activation energy depends
n the concentration of NO. The calculated activation energies
re presented in Table 3. Notably, since the NO consumption rate
quals the sum of the NO reduction rate and the NO oxidation
ate, the activation energy for NO consumption may not be associ-
ted with a rate-determining step but can show the temperature
ependence of overall NO conversion. With the NO concentra-
ion of 3000 or 5000 ppm, the negative value of the activation

nergy for NO reduction is also only to show the negative temper-
ture dependence—that is, the rate of NO reduction decreases with
ncreasing temperature. Notably, also, during electrochemical NO
eduction with an applied current, the selectivity for NO reduction
ecreases with increasing temperature [7]. Nevertheless, the NO
3000 1.51 (−4.50)a 59.85
5000 0.81 (−3.44)a 58.27

a Presented to show the temperature dependence.

concentration in the lean-burn engine exhausts is usually smaller
than 1000 ppm [11]; thus, the relatively small activation energy and
the positive temperature dependence for reduction of 1000 ppm
NO should be beneficial for the application of the process of DeNOx

by SOFC to NO abatement from the lean-burn engine exhausts.
Fig. 5 shows the Arrhenius plots of the rates of NO2 formation

(NO oxidation) and it also shows that the Arrhenius plot should
depend on the NO concentration. Table 3 shows that the activa-
tion energy for NO2 formation is very much larger than that for NO
reduction. Notably, over the Cu-added LSCF-GDC cathode of this
work, the activation energy for NO2 formation via NO oxidation is
around 60 kJ/mol, which is smaller than that of around 80 kJ/mol
for NO oxidation over Pt [19]. This indicates that NO reduction
via reaction (1′) is very much faster than NO2 formation via reac-
tion (3′)—that is, removing the O species from NO is much easier
than adding it onto NO. This may be explained by the consideration
that the reaction of the O species over the SOFC cathode is a pro-
cess of electrochemical reduction, at least during power generation.
With a relatively large O2 concentration, the current density can be
large; this means that the rate of electrochemical reduction of the
O species is large. Notably, also, electrochemical reduction of the O
species occurs indiscriminating the source of the O species. A large
current density means a fast removal of the O species produced by
reaction (1′) and thus the rate of reaction (1′) can be large. This is in
agreement with the observation that increasing O2 concentration
can increase the NO conversion [9].

On the other hand, although the relatively large O2 concentra-
tion can also result in the oxidation of NO to form NO2, the process
of adding the O species onto NO is against that of electrochemical
reduction during power generation—that is, the O species should
be transported from the cathode to the anode. Therefore, the rate
Fig. 5. Arrhenius plots of NO2 formation with 4% O2 and various NO contents.



5 ngine

1
N
o
l

s
c
O
c
t
t
a
d
e
r
t
o

4

(

(

(

(

(

R

[

[

[

[

[

[

[

[

[
face area of the Formula Not Shown Formula Not Shown catalyst prepared by
electroless plating procedure on dehydrogenation reactions, J. Mol. Catal. 94
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00% NO2 conversion has been observed with 4% O2 and 150 ppm
O2 inlet [9]. This is beneficial for the application of the process
f DeNOx by SOFC with power generation to remove NO from the
ean-burn engine exhausts.

Table 3 also shows that either the activation energy of NO con-
umption or that of NO2 formation decreases with increasing NO
oncentration. This may be attributed to a competition of NO with
2 for adsorption onto the active site. Notably, NO consumption
onsists of both reduction and oxidation of NO and either reduc-
ion or oxidation of NO starts with the adsorption of NO. When
he NO concentration increases, its ability to compete with O2 for
dsorption onto the active site can increase; this may result in a
ecrease of the activation energy. This decrease of the activation
nergy may be associated with the effect of NO concentration on
eduction and oxidation of NO. However, this needs the determina-
ion of the rate-determining step for either reduction or oxidation
f NO and further studies are needed for clarification.

. Conclusions

1) The conversion of NO is due to both reduction and oxidation of
NO.

2) NO concentration has an effect on either reduction or oxidation
of NO.

3) Either reduction or oxidation of NO starts from the adsorption
of NO.

4) With 4% O2 and 1000 ppm NO, the NO2 yield is relatively small
and the temperature effect on NO reduction is positive.

5) NO reduction to generate an electrical current has very much
smaller activation energy than NO oxidation to form NO2.
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