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Four LnMnOs3, 5 (Ln = La, Pr, Sm, and Gd) perovskites were synthesized and characterized by powder XRD. It was shown that the
perovskite lattice became more and more distorted when lowering the size of the A-site cation. The manganite-based perovskites
were evaluated for the ability to electrochemically reduce oxygen and nitric oxide in the temperature range of 200 to 400°C. At the
lowest temperature, the electrodes were better at reducing nitric oxide than oxygen. At higher temperatures, the activity for the
reduction of oxygen and nitric oxide became similar. The activation energies for the reduction of oxygen and nitric oxide were

markedly different for LaMnOj3, s and PrMnOs, 5 whereas it was similar for SmMnO;, s and GdMnO3;_.

1. Introduction

Pollution from mobile and stationary sources is of still
greater concern [1]. While the emissions of NOx from
petrol-fired engines can be significantly lowered using the
three-way catalytic converter [2], problems still remain for
the cleanup of the exhaust from diesel-fired engines, due to
excess oxygen in the exhaust gas [3]. The best known so-
lution for the removal of nitrogen oxides from diesel engines
is the selective catalytic reduction (SCR) with ammonia [4].
This solution requires, however, storage of the reducing
agent on board the vehicle. There also exists the possibility of
slip of the reducing agent.

An alternative solution to the SCR route is the reduction
of the NOx in an all-solid-state electrochemical reactor,
based on an oxide anion conductor, as suggested by Pan-
charatnam et al. [5]. In such a reactor, the NOx is reduced at
the cathode to nitrogen and oxide anions. The oxide anions
are then transported through the electrolyte to the anode
where oxygen is formed. Obstacles still remaining for this
solution are a low activity at the temperatures of the exhaust
gas and a low selectivity due to simultaneous reduction of
oxygen at the cathode, leading to high power consumption
(see, e.g., [6] for a recent review).

Manganite-based perovskites have been investigated as
cathodes for the electrochemical reduction of nitric oxide
[7-9]. It has been shown that the manganite-based perov-
skites are active towards the reduction of nitric oxide even at
the low temperature of a diesel exhaust gas.

In this study, manganite-based perovskites with different
A-site cations are for the first time investigated for the re-
duction of oxygen and nitric oxide at the temperature in-
terval of a real diesel exhaust gas. Manganite perovskite-
based cathodes, with different A-site cations, have been
studied before for the use as oxygen reduction cathodes
[10, 11]. In some cases, the effect is quite large. Especially, it
has been tried to wuse different A-site cations in
Ln ¢Srp.4MnO3, 5 and it was shown that the Pr-containing
perovskite had the highest activity towards the reduction of
oxygen at a temperature of 700°C [11]. No studies for the
electrochemical reduction of nitric oxide on perovskites with
different A-site cations have been reported in the open
literature. The study is done on cone-shaped electrodes as
suggested by Fabry and Kleitz [12]. The advantage of the
cone-shaped electrodes is that the contact area is well de-
fined and that the processing of the electrolyte and electrode
is done separately, thereby avoiding reaction between the
electrode and the electrolyte during sintering.
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2. Experimental

Synthesis of the manganite-based perovskites was done
using the glycine-nitrate process [13]. In short solutions of
the metal nitrates were mixed in a beaker in the appropriate
ratio. Glycine was then added, and the solutions were heated
on a hot plate until ignition. Then, the resulting powders
were calcined in a box furnace in air at 1100°C for 12 h. Phase
purity of the as-synthesized powders was checked using
powder X-ray diffraction. After this, pellets of the powders
were made by pressing the powders in an appropriate die
followed by sintering. Finally, diamond tools were used to
shape the as-sintered pellets into cone-shaped electrodes.
XRD was performed on the sintered pellets in order to be
certain that the perovskite structure still was present after
sintering at high temperatures.

The cone-shaped electrodes were tested in a pseudo-3-
electrode setup [14], with a Pt reference/counter electrode
and a one end closed yttria stabilized zirconia tube
(Vesuvius) (see Figure 1). The end, of the zirconia tube,
exposed to the cone-shaped electrodes was polished down
to 1 yum with diamond paste. Approximately 60 g of weight
was applied to the cone-shaped electrodes. The electro-
chemical measurements were done using a Gamry Fem-
tostat potentiostat. The voltammograms were recorded
between 0.4V and -0.8V vs. air, starting at open circuit
voltage (OCV) and sweeping in the cathodic direction first.
The voltammograms were recorded with sweep rates 1 or
10mV/s. Electrochemical impedance spectroscopy (EIS)
was also recorded at OCV. The EIS was recorded from
300kHz to 50 mHz, with 10 points per decade. An am-
plitude of 25 mV rms was used. The EIS was used to find the
contact area of the cone-shaped electrodes using Newman’s
formula [15]. The electrochemical behavior of the man-
ganite-based perovskites was tested in atmospheres con-
taining either 10% oxygen in argon or 1% nitric oxide in
argon. Brooks mass flow controllers were used to control
the flow rate and gas composition. The flow rate was kept at
20mL/min throughout. The electrochemical measure-
ments were done at 200, 300, and 400°C.

3. Results

Results from the powder XRD diffraction show that the as-
sintered perovskites are of single phase. The unit cell pa-
rameters can be found in Table 1. The lanthanum-containing
manganite has a hexagonal structure, whereas the other
manganites have an orthorhombic structure. The manga-
nites become more and more distorted from the ideal cubic
perovskite structure when lowering the ionic radii of the
A-site cation.

Examples of voltammograms are given in Figures 2-7
(the results for the LaMnO3+; is taken from [9], but is
plotted here again for clarity). In Figure 2, the results of the
measurements in the oxygen-containing atmosphere at
200°C are shown. It is seen that the LaMnQOs,d and the
PrMnOs;,d perovskites have an equal activity and that the
SmMnOs, 5 and GAMnOs3, s perovskites also have an equal
activity, which is markedly higher than that for the
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FIGURE 1: A sketch of a setup for measurements on cone-shaped
electrodes. The setup is used for evaluating the ability of electrode
materials to electrochemically reduce either oxygen (not shown) or
nitric oxide. The setup is a pseudo-three-electrode setup as the size
of the counter/reference is many times larger than that of the
working electrode (the cone). It is seen that the nitric oxide is
reduced to nitrogen and oxide anions, at the cone-shaped electrode.
The setup is a two-atmosphere setup.

TaBLE 1: The unit cell parameters for the four perovskites. It is seen
that the unit cell becomes more and more distorted from the ideal
cubic perovskite structure, when the size of the A-site cation is
lowered.

Compound LaMnOj,5 PrMnO;,s SmMnO;,s GdMnOs,s
A4 55197  7.635 (6) 7.4873 (18) 7.4344 (15)
B (A) 5.5197 5.604 (3) 5.8342 (18) 5.8680 (19)
c@) 13354 5451 (4) 5.3606 (15) 5.3166 (12)
Volume (A*)  127.6 233.3 234.2 232.0

LaMnO3, 5 and PrMnOs;, 5 perovskites. Again at 300°C (see
Figure 3), the Sm- and Gd-containing perovskites have an
almost identical activity. At this temperature, the La-con-
taining perovskites have a much higher activity than the
other perovskites, and the PrMnOj_ 5 perovskite has a much
lower activity. At 400°C (Figure 4), the PrMnO3, 5 perovskite
again performs the worst. At potentials between 0 and -0.7 V
vs. air, the LaMnOs, 4 still performs the best, when it comes
to the reduction of oxygen. However, at low potentials, the
downward bend of the voltammograms is stronger on the
Sm- and Gd-based manganites than on the LaMnOs, s pe-
rovskite, making them more active towards oxygen reduc-
tion at the very lowest applied potentials. The manganite-
based perovskites are also able to oxidize the oxide ions to
oxygen. The PrMnQ3, 5 perovskite is the most active in this
sense.

In the nitric oxide-containing atmosphere, a markedly
different behavior of the perovskites is observed (see
Figures 5-7). At the lowest temperature (200°C), the lan-
thanum-based manganite has a much higher activity than
the other perovskites (see Figure 5). The magnitude of the
current densities is markedly higher in the nitric oxide-
containing atmosphere than in the oxygen-containing at-
mosphere, at this temperature. As it is also observed in the
oxygen-containing atmosphere, the differences between the
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FI1GURE 2: Voltammograms recorded in 10% O, in Ar at 200 C with
a sweep rate of 1 mV/s. The voltammograms show that the ma-
terials are active for both oxygen evolution and oxygen reduction. A
marked difference in the activity is observed as a function of A-site
cation. The most active compounds are the SmMnOs,s and
GdMnOs, s perovskites.

2
1 4
v 0
g
Q
E
= -1
-2
-3 T T T T T
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
E/V vs. air
—— LaMnOg,; —— SmMnO;,s
—— PrMnOs;,,4 —— GdMnOj3, 5

FIGURE 3: Four voltammograms recorded at 300 C in 10% O, in Ar
with a sweep rate of 1 mV/s. Again a marked difference is seen as a
function of the A-site cation. The LaMnQ3, 5 perovskite is the most
active compound for both oxygen evolution and oxygen reduction,
whereas the PrMnO;,s perovskite is the one with the lowest
activity.

activities of the perovskites level out at the higher tem-
peratures (see Figures 6 and 7). At 400°C, the strong
downward bend in the voltammograms for the SmMnO3, 4
and GdMnOs,s perovskites, also observed in the oxygen-
containing atmosphere, at low potentials is seen again.

The maximum cathodic current density obtained is given
in Table 2. It is observed that the apparent selectivity is
highest for the La compound.
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FIGURe 4: The voltammograms recorded on the four manganite-
based perovskite with different A-site cations in an atmosphere
with 10% O, in Ar at 400 C with a sweep rate of 1 mV/s. At this
temperature, only little difference is observed in the cathodic re-
gion. However, in the anodic region, where oxygen is evolved, the
PrMnOs, s perovskite has a much higher activity than the other
three perovskites.
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FIGURe 5: The response in the form of voltammograms from the
four manganite-based perovskite-based cone-shaped electrodes in
1% NO in Ar at 200 C with a sweep rate of 1 mV/s. A large dif-
ference is observed between the four manganite-based perovskites.
The LaMnOs, s perovskite is by the far the most active. The ac-
tivities of the SmMnO3;, s and GAMnOs, s perovskites are almost
identical.

The activation energies are given in Table 3. The acti-
vation energy is highest for the LaMnOj_ 5 perovskite in the
oxygen-containing atmosphere, 0.87eV. This compound
also has the lowest activation energy, 0.37 eV, in the nitric
oxide-containing atmosphere. For the SmMnOs;,s and
GdMnOs;, s perovskites, the activation energy is almost the
same, around 0.65eV, in the oxygen- and nitric oxide-
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FIGURE 6: Voltammograms recorded at 300 C in 1% NO in Ar on the four manganite-based perovskites with different A-site cations. The
voltammograms are recorded with a sweep rate of 1 mV/s. Also at this temperature, the LaMnOs, 4 perovskite is the most active. The
differences between the three other manganite-based perovskites are smaller at this temperature.
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FIGURE 7: At 400 C, the voltammograms recorded on the four manganite-based perovskites in 1% NO in Ar are becoming more similar. The
voltammograms are recorded with a sweep rate of 1 mV/s. It is noteworthy that the downward bend of the voltammograms recorded on the
SmMnOs;, s and GAMnOs, 5 perovskites at low potentials is more pronounced than that on the LaMnO3, 5 and PrMnO3, s perovskites.

TaBLE 2: Maximum cathodic current densities in oxygen- and nitric oxide-containing atmospheres for the four manganite-based pe-
rovskites, given in mA/cm®. The current densities increase with increasing temperature. The apparent selectivity for the reduction of nitric
oxide is highest for the LaMnOs, 5 perovskite at 200°C.

Compound LaMnOs, s PrMnOs;, s SmMnOs, s GdMnOs;, s

T/gas 0, NO 0, NO 0, NO 0, NO
200°C 0.01 0.23 0.01 0.12 0.04 0.04 0.04 0.06
300°C 2.60 2.00 0.20 1.20 1.00 0.80 1.00 1.00
400°C 4.60 3.20 1.00 3.00 4.50 5.00 4.50 6.00

TaBLE 3: The activation energies for the reduction of oxygen and nitric oxide in the temperature interval 200 to 400°C given in eV. The
activation energy is highest for the end member LaMnOs , 4 in the oxygen-containing atmosphere. The activation energies in the oxygen-
containing atmospheres are almost the same for the three other manganite-based perovskites.

Compound LaMnOs. s PrMnOs, s SmMnOs, s GdMnOs, s
Gas 0, NO 0, NO 0, NO 0, NO
N 0.87 0.37 0.64 0.45 0.65 0.66 0.65 0.63
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containing atmospheres. The activation energy in the oxy-
gen-containing atmosphere for the PrMnOs;, 5 perovskite is
similar to the activation energies of the SmMnO;,s and
GdMnOs;, s perovskites. However, the activation energy for
the PrMnQOj;,s perovskite, in the nitric oxide-containing
atmosphere, is markedly lower than the activation energies
for the SmMnOs;,5 and GdMnOj, 5 perovskites. The dif-
ferences in activation energies make the LaMnOs;,s and
PrMnOs;, s perovskites the ones with the highest apparent
selectivity towards the reduction of nitric oxide at the lowest
temperatures.

4, Discussion

The crystal structures obtained for the four different perov-
skites with different A-site cations are in accordance with the
literature [16-18]. The distortion of the ideal cubic perovskite
structure, seen in this study, will normally lead to a lowering
of the electronic conductivity, when the size of the A-site
cation is lowered. This is due to less overlap between the
p-orbitals from the oxygen and the d-orbitals from the B-site
cation, the so-called superexchange. However, probably the
effect is so small and has no practical importance for the use of
the manganite-based perovskites as electrodes.

In the following tentative explanations, the differences in
the electrochemical behavior of the four perovskites will be
given. For the reduction of oxygen, the PrMnO3, 5 perovskite
always shows the lowest activity, in the investigated tem-
perature range. This is in contradiction with the literature
[11], but it should be kept in mind that this study has been
undertaken at much lower temperatures than that in the
literature and that the manganites investigated in the lit-
erature were strontium doped. The reason for the low ac-
tivity of the Pr-containing manganite could be because the
Pr can exist also in the oxidation state Pr(IV), leading to a
higher concentration of cation vacancies in the perovskite
structure. The behavior of the LaMnQ3, 5 perovskites is very
different than that of the other perovskites. This could be due
to that the mobility of oxide ions is more thermally activated
on the LaMnOs, s perovskite than on the other perovskites.
That the voltammograms for the SmMnO;,s and
GdMnOs;, s perovskites bend more strongly downwards at
low potentials could be because these two perovskites are
easier to reduce than the LaMnOs;,s and PrMnOs;,s pe-
rovskites (see [19]), leading to the creation of oxide ion
vacancies in perovskite structure at low oxygen partial
pressures (low potentials). This can be explained on the
background of the inductive effect. When the size of the
A-site cation is lowered, the A-site cation will attract more
electron density from oxygen. This will again make oxygen
attracting more electron density from the B-site cation,
lowering the electron density on the B-site cation. This will
make it easier to reduce the B-site cation, as observed in this
study.

The differences of the manganite-based perovskite
cathodes are larger at the lowest temperature also in the
nitric oxide-containing atmosphere, and the differences level
out at the highest temperature (see Table 2). The nitric oxide
is perhaps bound more strongly on the LaMnOs,s and

PrMnOs, s perovskites at the lowest temperatures. That the
activity increases less with increasing temperature for the
LaMnOj, s and PrMnOs, 5 perovskites could also be due to
weak chemisorption of nitric oxide on these compounds at
elevated temperature. It has been shown in the literature that
oxygen is bound less strongly on these compounds than on
GdMnOs;, s [19]. At 400°C, the same trends as in the oxygen-
containing atmosphere are observed, that is, the reduction of
the perovskites at low applied potentials is easier when the
size of the A-site cation is lowered.

For the oxygen evolution, the PrMnOs;,s perovskite
shows superior activity at 400°C. Pr-containing compounds
have before been shown to be good catalysts for oxidation
processes [20]. The activity of the PrMnO3, 5 perovskite for
oxidizing nitric oxide to nitrogen dioxide is also highest at
400°C, even though the effect is much less pronounced than
in the oxygen-containing atmosphere.

That the activation energies are almost the same on
PrMnOs, 5, SmMnO;, s and GAMnOs, 5 perovskites in the
oxygen-containing atmosphere indicates that the reaction
mechanism is the same for these three manganite-based
perovskites. However, for the LaMnOs;,s perovskite, the
higher activation energy suggests that the reduction of
oxygen takes place through a different mechanism than on
the three other perovskites. In the nitric oxide-containing
atmosphere, the activation energies suggest that the re-
duction of nitric oxide proceeds through different mecha-
nisms for the LaMnOs3, s and PrMnO3, s perovskites and for
the SmMnOj;, 5 and GAMnO3, 5 perovskites.

5. Conclusion

Four manganite-based perovskites, LaMnO3,s, PrMnO;.,
SmMnO3;,s, and GdMnOs;, s perovskites, were synthesized
and shown to be single phased by powder XRD. The
manganites were shown to be better at reducing nitric oxide
than oxygen at the lowest temperature. At higher temper-
atures, the differences leveled out. The work clearly revealed
that the choice of the A-site cation is important when de-
signing electrodes for electrochemical reduction of oxygen
or nitric oxide at low temperatures. The differences in the
activity of then manganites were tentatively explained on the
background of the inductive effect, chemisorption, and the
oxide jon mobility in the crystal lattice.
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